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� Increased basal cortisol in mothers exposed to POPs.
� A prolonged stress response in mothers exposed to POPs.
� An over-sensitised stress response following POP exposure in male offspring.
� No effect of POPs in female offspring.
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a b s t r a c t

Persistent organic pollutants (POPs) are found in the food chain of both humans and animals and exert a
wide spectrum of potentially adverse effects. The present experiment aimed to investigate whether a
defined mixture of 29 POPs, based on the dietary intake of Scandinavians, could affect the stress response
in female mice exposed through ingestion, and in their offspring. Female mice 129:C57BL/6F0 hybrids
were exposed from weaning, throughout pregnancy, and up until necropsy, to either 5000�or
100 000� the estimated daily intake for Scandinavians. The offspring were fed a reference diet con-
taining no POPs. Both the mothers and their offspring were tested for basal and stress responsive
corticosterone levels, and in an open field test to measure locomotor activity and anxiety-like behaviours.
We found mothers to have elevated basal corticosterone levels, as well as a prolonged stress response
following POP exposure. In the offspring, there was no effect of POPs on the stress response in females,
but the exposed males had an over-sensitised stress response. There was no effect on behaviour in either
the mothers or the offspring. In conclusion, we found a human relevant POP mixture can lead to subtle
dysregulation of the hypothalamus-pituitary-adrenal axis in mice. As HPA axis dysregulation is
commonly associated with neurological disorders, further studies should explore the relevance of this
outcome for humans.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Persistent organic pollutants (POPs) are organic compounds that
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are resistant to degradation and so remain within the environment
for extended periods of time. These compounds were produced for
use in industry and agriculture, but were subsequently found to
have wide-ranging toxic effects in both humans and wildlife (for a
review, see Jones and de Voogt, 1999; Carpenter, 2006). This has led
to many POPs being banned from production via the Stockholm
Convention, but some are still in use due to a lack of alternative
compounds or strict regulation. Due to their resistance to
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degradation, POPs have been transported around the globe, pri-
marily via wind and water, and continue to persist within the
environment (Law et al., 2014). Furthermore, POPs bioaccumulate
within living organisms and biomagnify up the food chain, even in
locations previously considered pristine (e.g. Oskam et al., 2004). As
such, POPs continue to be a considerable human and environ-
mental issue.

To date, around 30 POPs are listed in the Stockholm Convention,
but these may have multiple congeners. For instance, there are 209
possible congeners of polychlorinated biphenyls (PCBs). Due to the
substantial number of compounds and their ubiquitous nature
within the environment, vast cocktails of POPs are typically found
in both humans and animals at any given time (i.e. Costopoulou
et al., 2006). As such, there is a need to understand how such a
body burden can influence an individual's health. The traditional
approach has been to study single compounds at relatively high
doses, but subsequent research would indicate that toxicants can
have biphasic response curves, and/or additive, synergistic, or
antagonistic effects on biological endpoints (Altenburger et al.,
2013). Therefore, effects can be difficult to predict from modelling
the results of relatively high doses of individual compounds.

Some POPs are endocrine disruptors, compounds that can result
in alterations in hormone synthesis or metabolism, or receptor
target modulation via mimicking, antagonising, or altering endog-
enous hormone levels (reviewed in Frye et al., 2012). Due to the
central role of the endocrine system in developing, organising, and
maintaining the central nervous system, there is concern over the
ability of POPs to impair early brain development. This is especially
true within the concept of foetal programming, whereby rapidly
developing biological systems appear to be particularly vulnerable
to disorganising influences that may then have chronic implica-
tions (Gluckman and Hanson, 2004). For instance, POPs are known
to cross the placenta (Needham et al., 2011), and have been asso-
ciated with neural tube defects at birth (Ren et al., 2011), as well as
neurodevelopmental outcomes in children such as poor attention
and low IQ (for a review, see Berghuis et al., 2015).

Glucocorticoids are essential for maintaining a normal physio-
logical response to stressful situations and are therefore an essen-
tial aspect of lifetime fitness. The hypothalamic-pituitary-adrenal
(HPA) axis coordinates the response to stress via corticotropin-
releasing factor (CRF), adrenocorticotropic hormone (ACTH), and
cortisol (corticosterone in mice). These hormones play a key role in
directing energy away from non-essential life processes towards
immediate survival. During development, cortisol is also essential
for normal foetal development (Liggins, 1994), including develop-
ment of the brain (Harris and Seckl, 2011). For example, prenatal
stress or glucocorticoid exposure can reprogram the HPA axis in
offspring leading to long-term dysregulation and alterations in
anxiety-like behaviour (Glover et al., 2010; Davis et al., 2011). Of
concern, ecotoxicological studies have found POPs to be associated
with alterations in cortisol dynamics in polar bears (Oskam et al.,
2004), arctic birds (Verboven et al., 2010; Tartu et al., 2014), and
fish (Hontela et al., 1992) whilst experimental studies have
confirmed that POPs can lead to alterations in basal cortisol/corti-
costerone in rodents (Pereiro et al., 2014), goats (Zimmer et al.,
2009), sheep foetuses (Zimmer et al., 2013), and fish (Jørgensen
et al., 2002), as well as impairing the stress response (Jørgensen
et al., 2002; Zimmer et al., 2009).

