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ARTICLE INFO ABSTRACT
Article history: Background: Epidemiological, laboratory and clinical studies have established an association between elevated
Received 24 August 2018 urate and high blood pressure (BP). However, the inference of causality remains controversial. A naturally occur-

Received in revised form 5 October 2018
Accepted 12 October 2018
Available online 8 November 2018

ring antioxidant, urate may also be neuroprotective, and urate-elevating treatment with its precursor inosine is
currently under clinical development as a potential disease-modifying strategy for Parkinson's disease (PD).
Methods: Our study takes advantage of a recently completed phase II trial evaluating oral inosine in de novo non-
disabling early PD with no major cardiovascular and nephrological conditions, and of three lines of genetically
engineered mice: urate oxidase (UOx) global knockout (gKO), conditional KO (cKO), and transgenic (Tg) mice
with markedly elevated, mildly elevated, and substantially reduced serum urate, respectively, to systematically
investigate effects of urate-modifying manipulation on BP.
Findings: Among clinical trial participants, change in serum urate but not changes in systolic, diastolic and ortho-
static BP differed by treatment group. There was no positive correlation between urate elevations and changes in
systolic, diastolic and orthostatic BP ((p = .05 (in inverse direction), 0.30 and 0.63, respectively)). Between UOx
gKO, cKO, or Tg mice and their respective wildtype littermates there were no significant differences in systolic or
diastolic BP or in their responses to BP-regulating interventions.
Interpretation: Our complementary preclinical and human studies of urate modulation in animal models and in
generally healthy early PD do not support a hypertensive effect of urate elevation or an association between
urate and BP.
Fund: U.S. Department of Defense, RJG Foundation, Michael J. Fox Foundation LEAPS program, National Institutes
of Health, American Federation for Aging Research, Parkinson's Disease Foundation Advancing Parkinson's Ther-
apies initiative.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Urate, the anionic form of uric acid, is the end product of enzymatic

Abbreviations: BP, blood pressure; PD, Parkinson's disease; UOX, urate oxidase; gKO, purine metabolism in hominoids. The discovery of its antioxidant prop-
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Urate Elevation in PD; PSG, Parkinson's Disease Study Group; SBP, systolic blood pressure;
DBP, diastolic blood pressure; OBP, orthostatic blood pressure; HR, heart rate; BMI, body
mass index; VPR, volume pressure recording; HPLC, high performance liquid chromatog-
raphy; WT, wildtype; OSBP, OBP for SBP; MAP, mean arterial pressure; NONOate,
diazeniumdiolate; NO, nitrate oxide; L-NAME, NG-nitro-L-arginine methyl ester.
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erties strengthened the hypothesis that beneficial effects of increased
urate concentrations in our primate ancestors led to the evolutionary
selection of disrupted urate oxidase (UOx), the enzyme that catalyzes
the oxidative degradation of urate to allantoin in most mammals includ-
ing rodents [1-3]. Urate may confer advantages in multiple neurological
disorders, most notably Parkinson's disease (PD), one of the most com-
mon neurodegenerative diseases [4]. Higher urate levels are associated
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Research in context

Evidence before this study

Epidemiological links between higher blood urate levels and BP
support a theory that urate elevates BP. However, the inference
of causality remains controversial. In addition, there are also
emerging lines of evidence supporting disassociation between
urate elevation and higher BP. Systematic searches were per-
formed on MEDLINE, PubMed, Informit, ClinicalTrials.gov and
CINAHL databases regarding the effect of urate on BP. Different
Medical Subject Headings (MeSH) were combined with all of its
synonymies using “OR” to identify all possible relevant articles.
Using the Boolean search mode, key words “urate* OR uric
acid*” were combined with “blood pressure* OR hypertension*
OR diastolic pressure OR systolic pressure” using “and”. Then re-
sults were combined with those from MeSH to find primary and re-
view articles before August 1, 2018. Literatures were either
excluded or included based on the relevance to the current study.

Added value of this study

Our preclinical experiments in three lines of genetically engineered
mice with markedly elevated, mildly elevated, and substantially re-
duced urate, did not show an association between urate levels and
BP. Further, we did not detect a positive association between
urate elevation and changes in BP in de novo non-disabling early
PD with no major cardiovascular and nephrological conditions
from the inosine PD trial. Our results do not support an association
between urate levels and BP.

