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Abstract 

 

Long-range transport and deposition of POPs pose a significant threat to Arctic ecosystems, 

as they have shown to accumulate in Arctic wildlife and biomagnify along Arctic food 

chains. High trophic level species such as polar bears (Ursus maritimus) are therefore 

exposed to high levels of POPs, raising concerns about the implications on their health. The 

aim of this study was to clarify whether there was relationship between the presence of POPs 

in polar bears and health-related responses linked to oxidative stress, biotransformation, and 

genotoxicity.  

 

Blood and skin samples were collected from 47 free-ranging polar bears, of mixed age and 

sex, at Svalbard (Norway), during August and September 2013. POPs in plasma were 

quantified and grouped into six contaminant classes (ΣOH-PCB, ΣPCB, ΣCHL, HCH, β-

HCH, and BDE-47) based on inter-correlations and structural similarities. Ten selected gene 

transcripts (CYP1A1, CYP1B1, TRXR, SOD, CAT, HSP70, E2F1, GR, MT, and GPX) were 

quantified in skin biopsies using RT-qPCR. DNA strand breaks in lymphocytes were 

analyzed using the comet assay. In an attempt to optimize the integrity of DNA, the comet 

assay runs were performed on site, in the field, and potential inter-run variations were 

normalized using fresh human blood.  

Polar bear age, sex, and body condition (BCI) were included in all analyzes as confounding 

variables.   

 

No age or sex-related differences in POP concentrations were observed. However, a 

significant negative relationship between ΣPCB, ΣCHL, and β-HCH plasma concentrations 

and BCI was observed, suggesting that seasonal fasts influence the tissue-distribution of 

certain POPs. None of the genes appeared to be related to sex or BCI. Of the ten genes, only 

CYP1A1 expression was affected by age, for which expression was significantly lower in 

sub-adults as compared to in adults. CYP1B1 gene expression was positively correlated with 

ΣPCB concentrations, indicating the transcriptional up-regulation of CYP1B1 by this POP 

class. No such response was observed for CYP1A1. TRXR gene expression was positively 

correlated with ΣPCB, HCB, and β-HCH, suggesting a transcriptional up-regulation of 

TRXR by these POPs, possibly as a response to oxidative stress. No association between 

POPs and the remaining oxidative stress-related genes was observed.  
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No relationship between DNA damage in lymphocytes and age, sex, and BCI was observed. 

A significant negative relationship between DNA strand breaks in lymphocytes and ΣOH-

PCB and BDE-47 concentrations in plasma was observed, suggesting reduced genotoxicity 

with increasing POP concentrations. One possible explanation is a response of the immune 

system which up-regulates DNA damage repair responses following exposure to these POPs. 

No association between DNA strand breaks and gene expression profiles was observed.  

The present study showed that it was possible to perform the comet assay under field 

conditions, and that human blood was useful for normalization of inter-run variations. 
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1 Introduction 
 

The post-World War II industrial expansion led to a dramatic increase in the production of a 

wide range of man-made chemicals, and so-called persistent organic pollutants (POPs) 

(Tanabe et al. 1994; Macdonald et al. 2000). Manufactured industrial-based chemicals, 

pesticides, and by-products from combustion and/or industrial processes, have since then 

been discharged into the environment in large quantities (Jones & de Voogt 1999; Damstra 

2002; Lohmann et al. 2009). Three important groups of POPs are: polychlorinated biphenyls 

(PCBs), organochlorine pesticides (OCPs), and brominated flame retardants (BFRs).  

PCBs were manufactured in large volumes for their physico-chemical properties. They are 

chemically stable and resistant to heat (Safe 1994). PCBs were useful in a wide variety of 

uses and products, such as plasticizers, adhesives, hydraulic fluids, and transformers (Safe 

1994; Andersen et al. 2001), and were marketed as congener mixtures with different 

chlorination degree. OCPs, such as dichlorodiphenyltrichloroethane (DDT), 

hexachlorocyclohexane (HCH), hexachlorobenzene (HCB), mirex, and chlordanes, constitute 

a class of chemicals which have been extensively used in agriculture to protect crops from 

insects, weeds, and fungal diseases (Barrie et al. 1992; Chopra et al. 2011). In addition, OCPs 

have been extensively used in disease vector (e.g. malaria) control programs in tropical 

regions (AMAP 2004). Finally, brominated flame retardants (BFRs), such as 

hexabromocyclododecane (HBCDD) and polybrominated diphenyl ethers (PBDEs), are 

chemicals that are added to materials to make them more fire resistant (Alaee et al. 2003; de 

Wit et al. 2010; Dietz et al. 2013). A broad variety of commercial products contain BFRs, 

among them for instance, polyurethane foams, textiles, electronic equipment, and plastics.  

