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BACKGROUND

Subjects with hypertension are frequently obese or insulin resistant,
both conditions in which hyperuricemia is common. Obese and insulin-
resistant subjects are also known to have blood pressure that is more
sensitive to changes in dietary sodium intake. Whether hyperuricemia
is a resulting consequence, moderating or contributing factor to the
development of hypertension has not been fully evaluated and very
few studies have reported interactions between sodium intake and
serum uric acid.

METHODS

We performed further analysis of our randomized controlled
clinical trials (Australian New Zealand Clinical Trials Registry
#12609000161224 and #12609000292279) designed to assess the
effects of modifying sodium intake on concentrations of serum mark-
ers, including uric acid. Uric acid and other variables (including blood
pressure, renin, and aldosterone) were measured at baseline and 4
weeks following the commencement of low (60 mmol/day), moder-
ate (150 mmol/day), and high (200-250 mmol/day) dietary sodium
intake.

Serum uric acid may play a potential role in hypertension.
Serum uric acid has long been known to be elevated in sub-
jects with primary hypertension,! but this was originally
thought to be secondary to reduced renal blood flow (com-
mon in hypertension), which increases uric acid reabsorp-
tion, or to the coexistence of insulin resistance, which is
associated with increased reabsorption of uric acid by the
kidney.” Thus, it is not unexpected that increased serum uric
acid correlates positively with increased proximal tubular
reabsorption of sodium.? Furthermore, elevations in serum
renin also correlate with serum uric acid,* suggesting that
activation of the renin-angiotensin system (RAS) might sec-
ondarily raise serum uric acid.

RESULTS

The median aldosterone-to-renin ratio was 1.90 [pg/ml]/[pg/ml] (range
0.10-11.04). Serum uric acid fell significantly in both the moderate and
high interventions compared to the low sodium intervention. This pat-
tern of response occurred when all subjects were analyzed, and when
normotensive or hypertensive subjects were analyzed alone.

CONCLUSIONS

Although previously reported in hypertensive subjects, these data
provide evidence in normotensive subjects of an interaction between
dietary sodium intake and serum uric acid. As this interaction is pre-
sent in the absence of hypertension, it is possible it could play a role in
hypertension development, and will need to be considered in future
trials of dietary sodium intake.

CLINICAL TRIALS REGISTRATION
The trials were registered with the Australian and New Zealand Clinical
Trials Registry as ACTRN12609000161224 and ACTRN1260.
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Support for a causal role for uric acid in some forms of
hypertension, arises from animal studies using a uricase
inhibitor to increase serum uric acid, and subsequent devel-
opment of hypertension.® In this model, raising serum uric
acid was associated with hypertension and an increase
in renin expression in the kidney, could be prevented by
allopurinol. Epidemiological studies have reported that
elevated serum uric acid concentrations independently
preceded and predicted the development of hypertension,
rather than hyperuricemia occurring secondary to hyper-
tension.” A pilot study also reported that lowering uric acid
with allopurinol reduced blood pressure, reduced serum
renin activity and systemic vascular resistance in adolescents
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with new-onset hypertension.? The results of Mendelian ran-
domization studies investigating the relationship between
genetic polymorphisms that predict higher serum uric acid
levels and incident hypertension have been largely,’!! but
not completely,'? negative. Thus, the role of uric acid in
hypertension remains controversial. Clearly, larger and more
definitive trials are needed.

Blood pressure differences between hyperuricemic and
normouricemic animals are best observed, when animals
are on low sodium diets.>!> It has been proposed that the
mutation in mammalian uricase that occurred during the
Miocene may have acted as a “thrifty gene” by raising serum
uric acid, that then helped maintain blood pressure dur-
ing that period when sodium intake was likely low.!* While
these later studies suggest that the effects of uric acid on
blood pressure may be modulated by salt intake, salt intake
may also modulate uric acid levels. For example, infusion
of isotonic or hypertonic saline can result in a lowering of
serum uric acid with uricosuria.'#!* In contrast, depleting
extracellular volume,!® including with the use of diuretics,!”
is known to increase serum uric acid.

