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A B S T R A C T

Background: Organochlorine pesticides (OCPs) have been shown in the experimental setting to alter DNA me-
thylation. Since DNA methylation changes during the life-span, formulas have been presented to calculate “DNA
methylation age” as a measure of biological age.
Objectives: We aimed to investigate if circulating levels of three OCPs were related to increased DNA methylation
age
Methods: 71CpG DNA methylation age (Hannum formula) was calculated based on data from the Illumina 450 k
Bead Methylation chip in 1000 subjects in the Prospective Study of the Vasculature in Uppsala Seniors (PIVUS)
study (50% women, all aged 70 years at the examination). The difference between DNA methylation age and
chronological age was calculated (DiffAge). 2,2-bis (4-chlorophenyl)-1,1-dichloroethene (p,p′-DDE), hexa-
chlorobenzene (HCB), and transnonachlor (TNC) levels were measured in plasma by high-resolution gas chro-
matography coupled mass spectrometry (HRGC-HRMS).
Results: Increased p,p′-DDE and TNC, but not HCB, levels were related to increased DiffAge both in sex and BMI-
adjusted models, as well as in multiple adjusted models (sex, education level, exercise habits, smoking, energy
and alcohol consumption and BMI) (p=0.0051 and p=0.011, respectively). No significant interactions be-
tween the OCPs and sex or BMI regarding DiffAge were found.
Conclusion: In this cross-sectional study, increased levels of two out of three OCPs were related to increased DNA
methylation age, further suggesting negative health effects in humans of these widespread environmental
contaminants.

1. Introduction

Organochlorine pesticides (OCPs) are a number of environmental
contaminants with different chemical structures used in agriculture and
to fight insects, like the best-known compound in this class, 1,1,1-tri-
chloro-2, 2-bis (p-chlorophenyl) ethane (DDT). Although some of these
OCPs are banned in most industrialized countries, some are still in use.
For example, DDT is still used to fight malaria in Asia and Africa.
However, despite being banned in many countries for decades, circu-
lating levels of the breakdown product of DDT p,p′-DDE (1, 1-dichloro-
2, 2-bis (p-chlorophenyl) ethylene) are still found in almost all humans
in the industrialized world due to the very long half-life of p,p′-DDE in
humans.

A number of adverse health effects have been linked to the use of
OCPs, such as reproductive disorders, but metabolic diseases, too, such

as diabetes are associated with increased blood levels of OCPs (Lee
et al., 2011).

Some individuals look older/younger and are suffering from more/
less diseases than the average subject at the same age. This has given
rise to the idea that there exist a “biological age”, which is different
from the chronological age and that this difference could be quantified
(Nakamura and Miyao, 2003).

Recently, modern techniques to measure the degree of DNA me-
thylation at multiple sites across the genome have shown that the de-
gree of methylation changes during aging and that differential methy-
lation at certain sites is linked to age. Based on information on the
degree of methylation at such sites, DNA methylation age could be
calculated, and increased calculated DNA methylation age compared to
the chronological age has recently been linked to a poor survival rate
(Marioni et al., 2016; Marioni et al., 2015; Perna et al., 2016).
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In one of the few epidemiological studies examining the link be-
tween OCPs and aging, exposure to oxychlordane and TNC was found to
predict telomere attrition, and accelerated and unhealthy aging
(Guzzardi et al., 2016). The present cross-sectional study was under-
taken to test the hypothesis that increased levels of OCPs are associated
with increased DNA methylation age. To test this hypothesis, we used
data from 1000 subjects in the Prospective Study of the Vasculature in
Uppsala Seniors (PIVUS) study in which we have measured three dif-
ferent OCPs, p,p′-DDE, transnonachlor (TNC) and hexachlorobenzene
(HCB), as well as calculated DNA methylation age.

