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Dioxins with long half-lives accumulate throughout the entire lifetime.
Pharmacokinetic models predict the measured concentrations in populations.
Dioxin concentrations in the body are predicted by age, animal source food and BMI.
Dioxins may confound the role of ample animal source food in causing diseases.
Diet and kinetics are vital in claiming causal roles of persistent pollutants in diseases.
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A B S T R A C T

A number of studies have found an association between the concentrations of persistent organic
pollutants (POP) and type 2 diabetes. Causality has remained uncertain. This study describes the
pharmacokinetic behavior of PCDD/Fs (polychlorinated dibenzo-p-dioxins and dibenzofurans) both in a
theoretical model based on elimination rate constants, and in a group of 409 adult surgical patients with
known PCDD/F concentrations and dietary information. A model assuming 10% annual decrease in past
PCDD/F intake, predicted the measured proﬁle of TEQ (toxic equivalents) in the patient population fairly
well. The dominant determinant of PCDD/F level was age, and the level in patients was also associated
with consumption of animal source products. Predicted daily intakes correlated with diet, but also with
body mass index (BMI), indicating that high BMI was preceded by high consumption of foods containing
PCDD/Fs. The results suggest that a third factor, e.g. high intake of animal source foods, could explain both
higher levels of POPs in the body and higher incidence of type 2 diabetes, and BMI is not sufﬁcient in
describing the confounding caused by diet. Thus, to fully address the causality between POPs and type 2
diabetes, careful studies considering the pharmacokinetics of the studied compounds, and including the
analysis of food consumption, are needed.
ã 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Abbreviations: BMI, body mass index; CDD, chlorinated dibenzo-p-dioxin; CDF,
chlorinated dibenzofuran; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; Hp, hepta; Hx, hexa; O, octa; PCBs, polychlorinated
biphenyls; PCDD/Fs, polychlorinated dibenzo-p-dioxins and dibenzofurans; Pe,
penta; POP, persistent organic pollutants; T, tetra; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TEF, toxic equivalency factor; WHO, World Health Organization;
WHO-TEQ, toxic equivalencies according to WHO.
* Corresponding author.
E-mail addresses: jouko.tuomisto@thl.ﬁ, j.tuomisto@dnainternet.net
(J. Tuomisto).
http://dx.doi.org/10.1016/j.toxlet.2016.08.024
0378-4274/ã 2016 Elsevier Ireland Ltd. All rights reserved.