In the current study, we explore whether a human based POP
mixture affects basal corticosterone and the stress response in fe-
male mice and their offspring. We hypothesise that those mice
exposed to POPs will show HPA axis dysregulation. Therefore, we
measured corticosterone levels in unstressed and stressed mice,
and anxiety-like behaviour and locomotor activity in an open field
test.
2. Materials and methods

The study was performed at the Section for Experimental
Biomedicine at The Norwegian University of Life Sciences in Oslo,
Norway. The unit is licensed by the Norwegian Animal Research
Authority (NARA) and accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care (www.aaalac.org). The
study was approved by the unit's animal ethics committee (Insti-
tutional Animal Care and Use Committee/IACUC; FOTS: 5583) and
NARA (2013/39783).

2.1. Chemicals and feed

A thorough description of the design and preparation of the POP
mixture can be found in Berntsen et al. (2017). In brief, the mixture
reflects the levels of POPs found in a Scandinavian food basket as
the experiment was designed in order to be of interest to a human
exposure. A list of the individual compounds and the concentra-
tions of each within the feed can be found in Table 1. A literature
review identified the most relevant POPs and the estimated daily
intake (EDI) levels of these compounds for a human of 70 kg. Based
on the human EDI, corresponding EDIs of the different compounds
for a 25 g mouse were calculated (Table 1). Due to the possibility of
background exposure via the mice feed and the higher drug
metabolism of mice than humans (Walton et al., 2001), the feed
concentration of the mixture was set to provide a mouse
consuming 3 g feed/day a daily dose of 5000� and 100 000� the
EDI for humans (see Berntsen et al., 2017 for further discussion).
This resulted in between 24 and 25 of the 29 compounds being
detected in the plasma of the mothers depending on the exposure
group, and between 18 and 20 were found in the pups (Table 2). In
brief, most compounds were found in higher levels in the mothers
than the pups and a dose dependent increase (low vs high dose)
was found for all compounds. Most (26/29, low and high dose
group, respectively) of the compounds were detected in the brains
of mothers, as well as the pups brain (20/29 and 22/29 in the low
and high dose, respectively) (Berntsen et al. in prep). When
comparing blood values between the experimental mice and the
Scandinavian population, those mothers exposed to the high dose
had values ranging from 100 up to 5000� the levels of individuals
compounds found in Scandinavians (Table 2). For the low exposed
mothers, these values ranged from 8e500� the average Scandi-
navian (Table 2). Therefore, the tissue concentrations were more
similar to the human scenario than the EDI values, as expected
based on the higher drug metabolism in mice.

All polybrominated diphenyl ethers (PBDEs), PCBs and other
organochlorines were originally purchased from Chiron As
(Trondheim, Norway). All perfluorinated compounds and hex-
abromocyclododecane (HBCD) were obtained from Sigma-Aldrich
(St. Louis, MO, USA), with the exception of perfluorohexane sul-
fonic acid (PFHxS) potassium salt which was from Santa Cruz
(Dallas, US). All chemicals were dissolved in an appropriate solvent
and added to corn oil (Jasmin, fully refined, Yonca Gida San A.S.,
Manisa, Turkey) intended for human consumption. All solvents
were thoroughly evaporated under N2-flow before the oil con-
taining the POPs was sent to the feed company (TestDiets, St. Louis,
MO) to be incorporated in themouse feed. Four different diets were
made, three exposure diets for pregnant mice, control (non-
exposed), low dose (5000� EDI) and high dose (100 000� EDI),
and a reference diet for males and pups after weaning. For the
control feed, the corn oil included the solvents at identical levels to
those found in the two exposure diets, whereas for the reference
feed only untreated corn oil was used. In all diets, all soybean oil in
the original feed recipe was exchanged with corn oil intended for
human consumption, in order to reduce background POP exposure,
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Table 1
Amixture of persistent organic pollutants (POPs) based on a literature review on estimated daily intake (EDI) values in the Scandinavian population (Berntsen et al., 2017). Average EDI values for a 70 kg human and corresponding
values for a 25 g mouse are shown. EDI values for a 25 g mouse consuming 3 g of feed designed to provide daily doses of POPs corresponding to the low (5000� human EDI) and high (100,000� human EDI) doses are shown in
grey, and are based on measured feed concentrations. The table is adapted from Berntsen et al. (2017).

