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Background: Few studies have examined the association between mercury exposure and obesity. The aim of this study is to inves-
tigate the association between blood mercury concentrations and indices of obesity in adults. 
Methods: A total of 200 healthy subjects, aged 30 to 64 years, who had no history of cardiovascular or malignant disease, were ex-
amined. Anthropometric and various biochemical profiles were measured. Visceral adipose tissue (VAT) was measured using du-
al-energy X-ray absorptiometry (DXA). 
Results: All subjects were divided into three groups according to blood mercury concentrations. Compared with the subjects in 
the lowest tertile of mercury, those in the highest tertile were more likely to be male; were current alcohol drinkers and smokers; 
had a higher body mass index (BMI), waist circumference (WC), and VAT; had higher levels of blood pressure, fasting glucose, 
and insulin resistance; and consumed more fish. The blood mercury concentration was significantly associated with anthropo-
metric parameters, showing relationships with BMI, WC, and VAT. After adjusting for multiple risk factors, the odds ratios (ORs) 
for high mercury concentration was significantly higher in the highest VAT tertile than in the lowest VAT tertile (OR, 2.66; 95% 
confidence interval, 1.05 to 6.62; P<0.05). 
Conclusion: The blood mercury concentration was significantly associated with VAT in healthy adults. Further studies are war-
ranted to confirm our findings.
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INTRODUCTION

There has been a growing concern regarding the environmen-
tal and health effects of heavy metals. In particular, mercury is 
one of the most dangerous heavy metals and has been reported 
to increase oxidative stress and vascular inflammation [1]. Re-
cently, some studies investigating the metabolic effects of mer-
cury exposure had controversial findings. Several studies have 
suggested that mercury exposure plays a role in the induction 
or exacerbation of chronic metabolic diseases such as diabetes 
mellitus, metabolic syndrome (MetS), and cardiovascular dis-

ease [2-5], whereas other studies have reported conflicting re-
sults [6-10]. 

Although multiple studies demonstrate an association be-
tween mercury exposure and individual MetS components, 
there is a lack of data indicating the interrelation between mer-
cury exposure and obesity. Some animal studies have suggest-
ed that blood mercury concentration is associated with obesity 
[11,12], which is a well-known risk factor for metabolic diseas-
es. Although a few human studies have investigated the associ-
ation between blood mercury level and adiposity, which is 
measured using body mass index (BMI) and waist circumfer-
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ence (WC), the findings have been inconsistent [4,5,9,13]. How-
ever, BMI and WC are not direct measures of adiposity. Further-
more, to our knowledge, no study has examined the relation-
ship between the more direct measures of adiposity and blood 
mercury concentration.

Recently, a new algorithm to measure visceral adipose tissue 
(VAT) using dual-energy X-ray absorptiometry (DXA) instead 
of computer tomography (CT) and magnetic resonance imag-
ing has been introduced, and DXA VAT has been demonstrat-
ed using volumetric CT as the reference standard [14-16]. There-
fore, we investigated the association between blood mercury 
concentration and obesity-related parameters using DXA in 
healthy adults.  

METHODS

Study participants
In order to improve models predicting cardiovascular and 
metabolic disease, we established a multicenter population-
based cohort study called the Cardiovascular and Metabolic 
Diseases Etiology Research Center. The details of the study de-
sign and procedures have been described previously [17]. 

The study was a cross-sectional analysis of baseline data 
from a prospective cohort study in progress. We included 200 
healthy volunteers (adults aged 30 to 64 years, residing in Su-
won, Yongin, and Hwaseong, Republic of Korea) who com-
pleted baseline health examinations and were measured for 
heavy metals. Subjects were excluded if they were suspected of 
having a current acute illness or a history of malignancy. We 
also excluded subjects with a clinical history of cardiovascular 
disease and those who were pregnant. The study design, data 
collection, and analyses were approved by the Institutional Re-
view Boards of the centers involved (IRB; No. AJIRB-BMR-
SUR-13-272), and written informed consent was obtained from 
all participants. 

