
icine®

ONAL STUDY
Med
OBSERVATI
Association of Sodium Excretion With Metabolic Syndrome,
Insulin Resistance, and Body Fat
, M
Se Won Oh, MD, PhD, Kum Hyun Han

MD

(Medicine 94(39):e1650)

Abbreviations: ALP = alkaline phosphatase, ALT = alanine

aminotransferase, ANCOVA = covariance, AST = aspartate

and rural areas, resp
fourth (IV-2, 3, 2008
KNHANES.

Editor: Jose Vilela-Martin.
Received: June 29, 2015; revised: August 25, 2015; accepted: August 29,
2015.
From the Department of Internal Medicine, Ilsan Paik Hospital, Inje
University College of Medicine, Goyang (SWO, KHH, SYH); Department
of Internal Medicine, Seoul Paik Hospital, Inje University College of
Medicine (HSK); The Research Institute of Salt and Health, Seoul (HSK,
SK, HJC); Department of Internal Medicine, Seoul National University
Bundang Hospital, Seongnam (HJC); and Department of Internal Medicine,
Seoul National University College of Medicine, Seoul, Korea (HJC).
Correspondence to Ho Jun Chin, Department of Internal Medicine, Seoul

National University Bundang Hospital, Gumidong 300, Bundangu,
Seong-Nam, Kyeong-Ki Do 463-707, Korea
(e-mail: mednep@snubh.org).

This research received no grant from any funding agency in the public or
commercial sectors.

Supplemental Digital Content is available for this article.
The authors have no conflicts of interest to disclose.
Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
This is an open access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the work non-commercially,
as long as the author is credited and the new creations are licensed under
the identical terms.
ISSN: 0025-7974
DOI: 10.1097/MD.0000000000001650

Medicine � Volume 94, Number 39, October 2015
ub Han, MD, P

Ho Seok Koo, MD, Suhnggwon Kim,

Abstract: Sodium intake was reported to be related to metabolic

syndrome (MS). Although a strong association between sodium intake

and blood pressure (BP) has been reported, the relationship between

sodium intake and other components of MS is unknown.

An observational study of 18,146 adults in the Korea National

Health and Nutrition Examination Survey IV-V databases (2008–

2011) was performed. Estimates of 24-h sodium excretion were made

from a single fasting urine sample.

A significant positive association was found between sodium

excretion and systolic BP and between sodium excretion and diastolic

BP in participants with and without hypertension after adjusting for

multiple covariates (P< 0.001 for trend). The relationship between

triglyceride or glucose levels and sodium excretion was linear

(P< 0.005). In both men and women, a positive relationship between

sodium excretion and waist circumference and an inverse relationship

between sodium excretion and high-density lipoprotein were found (P�
0.001). Body fat percentage, body fat mass, and insulin level were

positively related to sodium excretion (P � 0.001), and HOMA-IR was

significantly associated with sodium excretion (P< 0.05). The risk of

MS was elevated 1.279-fold in the second quartile of sodium excretion

(95% CI, 1.088–1.504, P¼ 0.003), 1.479-fold in the third quartile (95%

CI, 1.262–1.734; P< 0.001), and 1.929-fold in the highest quartile

(95% CI 1.654–2.249, P< 0.001) compared with the lowest quartile.

Sodium intake is significantly associated with all components of

MS, body fat, and insulin resistance. Therefore, a high-salt diet is a

significant risk factor for MS.
D, PhD, Sang Yo hD,
, PhD, and Ho Jun Chin, MD, PhD

aminotransferase, BMI = body mass index, BP = blood pressure, CI

= confidence interval, CVD = cardiovascular disease, DBP =

diastolic blood pressure, eGFR = estimated glomerular filtration

rate, HDL = high-density lipoprotein, HOMA-IR = homeostatic

assay, KNHANES = Korea National Health and Nutrition

Examination Survey, MS = metabolic syndrome, SBP = systolic

blood pressure, TG = triglyceride, WBCs = white blood cells.

