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Abstract: The incidence of metabolic syndrome (MetS), which causes heart disease and stroke, has
increased significantly worldwide. Although many studies have revealed the relationship between
heavy metals (cadmium, mercury, and lead), the sum of metabolites of di(2-ethylhexyl) phthalate
(DEHP), and MetS, the results remain inconsistent. No study has reported the association between
various volatile organic compounds (VOCs) and phthalate metabolites with MetS. This cross-sectional
study of a representative sample of adult South Koreans aimed to evaluate the relationship between
heavy metals, VOC metabolites, phthalate metabolites, bisphenol A and MetS after adjusting for
demographic variables. Data from the Korean National Environmental Health Survey II (2012-2014)
(n = 5251) were used in the analysis. Multiple logistic regression analysis was performed for MetS
with log-transformed hazardous material quartiles after covariate adjustment. Urine muconic acid
(MuA) and mono- (2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) levels were significantly associated
with MetS after adjusting for confounders (odds ratio: 1.34 and 1.39, respectively). Urine MuA
and MEHHP levels were significantly associated with MetS. Because of the rarity of this study,
which investigated the relationship between each VOC and phthalate metabolite with MetS and the
strict definition of all indirect measures of MetS components, further research is needed.

Keywords: metabolic syndrome; volatile organic compound; phthalate; muconic acid; MEHHP

1. Introduction

Metabolic syndrome (MetS) is defined as a combination of central obesity, increased fasting
triglyceride levels, reduced high-density lipoprotein (HDL) cholesterol, hypertension, and impaired
fasting glucose [1]. The incidence of MetS is high worldwide. In the United States, 33% of adults have
MetS [2]. In the Asia-Pacific region, nearly one-fifth of the adult population or more were affected by
MetS and its prevalence is gradually increasing [3]. MetS is an important risk factor for cardiovascular
disease incidence and mortality [4] and chronic kidney disease progression [5,6]. Moreover, a previous
study suggested that MetS is associated with an increased risk of breast cancer [7,8] and Parkinson’s
disease [9]. MetS is a comprehensive condition caused by genetic predisposition and environmental
factors. Smoking [10], alcohol consumption, and lack of physical activity are well-known lifestyle
factors associated with MetS.
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Exposures to environmental chemicals are associated with the development of MetS [11]. Many
studies [12-14] revealed the relationship between heavy metals (cadmium, mercury, and lead) and
MetS, but the results were not consistent. In a study using data from the 2008 Korean National
Health and Nutrition Examination Survey (KNHANES), only blood lead levels were significantly
associated with MetS [15]. In another Korean study, no significant results were observed among
women. In contrast, men with the highest tertile of blood cadmium were more likely to have
MetS than those with the lowest tertile [16]. Other studies suggested the association between blood
mercury concentration and MetS [17,18]. In the case of bisphenol A (BPA), a few studies [19,20]
have reported that there is no association between urine BPA levels and diabetes, while other
studies [21-23] showed different results. Many studies have reported the relationship between
BPA and MetS (or MetS components; diabetes), but the results were inconsistent. Various studies
have investigated the association of phthalate exposure with obesity [24], insulin resistance [25,26],
and high blood pressure [27]. However, little is known about the association of phthalate exposure
and MetS, and the results were inconsistent [28,29]. Representative phthalate metabolites include
mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP),
and mono (2-ethyl-5-carboxypentyl) phthalate (MECPP), which are metabolites of di(2-ethylhexyl)
phthalate (DEHP); mono-n-butyl phthalate (MnBP), which is a metabolite of di-n-butyl phthalate;
and monobenzyl phthalate (MBzP), which is a metabolite of benzyl butyl phthalate. One study showed
the association between MnBP and MetS in adolescents [28]. However, another study revealed that
higher DEHP metabolite concentration (the sum of MEHP, MEHHP, and MEOHP) was associated
with an increased odds of MetS in men [29]. Although studies on volatile organic compounds (VOCs),
which are important environmental chemicals including toluene, benzene, ethylbenzene and styrene,
styrene, and xylene, have been actively studied in relation to air pollution [30], lung cancer [31],
and childhood acute lymphocytic leukemia [32], a few studies have reported the relationship between
any VOCs and MetS. A study [33] on the cardiovascular disease risk of benzene (a kind of VOC)
showed that there is a significant relationship between benzene and hypertension and hyperlipidemia,
which are components of MetS.

We aimed to conduct a study to evaluate the relationship between MetS and various environmental
hazardous materials including various heavy metals, BPA, phthalates, and VOCs.

2. Materials and Methods

2.1. Study Participants and Demographic Variables

This study was based on the Korean National Environmental Health Survey II (2012-2014,
KNEHS). KNEHS is conducted annually using a rolling sampling design that involves a complex,
stratified, multistage, probability-cluster survey of a representative sample of the civilian population
of South Korea. The survey consisted of three components: a health interview survey, a health
examination survey, and an environmental pollutant examination survey. All participants provided
a written consent and the study was approved by the internal review board (National Institute of
Environmental Researches, Department of Environmental Health Research—1805) (IRB NIER 1805).
This survey was conducted among adults aged over 20 years. We excluded the participants whose
blood lead and mercury, urinary cadmium, bisphenol A, phthalates” metabolite, and VOCs" metabolite
levels were not measured (n = 507) as well as those study variables with missing data (urinary
creatinine; n = 709, alanine aminotransferase (ALT), aspartate aminotransferase (AST); n = 1). Of the
6468 participants, 5251 were included in the analysis. Data on age, education, smoking history,
alcohol intake, regular exercise, income level, and marital status were collected during the health
interview. Height and weight were measured, with the participants wearing light clothing and no
shoes. Age, as reported at the time of the health interview, was categorized into six groups. Education
level (less than high school, high school, and college or higher), smoking status (current smoker,
past smoker, and never-smoker), alcohol consumption status (non-drinker, past drinker, and current
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drinker), regular exercise (regular or not), income level (good, average, and bad), and marital
status (single, married, and divorced/separated) were categorized according to the participants’
interview responses.

2.2. Environmental Hazardous Material Concentrations

A total of 14 environmental hazardous materials were selected based on their known effects
on diabetes, obesity, hypertension, or other cardiovascular diseases, which were closely related to
MetS, and emerging environmental health issues. Concentrations of the following materials were
measured: lead and mercury in the blood and cadmium in the urine; BPA in urine; MEHHP,
MEOHP, MECCP, MnBP, and MBzP in the urine; and hippuric acid (HA), trans,trans-muconic acid
(MuA), phenylglyoxylic acid (PGA), mandelic acid (MaA), and methylhippuric acid (MHA) in
urine, which are metabolites of toluene, benzene, ethylbenzene and styrene, styrene, and xylene,
respectively. Concentrations of blood lead and urine cadmium were analyzed by graphite furnace
atomic absorption spectrometry, and gold-amalgam mercury analyzer was used for measurement of
blood mercury concentration. Concentrations of phthalate metabolites, BPA, and HA were analyzed
by ultra-performance liquid chromatography-tandem mass spectrometry [34], and VOC metabolites
except HA were analyzed by high-performance liquid chromatography-tandem mass spectrometry [35].
Details of the instrumental analysis were described in the National Institute of Environmental Research.
Concentrations of environmental hazardous materials in urine samples were adjusted for creatinine.
For all environmental hazardous materials (in blood and urine), natural logarithm was taken.

