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Abstract

Accumulating evidence has suggested that high salt and potassium might be associated with vascular function. The aim of this
study was to investigate the effect of salt intake and potassium supplementation on brachial-ankle pulse wave velocity (PWV)
in Chinese subjects. Forty-nine subjects (28-65 years of age) were selected from a rural community of northern China. All
subjects were sequentially maintained on a low-salt diet for 7 days (3.0 g/day NaCl), a high-salt diet for an additional 7 days
(18.0 g/day NaCl), and a high-salt diet with potassium supplementation for a final 7 days (18.0 g/day NaCl+4.5 g/day KCI).
Brachial-ankle PWV was measured at baseline and on the last day of each intervention. Blood pressure levels were
significantly increased from the low-salt to high-salt diet, and decreased from the high-salt diet to high-salt plus potassium
supplementation. Baseline brachial-ankle PWV in salt-sensitive subjects was significantly higher than in salt-resistant subjects.
There was no significant change in brachial-ankle PWV among the 3 intervention periods in salt-sensitive, salt-resistant, or total
subjects. No significant correlations were found between brachial-ankle PWV and 24-h sodium and potassium excretions. Our
study indicates that dietary salt intake and potassium supplementation, at least in the short term, had no significant effect on

brachial-ankle PWV in Chinese subjects.
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Introduction

Excess dietary salt has been considered to be a
contributing factor to the development of hypertension.
Several human studies have shown a causal link between
high salt intake, high blood pressure (BP), and cardiovas-
cular disease (1). Similarly, the reduction of dietary salt
intake has been shown to decrease BP (1). In addition to
increasing BP, high dietary salt may independently
damage vascular function. This can lead to hypertrophy
of arterial walls and vascular smooth muscle, increasing
arterial stiffness, and affecting arterial vessel contractility
(2,3), especially in salt-sensitive (SS) individuals (4). Salt
sensitivity, a phenomenon for heterogeneous BP
responses to changes in dietary sodium intake, is observed
in hypertensive and normotensive individuals (5).

A number of studies have suggested that potassium is
strongly correlated with hypertension (6), and the role of
dietary potassium in the pathogenesis of related vascular
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disease is recognized (7). Potassium intake helps to
downregulate BP and inhibits neointimal proliferation in
animals (8,9). Increasing evidence also suggests that a
higher potassium intake may have beneficial effects on
arterial compliance and arterial stiffness (10). However,
most previous trials were cross-sectional and animal
studies. Few interventional trials have studied the effect of
high salt intake and potassium supplementation on
arterial stiffness.

Pulse wave velocity (PWV) is the most widely used
measure of arterial stiffness in a wide variety of clinical
fields (11). The measurement of the carotid-femoral PWV
has been used as a conventional and common procedure
(12). Brachial-ankle PWV measurements have recently
been widely applied using a procedure in which pressure
cuffs are wrapped around the brachial artery. In compar-
ison with carotid-femoral PWV, brachial-ankle PWV can
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be widely applied during routine medical examinations
because its measurement is simple and does not require
specialized and highly technical equipment and expertise
(13). The measurements have been reported to be valid
and reproducible and easier to perform than other
noninvasive automatic procedures (14,15). More impor-
tantly, brachial-ankle PWV is a significant and independ-
ent predictor of cardiovascular morbidity and mortality
in patients on hemodialysis and with acute coronary
syndrome (16,17). However, the relationship between
brachial-ankle PWV and high salt or potassium has not
been fully established.

The present study was designed to examine the effect
of excessive salt intake and potassium supplementation on
brachial-ankle PWV in Chinese subjects. We also aimed to
examine whether brachial-ankle PWV is differentially
modified in SS and salt-resistant (SR) individuals.

Material and Methods

Study population

Forty-nine subjects with similar dietary habits from a
rural community of northern China were enrolled in the
present study. Data on demographic characteristics (age,
gender, education, occupation, physical activity, cardio-
vascular disease-related history, and physical examination
findings) were collected using a standard questionnaire.
Hypertension was defined as a mean BP=140 mmHg for
systolic BP (SBP) andfor =90 mmHg for diastolic BP
(DBP). Because BP levels could increase after dietary
intervention, we excluded those with Stage 2 hypertension,
for safety concerns. The other exclusion criteria were a
history of clinical cardiovascular disease, chronic kidney
disease, or diabetes, use of antihypertensive medication,
and high alcohol intake.

The institutional ethics committee of Xi'an Jiaotong
University Medical School approved the study protocol,
and each subject provided written informed consent to
participate. This study adhered to the principles of the
Declaration of Helsinki, and all study procedures were
performed in accordance with institutional guidelines.

