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Abstract

Background

High sodium intake is associated with the development of chronic diseases such as obesity.
Although its role in obesity remains controversial, there may be a correlation between salt
sensitivity and the early onset of chronic diseases in obese children.

Methods

In all, 2,163 Korean children (1,106 boys and 1,057 girls) aged 8-9 years were recruited
from seven elementary schools in Seoul. To evaluate whether obesity risk was modulated
by the salt sensitivity, 11 SNPs related to salt sensitive genes (SSG) became the target of
sodium intakes in obese children.

Results

BP, HOMA-IR, LDLc, TG, and the girls’ sodium intake significantly increased, but HDLc sig-
nificantly decreased with increase in BMI. Regardless of sex, the obesity risk was 5.27-fold
(ClI; 1.320—-27.560) higher in the Q2 to Q5 of sodium intake adjusted by energy (4044.9—
5058.9 mg/day) than in the lowest Q1 level (2287.6 mg/day) in obese children. BP was sen-
sitively dependent on insulin resistance and lipid accumulation in all subjects; however, so-
dium intake may be an independent risk factor of obesity without increasing BP in girls.
GRK4 A486V mutant homozygote was highly distributed in the obese group, but other
SNPs had no impact. The obesity risk increased 7.06, 16.8, and 46.09-fold more in boys
with GRK4 A486V, ACE, and SLC12A3 mutants as sodium intake increased. Among girls,
the obesity risk increased in GRK4 A486V heterozygote and CYP113-2 mutant homozygote
although sodium intake was relatively lower, implying that ACE, SLC12A, CYP113-2, and
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GRK4 A486V polymorphisms showed gender-based differences with regard to interaction
between sodium intake and obesity.

Conclusion

A high sodium intake markedly increased the obesity risk in variants of GRK4 A486V re-
gardless of sex. The obesity risk increased with GRK4 A486V, ACE, and SLC12A3 variants
in boys, whereas it increased with GRK4 A486V and CYP11B2 variants in girls as sodium in-
take increased. Obese children with the specific gene variants are recommended to reduce
their sodium intake.

Introduction

According to the 2010 Korean National Health and Nutrition Examination Survey
(KNHANES), the average daily sodium intake (5000 mg/day; dietary salt intake 13.8 g/day) of
Korean adults is 2.5-fold higher than that recommended by the WHO.[1] The role of dietary
sodium in the development of hypertension, obesity, renal, and cardiovascular disease is still
debatable. Salt sensitivity and hypertension are complex diseases that may be the result of ge-
netic predisposition coupled with environmental influences, such as excessive sodium con-
sumption and sedentary lifestyles. Even though there was considerable controversy about the
definition and diagnosis of salt sensitivity, the most reliable method to measure salt sensitivity
is the blood pressure (BP) response to a change in dietary sodium intake as shown in epidemio-
logic studies. [2,3,4] In a Chinese study on sodium intervention, multivariable-adjusted mean
changes in BP were significantly greater in subjects with metabolic syndrome than in those
without it, among both those consuming low-sodium (51.3 mM/day) and high-sodium

(307.8 mM/day) diets. [5] This finding implies that the reduction in sodium intake could be an
important component in patients with multiple risk factors for metabolic syndrome,

including obesity.

Since half of the 70 million Americans with high BP who were keeping it under control by
medication are obese, obesity may be associated with high BP, and vice versa. [6] Several stud-
ies have shown that obese rodent models also have impaired pressure-natriuresis and increased
salt sensitivity, where the association between salt sensitivity and obesity requires investigation.
[7,8] According to the cytokine-based hypertension hypothesis, inflammation factors, IL-6 or
c-reactive protein, were released by fat accumulation, activating the epithelial sodium channel
(ENaC), SSG, and increasing sodium reabsorption in the kidney.[9] Other researchers have
suggested that the salt sensitivity was mediated by insulin, leptin resistance, or urinary sodium
excretion regulated by 5’ AMP-activated protein kinase (AMPK), an energy regulator.[10,11]
Many papers have reported that the variation in BP environments are due to the combined ef-
fects of SSG such as angiotensin-converting enzyme (ACE), angiotensinogen (AGT), o-addu-
cinl (ADD1), cytochrome P450 family 11-subfamily 8-2 (CYP11S-2), G-protein b3 subunit
(GNB3), G protein-coupled receptor kinases type 4 (GRK4 A142V, GRK4 A486V), 11B-hydro-
xysteroid dehydrogenase type-2 (HSD 11§-2), neural precursor cell-expressed developmentally
downregulated 4 like (NEDD4L), solute carrier family 12 (sodium/chloride transporters)-mem-
ber 3 (SLC 12A3), and ENac, and may modulate the risk of obesity.[4,12,13,14] However, there
is no information regarding the effect of sodium intake on white adipose tissue lipogenic and li-
polytic fluxes. However, the mechanisms how the polymorphisms of SSG develop the obesity
in humans still remains unclear. The purpose of this study was to investigate the association of
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obesity risk in Korean children with a dietary habit of high sodium intake. We also investigated
the polymorphism of SSG that may be involved in the risk of child obesity in spite of diversity
among different ethnic groups. We believe that the findings of this study will contribute to the
prevention of the early onset of chronic disease in obese children, facilitating personalized
management of obesity from childhood to adulthood.

