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ARTICLE INFO ABSTRACT

Editor: Dr. S Nan This study evaluated the 12-year trends in serum levels of 28 organochlorine pesticides (OCPs) in 880 adults
living in Seoul, Korea. The OCP levels decreased from 2006 to 2017, and p,p’-dichlorodiphenyldichloroethylene
was a predominant compound. OCP levels were higher in females than in males, and showed positive associa-
tions with BMI and age. The OCP concentrations had inverted U-shaped associations with low-density lipoprotein

cholesterol and total cholesterol. Concentrations of f-hexachlorocyclohexane were significantly higher in pa-
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Cholesterol . . . . . . : .s -
Uric acid tients with hypertension than in participants that were normotensive. OCP levels showed positive associations
Korea with uric acid, creatinine, and thyroid-stimulating hormone, but negative associations with free thyroxine.

Participants with diabetes had significantly higher OCP levels than those without it. Principal component
analysis suggested possible differences in disease manifestation depending on the composition of OCPs. These
results suggest that OCPs might disturb renal transport and thyroid homeostasis. To our knowledge, the inverted
U-shaped associations of heptachlor epoxide and endosulfan with cholesterol, the epidemiological associations of
trans-nonachlor and endosulfan with thyroid hormones, and the association of p,p’-DDE with hyperuricemia have
not been previously reported in general population. This is the first long-term study to show trends of 28 OCPs in
serum and associations with various health indicators in Korea.

1. Introduction

Organochlorine pesticides (OCPs) are synthetic chemicals that have
been widely used to control insects that are agricultural pests or disease
vectors. As a result, OCPs have reached diverse environments and have
bioaccumulated throughout the food chain (Kim, 2020; Maisano et al.,
2016). The World Health Organization (WHO) estimated that every year
about 800,000 people contract diseases as a result of pesticide exposure
(World Health Organization (WHO), 2018). Due to their bio-
accumulative, persistent, and toxic properties, many OCPs are registered
with the Stockholm Convention on Persistent Organic Pollutants (POPs),
and their use has been prohibited since the 1970 s in developed coun-
tries (Gomez-Ramirez et al., 2019; Kutz et al., 1991). However, OCPs are
legally used for malaria control, and some underdeveloped or devel-
oping countries continue to use OCPs due to their low cost and high
efficiency as pesticides (Angulo Lucena et al., 2007; Khuman et al.,
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2020). OCPs can be transported long distances by atmospheric circula-
tion and ocean currents (Li et al., 2007; Zhou et al., 2014).

Humans are mainly exposed to OCPs by ingestion of contaminated
food (Dirtu and Covaci, 2010; Moon et al., 2009). Human exposure to
low-dose OCPs has been emerging as a new risk factor for the increasing
prevalence of metabolic syndrome, which is a cluster of several chronic
medical conditions such as dyslipidemia, insulin resistance, obesity, and
hypertension (Lee et al., 2014; Park et al., 2010). In an experimental
animal study, severe dysregulation of lipid homeostasis has been iden-
tified in rats that had been fed salmon oil contaminated with OCPs
(Ruzzin et al, 2010). Hexachlorobenzene (HCB), p-hexa-
chlorocyclohexane (HCH), and DDE have been associated with hyper-
tension risk (Arrebola et al., 2015; Lind et al., 2014). Uric acid, a
metabolite of purine nucleotides, is used as a risk factor for metabolic
syndrome (Shankar et al., 2006; Hayden and Tyagi, 2004); uric acid
accumulation can cause gout (Heinig and Johnson, 2006). Creatinine is
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a metabolite produced in the process of protein metabolism, mainly
measured to evaluate the glomerular filtration rate (Perrone et al.,
1992). Serum concentrations of y-HCH and o,p’-DDE has been associated
with increase in hyperuricemia risk (Arrebola et al., 2019). Toxicolog-
ical studies using animal models have demonstrated the mechanism by
which OCP induces changes in the thyroid system by reducing free
thyroxine (fT4) levels (Cheek et al., 1999; Gerlienke Schuur et al., 1998;
van Raaij et al., 1993). In in-vivo cell-tracking experiments, OCPs were
associated with decreased insulin secretion and diabetes (Lee et al.,
2017).

Recently, the prevalence of metabolic dysfunction such as obesity,
hypertension, dyslipidemia, insulin resistance, and type 2 diabetes in
developed countries has been increasing (Park et al., 2010), and it is a
serious public health problem affected by environmental factors. How-
ever, most previous studies on the associations between OCP exposure
and health effects have used animal models or toxicological assessments
(Cheek et al., 1999; Gerlienke Schuur et al., 1998; Lee et al., 2017;
Ruzzin et al., 2010; van Raaij et al., 1993), or have mainly reported
exposure assessments for specific occupational or patient groups (Ells-
worth et al., 2018; Holt et al., 2017; Louis et al., 2006; Siddharth et al.,
2012; Soliman et al., 1997). Moreover, epidemiological studies of the
general population have shown inconsist associations between human
exposure to OCPs and the occurrence of metabolic dysfunctions (Hayden
et al., 2004; Lee et al., 2011a; Serdar et al., 2014; Takser et al., 2005).
Research on changes in cholesterol level and low-dose OCP exposure is
limited (Lee et al., 2011b), and levels of thyroid hormones and OCP
exposure have shown inconsistent associations (Chevrier et al., 2008;
Bloom et al., 2003; Kim et al., 2013). In addition, few studies have
confirmed a significant association between OCP exposure and serum
concentrations of uric acid or creatinine in the general population. Thus,
the potential impacts of long-term exposure to OCPs in the general
population remain controversial.

In Korea, OCPs were continuously monitored from 1999 to 2017 in
nationwide air, soil, water, and sediment samples collected from Korean
POP monitoring networks, and dichlorodiphenyltrichloroethane (DDT),
HCB, and pentachlorobenzene (PeCB) were mainly detected in air and
soil (Kim and Yoon, 2014; Natlonal institute of environmental research
NIER, 2017). Endosulfan was detected nationwide in air, soil, water, and
sediment in 2015, and was mainly detected at high concentrations in air
(Kim et al., 2020). In addition, OCPs were detected in 26 types of sea-
food, and DDT (< 0.04-37 ng/g) and HCB (< 0.004-1.0 ng/g) were
detected at high concentrations (Moon et al., 2009), which were higher
than those in the United States (DDT: < 5 ng/g) (Nowell et al., 2009) and
France (DDT: 0.15-2.20 ng/g, HCB: 0.10-0.80 ng/g) (Thomas et al.,
2012). Moreover, DDT has recently been detected in eggs, and this has
become a serious concern in Korea (https://en.yna.co.kr/). Although the
production and use of OCPs have been prohibited, they are still detected
in environmental matrices and food (Natlonal institute of environmental
research NIER, 2017). Therefore, individuals can be exposed to OCPs by
various routes, including dietary intake, dermal absorption, and inha-
lation (Lee et al., 2007). Despite the possibility of human exposure to
OCPs, few studies have confirmed long-term human exposure to OCPs in
Korea. Therefore, associations between the changes in OCP levels in the
environment over time and the temporal trends of human exposure to
OCPs in Korea could not be evaluated. In addition, studies on long-term
human exposure to OCPs and their health effect assessment have been
limited.

According to Korean National Health Insurance Service data, the
prevalence of metabolic syndrome increased by 1.68% from 2009 to
2013 (Lee et al., 2018). Previous studies conducted using Seoul citizens
investigated the associations between the exposure to POPs including
polychlorinated dibenzodioxins and dibenzofurans (Seo et al., 2020) in
the human body and clinical factors, but did not correlate health effects
with human exposure to these compounds. Therefore, to understand the
causes of health effects that were not explained in previous studies, the
exposure to OCPs should be assessed as a potential risk factor in Seoul
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citizens, and associations with clinical factors should be identified.

In this study, we measured concentrations of 28 OCPs in human
serum collected from 880 Seoul citizens between 2006 and 2017 to
assess human exposure to OCPs, trends over time, and possible health
effects associated with OCP exposure. In addition, the present study aims
to expand current knowledge of potential metabolic disrupting effects of
OCPs by investigating the associations between human exposure to OCP
and hypertension, lipid homeostasis, hyperuricemia, thyroid homeo-
stasis, and type-2 diabetes. To the best of our knowledge, it is the first
long-term study to confirm trends of 28 OCPs in serum and associations
with various clinical indicators in Korea, and it is the only study with
statistical power to assess the association between OCP exposure and
homeostasis of uric acid and creatinine in the general population.

2. Materials and methods
2.1. Sample collection

Serum samples were collected as stratified random samples in March
or April from residents who participated in the Health Assessment Study
of Seoul Citizens (Seoul Resource Recovery Facility (SRRF), 2017)
conducted annually in Seoul since 2000. To ensure representativeness of
the sample, the study was conducted on participants who had lived in
the Gangnam, Nowon, or Yangcheon district in Seoul for > 5y, and had
participated in this project every year. Participants were recruited by sex
and age group, and questionnaire surveys and health examinations for
the study were conducted. However, due to the mobile nature of city
dwellers, the participants in the project varied among year. In addition,
the ratios of subjects by sex and age were not constant every year
because all serum samples were collected from volunteers. To minimize
the variability of these samples, the participants who had lived in the
region for < 5y were excluded, and the participants who participated in
the project every year were recruited as a priority.

For each participant, blood collection, questionnaire survey, and
health examinations were performed on the same date, a questionnaire
was completed before blood collection, then a health examination was
performed. For an accurate health examination, participants maintained
an empty stomach and did not take any medications for 12 h prior to the
examination. From 2006 to 2017, a total of 880 participants (215 males,
665 females) underwent health examinations to confirm the associations
between exposure to OCPs and health effects. Their ages ranged from the
20-805s(20s:32,30s:77,40s: 189, 50s: 350, and > 60 s: 232; Table S1
in the Supplementary Information). Serum samples were collected and
stored according to the ‘Korean Standard Operational Procedure for
POPs’ (MOE, 2008). After the blood had been collected, the serum was
immediately separated by centrifugation. The samples were stored in
polypropylene tubes at temperatures <—20 °C in a light-blocked freezer.

