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Summary
Background—We aimed to examine the association between the metabolic syndrome and salt-
sensitivity of blood pressure (BP).

Methods—1,906 Chinese aged ≥16 years without diabetes were fed a low-sodium diet (51.3
mmol/day) for 7 days followed by a high-sodium diet (307.8 mmol/day) for an additional 7 days.
BP were measured at baseline and at the end of each intervention period using a random-zero
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sphygmomanometer. Metabolic syndrome was defined as the presence of ≥3 risk factors:
abdominal obesity, high triglyceride, low high-density-lipoprotein-cholesterol, elevated BP, and
elevated glucose.

Findings—Multivariable-adjusted mean changes (95% confidence intervals) in BP (mmHg)
were significantly greater (all p<0.0001) among participants with compared to those without the
metabolic syndrome: −7.34 (−8.21, −6.46) versus −5.17 (−5.51, −4.83) for systolic BP and −4.56
(−5.28, −3.85) versus −2.47 (−2.74, −2.19) for diastolic BP during the low-sodium intervention;
and 6.51 (5.76, 7.26) versus 4.55 (4.26, 4.84) for systolic BP and 3.25 (2.56, 3.94) versus 1.69
(1.42, 1.96) for diastolic BP during the high-sodium intervention. In addition, compared to those
with zero, participants with 4 or 5 risk factors for the metabolic syndrome had a 3.54-fold
increased odds (2.05, 6.11) of high salt-sensitivity during the low-sodium intervention and a 3.13-
fold increased odds (1.80, 5.43) of high salt-sensitivity during the high-sodium intervention.

Interpretation—These results suggest that the metabolic syndrome significantly enhances BP
response to sodium intake. Reduction in sodium intake may be an especially important component
in reducing BP among patients with multiple risk factors for the metabolic syndrome.
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Introduction
Hypertension is a major public health problem worldwide because of its high prevalence and
consequent increase in risk of vascular disease and premature death (1). Epidemiologic
studies and clinical trials have demonstrated that a reduced intake of dietary sodium lowers
blood pressure (BP) in both hypertensive and normotensive persons (2,3). BP reduction in
response to a decrease in dietary sodium intake, however, may vary considerably among
different individuals (4). Identifying persons or subgroups that are more sensitive to dietary
sodium intervention has important clinical and public health implications, including the
targeting of sodium reduction interventions to those who are most likely to benefit.

Small clinical studies have suggested that insulin resistance may lead to sodium retention
and extracellular fluid volume expansion, thereby increasing BP responses to sodium intake
(5,6). Since insulin resistance is thought to be the underlying mechanism for the metabolic
syndrome, it is likely that individuals with the metabolic syndrome are more sensitive to a
dietary sodium intervention. However, the association between the metabolic syndrome and
salt-sensitivity of BP has not been well established. We conducted a large dietary
intervention feeding study to examine the association between the metabolic syndrome and
BP responses to dietary sodium interventions in rural areas of northern China.

Methods
Study population

Details of the study population and methods for the Genetic Epidemiology Network of Salt-
Sensitivity (GenSalt) have been published elsewhere (7). In brief, the study was conducted
in rural areas of northern China from October 2003 to July 2005. A community-based BP
screening was conducted among persons aged 18–60 years in the study villages to identify
potential probands and their families. Those with a mean systolic BP between 130–160 mm
Hg and/or a diastolic BP between 85–100 mm Hg and no use of antihypertensive medication
as well as their siblings, spouses, and offspring were recruited for the study. Individuals who
had stage-2 hypertension (BP ≥160/100 mm Hg), secondary hypertension, clinical
cardiovascular disease, diabetes (fasting plasma glucose ≥126 mg/dL), chronic kidney
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disease, current use of antihypertensive or antidiabetic medications or insulin, pregnancy,
heavy alcohol consumption, or current use of a low-sodium diet were excluded from the
study. A total of 1,906 participants volunteered to take part in the study. Of this group, 25
for whom metabolic risk factor information was missing and 28 who did not complete their
dietary interventions were excluded from this analysis.

