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Over the past few decades, the number of individu-
als worldwide with systolic blood pressure (BP) ≥140 

mm Hg and the associated deaths have increased substan-
tially.1 Hypertension is an important risk factor for multiple 
cardiovascular and renal outcomes and increased knowledge 
of emergent-suspected risk factors is imperative from a pub-
lic health perspective. Emerging evidence suggests a potential 
link between environmental contaminants and cardiometabolic 
disorders, including hypertension.2

Persistent organochlorine pollutants (POPs) include sev-
eral groups of synthetic compounds with high lipophilic and 
bioaccumulative potential extensively used worldwide in 
agricultural, industrial, and health applications. POPs accu-
mulate in the food chain resulting in an age-dependent body 
burden in humans.3 Some of the most widely dispersed POPs 
are the fungicide hexachlorobenzene (HCB), the insecticide 
dichlorodiphenyltrichloroethane—and its persistent metabo-
lite p,p′-dichlorodiphenyldichloroethylene (DDE)—and the 

polychlorinated biphenyls (PCBs), all being chlorinated. 
Despite their long-term ban, they are still of concern4 and the 
general population is constantly exposed to these pollutants 
at low doses through diet, mainly via animal fat, that is, fatty 
fish, meat, milk products, and eggs.5,6

In animal studies, POPs have shown to induce hyperten-
sion, vascular dysfunction, and cardiac hypertrophy7–9 as well 
as to alter the expression of genes involved in DNA repair and 
cell cycling in vascular smooth muscle cells.10 Despite the 
biological plausibility and that some studies observed higher 
prevalence of hypertension in populations highly exposed to 
POPs,11–13 the few available observational studies on the general 
population considering this potential link, have reported some-
what discordant results.14–16 This inconsonance could poten-
tially be explained by limitations related to study design, such 
as the availability of only a single cross-sectional measurement 
or the lack of information on relevant factors that may affect 
the associations, such as serum lipids,17 diet,18 adiposity,19 or the 
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using generalized estimating equations. At baseline sampling 49% and at follow-up 64% had hypertension. DL-PCBs and 
DDE, but not NDL-PCBs or hexachlorobenzene, were associated with hypertension. Only the association for DL-PCBs 
remained statistically significant after lipid-standardization and adjustment for body mass index and total serum lipids. The 
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1.08–2.13) for DL-PCBs (third versus first tertile of lipid-standardized POPs). In stratified adjusted analyses, odds ratio 
for those born after 1950 increased to 3.99 (95% confidence interval, 2.15–7.43), whereas no association was observed 
among those born earlier. Based on repeated measurements, the accumulated exposure to DL-PCBs and DDE, although 
less clear for the latter, may disrupt the normal blood pressure levels and increase the odds of hypertension. Moreover, 
individuals experiencing early-life POP exposure may be at elevated risk of vascular POP effects.  (Hypertension. 2018;71: 
1258-1268. DOI: 10.1161/HYPERTENSIONAHA.117.10691.) • Online Data Supplement
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consideration of the impact of early exposures to these POPs 
through placenta transfer and lactation.20 Moreover, different 
types of POPs have shown distinct mechanisms of action, thus, 
diverging effects on the vascular system could be anticipated 
both between and within groups of POPs,21 emphasizing the 
need for mechanistic-based approach to avoid any obscuring 
of the overall picture. Because of the wide dispersion of POPs 
and the still prevalent exposure worldwide, additional studies 
covering these gaps are needed to clarify their potential danger 
and to be able to assess the need for actions to further reduce 
the exposure in the population.

The purpose of the present study was to investigate 
whether plasma concentrations of different types of POPs are 
associated with BP levels and hypertension in a longitudinal 
study with repeated measurements in a sample of middle-aged 
men and women. To fully address the hypothesized relation-
ship between POPs and hypertension, we specifically consid-
ered the influence of serum lipids, body mass index (BMI), 
diet, and early-life exposure to these substances.

Materials and Methods
Analysis methods that support the findings of this study are avail-
able from the corresponding author on reasonable requests. Requests 
for data can be made to the Department of Biobank Research, Umeå 
University, Sweden (http://www.biobank.umu.se) and will be subject 
to ethical review and assessment by a panel of scientists to grant that 
use of the data is in line with Swedish and EU legislation.

Design and Study Population
This study used data from the VIP (Västerbotten Intervention 
Programme), a subcohort in the Northern Sweden Health and Disease 
Study, one of the world’s largest and most comprehensive biobank stud-
ies with samples and data sets based on continuous population-based 
health examinations. VIP was initiated in 1985 with the aim of preventing 
cardiovascular disease.22 In short, all subjects who become 40, 50, or 60 
years (until 1996 also 30 years) in the study area are identified and invited 
to a health examination, anthropometric measurements, and to complete 
a questionnaire on lifestyle, including diet. Measurement of blood lipids 
was gradually introduced as a practice of the health examination. The 
participation rate exceeds 56% but is often around 70%, of which the vast 
majority (90.5%) have donated blood samples for research.

The present study was originally initiated to disentangle whether 
POPs are associated with risk of type 2 diabetes mellitus (T2D), ap-
plying a nested case–control study design with repeated sampling. 
For the purpose of the present analysis on POPs and hypertension, 
we used data from both cases and controls. T2D cases were identi-
fied via the Diabetes Register in Northern Sweden,23 a register based 
on ascertainment of diabetes mellitus through computerized link-
age to the patient and prescribed drug registers. Participation rate 
among individuals identified with diabetes mellitus was 74%. We 
identified 425 VIP participants with T2D included in the Diabetes 
Register in Northern Sweden register that had given blood samples 
twice to the biobank and the first one was before T2D diagnosis. 
These T2D cases were matched with VIP participants without T2D 
that were alive at time of T2D diagnosis for the case and had given 
blood sample twice. Matching criteria were gender, age, sample 
date (±90 days), and type of questionnaire at baseline examination.

We initially performed the analyses separately for prediabetics and 
nondiabetics provided as online supplemental material (Table S5 in 
the online-only Data Supplement). Because the estimates obtained 
were mostly the same for both groups and there were no significant 
interactions between any of the POPs and the prediabetic status on 
the odds of hypertension, the 2 groups were combined in all assess-
ments hereafter.

Oral/written informed consent has been obtained from the partici-
pants and the regional ethics review board approved the study.

Exposure and Covariate Assessment
The first medical examination and blood sampling was performed 
during 1990 to 2003 (baseline) and the follow-up during 2000 to 
2013, with ≈10 years between the sampling occasions (Figure 1). All 
samples were collected after an 8-hour overnight fasting and were 
immediately centrifuged, separated, and stored at −80°C. POPs were 
measured at the National Institute for Health and Welfare in Finland 
by gas chromatography-triple quadrupole mass spectrometry.24 A 
Reflotron bench-top analyser (Roche Diagnostics) was used for the 
blood lipid analyses.

The 4 different organochlorine compounds measured in plasma 
were the nondioxin-like (NDL)–PCBs composed by summation of 
the following 8 PCB congeners 74, 99, 138, 153, 170, 180, 183, 187; 
the dioxin-like (DL)–PCBs composed by summation of the 2 PCB 
congeners 118, 156; and 2 chlorinated pesticides, HCB and DDE. 
There were no concentrations below the limit of detection for any of 
the POPs. Concentrations were standardized for total lipids in plas-
ma, by dividing the crude plasma POP concentration by total lipids, 
and were expressed as ng/g of lipid. The total plasma lipid content 
was calculated from triglycerides and total cholesterol using the stan-
dard formula proposed by Phillips et al.25,26 (Total lipid=2.27×total ch
olesterol+triglycerides+0.623; all expressed in units of g/L).

Samples with missing values for contaminants, total serum lipids, 
and BP measurements were excluded from analyses (ie, 169 samples 
at baseline and 20 at follow-up). Hence, out of the total 850 sub-
jects (425 T2D cases and 425 matched nondiabetic controls), 681 had 
complete data at baseline and 830 at follow-up (1511 observations; 
Figure 1).

Covariables involved in these analyses were obtained from the life-
style and semiquantitative food frequency questionnaires—validated 
with ten 24-hour diet recalls27,28—completed by participants at the 
time of the blood sampling; including gender, age, educational lev-
el, smoking habits, BMI (calculated in kg/m2 from the weight and 
height measured at the medical examinations), Cambridge index for 
physical activity, BP, and cholesterol-lowering medication, healthy 
diet score,29 and alcohol consumption. Missing values of nondietary 
variables in one of the samples were replaced by the corresponding 
value reported in the other sample (<2%). Missing values on diet and 
alcohol consumption were slightly higher (3.5%) and were included 
into the models as a separate missing indicator category.

Outcome Assessment
Systolic and diastolic BP were measured once at both baseline and 
follow-up with a mercury sphygmomanometer after 5 minutes rest 
with the subject in a supine or sitting position depending on whether it 
was measured before September 2009 or after, respectively. To make 
reliable comparisons before and after 2009, algorithms taking into 
account gender and age were applied. Hypertension was defined as 
any of (1) self-reported diagnosis, (2) use of antihypertensive drugs, 
or (3) measured systolic/diastolic BP ≥140 or ≥90 mm Hg.

Statistical Analyses
Associations of POP plasma concentrations with systolic and dia-
stolic BP levels (continuous) and with hypertension (dichotomous) 
were assessed cross-sectionally at the 2 sampling occasions using 
multivariable linear and logistic regression analyses, generating beta 
coefficients (β) and odds ratios (OR), with corresponding 95% confi-
dence intervals (CI). Additionally, we performed longitudinal analy-
ses based on both individual sample occasions (repeated measures) 
using generalized estimating equations (GEE). POPs exposure was 
assessed as tertiles of the distribution (based on the nondiabetics 
at each sampling occasion), which relax the linearity assumption, 
as well as on the continuous scale (per 1 SD increment) to deter-
mine if there is an overall trend (presented as P

trend
). In addition, 

we prospectively evaluated the associations between POP levels at 
baseline and odds of hypertension during the follow-up. In these 
analyses, we excluded prevalent hypertension at baseline (n=378) 
and included participants with available data on wet-weight POPs 
levels at baseline as well as on BP at both baseline and follow-up 
(426 participants of which 179 developed hypertension during the 
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follow-up). Pairwise correlations were assessed using the Spearman 
rank correlation coefficient (ρ). We estimated the strength of agree-
ment between the first and second POP measurement by calculating 
the intraclass correlation.

For confounder identification and to select the minimal set of co-
variates needed to control for, we followed a strategy that combined 
directed acyclic graphs, based on current scientific knowledge, and 
change-in-estimate procedure. In this procedure, the covariates iden-
tified as confounders by the relevant directed acyclic graph were in-
cluded in the initial full logistic regression model and selected by 
backward elimination. In each step, the covariate for which removal 
caused the smallest change in the coefficient for the exposure was 
removed (if <10% change) until no covariate’s removal met the cri-
terion. Thus, the variables healthy diet score (3 categories), alcohol 
consumption (<0, 0.1–5.0, 5.1–15, >15 g/d), smoking habit (current, 
former, never smoker), physical activity (inactive or active), or educa-
tion (> or <12 years.) were not included in the final regression model, 
keeping it as parsimonious as possible. The variables included in all 
the multivariable-adjusted models were gender, age (< or ≥45 years 
at baseline/< or ≥55 years at follow-up), sample year (1990–1993, 
1994–1997, 1998–2003 at baseline and 2000–2003, 2004–2008, 
2009–2013 at follow-up), and to have been sampled because of a fu-
ture T2D diagnosis or instead being a control (hereafter named pre-
diabetics and nondiabetics). We further adjusted for antihypertensive 
therapy when BP levels were the outcome of interest.

