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Objectives: Chronic inflammation is now thought to play a key pathogenetic role in the associations of obesity with insulin
resistance and diabetes. Based on our recent findings on persistent organic pollutants (POPs) including the lack of an
association between obesity and either insulin resistance or diabetes prevalence among subjects with very low
concentrations of POPs, we hypothesized that POP concentrations may be associated with inflammation and modify the
associations between inflammation and insulin resistance in non-diabetic subjects.

Methods: Cross-sectional associations among serum POPs, C-reactive protein (CRP), and homeostasis model
assessment of insulin resistance (HOMA-IR) were investigated in 748 non-diabetic participants aged > 20 years. Nineteen
types of POPs in 5 subclasses were selected because the POPs were detectable in >60% of the participants.

Results: Among the five subclasses of POPs, only organochlorine (OC) pesticides showed positive associations with
CRP concentrations, while polychlorinated biphenyls (PCBs) showed inverse associations with CRP concentrations.
There were statistically significant interactions between CRP and OC pesticides and between CRP and PCBs, in
estimating HOMA-IR (P for interaction <0.01 and <0.01, respectively). CRP was not associated with HOMA-IR among
subjects with low concentrations of OC pesticides or PCBs, while CRP was strongly associated with HOMA-IR among
subjects with high concentrations of these POPs.

Conclusions: In the current study, OC pesticides were associated with increased levels of CRP, a marker of
inflammation, and both OC pesticides and PCBs may also modify the associations between CRP and insulin resistance.
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INTRODUCTION

Data from the National Health and Nutrition
Examination Survey (NHANES) 1999-2002 revealed
strong associations of serum concentrations of persistent
organic pollutants (POPs) with type 2 diabetes and
homeostasis model assessment of insulin resistance
(HOMA-IR) in the U.S. general population [1,2].
Furthermore, obesity was not associated with either
HOMA-IR or diabetes when POP concentrations were
low, while in contrast, POPs were associated with both
HOMA-IR and diabetes even among non-obese
subjects. Our interpretation of these observations was
that POPs stored in adipose tissue, rather than obesity
itself, may be the more relevant etiologic factor in
HOMA-IR and type 2 diabetes [3.4].

Chronic low grade inflammation has also been

considered to be a key factor in the pathogenesis of insulin
resistance and diabetes in relation to obesity [5,6]. Many
experimental and epidemiological studies have
demonstrated obesity to be a state of chronic inflammation
caused by altered secretion of adipokines [7]. It is well-
known that exposure to high concentrations of
environmental pollutants can induce inflammation [8,9].
Thus, POPs stored in adipose tissue may also induce
pro-inflammatory reactions although it is unknown
whether very low concentrations of POPs from
background environmental exposure can also exacerbate
chronic inflammation in vivo. In addition, given that
obesity was unrelated to either HOMA-IR or diabetes in
those with low concentrations of POPs [1,2], we
suspected that chronic inflammation may be more
strongly associated with insulin resistance or diabetes
among subjects with higher concentrations of POPs.
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Thus, this cross-sectional study was performed to test
two specific hypotheses in participants without diabetes.
The first hypothesis was that serum concentrations of
POPs are associated with C-reactive protein (CRP), a
well-known nonspecific marker of inflammatory
response, independent of obesity, and the second was
that CRP is positively associated with HOMA-IR
primarily in those with higher concentrations of POPs.

METHODS
I. Study Population

The NHANES 1999-2002 conducted by the National
Center for Health Statistics of the Centers for Disease
Control and Prevention was a complex, multi-state
probability survey designed to provide national estimates
of the health and nutrition status of the U.S. civilian,
non-institutionalized population [10,11].