Each participant completed a questionnaire with information about
age, sex, and daily lifestyle, then underwent a health examination. The
health examinations measured blood pressure, height, weight, body
mass index (BMI), serum levels of cholesterol (low-density lipoprotein
(LDL), high-density lipoprotein (HDL), total cholesterol (TC), and tri-
glyceride), blood pressure, uric acid, creatinine, hypothyroidism, thy-
roid hormones (fT4, thyroid-stimulating hormone (TSH)), and blood
glucose as a test for diabetes (Table S2). In Korea, the degree of obesity
of patients in health examinations follows the Asia-Pacific BMI classifi-
cation (Lim et al., 2017), so obesity was diagnosed based on this stan-
dard in present study as well. The participants were categorized into age
groups (20 s, 30 s, 40 s, 50 s, and > 60 s) and BMI groups (underweight
(BMI [kg/mz] < 18.5), normal-weight (18.5 < BMI < 22.9), overweight
(23 < BMI < 24.9), obese (25 < BMI < 29.9), and highly obese (30 <
BMI)). Hypertension was diagnosed if the blood pressure at rest was
consistently > 140/90 mmHg. Renal impairment or renal failure was
diagnosed if creatinine values exceeded 1.4 mg/dL for males and 1.0
mg/dL for females. Hyperuricemia was diagnosed if serum uric acid
level was > 6 mg/dL in females or > 7 mg/dL in males, or if the subjects
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had been diagnosed with gout, or if subjects had been prescribed
pharmacological treatment to lower uric acid levels. Diabetes was
diagnosed according to blood glucose level: < 100 mg/dL, normal;
100-126 mg/dL, impaired glucose tolerance; > 126 mg/dL, diabetes. To
minimize the variability of clinical factors, only clinical factors that had
been measured using consistent standards over time were used in the
present study. Health checkups were performed at the Occupational
Health Center of Yonsei University College of Medicine, which con-
ducted the health impact assessment (Seoul Resource Recovery Facility
(SRRF), 2017).

2.2. Chemicals and standards

An isotope dilution method was used to analyze OCPs in samples.
Isotope labeled OCPs (ES-5465-A, Cambridge Isotope Labs, USA) were
used as internal standards, and other non-isotope labeled 4,4'-dichlor-
obiphenyl and 2,3',4,5-tetrachlorobiphenyl (EC-5350, Cambridge
Isotope Labs, USA) were used as recovery standards. Native standards
(ES-5464-A, Cambridge Isotope Labs, USA) were also used (Table S3).
Formic acid (99%; Merck, Germany) was used as the reagent. Hexane,
methanol, deionized water, and dichloromethane (J.T Baker Co., USA)
were used for extraction and clean up.

2.3. Instrumental analysis

Measurements of OCPs followed the procedure used in the U.S. Na-
tional Health and Nutrition Examination Survey (NHANES) (Serdar
et al., 2014) (Fig. S1). Serum (2 mL) was weighed and spiked with in-
ternal standards and mixed; then 2 mL of formic acid and 1 mL of
deionized water were added. A solid-phase extraction vacuum manifold
(Supelco Inc., USA) was used for extraction and clean up. A Sep-Pak Cig
solid-phase extraction cartridge (500 mg, 6 cc; Waters Corporation,
USA) was conditioned with 12 mL of methanol and 12 mL of deionized
water, then each sample was loaded into the cartridge then eluted with
16 mL of hexane. The filtrate was loaded onto a combined Sep-Pak Plus
silica (500 mg, 6 cc; Waters Corporation, USA) and florisil cartridge
(Waters Corporation, USA) that had been conditioned with 12 mL of a
dichloromethane/hexane (1:1, v/v) mixture and 12 mL of hexane. OCPs
were eluted with 12 mL of a dichloromethane/hexane (1:1, v/v)
mixture. The eluted extract was concentrated by drying under nitrogen
gas, and the recovery standard mixture was added.

Gas chromatography-high resolution mass spectrometry (GC-HRMS)
measurements were conducted using a JMS-800D instrument (JEOL,
Japan) equipped with a 6890 N gas chromatograph (Agilent Technolo-
gies, USA). A 60 m x 0.25 mm x 0.25 pm DB-5MS capillary column
(Agilent Technologies, USA) was used. Ionization was performed in the
electron impact mode, the source temperature was 280 °C, and ioniza-
tion energy was 38 eV. The data were collected in single-ion monitoring
(SIM) mode with a resolution > 10,000.

2.4. Quality assurance/quality control

Internal and recovery standards were spiked into the samples before
extraction and GC-HRMS analysis, respectively. The average internal
standard recoveries were 78-97% (Table S4). A procedural blank sample
(i.e., distilled water) was extracted in each batch. Solvent blanks (i.e.,
hexane) were analyzed to check contamination from the laboratory
procedures. OCPs were below the limit of detection (LOD), which was
defined as three times the signal-to-noise ratio, in both the hexane and
water blank samples, for each compound (Table S4). The calibration
curve for the individual target compounds had a coefficient of deter-
mination r2 > 0.99. To check the precision, seven homogenized samples
spiked with the native standard mixture (5 ng/mL) were analyzed. The
samples were pretreated and analyzed; the relative standard deviation
was 6.36%.
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2.5. Statistical analysis

As following the Environmental Protection Agency (EPA) method,
OCP levels below the LOD were reported as zero and treated as non-
detectable (ND) (Mocking et al., 2012; United States Environmental
Protection Agency (US EPA), 1991). Values below LOD could also be
calculated as 0.5-LOD, but this procedure can overestimate concentra-
tions of OCP when they are very low (Barghi et al., 2016). The detection
rates of compounds ranged from 99.5% of participants for p,p’-DDE to
22% for §-HCH. One or more OCPs were detected in all participants.
OCPs with nonpolar and lipophilic properties are related to the lipids in
tissues, and thus OCP concentrations are generally expressed per weight
of total lipids rather than per volume or per whole weight (Bernert et al.,
2007). Total lipids (Son et al., 2010) were calculated as

Total lipids(mg/dL) = 2.27 X total cholesterol + triglycerides + 62.3.

A simulation study reported that the OCP concentrations adjusted by
wet-weight concentrations of triglycerides and total cholesterol had less
bias than those adjusted by lipid-standardized concentrations; therefore,
triglycerides and total cholesterol were included in the model as cova-
riates, and the adjusted wet weight concentration was used (Schisterman
et al., 2005). However, the adjustment of serum lipid levels can induce
over-adjustment because OCP may interfere with lipid metabolism (Lee
et al., 2011). If OCP concentrations were not adjusted by triglycerides
and total cholesterol, a strong association between lipids and OCPs was
shown, but the adjusted data were applied as a conservative analysis in
this study. In addition, analyses were conducted for the quartiles of in-
dividual OCP. More than 75% of the measurements that exceeded the
detection limit were included, and participants with concentrations
below the detection limit were placed in the lowest quartile data for
each compound.

Nonparametric statistics were used in this study, because a
Kolmogorov-Smirnov test of normality of data showed a skewed distri-
bution. Factors that have potential to influence the outcome were
selected as potential confounders (Lee et al., 2017, 2013). The OCPs,
thyroid hormone, uric acid, and creatinine levels were adjusted for po-
tential confounders such as age, sex, total lipids calculated by the
equation, and BMI, and cholesterol levels were adjusted for age, sex, and
BMIL These adjusted data were provided in SPSS linear model proced-
ures to examine the temporal trends of OCPs and the associations with
various clinical factors (hypertension, thyroid hormone, uric acid,
creatinine, hyperuricemia, cholesterol, and diabetes). Multivariable
regression was performed to analyze the associations between OCP
levels and age, sex, cholesterol, BMI, thyroid hormone, uric acid, and
creatinine levels; adjusted data were used for the models. As a result of
normality verification using Kolmogorov-Smirnov test, the concentra-
tions of all OCPs adjusted for sex, age, body mass index, and lipids
showed normal distributions. OCP levels were classified by quartiles to
represent the change in clinical indicators (cholesterol, uric acid,
creatinine, and thyroid hormones) according to OCP levels.

Spearman’s rank correlation coefficients were used to measure cor-
relations between variables. This statistical test was used to identify the
associations between OCP levels and participants’ age, BMI, cholesterol,
thyroid hormone, creatinine, or uric acid levels. The Kruskal-Wallis test
was used to identify significant differences among more than two groups
categorized by age, year, cholesterol, BMI, thyroid hormone, uric acid,
and creatinine levels. The Mann-Whitney U test was conducted to
compare the OCP levels between participants with and without hyper-
tension, or hyperuricemia, or diabetes and to confirm the significant
differences among the groups of variables (age, sex, BMI, and year).
Principal components analysis (PCA) was performed to confirm the
major factors involved in patterns of dominant compounds and clinical
indicators. PCA analyzes a multivariable structure that has a large
number of correlated variables to combine them into a reduced number
of independent factors. The results of the PCA were used to explain the
variance and the most important information about original data.
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Among the principal components that had eigenvalues > 1, those with
the three highest eigenvalues were selected for data interpretation; they
explained 66% of the total data variance. Prior to PCA, the clinical in-
dicators and OCP levels were normalized by dividing individual con-
centrations by the sum of the value of that variable to compare only
distributions and profiles, excluding the concept of concentrations or
numerical values (Seo et al., 2020, 2018). Statistical analysis was con-
ducted using IBM SPSS Statistics version 20 (IBM Corp., Armonk, NY,
USA). The significance level was set at 0.05.

3. Results and discussion
3.1. Levels and profile distributions of OCPs

The total composition of OCPs consisted of 69% p,p’-DDE, 7% HCB,
5% p-HCH, and 4% p,p’-DDT; each of the other compounds accounted
for < 2% (Table 1; Fig. S2). The predominance of p,p’-DDE (arithmetic
mean: 533 ng/g lipid, range: ND to 5942 ng/g lipid) is a result of
degradation of DDT to p,p’-DDE, which is more persistent than the
parent compound (estimated half-life in the human body > 7 y) (Axmon
and Rignell-Hydbom, 2006). In nationwide monitoring of POPs con-
ducted annually by the Korean Ministry of Environment, DDT has been
continuously detected in air, soil, and sediment (Natlonal institute of
environmental research NIER, 2017), and high DDT concentrations were
recently detected in Korean foods (https://en.yna.co.kr/). Even though
production and use of DDT were phased out several decades ago, it has
been detected in various environmental matrices due to long-range at-
mospheric transport of OCPs (Li et al., 2007) and their bioaccumulation
in the aquatic ecosystem by the food web (Kim, 2020). Furthermore,
DDT is an intermediate and manufacturing impurity in the production of
dicofol (Roberts et al., 2007). In addition, OCPs are legally used for
malaria control, and some developing countries continue to use DDT due
to its low cost and high efficiency (Kang and Chang, 2011). Therefore,
OCPs used in neighboring countries could influence the human exposure
by imported livestock feed and intake of imported food products
(Angulo Lucena et al., 2007). These results suggest that Korean citizens
might have been exposed to DDT and DDE until recently.