A number of mainly cross-sectional studies have been
published, associating persistent organic pollutants (POPs) with
various diseases, particularly with type 2 diabetes (e.g. Lee et al.,
2006, 2007; Rignell-Hydbom et al., 2007; Airaksinen et al., 2011;
Huang et al., 2015; reviewed by Kuo et al., 2013; Taylor et al., 2013;
Magliano et al., 2014; Ngwa et al., 2015). The association has been
reported stronger among obese persons than among non-obese
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persons (Lee et al., 2010). A few longitudinal studies have also been
published (e.g. Turyk et al., 2009; Lee et al., 2011; Wu et al., 2013;
Suarez-Lopez et al., 2015; reviewed by Magliano et al., 2014; Ngwa
et al., 2015). However, studies on the mechanism of action have
been disappointing (Ngwa et al., 2015; Turyk et al., 2015) and often
highly hypothetical (Lee and Jacobs, 2015).
There are some questions that need to be resolved, before the
observed associations can be considered causal. The most obvious
concerns are, ﬁrst, why type 2 diabetes is increasing now although
POP intakes have decreased during the last decades to 10–20% of
those in 1970s (minor impact could, of course, be overwhelmed by
a major factor), second, why effects of similar magnitude are
reported between type 2 diabetes and a long list of POPs in
completely different chemical classes such as dioxins, PCBs, and
organochlorine pesticides, and third, why similar effects are seen
within populations exposed to high or low POP concentrations, but
not between the groups (Steenland et al., 2001; Ngwa et al., 2015).
All in all, the literature is so far quite complex and confusing (Taylor
et al., 2013; Ngwa et al., 2015).
In none of the studies so far a relation between the
pharmacokinetics of POPs and fat intake or the amount of fat in
the body was discussed. In the Ranch Hand Study, plasma
concentration of TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) was
correlated with type 2 diabetes, and a closer examination of the
results suggested reverse causality, i.e. imminent diabetes
inﬂuencing the concentrations of TCDD (Kerger et al., 2012). The
authors conclude that the absence of any signiﬁcant difference in
diabetes incidence between Ranch Hand veterans and comparison
veterans argues against the presumption of a causal relationship
between TCDD and type 2 diabetes. In other words, there was an
association within each group of veterans, but no signiﬁcant
difference between the groups, regardless of very different plasma
concentrations of TCDD. Contrary to the Ranch Hand study, no
increase in type 2 diabetes was seen in the NIOSH (National
Institute for Occupational Safety and Health) industrial cohort
although the TCDD concentrations were almost tenfold (Steenland
et al., 2001).
A thorough meta-analysis revealed that associations between
diabetes and TCDD are seen in cross-sectional studies with plasma
TCDD levels less than 10 pg/g lipid, but not in cohort studies with
much higher TCDD levels (Goodman et al., 2015). It was concluded
that the available data do not indicate a causal relationship
(Goodman et al., 2015).
Thus, the requirements of Bradford Hill criteria of causality are
not yet met (Hill, 1965), and the observed associations might rather
suggest that TCDD serves as a proxy of something else that
correlates with type 2 diabetes.
In some studies, reverse correlation – type 2 diabetes changing
the pharmacokinetics of POPs – has been discussed (Longnecker
and Daniels 2001; Lee et al., 2010), but it has not been considered
that the higher levels of POPs in the body and higher incidence of
type 2 diabetes could both be correlated with and possibly caused
by a same third factor. The possibility was qualitatively hinted in
the review of Taylor et al. (2013), but not quantitatively discussed.
A recent review commented that ﬁndings are equivocal, and goodquality research is urgently needed (Jaacks and Staimez, 2015).
Another related recent hypothesis is that POPs might contribute
to the “obesity epidemic” (Reaves et al., 2015). There is indeed an
association between some but not all POPs and body mass index
(BMI) or waist circumference (Elobeid et al., 2010; Dirinck et al.,
2011), although generally the correlations are poor and the main
determinant of POPs is age (Hue et al., 2007). It is hard to tell only
on basis of associations which is the cause and which is the effect,
or if both are caused by the same third factor. There is some
evidence that the quality and not only quantity of food are
involved. Less healthy food choices (Keski-Rahkonen et al., 2007)