Serum concentrations of various POPs or their
metabolites were measured in subsamples of the
NHANES 1999-2002 surveys [12]. Although 49 POPs
were measured in both NHANES 1999-2000 and 2001-
2002, to avoid bias in estimation among those below the
limit of detection (LOD), we selected the 19 POPs for
which at least 60% of the study subjects had
concentrations higher than the LOD; this was the same
criteria used in our previous study [1]: 3 polychlorinated
dibenzo-p-dioxins (PCDDs), 3 polychlorinated
dibenzofurans (PCDFs), 9 polychlorinated biphenyls
(PCBs), and 4 organochlorine (OC) pesticides. Of the
852 NHANES 1999-2002 participants aged 20 years or
older with information on both fasting morning samples
and serum concentrations of the 19 selected POPs, 104
subjects who had diabetes (based on fasting glucose >
126 mg/dL or physician-diagnosed diabetes) were
excluded. The remaining 748 participants were included
for the current analysis.

II. Measurement

The data collection, quality control procedures, and
laboratory methods of NHANES have been described in
detail elsewhere [10,11]. Briefly, demographic
characteristics and health-related information were
collected using a standardized questionnaire during in-
home interviews. In order to obtain physical examination
data, participants had visited a mobile examination center.

Venous blood samples were collected, processed,
frozen, and shipped weekly at -20 C. The POPs were
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measured by high-resolution gas chromatography and
high-resolution mass spectrometry using isotope dilution
quantification. All these analytes were measured in
approximately 5 mL of serum using a modification of
the method described by Turner et al. [13]. The POPs
were reported on a lipid adjusted basis using
concentrations of serum total cholesterol and trigly-
cerides. Plasma glucose was measured with the
hexokinase enzymatic reference method (Cobas Mira;
Roche Diagnostics, Indianapolis, IN, USA) and serum
insulin by means of a radioimmunoassay (Pharmacia
Diagnostics, Uppsala, Sweden). Insulin resistance was
estimated using HOMA-IR calculated as (fasting insulin
[mU/L] xfasting glucose [mmol/L]/22.5). CRP was
measured by a high-sensitivity assay (hsCRP), a latex-
enhanced nephelometry method (BN II nephelometer;
Dade Behring, Deerfield, IL, USA) with a lower limit of
detection (LOD) of 0.01 mg/dL.

II1. Statistical Analysis

For each of the POPs, subjects with serum
concentrations under the LOD were regarded as the
reference group, and subjects with detectable values
were categorized by cutoff points of the 25th, 50th, and
75th percentile values. To yield a cumulative measure of
3 PCDDs, we summed the ranks of the 3 PCDDs. The
summary values were categorized by cutoff points of the
25th, 50th, and 75th percentile values. We assigned and
cumulated POP subclasses similarly for the 3 PCDFs,
the 4 dioxin-like PCBs, the 5 non-dioxin-like PCBs, and
the 4 OC pesticides. Because the findings were similar
for the dioxin-like and the non-dioxin-like PCBs, we
also cumulated those 9 POPs and referred to them
simply as PCBs.

First, the associations of categories of POPs with CRP
were analyzed using linear regression with continuous
logarithmic-transformed CRP concentration as the
dependent variable. The association of interactions
between POPs and CRP with HOMA-IR were then
tested using the quartiles of CRP and POPs as
continuous variables.

In the first model, we adjusted for demographic
characteristics: age (years, continuous), gender, race and
ethnicity (non-Hispanic white, non-Hispanic black,
Mexican-American, and others), and poverty income
ratio (family income divided by poverty threshold value,
continuous). In the second model, we additionally
adjusted for obesity markers and health related
information, specifically body mass index (BMI, kg/m’,
continuous), waist circumference (cm, continuous),
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Table 1. General characteristics of the study subjects according to quartiles of C-reactive protein

Quartiles of C-reactive protein (mg/L)

