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Severe Hypouricemia Impairs Endothelium-Dependent Vasodilatation
and Reduces Blood Pressure in Healthy Young Men: A Randomized,
Placebo-Controlled, and Crossover Study

Benjamin De Becker, MD, PhD Fellow; Catherine Coremans, Pharm, PhD Fellow; Martin Chaumont, MD, PhD Fellow; Cédric Delporte,
PharmD, PhD; Pierre Van Antwerpen, PharmD, PhD; Thierry Franck, MSc, PhD; Alexandre Rousseau, BSc; Karim Zouaoui Boudjeltia, MSc,
PhD; Pierre Cullus, MSc; Philippe van de Borne, MD, PhD

Background—Uric acid (UA) is a plasmatic antioxidant that has possible effects on blood pressure. The effects of UA on
endothelial function are unclear. We hypothesize that endothelial function is not impaired unless significant UA depletion is
achieved through selective xanthine oxidase inhibition with febuxostat and recombinant uricase (rasburicase).

Methods and Results—Microvascular hyperemia, induced by iontophoresis of acetylcholine and sodium nitroprusside, and heating-
induced local hyperemia after iontophoresis of saline and a specific nitric oxide synthase inhibitor were assessed by laser Doppler
imaging. Blood pressure and renin-angiotensin system markers were measured, and arterial stiffness was assessed. CRP (C-reactive
protein), allantoin, chlorotyrosine/tyrosine ratio, homocitrulline/lysine ratio, myeloperoxidase activity, malondialdehyde, and
interleukin-8 were used to characterize inflammation and oxidative stress. Seventeen young healthy men were enrolled in a
randomized, double-blind, placebo-controlled, 3-way crossover study. The 3 compared conditions were placebo, febuxostat alone,
and febuxostat together with rasburicase. The allantoin (umol/L)/UA (umol/L) ratio differed between sessions (P<0.0001). During
the febuxostat-rasburicase session, heating-induced hyperemia became altered in the presence of nitric oxide synthase inhibition;
and systolic blood pressure, angiotensin Il, and myeloperoxidase activity decreased (P<0.03 versus febuxostat). The aldosterone
concentration decreased in the febuxostat-rasburicase group (P=0.01). Malondialdehyde increased when UA concentration
decreased (both P<0.01 for febuxostat and febuxostat-rasburicase versus placebo). Other parameters remained unchanged.

Conclusions—A large and short-term decrease in UA in humans alters heat-induced endothelium-dependent microvascular
vasodilation, slightly reduces systolic blood pressure through renin-angiotensin system activity reduction, and markedly reduces
myeloperoxidase activity when compared with moderate UA reduction. A moderate or severe hypouricemia leads to an increase in
lipid peroxidation through loss of antioxidant capacity of plasma.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT03395977. (J Am Heart Assoc. 2019;8:
e013130. DOI: 10.1161/JAHA.119.013130.)
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he role of uric acid (UA) in cardiovascular disease described in hypertensive patients (PIUMA [Progetto Iperten-
remains controversial; however, some consider it a real sione Umbria Monitoraggio Ambulatoriale] study), suggesting
cardiovascular risk factor.! A J-shaped relationship between that hyperuricemia and hypouricemia are both associated
UA concentration and cardiovascular events has been with an increased cardiovascular risk.>® UA represents >50%
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Clinical Perspective

What Is New?

* Uric acid (UA) is a well-known antioxidant in the plasma but
may also be a deleterious oxidant product when its
concentration increases.

* We studied and compared the effects of moderate and
extreme reduction in UA concentration on microvascular
function and oxidative stress. Microvascular function was
assessed by laser Doppler imaging.

* We explored the physiological characteristics between UA,
blood pressure, and the renin-angiotensin system by measur-
ing different components of the renin-angiotensin system; and
we developed a human model of severe hypouricemia, which is
more reliable than using animal models where purine
metabolism is completely different from humans.

What Are the Clinical Implications?

* In normal men, unfavorable effects of extreme UA reduction
on heating-induced hyperemia are only seen when nitric
oxide synthase is inhibited, and microvascular effects of UA
might thus become more apparent in older or diseased
subjects with a dysfunctional endothelium.

In this study, UA withdrawal also suggests a positive link
between uricemia, systolic blood pressure, and angiotensin Il.
Last, myeloperoxidase activity decreased while lipid peroxida-
tion increased; thus, the effects of UA suppression on oxidative
stress markers in humans are complex and nonuniform.

of the total antioxidant plasmatic capacity.*®> Among all
cardiovascular diseases, the strongest association is with
hypertension, where UA seems to play a role in renal renin-
angiotensin system (RAS) activation.*®” Impaired flow-
mediated dilation was observed in uric acid transporter 1
(URAT1) homozygote-mutated Japanese subjects with a UA
concentration <47.6 umol/L (<0.8 mg/dL).®’ UA alone
could not account for this condition because of the feedback
effect of UA on xanthine oxidoreductase (XOR) activity.
Indeed, in addition to the reduction in antioxidant capacity, a
reduction in UA concentration will supposedly lead to an
increase in XOR activity and, thus, reactive oxygen species
(ROS) production.’®'® In contrast, inhibition of xanthine
oxidase (XO) with allopurinol improved endothelial function in
patients with heart failure compared with probenecid, a
URAT1 blocker.' Similarly, despite a 61% reduction in UA
concentration, rasburicase alone failed to improve endothelial
function in patients with type 2 diabetes mellitus.'® In general,
lower UA levels may alter plasma antioxidant capacity. As a
result of the inhibitory feedback of UA on XOR activity,
however,m’11 URAT1 mutation, probenecid, and rasburicase
may also enhance XOR activity and ROS production. The latter

is not seen with allopurinol, which inhibits XOR. These indirect
comparisons suggest differential effects of XOR-mediated
ROS production and UA-related plasma antioxidant properties
on endothelial function. The restoration of endothelial func-
tion by UA infusion in patients with type 1 diabetes mellitus
and smokers, as assessed by venous occlusion plethysmog-
raphy, provides further evidence that UA is necessary for
endothelial balance.'®

The XO isoform of the XOR enzyme is involved in purine
metabolism and production of ROS." XO, along with
nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase and decoupled endothelial nitric oxide (NO) synthase
(NOS), is a major contributor to ROS production.'® Endothelial
dysfunction is the result of impaired NO bioavailability,
resulting from the imbalance of antioxidant and oxidant
factors (ROS).