Given the potential interactions of salt intake and uric
acid, it would be useful to know if a high salt diet affects
serum uric acid concentration. One might hypothesize that
a high intake of dietary sodium would suppress serum uric
acid levels, but to our knowledge this has never been fully
evaluated. In a randomized controlled trial in hyperten-
sive subjects, we demonstrated an incremental dosing of
sodium was associated with a reduction in serum uric acid.'®
Combining the results of an additional group of normoten-
sive subjects,!”” we have re-analyzed the relationship of salt
intake and serum uric acid with changes in the RAS system.

In the first analysis, we evaluated if dietary sodium had the
ability to modify serum uric acid concentrations in healthy
normotensive individuals. In the second analysis, the asso-
ciation between serum uric acid, aldosterone, renin, and
the aldosterone-renin ratio (ARR) in response to dietary
sodium intake in normotensive and hypertensive subjects
was assessed.

METHODS

Analysis 1: Effect of changing dietary sodium intake on
serum uric acid levels

We have previously published results for uric acid in
hypertensive subjects.!® The aim of this analysis was to
determine changes in uric acid with changes in sodium
in normotensive subjects. The study design for the rand-
omized controlled trial of dietary sodium modification in
normotensive individuals has previously been published."
In brief, 25 normotensive volunteers participated in a rand-
omized controlled cross-over intervention study examining
dietary sodium modification in adult subjects (>18 years).
Normotension was defined as a systolic blood pressure (SBP)
<130mm Hg and the absence of antihypertensive medica-
tions. Subjects were excluded if they were known to have pre-
existing diabetes, cardiovascular, or kidney disease. Subjects
commenced a low sodium diet (60 mmol/day) and following
a 2-week run in period were randomized to receive the first

of 3 different sodium interventions over a 4-week period:
(A) 60 mmol sodium per day, (B) 150 mmol sodium per
day, or (C) 200-250 mmol sodium per day. All interventions
were administered using a tomato juice vehicle, into which
additional sodium was added (or not added) to achieve the
interventional level of intake. Data on blood pressure, serum
renin and aldosterone, dietary sodium intake, and urinary
sodium excretion were collected at baseline and the start and
end of each intervention.

In addition to previously reported measurements, data
were also collected on changes in serum uric acid at baseline
and the start and end of each intervention. Sodium, potas-
sium, urea, creatinine, and uric acid were measured upon col-
lection at Southern Community Laboratories (Dunedin, New
Zealand). Additional serum samples were stored at —80 °C
for batch analysis at the conclusion of the study. Serum renin
and aldosterone were measured at the Endolab Canterbury
Health Laboratories, Christchurch, New Zealand. Renin
was measured in an antibody trapping assay based on the
method of Poulsen?*?! as modified by Nussberger.?? In this
assay angiotensin 1 produced by the reaction of serum renin
with its endogenous substrate at 37 °C is trapped with excess
angiotensin 1 antiserum, protecting the released angiotensin
1 from degradation by angiotensinases present in serum. The
mixture is then diluted with radiolabeled angiotensin 1 after
30 minutes and processed as a normal radioimmunoassay.
In brief, serum or angiotensin 1 standard (75 pl) were incu-
bated at 37 °C for 30 minutes in the presence of 8-hydrox-
yquinoline (10 pl 0.34M) and excess (10 ul) angiotensin 1
antiserum. After incubation the tubes were diluted with 1 ml
of assay buffer containing 10,000 cpm of ['*I] angiotensin
1 and kept for 18 hours at 4 °C before separation with the
solid phase second antibody reagent Saccell (IDS, Bolton on
Tyne, UK). Radioactivity was counted in the pellet after cen-
trifugation and aspiration of the supernatant. Aldosterone
was measured by direct radioimmunoassay.?* Aldosterone
standard in 100 pl of charcoal stripped serum, or 100 pl of
serum sample were mixed with aldosterone antiserum and
['2°T] aldosterone-3-carboxymethyl oxime in 400 pl of buffer
pH 3.6 and incubated for 24 hours at 4 °C. The assay was
separated by addition of dextran coated charcoal solution,
centrifuged, aspirated, and the charcoal pellet counted in a
gamma counter. Changes in electrolytes, serum uric acid,
and hormones were analyzed using Stata Statistical Software
(version 10; StataCorp LP, TX). To determine if differences
in serum uric acid existed between interventions, intention
to treat analysis was performed using a mixed model with
random effects for participants and likelihood methods.
The model accounted for week 0, order, and time for each
dependent variable. The results are presented as the mean
difference (95% CI) between the treatments for week 0 and
week 4. A 2-sided P value of <0.05 was considered statisti-
cally significant.