Total <25th (<0.09) 25th - <50th (0.10-0.21) 50th - <75th (0.22-0.48) >75th (>0.49) p-trend’
n=748 n=194 n=177 n=190 n=187
Mean +standard deviation
Age (y) 482+18.8 42.7+18.9 49.7+181 50.3+18.0 50.3+19.3 <0.01
Poverty income ratio 27+16 3.0+1.6 27+16 25+15 25+14 <0.01
Body mass index (kg/m?)  27.6+5.7 247+46 26.8+4.4 28.2+4.9 30.8+6.6 <0.01
Waist circumference (cm)  95.2+14.3 87.0+£13.5 94.1+12.0 97.1+125 103.0+14.4 <0.01
Alcohol intake (g/d) 8.9+24.1 11.1+29.2 11.7+28.1 71+19.7 57+16.8 <0.01
HOMA-IR 29+22 21412 25+17 3.0+1.8 3.7+341 <0.01
Proportion (%)
Men 46.3 57.7 52.0 43.7 31.6 <0.01
Non-Hispanic white 495 47.4 50.3 53.2 474 0.03
Current smoker 191 15.0 232 19.0 19.8 0.27
Physically inactive 46.3 38.7 452 41.6 59.9 <0.01

HOMA-IR, homeostasis model assessment of insulin resistance.

' Tested by linear regression for continuous variables and the Mantel-Haenszel chi-squared test was used for categorical variables.

cigarette smoking (never, former, or current), alcohol
consumption (g/d, continuous), and leisure time or
physical activity (vigorous, moderate, or none). In this
study, OC pesticides and PCBs showed opposite
associations with CRP, and serum concentrations of OC
pesticides and PCBs were positively correlated with
each other. Therefore, we generated the final model,
which adjusted for the relationship between OC
pesticides and PCBs. We substituted the median values
in 111 study subjects for the missing values of one or
more of the following: poverty income ratio, body mass
index, waist circumference, or alcohol consumption.
Exclusion of these participants did not change any
conclusions.

All statistical analyses were performed with SAS
version 9.2 (SAS Inc., Cary, NC, USA) and SUDAAN
version 9.0 (RTI International, Research Triangle Park,
NC, USA). Estimates of the main results were calculated
accounting for stratification and clustering [14], and
adjusting for age, race and ethnicity, and poverty income
ratio instead of using sample weights. This adjustment
has been regarded as a good compromise between
efficiency and bias [14,15]. Because SAS and SUDAAN
results were similar, we present the results based on
SAS.

RESULTS

The general characteristics of the study subjects by
quartiles of CRP are presented in Table 1. Of the
subjects, 46.3% were men and 49.5% were non-
Hispanic white. The mean age was 48.2 years. Subjects
with high CRP tended to be older, women, physically
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inactive, and obese. In addition, they consumed less
alcohol. HOMA-IR showed a positive relationship with
CRP.

Among the 5 POP subclasses, only the OC pesticides
showed a positive trend with CRP concentrations (Table
2); this association was attenuated to non-significance
after additional adjustment for waist circumference and
BMI. Unexpectedly, CRP concentrations tended to show
inverse associations with both dioxin-like and non-
dioxin-like PCBs. In fact, serum concentrations of OC
pesticides and PCBs showed a strong positive
correlation (correlation coefficient=0.75) in the current
dataset. As only PCBs and OC pesticides, not PCDDs or
PCDFs, were associated with CRP in opposite
directions, we further adjusted OC pesticides and PCBs
for each other. After adjusting for PCBs, the positive
association of OC pesticides with CRP was accentuated,
while adjustment for OC pesticides rendered the
association of PCBs with CRP more strongly inverse
(model 3, Table 2). In addition, most of the specific
POPs belonging to the PCB or OC pesticide subclasses
also showed similar associations (Table 3).

There were statistically significant interactions
between PCBs or OC pesticides and CRP in estimation
of HOMA-IR (Table 4, Figure 1). Without consideration
of POPs, there were positive associations between CRP
and HOMA-IR. However, when POPs were considered
as modifying factors, CRP was not associated with
HOMA-IR among subjects with low concentrations of
PCBs or OC pesticides, while CRP was strongly
associated with HOMA-IR among participants with high
PCBs or OC pesticide concentrations.
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Table 2. Adjusted' geometric means of C-reactive protein by quartiles? of PCDDs, PCDFs, dioxin-like PCBs, non-
dioxin-like PCBs, and OC pesticides

