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BACKGROUND: Recent studies have demonstrated that uric acid (UA) enhances arginase activity, resulting in decreased NO in
endothelial cells. However, the role of lung UA in pulmonary arterial hypertension (PAH) remains uncertain. We hypothesized
that increased lung UA level contributes to the progression of PAH.

METHODS AND RESULTS: In cultured human pulmonary arterial endothelial cells, voltage-driven urate transporter 1 (URATV1)
gene expression was detected, and treatment with UA increased arginase activity. In perfused lung preparations of VEGF
receptor blocker (SU5416)/hypoxia/normoxia-induced PAH model rats, addition of UA induced a greater pressure response
than that seen in the control and decreased lung cGMP level. UA-induced pressor responses were abolished by benzbromar-
one, a UA transporter inhibitor, or L-norvaline, an arginase inhibitor. In PAH model rats, induction of hyperuricemia by adminis-
tering 2% oxonic acid significantly increased lung UA level and induced greater elevation of right ventricular systolic pressure
with exacerbation of occlusive neointimal lesions in small pulmonary arteries, compared with nonhyperuricemic PAH rats.
Administration of benzbromarone to hyperuricemic PAH rats significantly reduced lung UA levels without changing XOR (xan-
thine oxidoreductase) activity, and attenuated right ventricular systolic pressure increase and occlusive lesion development.
Topiroxostat, a XOR inhibitor, significantly reduced lung XOR activity in PAH rats, with no effects on increase in right ventricular
systolic pressure, arterial elastance, and occlusive lesions. XOR-knockout had no effects on right ventricular systolic pressure
increase and arteriolar muscularization in hypoxia-exposed mice.

CONCLUSIONS: Increased lung UA per se deteriorated PAH, whereas XOR had little impact. The mechanism of increased lung
UA may be a novel therapeutic target for PAH complicated with hyperuricemia.
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group of diseases characterized by narrowing of

small pulmonary arteries and arterioles, resulting
in increased pulmonary vascular resistance and pres-
sure.! The major factors contributing to the vascular
narrowing are sustained vasoconstriction and struc-
tural remodeling, including small pulmonary arterial
medial thickening, occlusive neointimal, and complex
plexiform lesions.?® Despite recent advances in treat-
ment, the prognosis of advanced PAH remains poor.*

Pulmonary arterial hypertension (PAH) is a diverse

Therefore, the development of a therapeutic strategy
targeting a novel molecule is urgently needed.

Serum uric acid (UA) level correlates positively with
mean pulmonary arterial pressure, disease severity,
and prognosis in patients with PAH,5 but little is known
about its pathologic role in PAH. A study showed that
UA decreased NO release from porcine pulmonary
arterial endothelial cells (PAECs) by activating argin-
ase to degrade 1-arginase a substrate of NO, and ar-
ginase inhibition abolished UA-induced inhibition of
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CLINICAL PERSPECTIVE

What Is New?

e Although serum uric acid (UA) level correlates
positively with mean pulmonary arterial pres-
sure, disease severity, and prognosis in patients
with pulmonary arterial hypertension, the path-
ogenic role of UA in the deterioration of pulmo-
nary arterial hypertension remains uncertain.

e In isolated perfused lung preparations, UA in-
duced significantly greater pressor response in
the lung with pulmonary hypertension, and was
associated with reduced cGMP.

e |n pulmonary arterial hypertension rats with hy-
peruricemia, elevated lung UA was associated
with increased right ventricular (RV) afterload and
exacerbated occlusive vascular lesions, which
were inhibited by blockade of UA transports.

What Are the Clinical Implications?

e The mechanism of increased lung UA may be a
novel therapeutic target for pulmonary arterial
hypertension complicated with hyperuricemia.

Nonstandard Abbreviations and Acronyms

hPAEC human pulmonary arterial endothelial
cell

Hx hypoxia

Nx normoxia

OA oxonic acid

PAEC pulmonary arterial endothelial cell

PAH pulmonary arterial hypertension

RVEDP right ventricular end-diastolic pressure

RVSP right ventricular systolic pressure

UA uric acid

UAT uric acid transporter

URATv1 voltage-driven urate transporter 1

WT wild-type

XOR xanthine oxidoreductase

acetylcholine-stimulated vasodilation in isolated porcine
pulmonary arteries.® Another study demonstrated that
the UA-induced inhibition of NO production was abol-
ished by a uric acid transporter (UAT) inhibitor, benz-
bromarone, in human umbilical vein endothelial cells.®
These in vitro studies suggest that UAT-mediated UA
increase impairs endothelial function by activating argi-
nase. Considering that endothelial dysfunction, particu-
larly impaired endothelial NO production, plays a critical
role in the pathophysiology of PAH,'® it is possible that
UA per se may contribute to the pathogenesis of PAH.
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Furthermore, serum level of XOR (xanthine oxidoreduc-
tase), the enzyme known to catalyze the oxidation of
hypoxanthine to xanthine and xanthine to UA, was sig-
nificantly elevated in patients with PAH compared with
healthy subjects."" However, the role of XOR in PAH has
not been elucidated. We therefore investigated the roles
of UA and XOR in the pathogenesis of PAH.

In the present study, we used VEGF (vascular en-
dothelial growth factor) receptor blockade by a VEGF
receptor blocker (SU5416) plus hypoxia/normoxia
SUb416/hypoxia/normoxia  (SU/Hx/Nx) exposure to
establish a rat model of severe PAH, which closely
mimics the histology and hemodynamics of PAH in
humans. First, we measured gene expression of UATs
and UA-induced activation of arginase in cultured
human PAECs. Second, we measured the pressor
response to UA in perfused lung preparation isolated
from SU/Hx/Nx-exposed rats. Third, we examined the
impact of UA mediated by UAT on hemodynamics and
vascular occlusive lesions in SU/Hx/Nx-exposed PAH
rats with hyperuricemia induced by oxonic acid (OA).
Finally, we investigated the role of XOR in PAH using
SU/Hx/Nx-exposed rats and hypoxia-exposed XOR-
knockout mice.

METHODS

The data that support the findings of this study are
available from the corresponding author on request.

Animal Experiments

All experimental procedures were approved by the
Institutional Animal Care and Use Committee of
Kyushu University, Japan, and all animal procedures
were performed in compliance with the principles of
the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (National Institutes of
Health Publication, Eighth Edition, 2011).

Drugs

SU5416 (Tocris Bioscience) was suspended in car-
boxymethylcellulose solution (0.5% [wt/vol] carboxym-
ethylcellulose sodium, 0.9% [wt/vol] NaCl, 0.4% [vol/
vol] polysorbate, 0.9% [vol/vol] benzyl alcohol in deion-
ized water). OA and benzbromarone were purchased
from Tokyo Chemical Industry (Tokyo, Japan). Uric acid
and L-norvaline were purchased from Sigma-Aldrich
(St. Louis, MO). Topiroxostat (topiro) was purchased
from MedChemExpress (Monmouth Junction, NJ).

Human Pulmonary Artery Endothelial Cell
Culture

Human PAECs (hPAECs) were purchased from Lonza
(Walkersville, MD). The hPAECs were used at passage
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5to 7. Cells were passaged at 70% to 80% confluency,
and were cultured in complete endothelial growth me-
dium (EBM-2; Lonza)."?