INTRODUCTION

M etabolic syndrome (MS) is approaching epidemic pro-
portions worldwide.1 The prevalence of MS in the United

States was 22.9% from 2009 to 2010 with an increasing trend of
abdominal obesity.2 MS represents a cluster of clinical factors
and is used to define patients at increased risk of cardiovascular
disease (CVD), type II diabetes, and all-cause mortality.2,3 MS
is associated with a 2.4-fold increase in CVD and cardiovas-
cular mortality.4 Sodium intake is a modifiable risk factor for
MS.5–7 Previous studies have reported a strong association
between blood pressure (BP) and sodium intake.8–10 However,
there is controversy regarding the association between other
components of MS besides BP and sodium intake. Rodrigues
et al reported that the association between sodium intake and
MS was due to the confounding effect of increased BP and was
not significant in normotensive subjects.7 Sodium intake was
reported to be positively associated with body mass index
(BMI) and waist circumference, but not with dyslipidemia
and fasting glucose levels.5 Baudrand et al showed that a high
sodium intake was associated with dyslipidemia and insulin
resistance.6 Therefore, larger studies are required to investigate
the associations between sodium intake and components of
MS. We assessed the associations between urinary sodium
excretion: insulin resistance, body fat percentage, and each
component of MS. In addition, we investigated the risks of
MS according to the increase in urinary sodium excretion in
participants chosen from a nationwide survey.

METHODS

Participants
The Korea National Health and Nutrition Examination

Survey (KNHANES) is a nationwide representative survey of
the health and nutritional status of the civilian Korean popu-
lation. A health questionnaire survey, health examination, and
nutrition survey were conducted periodically by the Korea
Centers for Disease Control and Prevention beginning in
1998. The participants in this study were chosen from the
candidates using proportional allocation-systematic sampling,
with multistage stratification by age, sex, and region. The 7
metropolitan cities and 9 provinces sampled are shown as urban
ectively. We analyzed data from the
–2009) and fifth (V-1, 2, 2010–2011)
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Among the 37,753 participants who completed the health
examination, 19,132 participants aged 20 years and older with
urine sodium and urine creatinine data were included in this
study. Of these, 986 participants with urine sodium concentra-
tion<10 mmol/L or >500 mmol/L or estimated glomerular
filtration rate (eGFR)<60 mL/min/1.73 m2 were excluded,
leaving a total of 18,146 participants. We divided the partici-
pants into sex-specific quartile groups according to sodium
excretion values. Participants in KNHANES signed an informed
consent form and the survey was approved by the institutional
review board of Centers for Disease Control and Prevention in
Korea (IRB No. 2010-02CON-21-C).

Measurements
Blood and urine samples, after an 8-h fast, were collected

year-round and immediately processed, refrigerated, and trans-
ported in cold storage to the central laboratory (NeoDin Medical
Institute, Seoul, South Korea) for analysis within 24 h. Routine
biochemistry, including creatinine, urine sodium, high-density
lipoprotein (HDL), triglyceride, and glucose levels, was per-
formed using the Hitachi Automatic Analyzer 7600 (Hitachi,
Tokyo, Japan). Serum and urine creatinine levels were measured
by using the Jaffe kinetic method (IV-2,3, 2008–2009; Crea-
tinine-HR 1-Type Wako, Wako, Osaka, Japan; V-1,2, 2010–
2011; CREA, Roche Diagnostics, Indianapolis, IN). Urine
sodium was determined using ion-selective electrodes (Sekisui
Medical Co, Tokyo, Japan). Total cholesterol, HDL, triglycer-
ide, and glucose levels were measured by an enzymatic method
using Pureauto SCHO-N, Cholesteset N HDL, Pureauto S TG-
N, and Pureauto S GLU, respectively (Sekisui Medical Co).
Body fat percentage was determined by using dual-energy X-
ray absorptiometry (QDR 4500A, Hologic Inc, Waltham, MA;
maximum weight of a subject was 204 kg). Serum insulin was
measured by using an immunoradiometric assay using INS-
IRMA (BioSource, Nivelles, Belgium). The GFR was estimated
by using the CKD-EPI equation.11 Insulin resistance assessment
by the homeostatic assay (HOMA-IR) was calculated using the
formula: HOMA-IR¼ [fasting glucose� fasting insulin/405].12

The 3 BP readings were obtained using a mercury sphygmo-
manometer, and the final BP value for individual participants
was reported by calculating the mean of the second and third
reading. Urine protein was measured by dipstick urinalysis, and
the results were reported using a semiquantitative scale from
negative to 4þ.

