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The hypothesis that uric acid may be a mediator of car-
diovascular disease has been argued since the 1870s.1 

In more recent decades, it was largely dismissed because, 
despite epidemiologic correlation, no studies proved a plau-
sible biological mechanism for uric acid leading to hyper-
tension, and there were no clinical trial data to suggest that 
serum uric acid reduction lowered blood pressure (BP) or 
reduced cardiac morbidity.2

During the last 10 years, emerging data have changed this 
perspective. Epidemiologic evidence indicates a link between 
serum uric acid and hypertension. In large, longitudinal car-
diovascular risk studies, elevated uric acid consistently pre-
dicts the development of hypertension3–9 and is associated 
with increased risk of cardiovascular events.10–12 Animal stud-
ies also demonstrate a specific 2-step mechanism by which 
uric acid may lead to hypertension.13 In rats, pharmacologi-
cally increased serum uric acid results in a 20-to 30-mm Hg 
increase in systolic BP (SBP) mediated by activation of the 
renin-angiotensin system and reduced vascular nitric oxide 
production.14,15 This hypertension resolves if uric acid levels 
return to normal. After a prolonged period of hyperurice-
mia, experimental animals develop sodium-sensitive hyper-
tension that does not resolve with uric acid reduction. This 
later hypertension results from uric acid-mediated alterations 
in renal afferent arterioles, affecting pressure natriuresis.16–20 
If these mechanisms are present in humans, there may be a 

window of opportunity in which urate-lowering therapy could 
prevent or delay the development of permanent hypertension.

We have reported previously the results of a randomized, 
placebo-controlled, crossover trial investigating the effect of 
serum uric acid reduction on BP. We demonstrated that two 
thirds of adolescents with newly diagnosed essential hyper-
tension and elevated serum uric acid normalized their BP 
when treated with the xanthine oxidase inhibitor allopuri-
nol.21 That study raised a number of questions. First, was 
the BP reduction a result of uric acid reduction or of inhibi-
tion of superoxide production, a byproduct xanthine oxidase 
function? Second, if uric acid reduction was the mechanism, 
did it function through a 2-step mechanism as suggested by 
animal models? Finally, is the observation reproducible?

We now report the results of a randomized, double-blinded,  
placebo-controlled clinical trial comparing 2 different phar-
macologic mechanisms of uric acid reduction to placebo 
in obese adolescents with mildly elevated uric acid and 
prehypertension. We selected this population for several 
reasons. First, the obese adolescents represent an increasingly 
prevalent group with significant health care needs. Second, 
obese adolescents have a high incidence of both elevated 
uric acid and prehypertension and are at particularly high 
risk for progression to hypertension. Finally, if the 2-step 
hypertension model is recapitulated in humans, young 
prehypertensive individuals may be particularly responsive 
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Abstract—Epidemiologic studies, animal models, and preliminary clinical trials in children implicate uric acid in the development 
of essential hypertension. Controversy remains as to whether the observations indicate a general mechanism or a surrogate 
phenomenon. We sought to determine whether uric acid is a causative mediator of increased blood pressure (BP) and 
impaired vascular compliance. We report a randomized, double-blinded, placebo-controlled trial comparing 2 mechanisms 
of urate reduction with placebo in prehypertensive, obese, adolescents, aged 11 to 17 years. Subjects were randomized to 
the xanthine oxidase inhibitor, allopurinol, uricosuric, probenecid, or placebo. Subjects treated with urate-lowering therapy 
experienced a highly significant reduction in BP. In clinic systolic BP fell 10.2 mm Hg and diastolic BP fell 9.0 mm Hg in 
treated patients compared with a rise of 1.7 mm Hg and 1.6 mm Hg systolic and diastolic BP, respectively in patients on 
placebo. Urate-lowering therapy also resulted in significant reduction in systemic vascular resistance. These data indicate 
that, at least in adolescents with prehypertension, uric acid causes increased BP that can be mitigated by urate lowering 
therapy. (Hypertension. 2012;60:1148-1156.)
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to uric acid-lowering therapy. In the study we sought to 
determine: (1) whether the prehypertensive phenotype could 
be mitigated by urate-lowering therapy, (2) the relative effects 
of xanthine oxidase inhibition and a uricosuric on BP, and (3)  
whether the observed effects of allopurinol, from the previous 
trial were reproducible.

Materials and Methods

Subjects
Research subjects were recruited from the Hypertension and Obesity 
Clinics at Texas Children’s Hospital between September 2008 
and January 2011. Children were evaluated as recommended by 
the fourth report of the Task Force on Hypertension in Children.22 
Inclusion criteria were as follows: age 11 to 17 years of age,  
serum uric acid of ≥5 mg/dL, prehypertension, body mass index (BMI) 
>95th percentile for sex and age with no upper limit in degree of obe-
sity, and no current or previous antihypertensive medication. Exclusion 
criteria included stage 1 or 2 hypertension (BP >95th percentile for sex, 
age, and height percentile), serum creatinine outside the normal range 
for age, abnormal serum transaminases, or complete blood count. One 
hundred and eleven (70%) of 158 patients consented to be screened (see 
Figure). All subjects had consultation with a nutritionist and received 
counseling in healthy diet, sodium reduction, and weight reduction.