LOD: limit of detection.

HCB levels averaged 56 ng/g lipid (range: ND to 2235 ng/g lipid).
HCB was used as a fungicide and is also formed as a by-product or im-
purity during production of chemicals and pesticides (Jung et al., 1997).
It is also released during incineration and combustion, and atmospheric
levels were 2-10 times higher than those of other OCPs in Korea (MOE,
2011). HCB was banned in the US in 1984 (Kang and Chang, 2011) and
designated as a prohibited substance in Korea in the early 2000 s
(Ministry of Environment MOE, 2019). HCB is a persistent compound
with an environmental half-life exceeding 9 years (Barber et al., 2005).

B-HCH levels averaged 40 ng/g lipid (range: ND to 322 ng/g lipid).
HCH was used as a broad-spectrum insecticide and was registered with
the Stockholm Convention in 2009 (Kang and Chang, 2011). In Korea,
HCH was designated as a prohibited substance for use and production in
2011 (Ministry of Environment MOE, 2019). However, HCH may be
formed as by-products in the manufacturing process of other chlorinated
compounds (Jung et al., 1997). f-HCH has a half-life > 7 y in the human
body, whereas the half-life of its isomer y-HCH is only 20 h (Kang and
Chang, 2011). The significant serum concentrations of HCB and s-HCH
demonstrate the continuous exposure of Koreans to these OCPs and the
persistence of these chemicals in the human body.

OCP concentrations were significantly and positively correlated with
each other, including HCH, HCB, heptachlor, heptachlor epoxide, diel-
drin, endosulfan, oxychlordane, chlordane, nonachlor, DDE, dichlor-
odiphenyldichloroethane (DDD), and DDT (Table S5). In Korea, various
OCPs were used to improve crop yields from 1946 to the 1990 s, and the
usage of OCPs including endrin, aldrin, heptachlor, dieldrin, HCHs, and
DDT in Korea was estimated to be over 3560 tons (Kim et al., 2005).
People might be exposed to OCPs through the intake of foods imported
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from other countries where these pesticides are still in use (Zhang et al.,
2014; Zhou et al., 2012). In addition, some OCPs including DDT, -HCH,
and HCB are generated as impurities or by-products in the
manufacturing process of chlorinated compounds (Jung et al., 1997;
Roberts et al., 2007). The associations between these OCPs point to
common sources, e.g. food.

OCP exposures can vary considerably among countries due to dif-
ferences in the timing of regulations, current and historical use of OCPs,
and dietary intake. We compared our results to previous studies of other
countries (Table S6). In Korea (this study), arithmetic mean levels of
major OCPs were several times higher than the levels in the U.S.
(Woodruff et al., 2011), France (Saoudi et al., 2014), and Italy (Amodio
etal., 2012), and similar to levels in Japan (Itoh et al., 2009). In contrast,
the mean concentrations in China (Xu et al., 2009) and Mexico (Walis-
zewski et al., 2012) were several times higher than our results. In gen-
eral, the serum OCPs are related to the agreements for restrictions on use
and the regulation of production. Although their use has been prohibited
since the 1970 s and 1980 s in developed countries (Kutz et al., 1991),
some OCPs are still used in underdeveloped or developing countries in
Africa, Latin America, and Asia (Angulo Lucena et al., 2007). Therefore,
people in developed countries might have been exposed to relatively
lower amounts of OCPs than those in underdeveloped or developing
countries.

3.2. Temporal trends in OCP exposure

Individual OCP levels were monitored over time (Fig. 1, Table S7).
To evaluate trends, we considered four groups of compounds: (1)
“parent” OCPs (HCB, heptachlor, aldrin, endrin, dieldrin, cis-chlordane,
trans-chlordane, p,p’-DDT, o,p’-DDT, and Mirex); (2) “metabolites” of
parent OCPs (p,p’-DDE, cis-heptachlor epoxide, trans-heptachlor
epoxide, oxychlordane, cis-nonachlor, trans-nonachlor, o,p’-DDD, p,p’-
DDD, and o,p’-DDE); (3) “newly regulated” OCPs, most which have
recently been listed as POPs under the Stockholm Convention in 2009
and 2011 (The Stockholm Convention (SC), 2019) (pentachlorobenzene,
a-HCH, p-HCH, y-HCH, endosulfan I, endosulfan II, endosulfan III, and
kepone); and (4) “unregulated” OCPs (5-HCH).

Temporal trends varied among compound groups and compounds
(Fig. 1). The annual trends of the mean concentrations of OCP com-
pounds are shown in Fig. S3. Serum concentrations gradually decreased
from 2006 to 2017 for many of the parent compounds, including HCB,
heptachlor, aldrin, dieldrin, and p,p’-DDT, and differences from 2006 to
2017 were statistically significant (Kruskal-Wallis test, p < 0.05). In
contrast, levels of endrin, trans-chlordane, cis-chlordane, o,p’-DDT, and
Mirex, did not change significantly over time. For the metabolites,
trends were similar to the parent compounds, and most metabolite levels
decreased significantly during the study period (p < 0.05). However,
trans-heptachlor epoxide, o,p’-DDE, and o,p’-DDD did not change
significantly. For the newly regulated OCPs, levels of some compounds,
including PeCB, -HCH and kepone, showed gradual decreases after
2010 and statistically significant declines; this date coincides with list-
ings in the Stockholm Convention in 2009 (The Stockholm Convention
(SC), 2019), however, a-HCH, y-HCH, endosulfan I, endosulfan II, and
endosulfan III did not show significant changes. The unregulated OCP,
§-HCH, was found at low concentrations, and the levels did not change
significantly. Overall, serum concentrations of OCPs in the study pop-
ulation either remained similar or decreased over the 12-y study period.
These decreasing trends indicate an increase in the amount of OCPs
being decomposed, metabolized, and excreted, rather than a decrease in
the amount of OCPs accumulated and stored in human body. The
decrease rates of each OCP over 12 years are the results of the persis-
tence, metabolic degradation, and continuous exposure to each com-
pound. HCB (30%), f-HCH (30%), p,p’-DDE (20%), and trans-nonachlor
(23%) were detected at high concentrations and showed significant
decrease rates, whereas OCPs that undergo rapid clearance or were a
low levels generally did not show significant decreases in concentration
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Table 1

Mean and median (in parentheses) OCP levels (ng/g lipid) in human serum collected from Korean citizens by age (20 s, 30 s, 40 s, 50 s, and > 60 s), sex, body mass index (BMI). BMI (kg/mz) was classified into five groups;

underweight (BMI < 18.5), normal (18.5 < BMI < 23), overweight (23 < BMI < 25), obesity (25 < BMI < 30), and high obesity (30 < BMI).