Definitions
The Kawasaki formula was used to estimate 24-h urinary

excretion of sodium from a single fasting urine sample and we
apply these estimates as surrogates for sodium intake.13–15

Hypertension was defined as the presence of either systolic
BP �140 mm Hg or diastolic BP �90 mm Hg, or following a
course of antihypertensive medication at the time of interview.
Diabetes mellitus was defined as participants who fulfilled at
least 1 of the following 4 criteria: fasting blood glucose
�126 mg/dL; following a course of medication to decrease
blood glucose level at the time of interview; following a course
of insulin administration at the time of interview; and self-report
of having received a physician’s diagnosis of diabetes. BMI was
calculated on the basis of weight and height (kg/m2). MS was
dened on the basis of National Cholesterol Education Program
ATP III guidelines.16 Proteinuria was defined as dipstick uri-

Oh et al
nalysis above 1þ. Malignancy was defined as self-reported
history of stomach, colon, liver, uterine cervix, breast, or other
types of cancer. Myocardial infarction, angina, and stroke were
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also defined by self-reported history. Current smoking was
defined as smoking on �1 day within the previous month.
Alcohol consumption was defined as drinking �2 alcoholic
beverages in a month within the previous year.

Statistical Analysis
All analyses were performed using SPSS software (SPSS

version 20.0, SPSS Inc, Chicago, IL). Data are presented as the
mean � standard deviation for continuous variables and as a
percentage for categorical variables. Differences were analyzed
using the x2 test for categorical variables and analysis of
variance for continuous variables. We analyzed independent
factors related to estimated sodium excretion by using multiple
linear regression analysis. Analysis of covariance was used to
adjust independent factors related to estimated sodium
excretion. The risks and 95% confidence intervals (95% CIs)
of factors associated with MS were calculated by using logistic
regression analysis. A P value<0.05 was considered statisti-
cally significant.

RESULTS

Baseline Characteristics
The mean age of the 18,146 Korean participants was 46.8

years, and 45.6% were men. The median urine sodium excretion
of the total population was 4.1 [3.3–5.1] g/day. The median
estimated urine sodium was 2.7[2.3–3.1] g/day in the lowest
quartile, 3.7 [3.4–4.1] g/day in the second quartile, 4.6 [4.1–
5.0] g/day in the third quartile, and 5.9[5.2–6.5] g/day in the
highest quartile. The baseline characteristics of the study
participants are shown in Table 1. The participants with higher
excreted urine sodium values tended to be older and have
increased systolic blood pressure (SBP), diastolic blood pres-
sure (DBP), eGFR, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), glucose,
cholesterol, triglyceride, 25-OH vitamin D, insulin, and
HOMA-IR (P< 0.01). In addition, higher levels of sodium
excretion were associated with a higher prevalence of diabetes,
hypertension, and malignancy (P< 0.001). Lower values of
urine sodium excretion were associated with higher levels of
hemoglobin, white blood cells (WBCs), HDL, and ferritin (P �
0.010) (Table 1).

Nutritional Status According to Estimated
Sodium Excretion

A significant linear relationship was observed between
estimated sodium excretion and BMI and between estimated
sodium excretion and waist circumference (P< 0.001 for tre-
nd). The highest urine sodium excretion was associated with the
highest BMI and waist circumference values (P< 0.001). Low-
est estimated sodium excretion had the lowest mean total energy
intake excretion. Intake of sodium, the ratio of sodium and total
intake, and carbohydrate intake were positively correlated with
estimated sodium excretion (P< 0.001 for trend). However, a
significant inverse relationship was observed between fat intake
and urine sodium excretion (P< 0.001 for trend). Intake of
protein and water was not associated with estimated sodium
excretion (Table 2).