Quartiles of POPs

Analyte p-trend®
<25th 25th - <50th  50th - <75th >75th
PCDDs No. of subject 187 187 187 187
Model 1 0.19 0.21 0.21 0.21 0.44
Model 2 0.19 0.21 0.20 0.21 0.50
PCDFs No. of subject 187 187 187 187
Model 1 0.23 0.18 0.22 0.19 0.43
Model 2 0.22 0.19 0.21 0.19 0.47
Dioxin-like PCBs No. of subject 186 188 187 187
Model 1 0.22 0.22 0.20 0.19 0.28
Model 2 0.22 0.23 0.20 0.19 0.27
Model 3 0.23 0.23 0.19 0.17 0.04
Non-dioxin like PCBs No. of subject 187 187 187 187
Model 1 0.24 0.22 0.21 0.17 0.04
Model 2 0.22 0.22 0.20 0.19 0.28
Model 3 0.24 0.23 0.20 0.17 0.04
OC pesticides No. of subject 186 188 187 187
Model 1 0.15 0.21 0.20 0.25 0.01
Model 2 0.16 0.22 0.19 0.23 0.05
Model 3 0.15 0.22 0.20 0.28 0.01

PCDD, polychlorinated dibenzo-p-dioxin; PCDF, polychlorinated dibenzofuran; PCB, polychlorinated biphenyl; OC, organochlorine; POP, persistent organic
pollutant.

" Model 1: adjusted for age, sex, race, and poverty income ratio; model 2: adjusted for the same variables as in model 1 plus body mass index, waist circumference,
smoking status, physical activity, and alcohol consumption; model 3: adjusted for the same variables as in model 3 plus for OC pesticides (in models including dioxin
like PCBs and non-dioxin like PCBs) or PCBs (in models including OC pesticides).

2 Detectable values of each POP were individually ranked, and the rank orders of the individual POPs in each subclass were summed to arrive at the subclass
value. All undetectable values were ranked as 0. The summary values were categorized by the cutoff points of the 25th, 50th, and 75th values of the sum of ranks.

3 Tested by linear regression.

Table 3. Adjusted' geometric means of C-reactive protein by quartiles® of POPs belonging to dioxin-like PCBs,
non-dioxin-like PCBs, and OC pesticides

Quartiles of POPs
Analyte Not detectable p-trend®
< 25th 25th - <50th  50th - <75th >75th

Dioxin-like PCBs

PCB74 0.23 0.22 0.19 0.20 0.15 0.03
PCB118 0.23 0.22 0.19 0.20 0.17 0.12
PCB126 0.22 0.20 0.20 0.23 0.18 0.62
PCB169 0.26 0.22 0.21 0.17 0.17 <0.01
Non-dioxin like PCBs
PCB138 0.24 0.20 0.21 0.20 0.17 0.05
PCB153 0.25 0.22 0.22 0.21 0.15 0.01
PCB170 0.21 0.23 0.19 0.25 0.16 0.40
PCB180 0.24 0.22 0.20 0.21 0.16 0.03
PCB187 0.22 0.23 0.22 0.20 0.14 0.03
OC pesticides
p,p’-DDE - 0.18 0.20 0.23 0.22 0.06
Oxychlordane 0.18 0.19 0.20 0.24 0.23 0.09
Trans-nonachlor 0.17 0.18 0.22 0.22 0.25 0.03
5-hexachlorocyclohexane 0.16 0.19 0.23 0.23 0.25 0.01

POP, persistent organic pollutant; PCB, polychlorinated biphenyl; OC, organochlorine; DDE, dichloro-2,2-bis(p-chlorophenyl)ethylene.

' Adjusted for age, sex, race, poverty income ratio, body mass index, waist circumference, smoking status, physical activity, alcohol consumption, and OC pesticides
(in models including dioxin-like PCBs and non-dioxin like PCBs) or PCBs (in models including OC pesticides).

2 Detectable values of each POP were individually categorized by the cutoff points of the 25th, 50th, and 75th values.

® Tested by linear regression.
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DISCUSSION

In this study, we observed that serum concentrations of
OC pesticides were positively associated with CRP
among the general population of the U.S. with
background exposure to POPs. More importantly,
consistent with previous findings [1,2], CRP was not
associated with HOMA-IR among subjects with low
concentrations of OC pesticides or PCBs, while CRP
was strongly associated with HOMA-IR among subjects
with high concentrations of OC pesticides or PCBs.