On the other hand, both BMI and plasma lipid concentrations could 
potentially lie in the causal pathway between POPs and hypertension, 
acting as mediators.9,19,30,31 However, because they are correlated with 
the exposure—elevated lipid concentrations tend to carry proportion-
ally higher concentrations of lipid-soluble contaminants25,32—and 
with the outcome33,34 (Tables S2 and S3), they might also act as a 
confounders for the associations evaluated. We constructed simple 
directed acyclic graphs corresponding to 3 main potential causal sce-
narios (Table S4) and fitted 4 different multivariable-adjusted mod-
els using different approaches to control for BMI and serum lipids. 
Model 1, POP tertiles based on wet-weight and no lipid adjustment; 
model 2, POP tertiles based on wet-weight adjusted for total serum 
lipids; model 3, POP tertiles based on wet-weight adjusted for total 
serum lipids plus BMI; and model 4, lipid-standardized POP tertiles 
adjusted for total serum lipids plus BMI. All models were adjusted for 
gender, age, sample year, and prediabetic status.

Because of the high correlations between different POPs, collin-
earity problems leading to unstable coefficient estimates and a loss of 
power cannot be ruled out if all POPs are entered simultaneously into 
a model. Thus, we considered single-pollutants analyses as the main 
results (ie, on which all the tables have been based), whereas models 
mutually adjusted for all POPs have been performed only with an 
exploratory purpose presented in the text for DL-PCBs only.

We conducted stratified analyses to discern whether the effect 
would be different depending on age (< or ≥45 years at baseline/< 

or ≥55 years at follow-up), gender, and year of sampling (≤ or >1994 
at baseline/≤ or >2004 at follow-up) as well as birth year (≤1950, 
>1950). We explored possible multiplicative interactions between 
POPs and these variables for the outcome hypertension using GEE-
models and tested for statistical significance using the Wald test 
(P

interaction
). In a final assessment, analyses were restricted to the leaner 

group of participants (<median BMI, ie, 26.7 kg/m2 at baseline and 
27.9 at follow-up).

In sensitivity analyses, we assessed the associations between POP 
levels and odds of hypertension by separate adjustment for total cho-
lesterol and triglycerides, instead of total lipids.

The level of statistical significance was set at 0.05 and all tests 
were 2-tailed. The statistical software STATA/SE version 14.0 (Stata 
Corp LP, College Station, TX) was used to manage the database of the 
study and to perform statistical analyses.

Results
At baseline and at follow-up the prevalence of hypertension 
was 49% and 65%, respectively. Table 1 summarizes the char-
acteristics of the study population by hypertensive status at 
both occasions. Participants with hypertension were almost 
twice more likely to belong to the group selected based on a 
future diagnosis of T2D. In addition, the use of cholesterol-
lowering medication at follow-up were much more common 
in hypertensive (25% of them versus 7%). BMI was also con-
siderably higher in hypertensive than in normotensive partici-
pants. In general, no major differences were observed in the 
main characteristics between baseline and follow-up, with 
the exception of the use of antihypertensive and cholesterol-
lowering drugs, which increased considerably at follow-up. 
Consequently, the average levels of lipids and diastolic BP 
were slightly lower at follow-up.

Concentration of POPs standardized to serum lipids 
was higher in prediabetics than in nondiabetics as well as, 
with few exceptions, in hypertensive than in normotensive 
participants. Correlations between the 4 groups of plasma 
lipid-standardized POPs ranged from ρ 0.64 (DDE versus 
HCB) to 0.89 (DL-PCBs and NDL-PCBs), P<0.05 for all 
(Tables S2 and S3). We found that POP concentrations 
decreased over calendar time with relative changes over the 
10-year period of −27% (DL-PCBs), −25% (NDL-PCBs), 
−41% (HCB), and −39% (DDE). The intraclass correla-
tions between both measures were 0.8 for all except for 
HCB (0.5).

Figure 1. Study population and time 
of sampling. In each examination, both 
the exposure (persistent organochlorine 
pollutants) and the outcome 
(hypertension/blood pressure [BP]) 
were measured at the same time. As 
some subjects had missing values (for 
contaminants, total serum lipids, and BP 
measurements) in 1 assessment, there 
were subjects with only 1 final available 
observation. The time between both 
observations varies with an average of 10 
y, and almost all of them within 8 to 12 y. 
VIP indicates Västerbotten Intervention 
Programme.
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Table 1. Main Characteristics of the Participants by Sampling Occasion, Number of Subjects (%), or 
Mean (SD)

Characteristics

Baseline (1990–2003)
N=681

Follow-Up (2000–2013)
N=830

Normotensive
n=351

Hypertensive
n=330

Normotensive
n=291

Hypertensive
n=539

Prediabetes mellitus 137 (39) 210 (63) 86 (30) 329 (61)

Female 143 (41) 160 (48) 119 (41) 221 (41)

Age, y 46±6 47±5 55±7 57±5

BMI, kg/m2 26±4 29±4 26±4 29±5

Education, n

        >12 y 252 (72) 227 (69) 213 (73) 367 (68)

Smoking status

        Current 108 (31) 68 (20) 60 (21) 70 (13)

        Former 108 (31) 37 (42) 123 (42) 234 (43)

Physical activity

        (moderately) inactive 197 (56) 182 (56) 150 (51) 279 (52)

Healthy diet

        (1–22 score) 11±4 11±4 13±4 13±4

Alcohol consumption, g/d

        0.1–5 226 (67) 218 (69) 173 (59) 343 (64)

        5.1–15 91 (27) 74 (23) 93 (32) 135 (25)

        >15 7 (2) 6 (2) 13 (4) 20 (4)

BP lowering medication 0 (0) 88 (27) 0 (0) 318 (59)

Cholesterol-lowering medication 2 (<1) 2 (<1) 21 (7) 136 (25)

Laboratory analyses*

        Total cholesterol 5.8±1.2 5.9±1.2 5.4±1.1 5.2±1.1)

        Triglycerides 1.5±0.9 1.9±1.2 1.4±0.8 1.8±1.0)

Clinical examination†

        Systolic BP 120±9 143±16 122±10 143±17

        Diastolic BP 76±7 91±10 75±8 86±9

Plasma POP levels‡

        DL-PCBs

         Prediabetics 42±25 44±22 33±17 35±21

         Nondiabetics 38±20 42±20 28±15 32±16

        NDL-PCBs

         Prediabetics 494±203 500±232 445±235 426±198

         Nondiabetics 479±200 487±210 361±160 392±175

        HCB

         Prediabetics 36±13 38±16 25±10 24±11

         Nondiabetics 35±14 34±14 21±8 22±10

        DDE

         Prediabetics 324±204 371±263 241±198 252±206

         Nondiabetics 268±195 313±252 157±139 188±149

BMI indicates body mass index; BP, blood pressure; DDE, p,p′-dichlorodiphenyldichloroethylene; DL-PCB, dioxin-like 
polychlorinated biphenyls; HCB, hexachlorobenzene; NDL-PCB, nondioxin-like polychlorinated biphenyls; and POP, persistent 
organochlorine pollutants.

*In mmol/L.
†In mm Hg.
‡In ng/g of lipid.

 by guest on M
ay 15, 2018

http://hyper.ahajournals.org/
D

ow
nloaded from

 

http://hyper.ahajournals.org/


1262  Hypertension  June 2018

When assessing BP as a continuous outcome (Table S5), all 
subgroups of wet-weight POPs were associated with higher sys-
tolic and diastolic BP levels in the multivariable-adjusted model 
without consideration of serum lipids (model 1). The significant 
β coefficients ranged from 3.04 to 4.74 mm Hg of systolic BP 
and 2.00 to 3.39 mm Hg of diastolic BP—comparing participants 
in the third tertile of wet-weight POPs with those in the first. 
However, only the DL-PCBs remained associated with both sys-
tolic and diastolic BP after lipid-standardization and adjusting 
for both serum lipids and BMI (model 4). Thus, in the longitu-
dinal assessment (using baseline and follow-up measurements), 
participants in the highest lipid-standardized DL-PCB tertile had 
a systolic and diastolic BP, 3.30 mm Hg (95% CI, 0.86–5.75; 
overall trend (P

trend
) was 0.063, determined by assessing POP 

exposure as continuous scale was) and 2.19 mm Hg (95% CI, 
0.81–3.58; P

trend
<0.001) higher than participants in the lowest 

tertile, respectively (model 4). Per 1 SD increment of lipid-
standardized DL-PCBs, the systolic and diastolic BP increased 
by 0.80 (95% CI, −0.04–1.65) and 1.03 (95% CI, 0.58–1.49) 
mm Hg, respectively (Figure 2). For DDE, after adjustment for 
total serum lipids, the association, although mitigated, remained 
statistical significant (P

trend
=0.008 and <0.001 for systolic and 

diastolic BP, respectively, model 2); but tended to be attenuated 
after additional adjustment for BMI (models 3 and 4).

For the odds of hypertension, we did not observe any 
link for the sum of NDL-PCBs or HCB (Table 2), whereas 
DL-PCBs were consistently associated with hypertension 
over the different considerations of lipids and BMI (model 
1–4), in line with the observed results for continuous BP. The 
multivariable-adjusted longitudinal assessment for lipid-stan-
dardized DL-PCB (model 4) showed an OR of hypertension 
of 1.52 (95% CI, 1.08–2.13; P

trend
=0.051) comparing subjects 

in the upper tertile of DL-PCB with those in the lowest tertile. 
Likewise, high DDE levels were also significantly associated 
with odds of hypertension when BMI was not included in the 
model as a covariate (models 1–2).

Additionally, we prospectively assessed the association 
between wet-weight POPs at baseline and odds of hyperten-
sion at follow-up. This prospective approach resulted in OR 
of 2.00 (95% CI, 1.11–3.62) for DL-PCBs, comparing highest 
with the lowest tertile. Although similar results were observed 
for NDL-PCBs, the ORs for HCB and DDE did not reach the 
statistical significance (Table S6).

In sensitivity analyses, we evaluated the association 
between wet-weight POP levels and hypertension risk adjust-
ing for total cholesterol (model 2a) and triglycerides (model 
2b) disjointedly, instead of for total lipids (model 2 in Table 2). 
In general, the associations were strengthened by adjustment 
for total cholesterol and attenuated by adjustment for triglycer-
ides, as compared with the estimates for total lipids (Table S7).

The diet (assessed as a healthy diet score) did not have 
any influence on the POP-hypertension associations. To test 
whether residual confounding by parallel decreasing time-
trends in the population’s BP and DL-PCBs could have affected 
the results, analysis for model 4 were made with 14 categories 
for sampling year, instead of only 3. Changes in OR were neg-
ligible. Likewise, complementary results based on analyses 
mutually adjusted for all POPs did not change the overall con-
clusion. In the longitudinal assessment for DL-PCBs (model 
4), the OR of hypertension was 2.17 (95% CI, 1.26–3.74) and 
the β of BP were 6.57 (95% CI, 2.71–10.43) for systolic and 
2.84 (95% CI, 0.65–5.04) for diastolic, comparing third tertile 
versus the lowest (data not shown in tables).

