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Abstract

Early life exposure to endocrine disrupting compounds has been linked to 
chronic diseases later in life, like obesity and related metabolic disorders. We 
exposed C57BL/6JxFVB hybrid mice to the aryl hydrocarbon receptor agonist 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and the constitutive androstane 
receptor/pregnane X receptor agonist polychlorinated biphenyl 153 (PCB 153) in 
an experimental design relevant for human exposure. Exposure occurred during 
gestation and lactation via maternal feed to a wide dose range (TCDD: 10–10,000 
pg/kg body weight/day; PCB 153: 0.09–1406 µg/kg body weight/d). Then exposure 
was ceased and offspring were followed up to 1 year of age. Metabolic parameters 
like body weight, fat pad weights, glucose tolerance, endocrine serum profile, and 
neurobehavioral and immunological parameters were determined. Body weight was 
transiently affected by both compounds throughout the follow-up. TCDD-exposed 
males showed decreased fat pad and spleen weights and an increase in IL-4 production 
of splenic immune cells. In contrast, females showed increased fat pad weights 
and production of IFNg. PCB 153-exposed males showed an increase in glucose, 
whereas females showed an increase in glucagon, a decrease in pancreas weight, and 
an increase in thymus weight. In conclusion, early life exposure to TCDD appears 
to affect programming of energy and immune homeostasis in offspring, whereas the 
effects of perinatal PCB 153 were mainly on programming of glucose homeostasis. 
Both compounds act sex-specifically. Lowest derived BMDLs (lower bounds of the 
(two sided) 90%-confidence interval for the benchmark dose) for both compounds 
are not lower than current tolerable daily intakes.
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Introduction

Worldwide, obesity and related chronic metabolic disorders are an increasing health 
problem. Exposure to endocrine disrupting compounds (EDCs) early in life (prenatal 
and early postnatal) has been linked to these chronic diseases later in life (Baillie-
Hamilton, 2002; Swedenborg et al., 2009). Dioxins, dioxin-like (DL) and non-
dioxin-like (NDL) polychlorinated biphenyls (PCBs) are ubiquitous environmental 
contaminants with known developmental toxic and endocrine disrupting effects 
(EFSA, 2012). Dioxins and PCBs are highly persistent and lipophilic, and consequently 
accumulate in the food chain, leading to human exposure (Malisch and Kotz, 2014). 
Dioxins and DL-PCBs preferentially activate the aryl hydrocarbon receptor (AhR), 
while NDL-PCBs interact with a variety of other receptors (Hamers et al., 2011), but 
not with AhR. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which is the prototypic 
AhR ligand, is mainly a side-product of several organic synthesis processes and 
incineration. PCBs were used in cooling and insulating fluids for electric equipment. 
They are currently banned, but production as a side-product still occurs (Grossman, 
2013). PCB 153 is one of the most predominant NDL-PCBs in the environment. 
PCB 153 is a potent inducer of constitutive androstane receptor (CAR) and the 
pregnane X receptor (PXR) (Al-Salman and Plant, 2012; Kopec et al., 2010).

AhR, CAR and PXR are three major xenobiotic receptors, and involved in the 
activation of (hepatic) metabolism. They thus play a role in the metabolism of a wide 
variety of xenobiotics (Li and Wang, 2010). AhR, CAR and PXR are also suggested 
to be involved in energy homeostasis, including lipid and glucose metabolism (Gao 
and Xie, 2010; Lu et al., 2015), and immune responses (Esser and Rannug, 2015; 
Gao and Xie, 2012). CAR and PXR share a large overlap in their regulated genes, 
while AhR controls an almost completely different set of genes (Li and Wang, 2010).

The effects of exposure to several dioxins and PCBs have been widely studied 
(Birnbaum, 1995). Maternal dioxins and PCBs are readily transferred through the 
placenta (Schecter et al., 1998). Due to their lipophilicity they accumulate in fat tissue 
and therefore easily end up in breast milk, forming a source of exposure for the breastfed 
newborn (Dewailly et al., 1994). Perinatal exposure to dioxins and PCBs has been 
associated with subtle effects in the child later in life, notably on brain development, 
thyroid metabolism, as well as liver, bone marrow and lung function (reviewed by ten 
Tusscher and Koppe (2004)). In addition, PCB 153 in cord blood was found to be 
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associated with low birth weight in a meta-analysis of multiple birth cohorts (Govarts 
et al., 2012). Low birth weight is a risk factor for obesity and/or metabolic disorders 
later in life (Barker et al., 1993). Furthermore, in vivo studies in rodents have shown 
metabolic (Sugai et al., 2014), immune (Holladay et al., 2011) and neurological 
effects (Endo et al., 2012) after prenatal TCDD exposure. Neurotoxic effects were 
also found for perinatal exposure to PCB 153 (Haave et al., 2011; Johansen et al., 
2011; Piedrafita et al., 2008). Neurobehavioral effects can be relevant for maintaining 
energy homeostasis, for example when involved in the regulation of eating behavior 
or physical activity (Bouret et al., 2015). Because of their respective specific binding 
to either AhR on the one hand, or CAR/PXR on the other, TCDD and PCB 153 
represent two ligands which may lead to similar metabolic effects, though through 
separate pathways.

Altered programming describes the effects occurring later in life as a result of early 
exposure to EDCs (Grun and Blumberg, 2006; Heindel and Vandenberg, 2015). 
Programming is the process of establishing a specific phenotype during development. 
Altered programming is the ability of an environmental factor to permanently disrupt 
this process in early life, resulting in disease in later life and it is hypothesized to 
occur via epigenetic effects (Skinner, 2007). Recent rodent perinatal exposure studies 
with either a mixture of DL- and NDL-PCBs, including PCB 153 (Desaulniers et 
al., 2009) or TCDD (Manikkam et al., 2012; Somm et al., 2013) showed specific 
epigenetic effects, notably on DNA methylation, that were stable and maintained 
until adulthood or across generations. However, these epigenetic effects have yet to 
be linked to programming of an adult phenotype after early life exposure to dioxins 
and PCBs, and therefore, dedicated developmental programming animal studies for 
obesity and related metabolic disorders later in life after early exposure to EDCs are 
needed.

Here we report the study of metabolic consequences later in life after perinatal 
exposure to TCDD and PCB 153. Our study with a mouse model mimicked human 
conditions as closely as possible. First, we used a wide dose range containing relevant 
low doses of test compounds. Second, exposure of mice occurred via feed throughout 
gestation and lactation. Offspring were followed for one year, well into adulthood. 
Furthermore, a high fat diet was applied at the end of the study to test the response 
to a high-caloric diet. We examined a number of endpoints involved in energy 
homeostasis, including body weight, weight of organs and fat pads, glucose and 
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insulin tolerance, and serum endocrine and lipid profile. Because of their relevance 
for energy homeostasis, we also investigated immune and neurobehavioral functions 
in the perinatally exposed offspring.

Methods

Test chemicals and test diets
TCDD (CAS No.1746–01–6; purity 99.1%) was obtained from AccuStandard (Da 
Vinci Europe laboratory solutions, Rotterdam), dissolved in acetone and mixed with a 
standard diet (NIH-07, Research Diet Services, Wijk bij Duurstede, The Netherlands). 
The master mix was serially diluted with the standard diet to obtain 7 diet groups 
and a control NIH-07 diet, aiming at concentrations of 0; 0.056; 0.17; 0.56; 1.7; 
5.6; 17 and 56 ng/kg TCDD in feed, which corresponded with a dosing range of 
10–10,000 pg/kg body weight based on an average food consumption of 4.5 g per 
mouse (average body weight of 25 g) per day. The top dose was below the LOAEL in 
rats of 25 ng/kg body weight/day (ng/kg bw/d) (Faqi et al., 1998) as chosen by the 
European Commission Scientific Committee for Food (SCF, 2001) and described in 
Larsen (2006).