Dietary intervention

The protocol for chronic salt loading and potassium
supplementation intervention was performed as described
previously (18,19). The protocol consisted of a series of
investigations, including a questionnaire survey and
physical examination (height, weight, waist circumfer-
ence, and BP measurements) during a 3-day baseline
observation period, a low-salt diet for 7 days (3 g salt or
51.3 mmol sodium per day), a high-salt diet for 7 days
(18 g salt or 307.8 mmol sodium per day), and a high-salt
diet with potassium supplementation for 7 days (18 g salt
or 307.8 mmol sodium + 4.5 g/day potassium or
60 mmol potassium per day). During the baseline period,
each subject was given detailed dietary instructions to
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avoid table salt, cooking salt, and high-salt foods for the
21-day study duration. To ensure study participants’
compliance with the intervention program, they were
required to have their breakfast, lunch, and dinner at the
study kitchen under supervision of the study staff during
the entire study period. All foods were cooked without salt.
On-site study staff members added prepackaged salt to
the individual subjects’ meals as indicated by the study
protocol.

BP measurement and definition of salt sensitivity

BP was measured by 3 trained staff members using a
standard mercury sphygmomanometer, with the subjects
in the sitting position after a =5-min rest. BP was
measured 3 times at 1-min intervals during the 3-day
baseline observation period as well as on days 6 and 7 of
each of the three 7-day intervention periods. BP obser-
vers were blinded to the participants’ dietary interventions.
The subjects were instructed to avoid alcohol, cigarette
smoking, coffeeftea, and exercise for at least 30 min prior
to their BP measurement. SBP and DBP were determined
as the first and fifth Korotkoff sounds, respectively. The
pulse pressure was calculated as SBP minus DBP.
Mean arterial pressure (MAP) was calculated as DBP +
(1/3 x pulse pressure). Because of the lack of universal
consensus on the definition of salt sensitivity of BP,
subjects with a =10 mmHg increase in MAP going from a
low- to a high-salt diet were classified as SS, and those
with a <10 mmHg increase as SR (19,20).

Brachial-ankle PWV measurement and definition of
brachial-ankle PWV response to dietary intervention

Brachial-ankle PWV was measured using a volume-
plethymographic apparatus (BP-203RPEIl; Nihon Colin,
Japan). Details of the methodology are described else-
where (14). In brief, the subjects were examined while
resting in the supine position. This device simultaneously
records right and left brachial and tibial arterial pressure
wave forms. Electrocardiographic electrodes were
attached to both wrists, and cuffs were wrapped around
both upper arms and ankles. The pulse-volume wave form
in the upper arm and ankle were recorded using a
semiconductor pressure sensor after the subject had
rested for at least 5 min. Brachial-ankle PWV is usually
represented in units of centimeters per second. Brachial-
ankle PWV responses were defined as follows: response
to low-salt equals brachial-ankle PWV on a low-salt diet
minus brachial-ankle PWV at baseline; response to high
salt equals brachial-ankle PWV on a high-salt diet minus
brachial-ankle PWV on a low-salt diet; and response to
potassium supplement equals brachial-ankle PWV on a
high-salt diet with potassium supplementation minus
brachial-ankle PWV on a high-salt diet.

Biochemical analyses
Blood samples were obtained by peripheral venous

www.bjournal.com.br



Salt, potassium, and brachial-ankle PWV

puncture, immediately centrifuged at 3000 g for 10 min,
and stored at —80°C until analyzed. The total cholesterol,
triglyceride, low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), serum creat-
inine, and fasting plasma blood glucose levels were
measured using an automatic biochemical analyzer
(model 7600; Hitachi, Ltd., Japan).

Twenty-four-hour urinary salt and potassium
determination

Twenty-four-hour urine samples were collected at
baseline and on day 7 of each intervention period. The
samples were kept frozen at —40°C until analysis. Urinary
concentrations of salt and potassium were determined
using ion-selective electrodes (Hitachi, Ltd.). The 24-h
urinary excretion of sodium and potassium was calculated
by multiplying the concentration of sodium and potassium,
respectively, by the 24-h total urine volume.

Statistical analyses

Continuous data are reported as means=+SD.
Categorical data are reported as frequency and percen-
tage. Differences in baseline characteristics between SS
and SR groups were detected by an independent ¢-test for
continuous variables and chi-square test for categorical
variables. Differences in repeated measures were ana-
lyzed by repeated-measures analysis of variance.
Correlations were determined with Pearson’s correlation
coefficient, if the residuals were normally distributed, and
with Spearman’s correlation coefficient, if not. Statistical
analyses were performed with SPSS for Windows,
version 16.0 (SPSS Inc., USA). A two-tailed P value of
<0.05 was considered to be statistically significant.