Adjusted Association Between Estimated Sodium
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Excretion and MS Components
We analyzed the associations between estimated urine

sodium excretion and components of MS after adjusting for
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was significantly linear (P¼ 0.004 for trend) (Figure 2D).

TABLE 1. Baseline Characteristics Among Urine Sodium Groups

Urine Sodium Excretion Quartiles (g/day)

First 2.7 [2.3–3.1]
(n¼ 4536)

Second 3.7 [3.4–4.1]
(n¼ 4537)

Third 4.6 [4.1–5.0]
(n¼ 4537)

Fourth 5.9 [5.2–6.5]
(n¼ 4536) P

Age (yr) 46.8 � 16.6 48.7 � 15.3 50.0 � 15.3 51.8 � 15.0 <0.001
Men (%) 2067 (45.6) 2068 (45.6) 2068 (45.6) 2067 (45.6) 1.000
SBP (mm Hg) 116.3 � 16.0 118.7 � 16.7 120.3 � 17.0 124.4 � 18.6 <0.001
DBP (mm Hg) 75.7� 10.4 76.7� 10.3 77.3� 10.7 79.0� 10.9 <0.001
eGFR (mL/min/1.73 m2) 96.1� 15.6 96.0� 15.2 96.4� 15.0 97.1� 14.6 0.006
Hb (g/dL) 14.1� 1.6 14.0� 1.6 14.0� 1.5 13.9� 1.6 <0.001
WBC (1000/mL) 6.2� 1.8 6.1� 1.7 6.0� 1.7 6.1� 1.7 <0.001
AST (IU/L) 22.5� 14.3 22.3� 12.7 22.5� 11.9 23.3� 11.8 0.002
ALT (IU/L) 21.4� 21.3 21.2� 14.9 21.8� 16.1 22.7� 16.7 <0.001
ALP (IU/L) 221.7� 69.9 222.8� 68.5 229.2� 82.6 234.7� 73.2 <0.001
Glucose (mg/dL) 96.6� 23.4 96.8� 21.5 97.5� 21.3 99.3� 22.6 <0.001
Cholesterol (mg/dL) 188.6� 35.8 189.0� 36.0 189.4� 36.1 191.0� 36.8 0.007
TG (mg/dL) 123.6� 92.7 131.4� 112.5 136.9� 112.8 147.5� 123.3 <0.001
HDL (mg/dL) 53.4� 13.0 52.7� 12.8 52.5� 12.8 52.0� 12.5 <0.001
Ferritin (ng/mL) 91.0� 114.4 90.7� 162.3 85.9� 97.6 84.1� 89.2 0.010
25-OH vitamin D 17.7� 6.4 18.3� 6.7 18.2� 6.4 18.7� 6.5 <0.001
Insulin (mU/mL) 9.67� 5.46 9.95� 6.52 9.99� 4.53 10.45� 5.68 <0.001
HOMA-IR

�
2.36� 1.75 2.45� 2.60 2.44� 1.45 2.62� 2.33 <0.001

Proteinuria (%)y 83 (1.8) 41 (0.9) 33 (0.7) 28 (0.6) <0.001
DM (%) 375 (8.9) 382 (9.0) 404 (9.4) 513 (12.1) <0.001
HTN (%) 1269 (29.6) 1288 (29.6) 1384 (31.6) 1730 (39.5) <0.001
MI (%) 31 (0.7) 26 (0.6) 26 (0.6) 36 (0.8) 0.506
Angina (%) 61 (1.4) 74 (1.6) 77 (1.7) 91 (2.0) 0.107
Stroke (%) 86 (1.9) 68 (1.5) 75 (1.7) 85 (1.9) 0.414
Malignancy (%) 110 (2.4) 119 (2.6) 148 (3.3) 157 (3.5) 0.008
Smoking (%) <0.001
Current 1542 (34.4) 1404 (31.2) 1340 (29.7) 1305 (29.0)
Ex- or nonsmoker 2960 (65.7) 3095 (68.8) 3175 (70.3) 3193 (71.0)
Alcohol (%) 2009 (44.8) 2014 (45.0) 1986 (44.2) 1982 (44.2) 0.839