2. Material and methods

2.1. Subjects

Eligible subjects for the PIVUS study were all invited one month
following their 70th birthday and were investigated within a month
from that date and lived in the community of Uppsala, Sweden, a city of
185,000 inhabitants (2001). The subjects were randomly chosen from
the register of community living. The collection of data took place
between April 2001 and June 2004. The subjects were invited one
month following their 70th birthday and were investigated within two
months from that date. A total of 1016 subjects participated, yielding a
participation rate of 50.1%. The present study used 967 subjects, all
with complete data on OCPs, DNA methylation and co-variates.

The study was approved by the Ethics Committee of the University
of Uppsala, and all the participants gave their informed consent prior to
the study.

All subjects were investigated in the morning after an overnight fast.
No medication or smoking was allowed after midnight. The participants
were asked to answer a questionnaire about their medical history,
smoking habits and regular medication.

Between 8 and 10 A.M. venous samples of whole blood, serum and
plasma were collected. The whole blood and plasma samples were
collected in EDTA tubes, while serum was collected in tubes free from
additives. After approximately 1 h, the serum was removed to plastic
tubes free from additives and the samples were put into a −80 °C
freezer. The plasma tubes were spun, and plasma was removed to
plastic tubes free from additives, and the samples were put into a
−80 °C freezer within 1 h. Whole blood was removed from the EDTA-
tubes to plastic tubes free from additives, and the samples were put into
a −80 °C freezer within 1 h. The samples were kept in −80 °C until
analysis. Different samples were later transported to one laboratory (at
Örebro University) for determination of the pesticides, and to another
laboratory (at the Karolinska Institute) for DNA preparation and then
back to Uppsala University for DNA methylation analysis, using dry ice
to keep them in the frozen state.

Educational level was divided into three groups:< 10 years,
10–12 years and>12 years of education. Exercise habits were divided
into four groups:< 2 times light exercise (no sweat) per week (seden-
tary), ≥2 times light exercise (no sweat) per week (light exercise only),
1–2 times heavy exercise (sweat) per week (moderate), > 2 times heavy
exercise (sweat) per week (athlete). The dietary intakes of total calories
and alcohol were assessed by use of 7-day food diary and computer
software(Becker, 2001). The computer calculates the calorie intake
from the data in the food diaries using data on the calorie content
of> 1500 prespecified items used in Sweden (Becker, 2001).

Approximately 10% of the cohort reported a history of coronary
heart disease, 4% reported stroke, and 9% reported diabetes mellitus.
Almost half the cohort reported some sort of cardiovascular medication
(45%), with antihypertensive medication being the most prevalent
(32%). Fifteen percent reported use of statins, while insulin and oral
antiglycemic drugs were reported in 2 and 6%, respectively – see re-
ference (Lind et al., 2005) for details.

As the participation rate in this cohort was only 50%, we carried out
an evaluation of cardiovascular disorders and medications in 100

consecutive non-participants. The prevalences of cardiovascular drug
intake, history of myocardial infarction, coronary revascularization,
antihypertensive medication, statin use and insulin treatment were si-
milar to those in the investigated sample, while the prevalences of
diabetes, congestive heart failure and stroke tended to be higher among
the non-participants (see Lind et al. for details) (Lind et al., 2005).

2.2. Analysis of OC pesticides (OCPs)

p,p′-DDE, TNC and HCB levels were measured in stored plasma
samples using isotope dilution (13C–labelled internal and recovery
standards) high-resolution gas chromatography coupled to a high-re-
solution mass spectrometry (HRGC/ HRMS) system (Micromass
Autospec Ultima, Waters, Milford, MA, USA) based on the method by
Sandau and co-workers (Sandau et al., 2003) with some modifications.
A more detailed description of the analysis in this sample has previously
been presented (Salihovic et al., 2012). p,p′-DDE, TNC and HCB were
the only OC pesticides measured that showed detectable levels in most
individuals, and therefore being suitable for the present analysis. The
proportion of samples with detectable levels of p,p′-DDE, TNC and HCB
were 100, 100 and 99%, respectively. Levels below the detectable level
was imputed by the levels of detection (LOD) divided by the root of 2.
The levels of p,p′-DDE, TNC and HCB were normalized for plasma li-
pids.