UA Stimulation of Cultured hPAECs

The UA solution was prepared as follows: 5.6 mg
of UA was added to 4 mL of complete endothelial
growth medium (EBM-2) and dissolved completely in
a boiling water bath. The final UA concentration was
1.4 mg/mL. The solution was filtered using a filter
(pore size=0.22 pm) under a sterile hood to remove
microorganisms. The solution was stored at room
temperature. Before the experiments, the solution was
used to prepare culture medium containing 8 mg/dL
of UA. Serum-supplemented medium in cell cultures
was replaced with serum-free medium 2 hours before
UA stimulation in all the experiments.'> Human PAECs
were cultured with or without UA (8 mg/dL) for 3 or
6 hours. At the end of UA stimulation, the culture me-
dium was collected, and hPAECs were washed with
PBS and collected.®

Arginase Activity in Cultured hPAECs

Arginase activity was determined by measuring urea
content in the culture medium using the QuantiChrom
Arginase Assay Kit (BioAssay Systems, Hayward,
CA)."® Cells grown in 6-well plates were incubated in
2 mL of serum-free EBM-2 with or without UA (8 mg/
dL), and the urea content in the culture medium was
assayed.® The medium sample (40 pL) was incubated
at 37 °C for 120 minutes in the presence or absence
of 10 pL of 5x assay reagent. Urea level was meas-
ured, and arginase activity was calculated according
to the manufacturer’s instructions. The arginase ac-
tivity in each sample was expressed as U/L."3

Rat Model of SU/Hypoxia/Normoxia-
Induced Pulmonary Hypertension

Adult male Sprague-Dawley rats (150-200 g; Japan
SLC, Hamamatsu, Japan) were given a single subcu-
taneous injection of a VEGF receptor blocker, SU5416
(20 mg/kg; Tocris Bioscience), and exposed to hypoxia
(Hx) (10% O,) for 3 weeks. They were then returned
to normoxia (Nx) for 2 weeks (total of 5 weeks after
SU5416 injection)."* These SU/Hx/Nx rats and normal
control rats were used in subsequent experiments. We
used male rats because of a more aggressive course
of SU/Hx/Nx-induced PAH in male compared with fe-
male rats. A total of 218 rats were used, including 46
for isolated perfused lung preparation; 54 for hemody-
namic, histology, and immunohistochemistry studies;
24 for reverse transcription-polymerase chain reaction
(RT-PCR); and 48 for the measurement of UA level and
XOR activity.
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Study Using Isolated Perfused Lung
Preparations of Rats

This study was performed in normal control and SU/
Hx/Nx-exposed rats. The rats were euthanized by an
intraperitoneal injection of lethal dose of pentobarbi-
tal sodium (30 mg/kg). After an intracardiac injection
of 100 IU heparin, the lungs were isolated and venti-
lated with a humid mixture of 21% O,, 5% CO,, and
74% N, at a rate of 70 breaths/min with inspiratory and
end-expiratory pressures of 10 and 0 cm H,O, respec-
tively. The lungs were perfused with Earle’s Balanced
Salt Solution supplemented with 4% (wt/vol) Ficoll, via
a pulmonary artery cannula at a constant flow rate of
0.04 mL/min per body weight (grams) using a peristal-
tic pump.'® After the blood was flushed from the lungs
with 20 mL of perfusate, the lungs were perfused with
a total volume of 30 mL of perfusate in a recirculating
manner using a closed flow circuit. The effluent from
the left ventricle was drained back to the perfusate
reservoir. The lung and perfusate temperatures were
maintained at 37 °C. The perfusion pressure was con-
tinuously monitored with a fluid-filled transducer (DX-
300; Nihon Kohden, Tokyo, Japan) as an indication
of pulmonary arterial pressure. The left atrial pressure
was fixed at 4 mm Hg during measurements by adjust-
ing the height of the outlet tube.

After obtaining a stable recording of baseline per-
fusion pressure, the pressor responses to bolus in-
jections of angiotensin Il (50 ng) and UA (8.4 mg/dL,
500 umol/L) were examined as reported previously,®
and 0.5 mL of angiotensin Il or UA was prepared in
0.5 mL of perfusate and injected into the flow circuit.
The maximum increase in perfusion pressure from
baseline was evaluated as the developed pulmonary
arterial pressure response.'® The perfusate was supple-
mented with 300 umol/L benzbromarone or 50 mmol/L
L-norvaline to examine the effect of UAT or arginase.
Benzbromarone (final concentration 300 pmol/L) or L-
norvaline (50 mmol/L) was added to the perfusate to
examine the effect of UAT or arginase.!'®

cGMP Measurement by Enzyme
Immunoassay

The protein levels of cGMP in the isolated lung of SU/
Hx/Nx-exposed rats without and with treatment with
500 pmol/L of UA were determined by the cGMP en-
zyme immunoassay (Cayman Chemical, Ann Arbor,
MI).'® A 50-mg sample of frozen lung tissue was ho-
mogenized in 0.5 mL 5% (wt/vol) trichloroacetic acid.
The supernatant was subjected to trichloroacetic acid
extraction using 2.5 mL water-saturated ether 3 times,
and the residual ether from the aqueous layer was re-
moved by heating the sample to 70 °C. Next, 50 pL of
5-times diluted samples and standard solutions were
incubated with 50 pL of tracer and 50 pL of antibody
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at 4 °C overnight. After washing 5 times, plates were
incubated with Ellman solution for 2 hours at room
temperature with gentle shaking. The plates were read
at a wavelength of 412 nm, and the standard curve
was produced using the Cayman enzyme immunoas-
say triple workbook (Cayman Chemical). The sample
cGMP concentration was determined (as picomoles
per milligram tissue) using the equation obtained from
the standard curve.

Rat Model of SU/Hx/Nx-Induced
Pulmonary Hypertension With
Hyperuricemia

In rodents, UA is degraded by the hepatic enzyme
uricase to allantoin. However, mutations in the uricase
gene occur during primate development, with the con-
sequence that humans have relatively high serum UA
levels.2® Administration of low doses of a uricase in-
hibitor, OA, in rats has been reported to induce mild
hyperuricemia (1.5- to 2-fold increase in serum UA
level) without intrarenal urate crystal deposition lead-
ing to acute renal failure.?" To produce a rat model of
SU/Hx/Nx-induced pulmonary hypertension (PH) with
hyperuricemia, SU/Hx/Nx-exposed rats were fed a diet
containing 2% OA from 1 week before SU5416 injec-
tion for 6 weeks (until the end of the protocol).

Experimental Protocols for SU/Hx/
Nx-Exposed Rats

Protocol 1: SU/Hx/Nx-Exposed Rats
Administered Uricase Inhibitor

A diet containing 2% OA was given to rats from 1 week
before injection of SU5416 (week —1) through week 5
after SU5416 injection (Figure 1). Administration of ben-
zbromarone (10 mg/kg, admixed in diet)?> was started
from the day of SU5416 injection to week 5 after injec-
tion. The following 4 groups were studied: (1) untreated
rats age matched to SU5416-exposed rats (CTRL), (2)
SU/Hx/Nx-exposed rats without 2% OA (SU), (3) SU/
Hx/Nx-exposed rats with 2% OA (SU/OA), and (4) SU/
Hx/Nx and 2% OA-exposed rats with benzbromarone
(SU/OA/benzbromarone).

Protocol 2: SU/Hx/Nx-Exposed Rats Not
Administered Uricase Inhibitor

Administration of benzbromarone (10 mg/kg, admixed
in diet) or topiroxostat (1 mg/kg, admixed in diet)?® was
started from the day of SU5416 injection to week 5.
The following 4 groups were studied: (1) untreated rats
age matched to rats CTRL, (2) SU rats, (3) SU/Hx/Nx-
exposed rats with benzbromarone (SU/benzbromar-
one), (4) SU/Hx/Nx-exposed rats with topiroxostat (SU/
topiro).
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A 0 3 5 (week)
CTRL 21% O,
su By 10% O, 21% 0,
¥
SU5416 s.c. Study
Protocol 1. SU5416/Hx/Nx-exposed rats with uricase inhibitor <treatment>
SuU — - none
suon ) [l 2% 0A
suonser ) [l 2% oA+BBR
Protocol 2. SU5416/Hx/Nx-exposed rats without uricase inhibitor <treatment>
su ) [l o
supsr ) [ B8R
SUl/topiro ) |:| Topiroxostat

Figure 1. Experimental protocol in SU5416/hypoxia/
normoxia-exposed pulmonary hypertension rat model.