Analysis 2: Relationship of serum uric acid with RAS and
the ARR

The ARR has previously been linked to central blood pres-
sure.”* To determine if changes in the ARR could modulate
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serum uric acid concentrations, we pooled data for 60 subjects
from our normotensive and hypertensive trials'®!° (25 and 35
subjects, respectively) (Figure 1). Data for hypertensive subjects
were extracted from a randomized controlled trial of identical
design to that described above, aside from recruiting subjects
with SBP >130 mmHg. Methods and baseline characteristics
of subjects in this study have been previously published.!8
Serum renin, aldosterone, and uric acid were measured upon
collection at Southern Community Laboratories (Dunedin,
New Zealand). The ARR was calculated for 52 subjects (22
normotensive, 30 hypertensive) with available renin, aldoster-
one, and uric acid measurements at baseline and week 0 and
week 4 of at least one intervention, who did not have an ARR
suggestive of primary aldosteronism (>50 pg/ml/pg/ml). The
ARR was calculated using the formula described by Trenkel
et al.® and values are presented as [pg/ml]/[pg/ml]. Statistical
analyses were undertaken in SPSS Statistics for Mac (version
22; SPSS, Chicago, IL). Baseline characteristics and end of
intervention measurements were analyzed using descriptive
statistics. Spearman’s Rho was used to determine correlations
between urinary sodium-to-creatinine ratio (Na:C), aldoster-
one, renin, the ARR, and uric acid. A 2-sided P value of <0.05
was considered statistically significant.

Ethical approval for both randomized controlled trials was
sought from the Lower South Regional Ethics Committee
(Project Keys: LRS/06/06/026 and LRS/06/11/057). The tri-
als were registered with the Australian and New Zealand
Clinical Trials Registry as ACTRN12609000161224 and
ACTRN12609000292279.

RESULTS

Analysis 1: Effect of changing dietary sodium intake on
serum uric acid concentrations in normotensive subjects

Twenty-three subjects completed at least one interven-
tion. Serum uric acid was 0.04 mmol/l (14%) higher dur-
ing the lowest sodium diet (intervention A), than during the

highest sodium diet (intervention C), after adjustment for
week 0, order, and time (Table 1). Serum volume only var-
ied by 4% so could not fully explain the changes in serum
uric acid concentration. Serum renin and aldosterone were
also significantly lower during intervention C, compared to
intervention A.

Analysis 2: Relationship of serum uric acid with RAS and
the ARR in sodium-loaded normotensive and hypertensive
subjects

Baseline characteristics from pooled data including both
normotensive and hypertensive subjects are displayed in
Table 2. Fifty-seven subjects completed at least one interven-
tion. Serum uric acid was maintained at a higher level during
intervention A, than during intervention B and C (Figure 2).
In the 52 subjects for whom the ARR was calculated, this
pattern of response was consistent when all subjects or when
normotensive and hypertensive subjects were analyzed
alone. Across all measures from all levels of sodium intake
(n = 346) the median ARR was 1.90 [pg/ml]/[pg/ml] (range
0.10-11.04). Bivariate correlation to the ARR from all levels
of sodium intake (60, 150, and 200-250 mmol/day) identified
correlations with serum uric acid of —0.23 (P < 0.001), —0.27
(P = 0.002), and —0.14 (P = 0.044), for all subjects, males,
and females, respectively. When the data were analyzed by
intervention (A, B, C) this correlation became stronger dur-
ing the highest level of sodium intake (intervention C) and
lost significance during low and moderate intakes of sodium
(interventions A and B; Table 3).