Material and Methods
Subjects

In all, 2,163 subjects (8 and 9 years of age; 1,106 boys and 1,057 girls) were recruited from the
3" grade from seven elementary schools located Guro-ku in Seoul, Korea, in the period of reg-
ular medical checkups at 2007 (n = 1,128) and 2008 (n = 1,035). All participants were examined
using a basic survey encompassing their parent’s health history, BMI, education and income,
physical activity, and dietary sodium intake. This study protocol was approved by the institu-
tional review board of Korea University, Guro Hospital (#:GR0837-001) and a written in-
formed consent was obtained from the children and their parents.

Anthropometry and Blood Biochemistry

Height (Ht), body weights (BW), and waist circumference (WC, cm) were measured, and body
mass index [BMI = BW (kg)/Ht (m?)] and obesity index [OI, % = 100+ (present BW—ideal
BW)/ideal BWx100)] were calculated. Overweight was defined if the BMI was between the
85th and 90th percentile, OI> 110%, and WC was between the 50th percentile and 75th per-
centile. Obesity was defined if BMI >95th percentile, OI >120%, and WC > 75th percentile.
Blood samples were obtained to measure total cholesterol (TC), triglyceride (TG), high density
lipoprotein cholesterol (HDLc) and fasting blood glucose (FBS) using a Hitachi-7600 analyzer
(Hitachi, Tokyo, Japan). Low-density lipoprotein cholesterol (LDLc) levels were calculated
using the equation: LDLc = TC-HDLc-(TG/5). Commercial ELISA kits were used for estimat-
ing fasting insulin levels (Mesdia, Seoul, Korea). The homeostasis model assessment of insulin
resistance (HOMA-IR) was calculated as follows: fasting insulin (pU/ml)xFBS (mmol/ml)/
22.5. We genotyped nine SNPs polymorphisms using the TagMan Allelic Discrimination
method (SDS 7700 ABI, Applied Biosystems Inc., Foster City, CA, USA) for GNB3(rs5443);
ultra-high throughput method for SCL12A3(rs116437818), CYP11B-2(rs1799998), GRK4
A142V (rs1024323), GRK4 A486V (rs1801058), AGT(rs699), ACE (rs4341), and NEDD4L
(rs2288774); and SNaPShot method for ADDI1(rs4961).[15,16,17] (S1 Table). The three geno-
types of each SNP were described as wild for dominant or major homozygotes, mutant for re-
cessive or minor homozygotes, and heterozygote.

Dietary Intake of Sodium

Due to the constraint of the participants’ young age, dietary intake, including that of sodium,
were assessed by performing the three-day 24-h food recall survey instead of the 24-hr urinary
excretion method. Dietary intake for three days (two weekdays and one weekend day) was re-
corded by a trained interviewer and the food records were crosschecked with their parents or
guardians. In all, food records for 2,163 subjects were finally included in the dietary analysis
after excluding incomplete, undetectable, or unreliable records. CAN-Pro 4.0 (Korean Nutri-
tional Society, Seoul, Korea) was used for the quantitative analysis of nutrients based on

food records.
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Statistical Analysis