Implications of all the available evidence

The general view of hypertensive effect of urate elevation is not
supported by our data. Our findings highlight the need for a more
careful evaluation of urate-lowering treatments for hypertension
and related conditions with well-designed clinical trials.

with a lower risk of developing PD, and among those who already diag-
nosed with PD, urate is associated with presence and progression of
both motor and non-motor symptoms in PD. [5-8] In cellular and ani-
mal models of PD, urate protects against dopaminergic neurodegenera-
tion [9,10]. The Safety of Urate Elevation in PD (SURE-PD) study
assessed the safety, tolerability and urate-elevating ability of oral ino-
sine, a urate precursor, in generally healthy people with de novo non-
disabling early PD. [11] Following the success of this phase II study, a
phase III trial has been initiated to evaluate inosine as a potential
urate-elevating strategy for disease modification in PD. [12]

By contrast, outside the central nervous system urate is generally
viewed as a marker if not a mediator of systemic diseases. Elevated
urate is known to cause the crystallopathic disorders of gout and uric
acid urolithiasis [13]. Urate is also positively correlated with other condi-
tions such as cardiovascular disease and metabolic syndrome [14-16].
Various studies have shown an association between hyperuricemia and
increased risk of hypertension especially in the adolescents [17-20],
and the association appears to be dose-responsive [18]. Clinical trials re-
vealed reduced blood pressure (BP) in obese adolescents by allopurinol, a
urate-lowering xanthine oxidase inhibitor [21-23]. Probenecid, a urico-
suric, urate-lowering agent had a similar BP-lowering response in obese
adolescents [22]. In another recent, single-centered, retrospective
Japanese cohort study, hyperuricemia in lean/normal individuals without
metabolic syndrome carried an increased risk for hypertension [24]. In a
rat model of hyperuricemia induced by the UOx inhibitor oxonic acid, BP

was elevated, and both allopurinol and benziodarone, another uricosuric
agent, prevented hypertension development [25]. Collectively, these
studies suggested that urate levels may modulate BP. However, it re-
mains to be determined whether higher urate is a cause or consequence
of hypertension. None of the pharmacological agents evaluated in the
aforementioned studies selectively modulate urate. Allopurinol, for ex-
ample, increases hypoxanthine and xanthine in addition to reducing
urate, and it can also inhibit other enzymes in purine and pyrimidine
metabolic pathways [26]. In addition, these studies encompassed rela-
tively short time periods of urate alteration [21-23]. Furthermore, emerg-
ing evidence argues against a causal effect of urate on BP. In a genetic
model of mild hyperuricemia by disruption of Glut9, a urate transporter
that is a key regulator of urate homeostasis, long-term inosine adminis-
tration markedly further increased urate without elevating BP [27]. In
humans, elevated urate induced by inosine administration in patients
with multiple sclerosis was not associated with changes in BP in a clinical
trial [28]. Across larger human cohorts, mendelian randomization and ge-
netic risk studies have generally found no evidence that genetic determi-
nants of higher urate can cause higher BP [13,29-31].

The present clinical study analyses whether urate elevation by ino-
sine is associated with changes in BP in early PD patients from the
SURE-PD trial. Parallel preclinical experiments entail BP measurements
on three complementary lines of genetically engineered mice: UOx con-
ditional knockout (cKO), global KO (gKO), and transgenic (Tg) mice
with mildly elevated, markedly elevated, and substantially reduced
serum urate, respectively.

2. Materials and methods
2.1. Study design

The objective of the study was to determine whether urate-modifying
interventions alter BP in a clinical cohort of early PD patients and in com-
plementary genetically engineered mouse models. The clinical data set
was from a phase II trial rigorously designed and successfully conducted
by the authors testing urate-elevating ability and safety of oral inosine
[11]. Data analyses including group comparisons and correlations be-
tween changes in urate and changes in BP were led by coauthor Dr. Eric
Macklin, the trial statistician. Preclinical study entailed BP measurements
in constitutively and conditionally UOx KO mice, and UOx Tg mice with
markedly elevated and mildly elevated, and substantially reduced
urate, respectively. Sample sizes were determined by power calculation
to provide 80% power to detect 20-30% changes in primary outcome
measure (systolic BP (SBP)). For all the animal experiments, only litter-
mates were used as controls. Invasive and non-invasive BP assessments
and urate analyses were conducted by investigators blind to genotypes.
Dr. Macklin also provided professional assistance in experimental design
and statistical analyses of the preclinical study.

2.2. Clinical study

The SURE-PD study was a randomized, double blind, placebo-
controlled trial of the urate-elevating drug, inosine; ClinicalTrials.gov
registration # NCT00833690 [32]. Participants enrolled at 16 US
Parkinson Study Group (PSG) sites had a mean age of 62 years and
mild, early PD patients with baseline serum urate <6 mg/dL. They
were randomized to three treatment arms: placebo or inosine titrated
to produce mild or moderate serum urate elevation to 6-1-7-0 or
7-1-8-0 mg/dL for two years, respectively, with a primary focus on
safety and tolerability of urate elevation in PD. The detailed study
methods and primary results have been published [11]. The study pro-
tocol of PD patients was approved by the institutional review boards
of the Administrative Coordination Center at Massachusetts General
Hospital (MGH), the Clinical Coordination Center at University of Roch-
ester and all clinical sites, and participants provided written informed
consent. Serum urate levels were measured at screening, baseline and
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subsequent follow-up visits on study drug for up to 24 months
(18 months on average). Vital signs (BP and heart rate (HR)) measure-
ments were performed after patients had been sitting for one to three
minutes with the back supported and feet on the floor in supine posi-
tions, and then BP in standing positions was taken immediately after
the supine BP was recorded. BP measurements were made on each pa-
tient by using the same right bare forearm and the same manometer
with an appropriate cuff size. BP readings were obtained by palpating
the brachial artery, positioning the cuff's bladder over the brachial ar-
tery, and then applying the cuff above the antecubital fossa. Orthostatic
BP (OBP) was calculated for each of the measurements. Changes of SBP,
diastolic BP (DBP), OBP, supine HR, and changes of urate were calcu-
lated for each of the participants as the difference between final visit
on the treatment vs. baseline visit. Association between urate elevation
and BP were estimated from mixed models for comparisons of treat-
ment groups and by Spearman rank correlations between changes in
serum urate and BP, adjusting for age, gender, and body mass index
(BMI).