More potent and better tolerated therapies may allow
patients to experience lower levels of UA than previously.
There is growing concern that low levels of UA may prove
deleterious. The recent CARES (Cardiovascular Safety of
Febuxostat and Allopurinol in Patients with Gout and
Cardiovascular Morbidities) trial showed that more cardiovas-
cular deaths occurred in patients treated with febuxostat
compared with those treated with allopurinol.’ A larger
proportion of febuxostat-treated patients reached a UA
concentration <300 pmol/L (<5 mg/dL). This trial, however,
had several methodological pitfalls. Our study aims to provide
a timely, in-depth insight of the cardiovascular consequences
of acute hypouricemia. We believe that studying the effects of
different levels of UA reduction is of importance because of
lack of data about the threshold to initiate urate-lowering
therapies,' especially as UA has been suggested to increase
the risk of hypertension in younger subjects.”*

Therefore, in this randomized, double-blind, placebo-
controlled, 3-way crossover study, febuxostat (a highly
specific nonpurinergic XOR inhibitor) was used to prevent
ROS production related to UA production. Concomitantly,
recombinant uricase (rasburicase) was given to achieve
extremely and unprecedented low levels of UA.

This study is, to the best of our knowledge, the first to
achieve an acute hypouricemia with the aim to determine
the effects of UA on microvascular function, independent of
XOR, and to compare the effects of acute moderate and
severe hypouricemia. We hypothesized that microvascular
function would not become impaired until extremely low UA
concentrations were achieved. Microvascular function was
assessed by acetylcholine iontophoresis induced hyperemia
as well as by local heating after N-nitro-L-arginine methyl
ester (L-NAME; a specific NOS inhibitor) iontophoresis.
Sodium nitroprusside (SNP) iontophoresis induced hyper-
emia was used to differentiate endothelium-dependent and
endothelium-independent responses. Arterial stiffness, CRP
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(C-reactive protein), allantoin, chlorotyrosine/tyrosine ratio,
homocitrulline/lysine ratio, myeloperoxidase activity, malon-
dialdehyde, and interleukin-8 characterized arterial function,
inflammation, and oxidative stress during the different
experimental sessions.

Methods

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

Population and Design

The protocol was reviewed and approved by Erasme Hospital’s
ethics committee (reference P2017/296; NCT03395977).
The study was conducted in accordance with the principles
outlined in the Declaration of Helsinki. Written informed
consent was obtained from all participants.

Between January and June 2018, 22 healthy male subjects
with a normal physical examination were recruited at the
Erasme Hospital (Brussels, Belgium). Female subjects were
not included in the study because of the uricosuric effect of
estrogens in premenopausal women.?® Smokers and alcohol
consumers were excluded, and no long-term medication (even

vitamin supplementation) was allowed. Patients with glucose-
6-phosphate dehydrogenase deficiency were excluded.
Participants were enrolled in a randomized, double-blind,
placebo-controlled, 3-way (A, B, and C) crossover study with a
10-day washout period between experimental sessions.
Sessions were as follow: A, placebo given orally, intravenous
saline; B, febuxostat given orally, intravenous saline; and C,
febuxostat given orally, intravenous rasburicase (Figure 1).
For each session, participants took oral pills for 3 days
(placebo or febuxostat, 240 mg/d). On the third day, patients
were infused with 0.9% saline solution or 3 mg of rasburicase
for 30 minutes. Pills (placebo or febuxostat packaged in
identical white capsules) and infusions were prepared by a
pharmacist in accordance with the randomization protocol (3
treatment orders were established: ABC, BCA, or CAB). Order
sequences were determined before inclusion and allocated to
participants after enroliment. Volunteers and investigators
were blinded to the medications administered during the
study. The highest tested dosage of febuxostat was admin-
istered to ensure XOR would be completely blocked.?" A 24-
hour washout period between rasburicase or saline infusion
and measurements was observed to achieve the lowest
concentration of UA, as previously described.'® Investigations
(microvascular function, hemodynamic parameters, and

| Assessed for eligibility (n = 22) |

5 drop-outs

| Randomized (n = 17) |

Placebo orally

Period 1 Saline Intravenous

Group 2 (n = 6)

Febuxostat orally
Saline Intravenous

Febuxostat orally
Rasburicase Intravenous

10 days washout period

Febuxostat orally
Saline Intravenous

Period 2

Febuxostat orally
Rasburicase Intravenous

|

Placebo orally
Saline Intravenous

c |

Febuxostat orally
Rasburicase Intravenous

Analyzed (n = 6)

Period 3

Placebo orally
Saline Intravenous

Analyzed (n = 6)

Febuxostat orally
Saline Intravenous

Analyzed (n = 5)

Figure 1. Flowchart diagram. Twenty-two healthy volunteers were enrolled, but 5 did not complete the
study. Seventeen participants were randomized to 3 groups. Each group was composed of 3 treatments
separated by a 10-day washout period. Treatments were placebo and intravenous saline (A), febuxostat
given orally and intravenous saline (B), and febuxostat given orally and intravenous rasburicase (C).
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arterial stiffness) were performed on day 4 in a quiet room
maintained at 22°C+2°C. These measurements were per-
formed at the same time of day for all subjects.

Blood samples were collected at recruitment and on the
fourth day of each session. Venous samples for UA measure-
ment were transported on ice to inhibit potential rasburicase
activity. Blood analyses were performed in our hospital
directly after collection. Serum and plasma samples (after
centrifugation at 4000g for 15 minutes at 20°C) were isolated
and stored at —80°C in our biobank (BE_BERAT; Biobanque
Hopital Erasme-Université Libre de Bruxelles; BE_NBWBT;
Biotheque Wallonie Bruxelles; BBMRI-ERIC) until analysis.

Drugs

Lactose given orally and 0.9% saline solution administered
intravenously were used as placebo. The active oral and
intravenous drugs included 240 mg of febuxostat (Adenuric;
Menarini, Florence, Italy) and 3 mg of rasburicase (Fasturtec;
Sanofi, Paris, France) reconstituted in 50 mL sterile 0.9%
saline solution, respectively.

Acetylcholine, SNP, L-NAME, and saline solution were used
for iontophoresis, as previously described.??* Acetylcholine-
and SNP-induced hyperemias were used to assess the
endothelium-dependent and endothelium-independent vaso-
motor response, respectively. Heating-induced hyperemias
after L-NAME and saline iontophoresis were also used to
assess the endothelial vasomotor response. L-NAME facili-
tated the analysis of the non—NO-mediated vasodilation
response to heating. This noninvasive technique is central
to evaluating peripheral endothelial function.?*

Primary Outcome
Endothelial function

Microcirculatory vasomotor function was assessed by a laser
Doppler Imager (Moor Instruments Ltd, Axminster, UK) that
measured blood flow in a skin surface area of 3.8 cm? as
previously described.”? Twelve scans were obtained for each
test; the first 2 scans corresponded to baseline cutaneous flow.
Thirty minutes before the measurements being taken, 5% Emla
cream (lidocaine, 2.5%, and prilocaine, 2.5%; AstraZeneca,
London, UK) was applied to the anterior surface of both forearms
to prevent nonspecific vasodilatation induced by the electric
current. We performed acetylcholine and SNP hyperemias, where
molecules were administered percutaneously using iontophore-
sis, on one forearm. On the other, the skin was heated to 44°C
using dedicated skin heater electrodes and a temperature
monitor (SHO2; Moor Instruments Ltd) after L-NAME and saline
iontophoresis.?? Data were expressed in perfusion units. The
heating response is biphasic and depends on the endothelial
system, adrenergic nerves, and sensory nerves.?® The first phase
is mainly mediated by transient axon reflex vasodilatation and

less by NO. The second (plateau) phase is mainly related to NO
release and the endothelium.?® Therefore, we only compared the
late-phase response between sessions in terms of the skin
response to heat, as in our previous studies.??