2.3. Definition of MetS

We defined MetS using criteria from the US National Cholesterol Education Program-Adult
Treatment Panel III (NCEP ATP III) [36]. An individual was considered to have MetS if they have
3 of the following 5 components: central obesity (waist circumference >102 cm for males and >88 cm
for females); a fasting plasma triglycerides level (>150 mg/dL or on specific (systolic blood pressure
(BP) > 130 mm Hg or diastolic BP >85 mm Hg) or taking medications); Low HDL cholesterol
(males, <40 mg/dL); females, <50 mg/dL); hypertension antihypertensive medication; and impaired
fasting plasma glucose (fasting glucose >110 mg/dL) or taking medication or previously diagnosed
with type-2 diabetes mellitus [1]. As BP, waist circumference, and fasting glucose levels were not
measured in the KNEHS, we used an operational definition for MetS based on the following criteria:
current BP medication use, obesity (body mass index (BMI) > 30) [36], and current anti-diabetic
medication use.

2.4. Statistical Analysis

IBM SPSS Statistics 23.0 (IBM, Armonk, NY, USA) was used for statistical analyses and data
management. Independent sample t-test and chi-square test were used for univariate analysis to
determine the relationship between variables and MetS status. Covariates that were significant in
the univariate analysis were adjusted by multiple logistic regression analysis with Mets status as
a dependent variable. Although smoking had no significant relationship with MetS in this study, it was
adjusted because smoking was found to be related with both MetS and hazardous materials [10,37].
The concentrations of hazardous materials were divided into quartiles, and the lowest quartile
subgroup was used as the reference. We conducted simple and multiple logistic regression analysis
adjusting the covariates of sex, age, smoking status, drinking status, education level, marital status,
and income level. p-values of <0.05 were considered significant.
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3. Results

3.1. Demographic Characteristics of Participants According to MetS Status

Significant differences in demographic characteristics according to MetS status were observed
(Table 1).

Table 1. Demographic and clinical characteristics of the study subjects by metabolic syndrome (MetS).

N (%)
Variables Data No MetS MetS p-Value
(n = 4673) (n = 578)
Male 2191 (46.9) 241 (41.7) 0.018*
Female 2482 (53.1) 337 (58.3)
Age (arithmetic mean + SE, year) 4987 £0.22 6159 £0.50 <0.001*
Age group (year)
20-29 439 (9.4) 9 (1.6) <0.001 *
30-39 860 (18.4) 23 (4.0)
40-49 974 (20.8) 50 (8.7)
50-59 1038 (22.2) 133 (23.0)
60-69 855 (18.3) 197 (34.1)
70+ 507 (10.8) 166 (28.7)
Body Mass Index (BMI) (arithmetic mean + SE, kg/m?) ~ 24.05+0.05 27.024+0.16 <0.001*
Obesity
Normal (BMI < 30) 4516 (96.6) 436 (75.4) <0.001 *
Obese (BMI > 30) 157 (3.4) 142 (24.6)
Smoking Status
Non-smoker 2950 (63.1) 384 (66.4) 0.100
Past-smoker 815 (17.4) 103 (17.8)
Current smoker 908 (19.4) 91 (15.7)
Drinking Status
Non-drinker 1468 (31.4) 270 (46.7) <0.001 *
Past-drinker 293 (6.3) 57 (9.9)
Current drinker 2912 (62.3) 251 (43.4)
Education level
<High school 1419 (30.4) 346 (59.9) <0.001 *
High school 1464 (31.3) 152 (26.3)
College and more 1790 (38.3) 80 (13.8)
Regular exercise
Yes 1697 (36.3) 211 (36.5) 0.929
No 2976 (63.7) 367 (63.5)
Marital status
Single 529 (11.3) 13 (2.2) <0.001 *
Married 3740 (80.0) 453 (78.4)
Divorce/Separation 404 (8.6) 112 (19.4)
Income level 1
Good 41 (0.9) 7(1.2) <0.001 *
Average 3424 (73.3) 329 (56.9)
Bad 1208 (25.9) 242 (41.9)

Alanine aminotransferase (arithmetic mean + SE, U/L) 23.8+0.3 28.0 £ 0.8 <0.001 *
Aspartate aminotransferase (arithmetic mean + SE, U/L) 25.14+0.2 26.8 + 0.5 <0.001 *

Note: T-test for continuous variables and chi-square test for categorical variables. ! Criterion for categorizing
income level: The respondents directly select among the three in the survey. * p-value < 0.05; SE: standard error.

The MetS group had higher proportions of women (p = 0.018), participants with older age
(p < 0.001), participants with obesity (p < 0.001), participants with low educational status (p < 0.001),
participants with low income status (p < 0.001), and participants with divorced/separated status
(p < 0.001) than the non-MetS group. The proportion of current drinkers (p < 0.001) was significantly
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higher in the non-MetS group than in the MetS group. Smoking (p = 0.100) and regular exercise
(p = 0.929) were not significantly different between MetS group and non-MetS group. (Table 1).

3.2. Differences in Log-Transformed Blood and Urine Hazardous Material Concentrations by MetS Status

Hazardous material concentrations in participants were compared based on MetS status (Table 2).
The results of the independent sample t-test showed that the concentrations of heavy metals including
blood lead (p = 0.031) and creatinine-adjusted urine cadmium (p < 0.001); phthalate metabolites
including MEHHP (p < 0.001), MEOHP (p < 0.001), MECCP (p < 0.001), MnBP (p < 0.001), and MBzP
(p < 0.001); and VOC metabolites including creatinine-adjusted MuA (p = 0.021), PGA (p = 0.001),
and MaA (p = 0.001) were significantly higher in participants with MetS than in those without MetS.
However, blood mercury (p = 0.594), creatinine-adjusted urine HA (p = 0.321), and MHA (p = 0.077)
concentrations did not show any significant difference. Additionally, BPA (p < 0.001) concentration
was significantly lower in participants with MetS than in those without MetS (Table 2).

Table 2. Blood and urine hazardous material concentrations by metabolic syndrome (MetS) status.