2.3. Animal study

All experimental animal procedures were conducted at MGH and
were approved prior to implementation by the Institutional Animal
Care and Use Committee. Mice were housed in a controlled environment
for humidity and temperature with 12-hour light/dark cycles and ad
libitum food and water. UOx gKO and UOx Tg mouse strains have been
described in detail previously [10]. The gKO strain, originally established
by Wu and colleagues [33], was obtained through Jackson Laboratory.
The Tg strain was obtained from Kenneth L. Rock (Department of Immu-
nology, University of Massachusetts, Worcester, MA) [34]. Both strains
have been backcrossed to C57/BL 6 ] background for >10 generations
in our laboratory. UOx cKO: To generate the cKO mouse line, we first cre-
ated (with ingenious Targeting Laboratory, Inc., NY) a floxed UOx line
(on C57BL/6 genetic background) with loxP sequences flanking critical
exons (3&4) of UOx. The floxed UOx line was then mated with a trans-
genic inducible (tamoxifen-responsive) cre line (UBC-cre-ERT, Stock
008085, Jackson Laboratory, ME) (on congenic C57BL/6 background).
Adult mice homozygous for the floxed UOx gene and hemizygous for
the transgene (cre-ERT) have no discernable phenotype as adults until
they are systemically exposed to the estrogen receptor ligand tamoxifen
by i.p. injection (once daily at a concentration of 75 mg/kg for five con-
secutive days), triggering ubiquitous cre expression and consequently
recombination and disruption of the floxed UOx gene. As a result, these
mice demonstrated abolished hepatic UOx (Fig. S2) detected by Western
Blot and increased serum urate levels in cheek blood taken two weeks
after completion of the tamoxifen regimen [10].

2.3.1. BP measurements

Invasive|[35,36]: Mice were anesthetized with intraperitoneal ad-
ministration of ketamine 120 mg/kg and xylazine 5 mg/kg. This mixture
induces deep anesthesia in mice with minimum effects on hemodynam-
ics. The mice were placed on a heated table. ECG was monitored. The
electrodes were placed on one upper limb and the two lower limbs.
After endotracheal intubation (20G Angiocath), volume-controlled ven-
tilation was initiated (respiratory rate of 110-120 breaths per minute,
fraction of inspired oxygen = 1. Rodent Ventilator, model 687; Harvard
Apparatus). An incision was made in the chest, and a catheter was
placed in the carotid artery to administer saline and drugs and to mon-
itor SBP and DBP and HR before and after vehicle (saline) and NOC-9
(NO donor) administration (doses = 3-3 and 10 pg/kg). During surgery,
additional ketamine and xylazine was administered every 15 min or if
there is evidence of discomfort (e.g. withdrawal to pain, tachycardia,
etc.). At the conclusion of the invasive hemodynamic measurements,
the mice received 125 mg/kg pentobarbital intravenously for euthana-
sia. For each genetic line, male mice and littermate controls were used.

Noninvasive: noninvasive BP was measured using CODA™ noninva-
sive BP system (Kent Scientific Cooperation, Torrington, CT). To increase
the accuracy of BP measurements, room temperature was set at 26 °C
and mice were placed in the holder 15 min before beginning of BP mea-
surements. An infrared warming blanket was used to maintain body
core temperature and adequate blood flow in the tail. A cuff was placed
around the animal's tail to occlude the blood flow. A volume pressure
recording (VPR) sensor was placed distal to the occlusion cuff to moni-
tor BP. VPR uses a specially designed differential pressure transducer to
measure the blood volume in the tail non-invasively and measures four
parameters simultaneously: SBP, DBP, mean BP, and HR. Female mice
were used from the UOx cKO line and males from the UOx Tg line.

All mice were pre-trained for five consecutive days. Baseline BP was
measured one week after cheek blood withdrawal for serum urate mea-
surement. Mice were then provided with a high salt diet (4% NaCl,
TestDiet, Richmond, IN) for three weeks followed by a low salt
(0-125% NacCl, TestDiet) diet for three weeks. BP was measured once
every week during the diet changes by the same researcher around
the same time of the day. After three-week washout with regular
0-26% NaCl diet, L-NAME (NG-nitro-L-arginine methyl ester; an NOS in-
hibitor) was introduced (100 mg/kg i.p.), and BP was measured 15 min
and three days after L-NAME injection. Mice were then sacrificed, and
cheek blood was saved for urate analysis. No data were excluded.