Secondary Outcomes
Biological measures

A venous blood sample was used to collect biological data
(hematologic, renal, and hepatic functions, lipid profile, and
glycemia). Homocitrulline /lysine and 3-chlorotyrosine/tyrosine
ratios, allantoin, interleukin-8, myeloperoxidase activity, and
malondialdehyde were used to assess inflammation and oxida-
tive stress. 3-Chlorotyrosine is a specific product of myeloper-
oxidase activity, and the formation of homocitrulline may be
catalyzed by myeloperoxidase. Oxidation of the amino acid
residues tyrosine and lysine leads to formation of 3-chlorotyr-
osine and homocitrulline, respectively. These products were
measured by acid hydrolysis, derivatization, and liquid chro-
matography—tandem mass spectrometry (Data S1 provides
further information).?¢ Allantoin is a marker of oxygen free
radical load in humans not receiving rasburicase and results from
anonenzymatic reaction between UA and ROS. Allantoin was also
measured by liquid chromatography—tandem mass spectrometry
(Data S1). Myeloperoxidase is a major oxidative enzyme, and its
activity was measured by the Specific Immunological Extraction
Followed by Enzymatic Detection (SIEFED) method.?” Interleukin-
8 is a well-known marker of inflammation and was measured by
ELISA (BD Biosciences). Malondialdehyde, an end product
formed through the degradation of certain lipid peroxidation
products, was detected using the thiobarbituric acid reactive
substances technique, as previously described.?®

ELISA kits were used to measure arachidonic and epoxye-
icosatrienoic acids (AA and EET, respectively; MyBiosource).
EET, a product of AA, is implicated in the non—NO-mediated
vasodilation response to heating, most apparent when NOS is
inhibited by L-NAME.?’

The activity of the RAS was evaluated in a post hoc analysis
secondary to the effects of UA concentration on blood pressure
(BP). To fully understand this system, we measured angiotensin
I, renin concentration, plasma renin activity, aldosterone, and
angiotensin-converting enzyme using different ELISA kits
(angiotensin-converting enzyme and aldosterone: Abcam, UK;
renin concentration: Creative Diagnostics; plasma renin activ-
ity: Alpco; and angiotensin Il: Merck, Germany).

Hemodynamic parameters and arterial stiffness

BP (mobile sphygmomanometer; Welch Allyn; Hill-Rom, Batesville,
IN), heart rate, and saturation of peripheral oxygen were
measured for each session (Capnostream 20; Oridion; Medtronic,
Minneapolis, MN). Carotid-femoral pulse wave velocity, and radial
augmentation index (Alx) and heart rate-corrected augmentation
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index (Alx@75) were used to assess the aortic stiffness and were
measured through carotid, femoral and radial artery applanation
tonometry, respectively. Pulse wave velocity and augmentation
index were assessed noninvasively using a fully automated device
(SphygmoCor; Atcor Medical, Sydney, NSW, Australia), as
previously described.*°

Adverse effects

Participants were advised that gastrointestinal and other less
common adverse effects could occur. All participants were
requested to report diarrhea, abdominal pain, headache,
nausea, fatigue, hot spells, or any other complaints to the
principal investigator.

Statistical Analysis

Variables were expressed as meant+SEM when normally
distributed; otherwise, they were expressed as median (quartile
1; quartile 3). Normality was assessed using the Shapiro-Wilk
test. The data analysis for the crossover design was performed
using a global linear model for repeated measures (mixed
ANOVA). The 3 conditions (placebo, febuxostat, and febuxostat-
rasburicase) were used as within-subjects factor, and the order
sequence of the sessions (ABC, BCA, or CAB) was used as
between-subjects factor to assess the carryover effect. The
absence of carryover effect was assumed when no statistical
significance was found for the order sequences. Data that were
not normally distributed were analyzed using the nonparametric
Friedman test for repeated measures. Binary variables, such as
adverse effects, were analyzed using a x” test. Bonferroni
correction was applied for multiple comparisons. P<0.05 was
considered statistically significant. All statistical analyses were
performed using SPSS, version 22.0 (IBM Corporation, Armonk,
NY). N=17 for all measures, except for EET and AA determination,
as a result of aberrant values, where N=16. Placebo-corrected
values for the febuxostat and febuxostat-rasburicase groups
were calculated by the subtraction of placebo value to febuxostat
and febuxostat-rasburicase values, respectively. They were
analyzed using a paired ¢ test when statistical differences were
found in variables related to microvascular function, BP, or RAS.
Pearson correlation test was used to assess the relationship
between variables. For heat-induced hyperemia after L-NAME
iontophoresis, a period by period (ie, every 2.5 minutes)
comparison was performed between the 3 groups and between
the 2 groups when data were expressed as placebo-corrected
values. Sample size was computed with G3*Power, version
3.1.9.2 (Kiel University, Germany). The effect size from a previous
study in our laboratory?? enabled us to estimate a total sample
size of 12 for an o error of 5% and a power of 80%. Twenty-two
subjects were enrolled because the rigorous study protocol
made us anticipate that 40% of the participants might not
complete the study in the worst-case scenario.

Results

Five participants left the study because of time constraints; their
data were notincluded in the present article. Seventeen subjects
were randomized to all 3 treatment sequences (Figure 1).

Baseline Characteristics of the Participants

UA concentration in our population was within the normal
range (Table 1).