Results

Profiles of studied subjects

Of the 54 volunteers, 49 subjects met the inclusion
criteria and commenced the study. One participant with-
drew after completing two interventions due to hospitali-
zation of her relative. Ten subjects, who showed a
response of an increase in MAP of =10 mmHg from
low-salt to high-salt periods, were considered SS. The
remaining 38 subjects were considered SR. Baseline
characteristics were evenly distributed, except for bra-
chial-ankle PWV, which was significantly higher in the SS
group than in the SR group (P<0.05, Table 1).

Effects of salt intake and potassium supplementation
on BP and 24-h urinary sodium and potassium
excretion

Overall, BP levels increased from the low-salt inter-
vention to the high-salt intervention, and decreased from
the high-salt intervention to the high-salt plus potassium
supplementation intervention. In addition, BP levels in SS
subjects after salt intake were significantly higher than in
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SR subjects. Potassium supplementation reduced the BP
in SS subjects on a high-salt diet (P<0.05; Table 2).

The urinary 24-h sodium and potassium excretions
were calculated at the end of each intervention period to
ensure the subjects’ compliance with the study protocol.
As shown in Table 2, urinary sodium excretion signifi-
cantly increased with the change from the low-salt to the
high-salt diet (P<0.05). Potassium supplementation
resulted in an increase in urinary potassium excretion
and a slight increase in urinary sodium excretion in the 3
groups. These results confirmed the subjects’ compliance
with the dietary intervention protocol.

Effects of salt intake and potassium supplementation
on brachial-ankle PWV

Figure 1 shows brachial-ankle PWV levels during the
low-salt, high-salt, and high-salt plus potassium supple-
mentation interventions. Compared with the SR group,
brachial-ankle PWV was significantly higher in SS
subjects at baseline and during dietary interventions
(P<0.05). However, there were no statistical differences
in brachial-ankle PWV among the 3 intervention periods in
SS, SR, and total groups (P>0.05). To further increase
the statistical power of the study, we also made a
comparison of brachial-ankle PWV responses to salt
intake and potassium supplementation between the SS
and SR groups, but we still found no significant
differences (Table 3).

Further analyses showed that brachial-ankle PWV
was not correlated with 24-h urinary sodium excretion
during the low-salt and high-salt diet intervention periods
(r=-0.128, P=0.215; Figure 2), and was not related to
24-h urinary potassium excretion during the high-salt
diet plus potassium supplementation intervention period
(r=-0.041, P=0.782; Figure 2).

Discussion

In the present study, we found that high salt intake for
7 days could increase BP, but it did not enhance brachial-
ankle PWV. In addition, no significant correlation between
24-h urinary sodium excretion and brachial-ankle PWV
was demonstrated in these Chinese subjects. These data
indicate that dietary salt intake, at least within a short
period, did not significantly influence brachial-ankle PWV
levels.

Evidence from multiple clinical studies showed that
excessive salt intake can markedly increase BP and can
have other detrimental cardiovascular effects independ-
ent of BP (3,21,22). Cross-sectional studies have shown
that brachial-ankle PWV was independently associated
with salt intake in the general population (21). Polonia et
al. (3) reported that high urinary sodium excretion was
positively correlated with carotid-femoral PWV, and
appeared to be an independent factor of arterial stiffness.
Currently, few interventional studies have investigated
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Table 1. Baseline demographic and clinical characteristics.

Y. Wang et al.

Parameters Total SS SR P

Age (years) 49.0 £ 7.9 50.8 + 5.3 48.5 + 8.4 0.422
Gender (M/F) 23/25 6/4 17/21 0.487
Body mass index (kg/m?) 23.6 £ 2.9 228 + 25 23.8 + 3.0 0.378
Alcohol 4 (8.3) 0 (0) 4 (10.5) 0.566
Smoking 19 (39.6) 5 (50) 14 (36.8) 0.487
Hypertension 5(10.4) 2 (20) 3(7.9) 0.569
Systolic blood pressure (mmHg) 110.5 = 14.6 118.0 £ 17.8 108.5 + 13.2 0.065
Diastolic blood pressure (mmHg) 72.7 +£ 8.6 737 £ 78 724 + 8.8 0.688
Mean arterial pressure (mmHg) 85.3 + 10.0 88.5 + 10.5 84.5 + 9.9 0.265
Brachial-ankle PWV (cm/s) 1310 + 234 1476 + 227 1266 + 218 0.01