Variables No MetS (n =4673) MetS (n=578) p-Value
Urinary heavy metal (geometric mean + SE)
Urinary cadmium (ng/dL) —0.591 £ 0.688 —0.320 £0.635 <0.001*
Blood heavy metal (geometric mean & SE)

Blood lead (ug/dL) 0.713 £ 0.482 0.759 £ 0.487 0.031*

Blood mercury (ng/dL) 1.180 4-0.640 1.165 4+ 0.664 0.594

Urinary VOCs metabolite (geometric mean =+ SE)

Hippuric acid (g/dL) —1.610 £ 0.016 —1.560 £ 0.493 0.321

Muconic acid (ug/dL) 4400 £0.114 4.479 £+ 0.032 0.021 *
Phenylglyoxylic acid (mg/dL) —1.508 £ 0.123 —1.380 + 0.331 0.001 *

Mandelic acid (mg/dL) —1.563 £ 0.011 —1.455 £0.029  0.001 *

Sum of urinary MHA isomer (geometric mean =+ SE) —1.183 £ 0.014 —1.260 £ 0.039 0.077

Urinary phthalate metabolite (geometric mean + SE)

MEHHP (ug/dL) 3.275 £+ 0.010 3.485 4 0.026 <0.001 *
MEOHP (ug/dL) 2.912 + 0.010 3.129 +0.029  <0.001 *
MECPP (ug/dL) 3.380 £ 0.009 3.570 £ 0.026 <0.001 *
MnBP (ug/dL) 3.570 £ 0.010 3.700 £ 0.031 <0.001 *
MBzP (ng/dL) 1.388 + 0.015 1.552 4 0.040 <0.001 *

Urinary bisphenol A (geometric mean & SE) (ug/dL) 0.038 &= 0.016 0.225 4 0.056 0.001 *

Note: T-test for all variables. Figures were log-transformed after creatinine adjustment. * p-value < 0.05. VOCs: volatile
organic compounds; MEHHP: mono (2-ethyl-5-hydroxyhexyl) phthalate; MEOHP: mono (2-ethyl-5-oxohexyl) phthalate;
MECPP: mono (2-ethyl-5-carboxypentyl) phthalate; MnBP: mono-n-butyl phthalate; MBzP: mono-benzyl phthalate.

3.3. Multiple Logistic Regression Analysis between MetS Status and Environmental Hazardous
Material Concentrations

We evaluated the odds ratios (ORs) and 95% confidence intervals (CI) for MetS status and
compared them with those for hazardous materials (Table 3). In the simple logistic regression analysis,
the ORs for MetS associated with heavy metals including cadmium (all) and lead (third quartile);
VOCs including MuA (third quartile), PGA (second and third quartiles), and MaA (second and
third quartiles); phthalates including MEHHP (all), MEOHP (all), MECPP (all), MnBP (third and
fourth quartiles), and MBzP (all) were significantly higher than those in the lowest quartile. In the
multiple logistic regression analysis, the ORs for MetS associated with VOC metabolites including MuA
(third and fourth quartiles), PGA (second quartile), and MEHHP (fourth quartile) were also higher
than those in the lowest quartile. In the multiple regression analysis, the ORs of muconic acid increased
in higher quartiles. Lead, cadmium, MaA, MEOHP, MECPP, MnBP, and MBzP, which appeared
to be significant in the simple regression analysis, were no longer significant after adjustment of
demographic variables (Table 3).
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Table 3. Metabolic syndrome (MetS) risk (Odds Ratio (OR)) based on hazardous materials.
Model 11 Model 2 2 Model 33
Outcome Variable
OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value
Metabolic syndrome
Urinary cadmium
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 1.475 (1.102-1.973) 0.009 * 0.908 (0.668-1.233) 0.536 0.914 (0.670-1.246) 0.569
Quartile 3 1.967 (1.489-2.600)  <0.001*  0.930 (0.689-1.255) 0.633 0.929 (0.685-1.259) 0.633
Quartile 4 3.016 (2.314-3.931)  <0.001*  1.098 (0.815-1.479) 0.539 1.094 (0.809-1.480) 0.558
Blood lead
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 1.159 (0.899-1.494) 0.256 0.951 (0.728-1.244) 0.716 0.941 (0.717-1.236) 0.663
Quartile 3 1.358 (1.059-1.742) 0.016 * 0.974 (0.745-1.272) 0.844 0.999 (0.763-1.309) 0.994
Quartile 4 1.262 (0.982-1.623) 0.069 0.794 (0.601-1.049) 0.105 0.859 (0.648-1.138) 0.289
Blood mercury
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 0.776 (0.549-1.097) 0.152 0.883 (0.614-1.270) 0.503 0.844 (0.584-1.218) 0.364
Quartile 3 0.838 (0.604-1.161) 0.288 1.019 (0.722-1.439) 0.913 0.948 (0.669-1.344) 0.765
Quartile 4 0.863 (0.656-1.136) 0.295 1.078 (0.801-1.449) 0.621 0.990 (0.733-1.337) 0.947
Urinary muconic acid
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 1.133 (0.880-1.460) 0.333 1.074 (0.826-1.398) 0.593 1.066 (0.817-1.390) 0.636
Quartile 3 1.298 (1.013-1.662) 0.039 * 1.330 (1.028-1.721) 0.030 * 1.311 (1.011-1.700) 0.041 *
Quartile 4 1234 (0.962-1.584)  0.098 1453 (1.118-1.888)  0.005*  1.393(1.069-1.816)  0.014*
Urinary
phenylgloxylic acid
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 1.096 (0.842-1.426) 0.498 1.133 (0.861-1.490) 0.373 1.074 (0.814-1.417) 0.615
Quartile 3 1.469 (1.144-1.887) 0.003 * 1.298 (1.000-1.684) 0.050 * 1.236 (0.950-1.609) 0.115
Quartile 4 1.510 (1.177-1.938) 0.001 * 1.204 (0.930-1.560) 0.159 1.171 (0.902-1.520) 0.235
Urinary mandelic acid
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 0.960 (0.737-1.249) 0.759 0.862 (0.656-1.134) 0.290 0.819 (0.621-1.081) 0.158
Quartile 3 1.303 (1.016-1.672) 0.037 * 1.084 (0.836-1.406) 0.544 1.022 (0.785-1.329) 0.874
Quartile 4 1.481 (1.160-1.889) 0.002 * 1.131 (0.878-1.458) 0.341 1.097 (0.849-1.418) 0.479
Urinary MEHHP
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 1.746 (1.317-2.315) <0.001 * 1.326 (0.989-1.778) 0.059 1.345 (1.001-1.808) 0.050 *
Quartile 3 1.862 (1.408-2.462) <0.001 * 1.163 (0.866-1.561) 0.316 1.151 (0.854-1.550) 0.356
Quartile 4 2709 (2.075-3.537)  <0.001* 1339 (1.003-1.788)  0.048*  1.334(0.996-1.787)  0.054
Urinary MEOHP
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 1.632 (1.231-2.164) 0.001 * 1.185 (0.883-1.589) 0.258 1.193 (0.886-1.607) 0.245
Quartile 3 1.966 (1.494-2.587)  <0.001*  1.171 (0.875-1.567) 0.289 1.213 (0.902-1.631) 0.201
Quartile 4 2.534 (1.942-3.305)  <0.001 *  1.156 (0.862-1.550) 0.333 1.181 (0.877-1.591) 0.273
Urinary MECCP
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 1.691 (1.277-2.238)  <0.001 *  1.260 (0.940-1.688) 0.122 1.280 (0.952-1.721) 0.102
Quartile 3 1.870 (1.418-2.465) <0.001 * 1.132 (0.844-1.518) 0.407 1.122 (0.834-1.509) 0.447
Quartile 4 2.579 (1.978-3.362)  <0.001*  1.204 (0.898-1.616) 0.215 1.176 (0.873-1.584) 0.285
Urinary MnBP
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 1.190 (0.918-1.542) 0.189 1.020 (0.778-1.337) 0.886 1.052 (0.800-1.384) 0.716
Quartile 3 1.377 (1.069-1.774) 0.013 * 0.992 (0.759-1.297) 0.953 1.046 (0.798-1.373) 0.744
Quartile 4 1.490 (1.160-1.912) 0.002 * 0.860 (0.658-1.124) 0.268 0.897 (0.684-1.176) 0.430
Urinary MBzP
Quartile 1 1 (Reference) 1 (Reference) 1 (Reference)
Quartile 2 1.318 (1.015-1.711) 0.038 * 1.219 (0.930-1.598) 0.152 1.247 (0.948-1.640) 0.114
Quartile 3 1.453 (1.124-1.878) 0.004 * 1.097 (0.839-1.434) 0.5 1.100 (0.839-1.444) 0.490
Quartile 4 1.615 (1.254-2.078)  <0.001*  1.070 (0.821-1.396) 0.616 1.090 (0.834-1.426) 0.527