Compound Average EDI a

70 kg person ng/day
Daily intake human
ng/kg/day

EDI b 25 g
mouse pg/day

EDI c 25 g mouse
5000� ng/day

EDI d 25 g mouse
100,000� ng/day

Feed measured e

5000� ng/g feed
Feed measured f

100,000� ng/g feed
EDI g 25 g mouse
5000� ng/day

EDI h 25 g mouse
100,000� ng/day

Chlorinated
PCB 28 10 0.14 3.5 18 350 3.1 46 9 138
PCB 52 23 0.33 8.3 41 825 15.0 182 45 546
PCB 101 39 0.56 14.0 70 1400 25.4 377 76 1131
PCB 118 68 0.97 24.3 121 2425 37.2 612 112 1836
PCB 138 97 1.38 34.5 173 3450 53.8 957 161 2871
PCB 153 97 1.38 34.5 173 3450 61.4 981 184 2943
PCB 180 26 0.37 9.3 46 925 17.4 263 52 789
P

PCBs 360 5.13 128.4 642 12,825 213.3 3418 640 10,254
p,p'-DDE 201 2.87 71.8 359 7175 136.0 2390 408 7170
HCB 84 1.20 30.0 150 3000 37.4 588 112 1764
a-Chlordane 63 0.90 22.5 113 2250 45.0 723 135 2169
Oxychlordane 21 0.30 7.5 38 750 9.8 297 29 891
trans-Nonachlor 21 0.30 7.5 38 750 14.9 264 45 792
a-HCH 36 0.52 13.0 65 1300 21.2 421 64 1263
b-HCH 29 0.42 10.5 53 1050 22.3 398 67 1194
g-HCH (Lindane) 40 0.57 14.3 71 1425 31.4 435 94 1305
Dieldrin 126 1.80 45.0 225 4500 70.4 1470 211 4410
P

OCPs 621 8.88 222.1 1112 22,200 388.4 6986 1165 20,958
P

PCBs þ OCPs 981 14.01 350.5 1754 35,025 601.7 10,404 1805 31,212
Brominated
PBDE 47 68 0.97 24.3 121 2425 39.7 642 119 1926
PBDE 99 13 0.19 4.8 24 475 8.6 126 26 378
PBDE 100 11 0.15 3.8 19 375 5.6 91 17 272
PBDE 153 2 0.03 0.8 4 75 1.5 22 5 67
PBDE 154 4 0.06 1.5 8 150 2.8 38 8 114
PBDE 209 105 1.50 37.5 188 3750 64.8 1141 194 3423
HBCD 21 0.30 7.5 38 750 9.9 203 30 609
P

BFRs 224 3.2 80.2 402 8000 132.9 2263 399 6789
Perfluorinated
PFHxS 1.2 0.017 0.4 2 43 1.7 42 5 125
PFOS 18 0.26 6.5 33 650 3.2 74 10 222
PFOA 31 0.44 11.0 55 1100 6.0 121 18 363
PFNA 9.5 0.14 3.5 18 350 2.1 42 6 127
PFDA 13 0.19 4.8 24 475 3.1 57 9 172
PFUnDA 6.7 0.096 2.4 12 240 1.6 28 5 84
P

PFAAs 79.4 1.14 28.6 144 2858 17.7 364 53 1094

Abbreviations: PCBs (polychlorinated biphenyls); OCPs (organochlorine pesticides); BFRs (brominated flame retardants); PFAAs (perfluoroalkyl acids).
a Average EDI (Estimated daily intake) values of POPs for a 70 kg human e based on a literature review of Scandinavian EDI values (Berntsen et al., 2017).
b EDI values for a 25 g mouse corresponding to human EDI values.
c EDI values for a 25 g mouse corresponding to human EDI values * 5000
d EDI values for a 25 g mouse corresponding to human EDI values * 100,000.
e Measured concentrations of the various compounds in the 5000� feed.
f Measured concentrations of the various compounds in the 100,000� feed.
g EDI values for a 25 g mouse consuming 3 g of the 5000� feed/day e based on concentrations measured in the feed of the current project.
h EDI values for a 25 g mouse consuming 3 g of the 100,000� feed/day e based on concentrations measured in the feed of the current project.
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Table 2
Plasma levels of persistent organic pollutants in ng/g wet weight (ng/g ww) measured in mothers and pups of the control, low, and high exposed groups (white columns).
Measured levels expressed relative to average human blood levels (ng/g ww) in the Scandinavian population (Berntsen et al., 2017) are also included (grey columns). Adapted
from Berntsen et al. (in prep).