Questionnaire
Personal interviews were obtained using a standard question-
naire administered by trained personnel. The questionnaire 
included questions about demographic characteristics, smok-
ing habits, alcohol consumption, and medical history. We also 
collected dietary data, including fish intake, which was as-
sessed using a validated interviewer-administered semiquanti-
tative food frequency questionnaire developed for use in Korea 
[18]. The questionnaire listed the most frequently consumed 

fish in Korea: mackerel, yellow corvine, hairtail, anchovy, 
squid, and pickled seafood. Fish consumption frequency was 
categorized as rare, <1 time/month, 2 to 4 times/month, and 
≥1 time/week. Smoking status was divided into two categories: 
non-smoker and current smoker. Alcohol consumption was 
reported as ‘yes’ for participants who had consumed at least 
one glass of alcohol every month over the last year. Regular ex-
ercise was reported as ‘yes’ if the participant performed mod-
erate or strenuous exercise on a regular basis, regardless of 
whether it was indoor or outdoor exercise (for more than 30 
minutes at a time and more than five times per week in the 
case of moderate exercise such as cycling [slow], tennis [dou-
bles], and light weight lifting; for more than 20 minutes at a 
time in the case of strenuous exercise such as running, climb-
ing, fast cycling, tennis [singles], and heavy weight lifting), or 
when subjects walked for more than 30 minutes at a time more 
than five times per week.

Clinical characteristics
An automatic height-weight scale (BSM330; InBody Co. Ltd., 
Seoul, Korea) was used to measure the height (cm) and weight 
(kg) to a resolution of 0.1 cm and 0.1 kg, respectively. BMI was 
calculated by dividing the weight (kg) by the square of the 
height (m2). WC was measured at the midpoint between the 
lower border of the rib cage and the iliac crest. The definition 
of abdominal obesity by WC (defined by the Korean Society 
for the Study of Obesity) was ≥90 cm for men and ≥85 cm for 
women [19]. Systolic and diastolic blood pressures (BP) were 
measured by an experienced technician using an automated 
BP monitor (HEM-7080IC; Omron Healthcare, Lake Forest, 
IL, USA) by placing the arm at heart level after a 5-minute rest 
period.

Biochemical parameters
Blood samples were collected from all subjects after 8 hours of 
fasting. Samples were immediately centrifuged, and serum 
samples were stored at −70°C until analysis by biochemical as-
say at a central laboratory (Seoul Clinical Laboratories, Seoul, 
Korea). Fasting serum glucose (FSG) was measured using the 
colorimetric method, and fasting serum insulin was deter-
mined by means of the radioimmunoassay method. Total cho-
lesterol, high density lipoprotein cholesterol, and triglycerides 
(TGs) were determined through enzymatic methods; and low 
density lipoprotein cholesterol was calculated according to the 
Friedewald formula. Insulin resistance and β-cell function 
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were estimated from FSG and insulin using the updated ho-
meostatic model assessment (HOMA2) calculator [20]. Blood 
mercury concentrations were measured using the gold amal-
gam method (DMA-80; Milestone, Sorisole, Italy). The limit of 
detection for mercury was 0.05 μg/L, and the concentrations 
of all samples were higher than the limit of detection. The in-

terassay coefficient of variation for the mercury assay was 
5.7%. 

Dual-energy X-ray absorptiometry 
Total body DXA was measured using the Lunar iDXA (GE 
Healthcare, Madison, WI, USA) instrument. Patient position-

Table 1. Characteristics of the study subjects according to blood mercury concentrations