PCB 153 (CAS No 35065–27–1) was synthesized by Chiron, Trondheim, Norway for 
the EU-FP6 project ATHON (European Commission FOOD-CT-2005–022923), 
and a kind gift of Dr. Patrik Andersson (Umeå universitet, Sweden) and Dr. Helen 
Håkansson (Karolinska Institutet, Sweden). PCB 153 was dissolved in acetone and 
then serially diluted in soy oil with a factor 5. The resulting soy oil solutions were 
mixed with the NIH-07 diet, aiming at concentrations of 0.5, 2.5, 12.5, 62.5, 312.5, 
1562.5, 7812.5 µg/kg PCB 153 in feed, which corresponded with a dosing range of 
0, 0.09, 0.45, 2.25, 11.3, 56, 281, 1406 µg/kg bw based on the same calculation as 
for TCDD. The sub top dose was based on a worst case human exposure of 1.5 mg/
kg feed (Haave et al., 2011; Isosaari et al., 2002). Furthermore, only half of the dose 
groups had doses above 34 µg/kg bw/d, which is the no-observed-adverse-effect-level 
(NOAEL) of PCB 153 in a study with rats (Chu et al., 1996), and set by EFSA (2005) 
as a NOAEL for NDL-PCBs.

Estrogenic and anti-estrogenic activity for the nonpurified soy-based NIH-07 diet 
used in this study is expected to be as low and absent, respectively, as measured 
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in our previous study (van Esterik et al., 2014). The high fat diet which was fed 
to all F1 mice during the final weeks of the study was the D12451 diet (Research 
Diet Services, Wijk bij Duurstede, The Netherlands), containing 45 kcal% fat (lard) 
compared to 15 kcal% fat in the NIH-07 diet.

Experimental conditions
In the TCDD study, nulliparous female C57BL/6J mice (Charles River, Sulzfeld, 
Germany) were individually housed in polycarbonate cages, and for safety reasons 
in isolated cabins during premating, mating, gestation and lactation periods. For the 
PCB 153 study, C57BL/6J females were housed in polysulfone cages. F0 females were 
mated with FVB males (GPL, Bilthoven, The Netherlands and Harlan, Germany) to 
produce hybrid offspring, a well-studied model in our lab (Dollé et al., 2011). Mice 
were allowed an acclimatization period of 1 week, and maintained under specific 
pathogen-free conditions with a target ambient temperature of 21°C, humidity of 60% 
and with a 12 h/12 h light/dark cycle. Cages had spruce/fir wood bedding (Lignocel S 
8–15; Tecnilab-BMI, Someren, The Netherlands) and aspen wood shavings (Lignocel 
9 S) for cage enrichment. Drinking water was supplied in glass bottles with rubber 
stoppers. Both feed and water were supplied ad libitum. After weaning, all F1 animals 
were housed in polycarbonate cages.

For the TCDD study, female F0 mice received a loading dose by oral gavage (TCDD 
in corn oil), calculated according to Gibaldi and Perrier (1975) and a half-life of 11 
days in mice (Gasiewicz et al., 1983), to reach a steady state of circulating TCDD. 
The premating period for F0 females varied from 2 to 10 weeks for practical reasons, 
but this was assumed not to affect the steady-state. TCDD exposure was ended at 
postnatal day (PND) 14, for optimal reduction of TCDD excretion after weaning, 
when pups were transferred to a non-isolated room. Excretion was checked by a DR-
LUC assay (Garrison et al., 1996) with adapted protocol to 96-wells plate (Hamers 
et al., 2006) on bedding, feces and fur extracts. Extraction was performed using 
accelerated solvent extraction. For bedding and feces, approximately 1 g was extracted 
with hexane/acetone (3:1 v/v)) for 3x5 min. at 90 °C. For fur, the initial amount 
prior to extraction was 0.5 g. After extraction, samples were evaporated to 1 mL and 
cleaned up on a sulfuric acid silica gradient column (5 gr 20% and 5 gr 33%), using 
hexane/diethylether (97:3 (v/v)) as eluent. Cleaned up samples were evaporated and 
transferred to 20 µL DMSO. For quality control, TCDD spike experiments were 
included. 2.7 µL of 75 nM TCDD in DMSO was diluted in 1 mL acetone. This was 
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transferred to either 0.5 g fur, or 1 g feces or 1 g bedding. Samples were evaporated and 
extracted as described earlier. Recoveries were 66%, 135% and 112% for fur, feces and 
bedding respectively. In addition, internal concentrations of TCDD were analyzed in 
serum of all dams using DR-LUC on PND21. Approximately 1 mL of serum mixed 
with kieselguhr (ratio 1:2) was dried overnight. This mixture was extracted in an 
ultrasonic bath with 10 mL hexane/diethylether (97:3 (v/v)). The extract was directly 
cleaned up and transferred to DMSO as described above. Spiked serum samples (28 
pg/g serum) resulted in a recovery of 87%. Reported limit of quantification (LOQ) 
and limit of detection (LOD) values are derived from a historical dataset of standard 
curves of TCDD (0.2 and 0.5 pM in the assay, respectively) corrected for the initial 
amount of serum and the DMSO volume of a given sample, resulting in sample 
specific LOQ and LOD values.

For PCB 153, experimental diets started 2 weeks prior to mating, and continued 
during mating (1 week), gestation (3 weeks), and lactation (3 weeks) and ended at 
PND21. At this time, internal doses were measured in individual dam sera and pooled 
pup sera (per sex) of the 3 top dose groups. For this purpose, serum samples were 
dried with Kieselguhr, isotope internal standard was added and then extracted with a 
mixture of hexane and dichloromethane by sonication. After purifying with silica and 
sulphuric acid, the extracts were analyzed using an Agilent 6890 gas chromatograph 
(GC) with a 5975 Mass Spectrometric Detector in negative chemical ionization mode. 
The GC was equipped with a CPSil-8 CB column. PCB 153 was quantified by using 
m/z 359.8.

Body weight and food consumption of F0 females were monitored during premating, 
gestation and lactation. Each dose group had six F0 females, which were mated in 
groups of three with one F0 male. To limit litter size effects on growth, litters were 
culled to 9 pups on PND4 and one small litter (PCB 153, 281 µg/kg bw/d) was 
supplemented with 2 surplus pups from another litter (same dose group and day of 
birth). After weaning on PND21, pups were continued on the NIH-07 diet. The 
dose groups had on average 9.3 (TCDD) or 9.1 (PCB 153) mice per sex (range 6–10, 
evenly recruited as far as available from litters) and the control group had 15 (TCDD) 
or 20 (PCB 153) mice per sex for follow-up through juvenile and adult stages. F1 
males were single housed and F1 females were housed as litter pairs, directly after 
weaning (PCB 153) or after a 15–16 weeks juvenile period of group housing per sex 
(TCDD).
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Body weight was measured at PND4, 7, 14, 21 and weekly from week 5 until the 
end of the study. Food consumption was measured for 3 weeks, but due to spillage 
in the PCB 153 study, reliable data were only produced for TCDD. At the age 
of 53 weeks (males) and 55 weeks (females), after being fasted for 18 h to induce 
a controlled basic metabolic state, glucose was measured in tail vein blood using 
the FreeStyle Lite meter and test strips (Abbott, Hoofddorp, The Netherlands). 
Subsequently, for terminal necropsy, mice were anesthetized by combined treatment 
with ketamine and xylazine and killed by bleeding from the orbital, which maximizes 
the blood yield. Blood serine proteases were neutralized with Pefabloc SC (PSC) 
and PSC-Protector solution (Roche, Mannheim, Germany). Clotted blood was 
centrifuged and serum stored at –80 °C until further analysis. During necropsy, 
body length (nose-tail base) was measured, and a selection of organs was weighed, 
including adrenal glands, brain, liver, femur, quadriceps femoris muscle, pancreas, 
interscapular fat, perigonadal fat (epididymal/uterus fat), perirenal fat, spleen, testes 
and thymus.