and increased meat consumption (Zazpe et al., 2011; Fogelholm
et al., 2012) are associated with obesity. Obesity has been
convincingly associated with type 2 diabetes (Ley et al., 2014);
in fact in Finland nine of ten diabetics are overweight (BMI > 25,
Pajunen et al., 2012). On the other hand, obesity has been
associated with epigenetic transgenerational effects (Lind et al.,
2016). One-generation delay could perhaps explain why the
association is seen now although the concentrations of POPs were
highest during 1970s and 1980s. If that is true, the effect should
wane in near future.
We have previously published a case-control study on the
association between soft tissue sarcoma and PCDD/Fs (polychlorinated dibenzo-p-dioxins and dibenzofurans) (Tuomisto et al.,
2004). In this study, subcutaneous fat samples were collected from
954 patients with soft tissue sarcomas or controls undergoing
appendicitis operation, and PCDD/Fs were analyzed. Patients also
ﬁlled in a questionnaire asking a number of variables, including
their dietary habits, weight history, and chemical exposure. This
study material allows us to study in detail the inﬂuence of various
factors on the concentrations of PCDD/Fs in fat.
The most obvious determinant of any congener concentration in
the study was age (Tuomisto et al., 2004, 2005; Kiviranta et al.,
2005), and in fact the concentrations were higher than expected in
older age groups. This was interpreted as indicating carry-over
from higher intake levels in the past (Tuomisto et al., 2004).
Decreasing concentrations have in fact been clearly shown by
actual measurements of PCDD/F and PCB levels in the population
(Kiviranta et al., 1999; Lignell et al., 2009), as well as in various food
items in Finland (Kiviranta et al., 2001) and in other countries
(Liem et al., 2000). On this background, we have now modeled the
kinetics of relevant PCDD/Fs using general laws of pharmacokinetics and compared the theoretical behavior of the compounds to
measured values on population level and in some speciﬁc groups.
In short, we argue that causal conclusions on POPs and type 2
diabetes cannot be drawn until it is excluded that both of them
might be caused by a same third factor, for example diet rich in red
meat (Ley et al., 2014), or conversely, lack of fruit, vegetables, and
other plant products in the diet, and until the pharmacokinetic
properties of POPs are considered. In fact the pharmacokinetic
considerations will be valid not only for diabetes, but for any health
outcome associated with POPs.
2. Material and methods
2.1. Analysis of variables of the sarcoma study
A detailed description of sample collection and PCDD/F analysis
has been given in the previous papers (Tuomisto et al., 2004;
Kiviranta et al., 2005).
Brieﬂy, sarcoma patients attended the University hospitals of
Helsinki, Kuopio, Turku and Tampere. All patients over 15 years of
age operated for soft tissue sarcoma between June 1997 and
December 1999 were eligible as cases. Patients over 15 years of age
and operated due to appendicitis in any study hospital from the
same catchment area were eligible as controls. Informed consent
was obtained from all patients in writing before the operation, and
the study was duly approved by the ethics committees. The total
number of patients recruited was 972, and after exclusion of some
patients for technical reasons (e.g. too small sample, see Tuomisto
et al., 2004), data on 954 patients (148 cases and 806 controls)
were available. Because we did not ﬁnd a signiﬁcant difference in
PCDD/F concentrations between the patients and controls, the
disease status was ignored for the purposes of the present study.
A subcutaneous fat sample obtained during an appendectomy
or sarcoma operation was analyzed for 17 PCDD/F congeners using
gas chromatography–mass spectrometry (Vartiainen et al., 1997)
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at the Laboratory of Chemistry of the National Public Health
Institute of Finland (currently Chemicals and Health Unit of the
National Institute for Health and Welfare), which is an accredited
testing laboratory (Centre for Metrology and Accreditation code
T077, EN ISO/IEC 17025). The scope of the accreditation covers the
determination of PCDD/Fs in human samples. The laboratory
participates regularly in interlaboratory exercises. All analytical
work was performed blind and strict quality assurance measures
were undertaken.
For the purposes of the present study, all patients whose PCDD/
Fs were analyzed, and who had adequately ﬁlled in the
questionnaire (N = 409, 43%) were selected. Patients were asked
detailed information about socio-economic and lifestyle factors
including dietary information, and chemical exposures, as well as
their height and weight and weight changes. Consumption of
various food items was asked as frequency of use. BMI was
calculated as weight in kilograms divided by the square of height in
meters (Quetelet, 1869).
The patients (N = 409) were divided into three groups based on
consumption frequency of ﬁsh, meat and dairy products. The three
groups were low (N = 131), moderate (N = 162), and high (N = 116).
The food items were weighted to reﬂect the importance of various
PCDD/F sources in Finland, 80% ﬁsh, 10% meat, and 10% dairy
products. It should be noted that this distribution would be
different for different countries. The assumption was that at the
same level of energy intake, low consumption of these items
indicates high consumption of plant derived products, and vice
versa. The principles of dividing to groups are presented in
Supplementary material (Fig. S1).
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years earlier at a higher level, integrated backwards assuming a
10% annual decrease in intake. This is close to the observed decline
in dioxin and PCB concentrations in Finnish population (Kiviranta
et al., 1999), and decrease in concentrations in Baltic ﬁsh
(Airaksinen et al., 2014). Thus the range of the study is
approximately 1950–2000.
This results in the following models. If both the body weight
(amount of fat) and PCDD/F intake are stable, concentration in
body fat is derived as follows (Goldstein et al., 1974):
C = D*(1–e

k*t

)/V/k

(1)

C = concentration (pg/g in fat)

D = intake dose (pg/year)

k = elimination constant (1/year)

V = distribution volume (amount of body fat, kg)

t = time of exposure (years)
Assuming a gradual decrease in past intake, the formula to
predict concentrations at various ages is:
Cn = Dn*(1–e

(r+k)*t

)/Vn/(r + k)

(2)