Biological Analyses

The plasmatic concentration of UA decreased in participants
treated with febuxostat and/or febuxostat-rasburicase

Table 1. Characteristics of the Study Participants at Baseline

Characteristics Value

Age, v* 23 (22; 25)

BMI, kg/m?* 23.9 (22.9; 26.0)
Platelets, x10%/uL 224.1+13.6
G6PD, U/g of hemoglobin 10.0+0.3

CRP, nmol/L* 5.2 (4.8; 12.3)
Urea, mmol/L 5.04+0.2
Creatinine, pmol/L* 88.4 (79.6; 92.8)
Urea/creatinine ratio 59.8£3.2
Sodium, mmol/L* 142.0 (140.5; 142.5)
Potassium, mmol/L 3.940.0
Chloride, mmol/L 101.3+0.3

Uric acid, pumol/L 334.2+14.7
Calcium, mmol/L 2.4+0.0
Phosphorus, mmol/L 1.04+0.0
Bilirubin, pmol/L* 10.8 (8.6; 13.2)

ALP, nkat/L* 1190.0 (1037.0; 1215.5)
GGT, nkat/L* 283.4 (200.0; 416.8)
ALT, nkat/L 457.8+58.9

AST, nkat/L 356.9+20.9

LDH, nkat/L 2621.51+-86.4
Cholesterol, mmol/L 4.3+0.2
Triglyceride, mmol/L* 0.9 (0.6; 1.3)

HDL, mmol/L* 1.3(1.3; 1.5)

LDL, mmol/L 2.4+0.2

Albumin, pmol/L 70.5+1.0

Glucose, mmol/L 4,740

Data are given as mean+SEM or median (quartile 1; quartile 3). ALP indicates alkaline
phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass
index; CRP, C-reactive protein; G6PD, glucose-6-phosphate dehydrogenase; GGT, v-
glutamyl transpeptidase; HDL, high-density lipoprotein; LDH, spolactate dehydrogenase;
LDL, low-density lipoprotein.

*Not normally distributed.
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Table 2. Biological, Adverse Effects and Hemodynamic Parameters

P Value
Placebo vs Febuxostat vs
Febuxostat- Placebo vs Febuxostat- Febuxostat-

Measures Placebo (n=17) Febuxostat (n=17) Rasburicase (n=17) ANOVA Febuxostat Rasburicase Rasburicase
Biological

Uric acid, pmol/L 321.2+13.6 126.7+10.1 18.2+1.7 <0.0001 | <0.0001 <0.0001 <0.0001

Sodium, mmol/L" 142.0 (141.0; 142.0) | 142.0 (141.0; 142.0) | 141.0 (141.0; 142.3) | 1.0

Potassium, mmol/L 3.940.1 3.840.1 3.84+0.1 0.5

Chloride, mmol/L 101.1+£0.2 100.6+0.3 101.2+0.4 0.3

Urea, mmol/L 4.6+0.2 4.8+0.2 4.4+0.2 0.04 0.2 0.9 0.1

Creatinine, p.mOI/LT 79.6 (70.7; 88.4) 88.4 (79.6; 88.4) 88.4 (79.6; 88.4) 0.015 0.09 0.04 1.0

Urea/creatinine ratio | 56.6+2.7 56.7+2.2 52.04+2.8 0.045 1.0 0.2 0.2

Platelets, x10*/mm* | 230.5+11.9 231.7+11.2 228.1+12.7 0.9

CRP, nmol/L" 48 (4.8, 11.9 5.9 (4.8; 9.5) 4.8 (4.8;18.1) 0.5
Adverse effects, n (%)

Any 6 (35.3) 12 (70.6) 5 (88.2) 0.004 0.12 0.003 0.6

Diarrhea 0 (0.0) 4 (23.5) 3 (17.6) 0.1

Abdominal pain 1(5.9) 5 (29.4) 4 (23.5) 0.2

Headache 3 (17.6) 4 (23.5) 8 (47.1) 0.1

Nausea 0 (0.0 3(17.6) 3(17.6) 0.2

Fatigue 0 (0.0) 2(11.9) 3 (17.6) 0.2

Hot spell 1(5.9 3 (17.6) 5(29.4) 0.2

Other 1(5.9) 0(0.0) 1(5.9) 0.4
Hemodynamic parameters

PWV, m/s 5.3+0.1 5.5+0.1 5.3+£0.2 0.2

Alx, % 0.6+2.6 0.4+1.8 1.5+1.8 0.9

Ax@75, % —7.0+2.4 —6.24+1.8 —6.1+1.9 0.9

Systolic BP, mm Hg 109.4+2.5 111.2+1.6 106.5+2.1 0.023 0.9 0.4 0.01

Diastolic BP, mm Hg | 69.24+1.9 69.6+1.5 67.2+1.7 0.5

HR, /min 61.7£1.3 63.6+£1.0 62.94+1.6 0.3

Sp0,, % 97.7+0.5 97.7+0.3 97.5+0.4 0.4

Data are given as mean+SEM or median (quartile 1; quartile 3). Alx and Alx@75 indicate augmentation index and heart rate-corrected augmentation index; BP, blood pressure; CRP, C-

reactive protein; HR, heart rate; PWV, pulse wave velocity; SpO,, saturation of peripheral oxygen.

"Not normally distributed.

(P<0.0001) (Table 2). Plasmatic concentrations of urea,
creatinine and the urea/creatinine ratio differed between
sessions (overall P=0.04; P=0.015 and P=0.045, respec-
tively). No difference was found between other biological
variables. There was no carryover effect.

Endothelial Function

Acetylcholine- and SNP-induced hyperemias were similar
between groups. Overall area under the curve was
4336.0+£233.8,4312.5+203.8, and 4387.2+258.3 perfusion
units and 3709.74+248.9, 3657.04£236.4, and 3534.2+331.7

perfusion units for the placebo, febuxostat, and febuxostat-
rasburicase groups, respectively (P=0.89 and P=0.58, respec-
tively) (Figure 2A and 2B).

Late-phase area under the curve was 2682.7+160.1,
2759.3+147.7, and 2386.4+99.1 perfusion units after pre-
treatment by L-NAME iontophoresis for the placebo, febux-
ostat, and febuxostat-rasburicase groups, respectively (overall
P=0.039; febuxostat versus febuxostat-rasburicase P=0.028)
(Figures 2C and 3). No difference was found between groups in
terms of heating-induced hyperemia when pretreated with
saline iontophoresis (P=0.52) (Figure 2D). Carryover effects
were not observed.
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A Acetylcholine-induced hyperemia

500 -
450 -
400 -
350 -
300 -
250 - p NS
200 -
150 -
100 -
50

Perfusion Units (PU)

5 75 10 125 15 175 20 225
Time (min)

Bsl 0 25

—~Placebo —Febuxostat —Febuxostat and Rasburicase

¢ Heat-induced hyperemia after L-NAME

= 525 -
o 475 - *
E 425 -
= 375 -
> 325 -
g 275 A .
"5 225 - I ANOVA p =0.039
€ 175 - I *FX-Rvs. FXp=0.028
O 125 . >
o 5 —
Bsl 0 25 5 75 10 125 15 175 20 225
Time (min)
—~Placebo —Febuxostat —Febuxostat and Rasburicase

B Sodium nitroprusside-induced hyperemia

i
~ 450 - '+
T 400
o T
v 350 -
x
c 300 -
2 250
< ] NS
.2 200 - p
(2]
S 150 -
O 100 -
o
50 T T T T T T T T T T 3
Bsi 0 25 5 75 10 125 15 175 20 225
Time (min)
—~Placebo —Febuxostat —Febuxostat and Rasburicase

D Heat-induced hyperemia after saline

(=2}
(=3
o

(2.
(=3
o

w

[=3

o
N

Perfusion Units (PU)
N B

-
[=
o

Bsl 0 25 5 75 10 125 15 175 20 225

Time (min)
—~Placebo —Febuxostat —Febuxostat and Rasburicase

Figure 2. Endothelium function assessment. A and B, Acetylcholine- and sodium nitroprusside (SNP)-induced hyperemias were similar in both
groups (placebo, febuxostat, and febuxostat and rasburicase). C and D, Heating-induced hyperemia after pretreatment with N-nitro-L-arginine
methyl ester (L-NAME; C) was impaired in the febuxostat-rasburicase group compared with the febuxostat group. The vasodilation response was
similar between groups after pretreatment with saline (D). NS indicates not significant; PU, perfusion unit.