Protocol 1 aims to examine the effect of hyperuricemia induced
by 2% oxonic acid (OA), a uricase inhibitor on SU5416/hypoxia/
normoxia (SU/Hx/Nx)-induced pulmonary hypertension (PH), and
to examine the effect of uric acid (UA) transporter inhibition by
benzbromarone on SU/Hx/Nx-induced PH with hyperuricemia.
Protocol 2 aims to examine the effect of UA transporter inhibition
by BBR and xanthine oxidoreductase inhibition by topiroxostat
on SU/Hx/Nx-induced PH. BBR indicates benzbromarone;
CTRL, normal control rat; O2, oxygen; SU, SU5416/hypoxia/
normoxia (SU/Hx/Nx)-exposed rat; and topiro, topiroxostat.

At the end of the protocol (week 5), each rat was
subjected to hemodynamic evaluation by catheteriza-
tion. After catheterization, blood was collected from
the carotid artery. Then the rat was euthanized by ex-
sanguination under an overdose of isoflurane (2%-5%
in room air) and an intraperitoneal injection of lethal
dose of pentobarbital sodium (30 mg/kg). The heart
was removed for assessment of right ventricular (RV)
hypertrophy. RV hypertrophy was expressed as the
ratio of RV weight to left ventricle plus septum weight.'
The lungs were collected for histological evaluation
and RT-PCR.

Hemodynamic Evaluation in Rats

At the end of the protocol, rats were anesthetized with
isoflurane (induction: 2.5%-3.0% in 1:1 O,/air mix; main-
tenance: 1.5%-2.0% in 1:1 O,/air mix), and attached to
a mechanical ventilator (ventilator settings: breathing fre-
quency 110/min, tidal volume 1.5 mL/100 g body weight,
inspiratory/expiratory ratio 1:1) via a tracheostomy. Rats
were placed on a warming pad to maintain body tem-
perature at 37 °C. An open-chest RV catheterization was
performed. A temporary suture was placed around the
inferior vena cava, and a needle (23 gauge) puncture in
the right ventricle was performed. A microtip P-V catheter
(FTH-1912B-8018; Transonic, Ithaca, NY) was inserted
into the right ventricle and positioned in the long axis.
The signals obtained at steady state (at least 10 seconds)
and during temporary inferior vena cava occlusion were
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continuously recorded using ML880/9 PowerlLab 16/30
(AD Instruments, Dunedin, New Zealand), an ADVantage
pressure—volume control unit (v 5.0) (FY097B; Transonic),
and a dedicated laboratory computer system. Aortic
pressure was measured via the carotid artery using a fluid
filled system (DX-360; Nihon-Kohden, Japan). Real-time
digital data analysis yielded RV systolic pressure (RVSP),
RV end-diastolic pressure (RVEDP), mean aortic pres-
sure, and heart rate.?*

RV Pressure-Volume Relationships

To obtain multiple pressure—volume loops, we oc-
cluded the inferior vena cava to reduce the preload,
and determined RV end-systolic pressure and the
slope of the end-systolic pressure-volume relationship
(end-systolic elastance [Ees]) as a load-independent
measurement for RV contractility.?#2® RV effective ar-
terial elastance (Ea) as a measurement of RV afterload
was determined by dividing RV end-systolic pressure
by stroke volume of RV. We also obtained RV peak
pressures and RVEDP.

Histopathological Analysis

The left lobe of the lung was inflated with PBS contain-
ing 1% formalin plus 0.5% agarose via the trachea at
a constant pressure of 20 cm H,0O, fixed in 10% for-
malin neutral buffer solution overnight, and embedded
in paraffin. Five-micrometer-thick sections obtained
at the level of the hilum were subjected to elastin van
Gieson staining and immunohistochemical staining.™

Occlusive Lesion of Pulmonary Arteries

All small pulmonary arteries (>100 vessels per cross-
section of the left lobe including the hilum, outer di-
ameter [OD] <100 pm) were evaluated. Vessels were
assessed for occlusive neointimal lesions on elastin
van Gieson-stained sections and scored as follows:
no evidence of neointimal formation (grade 0), partial
luminal occlusion (<50%, grade 1), and severe luminal
occlusion (>50%, grade 2). Pulmonary artery occlusion
rate was expressed as percentage of each grade. The
occlusion rates of smaller vessels with OD <50 pm and
medium sized vessels 50<OD<100 um were analyzed
separately.?®

Immunohistochemical Study of
Arginase Expression

Sections were incubated with primary antibody re-
active to arginase | (1:500; No. 610708; BD, Franklin
Lakes, NJ)?” at 4 °C overnight. Sections were then
incubated with biotinylated secondary antibody fol-
lowed by horseradish peroxidase-labeled strepta-
vidin. Pulmonary arteries that appeared to be in a
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perpendicular cross-section were counted. The in-
tensity of immunostaining was graded semiquantita-
tively, as described previously.?® Staining intensity was
graded from 0 to 3, with O representing the absence of
any staining and 3 the maximal intensity. Counted ves-
sels were classified into 2 groups according to smaller
vessels with OD <50 pm and medium sized vessels
50<0OD<100 pm.?8 For each animal, at least 55 vessels
were analyzed in a blinded manner.

Analysis of Uric Acid Levels in Plasma
and Lung Tissue Using High-Performance
Liquid Chromatography
To deproteinize the lung tissues, 20 mg of lung tissue
were added to 600 pL of 70% (vol/vol) acetonitrile and
homogenized, and the homogenate was centrifuged
at 15 000g for 10 minutes at 4 °C. The supernatant
was collected and frozen at —80 °C until measurement
using high-performance liquid chromatography. Five
hundred microliters of plasma was added to 500 pL
of 8% (vol/vol) perchloric acid on ice. Six hundred
fifty microliters of the mixture was mixed with 40 pL
of 2 mol/L K,CO; in 6 mol/L KOH, and centrifuged at
12 000g for 10 minutes at 4 °C. The supernatant was
collected and frozen at —80 °C until assay.?®

Frozen lung tissue extract was dissolved in
80 mmol/L ammonium phosphate buffer (pH 4.1) and
filtered through a 0.45-pum filter. Plasma extract was
directly measured by high-performance liquid chroma-
tography. High-performance liquid chromatography
was performed under the following conditions: instru-
ment, Shimadzu LC-20A High Performance Liquid
Chromatography system (Kyoto, Japan); column,
YMC-Triart C18 column (25x4.6 mm inner diameter,
3 um) (Tokyo, Japan); mobile phase, A: 80 mmol/L am-
monium phosphate buffer (oH 4.1), B: 30% methanol in
A; flow rate, 0.6 mL/min; column temperature at 35 °C;
and detector wavelength at 260 nm.?°

XOR Activity in Lung

XOR activity was measured using the method de-
scribed previously.®® In brief, lung homogenate was
centrifuged at 105 000g for 60 minutes at 4 °C. These
cytosols were added to a mixture containing (°N,)-
xanthine (0.8 mmol/L), NAD* (1 mmol/L), and oxonate
(0.013 mmol/L) in 20 mmol/L Tris buffer (pH 8.5), and
incubated at 37 °C for 30 minutes. Then, (*C, ®N,)-UA
was added as an internal standard. The mixture was
heated for 5 minutes at 95 °C and centrifuged at
15 000g for 10 minutes. The supernatant was filtered
through ultrafiltration membrane (Amicons Ultra-0.5
centrifugal filter devices, 3K, Millipore) and ("°N,)-UA
was measured by liquid chromatography—mass spec-
trometry (LTQ-Orbitrap). XOR activity was expressed
as ("*N,)-UA nmol/min per milligram protein.
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RT-PCR Analysis