In essence, for both DL-PCBs and DDE, the standard-
ization and adjustment for lipid concentration somewhat 
attenuated the associations with BP levels and odds of hyper-
tension, as compared with those based on wet-weight; DDE 
also showed an even greater attenuation after further adjust-
ment for BMI. To further disentangle the impact of the BMI, 
when we restricted the DDE analyses to those ≤mean BMI, 
we observed higher multivariable-adjusted ORs of hyperten-
sion in the lean group than for the entire sample: 1.66 (95% 

Figure 2. Continuous association between dioxin-like polychlorinated biphenyl (DL-PCBs) and blood pressure (BP). Multivariable-
adjusted β coefficients of systolic (A) and diastolic (B) BP (solid lines) and their 95% confidence intervals (CI; dashed lines), as a 
continuous smooth function of lipid-standardized DL-PCBs. Data included the repeated measurements (both baseline and follow-up) 
and was fitted using multiple linear regression via generalized estimating equation methodology. Models were adjusted for gender, age, 
sample year, prediabetic status, total serum lipids, and body mass index. The median (31.7 ng/g lipids) was used as a reference and the 
histogram shows the distribution of the DL-PCBs. Plasma DL-PCB levels above the 99th percentile were excluded (n=3). Estimates are 
based on a single-pollutants analysis (ie, the different types of persistent organochlorine pollutants [POPs] were not mutually adjusted). 
Detailed data on the different POPs and different models for adjustment are given in the Table S5.
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CI, 0.90–3.05; P
trend

=0.055) at baseline and 1.94 (95% CI, 
1.11–3.38; P

trend
=0.205) at follow-up, comparing the highest 

tertile with the lowest.
When the potential modifying effect of age, gender, birth 

year, and year of sampling was explored (Figure 3), only birth 
year and age revealed a significant interaction with DL-PCBs 
on hypertension (P

interaction
=0.016 and 0.004, respectively). It 

should be noted, however, that the categories created for year 
of birth and age had great overlap. Thus, although no associa-
tion was observed among those born during 1950 or earlier, 
DL-PCBs were clearly associated with hypertension in those 
born after 1950 in the longitudinal assessment: OR of 3.99 
(95% CI, 2.15–7.43), comparing the third versus first tertile 
of DL-PCBs. Likewise, despite POP levels were lower in the 
younger participants, when stratifying by age, higher odds, 
3.71 (95% CI, 1.94–7.12) of hypertension in younger than 
older subjects was observed for those with higher DL-PCBs 
concentrations. The higher ORs in those born >1950 and in 
younger participants were increased substantially when all 

POPs were included simultaneously in the models; 5.60 (95% 
CI, 2.02–15.53) for those born >1950 and 5.31 (95% CI, 1.84–
15.34) for the younger and comparing the third versus first 
tertile of DL-PCBs in longitudinal analysis.

Discussion
In the present study, conducted among middle-aged women 
and men, longitudinal associations of repeated measurements 
of 4 different groups of POPs with BP levels and hyperten-
sion risk showed to be dependent on type of compound as 
well as on total lipids in serum, BMI, and the participant’s 
birth year, but not affected by a healthy eating score. All sub-
groups of wet-weight and lipid-unadjusted POPs showed to 
be positively associated with higher systolic and diastolic BP 
levels, and DL-PCBs and DDE also with odds of hyperten-
sion. However, only the DL-PCBs remained associated with 
BP and hypertension after lipid-standardization and adjusting 
for both serum lipids and BMI. An effect modification by birth 
year and age may suggest an impact of early-life exposure.

Table 2. Associations Between Plasma Persistent Organochlorine Pollutants Concentrations and Odds of Hypertension at Baseline, 
at Follow-Up, and Jointly Assessed in a Longitudinal Analysis (OR and 95% CI)

 

Cross-Sectional
Logistic Regression

Longitudinal
Generalized Estimated Equation

Baseline
n=681

Follow-Up
n=830

Repeated Measurements
n=1511

 T1 T2 T3 T1 T2 T3 T1 T2 T3

DL-PCBs

        Model 1 1 (ref.) 1.06 (0.70–1.61) 1.86 (1.21–2.87) 1 (ref.) 1.43 (0.97–2.12) 1.75 (1.16–2.63) 1 (ref.) 1.16 (0.87–1.55) 1.47 (1.08–2.01)

        Model 2 1 (ref.) 0.96 (0.63–1.48) 1.51 (0.95–2.42) 1 (ref.) 1.41 (0.95–2.10) 1.69 (1.09–2.60) 1 (ref.) 1.17 (0.87–1.56) 1.50 (1.08–2.08)

        Model 3 1 (ref.) 0.99 (0.64–1.54) 1.65 (1.03–2.66) 1 (ref.) 1.49 (0.99–2.24) 1.73 (1.11–2.71) 1 (ref.) 1.22 (0.90–1.65) 1.65 (1.27–2.32)

        Model 4 1 (ref.) 1.08 (0.72–1.62) 1.77 (1.07–2.91) 1 (ref.) 1.34 (0.88–2.03) 1.34 (0.88–2.03) 1 (ref.) 0.97 (0.72–1.30) 1.52 (1.08–2.13)

NDL-PCBs

        Model 1 1 (ref.) 1.07 (0.71–1.62) 1.54 (0.99–2.40) 1 (ref.) 1.58 (1.06–2.36) 1.13 (0.76–1.70) 1 (ref.) 1.16 (0.89–1.53) 1.13 (0.83–1.54)

        Model 2 1 (ref.) 0.96 (0.63–1.46) 1.17 (0.72–1.90) 1 (ref.) 1.52 (1.01–2.28) 1.02 (0.66–1.57) 1 (ref.) 1.16 (0.88–1.52) 1.11 (0.80–1.54)

        Model 3 1 (ref.) 1.04 (0.67–1.60) 1.36 (0.83–2.25) 1 (ref.) 1.53 (1.01–2.32) 1.10 (0.71–1.72) 1 (ref.) 1.22 (0.92–1.63) 1.28 (0.91–1.81)

        Model 4 1 (ref.) 1.06 (0.70–1.62) 1.26 (0.79–2.00) 1 (ref.) 1.23 (0.81–1.86) 1.10 (0.72–1.68) 1 (ref.) 0.98 (0.73–1.30) 1.08 (0.78–1.49)

HCB

        Model 1 1 (ref.) 0.93 (0.61–1.42) 1.55 (0.99–2.43) 1 (ref.) 1.30 (0.87–1.94) 1.59 (1.05–2.39) 1 (ref.) 0.92 (0.69–1.21) 1.28 (0.95–1.73)

        Model 2 1 (ref.) 0.84 (0.55–1.30) 1.22 (0.75–1.98) 1 (ref.) 1.27 (0.85–1.91) 1.51 (0.98–2.34) 1 (ref.) 0.92 (0.69–1.22) 1.29 (0.94–1.76)

        Model 3 1 (ref.) 0.80 (0.51–1.24) 1.15 (0.70–1.88) 1 (ref.) 1.14 (0.75–1.72) 1.25 (0.80–1.96) 1 (ref.) 0.88 (0.66–1.17) 1.20 (0.86–1.67)

        Model 4 1 (ref.) 0.89 (0.59–1.36) 1.09 (0.68–1.76) 1 (ref.) 1.14 (0.75–1.72) 1.14 (0.74–1.76) 1 (ref.) 0.92 (0.69–1.24) 1.05 (0.76–1.45)

DDE

        Model 1 1 (ref.) 1.29 (0.84–1.98) 1.64 (1.06–2.53) 1 (ref.) 1.56 (1.04–2.34) 1.75 (1.15–2.65) 1 (ref.) 1.46 (1.07–1.98) 1.57 (1.13–2.17)

        Model 2 1 (ref.) 1.19 (0.77–1.83) 1.44 (0.92–2.24) 1 (ref.) 1.53 (1.02–2.30) 1.69 (1.11–2.57) 1 (ref.) 1.46 (1.07–1.99) 1.57 (1.13–2.18)

        Model 3 1 (ref.) 1.09 (0.70–1.69) 1.28 (0.81–2.02) 1 (ref.) 1.33 (0.87–2.02) 1.31 (0.85–2.04) 1 (ref.) 1.30 (0.95–1.79) 1.33 (0.95–1.87)

        Model 4 1 (ref.) 1.12 (0.73–1.72) 1.41 (0.90–2.20) 1 (ref.) 1.31 (0.87–1.97) 1.24 (0.81–1.91) 1 (ref.) 1.19 (0.88–1.62) 1.24 (0.89–1.73)

Estimates are based on a single-pollutants analysis (ie, the different types of persistent organochlorine pollutants [POPs] were not mutually adjusted). Model 
1: wet-weight (nonlipid standardized) POPs with adjustment for gender, age, sample year, and prediabetic status. Model 2: model 1 additionally adjusted for total 
serum lipids. Model 3: model 1 additionally adjusted for total serum lipids and body mass index. Model 4: model 3 with lipid-standardized persistent organochlorine 
pollutants. CI indicates confidence interval; DDE, p,p′-dichlorodiphenyldichloroethylene; DL-PCB, dioxin-like polychlorinated biphenyls; HCB, hexachlorobenzene; NDL-
PCB, nondioxin-like polychlorinated biphenyls; OR, odds ratio; POP, persistent organochlorine pollutant; T1, first tertile; T2, second tertile; and T3, third tertile.
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Prior Evidence on POPs and Hypertension
Our results add to the information from a recent meta-analy-
sis on POP levels in human plasma and hypertension risk in 
the general population.35 That summarizing work observed a 
pooled borderline statistically significant OR of hypertension, 
comparing the highest and lowest POP concentration catego-
ries, of 1.45 (95% CI, 1.00–2.12) for the sum of DL-PCBs and 
1.10 (95% CI, 1.03–1.18) for DDE, including studies that both 
lipid standardized/adjusted the exposure and those who did 
not. The OR for the sum of NDL-PCBs did not reach statisti-
cal significance, and there were not enough studies for HCB.

In a previous cross-sectional study of a Swedish elderly 
population (132 hypertension cases out of 1016 subjects), 
where 23 lipid-standardized POPs were assessed in relation 
to prevalent hypertension, the strongest and most consistent 
association was observed for DDE (OR, 1.35 for a 1 SD 
increase; 95% CI, 1.17–1.56). Further adjustments including 
BMI attenuated all POP associations, whereas it remained 
only for DDE; OR of 1.23 for a 1 SD increase (95% CI, 1.06–
1.43).36 The DL-PCB congeners, 105 and 118, were only asso-
ciated with the prevalence of hypertension after adjustment 
for gender alone.

Biological Mechanisms Relating DL-PCBs to BP
PCBs are often categorized into 2 groups based on their num-
ber and position of the chlorine atoms, which gives them dif-
ferent biological activity. The non-ortho chlorine-substituted 
(coplanar) PCB congeners, also including some mono-ortho-
substituted congeners, are known as DL-PCBs (dioxin-like 
PCBs) because they activate the AhR (aryl hydrocarbon recep-
tor), in the same way as dioxins. The ortho-substituted conge-
ners (noncoplanar PCBs) do not bind to AhR (non-dl-PCBs) 

and their mechanistic link with specific metabolic end points 
has not been elucidated. Supporting our findings, experimen-
tal37–40 and animal7–9 evidence reveals that DL-PCBs induce 
chronic inflammation and dysfunction in the vascular endo-
thelium, potentially leading to hypertension through different 
AhR-mediated pathways such as via expression of several 
inflammatory markers38,40 and increasing cellular oxidative 
stress.8 The DL-PCB congener 126 showed to stimulate the 
production of vasoconstriction factors, including COX-2 
(cyclooxygenase), prostaglandins, and reactive oxygen spe-
cies, as well as to inhibit the release of the vasodilator nitric 
oxide (NO).37,39 Experimental or animal studies considering 
the biological mechanism for potential NDL-PCB–induced 
hypertension are still lacking.