The analysis of the placebo-corrected changes between
the febuxostat and febuxostat-rasburicase groups yielded
similar results (Data S1).

Markers of Oxidative Stress

Allantoin concentration decreased with febuxostat and, as
expected, increased significantly with febuxostat-rasburicase
(P<0.0001) (Table 3). Myeloperoxidase activity decreased
when the UA concentration was extremely low, and malon-
dialdehyde increased when the UA concentration decreased
(both overall P=0.001). No difference was found with regard
to the 3-chlorotyrosine/tyrosine and homocitrulline/lysine
ratios. Carryover effects were not present. Interleukin-8
concentration was under the sensitivity threshold (<1 pg/
mL) for all subjects except one (Data S1).

Adverse Effects

In the placebo, febuxostat, and febuxostat-rasburicase
groups, 35.3%, 68.8%, and 88.9% of participants, respectively,

presented with at least one adverse effect (P=0.004)
(Table 2). There was no difference between groups when
adverse effects were analyzed separately.

Hemodynamic Parameters

Arterial stiffness, assessed by the pulse wave velocity and
augmentation index, did not change between groups. Systolic
BP was lowest in the febuxostat-rasburicase group (overall
P=0.02; febuxostat versus febuxostat-rasburicase P=0.01)
(Table 2). There was no difference in diastolic BP, heart rate,
and saturation of peripheral oxygen between groups. Carry-
over effects were not evident.

AA and EET Pathways (Post Hoc Analyses)

The concentration of EET was 44.8 (36.6; 65.0), 55.7 (38.4;
75.2), and 45.8 (39.9; 70.6) pg/mL in the placebo, febux-
ostat, and febuxostat-rasburicase sessions, respectively
(overall P=0.003; placebo versus febuxostat P=0.015)
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Figure 3. Histogram of late-phase areas under curves (AUCs)
of heating-induced skin vasodilatation after N-nitro-L-arginine
methyl ester (L-NAME) iontophoresis in the 3 groups (placebo,
febuxostat, and febuxostat and rasburicase). Vasodilation
response was impaired in the febuxostat-rasburicase group
compared with the febuxostat group.

(Table 4). AA concentration and the EET/AA ratio did not
differ between groups.

RAS (Post Hoc Analyses)

The concentration of angiotensin-converting enzyme, renin,
and plasma renin activity did not differ between sessions. On
the contrary, the concentration of angiotensin Il and aldos-
terone decreased with UA reduction (overall P=0.007;

Table 3. Markers of Oxidative Stress and RAS

febuxostat versus febuxostat-rasburicase P=0.02 for angio-
tensin Il and overall P<0.01 for aldosterone) (Table 3).

Analyses of placebo-corrected changes revealed that an
additional UA reduction of 108.5 umol/L decreased systolic
BP by 4.7 mm Hg, angiotensin Il by 0.24 pg/mL, and
aldosterone by 21.4 pg/mL in the febuxostat-rasburicase
group compared with febuxostat alone (all P<0.05; Data S1
provide detailed values). A positive correlation between
angiotensin Il and aldosterone concentrations was found
when we analyzed the febuxostat-rasburicase changes cor-
rected for placebo (Pearson test; P<0.01). No other correla-
tions with BP or UA were found, nor in the febuxostat changes
corrected for placebo.

Discussion

To the best of our knowledge, this is the first study on severe
and short-term experimentally induced hypouricemia in
healthy men. Furthermore, this is the first trial to study and
compare the effects of short-term moderate and extreme
reduction in UA concentration on microvascular function,
oxidative stress, inflammation, and hemodynamic parameters.
We used 2 different drugs to achieve an experimental
condition to enable us to unravel the role of UA and XOR
on the cardiovascular system. The main strengths of our study
include the following: (1) its randomized, placebo-controlled,
double-blind, 3-way crossover design; (2) effects of marked
reduction in UA were assessed in the absence of interference

P Value
Placebo vs Febuxostat vs

Febuxostat- Placebo vs Febuxostat- Febuxostat-
Measures Placebo (n=17) Febuxostat (n=17) Rasburicase (n=17) ANOVA Febuxostat Rasburicase Rasburicase
Allantoin, pmol/L 0.8+0.1 0.4+0.0 249416 <0.0001 | 0.003 <0.0001 <0.0001
Chlorotyrosine/tyrosine ratio, x107°% | 1.5 0.3; 5.5) 1.7 (0.5; 6.7) 2.0 (0.4; 7.0) 0.9
Homocitrulline/lysine ratio, x107° 55.9+2.6 54.7+2.6 55.3+2.7 0.5
Myeloperoxidase activity, mu/mL" 1.2 (1.0; 1.6) 1.7 (0.8; 1.9) 0.5 (0.4; 0.8) 0.001 0.3 0.027 0.03
Malondialdehyde, umoI/LT 0.3 (0.3; 0.4) 0.5 (0.3; 0.6) 0.5 (0.4; 0.7) 0.001 0.001 0.006 1.0
PRA, ng/mL per h* 1.1(1.0; 1.7) 1.7 (1.1; 2.4) 1.2 (0.9; 2.0) 0.2
Renin concentration, pg/mL* 18.1 (13.0; 21.9) | 22.3 (16.1; 25.5) | 17.6 (12.3; 32.6) | 0.6
Aldosterone, pg/mL" 52.8 (39.9; 70.3) | 66.8 (29.0; 90.0) | 35.0 (27.0; 54.0) | 0.01 1.0 0.1 0.08
Aldosterone/PRA ratio 55.3+18.7 45.0+£7.5 37.3+5.7 0.048 0.5 0.049 09
Aldosterone/renin ratio” 3.1 (2.5; 4.8) 2.7 (1.5; 4.3) 2.3 (1.2; 3.9 0.08
Angiotensin I, pg/mLJr 1.8 (1.4; 2.4) 1.9 (1.4; 2.6) 1.7 (1.3; 2.3) 0.007 1.0 0.3 0.02
ACE, pg/mL 93.8+£7.9 94.3+7.8 88.0+9.3 0.4

Data are given as mean+SEM or median (quartile 1; quartile 3). ACE indicates angiotensin-converting enzyme; PRA, plasma renin activity; RAS, renin-angiotensin system.