During the lowest level of sodium intake, the urinary
sodium-to-creatinine ratio decreased, and serum renin and
aldosterone increased (Figure 3). Significant correlations
were observed between serum uric acid, urinary sodium-
to-creatinine ratio, and serum renin in all subjects across
all levels of sodium intake (Table 3). Analysis of data by
intervention again identified that these correlations were
greatest during the highest level of sodium intake, and lost
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Figure 1. Design of interventions and biochemical data collection.
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Table 1. Serum uric acid, electrolytes, and hormones in normotensive subjects

A B C B-A C-A C-B
Adjusted difference Adjusted difference Adjusted difference
Mean (SD)  Mean (SD)  Mean (SD) (95% Cl) (95% Cl) (95% Cl)
Serum sodium (mmol/l) 139 (2) 139 (2) 139 (2) -0.02 (-1.52, 1.47) 1.25 (-0.46, 2.96) 1.28 (-0.48, 3.03)
Serum potassium (mmol/l) 4.2 (0.3) 4.2 (0.3) 4.3 (0.3) 0.12 (-0.09, 0.34) 0.05 (-0.20, 0.30) -0.07 (-0.33, 0.18)
Serum urea (mmol/l) 5.2 (1.3) 5.6 (1.6) 51(1.1) 0.61(-0.15, 1.38) -0.03 (-0.90, 0.84) -0.64 (-1.54, 0.25)
Serum creatinine (mmol/l) 79 (9) 80 (8) 79 (9) -0.87 (-5.55, 3.81) -2.93 (-8.26, 2.40) -2.06 (-7.57, 3.45)
Serum uric acid (mmol/l) 0.29 (0.07) 0.28 (0.07) 0.27 (0.07) -0.01(-0.03, 0.02) -0.04 (-0.06, -0.01)** -0.03 (0.08, 0.00)
Serum renin activity 1.6 (0.7) 1.1 (0.5) 1.1 (0.4) -0.47 (-0.81, -0.14)** -0.60 (-1.01, -0.18)** -0.12 (-0.56, 0.31)

(nmol."=1.571)

Serum aldosterone (pmol/l) 549 (342) 293 (182) 297 (161)

-259 (-394, -124)***

-205 (-384, —27)* 54 (-132, 239)

A = 60 mmol sodium/day, B = 150 mmol/day, C = 200—250 mmol/day. *P < 0.05, **P < 0.01, ***P < 0.001. Serum uric acid, electrolytes, and
hormones are reported for week 4 (end of intervention) and as adjusted differences between interventions A, B, and C. Analysis adjusted for

week 0, order, and time. Abbreviation: Cl, confidence interval.

Table 2. Baseline characteristics of normotensive and
hypertensive subjects combined

Mean (SD) or n (%)

Age (years)
Male (n)
Hypertensive (n)
Medicated (n)
SBP (mm Hg)
DBP (mm Hg)

Plasma renin (pg/ml)

48.40 (10.7)
18 (34.6%)
30 (56.6%)
22 (41.5%)
127.40 (15.85)
77.25 (10.75)
66.56 (47.98)

Plasma aldosterone (pg/ml) 107.17 (48.07)

ARR ([pg/mI}/[pg/mi]) 2.16 (1.35)
Serum uric acid (mmol/l) 0.30 (0.07)
Urinary Na:C 11.31 (7.98)

Abbreviations: ARR, aldosterone-to-renin ratio; DBP, diastolic
blood pressure; SBP Systolic blood pressure; Urinary Na:C, urinary
sodium-to-creatinine ratio.

significance during lower levels of sodium intake. When the
data were split by gender, correlations remained significant
in male and female subjects for urinary sodium-to-creati-
nine ratio (r = 0.23, P=0.019 and r = 0.25, P < 0.001, respec-
tively), but only retained significance in male subjects for
serum renin (r = 0.47, P < 0.001; female r = 0.064, P = 0.344).
Although no correlation between serum uric acid and serum
aldosterone was observed in all subjects across all levels of
sodium intake, a significant correlation was observed in male
subjects when the data were stratified by gender (v = 0.27,
P=10.03).