Study Design
The study design was a randomized, double-blinded, placebo-
controlled trial. The Investigational Pharmacy at Texas Children’s 
Hospital Medication prepared allopurinol, probenecid, and placebo in 
identical, unmarked capsules. Informed consent was obtained during 
an interview with the subject and his/her guardian. Subjects were ran-
domized by number table and treated with allopurinol 100 mg twice 
daily, probenecid 250 mg twice daily, or placebo capsule twice daily 
for 1 week, then allopurinol 200 mg twice daily, probenecid 500 mg 
twice daily, or 2 placebo capsules twice daily for 7 weeks. This was 

followed by a 4-week washout and follow-up period during which 
subjects did not take study medication (Figure). The principal investi-
gator and all study staff responsible for patient contact and end point 
measurement were blinded to medication assignment and serum uric 
acid values. End point testing included casual BP monitoring (pri-
mary end point), 24-hour ambulatory BP monitoring (secondary end 
point), clinical laboratory testing (complete blood count, electrolytes, 
blood urea nitrogen, creatinine, alanine aminotransferase, and urine 
pregnancy test), and bioimpedance, performed 3 to 7 days before ini-
tiation of medication and on the last day of each study phase. Subjects 
completed ambulatory BP monitoring before discontinuing study 
drug at the end of the active treatment phase. The study was approved 
by the Baylor College of Medicine Institutional Review Board.

Adverse Event Screening
All subjects had clinic visits on the day of medication initiation, +5 to 
9 days, +28 to 32 days, +57 to 64 days, and at the end of the follow-
up period.

Blood Pressure Measurements
BP measurements were made by trained personnel using aneroid 
monitors. Cuff size was selected in accordance with task force recom-
mendations,22 and the same cuff and monitor was used for a patient’s 
subsequent visits. Study visits were approximately at the same time 
of day. Each BP data point was the mean of 4 upper extremity mea-
surements, performed on seated children who had been relaxing in 
a room for >10 minutes. Standard, aneroid (Mabis Medic Kit-5), 
auscultatory monitors were used and were calibrated each month. 
Twenty-four-hour ambulatory BP monitoring was performed using 
SpaceLabs 90217 monitors. Monitors measured BP every 20 minutes 
from 6:00 am to 10:00 pm and every 30 minutes 10:00 pm to 6:00 am.

Definition of Prehypertension
The definition of prehypertension and hypertension used in this study is 
in accordance with the fourth Task Force on Hypertension in Children.22 
This definition is BP ≥90th percentile or odds ratio ≥120/80 mm Hg, 

20 children treated with 
probenecid 

 1 withdrew during 
treatment phase 

 19 completed 
treatment phase 

 1 withdrew during 
follow-up phase  

 18 completed follow
-up phase

20 children treated with 
placebo 

 20 completed 
treatment phase 

 1 withdrew during 
follow-up phase  

 19 completed 
follow-up phase 

111 children 
were screened 
for enrollment 

60 
randomized 

33 did not meet laboratory 
criteria  
18 did not meet blood 
pressure criteria  

58 children completed treatment phase 
Analysis included all 60 with baseline data 

brought forward for the remaining 2 

56 completed posttreatment follow-up phase 
and were included in analysis 

20 children treated with 
allopurinol 

 1 hypersensitivity 
reaction 

 19 completed 
treatment phase 

 19 completed 
follow-up phase 

Figure. Flow diagram for the prevention of 
hypertension in obese adolescents trial.
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Table 1. Patient Characteristics at Time of Enrollment

Patient Characteristic
Study Population 

(N=60)
Placebo Group  

(N=20)
Allopurinol Group 

(N=20)
Probenecid Group 

(N=20)

P Placebo 
vs 

Allopurinol

P Placebo 
vs 

Probenecid

P Allopurinol 
vs  

Probenecid

Age, y 14.3 (13.7–14.8) 14.1 (13.1–15.2) 14.5 (13.5–15.3) 14.2 (13.0–15.3) 0.878 0.902 0.541

Sex (% male) 67 65 60 65

No. of white 21 (35%) 6 (30%) 7 (35%) 8 (40%)

No. of black 14 (23%) 6 (30%) 4 (20%) 4 (20%)

No. of Hispanic 25 (42%) 8 (40%) 9 (45%) 8 (40%)

Weight, kg 96.9 (90.6–103.2) 97.6±25 (84.3–111.3) 99.0 (91.9–117.8) 93.9 (82.9–102.4) 0.588 0.228 0.053

Height, cm 164.3 (161.7–166.9) 164.6 (158.3–170.9) 166.7 (162.4–171.1) 163.0 (159.2–166.8) 0.261 0.662 0.186

BMI, kg/m2 35.7 (34.0–37.7) 35.8 (31.9–39.7) 36.3 (33.9–40.9) 33.9 (30.9–37.1) 0.491 0.121 0.039

Serum uric acid, mg/dL 6.8 (6.5–7.1) 6.6 (5.9–7.1) 6.8 (6.3–7.5) 6.7 (6.2–7.2) 0.427 0.618 0.711

SBP, mm Hg 127.5 (126.1–128.8) 126.4 (123.3–129.4) 128.2 (126.1–131.2) 127.9 (125.4–130.6) 0.093 0.118 0.428