Compound Human
ng/g ww

Control Low High

Mother
ng/g ww

�Human
levels

Pup
ng/g ww

�Human
levels

Mother
ng/g ww

�Human
levels

Pup
ng/g ww

�Human
levels

Mother
ng/g ww

�Human
levels

Pup
ng/g ww

�Human
levels

Chlorinated
PCB 28 0.013 n.d. N/A n.d. N/A n.d. N/A n.d. N/A n.d. N/A n.d. N/A
PCB 52 0.010 n.d. N/A n.d. N/A 1.1 108 0.12 12 4.7 472 2.8 281
PCB 101 0.008 n.d. N/A n.d. N/A 1.2 147 n.d. N/A 2.4 295 n.d. N/A
PCB 118 0.064 0.07 1.1 0.3 4.4 2.5 39 0.4 6 42 658 11 185
PCB 138 0.222 0.08 0.4 1.2 5.2 12 54 4.0 18 91 409 50 224
PCB 153 0.362 0.13 0.3 1.2 3.2 7.4 21 2.9 8 87 241 49 135
PCB 180 0.194 0.03 0.2 0.3 1.7 2.7 14 0.8 4 24 126 14 72
p,p'-DDE 0.502 n.d. N/A n.d. N/A 5.3 11 0.3 0.6 51 102 1.7 3
HCB 0.117 0.09 0.8 0.3 2.3 2.9 25 0.8 6 41 347 9.5 81
a-Chlordane 0.011 n.d. N/A n.d. N/A n.d. N/A n.d. N/A n.d. N/A n.d. N/A
Oxychlordane 0.022 n.d. N/A n.d. N/A 1.6 72 1.3 58 22 978 14 621
trans-Nonachlor 0.041 n.d. N/A n.d. N/A 1.1 26 0.4 9 9.8 240 6.2 152
a-HCH 0.006 n.d. N/A n.d. N/A 0.2 35 n.d. N/A n.d. N/A n.d. N/A
b-HCH 0.053 n.d. N/A n.d. N/A 1.5 29 0.15 3 14 272 10 189
g-HCH (Lindane) 0.006 n.d. N/A n.d. N/A n.d. N/A n.d. N/A n.d. N/A n.d. N/A
Dieldrin 0.024 n.d. N/A n.d. N/A 13 537 1.4 56 50 2100 17 701
Brominated
BDE 47 0.009 n.d. N/A n.d. N/A 1.2 137 n.d. N/A 11 1196 n.d. N/A
BDE 99 0.004 n.d. N/A n.d. N/A 0.5 124 n.d. N/A 3.8 952 n.d. N/A
BDE 100 0.002 n.d. N/A n.d. N/A 0.5 263 0.09 45 3.8 1903 0.6 305
BDE 153 0.010 n.d. N/A n.d. N/A 0.18 18 n.d. N/A 2.5 249 1.1 110
BDE 154 0.002 n.d. N/A n.d. N/A 0.3 132 n.d. N/A 0.9 460 2.0 976
BDE 209 0.011 n.d. N/A n.d. N/A 4.9 444 n.d. N/A 26 2374 n.d. N/A
HBCD 0.025 n.d. N/A n.d. N/A n.d. N/A n.d. N/A n.d. N/A n.d. N/A
Perfluorinated
PFHxS 3.45 n.d. N/A 6.4 1.9 161 47 16 5 3381 994 317 93
PFOS 29.43 0.89 0.03 16 0.5 223 8 29 1 3403 116 635 22
PFOA 4.52 0.53 0.12 12 2.5 345 76 26 6 6980 1543 598 132
PFNA 0.80 0.32 0.4 13 16 176 220 24 29 2531 3164 470 588
PFDA 0.50 0.25 0.5 14 29 246 497 28 56 2580 5212 503 1016
PFUnDA 0.56 0.16 0.3 3.2 5.6 63 113 6.2 11 724 1293 114 204

n.d.¼Not detected.
N/A¼Not applicable.
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and to limit the amount of phytoestrogens, suspected to interfere
with hormone homeostasis, and known to be present in soy-based
food (Berntsen et al., 2017).

2.2. Animal model

In total, 10 male C57BL/6J mice and 20 female 129S1/SvImJ
(Jackson Laboratory, Maine, USA) were used for breeding. The mice
were newly sexually mature and were acclimated to the unit for 1
week before mating started. In total, 110 hybrid pups were born
(129:C57BL/6F0, n¼ 63 males and 47 females). Of these, the 47
females were assigned to one of three groups, the control, a low
dose (5000� EDI POP mixture), or a high dose (100 000� EDI POP
mixture), and given their respective diet from weaning prior to
their use as breeders of the F1 generation. In total, the F1 generation
consisted of 320 pups (129:C57BL/6F1, n¼ 163 males and 157 fe-
males). At weaning, 18 males and 18 females from each respective
group (n¼ 36/group) were assigned to the open field test. The
remaining pups were assigned to a later project. Throughout, the
assignment of animals to housing, exposure groups, and testing
groups was done randomly, either by simple lottery or by computer
random numbering.

2.3. Housing and husbandry

All animals were housed in open type III cages (Tecniplast,
Buguggiate, Italy) in group housing. All cages contained standard
aspen bedding (Scanbur BK, Nittedal, Norway) and cellulose
nesting material. The animals had free access to their assigned feed.
Tap water was available from standard drinking bottles (Tecniplast,
Buguggiate, Italy). The animal room was on a 12:12 lightedark
cycle, with a room temperature of 21± 2 �C with 20 air changes
per hour and 45± 5% relative humidity. The cages, bedding, nesting
material, and water bottles were changed once a week, when ani-
mals were not tested. At weaning, the F0 females were randomly
assigned to one of three exposure groups: High (n¼ 16 females),
low (n¼ 16 females), and control (n¼ 15 females). All females were
given their assigned feed fromweaning and throughout the project
(approx. 6 months). The F0 generation females were housed in
groups of four from weaning until sexual maturity (marked with
simple ear punch holes from 1 to 4), then caged with the F0 gen-
eration males (non-brothers) in triplets (1 male and 2 females) for
one week. One week before predicted birth, they were single
housed until their pups were weaned. At weaning, the F1 pups
were randomly assigned to a same sex and exposure group cage/
housing group of two, where one was marked with a micro-
transponder. The F1 generation were fed the reference diet after
weaning. Feed intake was recorded for one week prior to necropsy
and not found to be affected by exposure (data not shown). Simi-
larly, body weights were assessed at weaning and necropsy and not
found to be significantly affected by exposure in either the mothers
or pups. Nomice died or showed clinical signs of disease during the
experiment, but 7 males (3 from the control group and 4 from the
high exposure) were euthanized due to wounds attained through
fighting. These 7 euthanized males occurred at weaning and were
replaced with naïve males from their respective groups (the
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mothers had undergone exactly the same exposure protocol, but
had been housed in a different room).