2.3.2. Serum urate analysis

Serum urate levels were assessed by high performance liquid chro-
matography (HPLC) [37]. Sample Preparation: Whole blood samples
were collected from the submandibular vein in mice and centrifuged
at 13,000 rpm for 20 min at 4 °C. 50 pL supernatant was removed, and
30 pL of a solution consisting of 0-4 M perchloric acid and 100 pM meth-
yldopa were added to denature proteins. Methyldopa served as an in-
ternal standard for HPLC analysis. After 10-min incubation, samples
were again centrifuged at 4 °C and 13,000 rpm for 15 min. The resultant
50 pL supernatant was then combined with 0-2 M potassium phosphate
and centrifuged through a Corning Costar Spin-X 0-22 um filter tube.
The filtrate was then directly loaded into the autosampler. HPLC: The
isocratic HPLC system used was comprised of an ESA model 584
pump, a Dionex Ultimate 3000 autosampler, a Varian microsorb-MV
reversed-phase C18 column (150 x 4-46 mm i.d. 5 pm), two Dionex
model 5011A coulometric cells, and an ESA CoulArray 5600A. mobile
phase consisted of 200 mM potassium phosphate monobasic and 10%
sodium 1-pentanesulfonate monohydrate, brought to pH 3-5 with
85% phosphoric acid. All chemicals were purchased through Sigma-
Aldrich. Run time was 10 min. The electrodes were set at —150 mV
and + 150 mV.

24. Statistical analysis

All graphs and error bars are expressed as mean =+ standard error of
the mean. For human study, change in serum urate levels and changes
in BP outcome measures from baseline to last measured on study drug
at average of 18 months were calculated for individual participants.
Mean differences in change in serum urate levels and changes in BP out-
come measures between groups were calculated using Student's t-test.
Tests of difference from slope of zero were performed for correlation be-
tween changes in BP measurements and change in serum urate from
baseline from baseline to last measured on study drug. Association be-
tween urate elevation and BP were estimated from mixed models for
comparisons of treatment groups and by Spearman rank correlations be-
tween changes in serum urate and BP, adjusting for age, gender, and BML

For animal study, mean differences in serum urate levels and BP out-
come measures between groups were assessed using Student's t-test.
Tests of difference from slope of zero were performed for correlation be-
tween BP measurements and serum urate. Two-way ANOVA was per-
formed to compare effect of genotype and effect of given
manipulations on invasive BP measurements, adjusting for multiple
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comparisons using the Siddk correction. Two-way ANOVA was per-
formed to compare the effect between the genetically modified mice
and their wildtype (WT) littermate controls across noninvasive BP mea-
surement time points and to compare the time effect of given manipu-
lations within groups, adjusting for multiple comparisons using the
Sidak correction.

3. Results

3.1. Urate elevation is not associated with changes in BP in SURE-PD trial
participants

The SURE-PD trial enrolled subjects with early PD whose screening
serum urate concentrations were at or below the population median
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7-1-8-0 mg/dL) urate elevation significantly and dose-dependently in-
creased serum urate compared to placebo (Fig. 1a) and did so chroni-
cally for up to 24 months (mean treatment duration of 18 months)
[11]. SBP and DBP were measured in the supine and then standing posi-
tions at baseline and at follow-up visits on study drug.

There was no significant difference in change in supine HR (Fig. 1b)
or change in supine SBP (Fig. 1c) from baseline to the last visit on study
drug comparing the placebo group and the groups with mild and mod-
erate urate elevation, and none of the treatments resulted in significant
differences between the last visit on the treatment and the baseline
from the baseline within groups. Supine SBP at the last visit in subjects
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Fig. 1. Hemodynamic effect of urate-elevating inosine treatment in patients of the SURE-PD trial. (a) Change in serum urate levels from baseline to last measured at average of 18 months
on study drug in subjects randomized to placebo or inosine titrated to produce a mild or moderate serum urate elevation (from a mean pre-treatment value of 4-5 + 0-9 mg/dL to target
ranges of 6-1-7-0 or 7-1-8-0 mg/dL, respectively). (b) Change in supine HR from baseline to last measured on study drug in mild and moderate inosine groups and placebo group.
(c) Change in supine SBP from baseline to last measured on study drug. (d) Change in supine SBP versus change in serum urate of all participants from baseline to last measured on
study drug (r*=-0-23, p=0-05). (e) Change in supine DBP from baseline to last measured on study drug. (f) Change in OSBP from baseline to last measured on study drug. n=25, 24,
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and 26, placebo, mild, and moderate inosine treatment group, respectively.

'p<0-001, adjusted for age, gender, and BMI.
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on placebo or inosine producing mild or moderate urate elevation was
126 + 14-2,129 + 18, and 128 + 17-1 mmHg, respectively and the
baseline was 127 4 14-8, 131 & 13-5, and 131 & 15-4 mmHg, respec-
tively. Correlation analysis revealed a marginally significant inverse re-
lationship (12 = —0-23, p = 0-05) between change in supine SBP and
change in urate from baseline over average of 18 months among the
three treatment groups (Fig. 1d). Stratifying our data by gender (an im-
portant covariate of BP as well as urate), this inverse correlation ap-
peared stronger in female subjects (r*> = —0-32, p = 0-04). However,
the association in men (12 = —0-02, p = 0-92), and in all subjects for
standing SBP, were not statistically significant (Table S1).