Methodological Issues: Dealing With Lipids
There is controversy about the best way to handle BMI and lipids 
when assessing health outcomes in relation to lipophilic contami-
nants. As POPs are fat-soluble hydrophobic molecules, they are not 
soluble in plasma, but in its lipid phase, that is, lipids, lipoproteins, 
and phospholipids. The concentration of POPs in the lipid phase may 
be assumed to be in equilibrium with other lipid pools with high 
blood perfusion, such as muscles and liver. As a consequence, the 
concentration in the lipid phase of plasma reflects the concentration 
in other parts of the body.41 Because elevated blood lipids tend to 
carry proportionally higher POP concentrations, we therefore stan-
dardized the POP concentrations to total lipids. There are indications 
that some POPs may increase blood lipids and potentially laying in 
the causal pathway between POPs and hypertension, acting as media-
tors (9, 17, 29, 30). Although this does not affect the reasoning above, 
it has implications for whether further corrections and adjustments 
for blood lipids should be done or avoided because of overadjust-
ment, resulting in biased estimates. Thus, when devising a statistical 
model for assessing exposure to lipophilic contaminants measured 
in blood, there is no consensus on the best way to deal with this 

Figure 3. Odds ratio (OR) and 95% 
confidence intervals (CI) of hypertension 
for dioxin-like polychlorinated biphenyl 
(DL-PCBs) stratified by age (< and 
≥45/55 years), gender (female, male), 
birth year (≤ and >1950 and sample year 
[≤ and > 1994/2004], black and grey 
respectively. Estimates are based on a 
single-pollutants analysis (ie, the different 
persistent organochlorine pollutants were 
not mutually adjusted).
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relation between POPs, serum lipids, and potential lipid-mediated 
health outcomes.17,42 The appropriate statistical model will depend 
on the role of blood lipids and BMI on the true causal scenario and, 
consequently, each method implicitly assume a hypothetical causal 
model (Table S3). Because real-life scenarios likely involve compli-
cated causal structures, we argue for the rationale recently suggested 
by O’Brien et al,17 who found that when assessing the association 
of lipid-soluble chemical with a health outcome and involving many 
interrelated covariates, the least biased statistical approach is to both 
lipid standardize the POP blood concentration and adjust for blood 
lipids in the model. The main asset of this method is that it showed 
to keep good performance even when there was a complicated con-
founding structure.

Existing Evidence on DDEs Effect on BP—Directly, 
or Indirectly via Adiposity?
The reason why the association between DDE and hyperten-
sion became largely attenuated after adjusting for BMI can 
only be speculated. Existing experimental data43,44 support 
a potential role of BMI as a mediator variable on the causal 
pathway between DDE and hypertension; that is, DDE might 
be involved in the increment of adiposity, which ultimately 
leads to BP disturbance. In line with this possibility raised, 
in vitro studies indicate that DDE exposure at environmen-
tally relevant doses, increases proliferation and differentia-
tion of preadipocytes.43 Likewise, DDE has been associated 
with increased mRNA expression of the PPARγ (peroxisome 
proliferator-activated receptor γ), which constitutes a major 
regulator of adipogenesis.44 Moreover, the revealed DDE 
antiandrogen activity is suggested to be a likely mechanism 
whereby DDE directly—independently of adiposity—might 
disturb BP levels; low testosterone levels are linked to hyper-
tension,45 and DDE levels have been found to be inversely 
related to testosterone levels.46 Likewise, experimental evi-
dence suggests that dichlorodiphenyltrichloroethanes (precur-
sor of DDE) can act on several arms of the renin–angiotensin 
system to possibly increase risk of hypertension.47

However, the analysis for DDE excluding subjects with 
higher BMI, which resulted in higher odds of hypertension 
than the analyses of the complete sample, could be more in 
line with a potential confounding by BMI, rather than the 
proposed intermediate role. If there is confounding by BMI, 
analyses not adjusting for BMI will overestimate the true 
associations, whereas if BMI is an intermediate variable, BMI 
adjustment will underestimate the total effect of DDE. Thus, 
it is not possible to conclude whether our model 2, resulting 
in significant associations for DDE, or our model 3, providing 
no significant association with DDE, is best reflecting cause-
effect associations.

Factors Modifying the Associations and Potential 
Biological Mechanisms
When we further explored these associations by age and 
birth year, all POPs presented higher odds of hypertension 
in younger subjects than in older even though the POP con-
centrations were lower in the younger ones. In line, Valera et 
al13 also observed an increased risk of hypertension linked to 
DL-PCBs and DDE only among the youngest individuals: the 
OR for DL-PCBs was 1.34 (95% CI, 1.03–1.74) and the OR 
for DDE 1.42 (95% CI, 1.08–1.85). A likely partial explana-
tion could be that young people tend to have a more sensitive 

physiological system.48 This sensitivity decreases with aging 
and then, in elderly, other age-related physiological factors 
might be more determinant in the development of hyperten-
sion than environmental factors per se.

An alternative explanation is that the younger generation 
may have experienced epigenetic changes because of early-life 
exposure to POPs (placental transfer or via breast milk). Some 
gathered evidence indicates that environmental exposures dur-
ing key stages of development that may influence crucial cel-
lular functions have an important effect on epigenetic code (ie, 
durable changes in gene expression patterns) and permanently 
alter the structure or function of specific organ systems, result-
ing in increased risk of metabolic disease later in life and even 
affecting health across generations.20 Epigenetic alterations—
for example, through microRNA expression, histone modi-
fication, or DNA methylation49—have been proposed as one 
important mechanism in the pathogenies of atherosclerosis.50 
Because the environmental POP burden in Sweden had a rapid 
increase in the early 1950s, peaking in the 1960s,51 the fetal 
and postnatal lactation POP exposure was higher in those born 
later (after 1950 as compared with before). Thus, our observed 
higher OR in those born after 1950 supports the hypothesis 
that hypertension risk could be greater because of a sensitiza-
tion early in life.20,52 This interpretation converge with existing 
studies where pre-/postnatal POP levels are associated with a 
higher BP in offspring later in life.53–55 Likewise, a higher risk 
of stroke was observed with increasing dietary PCB exposure 
in women likely exposed to PCBs in utero as compared with 
women born before the industrial use of PCBs began.56

This finding raises the question as to whether DL-PCB 
exposure early in life could be more determinant than the later 
exposure accumulation over the years. With our data, how-
ever, this hypothesis can only be examined to a limited extent 
because some results lost precision because of the smaller 
sample sizes. Likewise, we cannot rule out the possibility that 
unmeasured exposures and other unknown factors occurred 
early and later in life actually explain the association observed 
only in the group born after 1950.

Relevance of the Effect Observed
The magnitude of the DL-PCB effect observed—with β of 
systolic BP ranging from 5.8 mm Hg in systolic BP at base-
line to 3.0 mm Hg as average in the repeated assessment when 
comparing the third versus first tertile—is more or less com-
parable to that observed for other known factors affecting 
hypertension. For instance, the DASH (Dietary Approach to 
Stop Hypertension) diet significantly decreased systolic BP by 
5.2 mm Hg and diastolic BP by 2.6 mm Hg in a meta-analysis 
of randomized controlled trials.57

Strengths and Limitations
Some limitations need to be considered. First, hypertension 
was not the primary end point of the original nested case–con-
trol study and participants were selected on the basis to assess 
the link between POPs and T2D. However, all models were 
adjusted for being prediabetic or not and the results did not 
change appreciably when we assessed the associations among 
the nondiabetic subjects alone. We therefore do not think that 
this selection of study subjects affected the results. Second, 
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in the prospective assessment of the cumulative incidence of 
hypertension, sequential of a previous POP exposure, it was 
not possible to adjust for time-varying confounding as well as 
it was somewhat constrained by the limited number of non-
hypertensive subjects at baseline. These prospective results, 
however, were fully in line with those from the main longitu-
dinal analysis. Third, although the available high-quality data 
on diet, anthropometric measurements, and clinical parame-
ters, allowed us to control for important potential confounders 
that have not been accounted for in other studies; we cannot 
discard the possibility of residual or unmeasured confounding.

Considering the high cost involved in the analysis of these 
chemicals, it is particularly noteworthy that the study was 
based on a fairly large sample size, with adequate statistical 
power. The longitudinal design with repeated measurements 
in most of the participants (>80%) during the 10-year follow-
up, is a strength because it considers the individual outcome 
progression and corresponding POP concentrations, whereas 
at the same time provides the possibility to adjust for time-
varying confounding. Likewise, because the long half-life of 
POP in blood (≈8–15 years)—because of their high liposolu-
bility and chlorination—and the high intraclass correlation 
between baseline and follow-up POP measurements, it was 
appropriate to also prospectively examine the association of 
early POP levels and development of hypertension; which 
avoids reverse causation bias and takes into account long-
term POP exposure. Hence, the major advantage of our study 
was the consistency of the estimations obtained from both 
approaches, ensuring that the results are robust.

Perspectives
These findings add to the evidence of chemicals exposures 
being of importance in cardiovascular disease prevention. 
Recent findings indicating associations between POPs and 
hypertension-related adverse outcomes such as stroke,56,58 
stresses this relevance. Although environmental levels of POPs 
are declining, they are still present in the food chain, persist 
in human bodies for decades and consequently, they are cur-
rently detected in all citizens worldwide at different concen-
trations.59 Thus, the population impact may be large even if 
individual risks are low.60 Moreover, fatty fish constitutes a 
major source of POP exposure but also to cardioprotective 
nutrients such as vitamin D and the long-chain omega-3 fatty 
acids, which may lower BP and blood triglyceride concen-
trations, decrease inflammation, and improve vascular func-
tion.61 Hence, balancing the rewards and possible risks of fish, 
presents a dilemma to consumers and authorities launching 
dietary guidelines and further knowledge on risk and benefits 
of fish intake is needed.62

Acknowledgments
We acknowledge the Northern Sweden Diet Database and the funds 
supporting it; the Swedish Research Council for Health, Working 
Life and Welfare (FORTE), and the Västerbotten County Council, 
which supports the Västerbotten Intervention Programme. We also 
acknowledge the Swedish Research Council (VR)—2017-00822 
and Fundación Ramón Areces (Spain) for funding grant to Carolina 
Donat-Vargas. All necessary ethical permits were obtained from the 
Regional Ethical Review Board at Umeå University Dnr 2013/414–
31, 2014/147-32M.

Disclosures
None.

References
 1. Forouzanfar MH, Liu P, Roth GA, et al. Global burden of hypertension 

and systolic blood pressure of at least 110 to 115 mm Hg, 1990-2015. 
JAMA. 2017;317:165–182. doi: 10.1001/jama.2016.19043.

 2. Heindel JJ, Blumberg B, Cave M, Machtinger R, Mantovani A, Mendez 
MA, Nadal A, Palanza P, Panzica G, Sargis R, Vandenberg LN, Vom Saal 
F. Metabolism disrupting chemicals and metabolic disorders. Reprod 
Toxicol. 2017;68:3–33. doi: 10.1016/j.reprotox.2016.10.001.

 3. Bjermo H, Darnerud PO, Lignell S, Pearson M, Rantakokko P, Nälsén C, 
Enghardt Barbieri H, Kiviranta H, Lindroos AK, Glynn A. Fish intake and 
breastfeeding time are associated with serum concentrations of organo-
chlorines in a Swedish population. Environ Int. 2013;51:88–96. doi: 
10.1016/j.envint.2012.10.010.