2.4. Open field test

All testing (open field and HPA axis responsivity test) was done
by 3 researchers with FELASA C credentials. Each person had
assigned specific responsibilities during the testing and this was
kept constant throughout the testing period to ensure consistency
and elimination of deviations between experiments.

Both the F0 mothers and their offspring were tested. The open
field test was performed during the animals' dark cycle, between
20:00 and 03:00. Four testing boxes (each 50� 50� 22 cm) (Nol-
dus, Wageningen, the Netherlands) were used. Each box was
divided into three zones, a center zone, corners, and a border zone.
Four mice were tracked at the same time using EthoVision 9
(Noldus). The animal was placed inside a disposable non-
transparent cardboard cylinder (guinea pig play tunnel from
Scanbur BK, Nittedal, Norway) in the center of the arena and left
there for 3 s. When released from the cylinder, each mouse was
tracked for 15min. Different endpoints were evaluated: the time
spent within the different zones, the total distance moved, and
velocity. Rearing (exploratory behaviour) and grooming were
tracked manually. Following the behavioural test, the number of
urine puddles and faecal pellets was recorded. The testing arena
boxes were thoroughly washed with water and dried with paper
towels between each animal. Male mice were tested before female
mice, and all animals underwent testing only once. Background
light intensity was around 1600 lx (TES Light Meter 1337, Presisjons
Teknikk AS, Oslo, Norway) and background noise was stable at
32 dB (Castle GA 112 sound level meter, Presisjons Teknikk AS,
Oslo).

2.5. HPA axis responsivity test

All F0 mothers and the offspring tracked in the open field test
underwent the HPA axis responsivity test. The test was done inside
the housing room to eliminate transport stress. The mouse was
picked up, scanned for its micro-transponder, and then restrained
inside a 50ml Falcon tube for 15min. Blood samples were taken
from the tip of the tail at 4 different time points: 0, 15, 30, and
120min. The mouse was returned to a home-cage after the 15min
time point and retrieved when needed for sampling. All samples
Fig. 1. Plasma corticosterone in mice mothers exposed to a mixture of persistent organic poll
data includes mean± 95% CI and an asterisk represents a significant exposure effect compar
third quartile, the upper whisker is the third quartile plus 1.5� the interquartile range (IQR)
of the high exposure between 30 and 120min compared to controls (p ¼ <0.05, see Table
were taken with a 20 mL Minivette POCT capillary collecting tube
coated with EDTA (Sarstedt, Ski, Norway) and transferred to an
eppendorf tube on ice. The blood samples were spun at
5000 rpm at 4 �C for 10min to obtain the plasma, which was stored
at �80

�
C until further analyses. Corticosterone was measured in

the plasma using an MP Biomedicals ImmuChem ™ Double Anti-
body Corticosterone 125 Ria Kit (MP Biomedicals, Santa Ana, CA,
USA) according to the manufacturers’ instructions.

2.6. Statistical analyses

For mothers, we analysed differences in basal levels of cortico-
sterone between levels of exposure using a linear regressionmodel.
Basal levels of corticosterone in pups were analysed against expo-
sure levels, stratified by sex, using linear mixed effect models
allowing for random intercepts for mother.

We also used linear regressions tomodel changes in the levels of
corticosterone over time. Due to clear peaks in corticosterone levels
at 30min, we first analysed the change in corticosterone levels
between 0 to 30min and 30e120min against exposure levels.
These analyses were carried out in mothers and pups separately.
For mothers, the level of exposure and time were the explanatory
variables, while for pups we also studied the effects of sex along
with exposure. To analyse longitudinal trends in corticosterone
levels across exposure, we used longitudinal mixed effect models
with a piecewise linear structure of the population average corti-
costerone levels. The piecewise linear model was preferred due to
increasing corticosterone levels from 0 to 30min and decreasing
levels from 30 to 120min. Repeated measurements of corticoste-
rone within each mouse implies a possibility of within individual
variability, which is modelled using an autoregressive correlation
structure of the order one over time. In all raw profiles, we observed
a variation in the starting levels of corticosterone. Further, in the
case of pups, we observed a greater inter-individual variability in
female mice. To account for these observations, we included a
random intercept (for both mother and pup models) and a random
slope for sex (in the pups model) in the mixed effect longitudinal
models. As a sensitivity analysis, we repeated the longitudinal
modelling stratified by sex in the pups, including exposure as the
variable of interest and a random intercept for each mouse.