This study was approved by the Animal Experimentation Ethical Committee of our 
institute under permit number 201000288 (TCDD) and 201100249 (PCB 153), 
and carried out in accordance with prevailing legislation.

Glucose and insulin tolerance tests
During adulthood, a glucose tolerance test (GTT) and an insulin tolerance test 
(ITT) were performed, in control and top dose animals only. The GTT started with 
baseline tail vein blood sampling at t = 0 min after a fasting period of 18 h. Further 
samples were drawn at 15, 30, 60 and 120 min after intraperitoneal injection of 1.5 
g/kg bw glucose. For the ITT, a baseline glucose blood sample was taken (0 min). 
Then, human insulin was injected intraperitoneally at a concentration of 0.75 IU/kg 
bw. Glucose was measured in tail vein blood at 15, 30, 45 and 60 min after insulin 
administration. Animals were tested in a random order during 2–3 morning sessions. 
The GTT and ITT were performed under standard diet, and for PCB 153 an extra 
GTT was performed under high fat diet. The GTT and ITT are described in more 
detail in van Esterik et al. (2014) and (2015) respectively.

Neurobehavioral tests
Spontaneous locomotor activity of the F1 mice was continuously registered for 36 h 
(males) or 60 h (females) using the Laboras platforms (Metris BV, Hoofddorp, The 
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Netherlands). Further details of the spontaneous locomotor activity test can be found 
in van Esterik et al. (2014).

For the sucrose preference test, individual animals were randomly placed in a new cage 
and habituated to drink from two polycarbonate bottles filled with tap water for 4 
days. Bottles were weighed to confirm consumption from both bottles. Subsequently, 
animals received one bottle with water and one bottle with 1% w/v sucrose solution 
(Sigma, Zwijndrecht, The Netherlands) for 4 days. Animals, feed and bottles were 
weighed at the start and end of the observations. Bottles were weighed and switched 
from position (to avoid learning) every 24 h and refreshed at day 3. Sucrose preference 
was calculated as percentage of sucrose water out of total liquid consumption.

An object recognition test was performed in an empty open cage (37 x 21.5 x 18.5 
cm) using an empty 60 mL glass bottle as object A and a scale calibration weight as 
object B. The total test had habituation to the empty cage 10 min/day on day –2 and 
–1; on the test day an empty cage habituation (5 min); training with two objects A in 
the center of the cage (5 min); retention time of 2 h in their home cage; and finally a 
test with one object A and one object B in the center of the cage (5 min). Exploration 
time was defined as the time spent in activity with the nose within a distance of 2 cm 
of an object, which was recorded manually. Cage and objects were cleaned with water 
and soap between animal sessions.

All neurobehavioral tests were performed with the same control and top dose animals 
as used in GTT and ITT.

Histopathology
Dissected organs were partly or entirely fixed in 4% formalin for 24 h (except femur), 
subsequently placed in 70% alcohol and routinely embedded in paraffin, sectioned 
and stained with hematoxylin and eosin. Histopathology was only performed as 
indicated by organ weight effects. In that case, after routine histopathological reading 
of the sections, the adipocyte cell size and number in perirenal white adipose tissue 
(WAT) was measured on section images and calculated. Lipid accumulation in 
interscapular brown adipose tissue (BAT) was scored semi-quantitatively. A detailed 
description of these methods can be found in van Esterik et al. (2014).
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Lymphocyte response
For three dose groups (control, middle and top dose), single splenocyte suspensions 
were prepared from freshly dissected spleen using a 70 µM sterile nylon mesh 
(Falcon). The cells were washed twice in RPMI 1640 (Gibco) with 5% heat-
inactivated fetal bovine serum (FBS) (Integro BV), 100 U/mL penicillin, and 100 µg/
mL streptomycin (Gibco) (standard medium) and resuspended in standard medium 
containing 10% FBS. Cellularity of the splenic cell suspension was determined using 
a Coulter Counter 22 (Coulter Electronics). These cultures were used to measure 
immune responsiveness (Tonk et al., 2010).

Lymphoproliferative responses

Splenocytes were seeded in a U-bottom 96-well plate at 1x106 cells/mL (1.5x105 
cells/well) and stimulated with 2.5 µg/mL concanavalin A (conA) or 10 µg/
mL lipopolysaccharide (LPS) (both from Sigma) for 48 h and 24 h, respectively. 
Supernatants were analyzed for the production of the interleukins: IL-1β, IL-2, IL-4, 
IL-10, IL-13 and interferon gamma (IFNg) using Bio-Plex kits (Bio-Rad Laboratories 
B.V., Veenendaal, The Netherlands).

Adherent splenocytes

Splenocytes were plated 4x106 cells/well in 24-well culture plates, which were gently 
flushed after 4 h incubation to remove non-adherent cells. Adherent splenocytes were 
then stimulated with 15 µg/mL (500 µL/well) LPS for 24 h and the supernatants 
were analyzed for production of the nitric oxide (NO) using the Griess reaction 
(Green et al., 1982), and IL-6 and tumor necrosis factor alpha (TNFα) using an 
ELISA kit (eBioscience, San Diego, CA). Protein content was analyzed in wells using 
the bicinchoninic acid method (Pierce Biochemicals, Rockford, IL) to correct for 
number of cells.

Serum chemistry
Serum lipids (cholesterol, free fatty acids, high-density lipoproteins, triglycerides) 
were analyzed as described in van Esterik et al. (2014). Full blood glycated 
hemoglobin (HbA1c, a proxy for long term glucose levels) was analyzed using the 
Direct Enzymatic HbA1c Assay (Diazyme Europe GmbH, Dresden, Germany). 
Milliplex kits (Millipore Corporation, Billerica, MA) were used according to the 
manufacturer’s protocol to measure serum adiponectin, C-reactive protein, ghrelin, 
glucagon, insulin, and leptin.
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Gene expression analysis
The expression of Ucp1, which is a marker of energy expenditure through 
thermogenesis, and contributes to regulation of body weight (Kozak et al., 2010) 
was measured in BAT by qPCR. Cidea is a marker of brown adipocytes (Zhou et 
al., 2003), and was used as a normalizer in the tissue extracts. Initial analysis was in 
control and top dose animals only. Because a significant difference in Upc1 expression 
was found between control and top dose, analysis in TCDD males was supplemented 
with the full dose range. Further details are described in van Esterik et al. (2014).

