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Abstract

The association of 24 h urinary Na and potassium excretion with the risk of the metabolic syndrome (MetS) has not been studied in China.

The aim of the present study was to examine this association by analysing the data from 1906 study participants living in north China.

To this end, 24 h urine samples were collected. Of the 1906 participants, 471 (24·7 %) had the MetS. The mean urinary Na and K excretion

was 228·7 and 40·8 mmol/d, respectively. After multivariate adjustment, the odds of the MetS significantly increased across the increasing

tertiles of urinary Na excretion (1·00, 1·40 and 1·54, respectively). For the components of the MetS, the odds of central obesity, elevated

blood pressure and elevated TAG, but not the odds of low HDL-cholesterol and elevated fasting glucose, significantly increased with the

successive tertiles of urinary Na excretion. Furthermore, for every 100 mmol/d increase in urinary Na excretion, the odds of the MetS,

central obesity, elevated blood pressure and elevated TAG was significantly increased by 29, 63, 22 and 21 %, respectively. However,

urinary K excretion was not significantly associated with the risk of the MetS. These findings suggest that high Na intake might be

an important risk factor for the MetS in Chinese adults.
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High Na intake is a serious public health challenge in China and

worldwide because of its contribution to the high prevalence

and concomitant risks of elevated blood pressure and

CVD(1,2). Na intake has been reported to be higher in the

Asian than in the Western population, with the intake being

highest in the Chinese population(3). According to the 2010

Report on Chronic Disease Risk Factor Surveillance in China,

the average salt intake per family member is estimated to

be about 10·6 g/d. More worryingly, approximately 81 and

73 % of individuals have been reported to consume over 5 and

6 g/d, respectively(4).

Previous studies have demonstrated that high Na intake was

positively associated with blood pressure, and the risk of

stroke and CVD(1,2,5–8). Although several studies, attempting

to examine the relationship between Na intake and the risk

of the metabolic syndrome (MetS), have been conducted

globally(9–15), detailed analyses evaluating the association

between the risk of high Na intake estimated by 24 h urinary

Na excretion and the MetS have been limited(13–15).

Meanwhile, none of the population-based studies has specifi-

cally examined the association of 24 h urinary Na excretion

with the risk of the MetS among Chinese adults.

Therefore, in the present study, we analysed the data from

1906 Chinese adults to examine the association between 24 h

urinary Na and K excretion and the risk of the MetS among

Chinese adults.

Methods

Participants

In 2011, the Shandong and Ministry of Health Action on

Salt and Hypertension (SMASH) Project was conducted

initially. Details of the study design and preliminary results

have been published previously(16). Briefly, the study used a

four-stage stratified sampling method to select a provincially

representative sample of the general adult population aged
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18–69 years in China. A total of 2112 participants were ran-

domly selected and invited to provide 24 h urine samples.

Finally, 1906 participants were identified and retained for

this analysis, after we excluded eighty-eight participants with

incomplete 24 h urine collections, forty-nine with incomplete

MetS data, and sixty-nine missing other variables of interest.

The study was approved by the Ethics Committee of the

Shandong Center for Disease Control and Prevention. All

study participants gave written informed consent.

Data collection

Information on variables, including demographic charac-

teristics, smoking habit, alcohol consumption, leisure-time

physical activity, as well as previous diagnosis and treatment

of hypertension and diabetes, was collected at local health

stations, in community clinics, or during home visits by specially

trained research staff using a standard questionnaire. High

school education was defined as having $9 years of schooling.

Alcohol consumption was defined as drinking alcohol at least

twelve times during the past year. Smoking was defined as

having smoked at least 100 cigarettes across lifetime.

Overall, three blood pressure measurements were obtained

in the sitting position after at least 5 min of rest by trained inves-

tigators. Waist circumference was measured at 1 cm above the

navel at minimal respiration. Body weight and height were

measured with participants wearing light indoor clothing

without shoes during clinical examination. BMI was calculated

as weight (in kg) divided by height (in m2).

