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Background: High circulating levels of dioxins and dioxin-like chemicals, acting via the aryl hydrocarbon receptor (AhR), have
previously been linked to diabetes. We now investigated whether the serum AhR ligands (AhRL) were higher in subjects with meta-
bolic syndrome (MetS) and in subjects who had developed a worsened glucose tolerance over time.

Methods: Serum AhRL at baseline was measured by a cell-based AhRL activity assay in 70-year-old subjects (n=911) in the Pro-
spective Investigation of the Vasculature in Uppsala Seniors (PIVUS) study. The main outcome measures were prevalent MetS and
worsening of glucose tolerance over 5 years of follow-up.

Results: AhRL was significantly elevated in subjects with prevalent MetS as compared to those without MetS, following adjustment
for sex, smoking, exercise habits, alcohol intake and educational level (P=0.009). AhRL at baseline was higher in subjects who de-
veloped impaired fasting glucose or diabetes at age 75 years than in those who remained normoglycemic (P=0.0081). The odds ratio
(OR) of AhRL for worsening glucose tolerance over 5 years was 1.43 (95% confidence interval [CI], 1.13 to 1.81; P=0.003, continu-
ous variables) and 2.81 (95% CI, 1.31 to 6.02; P=0.008, in the highest quartile) adjusted for sex, life style factors, body mass index,
and glucose.

Conclusion: These findings support a large body of epidemiologic evidence that exposure to AhR transactivating substances, such
as dioxins and dioxin-like chemicals, might be involved in the pathogenesis of MetS and diabetes development. Measurement of se-
rum AhRL in humans can be a useful tool in predicting the onset of metabolic disorders.
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INTRODUCTION as abdominal obesity, hyperglycemia, high blood pressure, and
hyperlipidemia in an individual has been known for a long time
The clustering of risk factors for cardiovascular diseases, such ~ [1,2]. Reaven [3] proposed to study this state as an unknown
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disease syndrome X, which was renamed to metabolic syn-
drome (MetS) [4]. Many epidemiologic studies have revealed a
high serum concentration of various environmental endocrine
disrupting chemicals (EDCs) [5,6] is strongly associated with
MetS [7-9] or its component phenotypes, such as abdominal
obesity [10] and diabetes mellitus (DM) [11-13].

Among the EDCs, persistent organic pollutants (POPs) are
the most important. They are banned by an international treaty,
the Stockholm Convention, as they persist for many years in the
environment, bioaccumulate in human fat tissues, reach high
level with time, and have been suggested to cause risks to hu-
man health [14]. Some organochlorine POPs, such as trans-non-
achlor, dichlorodiphenyldichloroethylene, polychlorinated bi-
phenyls (PCBs), and dioxins and dioxin-like chemicals show a
strong relationship to diabetes [15,16], whereas other non-or-
ganochlorine POPs, such as perfluoroalkyl acids and brominat-
ed compounds are weakly associated with diabetes. In addition,
dioxin exposures altered glucose and lipid metabolisms, possi-
bly leading to MetS, in both epidemiological and animal studies
[17].

However, there is a large data gap in the linkage between POP
exposure and the onset of diabetes. To fill this data gap, the U.S.
National Toxicological Program recommended developing im-
proved methods to measure POPs in small blood volumes using
high throughput technologies at a reasonable cost, which could
be used in epidemiologic studies [15]. The Endocrine Society
made similar recommendations in its executive summary, in-
cluding the need for longitudinal and multigenerational analyses
of EDCs in humans and implementing emerging and sensitive
testing systems [5,18].

The Prospective Investigation of the Vasculature in Uppsala
Seniors (PIVUS) study was started in 2001, aiming primarily to
investigate the endothelial function and arterial compliance in a
random sample of 1,000 70-year-old subjects, living in the com-
munity of Uppsala, Sweden [19]. The levels of various environ-
mental pollutants were measured with high-resolution chroma-
tography, coupled with a high-resolution mass spectrometry
system. This found several POPs to be associated with MetS [8]
and type 2 diabetes [10,13].