Statistical analyses
Data were analyzed for statistically significant dose-responses using the benchmark 
dose (BMD) approach (Slob, 2002) with the PROAST software versions 38.0 and 
38.1 (www.rivm.nl/proast). In this approach, optimal models from the exponential 
and Hill families are fitted to data covering the entire study population. A BMD with 
its 5% lower and upper bounds of the 90% confidence interval (BMDL, BMDU) is 
derived from the fitted models at a predefined benchmark response (critical effect size, 
CES). By default, the CES used in this study was 5% for continuous data, according 
to EFSA (2009). The goodness-of-fit was determined by the log-likelihood of each 
model within a family of models. The optimal model selected for each family was the 
model with the lowest number of parameters which gave the best significant fit. In the 
analysis, individual animals from the same litter were clustered to account for litter 
effects, and for TCDD, variation in the premating exposure duration was included 
as a covariate. In the evaluation of results, data which did not produce a statistically 
significant dose-response with both exponential and Hill models, were deemed not 
sufficiently informative for robust conclusions. The BMDU/BMDL ratio was used 
as a measure of the confidence interval; data with a wide confidence interval (ratio 
> 100) were not further considered, and only BMDLs derived from dose-responses 
with a low confidence interval (20, but preferably lower) were used for comparison 
with current standards.

Quantitative measures that included only selected dose groups were analyzed by a 
nested (to account for litter covariance) ANOVA (using a custom R script), followed 
with a post-hoc analysis applying Bonferroni correction (p < 0.025) as appropriate, 
to test between control and individual dose groups. Differences in distribution of 
BAT histopathology scores between experimental groups were tested for statistical 
significance in a two-tailed Fisher’s exact test (p < 0.05).
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Results

TCDD general parameters
Measurements of TCDD in serum of dams at PND21 using a reporter gene assay 
confirmed that, as calculated, TCDD exposure was close to or below the quantification 
limits of the given samples (0.9–4.2 ng/g lipid).

TCDD did not have an effect on body weight or food consumption of dams during 
premating, mating and gestation (data not shown), with the exception of body weight 
during gestation in weeks 1 and 2, which showed increased weight with dose. However, 
this effect appeared to depend on litter size (data not shown). The overall fertility rate 
was 92%, and the average litter size was 7.8 (range 2–13). The average ratio of female 
to male pups was 0.9. Two litters, one from the control group and one from the 3000 
pg/kg bw/d group, did not have viable pups. Survival rate of pups at PND21 was on 
average 83%. TCDD did not have an effect on any of these parameters.

Introducing variation in the premating exposure period in dams as a covariate did not 
affect any of the observed effects in the offspring.

TCDD weights, growth and length
The temporal dynamics of effects on body weight and growth are represented by the 
maximum effect sizes dose-responses derived at the end of each week during the study. 
The deduction of the maximum effect sizes is explained in Figure 1, which shows 
examples of dose-response curves for body weight and growth. Thus, weekly maximum 
effect sizes of TCDD in males showed dose-dependent decreases of body weights 
during lactation (PND4, 7, 14) and consistent, but mostly limited (5% effect size), 
increases after weaning, during juvenility (Figure 2A). Valid, informative BMDLs for 
body weights could be derived only in weeks 13–16, and were consistently around 
5000 pg/kg bw/d (Table 1). After 16 weeks of age until the end of the study, including 
the high fat diet period, males showed no further effects on body weight. Growth 
(defined as ratio of body weight compared to week 5, see Figure 1B) in males showed 
a cluster of significant decreases during the midlife stage (weeks 20–29; Figure 2B), 
which is in line with discontinuation of weekly body weight increases from 16 weeks 
of age on. A second cluster of decreases in growth was observed during the high fat 
diet period at the end of the study, but these effects were not reflected in an effect on 
body weight. Decreases of growth were between 5–10% with generally wide  

36625 Esterik_def_2.indd   132 02-10-15   09:01



Programming by early life exposure to TCDD and PCB 153

133

5

A B

35
40

45
50

log10 dose PCB 153 (µg/kg bw)

bo
dy

 w
ei

gh
t w

35
 (g

)
 E4−CED: y = a * [c−(c−1)exp(−bx)]

 loglik    88.67 
 var         0.00745 
 a             41.6 

 CED       138 

 c             0.942  
 b            0.01455 

 CES        −0.05 

  
 males   

 
 

 a 

 ytpd 

M
E

S

−1 0    1 2    3 −1 0

1.
15

1.
20

1.
25

1.
30

1.
35

1.
40

1.
45

log10 dose PCB 153 (µg/kg bw)

ra
tio

 b
od

y 
w

ei
gh

t w
16

 / 
w

5

 E5−CED: y = a * [c−(c−1)exp(−bx^d)]
 loglik    143.71 
 var         0.00168 
 a            1.26 

 CED      4.86 

 c            1.06 
 d            1.14  

 b            0.3937 

 CES       0.05 

 females  

  a 

 ytpd 

M
E

S

   1 2    3

Figure 1. Examples of body weight (A) and growth (B) dose-responses in male F1 animals after perinatal 
exposure to PCB 153, to illustrate the deduction of maximum effect sizes (MES). The maximum effect size 
(%) is given by the c-parameter in the function of an advanced dose-response model (upper right corner). When 
the data are best described by a less advanced model (absence of a plateau), the MES was calculated from the 
difference between top dose (ytpd) and background (a-parameter) values. Growth is calculated by body weight 
ratios with week 5 as the denominator at the end of each week throughout the study. For both body weight and 
growth, maximum effect sizes are calculated from significant dose-responses at the end of each week. In these 
examples the c-parameter results in a maximum effect size of (0.942–1) x 100% = 5.8% in (A), and a maximum 
effect size of (1.06–1) x 100% = 6% in (B).

confidence intervals. An informative BMDL of 2536 pg/kg bw/d was only derived at 
the final week (week 52; Table 1). Of all tissue weight measurements in males, both 
absolute and relative weights of the perigonadal fat pad and spleen showed a decrease 
with dose (Table 1; Figure 3A-D). Importantly, absolute and relative perigonadal fat 
pad weights in males had the lowest BMDLs of 156 and 38 pg/kg bw/d respectively 
of all dose-responses in both males and females.

As in males, female body weights early in life (PND4, 7) showed large decreases 
(maximum effect levels of –13%, –9% respectively; Figure 2A). The BMDLs in this 
lactational period were around 2000–3000 pg/kg bw/d for both sexes (Table 1). 
During juvenility and midlife, effects on body weights were absent, but a cluster of 
significant increases was observed during the high fat diet period at the end of the 
study, with maximum effect levels > 10%. BMDLs in this cluster were consistently 
around 2000 pg/kg bw/d (Table 1). Growth in females was only incidentally affected 
by TCDD, with a small cluster at young adulthood (Figure 2B). Absolute and relative 
perigonadal and perirenal fat pad weights in females showed dose-dependent increases 
with BMDLs around 400 pg/kg bw/d (Table 1; Figure 3E, F). In contrast, relative 
liver, pancreas and spleen weights were dose-dependently decreased with BMDLs 
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around 1200 pg/kg bw/d (Table 1). However, in both sexes, histological examination 
of lipid accumulation in BAT (interscapular fat pad), white adipocyte size and cell 
number of the perirenal fat pad did not show any differences between control and top 
dose animals (data not shown). Parameters for length (body and femur length) were 
not affected by TCDD in both males and females.
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Figure 2. Body weights and growth throughout the study after perinatal TCDD exposure. C57BL/6JxFVB 
hybrid mice were perinatally exposed via maternal diet to 0–10–30–100–300–1000–3000–10,000 pg TCDD/
kg bw/d. Weekly body weight (A) and growth (B) effects in offspring are displayed as the maximum effect 
sizes of dose-responses calculated at the end of each week during the complete study period. More explanation 
about these calculations and examples of dose-responses are provided in Figure 1. Zeros indicate absence of a 
significant dose-response. The dashed line indicates the change of diet to high fat diet in week 44.
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Figure 3. Statistically significant dose-responses of metabolic parameters in adult mice (age 53/55 weeks) after 
perinatal TCDD exposure. C57BL/6JxFVB hybrid mice were perinatally exposed via maternal diet to 0–10–
30–100–300–1000–3000–10,000 pg TCDD/kg bw/d. Absolute and relative weights of perigonadal fat pad (A, 
B) and spleen (C, D) in males and absolute and relative weights of perigonadal fat pad (E, F) in females are 
shown. The function of the curves is shown in the top line in the upper right corner of each graph, followed by 
parameters of significance and shape of the curve. CES, critical effect size. CED, critical effect dose; CEDLbt, 
CEDUbt, the lower and upper bound of the (two-sided) 90%-confidence interval for the CED, calculated by the 
bootstrap method (in the text denoted as BMD, BMDL and BMDU respectively). Small symbols: individuals, 
large symbols: geometric mean (per dose). The analysis was done with PROAST versions 38.0 and 38.1.
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Table 1. Summary of dose-response parameters in adult offspring after perinatal exposure to TCDD