Data collection
A standard questionnaire was administered by trained staff at the baseline examination to
collect information on demographic characteristics, personal and family medical history, and
lifestyle risk factors. Three BP measurements were obtained each morning during the 3-day
baseline observation period, and on days 2, 5, 6 and 7 of each intervention period by trained
and certified observers using a random–zero sphygmomanometer according to a standard
protocol. BP was measured with the participant in the sitting position after 5 minutes of rest.
In addition, participants were advised to avoid consumption of alcohol, coffee, or tea,
cigarette smoking, and exercise for at least 30 minutes prior to their BP measurements. BP
observers were blinded to the participant’s dietary intervention. Body weight, height, and
waist circumference were measured twice with the participant in light indoor clothing
without shoes during their baseline examination. Waist circumference was measured one cm
above the participant’s navel during minimal respiration. Overnight (≥8 hours) fasting blood
specimens were obtained for measurement of glucose and lipids. Plasma glucose was
measured using a modified hexokinase enzymatic method (Hitachi automatic clinical
analyser, model 7060, Japan). Concentrations of total cholesterol, HDL-cholesterol, and
triglycerides were assessed enzymatically using commercially available reagents.
Concentration of LDL-cholesterol was calculated by means of the Friedewald equation for
participants who had less than 400 mg/dL triglycerides: LDL cholesterol=total cholesterol–
HDL cholesterol–triglycerides/5 (8).

Dietary intervention
Study participants received a low-sodium diet (3 grams of sodium chloride or 51.3 mmol of
sodium per day) for 7 days, followed by a high-sodium diet (18 grams of sodium chloride or
307.8 mmol of sodium per day) for an additional 7 days. During both periods of sodium
intervention, dietary potassium intake remained unchanged. Dietary total energy intake was
varied according to each participant’s baseline energy intake. All foods were cooked without
salt, and pre-packaged salt was added to the individual study participant’s meal when it was
served by the study staff. To ensure compliance to the intervention program, participants
were required to eat their breakfast, lunch and dinner at the study kitchen under the
supervision of study staff during the entire study. Study participants were instructed to avoid
consumption of any foods that were not provided by study staff members. Three timed
urinary specimens (one 24-hour and two overnights) were obtained during the 3 days of
baseline examination and the last 3 days of each intervention period (days 5, 6, and 7) to
monitor each participant’s compliance with the dietary sodium intervention. The timed
overnight urinary excretions of sodium and potassium were converted to 24-hour values
based on a formula developed from data obtained in this study. Results from the 24-hour
urinary excretion of sodium demonstrated excellent compliance: the mean (standard
deviation) 24-hour urinary excretions of sodium and potassium were 242.4 (66.7) mmol and
36.9 (9.6) mmol at baseline, 47.5 (16.0) and 31.4 (7.7) at the end of the low-sodium
intervention period, and 244.3 (37.7) and 35.7 (7.5) at the end of the high-sodium
intervention period, respectively.

Statistical methods
Mean BP response to the low-sodium intervention was calculated as the mean of the 9
measurements on days 5, 6 and 7 during the low-sodium intervention minus the mean of the
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9 measurements at baseline; and response to high-sodium intervention was calculated as the
mean of the 9 measurements on days 5, 6 and 7 during the high-sodium intervention minus
the mean of the 9 measurements on days 5, 6 and 7 during the low-sodium intervention. In
addition, BP response on days 2, 5, 6, and 7 during each intervention period was calculated
separately as the difference between the mean of 3 measurements on each day and the mean
of the 9 measurements during the previous period. High salt-sensitivity was defined as a
mean arterial BP decrease more than 5 mmHg during the low-sodium intervention or an
increase of more than 5 mm Hg during the high-sodium intervention (9). Metabolic
syndrome was defined as the presence of 3 or more of the following risk factors: waist
circumference ≥90 cm in men and ≥80 cm in women; serum triglycerides ≥150 mg/dL;
HDL <40 mg/dL in men and <50 mg/dL in women; BP ≥130/85 mm Hg; and plasma
glucose ≥100 mg/dL (10).

The adjusted mean BP responses to the low-sodium and high-sodium interventions were
compared between participants with and without the metabolic syndrome as well as by the
number of metabolic risk factors using multivariate linear regression models. We combined
participants with 4 and 5 metabolic syndrome risk factors because there were only a few
people with 5 risk factors (n=15). In addition, BP responses on days 2, 5, 6, and 7 during
each intervention period were compared between participants with and without metabolic
syndrome. Multivariable logistic regression analysis was used to determine the adjusted
odds ratio of high salt-sensitivity associated with the metabolic syndrome. In this analysis,
the odds ratios of salt-sensitivity was calculated comparing participants with 1, 2, 3, and 4
plus 5 components of the metabolic syndrome to persons with 0 components of the
metabolic syndrome. Finally, the adjusted odds ratios of salt-sensitivity were calculated
comparing participants with the metabolic syndrome (≥3 components) and without the
metabolic syndrome (<3 components). Age, gender, education, physical activity, cigarette
smoking, alcohol consumption, body-mass index (BMI), and baseline 24-hour urinary
excretion of sodium and potassium were adjusted in multivariable analyses.