We developed a cell-based reporter assay that monitors the
cumulative biological activity of an aryl hydrocarbon receptor
(AhR) ligand mixture in a tiny amount of serum without a lipid
extraction process [20,21]. Some POPs, such as dioxins and di-
oxin-like PCBs, exhibit their biological effects by activating
AhR [22,23], a ligand-activated nuclear receptor that has been
characterized as a “dioxin receptor” or ‘“xenobiotic receptor,”
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sensing xenotoxicants [24,25]. Therefore, serum-induced AhR
ligands (AhRL) bioactivity could be the level of AhR-dependent
biological activity induced by a circulating POPs mixture. The
serum AhRL was elevated in subjects with an abnormal glucose
tolerance and associated with several components of MetS
among Koreans [20]. It was confirmed that there was a strong
dose-dependent relationship between serum AhRL and total tox-
ic equivalence (TEQ1) values (adjusted for sex, serum choles-
terol, and serum triglycerides), calculated from total dioxin-like
PCBs and dioxins in the PIVUS participants [21]. Therefore, se-
rum AhRL bioactivity could represent a contamination level of
POPs in humans and be a good serum biomarker for MetS.

We also developed a similar cell-based assay for serum mito-
chondrial inhibiting substances (MIS), which were measured by
intracellular ATP contents of cultured cells (MIS-ATP) treated
with serum. With these assays we found there were dose-depen-
dent relationships between AhRL and a TEQq values (adjusted
for sex, serum cholesterol and serum triglycerides) calculated
from total dioxin-like PCBs and dioxins in the PIVUS partici-
pants [21]. Also, MIS-ATP was related to TEQ. Recently, Lee et
al. [26] had reported serum AhRL and MIS-ATP could predict
the future development of impaired glucose tolerance (IGT) and
diabetes in a large, well-characterized, community-based pro-
spective epidemiologic study, the Korean Genome and Epide-
miology Study (KoGES).

In the present study, we investigated the relation between se-
rum AhRL and prevalent MetS as well as worsening of glucose
tolerance during 5 years of follow-up in the PIVUS cohort. In
addition, MIS-ATP was also determined, which was reversely
correlated with AhRL and was reduced in subjects with glucose
intolerance and MetS in a Korean population [20]. Here, we re-
port serum AhRL is elevated in the Uppsala subjects with MetS,
as well as in those who develop glucose intolerance following a
S-year follow-up.

METHODS

Subjects
The research design for the first part of this study is a cross-sec-
tional investigation within the cohort study on the relationship
between serum AhRL and prevalent MetS. The second part is a
longitudinal investigation of the association between serum
AhRL and the development of glucose intolerance over a 5-year
follow-up.

The details of the PIVUS study (https://www.medsci.uu.se/
pivus/) have previously been reported [19,27]. In short, eligible
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subjects were all aged 70£0.08 years and lived in the commu-
nity of Uppsala, Sweden, who had been randomly chosen from
a register of community living (2=2,025). A total of 1,016 sub-
jects participated (female, 50.2%), giving a participation rate of
50.1%. When the subjects became 75 years of age, a reinvesti-
gation of the cohort was done with a follow-up rate of 81.4%
(n=826). A total of 52 individuals had died during the follow-
up period. The study was approved by the Ethics Committee of
the University of Uppsala, and the participants gave written in-
formed consent. Measurements of AhRL and MIS-ATP were
performed in 911 of the subjects whose serum samples are
available, and this constitutes the baseline sample of this study.
Among the 911 participants, 742 subjects enrolled at age 75
during a 5-year follow-up. Fig. 1 summarizes a flow chart for
the selection of this study population.

Basic investigation

All subjects were investigated in the morning after an overnight
fast. No medication or smoking was allowed after midnight.
Participants were asked to answer a questionnaire about their
medical history, smoking habits, and regular medication. Vari-
ous clinical parameters including weight, height, blood pres-
sure, heart rate, and waist circumference were measured, and
batches of blood samples were obtained for various biochemical
tests. Some serum samples were stored at —80°C for later stud-
ies, which were used in this study. Basic characteristics are giv-
en in Table 1. Approximately 10% of the cohort reported a his-
tory of coronary heart disease, 4% reported stroke, and 9% re-
ported DM. Nearly half (45%) of the cohort reported the use of
at least one medication for a cardiovascular condition, with anti-

Invited individuals
(n=2,025)

\ 4

hypertensive medication being the most prevalent (32%). Fif-
teen percent reported the use of statins, and insulin and oral an-
tihyperglycemic drug use was reported by 2% and 6% of the
participants, respectively [19].