Characteristic Tertile 1 Tertile 2 Tertile 3 P value

Mercury range, μg/L 1.06–2.66 2.69–4.43 4.46–7.16

Number 66 67 67

Mercury, μg/La 1.90±0.48 3.44±0.52 6.15±1.31 <0.01

Age, yr 48.53±8.38 48.69±7.96 48.80±8.56 0.98

Male sex 15 (22.7) 30 (44.8) 51 (76.1) <0.01

BMI, kg/m2 23.88±2.94 24.55±3.00 25.36±2.61 0.01

WC, cm 79.90±8.33 82.22±9.38 84.44±8.83 <0.01

VAT mass, g 745.36±525.30 937.42±673.42 1,131.47±543.92 <0.01

VAT volume, cm3 790.11±556.77 993.69±713.80 1,208.14±576.57 <0.01

TFM, kg 18.63±5.57 19.27±5.64 18.68±4.91 0.75

SBP, mm Hg 117.09±16.21 116.08±14.35 122.82±12.00 0.02

DBP, mm Hg 74.50±11.57 75.06±11.31 78.89±8.93 0.05

FSG, mg/dL 87.47±9.99 87.84±12.20 94.91±18.80 <0.01

TC, mg/dL 188.86±29.86 190.03±33.54 196.08±36.44 0.41

TG, mg/dL 109.5 (82.3–160.5) 122.0 (79.0–185.0) 125.0 (85.5–192.0) 0.30

LDL-C, mg/dL 113.01±25.96 107.89±34.08 115.18±36.64 0.42

HDL-C, mg/dL 49.58±10.51 51.03±14.07 46.39±9.28 0.06

HOMA-IR 0.91 (0.79–1.11) 1.04 (0.85–1.21) 1.12 (0.92–1.41) 0.03

HOMA-β   96.0 (83.8–118.4) 103.0 (89.7–125.2) 103.6 (79.3–112.5) 0.48

Smokingb 5 (7.6) 12 (17.9) 17 (25.4) 0.02

Alcohol consumptionc 44 (66.7) 57 (85.1) 54 (80.6) 0.02

Regular exercised 8 (12.1) 4 (6.0) 11 (16.4) 0.12

Fish consumption

   Rare 9 (13.6) 3 (4.5) 3 (4.5) 0.30

   1> time/month 15 (22.7) 12 (17.9) 3 (4.5) 0.02

   2–4 time/month 16 (24.2) 19 (28.4) 22 (32.8) 0.12

   1> time/week 26 (39.5) 33 (49.2) 39 (58.2) 0.03

Values are presented as mean±standard deviation, number (%), or median (interquartile range). Analysis of variance or chi-square test was ap-
plied to compare among groups.
BMI, body mass index; WC, waist circumference; VAT, visceral adipose tissue; TFM, total fat mass; SBP, systolic blood pressure; DBP, diastolic 
blood pressure; FSG, fasting serum glucose; TC, total cholesterol; TG, triglyceride; LDL-C, low density lipoprotein cholesterol; HDL-C, high 
density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-β, homeostasis model assessment of 
β-cell function.
aGeometric mean±standard deviation, bSmoking status was divided into two categories: non-smoker and current smoker, cAlcohol consump-
tion was indicated as ‘yes’ for participants who had consumed at least one glass of alcohol every month over the last year, dRegular exercise was 
indicated as ‘yes’ when the participant performed moderate or strenuous exercise on a regular basis, regardless of indoor or outdoor exercise. 
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ing and data acquisition were conducted in accordance with 
the operator’s manual [14]. Visceral fat analysis was performed 
using CoreScan (Corescan Pty Ltd., Ascot, Australia), a soft-
ware option for the assessment of visceral fat (mass in g and 
volume in cm3) in the android region.

Statistical analysis
Demographic and biochemical data are presented as either 
mean±standard deviation (SD), median (interquartile range), 
or proportion, whereas mercury concentrations are presented 
as geometric mean with SD. Mercury concentrations, TG, ho-
meostasis model assessment of insulin resistance (HOMA-IR), 
and homeostasis model assessment of β-cell function (HOMA- 
β) were log transformed to correct for skewed distributions. In-
tergroup comparisons were performed using analysis of vari-
ance tests, and a post hoc analysis was performed with Dunnett’s 
test. Chi-square tests were used to compare categorical variables 
with percentages. Spearman correlation analysis was performed 
for investigation of association between mercury concentration 
and metabolic parameters. A high mercury level was arbitrarily 
defined as a value greater than 5.0 μg/L, an action level above 
which an increased risk of adverse health effects exist [21]. Lo-
gistic regression analysis was used to explore the association be-
tween high mercury level and VAT after adjusting for other risk 
factors. Adjusted odds ratios (ORs) and corresponding 95% 
confidence intervals (CIs) were estimated using multivariate lo-
gistic regression analysis models. The SPSS version 20.0 (IBM 
Co., Armonk, NY, USA) was used for all statistical analyses. P 
values <0.05 were considered statistically significant.

RESULTS

Characteristics of the subjects according to blood mercury 
concentrations
The subjects were divided into three groups according to blood 
mercury concentrations. The baseline clinical and biochemical 
characteristics of the study subjects are presented in Table 1. 
The geometric means of blood mercury concentrations across 
tertiles were 1.90, 3.44, and 6.15 μg/L. Compared with partici-
pants in the lowest tertile of mercury, those in the highest ter-
tile were more likely to be male; were current alcohol drinkers 
and smokers; had a higher BMI, WC, and VAT; and had higher 
levels of BP, fasting glucose, and HOMA-IR. In addition, sub-
jects with higher mercury concentrations consumed more fish. 