All analyses were performed using SAS 9.1 software (SAS Institute, Inc., Cary, NC, USA). All
statistical tests were two-tailed, and p- values of <0.05 were interpreted as statistically signifi-
cant. The y” test was used to compare the differences in proportions of covariates between the
cases and control subjects. The mean and standard deviations were calculated for continuous
demographic variables with the mean differences tested with adjustments for age by ANOVA
or ANCOVA (age-adjusted). Tests for Hardy-Weinberg equilibrium for each SNP among the
controls were conducted by comparing the observed and expected genotype frequencies of the
controls with X test with one degree of freedom. Logistic regression models (PROC LOGIS-
TIC, SAS Version 9.1; SAS Institute, Cary, NC) were used to estimate odds ratios (ORs) and
corresponding 95% confidence intervals (CIs). Multivariate logistic regression models was per-
formed to evaluate the association of each SNP with the risk of obesity after adjustment for age,
sex, BMIs and education levels (<10 years, 10~12, 13~16 years, and >16 years) of the mother
and father and regular physical activity (no, yes). Linear trends were calculated using the medi-
an values for each risk factor as a continuous variable. Energy-adjusted sodium intake was used
by residual methods and categorized into quintiles based on the distribution of sodium intake
in all subjects.[18] Multivariate OR and CI for obesity risk by quintiles of energy-adjusted sodi-
um intake was computed after adjustment for age, sex, mother’s BMI, father’s BMI, and educa-
tional experience (<10 years, 10~12, 13~16 years, and >16 years) of the mother and father,
dietary fat, systolic blood pressure, and regular physical activity (no, yes). We evaluated the as-
sociation of obesity with dietary sodium intake according to each SNP. Interaction tests were
performed using multiplicative interaction terms of the ordinal score for quintiles of energy-
adjusted sodium intake and each SNP of several genes in the multivariate logistic regression
models after adjustment for age, sex, mother’s BMI, father’s BMI, and education levels

(<10 years, 10~12, 13~16 years, and >16 years) of the mother and father, dietary fat, systolic
blood pressure and regular physical activity (no, yes). Variables for joint effects were coded
using the lowest quintile of energy-adjusted sodium intake with a wild type of each SNP used
as a reference group.

Results
General Characteristics of Children

A difference in obesity distribution was found in the boys who were classified as normal, over-
weight, and obese. There were no differences in obesity distribution by age among the girls
(Table 1). Blood pressure (SBP/DBP), insulin, HOMA-IR, LDL, TG, and the TG/HDL ratio sig-
nificantly increased in both sexes, but the HDL significantly decreased as the children’s obesity
increased. There was no difference in the FBS level between the non-obese and obese children.
However, insulin and HOMA-IR levels were approximately 2.5-fold higher in the obese chil-
dren. Furthermore, exercise was shown to be uncorrelated with obesity in the children. This
was attributable to the fact that the children generally take an exercise for one to three hours
every day. The obese children seemed to have inherited obesity as judged by the BMI of their
parents, but it was not correlated with parents’ education and income, health supplement in-
take, time of TV watching, and snack intake (data not shown). As for the causal relationship
with diet, obesity was not correlated with the total intake for energy, sugar, protein, and fats. In
obese girls, sodium intake was 3926.6+ 1259.3 mg/day, which was significantly greater by more
than 500 mg/day, compared to normal girls (p = 0.03). BP was sensitively dependent on the ef-
fects of insulin resistance on lipid accumulation in all subjects. However, in obese girls, we con-
cluded that sodium intake could be the risk factor for obesity-induced insulin resistance,
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Table 1. General characteristics of subjects in this study.
Characteristics® Total (n = 2163) Boy (n = 1106) Girl (n = 1057)

Normal Overweight Obestiy> p-value®* Normal Overweight Obestiy> p-value* Normal Overweight Obestiy’® p-value*

Subject(n) 1,769 309 85 875 175 56 894 134 29

Age (years)

8 4353"  41.75 40.7 NS? 3571 3.14 39.54 NS? 58.62 47.76 41.83 NS?

9 52.94  55.02 59.13 58.93  57.71 60.23 41.38 51.49 58.05

Blood markers

SBP 107.02 117.31 12229 <0.001 108.03 119.52 12249  <0.001 121.92 114.65 106.04  <.0001
(15.33)% (19.42) (18.20) (15.85) (19.44) (17.97) (18.96) (19.13) (14.74)

DBP 68.42 7495 78.05 <0.001 6854  76.03 78.51 <0.001 7723  73.65 68.31 <.0001
(12.48) (14.55) (14.25) (12.45) (14.49) (14.60) (13.83) (14.58) (12.53)

FBS 78.96  80.49 78.75 NS 79.62  81.39 78.72 NS 78.81 79.65 78.31 NS
(9.90)  (12.04) (8.83) (10.66) (13.28) (8.13) (10.31)  (10.16) (9.04)

Insulin 6.32 9.00(5.08) 14.18 <0.001 6.25 8.74(5.35)  13.01 <0.001 16.37  9.31(4.61) 6.38 <.0001
(5.43) (13.00) (5.66) (11.70) (15.16) (5.19)

HOMA-IR 43.81 62.51 98.46 <0.001 43.34 60.70 90.37 <0.001 113.70 64.69 4427 0.0024
(87.70) (34.91) (90.31) (39.32) (37.12) (81.28) (105.29) (32.04) (36.05)