As the participation rate in this cohort was only 50%, we con-
ducted an evaluation of cardiovascular disorders and medica-
tions in 100 consecutive non-participants. The prevalence of
cardiovascular drug intake, history of myocardial infarction,
coronary revascularization, antihypertensive medication, and
statin use and insulin treatment were similar to those in the in-
vestigated sample, whereas the prevalence of diabetes, conges-
tive heart failure and stroke tended to be higher among the non-
participants [8].

Baseline measurement
Baseline characteristics of participants were measured as de-
scribed previously [10]. A questionnaire was given to the partic-
ipants to answer about their medical history and regular medica-
tion, educational level, exercise habits, and smoking habits. The
educational levels were divided into three groups: <9, 9-12,
and >12 years of education. Exercise habits were divided into
four groups: <2 times light exercise (no sweat) per week; =2
times light exercise per week; 1-2 times heavy exercise (sweat)
per week; and >2 times heavy exercise (sweat) per week. The
dietary intakes of total calories and alcohol were assessed by
use of a 7-day food diary. Computer software was used to calcu-
late the daily amount of calorie and alcohol intake from the re-
corded food and drink items.

All subjects were investigated in the morning following an
overnight fast, with no medication or smoking allowed after

Participants (n=1,016)

—
(PIVUS cohort at age 70 years) ‘

Measurement of clinical parameters ‘

\ 4

————» Unavailable for sera (n=105)

Participants availble for sera

(n=911) H‘

Measurement of AhRL and MIS-ATP ‘

v
Participants after 5-year follow-up

———————» Missing over 5-year follow-up (n=124, dead=45)

(PIVUS cohort at age 75 years) —»‘

Measurement of clinical parameters ‘

(n=742)

Fig. 1. Flow diagram for the selection of the study population. PIVUS, Prospective Investigation of the Vasculature in Uppsala Seniors;
AhRL, aryl hydrocarbon receptor ligand; MIS-ATP, mitochondrial inhibiting substance activity measured by intracellular ATP content.
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Table 1. Baseline Characteristics of PIVUS Participants at Age
70 Years

Variable Value
Number 911
Female sex, % 50.6
Height, cm 168.9+£9.2
Waist circumferences, cm 91.0£11.5
BMI, kg/m* 27.0+4.3
Waist/hip ratio 0.90£0.07
SBP, mm Hg 149.9+22.9
DBP, mm Hg 78.6+10.2
Heart rate, beats/min 61.8+8.7
Serum cholesterol, mmol/L 54%1.0
LDL-C, mmol/L 34409
HDL-C, mmol/L 1.5£0.4
Serum triglycerides, mmol/L 1.3£0.61
Fasting blood glucose, mmol/L 53%1.6
Current smoking, % 10.3
Alcohol intake, g/wk 6.9£7.8
Exercise habits (scale from 1 to 4) 22+0.7
Education level, %

<10yr 559

10-12 yr 18.1

>12yr 26.0
Energy intake, kcal/day 1,891.2+502.1
Diabetes, % 10.9
Impaired fasting glucose, % 10.6
AhRL (fold of CS-HS control) 2.17+£0.24
MIS-ATP (% of CS-HS control) 80.5+8.3

Values are expressed as meantstandard deviation. The sample serum-
induced AhRL and MIS-ATP are presented as fold induction and %
control (%) over those of the 10% CS-HS-treated control cells, respec-
tively.

PIVUS, Prospective Investigation of the Vasculature in Uppsala Se-
niors; BMI, body mass index; SBP, systolic blood pressure; DBP, dia-
stolic blood pressure; LDL-C, low density lipoprotein cholesterol;
HDL-C, high density lipoprotein cholesterol; AhRL, arylhydrocarbon
receptor ligand activity; CS-HS, charcoal stripped human serum; MIS-
ATP, mitochondrial inhibiting substance activity measured by intracel-
lular ATP content.

midnight. Waist circumference was measured in the supine po-
sition midway between the lowest rib and the iliac crest. Plasma
cholesterol and triglyceride concentrations were determined in
an enzymatic assay, and fasting blood glucose was analyzed
with the hexokinase method using ARCHITECT (Abbott, Ab-
bott Park, IL, USA).