Glucose (mM) 3.87 + 0.68 3.72 £ 043 391 £ 0.73 0.429
Total cholesterol (mM) 4.08 + 0.88 4.05 + 0.89 4.09 + 0.89 0.894
Triglycerides (mM) 1.31 + 0.66 1.36 + 1.03 1.30 + 0.54 0.795
LDL-cholesterol (mM) 2.28 + 0.72 2.26 + 0.69 2.28 + 0.74 0.931
HDL-cholesterol (mM) 1.19 + 0.23 1.16 + 0.30 1.2 £ 0.22 0.696
Serum creatinine (uM) 56.3 + 8.6 58.2 + 6.7 55.8 + 9.1 0.452
24-h urinary sodium (mmol/d) 173.9 + 67.1 175.3 £ 51.3 1735 + 71.3 0.941
24-h urinary potassium (mmol/d) 474 + 201 404 £ 21.2 49.2 + 19.6 0.223

Data are reported as means + SD or number with percent in parentheses. SS: salt-sensitive subjects; SR:
salt-resistant subjects; PWV: pulse wave velocity; LDL: low-density lipoprotein; HDL: high-density
lipoprotein. The independent t-test and chi-square test were used for statistical analyses.

Table 2. Influence of dietary intervention on blood pressure levels (mmHg) and 24-h urinary sodium and

potassium excretions (mmol/d).

Intervention Total SS SR
Low-sodium
Systolic blood pressure 109.1 £ 12.2 112.8 + 12.6 108.1 £ 12.1
Diastolic blood pressure 740 £ 7.6 737 £ 54 741 + 8.1
Mean arterial pressure 85.7 + 8.7 86.7 £ 7.2 85.4 + 9.1
24-h urinary sodium 101.5 + 39.2 104.6 + 41.8 100.7 = 39.0
24-h urinary potassium 379 + 18.8 29.0 + 8.9 40.3 + 20.1
High-sodium
Systolic blood pressure 116.4 + 17.2% 1356 + 19.4*F 1114 + 12.6
Diastolic blood pressure 773 £ 8.7 836 + 6.4*F 757 + 8.6
Mean arterial pressure 90.4 + 11.0 100.9 + 9.8** 87.6 + 9.6
24-h urinary sodium 2525 + 61.3%  263.4 + 7547 249.6 + 57.9*
24-h urinary potassium 435 + 274 39.6 + 12.6 46.3 + 29.6
High sodium and potassium supplement
Systolic blood pressure 107.8 + 13.0% 115.7 + 15.7*% 105.8 £ 11.5
Diastolic blood pressure 72.4 £ 9.0% 741 + 6.5% 719 + 95
Mean arterial pressure 83.2 + 9.97 87.9 + 9.3% 842 + 9.9
24-h urinary sodium 265.9 + 86.9 278.6 + 79.0 262.6 + 89.6
24-h urinary potassium 75.0 + 27.0% 88.8 + 34.2% 71.6 + 2417

Data are reported as means=+SD. BP: blood pressure; SS: salt-sensitive subjects; SR: salt-resistant
subjects. *P<0.05 vs SR, *P<0.05 vs low-salt diet, ¥P<0.05 vs high-salt diet (repeated-measures

analysis of variance).
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Figure 1. Brachial-ankle pulse wave velocity (PWV) at baseline
and during the low-salt, high-salt, and high-salt plus potassium
supplementation intervention periods in total, salt-sensitive (SS),
and salt-resistant (SR) subjects. *P<0.05 vs SR subjects
(repeated-measures analysis of variance).