HDL 57.09  52.61(9.43) 49.57 <0.001 5822  53.39(9.49) 49.93 <0.001 4882  51.60(9.30) 55.97 <.0001
(10.17) (9.12) (10.17) (9.58) (8.21) (10.08)

LDL 100.28 108.61 111.73  <0.001 98.19  107.17 111.91 <0.001 111.36 110.46 102.33  0.0024
(26.73) (26.42) (27.65) (25.79) (27.62) (24.86) (33.26) (24.77) (27.48)

TG 70.80  94.80 107.56  <0.001 66.15 86.59 102.74  <0.001 117.58 105.40 75.39 <.0001
(36.10) (54.91) (53.23) (85.53) (51.87) (45.43) (66.51) (57.07) (36.08)

TG/HDL 1.33 1.95(1.39) 2.34 <0.001 1.22 1.74(1.25) 2.22 <0.001 2.59 2.22(1.52) 1.44 <.0001
(0.88) (1.48) (0.87) (1.29) (2.40) (0.87)

Physical

activity

YES 59.61 60.4 52.91 NS? 68.76  63.06 63.28 NS? 45 56.98 42.76 NS?

NO 40.38  39.59 47.09 3125 36.94 36.72 55 43.02 57.24

parent BMI

father 23.7 24.4(2.7) 23.7(2.5) 0.002 23.8 24.5(2.8) 23.9(2.6) 0.03 23.6(2.5) 24.3(2.5) 23.3(2.4) NS
(2.6) (2.7)

mother 21.6 22.02(2.5) 22.2(2.5) 0.03 21.6 22.0(2.5) 21.7(2.5) NS 21.7(2.4) 22.0(2.5) 23.0(2.2) 0.03
(2.4) (2.4)

Dietary intake

Energy 1613.2 1634.7 16754 NS 1692.9 1731.9 17075 NS 1539.2 1518.3 16256 NS
(380.4) (379.8) (824.2) (387.6) (379.4) (855.1) (358.3) (347.8) (270.0)

Carbohydrate 220.9  219.3(50.2) 227.4 NS 230.8 231.0(51.8) 232.0 NS 2117  205.3(44.6) 220.4 NS
(54.3) (46.4) (54.2) (52.1) (52.7) (35.8)

Protein 67.1 68.4(19.3) 70.0 NS 69.1 72.4(188) 712 NS 65.3 63.7(19.0) 68.1 NS
(47.2) (16.1) (17.4) (14.9) (63.3) (18.1)

Fat 53.9 55.6(17.4) 55.6 NS 56.8 59.0(17.2) 56.5 NS 51.3 51.5(16.8) 54.1 NS
(17.2) (15.9) (17.8) (16.6) (16.2) (15.0)

Sodium 3556.9 3618.9 3806.2 NS 3677.6 3862.3 37283 NS 34448 3327.3 3926.6 0.03
(995.3) (1003.5) (1063.8) (992.8) (1073.3) (927.9) (985.4) (828.4) (1259.3)

“N(%): number(%)

2 p-value: chi-square from the 6 data in “Age” and “Physical activity”; total, boys and girls

Mean(SD): Mean(standard deviation) of continuous variable

p-value: ANOVA p-value

5:Obesity classification by BMI percentiles: obesity>95 percentile, 85 percentile<overweight<95percentile, normal<85 percentile for Korean children
obesity criteria from Korean society of obesity.

8- Units for data; SBP & DBP:mmHg, plasma FBS, HDL, LDL & TG:mg/dL, plasma insulin: uU/ml, BMI:Kg/m?, energy & carbohydrate intakes:Kcal/day,
protein & fat intakes:g/day, sodium intakes:mg/day.

3.
4.

doi:10.1371/journal.pone.0120111.t001

PLOS ONE | DOI:10.1371/journal.pone.0120111 March 13,2015 5/183



@ PLOS | one

Salt Sensitive Genes on the Obesity Prevalence

independent of BP, because BP and blood insulin, HOMA-IR, TG and LDL levels were not in-
creased by high sodium intake.