DBP, mm Hg 75.3 (74.1–76.8) 74.4 (71.9–76.9) 76.2 (74.0–78.5) 75.6 (73.0–78.2) 0.320 0.248 0.849

24-h SBP, mm Hg 122.3 (119.3–124.1) 121.9 (116.3–125.0) 122.5 (119.4–125.6) 122.6 (118.9–126.2) 0.099 0.338 0.952

24-h DBP, mm Hg 68.7 (67.2–70.1) 67.5 (64.2–69.8) 68.5 (66.1–70.7) 69.7 (66.7–73.1) 0.126 0.093 0.186

Nocturnal dip SBP, % 9.6 (6.9–12.7) 9.7 (7.2–12.2) 9.4 (6.6–12.1) 9.8 (6.7–12.9) 0.115 0.942 0.993

Nocturnal dip DBP, % 14.6 (10.4–20.2) 16.4 (13.0–19.7) 15.1 (10.0–20.3) 12.2 (7.8–16.5) 0.381 0.104 0.374

SVRi* (dyne S/cm5)/m2 2217 (2117–2385) 2091 (1919–2264) 2332 (2100–2564) 2214 (2123–2304) 0.049 0.186 0.336

BMI indicates body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; SVRi, systemic vascular resistance index.
Parentheses delineate the 95% CI.
*Data show the systemic vascular resistance index.

Table 2. End Points at the Conclusion of the 2-mo Treatment Phase

*End Point (units) Placebo P † Allopurinol P † P  Allopurinol vs Placebo

Serum uric acid, mg/dL 6.3 (5.8 to 6.8) 4.1 (3.4 to 4.7)

(Change from baseline) −0.3 (−0.1 to −0.7) 0.048 −2.8 (−2.1 to −3.6) 0.0003 0.0005

‡(Adjusted change) −0.4 (−0.2 to −0.7) 0.046 −2.8 (−2.2 to −3.4) 0.0003 0.0008

SBP, mm Hg 128.1 (124.8 to 131.4) 118.1 (113.2 to 120.1)

(Change from baseline) +1.7 (0.9 to 3.8) 0.037 −10.1 (−8.2 to −13.1) 0.0002 0.0001

(Adjusted change) +1.0 (0.4 to 3.1) 0.071 −10.3 (−8.3 to −13.5) 0.0002 0.0003

DBP, mm Hg 76.0 (73.6 to 78.4) 66.2 (62.7 to 70.7)

(Change from baseline) +1.6 (0.2 to 3.5) 0.033 −8.0 (−5.8 to −10.1) 0.0006 0.0002

(Adjusted change) +1.3 (0.2 to 3.0) 0.057 −8.0 (−5.4 to −10.7) 0.0006 0.0007

24-h SBP, mm Hg 120.0 (114.9to125.1) 113.5 (110.3 to 117.3)

(Change from baseline) +1.9 (−0.4 to 2.4) 0.310 −9.2 (−6.7 to −11.3) 0.0004 0.0008

(Adjusted change) +1.1 (−0.8 to 2.1) 0.382 −9.5 (−6.8 to −11.9) 0.0003 0.0008

24-h DBP, mm Hg 68.7 (66.4 to 71.1) 62.4 (60.4 to 64.5)

(Change from baseline) +1.3 (0.2 to 3.5) 0.262 −6.1 (−4.6 to −9.0) 0.0009 0.0011

(Adjusted change) +0.9 (0.0 to 3.3) 0.322 −6.4 (−4.7 to −9.5) 0.0007 0.0014

Weight, kg 99.8 (87.6 to 109.2) 98.1 (81.2 to 110.4)

(Change from baseline) +2.1 (1.7 to 2.8) 0.008 −0.9 (−1.5 to −0.6)

(Adjusted change) N/A N/A 0.42 0.039

BMI, kg/m2 36.6 (32.3 to 39.9) 36.1 (33.5–41.0)

(Change from baseline) +0.9 (0 to +1.2) 0.060 −0.2 (−0.5 to +0.7) 0.61 0.041

(Adjusted change) N/A N/A

SVRi** (dyne s/cm5)/m2 2271 (2017 to 2527) 1761 (1175 to 1946)

(Change from baseline) +8.6% (−0.2% to 12.2%) 0.145 −24.5% (−49.6% to −16.5%) 0.0006 0.0004

(Adjusted change) +2.3% (−0.8% to 5.1%) 0.344 −25.1% (−49.8% to −16.1%) 0.0006 0.0003

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; SVRi, systemic vascular resistance index; N/A, not applicable.
Parentheses delineate the 95% CI.
*End points are the mean value the end of the treatment.
†P values are 2 tailed t test comparison of the mean change from pretreatment value.
‡Values were adjusted for weight and BMI.
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whichever was lower and <95th percentile. A child has prehypertension 
if either SBP or diastolic BP (DBP) was in this range and neither value 
was <95th percentile. Hypertension by ambulatory BP monitoring cri-
teria was defined using sex- and height-based normative data.23

Laboratory
All clinical laboratory testing was performed in the Texas Children’s 
Hospital Laboratory.