Copyright © 2021 Korean Endocrine Society

CALA assay for AhRL bioactivity

To measure AhRL bioactivity in the serum samples, we per-
formed cell-based AhR ligand activity (CALA) assay [20] with
minor modifications, as described previously [21,28]. Briefly,
the assay was performed using puromycin (1 pg/mL)-resistant
stable cells of Hepalclc7 mouse hepatoma cells (CRL-2026),
which co-expresses pPRL-mTK and pGL4-DRE-luc (puromy-
cin+) reporter plasmid containing four dioxin-responsive ele-
ment consensus sequences. The transfected stable cells seeded
at 5X10%well in a 96-well plate were cultured for 24 hours in
a-minimum essential medium (a-MEM) supplemented with
10% fetal bovine serum and 1% penicillin and streptomycin.
After the media had been changed to 90 pL of phenol red-free
Dulbecco’s Modified Eagle’s Medium, the cells were treated for
24 hours with 10 pL of heat-inactivated human serum samples
or charcoal stripped human serum (control, CS-HS). Luciferase
activities were measured using a Dual-Glo Luciferase assay
system (Promega, Madison, WI, USA) and a luminometer (Ber-
thold, Bad Wildbad, Germany) and subsequently normalized
against Renilla luciferase activity to normalize cell numbers.
The AhRL bioactivities of serum-treated cells were presented as
fold induction (FI) over the AhRL bioactivity of the 10% CS-
HS-treated control cells. All assays were conducted in duplicate.
The intra- and interassay coefficients of variation of these meth-
ods were less than 4.0%.

MIS-ATP assay for mitochondrial inhibition induced by
serum samples

The mitochondrial inhibition induced by human serum samples
was evaluated by determining intracellular ATP content [20]. In
short, the Hepalclc7 cells (5X 10*/well) showing stable Renilla
luciferase activity, were treated with 10% human serum samples
or 10% CS-HS for 48 hours in a 96-well plate. The intracellular
ATP content of the treated cells was determined using the lucif-
erin-luciferase reaction and CellTiter-Glo luciferase kits (Pro-
mega) [29]. The measured ATP contents were normalized to Re-
nilla luciferase activity, determined by adding an equal amount
of Stop & Glo substrate solution of Dual-Glo Luciferase assay
system (Promega). All data is presented as a percentage of con-
trol of ATP contents in 10% CS-HS-treated control cells. The
intracellular ATP contents of the control cells were 65.1+£2.7
nM. The ATP concentration of 10% sample serum-treated cells
can be calculated from the standard curve of ATP concentration
(nM)=(% Control+18.24)/1.817. The intra- and interassay coef-
ficients of variation of these methods were less than 6.0%.
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Biochemical measurements

Blood pressure was measured by a calibrated mercury sphyg-
momanometer in the non-cannulated arm to the nearest mmHg
after at least 30 minutes of rest. We used an average of three re-
cordings. Traditional lipid variables and fasting blood glucose
were measured by standard laboratory techniques. Basic risk
factor characteristics, medical history, and regular medications
were reported [19].

Criteria for MetS and classification of glucose intolerance
MetS was defined by the National Cholesterol Education Pro-
gram Expert Panel and Adult Treatment Panel III (NCEP/ATP
I1I) criteria [30]. Three of the following five criteria needed to
be fulfilled: Blood pressure >130/85 mm Hg or antihyperten-
sive treatment, fasting plasma glucose >6.2 mmol/L or antidia-
betic treatment, serum triglycerides >1.7 mmol/L, waist cir-
cumference >102 cm in men and >88 c¢cm in women, high den-
sity lipoprotein (HDL)-cholesterol <1.0 mmol/L in men and
<1.3 in women.

We divided the glucose tolerance spectra in three categories;
normal (fasting plasma glucose <5.6 mmol/L), impaired fasting
glucose (IFG; fasting plasma glucose 5.6 to 6.9 mmol/L), DM
(fasting plasma glucose =7.0 mmol/L and/or antidiabetic treat-
ment).

Statistical analysis

In the cross-sectional part of the study, the mean=standard de-
viation (SD) for AhRL and MIS-ATP content were given for
subjects with and without MetS. Additionally, quartile analysis
of AhRL and MIS-ATP was performed and the lowest quartile
group (Q1) was considered as the reference group in linear and
logistic regression. To evaluate the risk of AhRL and MIS-ATP
for the presence of MetS, multivariate logistic regression for
quartile categories was performed with adjustment for sex-only
(Model 1), and sex plus the life style factors smoking, exercise
habits, energy and alcohol intake, educational level, body mass
index (BMI), and fasting glucose (Model 2). AhRL and MIS-
ATP variables were transformed to the SD-scale. The linear re-
gression analysis was performed for continuous variables or
quartile groups. Comparison of mean number of MetS compo-
nents was performed by linear regression adjusted for same
eight covariates. The P value for the difference between the two
groups was calculated using analysis of covariance (ANCOVA)
adjusted for the same eight covariates as above. Since we evalu-
ated two exposures, the P value for significance was set to 0.025
(=0.05/2). As a secondary supportive analysis, we used similar

