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ABSTRACT
Background: Studies of sodium have shown improvements in vas-
cular function and blood pressure (BP). The effect of chronic so-
dium loading from a low-sodium diet to a Western diet on vascular
function and BP has been less well studied.
Objective: The objective was to examine the effects of dietary salt
intake on vascular function and BP.
Design: Thirty-five hypertensive volunteers met the inclusion crite-
ria. After a 2-wk run-in with a low-sodium diet (60 mmol/d), the
participants maintained their diets and were randomly assigned to
receive sequentially 1 of 3 interventions for 4 wk, with a 2-wk
washout between interventions: sodium-free tomato juice (A), to-
mato juice containing 90 mmol Na (B), and tomato juice containing
140 mmol Na (C). The outcomes were changes in pulse wave ve-
locity (PWV), systolic BP (SBP), and diastolic BP (DBP).
Results: The difference in PWV between interventions B and Awas
0.39 m/s (95% CI: 0.18, 0.60 m/s; P � 0.001) and between C and A
was 0.35 m/s (95% CI: 0.13, 0.57 m/s; P � 0.01). Differences in
SBP and DBP between interventions B and A were 4.4 mm Hg
(95% CI: 1.2, 7.8 mm Hg; P � 0.01) and 2.4 mm Hg (95% CI:
0.8, 4.1 mm Hg; P � 0.001), respectively, and between interven-
tions C and Awere 5.6 mm Hg (95% CI: 2.7, 8.4 mm Hg; P � 0.01)
and 3.3 mm Hg (95% CI: 1.5, 5.0 mm Hg; P � 0.001), respectively.
Changes in PWV correlated with changes in SBP (r = 0.52) and
DBP (r = 0.58).
Conclusions: Dietary salt loading produced significant increases in
PWV and BP in hypertensive volunteers. Correlations between BP
and PWV suggest that salt loading may have a BP-independent
effect on vascular wall function. This further supports the impor-
tance of dietary sodium restriction in the management of hyperten-
sion. This trial was registered with the Australian and New Zealand
Clinical Trials Registry as ACTRN12609000161224. Am J Clin
Nutr 2010;91:557–64.

INTRODUCTION

Excess dietary salt has long been considered a contributing
factor to the development of hypertension, with references re-
lating to the harmful effects of excess salt dating back to.4000 y
ago (1). Numerous human studies have shown a causal link
between high salt intake, high blood pressure (BP), and car-
diovascular disease. Similarly, the reduction of dietary salt in-
take in clinical and experimental studies has been shown to
improve both vascular function and BP (2). The Intersalt study
(3) suggested that a decrease in BP of 3.1–6.0 mm Hg can be
achieved if salt intake is reduced by 5.9 g/d (100 mmol Na). The
Dietary Approaches to Stop Hypertension (DASH) study (4)

showed that the DASH diet and a low salt intake resulted in
a 7.1-mm Hg reduction in systolic BP (SBP) in normotensive
subjects and a 11.5-mm Hg reduction in SBP in hypertensive
subjects when compared with the control diet group who had
a high salt intake.

He and MacGregor (5), in a meta-analysis of the published
studies that achieved a decrease in dietary salt intake of �2.4 g/d
(40 mmol Na) and had a minimum duration of 4 wk, found
a dose-response relation between BP and sodium intake between
3 and 12 g/d (50–200 mmol Na/d) and showed that a reduction
in sodium intake of 75 mmol/d can decrease SBP and diastolic
BP (DBP) by 5 and 3 mm Hg, respectively, in hypertensive
subjects and by 2 and 1 mm Hg, respectively, in normotensive
subjects over a period of �4 wk.

The few published studies of sodium loading that show dif-
ferences in BP and vascular function (6–8), tended to have small
sample sizes, were of short duration, and often used unphysio-
logic concentrations of sodium loading and hence have limited
applicability to a standard outpatient clinical setting when de-
termining the effects of a longer-term high-salt diet. To convince
individuals that dietary salt restriction is beneficial, it is important
to show the converse, ie, that dietary salt loading is detrimental.

This study was designed to examine the effect of 4 wk of
dietary salt loading on arterial vascular tone and BP in a group of
middle-aged hypertensive but otherwise healthy volunteers
recruited from the community. We hypothesized that if dietary
salt restriction improves arterial vascular tone and BP, then the
converse should also occur, ie, increased salt intake would lead to
a deterioration in arterial vascular tone. Confirmation of these
changes would provide further supporting evidence of a role of
dietary sodium restriction in the outpatient management of hy-
pertensive individuals.
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This study was designed to examine the effects of dietary salt
intake; however, for the purposes of quantification and compa-
rability with other published studies, dietary salt intake is defined
in terms of the amount of sodium (mmol).