changes in PWV in the context of dietary salt alterations,
and results are conflicting. Todd et al. (22) reported that
carotid-femoral PWV increased significantly from baseline
after 4 weeks on high-salt diets in hypertensive patients.
In contrast, the same group found no differences in
carotid-femoral PWV or BP in 23 normotensive subjects
who followed a low-sodium diet for 2 weeks and then
high-salt diets for 4 weeks (23). Recently, Liu et al. (24)
demonstrated that high-salt intake not only elevated BP,
but also increased arterial stiffness. However, in that
study, they used ambulatory arterial stiffness index (AASI)
and symmetric AASI (s-AASI) as indicators of arterial
stiffness, rather than classic techniques such as PWV.
AASI is calculated based on data of 24-hour ambulatory
blood pressure, and it is seriously limited due to the strong
relationship with nocturnal BP fall, heart rate, and its
ambulatory monitoring technique (25,26). In the present
study, when brachial-ankle PWV was used as a measure-
ment of arterial stiffness, we were unable to confirm a
significant effect of high-salt intake on arterial stiffness.
Potassium intake helps to lower BP by increasing
sodium excretion (19,27). A study in normotensive Blacks
found that salt sensitivity occurred when dietary potassium
intake was just marginally deficient and that it was dose-
dependently suppressed when potassium intake was
increased, suggesting that the potassium supplementation
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might prevent or delay the occurrence of hypertension (28).
Our previous study demonstrated that a moderate increase
in the potassium intake in children could significantly
downregulate BP in children with salt sensitivity but not in
SR subjects (27). The results of our study, in which
potassium supplementation substantially reduced BP in SS
individuals, are in agreement with the above observations.
Furthermore, high levels of dietary potassium tend to be
associated with better vascular reactivity. In a cross-
sectional study, the relationship between potassium intake
and vascular structure and function is not linear, but rather
resembles a J-shaped curve when adjusted for age,
gender, and related variables (29). He et al. (10) observed
that an increase in potassium intake significantly increased
arterial compliance in mildly hypertensive patients, even
in individuals already on relatively low-salt and high-
potassium diets. A recent randomized trial in 155 subjects
indicated that increased dietary potassium produced
improved arterial compliance (24). In contrast, in a
randomized controlled trial, potassium intake showed no
benefit in terms of BP and arterial stiffness in early-stage
hypertensive patients (30). In agreement with that study,
our study provided no evidence for the beneficial effects of
potassium intake on arterial stiffness, measured by
changes in brachial-ankle PWV.

There are a number of possible explanations for these
discrepant results. First, due to the short 7-day dietary
interventions, changes in brachial-ankle PWV may not
have been obvious nor had sufficient time to fully develop.
Second, the difference between the selected populations
may also explain the inconsistent and sometimes para-
doxical findings. For example, 89.6% of subjects in our
study were normotensive, and as reported, dietary salt
loading in normotensive volunteers did not increase
carotid-femoral PWV after high-salt diets for 4 weeks
(23). However, the same group also demonstrated that
high salt could produce significant increases in carotid-
femoral PWV in hypertensive subjects (22). In addition,
measurements of only one arterial bed may not result in
differences among different interventions. Finally, various
measurements of arterial stiffness and the intervention
method among these various studies may also affect the
outcomes. Thus, larger studies are required to test these
possibilities.

An interesting observation in this study was that
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Table 3. Brachial-ankle pulse wave velocity (cm/s) response to salt and

potassium supplementation of participants.

Response to Total SS SR

Low salt -14.4 £ 1034 —63.3 + 66.1 -1.6 £ 175
High salt -25.2 + 103.0 10.0 + 1246  -34.5 + 96.4
Potassium supplement 28.2 + 104.8 411 £ 1453 24.8 + 93.6

SS: salt-sensitive subjects; SR: salt-resistant subjects.
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Figure 2. Correlation between brachial-ankle
pulse wave velocity (PWV) and 24-h urinary
sodium excretion in all subjects on low-salt and
high-salt diets, and potassium excretion of sub-
jects on a high-salt diet with potassium supple-
mentation.
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baseline brachial-ankle PWV in SS individuals was
significantly higher than in SR individuals. Although the
molecular mechanisms for this are unclear now, there
may be some possibilities. Because arterial stiffness is
driven by age and systolic blood pressure, brachial-ankle
PWV shows a higher trend with the increase in age and
BP levels (31). However, we could eliminate this effect
because no differences were found in terms of age and
BP levels between SS and SR subjects at baseline. This
study and our previous survey showed that the dietary
pattern of northern Chinese people is characterized by
high sodium intake and insufficient intake of potassium
(19,27). It has been shown that levels of plasma insulin
and vascular endothelial growth factor C are significantly
increased in SS compared with SR subjects on a high-salt
diet (32,33). In addition, an in vitro study demonstrated
that insulin could promote vascular smooth muscle cell
proliferation and migration, which might contribute to the
progression of arterial stiffness (34). In addition, inflam-
matory factors are important mediators of arterial stiff-
ness. Larrousse et al. (35) reported that hypertensive SS
patients exhibited higher levels of proinflammatory cyto-
kines, such as monocyte chemoattractant protein-1, E-
selectin, and p-selectin, than hypertensive SR patients.
Furthermore, transforming growth factor- and endothelial
dysfunction may play a role in mediating vascular stiffness
related to salt intake in SS individuals (36,37). Our
previous study demonstrated that flow-mediated dilatation
measurements were significantly lower in SS subjects
than in SR subjects and correlated negatively with the
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