Overnight fasting blood specimens ($10 h) were obtained

at the examination centres and shipped to Jinan ADICON

Clinical Laboratories where the measurements of fasting

plasma glucose, TAG, as well as HDL-cholesterol concentrations

were made. Plasma glucose concentration was measured using

a modified hexokinase enzymatic method. Serum cholesterol

and TAG levels were analysed enzymatically using commer-

cially available reagents.

Additionally, a single 24 h urine sample was collected from

each participant. All participants were instructed orally on

the collection of 24 h urine samples. Each participant was

provided with two urine collection plastic containers, with

boric acid (about 1 g) being used as a preservative in each

container. Participants were asked to discard the first specimen

in the morning, and from then on to collect all specimens

for up to 24 h. Trained investigators were responsible for

recording the starting and ending time of each specimen collec-

tion and interviewing about completeness using a standard

questionnaire. All samples were shipped to the certified clinical

laboratory (ADICON Clinical Laboratory, Inc.) for the analysis

of Na and K concentrations using the ion-selective electrode

method with an Olympus AU680 autoanalyser (CV: 1·5 %

for Na and 2·5 % for K). Creatinine was determined using

the picric acid method with the Olympus AU640 analyser

(CV 3·0 %). The completeness of urine collections was validated

by urine volume and urinary creatinine excretion. Collections

with urine volume $500 ml and urinary creatinine within

sex-specific mean (2 SD; 1·91–18·27 mmol for men and

1·36–14·28 mmol for women) were considered complete.

Definition of the metabolic syndrome

The MetS was defined according to the harmonised criteria as

the presence of three or more of the following risk factors(17):

(1) central obesity – waist circumference $90 cm for Chinese

men and $80 cm for Chinese women; (2) elevated blood

pressure – systolic blood pressure $130 mmHg and/or diastolic

blood pressure $85 mmHg, or antihypertensive drug treatment

for patient with hypertension; (3) elevated TAG – fasting plasma

TAG level $1·7 mmol/l or drug treatment for elevated TAG

level; (4) reduced HDL-cholesterol – fasting HDL-cholesterol

,1·0 mmol/l in men and ,1·3 mmol/l in women, or drug

treatment for reducedHDL-cholesterol level; (5) elevated fasting

glucose – fasting glucose level $5·6 mmol/l or drug treatment

for elevated glucose level.

Statistical analysis

Data are expressed as either means and standard deviations

for continuous variables or percentages for categorical vari-

ables. Study participants were classified into three categories

according to their 24 h urinary Na excretion (,195·4,

195·4–252·0 and $252·0 mmol) and 24 h urinary K excretion

(,30·7, 30·7–45·5 and $45·5 mmol), separately.

Logistic regression models were applied to estimate OR and

95 % CI for the odds of the MetS according to 24 h urinary Na

or K excretion, adjusted for age, sex, education level (less than

high school or high school graduate), smoking habit, leisure-

time physical activity, alcohol consumption, hypertension,

as well as urbanisation (urban v. rural). Participants with 24 h

urinary excretion of Na ,195·4 mmol or K ,30·7 mmol were

used as reference groups for those analyses estimating OR

and 95 % CI. The presence of a linear trend was tested by

using the medians of the average 24 h urinary Na excretion in

each group treated as a continuous variable in the logistic

regression models(18).

All statistical analyses were conducted using SAS statistical

software version 9.3 (SAS Institute, Inc.). All tests were two-

sided, and a P value of ,0·05 was considered statistically

significant.

Results

On average, 1003 (52·6 %) of the study participants were men

and 903 (47·4 %) were women. Table 1 shows the character-

istics of the study participants by MetS status. Of the 1906

participants, 471 (24·7 %) had the MetS. Participants with the

MetS were older and more likely to have higher mean systolic

and diastolic blood pressure, waist circumference, BMI, fasting

glucose, TAG and 24 h Na excretion compared with their

counterparts without the MetS. However, high school

education and HDL-cholesterol were more prevalent in

participants without the MetS (Table 1).