Mean (median) Range All samples Age (years) Sex BMI (kg/m2)
20s 30s 40s 50s >60s Male Female Under weight Normal Overweight Obesity High obesity
N (%) 880 (100%) 32 (4%) 77 (9%) 189 (21%) 350 (40%) 232 (26%) 215 (24%) 665 (76%) 65 (7%) 317 (36%) 201 (23%) 206 (23%) 91 (10%)
PeCB 5.47 (4.23) 1.12 (0.00) 2.16 (0.00) 2.70 (0.00) 5.08 (0.00) 10.0 (0.00) 3.62 (0.00) 6.44 (0.00) 1.55 (0.00) 4.58 (0.00) 7.62 (0.00) 6.57 (0.00) 10.8 (0.00)
<LOD-415 <LOD-35.9 <LOD-46.1 <LOD-148 <LOD-365 <LOD-415 <LOD-317 <LOD-415 <LOD-21.7 <LOD-415 <LOD-317 <LOD-365 <LOD-146
a-HCH 1.24 (0.51) 2.26 (1.14) 0.97 (0.00) 1.04 (0.00) 1.24 (0.41) 1.34 (0.99) 1.18 (0.37) 1.29 (0.70) 1.56 (1.66) 1.44 (0.74) 1.04 (0.38) 1.31 (0.69) 1.30 (0.30)
<LOD-16.2 <LOD-16.2 <LOD-7.85 <LOD-9.11 <LOD-14.1 <LOD-12.9 <LOD-16.2 <LOD-16.1 <LOD-5.12 <LOD-16.2 <LOD-7.72 <LOD-12.9 <LOD-7.85
p-HCH 40.4 (30.7) 21.5 (17.8) 20.2 (0.00) 32.7(24.2) 39.9 (33.0) 56.8 (44.4) 33.2 (24.6) 42.5 (33.1) 32.0 (24.1) 37.3(29.6) 39.9 (32.4) 47.1 (37.7) 71.1 (71.9)
<LOD-322 5.48-131 4.69-69.7 <LOD-185 <LOD-154 <LOD-322 0.06-132 <LOD-322 7.71-115 <LOD-161 <LOD-226 <LOD-322 5.48-185
y-HCH 1.82(1.11) 1.56 (0.90) 1.34 (0.00) 2.05 (0.77) 1.88 (1.22) 1.72 (1.22) 1.28 (0.50) 1.84 (1.21) 1.51 (1.41) 2.10 (1.43) 1.96 (1.30) 1.86 (1.13) 1.94 (1.97)
<LOD-73.7 <LOD-10.2 <LOD-6.24 <LOD-73.7 <LOD-26.4 <LOD-14.8 <LOD-10.2 <LOD-73.7 <LOD-5.66 <LOD-73.7 <LOD-20.7 <LOD-14.8 <LOD-8.23
8-HCH 0.17 (0.00) 0.09 (0.00) 0.09 (0.00) 0.16 (0.00) 0.18 (0.00) 0.22 (0.00) 0.15 (0.00) 0.19 (0.00) 0.26 (0.00) 0.19 (0.00) 0.29 (0.00) 0.11 (0.00) 0.11 (0.00)
<LOD-4.63 <LOD-1.40 <LOD-1.91 <LOD-4.57 <LOD-4.03 <LOD-4.63 <LOD-4.63 <LOD-4.55 <LOD-1.91 <LOD-4.03 <LOD-4.63 <LOD-3.48 <LOD-1.12
HCB 55.7 (43.3) 61.7 (0.00) 95.9 (0.00) 75.3 (0.00) 67.4 (0.00) 7.99 (0.00) 15.9 (0.00) 29.7 (13.1) 12.6 (0.00) 68.5 (0.00) 89.4 (0.00) 42.2 (0.00) 9.58 (0.00)
<LOD-2235 <LOD-425 <LOD-997 <LOD-902 <LOD-2235 <LOD-367 <LOD-386 <LOD-2237 <LOD-176 <LOD-997 <LOD-2235 <LOD-1108 <LOD-194
Heptachlor 2.73 (0.00) 6.75 (0.00) 2.21 (0.00) 1.87 (0.00) 2.93 (0.00) 2.75 (0.00) 3.04 (0.00) 2.80 (0.00) 6,19 (1.34) 2.85 (0.00) 3.17 (0.00) 2.78 (0.00) 3.53 (0.00)
<LOD-66.9 <LOD-40.5 <LOD-34 <LOD-38.7 <LOD-67.0 <LOD-66.0 <LOD-67.0 <LOD-39.3 <LOD-34.0 <LOD-39.8 <LOD-67.0 <LOD-40.5 <LOD-32.3
c-Heptachlor Epoxide 9.16 (5.98) 3.38 (2.36) 4.99 (0.00) 7.64 (4.66) 9.20 (6.44) 12.5(9.33) 7.33 (5.42) 8.21 (5.80) 5.42 (3.58) 7.07 (5.35) 9.17 (7.11) 12.5 (9.25) 19.3 (12)
<LOD-134 <LOD-14.6 <LOD-22.1 <LOD-70.1 <LOD-66.2 <LOD-134 <LOD-26.2 <LOD-88.2 1.90-25.0 <LOD-64.7 <LOD-66.2 <LOD-88.2 <LOD-134
t-Heptachlor Epoxide 4.26 (1.54) 7.87 (3.19) 3.70 (0.00) 3.90 (0.93) 3.79 (1.35) 4.97 (2.77) 3.86 (0.00) 4.66 (2.14) 8.06 (5.80) 4.49 (1.91) 5.02 (2.57) 4.79 (0.91) 3.38 (2.30)
<LOD-95.5 <LOD-57.8 <LOD-41.2 <LOD-51.8 <LOD-52.0 <LOD-95.5 <LOD-95.5 <LOD-57.8 <LOD-39.1 <LOD-57.8 <LOD-51.8 <LOD-95.5 <LOD-18.1
Aldrin 3.09 (0.00) 2.66 (0.00) 2.23 (0.00) 3.10 (0.00) 2.75 (0.00) 3.95 (0.00) 2.40 (0.00) 3.43 (0.00) 4.16 (0.64) 2.88 (0.00) 4.11 (0.00) 3.68 (0.00) 2.93 (0.00)
<LOD-102 <LOD-34.7 <LOD-50.2 <LOD-83.6 <LOD-102 <LOD-56.0 <LOD-49.7 <LOD-102 <LOD-11.9 <LOD-50.2 <LOD-102 <LOD-56.0 <LOD-28.3
Dieldrin 3.89 (3.06) 3.00 (2.40) 2.88 (0.00) 3.43 (2.36) 3.99 (3.26) 4.55 (3.93) 3.69 (3.20) 3.43 (2.80) 2.83 (2.70) 3.48 (2.76) 4.58 (4.09) 4.76 (3.94) 5.04 (4.26)
<LOD-26.1 <LOD-9.75 <LOD-12.4 <LOD-18.7 <LOD-23.0 <LOD-56.0 <LOD-20.6 <LOD-19.7 <LOD-8.86 <LOD-23.0) <LOD-19.7 <LOD-26.1 <LOD-16.3
Endrin 1.77 (0.00) 1.64 (0.00) 1.72 (0.00) 1.63 (0.00) 1.92 (0.00) 1.70 (0.00) 1.60 (0.00) 1.92 (0.00) 2.90 (0.00) 1.96 (0.23) 2.18 (0.00) 1.73 (0.00) 1.16 (0.00)
<LOD-34.1 <LOD-13.1 <LOD-25.0 <LOD-20.9 <LOD-34.1 <LOD-26.1 <LOD-2605 <LOD-34.1 <LOD-25.0 <LOD-34.1 <LOD-31.8 <LOD-16.9 <LOD-9.10
Endosulfanl 3.17 (1.90) 3.01 (1.70) 2.81 (0.00) 3.06 (1.76) 3.53 (2.03) 2.84 (2.03) 2.38 (1.50) 2.99 (1.84) 3.37 (1.95) 3.36 (2.13) 3.68 (2.18) 3.19 (2.23) 3.38(2.12)
<LOD-51.2 <LOD-17.7 <LOD-15.2 <LOD-17.7 <LOD-51.2 <LOD-15.2 <LOD-16.3 <LOD-51.2 <LOD-9.70 <LOD-44.2 <LOD-51.2 <LOD-17.4 <LOD-14.1
EndosulfanlI 6.87 (3.02) 8.36 (3.97) 4.15 (0.00) 6.74 (2.63) 6.95 (2.84) 7.53 (5.01) 5.59 (2.05) 6.71 (3.12) 2.85 (1.09) 6.97 (3.36) 8.65 (5.25) 7.06 (2.44) 8.43 (4.41)
<LOD-97.1 <LOD-39.5 <LOD-46.8 <LOD-97.1 <LOD-85.2 <LOD-76.8 <LOD-63.1 <LOD-76.8 <LOD-12.6 <LOD-85.2 <LOD-76.8 <LOD-53.1 <LOD-97.1
EndosulfanIIl 3.05 (0.00) 2.90 (0.19) 1.46 (0.00) 2.01 (0.00) 3.09 (0.00) 4.40 (0.00) 2.78 (0.00) 3.37 (0.00) 1.07 (0.00) 3.00 (0.00) 3.92 (0.00) 3.37 (0.00) 3.14 (0.00)
<LOD-242 <LOD-20.3 <LOD-22.1 <LOD-47.1 <LOD-242 <LOD-189 <LOD-40.7 <LOD-242 <LOD-4.77 <LOD-47.1 <LOD-242 <LOD-189 <LOD-20.7
Oxychlordane 11.5 (8.19) 6.70 (3.12) 6.53 (0.00) 8.00 (5.13) 11.4 (8.44) 16.7 (13.6) 11.2 (7.55) 11.0 (8.07) 11.9 (7.26) 11.2 (9.21) 12.6 (8.85) 13.3(9.97) 14.6 (11.5)
<LOD-142 <LOD-39.5 <LOD-52.3 <LOD-48.1 <LOD-142 <LOD-75.0 <LOD-75.0 <LOD-142 2.50-52.3 <LOD-51.5 <LOD-142 <LOD-75.0 <LOD-50.5
t-Chlordane 1.23 (0.31) 1.14 (0.00) 0.60 (0.00) 0.73 (0.23) 1.73 (0.37) 1.10 (0.49) 0.90 (0.21) 1.37 (0.32) 1.36 (0.60) 1.14 (0.36) 2.15 (0.49) 0.98 (0.35) 1.09 (0.35)
<LOD-216 <LOD-8.02 <LOD-11.3 <LOD-7.64 <LOD-216 <LOD-11.4 <LOD-11.4 <LOD-216 <LOD-6.37 <LOD-11.3 <LOD-216 <LOD-11.4 <LOD-5.57
c-Chlordane 1.82(0.29) 1.73 (0.13) 0.65 (0.00) 0.82 (0.20) 3.04 (0.29) 1.20 (0.46) 1.14 (0.33) 2.12(0.32) 1.97 (0.69) 1.18 (0.33) 4.44 (0.33) 1.20 (0.48) 1.11 (0.65)
<LOD-629 <LOD-17.9 <LOD-7.76 <LOD-12.8 <LOD-629 <LOD-14.4 <LOD-14.4 <LOD-629 <LOD-7.67 <LOD-17.8 <LOD-629 <LOD-12.9 <LOD-6.30
t-Nonachlor 20.4 (13.7) 9.97 (4.75) 9.40 (0.00) 15.6 (8.99) 20.1 (13.6) 29.8 (24.6) 22.0 (12.9) 18.6 (12.7) 22.5 (22.4) 20.0 (14.1) 22.0 (17.2) 25.0 (16.7) 25.7 (20.0)
<LOD-256 <LOD-52.7 <LOD-64.6 <LOD-256 <LOD-179 <LOD-149 <LOD-149 <LOD-256 <LOD-64.6 <LOD-179 <LOD-256 <LOD-173 <LOD-76.0
c-Nonachlor 4.12 (2.22) 1.79 (0.45) 2.24 (0.00) 3.21 (1.44) 4.43 (2.59) 5.34 (4.07) 4.36 (2.48) 3.91 (2.02) 2.25 (1.48) 3.93(2.17) 5.02 (2.97) 4.75 (2.78) 5.85 (3.97)
<LOD-111 <LOD-18.0 <LOD-24.8 <LOD-31.8 <LOD-111 <LOD-38.3 <LOD-38.3 <LOD-111 <LOD-6.50 <LOD-48.1 <LOD-111 <LOD-31.8 <LOD-20.4
Kepone 4.71 (0.00) 18.2 (0.00) 1.31 (0.00) 2.45 (0.00) 5.66 (0.00) 4.39 (0.00) 4.29 (0.00) 5.19 (0.00) 0.07 (0.00) 5.29 (0.00) 7.68 (0.00) 3.78 (0.00) 1.58 (0.00)
<LOD-386 <LOD-275 <LOD-77.8 <LOD-222 <LOD-386 <LOD-341 <LOD-386 <LOD-341 <LOD-0.54 <LOD-274 <LOD-386 <LOD-341 <LOD-64.8
o,p’-DDE 4.22 (2.13) 2.99 (0.00) 1.29 (0.00) 2.25 (0.00) 7.98 (0.00) 1.31 (0.00) 1.37 (0.00) 5.39 (0.00) 1.52 (0.00) 2.46 (0.00) 9.20 (0.00) 1.66 (0.00) 15.8 (0.00)
<LOD-1360 <LOD-31.6 <LOD-14.4 <LOD-71.1 <LOD-1360 <LOD-31.2 <LOD-31.6 <LOD-1360 <LOD-9.65 <LOD-205 <LOD-1359 <LOD-71.1 <LOD-576
p,p’-DDE 533 (373) 216 (197) 247 (0.00) 448 (278) 548 (403) 720 (610) 464 (348) 472 (358) 569 (334) 528 (356) 547 (401) 612 (424) 754-533
<LOD-5943 50.5-741 42.3-1201 <LOD-5943 <LOD-4390 8.69-3129 8.69-3129 <LOD-5943 166-1382 <LOD-4390 <LOD-4175 16.2-5943 <LOD-4892
o,p’-DDD 1.33(0.17) 0.85 (0.49) 0.68 (0.00) 0.53 (0.00) 2.10 (0.15) 1.09 (0.60) 0.84 (0.27) 1.52 (0.16) 0.34 (0.00) 0.86 (0.34) 3.17 (0.34) 0.97 (0.37) 0.78 (0.00)
<LOD-460 <LOD-5.33 <LOD-11.4 <LOD-5.15 <LOD-460 <LOD-9.11 <LOD-11.4 <LOD-460 <LOD-1.71 <LOD-5.98 <LOD-460 <LOD-11.4 <LOD-5.63
p,p’-DDD 2.81 (1.99) 1.35 (1.07) 1.70 (0.00) 2.16 (1.57) 3.44 (2.08) 2.96 (2.80) 2.53 (2.00) 2.75 (1.89) 2.28 (1.73) 2.52 (2.01) 3.99 (2.10) 2.72 (2.42) 2.61 (2.32)
<LOD-294 <LOD-5.57 <LOD-8.19 <LOD-22.8 <LOD-294 <LOD-17.7 <LOD-17.7 <LOD-294 <LOD-6.81 <LOD-22.8 <LOD-294 <LOD-11.8 <LOD-8.21
o,p’-DDT 13 (6.66) 9.29 (2.25) 7.25 (0.00) 14.3 (3.21) 14.1 (8.03) 13.0 (8.95) 10.9 (6.15) 12.1 (7.29) 12.3 (10.2) 13.4 (6.42) 18.2 (7.61) 10.9 (7.60) 12.3 (8.44)
<LOD-678) <LOD-41.8 <LOD-49.8 <LOD-678 <LOD-325 <LOD-89.5 <LOD-178 <LOD-325 <LOD-35.5 <LOD-296 <LOD-678 <LOD-80.3 <LOD-54.4
p,p’-DDT 32.6 (26.3) 12.8 (8.17) 16.9 (0.00) 31.7 (24.0) 35.2 (27.4) 38.6 (32.7) 29.7 (26.4) 29.8 (24.3) 31.4 (18.3) 30.9 (24.9) 37.4 (30.28) 37.9 (28.8) 37.59 (27.24)
<LOD-263 <LOD-90.4 <LOD-67.1 <LOD-196 <LOD-263 <LOD-163 <LOD-104 <LOD-263 <LOD-97.4 <LOD-202 <LOD-262 <LOD-250 <LOD-140
Mirex 4.24 (0.00) 2.76 (0.00) 4.86 (0.00) 3.96 (0.00) 4.40 (0.00) 4.22 (0.00) 4.28 (0.00) 3.70 (0.00) 4.88 (0.00) 4.37 (0.00) 4.63 (0.00) 5.27 (0.00) 4.35 (0.00)
<LOD-96.2 <LOD-30.2 <LOD-54.4 <LOD-76.8 <LOD-96.2 <LOD-65.2 <LOD-50.4 <LOD-96.2 <LOD-17.5 <LOD-60.4 <LOD-76.8 <LOD-96.2 <LOD-33.3
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Fig. 1. Trends in the adjusted OCP concentrations in serum (ng/g lipid) collected from Korean citizens from 2006 to 2017. The trend line is fitted to the average. (a)
B-HCH, (b) HCB, (c) trans-nonachlor, and (d) p,p’-DDE. Adjusted variables included sex, age, BMI, and lipids. Box plots show 25th, 50th, and 75th percentiles, and the
gray line in the box represents the mean values. Error bars below and above boxes indicate the 10th and 90th percentiles, and the linear trend lines are shown.