Total RNAs were extracted from hPAECs using the
RNeasy Mini Kit (QIAGEN, Hilden, Germany), and mRNA
expression level was determined by RT-PCR.8' The
ReverTra Ace gPCR Kit (Toyobo, Tokyo, Japan) and Go
Tag Green Master Mix (Promega, Madison, WI) were
used for reverse transcription and ampilification, respec-
tively. Polymerase chain reaction primers and probes
were purchased from TaKaRa Bio. A 10-pL reverse tran-
scription (RT) reaction mixture containing 200 ng of total
RNA, oligo dT primer, random primer, and Moloney mu-
rine leukemia virus reverse transcriptase was subjected
to transverse transcription. An aliquot of RT product was
diluted with water, and 150 ng of the complementary DNA
(cDNA) was subjected to real-time polymerase chain re-
action analysis using Go Tag Green master mix with a
polymerase chain reaction system (Applied Biosystems).
The thermal cycle consisted of initial denaturation at 94
°C, for 3 minutes, followed by 35 cycles of denatura-
tion at 94 °C for 30 seconds and annealing at 66 °C for
45 seconds and at 72 °C for 45 seconds. Polymerase
chain reaction products (10 pL) were separated on 2%
(w/v) agarose gels by agarose gel electrophoresis. Table
shows the primer sets for individual UATs.

Hypoxia-Induced PH Model Using XOR+/-
Mice

XOR+/- mice were kindly gifted by Dr Toshio Ohtsubo.
The creation, characterization and genotype of XOR+/—
mice have been reported previously.3> Adult male
XOR+/- and wild-type (WT) mice (WT. C57BL6/J; age,
6-7 weeks; body weight, 21-24 g)*? were exposed to
either Nx (room air) or Hx (10% O, and 90% N,) for
3 weeks.'® A total of 24 mice were used for hemody-
namic, histology, RT-PCR, and the measurement of
XOR activity.

Mice were anesthetized with isoflurane (induction:
2.5%-3.0%; maintenance: 1.5%-2.0%). A 25-gauge
needle connected to a fluid-filled pressure transducer
was inserted transthoracically into the right ventricle.
Left ventricular systolic pressure (LVSP), RVSP, and
heart rate were simultaneously recorded.®

Lung Uric Acid and Pulmonary Arterial Hypertension

Morphometric Analysis of Pulmonary
Arterioles in Mice

Lung sections of mice were incubated with primary anti-
body reactive to a-smooth muscle actin (1:500; M085101;
Agilent DAKO, Santa Clara, CA) at 4 °C overnight.
Sections were then incubated with biotinylated second-
ary antibody followed by horseradish peroxidase-labeled
streptavidin. Muscularization of pulmonary arterioles 15
to 50 pm in diameter was evaluated based on the de-
gree of histochemical staining of a-smooth muscle actin.
Nonmuscular, partially muscular, and totally muscular arte-
rioles were defined by immunostaining of a-smooth mus-
cle actin in <25%, 25% to 75%, and >75%, respectively,
of the circumference of the arteriole. At least 60 arterioles
were evaluated for each specimen in a blinded manner.'®

Statistical Analysis

Data are expressed as mean+SEM. One-way ANOVA
with Turkey-Kramer post hoc test and Scheffe Ftest were
used for comparisons among the experimental groups.
Differences were considered significant at P<0.05.

RESULTS

Gene Expression of UA Transporters and
Arginase Activity in hPAECs

Among 3 influx (URAT1, urate transporter 1; URATV1,
voltage-driven urate transporter 1; and MCT9, mono-
carboxylic acid transporter 9) and 2 efflux (ABCG2,
ATP-binding cassette super-family G member 2; MRP4,
multidrug resistance-associated protein 4) transporters,
RT-PCR analysis detected mRNA expressions of URATVA,
MCT9, ABCG2, and MRP4 in hPAECs (Figure 2A).
Arginase activity in hPAECs increased significantly after
3- and 6-hour exposure to 8 mg/dL of UA (Figure 2B).

Pressor Response to UA in Isolated
Perfused Lung Preparation of SU/Hx/Nx-
Exposed Rats

Isolated lung preparations were used to evaluate the
pressor response to UA in the resistance pulmonary

Table 1. Primer Sequences for complementary DNA (cDNA) of Uric Acid Transporters

Forward Reverse
Reference
Species cDNA sequence Product, bp Sequence 5-3' Sequence 5-3'
Human URATH1 ABO071863.1 570 CGGACCTGTATCTCCACGTT TGCCTTCTTTACTGCCTGGT
URATV1 (SLC2A9) | AF210317.1 499 GGTGGACTTGTGGGGACATT CCTCTTGGGAAACGTCTGCT
ABCG2 AY017168.1 350 GGGTAATCCCCAGGCCTCTA AGGCATCTGCCTTTGCCTTC
MRP4 (Abcc4) AY081219.1 278 TTTTTGACAACGTCCCGCTG GGTGGTGGGCGTTTCTGATA
MCT9 (SLC16A9) NM194298.2 349 CGCTTGGCCTGATTTCAACA GTGGAAACCCTCCGATGTCAA
Rat URATV1 (SLC2A9) NMO001191551.1 82 TGGGAACACTGATGGTGAAGATG GAAATGGCAAATCCGTTGTTGA
ABCG2 NM181381.2 136 TTTGATAAACGGGGCACCTC AGCTTTTGGAAGGCGAAGAG

J Am Heart Assoc. 2021;10:e022712. DOI: 10.1161/JAHA.121.022712 6
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Arginase activity

Figure 2. Gene expression of UA transporters and arginase
activity in human pulmonary arterial endothelial cells
(hPAECS).

A, Representative reverse transcription-polymerase chain
reaction results analyzing messenger RNA expression of uric
acid transporters in hPAECs. B, Effect of UA on arginase activity
in the culture medium of hPAECs, measured by ELISA. Data are
expressed as mean+SEM, from 5 independent experiments.
**P<0.01, by 1-way ANOVA followed by Tukey-Kramer post
hoc test. ABCG2 indicates ATP-binding cassette super-family
G member 2; CTRL, control; MCT9, monocarboxylic acid
transporter 9; MRP4, multidrug resistance-associated protein 4;
UA, treatment with uric acid (8 mg/dL); URAT1, urate transporter
1; and URATv1, voltage-driven urate transporter 1.

arteries. Baseline perfusion pressure was higher in
SU/Hx/Nx-exposed rats than in normal control rats
(Figure 3A). In the normal control group, no pressor re-
sponse to 500 pmol/L of UA was observed despite a
moderate response to angiotensin Il. In contrast, UA in-
duced significantly greater pressor response in SU/Hx/
Nx-exposed rats compared with normal controls. The
enhanced pressor response to UA was significantly
suppressed by pretreatment with a URATv1 inhibitor,
benzbromarone (Figure 3A and 3B). Also, pretreatment
with an arginase inhibitor, L-norvaline, significantly re-
duced the UA-induced pressor response to a similar
level as benzbromarone (Figure 3A and 3B).

To determine the effects of UA on NO production, we
measured cGMP levels in the isolated lungs of SU/
Hx/Nx-exposed rats without and with treatment with
500 umol/L of UA. UA significantly decreased the level
of cGMP in the lungs (Figure 3C).