Institutional Review Boards or ethics committees at all participating institutes approved the
study protocol. Written informed consents for the baseline observation and for the
intervention were obtained from each participant prior to data collection or intervention,
respectively. This study is registered with ClinicalTrials.gov, number NCT00721721.

Role of the funding source
The NHLBI Project Scientist (Dr. Jaquish) was a member of the study steering committee
and was involved in the study design, interpretation of the data, and the writing of the report.
The corresponding author had full access to all the data in the study and had final
responsibility for the decision to submit for publication.

Results
The characteristics of study participants by metabolic syndrome status are presented in
Table 1. Overall, 15.0% (283/1,881) of study participants had the metabolic syndrome. On
average, participants with the metabolic syndrome were older, more likely to be female, and
less physically active. As expected, mean systolic and diastolic BP, BMI, waist
circumference, fasting triglycerides and glucose levels were significantly higher while HDL-
cholesterol was significantly lower in participants with the metabolic syndrome compared
with their counterparts without the metabolic syndrome.

Age and gender-adjusted BP responses were significantly greater among those with the
metabolic syndrome compared with those without it on days 2, 5, 6, and 7 of the low-sodium
and high-sodium intervention periods (Figure 1). In general, the differences in response

Chen et al. Page 4

Lancet. Author manuscript; available in PMC 2010 March 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increased with longer duration of intervention, especially during the low-sodium
intervention. The age and gender-adjusted mean systolic and diastolic BP responses to the
low-sodium and high-sodium interventions increased with the number of metabolic risk
factors noted (all p<0.0001 for linear trends, Table 2). After adjustment for additional
important covariates, the graded association between number of metabolic risk factors and
BP response remained highly significant. For example, the multivariable-adjusted mean
responses among participants with zero and with 4 or 5 metabolic risk factors during the
low-sodium intervention were −4.30 and −9.39 mmHg for systolic and −1.86 and −6.06
mm Hg for diastolic BP, respectively. The corresponding multivariable-adjusted mean
responses during the high-sodium intervention were 4.01 and 8.35 mmHg for systolic and
1.43 and 4.41 mm Hg for diastolic BP, respectively. Both the systolic and diastolic BP
response to the sodium interventions were significantly greater among those with compared
with those without the metabolic syndrome (Table 2).

There was a significant and graded association between number of metabolic risk factors
and the age and gender-adjusted proportion of study participants with high salt-sensitivity
following the low-sodium and high-sodium interventions (both p<0.0001 for linear trend,
Figure 2). The dose-response association between number of metabolic risk factors and the
odds of high salt-sensitivity remained after adjustment for additional important covariates
(Table 3). Compared to those with no metabolic risk factors, participants with 4 or 5 risk
factors had a 3.54-fold increased odds of high salt-sensitivity during the low-sodium
intervention and a 3.13-fold increased odds of high salt-sensitivity following the high-
sodium intervention. In addition, compared to those without the metabolic syndrome (less
than 3 risk factors), participants with the metabolic syndrome (3 or more risk factors) had a
92% increased odds of high salt-sensitivity following the low-sodium intervention and a
70% increased odds of high salt-sensitivity following the high-sodium intervention.

Sensitivity analyses
In a sensitivity analysis, we excluded the study participants with a baseline BP ≥140/90
mmHg (n=180). The multivariable-adjusted odds ratios (95% confidence intervals) of
increased salt-sensitivity associated with the metabolic syndrome were 1.66 (1.19, 2.32) and
1.75 (1.24, 2.46) following the low-sodium and high-sodium interventions, respectively. In
addition, we conducted an analysis using a mean arterial pressure change more than 5%
during sodium intervention to define high salt-sensitivity. The multivariable-adjusted odds
ratios (95% confidence intervals) of high salt-sensitivity associated with the metabolic
syndrome were 1.71 (1.27, 2.29) and 1.47 (1.09, 1.99) following the low-sodium and high-
sodium interventions, respectively.