 

The physico-chemical characteristics that have made POPs so desirable for industrial and 

agricultural purposes, are for the same reasons responsible for many of the harmful effects 

documented in organisms, such as reproductive impairments, cancers, and behavioural 

changes (Jones & de Voogt 1999). Many of these chemicals are lipophilic and resist 

biological degradation (Andersen et al. 2001). They will therefore tend to accumulate in fatty 

tissue and biomagnify in food chains (Letcher et al. 1996). Investigations on negative 

biological effects were already evident as early as the 1960s (Ratcliffe 1967; Risebrough et 

al. 1968). Since then, studies have verified that POPs pose significant harmful health effects 

on animal physiology (de March et al. 1998). Furthermore, many POPs are sufficiently 
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volatile to be dispersed throughout the entire globe, even to presumably pristine and 

unspoiled regions, such as the Arctic (Oehme 1991; de March et al. 1998).  

 

Today, the production and the use of POPs have been reduced through international 

restrictions and bans, such as through the UN Stockholm Convention Treaty (Stockholm 

Convention 2001). Although emission and exposure trends show that environmental levels of 

many POPs (e.g. PCBs, DDT) are slowly declining, they still pose a risk, decades after the 

onset of  restrictions (de Wit & Muir 2010; AMAP 2014).  

 

There are several reasons as to why POPs have been registered in the Arctic at such high 

concentrations and why they pose a threat to Arctic ecosystems. Long-range transport 

through the atmosphere is identified as the most important transport vector regarding 

dispersion of volatile POPs to the Arctic (Halsall 2004; Lohmann et al. 2007). When these air 

masses reach the colder Arctic regions, a condensation effect occurs, leading to the 

deposition of these compounds (Wania & Mackay 1993; Mackay & Wania 1995). In 

addition, major oceanic currents serve as POP transport vectors for lesser volatile POPs (Li et 

al. 2002). The persistent nature of POPs is prolonged due to the cold Arctic conditions, 

reduced sunlight intensity, and limited biological activity (Wania & Mackay 1993; Wania & 

Mackay 1996; de Wit et al. 2006). Many Arctic species are long-lived, and rely 

predominantly on an energy-rich lipid diet, increasing the risk of exposure and accumulation 

of these toxic lipophilic compounds (Barrie et al. 1992; Wania & Mackay 1993; Brunstrøm 

& Halldin 2000; Borgå et al. 2004). This is particularly relevant for predator species at high 

trophic levels, such as seals, arctic fox (Vulpes lagopus), northern fulmar (Fulmarus 

glacialis), and polar bears (Ursus maritimus).  

 

Polar bears are considerd marine mammals due to their close affiliation with the marine 

environment (Fitzgerald 2013). Given their position as apex predators and their circumpolar 

distribution in the Arctic, polar bears serve well as indicators of the environmental burden of 

the Arctic region as a whole (Oehme 1991; Routti et al. 2011). Polar bears are opportunistic 

predators (Bentzen et al. 2008), and their primary food source is blubber from ringed seal 

(Pusa hispida) and bearded seal (Erignathus barbatus) (Stirling & McEwan 1975; Stirling & 

Archibald 1977; Letcher et al. 2009). The fact that polar bears specifically target, and 

consume, energy-rich blubber, puts them at particular risk of accumulating high levels of 

POPs (Haave et al. 2003). Ever since POPs were first registered in polar bears 40 years ago 
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by Bowes & Jonkel (1975), they have been closely monitored, and we know today that they 

have some of the highest concentrations of POPs of any of the Arctic species (Braune et al. 

2005; de Wit et al. 2006; Muir et al. 2006; Letcher et al. 2010). However, POP 

concentrations in polar bears may vary depending on age, sex, and body condition (Bentzen 

et al. 2008). Several studies have reported significant positive correlations between POPs 

levels and  biomarkers of endocrine (Braathen et al. 2004), reproductive (Sonne et al. 2006b; 

Sonne et al. 2007), and immune system disorders (Lie et al. 2004). Sonne and collaborators 

reported possible connections between POP levels and kidney and liver lesions in East 

Greenland polar bears (Sonne et al. 2005; Sonne et al. 2006a). In addition, Sonne et al. 

(2004) documented that polar bears are susceptible to developing osteoporosis due to POPs 

exposure.  

 

Advances in the field of molecular and genetic technology have made gene expression 

profiling a widely used tool when quantifying effects of POP exposure. Such profiling 

provides valuable information when it comes to understanding the underlying biological 

mechanisms that result in injury and disease (Bowen et al. 2015). When exposed to stressors 

such as POPs, a cell may respond by altering the transcriptional expression of genes 

specifically designed to protect and repair cellular structures (Causton et al. 2001). These 

alterations increase, or decrease, the abundance of mRNA transcripts, which in turn are 

translated into functional proteins designed to counteract harmful effects imposed by the 

toxicant(s) (Farr & Dunn 1999; Piña et al. 2007). Generally, the amount of translated protein 

and the corresponding amount of mRNA transcripts, will correlate (Piña et al. 2007).  