Chronic Effects of Hyperuricemia on
Hemodynamic Parameters in SU/Hx/
Nx-Exposed Rats (Protocol 1)

Administration of 2% OA from 1 week before SU5416
injection (week —1) through week 5 after SU5416 in-
jection (SU/OA group) significantly increased UA level
in lung tissue compared with normal controls (CTRL
group) and SU/Hx/Nx-exposed rats (SU group), and
in plasma compared with the CTRL group (Figure 4A
and 4B), but did not change XOR activity in the lung
(Figure 4C). Administration of benzbromarone (10 mg/
kg per day) from the day of SU5416 injection (SU/
OA/benzbromarone group) significantly inhibited
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OA-induced increase in lung UA level (Figure 4B) but
did not affect the increased plasma UA level (Figure 4A).
Similar finding was reported previously; benzbromar-
one did not reduce plasma UA level in Wistar rats
administered 2% OA, because urinary excretion rate
of UA is higher in rodents than humans, resulting in
less predominant urate reabsorption and the lower
response to uricosuric agents in rats.3® There were
no significant differences in serum levels of aspartate
aminotransferases, alanine aminotransferase, and cre-
atinine among CTRL, SU, SU/OA, and SU/OA/benz-
bromarone groups (Table S1).

RV pressure-volume curves are shown in Figure 4D.
RVSP was significantly elevated in the SU group com-
pared with the CTRL group (Figure 4E). This elevated
RVSP in the SU group was significantly accelerated in
SU/OA group. There was no significant difference in
RVEDP between the SU and SU/OA groups (Figure 4F).
RV Ees, a marker of RV contractility, did not differ be-
tween the SU and SU/OA groups (Figure 4G), whereas
pulmonary Ea, a marker of RV afterload, increased sig-
nificantly in the SU/OA group (Figure 4H).

Compared with the SU/OA group, RVSP (Figure 4E)
was significantly lowered without change in RVEDP
(Figure 4F) in the SU/OA/benzbromarone group.
Benzbromarone almost normalized Ea (Figure 4H) as
well as RVSP without changing Ees (Figure 4G). Mean
systemic arterial pressure and heart rate did not dif-
fer significantly among the CTRL, SU, SU/OA, and SU/
OA/benzbromarone groups (data not shown).

Chronic Effects of Hyperuricemia on
Occlusive Lesion Formation in SU/Hx/Nx-
Exposed Rats

At 5 weeks after SU5416 injection, the percentage of
grade 1 occlusive lesions in smaller pulmonary arteries
(OD <50 pm) was 56.9%, which was markedly higher
than the 5.5% in normal controls (Figure 4l). The per-
centage of grade 2 occlusive lesions in smaller pul-
monary arteries was significantly higher in the SU/
OA group compared with the SU group (Figure 4l).
Benzbromarone inhibited the increase in percentage of
grade 2 occlusive lesions to the same level as in the SU
group. In the medium-sized pulmonary arteries (OD:
50-100 pm), grade 2 occlusive lesions were only mod-
estly observed in the SU/OA group (Figure 4l). However,
there were no significant differences in percentage of
grade 1 occlusive lesions among the SU, SU/OA, and
SU/OA/benzbromarone groups (Figure 4l).

Effects of Hyperuricemia on Arginase |
Expression in SU/Hx/Nx-Exposed Rats

We assessed a total of 1267 vessels in 23 left lung
lobes from 4 groups of rats. Mean numbers of
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Figure 3. Enhanced pressor response to uric acid (UA) in isolated perfused lung preparations of
SU5416/hypoxia/normoxia-exposed pulmonary hypertension rat model.

A, Representative traces of pulmonary arterial pressure (PA pressure) in a perfused lung preparation
isolated from age-matched normal control rats (Control) and SU/Hx/Nx-exposed rats at 5 weeks.
Angiotensin Il (Ang Il; 100 ng), benzbromarone (BBR; 300 pmol/L; UA transporter inhibitor), L-norvaline
(50 mmol/L; arginase inhibitor), and UA (500 pmol/L) were prepared in 0.5 mL of perfusate and injected
into the flow circuit. B, Group data of PA pressure increase from baseline (APA pressure) in response to
stimulation with UA. Data are expressed as mean+SEM, n=6 to 7. *P<0.05 vs control. TP<0.05 vs SU/Hx/
Nx-exposed rats treated with UA alone, by 1-way ANOVA followed by Scheffe F test. C, Levels of cGMP
in isolated lung of SU/Hx/Nx-exposed rats without and with treatment with 500 pmol/L of UA. Data are
expressed as mean+SEM, n=6. *P<0.05 vs without UA, by 1-way ANOVA followed by Scheffe F test.

vessels/lung lobes examined were 55.4, 55.0, 55.0, layer of pulmonary arteries in all rats examined

and 55.0 in CTRL, SU, SU/OA, and SU/OA/benz-
bromarone groups, respectively. The parenchyma
showed no apparent morphologic abnormalities.
Immunohistochemical analyses revealed posi-
tive immunostaining for arginase | in the innermost

(Figure 5A). As shown in Figure 5B, semiquantitative
analysis of the immunohistochemical staining indi-
cating arginase | expression in smaller (OD <50 pm)
and medium-sized (OD: 50-100 pm) pulmonary ar-
teries showed significantly higher grade in the SU

Figure 4. Chronic effects of hyperuricemia in SU5416/hypoxia/normoxia-exposed rats with or without benzbromarone
treatment (protocol 1).

A, Uric acid (UA) level in plasma. B, UA level in lung tissue measured by high-performance liquid chromatography. C, Xanthine
oxidoreductase (XOR) activity in lung tissue. Data are expressed as mean+SEM, n=6. *P<0.05. **P<0.01. D, Representative examples
of pressure-volume relationship in 4 groups. E, Right ventricular (RV) systolic pressure (RVSP). F, RV end-diastolic pressure (RVEDP).
G, RV end-systolic elastance (Ees; a marker of RV contractility). H, Pulmonary arterial elastance (Ea; a marker of RV afterload). Data
are expressed as mean+SEM, n=5 to 8. *P<0.05. **P<0.01. I, Representative low magnification photomicrographs of Verhoeff-van
Gieson stained lung sections (upper panels). Scale bars of upper panels indicate 200 um. Arrowheads indicate occlusive pulmonary
arteries (PAs). Insets show higher magnification photomicrographs of PAs. Pulmonary arterial occlusion is scored as grade 0 (no
luminal occlusion; white), grade 1 (<50% occlusion; grey), and grade 2 (>50% occlusion; black) (lower panels). Scale bars of lower
panels indicate 50 pm. The graph shows percentage of occlusive PAs with outer diameter (OD) <50 pm and 50<OD<100 pym. Data are
expressed as mean+SEM, n=7 to 8. *P<0.05. **P<0.01 vs CTRL. TP<0.05 and ¥P<0.01 vs SU. *P<0.05 and **P<0.01 vs SU/OA, by 1-way
ANOVA followed by Tukey-Kramer post hoc test. BBR indicates benzbromarone, a UA transporter inhibitor; CTRL, normal control rat;
ns, not significant, by 1-way ANOVA followed by Tukey-Kramer post hoc test; OA, oxonic acid; SU/OA/BBR, SU/Hx/Nx-exposed rat
administered 2% OA and benzbromarone; SU/OA, SU/Hx/Nx-exposed rat administered 2% OA; and SU, SU5416/hypoxia/normoxia
(SU/Hx/Nx)-exposed rat.
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group compared with the CTRL group. The arginase
| expression increased further in the SU/OA group
in smaller pulmonary arteries, whereas there was
no significant increase in medium-sized pulmonary

arteries. Administration of benzbromarone normal-
ized the OA-induced increase of arginase | expres-
sion in both smaller- and medium-sized pulmonary
arteries.
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lung XOR activity increased significantly in the SU
group compared with the CTRL group (Figure 6C).
Benzbromarone (10 mg/kg per day) did not suppress
lung XOR activity in the SU/benzbromarone group
(Figure 6C). On the other hand, topiroxostat (1 mg/kg
per day) reduced lung XOR activity in the SU/topiro
group (Figure 6C). There were no significant differ-
ences in serum levels of aspartate aminotransferases,
alanine aminotransferase, and creatinine among the
CTRL, SU, SU/benzbromarone, and SU/topiro groups
(Table S2).