Males Females
Dose-

response
BMDL 
(pg/kg 
bw/d)

BMDU 
(pg/kg 
bw/d)

Maximum 
effect size 

(%)

Dose-
response

BMDL 
(pg/kg 
bw/d)

BMDU 
(pg/kg 
bw/d)

Maximum 
effect size 

(%)
Body weighta

PND4 ↓ 2306 96,500 –10 ↓ 2170 8647 –13
PND7 ↓ 2925 28,500 –8.6 ↓ 3144 16,114 –8.9
PND14 ↓ 2137 9306 –13 –
Week 5 ↑ 356 10,410 11 –
Week 6 ↑ 1563 10,860 7.3 –
Week 7 ↑ 5002 195,500 5.1 –
Week 13 ↑ 5027 84,630 5.7 –
Week 14 ↑ 5081 85,880 5.2 –
Week 15 ↑ 4775 65,800 5.6 –
Week 16 ↑ 5293 127,600 5.2 –
Week 21 – ↑ 6344 37,756 5.3
Week 46 – ↑ 2258 9102 15
Week 47 – ↑ 2131 7736 16
Week 48 – ↑ 2409 22,257 12

Growtha

Week 7 – ↓ 611 13,260 –6.6
Week 21 ↓ 558 48,590 –7.7 –
Week 52 ↓ 2536 29,720 –10 –

Body size
no effects on body length, femur length, femur length / bw (males and females)

Food consumption 
/ bw

↑ ni ni 10 –

Organ weights
Adrenal glands – –
Brain – –
Femur – –
Liver – –
Quadriceps 
femoris muscle

– –

Pancreas – –
Spleen ↓ 1718 9233 –15 –
Testes –
Thymus – –

Relative organ 
weights (/bw)b

Adrenal glands ↑ 1364 14,790 21 –
Brain – ↓ ni ni –14
Femur – ↓ ni ni –17
Liver – ↓ 1161 9806 –12
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Males Females
Dose-

response
BMDL 
(pg/kg 
bw/d)

BMDU 
(pg/kg 
bw/d)

Maximum 
effect size 

(%)

Dose-
response

BMDL 
(pg/kg 
bw/d)

BMDU 
(pg/kg 
bw/d)

Maximum 
effect size 

(%)
Quadriceps 
femoris muscle

↑ ni ni 14 –

Pancreas – ↓ 1217 6869 –19
Spleen ↓ 2187 11,720 –12 ↓ 1490 10,710 –16
 
Fat pad weights
Interscapular – –
Perigonadal ↓ 156 2640 –25 ↑ 408 7969 90
Perirenal – ↑ 350 5468 116

Relative fat pad 
weights (/bw)b

Perigonadal ↓ 38 2536 –23 ↑ 547 5619 64
Perirenal – ↑ 422 3744 87

Metabolic 
parameters
Ucp1 ↓ 1127 10,480 –18
no effects on cholesterol, free fatty acids, high-density lipoproteins, triglycerides, glucose, HbA1c (males 
and females)
no effects on adiponectin, ghrelin, glucagon, insulin, leptin, C-reactive protein (males and females)

↑,↓,- significant increase, decrease dose-responses, or absence of effect. All effects were significant with exponential 
(E) and Hill (H) modeling. BMDL and BMDU (lower and upper bounds of the (two-sided) 90%-confidence 
interval for the BMD at a critical effect size of 5%); effects with a wide confidence interval of the BMD (ratio 
BMDU/BMDL > 100 ) are not considered informative at all (ni), and therefore not reported. A maximum effect 
size is derived from the c-parameter if present in the dose-response function, otherwise calculated as a relative 
difference between top dose and control (background); reported value is an average of E and H maximum effect sizes. 
a Body weight and growth data are provided when significant dose-responses with informative BMDLs in at 
least one sex were observed. A complete overview of maximum effect sizes for all body weight and growth dose-
responses can be found in Figure 1C, D.
b Relative weight data are provided when significant dose-responses in at least one sex were observed. 

Table 1. Continued
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TCDD metabolic parameters
The metabolic parameters analyzed, including serum lipids (cholesterol, free fatty 
acids, high-density lipoproteins, triglycerides), hormones (adiponectin, ghrelin, 
glucagon, insulin, leptin), and blood glucose measurements (basal glucose and 
HbA1c), did not show significant dose-responses in both sexes after perinatal TCDD 
exposure (Table 1). However, Ucp1 expression in BAT and food consumption 
relative to body weight in males, but not females, showed negative and positive dose-
responses, respectively (Table 1). Furthermore, the glucose and insulin tolerance tests 
did not reveal any differences in both sexes (data not shown).

TCDD neurobehavior
Differences in neurobehavioral tests (activity, sweet preference, and object recognition) 
between control and top dose animals of both sexes were not observed. Lower doses 
were not examined.

TCDD immune system
Serum C-reactive protein levels in both males and females were not affected by TCDD 
(Table 1).

Ex vivo lymphocyte stimulation with conA showed a decreased IL-4 response in males 
(Figure 4A), whereas there was a significant increase in IFNg after ex vivo stimulation 
with LPS in females (Figure 4B). Post-hoc analysis showed a nonsignificant trend 
towards the top dose group (IL-4, p < 0.0475; IFNg, p < 0.0401). No responses were 
observed for IL-1β, IL-2, IL-6, IL-10, and IL-13 in both sexes after either conA or 
LPS stimulation. Adherent splenocytes of females showed no significant difference (p 
< 0.10) for IL-6 and TNFα after ex vivo stimulation with LPS (Figure 4C, D).
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Figure 4. Ex vivo lymphocyte response to conA or LPS stimulation in adult spleen. C57BL/6JxFVB hybrid 
mice were perinatally exposed via maternal diet to 0, 1000 and 10,000 pg TCDD/kg body weight/day. (A) 
IL-4 in males, conA, splenocytes, (B) IFNg in females, LPS, splenocytes, (C) IL-6 and (D) TNFα in females, 
LPS, adherent splenocytes. Shown p-values are according to nested (to account for litter covariance) ANOVA. 
Post-hoc analysis did not show further group-dependent significant differences. Data are presented as mean ± 
standard deviations, n = 8–10 per group.