Similarly, change in supine DBP from baseline to end of treatment
follow-up did not significantly differ between the three groups
(Fig. 1e) and was not correlated with change in urate levels (Table.
S1). OBP was closely examined given its hypothesized role in our evolu-
tionary loss of functional UOx as well as its impact on disability in PD.
[38,39] The change in OBP for SBP (OSBP) from baseline to end of treat-
ment follow-up was also not significantly different between the three
groups (Fig. 1f), although in this relatively healthy early PD cohort
there was no appreciable orthostatic hypotension at baseline (placebo
= 0-12 4+ 2-20; mild = 0-83 4 2-29; moderate = —1-62 + 2-42
for OSBP and placebo = 2-08 + 1-09; mild = 1-83 + 1-36;
moderate = —0-42 4 1-34 for ODBP) or end of treatment follow-up
(placebo = 1-24 4+ 307, mild = —3-33 4+ 1:77, moderate = —2-42
4+ 1-50 for OSBP and placebo = 2-38 + 1-36, mild = —0-42 + 2-13,
moderate = 2-30 + 1-27 for ODBP). Similarly, change in OBP for SBP
and DBP did not significantly correlate with change in serum urate
(Table. S1).

3.2. Markedly elevated urate in UOx gKO mice is not associated with BP
changes

Silencing the UOx gene in mice recapitulates its evolutionary silenc-
ing in human ancestors resulting in hyperuricemia and serves as a
model of human purine catabolism to investigate the relationship be-
tween urate elevation and BP change [33]. While serum urate levels
are typically lower in mice than humans, urate levels in UOx gKO mice
were markedly higher than WT littermate controls and reached levels
of those in humans (Fig. 2a) [10]. BP was initially measured in anesthe-
tized male, nine-month old UOx gKO mice and littermate WT controls
through invasive carotid artery catheterization. There was no significant
difference in their body weights (29 4+ 0-4 vs. 33 4+ 1-8 g, UOx gKO vs.
WT). Despite substantially elevated blood urate level and a trend to-
wards higher baseline SBP in UOx gKO compared to WT (p = 0-07),
baseline SBP was uncorrelated with urate (Fig. 2b), as was DBP and
mean arterial pressure (MAP) (Fig. S1 a and b). We then investigated
whether serum urate levels impacted the response to nitric oxide
(NO), a known vasodilator. SBP of both WT and UOx gKO mice
decreased dose-dependently after administration of NOC-9, a
diazeniumdiolate (NONOate) small molecule NO donor (Fig. 2c). SBP
decreased 11% and 22% in UOx gKO mice and 10% and 22% in WT mice
following administration of 3-3 and 10 pug/kg NOC-9, respectively. Sim-
ilarly, the NOC-9-induced decreases in MAP were indistinguishable be-
tween UOx gKO and WT mice (11% and 24%, and 9 and 23% after 3-3
pg/kg and 10 pg/kg NOC-9 administration, respectively). HR did not dif-
fer between UOx gKO and WT mice across all treatments (Fig. 2d). BP
was similar between UOx gKO and WT littermates before or after all
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Fig. 2. Markedly elevated urate in UOx gKO mice is not associated with BP changes. (a) HPLC analysis of serum urate levels in UOx gKO and WT mice. (b) Invasive SBP versus serum urate of
UOx gKO and WT mice at baseline (WT: ?=0-007, p=0-85; UOx gKO: ’=0-012, p=0-38; pooled: ’=0-10, p=0-24). Invasive SBP (c) and HR (D) measurement before (baseline) and
after vehicle (saline), 3-3 pg/kg, and 10 pg/kg NOC-9 administration. n==8 and 7, male nine-month old UOx gKO and littermate WT mice. ***p<0-001.
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the treatments. These results demonstrated that BP and the response to
a vasodilator were not affected in UOx gKO despite markedly elevated
serum urate levels.

3.3. Mildly elevated urate in UOx cKO mice is not associated with BP
changes

Although UOx gKO mice display high urate levels comparable to
those observed in adult humans, their germline disruption of UOx