SUBJECTS AND METHODS

Participants

Volunteers were referred to the study by their general phy-
sician. All participants provided written informed consent before
participating. Inclusion criteria were prehypertension or hyper-
tension, defined as an SBP .130 mm Hg and a DBP .85 mm
Hg or current treatment with antihypertensive therapy; age be-
tween 20 and 65 y; nonsmoker; body mass index (in kg/m2)
,30; and no history of cardiovascular disease, diabetes, or renal
disease. Demographic characteristics of the population are out-
lined in Table 1.

Study methods

The single-blind randomized crossover design involved 3
intervention phases of 4-wk duration each. There was a 2-wk run
in period and a 2-wk washout period between each intervention.
During the run-in period, the participants were assigned to a low-
sodium diet (60 mmol Na/d). This low-sodium diet was main-
tained for the duration of the study. After the run-in period, the
participants were randomly assigned to the first of 3 intervention
phases. The interventions involved the consumption of 500 mL
tomato juice/d. The tomato juice contained 0 mmol Na (A), 90
mmol Na (B), or 140 mmol Na (C). For each intervention and
between each intervention, the participants remained maintained
their low-sodium diet before being assigned to the next phase.
The participants were asked to keep exercise levels and alcohol

intake constant during the study. Dietary supplements that may
have contributed to sodium intake (eg, protein powder and
multivitamin supplements) were discontinued for �2 wk before
prebaseline measurements. All participants maintained their
usual antihypertensive medication use because this trial was
aimed to reproduce a typical outpatient setting in which dietary
advice was complementary to pharmacologic intervention rather
than an alternative treatment. Because high-salt interventions
can precipitate marked elevations in BP, an elevated BP . 160
(SBP)/100 (DBP) mm Hg was an indication for withdrawal from
the study. This study was approved by the Lower South Regional
Ethics Committee (Dunedin, New Zealand).

Dietary advice and counseling were given by a registered
dietitian. Resources were developed for the study and were
designed for 60 mmol Na/d. All resources were provided to the
participants at their prebaseline consultation. Dietary diaries
were kept by participants for 3 d before the prebaseline mea-
surements and consultation and again during each intervention
period. Dietary recalls were used to monitor dietary intake and
direct further counseling to improve compliance.

Randomization

Randomization was done by a third party using www.
randomisation.com to generate the randomization sequence for
the tomato juice interventions. The sequence was given to the
Dunedin hospital pharmacy, where a study-dedicated pharmacist
added the allocated salt to the tomato juice. The investigators
remained blind to the randomization sequence throughout the
study. Participants were initially blind to the randomization se-
quence, but once they began each phase of the intervention they
would clearly be aware of the presence or absence of added salt.
They were asked not to tell the investigator which tomato juice
they had received. Analysis of the data was undertaken with the
investigators remaining blinded to treatment allocation until after
the initial analyses had been completed.

Blood pressure

BP was measured at the clinic with a calibrated digital BP
monitor (model UA-767;AND Instruments Ltd, Tokyo, Japan) at
screening and at weeks 0, 1, 2, and 4 of each intervention. The
participants were seated for 5 min to rest before �4 BP readings
were taken over a 10-min period. The first reading was dis-
carded, and the subsequent 3 readings were averaged.

Pulse wave velocity and pulse wave analysis

Pulse wave velocity (PWV) and pulse wave analysis (PWA)
were measured by using a SphygmoCor system (AtCor Medical,
Sydney, Australia) by a single trained operator. The estimated
reliability of measurements was calculated from 3 baseline
readings for each patient and found to be 0.89 (P � 0.001). All
measurements were taken at 0, 1, 2, and 4 wk for each in-
tervention. PWAwas performed at the radial site, and continuous
measurements were taken until a report with a quality index
.80 was recorded. Sphygmocor software used the captured
peripheral wave form to derive an aortic wave form and to es-
timate the Aortic Augmentation Index. PWV was measured
between the carotid and femoral arteries, with measurements
taken from the right carotid to the left femoral arteries and from

TABLE 1

Demographic and biochemical characteristics of all participants at

recruitment (n = 34)1

Characteristic Value

Sex [n (%)]

Male 13 (38)

Female 21 (62)

Ethnicity [n (%)]

European 33 (97)

Indian/Asian 1 (3)

No antihypertensive therapy [n (%)] 9 (23)

Antihypertensive therapy [n (%)]2 25 (77)

�2 Antihypertensive agents2 13 (38)

Age (y) 51.8 6 7.63

Height (cm) 161 6 27

BMI (kg/m2) 25.7 6 5.2

SBP (mm Hg) 134 6 15

DBP (mm Hg) 84 6 9

Pulse wave velocity (m/s) 7.50 6 0.52

Urinary sodium:creatinine 9.4 6 6.0

1 DBP, diastolic blood pressure; SBP, systolic blood pressure.
2 Angiotensin-converting enzyme inhibitor (n = 15), angiotensin recep-

tor blocker (n = 3), diuretic (n = 11), calcium channel antagonist (n = 4), and

b-blocker (n = 7).
3 Mean 6 SD (all such values).