2.2. Modeling the accumulation of PCDD/Fs in body fat
We modeled the expected PCDD/F concentrations in the
population assuming adult exposures from ages 15–65 years in
two scenarios, low and high past daily intake. Based on a marketbasket study, the average intake of PCDD/Fs in Finland in 1998–
2000 (close to the timing of the soft tissue sarcoma study) was 53–
68 pg/day (Kiviranta et al., 2004). Thus, the low and high doses
selected for modeling were 30 pg/day and 120 pg/day (as TEQ, see
Table 1) as an example of extremes. These doses were split to
intakes of each individual congener using the congener distribution in the Finnish diet (Kiviranta et al., 2004). We modeled an
intake ending at 30 pg/day and 120 pg/day (TEQ), but starting 50

Cn = concentration now, integrated over the whole exposure period
assuming a decreasing dose rate (pg/g in fat)

Dn = intake dose now (pg/year)

r = annual change in intake (fraction per year)

k = elimination constant (1/year)

Table 1
Properties of PCDD/F congeners in this study.
Congener

t1/2, yearsa

kel a

2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8-PeCDF
1,2,3,4,7,8-HxCDF
1,2,3,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF

7.2
11.2
9.8
13.1
5.1
4.9
6.7
2.1
3.5
7.0
6.4
7.2
7.2
2.8
3.1
4.6
1.4

0.096
0.062
0.071
0.053
0.14
0.14
0.10
0.33
0.20
0.099
0.11
0.096
0.096
0.25
0.22
0.15
0.50

a
b
c
d

From Milbrath et al., 2009.
From Kiviranta et al., 2004.
Assuming total TEQ intake of 30 pg/day.
Assuming total TEQ intake of 120 pg/day.

1

Fraction of TEQ in diet, %b

TEF

Intake-Low, pg/dayc

Intake-High, pg/dayd

9.0
20
0.89
2.7
0.27
0.56
0.17
9.7
0.70
53
0.67
1.1
0
1.0
0.51
0
0.0089

1
1
0.1
0.1
0.1
0.01
0.0003
0.1
0.03
0.3
0.1
0.1
0.1
0.1
0.01
0.01
0.0003

2.7
5.9
2.7
8.0
0.82
17
171
29
7.0
53
2.0
3.2
0
3.0
15
0
8.9

11
24
11
32
3.3
67
685
116
28
213
8.0
13
0
12
62
0
36
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t = duration of adult exposure (years); age of a patient is 15 years + t

Vn = distribution volume now (amount of body fat, kg)
The concentrations of each PCDD/F congener, as pg/g fat were
calculated assuming a distribution volume of 20 kg, and the sum of
PCDD/Fs was calculated as TEQ by using the 2005 WHO toxic
equivalency factors (van den Berg et al., 2006). The half-lives from
Milbrath et al. (2009) were used.
2.3. Modeling the intake of PCDD/Fs in patients
The starting point of the model was the present concentrations
of PCDD/Fs (Cn) in fat, age, and distribution volume (Vn), which was
calculated individually based on sex, present BMI and age
(Deurenberg et al., 1991). In addition, duration of exposure (t)
was calculated from 15 years to present age. This information was
used for the following formula to estimate the intake of each
PCDD/F congener for each patient:
Dn = Cn*Vn*(r + k)/(1–e

(r+k)*t

)

(3)

As above, the sum intake of PCDD/Fs was calculated as TEQ by
using the 2005 WHO toxic equivalency factors (van den Berg et al.,
2006) for each patient.
Derivation of these formulas can be found at (accessed Aug 24,
2016)
http://en.opasnet.org/w/Human_PBPK_model_for_dioxin#Tuomisto_et_al
3. Results
3.1. Modeling the accumulation of PCDD/Fs
Fig. 1. demonstrates the increase of selected PCDD/F congeners
assuming a constant intake of 10 pg/day for each of them, constant
elimination, and stable distribution volume of 20 kg during 50
years of adult life (Eq. (1)). A steady state is achieved in 50 years for
most but not all congeners, and at different rates due to different
half-lives. The graph also demonstrates that congeners with long
half-lives (e.g. 1,2,3,6,7,8-HxCDD, 13.1 years) reach much higher
concentrations at similar intake levels than congeners with short
half-lives (e.g. 2,3,7,8-TCDF, 2.1 years).