* p-value < 0.05; ! Model 1 is shown as OR and 95% CI adjusted for creatinine (excluding blood lead and
mercury). 2 Model 2 is shown as OR and 95% CI further adjusted for age, sex, education, income, marital status.
3 Model 3 is shown as OR and 95% CI further adjusted for aspartate aminotransferase, alanine aminotransferase.
CI: confidence intervals.
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4. Discussion

There was a significant relationship between urinary MuA and MetS. MuA, measured in
urine, is one of the metabolites of benzene. Along with urinary s-phenylmercapturic acid (s-PMA),
MuA is useful for evaluating benzene exposure at low concentrations (between 0.1 ppm and
10 ppm) [38]. At low exposure levels, benzene metabolism in the liver would produce several
metabolites: 70%-85% is metabolized to phenol, 5%-10% is metabolized to catechol and MuA,
while less than 1% is metabolized to s-PMA [39]. Outdoor or indoor air contains very low concentrations
of benzene produced from engine exhaust, tobacco smoke, or transport of petroleum products [40,41].
The relationship between long-term exposure to benzene and its associated diseases (acute myeloid
leukemia, chronic myelocytic leukemia, chronic lymphocytic leukemia, acute lymphocytic leukemia,
Hodgkin's disease, etc. [42—44]) is relatively well known. However, it remains unclear whether any of
the substances produced during metabolism of benzene exhibit the toxicity of benzene through certain
mechanisms. One possible mechanism is oxidative damage caused by semiquinone and active oxygen
materials produced from hydroquinone and catechol metabolites, which are products of metabolic
process [45,46]. A study found that fasting blood glucose, blood insulin, and insulin resistance index
were significantly increased as the urinary MuA increased. It also revealed that insulin resistance
can be associated with urinary MuA alone with significant explanatory power [47]. The oxidative
damage mechanism is indicated as one of the major mechanisms affecting the progression of diabetes
due to increase in insulin resistance [48]. Increased insulin resistance is the important factor for the
development of not only diabetes but also MetS [49].

We found an association between urinary MEHHP, which is a DEHP metabolite, and MetS
before and after adjustment of covariates. Phthalates are used as plasticizers in various products
such as plastic food packing and cosmetic products (lotions, fragrances, etc.). Therefore, they can
leach into food and water leading to exposure through ingestion and dermal contact. Consequently,
phthalate metabolites are detected in urine samples ubiquitously. Some studies [19,28,29] analyzed the
association between phthalates metabolites and MetS. In a previous study conducted among a small
number of adolescents (data from 918 people), a significant association was found between MnBP
and MetS [28]. Another study revealed that higher concentrations of DEHP metabolites (the sum of
MEHP, MEHHP, and MEOHP) were associated with an increased OR of MetS in men [29]. In this
study, we only revealed the association between sum of DEHP metabolites and development of MetS.
However, we analyzed the association between MetS and MEHP, MEHHP, and MEOHP and found
that only MEHHP had a significant relationship with MetS. Because the chemical properties and health
effects of each DEHP metabolite are not well known, the association between MEHHP and MetS is
difficult to explain.

In our study, blood levels of mercury and lead and urine levels of cadmium were not significantly
associated with MetS after adjusting for demographic characteristics. However, some preceding
studies claimed that heavy metals and MetS are interrelated, but their results were inconsistent and
the possible mechanisms were not clearly explained. A study that used the 2005-2010 KNHANES
data suggested that cadmium levels in urine was associated with MetS, but the result was significant
only in men [16]. The covariates in this study were age, residence area, education level, smoking
and drinking status, exercise, AST, and ALT. Another study showed the association between level
of lead in blood and MetS using data from 1405 people [15]. These two studies used the same data,
but the results were different because different covariates were adjusted. The data used in these studies
(KNHANES) and those of our research (KNEHS) were considered as representative data, but the
detailed variables were different. For example, KNHANES directly used blood glucose levels and
blood pressure, but our study replaced it with medication use due to the absence of these variables.
Because the above study revealed significant results in men, we performed another analysis using
only the data of male participants. The results of our analysis were same as those reported in previous
studies but not considered significant. In other previous studies, AST and ALT levels were the adjusted
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covariates. Although AST and ALT levels were different in both groups in our study, they were not
affected by multiple logistic regression analysis. Hence, we did not use these covariates in our analysis.

BPA and MetS were had a significant inverse relationship. Our additional analysis showed that
participants with higher BPA levels had lower diabetic morbidity. One review article [50] found that
BPA increases insulin resistance with the consequent risk of diabetes. However, another study [19]
directly examined the relationship between type 2 diabetes and BPA and showed similar results (not
significant). Hence, the relationship between BPA and MetS must be investigated further.