558 TODD ET AL

 at P
E

N
N

S
Y

LV
A

N
IA

 S
T

A
T

E
 U

N
IV

 P
A

T
E

R
N

O
 LIB

R
A

R
Y

 on F
ebruary 19, 2016

ajcn.nutrition.org
D

ow
nloaded from

 

http://ajcn.nutrition.org/


the left carotid to the right femoral arteries, and the 2 values
were averaged (AtCor Medical Pty Ltd, Sydney, Australia).

Blood and urine samples were collected after an 8-h overnight
fast, at entry, and at weeks 0 and 4 of each intervention from all
participants. Plasma urea and electrolytes and urinary sodium,
potassium, creatinine, and calcium were routinely measured by
Southern Community Laboratories (Dunedin, New Zealand) on
collection. Additional blood samples were centrifuged, and the
plasma was stored (280 �C) until the conclusion of the study
until batch analysis of vasoactive hormones [renin, aldosterone,
endothelin-1, insulin, atrial natriuretic peptide (ANP), B-natriuretic
peptide (BNP), and N-terminal C-natriuretic peptide (CNP);
Endolab Canterbury Health Laboratories, Christchurch, New
Zealand] and surrogate markers of oxidative stress and in-
flammation [nitrate and nitrite concentrations, lipid peroxides
(9), lipofuscin-like fluorophores (LFs) (10), high-sensitivity
C-reactive protein (hs-CRP)] were analyzed in the Hunter Nye
Laboratory (Department of Medicine, University of Otago,
Dunedin, New Zealand). Plasma LFs, which are also a marker of
dietary lycopene intake as well as oxidation status, were mea-
sured at 350 nm excitation and 460 nm emission in the ethanol/
diethyl ether (3/1; vol:vol) extract of plasma. Endogenous
plasma MMP-9 was assessed in heparinized plasma samples by
using the Biotrak Activity Assay System (Amersham Bio-
sciences, Buckinghamshire, United Kingdom). This system
measures the endogenous activity of the specific matrix metal-
loproteinase (MMP) by measuring substrate cleavage of anti-
body captured MMP isoforms. The CV for MMP-9 assays
ranged from 3.7% to 4.4% (average: 4.1%) (11). Compliance
with the interventions was continuously assessed throughout the
study and consisted of 3 different but complementary compo-
nents: dietary diaries, urinary electrolytes, and plasma LFs.

Statistical analysis

The primary outcome was the change in PWV. The power
calculation for the study was calculated on the basis of an es-
timated 10% change in PWVafter salt loading. The SD of 2 m/s
was derived from the study by Liang et al (12). Because hy-
pertensive patients had not previously been studied, we increased
the SD to 2.4 m/s. Thus, the study was powered with a sample size
of 31 at 90% to detect a significant difference of 0.12 m/s (10%)
in PWV by using the 5% level of significance.

The data were analyzed in accordance with an intention-to-
treat analysis. A mixed model, with a random effect for par-
ticipants, using likelihood methods was used to analyze the data.
The model included terms for order, treatment, and week-0
(baseline) observations for each dependent variable. All values
were adjusted for time and order, and an effect for time was also
included when observations were made at weeks 1, 2, and 4.
Because the interaction effects for time and treatment were not
statistically significant, they were not included in the model. The
results are presented as differences (95% CIs) between the
treatments averaged over weeks 1, 2, and 4. Stata 10 was used to
analyze the data (Stata Statistical Software version 10, 2007;
StataCorp LP, College Station, TX).

A sensitivity analysis was carried out to consider the effects of
the missing values on the differences between treatments. Be-
cause some of the participants were withdrawn from treatments B
and C because of an excessively high BP or because they failed to

complete treatment C when it was the last treatment, the missing
values were unlikely to be missing at random. Therefore, an
estimate for the expected differences between treatments was
proposed for PWVand SBP. Differences (mean 6 SD) of 1.5 6
0.5 m/s for PWV and of 9 6 0.5 mm Hg for SBP were used in
a pattern mixture model after chained equations were used to
impute the missing values.