b
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produces embryonic or post-natal developmental effects such as neph-
rotoxicity [11,32]. As these may confound the interpretation of urate el-
evation in adult mice, we generated UOx cKO with a conditional and
inducible disruption of UOx to obviate the concern that a developmental
phenotype might obscure urate effects in mature animals. BP in these
mice was monitored using both invasive (male, average four-month
old) and noninvasive methods (female, average three-month old).
Two weeks after completion of the tamoxifen injection regimen in
UOx cKO mice, resulting in disruption of UOx and deletion of UOx
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Fig. 3. Mildly elevated urate in UOx cKO mice is not associated with BP changes. (a) HPLC analysis of serum urate levels in UOx cKO mice and ‘WT’ (floxed UOx with no cre). (b) Invasive SBP
versus serum urate of UOx cKO mice and ‘WT at baseline (‘WT’: r?=0-138, p=0-36; cKO: ?=0-193, p=0-20; pooled: *=0-163, p=0-09). Invasive SBP (c) and HR (d) measurement
before (baseline) and after vehicle administration. n=9 and 8, male four-month old UOx cKO and littermate ‘WT mice. (e) Noninvasive SBP measurement before and two weeks after
completion of tamoxifen injection, during three weeks of high salt diet, low salt diet and two weeks of washout, and pre-, post (15 min) each L-NAME administration. The second L-
NAME administration was seven days after first L-NAME administration. Asterisks for significant change comparing preceding time point from different treatment are above the plot
for WT and below the plot for UOx cKO. n=16 and 14, UOx cKO and littermate WT mice, all female, average three-month old at the baseline. *p<0-05, **p<0-01, ***p<0-001.
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(Fig. S2a), serum urate was moderately and significantly higher than
‘WT littermates (UOx floxed with no cre transgene, and the mice have
WT phenotype) (Fig. 3a). Baseline SBP assessed invasively was similar
between UOx cKO and littermate controls, and urate levels do not corre-
late with SBP (Fig. 3b and c¢; DBP and MAP in Fig. S2 b and c). Both UOx
cKO and their ‘WT littermates had mild but significantly increased SBP
following saline administration (WT: 4-6-1%, p<0-001; cKO: +6-6%, p
<0-001) (Fig. 3c). The slightly differing responses of control mice from
UOx cKO and from gKO lines may be due to their age difference. Also HR
was similar in ‘WT and UOx cKO mice (Fig. 3d). Body weights of UOx
cKO (24 4+ 0-6 g) and ‘WT littermates (24 + 0-8 g) were similar.

Serial, noninvasive tail-cuff measurement of BP in awake female
mice also revealed no difference in SBP between UOx cKO and their
‘WT littermates at baseline. Modulating dietary sodium levels did not
alter BP in UOx cKO or littermate control mice. BP increased similarly
in both UOx cKO and ‘WT’ mice immediately after administration of L-
NAME, a NO synthase inhibitor known to cause vasoconstriction and
hypertension. BP returned to baseline within two days (Fig. 3e).
Serum urate measured in cheek blood was 1-9 + 0-24-,1-9 + 0-33-,
and 2-2 4 0-29-fold higher in UOx cKO mice than control littermates
at two weeks after tamoxifen injection, washout week two, and the
end point of the experiment. Body weights were 20 4+ 0-6 and 21 +
0-3;23 4+ 0-7and 23 £ 0-5,and 22 4+ 1-1 and 24 + 0-7 g for UOx
cKO mice and control littermates, respectively, at these same time
points, with no significant difference between the two groups through-
out the experimental course. Unlike UOx gKO mice characterized by de-
creased kidney size [11], kidney weights were comparable in UOx cKO
mice and control littermates (combined weight of both kidneys: 388
4 15 vs. 373 £ 11 mg). These results demonstrate that serum urate
levels were not associated with BP in a mouse model with moderately
elevated urate and no developmental nor any apparent systemic toxic-
ity of hyperuricemia.

3.4. Reduced urate in UOx Tg mice is not associated with BP changes

Male, anesthetized UOx Tg mice and WT littermates (three-month
old) were used to measure BP invasively. As expected, serum urate
levels were lower in UOx Tg mice than WT littermates (Fig. 4a) [11].
UOx Tg mice tended to be smaller, however, there was no statistical sig-
nificance in body weight between UOx Tg (29 + 0-8 g) and WT animals
(32 £ 1-3 g). Baseline SBP, DBP and MAP were similar in UOx Tg and lit-
termate WT mice and did not correlate with serum urate levels (Fig. 4a
and Fig. S3 a and b). Administration of 0-3 pg/kg NOC-9 similarly de-
creased SBP of UOx Tg mice and WT littermates by 11% and 10%, respec-
tively (Fig. 4c). HR responses to the treatments were similar in Tg and
WT mice (Fig. 4d). Also in awake ten-month old male UOx Tg mice,
SBP, assessed noninvasively, was similar to their WT littermates
(Fig. 4e). Neither high nor low salt diet affected BP in either UOx Tg or
WT mice. SBP increased indistinguishably following L-NAME adminis-
tration in UOx Tg mice and WT littermates. BP returned to baseline
two days after L-NAME injection in both UOx Tg mice and WT controls
(Fig. 4e). Unlike younger mice, the weight difference between ten-
month old UOx Tg mice and their WT littermates was statistically signif-
icant throughout the experimental course (average 30 4 0-8 g for UOx
Tg mice and 33 4 0-7 g for WT, p = 0-008). However, we did not detect
a correlation between body weight and SBP. In this experiment UOx Tg
mice had a significant reduction (77 + 3-0% in average) in serum urate
compared to the controls (p <0-001).