Serum uric acid was also correlated with SBP and DBP in
all subjects across all levels of sodium intake, however when
the cohort was split by gender and hypertensive status, the
correlation between serum uric acid and SBP only remained
significant in females (r = 0.22, P = 0.001; males r = 0.029,
P = 0.755) and those without hypertension (r = 0.38,

0.01  0.02
1

0.00

-0.01

Mean Change in Serum Uric Acid (mmol/L)
-0.02

-0.03

-0.04
L

60mmol/d

150mmol/d 200 - 250mmol/d

Daily Sodium Intake

[l Normotensive  [[] Hypertensive [l Combined

Figure 2. Change in serum uric acid levels 4 weeks after 60 (25 nor-
motensive and 35 hypertensive) individuals consumed 60, 150, or 200-
250 mmol sodium per day.

P < 0.001; with hypertension r = 0.034, P = 0.641), and no
significant correlations were observed for DBP. Analysis by
intervention indicated that the relationship between serum
uric acid and SBP was strongest at lower levels of sodium
intake.

DISCUSSION

Here, we report data from a RCT in normotensive subjects
that demonstrates serum uric acid is regulated by changes in
dietary sodium intake. Analysis 1 shows that serum uric acid
tell significantly during the high sodium diet, with approxi-
mately a 14% change in overall serum uric acid. The fall in
uric acid was accompanied by increases in serum renin and
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Table 3. Bivariate correlations to serum uric acid in 52 subjects with available biochemical measurements?

Overall Baseline Intervention A Intervention B Intervention C
Urinary Na:C -0.254** -0.088 -0.192 -0.193 -0.473**
Serum aldosterone -0.055 -0.154 -0.171 0.097 -0.177
Serum renin 0.237*** 0.225 0.147 0.238 0.365**
ARR -0.234*** -0.281* -0.266 -0.074 -0.389™*
Systolic blood pressure 0.281*** 0.335* 0.396** 0.323* 0.175
Diastolic blood pressure 0.152** 0.233 0.104 0.249 0.155

A =60 mmol sodium/day, B = 150 mmol sodium/day, C = 200—-250 mmol sodium/day, *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: ARR,
aldosterone-to-renin ratio; Urinary Na:C, urinary sodium-to-creatinine ratio.
aMeasurements available for baseline as well as week 0 and week 4 of at least one intervention.

0.32 2.80
2.63
0.31 3%
210
4 0.30 153
= 158
© 0.29 1.40
£ 1.23
5 0.28 088
0.70
0.27 ]
0.26 35
A B c
ARR (PG/ML/PG/ML)  0-URIC ACID (UMOL/L)
0.32 130.00
0.31
0.30 122.50
0.29 115.00
0.28
0.27 107.50
0.26 100.00
A B c
SYSTOLIC BP (MMHG)
0.32 80.00
0.31 7750
0.30 :
0.29 75.00
0.28
72.50
0.27
0.26 70.00
A B [

DIASTOLIC BP (MMHG)

pg/mL/pg/mL

mmHg

mmHg

0.32 25.00
-
0.31 20.00
0.30 15.00 E
0.29 <
0.28 1000 3
0.27 5.00 E
0.26 0.00
A B c
URINARY NA:C (MMOL/L/MMOL/L)
0.32 137.50
0.31 110.00
030 8250 2
0.29 £
0.28 55.00 2
0.27 27.50
0.26 0.00
A B c
RENIN (PG/ML)
0.32 200.00
0.31 160.00
0.30 120.00 7__.'
0.29 5
0.28 80.00 2
0.27 40.00
0.26 0.00
A B c

ALDOSTERONE (PG/ML)

Figure 3. Changes in serum biochemistry, urinary sodium-to-creatinine ratio and blood pressure across differing levels of sodium intake in 52 subjects
(22 normotensive and 30 hypertensive) for whom the ARR could be calculated. A = 60 mmol sodium/day, B = 150 mmol/day, C = 200-250mmol/day.
Abbreviations: ARR, aldosterone-to-renin ratio; DBP, diastolic blood pressure; SBP, systolic blood pressure; Urinary NA:C, urinary sodium-to-creatinine

ratio.