Fig. 1. Simple prospective model of the concentrations in fat of selected PCDD/F
congeners during 50 years of adult life, assuming zero concentration at start, a
constant intake of 10 pg/day of each PCDD/F, constant elimination, and stable
distribution volume (Eq. (1)).

When modeling the concentrations in a real population, the
observed decrease in PCDD/F intake during the last decades must
be taken into account. Fig. 2. shows the modeled concentrations of
PCDD/Fs as TEQ in a population of various ages (15–65 years). The
present daily intake (Dn), was assumed to be either 30 pg (low
exposure) or 120 pg (high exposure), split to intakes of each
individual congener using the congener distribution in the Finnish
diet (Table 1; Kiviranta et al., 2004). The earlier higher intakes were
modeled assuming a 10% annual decrease (r = 0.1/year). A stable
distribution volume (Vn) of 20 kg, and an unchanged elimination
constant (k) were assumed (Eq. (2)).
The modeled concentrations of PCDD/F TEQ did not reach a
steady state level. Instead, regardless of the scenario, the
concentrations in older generations are highest in an exponential
manner. This pattern closely resembles the distribution of actual
PCDD/F concentrations measured in the Finnish population
(Tuomisto et al., 2004; Kiviranta et al., 2005; Fig. 3).
Weight gain affects PCDD/F concentrations in opposing ways.
Increase of fat mass will cause dilution of PCDD/Fs. This will then
slow down elimination, which is dependent on concentration
rather than body burden. An increase in body weight would require
higher food intake, and depending on the type of diet, PCDD/F
intake would increase as well. In order to keep the model simple, a
constant distribution volume of 20 kg was assumed, and the
changes in body weight were not modeled in this exercise.
The modeling exercise highlights that age is a very important
determinant of PCDD/Fs, and that in epidemiological studies
regarding POPs and type 2 diabetes, the relationship between age
and POP concentration should not be assumed to be linear or of any
other predetermined shape. Instead, the relationship has to be
assessed carefully by taking into account pharmacokinetic
properties which are different for each compound.
Data on individual congeners are available in Supplementary
material (Fig. S2). They predict that concentrations of compounds
with a long half-life (e.g. 1,2,3,7,8-PeCDD and 1,2,3,6,7,8-HxCDD)
are enhanced after longer exposure (i.e. in older generations), and
congeners with a short half-life reach steady state in about ten
years (e.g. 2,3,7,8-TCDF). This is understandable on the basis of the
behavior of different congeners as shown in Fig. 1.

Fig. 2. Retrospective modeled concentration of PCDD/F TEQ in a population at ages
15–65 years, ignoring the intake during childhood. Assumptions: 1) present intake
of either 30 or 120 pg/day, 2) high initial intake and 10% annual decrease, 3)
unchanging elimination constant, and 4) stable distribution volume of 20 kg
(Eq. (2)). Taking into account childhood dioxin intake would elevate the
concentrations at the age of 15 years by about 5 pg/g.
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Fig. 3. PCDD/F TEQ concentrations in patients divided to three groups according to their reported consumption frequency of animal source foods (Nlow = 131, Nmoderate = 162,
and Nhigh = 116). The lines represent the best polynomial ﬁt forced via 5 pg/g at zero age. Kruskal-Wallis H test showed that there was a statistically signiﬁcant difference in
PCDD/F concentrations between the animal source food groups (p < 0.001).