440 www.e-enm.org

statistics to correlate AhRL and MIS-ATP content with the pres-
ence of the five MetS criteria without performing formal adjust-
ments for multiple comparisons. A linear regression analysis
was performed to correlate AhRL (and MIS-ATP) with the
number of components of MetS seen in each subject. We also
used the quartiles of AhRL and MIS-ATP to investigate the rela-
tionship between AhRL and MIS-ATP and number of MetS
components.

In longitudinal analysis, two analyses were performed: logis-
tic regression and analysis of variance (ANOVA) analyses.
Multiple logistic regression for continuous variables or quartile
categories was performed to obtain the odds ratio (OR) and
95% confidence intervals (Cls) of AhRL (or MIS-ATP) for
worsening glucose tolerance over 5 years. AhRL and MIS-ATP
were also transformed to the SD-scale. A worsening of the glu-
cose tolerance was defined as either moving from the normal
group to the IFG or DM groups, or from the IFG group to the
DM group. To adjust covariates, Model 1 included only sex as a
covariate. Model 2 additionally included smoking status, exer-
cise habits, energy and alcohol intake, education level, BMI and
fasting glucose. Using ANOVA, we compared subjects who had
remained normoglycemic at age 75 years with those who had
developed either IFG or DM at age 75 years, within the group
that was normoglycemic at baseline (age 70 years). We used
STATA version 14 (StataCorp LP, College Station, TX, USA) or
R packages for statistical calculations (R Foundation for Statis-
tical Computing, Vienna, Austria).

RESULTS

Among 911 subjects in the cross-sectional analyses, diabetes
and IFG occurred in 10.0% and 10.9%, respectively (Table 1).
Subject who were examined at age 75 years and had measure-
ments of AhRL at age 70 years, thereby being eligible for the
prospective analyses (n=742), had baseline characteristics simi-
lar to those in the cross-sectional analysis. Supplemental Table
S1 summarizes the number of subjects according to glucose tol-
erance in the AhRL and MIS-ATP quartile groups aged 70 and
75 years.

Cross-sectional analyses regarding prevalent MetS

AhRL was significantly elevated in subjects with MetS (n=214)
as compared to those without MetS (n=697), following adjust-
ment for sex, smoking, exercise habits, alcohol intake, and edu-
cational level (2.21£0.24 vs. 2.1610.24, P=0.009). However,
MIS-ATP was not different between groups with or without

Copyright © 2021 Korean Endocrine Society
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MetS (80.218.18 vs. 80.6+8.4, P=0.775). Compared to sub-
jects with lower quartile of AhRL, those in higher quartile of
AhRL showed more frequent prevalence of MetS with statisti-
cal significance, and there was significant risk effect in the Q3
and Q4 quartiles (Table 2). The ORs of AhRL for MetS in the
Q3 and Q4 quartiles were 1.76 (95% CI, 1.03 to 3.01; P=0.039)
and 2.23 (95% ClI, 1.33 to 3.74; P=0.003), respectively. Again,
MIS-ATP did not show statistical significances in these quartile

EnM

analyses for MetS.

AhRL, but not MIS-ATP, was significantly related to the
number of components of MetS present following adjustment
for sex, smoking, exercise habits, alcohol intake, and education-
al level (P=0.020) (Table 3) as calculated using AhRL or MIS-
ATP as continuous variables being transformed to the SD-scale.
When AhRL was divided into quartiles (Table 3), the relation-
ship with the number of MetS components was limited to the

Table 2. Associations of Metabolic Syndrome with AhRL and MIS-ATP According to Quartile Groups

AhRL MIS-ATP
Quartile
Prevalence, % OR (95% CI) Pvalue Prevalence, % OR (95% CI) Pvalue
Ql 18.1 Reference - 25.1 Reference -
Q2 22.8 1.48 (0.86-2.55) 0.160 23.7 0.98 (0.59-1.60) 0.921
Q3 241 1.76 (1.03-3.01) 0.158* 25.0 1.15(0.70-1.89) 0.583
Q4 28.9 2.23(1.33-3.74) 0.003* 20.2 0.71 (0.42—-1.20) 0.203

take, education level, body mass index, and fasting glucose.

ratio; CI, confidence interval.
P values <0.05 were considered significant.