4. Discussion

We have demonstrated that in the SURE-PD clinical trial, oral inosine
over 24 months dose-dependently elevates serum urate without raising
BP. There is no positive correlation between changes in serum urate and
changes in all BP measures among its 75 early PD participants. In animal
models, neither germline nor conditional disruption of UOx, nor

overexpression of UOx, resulting in elevation or reduction in serum
urate, respectively, was associated with changes in BP, measured by
noninvasive or invasive methods. Responses to pharmacological BP
stimulation were also indistinguishable between the genetically
engineered animals and their littermate controls. The findings reveal
no correlation between long-term urate elevation and BP increase,
and that they do so in both laboratory animals and humans strengthens
their biological and clinical relevance.

Our preclinical results in mice lacking UOx contrast those previously
reported with hyperuricemic hypertension in rats, in which oxonic acid-
induced mild hyperuricemia produced systemic hypertension that was
reversible by urate-lowering agents allopurinol or benziodarone admin-
istration [24]. The ~two-fold urate elevation of ~43 uM (~0-7 mg/dL)
achieved in the rat model is comparable to that in UOx cKO mice, yet
UOx cKO mice displayed no phenotype of altered BP. The seemingly dis-
cordant findings may be due to differences between the species or be-
tween the genetic vs. pharmacological approaches taken to modulate
UOx. Selective and irreversible targeting of UOx through its constitutive
or conditional gene disruption or its transgenic overexpression and con-
sequent stable alterations in urate concentrations could lead to com-
pensatory hemodynamic effects, which may not occur with reversible
pharmacological inhibition of UOx by oxonic acid. Conversely, oxonic
acid is less selective for UOx as it can inhibit other metabolic processes
[40-42], potentially confounding its interpretation.

Our preclinical findings generally corroborate those of a recent study
reporting unaltered BP in eight-week old male constitutive UOx KO mice
which was generated using the transcription activator-like effector nu-
clease technique, resulting in ~three-fold higher serum urate that is
comparable to our cKO mice [43]. The same study, however, found sig-
nificantly higher BP in female mice of the same age [43]. The discrep-
ancy could be due to differences in BP measurement methods, animal
gender and age, knock-out methods, genetic background or renal func-
tion status. Unaltered BP was reported in another recent murine study
taking an alternative genetic approach to elevating systemic urate
levels. Instead of recapitulating our evolutionary loss of UOx and its ca-
tabolism as in the present study, Preitner et al. [27] disrupted the gene
for the urate transporter Glut9 (SLC2A9), which is a major genetic deter-
minant of urate levels in humans. They reported that specifically elimi-
nating hepatic Glut9, which transports urate into liver for enzymatic
degradation by UOX, could raise serum urate (to 2 mg/dL, and then up
to 5 mg/dL over six months on a purine-rich diet) without altering BP.
However, spontaneous hypertension has been reported in another
study using mice lacking the intestinal urate transporter Glut9, and it
can be reversed by allopurinol [44]. Given the relative small urate effect
(~35%) in this gut SLC2A9 KO model, there is a possibility that hyperten-
sion developed in this model was not specifically related to urate, and
“the allopurinol effects are derived specifically from blocking oxidant
production via xanthine oxidase inhibition per se” as the authors
discussed [44].

Similarly supportive of dissociation between urate and BP are our
clinical results that early, untreated PD patients responded to inosine
test with a dose-dependent increase in serum urate with no BP increase.
These findings are consistent with a smaller trial of urate-elevating ino-
sine in patients with multiple sclerosis [27]. Increased urate levels have
been demonstrated without accompanying changes in SBP in a longitu-
dinal cohort of relapsing-remitting multiple sclerosis patients after
treatment with natalizumab, o4 integrin antagonist, for 12 months
[45]. The marginally inverse relationship between change in spine SPB
and change in urate among the three treatment groups in our study ap-
pears to be in agreement with a previous study demonstrating an asso-
ciation between higher urate genetic risk score and lower BP [31]. This
inverse correlation is stronger in female subjects; male subjects only
show a trend. In a recent study in treated hypertensive patients, 25%
of which have hyperuricemia, rate of uncontrolled BP is higher in men
with hyperucicermia versus normouricemia whereas it is similar in
normouricemic and hyperuricemic women [46]. Gender difference has
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Fig. 4. Reduced urate in UOx Tg mice is not associated with BP changes. (a) HPLC analysis of serum urate levels in UOx Tg and WT mice. (b) Invasive SBP versus serum urate of UOx Tg and
WT mice at baseline (WT: r*=0-091, p=0-46; Tg: *=0-046, p=0-60, pooled: r?=0-113, p=0-20). (c) Invasive SBP and HR (d) measurement before (baseline) and after vehicle and 3-3
pg/kg NOC-9 administration. n=8 and 8, UOx Tg and littermate WT mice, all male, average four-month old. (e) Noninvasive SBP and DBP measurement at the baseline (BL), during three
weeks of high salt diet, low salt diet, and two weeks of washout, and pre-, post (15 min) each L-NAME administration. n=9 and 13, UOx Tg and littermate WT mice, all male, average ten-
month old at the baseline. Asterisks for significant change comparing preceding time point from different treatment are above the plot for WT and below the plot for Tg. *p<0-05, **p<0-01,

**p<0-001.

also been demonstrated in another recent study, in which urate is pos-
itively associated with pulse pressure (difference between SBP and
DBP) only in women not in men [47].