PCB 153 general parameters
Internal PCB 153 levels, measured in individual serum of dams of two middle dose 
groups (56 and 281 µg/kg bw/d) and the top dose group (1406 µg/kg bw/d) at the 
time of weaning (PND21), were on average 7, 28, 153 µg/g lipid, respectively. Only 
two dose groups produced sufficient serum pools from surplus pups to measure PCB 
153. Internal PCB 153 doses in pups from the 56 µg/kg bw/d group were 26 (males) 
and 28 (females) µg/g lipid, and in the 1406 µg/kg bw/d group 480 (males) and 460 
(females) µg/g lipid. Overall, differences among dose groups were consistent with 
nominal serial dosing differences and serum PCB 153 levels in pups were 3–4 times 
higher than in dams.

In general, PCB 153 exposure did not induce overt signs of maternal or reproductive 
toxicity. PCB 153 did not have an effect on body weight of dams during premating, 
mating and gestation or on food consumption of dams during gestation and lactation 
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(data not shown). Except for one week, body weight of gestation in week 1, which 
showed a negative dose-response. However, an informative BMDL could not be 
derived due to a very wide confidence interval, and when data was corrected for litter 
size, the effect was not seen (data not shown). The overall fertility rate was 65%, and 
the average litter size was 8.6 (range 4–11). Average ratio of female to male pups 
was 1.0. Maternal behavior was normal for all dams, pup mortality only occurred in 
two litters in the lowest dose group (0.09 µg/kg bw/d), and the survival rate during 
lactation was 97%. PCB 153 did not have an effect on any of these parameters.

PCB 153 weights, growth and length
In males, body weights showed two clusters of significant decreases (Figure 5A), one 
at the juvenile stage and one at the midlife stage. There was no effect on body weight 
during the high fat diet period at the end of the study. These decreases were generally 
no more than 5%, with too wide confidence intervals for BMD to allow for deriving 
informative BMDLs, except for weeks 33–36 which showed BMDLs around 550 µg/
kg bw/d (Table 2). Growth (body weight ratio compared to week 5) was not affected 
by PCB 153 (Figure 5B). Parameters for length (body and femur length) were also 
not affected (Table 2).

In females, body weights during lactation (PND7, 14) showed negative dose-responses 
with maximum effect sizes of around 7%, and only two additional decreases at weeks 
23 and 28, coinciding with the midlife cluster in males (Figure 5A). For the dose-
response in week 23, an informative BMDL of 792 µg/kg bw/d could be derived 
(Table 2). In contrast, growth in females during juvenility and early adulthood showed 
a wide cluster of significant increases (Figure 5B), however, all without informative 
BMDLs. Again, there were no effects during the high fat diet period at the end of the 
study. Femur length showed a positive dose-response, also expressed relative to body 
weight (Table 2).

In males, there were no PCB 153 exposure related effects on absolute organ and fat 
pad weights, whereas in females, there was only a negative dose-response for pancreas 
weight, and dose-dependently increased thymus weights (absolute and relative), the 
latter with low BMDLs of 103 and 130 µg/kg bw/d respectively (Table 2, Figure 6A, B).
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Figure 5. Body weights and growth throughout the study after perinatal PCB 153 exposure. C57BL/6JxFVB 
hybrid mice were perinatally exposed via maternal diet to 0–0.09–0.45–2.3–11–56–281–1406 µg PCB 153/
kg bw/d. Weekly body weight (A) and growth (B) effects in offspring are displayed as the maximum effect 
sizes of dose-responses calculated at the end of each week during the complete study period. More explanation 
about these calculations and examples of dose-responses are provided in Figure 1. Zeros indicate absence of a 
significant dose-response. The dashed line indicates the change of diet to high fat diet in week 42.
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Table 2. Summary of dose-response parameters in adult offspring after perinatal exposure to PCB 153

Males Females
  Dose-

response
BMDL 
(µg/kg 
bw/d)

BMDU 
(µg/kg 
bw/d)

Maximum 
effect size 

(%)

dose-
response

BMDL 
(µg/kg 
bw/d)

BMDU 
(µg/kg 
bw/d)

Maximum 
effect size 

(%)
Body weighta

Week 5 ↓ 0.33 28 –5.7 – / ↓b ni ni –
Week 23 – ↓ 642 2283 –6.8
Week 33 ↓ 559 3544 –7.0 –
Week 34 ↓ 583 3544 –5.9 –
Week 35 ↓ 583 3544 –5.7 –
Week 36 ↓ 583 3544 –6.1 –
Week 51 ↓ 757 6820 –5.1 –

Growtha

Week 23 – ↓c 792 5787 –5.0
Week 33 ↓ 676 7514 –5.5 –

Body size
Body length – –
Femur length – ↑ 753 2546 6.1
Femur length/bw – ↑ ni ni 15

Organ weights
Pancreas – ↓ ni ni –15
Thymus – ↑ 103 1805 41
no effects on absolute weights of adrenal glands, brain, femur, liver, quadriceps femoris muscle, spleen, testes 
(males and females)

Relative organ 
weights (/bw)
Brain ↑ 753 7889 5.1 –
Spleen – – / ↑b ni ni –
Testes ↑ 594 2092 7.7
Thymus – ↑ 130 859 38
no effects on relative (/bw) weights of adrenal glands, femur, liver, pancreas, quadriceps femoris muscle 
(males and females)

Fat pad weights
no effects on absolute or relative (/bw) weights of interscapular, perigonadal, perirenal fat pads (males and 
females)

Metabolic 
parameters
Free fatty acids ↑ ni ni 34 –
Glucose ↑ 150 432 37 –
no effects on cholesterol, high-density lipoproteins, triglycerides, HbA1c (males and females)
Glucagon – ↑ 86 415 60
no effects on adiponectin, ghrelin, insulin, leptin, C-reactive protein (males and females)
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↑,↓,- significant increase, decrease dose-responses, or absence of effect. All effects were significant with 
exponential (E) and Hill (H) modeling. BMDL and BMDU (lower and upper bounds of the (two-sided) 
90%-confidence interval for the benchmark dose (BMD) at a critical effect size of 5%); effects with a wide 
confidence interval of the BMD (ratio BMDU/BMDL > 100 ) are not considered informative at all (ni), and 
therefore not reported. A maximum effect size is derived from the c-parameter if present in the dose-response 
function, otherwise calculated as a relative difference between top dose and control (background); reported 
value is an average of E and H maximum effect sizes.
a Body weight and growth data are provided when significant dose-responses with informative BMDLs in at 
least one sex were observed. A complete overview of maximum effect sizes for all body weight and growth dose-
responses can be found in Figure 3. 
b Only Hill modeling showed a significant dose-response.
c Considered a fortuitous negative dose-response among a cluster of significant increases in growth.
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Figure 6. Statistically significant dose-responses of metabolic parameters in adult mice (age 53/55 weeks) 
after perinatal PCB 153 exposure. C57BL/6JxFVB hybrid mice were perinatally exposed via maternal diet to 
0–0.09–0.45–2.3–11–56–281–1406 µg PCB-153/kg bw/d. Absolute and relative thymus weights in females 
(A, B), glucose in males (C), and serum glucagon in females (D) and are shown. Explanation of dose-response 
graphs is in Figure 3 legend.

Table 2. Continued 
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PCB 153 metabolic parameters
Perinatal exposure to PCB 153 resulted in increased levels of free fatty acids and basal 
blood glucose in males and glucagon in females (Table 2, Figure 6C, D). Glucose 
in males had a low BMDL of 150 µg/kg bw/d, and of all dose-response parameters 
analyzed in both males and females, glucagon in females had the lowest BMDL of 
86 µg/kg bw/d. There were no further effects in measured serum lipid and hormone 
levels. The glucose tolerance tests under control and high fat diet, and the insulin 
tolerance test under standard diet did not reveal any differences for both sexes.