Effects of sodium intake on obesity risk in children

Crude sodium intake with no energy adjustment (crude-Na) or sodium intake with energy ad-
justment (residual-Na) were divided into quintiles, the correlation of overweight with obesity risk
was investigated. In the case of the crude-Na intake, the obesity risk was shown to be 6.02-fold
higher in the highest sodium intake group (5058.9+619.6 mg/day) than in the lowest sodium in-
take group (2287.6+347.6 mg/day) in the obesity group. However, the obesity risk did not show
linearity with crude-Na intake. (Data not shown) In the case of the residual-Na, the obesity risk
was shown to be 2.8-fold higher in the highest sodium intake group than in the lowest sodium in-
take group within the obese group (p-trend = 0.03). Irrespective of the sex, when the summation
of the 2 (Q2) to 51(Q5) quintile of sodium intake (the means of residual-Na from 4044.9 to
5058.9 mg/day) was compared with the 1° of quintile (Q1), the obesity risk increased 5.27-fold
(CI; 1.320-27.560) in the obesity group. (P-trend = 0.05). (Fig. 1) However, the obesity risk was
not changed in overweight children according to residual-Na. There was no gender difference in
obesity risk by sodium intake was shown because of the difference in the basic sodium intake of
the boys and girls (data not shown). From the aforementioned results, children aged between 8-9
years consuming 4000 mg/day or more of sodium showed to have a high risk of obesity.

Effects of SSG on obesity risk in children

In this study, a total of 10 genes with 11 SNPs were used as SSG such as ACE, ADD1, AGT,
CYP11B2, GNB3, GRK4 A142V, GRK4 A486V, NEDD4L, SLC 12A3, HSD 11§3-2, and ENac.

Overweight
I Obese
—— Linear (Obese)

5.27

Odds Ratio (Risk of obesity)
v

Q1 Q2-Q5
Sodium intakes (sodium with E adjustments)

Fig 1. Odds ratio (OR) and 95% confidence interval (Cl) for obesity risk by quintiles (Q1-Q5) of sodium
intake with energy adjustment (residual-Na) were estimated in total children. The dietary sodium
intakes increases, the risk of obesity significantly increases in obesity group (black bar; P-trend < 0.05), not
in overweight group (gray bar). This figure was shown by comparison with the 15! quintile vs all the others
combined. Multivariate logistic regression models after adjustment for age, sex, mother's BMI, father’'s BMI,
and education levels (<10 years, 10~12, 13~16 years, and >16 years) of the mother and father, dietary fat,
systolic blood pressure and regular physical activity (no, yes). Means of residual-Na in each quintile for total
subjects are 2287.6, 2998.9, 3496.8, 4044.9 and 5058.9 mg/day.

doi:10.1371/journal.pone.0120111.g001
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However, HSD 11f3-2 and ENac SNPs were excluded from this study because their mutants did
not exist in our subjects. When the distribution of each SNP genotype (wild, hetero, and mu-
tant) was analyzed in the obese or non-obese children, there was no difference in the distribu-
tion of the other SNPs except GRK4 A486V was found in the obese children. The GRK4 A486V
mutant was more distributed in the obese children, whereas the wild genotype was more dis-
tributed in the non-obese children (Table 2). Our SSG on the obesity risk were very dependent
upon the phenotypes of obesity such as BMI, waist circumferences, obesity index and so on.
For examples, the GRK4 A486V mutant increased the obesity risk 1.75-fold more when the
obesity index was used (P-trend = 0.015), however, the GRK4 A142V mutant decreased the
obesity risk by 0.7-fold (P-trend = 0.05) when the WC was used (P-trend = 0.058). (Data not
shown) These results show that determining the index of obesity risk is very important for in-
vestigating the casual relationship of genes related to obesity with the risk factors of obesity.

Interaction of SSG and sodium intake

The interaction between SSG and sodium intake showed that the obesity risk 1.0 (reference) was
given when the wild type of SSG intake Q1 residual-Na values. We found that OR significantly
increased by 7.06, 16.8 and 45.09 fold in the boys with the GRK4 A486V, ACE and SLCI2A3 mu-
tant as the sodium intake was increased. (Fig. 2-A) OR increased by 45.09-fold (CI; 2.665-
762.991) in boys with the highest Na intake (5194.1mg/day) with SLC12 A3 mutant plus

hetero genotypes than in those with the lowest residual-Na with the wild type genotype

(P-trend = 0.013). OR increased by 11.19 (CI; 1.475-23.567) and 16.68-fold (CI; 1.234-225.5) in
the boys with the ACE mutant who had Q3- and Q5-Na intake and 7.06 fold (CI; 1.625-30.646)
higher in the boys with GRK4 A486V mutant who had Q4-Na intake (4202.8 mg/day) compared
to Q1. OR increased by 15.52-fold (CI; 1.816-131.882) and 14.61-fold (CI; 1.623-131.534)
among the girls with CYP1152 mutant although who had sodium intake about Q2 (2878.4mg/
day) or Q3 (3378.9mg/day). Unlike the boys, OR increased approximately 5-fold (CI; 1.166-

Table 2. The distribution of genotypes for nine SNPs in our children subjects with obesity or non-obesity.