RESULTS

Participants

A total of 35 participants were assigned to the low-sodium diet;
however, one person withdrew during the first week. Thirty-four
participants were randomly assigned to the first intervention
phase (Figure 1). The baseline characteristics of the participants
are presented in Table 1. Thirty-three participants successfully
completed intervention A, 32 participants completed the 4 wk of
intervention B, and 24 participants completed the 4 wk of in-
tervention C (Figure 1). One participant was withdrawn from
intervention B because of an elevated BP (.160/100 mm Hg)
and peripheral fluid retention, 7 participants were withdrawn
from intervention C because of an elevated BP (.160/100 mm
Hg) and symptoms of headaches, nausea, vomiting, frequent
bowel motions, fluid retention, or general ill feelings. One par-
ticipant withdrew from the study because of a broken collar
bone, and 2 participants refused intervention C. Recruitment
characteristics are shown in Table 1. There were no significant
differences observed between values measured at the end of
each washout period and those at baseline.

Pulse wave velocity

Mean (6 SD) values for carotid to femoral PWVare shown in
Table 2. The difference between intervention B (dietary sodium:
150 mmol/d) and intervention A (dietary sodium: 60 mmol/d)
for PWV was 0.39 m/s (95% CI: 0.18, 0.60; P � 0.001). The
difference between intervention C (dietary sodium: 200 mmol/d)

FIGURE 1. Recruitment and treatment allocation of participants. A, 60
mmol Na/d; B, 150 mmol Na/d; C, 200 mmol Na/d. *n = 1 withdrew after 1
wk; ˆn = 1 withdrew after 2 wk.
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and intervention Awas 0.35 m/s (95% CI: 0.13, 0.57; P � 0.01).
The difference between interventions B and C, 20.04 m/s (95%
CI: 20.26, 0.18), was not statistically significant.

Blood pressure

The difference in SBP between interventions B and Awas 4.4
mm Hg (95% CI: 1.7, 7.1), between C and A was 5.8 mm Hg
(95% CI: 2.8, 8.6), and between C and B was 1.4 mm Hg (95%
CI: 21.5, 4.2). The respective differences for DBP were 2.5 mm
Hg (95% CI: 0.8, 4.2), 3.4 mm Hg (95% CI: 1.7, 5.2), and 0.9
mm Hg (95% CI: 0.8, 2.7).

Pulse wave analysis

The peripheral and aortic augmentation indexes were signif-
icantly higher in intervention B than in intervention A: 5.5 (95%
CI: 1.4, 9.6) and 2.1 (95% CI: 0.2, 4.1), respectively (Table 2).
There was no significant difference between intervention C and
interventions A or B. Although increased sodium intake in-
creased both BP and PWV, the correlation between changes in BP
and PWV were less marked: SBP and PWV (r = 0.52) and DBP
and PWV (r = 0.58) (Figure 2).

Sensitivity analysis for the 23 missing outcome values sug-
gested that the difference in PWV between groups B and A was
0.41 m/s (95% CI: 0.04, 0.84) and that between groups C and A

was 0.47 m/s (95% CI: 20.30, 1.23). The differences for SBP
were 4.8 mm Hg (95% CI: 2.0, 7.7) and 6.9 mm Hg (95% CI:
3.8, 10.0) for the same comparisons.

Plasma electrolytes and vasoactive hormones are shown in
Table 3. Plasma sodium remained constant across all 3 inter-
ventions; however, small significant decreases were observed in
plasma creatinine and plasma potassium in the highest sodium-
supplemented group. There was a small but significant differ-
ence in plasma uric acid with sodium loading, which resulted in
a decrease in plasma uric acid concentrations of 0.02 mmol/L
(95% CI: 20.04, 0.01; P � 0.01) in intervention B and of
0.03 mmol/L (95% CI:20.04, 0.01; P � 0.01) in intervention C.

Sodium loading produced the appropriate lowering of plasma
renin activity and aldosterone after adjustment for baseline, order,
and time (Table 3). There were no changes in the concentrations
of endothelin-1 or the natriuretic peptides (ANP and BNP) across
all groups (Table 4). Markers of oxidative stress, lipid peroxides,
total nitrate production, or hs-CRP did not change across any
study group (data not shown). Because hypertension can be
associated with an insulin-resistant state, insulin sensitivity was
calculated (13) but failed to show any difference across study
groups (data not shown).