For all participants, the respective mean 24 h urinary Na and

K excretion was 228·7 and 40·8 mmol. The 24 h urinary Na

excretion was significantly higher among participants with

central obesity, elevated blood pressure or elevated TAG

than among those without these risk factors. Similarly, 24 h

Urinary salt excretion and metabolic syndrome 997
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urinary K excretion was statistically significantly associated

with central obesity (Table 2). In addition, mean 24 h urinary

Na excretion for participants with none (n 498), one (n 511),

two (n 426), three (n 302), and four or five (n 169) of the

metabolic risk factors was 214·9, 227·2, 233·5, 241·3 and

238·7 mmol, respectively. The corresponding 24 h urinary K

excretion was 39·0, 40·7, 41·7, 42·3 and 41·2 mmol, respect-

ively. In aggregate, mean 24 h urinary Na but not K excretion

significantly increased with the number of metabolic risk

factors (P for linear trend ,0·001 and P for linear

trend¼0·12, respectively; Fig. 1).

As expected, 24 h urinary Na excretion was a strong inde-

pendent predictor of the risk of the MetS. The respective

multivariate-adjusted OR for the MetS compared with partici-

pants with 24 h urinary Na excretion ,195·4 mmol were 1·40

(95 % CI 1·05, 1·87) and 1·54 (95 % CI 1·16, 2·06) for participants

with 24 h urinary Na excretion 195·4–252·0 and $252·0 mmol.

A statistically significant dose–response relationship between

24 h Na excretion and the odds of the MetS was documented

(P for linear trend ,0·05; Table 3). Increases in 24 h urinary

Na excretion were associated with significantly increased odds

of the MetS. In general, an increase in 24 h urinary Na of

100 mmol was significantly associated with a 29 % increased

odds of the MetS (OR 1·29, 95 % CI 1·12, 1·48; Table 4). However,

no significantly positive association was observed between 24 h

urinary K excretion and the risk of the MetS (Table 3).

As for the components of the MetS, the odds of central

obesity, elevated blood pressure and elevated TAG signifi-

cantly increased across the increasing tertiles of 24 h urinary

Na excretion (1·00, 1·45 and 2·32, respectively, for central

obesity; 1·00, 1·38 and 1·54, respectively, for elevated blood

pressure; 1·00, 1·68 and 1·66, respectively, for elevated TAG;

Table 2. Mean 24 h urinary excretion of sodium and potassium among the participants with and without each
component of the metabolic syndrome

(Mean values and standard deviations)

24 h Urinary Na excretion 24 h Urinary K excretion

Participants (n) Mean SD P Mean SD P

Central obesity
Yes 834 243·3 87·8 ,0·001 42·6 20·2 ,0·001
No 1072 217·2 76·3 39·4 19·1

Elevated blood pressure
Yes 679 237·8 83·2 ,0·001 40·7 18·8 0·87
No 1227 223·6 81·7 40·9 20·1

Elevated TAG
Yes 407 241·2 83·8 ,0·001 40·8 19·1 0·98
No 1499 225·3 81·9 40·8 19·8

Low HDL-cholesterol
Yes 410 223·8 79·8 0·18 41·3 20·0 0·55
No 1496 230·0 83·2 40·7 19·5

Elevated fasting glucose
Yes 651 227·7 86·5 0·72 41·7 19·8 0·16
No 1255 229·2 80·4 40·3 19·5

Table 1. Baseline characteristics of the study participants according to metabolic syndrome status

(Mean values and standard deviations)