The RV pressure-volume curves are shown in Figure 6D.
RVSP was significantly elevated in the SU group
(Figure 6E) compared with the CTRL group. There was
no significant difference in RVEDP (Figure 6F) between
the CTRL and SU groups. Topiroxostat as well as
benzbromarone did not suppress RVSP, RVEDP, Ees,
or Ea in SU/Hx/Nx-exposed rats. Mean systemic arte-

SU/OA/BBR

A CTRL SuU SU/OA

B Immunohistochemical Grade

3 Kk Kk
* 3k k% * ns k3

f_'-" 2 § Eé P__" ? § % rial pressure and heart rate did not significantly differ

© IS °© > g among the CTRL, SU, SU/benzbromarone, and SU/
2 2 topiro groups (data not shown).

<50 ym 50 - 100 um At 5 weeks after SU5416 injection, the percentage

of grade 1 occlusive lesions in smaller pulmonary ar-
teries (OD <50 pm) increased significantly compared
with normal controls (44.4% versus 17.9%) (Figure 6l).

Figure 5. Immunoreactivity of arginase in pulmonary
arteries in SU5416/hypoxia/normoxia-exposed rats with or

without benzbromarone treatment.

A, Representative photomicrographs of arginase |-immunostained
pulmonary arteries (upper panels: medium sized arteries 50-100 pm
in OD, lower panels: smaller arteries <50 pym in OD). Arrowheads
indicate arginase I-positive cells. Scale bars indicate 50 ym. B,
Bars indicate grade of arginase | immunoreactivity in the innermost
layer of smaller (<50 pm) and medium sized (50-100 pm) pulmonary
arteries. Scoring of immunohistochemical grade is described in the
Methods section. Data are expressed as mean+SEM, n=5 to 7.
*P<0.05. **P<0.01. BBR indicates benzbromarone; CTRL, normal
control rat; ns, not significant, by 1-way ANOVA followed by Tukey-
Kramer post hoc test; OA, oxonic acid; SU/OA/BBR, SU/Hx/Nx-
exposed rat administered 2% OA and benzbromarone; SU/OA,
SU/Hx/Nx-exposed rat administered 2% OA; and SU, SU5416/
hypoxia/normoxia (SU/Hx/Nx)-exposed rat.

Role of Xanthine Oxidoreductase in
SU5416/Hx/Nx-Exposed Rats (Protocol 2)

Plasma and lung UA levels did not differ between the
CTRL and SU groups (Figure 6A and 6B), whereas

Benzbromarone and topiroxostat did not inhibit the in-
crease in percentage of grade 2 occlusive lesions in
SU/Hx/Nx-exposed rats.

Effects of Knockout of XOR Gene on
Hemodynamic Parameters and Arteriolar
Muscularization in Hypoxia-Induced PH in
Mice

The role of XOR in the development of PH was fur-
ther corroborated using XOR+/— mice. Exposure of
WT mice to 10% O, hypoxia for 3 weeks significantly
elevated XOR activity (Figure 7A), increased RVSP
(Figure 7B), and induced RV hypertrophy (Figure 7C)
compared with a normoxic condition. Hypoxia had no
significant effect on the LVSP or heart rate in WT mice
(data not shown). Under normoxic conditions, RVSP
and RV hypertrophy were comparable in XOR+/— mice

Figure6. Chroniceffectsofbenzbromarone ortopiroxostatin SU5416/hypoxia/normoxia-exposedratswithouthyperuricemia
(protocol 2).

A, Uric acid (UA) levels in plasma. B, UA levels in lung tissues measured by high-performance liquid chromatography. C, Xanthine
oxidoreductase (XOR) activity in lung tissues. Data are expressed as mean+SEM, n=6. *P<0.05. **P<0.01. D, Representative examples
of pressure-volume relationship in 4 groups. E, Right ventricular (RV) systolic pressure (RVSP). F, RV end-diastolic pressure (RVEDP). G,
RV end-systolic elastance (a marker of RV contractility). H, pulmonary arterial elastance (a marker of RV afterload). Data are expressed as
mean+SEM, n=>5 to 8. **P<0.01. #P<0.05. I, Representative low magnification photomicrographs of Verhoeff-van Gieson stained lung sections
(upper panels). Scale bars of upper panels indicate 200 pm. Arrowheads indicate occlusive pulmonary arteries (PAs). Insets show higher
magnification photomicrographs of PAs. Pulmonary arterial occlusion is scored as grade 0 (no luminal occlusion; white), grade 1 (<50%
occlusion; grey), and grade 2 (>50% occlusion; black) (lower panels). Scale bars of lower panels indicate 50 um. Percentage of occlusive PAs
with OD <50 pm (left) and 50<OD<100 pm (right). Data are expressed as mean+SEM, n=>5 to 8. *P<0.05. **P<0.01 vs CTRL. TP<0.05 vs SU,
by 1-way ANOVA followed by Tukey-Kramer post hoc test. BBR indicates benzbromarone; CTRL, normal control rat; ns, not significant, by 1-
way ANOVA followed by Tukey-Kramer post hoc test; OA, 2% oxonic acid; SU, SU5416/hypoxia/normoxia (SU/Hx/Nx)-exposed rat; SU/BBR,
SU/Hx/Nx-exposed rat administered benzbromarone; SU/topiro, SU/Hx/Nx-exposed rat administered topiroxostat; and topiro, topiroxostat.
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and WT mice (Figure 7B and 7C). When XOR+/— mice
were exposed to hypoxia for 3 weeks, the degrees of
RVSP elevation and RV hypertrophy development did
not differ between WT and XOR+/— mice (Figure 7B
and 7C). Hypoxia had no significant effect on LVSP and
heart rate in XOR+/-— mice (data now shown).

Muscularization of pulmonary arterioles is another
manifestation of vascular remodeling in PH observed in
arterioles with diameters of 15 to 50 pm. Histochemical
detection of a-smooth muscle actin and quantita-
tive analysis of the percentage of the circumferential
length showing positive staining revealed a significant
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Figure 7. Effects of xanthine oxidoreductase (XOR)-knockout on hemodynamic parameters and
arteriolar muscularization in hypoxia-induced pulmonary hypertension (PH) mice model.

This protocol aims to examine the effects of XOR on hypoxia-induced PH. A, XOR activity in lung tissue. Data
are expressed as mean+SEM, n=6. **P<0.01, by 1-way ANOVA followed by Tukey-Kramer post hoc test. B,
Right ventricular (RV) systolic pressure (RVSP). C, Right ventricle weight to (left ventricle [LV]+septum [S])
weight (RV/LV+S) ratio in WT-Nx, KO-Nx, WT-Hx, and KO-Hx groups. Data are expressed as mean+SEM,
n=6. *P<0.05. **P<0.01. D, (Left) Representative photomicrographs showing immunohistochemical
staining of a-smooth muscle actin in pulmonary arterioles graded as nonmuscular (NM), partially muscular
(PM), and totally muscular (TM). (Right) Group data of muscularization of pulmonary arterioles in WT-Nx,
KO-Nx, WT-Hx, and KO-Hx mice. NM, PM, and TM were defined as positive immunostaining in <25%,
25% to 75%, and >75% of the circumference of the arteriole, respectively. The percentage of TM, PM,
and NM was analyzed statistically. Scale bars indicate 50 ym. Data are expressed as mean+SEM, n=6.
*P<0.05 and **P<0.01 vs WT-Nx. #P<0.05 and #P<0.01 vs KO-Nx, by 1-way ANOVA followed by Tukey-
Kramer post hoc test. Hx indicates mice exposed to 10% O, hypoxia for 3 weeks; KO, age-matched
XOR+/- mice; ns, not significant, by 1-way ANOVA followed by Tukey-Kramer post hoc test; Nx, mice

housed under normoxic conditions; and WT, age-matched wild-type mice.

increase in percentage of partially and totally muscu-
larized arterioles in WT mice after exposure to hypoxia,
which indicated increased muscularization of pulmo-
nary arterioles (Figure 7D). Hypoxia-induced muscular-
ization of pulmonary arterioles did not differ between
WT and XOR+/- mice.