over time.

The ratios of metabolites were usually higher than those of parent
compounds. DDT comprised only 8% of the total level of DDT, DDE and
DDD. Chlordane comprised only 8% of the total level of chlordane,
oxychlordane and nonachlor, Heptachlor was only 17% of the total level
of heptachlor plus heptachlor epoxide. However, HCB comprised 91% of
the total level of HCB and its metabolite, PeCB. The ratios of parent
compounds and their metabolites could be affected by the half-lives and
continuous exposure to each compound; this is the reason that DDT with
a long half-life (~ 7 y) (Axmon and Rignell-Hydbom, 2006) can remain
in a human body long after exposure to DDT ceases. In contrast, oxy-
chlordane (half-life: 21-88 d) (Blaylock, 2005) and nonachlor (half-life:
10-50 d) (Dearth and Hites, 1991), which are metabolites of chlordane,
were detected at high concentrations despite having relatively short
half-lives; this result suggests that exposure to chlordane is continuing.
In addition, heptachlor epoxide (half-life: 4 y) (Agency for Toxic Sub-
stances and Disease Registry ATSDR, 2007), a metabolite of heptachlor
(half-life: 3.5 d) (Agency for Toxic Substances and Disease Registry
ATSDR, 2007), might persist after being produced, whereas HCB
(half-life: 9 y) (Barber et al., 2005) might not be metabolized and may
persist in a human body due to its long half-life.

The variables (e.g., dietary intake, occupation, characteristics of
living space, life-style) that affect human exposure to OCPs differ among
individuals, and these variables affect serum concentration of OCPs.
Long-term trends in serum levels of OCP can be explained by several
factors, one of which is changes in production and use, which are

influenced by international and national regulation. The parent OCPs
were produced and increasingly used as pesticides from the 1950 s
through the 1990 s (Kutz et al., 1991), but then agreements restricting
their use and production were established due to reported toxicity
(Abdollahi et al., 2004). The newly regulated compounds were
more-recently designated as regulated substances due to the recognition
of their properties as POPs, i.e., PeCB, a-HCH, p-HCH, y-HCH and
kepone in 2011, and endosulfan I, endosulfan II, and endosulfan III in
2015 in Korea (Ministry of Environment MOE, 2019).

National emission-source management and emission-reduction
strategies also affect the levels of OCPs in the environment and
humans. Since 1999, the Korean Ministry of Environment has been
conducting an annual national survey of residual levels in air, soil,
surface water, sediment, and biota, and emissions by source (Natlonal
institute of environmental research NIER, 2017). Based on the survey
results, the Ministry of Environment designated the Persistent Organic
Pollutants Management Method’ and established POPs-containing waste
treatment and management and measures to reduce emissions and has
managed emission sources to reduce emissions (Natlonal institute of
environmental research NIER, 2017). In fact, national emission regula-
tions have led to a decrease of POP levels in the human body for 20 y
(Seo et al., 2020). Other factors that may explain trends include lags and
environmental reservoirs in the food web, particularly in the aquatic
environment, and the storage and slow clearance from the human body.
Trends of the metabolites suggest declining exposure to the parent
compounds.
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Considering our measurements along with regulations and use
trends, we estimate that OCP exposure in Korea increased from the
1950 s to the late 1990 s, reached a plateau in the early 2000 s, and then
decreased starting in the early or mid-2000 s. The Korean Ministry of
Environment reported that DDT and HCB levels decreased significantly
in air, soil, and sediment from 1999 to 2017, and that PeCB in air
decreased gradually from 2013 to 2017 (Natlonal institute of environ-
mental research NIER, 2017). OCP trends in marine sediments from
Korea show similar patterns with the trends in the present study: an
increase until the mid-2000 s, followed by a plateau or decrease (Choi
et al., 2011; Meng et al., 2017). Therefore, this result suggests that the
long-term decreasing trend in human serum samples is a result of
emission source management and emission reduction policies, and na-
tional regulation of production and use of OCPs.

Our data suggest that serum levels of OCP in Korea started to decline
later than in Europe and North American, but earlier than in other Asian
countries. In North America (Hinck et al., 2009; Schade and Heinzow,
1998) and Europe (Jaraczewska et al., 2006; Polder et al., 2008), OCP
levels showed downward trends beginning in the 1970 s or 1980 s until
a plateau was reached in the late 1990 s or early 2000 s; these trends are
a result of an earlier introduction of regulations than in Asian countries.
However, in China (Qiu et al., 2009), India (Sharma et al., 2014), and
Egypt (Barakat et al., 2012), OCP levels increased continuously through
the 1990 s until the mid- and late-2000 s. Considering the low cost and
high efficiency of pesticides, these countries likely continued to use
OCPs or introduced regulations much later than in the rest of the world.
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3.3. Association of OCP exposure with sex, age, and BMI

3.3.1. Sex

Concentrations of most OCPs were higher in females (arithmetic
mean concentrations of Xpg OCPs: 689 ng/g lipid, median concentra-
tions of X3 OCPs: 581 ng/g lipid) than in males (arithmetic mean
concentrations of X3 OCPs: 646 ng/g lipid, median concentrations of
Y8 OCPs: 529 ng/g lipid) (Table 1), and these differences were statis-
tically significant for p-HCH (p < 0.001), y-HCH (p = 0.003), HCB
(p = 0.016), and endosulfan I (p = 0.029). However, differences be-
tween females and males were not significant for the other OCP com-
pounds. The specific reasons for these differences are unknown,
however, previous studies with similar findings suggested that this result
might be due to the differences in dietary habits, metabolism, specific
activities, and human OCP contamination of gender dimensions (Ben
Hassine et al., 2014; Dirtu et al., 2006; Porta et al., 2012). However, in
some other previous study, the OCP levels were higher in males than in
females; the difference was presumed to be a result of females excreting
OCP by menstruation, breastfeeding, and childbirth (Kang et al., 2008).

Serum concentrations of OCPs in females were low in their 20 s and
30 s, but increased with age (Fig. 2). Serum levels did not differ signif-
icantly between females in their 20 s and females in their 30 s, but were
statistically significant (p < 0.05) between these groups and females in
age groups > 30 y. This trend may be due to differences in daily intake
and lifestyle and may be affected by active menstruation, breastfeeding,
and childbirth in females in their 20 s and 30 s (Jiang and Li, 2020). In
fact, OCPs have been detected in breast milk (Araki et al., 2018) and
fetal cord blood (Miiller et al., 2017), and OCPs in maternal body are
tranlocated to breast milk and fetus. These results suggest that OCPs can
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be transferred to the fetus thereby lowering the body burden of females
during childbirth and breastfeeding.

3.3.2. Age

OCP levels adjusted for potential confounders were significantly and
positively correlated with age (Table 1). As examples, PeCB (r = 0.111,
p = 0.009), g-HCH (r = 0.434, p < 0.001), HCB (r = 0.106, p = 0.006),
cis-heptachlor epoxide (r=0.364, p < 0.001), dieldrin (r=0.216,
p =0.001), oxychlordane (r=0.320, p < 0.001), trans-nonachlor
(r =0.302, p < 0.001), cis-nonachlor (r =0.177, p < 0.001), p,p’-DDE
(r=0.267, p < 0.001), and p,p’-DDT (r = 0.184, p < 0.001).