P values were calculated using multivariate logistic regression for quartile categories adjusted for sex, smoking, exercise habits, energy and alcohol in-

AhRL, arylhydrocarbon receptor ligand activity; MIS-ATP, mitochondrial inhibiting substance activity measured by intracellular ATP content; OR, odds

Table 3. Correlation between Serum AhRL or MIS-ATP and the Number of Metabolic Syndrome Components by Linear Regression

Analysis
Variable AhRL* MIS-ATP*
Beta SE Pvalue Beta SE Pvalue
Continuous variable
Model 1 0.053 0.037 0.025° 0.025 0.038 0.502
Model 2 0.092 0.039 0.020° 0.022 0.040 0.594
Quartile®
Model 1
Ql Reference - - Reference - -
Q2 0.024 0.105 0.819 0.014 0.105 0.897
Q3 —0.046 0.105 0.662 0.076 0.105 0.471
Q4 0.243 0.105 0.021° —0.003 0.105 0.972
Model 2
Ql Reference - - Reference - -
Q2 —0.012 0.116 0.914 0.024 0.116 0.835
Q3 0.008 0.117 0.943 0.094 0.116 0.417
Q4 0.241 0.114 0.035° —0.027 0.117 0.812

gression coefficient; SE, standard error.

P values were calculated using linear regression for continuous variables and quartile categories. Model 1, adjusted for sex; Model 2, adjusted for Model
I+smoking, exercise habits, energy and alcohol intake, education level, body mass index, and fasting glucose.
AhRL, arylhydrocarbon receptor ligand activity; MIS-ATP, mitochondrial inhibiting substance activity measured by intracellular ATP content; Beta, re-

“All variables were transformed to the SD-scale; °P values <0.05 were considered significant; “The lowest quartile Q1 was used as the reference group.

Copyright © 2021 Korean Endocrine Society
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highest quartile Q4 in both Model 1 and Model 2. The subjects
in Q4 of AhRL tends to have more components of MetS with
statistical significance. MIS-ATP did not show significant cor-
relation with the number of components of MetS.

Of the five components of MetS, the presence of lower HDL-
criteria only had significant difference of AhRL in multivariate
analyses with adjustment for sex, smoking, exercise habits, al-
cohol intake, and educational level (P=0.019) (Table 4). The
proportions of the HDL-criteria-present in Q1 and Q4 of AhRL
were 15% and 22%, respectively. However, MIS-ATP was not
different between groups with or without any of the five MetS
components.

Prospective analyses regarding worsening of glucose
tolerance over 5 years

Seventy-seven subjects showed impairment in glucose tolerance
over a 5-year follow-up. AhRL levels in subject who had wors-
ened their glucose tolerance from age 70 to 75 years (normal to
IFG/DM or IFG to DM, n="77) were higher than those who had

not (2.2510.26 FI vs. 2.17£0.24 FI, P=0.010). AhRL showed
a significant risk effect on worsening of glucose tolerance in
multivariate analyses (Table 5). The ORs of AhRL on worsen-
ing of glucose tolerance were 1.31 (95% CI, 1.03 to 1.67; P=
0.028) adjusted for sex (Model 1) and 1.41 (95% CI, 1.10 to
1.82; P=0.007) adjusted for sex, smoking, exercise habits, en-
ergy and alcohol intake, education level, BMI, and glucose
(Model 2). However, MIS-ATP did not show significant risk.
There was no interaction term between AhRL and MIS-ATP for
worsening of glucose tolerance (P=0.453). In quartile analysis,
the only highest quartile (Q4) of AhRL showed the increased
risk of a worsening of glucose tolerance in both Model 1 (OR,
2.02; 95% CI, 1.03 to 3.95; P=0.040) and Model 2 (OR, 2.81;
95% CI, 1.31 t0 6.02; P=0.008).

In a separate analysis restricted to only those with a normal
glucose tolerance at baseline, AhRL at baseline was higher in
the subjects who had developed IFG or DM at age 75 years
(n=60) than in those subjects who had remained normal at age
75(2.26£0.27 vs. 2.17£0.24, P=0.0081).