Smoking was not an independent risk factor and had no significant association with MetS.
This result was the same as those of previous studies [15,16]. However, some studies have found that
smoking and MetS were related [10,37]. Drinking status showed a significant inverse relationship with
the incidence of MetS, which might be explained by a previous study on the relationship between
diabetes (component of MetS) and drinking status [51]. This study found that drinking increased
insulin sensitivity and reduced the risk of diabetes. Another explanation of this inverse relationship
could be reduction of alcohol consumption after diagnosing diseases comprising MetS. However,
the composition of past-drinker and non-drinker in the MetS and non-MetS group did not show any
clue for this possible explanation. There were large changes in the ORs and statistical significances
from model 1 to model 2 by adjusting the social demographic variables. ORs of cadmium, MuA, PGA,
MaA, and phthalate metabolites were all increased significantly in model 1 as the quartiles increased.
However, after adjusting the social demographic variables, only MuA and MEHHP were found to have
a significant relationship with MetS. It is widely known that age, gender, and educational level [52] are
related with MetS, and our data also showed the same results.

This study had some limitations. First, among the five MetS components, blood pressure, fasting
glucose level, and waist circumference data were not obtained. Hence, we replaced it with current BP
medication use, antidiabetic medication use, and obesity categorized based on the participants” BMI.
We could not include other MetS components, such as hyperlipidemia [53] and abdominal obesity [54].
Our operational definition was stricter than the original MetS definition, which might increase the
specificity of the outcome. Second, occupational and working conditions that affect the concentrations
of hazardous materials were not available and could not be used as a confounder. Third, this study
was a cross-sectional study; hence, it could not show a causal relationship.

Despite these limitations, our study results are meaningful. Although previous studies had
focused the relationship between MetS and heavy metals [15,16], we expanded hazardous materials to
VOC and phthalate metabolites. We revealed significant novel associations between urine levels of
MuA and MEHHP concentrations and MetS after adjusting several confounders in a large number of
adult participants.

5. Conclusions

Urine levels of MuA and MEHHP concentration were significantly associated with MetS. Because
of the rarity of this study, which investigated the relationship between each VOC and phthalate
metabolite with MetS, and the strict definition of the indirect measure of MetS components, further
research is needed.

Author Contributions: Y.H.S.: Conceptualization, Investigation, Writing-Original draft. ].W.O.: Conceptualization,
Investigation, Writing-Original draft. Y.J.-K.: Data Curation, Methodology. Y.K.: Supervision. S.YK.: Data
Curation, Validation. D.K.: Conceptualization, Writing-Reviewing and Editing, Supervision.

Funding: This research received no external funding.

Acknowledgments: This study was supported by Research Institute for Convergence of biomedical science and
technology Grant (30-2018-000), Pusan National University Yangsan Hospital.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Environ. Res. Public Health 2019, 16, 671 90f12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Wang, A.; Wu, L;; Liu, X;; Su, Z,; Luo, Y.; Chen, S.; Li, H.; Liu, X;; Tao, L.; Guo, J.; et al. The prevalence
of carotid plaque with different stability and its association with metabolic syndrome in China:
The Asymptomatic Polyvascular Abnormalities Community study. Medicine 2016, 95, e4619. [CrossRef]
[PubMed]

Molokwu, J.C.; Penaranda, E.; Lopez, D.S.; Dwivedi, A.; Dodoo, C.; Shokar, N. Association of Metabolic
Syndrome and Human Papillomavirus Infection in Men and Women Residing in the United States. Cancer
Epidemiol. Biomark. Prev. Publ. Am. Assoc. Cancer Res. Cosponsored Am. Soc. Prev. Oncol. 2017, 26, 1321-1327.
[CrossRef] [PubMed]

Ranasinghe, P.; Mathangasinghe, Y.; Jayawardena, R.; Hills, A.P.; Misra, A. Prevalence and trends of metabolic
syndrome among adults in the asia-pacific region: A systematic review. BMC Public Health 2017, 17, 101.
[CrossRef] [PubMed]

Galassi, A.; Reynolds, K.; He, J. Metabolic syndrome and risk of cardiovascular disease: A meta-analysis.
Am. ]. Med. 2006, 119, 812-819. [CrossRef] [PubMed]

Ma, A,; Liu, F; Wang, C.; Liang, K; Yan, E; Hou, X,; Liu, J.; Chen, L. Both insulin resistance and metabolic
syndrome accelerate the progression of chronic kidney disease among Chinese adults: Results from a 3-year
follow-up study. Int. Urol. Nephrol. 2018. [CrossRef] [PubMed]

Lee, SJ.; Lee, HJ.; Oh, HJ.; Go, T.; Kang, D.R.; Kim, J.Y.; Huh, ].H. Metabolic syndrome status over 2 years
predicts incident chronic kidney disease in mid-life adults: A 10-year prospective cohort study. Sci. Rep.
2018, 8, 12237. [CrossRef] [PubMed]

Dibaba, D.T.; Braithwaite, D.; Akinyemiju, T. Metabolic Syndrome and the Risk of Breast Cancer and
Subtypes by Race, Menopause and BMI. Cancers 2018, 10, 299. [CrossRef] [PubMed]

Farre, P.L.; Scalise, G.D.; Duca, R.B.; Dalton, G.N.; Massillo, C.; Porretti, J.; Grana, K.; Gardner, K.; De Luca, P;
De Siervi, A. CTBP1 and metabolic syndrome induce an mRNA and miRNA expression profile critical for
breast cancer progression and metastasis. Oncotarget 2018, 9, 13848-13858. [CrossRef] [PubMed]

Nam, G.E.; Kim, S.M.; Han, K.; Kim, N.H.; Chung, H.S.; Kim, ].W.; Han, B.; Cho, SJ.; Yu, ].H.; Park, Y.G.; et al.
Metabolic syndrome and risk of Parkinson disease: A nationwide cohort study. PLoS Med. 2018, 15, e1002640.
[CrossRef] [PubMed]

Kim, B.J.; Kang, ].G.; Han, ].M.; Kim, ].H.; Lee, S.J.; Seo, D.C.; Lee, S.H.; Kim, B.S.; Kang, ]. H. Association of
self-reported and cotinine-verified smoking status with incidence of metabolic syndrome in 47,379 Korean
Adults. |. Diabetes 2018. [CrossRef] [PubMed]

Lai, KP; Ng, AH,; Wan, HT,; Wong, A.Y.; Leung, C.C.; Li, R.; Wong, C.K. Dietary Exposure to the
Environmental Chemical, PFOS on the Diversity of Gut Microbiota, Associated With the Development of
Metabolic Syndrome. Front. Microbiol. 2018, 9, 2552. [CrossRef] [PubMed]

Moon, S.S. Association of lead, mercury and cadmium with diabetes in the Korean population: The Korea
National Health and Nutrition Examination Survey (KNHANES) 2009-2010. Diabet. Med. . Br. Diabet. Assoc.
2013, 30, e143-e148. [CrossRef] [PubMed]