"Not normally distributed.
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Table 4. AA and EET Pathways

P Value
Febuxostat vs
Placebo vs Placebo vs Febuxostat-
Measures Placebo (n=16) Febuxostat (n=16) Febuxostat-Rasburicase (n=16) ANOVA Febuxostat Febuxostat-Rasburicase Rasburicase
EET, pg/mL" 44.8 (36.6; 65.0) | 55.7 (38.4; 75.2) | 45.8 (39.9; 70.6) 0.003 | 0.015 1.0 0.15
AA, ng/mL 10 657.3+956.5 | 12 235.24+-1235.7 | 11 689.0+877.8 0.2
EET/AA, x10°%F | 47 (29; 7.1) 4.4 (2.6;7.0) 4.8 (2.6; 6.6) 0.8

Data are given as mean+SEM or median (quartile 1; quartile 3). AA indicates arachidonic acid; EET, epoxyeicosatrienoic acid.

"Not normally distributed.

of ROS production by XO; and (3) microvascular function was
assessed by different means, providing an insight into
acetylcholine, SNP, NOS dependent and independent path-
ways.

The major new findings of our study include the following:
(1) low UA concentrations do not impair NO-mediated
endothelial function in healthy volunteers; (2) UA is involved
in  non—NO-mediated (endothelium-derived hyperpolarizing
factor [EDHF]) pathway vasodilation response to local heating;
(3) low UA concentrations are accompanied by a slight
reduction in systolic BP through reduction in RAS activity,
especially angiotensin Il and aldosterone; (4) myeloperoxidase
activity is greatly reduced when UA reached its lowest
concentration; and (5) lipid peroxidation increases when UA
decreases.

UA and Endothelial Function in the Absence of
NOS Inhibition

A reduction in UA as a result of XOR inhibition or, even more
strikingly, during the addition of rasburicase did not impair
NO-mediated endothelial function, as assessed by acetyl-
choline iontophoresis. Similar results were found with SNP
iontophoresis. ROS production during UA metabolism is
dependent on the predominant XOR isoform. XO uses oxygen
as an electron acceptor and is, thus, able to produce ROS.*
XO inhibition by allopurinol improved endothelial function in
patients with heart failure compared with probenecid, a
URAT1 blocker.'* Probenecid or other therapies that lower UA
and do not block XOR, such as rasburicase, may enhance XOR
activity and ROS production because of loss of UA inhibitory
feedback on XOR activity. In our study, we expected to see
impaired markers of endothelial function with the lowest UA
concentrations. This is because of the J-shaped relationship
between UA and cardiovascular events, as reported in the
PIUMA study,? impaired flow-mediated dilation observed in
URAT1 mutated subjects,® and concerns of an increase in
mortality in the CARES trial.'” On the contrary, extremely
low concentrations of UA did not alter acetylcholine- and

SNP-induced vasodilatation, arterial stiffness, inflammation,
and markers of oxidative stress. The fact that we investigated
young and healthy subjects may have played a role in these
findings. Indeed, hypertensive patients in the PIUMA study
were older (mean age, 51 years), whereas patients with high
cardiovascular risk and gout were enrolled in the CARES trial.
Dysfunctional endothelial NOS and XO isoform predominance
may render such patients>'® more sensitive to plasma
antioxidant capacity reduction. This is different from healthy
subjects, in whom xanthine dehydrogenase is likely the main
XOR isoform and does not produce ROS during purine
metabolism. The fact that interleukin-8 concentration was
almost undetectable in our volunteers also supports this
hypothesis. The absence of impairment in acetylcholine-
induced hyperemia in the febuxostat-rasburicase group could
be explained by the myeloperoxidase reduction. Indeed,
myeloperoxidase is known to modulate the NO pathway in
the vasculature, and myeloperoxidase-deficient mice aortic
rings do not express a reduction in acetylcholine-induced
relaxation in an acute inflammation model.®' This suggests
the reduction in myeloperoxidase could falsely improve the
endothelial function through decline in NO consumption. Last,
the parameters in our study were investigated under different
experimental conditions as the 3 aforementioned trials that
studied the effects of persistent UA reduction (months to
years).>®"?

UA and Endothelial Function in the Presence of
NOS Inhibition

A main finding of our study is the impairment of the non—NO-
mediated late thermal vasodilation response in healthy
humans by short-term UA reduction to extremely low values
by a febuxostat-rasburicase combination. During heat-induced
hyperemia, the placebo and febuxostat groups did not differ in
the presence of L-NAME. Also, the response to acetylcholine
did not differ between the placebo, febuxostat, and febux-
ostat-rasburicase groups. Thus, there is no reason to believe
that UA levels, per se, affected the inhibition of NOS activity
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by L-NAME in our study. This non—NO-mediated response is
thought to be played by the EDHF pathway. The EDHF
pathway does not seem to play an important role when NOS is
active. Conversely, the EDHF pathway plays a larger “backup”
role in vasodilatation when NOS is inhibited or decoupled.®%33
The skin response to local warming is 60% mediated by NO
and 40% mediated by EDHF.?’ Two different EDHF pathways
have been described.>* The “classic pathway” involves
hyperpolarization of the endothelial cell secondary to an
increase in intracellular calcium, which leads to K" channel
activation. Smooth cell hyperpolarization occurs by K"
channel activation as a result of K release from the
endothelial cell or by means of electrical transmission through
gap junctions. The “nonclassic pathway” does not require
hyperpolarization of the endothelial cell. Rather, factors
produced by the endothelial cell (H,0,, NO, prostaglandin,
and EET) act on K* channels or transporters of the smooth
muscle cell to induce hyperpolarization and cell relaxation.®*
It has recently been reported that EET accounts for 50% of the
EDHF response when skin is exposed to local heating.?’ This
might explain our findings because UA interferes with EET
metabolism. Indeed, EET is a product of AA,%° and UA is
known to increase AA metabolism.*>*® The EET/AA ratio
remains unchanged between groups. The relationship
between EET and UA concentration, however, does not
appear linear. A small reduction in UA concentration by
febuxostat alone increased the EET concentration in our study
(P=0.015). This might prove beneficial with regard to the
vasodilation and anti-inflammatory activity of EET.>’ This
effect, however, disappeared when UA concentration became
extremely low (P=1.0). The relationship between the concen-
tration of UA and EET might thus follow a reverse U-shaped
relationship. This type of association has already been
described for creatinine,®® and a J- or U-shaped relationship
is described between UA concentration and the rate of
cardiovascular events in hypertensive patients.” Among the 4
isomers of EET (5.6, 8.9, 11.12, and 14.15 EET),*° only 11.12
and 14.15 EET were detectable by the ELISA kit used in this
study. EETs act as vasodilators, anti-inflammatory agents, and
cell protectors*® and are rapidly inactivated by epoxide
hydrolase.®* The detection of only 2 of 4 EET isomers, EET
synthesis confined to endothelial cells,*' and its rapid
metabolism by hydrolase can explain the results of this
study. UA could also act on other components of the EDHF
pathway not assessed here.