There is no question that the exposure to certain
environmental pollutants can induce inflammation [8,9].
At present, the most studied area in both experimental
and human studies subsumes the association between
exposure to air pollution and system inflammation [16].
In the case of POPs, experimental studies have clearly
shown that some POPs can induce inflammation [17,18].
To the best of our knowledge, however, there are no
human data on the association between the low
environmental exposure to POPs and inflammation.

In our study, among 5 subclasses of POPs, OC
pesticides were the only subclass to be positively
associated with CRP, but other POPs were not associated
or were even inversely associated with CRP. Based on

Interaction between PCBs and CRP
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Range of CRP quartiles
1st quartile: <0.09 2nd quartile: 0.10-0.21 3rd quartile: 0.22 - 0.48 4th quartile: > 0.49

Table 4. Adjusted' geometric means of HOMA-IR,
and interactions? between C-reactive protein and
PCBs or OC pesticides for estimating HOMA-IR

Quartiles of C-reactive protein _p-

Analyte inter-

<25th 25th-<50th 50th-<75th >75th action

Quartiles® of PCBs <0.01
<25th 3.67 3.28 4.05 3.55
25th - <50th 3.39 3.57 343 3.69
50th - <75th 3.18 3.39 3.70 3.90
>75th 3.15 3.27 3.67 3.90

Quartiles® of OC pesticides <0.01
<25th 342 3.23 3.74 3.20
25th - <50th 3.37 3.14 3.57 3.59
50th - <75th 3.33 3.60 3.76 3.77
>75th 3.17 3.59 3.82 4.31

HOMA-IR, homeostasis model assessment of insulin resistance; PCB,
polychlorinated biphenyls; OC, organochlorine.

' Adjusted for age, sex, race, poverty income ratio, body mass index, waist
circumference, smoking status, physical activity, alcohol consumption, and
OC pesticides (in models including PCBs) or PCBs (in models including OC
pesticides).

2 p-interactions between C-reactive protein and PCBs or OC pesticides on
HOMA-IR were tested by a generalized linear model using each quartile of
C-reactive protein and persistent organic pollutants (POPs) as continuous
variables.

* Detectable values of each POP were individually ranked, and the rank
orders of the individual POPs in each subclass were summed to arrive at the
subclass value. All not detectable values were ranked as 0. The summary
values were categorized by the cutoff points of the 25th, 50th, and 75th
values of the sum of ranks.

Interaction between OC pesticides and CRP

1st quartile of OC ~ =------ 2nd quartile of OC

——- 3rd quartile of OC == 4th quartile of OC
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p-interaction = 0.01

4
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I
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1st quartile 2nd quartile 3rh quartile 4th quartile
Quartiles of CRP
Range of CRP quartiles
1st quartile: <0.09 2nd quartile: 0.10 - 0.21 3rd quartile: 0.22 - 0.48 4th quartile: > 0.49

Figure 1. Interaction between C-reactive protein (CRP) and polychlorinated biphenyls (PCBs) or organochlorine
(OC) pesticides for estimation of homeostasis model assessment of insulin resistance (HOMA-IR). Detectable
values of each persistent organic pollutant (POP) were individually ranked, and the rank orders of the individual
POPs in each subclass were summed to arrive at the subclass value. All undetectable values were ranked as 0.
The summary values were categorized by cutoff points of 25th, 50th, and 75th values of the sum of ranks.
Geometric means of HOMA-IR values are plotted. Adjusted for age, sex, race, poverty income ratio, body mass
index, waist circumference, smoking status, physical activity, alcohol consumption, and OC pesticides (in models
including PCBs) or PCBs (in models including OC pesticides).
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the current available evidence, it is almost impossible to
suggest possible biological mechanisms that would
explain how OC pesticides showed positive associations
with CRP while PCBs showed inverse associations.
What is known is that the inflammatory properties of
plasma cytokines including interleukin-6 and tumor
necrosis factor, which are released from around injured
tissue, stimulate acute-phase protein production in the
liver, leading to a rise in plasma CRP concentrations [19].
Although it has not been studied yet, it is possible that
PCBs interfere with the capacity of the liver to mount an
acute-phase response. Thus, although these chemicals
can induce inflammation in in vitro experiments, their
associations with inflammatory markers in vivo, like
CRP, may not be positive. Also, it has been consistently
reported that aryl hydrocarbon receptor (AhR) agonists
activate oxidative stress-sensitive signaling pathways and
subsequent inflammatory events in experimental settings
[17,18]. However, in our study on the background
exposure to low doses of AhR agonists such as PCDDs,
PCDFs, or dioxin-like PCBs were not positively
associated with CRP.