MMP-9 was measured as a surrogate marker for increased
matrix turnover in the arterial vessel wall. In response to the
sodium loading (intervention C), there was a reduction in MMP-9
activity that appeared to be inversely related to PWV, which was

TABLE 2

Pulse wave velocity (PWV), arterial pressure, augmentation index (AIx), and differences between interventions A, B, and C at weeks 1, 2, and 41

Mean 6 SD Difference (95% CI)

A B C B2A C2A C2B

PWV (m/s)

Week 0 7.50 6 1.24 7.48 6 0.93 7.55 6 1.21

Week 1 7.35 6 1.04 7.77 6 1.24 7.76 6 1.47

Week 2 7.29 6 0.83 7.64 6 1.10 7.57 6 1.08

Week 4 7.34 6 1.12 7.63 6 0.95 7.84 6 1.20 0.39 (0.18, 0.60)2 0.35 (0.13, 0.57)3 20.04 (20.26, 0.18)

SBP (mm Hg)

Week 0 126 6 11 128 6 14 130 6 14

Week 1 126 6 13 132 6 14 135 6 14

Week 2 129 6 13 133 6 14 133 6 13

Week 4 127 6 11 133 6 17 137 6 15 4.4 (1.7, 7.1)3 5.8 (2.9, 8.6)2 1.4 (21.5, 4.2)

DBP (mm Hg)

Week 0 81 6 7 81 6 8 83 6 8

Week 1 80 6 8 82 6 8 84 6 6

Week 2 80 6 8 82 6 9 84 6 7

Week 4 79 6 7 84 6 7 85 6 7 2.5 (0.8, 4.2)3 3.4 (1.7, 5.2)2 0.9 (20.8, 2.7)

AIx

Week 0 92 6 20 91 6 21 94 6 21

Week 1 86 6 19 91 6 22 92 6 17

Week 2 88 6 23 90 6 22 92 6 18

Week 4 91 6 21 96 6 28 99 6 31 5.5 (1.4, 9.6)3 4.4 (0.1, 8.6)4 1.1 (25.4, 3.2)

Aortic AIx

Week 0 27 6 11 28 6 10 30 6 10

Week 1 24 6 12 29 6 11 29 6 11

Week 2 26 6 14 29 6 12 30 6 11

Week 4 30 6 11 29 6 10 28 6 10 2.1 (0.2, 4.1)4 0.3 (21.8, 2.3) 21.9 (24.0, 0.2)

1 A, 60 mmol Na/d; B, 150 mmol Na/d; C, 200 mmol Na/d. DBP, diastolic blood pressure; SBP, systolic blood pressure. The analysis was adjusted for

week 0, order, and time.
2 P � 0.001.
3 P � 0.01.
4 P � 0.05.
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not significant (Table 4). N-terminal C-natriuretic peptide (CNP),
which is also synthesized in the vessel wall, decreased signifi-
cantly by 1.01 pmol/L (95% CI: 21.75, 0.27; P , 0.01 after
adjustment for order and time) in intervention C compared with
intervention A (Table 4).

Antihypertensive therapy

All participants initially maintained their antihypertensive
therapy at the commencement of the study. Six of 24 patients
receiving antihypertensive therapy had a reduction in antihy-
pertensive therapy during the study because of the development
of symptomatic hypotension with the low-sodium diet. Con-
versely, 5 subjects were withdrawn early from the sodium-
loading interventions because their BP rose rapidly to exceed the
preset safety targets for BP.

Analysis of 4-d dietary diaries showed that macro- and
micronutrient intakes were similar across all 3 interventions
(Table 5). Dietary sodium and potassium intakes from food
remained constant across all 3 interventions. Total sodium intake
from food and juice was 55 mmol/d in intervention A, 149
mmol/d in intervention B, and 197 mmol/d in intervention C.

Urinary analysis at week 4 for sodium:creatinine excretion
after adjustment for baseline, order, and time showed a difference
in early morning sodium excretion between interventions A and
B of 4.5 (95% CI: 1.2, 7.8; P � 0.01), between interventions A
and C of 8.2 (95% CI: 4.8, 11.6; P � 0.001), and between in-
terventions B and C of 3.7 (95% CI: 20.3, 7.0; P � 0.05),
consistent with the participants’ consumption of the corre-
sponding juice (Table 6). There was no difference in the urinary
potassium:creatinine ratio between interventions A and C. Uri-
nary sodium:creatinine excretion correlated with urinary cal-
cium:creatinine excretion (r = 0.70).

Plasma LF concentrations increased significantly during all 3
interventions (P , 0.001); however, the magnitudes of these
increases were not significantly different: 3.69 U/mL (in-
tervention A), 3.93U/mL (intervention B), and 3.66 U/mL (in-
tervention C) between interventions consistent with participant
compliance with tomato juice intake (Table 6).