Discussion
This large population-based diet-feeding study identified a strong, positive, and significant
association between the metabolic syndrome and salt-sensitivity of BP among persons
without diabetes. The salt-sensitivity of BP increased progressively with a higher number of
metabolic risk factors. This association was independent of age, gender, BMI, physical
inactivity, cigarette smoking, alcohol consumption, and baseline dietary intake of sodium
and potassium. In addition, the association between the metabolic syndrome and salt-
sensitivity remained after the participants with hypertension were excluded.

These findings have important clinical and public health implications. The metabolic
syndrome is a common disorder in the general population (11,12). In a national survey,
15.1% of Chinese adults had the metabolic syndrome (12). The metabolic syndrome is
associated with an increased risk of cardiovascular disease, diabetes, chronic kidney disease
and total mortality (13,14). Salt-sensitivity has also been associated with an increased risk of
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cardiovascular disease and premature death (15,16). Our study suggests that a reduced
intake of dietary sodium may be especially effective in lowering BP among patients with
multiple metabolic risk factors.

Our investigation is the first large population-based diet-feeding study to document a strong
relationship between the metabolic syndrome and salt-sensitivity of BP. Two previous
clinical studies suggested that salt-sensitive hypertension was more common among patients
with the metabolic syndrome (17,18). Uzu et al reported that the prevalence of salt-sensitive
hypertension was significantly higher in patients with compared to their counterparts
without the metabolic syndrome (70.6% versus 36.0%, p=0.02) among 56 Japanese patients
(17). In this study, salt-sensitivity was defined as more than a 10% difference in 24-hour
ambulatory BP between a one-week period of high-sodium intake (10–12 gram salt/day) and
a one-week period of low-sodium intake (1–3 gram salt/day) (17). Hoffmann and Cubeddu
reported that systolic and diastolic BP reductions from one-week on a high-salt (18 grams/
day) to one-week on a low-salt (2.5 grams/day) diet were significantly greater in participants
with compared to those without the metabolic syndrome in 301 participants in Venezuela
(18). Compared to these previous studies, our investigation was based on experience in a
large population-based sample who participated in a well controlled dietary feeding
intervention and careful measurement of BP and other potentially important covariables.
The limitations of our study include the relatively short duration of dietary sodium
interventions. However, in a recent study among 36 Olivetti Heart Study participants an
increased incidence of hypertension during 15-years of follow-up was noted among
individuals with high salt-sensitivity of BP as defined by their response to a 3-day period of
reduced salt intake (19).

The underlying mechanism of increased salt-sensitivity among individuals with the
metabolic syndrome is not fully understood. Insulin resistance and obesity are the most
important underlying risk factors for the metabolic syndrome (10,20). Previous studies have
suggested that insulin resistance is associated with salt-sensitivity (5,6). Insulin resistance
and concomitant compensatory hyperinsulinemia may lead to sodium retention and
extracellular fluid volume expansion, thereby increasing BP responses to sodium intake (5).
In addition, impaired nitric oxide synthase activity related to insulin-resistance has been
implicated in the pathogenesis of salt-sensitive hypertension (21). Furthermore,
abnormalities in the sympathetic nervous, renin-angiotensin, kallikrein-kinin and dopamine
systems related to insulin resistance seem to contribute to sodium retention and salt-
sensitivity (22–24). Previous studies have also noted an association between obesity and
salt-sensitivity (25–27). Rocchini and colleagues reported that 60 obese adolescents had a
significantly greater change in mean arterial pressure compared to 18 non-obese
counterparts after they were changed from a one-week high-salt diet (≥250 mmol of sodium
per day) to a one-week low-salt diet (<30 mmol per day) (25). The enhanced salt-sensitivity
in obesity may be due to an increased renal tubular reabsorption of sodium in obese
individuals (26). In fact, abdominal adiposity and metabolic syndrome in men is associated
with increased proximal tubular sodium reabsorption, even after adjustment for BP and
insulin resistance (27,28). In our study, the association between the metabolic syndrome and
salt-sensitivity remained significant after adjustment for BMI in multivariable analysis. In
addition, waist circumference was significantly associated with BP responses to dietary
sodium intake. This finding implies that abdominal obesity may be a particularly important
factor in determining an individual’s BP response to variation in salt intake.