Bioimpedance
Cardiac bioimpedance studies were performed with a Bio-Z device 
(CardioDynamics, San Diego, CA) using the manufacturers’ specifi-
cations. Impedance cardiography has been used to monitor systemic 
vascular resistance indexed to body surface area and cardiac output 
and healthy and hypertensive children.24,25 The BP used for study cal-
culations was the mean of 4 in clinic aneroid measurements.

Statistical Analysis
Sample size calculations were made for detection of the differ-
ence in change in SBP of 5 mm Hg and DBP 3 mm Hg with a 
power of 0.8 for each BP end point. The data were analyzed on 
an intent-to-treat basis. All 60 randomized patients were included 
in the analysis at the end of the treatment. For the 2 patients who 
dropped out, their pretreatment data were brought forward to favor 
the null hypothesis. In contrast, only patients who completed the 
follow-up phase were included in the analysis also to favor the 
null hypothesis. The mean of each patient’s change end point 

variables were analyzed by paired t test and Hotelling T2 test for 
repeated measurements. The fraction change in mean systemic 
vascular resistance index was analyzed by ANOVA for repeated 
measurements. Primary end point data are presented unadjusted 
and adjusted for weight and BMI. All analyses were performed 
using SPSS, Statistics 19 (IBM, Armonk, NY).

Results
Table 1 is a summary of the patient characteristics at the time 
of enrollment. The entire study population has a male predom-
inance and is ethnically mixed. They have prehypertension by 
in-clinic measurements and their SBPs and DBPs are slightly 
lower when measured by ambulatory BP monitors. Across the 
3 treatment groups, age, sex, ethnicity, serum uric acid, and 
BP criteria are the same. The probenecid group has a statisti-
cally significantly lower BMI.

Tables 2 and 3 are summaries of the subject data at the 
conclusion of the 2-month, active treatment phase. Serum 
uric acid fell significantly in the allopurinol and probenecid 
groups, −2.8 mg/dL (−2.1 to −3.6 mg/dL) and −2.7 mg/dL 
(−1.2 to −3.4 mg/dL), respectively, but only minimally in the 
placebo group, −0.3 mg/dL (−0.1 to −0.7 mg/dL). Children 
in the placebo group had a slight decrease in casual SBP but 
no significant changes in casual DBP, 24 hours mean BP, or 

Table 3. End Points at the Conclusion of the 2-mo Treatment Phase

*End Point (units) Placebo Probenecid P †
P Probenecid 
vs Placebo

P Allopurinol vs 
Probenecid

Serum uric acid, mg/dL 6.3 (5.8 to 6.8) 4.0 (3.5 to 4.6)

(Change from baseline) −0.3 (−0.1 to −0.7) −2.7 (−1.2 to −3.4) 0.0012 0.0026 0.711

‡(Adjusted change) −0.4 (−0.2 to −0.7) −2.7 (−1.2 to −3.3) 0.0012 0.0031

SBP, mm Hg 128.1 (124.8 to 131.4) 117.7 (115.4 to 121.9)

(Change from baseline) +1.7 (0.9 to 3.8) −10.2 (−7.8 to 11.9) 0.0004 0.0002 0.753

(Adjusted change) +1.0 (0.4 to 3.1) −10.2 (−7.8 to 11.9) 0.0004 0.0003

DBP, mm Hg 76.0 (73.6 to 78.4) 66.8 (63.5 to 70.1)

(Change from baseline) +1.6 (0.2 to 3.5) −8.8 (−6.6 to 11.3) 0.0002 0.0001 0.712

(Adjusted change) +1.3 (0.2 to 3.0) −8.8 (−6.6 to 11.3) 0.0002 0.0003

24-h SBP, mm Hg 120.0 (114.9to125.1) 113.7 (109.8 to 119.6)

(Change from baseline) +1.9 (−0.4 to 2.4) −8.9 (−7.0 to −10.9) 0.0003 0.0002 0.844

(Adjusted change) +1.1 (−0.8 to 2.1) −8.9 (−7.0 to −10.9) 0.0003 0.0006

24-h DBP, mm Hg 68.7 (66.4 to 71.1) 62.4 (59.0 to 65.8)

(Change from baseline) +1.3 (0.2 to 3.5) −7.3 (−6.2 to −12.1) 0.0007 0.0006 0.374

(Adjusted change) +0.9 (0.0 to 3.3) −7.3 (−6.2 to −12.1) 0.0007 0.0007

Weight, kg 99.8 (87.6 to 109.2) 93.8 (84.8 to 101.7)

(Change from baseline) +2.1 (1.7 to 2.8) −0.1 (−1.8 to 0.3) 0.60 0.030 0.380

(Adjusted change) N/A N/A

BMI, kg/m2 36.6 (32.3 to 39.9) 33.9 (30.8–36.9)

(Change from baseline) +0.9 (0 to +1.2) 0 (−0.3 to +0.2) 0.79 0.082 0.824

(Adjusted change) N/A N/A

SVRi** (dyne s/cm5)/m2 2271 (2017 to 2527) 1809 (1683 to 1935)

(Change from baseline) +8.6% (−0.2% to 12.2%) −18.3% (−24.0% to −12.6%) 0.023 0.017 0.336