 4. Stockholm Convention. The 12 Initial POPs Under the Stockholm 
Convention. 2004: http://chm.pops.int/TheConvention/ThePOPs/The12In 
itialPOPs/tabid/296/Default.aspx. Accessed March 21, 2018.

 5. Schecter A, Colacino J, Haffner D, Patel K, Opel M, Päpke O, Birnbaum 
L. Perfluorinated compounds, polychlorinated biphenyls, and organo-
chlorine pesticide contamination in composite food samples from 
Dallas, Texas, USA. Environ Health Perspect. 2010;118:796–802. doi: 
10.1289/ehp.0901347.

 6. Bergkvist C, Akesson A, Glynn A, Michaëlsson K, Rantakokko P, 
Kiviranta H, Wolk A, Berglund M. Validation of questionnaire-based long-
term dietary exposure to polychlorinated biphenyls using biomarkers. Mol 
Nutr Food Res. 2012;56:1748–1754. doi: 10.1002/mnfr.201200196.

 7. Arsenescu V, Arsenescu R, Parulkar M, Karounos M, Zhang X, Baker N, 
Cassis LA. Polychlorinated biphenyl 77 augments angiotensin II-induced 
atherosclerosis and abdominal aortic aneurysms in male apolipopro-
tein E deficient mice. Toxicol Appl Pharmacol. 2011;257:148–154. doi: 
10.1016/j.taap.2011.08.028.

 8. Kopf PG, Huwe JK, Walker MK. Hypertension, cardiac hypertrophy, 
and impaired vascular relaxation induced by 2,3,7,8-tetrachlorodibenzo-
p-dioxin are associated with increased superoxide. Cardiovasc Toxicol. 
2008;8:181–193. doi: 10.1007/s12012-008-9027-x.

 9. Lind PM, Orberg J, Edlund UB, Sjöblom L, Lind L. The dioxin-like pol-
lutant PCB 126 (3,3’,4,4’,5-pentachlorobiphenyl) affects risk factors for 
cardiovascular disease in female rats. Toxicol Lett. 2004;150:293–299. 
doi: 10.1016/j.toxlet.2004.02.008.

 10. Puga A, Sartor MA, Huang MY, Kerzee JK, Wei YD, Tomlinson CR, 
Baxter CS, Medvedovic M. Gene expression profiles of mouse aorta and 
cultured vascular smooth muscle cells differ widely, yet show common 
responses to dioxin exposure. Cardiovasc Toxicol. 2004;4:385–404.

 11. Goncharov A, Pavuk M, Foushee HR, Carpenter DO; Anniston 
Environmental Health Reseach Consortium. Blood pressure in relation 
to concentrations of PCB congeners and chlorinated pesticides. Environ 
Health Perspect. 2011;119:319–325. doi: 10.1289/ehp.1002830.

 12. Huang X, Lessner L, Carpenter DO. Exposure to persistent organic pol-
lutants and hypertensive disease. Environ Res. 2006;102:101–106. doi: 
10.1016/j.envres.2005.12.011.

 13. Valera B, Ayotte P, Poirier P, Dewailly E. Associations between 
plasma persistent organic pollutant levels and blood pressure in 
Inuit adults from Nunavik. Environ Int. 2013;59:282–289. doi: 
10.1016/j.envint.2013.06.019.

 14. Donat-Vargas C, Gea A, Sayon-Orea C, de la Fuente-Arrillaga C, Martinez-
Gonzalez MA, Bes-Rastrollo M. Association between dietary intake of 
polychlorinated biphenyls and the incidence of hypertension in a Spanish 
cohort: the Seguimiento Universidad de Navarra project. Hypertension. 
2015;65:714–721. doi: 10.1161/HYPERTENSIONAHA.114.04435.

 15. Mustieles V, Fernández MF, Martin-Olmedo P, González-Alzaga B, Fontalba-
Navas A, Hauser R, Olea N, Arrebola JP. Human adipose tissue levels of per-
sistent organic pollutants and metabolic syndrome components: combining 
a cross-sectional with a 10-year longitudinal study using a multi-pollutant 
approach. Environ Int. 2017;104:48–57. doi: 10.1016/j.envint.2017.04.002.

 16. Park SH, Ha E, Hong YS, Park H. Serum levels of persistent organic pol-
lutants and insulin secretion among children age 7-9 years: a prospec-
tive cohort study. Environ Health Perspect. 2016;124:1924–1930. doi: 
10.1289/EHP147.

 17. O’Brien KM, Upson K, Cook NR, Weinberg CR. Environmental 
chemicals in urine and blood: improving methods for creatinine and 
lipid adjustment. Environ Health Perspect. 2016;124:220–227. doi: 
10.1289/ehp.1509693.

 by guest on M
ay 15, 2018

http://hyper.ahajournals.org/
D

ow
nloaded from

 

http://chm.pops.int/TheConvention/ThePOPs/The12InitialPOPs/tabid/296/Default.aspx@line 2@
http://chm.pops.int/TheConvention/ThePOPs/The12InitialPOPs/tabid/296/Default.aspx@line 2@
http://hyper.ahajournals.org/


Donat-Vargas et al  Persistent Organochlorine Pollutants and Hypertension  1267

 18. Tuomisto J, Airaksinen R, Kiviranta H, Tukiainen E, Pekkanen J, 
Tuomisto JT. A pharmacokinetic analysis and dietary information are 
necessary to confirm or reject the hypothesis on persistent organic pol-
lutants causing type 2 diabetes. Toxicol Lett. 2016;261:41–48. doi: 
10.1016/j.toxlet.2016.08.024.

 19. Arrebola JP, Ocaña-Riola R, Arrebola-Moreno AL, Fernández-Rodríguez 
M, Martin-Olmedo P, Fernández MF, Olea N. Associations of accumulated 
exposure to persistent organic pollutants with serum lipids and obesity in 
an adult cohort from Southern Spain. Environ Pollut. 2014;195:9–15. doi: 
10.1016/j.envpol.2014.08.003.

 20. Grün F, Blumberg B. Environmental obesogens: organotins and endocrine 
disruption via nuclear receptor signaling. Endocrinology. 2006;147(suppl 
6):S50–S55. doi: 10.1210/en.2005-1129.

 21. Lee YM, Kim KS, Kim SA, Hong NS, Lee SJ, Lee DH. Prospective asso-
ciations between persistent organic pollutants and metabolic syndrome: 
a nested case-control study. Sci Total Environ. 2014;496:219–225. doi: 
10.1016/j.scitotenv.2014.07.039.

 22. Norberg M, Wall S, Boman K, Weinehall L. The Västerbotten Intervention 
Programme: background, design and implications. Glob Health Action. 
2010;3:4643. doi: 10.3402/gha.v3i0.4643.

 23. Rolandsson O, Norberg M, Nyström L, Söderberg S, Svensson M, 
Lindahl B, Weinehall L. How to diagnose and classify diabetes in pri-
mary health care: lessons learned from the Diabetes Register in Northern 
Sweden (DiabNorth). Scand J Prim Health Care. 2012;30:81–87. doi: 
10.3109/02813432.2012.675565.

 24. Rantakokko P KH, Rylander L, Rignell-Hydbom A. A simple 
and fast liquid-liquid extractionmethod for the determination of 
2,2’,4,4’,5,5’-hexachlorobiphenyl (cb-153) and 1,1-dichloro-2,2-bis(p-
chlorophenyl)-ethylene (p,p’-dde) from human serum for epidemiological 
studies on type 2 diabetes. J Chromatogr A. 2009;1216:897–901.

 25. Phillips DL, Pirkle JL, Burse VW, Bernert JT Jr, Henderson LO, Needham 
LL. Chlorinated hydrocarbon levels in human serum: effects of fasting 
and feeding. Arch Environ Contam Toxicol. 1989;18:495–500.

 26. Bernert JT, Turner WE, Patterson DG Jr, Needham LL. Calculation 
of serum “total lipid” concentrations for the adjustment of persistent 
organohalogen toxicant measurements in human samples. Chemosphere. 
2007;68:824–831. doi: 10.1016/j.chemosphere.2007.02.043.

 27. Johansson I, Hallmans G, Wikman A, Biessy C, Riboli E, Kaaks R. 
Validation and calibration of food-frequency questionnaire measurements 
in the Northern Sweden Health and Disease cohort. Public Health Nutr. 
2002;5:487–496. doi: 10.1079/PHNPHN2001315.

 28. Johansson G, Wikman A, Ahrén AM, Hallmans G, Johansson I. 
Underreporting of energy intake in repeated 24-hour recalls related to gender, 
age, weight status, day of interview, educational level, reported food intake, 
smoking habits and area of living. Public Health Nutr. 2001;4:919–927.

 29. Nettleton JA, Hivert MF, Lemaitre RN, et al. Meta-analysis investigating 
associations between healthy diet and fasting glucose and insulin levels 
and modification by loci associated with glucose homeostasis in data from 
15 cohorts. Am J Epidemiol. 2013;177:103–115. doi: 10.1093/aje/kws297.

 30. Lee DH, Steffes MW, Sjödin A, Jones RS, Needham LL, Jacobs DR Jr. 
Low dose organochlorine pesticides and polychlorinated biphenyls pre-
dict obesity, dyslipidemia, and insulin resistance among people free of 
diabetes. PLoS One. 2011;6:e15977. doi: 10.1371/journal.pone.0015977.

 31. Aminov Z, Haase RF, Pavuk M, Carpenter DO; Anniston Environmental 
Health Research Consortium. Analysis of the effects of exposure to poly-
chlorinated biphenyls and chlorinated pesticides on serum lipid levels 
in residents of Anniston, Alabama. Environ Health. 2013;12:108. doi: 
10.1186/1476-069X-12-108.

 32. Arrebola JP, Fernandez MF, Porta M, Rosell J, de la Ossa RM, Olea N, 
Martin-Olmedo P. Multivariate models to predict human adipose tissue 
PCB concentrations in Southern Spain. Environ Int. 2010;36:705–713. 
doi: 10.1016/j.envint.2010.05.004.

 33. Nurdiantami Y, Watanabe K, Tanaka E, Pradono J, Anme T. Association of 
general and central obesity with hypertension [published online ahead of print 
May 18, 2017]. Clin Nutr. doi: 10.1016/j.clnu.2017.05.012. http://www. 
clinicalnutritionjournal.com/article/S0261-5614(17)30173-5/fulltext.

 34. Van Gaal LF, Mertens IL, De Block CE. Mechanisms linking obe-
sity with cardiovascular disease. Nature. 2006;444:875–880. doi: 
10.1038/nature05487.

 35. Park SH, Lim JE, Park H, Jee SH. Body burden of persistent organic 
pollutants on hypertension: a meta-analysis. Environ Sci Pollut Res Int. 
2016;23:14284–14293. doi: 10.1007/s11356-016-6568-6.

 36. Lind PM, Penell J, Salihovic S, van Bavel B, Lind L. Circulating levels of 
p,p’-DDE are related to prevalent hypertension in the elderly. Environ Res. 
2014;129:27–31. doi: 10.1016/j.envres.2013.12.003.

 37. Andersson H, Garscha U, Brittebo E. Effects of PCB126 and 17β-oestradiol 
on endothelium-derived vasoactive factors in human endothelial cells. 
Toxicology. 2011;285:46–56. doi: 10.1016/j.tox.2011.04.003.

 38. Eske K, Newsome B, Han SG, Murphy M, Bhattacharyya D, Hennig B. 
PCB 77 dechlorination products modulate pro-inflammatory events in 
vascular endothelial cells. Environ Sci Pollut Res Int. 2014;21:6354–6364. 
doi: 10.1007/s11356-013-1591-3.