Correlation between serum mercury concentrations and 
other variables
In the analysis of correlations between log-transformed blood 
mercury and metabolic parameters, male, BMI, WC, VAT, sys-
tolic BP, diastolic BP, FSG, HOMA-IR, smoking, alcohol, and 
fish consumption showed correlation with blood mercury (Ta-
ble 2).

Comparisons of blood mercury concentrations according 
to anthropometric parameters
Blood mercury concentrations in subjects were compared ac-
cording to the categories of anthropometric parameters (Fig. 1). 

Table 2. Correlation between blood mercury concentrations 
and other variables

Variable Mercury P value 

Age 0.005 0.20

Male sex 0.356 <0.01

BMI 0.279 <0.01

WC 0.315 <0.01

VAT 0.345 <0.01

TFM 0.050 0.86

SBP 0.259 <0.01

DBP 0.243 <0.01

FSG 0.195 <0.01

TC 0.040 0.45

TG 0.116 0.09

LDL-C 0.001 0.49

HDL-C –0.140 0.05

HOMA-IR 0.230 <0.01

HOMA- β 0.001 0.79

Smoking 0.211 <0.01

Alcohol consumption 0.164 0.02

Regular exercise 0.064 0.54

Fish consumption 0.118 0.04

Mercury, TG, HOMA-IR, and HOMA-β were log transformed. 
Smoking, alcohol consumption, exercise and fish consumption were 
divided into two categories: yes or no. Spearman correlation analysis 
was used. 
BMI, body mass index; WC, waist circumference; VAT, visceral adi-
pose tissue; TFM, total fat mass; SBP, systolic blood pressure; DBP, di-
astolic blood pressure; FSG, fasting serum glucose; TC, total choles-
terol; TG, triglyceride; LDL-C, low density lipoprotein cholesterol; 
HDL-C, high density lipoprotein cholesterol; HOMA-IR, homeostasis 
model assessment of insulin resistance; HOMA-β, homeostasis model 
assessment of β-cell function. 
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The blood mercury concentration was lowest in those with 
normal BMI and higher in the obese group. Centrally obese 
subjects had a higher concentration of blood mercury than 
those with normal WC. Subjects were stratified into three 
groups according to VAT mass, and the blood mercury concen-
tration was significantly higher in the highest tertile compared 
with the lowest tertile. On the contrary, no significant difference 
in the blood mercury concentration was observed according to 
total fat mass (TFM) tertile. 

Multivariable analysis for high mercury level according to 
VAT
Table 3 presents the ORs and 95% CIs for a high mercury level 
according to VAT tertile. In the unadjusted multivariable logis-
tic regression analysis, when tertile 1 was set as a reference, ORs 

of the blood mercury concentration increased significantly ac-
cording to the VAT tertile. After adjusting for confounding 
variables, this relationship remained statistically significant. 

DISCUSSION

The present study investigated the relationship between the 
blood mercury concentration and obesity in Korean adults and 
found that the blood mercury level was significantly associated 
with visceral adiposity after adjustment for confounding pa-
rameters. To the best of our knowledge, this is the first report 
on the associations between mercury concentrations in the 
blood and visceral adiposity based on DXA. 

Although determining the exact body accumulation of 
heavy metals is very difficult, blood concentrations of heavy 
metals are widely used as an indicator of exposure [22,23]. In 
addition, blood mercury has been used in epidemiologic stud-
ies as a marker for mercury exposure in the general population 
[13,24]. The geometric mean of the blood mercury concentra-
tion in this study was 3.42 μg/L. This finding is lower than that 
of other previous Korean studies [4,25,26] but higher than that 
of previous reports from the United States and Canada [27-
29]. Fish consumption is one of major causes of mercury expo-
sure [30], and fish and seafood are one of the favorite foods in 
Korea, which may explain why the blood mercury concentra-
tions of the participants in this study were higher than those of 
adults in the United States and Canada. In addition, most en-
rolled subjects resided in inland areas, which may explain the 
lower blood mercury concentrations in this study compared 
with the results of other Korean studies. In this study, the blood 