No metabolic syndrome Metabolic syndrome

Mean SD Mean SD P

Participants (n) 1435 471
Men (%) 54·6 46·7 0·003
Age (years) 39·7 13·9 46·1 13·0 ,0·001
Systolic blood pressure (mmHg) 117·0 16·0 134·0 19·5 ,0·001
Diastolic blood pressure (mmHg) 76·0 10·2 87·2 10·7 ,0·001
BMI (kg/cm2) 23·4 3·3 27·8 3·6 ,0·001
Waist circumference (cm) 80·4 9·5 93·4 10·1 ,0·001
Hypertension (%) 11·8 50·3 ,0·001
High school graduate (%) 26·6 20·2 0·005
Smoking (%) 32·1 29·3 0·26
Alcohol consumption (%) 36·8 36·7 0·98
Leisure-time physical activity (%) 19·6 20·1 0·63
Urban (%) 32·1 33·8 0·51
Fasting plasma glucose (mmol/l) 5·3 0·8 6·2 1·7 ,0·001
TAG (mmol/l) 1·0 0·8 2·5 2·6 ,0·001
HDL-cholesterol (mmol/l) 1·5 0·3 1·2 0·3 ,0·001
24 h Na excretion (mmol) 224·8 80·3 240·4 88·0 ,0·001
24 h K excretion (mmol) 40·4 19·7 41·9 19·5 0·15

Z. Ge et al.998
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P for linear trend ,0·05 for all). Overall, for each increment of

100 mmol 24 h urinary Na excretion, the odds of central obes-

ity, elevated blood pressure and elevated TAG was 63, 22 and

21 % higher, respectively (Table 4). Nevertheless, 24 h urinary

K excretion was not significantly associated with the com-

ponents of the MetS apart from central obesity (Table 3).

Sensitivity analysis

We conducted a sensitivity analysis by applying creatinine

coefficients, calculated as urinary creatinine excretion

(in mg/d) divided by weight (in kg), to assess the complete-

ness of 24 h urine collections. Creatinine coefficients of

14·4–33·6 in men and 10·8–25·2 in women were categorised

as an acceptable 24 h urine collection(19). After exclusion of

the participants with incomplete 24 h urine samples, a total

of 1371 participants were retained for this analysis. All results

were similar to those reported in the main analysis. For

example, compared with participants with 24 h urinary

Na excretion ,195·4 mmol, the multiple-adjusted OR for

those with 24 h urinary Na excretion 195·4–252·0 and

$252·0 mmol were 1·77 (95 % CI 1·26, 2·49) and 1·77 (95 %

CI 1·26, 2·48) for the MetS (P for linear trend¼0·002),

respectively. Similarly, compared with the participants with

24 h urinary K excretion ,30·7 mmol, the multiple-adjusted

OR for those with 24 h urinary K excretion 30·7–45·5 and

$45·5 mmol were 1·36 (95 % CI 0·96, 1·93) and 1·38 (95 % CI

0·98, 1·94) for the MetS, respectively.

Discussion

Data from the present study identified that 24 h urinary Na

but not K excretion significantly increased with number

of metabolic risk factors. As expected, we found a signifi-

cant dose–response relationship between 24 h urinary Na

excretion and the risk of the MetS, even after adjustment for

multiple risk factors. It indicates that high Na intake is a

stronger independent predictor of the risk of the MetS.

Moreover, high Na intake was significantly associated with

the risk of MetS components, including central obesity,

elevated blood pressure and elevated TAG. However, there

was no significant association between K intake and the risk

of the MetS. Our findings clearly illustrate the public health

importance of the reduction of Na intake for preventing

the MetS.

To our knowledge, this was the first study to report the

association of Na and K intake assessed by 24 h urine

sample with the risk of the MetS in China. It has important

clinical and public health implications because high Na

intake and the risk of the MetS are becoming common in

the Chinese adult population(4,20). Accordingly, these findings

contribute to the existing literature and provide new and

important information in relation to the relationship between

Na intake and the risk of the MetS in the Chinese general

adult population, and suggest that the reduction of Na

intake should be an important priority for reducing the preva-

lence of the MetS in China.