ALP¼ alkaline phosphatase; ALT¼ alanine aminotransferase; AST¼ aspartate aminotransferase; BMI¼ body mass index; DBP¼ diastolic blood
pressure; DM¼ diabetes; eGFR¼ estimated glomerular filtration rate; Hb¼ hemoglobin; HDL¼ high-density lipoprotein; HTN¼ hypertension;
MI¼myocardial infarction; SBP¼ systolic blood pressure; TG¼ triglyceride; WBC¼white blood cell; .�

ants
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multiple covariates. A significant linear association was
observed between estimated sodium excretion and SBP and
between estimated sodium excretion and DBP (P< 0.001 for
trend) (Figure 1A, B). In hypertensive participants, larger
increases of SBP and DBP were observed with increasing urine
sodium excretion. A 2.11-mm Hg estimated mean difference in
SBP was observed between the lowest and highest quartiles in
nonhypertensive participants, whereas an 8.2-mm Hg difference
was observed in hypertensive participants. In DBP, the esti-
mated mean difference between the lowest and highest quartiles
was 1.08 mm Hg in nonhypertensive participants and 3.3 mm
Hg in hypertensive participants.

The relationship between estimated sodium excretion and
triglyceride was linear (P< 0.001 for trend) (Figure 2A). Tri-
glyceride levels were significantly higher in the highest quartile
than in the lowest and second quartiles (P< 0.001). A positive
relationship between estimated sodium excretion and waist

Levels of insulin and HOMA-IR were measured in 12,913 particip
yProteinuria was defined as dipstick urinalysis above 1þ.
circumference was found in both men and women (P �
0.001 for trend) (Figure 2B). Waist circumference was signifi-
cantly higher in the third and highest quartiles than in the lowest

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
quartile (P< 0.001). An inverse relationship was found between
estimated sodium excretion and HDL in both men and women
(P� 0.001 for trend) (Figure 2C). HDL was significantly lower
in the highest quartile of estimated sodium excretion than in the
lowest quartile in both men and women (P< 0.001). The
relationship between estimated urine sodium and glucose

.

Glucose levels were significantly higher in the highest quartile
than in the lowest and second quartiles (P< 0.05).

Adjusted Association Between Estimated Sodium
Excretion and Body Fat and Insulin Resistance

After adjusting for multiple factors, a significant positive
association was found between estimated sodium excretion and
body fat percentage (P< 0.001 for trend). Similarly, body fat
mass was positively related to sodium excretion (P< 0.001 for

trend). Body fat percentage in the third quartile and body fat
mass in the second and third quartiles were significantly higher
compared with the lowest quartile (P< 0.05). In addition, body
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addition, MS was adjusted for age, sex, cholesterol, hemo-

TABLE 2. Nutritional Status Among Urine Sodium Groups

Urine Sodium Excretion Quartiles (g/day)

First 2.7 [2.3–3.1] Second 3.7 [3.4–4.1] Third 4.6 [4.1–5.0] Fourth 5.9 [5.2–6.5] P

BMI (kg/m2) 23.0� 3.3 23.5� 3.2 23.7� 3.2 24.5� 3.4 <0.001
Waist circumference (cm) 79.2� 10.1 80.5� 9.6 81.7� 9.5 83.9� 9.7 <0.001
Total energy intake (kcal) 1924� 867 1975� 873 1978� 831 1963� 842 0.016
Total intake (g) 1432� 857 1452� 800 1449� 800 1441� 832 0.718
Sodium intake (g) 4.7� 3.2 4.9� 3.2 5.1� 3.3 5.1� 3.3 <0.001
Fat intake (g) 38.7� 30.7 38.3� 30.4 38.0� 30.3 35.3� 28.2 <0.001
Protein intake (g) 69.1� 41.5 70.3� 39.2 70.7� 38.4 69.0� 37.3 0.121
Carbohydrate intake (g) 309� 123 321� 126 325� 123 328� 130 <0.001
Water intake (g) 981� 718 986� 658 980� 666 973� 696 0.871

.0
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fat percentage and body fat mass were significantly higher in the
highest quartile than in all other estimated sodium excretion
groups (P � 0.012) (Figure 3A, B).