The participants were categorized into five age groups (20s, 30s,
40 s, 50 s, and > 60 s) to evaluate the relationship between age and OCP
exposure levels (Table 1, Fig. 2). Levels of PeCB, a-HCH, -HCH, §-HCH,
HCB, trans-heptachlor epoxide, cis-heptachlor epoxide, aldrin, dieldrin,
oxychlordane, trans-nonachlor, cis-nonachlor, cis-chlordane, trans-
chlordane, kepone, p,p’-DDT, o,p’-DDT, p,p’-DDD, o,p’-DDD, and p,p’-
DDE differed significantly among the age groups (p < 0.05). Total OCP
levels increased significantly (p < 0.01) with participant age, with
arithmetic means of 413, 447, 681, 815, and 963 ng/g lipid for age
groups of 20's, 30 s, 40 s, 50 s, and > 60 s, respectively.

Several OCPs did not vary by age group, including y-HCH, hepta-
chlor, endrin, endosulfan, o,p’-DDE and Mirex. This lack of difference
may be due to rapid clearance and low concentrations of these com-
pounds, e.g., the half-life is 20 h for y-HCH (Kang and Chang, 2011), 40
d for heptachlor (Agency for Toxic Substances and Disease Registry
ATSDR, 2007), 266 d for endrin (National Center for Biotechnology
Information NCBI, 2005a), about 40 d for endosulfan (Agency for Toxic
Substances and Disease Registry ATSDR, 2013), 17-37 h for o,p’-DDE
(Agency for Toxic Substances and Disease Registry ATSDR, 2002), and
20-30 d for Mirex (National Center for Biotechnology Information NCBI,
2005b), whereas many of the other OCPs have half-lives of several years.
The lower serum levels of these compounds may increase analytical
uncertainties, and thereby reduce the ability to detect trends and sta-
tistically significant associations.

Previous studies have also reported that OCP levels increase with the
subject’s age (Petrik et al., 2006; Thomas et al., 2017). Likely reasons for
this trend include long exposure periods, deterioration of metabolic
capacity, and different lifestyles (e.g., daily food intake, occupation,
cooking method, frequency of use of the products containing OCPs,
childbirth, breastfeeding, menstruation, major living spaces according
to the participant’s occupation and life style e.g., outdoor, indoor at
home, office, kitchen).

3.3.3. BMI

After adjustment for potential confounders, OCPs such as p-HCH
(p < 0.001), cis-heptachlor epoxide (p < 0.001), dieldrin (p < 0.001),
oxychlordane (p =0.042), p,p'-DDT (p =0.020), and p,p’-DDE
(p = 0.006), had significant positive associations with BMI (Table 1,
Fig. S4). The participants were divided into five groups: underweight,
normal-weight, overweight, obese, and highly obese. The arithmetic
mean levels of -HCH, cis-heptachlor epoxide, dieldrin, endosulfan II,
endosulfan III, and cis-nonachlor differed significantly (p < 0.05) among
the groups. In addition, the arithmetic mean of HCB concentrations was
significantly higher in the highly obese group than in the normal group,
and the o,p’-DDD level was significantly higher in the obese groups than
in the underweight group. The arithmetic mean concentrations of
§-HCH, oxychlordane, trans-nonachlor, and p,p’-DDT were significantly
higher in the obese groups than in the normal-weight group.

OCP concentrations have been shown to be positively correlated
with BMI (Ben Hassine et al., 2014); the trend may relate to dietary
intake (Ogden et al., 2004). Further, lipids in the body retain OCPs, and
obese people may have metabolic differences that result in further
accumulation (Ogden et al., 2004). The possibility that exposure to low
dose of OCPs can cause obesity has also been reported (Lee et al., 2011).
Levels of methanobacteriales in the gut are known to be related to higher
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waist circumference and body weight, and levels of methanobacteriales
were positively correlated to serum OCP levels (Lee et al., 2011), so
human exposure to OCPs might have influenced methanobacteriales in
the gut, which are related to BMI.

3.4. Implications of clinical indicators

3.4.1. Multivariable analysis

The associations among OCPs and clinical indicators (uric acid,
thyroid hormone, and cholesterol) were evaluated by PCA (Fig. 3). The
three main PCs accounted for 66% (PC1: 25%, PC2: 23%, and PC3: 18%)
of the variations in the model (Fig. 3a). A loading plot provided infor-
mation on the contributions of clinical indicators and each major com-
pound to the sample separation. A score plot (Fig. 3b) suggested six
groups: Groups I and II contained the major OCP compounds, e.g., p,p’-
DDE with the highest levels and p-HCH with high detection rates,
respectively; Group III contained TC; Group IV contained uric acid; and
Groups V and VI included thyroid hormones (fT4 and TSH). The loading
plot indicated that TC was linked to p,p’-DDE, p,p’-DDT, and -HCH, and
uric acid was related to p,p’-DDE. TSH was linked to trans-nonachlor and
p,p’-DDT, whereas fT4 was related to f-HCH.

This difference in OCP profiles based on the clinical indicators sug-
gests that each OCP is associated with different disease manifestations.
Previous studies have also reported strong associations between TC and
p,p’-DDE and -HCH (Ben Hassine et al., 2014; Lee et al., 2011), and p,
p'-DDE and cis-nonachlor have been significantly associated with thy-
roid hormones (Takser et al., 2005). The current data suggest that these
results indicate an association of OCPs with clinical indicators, and that
different OCP compounds may affect different clinical indicators; this
possibility is further explored below.

3.4.2. Cholesterol

a-HCH, p-HCH, y-HCH, 5-HCH, HCB, trans-heptachlor epoxide, cis-
heptachlor epoxide, dieldrin, oxychlordane, endosulfan I, endosulfan II,
trans-nonachlor, cis-nonachlor, p,p’-DDT, o,p’-DDT, and p,p’-DDE had
positive associations with TC (p < 0.05). LDL cholesterol was positively
correlated with o-HCH, p-HCH, y-HCH, &-HCH, trans-heptachlor
epoxide, cis-heptachlor epoxide, trans-nonachlor, endrin, endosulfan II,
kepone, o,p’-DDT, and p,p’-DDE (p < 0.05). Triglycerides were corre-
lated with y-HCH, trans-heptachlor epoxide, and endrin (p < 0.05),
whereas HDL cholesterol was negatively correlated with p,p’-DDT
(p < 0.05) (Table S8).

The levels of the cholesterol species showed increasing quartiles of
OCP levels (Fig. 4, Table S9). The associations of OCP levels with levels
of TC and LDL cholesterol followed inverted U-shapes, which represent
an association that is positive at low exposure levels, then decreases and
eventually become negative as exposure level increases. a-HCH, -HCH,
y-HCH, 5-HCH, HCB, trans-heptachlor epoxide, cis-heptachlor epoxide,
dieldrin, oxychlordane, endosulfan I, endosulfan II, trans-nonachlor, cis-
nonachlor, p,p’-DDT, o,p’-DDT, and p,p’-DDE had inverted U-shape as-
sociations with TC. LDL cholesterol had inverted U-shape associations
with a-HCH, -HCH, y-HCH, §-HCH, trans-heptachlor epoxide, cis-hep-
tachlor epoxide, trans-nonachlor, endrin, endosulfan II, kepone, o,p’-
DDT, and p,p’-DDE. Triglyceride had a positive correlation with all OCPs
except §-HCH, heptachlor, aldrine, dieldrine, o,p’-DDT, mirex, whereas
HDL cholesterol had a negative correlation with all OCPs except -HCH,
trans-heptachlor epoxide, endrin, endosulfan II, o,p’-DDT, and mirex
(Table S8).

A previous study also showed inverted U-shape associations between
DDE, oxychlordane, or trans-nonanchlor and cholesterol (Lee et al.,
2011). In the animal model study, rats showed severe dysregulation of
lipid homeostasis when fed salmon oil contaminated with POPs,
including DDT, HCB, and HCH (Ruzzin et al., 2010). The exposure of the
rats to OCPs was associated with strong inhibition of Lpinl and
Insulin-induced gene 1, which are the regulators of fat production and
synthesis of cholesterol and triglycerides (Ruzzin et al., 2010). In
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Fig. 3. (a) Loading plot for OCP compounds (5-HCH and p,p’-DDE) and clinical indicators (cholesterol, uric acid, thyroid hormone). Among all OCP compounds and
clinical indicators, the major factors were presented. (b) Score plot for factors. Box plots show 25th, 50th, and 75th percentiles, and the gray line in the box represents
the mean values. Error bars below and above boxes indicate 10th and 90th percentiles, respectively.

addition, the exposure to OCPs was associated with increase in expres-
sion of sterol regulatory element-binding protein 1c, which is a major
factor in the lipid production process, and also in expression of the target
gene, fatty acid synthase (Ruzzin et al., 2010).

In experiments with cultured cells, low doses of OCPs caused
elevated expression of peroxisome proliferator-activated receptor vy,
increased glycerol-3-phosphate dehydrogenase activity and adipocyte
differentiation, whereas relatively high doses did not affect adipocyte
proliferation (Arsenescu et al., 2008). General population exposure to
POPs, including OCPs has been significantly associated with impairment
of lipid metabolism (Arrebola et al., 2014; Lee et al., 2011). These results
suggest that exposure to POPs may affect the expression of genes
involved in the regulation of lipid homeostasis. In addition, low con-
centrations of OCPs, which can act like hormones in the human body,
might increase adipocyte differentiation and enzyme activity, whereas
the proliferative effect on adipocytes might be stopped by the toxic ef-
fects of OCPs at high concentrations; these observations suggest that
OCPs might disrupt endocrine function in the body.

3.4.3. Hypertension

Hypertension was diagnosed in 141 participants. After adjustment
for potential confounders, only -HCH levels were significantly higher in
individuals with hypertension (49 + 35 ng/g lipid) than in those

without it (41 + 38 ng/g lipid); p = 0.013 (Fig. S5). A previous epide-
miological study reported significant associations of hypertension risk
with HCB and $-HCH levels in individuals with BMI > 26.3 kg/m®
(Arrebola et al., 2015), and that p,p’-DDE had increased blood pressure
and was associated with onset of hypertension (Lind et al., 2014). The
present study also showed a significant association between hyperten-
sion and -HCH, but neither for p,p’-DDE nor HCB.