In the current study we also serially and systematically acquired OBP
measurements, which may be of particular relevance to the evolution-
ary silencing of UOx in hominoids [38]. It has been suggested that re-
duced dietary salt availability among upright human ancestors some
15-25 million years ago threatened their ability to maintain adequate
BP for survival and that elevated urate resulting from UOx mutations

may have conferred a selection advantage [4,14,38,48]. Although
SURE-PD subjects had early mild PD and did not demonstrate hypoten-
sive or tachycardic responses in response to orthostatic maneuvers as
seen typically in advanced PD [39], the lack of modulation of standing
versus supine hemodynamic parameters argues against a hypertensive
evolutionary advantage of UOx disruption.

Conversely, urate-lowering medication trials have inconsistently
demonstrated BP-lowering effects. The xanthine oxidase inhibitor
febuxostat failed in a phase II trial in subjects with hyperuricemia and
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hypertension to show change in BP despite a substantial urate drop
from 7-6 to 4-3 mg/dL [49]. A smaller study in a dialysis population re-
cently reported a similar result [50]. Further, allopurinol decreased
urate but did not show effects on BP in patients with mild to moderate
renal disease [51]. A recent double-blinded randomized retrospective
cohort study involving non-hypertensive overweight or obese adults
also did not support the positive association between urate and BP
[24]. The study found that urate-lowering therapies, allopurinol and
probenecid, lowered serum urate after four and eight weeks but did
not significantly alter the mean SBP [24]. The inconsistency between
these findings and previously reported BP-lowering benefit of urate-
lowering treatments in obese adolescents may be explained by differ-
ences of age between the study populations [21,22]. Indeed, the rela-
tionship between urate and BP in elderly populations is less significant
and more controversial than in the adolescents [19,52]. All the afore-
mentioned null results from interventional studies are in adult or senior
patients. The average age of our SURE-PD participants was 62-year old
at baseline [11]. Though the increasing incidence of hypertension due
to other causes may contribute to the weakened urate-BP link with in-
creasing age, the precise role of age is still unclear. Similarly, causal as-
sociation between obesity, urate and BP remain to be elucidated given
that the reported beneficial BP-lowering effects of urate-lowering
agents are conducted in adolescent populations with obesity [21,22].
All our analyses for SURE-PD population are adjusted for age and BMIL
Like these few pharmacological intervention trials, a growing number
of ‘genetic trials’ via mendelian randomization, have also overall argued
against a clinically significant hypertensive effect of urate elevation [31].

While the convergence of findings from complementary animal and
clinical trial data is a particular strength of this study several limitations
should be considered. The SURE-PD population comprises individuals
with a specific neurodegenerative disease so their response to urate-
elevating treatment may not be generalizable. The limitation is likely
modest however as the trial enrolled only subjects with mild, early dis-
ease not yet warranting dopaminergic medication and without substan-
tial cardiovascular or renal disease. Prior studies of urate-modifying
drugs on BP have focused on populations with greater medical disability
such as overweight or obese patients [21]. Another caveat is the rela-
tively small trial population, which increases the possibility that BP con-
founders may have been unequally distributed among the treatment
groups despite randomization. However, known BP covariates (age,
sex, BMI, blood glucose, total cholesterol, high density lipoprotein, and
triglycerides) were not different between the groups at baseline and
after chronic urate-elevating treatment [11]. Another limitation on in-
ferences of urate's role based on both the preclinical and clinical inter-
ventions is that in neither case was urate itself manipulated. Although
the trial used the metabolic precursor inosine that is rapidly converted
to urate it is possible that this conversion could have other effects
(e.g., with xanthine oxidase-catalyzed conversion of xanthine to urate
generating equimolar amounts of hydrogen peroxide) [53]. Similarly,
the murine manipulations of UOx to increase or decrease urate would
be expected to simultaneously decrease or increase, respectively, levels
of UOx-catalyzed oxidation product allantoin. Lastly, an unavoidable
limitation of even convergent evidence against an effect is that it's diffi-
cult to prove the absence of an effect.

Nevertheless, the mouse and human studies reported here yielded
consistent null results that when combined with emerging lines of labo-
ratory, human genetic and clinical evidence from other investigators
provide a strengthening counter-argument to a causal link between hy-
peruricemia and hypertension in adults. As a growing number of effec-
tive urate-lowering medications have become available there has been
an expansion of interest in the application of urate-lowering treatment
to preventing or treating BP dysregulation in individuals with cardiovas-
cular, renal and metabolic diseases [54-56]. While our findings reflect
the need for more careful evaluation of urate-lowering treatments in
pursuit of such indications and their potential cardiovascular risks [57],

the conflicting evidence in the field highlights the importance of well-
designed interventional studies in the future.
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