Wang, X.; Mukherjee, B.; Park, S.K. Associations of cumulative exposure to heavy metal mixtures with
obesity and its comorbidities among U.S. adults in NHANES 2003-2014. Environ. Int. 2018, 121, 683-694.
[CrossRef] [PubMed]

Planchart, A.; Green, A.; Hoyo, C.; Mattingly, C.J. Heavy Metal Exposure and Metabolic Syndrome: Evidence
from Human and Model System Studies. Curr. Environ. Health Rep. 2018, 5, 110-124. [CrossRef] [PubMed]
Rhee, S.Y.; Hwang, Y.C.; Woo, ].T.; Sinn, D.H.; Chin, S.O.; Chon, S.; Kim, Y.S. Blood lead is significantly
associated with metabolic syndrome in Korean adults: An analysis based on the Korea National Health and
Nutrition Examination Survey (KNHANES), 2008. Cardiovasc. Diabetol. 2013, 12, 9. [CrossRef] [PubMed]
Lee, B.K,; Kim, Y. Blood cadmium, mercury, and lead and metabolic syndrome in South Korea: 2005-2010
Korean National Health and Nutrition Examination Survey. Am. J. Ind. Med. 2013, 56, 682—692. [CrossRef]
[PubMed]

Lee, K. Blood mercury concentration in relation to metabolic and weight phenotypes using the KNHANES
2011-2013 data. Int. Arch. Occup. Environ. Health 2018, 91, 185-193. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/MD.0000000000004619
http://www.ncbi.nlm.nih.gov/pubmed/27559957
http://dx.doi.org/10.1158/1055-9965.EPI-17-0129
http://www.ncbi.nlm.nih.gov/pubmed/28483969
http://dx.doi.org/10.1186/s12889-017-4041-1
http://www.ncbi.nlm.nih.gov/pubmed/28109251
http://dx.doi.org/10.1016/j.amjmed.2006.02.031
http://www.ncbi.nlm.nih.gov/pubmed/17000207
http://dx.doi.org/10.1007/s11255-018-1934-6
http://www.ncbi.nlm.nih.gov/pubmed/30182294
http://dx.doi.org/10.1038/s41598-018-29958-7
http://www.ncbi.nlm.nih.gov/pubmed/30115983
http://dx.doi.org/10.3390/cancers10090299
http://www.ncbi.nlm.nih.gov/pubmed/30200454
http://dx.doi.org/10.18632/oncotarget.24486
http://www.ncbi.nlm.nih.gov/pubmed/29568399
http://dx.doi.org/10.1371/journal.pmed.1002640
http://www.ncbi.nlm.nih.gov/pubmed/30130376
http://dx.doi.org/10.1111/1753-0407.12868
http://www.ncbi.nlm.nih.gov/pubmed/30306721
http://dx.doi.org/10.3389/fmicb.2018.02552
http://www.ncbi.nlm.nih.gov/pubmed/30405595
http://dx.doi.org/10.1111/dme.12103
http://www.ncbi.nlm.nih.gov/pubmed/23278294
http://dx.doi.org/10.1016/j.envint.2018.09.035
http://www.ncbi.nlm.nih.gov/pubmed/30316184
http://dx.doi.org/10.1007/s40572-018-0182-3
http://www.ncbi.nlm.nih.gov/pubmed/29460222
http://dx.doi.org/10.1186/1475-2840-12-9
http://www.ncbi.nlm.nih.gov/pubmed/23302150
http://dx.doi.org/10.1002/ajim.22107
http://www.ncbi.nlm.nih.gov/pubmed/22911659
http://dx.doi.org/10.1007/s00420-017-1269-0
http://www.ncbi.nlm.nih.gov/pubmed/29030686

Int. J. Environ. Res. Public Health 2019, 16, 671 10 of 12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Eom, S.Y.; Choi, S.H.; Ahn, S.J.; Kim, D.K.; Kim, D.W,; Lim, J.A.; Choi, B.S.; Shin, H.J.; Yun, SW.,;
Yoon, H.J.; et al. Reference levels of blood mercury and association with metabolic syndrome in Korean
adults. Int. Arch. Occup. Environ. Health 2014, 87, 501-513. [CrossRef] [PubMed]

Piecha, R.; Svacina, S.; Maly, M.; Vrbik, K.; Lacinova, Z.; Haluzik, M.; Pavlouskova, ]J.; Vavrous, A.;
Matejkova, D.; Mullerova, D.; et al. Urine Levels of Phthalate Metabolites and Bisphenol A in Relation to
Main Metabolic Syndrome Components: Dyslipidemia, Hypertension and Type 2 Diabetes. A Pilot Study:.
Cent. Eur. J. Public Health 2016, 24, 297-301. [CrossRef] [PubMed]

Kim, K.; Park, H. Association between urinary concentrations of bisphenol A and type 2 diabetes in Korean
adults: A population-based cross-sectional study. Int. ]. Hyg. Environ. Health 2013, 216, 467—471. [CrossRef]
[PubMed]

Silver, M.K.; O’Neill, M.S.; Sowers, M.R.; Park, S.K. Urinary bisphenol A and type-2 diabetes in U.S. adults:
Data from NHANES 2003-2008. PLoS ONE 2011, 6, e26868. [CrossRef] [PubMed]

Ahmadkhaniha, R.; Mansouri, M.; Yunesian, M.; Omidfar, K.; Jeddi, M.Z.; Larijani, B.; Mesdaghinia, A.;
Rastkari, N. Association of urinary bisphenol a concentration with type-2 diabetes mellitus. J. Environ. Health
Sci. Eng. 2014, 12, 64. [CrossRef] [PubMed]

Andra, S.S.; Kalyvas, H.; Andrianou, X.D.; Charisiadis, P.; Christophi, C.A.; Makris, K.C. Preliminary
evidence of the association between monochlorinated bisphenol A exposure and type II diabetes mellitus:
A pilot study. |. Environ. Sci. Health Part A Toxic/Hazard. Subst. Environ. Eng. 2015, 50, 243-259. [CrossRef]
[PubMed]

Hatch, E.E.; Nelson, ].W.; Qureshi, M.M.; Weinberg, J.; Moore, L.L.; Singer, M.; Webster, T.F. Association of
urinary phthalate metabolite concentrations with body mass index and waist circumference: A cross-sectional
study of NHANES data, 1999-2002. Environ. Health Glob. Access Sci. Source 2008, 7, 27. [CrossRef] [PubMed]
James-Todd, T.; Stahlhut, R.; Meeker, ].D.; Powell, S.G.; Hauser, R.; Huang, T.; Rich-Edwards, J. Urinary
phthalate metabolite concentrations and diabetes among women in the National Health and Nutrition
Examination Survey (NHANES) 2001-2008. Environ. Health Perspect. 2012, 120, 1307-1313. [CrossRef]
[PubMed]