DISCUSSION

The major finding was that increased sodium (salt) intake to
levels currently consumed in the Western diet in subjects con-
suming a low-salt diet caused an increase in PWV and BP. A
sodium load of 150 and 200 mmol/d produced significant
increases in PWV (P � 0.001) compared with the low-sodium
diet. A sensitivity analysis of the missing data due to withdrawal

FIGURE 2. Correlations between differences in systolic blood pressure
and differences in pulse wave velocity (A) and differences in diastolic blood
pressure and differences in pulse wave velocity (B). Correlations were
determined by random-effects generalized least squares regression: systolic
blood pressure and pulse wave velocity (r = 0.52, P , 0.05) and diastolic
blood pressure and pulse wave velocity (r = 0.58, P , 0.05).

TABLE 3

Plasma sodium, electrolytes, and hormones at final observation for each treatment1

Mean 6 SD Difference (95% CI)

A B C B2A C2A C2B

Sodium (mmol/L) 140 6 2 139 6 2 139 6 2 20.8 (28.1, 6.5) 25.7 (213.1, 1.7) 24.9 (22.3, 12.2)

Potassium (mmol/L) 4.1 6 0.3 4.2 6 0.3 4.0 6 0.3 0.01 (20.11, 0.13) 20.11 (20.24, 0.00)2 20.12 (20.24, 20.01)

Urea (mmol/L) 5.7 6 1.4 5.8 6 1.2 5.4 6 1.2 0.08 (20.46, 0.63) 20.23 (20.77, 0.32) 20.31 (20.23, 0.85)

Creatinine (mmol/L) 76 6 10 76 6 11 74 6 12 0.0 (22.9, 3.0) 23.0 (26.0, 0.4)2 23.1 (26.0, 20.1)2

Uric acid (mmol/L) 0.33 6 0.08 0.31 6 0.06 0.29 6 0.07 20.02 (20.04,0.01)3 20.03 (20.04, 20.01)3 0.00 (20.02, 0.02)

Renin activity

(nmol � L21 � s21)

3.2 6 4.9 1.7 6 1.6 1.4 6 1.4 21.05 (21.99, 20.12)2 21.07 (22.04, 20.11)2 20.02 (20.94, 0.98)

Aldosterone (pmol/L) 320 6 130 232 6 86 201 6 76 284 (2124, 244)4 2122 (2163, 281)4 238 (279, 3)

Endothelin-1 (pmol/L) 1.90 6 0.68 2.07 6 0.63 2.09 6 0.59 0.16 (20.15, 0.47) 0.21 (20.11, 0.53) 0.05 (20.27, 0.37)

1 A, 60 mmol Na/d; B, 150 mmol Na/d; C, 200 mmol Na/d. The analysis was adjusted for week 0, order, and time.
2 P � 0.05.
3 P � 0.01.
4 P � 0.001.
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from the high sodium intervention increased the effect on PWV.
Conversely, a dietary sodium reduction of a similar magnitude
(100 mmol/d) in a group of 35 nonmedicated healthy post-
menopausal women, whose SBP ranged from 130 to 159 mm
Hg, was associated with a significant improvement in PWV in
the order of 0.125 6 0.1 m/s (P , 0.01) (14). Seals et al (14)
suggested that the effect of dietary sodium restriction was due to
a decrease in the stiffness of the large elastic arteries. Gates et al
(15) showed that changes in central arterial compliance corre-
lated with sodium intake in a small study of older men and
women with stage 1 hypertension (15). The improvement in
carotid artery compliance was observed within 1 to 2 wk and
was sustained at 4 wk after volunteers restricted their sodium
intake to 54 mmol/d compared with a baseline intake of 135 mmol/d
(15). Our study paralleled these observations.

In the present study, the high dietary sodium intake (150–200
mmol/d) produced a 4.4–5.6-mm Hg increase in SBP and 2.4–
3.3-mm Hg increase in DBP. It is likely that the higher sodium
intake would have resulted in higher mean BPs, because 5
subjects had to be withdrawn because of a rise in BP above the
preset safety levels (BP . 160/100). If we allow for the missing
data, the differences for SBP between interventions C and A
would be 6.9 mm Hg (95% CI: 3.8, 10.0). Indeed, this is likely
an important reason why there was no pronounced difference
between the modest and high sodium intake groups evident after
the intention-to-treat analysis.

Changes in BP in this study were similar to findings from
previous intervention studies of dietary sodium reduction, with
the highest level of sodium intake producing the highest BP and

the lowest level of sodium intake producing the lowest level of
BP. In the meta-analysis undertaken by He and MacGregor (5),
a reduction in sodium intake of’75 mmol/d can decrease BP by
5 6 3 mm Hg in hypertensive subjects and of 2 6 1 mm Hg in
normotensive subjects over a period of �4 wk.