As we hypothesized, there was a clear interaction
between POPs and CRP on HOMA-IR, suggesting that
the biological implications of increased CRP can be
different depending on the serum concentrations of OC
pesticides or PCBs. Several previous studies have
reported associations between inflammatory markers
including CRP and insulin resistance among non-
diabetic subjects and diabetic or cardiovascular disease
patients [20-24]. Some researchers have even suggested
the possibility that CRP may directly promote insulin
resistance and atherothrombosis by increasing
plasminogen activator inhibitor-1 expression and activity
in the endothelial cells [25]. Alternatively, insulin
resistance could contribute to CRP elevation by reducing
insulin-induced suppression of hepatic acute phase
reactants [26]. However, the lack of an association
between CRP and HOMA-IR among subjects with low
concentrations of OC pesticides or PCBs, observed in
this study, suggests that CRP itself may not be directly
involved in insulin resistance or vice versa.

As an entirely nonspecific response to most forms of
tissue damage, various factors may be involved in the
chronic elevation of CRP. Our study suggested that,
without consideration of exposure to POPs, CRP may
not be associated with insulin resistance. These
interactions were especially interesting because the
direction of association with CRP was opposite for OC
pesticides than for PCBs. In addition, it is worthwhile to
note that this kind of interaction was very similar to the
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patterns between POPs and obesity for the risk of type 2
diabetes or insulin resistance, which had been reported in
our previous studies, although p-values for interactions
of our previous studies had failed to reach statistical
significance [1,2]. In one study [27], no association was
detected between CRP and insulin resistance in youth.
The possibility should be considered that this lack of
association could reflect low POP concentrations in
youth, given that serum concentrations of POPs are
strongly associated with age.

There are several limitations to this study. First, the
cross-sectional study design in NHANES does not allow
for inferences regarding the temporality of events.
However, the associations of interactions between CRP
and some POPs with insulin resistance are not easily
explained by any known bias due to the cross-sectional
design. Second, misclassification bias is possible for
subjects with POPs that would have been detectable with
a higher sample volume. Such misclassification would
be nondifferential if sample volume is unrelated to
HOMA-IR. Third, HOMA-IR is a surrogate with insulin
resistance measured using the euglycemic-
hyperinsulinemic clamp method, but it is highly
correlated [28]. Third, we assessed the associations
between POPs and CRP by examining 5 POP subclasses
and 13 individual POPs. Therefore, some significant
associations observed in this study may have been due to
chance. Finally, as OC pesticides and PCBs showed
opposite associations with CRP and were positively
correlated, we adjusted OC pesticides and PCBs for each
other. This statistical adjustment of OC pesticides or
PCBs can lead to the overestimation of the true effects.
However, there were still significant associations of the
interactions between PCBs or OC pesticides and CRP
with HOMA-IR even when OC pesticides and PCBs
were not adjusted for each other (p-values for interaction
were 0.02 for PCBs and <0.01 for OC pesticides, data
not shown).

In summary, the current study demonstrated that
serum concentrations of OC pesticides were positively
associated with CRP levels among the general
population of the U.S. and CRP was not associated with
HOMA-IR among subjects with low concentrations of
OC pesticides or PCBs, while CRP was strongly
associated with HOMA-IR among subjects with high
concentrations of OC pesticides or PCBs.
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