Gene SNP ' Total subjects(%) Non-Obese Children(%) Obese Children(%)® p-value 2
Wwild Hetero Mutant Wild Hetero Mutant Wild Hetero Mutant

ACE 38.26 47.22 14.52 39.00 46.86 14.14 35.33 48.67 16.00 NS
ADD1 19.52 46.17 34.31 18.58 46.00 35.42 23.26 46.84 29.90 NS
AGT 3.32 30.94 65.74 3.49 31.23 65.28 2.65 29.80 67.55 NS
CYP11B2 10.17 42.66 47.18 9.98 42.81 47.22 10.93 42.05 47.02 NS
GNB3 22.73 52.73 24.53 23.04 52.67 24.29 21.52 52.98 25.50 NS
GRK4 A142V 62.91 32.38 4.7 62.45 32.59 4.96 64.78 31.56 3.65 NS
GRK4 A486V 28.29 51.03 20.68 29.69 50.38 19.93 22.67 53.67 23.67 0.04
NEDD4L 15.35 47.44 37.21 14.70 47.76 37.54 17.94 46.18 35.88 NS
SLC 12A3 83.85 15.49 0.66 84.60 14.82 0.58 80.86 18.15 0.99 NS

1 Abbreviation; angiotensin converted enzyme(ACE), angiotensinogen(AGT), a-addicin1(ADD1), cytochrome P450, family 11 subfamily B polypeptide 2
(CYP11B-2), G-protein b3 subunit (GNB3), G protein-coupled receptor kinases type 4 (GRK4 A142V, GRK4 A486V), 11B-Hydroxysteroid Dehydrogenase
type-2(HSD 118-2), neural precursor cell-expressed developmentally downregulated 4 like(NEDDAL), solute carrier family 12(sodium/chloride
transporters)-member 3(SLC 12A3) and epithelial sodium channel (ENac).

2 Significances (ANOVA p-value) on the distribution of nine SNP genotypes in obese (obesity plus overweight) or non-obese (normal) children. NS;

not significant.

3 Obesity classification by BMI percentiles; obesity>95 percentile, 85percentile<overweight <95percentile, normal<85 percentile for Korean children
obesity criteria from Korean society of obesity. In this obese group, the overweight group was included.

doi:10.1371/journal.pone.0120111.t002
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(A-BOYs) SLCI2 A3 ACE GRK4 A486V
16.68
60 45.09 20 * 10 7.06
; P-trend =0.013 L 11.19 i
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2 40
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Fig 2. Odds ratio (OR) for obesity risk by quintiles of residual-Na were estimated in boys (A) and girls (B). X-axis means the quintiles of sodium
intakes with energy adjustments, Y-axis means OR for obesity risk and bars described. OR in each genotype of gene (lighter; wild homozygote, meddle;
heterozygote, darker; mutant homozygote). In case of SLC12A3, darker block was described by combination of mutant and hetero because of few mutant
frequencies. Statistically significances by p<0.05(*) were shown above bars. Means of the residual-Na in each quintile for boys are 2402.9, 3122.2, 3630.7,
4202.8 and 5194.1 mg/day. Means of residual-Na in each quintile for girls are 2190.8, 2878.4, 3378.9, 3882.5 and 4889.3 mg/day. [Abbreviation: angiotensin
converting enzyme; ACE, cytochrome P450, family 11 subfamily B polypeptide 2;CYP113-2, G protein-coupled receptor kinases type 4,GRK4 A486V, solute
carrier family 12(sodium/chloride transporters)-member 3;SLC12A3.]

doi:10.1371/journal.pone.0120111.g002

21.718) more in the girls with the GRK4 A486V hetero type who were in low intake of sodium be-
tween Q2 and Q3 (2878.4-3378.9mg/day). Therefore, polymorphisms of GRK4 A486V, ACE,
CYP11B-2, and SLCI12A3 showed a gender-based difference in the interaction between the sodi-
um intake and weight gain. (Fig. 2-B) However, the others of SSG were not found the interaction
between sodium intake and obesity. It is important to note that confound factors should be care-

fully determined when screening for obesity genes or SSG.