(Adjusted change) +2.3% (−0.8% to 5.1%) −18.3% (−24.0% to −12.6%) 0.023 0.025

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; SVRi, systemic vascular resistance index; N/A, not applicable.
Parentheses delineate the 95% CI.
*End points are the mean value the end of the treatment.
†P values are 2 tailed t test comparison of the mean change from pretreatment value.
‡Values were adjusted for weight and BMI.
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systemic vascular resistance index. In contrast, patients in 
the active treatment groups experienced marked reduction in 
SBP average fall of −10.1 mm Hg (−8.2 to −13.1 mm Hg) and 
−10.2 mm Hg (−7.8 to 11.9 mm Hg) for the allopurinol and 
probenecid groups, respectively. Similarly, treatment caused 
a significant fall in casual DBP, −8.0 mm Hg (−5.8 to −10.1 
mm Hg) and −8.8 mm Hg (−6.6 to 11.3 mm Hg), for the allo-
purinol and probenecid groups, respectively. The same pat-
tern was demonstrated in 24-hour ambulatory BP monitoring. 
Twenty-four–hour mean SBP changed, −9.2 mm Hg (−6.7 to 
−11.3 mm Hg) and −8.9 mm Hg (−7.0 to −10.9 mm Hg) in 
the allopurinol and probenecid groups, respectively. Twenty-
four–hour mean DBP changed −6.1 mm Hg (−4.6 to −9.0 
mm Hg) and −7.3 mm Hg (−6.2 to −12.1 mm Hg) in the  
allopurinol and probenecid groups, respectively. Urate-
lowering therapy also resulted in a fall in systemic vascular 
resistance index, −24.5% (−49.6% to −16.5%) for patients 
treated with allopurinol and −18.3% (−24.0% to −12.6%) for 
probenecid. Adjustment for weight and BMI had no signifi-
cant effect.

Tables 4 and 5 summarize the patient data after a 1-month 
washout period. Serum uric acid in the treated groups increased 
during the follow-up period, approaching, but remaining 

statistically significantly below, pretreatment levels, 6.1 mg/dL 
(5.4–6.8 mg/dL) for placebo, 6.0 mg/dL (5.5–6.6 mg/dL) for the 
allopurinol group, and 5.7 mg/dL (5.2–6.2 mg/dL) for the pro-
benecid group. SBP and DBP also increased during the washout 
period, though remained below pretreatment levels, −4.0 mm Hg 
(−2.1 to −6.4 mm Hg) and −3.0 mm Hg (−0.3 to −4.7 mm Hg) for 
the allopurinol group, −3.2 mm Hg (−1.1 to −5.2 mm Hg) and 
−1.9 mm Hg (−0.2 to −4.4 mm Hg) for the probenecid group.

All patients enrolled in this study were obese. Patients 
treated with placebo continued to gain weight at a rapid rate, 
+2.1 kg (1.7–2.8 kg) by the end of the 2-month treatment 
phase and +3.7 kg (0.6–4.8 kg) by the end of the 3-month total 
study period. In contrast, patients on urate-lowering therapy 
did not continue to gain weight. Patients treated with allopuri-
nol had an average weight change of −0.9 kg (−1.5 to −0.6 kg) 
at 2 months and −0.9 kg (−2.0 to 0.1 kg) at 3 months. Patients 
treated with probenecid had an average weight change of −0.1 
kg (−1.8 to 0.3 kg) at the end of 2 months and +0.2 kg (−0.4 to 
0.7 kg) at the end of 3 months.

Although this small study was not powered to perform 
definitive subgroup analyses, Tables 6 and 7 show the explor-
atory evaluation of sex and racial groups. For the purposes 
of this analysis, all actively treated subjects were compared 

Table 4. End of Posttreatment Washout

*End Point (units) Placebo P † Allopurinol P †
P Allopurinol vs  

Placebo

Serum uric acid, mg/dL 6.1 (5.4 to 6.8) 6.0 (5.5 to 6.6)

(Change from baseline) −0.5 (−0.9 to −0.1) 0.022 −0.8 (−0.4 to −1.5) 0.010 0.210

‡(Adjusted change) −0.3 (0.8 to +0.4) 0.090 −0.6 (−0.1 to −1.4) 0.039 0.233

SBP, mm Hg 126.9 (123.8 to 130.1) 124.2 (121.5 to 127.0)

(Change from baseline) −0.6 (−4.1 to 0.3) 0.176 −4.0 (−2.1 to −6.4) 0.020 0.029

(Adjusted change) −1.0 (−4.2 to 0.1) 0.081 −3.9 (−1.9 to −6.1) 0.028 0.034

DBP, mm Hg 75.1 (73.3 to 76.8 73.2 (70.9 to 77.5)

(Change from baseline) −0.2 (−0.8 to 2.1) 0.334 −3.0 (−0.3 to −4.7) 0.023 0.030

(Adjusted change) −0.5 (−1.1 to +1.8) 0.190 −2.6 (−0.3 to −.44) 0.031 0.042

24-h SBP, mm Hg 120.9 (113.9 to 125.9) 120.4 (117.7 to 124.6)

(Change from baseline) −1.4 (−2.8 to 0.6) 0.160 −2.1 (−0.1 to −4.6) 0.048 0.111

(Adjusted change) −1.7 (−2.8 to +0.1) 0.072 −2.0 (−0.2 to −4.3) 0.050 0.146

24 h DBP, mm Hg 68.3 (64.4 to 72.3) 67.8 (66.3 to 71.4)