We also analysed the data from the open field experiments
using univariate and multivariate linear regression models with
sex, exposure, and the interaction between sex and exposure as the
utants. (A) Basal corticosterone and (B) corticosterone dynamics following stress. In (A),
ed to controls (Linear model, p¼ .007). In (B), each box represents the first, second, and
and the lower whisker is the first quartile minus 1.5� IQR. There was a significant effect
1).



Table 3
Results of modelling maternal corticosterone changes over time (0e30 and
30e120min) following exposure to two doses (high and low) of a mixture
of persistent organic pollutants using linear regression models.

Dependent variable:

Change in Corticosterone
(0e30) (1)

Change in Corticosterone
(30e120) (2)

Low Exposure �43.775
(36.884)

50.437
(34.744)

High Exposure �57.018
(36.884)

84.077**
(34.744)

Constant 393.547***
(26.081)

�283.381***
(24.568)

Observations 45 45
R2 0.059 0.124
Adjusted R2 0.014 0.082
Residual Std.

Error (df¼ 42)
101.010 95.152

F Statistic
(df¼ 2; 42)

1.309 2.967*

Note: *p < .1; **p < .05; ***p < .01.

Table 4
Estimated parameters from the longitudinal mixed effects model for the mother and
pups exposed to two doses (high and low) of a mixture of persistent organic pol-
lutants. Sex (male vs female) and time (0e30 vs 30e120min) were also within the
model.

Mother levels Pup levels

Low Exposure 10.96
(17.57)

�31.54
(19.34)

High Exposure 30.59
(17.57)

�14.95
(17.92)

Time 12.00***
(0.68)

9.55***
(0.29)

(Time - 30)þ �15.22***
(0.81)

�12.03***
(0.35)

Male �118.80***
(14.36)

Low Exposed Male 45.69*
(22.28)

High Exposed Male 47.64*
(20.75)

Intercept 109.18***
(16.56)

129.87***
(13.43)

AIC 2145.67 4863.83
BIC 2170.99 4928.48
Log Likelihood �1064.84 �2415.92
Num. obs. 180 428
Num. groups 45 107

***p< .001, **p < .01, *p < .05.
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explanatory variables. Frequency at particular locations (borders,
centres, and corners) and cumulative duration at those locations
were treated as bivariate outcomes in each multivariate regression.
In addition, frequency of grooming and cumulative duration of
grooming was also treated as a bivariate outcome. Univariate re-
gressions were carried out with two responses, i) the ratio of time
spent moving against not moving, and ii) the ratio of time spent
grooming against rearing. Multivariate and univariate ANOVA was
used to determine the significance of the factors and a p-value of
<0.05 was treated as a significant finding. All statistical analyses
were carried out in R statistical software (Version 3.2.1., R Devel-
opment Core Team, http://www.r-project.org) and the R scripts can
be found in the supplementary material.

3. Results

3.1. Corticosterone

High exposed mothers had significantly higher basal cortico-
sterone levels than controls, whereas the low exposure showed
only a trend for higher values than controls (Fig. 1A). When
modelling changes in corticosterone following stress, we found a
significant effect (Table 3) of the high exposure between 30 and
120min, as the controls showed a greater level of change during
this period compared to the high exposed group, with the low
exposed mothers having an intermediate value (Fig. 1B). When
modelling the absolute values across the whole experiment, there
was no effect of any exposure (Table 4).

There was no effect of exposure on basal cortisol levels in either
male or female pups (Fig. 2A). When modelling changes in corti-
costerone following stress, there was a significant interaction be-
tween sex and exposure. Here, high exposed males showed a
significantly greater increase in corticosterone between 0 and
30min, but also a greater decrease between 30 and 120min, than
controls (Table 5), whereas the opposite non-significant pattern
was observed in females (Fig. 2B). When modelling the absolute
values of corticosterone across the whole experiment, there was a
clear dose response in males with both the low and high exposed
groups having significantly greater values than controls, but no
such trends were observed in females (Table).

3.2. Behaviour

There was no effect of exposure on any behavioural endpoint
(see supplementary Figs. 1-14). There was a significant effect of sex
on the bivariate outcome comprised of frequency of grooming and
cumulative duration of grooming (Pillai's multivariate F-statistic, p
value¼ .007). Both frequency of grooming and cumulative time
spent in grooming were higher in female mice. In addition, there
was also a significant sex effect on the ratio of the duration of
grooming against rearing, with male mice spending 1.79 (95%
CI¼ 1.06, 3.06, p¼ .03) times more on grooming than rearing
compared to female mice. The results are summarised in
supplementary Tables 1-3.

4. Discussion

The stress response in mice exposed to a human based mixture
of POPs was assessed in mothers and their offspring. We found
evidence that POP exposure can influence corticosterone dynamics
inmothers and their offspring. However, the effects on the HPA axis
were sex specific and were not evident in measures of anxiety-like
behaviour. These results have important implications on neuro-
logical development in both humans and wildlife.