Discussion

This was the first Korean children study conducted under the assumption that child obesity is
correlated with sodium intake, which were particularly influenced by SSG and gender differ-
ences. Compared to the prevalence of obesity in Korean children and adolescence in 1997, it
approximately doubled in the amount in 2005 by KNHANES and is likely to further affect the
incidence of chronic diseases among adults in the future.[1, 19] As various pediatric obesity cri-
teria, such as BMI, obesity index and WC, have been suggested, the determination of the cutoff
of these criteria is controversial in terms of epidemiology or nutrition. However, the percentile-
based classification of BMI seems to be a global trend to determine the obesity reference, in-
cluding for children, as shown in other studies.[20,21] Many reports supported that excessive
energy intake, including that of saturated fats, soft drinks, fast foods, and processed foods, have
drawn attention as dietary habits affect child obesity.[21] Our results showed that obesity was
not correlated with the total intake for energy, sugar, protein and fats, but correlated with sodi-
um intake even in girls. Due to the fact that energy-dense foods contain high sodium, these
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results implicated that other environmental factors might be involved, such as genetic factors.
Sodium intakes among Koreans have increased to approximately 15% from 4036 mg/day in
1998 to 4877.5 mg/day in 2010. According to KNHANES, the sodium intake of non-obese chil-
dren aged 8 to 9 years was 3446mg for boys and 2928.8mg for girls in 2007 and 2008 and same
age in obese children took approximately 1000mg/day more than those found among the nor-
mal.[1] Our results demonstrate that high sodium diet, rather than high-energy density diet,
was a strong factor in causing obesity in children, particularly in girls. The possibility that high
sodium in diet without high-energy food intake may be explained by Korean dietary habits and
that rice and Korean soup, with more than 700 mg sodium per one serving size, are commonly
combined in every meal. Compared to the lowest residual-Na(Q1), obesity risk with highest re-
sidual-Na(Q5) was 1.8 for boys and 2.2 for girls. Similarly, results showed an increase in sodi-
um intake to be proportional to the obese status and the obesity risk was shown to be 6.09-fold
higher in the Q5 than in the Q1. As the pattern found in our study is similar to KNHANES, the
obese children are likely to consume more sodium in the future. KNHANES also reported that
the obesity risk significantly increased in subjects aged 19 years or higher in proportion to their
sodium intake.[1] Therefore, a high sodium intake may closely be associated with obesity, asth-
ma, kidney stones, osteoporosis, and gastric cancer among children and adolescence.[22] Simi-
lar to other studies, BP, insulin, LDLc, and TG/HDLc ratio significantly increased, however,
the HDL proportionally decreased with obesity. [23] It has been well known that hypertension
is caused by an increase in BP and body volume due to the accumulation found in the adipose
tissues.[24] However, the direct effect of sodium intake on the TG accumulation and prolifera-
tion of adipose cells have not been conducted. Several epidemiologic studies have shown that
the co-existence of hypertension and diabetes or obesity is due to common genetic and envi-
ronmental factors such as diet, physical activity and age.[25] However, in obese girls with high
sodium intake, sodium intake may be an independent risk factor of obesity-induced insulin re-
sistance independent of BP, because BP and blood insulin, HOMA-IR, TG and LDL were not
increased. Although candidate genes related to BP and hypertension have been identified by
many researchers, their mechanisms have not yet been established.[26] Environments for BP
such as sodium diet, dyslipidemia, BMI and low activity are closely associated with the relevant
genes. Thus, the aforementioned factors were adjusted to eliminate their potential influences
where the effect of the SSG SNPs on the independent occurrence of pediatric obesity was

then investigated.