 39. Helyar SG, Patel B, Headington K, El Assal M, Chatterjee PK, Pacher P, 
Mabley JG. PCB-induced endothelial cell dysfunction: role of poly(ADP-
ribose) polymerase. Biochem Pharmacol. 2009;78:959–965. doi: 
10.1016/j.bcp.2009.06.019.

 40. Liu D, Perkins JT, Petriello MC, Hennig B. Exposure to coplanar PCBs 
induces endothelial cell inflammation through epigenetic regulation of 
NF-κB subunit p65. Toxicol Appl Pharmacol. 2015;289:457–465. doi: 
10.1016/j.taap.2015.10.015.

 41. Yu GW, Laseter J, Mylander C. Persistent organic pollutants in serum and 
several different fat compartments in humans. J Environ Public Health. 
2011;2011:417980. doi: 10.1155/2011/417980.

 42. Schisterman EF, Whitcomb BW, Louis GM, Louis TA. Lipid adjustment 
in the analysis of environmental contaminants and human health risks. 
Environ Health Perspect. 2005;113:853–857.

 43. Chapados NA, Casimiro C, Robidoux MA, Haman F, Batal M, Blais JM, 
Imbeault P. Increased proliferative effect of organochlorine compounds 
on human preadipocytes. Mol Cell Biochem. 2012;365:275–278. doi: 
10.1007/s11010-012-1268-0.

 44. Moreno-Aliaga MJ, Matsumura F. Effects of 1,1,1-trichloro-2,2-bis(p-
chlorophenyl)-ethane (p,p’-DDT) on 3T3-L1 and 3T3-F442A adipocyte 
differentiation. Biochem Pharmacol. 2002;63:997–1007.

 45. Akishita M, Fukai S, Hashimoto M, Kameyama Y, Nomura K, Nakamura 
T, Ogawa S, Iijima K, Eto M, Ouchi Y. Association of low testosterone 
with metabolic syndrome and its components in middle-aged Japanese 
men. Hypertens Res. 2010;33:587–591. doi: 10.1038/hr.2010.43.

 46. Blanco-Muñoz J, Lacasaña M, Aguilar-Garduño C, Rodríguez-Barranco 
M, Bassol S, Cebrián ME, López-Flores I, Ruiz-Pérez I. Effect of expo-
sure to p,p’-DDE on male hormone profile in Mexican flower growers. 
Occup Environ Med. 2012;69:5–11. doi: 10.1136/oem.2010.059667.

 47. Davis PW, Friedhoff JM, Wedemeyer GA. Organochlorine insecticide, 
herbicide and polychlorinated biphenyl (PCB) inhibition of NaK-ATPase 
in rainbow trout. Bull Environ Contam Toxicol. 1972;8:69–72.

 48. Noth RH, Mazzaferri EL. Age and the endocrine system. Clin Geriatr 
Med. 1985;1:223–250.

 49. Vineis P, Stringhini S, Porta M. The environmental roots of non-com-
municable diseases (NCDs) and the epigenetic impacts of globalization. 
Environ Res. 2014;133:424–430. doi: 10.1016/j.envres.2014.02.002.

 50. Gallou-Kabani C, Junien C. Nutritional epigenomics of meta-
bolic syndrome: new perspective against the epidemic. Diabetes. 
2005;54:1899–1906.

 51. Bredhult C, Bäcklin BM, Bignert A, Olovsson M. Study of the relation 
between the incidence of uterine leiomyomas and the concentrations of 
PCB and DDT in Baltic gray seals. Reprod Toxicol. 2008;25:247–255. 
doi: 10.1016/j.reprotox.2007.11.008.

 52. Hsu WW, Osuch JR, Todem D, Taffe B, O’Keefe M, Adera S, 
Karmaus W. DDE and PCB serum concentration in maternal blood 
and their adult female offspring. Environ Res. 2014;132:384–390. doi: 
10.1016/j.envres.2014.03.009.

 53. Vafeiadi M, Georgiou V, Chalkiadaki G, Rantakokko P, Kiviranta H, 
Karachaliou M, Fthenou E, Venihaki M, Sarri K, Vassilaki M, Kyrtopoulos 
SA, Oken E, Kogevinas M, Chatzi L. Association of prenatal exposure to 
persistent organic pollutants with obesity and cardiometabolic traits in 
early childhood: the rhea mother-child cohort (Crete, Greece). Environ 
Health Perspect. 2015;123:1015–1021. doi: 10.1289/ehp.1409062.

 54. La Merrill M, Cirillo PM, Terry MB, Krigbaum NY, Flom JD, Cohn BA. 
Prenatal exposure to the pesticide DDT and hypertension diagnosed in 
women before age 50: a longitudinal birth cohort study. Environ Health 
Perspect. 2013;121:594–599. doi: 10.1289/ehp.1205921.

 55. Aragon AC, Goens MB, Carbett E, Walker MK. Perinatal 2,3,7,8-tet-
rachlorodibenzo-p-dioxin exposure sensitizes offspring to angiotensin 
II-induced hypertension. Cardiovasc Toxicol. 2008;8:145–154. doi: 
10.1007/s12012-008-9023-1.

 56. Bergkvist C, Kippler M, Larsson SC, Berglund M, Glynn A, Wolk A, 
Åkesson A. Dietary exposure to polychlorinated biphenyls is associated 
with increased risk of stroke in women. J Intern Med. 2014;276:248–259. 
doi: 10.1111/joim.12194.

 57. Siervo M, Lara J, Chowdhury S, Ashor A, Oggioni C, Mathers JC. 
Effects of the Dietary Approach to Stop Hypertension (DASH) diet on 

 by guest on M
ay 15, 2018

http://hyper.ahajournals.org/
D

ow
nloaded from

 

http://www.clinicalnutritionjournal.com/article/S0261-5614(17)30173-5/fulltext@line 2@
http://www.clinicalnutritionjournal.com/article/S0261-5614(17)30173-5/fulltext@line 2@
http://hyper.ahajournals.org/


1268  Hypertension  June 2018

cardiovascular risk factors: a systematic review and meta-analysis. Br J 
Nutr. 2015;113:1–15. doi: 10.1017/S0007114514003341.

 58. Lee DH, Lind PM, Jacobs DR Jr, Salihovic S, van Bavel B, Lind L. 
Background exposure to persistent organic pollutants predicts stroke in the 
elderly. Environ Int. 2012;47:115–120. doi: 10.1016/j.envint.2012.06.009.

 59. Pumarega J, Gasull M, Lee DH, López T, Porta M. Number of persis-
tent organic pollutants detected at high concentrations in blood samples 
of the United States population. PLoS One. 2016;11:e0160432. doi: 
10.1371/journal.pone.0160432.

 60. Rose G. Sick individuals and sick populations. Int J Epidemiol. 
2001;30:427–432; discussion 433.

 61. Mozaffarian D, Wu JH. Omega-3 fatty acids and cardiovascular disease: 
effects on risk factors, molecular pathways, and clinical events. J Am Coll 
Cardiol. 2011;58:2047–2067. doi: 10.1016/j.jacc.2011.06.063.

 62. Kippler M, Larsson SC, Berglund M, Glynn A, Wolk A, Åkesson A. 
Associations of dietary polychlorinated biphenyls and long-chain 
omega-3 fatty acids with stroke risk. Environ Int. 2016;94:706–711. doi: 
10.1016/j.envint.2016.07.012.

What Is New?
•	Emerging experimental and animal data suggest that persistent organo-

chlorine pollutants have the potential to cause vascular dysfunction. The 
few studies considering this potential link in general population report 
discordant results and exhibit significant methodological limitations. 
Several of these limitations were overcome by this longitudinal study 
with valid, reliable, and repeated assessments of both the exposure and 
the outcome, reducing the likelihood of bias. Equally notable is that the 
influence of serum lipids, the body mass index, the diet as well as the 
role of early-life exposure to these substances was specially considered.

What Is Relevant?
•	These findings offer further evidence that some widely spread organo-

chlorine compounds are environmental risk factors for cardiovascular 
disease. As these contaminants are detected in all citizens at different 
concentrations in many societies worldwide, the population impact may 
be large even if individual risks are low. This has an impact on both clini-

cal medicine, as regards interpretation and prognosis of trends in blood 
pressure, and public health policy, protecting citizens through dietary 
guidelines and regulatory measures about chemical products. The find-
ing also further encourage mechanistic research.

Summary

This study provides high quality and reliable evidence on the posi-
tive associations of the widely spread dioxin-like polychlorinated 
biphenyls and the pesticide dichlorodiphenyltrichloroethane with 
hypertension and blood pressure levels in general population. The 
magnitude of the observed dioxin-like polychlorinated biphenyl 
association with blood pressure and hypertension is comparable 
to that observed for other known factors affecting hypertension. 
These findings underline the importance of integrating knowledge 
on human chemical contamination in the cardiovascular prevention 
research.

Novelty and Significance
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Table S1: Longitudinal associations between lipid standardized persistent organochlorine pollutants 
and hypertension (OR and 95% CI) and blood pressure (β and 95% CI) for the third tertile by pre-
/diabetic status 

 Diabetic status Hypertension Systolic BP Diastolic BP 

  OR (95% CI) β (95% CI) β (95% CI) 

DL-PCB 
Pre-/diabetics 

1.54 
(0.94, 2.53) 

2.85 
(-0.57, 6.27) 

1.81 
(-0.03, 3.65) 

 
Non-diabetics 

1.43 
(0.85, 2.13) 

2.68 
(-0.70, 6.05) 

2.18 
(0.18, 4.18) 

NDL-PCB 
Pre-/diabetics 

1.06 
(0.66, 1.71) 

-0.82 
(-4.20, 2.57) 

-0.09 
(-1.99, 1.81) 

 
Non-diabetics 

1.03 
(0.67, 1.59) 

1.11 
(-2.51, 4.73) 

1.51 
(-0.54, 3.61) 

HCB 
Pre-/diabetics 

0.85 
(0.52, 1.37) 

-2.03 
(-5.31, 1.26) 

0.41 
(-1.48, 2.30) 

 
Non-diabetics 

1.17 
(0.75, 1.81) 

1.41 
(-1.97, 4.80) 

1.15 
(-1.02, 3.32) 

DDE 
Pre-/diabetics 

0.98 
(0.58, 1.67) 

-0.55 
(-4.25, 3.16) 

1.00 
(-1.06, 3.05) 

 
Non-diabetics 

1.38 
(0.89, 2.13) 

3.34 
(-0.08, 6.75) 

1.47 
(-0.53, 3.47) 

Abbreviations: OR: odds ratio; CI: Confidence Intervals; β:beta coefficient; BP: blood pressure; BMI: 
body mass index; POP: persistent organochlorine pollutants ; DL-PCB: dioxin-like  polychlorinated 
biphenyls; NDL-PCB: non dioxin-like  polychlorinated biphenyls; HCB: hexachlorobenzene; DDE: p,p′-
dichlorodiphenyl-dichloroethylene 
Notes: This table shows resulting estimates (third tertile) from generalized estimated equations using 
repeated measurements (baseline and follow-up examinations) and adjusting for gender, age, sample 
year, total serum lipids, body mass index and additionally adjusted for antihypertensive drugs only 
when blood pressure is the outcome of interest. POPs are lipid standardized. Estimates are based on 
single-pollutants analysis (i.e., i.e., the different types of POPs were not mutually adjusted) 

  



 

 

Table S2: Spearman’s correlation coefficients between persistent organochlorine pollutants (wet weight), lipids, 
body mass index and blood pressure at baseline (below staircase) and at follow-up (above staircase) 