3.2. Actual PCDD/F concentrations in patients with different diets
Fig. 3 illustrates the PCDD/F concentrations in the patient
population by age. The patients were divided into three groups
(low, moderate, high) according to their reported consumption
frequency of ﬁsh, meat and dairy products. We assumed that the
use of energy (e.g. due to different exercise practices) did not differ
signiﬁcantly among the three groups. The results illustrate that in
addition to age, diet is another important determinant of PCDD/F
concentrations. The highest intake group approaches the upper
predicted levels (cf. Fig. 2), and the lowest intake group the lower
predicted levels. It should be noted that the relatively crude
classiﬁcation of food preferences is likely to dilute the differences
by causing some misclassiﬁcation among the three groups
(Fogelholm et al., 2012).
3.3. Modeling the present PCDD/F intake based on measured present
and modeled past concentrations in fat
The PCDD/F concentrations in patients were used to predict the
present daily intake levels that would lead to the analyzed
concentrations. The modeled intake levels were shown to vary
between the three animal source food groups (p < 0.001) although
variations within groups were large (Fig. 4A). This indicates that
diet is associated with the PCDD/F concentrations in the studied
patient population. The modeled daily intake levels correlate
reasonably well with the actual intake levels of 53–68 pg/day in
Finland (Kiviranta et al., 2004) and with the modeled doses (cf.
Fig. 2), validating the used parameters and equations (e.g. halflives, assumption of the decrease of concentrations over the years).
Intakes were also predicted for groups with different BMI
(Fig. 4B). There is a clear increase in predicted daily intake with
increasing BMI.
4. Discussion
More than 20 cross-sectional studies and about ten longitudinal
studies have been published on the association of POPs and type 2
diabetes (reviewed by eg. Magliano et al., 2014; Ngwa et al., 2015).
Surprisingly, the impact of dietary factors has not been discussed in
detail in any of those studies, even though it is an obvious
confounding factor (Taylor et al., 2013; Magliano et al., 2014). To

Fig. 4. Modeled daily intake of PCDD/Fs (Eq. (3)) grouped (A) according to reported
consumption frequency of ﬁsh, meat, and dairy products (Nlow = 131, Nmoderate = 162,
and Nhigh = 116), and (B) according to their BMI (NBMI<25 = 213, NBMI25-30 = 147, and
NBMI>30 = 49). Present PCDD/F level, present distribution volume, time between 15
years’ age and present, and elimination constant of each individual congener were
used to calculate the dose assuming a 10% annual decrease in concentrations.
Individual congener doses were then transformed to TEQ doses of each patient. The
boxes represent the median and 25–75% percentiles and the whiskers represent the
5–95% percentiles. Kruskal-Wallis H test showed that there was a statistically
signiﬁcant difference in PCDD/F intake between the animal source food groups
(p < 0.001), as well as BMI groups (p < 0.001).