HOMA-IR was significantly associated with estimated
sodium excretion after adjusting for covariates. HOMA-IR
was significantly higher in the highest quartile than in the
lowest quartile (P< 0.05) (Figure 3C). In addition, the concen-
tration of insulin was positively related to the estimated urine
excretion (P¼ 0.001 for trend). Insulin levels were significantly
lower in the lowest quartile than in the second, third, and the
highest quartiles (P< 0.05) (Figure 3D).

Number of MS Components According to
Estimated Sodium Excretion

The number of MS components increased with increasing
estimated sodium excretion. In women, the mean number of MS
components was 0.9 � 1.1, 1.1 � 1.2, 1.2 � 1.2, and 1.5 � 1.3
in the lowest, second, third, and highest quartiles, respectively
(Figure 4A). The number of MS components was the highest in
the highest quartile of estimated sodium excretion and lowest in

Sodium/total intake (mg/g) 3.6� 2.1 3.7� 2
the lowest quartile (P< 0.001). In men, the mean number of MS
components was 1.1 � 1.0, 1.1 � 1.0, 1.2 � 1.0, and 1.3 � 1.1
in the lowest, second, third, and highest quartiles, respectively

FIGURE 1. Relationship between blood pressures and sodium excretion
with or without hypertension. B, Mean DBP according to sodium excre
WC, and TG were adjusted for age, BMI, SBP, WC, calorie intake, he
aminotransferase (AST), aspartate aminotransferase (ALT), alkaline
lipoprotein (HDL), 25-OH vitamin D using covariance (ANCOVA) ana
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(Figure 4B). The number of MS components was significantly
higher in the third and highest than in the lowest and second
quartiles (P � 0.005).

Adjusted Risk of MS According to Estimated
Sodium Excretion

The risk of MS was assessed according to estimated
sodium excretion adjusted for multiple variables. The second
quartile had a 1.279-fold elevated risk of MS (95% CI, 1.088–
1.504; P¼ 0.003) and the third quartile showed a 1.479-fold risk
compared with the lowest quartile (95% CI, 1.262–1.734;
P< 0.001). Furthermore, the highest quartile showed the high-
est risk of MS (1.929; 95% CI 1.654–2.249; P< 0.001). In

3.8� 2.1 3.9� 2.1 <0.001
globin, WBC, ferritin, eGFR, ALT, ALP, 25-OH vitamin D,
proteinuria, hypertension, diabetes, and smoking (Table 3).

DISCUSSION
We found a positive association between sodium excretion
and all components of MS such as BP, waist circumference,
triglyceride, and fasting glucose and an inverse association
between sodium excretion and HDL. In addition, a significant

. A, Mean SBP according to sodium excretion levels in participants
tion levels in participants with or without hypertension. SBP, DBP,

moglobin, glucose, eGFR, white blood cell (WBC) count, alanine
phosphatase (ALP), total cholesterol, ferritin, TG, high-density
lysis.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.



FIGURE 2. Relationship between metabolic syndrome (MS) components and sodium excretion. A, Mean triglyceride (TG) levels
according to sodium excretion. B, Mean waist circumference (WC) according to sodium excretion levels in men and women. SBP,
DBP, WC, and TG were adjusted for age, BMI, SBP, WC, calorie intake, hemoglobin, glucose, eGFR, white blood cell (WBC) count, alanine
aminotransferase (AST), aspartate aminotransferase (ALT), alkaline phosphatase (ALP), total cholesterol, ferritin, TG, high-density
lipoprotein (HDL), 25-OH vitamin D using covariance (ANCOVA) analysis. C, Mean HDL according to sodium excretion in each sex.
The HDL was adjusted for age, SBP, calorie intake, hemoglobin, glucose, eGFR, WBC, AST, ALT, ALP, serum total cholesterol, ferritin, and

acc
ster
d q
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association was found between sodium excretion and both
insulin resistance and body fat percentage. The risk of MS

25-OH vitamin D using ANCOVA analysis. D, Mean glucose level
calorie intake, hemoglobin, eGFR, WBC, AST, ALT, serum total chole
show the 95% CI.