 
DL-
PCB 

NDL-
PCB 

HCB DDE 
Total 
lipids 

Total  
cholesterol 

Triglycerides BMI SBP DBP 

DL-PCB  0.89 0.81 0.68 0.37 0.28 0.29 0.08 0.19 0.14 

NDL-PCB 0.89  0.75 0.69 0.37 0.26 0.31 0.03§ 0.16 0.11 

HCB 0.83 0.79  0.64 0.38 0.31 0.28 0.16 0.14 0.07 

DDE 0.65 0.65 0.64  0.19 0.09 0.23 0.24 0.18 0.09 

Total lipids  0.45 0.49 0.44 0.29  0.84 0.67 0.11 0.13 0.13 

Total 
cholesterol  

0.38 0.42 0.36 0.21 0.88  0.22 -0.08 0.08 0.06 

Triglycerides 0.35 0.36 0.33 0.28 0.71 0.34  0.34 0.15 0.16 

BMI 0.08 0.03§ 0.17 0.21 0.23 0.08 0.37  0.24 0.25 

SBP 0.23 0.18 0.20 0.20 0.22 0.15 0.24 0.34  0.66 

DBP 0.26 0.20 0.22 0.22 0.23 0.15 0.24 0.33 0.77  

Abbreviations: SBP: systolic blood pressure; DBP: diastolic blood pressure; BMI: body mass index; DL-PCB: 
dioxin-like  polychlorinated biphenyls ; NDL-PCB: non dioxin-like  polychlorinated biphenyls; HCB: 
hexachlorobenzene; DDE: p,p′-dichlorodiphenyl-dichloroethylene 
Notes:All correlations are statistically significant (p<0.05) unless otherwise indicated (§)  

 

  



 

 

Table S3: Spearman’s correlation coefficients between lipid-standardized persistent organochlorine 
pollutants, lipids, body mass index and blood pressure at baseline (below staircase) and at follow-up 
(above staircase) 

 
DL-
PCB 

NDL-
PCB 

HCB DDE 
Total 
lipids 

Total  
cholesterol 

Triglycerides BMI SBP DBP 

DL-PCB  0.87 0.78 0.66 -0.01§ -0.05§ 0.04§ 0.04§ 0.14 0.10 

NDL-PCB 0.87  0.71 0.68 -0.04§ -0.09 0.03§ 
-

0.02§ 
0.12 0.08 

HCB 0.80 0.74  0.61 -0.08 -0.09 -0.04§ 0.10 0.09 0.02§ 

DDE 0.63 0.62 0.60  -0.04§ -0.10 0.08 0.22 0.15 0.07 

Total lipids  0.05§ 0.05§ 
-

0.02§ 
0.03§  0.84 0.67 0.11 0.13 0.13 

Total 
cholesterol  

0.02§ 0.03§ 
-

0.04§ 
-

0.03§ 
0.88  0.22 -0.08 0.08 0.06§ 

Triglycerides 0.07§ 0.06§ 
<-

0.01§ 
0.10 0.71 0.34  0.34 0.15 0.16 

BMI 
-

0.02§ 
-0.08 0.06§ 0.16 0.23 0.08 0.37  0.24 0.25 

SBP 0.15 0.09 0.09 0.15 0.22 0.15 0.24 0.34  0.66 

DBP 0.18 0.12 0.11 0.17 0.23 0.15 0.24 0.33 0.77  

Abbreviations: SBP: systolic blood pressure; DBP: diastolic blood pressure; BMI: body mass index; DL-
PCB: dioxin-like  polychlorinated biphenyls ; NDL-PCB: non dioxin-like  polychlorinated biphenyls; 
HCB: hexachlorobenzene; DDE: p,p′-dichlorodiphenyl-dichloroethylene 
Notes: All correlations are statistically significant (p<0.05) unless otherwise indicated (§)  

 

 

  



Table S4: Directed acyclic graphs illustrating three basic possible causal scenarios for plasma  
persistent organochlorine pollutants and hypertension 

(A) (B) 

  
(C) (D) 

 
 

 

 
Abbreviations: P-POPs plasma persistent organochlorine pollutants; S-T lipids serum total lipids 
(A) Hypertension and S-T lipids are marginally dependent and blocked by P-POPs. P-POPs cause 
hypertension 
and increase S-T lipids. 
(B) Hypertension is both directly caused by P-POPs and marginally dependent conditional on S-T lipids; P-
POPs 
cause hypertension and increase S-T lipid, which also causes hypertension. Blocked and unblocked path. 
(C) P-POPs are marginally dependent conditional on S-T lipids. S-T lipids are correlated (rather than 
directly causally  
related) with P-POPs and cause hypertension. This is the traditional situation of confounding, with S-T 
lipids  
acting as a confounder of the relationship between P-POPs and hypertension. 
(D) Merging scenarios A, B and C and including other relevant potential confounders of the relationship 
between  
P-POPs and hypertension. Variables presented in grey color were not confounders in our data. 

Brief explanation (ref. 30, 16, 43) 
In scenarios A and B, P-POPs determine the variance of S-T lipids. In scenario C, S-T lipids determine the 
variance 
of P-POPs.  
In scenario A, P-POPs affect both S-T lipids and hypertension and we assume that S-T lipids are not a 
confounder. 
Because S-T lipids vary with P-POPs, the lipid-standardization/adjustment would be equivalent to partial 
adjustment  
for the exposure itself. Thus, the unadjusted model would be the more appropriate for in scenario A. 
Scenario B represents a direct and indirect causal link of POPs with hypertension. We assume that P-
POPs have  
an indirect effect via S-T lipids, which are a mediator. Therefore, the adjustment/standardization for S-T 
lipids,  
which are in the causal pathway, would underestimate the effect.  
In scenario C, only the lipid-adjusted model performs well. Lack of adjustment would fail to address  



the confounding by S-T-lipids and standardization might be not enough to account for this confounder.  
Scenario D represents a complex confounding structure, where additional factors impact levels of both 
P-POPs  
and S-T lipids as well as hypertension risk. In that case, additional including  S-T lipids as a covariate in 
the 
regression model will help to ensure that any backdoor paths are sufficiently blocked and that 
confounding is 
controlled for. 

 



 



Table S5: Associations between plasma persistent organochlorine pollutants concentrations and systolic and diastolic blood pressure at baseline and 
follow-up and jointly assessed in a longitudinal analysis (β and 95% CI) 

 

 CROSS-SECTIONAL 
Linear regression 

LONGITUDINAL 
Generalized estimated equation 

 
 

Baseline 
N=681 

 
Follow-up 

N=830 
 

Repeated measurements 
N=1511 

DL-PCBs T1 T2 T3 T1 T2 T3  T1 T2 T3 

MODEL 
SYS 0 (ref.) 

1.75 
(-1.44, 4.93) 

6.70 
(3.41, 9.98) 

0 (ref.) 
1.26 

(-1.89, 4.41) 
4.25 

(1.00, 7.50) 
 0 (ref.) 

1.54 
(-0.70, 3.77) 

4.74 
(2.33, 7.16) 

1 
DIA 0 (ref.) 

1.06 
(-0.99, 3.08) 

4.20 
(2.09, 6.32) 

0 (ref.) 
1.04 

(-0.63, 2.71) 
3.47 

(1.74, 5.20) 
 0 (ref.) 

0.91 
(-0.43, 2.25) 

3.39 
(1.97, 4.81) 

MODEL 
SYS 0 (ref.) 

0.79 
(-2.43, 4.00) 

4.54 
(1.02, 8.06) 

0 (ref.) 
0.59 

(-2.57, 3.76) 
2.56 

(-0.85, 5.98) 
 0 (ref.) 

0.83 
(-1.42, 3.07) 

3.06 
(0.51, 5.61) 

2 
DIA 0 (ref.) 

0.33 
(-1.74, 2.39) 

2.56 
(0.29, 4.82) 

0 (ref.) 
0.79 

(-0.90, 2.47) 
2.82 

(1.00, 4.64) 
 0 (ref.) 

0.35 
(-1.00, 1.70) 

2.05 
(0.57, 3.53) 

MODEL 
SYS 0 (ref.) 

1.01 
(-2.16, 4.18) 

4.97 
(1.49, 8.44) 

0 (ref.) 
0.80 

(-2.34, 3.94) 
2.66 

(-0.73, 6.04) 
 0 (ref.) 

1.01 
(-1.21, 3.22) 

3.37 
(0.81, 5.93 

3 
DIA 0 (ref.) 

0.46 
(-1.59, 2.50) 

2.83 
(0.59, 5.07) 

0 (ref.) 
0.89 

(-0.77, 2.56) 
2.86 

(1.06, 4.65) 
 0 (ref.) 

0.45 
(-0.87, 1.77) 

2.24 
(0.78, 3.70) 

MODEL 
SYS 0 (ref.) 

1.51 
(-1.42, 4.45) 

5.79 
(2.21, 9.37) 

0 (ref.) 
1.45 

(-1.78, 4.68) 
2.10 

(-1.11, 5.32) 
 0 (ref.) 

1.30 
(-0.87, 3.47) 

3.30 
(0.86, 5.75) 

4 
DIA 0 (ref.) 

0.73 
(-1.14, 2.61) 

4.38 
(2.09, 6.67) 

0 (ref.) 
0.49 

(-1.22, 2.20) 
2.45 

(0.75, 4.16) 
 0 (ref.) 

0.89 
(-0.35, 2.13) 

2.19 
(0.81, 3.58) 

NDL-PCBs T1 T2 T3 T1 T2 T3  T1 T2 T3 

MODEL 
SYS 0 (ref.) 

2.68 
(-0.49, 5.86) 

5.41 
(2.05, 8.77) 

0 (ref.) 
0.31 

(-2.86, 3.47) 
2.31 

(-0.93, 5.54) 
 0 (ref.) 

1.08 
(-1.15, 3.32) 

3.04 
(0.62, 5.46) 

1 
DIA 0 (ref.) 

1.75 
(-0.29, 3.80) 

3.47 
(1.30, 5.63) 

0 (ref.) 
0.77 

(-0.92, 2.46) 
1.90 

(0.18, 3.63) 
 0 (ref.) 

1.16 
(-0.16, 2.48) 

2.00 
(0.59, 3.42) 

MODEL 
SYS 0 (ref.) 

1.63 
(-1.57, 4.83) 

2.63 
(-1.05, 6.30 

0 (ref.) 
-0.38 

(-3.55, 2.79) 
0.25 

(-3.18, 3.68) 
 0 (ref.) 

0.29 
(-1.98, 2.56) 

0.98 
(-1.58, 3.53) 

2 
DIA 0 (ref.) 

0.96 
(-1.09, 3.02) 

1.38 
(-0.98, 3.75) 

0 (ref.) 
0.47 

(-1.23, 2.17) 
1.00 

(-0.83, 2.83) 
 0 (ref.) 

0.50 
(-0.83, 1.82) 

0.31 
(-1.16, 1.81) 

            



            

MODEL 
SYS 0 (ref.) 

2.05 
(-1.12, 5.21) 

3.46 
(-0.19, 7.11) 

0 (ref.) 
-0.42 

(-3.56. 2.73) 
0.56 

(-2.85, 3.96) 
 0 (ref.) 

0.48 
(-1.76, 2.71) 

1.58 
(-0.96, 4.13) 

3 
DIA 0 (ref.) 

1.24 
(-0.80, 3.27) 

1.92 
(-0.43, 4.27) 

0 (ref.) 
0.43 

(-1.24, 2.11) 
1.16 

(-0.65, 2.97) 
 0 (ref.) 