UA, Allantoin, and Other Markers of Oxidative
Stress
Through imidazoline I-1 receptors, intravenous allantoin has

short-term and only transient antihypertensive properties in
animals and at a dose of 0.5 mg/kg.*?* Allantoin in humans

is a marker of oxidative stress without known active
cardiovascular effects and results exclusively from the
nonenzymatic interaction between plasmatic UA and oxi-
dants.”® Thus, the lower concentration of allantoin in the
febuxostat group (who did not receive rasburicase) could be
explained by a reduction in UA concentration. This reduc-
tion in allantoin concentration in the febuxostat group is
unlikely caused by a reduction in ROS load, as myeloper-
oxidase activity was similar in the placebo and febuxostat
groups.

The elevated concentration of allantoin in the febuxostat-
rasburicase group reveals that UA was almost entirely
degraded by rasburicase. Endothelial assessment took place
24 hours after the administration of rasburicase when a large
amount of allantoin was excreted in urine. We believe the
observed effects are not attributable to allantoin. There has
been no effect of allantoin on endothelial function described
thus far.

Myeloperoxidase activity decreased by 2-fold in the
febuxostat-rasburicase group. UA concentration is associated
with myeloperoxidase concentration and activity in patients
with gout.*® We hypothesize that extreme reductions in UA
concentration reduce the release of myeloperoxidase from
neutrophils. This could ultimately result in a lower chloroty-
rosine concentration, which was not observed in our study.

Conversely, we observed an increase in malondialdehyde
when UA decreased in the febuxostat and febuxostat-
rasburicase groups. This increase in lipid peroxidation is
consistent with reduced plasma antioxidant capacity, result-
ing from lower UA levels. This mechanism has been proposed
by other in vitro studies***” and suspected after short-term
UA infusion in acute ischemic stroke,*® whereas long-term
use of XOR inhibitors reduced malondialdehyde in patients
with heart failure and diabetes mellitus when oxidative stress
was supposedly high.**>'

This is different from the reduction in myeloperoxidase
activity we observed in the febuxostat-rasburicase group,
suggestive of reduced intracellular oxidative stress, with
myeloperoxidase being an oxidant product stored in neu-
trophils. A reduction in myeloperoxidase activity could have
beneficial effects in reducing oxidative stress and does not
seem to increase the risk of infection.®’ These complex
relationships between UA and oxidative stress support the
oxidant-antioxidant paradox of UA.%?

UA and BP, Urea, and Creatinine

Systolic BP decreased by 4.7 mm Hg in the febuxostat-
rasburicase compared with febuxostat sessions. As previously
mentioned, UA plays a role in hypertension physiological
characteristics through the activation of RAS in kidneys.*
Angiotensin Il was reduced by 0.24 pg/mL and aldosterone
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by 21.4 pg/mL in febuxostat-rasburicase compared with
febuxostat sessions in accordance with the underlying
physiological characteristics.* A positive correlation was
found between the aldosterone and angiotensin Il concentra-
tions but not with BP levels or UA concentrations. The
changes in the concentration of angiotensin Il were consistent
but modest, as would be expected in healthy subjects with a
normal RAS activity and BP. Given the similar concentration of
renin between groups, extremely low UA concentrations may
have reduced the release of angiotensinogen from the liver,
likely because of cytokine changes.53 An increase in
angiotensinogen and angiotensin Il in rat smooth muscle
cells®* and mouse preadipocyte cells® incubated with UA
supports this hypothesis. The positive correlation between UA
and urinary angiotensinogen in adolescents with primary
hypertension,®® as well as with plasmatic angiotensinogen in
obese hypertensive patients,®” also supports this hypothesis.

Short-term effects on urea and creatinine were not
expected in our study. Diarrhea was more prevalent during
febuxostat and febuxostat-rasburicase sessions; however, the
urea/creatinine ratios remained within normal range (40—
100) and did not differ between the experimental sessions. In
addition, heart rate did not differ between the groups.
Dehydration is, thus, unlikely to explain our findings, but
intrarenal effects of hypouricemia may have played a role. A
U-shaped relationship between UA concentration and intrar-
enal hemodynamic parameters has been described in healthy
subjects and is similar to the relationship with cardiovascular
events.*® Mild hypouricemia and hyperuricemia are both
associated with indirect markers of increased afferent arte-
riolar resistance.® Effects of UA on kidneys may also involve
the RAS.%® Whether these findings also apply to the acute UA
reductions seen in our study is unclear. Even with a significant
difference, the effect on renal parameters is small and values
remained within normal ranges.

Other Limitations

The novel findings in our study pertain only to young male
healthy adults. Finally, the time lapse between the interven-
tions and biological measures in our study was possibly too
short to demonstrate an effect on proteins, resulting in
reduced sensitivity of our measures.

Conclusions

A large and short-term decrease in UA in humans alters heat-
induced endothelium-dependent microvascular vasodilation,
slightly reduces systolic BP through reduction in RAS activity,
and markedly reduces myeloperoxidase activity when com-
pared with a moderate UA reduction. Moderate or severe
hypouricemia leads to an increase in lipid peroxidation

through loss of antioxidant capacity of plasma. Our study
highlights the mechanism underlying the relationship between
UA and microvascular function, maintenance of BP through
RAS activation, and the complex pro-oxidant/oxidant role of
UA with its pro-oxidant intracellular and antioxidant plasmatic
roles.

Perspectives

Further studies are urgently needed to determine the effects
of aging, endothelial dysfunction, and increased oxidative
stress on our observations. This is important as such
patients could be more affected by reductions in plasma
antioxidant capacity. Moreover, the EDHF pathway is likely
to have a larger role in vasodilation in a dysfunctional
endothelium and may, thus, result in even larger impair-
ments when patients at risk of cardiovascular disease
become hypouricemic.
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SUPPLEMENTAL MATERIAL



Data S1.

Supplemental Methods

Endothelial function assessment [1]

The measurements were performed in a quiet room, in the supine position under carefully standardized
conditions. The ambient temperature (if necessary achieved by the air conditioner) in the room was
22+2 °C.