The obesity risk increased in the boys with the GRK4 A486V, ACE and SLCI12A3 mutant and
in girls with CYP11B-2 mutant and GRK4 A486V hetero type as they increased the residual-Na.
The polymorphisms of ACE, SLC12A3 and CYP11-2 showed a gender difference in the interac-
tion of sodium intakes and obesity. Our previous study found that the association between the
ACE I/D polymorphism and obesity in relation to sodium intake is gender-dependent in chil-
dren. Girls with D carrier and high sodium intakes exhibited a significant association, whereas
D carrier boys did not. [27] The result of this study is meaningful in that gender, age or levels of
sodium intakes affect obesity as confounding factors in screening for obesity genes or SSG. A
Chinese Mongolian study reported a significant interaction between the CYPI118-2C(-344)T
polymorphism and alcohol consumption on the risk of hypertension.[28] A genome-wide asso-
ciation study showed that SLCI2A3 Arg913Gln may contribute to genetic susceptibility to dia-
betic nephropathy among the Japanese.[29] In northwest China, there was no association
between the Arg904Gln and Thr418Ser in SLC12A3 and hypertension.[30] Even though the as-
sociation between SLC12A3 and obesity was not found in this study, the mutation of SLCI2A3
may indirectly increase susceptibility to diabetes, essential hypertension and obesity.[31] Several
gene variants are associated with salt sensitivity, but only variants of GRK4 A486V have been
shown to be highly associated with salt sensitivity in both boys and girls with hetero or mutant
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genotypes as their residual-Na were increased. Many studies have reported that GRK4 gene vari-
ants were associated with an increase salt sensitivity or with an decrease renin hypertension and
sodium excretion because it plays a key role in counter-regulation between the dopaminergic
and renin-angiotensin aldosterone systems (RAAS) in the renal proximal tubule, which is the
site of approximately 70% of the total renal sodium reabsorption.[14, 32, 33] In particular, a ge-
netic model based on GRK4 R65L, GRK4 A142V and GRK4 A486V was 94.4% predictive of salt-
sensitive hypertension in humans. As well, 2-locus of GRK4 A142V and CYP113-2 C344T was
77.8% predictive of low-renin hypertension in Japanese.[14] In terms of the GRK4 gene, the
A486V mutant was a risk factor of obesity, whereas the A142V mutant suppressed the obesity
risk. However, it was interesting to identify gender differences of the GRK4 A486V polymor-
phism on the risk of obesity, and observe that boys who carried mutant homozygotes showed
high risks of obesity, while girls carrying heterozygotes, and not mutants, showed high risks of
obesity. As a first suggestion, obesity accumulated by fat impaired the insulin metabolism or in-
sulin secretion, independent of BP in obese girls. Dopamine D1A receptor function is impaired
in both of obesity-induced insulin resistance and GRK4 variants, contributing to salt-sensitive
hypertension and essential hypertension. [4,34] Since salt-sensitive hypertension and hyperinsu-
linemia were not found in obese girls as sodium intake was increased, dopamine D1A receptor
function was not changed in girls who had GRK4 variants as sodium intake increased. Second,
many research reported that the GRK4 A486V polymorphism affected the risk of obesity associ-
ated with sodium intake, according to how other genes were combined to GRK4 A486V variants.
In Korean children, the best combination to predict obesity was SLC12 A3, ACE and GRK4
A486V in boys, and CYP11B-2 and GRK4 A486V in girls as sodium intake was increased. Even
though we did not examined whether possible haplotypes of those genes increased the risk of
obesity, there exist potential obesity risks in boys and girls when they possess different combina-
tions of haplotypes according to high sodium intake.

The mechanisms of the association of genes related to the sodium intake with obesity have
not been elucidated yet. One possible explanation is the inflammatory cytokines such as IL-6
resulting from the excess fat may cause the body to retain more sodium and fluid, and elevate
BP by activating ENaC.[9] This gives motive for physicians to prescribe antihypertensive or
anti-obesity therapeutic medicine such as statin or angiotensin II antagonists as they are
known to inhibit the secretion of inflammatory factors.[35] The second possibility is the in-
creased ability to incorporate glucose into lipids was observed in isolated adipocytes from high
sodium diet tested on rats. Interestingly, a diet high in sodium induced higher adiposity charac-
terized by high plasma leptin concentration and adipocyte hypertrophy, most likely due to an
increased lipogenic capacity of WAT.[10] Leptin resistance resulted in an increased salt sensi-
tivity that is mediated by endothelin in the SHHF rat without changes in NOS expression.® Fur-
thermore, the regulators of urinary sodium excretion by AMPK and an energy regulator may
be related to obesity related salt sensitivity.[9,10] However, the suppression of AMPK phos-
phorylation leads to a decrease in sodium excretion and may enhance the salt sensitivity.

We faced many difficulties in this study: first, we assessed a 3-day dietary recall using Can-
Pro SW to evaluate the dietary sodium intake instead of the 24hr urinary excretion of sodium
because it was unable to detect in young children with their parents’ permission. Second, we
missed the diagnosis of salt sensitivity and could not determine if the subjects had salt sensitive
hypertension, or if they were salt sensitive normotensive subjects, due to the uncertain and
high-cost methods, low compliance on restricted diets, and unavailability in children. Third,
this study was designed for 3 or 6 years cohort study to predict child obesity as who had a mu-
tant of aforementioned genes. However, these results were just shown at the 1** basic status to
find what kinds of SSG increase obesity. For example, boys with GRK4 A486V, ACE, and
SLCI12A3 mutants and girls with GRK4 A486V hetero and CYP114-2 mutant may reduce their

PLOS ONE | DOI:10.1371/journal.pone.0120111 March 13,2015 10/13



@' PLOS ‘ ONE

Salt Sensitive Genes on the Obesity Prevalence

daily sodium intake as if they want to reduce the prevalence of obesity. We will show the risk
genes of obesity as we finish the cohort study.
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