2.3. Regional DNA methylation

Methylation sites across the genome were assayed using the
Illumina HumanMethylation450k Beadchip, which detects methylation
based on genotyping of bisulfite-converted genomic DNA, covering
482,421 CpG sites and 3091 non-CpG sites. Samples were excluded
based on call rate (98.5% probes with detection p-value<0.01), leu-
kocyte count> 10 (×109 cells/L), bisulfite conversion efficiency out-
liers, or more than one mismatch when comparing the SNPs on the
methylation chip and the Omni/Metabochip genotyping chips. Data
from the X and Y chromosomes were not used in the analysis. A quantile
normalization of the signal intensities was performed per individual
and undertaken separately for type-I and type-II probes of the chip.
Beta-values were then calculated as the percentage methylation at a
site, ranging from 0 to 1. A total of 20,522 methylation sites were ex-
cluded from the analysis since their probes mapped to multiple loca-
tions in the genome with at least two mismatches, in accordance with
other investigators (Grundberg et al., 2013).

2.4. Calculation of DNA methylation age

DNA methylation age was calculated using the published coeffi-
cients in Hannum et al. (2013). Out of the 71 probes used, 66 showed
complete data, while there was one missing value for each of the re-
maining five. Missing methylation beta values were first imputed using
a 10 nearest neighbor algorithm (Troyanskaya et al., 2001), and the
beta values were subsequently adjusted for batch, total white blood cell
count, methylation-determined cell fractions according to Houseman
et al. (2012) and bisulfite conversion efficiency.

This adjustment was done using linear models with the logit-
transformed beta values as outcomes adjusting for the above-mentioned
covariates. Inverse logit-transformed residuals from these models were
used in further analyses. A total of 71 probes were used to calculate
DNA methylation age. The Hannum coefficients multiplied with the
beta values gave linear predictors, which were used as offsets in ridge
regression models predicting DNA methylation age. This procedure
centralizes the distribution at the mean value for age in the sample.
DiffAge was defined as the differences between DNA methylation age
and chronological age. There are two reasons for calculating DiffAge.
First, there is a small variation in the age in the participants (standard
deviation= 0.2). Second, the results can be interpreted in a more
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intuitive way. Thus, a positive value for DiffAge is seen for subjects with
increased DNA methylation age, and a negative value is found in those
with low DNA methylation age compared to their chronological age.

2.5. Statistics

Following calculation of DiffAge, this normally distributed variable
was used as dependent variable in three separate linear regression
models with p,p′-DDE, TNC and HCB as exposures. Since the pesticide
levels were skewed to the right, we used a ln-transformation to achieve
a normal distribution to be used in the models.

Pearson's correlations coefficient was used to relate the three OC
pesticides to each other. Thereafter, in a first step of analyses, we ad-
justed for sex (age same in all subjects) and BMI. In the second step, we
also adjusted for the life-style factors education level, exercise habits,
smoking, energy and alcohol consumption. To obtain easily interpreted
estimates of the effect size, we compared DiffAge in the first vs the 5th
quintile of the pesticides following multiple adjustment.

We also evaluated the interactions between the three OC pesticides
and sex, as well as the interactions between the three OC pesticides and
BMI in those models. The two main effects were included together with
the multiplicative term.

To test for non-linear relationships, the squared form of the pesti-
cides was included in a separate set of models.

Since we evaluated three different OC pesticides in separate models,
we used p=0.01666667 (0.05/3) as our level of significance (two-
tailed). The same p-value limit was used for interaction analyses.

STATA 14 (Stata Inc., College Station, TX, USA) was used for the
calculations.

3. Results

Basic characteristics and levels of the three OC pesticides are pre-
sented in Table 1 below.