OCPs are anti-androgen compounds that act on the androgen re-
ceptor (Freire et al., 2014). High OCP levels have been shown to be
inversely proportional to testosterone levels (Akishita et al., 2010;
Blanco-Munoz et al., 2012; Xu et al., 2013). Low testosterone levels can
increase blood pressure and have been associated with hypertension
(Akishita et al., 2010; Svartberg et al., 2004). In addition, female sex
hormone has been shown to prevent cardiovascular disease (Masi et al.,
2006), and 2-hydroxyestradiol, an estradiol metabolite, is a potent in-
hibitor of vascular smooth muscle cell proliferation; compounds that
have anti-androgenic potential can interact with this mechanism (Masi
et al., 2006). Therefore, these results suggest that the anti-androgenic
effects of f-HCH may have caused increase in blood pressure, and this
increase can lead to hypertension.

3.4.4. Uric acid and creatinine
Serum OCP concentrations were classified into quartiles to identify
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bar; p values for trends are shown above the bar.

the association between uric acid and OCP, then the levels of uric acid in
each quartile were compared (Fig. 5). Uric acid levels adjusted for po-
tential confounders increased from the lowest to the highest quartile for
cis-heptachlor epoxide (p < 0.001), cis-nonachlor (p = 0.037), p,p’-DDE
(p < 0.001), and p,p’-DDT (p = 0.001), and concentrations of these OCP
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compounds were significantly correlated with uric acid levels (Table 2).
In addition, 56 participants who fell in the high-risk group were diag-
nosed with hyperuricemia, and the serum levels of f-HCH (p = 0.001),
trans-nonachlor (p = 0.018), o,p’-DDE (p = 0.009), and p,p’-DDE
(p =0.001) were significantly higher in these participants than in
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Fig. 5. Adjusted means of (a) uric acid (mg/dL) and (b) creatinine (mg/dL) with increasing quartile of OCP serum concentrations (ng/g lipid). Adjusted variables
were sex, age, BMI, and lipids. Among the OCPs, only major compounds or those that have meaningful associations with uric acid were shown in the figure. Error bar
shows standard deviation, and p-value of each compound is indicated above the bar. OCP level of each quartile group is shown below the bar.
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Table 2

Multivariate regression models of uric acid (mg/dL), creatinine (mg/dL), free thyroxine (mg/dL), and thyroid stimulating hormone (mg/dL) levels with OCP concentrations (ng/g lipid).

Uric acid Creatinine Free thyroxine Thyroid stimulating hormone
beta 95% CI p-value beta 95% CI p-value beta 95% CI p-value beta 95% CI p-value
lower upper lower upper lower upper lower upper
PeCB -0.035 -0.004 0.001 0.311 -0.047 -0.001 0.000 0.224 0.026 0.000 0.001 0.552 0.074 0.000 0.007 0.082
a-HCH 0.039 -0.019 0.072 0.251 -0.090 -0.008 -0.001 0.002 0.011 -0.008 0.010 0.792 0.007 -0.051 0.061 0.863
f-HCH 0.036 -0.002 0.007 0.376 -0.012 -0.002 0.002 0.701 -0.107 -0.001 0.000 0.023 0.069 -0.001 0.007 0.140
y-HCH -0.041 -0.040 0.010 0.233 0.018 -0.003 0.004 0.637 -0.022 -0.006 0.004 0.605 0.025 -0.022 0.041 0.554
5-HCH -0.026 -0.237 0.105 0.488 -0.052 -0.033 0.002 0.075 -0.051 -0.056 0.013 0.232 0.023 -0.163 0.284 0.593
HCB 0.069 0.000 0.009 0.085 0.048 0.000 0.001 0.212 -0.156 -0.008 0.001 <0.001 0.030 -0.001 0.002 0.493
Heptachlor 0.031 -0.007 0.017 0.440 -0.032 -0.002 0.001 0.274 -0.019 -0.003 0.002 0.654 0.023 -0.010 0.018 0.583
c-Heptachlor Epoxide 0.185 0.003 0.027 <0.001 0.149 0.001 0.003 <0.001 -0.045 -0.004 0.001 0.342 0.053 -0.005 0.020 0.251
t-Heptachlor Epoxide 0.030 -0.006 0.015 0.382 -0.051 -0.002 0.000 0.081 -0.038 -0.003 0.001 0.373 0.002 -0.012 0.013 0.958
Aldrin -0.001 -0.010 0.009 0.977 -0.055 -0.002 0.000 0.059 -0.027 0.002 0.001 0.525 -0.005 -0.013 0.011 0.903
Dieldrin 0.016 -0.028 0.042 0.691 0.195 0.005 0.012 <0.001 0.005 -0.006 0.007 0.916 0.010 -0.033 0.041 0.813
Endrin -0.020 -0.035 0.019 0.563 -0.085 -0.007 -0.001 0.003 -0.092 -0.011 -0.001 0.030 -0.037 -0.048 0.018 0.376
Endosulfan I 0.071 -0.008 0.048 0.090 -0.034 -0.004 0.002 0.384 -0.127 -0.011 -0.002 0.003 0.079 -0.002 0.055 0.063
Endosulfan II 0.015 -0.002 0.015 0.082 -0.007 -0.001 0.001 0.851 -0.098 -0.004 0.000 0.021 0.047 -0.005 0.018 0.273
Endosulfan III -0.039 -0.011 0.004 0.335 0.052 0.000 0.002 0.083 0.058 0.000 0.002 0.193 -0.047 -0.013 0.004 0.270
Oxychlordane 0.016 -0.007 0.010 0.689 0.031 -0.001 0.001 0.421 -0.025 -0.002 0.001 0.575 -0.006 -0.011 0.010 0.892
t-Chlordane -0.027 -0.015 0.006 0.430 -0.056 -0.002 0.000 0.053 0.017 -0.002 0.002 0.689 0.027 -0.008 0.017 0.520
c-Chlordane 0.027 -0.002 0.006 0.431 -0.070 -0.002 0.000 0.069 0.026 0.000 0.001 0.536 0.029 -0.003 0.006 0.493
t-Nonachlor 0.064 0.000 0.008 0.073 0.074 0.000 0.001 0.056 -0.016 -0.001 0.001 0.723 0.139 0.003 0.014 0.002
c-Nonachlor 0.072 -0.001 0.030 0.037 -0.020 -0.002 0.001 0.610 -0.067 -0.005 0.001 0.122 0.021 -0.013 0.022 0.630
Kepone 0.054 -0.001 0.006 0.114 -0.022 -0.001 0.001 0.564 0.011 -0.001 0.001 0.792 0.069 -0.001 0.008 0.105
o.p’-DDE -0.013 -0.002 0.001 0.360 -0.052 -0.002 0.000 0.052 -0.033 -0.002 0.001 0.432 0.024 -0.001 0.003 0.569
p,p’-DDE 0.151 0.000 0.001 <0.001 0.132 0.001 0.003 <0.001 -0.006 -0.001 0.001 0.894 0.003 -0.001 0.002 0.941
o,p’-DDD -0.025 -0.007 0.003 0.464 -0.065 -0.001 0.000 0.092 0.033 -0.001 0.001 0.439 -0.032 -0.008 0.004 0.443
p,p’-DDD 0.039 -0.003 0.013 0.248 -0.042 -0.001 0.000 0.224 0.036 -0.001 0.002 0.884 -0.025 -0.012 0.007 0.558
o,p’-DDT -0.017 -0.003 0.002 0.627 -0.048 -0.001 0.000 0.215 -0.028 -0.002 0.000 0.094 0.013 -0.005 0.007 0.766
p.p’-DDT 0.118 -0.002 0.008 0.001 0.084 0.000 0.001 0.029 -0.040 -0.001 0.000 0.369 0.057 -0.001 0.007 0.194
Mirex 0.041 -0.005 0.015 0.304 0.104 0.000 0.003 0.007 0.032 -0.001 0.002 0.455 0.011 -0.009 0.012 0.800

CI: confidence interval. Models were adjusted for sex, age, body mass index, and lipids. Statistically significant values (p < 0.05) were shown in bold. Data showed normal distributions.
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participants who had normal uric acid levels.

Concentrations of cis-heptachlor expoxide (p < 0.001), dieldrin
(p < 0.001), p,p’-DDE (p < 0.001), p,p’-DDT (p = 0.029), and mirex
(p = 0.007) showed significant positive linear associations with levels of
creatinine. Previous toxicological studies using biomarkers (i.e., insulin-
like growth factor 1 in muscle, cytochrome P4501A in liver tissues, and
glutathione S-transferase gene) confirmed that creatinine levels in fish
increased when they were exposed to p,p’-DDE and heptachlor (El Megid
et al., 2020), and that y-HCH and p,p’-DDT levels showed significant
associations with serum creatinine levels of patients with chronic kidney
disease (Siddarth et al., 2014). As a result, serum concentrations of
cis-heptachlor epoxide, p,p’-DDE, and p,p’-DDT showed strong positive
linear associations with serum concentrations of both uric acid and
creatinine. In particular, p,p’-DDE was significantly associated with hy-
peruricemia and with elevated levels of uric acid and creatinine.

Previous epidemiological studies reported that hyperuricemia or
gout can develop in people who are exposed to high concentrations of
OCPs (Lee et al., 2013), and serum concentrations of y-HCH and o,
p'-DDE have been associated with an increased risk of hyperuricemia
(Arrebola et al., 2019). Several mechanisms for these associations have
been suggested.

(1) Some POPs may affect uric acid homeostasis by destroying
antioxidant enzymes and the production of intermediates of reactive
oxygen (Panaretakis et al., 2001), and chronic exposure of OCP may
cause induction of alternative pathways to the glutathione detoxifica-
tion route, and this alternative pathways have been reported to lead to
an increase in oxidative stress (Francisco et al., 2016). (2) The associa-
tions may be a result of chronic nephrotoxicity as a result of interaction
of serum OCPs with anion transporters involved in excretion by the
kidneys (Kataria et al., 2015). (3) The association between OCPs and
uric acid may be a result of disruption of the renal excretory system that
maintains whole-body homeostasis by excreting metabolic waste prod-
ucts into the urine. Excretion of uric acid and substances such as OCPs is
controlled by renal transport systems (Eraly et al., 2008), and therefore
the association may be a result of competition for kidney transporters
during the process of excretion of OCPs and uric acid (Eraly et al., 2008).
Thus, as OCP level increases, the excretion of urate may decrease, so it
may accumulate in the blood. Increased uric acid can lead to deposition
of uric acid in joints, which causes gout and other diseases (Heinig and
Johnson, 2006). These results suggest that exposure to OCPs may
interfere with uric acid and creatinine homeostasis and kidney function.