We observed that Na intake significantly increased with

the number of metabolic risk factors, which is in line with

previous studies(11,14,15), but inconsistent with the finding

of a cross-sectional study conducted in 781 normotensive

Brazilian adults aged 25–64 years(12). This inconsistency

could be, in part, due to the estimation of Na intake in 12 h

nocturnal urine samples in the Brazilian study.

In most but not all studies, high Na intake has been

identified as a risk factor of the MetS(10–15). To date, only

two previous studies have attempted to quantify the associ-

ation between Na intake and the risk of the MetS(11,13).

Baudrand et al.(13) reported that compared with participants

having urinary Na excretion #150 mEq/24 h, those with

urinary Na excretion .150 mEq/24 h were significantly associ-

ated with the elevated risk of the MetS (OR 3·98, 95 % CI 2·15,

7·36) among 370 participants aged 18–85 years recruited from

low- and middle-income primary care centres in Santiago,

Chile. The study by Raisanen et al.(11) has suggested that

participants in the third tertile of Na intake, estimated by 7 d

food records, were at a higher odds of the MetS compared

with those in the first tertile of Na intake (OR 1·84, 95 % CI

1·23, 3·05). Similarly, in the present study, we examined the

association between daily Na intake and the risk of the MetS

by dividing the participants into three groups according to

the tertiles of 24 h urinary Na excretion. The present study

indicated that high Na intake was significantly associated

with the risk of the MetS. Moreover, we documented a
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Fig. 1. Mean 24 h urinary (a) sodium and (b) potassium excretion according

to the number of metabolic risk factors. A colour version of this figure can be

found online at http://www.journals.cambridge.org/bjn
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Table 3. Adjusted OR of the metabolic syndrome and its components according to tertiles of 24 h urinary sodium and potassium excretion

(Odds ratios and 95 % confidence intervals)

24 h Urinary Na excretion (mmol) 24 h Urinary K excretion (mmol)

,195·4 195·4–252·0 $252·0 ,30·7 30·7–45·5 $45·5

OR OR 95 % CI OR 95 % CI P for linear trend OR OR 95 % CI OR 95 % CI P for linear trend

Metabolic syndrome
Model* 1·00 1·40 1·07, 1·83 1·52 1·17, 1·98 0·002 1·00 1·29 0·99, 1·67 1·22 0·94, 1·59 0·20
Model† 1·00 1·40 1·05, 1·87 1·54 1·16, 2·06 0·004 1·00 1·34 1·00, 1·78 1·26 0·95, 1·68 0·17

Central obesity
Model* 1·00 1·34 1·07, 1·69 2·01 1·60, 2·52 ,0·001 1·00 1·23 0·98, 1·54 1·43 1·14, 1·79 0·002
Model† 1·00 1·45 1·14, 1·85 2·32 1·82, 2·96 ,0·001 1·00 1·24 0·98, 1·57 1·45 1·14, 1·84 0·003

Elevated blood pressure
Model* 1·00 1·41 1·10, 1·81 1·57 1·23, 2·01 ,0·001 1·00 0·97 0·76, 1·25 1·02 0·80, 1·30 0·90
Model† 1·00 1·38 0·98, 1·94 1·54 1·10, 2·16 0·01 1·00 1·00 0·71, 1·39 1·15 0·83, 1·60 0·38

Elevated TAG
Model* 1·00 1·73 1·30, 2·29 1·73 1·30, 2·29 ,0·001 1·00 1·29 0·99, 1·69 1·06 0·80, 1·39 0·96
Model† 1·00 1·68 1·26, 2·25 1·66 1·24, 2·22 0·001 1·00 1·33 1·01, 1·76 1·14 0·85, 1·51 0·53

Low HDL-cholesterol
Model* 1·00 0·98 0·75, 1·28 0·89 0·68, 1·17 0·17 1·00 1·07 0·82, 1·40 1·04 0·80, 1·36 0·81
Model† 1·00 1·08 0·82, 1·43 1·02 0·77, 1·35 0·89 1·00 1·06 0·80, 1·41 0·98 0·74, 1·30 0·83