Table 4. Comparison of AhRL and MIS-ATP Levels According to Presence of Each Component of MetS
AhRL (FT) MIS-ATP (%)
Component
Mean+SD Pvalue Mean+SD P value

High glucose

Present (n=193) 2.20£0.25 0.191 80.13+8.36 0.265

Absent (n=718) 2.17£0.24 80.56+8.30
Hypertension

Present (n=759) 2.18+0.25 0.282 80.46+8.38 0.788

Absent (n=152) 2.16£0.23 80.51+7.97
High triglyceride

Present (n=162) 2.20+0.26 0.219 80.51+8.63 0.844

Absent (n=749) 2.17+£0.24 80.46+8.24
Low HDL

Present (n=163) 2.21+0.25 0.019* 80.98+7.51 0.238

Absent (n=748) 2.17+0.24 80.361+8.47
Large waist circumference

Present (n=311) 2.18+0.25 0.479 80.48+8.17 0.344

Absent (n=600) 2.17+£0.24 80.4618.39
The presence of each component of MetS was defined by following criteria; high glucose, glucose >6.2 mmol/L or antidiabetic treatment; hypertension,
blood pressure >130/85 mm Hg or antihypertensive treatment; high triglyceride, triglycerides >1.7 mmol/L; low HDL, HDL <1.0 mmol/L in men and
< 1.3 mmol/L in women; large waist circumference, waist circumference >102 cm in men and >88 cm in women. Serum AhRL and MIS-ATP are pre-
sented as FI and % of charcoal stripped human serum-treated control. P values were calculated using analysis of covariance (ANCOVA) adjusted for sex,
smoking, exercise habits, energy and alcohol intake, education level, body mass index, and fasting glucose.
AhRL, arylhydrocarbon receptor ligand activity; MIS-ATP, mitochondrial inhibiting substance activity measured by intracellular ATP content; MetS,
metabolic syndrome; FI, fold induction; SD, standard deviation; HDL, high density lipoprotein.
P values <0.05 were considered significant.
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Table 5. Relationships of Worsening Glucose Tolerance Status over 5 Years with AhRL and MIS-ATP at Baseline (n=77)
AhRL*® MIS-ATP*
No./total’ OR (95% CI) P value No./total’ OR (95% CI) P value
Continuous variable
Model 1 1.30 (1.03-1.62) 0.022¢ 0.86 (0.68-1.08) 0.210
Model 2 1.43(1.13-1.81) 0.003¢ 0.82(0.63-1.05) 0.120
Quartiles*
Model 1
Ql 15/180 Reference 19/191 Reference
Q2 16/181 1.21(0.52-2.57) 0.620 20/183 1.11 (0.57-2.17) 0.740
Q3 18/190 1.25 (0.60-2.60) 0.540 26/181 1.57 (0.83-2.96) 0.160
Q4 28/191 2.02 (1.03-3.95) 0.040° 12/187 0.63 (0.29-1.38) 0.230
Model 2
Ql 15/180 Reference 19/191 Reference
Q2 16/181 1.39 (0.58-3.31) 0.450 20/183 0.81(0.39-1.69) 0.570
Q3 18/190 1.72 (0.75-3.94) 0.200 26/181 1.38 (0.71-2.76) 0.330
Q4 28/191 2.81(1.31-6.02) 0.008° 12/187 0.45(0.20-1.04) 0.062
A worsening glucose tolerance was defined as either moving from the normal group to the impaired fasting glucose (IFG) or diabetes mellitus (DM)
group, or from the IFG group to the DM group. Model 1, adjusted for sex; Model 2, adjusted for Model 1+smoking, exercise habits, energy and alcohol
intake, education level, body mass index, and fasting glucose. P values were calculated using multivariate logistic regression for continuous variables
and quartile categories.
AhRL, arylhydrocarbon receptor ligand activity; MIS-ATP, mitochondrial inhibiting substance activity measured by intracellular ATP content; OR, odds
ratio; CI, confidence interval.
“All variables were transformed to the standard deviation-scale; "Number of subjects with worsening glucose tolerance over 5 years/total subjects; °P val-
ues <0.05 were considered significant; ‘The lowest quartile Q1 was used as the reference group.

DISCUSSION

This study showed that serum AhRL measured by a cell-based
CALA assay is elevated in the sera of subjects with prevalent
MetS and is significantly related to the number of components
of MetS present in the cross-sectional part of the study. Further-
more, serum AhR bioactivity was related to a deterioration in the
glucose tolerance in this cohort during a 5-year follow-up.