�
P<0.05, vs. first quartile, yP<0.05, vs. secon
increased along with increases in sodium excretion.
Libuda et al reported on the association between sodium

intake and obesity in children and adolescents.17 This result is

FIGURE 3. Relationship between sodium excretion and both body fat
sodium excretion. B, Mean body fat mass according to sodium exc
pressure (SBP), calorie intake, glucose, white blood cell (WBC) count,
alkaline phosphatase (ALP), total cholesterol, ferritin, triglyceride, high
(ANCOVA) analysis. C, Mean HOMA-IR index according to sodium
HOMA-IR and insulin were adjusted for age, SBP, calorie intake, hemog
ALP, total cholesterol, ferritin, triglyceride, HDL, and 25-OH vitamin D u
first quartile, yP<0.05, vs. second quartile, zP<0.05, vs. third quart

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
supported by the finding that salt intake is positively associated
with the consumption of sugar-sweetened soft drinks.18 The

ording to sodium excretion. Glucose level was adjusted for age,
ol, ferritin, and 25-OH vitamin D using ANCOVA analysis. Error bars
uartile, zP<0.05, vs. third quartile.
intake of salt stimulates thirst and appetite, subsequently
increasing energy intake.18,19 In this study, we found that total
energy intake was significantly lower in participants with the

and insulin resistance. A, Mean body fat percentage according to
retion. Body fat percentage was adjusted for age, systolic blood
alanine aminotransferase (AST), aspartate aminotransferase (ALT),
-density lipoprotein (HDL), and 25-OH vitamin D using covariance
excretion. D, Mean insulin level according to sodium excretion.
lobin, glucose, estimated glomerular filtration rate, WBC, AST, ALT,
sing ANCOVA analysis. Error bars show the 95% CI.

�
P<0.05, vs.

ile.
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FIGURE 4. Number of MS components according to sodium excretion. A, Number of MS components according to sodium excretion in
reti
5,
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lowest levels of sodium excretion. However, the relationship
between MS and sodium excretion was significant after the
adjustment of total energy intake. This finding is consistent with
that of a previous study,17 suggesting that other explanations
may exist. A cross-sectional study showed that sodium intake
was independently associated with body fat percentage, body fat
mass, abdominal adipose tissue, and leptin in adolescents.20 A
recent study found that a high-salt diet was associated with
insulin resistance and lower adiponectin and HDL.6 A longi-
tudinal study found that body fat increased significantly along
with increases in sodium excretion after an adjustment for
confounders.21 In rats, a high-salt diet increased fat mass,
adipocyte size, and leptin levels, although there was no sig-
nificant change in body weight.22 In addition, a high-salt diet
increased lipogenic enzymatic activity and the capacity to
incorporate glucose into lipids.22 Salt restriction causes
improvements in insulin signaling and adipose tissue inflam-
mation in a rat model of MS.23 In this study, we demonstrated a
significant association between sodium excretion and both body
fat percentage and insulin resistance. A high-salt diet may be
associated with fat metabolism and insulin resistance as well as

women. B, Number of MS components according to sodium exc�
P<0.05, vs. first quartile, yP<0.05, vs. second quartile, zP<0.0
body weight gain by increased energy intake.
In another study, normotensive participants showed no

differences in sodium excretion according to the presence of

TABLE 3. Adjusted Risk of MS According to Sodium Excretion

Urine Sodium
Excretion (g/day) P Odds Ratio 95% CI

First quartile (2.7 [2.3–3.1]) Reference

Second quartile (3.7 [3.4–4.1]) 0.003 1.279 1.088–1.504
Third quartile (4.6 [4.1–5.0]) <0.001 1.479 1.262–1.734
Fourth quartile (5.9 [5.2–6.5]) <0.001 1.929 1.654–2.249

The risk of MS was adjusted for age, sex, calorie intake, hemoglobin,
estimated glomerular filtration rate, white blood cell count, alanine
aminotransferase, aspartate aminotransferase, alkaline phosphatase,
serum total cholesterol, ferritin, hypertension, diabetes mellitus, pro-
teinuria, alcohol, smoking, history of angina, and malignancy.