We found that exposed mothers had elevated basal levels and a
prolonged period of corticosterone elevation following stress
compared to controls. This conforms to both ecotoxicological and
laboratory studies that have found associations between stress
hormones and POPs across taxa (i.e. Gendron et al., 1997; Jørgensen
et al., 2002; Oskam et al., 2004; Franceschini et al., 2008; Pereiro
et al., 2014). However, the direction of change is not consistent
between studies. For example, basal cortisol was elevated in Arctic
char (Jørgensen et al., 2002) and guinea pigs (Kato et al., 1981), but
decreased in polar bears (Oskam et al., 2004) and rats (Pereiro et al.,
2014). Similarly, POPs have been found to either blunt (Hontela
et al., 1992; Jørgensen et al., 2002; Verboven et al., 2010) or over-
sensitise (Zimmer et al., 2009) the stress response. These in-
consistencies may be explained by the POPs studied. For example,
in vitro, PCBs 118 and 126 were found to induce cortisol production
in human H295R adrenal cells, but not PCB 153 (Kraugerud et al.,
2010) or perfluorooctane sulfonic acid (PFOS), perfluorooctanoic
acid (PFOA), or perfluorononanoic acid (PFNA) (Kraugerud et al.,
2011). Similarly, a study in wild polar bears found cortisol to be

http://www.r-project.org


Fig. 2. Plasma corticosterone in pups exposed to a mixture of persistent organic pollutants via their mothers. (A) Basal corticosterone and (B) corticosterone dynamics following
stress. In (A), data are means ± 95% CI. In (B), each box represents the first, second, and third quartile, the upper whisker is the third quartile plus 1.5� the interquartile range (IQR)
and the lower whisker is the first quartile minus 1.5� IQR. There was a significant interaction between exposure and gender between 0-30 and 30e120min (p ¼ <0.05, see Table 3).

Table 5
Results of modelling corticosterone changes using linear regression models
in pups exposed to two doses (high and low) of a mixture of persistent
organic pollutants. Sex (male vs female) and time (0e30 and 30e120min)
were also included within the model.

Dependent variable:

Change in
Corticosterone (0e30) (1)

Change in Corticosterone
(30e120) (2)

Low Exposure �14.224
(33.429)

16.800
(32.381)

High Exposure �29.099
(32.986)

45.426
(31.952)

Male �104.687***
(33.429)

50.961
(32.381)

Low Exposure
and Male

17.037
(47.276)

�3.066
(45.794)

High Exposure
and Male

120.051**
(47.702)

�128.582***
(46.206)

Intercept 341.493***
(23.638)

�232.442***
(22.897)

Observations 107 107
R2 0.162 0.106
Adjusted R2 0.120 0.062
Residual Std.

Error (df¼ 101)
100.287 97.143

F Statistic
(df¼ 5; 101)

3.902*** 2.399**

Note: *p < .1; **p < .05; ***p < .01.
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negatively associatedwith PBDE 99 and 153, as well as PCB 170,180,
190 and 201, but positively associated with PCB 66/95, a-HCH,
dieldrin, PBDE 47, and para, para’-dichlorodiphenyldichloroethane
(p,p’- DDD) (Bechshøft et al., 2012). Environmental factors may also
influence the response to POPs, as Jørgensen et al. (2002) found that
the PCB mixture Aroclor 1254 suppressed basal cortisol in food-
deprived fish, but elevated cortisol in fed fish. Therefore, it ap-
pears the effect of POPs on the HPA axis is dependent on the
mixture composition, most likely because different POPs will have
different mechanistic pathways, and environmental factors.

Although they did not receive POP containing food, sex specific
effects on the stress response were found in the offspring. This
demonstrates the risk to offspring of POP exposure via mothers.
Although POPs were found in brain tissue from both mothers and
pups (Berntsen et al. in prep), we cannot conclude whether the
effects in the offspring were due to direct effects of the POPs
transferred via the mother or due to secondary physiological effects
of exposure in the mothers. For example, POP exposure can have a
wide-ranging effect on many physiological parameters, including
the thyroid axis (Gilbert et al., 2012), sex steroids (Lilienthal et al.,
2006), and metabolism (Swedenborg et al., 2009) that are impor-
tant for neurological development in offspring. These systemswere
not investigated in the current study, but in themothers, we did see
alterations in corticosterone dynamics. Here, cortisol is known to
regulate neurodevelopment and alterations in stress hormones
during pregnancy can have long lasting effects on the levels of
anxiety (Davis and Sandman, 2010) and lead to dysregulation of the
HPA axis in children (Davis et al., 2011). The current sex effect on
the stress response is not unexpected, as comparable results on the
stress response following POP exposure have been found in other
animal models (Zimmer et al., 2009; Verboven et al., 2010). Why
male pups were found to have an over-sensitised stress response
compared to females is currently unknown. However, previous
work has demonstrated that gonadal hormones influence devel-
opment of the HPA axis (reviewed in Bale and Epperson, 2015),
POPs are known to interfere with testosterone production in male
mice (Kaya et al., 2002), andwe found effects of our POPmixture on
sperm quality in a sub sample of the pups from the current
experiment (Khezri et al., 2017a).