Drugs iontophoresis were continued for 22.5 minutes in order to achieve maximal skin vasodilation.
Acetylcholine (Ach) and sodium nitroprusside (SNP) solutions were prepared to obtain a final
concentration of 2 g/100 mL in deionized water; 2.5 mL of these solutions were introduced into the
cathode (Ach electrode) and the anode (SNP electrode) chambers.

Electric current was generated by an iontophoresis controller (MIC 2, Moor Instruments Ltd,

Axminster, United Kingdom), which was set to apply a current of 100 pA.

Homocitrulline and 3-chlorotyrosine measures [2]

Acid hydrolysis of proteins

We defrosted plasmas at room temperature.

In a 3 mL hydrolysis quartz vial, we added 20 pL of vortexed plasma, 10 uL of internal standard (**C,
Lysine [3.36 uM] and *Cy Tyrosine [33.6 uM]) and 200 pL of solvent (HCI 6N supplemented with
phenol 0.05% [to prevent halogenations of Tyrosine]). Acid hydrolyzes using a StartS microwave
oven and a protein hydrolysis reactor (Milestone, Italy), was carried out by heating to 110°C over 5

min and maintaining the temperature at 110°C for 30 min and ventilate for 25 min. A temperature



sensor was connected to the microwave software in order to set the microwave power. After cooling
(30 min), sample solutions were transferred from vials to 2 mL Eppendorf flasks. Vials were washed
out with 300 pL of methanol and this latter were added to the Eppendorf flasks. Sample solutions were

dried under nitrogen, then centrifugated to dry with liquid nitrogen for 30 minutes.

Amino acids derivatization

Dried samples were derivatized by butanolic-HCI (ultrasonic cleaning for 20 minutes) in a water bath

at 65°C for 15 minutes and vortexed after 3 minutes. Excess of butanolic-HCI was evaporated under

nitrogen. The samples were diluted in 1 mL formic acid 0.1% and 10 pL were injected to LC-MS/MS.

Allantoin measure [3]

Calibration curve

A predefined volume of allantoin solution (concentration from 0.4 to 400 uM) with 10 pL of internal
standard (**C,C.H¢**N+O3 5 UM in acetonitrile) was added to a predefined volume of water MilliQ and
440 uL of acetonitrile. The obtained concentrations of allantoin were 0.05, 0.1, 0.5, 1, 5, 10, 20, 40,

100, 200 and 400 uM for 40 pL of solution.

Purification of plasma

Plasma samples were defrosted at room temperature, then vortexed and centrifugated at 2500 x g for 3
minutes at room temperature. 40 pL of supernatant was collected and put in 1.5 mL Eppendorf flasks.
In these Eppendorf flasks, we added 10 pL of internal standard, 10 puL of water MilliQ and 440 uL of
acetonitrile. Samples were mixed and centrifugated at 15000 x g for 15 min at room temperature. We

collected 400 pL of supernatant and 20 pL were injected to LC-MS/MS analysis (positive ESI).



Detailed data analysis

Physiological parameters (blood pressure, heart rate and saturation of peripheral oxygen) were
expressed as the mean of all measurements performed during each session.

Skin blood flow was measured automatically (LDI version 5.3D software, Moor Instruments Ltd,
Axminster, United Kingdom) and was expressed in Perfusion Units, PU (arbitrary units of blood
flow). The skin blood flow values during baseline scans and during hyperemia tests were calculated
and expressed as raw data. The area under the curve (AUC) was calculated by summing each of the 11
measures of skin vasodilation in response to local heating. The NO-mediated skin vasodilation
response to local heating is presented separately. Effects of L-NAME iontophoresis were assessed on
the late phase of the skin reaction to heating. The late phase AUC during heating-induced vasodilation
was defined as in our previous study [1] as the AUC observed after the initial peak of the hyperemic
reaction, i.e., from Scan 5 (10 until 22.5 min).

For each period of the heat-induced hyperemia (i.e. every 2.5 minutes), we performed additional
statistical analyses: a period by period comparison between the 3 groups and a period by period
comparison between the changes from placebo values. ANOVA and a paired T-test were respectively

used.



Detailed results

Measure of 11-8

Participant P FX FX-R
1 u u u
2 3.3 u 2.9
3 u u u
4 u u u
5 u u u
6 u u u
7 u u u
8 u u u
9 u u u
10 u u u
11 u u u
12 u 2.2 u
13 u u u
14 u 3.6 3.1
15 1.7 1.7 u
16 8.0 4.0 18.9
17 u u u

u : undetectable, level under 1 pg/ml.



Detailed analyses of heat-induced hyperemia after L-NAME

e 3 groups difference:

Differences between the FX and FX-R groups became significant only during the late plateau phase

(i.e. during the last 5 minutes of the recording).

P -a[FX «+FX-R

Heat-induced hyperemia after L-NAME

Time (min)

—
-]
B 525
@ 475
‘E 425
= 375 -
o 325 4
S 275 -
2225 -
HE 175 -
D 125 -
A 75 :
Bsl
ANOVA 0.9
Pvs. FX -
P vs. FX-R
FX vs. FX-R

e Changes from placebo:

L] L] L] L]

7.5 10

0.4 0.3

12.5

0.1

15 17.5
0.04  0.04
1 1
0.8 0.5
01 0057

20 225
0.00 001
1 1
0.2 0.2
0.039  0.042

This analysis provides almost identical results than Figure 2C, namely that the P corrected changes

between the FX and FX-R groups differ only during the late plateau phase (i.e. during the last 10

minutes of the recording).

Time AUC AUC
(i) Base 0 25 5 75 10 125 15 ws 2 25 | guo | g
Delta | 33t -106+ 324+ 18+ 24+ 69+ 141+ 256+ 490+ 110+ 141+ | 766+% | 296+
FX-P 127 119 205 198 258 326 305 2907 260 258 237 | 1583 | 2204
Delta | 40+ -23+ -305+ -152+ -31.0+ -356 -449+ -47.6+ -556+ -569+ -556+|-296.3+ | -3713+
FX-R-P | 263 232 286 187 227 +274 279 267 265 245 229 | 1465 | 2144
pairedt- o2 4 0.9 0.4 02 009 003 0007 0004 0002 0003 0006 0025

test




Detailed analysis of the Renin-angiotensin system and its interaction with systolic blood pressure

and uric acid concentration

SBP (mmHg) | Angio Il (pg/mL) | Aldosterone (pg/mL) | Uric acid (umol/L)

Delta FX-P 18+1.6 0.04[-0.1;0.2] 3.7[-13.9; 25.6] -1945 +10.1
Delta FX-R-P -29+1.8 -0.2 [-0.4 ; 0.04] -17.7[-27.0; -11.9] -303.0 £ 13.6
Paired t-test 0.01 - - < 0.0001

Paired Wilcoxon test - 0.007 0.025 -
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