Fig. 1. Blood mercury concentrations according to anthropometric parameters. BMI, body mass index; WC, waist circumference; 
VAT, visceral adipose tissue; TFM, total fat mass. aP<0.05 vs. the lowest group.
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Table 3. Odds ratios and 95% confidence intervals for high 
mercury concentrations according to VAT tertile

VAT range, 
cm3

Tertile 1 
(205–632)

Tertile 2 
(640–1,139)

Tertile 3 
(1,153–3,052)

P for trend

Model 1a 1.00 2.33 
(1.02–5.35)

 6.00 
(2.67–13.47)

<0.01

Model 2b 1.00 1.15 
(0.39–3.41)

2.66 
(1.05–6.62)

<0.05

Adjusted odds ratios and corresponding 95% confidence intervals 
were estimated using multivariate logistic regression analysis models. 
High mercury concentration was defined as >5 μg/L.
VAT, visceral adipose tissue.
aModel 1: unadjusted, bModel 2: adjustment for age, gender, smoking, 
alcohol consumption, body mass index, fasting serum glucose, systol-
ic blood pressure, diastolic blood pressure, homeostasis model assess-
ment of insulin resistance, and fish consumption. 
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mercury concentration tended to increase with increasing fish 
consumption frequency, and this finding is consistent with that 
of previous studies [31,32]. However, further studies will be 
necessary to elucidate other significant contributing exposure 
sources. 

In our study, mercury concentrations were significantly 
higher in males and correlated positively with smoking status, 
alcohol intake, and BPs; these findings are similar to previous 
studies [4,5,26,33]. In addition, we noted consistent increases 
in fasting glucose and HOMA-IR with increasing blood con-
centrations of mercury. Recently, several studies have reported 
that mercury induces an increase in insulin resistance or β-cell 
dysfunction [2,34,35]. However, these findings have been in-
consistent; some studies found no association between blood 
mercury and hyperglycemia [10]. Our results support the hy-
pothesis that blood mercury may affect insulin resistance, and 
further prospective studies should be performed to establish 
causal inference and elucidate the mechanisms. 

Blood mercury concentrations showed significant differenc-
es according to anthropometric parameters in this study. The 
blood mercury concentration increased according to BMI, 
WC, and VAT, and these obesity indices were increased in rela-
tion to the blood mercury concentration. However, these find-
ings differed from those of previous studies. In a study with 
Brazilian inhabitants, hair mercury content was not associated 
with BMI [36]. Further, using data from the National Health 
and Nutrition Examination Survey, Rothenberg et al. [13] re-
ported that blood mercury concentrations were inversely cor-
related with BMI. In contrast, Cho et al. [26] showed that a 
higher BMI was independently associated with a higher blood 
mercury level. 

While BMI is an indirect measure of general adiposity, TFM 
is a direct measure of general adiposity. However, we did not 
find any association between blood mercury level and TFM. 
Although BMI is generally parallel to TFM (r=0.79, P<0.01 in 
the present results), we could not explain the reason for this 
discrepancy. However, adiposity can differ in patients with the 
same BMI. 

In addition, WC and waist-to-hip ratio are indirect measures 
of central adiposity, whereas VAT is a direct measure of central 
adiposity. In the present study, WC was significantly correlated 
with blood mercury levels, which is concurrent with the previ-
ous results [4,33-35,37]. Moreover, blood mercury concentra-
tions were also significantly associated with visceral adiposity 
after adjusting for confounding variables. Although the mech-

anism of the relationship between central adiposity and the 
blood mercury level is not yet clear, a few possible explanations 
have been suggested regarding the association between heavy 
metal exposure and adipose tissues [38,39]. First, because 
heavy metals tend to accumulate in adipose tissues, the amount 
of adipose tissue may affect heavy metal concentrations in 
blood. Qin et al. [40] have reported that the mercury concen-
tration is significantly higher in visceral fat than in subcutane-
ous fat. In contrast, a recent in vivo investigation has observed 
an increase in mercury concentration in the blood of diabetic 
mice, but the authors suppose that body fat gain and low mer-
cury accumulation in adipose tissue increased mercury con-
centrations in blood and organs in diabetic mice [12]. Second, 
some data have reported that obesity is accompanied by im-
paired biliary secretion and that persons with more body fat 
eliminate heavy metals more slowly than those with less body 
fat [41,42]. Because mercury is excreted mainly in the feces by 
processes of biliary excretion, impaired mercury excretion is 
one possible mechanism for this association [43]. Therefore, 
although the mechanism underlying the relationship of blood 
mercury level and central obesity is not completely under-
stood, VAT might play an important role in blood mercury 
concentration. Taken together, our findings suggest that high 
visceral fat mass levels should be considered as a confounding 
factor when blood mercury is used as an indicator of exposure. 