put it simply, eating more increases the body burden of POPs,
particularly eating animal source foods.
It is interesting in this context that a so-called “prudent” diet –
rich in fruit and vegetables – seems to be associated with a reduced
risk of type 2 diabetes, even when adjusted for BMI, and a
“conservative” pattern diet – rich in potatoes, red meat and whole
milk – is associated with elevated risk of type 2 diabetes
(Montonen et al., 2005). Recent reviews also concluded that red
and processed meats are risk factors of type 2 diabetes, not only of
cardiovascular disease (Micha et al., 2012; Ley et al., 2014).
Dioxin and PCB intake in most countries is almost exclusively
from diet, mostly via animal fat (Liem et al., 2000; Hallikainen and
Vartiainen, 1997; Kiviranta et al., 2001, 2004; Knutsen et al., 2011).
Human consumption of fat is variable, but the average in Finland in
2002 was estimated at 87 g/day in males and 59 g/day in females
(Männistö et al., 2003), resulting in 22–33 kg/year and 1300–
1800 kg during adult lifetime. This means that roughly 99% of the
consumed fat is burned down, even assuming that 10–20 kg of
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weight is typically gained during adulthood, although variation is
large. If there is no weight gain, fat is burned down at the same rate
it is consumed. However, POPs are eliminated much more slowly
than the fat they are stored in. Thus, any slowly eliminating POPs
derived from dietary fat are highly concentrated in the adipose
tissue during the lifetime. Since age is so dominant, and diet and
weight changes are so diverse, yet strongly linked to POP
accumulation, interpretation of possible associations between
POPs and diseases at population level becomes challenging.
Excessive energy intake results in obesity, but depending on the
energy source, not necessarily in increased POP accumulation. If
obesity is caused by excessive intake of animal fat and foods of
animal origin, POP concentrations in the adipose tissue tend to be
higher than if the weight has been gained by excessive consumption of carbohydrates and foods of plant origin, as shown by the
present study. If weight is gained by excessive carbohydrate intake,
the amount of fat will increase, but since POP levels in foods of
plant origin are usually very low, POP intake is also likely to be low.
This means that not only the quantity but also the quality of the
diet is highly important for both the body burdens and
concentrations of POPs, and that in studies addressing the POPdiabetes association, BMI alone is not sufﬁcient in describing the
confounding caused by diet. Also, as commented by RignellHydbom et al. (2007), if a diabetic patient deliberately reduces
weight after the diagnosis, concentration increases due to
decreased volume of distribution.
The pharmacokinetics of POPs are inﬂuenced by two opposite
forces: the dilution effect caused by an increase in body fat, and
slower rate of elimination due to this dilution. Excessive fat
consumption results in obesity, but because fats are eliminated
faster than POPs, the latter are concentrated in the adipose tissue.
The increased amount of body fat will dilute the POPs in fat, but by
the same token, POP elimination is slowed down, because the free
concentration available to metabolism and excretion is also
decreased. This opposes the dilution effect.
If weight gain is due to excessive carbohydrate intake, the body
burden of POPs might remain stable compared with the situation
without body weight increase, or only increase slightly due to
lower levels available for elimination. However, because of
increasing distribution volume, the concentrations would decrease. Due to the complexity of the issue, resulting concentrations
can only be revealed by careful pharmacokinetic analysis also
appreciating the different half-lives of different compounds. The
present results indicate that higher proportion of animal fat in diet
has led to increased PCDD/F concentrations in patients, even if the
higher fat volume causes a dilution effect.
An interesting study using NHANES material implies that type 2
diabetes risk associated with serum PCB concentrations is lower in
groups with high serum carotenoid concentrations (Hofe et al.,
2014). This was interpreted to indicate that carotenoids prevent the
risk of type 2 diabetes caused by PCB-compounds. However, the
carotenoid concentrations are also a proxy of high vegetable diet
(Hofe et al., 2014). More vegetables in diet, at similar energy intake
level, means relatively less animal source products (Fogelholm et al.,
2012). This would mean lower PCB intake, but also confounding by
the type of diet. It is also interesting that in a large meta-analysis
neither ﬁsh consumption nor eicosapentaenoic acid (EPA) or
docosahexaenoic acid (DHA) intake were associated with type 2
diabetes, but alpha-linolenic acid was associated with a nonsigniﬁcant trend toward lower risk (Wu et al., 2012). This could also simply
indicate the effect of a plant-dominated diet. The same metaanalysis also shows the large variability between studies which
increases the risk of publication bias.
Consideration of dietary and kinetic factors is important,
because as Taylor et al. (2013) discussed, the data so far do not
conﬁrm causality. In their analysis the strongest positive