DISCUSSION

The major findings of the present study are as follows:
(1) In perfused lungs isolated from SU/Hx/Nx-exposed
rats, UA decreased cGMP level, a surrogate marker of
NO production, and induced greater pressor response,
which was suppressed by arginase inhibitor and UAT
blockade with benzbromarone. (2) SU/Hx/Nx-exposed

J Am Heart Assoc. 2021;10:e022712. DOI: 10.1161/JAHA.121.022712

rats with hyperuricemia showed elevated lung UA level,
deteriorated PH, and marked occlusive lesion forma-
tion, which were prevented by benzbromarone. These
findings indicate that increased lung UA level mediated
by UAT plays a critical role in the progression of PAH
(Figure 8).

Endothelial damage and the accompanying decrease in
endogenous NO production are generally considered to
contribute to deterioration of PAH.3* In healthy subjects,
serum UA and serum NO levels show opposite circadian
rhythms, and the timing of peak UA and trough NO con-
centrations was virtually synchronous.® In addition, a re-
cent study demonstrated that UA reduced NO production
by activating arginase in porcine PAECs.® Consistent with
previous findings, the present study demonstrated that

12
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Figure 8. Schematic illustration of the involvement of uric acid in the development of pulmonary
arterial hypertension in SU5416/hypoxia/normoxia-exposed rats.
eNOS indicates endothelial NO synthase; PAH, pulmonary arterial hypertension; UAT, uric acid transporter;

and XOR, xanthine oxidoreductase.

treatment with UA induced arginase activation in hPAECs
(Figure 2B), and that UA decreased cGMP levels in the
isolated lungs of SU/Hx/Nx-exposed rats (Figure 3C).
Furthermore, UA-induced pressor response was com-
pletely suppressed by pretreatment with an arginase inhib-
itor in SU/Hx/Nx-exposed rats (Figure 3A and 3B). These
data suggest that UA may decrease endothelial NO pro-
duction by activating arginase in PAECs, consequently in-
creasing pulmonary vascular resistance (PVR) in PAH rats.
Our previous study in SU/Hx/Nx-exposed rats showed that
although NO bioavailability was impaired in the early phase
of PAH, it was restored and even enhanced over time as
PAH progressed, and the restored endothelial NO activ-
ity moderated severe pulmonary vasoconstriction to keep
RVSP and PVR at lower levels.*® We also demonstrated
that p-kinase-mediated vasoconstriction  contributed
markedly to the high RVSP and PVR throughout the PAH
process from the early (1 week) to late (13 weeks) phase
in SU/Hx/Nx-exposed rats.?® These findings lead to the
speculation that UA-induced decrease in endogenous NO
unmasks the sustained vasoconstriction to further elevate
RVSP and PVR. We have recently reported that hemody-
namic stress plays a critical role in the development and
maintenance of perivascular inflammation and neointimal
lesions in SU/Hx/Nx-exposed rats.®"¥ It is therefore pos-
sible that elevated RVSP and PVR by decreased NO may

J Am Heart Assoc. 2021;10:e022712. DOI: 10.1161/JAHA.121.022712

further develop occlusive lesions in SU/Hx/Nx-exposed
rats with hyperuricemia (Figure 8). In the present study, it
remains unclear how the NO-mediated mechanism is re-
sponsible for the development of neointimal lesions in SU/
Hx/Nx-exposed rats with hyperuricemia, although immu-
nohistochemical study revealed high arginase | expres-
sion in the innermost layer of occlusive pulmonary arteries
(Figure 5). Further study is needed to investigate how in-
creased UA chronically aggravates neointimal lesion for-
mation throughout the PAH process.

On UATs, particularly influx transporter, URATv1
protein expression has been demonstrated in cul-
tured PAECs isolated from idiopathic patients with
PAH.® We detected mRNA expressions of URATv1
and MCT9 in cultured human PAECs (Figure 2A)
and URATv1 in the rat lung (Figure 9). Considering
that benzbromarone did not influence the activity
of MCT9 in human umbilical vein endothelial cells,’
it is possible that benzbromarone inhibits URATV1
under hyperuricemic condition and blocks the trans-
portation of UA into the lungs. However, the lung
UA level and UAT profiling in patients with PAH re-
main unknown. Further study is needed to identify
which UAT plays the major role in the intracellular
transportation of UA throughout the PAH process.
Benzbromarone was also reported to block the

13
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Figure 9. Quantification of urate transporter genes in SU5416/hypoxia/normoxia-exposed rats

with or without benzbromarone or topiroxostat.

Messenger RNA expression level of uratv1 (A), abcg2 (B), and mrp4 (C) in the lung measured by reverse
transcription-polymerase chain reaction. Data are expressed as mean+SEM, n=6. 18s, 18s ribosomal
RNA; abcg?2 indicates ATP-binding cassette super-family G member 2; BBR, benzbromarone; CTRL,
normal control rat; mrp4, multidrug resistance-associated protein 4; ns, not significant, by 1-way ANOVA
followed by Tukey-Kramer post hoc test; OA, oxonic acid; SU/OA/BBR, SU/Hx/Nx-exposed rat with 2%
OA and benzbromarone; SU/OA, SU/Hx/Nx-exposed rat with 2% OA; SU, SU5416/hypoxia/normoxia (SU/
Hx/Nx)-exposed rat; and uratv1, voltage-driven urate transporter 1.

Ca?*-activated Cl- channel transmembrane protein
16A (TMEM16A).38 Recent studies demonstrated
that chronic treatment with benzbromarone par-
tially reverses PH in both hypoxia-exposed mice and
monocrotaline-exposed rats without hyperuricemia,
through inhibition of TMEM16A."® In cultured pul-
monary artery smooth muscle cells from PAH lung,
benzbromarone normalized membrane potential and
blocked platelet-derived growth factor-induced pro-
liferation, suggesting that benzbromarone not only
blocks UAT blockade but exhibits multiple modes of
action.'® In our study, benzbromarone had no bene-
ficial effects on PH and occlusive lesions in SU/Hx/
Nx-exposed rats without hyperuricemia (Figure 6).
Therefore, it is conceivable that benzbromarone pre-
vents the deterioration of PAH under hyperuricemic
conditions by targeting and inhibiting UATs, whereas
other targets of benzbromarone may not play a sig-
nificant role in the PAH process.