0.61 
(-0.70, 1.91) 

0.68 
(-0.77, 2.13) 

MODEL 
SYS 0 (ref.) 

2.28 
(-0.78, 5.35) 

3.70 
(0.29, 7.10) 

0 (ref.) 
-1.25 

(-4.43, 1.93) 
-0.88 

(-4.14, 2.37) 
 0 (ref.) 

-0.01 
(-2.31, 2.30) 

0.88 
(-1.62, 3.38) 

4 
DIA 0 (ref.) 

1.43 
(-0.54, 3.40) 

2.16 
(-0.03, 4.35) 

0 (ref.) 
0.87 

(-0.83, 2.56) 
1.00 

(-0.73, 2.74) 
 0 (ref.) 

0.85 
(-0.47, 2.16) 

1.09 
(-0.32, 2.51) 

HCB  T1 T2 T3 T1 T2 T3  T1 T2 T3 

MODEL 
SYS 0 (ref.) 

1.08 
(-2.18, 4.33) 

5.52 
(2.09, 8.94) 

0 (ref.) 
1.95 

(-1.28, 5.18) 
3.59 

(0.35, 6.83) 
 0 (ref.) 

1.11 
(-1.21, 3.43) 

3.76 
(1.38, 6.15) 

1 
DIA 0 (ref.) 

1.99 
(-0.11, 4.09) 

3.62 
(0.41, 5.83) 

0 (ref.) 
0.81 

(-0.91, 2.53) 
2.65 

(0.93, 4.38) 
 0 (ref.) 

1.12 
(-0.26, 2.50) 

2.68 
(1.28, 4.11) 

MODEL 
SYS 0 (ref.) 

0.14 
(-3.13, 3.42) 

3.15 
(-0.49, 6.79) 

0 (ref.) 
1.31 

(-1.93, 4.45) 
1.71 

(-1.71, 5.13) 
 0 (ref.) 

0.38 
(-1.95, 2.70) 

1.93 
(-0.64, 4.50) 

2 
DIA 0 (ref.) 

1.28 
(-0.82, 3.38) 

1.81 
(-0.53, 4.15) 

0 (ref.) 
0.55 

(-1.18, 2.28) 
1.88 

(0.06, 3.71) 
 0 (ref.) 

0.52 
(-0.85, 1.90) 

1.21 
(-0.32, 2.73) 

MODEL 
SYS 0 (ref.) 

-0.16 
(-3.39, 3.07) 

2.86 
(-0.74, 6.47) 

0 (ref.) 
0.78 

(-2.44, 4.99) 
0.63 

(-2.80, 4.07) 
 0 (ref.) 

0.01 
(-2.28, 2.29) 

1.23 
(-1.38, 3.83) 

3 
DIA 0 (ref.) 

1.10 
(-0.98, 3.18) 

1.60 
(-0.72, 3.93) 

0 (ref.) 
0.22 

(-1.50, 1.94) 
1.25 

(-0.58, 3.08) 
 0 (ref.) 

0.16 
(-2.08, 2.40) 

0.46 
(-1.98, 2.90) 

MODEL 
SYS 0 (ref.) 

-0.22 
(-3.31, 2.88) 

1.88 
(-1.58, 5.35) 

0 (ref.) 
0.92 

(-2.27, 4.11) 
0.04 

(-3.27, 3.36) 
 0 (ref.) 

0.16 
(-2.08, 2.40) 

0.46 
(-1.98, 2.90) 

4 
DIA 0 (ref.) 

0.52 
(-1.47, 2.51) 

2.21 
(-0.01, 4.44) 

0 (ref.) 
0.17 

(-1.53, 1.87) 
0.82 

(-0.95, 2.58) 
 0 (ref.) 

0.32 
(-1.01, 1.65) 

1.22 
(-0.24, 2.67) 

DDE  T1 T2 T3 T1 T2 T3  T1 T2 T3 

MODEL 
SYS 0 (ref.) 

2.09 
(-1.18, 5.37) 

4.29 
(0.97, 7.61) 

0 (ref.) 
1.62 

(-1.66, 4.91) 
3.88 

(0.53, 7.23) 
 0 (ref.) 

2.24 
(-0.23, 4.71) 

3.85 
(1.22, 6.48) 

1 
DIA 0 (ref.) 

1.87 
(-0.23, 3.98) 

3.26 
(1.13, 5.40) 

0 (ref.) 
1.36 

(-0.40, 3.11) 
2.35 

(0.56, 4.14) 
 0 (ref.) 

1.61 
(0.16, 3.07) 

2.69 
(1.15, 4.23) 

            
            
            



            

MODEL 
SYS 0 (ref.) 

1.23 
(-2.03, 4.49) 

2.86 
(-0.50, 6.21) 

0 (ref.) 
1.12 

(-2.16, 4.40) 
2.84 

(-0.54, 6.22) 
 0 (ref.) 

1.65 
(-0.82, 4.13) 

2.73 
(0.07, 5.38) 

2 
DIA 0 (ref.) 

1.26 
(-0.84, 3.35) 

2.24 
(0.09, 4.40) 

0 (ref.) 
1.12 

(-0.64, 2.87) 
1.86 

(0.05, 3.67) 
 0 (ref.) 

1.17 
(-0.28, 2.61) 

1.80 
(0.28, 3.32) 

MODEL 
SYS 0 (ref.) 

0.67 
(-2.57, 3.90) 

2.14 
(-1.19, 5.48) 

0 (ref.) 
0.34 

(-2.94, 3.61) 
1.52 

(-1.90, 4.94) 
 0 (ref.) 

0.90 
(-1.56, 3.37) 

1.60 
(-1.02, 4.23) 

3 
DIA 0 (ref.) 

0.91 
(-1.17, 2.99) 

1.79 
(-0.35, 3.94) 

0 (ref.) 
0.63 

(-1.12, 2.38) 
1.04 

(-0.79, 2.86) 
 0 (ref.) 

0.74 
(-0.69, 2.18) 

1.18 
(-0.33, 2.69) 

            
            

MODEL 
SYS 0 (ref.) 

0.67 
(-2.46, 3.80) 

3.40 
(0.14, 6.66) 

0 (ref.) 
0.01 

(-3.20, 3.22) 
1.35 

(-1.96, 4.66) 
 0 (ref.) 

0.61 
(-1.73, 2.94) 

2.31 
(-0.19, 4.81) 

4 
DIA 0 (ref.) 

0.05 
(-1.95, 2.06) 

2.64 
(0.55, 4.73) 

0 (ref.) 
0.36 

(-1.35, 2.07) 
0.97 

(-0.79, 2.74) 
 0 (ref.) 

0.54 
(-1.81, 1.89) 

1.81 
(0.39, 3.24) 

Abbreviations: T1: first tertile; T2: second tertile; T3: third tertile; β: beta coefficient; CI: Confidence Interval; DL-PCB: dioxin-like  polychlorinated biphenyls 
; NDL-PCB: dioxin-like polychlorinated biphenyls; HCB: hexachlorobenzene; DDE: p,p′-dichlorodiphenyl-dichloroethylene 
Notes: Estimates are based on a single-pollutants analysis (i.e., the different types of POPs were not mutually adjusted) 
MODEL 1: wet weight (non-lipid standardized) persistent organochlorine pollutants with adjustment for gender, age, sample year, pre-/diabetic status, 
and antihypertensive drugs 
MODEL 2: model 1 additionally adjusted for total serum lipids  
MODEL 3: model 1 additionally adjusted for total serum lipids and BMI  
MODEL 4: model 3 with lipid standardized persistent organochlorine pollutants  



 

 

The half-life of POP in blood is very long (about 8-15 yrs.) due to their high liposolubility and chlorination, 

which makes their metabolism and elimination slow.  

Table S6:Prospective associations between wet-weight persistent organochlorine pollutants at baseline 
and succeeding odds of hypertension during the follow-up (OR and 95% CI) (N=426) 

DL-PCBs T1 T2 T3 

No. Hypertensive  41/134 66/149 72/143 

Multivariable-adjusted model * 
1 

(ref.) 
1.80 

(1.05, 3.08) 
2.00 

(1.11, 3.62) 
NDL-PCBs T1 T2 T3 

No. Hypertensive 42/134 60/136 77/156 

Multivariable-adjusted model * 
1 

(ref.) 
1.60 

(0.92, 2.77) 
1.82 

(1.00, 3.32) 
HCB T1 T2 T3 

No. Hypertensive 43/127 61/144 75/155 

Multivariable-adjusted model * 
1 

(ref.) 
1.43 

(0.83, 2.46) 
1.50 

(0.82, 2.72) 
DDE T1 T2 T3 

No. Hypertensive 41/129 63/143 75/154 

Multivariable-adjusted model * 
1 

(ref.) 
1.55 

(0.90, 2.67) 
1.59 

(0.91, 2.80) 

Abbreviations: T1: first tertile; T2: second tertile; T3: third tertile; CI: Confidence Interval; OR: Odds 
Ratio; DL-PCB: dioxin-like polychlorinated biphenyls ; NDL-PCB: dioxin-like polychlorinated biphenyls; 
HCB: hexachlorobenzene; DDE: p,p′-dichlorodiphenyl-dichloroethylene 
*wet weight (non-lipid standardized) persistent organochlorine pollutants adjusted for gender, age, 
sample year, pre-/diabetic status. 
Notes: Estimates are based on a single-pollutants analysis (i.e., the different types of POPs were not 
mutually adjusted) 



 

 

 

Table S7: Associations between plasma persistent organochlorine pollutants concentrations and odds of 
hypertension assessed in a longitudinal analysis (OR and 95% CI) using repeated measurements 
(N=1511). 

Adjusting for total cholesterol and triglycerides separately instead of total lipids, which include both. 

DL-PCBs T1 T2 T3 

Model 2a 
1 

(ref.) 
1.23 

(0.92, 1.65) 
1.67 

(1.21, 2.31) 

Model 2b 
1 

(ref.) 
1.11 

(0.83, 1.48) 
1.30 

(0.94, 1.79) 
NDL-PCBs T1 T2 T3 

Model 2a 
1 

(ref.) 
1.23 

(0.93, 1.62) 
1.27 

(0.92, 1.75) 

Model 2b 
1 

(ref.) 
1.11 

(0.84, 1.46) 
0.96 

(0.70, 1.33) 
HCB T1 T2 T3 

Model 2a 
1 

(ref.) 
0.97 

(0.73, 1.28) 
1.45 

(1.07, 1.98) 

Model 2b 
1 

(ref.) 
0.88 

(0.66, 1.16) 
1.13 

(0.83, 1.54) 
DDE T1 T2 T3 

Model 2a 
1 

(ref.) 
1.50 

(1..10, 2.04) 
1.65 

(1.19, 2.30) 

Model 2b 
1 

(ref.) 
1.38 

(1.02, 1.88) 
1.42 

(1.02, 1.97) 

Abbreviations: T1: first tertile; T2: second tertile; T3: third tertile; CI: Confidence Interval; OR: Odds 
Ratio; DL-PCB: dioxin-like polychlorinated biphenyls ; NDL-PCB: dioxin-like polychlorinated biphenyls; 
HCB: hexachlorobenzene; DDE: p,p′-dichlorodiphenyl-dichloroethylene 
Notes: Estimates are based on a single-pollutants analysis (i.e., the different types of POPs were not 
mutually adjusted) 
Wet weight (non-lipid standardized) persistent organochlorine pollutants adjusted for gender, age, 
sample year and pre-/diabetic status 
Model 2a: additionally adjusted for cholesterol  
Model 2b: additionally adjusted for triglycerides  