6 | www.md-journal.com
MS, and the authors suggested that the positive association
between MS and sodium excretion was due to the confounding
effects of BP.7 However, we found a strong positive association
between MS components and sodium excretion in participants
without hypertension (n¼ 11,731; P< 0.001; data not shown).

In our study, the positive association was shown between
sodium excretion and 25-OH vitamin D although sodium
excretion was closely related to insulin resistance in our study.

Many studies reported about the inverse relationship
between 25-OH vitamin D and insulin resistance.24,25 Dietary
intake of vitamin D could be a confounding factor, and the
relationships between 25-OH vitamin D and sodium excretion
were not significant, except the bottom decile group of energy
intake in subgroup analysis (data are not shown). In addition,
sodium excretion was significantly associated with age in our
study. Sodium excretion was significantly increased in partici-
pants with age 40–59 years, compared with age 20–29 years
(P< 0.05), and reduced in participants with age �70 years,
compared with age 50–59 years (P< 0.05) (supplement Figure
1, http://links.lww.com/MD/A436). Aging is related to many
physiologic changes in the oral cavity. The epithelium in oral
cavity becomes thinner and the salivary glands become atrophic
and replaced by adipose and fibrous connective tissue. The taste
buds’ density diminishes.26,27 The average age of perceived
taste disturbances was 42.6 years for men and 49.4 years for
women.28 Increased salt intake in old age may be due to reduced
salt taste. However, in the very old age, total calorie intake is
significantly decreased (P< 0.01, data are not shown) and
sodium excretion was reduced in participants with age
�70 years.

A strength of this study is that we used a large sample size
and nationwide data representative of the general population.
We excluded participants with decreased eGFR because of the
potential for impaired sodium excretion. In addition, we divided
participants into sex-specific quartiles according to sodium
excretion levels, and thus excluded the confounding effect of
sex differences. Second, we used an identical method to
measure urine sodium, creatinine, and components of MS.
Third, to the best of our knowledge, this is the first study to

on in men. Error bars show the standard deviation of the mean.
vs. third quartile.
investigate the association between MS and sodium excretion
using spot urine sodium and creatinine. A spot urine test is more
convenient than a 24-h urine test in the clinical setting, and an
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actual 24-h urinary excretion measurement is impractical within
a large-scale study. However, diurnal variation in sodium
excretion levels can hinder the accurate estimation of 24-h
urinary sodium excretion using spot urine specimens. A vali-
dation study of the Kawasaki formula involving 1083 individ-
uals from 11 countries was done using spot urine specimens.15

Sodium excretion values estimated using the Kawasaki formula
correlated well with 24-h urinary sodium excretion values
(intraclass correlation coefficient of 0.71), although there
was a 10% overestimation of the 24-h sodium excretion.8,15

In addition, the Kawasaki formula was more reliable than other
methods for estimating 24-h sodium excretion.8,15

Our study has potential limitations. First, because our
study was cross-sectional, causality cannot be proven. Second,
the study population comprises only Koreans, and race differ-
ences were not assessed in this study. Third, we could not adjust
the data using medication history, and medications such as
diuretics and inhibitors of the renin–angiotensin system can
affect sodium excretion. However, we found similar results
when excluding participants with a history of hypertension.

In conclusion, high salt intake is significantly associated
with all components of MS, insulin resistance, and body fat, and
it is an independent risk factor for MS. Further studies are
required to assess the mechanisms involved in the association
between sodium excretion and both MS and body fat and the
long-term outcome about risk of MS according to sodium
intake.
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