correlation of type 2 diabetes with POPs occurred with such
diverse compounds as trans-nonachlor, DDE (major DDT metabolite), some PCBs and PCDD/Fs, less so with other compounds such
as perﬂuoroalkyl acids and brominated compounds. It is confusing
that in some studies type 2 diabetes associates with PCBs but not
dioxins (Lee et al., 2010), in dioxin-like, but not non-dioxin-like
PCBs (Lee et al., 2007; Hofe et al., 2014), in some studies with DDT
metabolites but not PCBs (Rignell-Hydbom et al., 2007; Turyk et al.,
2009). Dose-response curves vary in different studies, and even the
same group ﬁnds a monotonic and additive dose response in one
study (Lee et al., 2006), and an inverse U-type dose response in
another (Lee et al., 2010).
Whereas different chemical groups have been implicated
regardless of their completely different mechanisms of action, it
is difﬁcult to link them to a common etiologic mechanism (Taylor
et al., 2013). Thus, only afﬁnity to fat and slow elimination seem to
be common to all of them. It is interesting that among PCB
congeners, the long persistency correlates best with type 2
diabetes (Lee et al., 2010, 2011; Magliano et al., 2014). This agrees
with that high POP concentrations might serve as a proxy for the
life-long consumption of high-fat animal products, and the
association between POPs and diabetes would not be causal.
It is noteworthy that there is little evidence for an association
between diabetes and polybrominated biphenyls (PBB), polybrominated diphenylethers (PBDE) and perﬂuoroalkyl acids (Vasiliu
et al., 2006; Airaksinen et al., 2011; Taylor et al., 2013; Magliano
et al., 2014; Ngwa et al., 2015). Their intake is not mainly from food
but from other sources (Schecter et al., 2006; Sahlstrom et al.,
2015; Taylor et al., 2013), i.e. only compounds in food associate
with type 2 diabetes.
The risk ratios among the groups are fairly similar, regardless of
whether the group is a high-exposure group due to accidental or
industrial exposure (PCDD/F 1–5.1, PCB 1–6.8, DDE 1–1.86,
Magliano et al., 2014; Ngwa et al., 2015) or a group from general
population (PCDD/F 1–2.7, PCB 1–15.7, DDE 1–12.7, in one study
139.4!, Magliano et al., 2014; Ngwa et al., 2015). This agrees with
the long half-life as being their most important common
denominator.
Thus a correlation between POPs and a disease could also be
interpreted so that elevated POPs only indicate increased animal
fat consumption, perhaps resulting in obesity, which could be the
true risk factors. High intake of meat seems to predict weight gain
(Fogelholm et al., 2012). On the other hand, if obesity is based
largely to carbohydrate excess (or low-dioxin vegetable oils), POP
concentrations might be expected to be low. At any rate, energy
expenditure and food consumption associate with BMI (Madden
et al., 2016), and thus POP intake in those individuals with higher
BMI has also been higher than average. There is also direct
evidence that meat consumption associates with type 2 diabetes
(Micha et al., 2012; Ley et al., 2014). Therefore detailed consideration of pharmacokinetic factors as well as diet may be necessary
before any conclusions on causality. This could be best achieved in
prospective studies with both individual POP concentrations and
individual food preferences known. Unfortunately this information
is rarely available so far, and thorough studies may be recommended.
Animal studies are very few, but some descriptive studies have
been published in which more or less contaminated ﬁsh oil was
included in mouse or rat diet (Ruzzin et al., 2010; Ibrahim et al.,
2011). These imply a causal association between POPs and insulin
resistance and obesity, but so far do not indicate a clear
mechanism. Controlled animal studies with mechanistic orientation would clearly beneﬁt the attempts to interpret the epidemiological ﬁndings.
There are some weaknesses in the present study. As beautifully
shown by a review of Fogelholm et al. (2012) even showing a
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causality of major nutrients or food items in increasing or
decreasing the risk of weight gain is extremely difﬁcult. On the
other hand, it is probable that meat consumption is associated with
weight increase, and independently with type 2 diabetes
(Fogelholm et al., 2012; Ley et al., 2014). There is good evidence
that meat is an important source of dioxins (Liem et al., 2000). Fish
and dairy do not increase the risk of type 2 diabetes (Ley et al.,
2014), but the purpose now was to study the effects of diet on POP
concentrations, not type 2 diabetes directly. Because main sources
vary, the situation might be different in different countries.
Changes in body weight were not taken into account at this stage,
although we are planning to model it as well. Food frequency
questioning has its limitations, and our questionnaire was not
originally planned for the present use. However, this would
probably only dilute the effects (Fogelholm et al., 2012), which
might lessen the differences between the groups. Models (Figs. 2
and 4) are relatively sensitive to assumptions, and 10% annual
decrease that best predicts the results, is somewhat higher than
that estimated in most studies (e.g. 5–6% in Kiviranta et al., 1999).
Even if our predictions are crude, they clearly emphasize the
importance of taking into account diet and weight changes before
concluding that associations between POP concentrations and type
2 diabetes are causal. We plan to extend this analysis to the clinical
data on individual PCDD/F and PCB congeners which have quite
different kinetic properties including tenfold differences in
elimination rates.
In conclusion, the present study clearly demonstrates some
pitfalls of associations between diseases and POP concentrations,
especially in cross-sectional studies, but even in prospective
cohorts. Because POP compounds accumulate slowly from diet,
and have long half-lives, a thorough understanding of their kinetic
behavior during decades and related to diet is needed, before any
conclusions of their causative role in slowly developing diseases
have a sound scientiﬁc basis. Thus a thorough pharmacokinetic
analysis will be needed to strengthen the plausibility of any claims
that obesity or type 2 diabetes would be causally related to POP
levels.
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