Stahlhut, R.W.; van Wijngaarden, E.; Dye, T.D.; Cook, S.; Swan, S.H. Concentrations of urinary phthalate
metabolites are associated with increased waist circumference and insulin resistance in adult U.S. males.
Environ. Health Perspect. 2007, 115, 876-882. [CrossRef] [PubMed]

Trasande, L.; Attina, T.M. Association of exposure to di-2-ethylhexylphthalate replacements with increased
blood pressure in children and adolescents. Hypertension 2015, 66, 301-308. [CrossRef] [PubMed]

Gaston, S.A.; Tulve, N.S. Urinary phthalate metabolites and metabolic syndrome in U.S. adolescents:
Cross-sectional results from the National Health and Nutrition Examination Survey (2003-2014) data.
Int. ]. Hyg. Environ. Health 2018. [CrossRef] [PubMed]

James-Todd, TM.; Huang, T.; Seely, E.W.; Saxena, A.R. The association between phthalates and metabolic
syndrome: The National Health and Nutrition Examination Survey 2001-2010. Environ. Health Glob. Access
Sci. Source 2016, 15, 52. [CrossRef] [PubMed]

Matsui, K. A portion of plant airborne communication is endorsed by uptake and metabolism of volatile
organic compounds. Curr. Opin. Plant Biol. 2016, 32, 24-30. [CrossRef] [PubMed]

Jia, Z.; Zhang, H.; Ong, C.N.; Patra, A.; Lu, Y,; Lim, C.T.; Venkatesan, T. Detection of Lung Cancer:
Concomitant Volatile Organic Compounds and Metabolomic Profiling of Six Cancer Cell Lines of Different
Histological Origins. ACS Omega 2018, 3, 5131-5140. [CrossRef] [PubMed]

Jiang, W.C.; Wu, S.Y; Ke, Y.B. [Association of exposure to environmental chemicals with risk of childhood
acute lymphocytic leukemia]. Zhonghua Yu Fang Yi Xue Za Zhi [Chin. ]. Prev. Med.] 2016, 50, 893-899.
[CrossRef] [PubMed]

Abplanalp, W.; DeJarnett, N.; Riggs, D.W.; Conklin, D.]J.; McCracken, J.P.; Srivastava, S.; Xie, Z.; Rai, S.;
Bhatnagar, A.; O'Toole, T.E. Benzene exposure is associated with cardiovascular disease risk. PLoS ONE
2017, 12, e0183602. [CrossRef] [PubMed]

De Nys, S.; Putzeys, E.; Vervliet, P.; Covaci, A.; Boonen, L.; Elskens, M.; Vanoirbeek, J.; Godderis, L.;
Van Meerbeek, B.; Van Landuyt, K.L.; et al. A novel high sensitivity UPLC-MS/MS method for the evaluation
of bisphenol A leaching from dental materials. Sci. Rep. 2018, 8, 6981. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00420-013-0891-8
http://www.ncbi.nlm.nih.gov/pubmed/23824410
http://dx.doi.org/10.21101/cejph.a4704
http://www.ncbi.nlm.nih.gov/pubmed/28095285
http://dx.doi.org/10.1016/j.ijheh.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/22921714
http://dx.doi.org/10.1371/journal.pone.0026868
http://www.ncbi.nlm.nih.gov/pubmed/22046388
http://dx.doi.org/10.1186/2052-336X-12-64
http://www.ncbi.nlm.nih.gov/pubmed/24625016
http://dx.doi.org/10.1080/10934529.2015.981111
http://www.ncbi.nlm.nih.gov/pubmed/25594118
http://dx.doi.org/10.1186/1476-069X-7-27
http://www.ncbi.nlm.nih.gov/pubmed/18522739
http://dx.doi.org/10.1289/ehp.1104717
http://www.ncbi.nlm.nih.gov/pubmed/22796563
http://dx.doi.org/10.1289/ehp.9882
http://www.ncbi.nlm.nih.gov/pubmed/17589594
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.05603
http://www.ncbi.nlm.nih.gov/pubmed/26156503
http://dx.doi.org/10.1016/j.ijheh.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30297147
http://dx.doi.org/10.1186/s12940-016-0136-x
http://www.ncbi.nlm.nih.gov/pubmed/27079661
http://dx.doi.org/10.1016/j.pbi.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27281633
http://dx.doi.org/10.1021/acsomega.7b02035
http://www.ncbi.nlm.nih.gov/pubmed/30023907
http://dx.doi.org/10.3760/cma.j.issn.0253-9624.2016.10.011
http://www.ncbi.nlm.nih.gov/pubmed/27686768
http://dx.doi.org/10.1371/journal.pone.0183602
http://www.ncbi.nlm.nih.gov/pubmed/28886060
http://dx.doi.org/10.1038/s41598-018-24815-z
http://www.ncbi.nlm.nih.gov/pubmed/29725047

Int. J. Environ. Res. Public Health 2019, 16, 671 11 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Silva, M.J.; Malek, N.A.; Hodge, C.C.; Reidy, J.A.; Kato, K.; Barr, D.B.; Needham, L.L.; Brock, ] W.
Improved quantitative detection of 11 urinary phthalate metabolites in humans using liquid chromatography-
atmospheric pressure chemical ionization tandem mass spectrometry. J. Chromatogr. B Anal. Technol. Biomed.
Life Sci. 2003, 789, 393-404. [CrossRef]

Park, H.S,; Park, C.Y.; Oh, S.W.; Yoo, H.]. Prevalence of obesity and metabolic syndrome in Korean adults.
Obes. Rev. Off. ]. Int. Assoc. Stud. Obes. 2008, 9, 104-107. [CrossRef] [PubMed]

Noor, N.; Zong, G.; Seely, EW.; Weisskopf, M.; James-Todd, T. Urinary cadmium concentrations and
metabolic syndrome in U.S. adults: The National Health and Nutrition Examination Survey 2001-2014.
Environ. Int. 2018, 121, 349-356. [CrossRef] [PubMed]

Dougherty, D.; Garte, S.; Barchowsky, A.; Zmuda, J.; Taioli, E. NQO1, MPO, CYP2E1, GSTT1 and GSTM1
polymorphisms and biological effects of benzene exposure—A literature review. Toxicol. Lett. 2008, 182, 7-17.
[CrossRef] [PubMed]

Rappaport, SM.; Kim, S.; Lan, Q.; Li, G.,; Vermeulen, R; Waidyanatha, S.; Zhang, L; Yin, S,;
Smith, M.T.; Rothman, N. Human benzene metabolism following occupational and environmental exposures.
Chemico-Biol. Interact. 2010, 184, 189-195. [CrossRef] [PubMed]