The levels of the three OC pesticides were all significantly correlated
with each other (r=0.18 for p,p′-DDE vs HCB, r=0.28 for p,p′-DDE vs
TNC and r=0.44 for TNC vs HCB).

The mean value for DiffAge was very close to 0 (−0.00240) with a
standard deviation of 4.4 years. The min value was −14 years, while
the max value was +16 years.

As can be seen in Table 2 below, we found in the sex- and BMI-
adjusted models significant relationships between DiffAge and levels of
p,p′-DDE and TNC, but not for HCB.

These relationships were only marginally altered following further
adjustment for five life-style factors.

No significant multiplicative interactions between the OC pesticides
and sex (p=0.30 for p,p′-DDE, p=0.17 for HCB and p=0.58 for
TNC), or between the OC pesticides and BMI regarding DiffAge were
found (p=0.84 for p,p′-DDE, p=0.23 for HCB and p=0.78 for TNC).

However, numerically the regression coefficient was much higher in
women that in men regarding the relationship between p,p′-DDE and
DiffAge (beta 0.63 in women and 0.18 in men). No such big numerical
difference between the sexes was seen regarding the relationship be-
tween TNC and DiffAge (beta 0.72 in women and 0.58 in men).

When the squared form of the OC pesticides was included in the
models, these were not significant, suggesting that no major non-linear
effects regarding DiffAge were found.

When we compared DiffAge for the 5th quintile vs the first quintile
for the three OC pesticides (following multiple adjustment), subjects in
the 5th quintile of p,p′-DDE showed +1.18 years (95%CI 0.28–2.07).
The corresponding value for TNC was +1.24 years (0.33–2.15) and for
HCB +0.13 years (−0.79–1.06).

4. Discussion

The present cross-sectional study showed that out of the three

investigated OC pesticides, p,p′-DDE and TNC levels were related to
DNA methylation age. For the third investigated pesticide, HCB, no
such relationship was found.

The concentrations of the three investigated OC pesticides were
comparable to other studies of non-occupationally exposed populations
from Sweden (Hardell et al., 2010) and Norway (Sandanger et al.,
2006) but three times lower when compared to the concentrations from
the U.S. general population (Patterson et al., 2009). Overall, con-
centrations of OC pesticides have been declining since the im-
plementation of a series of restrictions and bans occurring during the
1970s and 1980s in Sweden and other affluent countries. However, the
extensive dispersion of these compounds to the environment coupled
with long biological half-life (6–9 years) contributes to the high oc-
currence in the general population.

To the best of our knowledge no other study has investigated the

Table 1
Basic characteristics (means (SD) or proportions) and levels of the studied OC pesticides
(medians and IQR) in the total sample as well as when the sample was divided into those
with a DiffAge more or< 0.

Total sample
(n=967)

DiffAge< 0
(n=487)

DiffAge> 0
(n=480)

Variable Mean and SD or
proportion or
medians and
IQR

Mean and SD or
proportion or
medians and
IQR

Mean and SD or
proportion or
medians and IQR

Age 70.1 (0.2) 70.1 (0.2) 70.1 (0.2)
Sex (% females) 50.1 63.6 36.8
BMI (kg/m2) 27.0 (4.4) 26.8 (4.2) 27.3 (4.3)
Education < 10 years:

56%
10–12 years:
18%
>12 years:
26%

<10 years:
56%
10–12 years:
18%
>12 years:
26%

<10 years:
58%
10–12 years:
18%
>12 years:
24%

Exercise habits Sedentary: 11%
Light exercise
only: 59%
Moderate: 22%
Athlete: 8%

Sedentary: 10%
Light exercise
only: 56%
Moderate: 26%
Athlete: 8%

Sedentary: 13%
Light exercise
only: 62%
Moderate: 19%
Athlete: 6%

Smoking 11% 11% 11%
Energy intake (kcal) 1889 (555) 1838 (448) 1938 (476)
Alcohol intake (g/day) 2.5 (2.9) 2.3 (2.6) 2.7 (2.8)
p,p′-DDE (ng/g lipid) 308 (170–570)