Administration of benzbromarone (10 mg/kg per
day) from the day of SU5416 injection (SU/OA/benz-
bromarone group) did not affect the increased plasma
UA level (Figure 4A). The inhibition of UATs in renal tu-
bules is expected to facilitate the urinary excretion of
UA, therefore leading to decrease in plasma UA level.
On the other hand, the inhibition of UATs that contrib-
ute to cellular UA uptake may result in an increase in
the plasma level of UA. The urinary reabsorption of
UA is a major determinant of the plasma level of UA
in humans. In this human situation, administration of
benzbromarone is expected to decrease the plasma
UA level because of the dominant effect of inhibition

J Am Heart Assoc. 2021;10:e022712. DOI: 10.1161/JAHA.121.022712

of renal UA reabsorption, compared with that of cel-
lular UA uptake, on the plasma UA level. In contrast,
the rodents exhibit greater urinary excretion rate of
UA than in humans, presumably because of lower
activity of renal reabsorption.®® Therefore, the effect
of benzbromarone administration on the plasma UA
level would be subject to the balance between in-
hibition of renal absorption and inhibition of cellular
uptake. As a result, the plasma UA level may not be
much influenced after benzbromarone administration
in the rodents.

UA has been reported to induce inflammation in-
cluding IL-1B3 (interleukin-1B) and ICAM-1 (intercellular
adhesion molecule 1) production through activation of
the nucleotide-binding domain and leucine-rich repeat-
containing receptors family pyrin domain containing 3
(NLRP3) inflammasome in human umbilical vein endo-
thelial cells.®® The activation of NLRP3 inflammasome
was observed in the whole lung of hypoxia-exposed
mice and monocrotaline-exposed rats, and its activa-
tion induced pulmonary artery smooth muscle cell pro-
liferation in hypoxia-exposed mice.*>*! Exposure to UA
significantly induced proliferation of cultured pulmonary
artery smooth muscle cells isolated from idiopathic pa-
tients with PAH.® However, monocrotaline-exposed
rats treated with OA did not develop significant medial
wall thickening.® Consistent with this recent study, we
observed no further progression of media thickening
despite the development of occlusive lesions in SU/
Hx/Nx-exposed rats administered 2% OA compared
with  SU/Hx/Nx-exposed rats not administered 2%
OA (data not shown). These findings suggest that the
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effect of UA on the progression of media thickening in
the rat PH model is relatively minor.

On the effect of UA on the myocardium, myocardial
infarction model rats with hyperuricemia showed de-
creased left ventricular contractility because of myo-
cardial hypertrophy and increased fibrosis.?? In our
study, there was no significant change in the index of
RV contractility (Ees) between 2% OA-treated and un-
treated SU/Hx/Nx-exposed rats, whereas the index of
RV afterload (Ea) was significantly higher in SU/Hx/Nx-
exposed rats administered 2% OA compared with 2%
OA-untreated SU/Hx/Nx-exposed rats. These results
suggest that UA contributes mainly to the exacerbation
of pulmonary vascular resistance and does not con-
tribute to RV contractility in PAH.

XOR, an important enzyme that converts purines
to xanthine and UA,* has been known to be an im-
portant source of reactive oxygen species in various
cardiovascular diseases.*® Previous studies reported
improvement of pulmonary vascular remodeling by
the XOR inhibitor allopurinol in a hypoxia-induced PH
mouse model.*44% On the other hand, it is possible that
XOR may protect against PH development because it
is a potent source of NO under hypoxic conditions.*®
Thus, the role of XOR in PAH remains controversial. In
the present study, XOR activity increased significantly
in SU/Hx/Nx-exposed lungs compared with control
lungs, whereas there was no significant difference
in lung tissue XOR activity between 2% OA-treated
and untreated SU/Hx/Nx-exposed rats (Figure 4C).
However, reduction of lung XOR activity by topirox-
ostat failed to improve PH and pulmonary vascular
remodeling in SU/Hx/Nx-exposed rats (Figure 6).
Furthermore, in the hypoxia-induced PH model, there
were no differences in the increased RVSP and pul-
monary vascular remodeling between WT and XOR-
knockout mice (Figure 7). Although XOR activity is
lower in humans than rodents,*” an observational
study indicated elevated serum XOR activity in pa-
tients with PAH compared with healthy subjects.!
Considering our results that pharmacological and
genetic XOR inhibitions had no effect on the devel-
opment of PAH in rodent PH models, it is conceivable
that XOR per se does not contribute to the deteriora-
tion of PAH (Figure 8).

In conclusion, we demonstrated that UA directly
plays a critical role in the pathogenesis and progression
of PAH, whereas XOR had no such effect in rodent PH
models. In PAH lung preparation, UA decreased cGMP
level and increased PVR, and the PVR response was
abolished by arginase and UAT inhibitors. In PAH rats
with hyperuricemia, elevated lung UA level deteriorated
hemodynamics and exacerbated occlusive vascular le-
sions, which were inhibited by blockade of UAT. These
observations provide insight for the development of
novel therapeutic strategies for PAH complicated with
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hyperuricemia by targeting the UATs. However, there
is no epidemiological study that investigated the ef-
fect of benzbromarone on hemodynamics and clinical
outcome in patients with PAH with hyperuricemia. The
clinical usefulness of UAT blockade by benzbromarone
remains to be investigated in future clinical studies. In
addition, it remains unknown which UAT mainly con-
tributes to UA transportation into pulmonary vascula-
ture and deterioration of PAH. Further investigations
are needed to determine the specific UAT involved in
PAH development, and to examine whether inhibition
of the specific UAT effectively and safely prevents dete-
rioration in PAH patients with hyperuricemia.
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Table S1. Body weight, right ventricular hypertrophy, and blood tests (protocol 1).

Control SuU SU/OA SU/OA/BBR

Body and heart weights

N 7 8 7 8

Body weight, g 333+£16 271+11 ° 237+16 7 229+13 7

RV weight, mg 144+8  413+£37 ™ 311+58 257 + 38

LV+S weight, ng 611 +24 630 + 37 517 + 61 504 + 35

RVH 0.23+0.01 0.65+0.05™ 0.57+0.05™ 0.50+0.06
Blood test

N 7 8 7 8

Cr, mg/dL 0.43+0.04 056+0.05  0.52+0.05 0.42 +0.04

AST, U/L 92 +13 150 + 11 121+ 15 137 + 22

ALT, U/L 48+6 49+4 44 +5 48+6

BW: body weight; RV: right ventricular; LV+S: left ventricle plus septum: Cr: creatinine;
AST: aspartate aminotransferase; ALT: alanine aminotransferase; CTRL: control; SU:
SU5416/hypoxia/normoxia; OA: oxonic acid; BBR: benzbromarone. Data are expressed
as mean £ SEM, n = 7-8. * p < 0.05 and ** p < 0.01 vs. CTRL, by one-way ANOVA
followed by Tukey-Kramer post hoc test.
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Table S2. Body weight, right ventricular hypertrophy, and blood tests (protocol 2).

CTRL SuU SU/BBR SU/topiro

Body and heart weights

N 6 5 8 5

Body weight, g 346 + 4 281+15 ™ 302+8 28217 7

RV weight, mg 166 £5 409+34 ™ 445+25 7 381+38

LV+S weight, mg 666 + 14 638 + 12 720 + 31 682 + 21

RVH 025+001 0.64+006 ™ 0.62+003 ™ 056+004 ™
Blood test

N 6 5 8 5

Cr, mg/dL 0.36+0.02  0.41+0.02 0.43+0.03 0.39 £ 0.02

AST, U/L 79 +13 114 + 26 125+ 18 92 +12

ALT, U/L 37+6 41+6 43+6 40+2

BW: body weight; RV: right ventricular; LV+S: left ventricle plus septum; Cr: creatinine;
AST: aspartate aminotransferase; ALT: alanine aminotransferase; CTRL: control; SU:
SU5416/hypoxia/normoxia; BBR: benzbromarone; topiro: topiroxostat. Data are
expressed as mean £ SEM, n = 5-8. * p < 0.05 and ** p < 0.01 vs. control, by one-way
ANOVA followed by Tukey-Kramer post hoc test.