Mansi, A.; Bruni, R.; Capone, P; Paci, E.; Pigini, D.; Simeoni, C.; Gnerre, R.; Papacchini, M.; Tranfo, G. Low
occupational exposure to benzene in a petrochemical plant: Modulating effect of genetic polymorphisms
and smoking habit on the urinary t,t-MA /SPMA ratio. Toxicol. Lett. 2012, 213, 57-62. [CrossRef] [PubMed]
Johnson, E.S.; Langard, S.; Lin, Y.S. A critique of benzene exposure in the general population. Sci. Total Environ.
2007, 374, 183-198. [CrossRef] [PubMed]

Janitz, A.E.; Campbell, ].E.; Magzamen, S.; Pate, A.; Stoner, ].A.; Peck, ].D. Corrigendum to ‘Benzene and
childhood acute leukemia in Oklahoma’. Environ. Res. 2018, 165, 505-506. [CrossRef] [PubMed]
Vlaanderen, J.; Lan, Q.; Kromhout, H.; Rothman, N.; Vermeulen, R. Occupational benzene exposure and the
risk of chronic myeloid leukemia: A meta-analysis of cohort studies incorporating study quality dimensions.
Am. ]. Ind. Med. 2012, 55, 779-785. [CrossRef] [PubMed]

Khalade, A.; Jaakkola, M.S.; Pukkala, E.; Jaakkola, J.J. Exposure to benzene at work and the risk of leukemia:
A systematic review and meta-analysis. Environ. Health Glob. Access Sci. Source 2010, 9, 31. [CrossRef]
[PubMed]

Sorensen, M.; Autrup, H.; Moller, P.; Hertel, O.; Jensen, S.S.; Vinzents, P.; Knudsen, L.E.; Loft, S. Linking
exposure to environmental pollutants with biological effects. Mutat. Res. 2003, 544, 255-271. [CrossRef]
[PubMed]

Barreto, G.; Madureira, D.; Capani, E; Aon-Bertolino, L.; Saraceno, E.; Alvarez-Giraldez, L.D. The role of
catechols and free radicals in benzene toxicity: An oxidative DNA damage pathway. Environ. Mol. Mutagen.
2009, 50, 771-780. [CrossRef] [PubMed]

Choi, YH.; Kim, ].H,; Lee, B.E.; Hong, Y.C. Urinary benzene metabolite and insulin resistance in elderly
adults. Sci. Total Environ. 2014, 482483, 260-268. [CrossRef] [PubMed]

Maritim, A.C.; Sanders, R.A.; Watkins, J.B., 3rd. Diabetes, oxidative stress, and antioxidants: A review.
J. Biochem. Mol. Toxicol. 2003, 17, 24-38. [CrossRef] [PubMed]

Singh, B.; Saxena, A. Surrogate markers of insulin resistance: A review. World J. Diabetes 2010, 1, 36—47.
[CrossRef] [PubMed]

Giulivo, M.; Lopez de Alda, M.; Capri, E.; Barcelo, D. Human exposure to endocrine disrupting compounds:
Their role in reproductive systems, metabolic syndrome and breast cancer. A review. Environ. Res. 2016,
151, 251-264. [CrossRef] [PubMed]

Holst, C.; Becker, U.; Jorgensen, M.E.; Gronbaek, M.; Tolstrup, J.S. Alcohol drinking patterns and risk of
diabetes: A cohort study of 70,551 men and women from the general Danish population. Diabetologia 2017,
60, 1941-1950. [CrossRef] [PubMed]

Moore, J.X.; Chaudhary, N.; Akinyemiju, T. Metabolic Syndrome Prevalence by Race/Ethnicity and Sex in
the United States, National Health and Nutrition Examination Survey, 1988-2012. Prev. Chronic Dis. 2017,
14, E24. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1570-0232(03)00164-8
http://dx.doi.org/10.1111/j.1467-789X.2007.00421.x
http://www.ncbi.nlm.nih.gov/pubmed/17986177
http://dx.doi.org/10.1016/j.envint.2018.08.029
http://www.ncbi.nlm.nih.gov/pubmed/30243183
http://dx.doi.org/10.1016/j.toxlet.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18848868
http://dx.doi.org/10.1016/j.cbi.2009.12.017
http://www.ncbi.nlm.nih.gov/pubmed/20026321
http://dx.doi.org/10.1016/j.toxlet.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21300142
http://dx.doi.org/10.1016/j.scitotenv.2006.11.045
http://www.ncbi.nlm.nih.gov/pubmed/17261327
http://dx.doi.org/10.1016/j.envres.2018.02.038
http://www.ncbi.nlm.nih.gov/pubmed/29525036
http://dx.doi.org/10.1002/ajim.22087
http://www.ncbi.nlm.nih.gov/pubmed/22729623
http://dx.doi.org/10.1186/1476-069X-9-31
http://www.ncbi.nlm.nih.gov/pubmed/20584305
http://dx.doi.org/10.1016/j.mrrev.2003.06.010
http://www.ncbi.nlm.nih.gov/pubmed/14644327
http://dx.doi.org/10.1002/em.20500
http://www.ncbi.nlm.nih.gov/pubmed/19449395
http://dx.doi.org/10.1016/j.scitotenv.2014.02.121
http://www.ncbi.nlm.nih.gov/pubmed/24657371
http://dx.doi.org/10.1002/jbt.10058
http://www.ncbi.nlm.nih.gov/pubmed/12616644
http://dx.doi.org/10.4239/wjd.v1.i2.36
http://www.ncbi.nlm.nih.gov/pubmed/21537426
http://dx.doi.org/10.1016/j.envres.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27504873
http://dx.doi.org/10.1007/s00125-017-4359-3
http://www.ncbi.nlm.nih.gov/pubmed/28748324
http://dx.doi.org/10.5888/pcd14.160287
http://www.ncbi.nlm.nih.gov/pubmed/28301314

Int. J. Environ. Res. Public Health 2019, 16, 671 12 of 12

53. Brautbar, A.; Leary, E.; Rasmussen, K.; Wilson, D.P; Steiner, R.D.; Virani, S. Genetics of familial
hypercholesterolemia. Curr. Atheroscler. Rep. 2015, 17, 491. [CrossRef] [PubMed]

54. Van Dijk, S.J.; Molloy, P.L.; Varinli, H.; Morrison, J.L.; Muhlhausler, B.S. Epigenetics and human obesity.
Int. J. Obes. 2015, 39, 85-97. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1007/s11883-015-0491-z
http://www.ncbi.nlm.nih.gov/pubmed/25712136
http://dx.doi.org/10.1038/ijo.2014.34
http://www.ncbi.nlm.nih.gov/pubmed/24566855
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Participants and Demographic Variables 
	Environmental Hazardous Material Concentrations 
	Definition of MetS 
	Statistical Analysis 

	Results 
	Demographic Characteristics of Participants According to MetS Status 
	Differences in Log-Transformed Blood and Urine Hazardous Material Concentrations by MetS Status 
	Multiple Logistic Regression Analysis between MetS Status and Environmental Hazardous Material Concentrations 

	Discussion 
	Conclusions 
	References