(min 2, max
4260)

286 (152–558) 324 (174–559)

Transnonachlor (TNC)
(ng/g lipid)

22 (15–33)
(min 2, max
130)

20 (14–30) 25 (16–36)

Hexachlorobenzene
(HCB) (ng/g lipid)

40 (31–53)
(min 13, max
601)

41 (32–55) 40 (29–52)

Table 2
Relationships between three organochlorine (OC) pesticides and the difference between
DNA methylation age and chronological age (DiffAge). Both sex and BMI-adjusted ana-
lyses and multiple adjusted analyses (sex, education level, exercise habits, smoking, en-
ergy and alcohol consumption and BMI) are given. Beta= regression coefficient.
SE= standard error. t= t-test value. CI=Confidence interval. p,p′-DDE=2,2-bis (p-
chlorophenyl)-1,1-dichloroethene, HCB=hexachlorobenzene, and TNC= transnonachlor.

Beta SE t p-Value 95% CI
(lower–upper)

Sex and BMI-adjusted analyses
p,p′-DDE 0.41 0.16 2.65 0.0083 0.11–0.72
HCB 0.25 0.34 0.74 0.46 −0.42–0.92
TNC 0.70 0.25 2.82 0.0049 0.21–1.19

Multiple adjusted analysis
p,p′-DDE 0.44 0.16 2.81 0.0051 0.13–0.75
HCB 0.18 0.35 0.52 0.60 −0.51–0.87
TNC 0.66 0.26 2.55 0.011 0.15–1.17
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relationship between OC pesticide levels and biological aging estimated
by DNA methylation in humans. The estimation of biological age is
based on differential DNA methylation at a number of CpG sites across
the genome (Hannum et al., 2013). This estimation seems to be of
clinical importance, since high DNA methylation age estimated by this
approach has been shown to predict premature mortality (Marioni and
others 2016; Marioni and others 2015; Perna et al., 2016). Not many
studies have been performed on pesticides and DNA methylation. It has,
however, been shown experimentally that exposure to DDT could affect
the DNA methylation status (Kostka et al., 2016; Shutoh et al., 2009;
Skinner et al., 2013).

In humans, an inverse correlation was found between p,p′-DDE le-
vels and whole-blood global DNA methylation in Greenland Inuit's
(Rusiecki et al., 2008). Similar findings were seen in Japanese women,
and in that study TNC and HCB levels were also related to hypo-
methylation (Itoh et al., 2014). Thus, it appears as if OC pesticide ex-
posure could influence DNA methylation as such, but it has not yet been
shown if pesticide exposure could influence methylation at the specific
CpG sites associated with biological aging. Own unpublished data
showed that DNA methylation age and whole-blood global DNA me-
thylation are not closely related (p=0.47).

It is unclear why concentrations of p, p′-DDE and TNC were found to
be associated with DNA methylation, but not HCB as they share several
physio-chemical properties and the half-lives are similar. The con-
centrations of all these three OC pesticides were correlated with each
other, further supporting the idea that they would affecting outcomes
like DNA methylation in a similar way. One thing that differs, though, is
their biding properties. p,p′-DDE is an androgen receptor agonist (Kelce
et al., 1995). DDT/p,p′-DDE could also alter the expression of the AR
(Wojtowicz et al., 2011), as well as activate the estrogen receptor (ER)
(Di Lorenzo et al., 2002).

Regarding mechanisms of action, HCB has been shown to be a weak
agonist of the Ah-receptor (Hahn et al., 1989), but no affinity for the
estrogen receptor (ER) has been demonstrated. Chlordanes (TNC be-
longs to this group of chemicals) have also demonstrated endocrine
disrupting properties, such as increased levels of progesterone in the
experimental setting (Verreault et al., 2006). The compounds were also
found to agonize the ER-alpha-mediated transcription in a dose-de-
pendent manner (Lemaire et al., 2006). Thus, despite several simila-
rities, the three different OC pesticides do have differences in receptor
binding, a fact that might explain the divergent effects on DiffAge.