Elevated fasting glucose
Model* 1·00 0·87 0·68, 1·10 0·97 0·76, 1·23 0·85 1·00 1·17 0·92, 1·49 1·15 0·91, 1·46 0·30
Model† 1·00 0·84 0·66, 1·07 0·92 0·72, 1·16 0·50 1·00 1·18 0·92, 1·50 1·14 0·89, 1·45 0·37

* Adjusted for age.
† Adjusted for age, sex, high school education, urbanisation, leisure-time physical activity, alcohol consumption, smoking habit and hypertension.
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strong dose–response association between Na intake and the

risk of the MetS. This might be due to the participants with

high Na intake consuming more energy and unhealthy

food(21). In addition, in the present study, K intake was not

a statistically significant predictor of the MetS. However, it

has been reported that low K intake is significantly associated

with a higher prevalence of the MetS in hypertensive Japanese

women(10).

Several studies have examined the association of Na intake

with waist circumference, changes in blood pressure, the risk

of incident hypertension, and the risk of incident diabetes and

CVD mortality(6,22–24). It has been documented that waist

circumference significantly increased with Na intake(21,22).

However, these estimates were based on a small sample

size(22). A recent multi-ethnic cohort study has found that

the Na:K ratio was an independent predictor of the risk of

obesity(25). Interestingly, we observed that both high Na and

K intakes were significantly associated with the increased

risk of central obesity. The INTERSALT study (an international

study of electrolyte excretion and blood pressure) conducted

in fifty-two centres from thirty-two countries has suggested

that a 100 mmol increase in 24 h urinary Na excretion was

associated with at least 2·2 mmHg increase in systolic blood

pressure(2). Consistently, in the present study, the odds of

elevated blood pressure increased across the tertiles of 24 h

urinary Na excretion. However, Stolarz-Skrzypek et al.(23)

found that there was no significant relationship between

24 h urinary Na excretion and the risk of incident hyperten-

sion. Additionally, in a prospective cohort study of 1935

Finnish aged 35–64 years, high Na intake has been signifi-

cantly associated with the increased risk of diabetes. However,

we found that there was no significant association between

Na intake and elevated fasting glucose levels.

Some potential limitations of the present study should be

noted. The cross-sectional nature of the present study makes

it hard to establish any casual relationship. In addition, the

Na intake estimated by a single 24 h urine collection might

have overestimated or underestimated the actual Na intake

in the Chinese adult population. This random measurement

error, owing to day-to-day variation in Na intake in

individuals, would possibly bias the association towards zero

. Given that Na intake habits would potentially be altered

after participants are diagnosed with any component of the

MetS, OR might have been slightly underestimated due to

the lack of data on changes in Na intake habits over time.

Furthermore, Na intake is associated with several dietary

factors including energy intake as well as the amount of

food consumption, and it cannot be ruled out that without

adjustment for these dietary factors, the effect of Na intake

on the MetS could be overestimated. Finally, lack of

information on drug treatment for lipid abnormality (elevated

TAG and reduced HDL-cholesterol) in the present study might

result in a slight misclassification of the MetS. However,

awareness, treatment and control rates of hyperchole-

sterolaemia were extremely low in China. For example, the

control rate was less than 2·0 % in the Chinese population(26).

Nonetheless, the strengths of the present study include its

stringent quality-control procedures, large sample size, use

of 24 h urine collection considered as the ‘gold’ standard

method for the estimation of Na intake, and careful measures

of outcome variables.

In summary, the present study reported an independent and

dose–response association between 24 h urinary Na excretion

and the odds of the MetS. However, no significant association

was observed between 24 h urinary K excretion and the odds

of the MetS. These findings suggest that the reduction of Na

intake should be a potential approach for reducing the risk

of the MetS and its societal burden in China.
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