Interestingly, whereas an increased sodium intake increased
both BP and PWV, the correlation between changes in BP and
PWV were less marked: SBP and PWV (r = 0.52) and DBP and
PWV (r = 0.58). This indicates that the increased dietary sodium
intake may have BP-independent effects on arterial vascular
function. Because the volunteers in this study had very well-
controlled BP (74% were receiving antihypertensive therapy and
had an average baseline BP of 134/84 mm Hg), the effects of
good BP control and the antihypertensive agents used may have
modified the relation between dietary sodium, BP, and arterial
wall function (16).

We examined many potential mechanisms by which the in-
creased sodium intake could have mediated the changes in ar-
terial wall function. Oxidative stress and inflammation are
mediators of endothelial dysfunction (17). However the markers
measured in this study (hs-CRP, nitrate-nitrite concentrations,
lipid peroxides, and insulin resistance) did not show any sig-
nificant correlation. CNP, a novel vasoactive peptide thought to
be derived from the vessel wall, may play a role in mediating the
changes in vascular tone related to sodium intake (18). There was
a significant downward trend in CNP values at the completion of
the high-sodium intervention (200 mmol/d) compared with the
low-sodium intervention (60 mmol/d). Vascular remodeling in
the setting of hypertension involves the interaction of the MMPs

TABLE 4

Differences in surrogate plasma markers of endothelial function between interventions A and C at week 41

Mean 6 SD Difference (95% CI)

PA C C2A

ANP (pmol/L) 21.1 6 10.0 22.5 6 9.7 1.6 (23.5, 6.8) 0.535

BNP (pmol/L) 4.7 6 2.2 5.4 6 3.1 0.7 (20.7, 2.1) 0.325

N-terminal CNP (pmol/L) 16.3 6 3.5 15.2 6 2.7 21.0 (21.8, 20.3) 0.008

Active MMP-9 (ng/mL) 0.746 6 0.476 0.651 6 0.443 20.122 (20.249, 0.005) 0.060

1 A, 60 mmol Na/d; B, 150 mmol Na/d; C, 200 mmol Na/d. ANP, atrial natriuretic peptide; BNP, B-natriuretic peptide;

CNP, C-natriuretic peptide; MMP-9, matrix metalloproteinase-9. The analysis was adjusted for week 0, order, and time.

TABLE 5

Dietary intake data during each intervention1

Nutrient Usual diet (n = 34) A (n = 19) B (n = 18) C (n = 17)

Energy (kJ) 9364 6 4219 7242 6 2559 7614 6 2183 8032 6 2822

Protein (g) 88 6 24 79 6 29 84 6 24 81 6 28

Fat, total (g) 74 6 33 57 6 24 56 6 20 65 6 25

Saturated fat (g) 27 6 13 19 6 8 19 6 7 22 6 7

Carbohydrate (g) 287 6 200 210 6 76 228 6 78 235 6 101

Alcohol (g) 13 6 14 11 6 16 11 6 14 11 6 16

Sodium

(mg) 2607 6 1289 1254 6 397 1357 6 486 1306 6 335

(mmol) 113 6 55 78 6 17 83 6 21 75 6 14

Potassium (mg) 4336 6 2176 3634 6 1086 3835 6 1046 3605 6 1636

Calcium (mg) 1019 6 794 739 6 323 759 6 382 724 6 290

1 All values are means 6 SDs. The data exclude energy and nutrients provided by a tomato juice supplement that was

consumed during interventions A, B, and C. A, 60 mmol Na/d; B, 150 mmol Na/d; C, 200 mmol Na/d.

562 TODD ET AL

 at P
E

N
N

S
Y

LV
A

N
IA

 S
T

A
T

E
 U

N
IV

 P
A

T
E

R
N

O
 LIB

R
A

R
Y

 on F
ebruary 19, 2016

ajcn.nutrition.org
D

ow
nloaded from

 

http://ajcn.nutrition.org/


(MMP-2 and MMP-9) in the arterial wall (19). Comparison
between the high sodium intake and low sodium intake at the end
of 4 wk showed a decrease in MMP-9 (Table 4) that was not
significant, probably because of the relatively small numbers of
participants who completed the full 4 wk of the high-sodium arm.
When considered in conjunction with the increased PWVevident
after the high sodium intake, this finding supports the concept that
high sodium intakes reduce extracellular matrix turnover and
contribute to vascular wall stiffness (19, 20). However, larger
studies are required to test this possibility. In addition, only 7 of
the 34 participants were not taking antihypertensive drugs. The
most common agent was an angiotensin-converting enzyme
inhibitor, and these agents have been clearly shown to have
protective actions on vascular function (21). Other agents, in-
cluding thiazides and the dihydropyridines, also have an effect on
vascular tone and will have minimized the ability of this study to
identify the mechanistic pathways for the observed changes.