Several limitations of our study need to be considered. First, 
cross-sectional design cannot determine whether there was a 
causal relationship between mercury concentrations and vis-
ceral adiposity. Second, our study population was relatively 
small. More prospective large-population studies are necessary 
to confirm the relationship. Third, the mercury exposure was 
evaluated using a single blood sample measurement. Despite 
these limitations, our results are meaningful because a signifi-
cant association between the blood mercury level and VAT 
was found.

In conclusion, we demonstrated that the blood mercury 
concentration was significantly associated with VAT in adults. 
Further prospective large-scale studies are required to eluci-
date the mechanism behind the relationship between mercury 
exposure and obesity index.

CONFLICTS OF INTEREST 

No potential conflict of interest relevant to this article was re-
ported.



Mercury and visceral adiposity

119Diabetes Metab J 2017;41:113-120http://e-dmj.org

ACKNOWLEDGMENTS 

This study was supported by a grant from the Korean Health 
Technology R&D Project, Ministry of Health and Welfare, Ko-
rea (HI13C0715). 

REFERENCES

1.  Houston MC. Role of mercury toxicity in hypertension, car-
diovascular disease, and stroke. J Clin Hypertens (Greenwich) 
2011;13:621-7.

2.  He K, Xun P, Liu K, Morris S, Reis J, Guallar E. Mercury expo-
sure in young adulthood and incidence of diabetes later in life: 
the CARDIA Trace Element Study. Diabetes Care 2013;36: 
1584-9.

3.  Sargis RM. The hijacking of cellular signaling and the diabetes 
epidemic: mechanisms of environmental disruption of insulin 
action and glucose homeostasis. Diabetes Metab J 2014;38:13-
24.

4.  Eom SY, Choi SH, Ahn SJ, Kim DK, Kim DW, Lim JA, Choi 
BS, Shin HJ, Yun SW, Yoon HJ, Kim YM, Hong YS, Yun YW, 
Sohn SJ, Kim H, Park KS, Pyo HS, Kim H, Oh SY, Kim J, Lee 
SA, Ha M, Kwon HJ, Park JD. Reference levels of blood mercu-
ry and association with metabolic syndrome in Korean adults. 
Int Arch Occup Environ Health 2014;87:501-13.

5.  Kim YN, Kim YA, Yang AR, Lee BH. Relationship between 
blood mercury level and risk of cardiovascular diseases: results 
from the Fourth Korea National Health and Nutrition Exami-
nation Survey (KNHANES IV) 2008-2009. Prev Nutr Food Sci 
2014;19:333-42.

6.  Futatsuka M, Kitano T, Wakamiya J. An epidemiological study 
on diabetes mellitus in the population living in a methyl mer-
cury polluted area. J Epidemiol 1996;6:204-8.

7.  Yoshizawa K, Rimm EB, Morris JS, Spate VL, Hsieh CC, Spie-
gelman D, Stampfer MJ, Willett WC. Mercury and the risk of 
coronary heart disease in men. N Engl J Med 2002;347:1755-
60.

8.  Lee BK, Kim Y. Blood cadmium, mercury, and lead and meta-
bolic syndrome in South Korea: 2005-2010 Korean National 
Health and Nutrition Examination Survey. Am J Ind Med 
2013;56:682-92.

9.  Rhee SY, Hwang YC, Woo JT, Sinn DH, Chin SO, Chon S, Kim 
YS. Blood lead is significantly associated with metabolic syn-
drome in Korean adults: an analysis based on the Korea Nation-
al Health and Nutrition Examination Survey (KNHANES), 

2008. Cardiovasc Diabetol 2013;12:9.
10.  Moon SS. Additive effect of heavy metals on metabolic syn-

drome in the Korean population: the Korea National Health 
and Nutrition Examination Survey (KNHANES) 2009-2010. 
Endocrine 2014;46:263-71.