Alterations in stress levels are commonly linked with changes in
behaviour, such as anxiety (Cohan et al., 2006). However, in the
current study we observed no effect of POP exposure on behav-
ioural endpoints of anxiety in mothers or offspring in the open field
test. For the mothers, in which we observed alterations in basal
corticosterone, this may appear contradictory to the expected.
However, Cohan et al. (2006) reported that rats showing higher
levels of anxiety-like behaviour did not have higher basal cortico-
sterone compared to comparative groups. Therefore, increased
basal cortisol may not necessarily be associated with increased
anxiety-like behaviour. However, in the future it may be beneficial
to include behavioural tests that involve the activation of the stress
response to gain a more detailed insight into the link between the
observed changes in the HPA axis following POP exposure and
potential modification of behaviour.

High exposed mothers were found to have elevated basal
corticosterone and a prolonged elevation of corticosterone
following stress. This could be due to one of several possibilities. For
instance, the burden of chemicals may have continuously stimu-
lated a stress response, the feedback mechanism to reduce elevated
corticosterone may have been impaired, or maybe the mothers
were less capable of metabolising corticosterone. Here, we note
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that in a separate experiment on CD1 mothers and their pups,
exposed to the same concentrations of the POP mixture used in the
current study, there were transient effects on the liver, including an
early increase in relative liver size, alterations in liver morphology
(centralobular hypertrophy), and the induction of detoxification
enzyme activity (CYP1A1, CYP1A, CYP3A, CYP2B, CYP2E1, CYP2A) in
the offspring, which disappeared over time (unpublished data).
This suggests the doses used impacted on liver morphology and
physiology, but were not pathological in the offspring, although the
mothers remained untested. Liver endpoints were not assessed in
the current study, but would be of interest with regards to the
ability of the liver to metabolise corticosterone.

We find evidence of HPA dysregulation in both the mothers and
their male offspring exposed to the high dose, and male pups
exposed to the low dose, of our POPmixture. The implication of this
finding is unclear, but such dysregulation has previously been
associated with neurological disorders. For example, in laboratory
studies rats with a blunted stress response were found to show
more extreme responses to a stressor, similar to post traumatic
stress disorder (Cohan et al., 2006). Furthermore, elevated levels of
glucocorticoids have negative effects on the cognitive abilities of
animals, causing neuronal cell death and reducing neurogenesis
(Sapolsky et al., 2000). In humans, elevated or decreased basal
cortisol levels have been associated with post-traumatic stress
disorder (Yuhuda et al., 1990; Bremner et al., 1997) and dissociative
disorders (Simeon et al., 2001), whereas a hypersensitive stress
response has been associated with panic disorder (Abelson et al.,
2006), and both an elevated and blunted cortisol response has
been associated with depression (Burke et al., 2005; Van den Bergh
et al., 2008). Therefore, further work should assess whether expo-
sure to our POP mixture can lead to other neurological disorders in
mice and other vertebrate models.

We used a POP mixture based on human dietary intake levels in
a mouse model. Based on tissue analysis, although mice were fed
5000� and 100 000� the estimated daily intake of humans, the
levels within the plasma, adipose tissue, and brain were in some
instances comparable to the levels of POPs found in humans and
wildlife (Berntsen et al. in prep). For example, compounds detected
in the plasma of the low dose group of pups ranged from 0,6 (para,
para’-dichlorodiphenyldichloroethylene [p,p’-DDE]) to 58 (per-
fluorodecanoic acid [PFDA]) times the levels in human blood
(Berntsen et al. in prep). Similarly, concentrations of organochlo-
rines measured in autopsy tissue from Greenland (Dewailly et al.,
1999) were in between the pup and the mother brain levels of
the low dose group of the present study when lipid adjusted levels
were compared. Therefore, the effects on corticosterone HPA dys-
regulation observed in the male pups exposed to the low dose in
the current study is a concern for human safety. As such, further
work is required to understand which compounds are acting upon
the HPA axis, and whether the effects of these compounds are
mediated by the presence of other compounds similar to that seen
in other species (i.e. Oskam et al., 2004; Bechshøft et al., 2012). Of
note, we recently tested the effect of a second POPmixture on larval
zebrafish behaviour that contained the exact same 29 compounds
as used in the current study, but the concentrations were based on
human blood levels rather than the estimated dietary intake (see
Berntsen et al., 2017). Nevertheless, we found this alternative POP
mixture could influence anxiety-like behaviour in larval zebrafish
(Khezri et al., 2017b). This observed effect was found to be
mimicked by the perfluorinated fraction of the mixture, and of
these six compounds, only PFOS could mimic the effect. Therefore,
it would be interesting to see whether PFOS itself can mimic the
effects on HPA regulation we see in the present study when using
the total mixture. Especially as PFOS was the dominating per-
fluorinated congener measured in brain tissue from the current
experiment (Berntsen et al. in prep).
In conclusion, a human based POP mixture dysregulated the

HPA axis in female mice and their male offspring. As HPA dysre-
gulation is associated with neurological disease in humans, further
work should be carried out to determine which compounds within
the POP mixture are acting upon the HPA axis and the risk to
humans.
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