Previous studies have documented that dietary potassium intake affects salt-sensitivity of BP
in human subjects (29). In this feeding study, dietary potassium intake was controlled. In
addition, the baseline 24-hour urinary excretion of potassium was adjusted in multivariable
models. Previous studies have also indicated that decreased kidney function is related with
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increased salt-sensitivity (30). In our study, participants with elevated serum creatinine or
proteinuria were excluded. Therefore, the association between metabolic syndrome and salt-
sensitivity was unlikely due to confounding effects of dietary potassium intake or kidney
disease. Furthermore, previous studies have demonstrated that patients with hypertension are
more sensitive to a sodium intervention compared to their counterparts who are
normotensive (2,3). When we excluded patients with hypertension in a sensitivity analysis, a
similarly strong association between the metabolic syndrome and salt-sensitivity of BP
persists.

In conclusion, our study suggests that the metabolic syndrome is significantly and
independently related to salt-sensitivity of BP, with a graded relationship between the
number of metabolic risk factors and salt-sensitivity of BP. Our findings indicate that a
reduced intake of sodium may be particularly beneficial in individuals with the metabolic
syndrome. Additional intervention studies are warranted to examine the effect of prevention
and treatment of metabolic risk factors on salt-sensitivity of BP.
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Hixson, Cashell E Jaquish, Depei Liu, DC Rao, Paul K Whelton, and Zhijian Yao.

GenSalt Collaborative Research Group:

Tulane University Health Sciences Center, New Orleans, USA: Jiang He (PI), Lydia A
Bazzano, Chung-Shiuan Chen, Jing Chen, Mei Hao, Lee Hamm, Tanika Kelly, Paul
Muntner, Kristi Reynolds, Wenjie Yang, and Qi Zhao.

Washington University School of Medicine, St Louis, USA: DC Rao (PI), Matthew
Brown, Charles Gu, Hongyan Huang, Treva Rice, Karen Schwander, and Shiping Wang.

University of Texas Health Sciences Center at Houston: James E Hixson (PI) and
Lawrence C Shimmin.

Loyola University Health System and Medical Center; Paul K. Whelton

National Heart, Lung, and Blood Institute: Cashell E. Jaquish

Chinese Academy of Medical Sciences, Beijing, China: Dongfeng Gu (PI), Jie Cao,
Jichun Chen, Jingping Chen, Zhenhan Du, Jianfeng Huang, Hongwen Jiang, Jianxin Li,
Xiaohua Liang, Depei Liu, Xiangfeng Lu, Donghua Liu, Qunxia Mao, Dongling Sun,
Hongwei Wang, Qianqian Wang, Xigui Wu, Ying Yang, and Dahai Yu.

Shandong Academy of Medical Sciences, Shandong, China: Fanghong Lu (PI),
Zhendong Liu, Shikuan Jin, Yingxin Zhao, Shangwen Sun, Shujian Wang, Qengjie Meng,
Baojin Liu, Zhaodong Yang, and Chuanrui Wei.

Shandong Center for Diseases Control and Prevention, Shandong, China: Jixiang Ma
(PI), Jiyu Zhang, and Junli Tang.

Zhengzhou University: Dongsheng Hu, Hongwei Wen, Chongjian Wang, Minghui Shen,
Jingjing Pan, and Liming Yang.

Xinle Traditional Chinese Medicine Hospital, Hebei, China: Xu Ji (PI), Rongyan Li,
Haijun Zu, and Junwei Song.

Ganyu Center for Disease Control and Prevention: Delin Wu (PI), Xushan Wang, and
Xiaofeng Zhang.

Xi’an Jiaotong University, Shanxi, China: Jianjun Mu (PI), Enrang Chen, Fuqiang Liu,
and Guanji Wu.

Chinese National Human Genome Center at Beijing: Zhi-Jian Yao (PI), Shufeng Chen,
Dongfeng Gu, Hongfan Li, Laiyuan Wang, and Penghua Zhang.
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Figure 1.
Age and gender-adjusted blood pressure responses to low-sodium intervention (left column)
and high-sodium intervention (right column) on days 2, 5, 6, and 7 of each intervention
period. Blood pressure responses were defined as follows: response to low-sodium = mean
of 3 blood pressure measurements on day 2, 5, 6 or 7 during low-sodium intervention –
mean of 9 blood pressure measurements at baseline; and response to high-sodium = mean of
3 blood pressure measurements on day 2, 5, 6 or 7 during high-sodium intervention – mean
of 9 blood pressure measurements on the last 3 days of low-sodium intervention.
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Figure 2.
Age and gender-adjusted proportion of high salt-sensitivity during low-sodium and high-
sodium intervention. High salt-sensitivity was defined as a mean arterial pressure decrease
more than 5 mmHg during the low-sodium intervention or increase more than 5 mm Hg
during the high-sodium intervention.
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