An interesting observation in this study was the reduction in
plasma uric acid concentrations in the high-sodium group. This
cannot be explained by changes in plasma volume because
plasma creatinine was only decreased by ’5%, and plasma uric
acid decreased by 12% in intervention C. Urinary excretion of
uric acid remained constant and nitrate production was not en-
hanced, which excludes other possible explanations and was not
modified by the presence of a thiazide diuretic. Increased plasma
uric acid concentrations have been correlated with an increased
risk of hypertension and cardiovascular disease (22). Watanabe
et al (23) have postulated that hyperuricemia provided a survival
advantage because it enhanced sodium sensitivity and BP
maintenance under low-dietary-sodium conditions. Although
this may have been advantageous prehistorically, now, under
conditions of constant sodium loading observed in most of the
industrialized world, hyperuricemia may contribute to the
maintenance of hypertension (23). This study suggests that this
warrants further investigation.

The anthropometric status of the participants remained rela-
tively constant throughout the study. There was a small but
statistically nonsignificant increase in weight in the high-sodium
group. The diet was not designed to alter energy or fat intakes;
therefore, weight and body mass index were expected to remain
constant. The changes observed in BP during this study are
comparable with the effect of a single antihypertensive agent
(21). Moreover, ’25% of patients in this study had their anti-

hypertensive therapy reduced because of symptomatic hypo-
tension during the low-salt phases. Dietary changes associated
with a low-salt diet were achieved and maintained throughout by
ongoing dietary counseling. Compliance with the study diet was
relatively high, as evidenced by measurements of urinary so-
dium excretion, with baseline values (low salt) for all 3 inter-
ventions comparable and the expected increase in urinary
sodium excretion after interventions with the added salt to the
tomato juice. Compliance with the tomato juice vehicle ap-
peared to be similar within each of the interventions, as judged
by similar increases in plasma LF concentrations.

Limitations of this study included the relatively small num-
bers, although the study was powered appropriately to detect
a 10% change in PWV with sodium loading. This study was
deliberately designed to recruit participants from the community
and to place the interventions within a community setting rather
than a highly contrived metabolic laboratory. Measurement of
24-h ambulatory BPs along with 24-h urinary sodium and po-
tassium excretion would have enhanced the validity of the re-
sults; however, given the community setting for this study, these
measurements were too difficult to implement and maintain
participant involvement. The high compliance rates for the study
would support this compromise in measurements versus out-
comes. It could be argued that a greater effect would have been
seen if the participants were weaned off their antihypertensive
therapy. Implementation of the baseline low-sodium diet lowered
medication requirements in some participants. Conversely, de-
spite the use of concurrent medications, some participants had to
be withdrawn from the high dietary sodium arms because of
a rapid rise in BP, which exceeded our safety monitoring criteria.
It would have been interesting to observe at what point their BP
would have reset, as would be expected according to Guyton’s
pressure natriuresis hypothesis (24). The results of this relatively
short-term intervention needs to be linked to longer-term studies
of different dietary sodium intakes to allow for the effect of
different regulatory mechanisms linking BP and vascular re-
activity to be fully expressed.

In summary, dietary sodium loading rapidly and significantly
increased PWV in hypertensive participants via both BP-
dependent and BP-independent effects. These findings confirm
the potentially detrimental effects of a high dietary salt intake,
with increases in BP and PWVevident within a short time frame
(4 wk). Further research is needed to establish the effects of

TABLE 6

Differences in markers of compliance at the final observation for each treatment1

Mean 6 SD Difference (95% CI)

A B C B2A C2A C2B

Urinary sodium:creatinine

Week 0 6.7 6 5.4 6.5 6 4.8 6.8 6 4.6

Week 4 7.6 6 8.6 11.8 6 6.0 15.9 6 8.5 4.5 (1.2, 7.8)2 8.2 (4.8, 11.6)3 3.7 (20.3, 7.0)4

Plasma lipofuscin-like fluorophores (U/mL)

Week 0 5.35 6 1.92 5.44 6 2.10 5.45 6 1.83

Week 4 9.04 6 3.10 9.37 6 3.03 9.11 6 3.05 0.38 (20.53, 1.30) 0.07 (20.87, 1.01) 20.31 (21.25, 0.63)

1 A, 60 mmol Na/d; B, 150 mmol Na/d; C, 200 mmol Na/d. The analysis was adjusted for week 0, order, and time.
2 P � 0.01.
3 P � 0.001.
4 P � 0.05.
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dietary sodium intake on arterial wall function in other pop-
ulations, especially in high-risk groups such as thosewith obesity,
diabetes, cardiovascular disease, and kidney disease.
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