3.4.5. Thyroid function
OCP levels were classified by quartiles to represent the change in
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thyroid hormone levels according to OCP levels (Fig. 6, Table 2). OCP
and thyroid hormone levels were adjusted for age, sex, BMI, and lipids.
Levels of fT4 were significantly negatively correlated with levels of
S-HCH (p = 0.023), HCB (p < 0.001), endrin (p = 0.030), endosulfan I
(p = 0.003), and endosulfan II (p = 0.021) (Fig. 6a), whereas levels of
TSH were significantly positively correlated with trans-nonachlor
(p = 0.002) (Fig. 6b). As a result, fT4 and TSH showed opposite ten-
dencies with levels of certain OCP compounds.

A previous study reported an association between exposure to HCB
and decreased fT4, and suggested that changes in thyroid parameters
can be induced by reducing levels of T3 and thyroxine-binding globulin
(Dallaire et al., 2009). Toxicological studies using animal models have
demonstrated that OCP induces changes in the thyroid system by
reducing fT4 levels (Cheek et al., 1999; Gerlienke Schuur et al., 1998;
van Raaij et al., 1993), and have reported that OCP exposure increased
TSH levels and reduced T4 levels, thereby disturbing the thyroid system
(Cheek et al., 1999; De Pisarev et al., 1990; van Raaij et al., 1993). In
addition, a negative association between HCB and fT4 but a positive
association between #-HCH and TSH has been reported, as in the present
study (Dallaire et al., 2009). Significant inverse associations of have
been reported for HCB and p,p’-DDE with fT4 levels but not for TSH
levels (Maervoet et al., 2007). In rats that had been treated with HCB,
the fT4 and thyroxine hormone (T4) levels decreased, whereas changes
in TSH level were not consistent; the activation of hepatic UDP-GT en-
zymes following T4 glucuronidation and biliary excretion was the
mechanism of consequent hypothyroidism in rats (Alvarez et al., 2005;
van Raaij et al., 1993).

One possible explanation for the decrease in fT4 and the increase in
TSH with increase in OCP levels in this study is that OCP may affect the
peripheral deiodination of T4, and thereby reduce T3 levels (Gerlienke
Schuur et al., 1998). T4 is released from the thyroid gland then con-
verted to T3, which then promotes metabolic activity, decreases TSH
release from the anterior pituitary gland, and increases the release of fT4
(Brent, 2012). However, OCP may influence peripheral deiodination of
T4 by inactivating deiodinase enzymes, and thereby lead to reduced T3
levels (Gerlienke Schuur et al., 1998). As T3 level decreases, the release
of TSH may increase whereas the release of fT4 may decrease (Brent,
2012). In fact, the concentration of OCPs in the human body has a
negative association with T3 levels (Dallaire et al., 2009). Another po-
tential mechanism is that these compounds affect the thyroxine-binding
globulin, and thereby reduce the binding capacity of thyroid hormones
(Schussler, 2000). Thyroxine-binding globulin is a major transport
protein of thyroid hormones, so changes in thyroxine-binding globulin
may cause a decrease in T3 concentration (Schussler, 2000). Despite the

(=2}
~
INg
©

PeCB
p =0.082

t-Nonachlor
p=0.002

N
o
L

p.p-DDT
p =0.194

Endosulfan |

94 ] p=0.063

2.2 A

2.0

Thyroid stimulating hormone (mIU/L)

41 74 100 175 162 21.9 266 41.3 26 29 31 36 27.4 324 363 459

Quartile of OCP serum level
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uncertaintly of the mechanisms by which OCPs affect thyroid function,
these results suggest that exposure to high OCP levels may lead to hy-
pothyroidism, which is associated with decreased fT4 and increased
TSH.

3.4.6. Diabetes

In this study, 55 patients were diagnosed with diabetes. They had
significantly higher concentrations of f-HCH (p = 0.002), cis-heptachlor
epoxide (p < 0.001), oxychlordane (p = 0.003), dieldrin (p = 0.003), p,
p'-DDT (p = 0.03), and p,p’-DDE (p = 0.01) than those without diabetes
(Fig. S6). This result is similar to previous studies that reported that
some OCPs are associated with diabetes prevalence in the general pop-
ulation (Philibert et al., 2009; Cox et al., 2007; Codru et al., 2007; Son
et al., 2010). Previous studies have demonstrated a positive association
between the incidence of type-2 diabetes and p,p’-DDE serum levels
(Rignell-Hydbom et al., 2009; Turyk et al., 2009), and a positive asso-
ciation between diabetes and low-dose POP exposure (Rignell-Hydbom
et al.,, 2009; Son et al., 2010; Turyk et al., 2009). Rats dosed with
environmental levels of POPs can experience non-alcoholic fatty liver,
chronic low-grade inflammation, insulin resistance, and visceral obesity,
whereas rats given high doses did not show these symptoms (Ruzzin
et al., 2010). A mixture of polychlorinated biphenyls and DDTs has the
strongest inhibitory influence on insulin reaction in 3T3L1 cells (Ruzzin
et al., 2010). In vivo experiment with cells showed associations between
decreased insulin secretion and increased levels of p,p’-DDE, -HCH, and
trans-nonachlor (Lee et al., 2017).

One possible mechanism by which OCP can induce onset of type-2
diabetes is that OCPs cause mitochondrial dysfunction, which in-
creases fatty acid content in the blood and thereby results in insulin
resistance (Parish and Petersen, 2005). OCP can produce oxidative stress
by generating reactive oxygen species (ROS) that reduce the state of
antioxidants (Abdollahi et al., 2004). Mitochondria are susceptible to
ROS, which cause defects that can lead to increased fatty acid concen-
trations, which interfere with insulin signaling and cause insulin resis-
tance; if this effect persists, diabetes can occur (Parish and Petersen,
2005). In adipocytes of model mice that had type-2 diabetes, and of
diabetic patients, the production of peroxisome proliferator-activated
receptors, which regulate mitochondrion reproduction, was reduced
(Bogacka et al., 2005; Choo et al., 2006; Hammarstedt et al., 2003).
Another potential mechanism is that chronic exposure to OCPs may
affect insulin secretion by triggering the dysfunction of pancreatic
p-cells which help to regulate glucose homeostasis by storing and
releasing insulin in the human body (Muoio and Newgard, 2008). When
the blood glucose level rises, the concentration gradient is lowered by
the insulin-responsive glucose transporter (GLUT4), and the pg-cells
catalyze glycolysis by using glucokinase (German, 1993). In humans,
POPs may cause direct toxicity to g-cells (Jorgensen et al., 2008; Park
et al., 2016), and may decrease expression of GLUT4 (Fujiyosh et al.,
2006).

These results suggest that exposure to OCPs may be associated with
the induction of type-2 diabetes. However, opinions on the mechanisms
of the effects of OCP exposure on type-2 diabetes and insulin resistance
are divided, and the current study does not show a definite trend due to
the small number of diabetic patients. Therefore, to identify the asso-
ciations between OCP exposure and diabetes prevalence, additional
large-scale studies are needed.

4. Conclusions

The body burden of OCPs is influenced by their half-lives, timing of
exposure, and national regulations. The OCP levels decreased in the
human body over a period of 12 y, indicating a success of national and
global regulations for the production and use of OCPs, emission source
management, and emission-reduction policies for OCPs. The total OCP
levels were higher in females than in males, possibly as a result of dif-
ferences in dietary habits, metabolism, and likelihood of environmental
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exposure. OCP levels increased with subject age; this trend may be
attributed to deteriorating metabolic capacity, long exposure periods,
and differences in lifestyle. Also, OCP levels increased as BMI increased,
possibly as a result of dietary intake, the lipophilicity of OCPs, and the
influence of OCPs on methanobacteria in the gut.

The PCA suggested possible differences in disease manifestation
depending on the composition of OCPs. The inverted U-shape associa-
tion between OCP levels and TC and LDL cholesterol levels suggested
low-dose effects of OCPs and that OCPs might act as endocrine-
disrupting chemicals. -HCH levels differed between individuals with
and without hypertension; a possible explanation is that OCPs may cause
hypertension by mechanisms associated with androgen receptors. Serum
levels of uric acid and creatinine increased with increase in concentra-
tions of cis-heptachlor epoxide, p,p’-DDE, and p,p’-DDT. p,p’-DDE was
also significantly associated with hyperuricemia. These results suggest
that OCPs might have an influence on renal transport systems and
disrupt the homeostasis of uric acid and creatinine. fT4 level decreased
as #-HCH, HCB, endrin, endosulfan I, and endosulfan II levels increased,
whereas TSH level increased as trans-nonachlor level increased. These
results suggest that human exposure to high OCP levels may lead to
hypothyroidism. Individuals with diabetes had higher exposure levels of
OCPs than those without diabetes; this result suggests that OCPs may
interfere with the insulin signaling cascade, or affect insulin secretion.

Our findings have identified the possibility that OCPs may induce or
may be risk factors of metabolic dysfunction, and that each OCP com-
pound may be associated with different health effects. To the best of our
knowledge, the inverted U-shaped associations of heptachlor epoxide
and endosulfan with cholesterol and the epidemiological associations of
trans-nonachlor and endosulfan with thyroid hormones have not been
previously reported in the general population, although the potential
toxicological effects have been demonstrated in studies using animal
models treated with OCPs (Cheek et al., 1999; Gerlienke Schuur et al.,
1998; Ruzzin et al., 2010; van Raaij et al., 1993). Further, this is the first
study that identified statistically significant associations between the
disturbance in homeostasis of uric acid and creatinine and the exposure
to cis-heptachlor expoxide, p,p’-DDE, and p,p’-DDT in the general
population.

We recognize the limitations of the cohort design. Our study suffered
from uncertainties due to the differences in timing of sample collection
in the cross-sectional study, the potential confounding from covariates
on the OCP levels over years, the changes in the participants over the 12
years, the representativeness of study participants, the possibility of
false discoveries, and the lack of information of participants, such as
smoking, that could influence clinical factors. In addition, the joint ef-
fects and mechanisms of action of OCPs still remain controversial. To
minimize uncertainties, sampling, analyses, and statistical analysis were
conducted according to the Korean Standard Operational Procedure for
POPs.

Despite these limitations, this has been the first long-term study to
show the temporal trends of 28 OCPs in serum and the associations with
various health indicators in Korea. The validity and quality, particularly
in terms of health influences, should be significantly improved in future
cohort studies. The present study contributes to expand the current
knowledge about potential metabolic disrupting impacts of OCPs by
identifying associations with various health effects, suggests a good
framework for futher work, and is a definitive reference for future cohort
studies.
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