Our data are partly in parallel with the study by Guzzardi et al.
showing that TNC levels, but not p,p′-DDE, were related to reductions in
telomere lengths over 10 years (Guzzardi et al., 2016). Telomere length
is another measure of biological aging, so differences in methods might
explain some of the discrepant findings, but taken together our study
together with the study of Guzzardi et al. supports the view that per-
sistent organic compounds could affect biological aging.

Although clearly significant even after Bonferroni adjustment for
multiple testing, the effect size of approximately a 1-year change in
DNA methylation age across the distributions of p,p′-DDE and TNC does
not seem very impressive at first glance. However, at the population
level, an increase of the life-span of one year does indeed have a major
impact on economic, health-care, and social structures. In a study in-
vestigating the impact of DiffAge, a Diff Age of +5 years was associated
with a 21% increased mortality risk (Marioni and others 2015)

To put the approximately 1 year DNA methylation age associated
with high levels of p,p′-DDE and TNC in the present study in perspec-
tive, we compared our results with other data on how life-style factors
and air pollution might affect DNA methylation age. Regarding
smoking, divergent results were found between studies, ranging from
no effect up to +2 years DiffAge (Dugue et al., 2017; Enroth et al.,
2015; Gao et al., 2016). In one study, much soda drinking was asso-
ciated with a DiffAge of +5 years, while on the contrary, eating much
fat fish and drinking much coffee were related to a decline in biological
age by 4–5 years (Enroth et al., 2015). In several papers, Nwanaji-

Enwerem and coworkers have investigated the relationship between air
pollution and DNA methylation age. In the VA normative aging study, a
1-μg/m3 increase in PM2.5 was significantly related to a 0.52-year in-
crease in DNA methylation age (Nwanaji-Enwerem et al., 2016). In the
KORA F4 cohort, an interquartile range (close to 1-μg/m3) increase in
PM2.5 was associated with a 0.33-year increase in DNA methylation age
(Ward-Caviness et al., 2016). In a further analysis of the VA normative
aging study, interquartile range increases in both 1-year sulfate and
ammonium levels were related to at least a 0.36-year increase in DNA
methylation age (Nwanaji-Enwerem et al., 2017).

There exists a validated alternative formula to calculate DiffAge
from DNA methylation data (Horvath, 2013). When we applied this
“Horvath formula” instead of the “Hannun formula” to our data, a si-
milar picture emerged with rather similar regression coefficients, but in
this case p,p′-DDE was not significant. (TNC: beta 0.86, SE 0.31, p-value
0.006, DDE: 0.31, SE 0.19, p-value 0.10, HCB: beta 0.15, SE 0.42, p-
value 0.67). Thus, we think that these new results, being similar to the
results using the Hannun formula, strengthen our findings. When we
related the two calculations of DNA methylation age to each other, the
R2 was only 0.25, so it not strange that the results are not totally
identical for the two approaches.

Among the strengths of this study is the simultaneous determi-
nation of DNA methylation status and three OC pesticides in a fairly
large homogeneous population.

There is always a risk of residual confounding in epidemiological
studies, and a risk of reverse causation in cross-sectional studies such as
this one. Thus, further adjustment for occupation and detailed dietary
intake history would have been desirable as well as repeated mea-
surement of the OC pesticides in a longitudinal design. The fact that the
sample consists of elderly Caucasian subjects however limits the gen-
eralizability to other age and ethnic groups.

5. Conclusions

In conclusion, in this cross-sectional study, two out of three OC
pesticides were related to DNA methylation age, further emphasizing
negative health effects in humans of these banned, but still widespread
environmental contaminants.
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