In previous studies on this cohort, the PIVUS investigators
had observed relationships between concentrations of various
POPs and different components of MetS, such as hypertension,
diabetes, and abdominal obesity [11,13]. An environment-wide
association study on MetS [8] also revealed the associations be-
tween certain PCBs and MetS. However, the analysis of POPs
in this cohort sample found no association between MetS and
TEQ values being calculated from the chemical measurements.
This difference could arise simply from the differences between
the nature of the CALA assay and calculated TEQ. The former
measures the total AhRL-dependent transactivation in serum,
whereas the latter depends upon the number of dioxin-like com-
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pounds measured and the quality of the analysis.

AhR mediates most toxic/biological effects of dioxin-like
compounds [24,31-33]. From an analysis of sera collected from
this PIVUS cohort, Park et al. [20] observed that AhRL showed
a significant correlation to the serum concentrations of several
chemically measured POPs and the derived TEQ value. This
suggests that it could be a biomarker of POPs mixture in the
sera. However, those results should be interpreted carefully,
since not all dioxin-like compounds activating AhR were chem-
ically determined in the PIVUS study, and those unmeasured
AhRL could have contributed to the total AhR-dependent trans-
activation. Furthermore, some AhRL might have acted as antag-
onists, instead of agonists [34].

Another major observation made in this study was that serum
AhRL was higher in those subjects who had normal fasting
blood glucose at baseline and then developed IGT after 5 years
(at age 75 years) than in those subjects who remain normal at
follow-up. This was also observed when AhRL was related to a
worsening in glucose tolerance over a 5-year-period. This novel
finding strongly suggests that the exposure to environmental
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toxicants being AhRL may be an independent risk factor for the
development of glucose intolerance in this population. Although
experimental evidence also supports the concept that exposure
to EDCs, such as the herbicide atrazine [35] or contaminated
fish oil containing POPs, can cause insulin resistance in animals
[36], a hallmark of MetS and glucose intolerance, there are still
large data gaps in establishing a causal relationship in humans.

Although a previous study done in Korea showed both serum
AhRL and MIS-ATP could predict the future development of
IFG and diabetes [26], we could not find any association be-
tween MIS-ATP and the prevalence of MetS or its components,
nor the future development of glucose intolerance in this study.
An immense variety of chemical mixtures, which differ be-
tween populations and over time, and differences between the
ages of the populations studied, could have contributed to these
discrepancies. The PIVUS cohort consisted of 70-year-old peo-
ple living in a city, whereas the KoGES cohort was mostly mid-
dle age farmers between 40 to 60 years of age.

It might look paradoxical that AhRL was not significantly re-
lated to the glucose criteria of MetS, while AhRL was signifi-
cantly related to future impairment in glucose control. There are
two most probable explanation for this. First, although the cor-
relation between AhRL and the glucose criteria of MetS is not
significant, the direction and magnitude of the relationship is the
same as for the prospective outcome. Second, the relationship
between AhRL and the glucose criteria of MetS is based on
cross-sectional data that includes factors related to poor glucose
tolerance, such as advice on diet and exercise habits, and antidi-
abetic medications may affect AhRL levels. This is a common
major drawback of cross-sectional analysis, which is unlikely to
influence the prospective analysis as in that case all participants
at risk are free from the disease at baseline.

The strengths of this study include the use of serum samples
from a well-established population-based epidemiologic study,
the PIVUS study, and a double-blind approach to data analysis,
eliminating any observer bias. Analyses of serum with cell-
based assays were done at Pak’s laboratory in South Korea, and
statistical analysis was done by the Swedish group. Major limi-
tations of the study stem from the nature of bioassays detecting
dioxin-like substances [37], because AhR-mediated responses
to dibenzo-p-dioxins and -furans differ according to the cell
lines [32]. Our CALA assay is standardized to 2,3,7,8-tetrachlo-
rodibenzodioxin (TCDD), but not to different types of AhRL in
Hepalclc7 cells. However, the use of in vitro assays as a screen-
ing tool to characterize various environmental chemical mix-
tures is becoming increasingly popular in the field of environ-
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mental toxicology [25,37]. Our cell-based assays for AhRL and
MIS-ATP are easy and inexpensive, require tiny amounts of se-
rum and no sophisticated instruments. This provides mechanis-
tic insight into the metabolic abnormalities. In conclusion, this
study provides evidence that serum AhRL are associated with
MetS and glucose intolerance and that the CALA assay can be a
valuable tool to evaluate the exposure degree of POPs, especial-
ly when appropriate cell lines are employed [34].
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