11.  Vahter ME, Mottet NK, Friberg LT, Lind SB, Charleston JS, 
Burbacher TM. Demethylation of methyl mercury in different 
brain sites of Macaca fascicularis monkeys during long-term 
subclinical methyl mercury exposure. Toxicol Appl Pharmacol 
1995;134:273-84.

12.  Yamamoto M, Yanagisawa R, Motomura E, Nakamura M, 
Sakamoto M, Takeya M, Eto K. Increased methylmercury tox-
icity related to obesity in diabetic KK-Ay mice. J Appl Toxicol 
2014;34:914-23.

13.  Rothenberg SE, Korrick SA, Fayad R. The influence of obesity 
on blood mercury levels for U.S. non-pregnant adults and chil-
dren: NHANES 2007-2010. Environ Res 2015;138:173-80.

14.  Lin H, Yan H, Rao S, Xia M, Zhou Q, Xu H, Rothney MP, Xia Y, 
Wacker WK, Ergun DL, Zeng M, Gao X. Quantification of vis-
ceral adipose tissue using lunar dual-energy X-ray absorptiom-
etry in Asian Chinese. Obesity (Silver Spring) 2013;21:2112-7.

15.  Rothney MP, Catapano AL, Xia J, Wacker WK, Tidone C, Gri-
gore L, Xia Y, Ergun DL. Abdominal visceral fat measurement 
using dual-energy X-ray: association with cardiometabolic risk 
factors. Obesity (Silver Spring) 2013;21:1798-802.

16.  Kaul S, Rothney MP, Peters DM, Wacker WK, Davis CE, Shap-
iro MD, Ergun DL. Dual-energy X-ray absorptiometry for 
quantification of visceral fat. Obesity (Silver Spring) 2012;20: 
1313-8.

17.  Kim HJ, Kim YG, Park JS, Ahn YH, Ha KH, Kim DJ. Associa-
tion between blood glucose level derived using the oral glucose 
tolerance test and glycated hemoglobin level. Korean J Intern 
Med 2016;31:535-42.

18.  Yun SH, Shim JS, Kweon S, Oh K. Development of a food fre-
quency questionnaire for the Korea National Health and Nutri-
tion Examination Survey: data from the Fourth Korea National 
Health and Nutrition Examination Survey (KNHANES IV). 
Korean J Nutr 2013;46:186-96.

19.  Lee S, Park HS, Kim SM, Kwon HS, Kim DY, Kim DJ, Cho GJ, 
Han JH, Kim SR, Park CY, Oh SJ, Lee CB, Kim KS, Oh SW, 
Kim YS, Choi WH, Yoo HJ. Cut-off points of waist circumfer-
ence for defining abdominal obesity in the Korean population. 
Korean J Obes 2006;15:1-9.

20.  Levy JC, Matthews DR, Hermans MP. Correct homeostasis 
model assessment (HOMA) evaluation uses the computer pro-



Park JS, et al.

120 Diabetes Metab J 2017;41:113-120 http://e-dmj.org

gram. Diabetes Care 1998;21:2191-2.
21.  Schulz C, Angerer J, Ewers U, Kolossa-Gehring M. The Ger-

man human biomonitoring commission. Int J Hyg Environ 
Health 2007;210:373-82.

22.  Gallagher CM, Meliker JR. Blood and urine cadmium, blood 
pressure, and hypertension: a systematic review and meta-
analysis. Environ Health Perspect 2010;118:1676-84.

23.  Park S, Lee BK. Body fat percentage and hemoglobin levels are 
related to blood lead, cadmium, and mercury concentrations 
in a Korean adult population (KNHANES 2008-2010). Biol 
Trace Elem Res 2013;151:315-23.

24.  Mortensen ME, Caudill SP, Caldwell KL, Ward CD, Jones RL. 
Total and methyl mercury in whole blood measured for the 
first time in the U.S. population: NHANES 2011-2012. Environ 
Res 2014;134:257-64.

25.  Kim NS, Lee BK. National estimates of blood lead, cadmium, 
and mercury levels in the Korean general adult population. Int 
Arch Occup Environ Health 2011;84:53-63.

26.  Cho S, Jacobs DR Jr, Park K. Population correlates of circulat-
ing mercury levels in Korean adults: the Korea National Health 
and Nutrition Examination Survey IV. BMC Public Health 
2014;14:527.