PCB 153 neurobehavior
All neurobehavioral tests, physical activity, sweet preference and object recognition, 
did not show any differences in performance of top dose relative to control animals. 
We did not test lower doses.

PCB 153 immune system
Serum C-reactive protein levels in both males and females did not show a significant 
dose-response after perinatal PCB 153 exposure (Table 2).

None of the analytes in the lymphocyte responsiveness tests revealed a significant 
change, which was also true for the suggested increase for TNFα in adherent 
splenocytes of PCB 153 exposed females after ex vivo stimulation with LPS (Fig. 7).

 

 

0 

50 

100 

150 

200 

250 

300 

females 

TN
Fα

 (p
g/

m
L)

 

 

 

 

p< 0.10, ANOVA 

control 
PCB 153 56 
PCB 153 1406 

Figure 7. Ex vivo lymphocyte response to LPS stimulation in adult spleen. C57BL/6JxFVB hybrid mice were 
perinatally exposed via maternal diet to 0, 56 and 1406 µg PCB 153/kg body weight/day. Adherent splenocytes 
of females were cultured and stimulated with LPS, and subsequent TNFα release in the medium was measured 
(p < 0.10, ANOVA). Data are presented as mean ± standard deviations, n = 9–10 per group.
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Discussion

In this study we researched metabolic consequences in adult life after perinatal exposure 
to two EDCs: TCDD and PCB 153, and explored some immune and neurobehavioral 
functions as well. Perinatal exposure with low doses of TCDD or PCB 153 were 
designed to mimic human dietary exposure, and resulted in compound-specific 
effects in adult C57BL/6JxFVB hybrid mice both prior to and following a high 
fat diet challenge. We observed compound- and sex-specific effects on body weight 
and growth, fat pad weights, metabolic endpoints, weights of some organs, and on 
immune response.

TCDD energy homeostasis
Perinatal TCDD exposure showed age-dependent, mild and variable effects on body 
weight and growth throughout life. In TCDD-exposed males, the high fat diet at 
the end of the study resulted in a decrease in growth, indicating that TCDD early 
in life programmed the males to use the dietary lipids other than for energy storage. 
This negative growth was associated with decreased weight of the perigonadal fat 
pad, suggesting a change in body composition. However, this change was too small 
to translate into an effect in body weight. In females, the high fat diet induced a 
dose-dependent increase in body weight, which was also reflected in dose-dependent 
increases in weights of perigonadal and perirenal fat pads, and dose-dependent 
decreases in relative organ weights. An effect on length of the animals was absent. 
Therefore, likely, the high fat diet at the end of the study triggered TCDD-exposed 
females more than control females to store the calories in their white fat pads. In 
line with our study, perinatal exposure to the AhR agonist DL-PCB 126, resulted 
in sex-specific divergent effects, with F1 male mice with reduced lean body mass 
and unchanged fat mass, and F1 females with an increase in fat mass, both without 
a change in body weight at 7 weeks of age (Rashid et al., 2013). Sex-specific effects 
in mice after TCDD exposure have been previously observed (Lee et al., 2015; 
Pohjanvirta et al., 2012), although obtained after direct acute exposure to high doses 
and different parameters have been measured. The observed sex-specific differences 
could be related to the suppression of both growth hormone (GH) and gonadotropins 
by TCDD during development (Hattori et al., 2014; Takeda et al., 2014). GH is 
essential for normal body weight and growth of pups and plays an important role 
in energy homeostasis through the regulation of carbohydrate and lipid metabolism 
(Hattori et al., 2014). Gonadotropins are also regulators of growth, but act in a sex-
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specific way via regulation of sex hormones (Takeda et al., 2014). In addition, the sex-
specific effects on body weight, growth and fat pads could be due to the antiestrogenic 
activities of TCDD (Safe et al., 1991) in early life. Estrogens are known to regulate 
sex-specific mechanisms in lipid and glucose metabolism (Varlamov et al., 2015).

No metabolic effects in females were observed, such as changes in glucose or adipokine 
levels, to support the increase in white fat pads. The leaner phenotype in males was not 
explained by the food consumption, which was increased and thus suggested higher 
energy intake. It was also not explained by the decreased expression of Ucp1 in BAT, 
suggesting lower energy expenditure in thermoregulation. Moreover, the absence of 
an effect in other metabolic parameters, e.g. serum lipid and endocrine profiles, could 
not provide any leads to an explanation. In line with the leaner phenotype in male 
offspring, Sugai et al. (2014) concluded that perinatal TCDD exposure (3 µg TCDD/
kg bw on gestation day (GD) 12.5) does not aggravate but attenuates dysregulation 
of lipid metabolism induced by a high-caloric diet in male mice. Overall, perinatal 
TCDD exposure induced effects on fat pad weights leading to a leaner phenotype in 
males and an overweight phenotype in females, but without obvious persistent effects 
on body weight and growth, and without further detected metabolic effects that could 
explain the effects on the fat pads. Therefore, in line with effects of prenatal PCB 126 
(Rashid et al., 2013), perinatal TCDD exposure appears to reduce fat deposition in 
adult male offspring, while in contrast, this is promoted in adult female offspring. 
Altogether, the observations support sex-specific programming of metabolic functions 
in mice. Although a contribution of persisting TCDD residues cannot be ruled out, 
this is unlikely in view of absence of circulating TCDD at the time of weaning, 
measured as negligible excretion.

TCDD immune homeostasis
Perinatal TCDD exposure permanently altered the adult immune system. In males, 
we observed reduction in both absolute and relative spleen weights together with the 
significant lower production of IL-4 in the 1000 and 10,000 pg/kg bw/d perinatally 
exposed males. In perinatally exposed females, there was the significant increase 
in IFNg, although IL-6 and TNFα responses in stimulated splenocytes were not 
statistically significantly altered. Similar to our data, a prenatal dose of 10 µg TCDD/
kg bw on GD15 in mice led to a decrease in IL-4 production of ex vivo stimulated 
spleen cells in 6 weeks old male offspring (Tarkowski et al., 2010). Moreover, 
C57BL/6 mice exposed to 5 µg TCDD/kg bw on GD12 had sex-specific immune 
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effects, with an altered autoimmune profile, and ex vivo stimulated splenocytes in 
F1 females overproducing IFNg at 48 weeks of age (Mustafa et al., 2011). Thus, 
perinatal exposure to TCDD clearly programs immune functions in adult offspring. 
Interestingly, immune functions and metabolic dysregulation in obesity are known 
to be linked, and adipose tissue inflammation has been related to changed levels of 
cytokines, including IL-4 and IFNg (Huh et al., 2014). These findings support our 
associated observations of effects in the metabolic and immune domains.

TCDD neurobehavior
We did not observe effects of TCDD on neurobehavior by testing physical activity, 
sucrose preference and the ability to recognize objects. Other studies, however, have 
shown effects after prenatal TCDD. For example, prenatal TCDD exposure to 1 
µg/kg bw on GD15 resulted in impaired hippocampus-dependent learning in rat 
offspring (Mitsui et al., 2006) and in executive function deficits and social-behavioral 
abnormality in adulthood of F1 mice (Endo et al., 2012). Since we did not explore 
neurobehavior systematically, our selected tests may not have been appropriate to 
detect the types of changes observed in other studies.