(Change from baseline) −0.4 (−2.7 to 0.6) 0.197 −0.8 (−2.8 to +1.2) 0.069 0.203

(Adjusted change) −1.4 (−3.1 to +0.5) 0.064 −0.7 (−2.5 to +1.3) 0.091 0.241

Weight, kg 100.6 (81.6 to 115.1) 98.1 (94.1 to 107.7)

(Change from baseline) +3.7 (0.6 to 4.8) 0.003 −0.9 (−2.0 to 0.1) 0.059 0.014

(Adjusted change) N/A N/A

BMI, kg/m2 36.4 (32.3 to 39.9) 36.0 (33.5–41.0)

(Change from baseline) +0.7 (−0.2 to +1.1) 0.29 −0.3 (−0.5 to +0.4) 0.550 0.056

(Adjusted change) N/A N/A

SVRi (dyne s/cm5)/m2 2325 (1956 to 2694) 2103 (1971 to 2431)

(Change from baseline) 4.9% (−11.8% to 21.5%) 0.067 −9.8% (−4.7% to −25.6%) 0.040 0.027

(Adjusted change) +2.1% (−0.1% to 5.1%) 0.214 −9.0% (−3.5% to −21.9%) 0.046 0.032

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; SVRi, systemic vascular resistance index; N/A, not applicable.
Parentheses delineate the 95% CI.
*End points are the mean value after washout.
†P values are 2 tailed t test comparison of the mean change from pretreatment value.
‡Values were adjusted for weight and BMI.
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with those who received placebo. The magnitude of treatment 
effect on casual and ambulatory BP for males in comparison 
with females and white compared with black or Hispanic 
patients did not vary within a population of this size.

Discussion
Our previous studies demonstrated a very high prevalence of 
elevated serum uric acid among adolescents with essential 
hypertension,26 and lowering serum uric acid could reduce BP in 

Table 6. Exploratory Subgroup Analysis–Effect of Subject Sex

End Point (units) Placebo, N=20 All Treated, N=40 Males, N=26 Females, N=14

Serum uric acid, mg/dL 6.3 (5.8 to 6.8) 4.3 (3.7 to 4.9) 4.5 (3.7 to 5.3) 3.9 (3.3 to 4.6)

(change) −0.3 (−0.1 to −0.7) −2.5 (−1.9 to 3.2) −2.6 (−1.7 to −3.5) −2.4 (−1.7 to −3.0)

SBP, mm Hg 128.1 (124.8 to 131.4) 118.0 (116.6 to 120.2) 119.1 (117.1 to 121.1) 115.9 (112.6 to 121.1)

(change) +1.7 (0.9 to 3.8) 10.1 (−8.7 to 11.8) −10.7 (−8.9 to −12.5) −8.9 (−6.2 to −12.4)

DBP, mm Hg 76.0 (73.6 to 78.4) 67.5 (65.7 to 69.1) 67.5 (65.7 to 69.4) 67.5 (62.9 to 71.0)

(change) +1.6 (0.2 to 3.5) −8.4 (−6.9 to −9.9) −8.0 (−6.3 to −9.7) −9.1 (−6.1 to −12.9)

24-h SBP, mm Hg 120.0 (114.9 to 125.1) 113.6 (111.3 to 116.1) 114.6 (112.1 to 117.0) 111.7 (105.7 to 117.7)

(change) +1.9 (−0.4 to 2.4) −9.0 (−7.6 to −10.5) −9.1 (−7.1 to −11.1) − 8.8 (−6.8 to −11.0)

24-h DBP, mm Hg 68.7 (66.4 to 71.1) 62.4 (60.1 to 63.5) 60.9 (58.8 to 63.0) 65.2 (60.7 to 66.8)

(change) +1.3 (0.2 to 3.5) −6.7 (−6.2 to −9.8) −7.1 (−5.5 to −10.7) −5.9 (−6.3 to −8.4)

Weight, kg 99.8 (87.6 to 109.2) 96.8 (88.5 to 104.5) 96.6 (85.9 to 106.5) 97.2 (82.7 to 111.7)

(change) +2.1 (1.7 to 2.8) −0.2 (−.7 to.4) −0.3 (−1.1 to 0.5) +0.1 (−0.6 to 0.8)

SVRi (dynes/cm5)/m2 2271 (2017 to 2527) 1864 (1769 to 1959) 1913 (1787–2040) 1756 (1631–1882)

(change) +8.6% (−0.2% to −12.2%) −17.9% (−13.6% to −22.2%) −17.7% (−11.8 to −23.8) −18.1% (−12.8% to −23.5%)

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; SVRi, systemic vascular resistance index.