27.  Mahaffey KR, Clickner RP, Bodurow CC. Blood organic mer-
cury and dietary mercury intake: National Health and Nutri-
tion Examination Survey, 1999 and 2000. Environ Health Per-
spect 2004;112:562-70.

28.  Caldwell KL, Mortensen ME, Jones RL, Caudill SP, Osterloh 
JD. Total blood mercury concentrations in the U.S. population: 
1999-2006. Int J Hyg Environ Health 2009;212:588-98.

29.  Wong SL, Lye EJ. Lead, mercury and cadmium levels in Cana-
dians. Health Rep 2008;19:31-6.

30.  Lincoln RA, Shine JP, Chesney EJ, Vorhees DJ, Grandjean P, 
Senn DB. Fish consumption and mercury exposure among 
Louisiana recreational anglers. Environ Health Perspect 2011; 
119:245-51.

31.  Mahaffey KR, Clickner RP, Jeffries RA. Adult women’s blood 
mercury concentrations vary regionally in the United States: 
association with patterns of fish consumption (NHANES 
1999-2004). Environ Health Perspect 2009;117:47-53.

32.  Smith KM, Barraj LM, Kantor M, Sahyoun NR. Relationship 
between fish intake, n-3 fatty acids, mercury and risk markers 
of CHD (National Health and Nutrition Examination Survey 
1999-2002). Public Health Nutr 2009;12:1261-9.

33.  You CH, Kim BG, Kim JM, Yu SD, Kim YM, Kim RB, Hong 
YS. Relationship between blood mercury concentration and 
waist-to-hip ratio in elderly Korean individuals living in coastal 
areas. J Prev Med Public Health 2011;44:218-25.

34.  Kim KN, Park SJ, Choi B, Joo NS. Blood mercury and insulin 
resistance in nondiabetic Koreans (KNHANES 2008-2010). 
Yonsei Med J 2015;56:944-50.

35.  Chang JW, Chen HL, Su HJ, Liao PC, Guo HR, Lee CC. Simul-
taneous exposure of non-diabetics to high levels of dioxins and 
mercury increases their risk of insulin resistance. J Hazard Ma-
ter 2011;185:749-55.

36.  Barbosa AC, Jardim W, Dórea JG, Fosberg B, Souza J. Hair 
mercury speciation as a function of gender, age, and body mass 
index in inhabitants of the Negro River basin, Amazon, Brazil. 
Arch Environ Contam Toxicol 2001;40:439-44.

37.  Bae S, Park SJ, Yeum KJ, Choi B, Kim YS, Joo NS. Cut-off val-
ues of blood mercury concentration in relation to increased 
body mass index and waist circumference in Koreans. J Inves-
tig Med 2016;64:867-71.

38.  Kawakami T, Hanao N, Nishiyama K, Kadota Y, Inoue M, Sato 
M, Suzuki S. Differential effects of cobalt and mercury on lipid 
metabolism in the white adipose tissue of high-fat diet-in-
duced obesity mice. Toxicol Appl Pharmacol 2012;258:32-42.

39.  Xuehui C. Accumulation of heavy metals and organochlorine 
pesticides in human milk and adipose tissues, and its health 
concerns [master’s thesis]. Hong Kong: Hong Kong Baptist 
University; 2007.

40.  Qin YY, Leung CK, Leung AO, Wu SC, Zheng JS, Wong MH. 
Persistent organic pollutants and heavy metals in adipose tis-
sues of patients with uterine leiomyomas and the association of 
these pollutants with seafood diet, BMI, and age. Environ Sci 
Pollut Res 2010;17:229-40.

41.  Brzoska MM, Moniuszko-Jakoniuk J. Interactions between 
cadmium and zinc in the organism. Food Chem Toxicol 2001; 
39:967-80.

42.  Michalek JE, Pirkle JL, Caudill SP, Tripathi RC, Patterson DG 
Jr, Needham LL. Pharmacokinetics of TCDD in veterans of 
operation ranch hand: 10-year follow-up. J Toxicol Environ 
Health 1996;47:209-20.

43.  Skalnaya MG, Tinkov AA, Demidov VA, Serebryansky EP, 
Nikonorov AA, Skalny AV. Hair toxic element content in adult 
men and women in relation to body mass index. Biol Trace 
Elem Res 2014;161:13-9.