the urine sodium-to-creatinine ratio. These results are very
similar to those observed in hypertensive subjects studied
using the same RCT design (Figure 2).'"® Analysis 2 evalu-
ated the relationship of serum uric acid to markers of the
RAS and blood pressure in a larger cohort that included both
normotensive and hypertensive subjects. This analysis dem-
onstrated that serum uric acid correlates with SBP and dias-
tolic blood pressure, with the relationship with SBP being
greatest during the low sodium dietary conditions. Serum
uric acid also correlated with serum renin and inversely with
urinary sodium-to-creatinine ratios, but primarily under
high salt conditions. Thus, the primary finding of the analy-
ses presented in this paper is that dietary sodium intake can
modulate serum uric acid concentration. It is also apparent
from these analyses that the relationship of uric acid with
blood pressure is best observed under low dietary sodium
conditions, whereas the relationship with serum renin and
reduced urine sodium is best observed in subjects exposed
to high dietary sodium intake.
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Uric acid may represent a physiological response to
maintain blood pressure under low sodium dietary condi-
tions, as the effects of uric acid in raising blood pressure
of animals is best observed when animals are placed on a
low sodium diet.” It has been postulated that the loss of
uricase!® and higher uric acid levels may have aided sur-
vival in ancestral primates. This would have assisted to
maintain blood pressure as well as amplify the effects of
fructose to stimulate fat storage.?®*” Thus, the observa-
tion in this study that higher serum uric acid concentra-
tions were maintained with a low dietary sodium intake
and that serum uric acid concentrations correlated best
with SBP under low sodium conditions is very relevant.
Furthermore, the observation that serum uric acid also
correlated with a low urinary sodium-to-creatinine ratio
and with serum renin under high salt conditions suggests
the effect of uric acid were present but masked under high
salt conditions due to other effects of the high sodium diet
on serum volume.
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While our analyses show a relationship between dietary
sodium intake, uric acid and the RAS, we recognize that this
is simply an association, and does not demonstrate that uric
acid itself is actually influencing blood pressure. To demon-
strate this would require randomizing subjects to uric acid-
lowering therapies. Pilot clinical trials in younger subjects
with prehypertension or stage I hypertension have been
positive, while studies in older subjects tend to show lesser
blood pressure effects.?*?* One could view this as consistent
with experimental data reporting uric acid effects are best
observed in early hypertension. Nevertheless, Mendelian
randomization studies have generally failed to confirm
a relationship between serum uric acid and blood pres-
sure.!30 Additionally, it is worth noting some studies sug-
gest uric acid may be beneficial since it can function as an
antioxidant.?!

The mechanism by which a low sodium diet may maintain
higher serum uric acid concentrations and a high sodium
diet may lower serum uric acid were not addressed in this
study. The mechanism likely involves impaired uric acid
clearance, due in part to enhanced uric acid reabsorption in
the proximal tubule of the kidney.*>* It has been proposed
that an increased sodium gradient from a lower sodium diet
may drive the secondary active transport of uric acid through
the primary active transport of sodium.* Activation of the
RAS with a low sodium diet might also lead to impaired
clearance of uric acid as suggested by the studies of Ferris
and colleagues.®® The nitric oxide system can be impaired
during periods of sodium deprivation and may reduce renal
blood flow leading to transient rises in serum uric acid3®
and likewise uric acid may also reduce nitric oxide bioavail-
ability.’” As well established, a reduced nitric oxide profile
reduces vascular blood flow in hypotensive states and fol-
lowing exposure to a low sodium diet.* Taken together, sev-
eral mechanisms may be involved in how changes in sodium
intake influence serum uric acid levels.

In conclusion, modulating dietary sodium intake does
have an effect on serum uric acid, with higher levels in low
sodium conditions and with lower uric acid levels in high
sodium dietary conditions. Whether this is a physiological
response to help maintain BP in low sodium environments
or reduce the effects of high salt diet on blood pressure will
require further study.

CONCLUSION

Reducing sodium to a level of 60 mmol/day or below
may lead to higher uric acid concentrations and transiently
increase blood pressure in subjects with normal blood pres-
sure as well as in those with prehypertension and hyperten-
sion (though the long-term benefit of sodium restriction
may counterbalance this and lead to a slow reduction inde-
pendent of uric acid). In those with other chronic disease
this response system may lead to further exacerbation of
those pathological states posing an additional clinical risk,
however that is yet to be demonstrated. Further research is
required to explore the role of uric acid within intracellular
and extracellular systems and its potential modulation by
dietary sodium intake.
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