Table 5. End of Posttreatment Washout

*End Point (units) Placebo Probenecid P †
P Probenecid 
vs Placebo

Serum uric acid, mg/dL 6.1 (5.4 to 6.8) 5.7 (5.2 to 6.2)

(Change from baseline) −0.5 (−0.9 to −0.1) −1.0 (−0.6 to −1.6) 0.003 0.186

‡(Adjusted change) −0.3 (0.8 to +0.4) −1.0 (−0.6 to −1.7) 0.003 0.184

SBP, mm Hg 126.9 (123.8 to 130.1) 124.7 (122.6 to 128.5)

(Change from baseline) −0.6 (−4.1 to 0.3) −3.2 (−1.1 to −5.2) 0.004 0.031

(Adjusted change) −1.0 (−4.2 to 0.1) −3.2 (−0.9 to −5.2) 0.004 0.031

DBP, mm Hg 75.1 (73.3 to 76.8 73.7 (69.5 to 78.5)

(Change from baseline) −0.2 (−0.8 to 2.1) −1.9 (−0.2 to −4.4) 0.040 0.044

(Adjusted change) −0.5 (−1.1 to +1.8) −1.9 (−0.1 to −4.2) 0.041 0.049

24-h SBP, mm Hg 120.9 (113.9 to 125.9) 119.6 (116.5 to 125.5)

(Change from baseline) −1.4 (−2.8 to 0.6) −3.0 (−0.7 to −4.9) 0.012 0.093

(Adjusted change) −1.7 (−2.8 to +0.1) −3.0 (−0.7 to −4.9) 0.014 0.104

24-h DBP, mm Hg 68.3 (64.4 to 72.3) 70.0 (65.4 to 76.8)

(Change from baseline) −0.4 (−2.7 to 0.6) 0.3 (−1.6 to 3.3) 0.452 0.211

(Adjusted change) −1.4 (−3.1 to +0.5) 0.3 (−1.6 to 2.9) 0.440 0.307

Weight, kg 100.6 (81.6 to 115.1) 94.1 (84.7 to 109.7)

(Change from baseline) +3.7 (0.6 to 4.8) 0.2 (−0.4 to 0.7) 0.112 0.020

(Adjusted change) N/A N/A

BMI, kg/m2 36.4 (32.3 to 39.9) 34.0 (30.8–36.9)

(Change from baseline) +0.7 (−0.2 to +1.1) +0.1 (−0.2 to +0.3) 0.724 0.076

(Adjusted change) N/A N/A

SVRi (dyne s/cm5)/m2 2325 (1956 to 2694) 2102 (1880 to 2325)

(Change from baseline) 4.9% (−11.8% to 21.5%) −5.1% (−15.1% to +5.0%) 0.182 0.035

+2.1% (−0.1% to 5.1%)

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; SVRi, systemic vascular resistance index; N/A, not applicable.
Brackets delineate the 95% CI.
*End points are the mean value after washout.
†P values are 2 tailed t test comparison of the mean change from pretreatment value.
‡Values were adjusted for weight and BMI.
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selected patients.21 Although these observations suggest that uric 
acid could be a direct mediator of hypertension, several ques-
tions remained that have been addressed by the current study.

The most important question is whether uric acid causes 
an increase in BP in young patients. The previous study dem-
onstrated that uric acid reduction by xanthine oxidase inhibi-
tion results in lower BP. It could not exclude the possibility 
that some or all of the observed effect could be mediated by 
a reduction of reactive oxygen species, caused by xanthine 
oxidase inhibition, as has been suggested by George et al.27 
Our current results, that allopurinol and probenecid treatment 
result in similar BP responses, clearly implicate uric acid as 
the biochemical mediator of increased BP.

These clinical trial results cannot establish the underlying 
physiological mechanisms that mediate the BP response. It is 
not clear whether extracellular or intracellular uric acid levels 
are mechanistically more important. Furthermore, we did not 
assess sodium homeostasis in this trial, and either unrecog-
nized changes in natriuresis or sodium intake could have had 
an impact on BP and weight results.

Animal model data suggest a 2-phase mechanism for uric 
acid–mediated hypertension. In this model, the first phase of 
hypertension is remediable by urate-lowering therapy and is 
sodium insensitive, whereas the second phase is sodium sensi-
tive and not improved by uric acid reduction.13 These data are 
largely the reason why we selected a study population of ado-
lescents with prehypertension. These patients are less likely 
than an older cohort to have moved on to the chronic vascular 
effects of hyperuricemia. The impact of allopurinol and pro-
benecid on systemic vascular resistance is consistent with the 
experimental model but does not prove that the mechanism in 
humans is the same. Future studies, with a larger number of 
patients, that measure the effect of urate-lowering therapy on 
renin activity, nitric oxide flux, vascular growth factors, and 
sodium sensitivity will be required to establish the precise 
mechanisms of uric acid–mediated hypertension.

One potential concern is that not all patients with 
increased serum uric acid have hypertension. Our data sup-
port the hypothesis that uric acid is a reversible mechanistic 

contributor to the development of hypertension. The litera-
ture on the cause of hypertension describe a wide variety of 
genetic, metabolic, environmental, and socioeconomic influ-
ences on the development, severity, and comorbidities of 
hypertension.28–33 Hypertension, in many, has multifactorial 
causes, and uric acid is one potential contributor that has vary-
ing impact depending on the population studied. Furthermore, 
this effect on BP is not isolated to those who meet criteria for 
hypertension, because adolescents with BPs in the prehyper-
tensive range respond to urate-lowering therapy.