PCB 153 energy homeostasis
Throughout the study with perinatal PCB 153 exposure, transient body weight and 
growth effects, i.e. small decreases in body weight, particularly in F1 males, and small 
increases in growth, only in F1 females, were observed. The high fat diet during the 
final weeks of the study did not trigger a PCB 153 dependent effect. In females, 
body weight was decreased early in life, reminiscent of the associations in human 
epidemiology of PCB 153 exposure with decreased birth weight (Govarts et al., 2012), 
and with growth in early childhood (Iszatt et al., 2015). In contrast, in a study with 
rats, female offspring, maternally exposed to 5 mg/kg bw/d PCB 153 via oral gavage 
from GD7-PND21, were heavier during lactation (Sitarek and Gralewicz, 2009), 
but not anymore at three months of age (Gralewicz et al., 2009). Taken together, 
programming effects of PCB 153 on body weight or growth were only observed until 
midlife.

Regarding the metabolic parameters, males showed a dose-dependent increase of free 
fatty acid levels in serum and of glucose in blood. In females, the observed effects on 
femur length (increase), pancreas weight (decrease), thymus weight (increase), and 
glucagon (increase) do not appear as a coherent complex. However, the effect on 
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glucose in males, and glucagon and pancreas weight in females suggest alterations 
in metabolic regulation. A mouse study of Haave et al. (2011), with a similar study 
design and dose range as ours, did not find a PCB 153 related effect on serum lipids 
and glucose in both sexes at week 16. There is no obvious explanation for sex specificity 
of effects, due to poor understanding of PCB 153 mechanism of action. Some animal 
studies have shown effects of perinatal PCB 153 on thyroid hormones, which also 
play a role in energy homeostasis (Kobayashi et al., 2008; Ness et al., 1993). At this 
time, few prospective epidemiological studies have been carried out that examine a 
programming effect on latent metabolic functions after early life exposure to PCB 153. 
Two of these studies reported indications for an associated development of diabetes 
type 2 later in life (Lee et al., 2010; Rignell-Hydbom et al., 2009). Altogether, the 
evidence for effects of PCB 153 on metabolic programming is limited, but the specific 
design of our study, using low doses and a wide perinatal exposure window may flag 
the relevance of our observations for humans.

PCB 153 immune homeostasis
The increase in thymus weight and the nonsignificant TNFα response in adherent 
splenocytes in females are only weak indicators for an effect of perinatal PCB 153 
on programming of the immune system. Other in vivo studies with a focus on the 
immune system have used direct exposure of PCB 153 (Maranghi et al., 2013) or 
perinatal exposure of a PCB mixture (Arena et al., 2003) and cannot be directly 
compared with our study.

PCB 153 neurobehavior
The absence of an effect on neurobehavior (physical activity, sweet preference and 
object recognition) in our study is in line with the minimally affected neurobehavior in 
adult mice by PCB 153 in the study of Haave et al. (2011), which had a similar study 
design. In this study, the observed effects were better explained by confounding factors 
such as litter size than PCB exposure (Haave et al., 2011). Other rodent studies, 
however, have shown neurobehavioral effects after perinatal PCB 153 exposure, e.g. 
an increase in activity (Gralewicz et al., 2009), a decrease in activity (Johansen et 
al., 2011) and impaired learning ability (Piedrafita et al., 2008). As with TCDD, 
such discrepancies are explained by varying experimental conditions and the specific 
functions that were tested. In this regard, age of testing seems of relevance, because 
Piedrafita et al. (2008) found the effects only in young, not adult rats and both 
Johansen et al. (2011) and Gralewicz et al. (2009) tested rats at an early age. Taken 

36625 Esterik_def_2.indd   148 02-10-15   09:01



Programming by early life exposure to TCDD and PCB 153

149

5

together, relevant low doses of PCB 153 during the perinatal period likely do not 
appear to lead to permanent neurobehavioral programming effects in adult life.

Mechanisms
Effects later in life after exposure to EDCs early in life is known as altered programming 
(Grun and Blumberg, 2006; Heindel and Vandenberg, 2015). For both studied 
compounds we observed effects on body weight and growth, and specifically with 
TCDD we observed programmed effects on white fat mass and the immune system, 
while programming effects of PCB 153, although limited, were on parameters of 
glucose homeostasis. The differences in observed effects in adult offspring between 
the two studied compounds suggest a compound-specific mode of action. TCDD is a 
potent agonist of AhR, whereas PCB 153 is a potent agonist of CAR/PXR (Al-Salman 
and Plant, 2012). AhR and CAR/PXR can all regulate energy metabolism (Gao and 
Xie, 2010; Lu et al., 2015) and the immune response (Esser and Rannug, 2015; 
Gao and Xie, 2012), but they regulate different downstream genes, with hardly any 
overlap (Li and Wang, 2010). There is supportive evidence for TCDD-induced and 
AhR-mediated programming of long-lasting functional alterations in the developing 
immune system (Hogaboam et al., 2008). AhR activation may thus explain the 
observed programming effects of TCDD on energy and immune homeostasis in 
our adult offspring. Such mechanistic studies are presently lacking for CAR/PXR 
activation, and there is thus no mechanistic support for our observed PCB 153 induced 
programming effects. Disrupted perinatal programming is generally understood as an 
epigenetic effect, and requires further research to confirm.

Comparison with current standards
For comparison with current standards, only parameters with a low BMDU/BMDL 
ratio (20 or lower) were used. For TCDD, the perigonadal fat pad weight in males 
was the most sensitive parameter with a BMDL of 156 pg/kg bw/d (Table 1), which 
is above the 25 pg/kg bw/d used by the SCF (2001) for calculation of the tolerable 
weekly intake (TWI) of 14 pg TCDD/kg bw (Larsen, 2006). This TWI is also adopted 
by EFSA (2012), and comparable to a tolerable daily intake (TDI) of 2 pg TCDD/
kg bw/d. Our findings indicate that the current TDI is sufficiently protective against 
altered metabolic programming by perinatal TCDD exposure.

In the PCB 153 study, the lowest BMDL for dose-response effects was circulating 
glucagon in females with a value of 86 µg/kg bw/d. Although based on the external 
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dose, while body burden is considered more appropriate (EFSA, 2005), the BMDL 
of 86 µg/kg bw/d is about 2–3 times higher than the overall NOAEL range of 30–40 
µg/kg bw/d for the group of NDL-PCBs, including PCB 153, based on liver and 
thyroid effects in rats (EFSA, 2005).

We investigated perinatal programming, which is not yet used as an endpoint in risk 
assessment. However, in view of translation from animal models to humans, it is important 
to consider interspecies sensitivity differences, which, in the present risk assessment 
practice, are covered by using uncertainty factors. Regarding direct toxic effects, rats 
appear to be more sensitive than mice for both studied compounds, TCDD and PCB 
153 (Lee et al., 2015; EFSA, 2005). Uncertainty in translation is particularly relevant in 
the field of programming and its presumed underlying mechanism, epigenetics, because 
here the toxicological database is small compared to that of direct effects.

Conclusion
The effects of TCDD in adult offspring suggest that early life exposure to this compound 
can program energy and immune homeostasis. The role of TCDD-induced activation 
of AhR as a likely mechanism for programming of the adult metabolic and immune 
effects requires more research. Perinatal exposure to PCB 153, although the effects are 
modest, appears to program for an adult phenotype with slight metabolic alterations. 
Both compounds act sex-specifically. Our most sensitive outcomes representing 
metabolic programming by both TCDD and PCB 153 perinatal exposure were 
observed at concentrations that exceed current TDIs.
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