A surprising observation was the effect of therapy on the 
rate of weight gain. Patients on allopurinol or probenecid ther-
apy had stable weight during the 3-month period of the study, 
whereas placebo-treated subjects gain >1 kg per month. A 
similar effect on weight gain was seen in our previous trial.21 It 
is possible that both active agents caused nausea or decrease in 
appetite, although patients did not complain of such an adverse 
effect, thereby reducing caloric intake and rate of weight gain. 
If both agents caused reduced sodium intake, because of nau-
sea, some of the BP effects could be mediated through reduced 
extracellular volume. There is another metabolic possibility. 
A short-term, high-fructose diet also leads to increased BP, 
weight, and metabolic syndrome in young adult men, and all 
of these effects can be mitigated by allopurinol.34 Nakagawa 
et al35 demonstrated in rodents that uric acid reduction blocks 
weight gain and metabolic effects of a high-fructose diet.35 
Epidemiologic studies have shown that, higher serum uric acid 
predicts both acute and chronic weight gain.5,36 Our results fur-
ther suggest, but do not prove, that uric acid may be involved in 
obesity and its comorbidities beyond just hypertension.

This and our previous 2 studies have focused only on adoles-
cent patients.21,26 The reason, as mentioned above, is that, in a 
proof-of-principle trial, the younger patients without long-term 
hypertension are both more likely to respond to urate-lowering 
therapy and provide results with fewer confounders. The BP 
reduction from uric acid lowering was greater in prehyperten-
sive adolescents than those in stage 1 hypertension. This may 
be because of longer duration of therapy25 or less established 
disease. In both studies the BP increased, but not completely 

Table 7. Exploratory Subgroup Analysis–Effect of Subject Race

End Point (units) Treated White N=15 Treated Black N=8 Treated Hispanic N=17

Serum uric acid mg/dL 4.0 (3.5 to 4.4) 4.4 (2.8 to 8.1) 4.1 (3.4 to 4.6)

(change) −3.1 (−2.3 to −3.8) −1.4 (−1.2 to −2.3) −2.6 (−2.0 to −3.2)

SBP mm Hg 119 (114.9 to 123.1) 118.3 (113.8 to 122.7) 117.0 (115.6 to 120.3)

(change) −10.4 (−6.7 to −14.1) −10.4 (−7.1 to −13.6) −9.6 (−8.4 to −11.7)

DBP mm Hg 68.3 (65.2 to 71.4) 67.9 (63.6 to 72.2) 66.6 (63.6 to 69.1)

(change) −7.9 (−5.8 to −10.1) −7.8 (−3.2 to −12.3) −9.1 (−6.6 to −11.8)

24-h SBP mm Hg 114.4 (110.5 to 118.4) 112.6 (106.8 to 118.4) 113.4 (109.2 to 117.8)

(change) −8.8 (−6.4 to −11.3) −8.6 (−4.4 to 12.8) −9.4 (6.9 to −11.7)

24-h DBP mm Hg 62.1 (60.0 to 64.1) 61.7 (56.5 to 67.0) 63.0 (58.4 to 64.9)

(change) −7.6 (−5.4 to −9.8) −7.0 (−3.7 to −12.2) −5.9 (−4.7 to −10.1)

Weight, kg 100.1 (90.1 to 109.9) 104.5 (68.6 to 140.4) 89.5 (81.2 to 97.7)

(change) 0.1 (−1.1 to 1.3) 0.3 (−0.8 to 0.4) −0.2 (−0.8 to 0.6)

SVRi (dyne s/cm5)/m2 1826 (1687 to 1964) 1941 (1581 to 2301) 1859 (1724 to 1994)

(change) −17.1% (−10.9% to −23.2%) −19.2% (−1.3% to −37%) −17.8% (−12.9% to −22.7%)

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; SVRi, systemic vascular resistance index.
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to baseline, after discontinuation of therapy. Because we have 
only studied adolescents, we cannot generalize to older patients.

These results should not be construed as a recommendation 
to treat uric acid-associated hypertension with agents such as 
allopurinol or probenecid. Even in this small study, we observed 
a case of severe allopurinol hypersensitivity. Allopurinol and 
probenecid have inferior safety profiles compared with many 
approved antihypertensive medications.37,38 Although mecha-
nism-directed therapy has appeal, and in the case of uric acid, 
the potential to arrest the development of hypertension, such an 
approach must await new therapeutic alternatives.

Perspectives
The results of this study provide direct evidence that uric acid 
increases BP in adolescents and that this effect can be miti-
gated by urate-lowering therapy. Epidemiological evidence 
implicates uric acid in the development of hypertension in 
older patients,3–8,39–41 but future clinical trials are required for 
confirmation. This trial provides evidence that control of uric 
acid can rectify prehypertension but does not prove the ther-
apy will impact progressive hypertension, target organ dam-
age, or incident cardiovascular disease.
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This clinical trial confirms that uric acid causes elevated blood pres-
sure in adolescents. Response to 2 different mechanisms of urate 
reduction exludes the possibility that xanthine oxidase inhibition, 
not urate reduction, caused the blood pressure improvement. The 

marked blood pressure response to therapy in children with prehy-
pertension supports the hypothesis that such therapy may be more 
important in the early treatment and prevention of progression than 
in maintenance therapy for older patients.

Novelty and Significance
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