 

Since most free-ranging marine mammals are classified as endangered species, and are 

protected by law, a procedure has been developed for non-lethal tissue-sampling regarding 

toxicological studies (Fossi 1994). Gene expression analyses from skin tissue have been 

shown to be a useful and sensitive tool in several marine mammal studies when investigating 

toxicological effects at the molecular level (Fossi et al. 2010; Buckman et al. 2011; Noël et 

al. 2014). Skin is useful because the endothelial cells in this tissue are in direct contact with 

blood-borne POPs (Godard et al. 2004). In addition, skin is an important target tissue for 

certain types of POPs, including PCBs (Vorrink et al. 2014). 

POPs may cause oxidative stress, which is a physiological imbalance between the generation 

and removal of radicals, predominantly reactive oxygen species (ROS), such as hydroxyl 

radicals (OH˙), superoxide radicals (O2˙-), and hydrogen peroxide (H2O2)  (Kelly et al. 1998). 
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ROS may inflict harm to a cell by attacking and damage cellular components, including 

DNA. Cellular responses to oxidative stress and ROS are largely determined by a highly 

developed defence system comprised of a series of specialized enzymatic and non-enzymatic 

antioxidants (Di Giulio et al. 1989). An important feature regarding enzymatic antioxidants is 

their potential to be induced as a response to harmful cellular conditions initiated by 

oxidative stress (Di Giulio et al. 1989) These antioxidants are designed to scavange different 

cellular compartments, and to detoxify ROS through a series of catalytic reactions.  

 

There is a scarcity of marine mammal studies having documented the effect of stress-related 

mRNA transcript markers from skin tissue. Fossi et al. (2010) reported an up-regulation of 

heat shock protein 70 (HSP70) and E2F1 genes from fin whales, (Balaenoptera physalus) 

inhabiting a polluted location in comparison to a reference location. HSP70 is a family of 

stress response proteins usually expressed at low concentrations during normal cellular 

conditions (Kalmar & Greensmith 2009). Following incidents of general stress, a heat shock 

response is initiated to which these proteins may function as molecular chaperones, facilitate 

protein folding, or prevent protein aggregation. E2F1 is a genetic transcription factor that 

may serve as a biomarker of apoptotic (i.e. programmed cell death) activation, due to 

excessive stress in cells (Fossi et al. 2010). In a study of killer whales (Orcinus orca), 

Buckman et al. (2011) reported a strong positive correlation between metallothionein (MT) 

mRNA transcript markers and PCB in skin tissue. Up-regulation of MT has been linked to 

cellular stress and metal exposure (Wlostowski et al. 2008).  

 

In addition to stress responses, there is an interest in the induction of cytochrome P450 (CYP) 

enzymes and their role as a detoxifying enzyme following POP exposure. Of particular 

interest are the CYP1A and CYP1B sub-families, which are expressed through the mediated 

binding of ”dioxin-like” planar polycyclic aromatic and halogenated hydrocarbons to the aryl 

hydrocarbon receptor (AhR) in the cell (Rivera et al. 2001; Miller et al. 2005). Dioxin-like 

compounds are subsequently activated to potentially carcinogenic intermediates. The liver 

plays a leading role with respect to metabolizing foreign compounds by CYP. However, these 

enzymes are also present in most other tissues (Okey 1990). Polar bears have a highly 

developed CYP system, and are therefore effectively capable of biotransforming many types 

of POPs, such as dioxin-like PCBs (Braathen et al. 2004), but little is known about the 

inducibility of CYP1A/CYP1B gene transcripts in polar bear skin. In an exposure study by 

Ben-David et al. (2001), captive river otters (Lontra canadensis) that were fed crude oil over 
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a time period of 100 days, experienced an induction of CYP1A1 expression in skin cells. In 

one of the few studies of marine mammals, Panti et al. (2011) reported an up-regulation of 

CYP1A mRNA transcripts in free-ranging striped dolphin (Stenella coeruleoalba) inhabiting 

a polluted area compared to dolphins in a less polluted reference site. 

 

In the present study, the expression of a set of selected genes was quantified in skin tissue 

biopsies of polar bears. In addition to the five above-mentioned genes (HSP70, E2F1, MT, 

CYP1A1, CYP1B1), we chose to examine an additional five oxidative stress-related genes.  

Superoxide radicals (O2˙-) produced in the cell are effectively detoxified by superoxide 

dismutase (SOD), which results in the production of hydrogen peroxide (H2O2) (Di Giulio et 

al. 1989). This, in turn, is removed either by catalase (CAT) or glutathione peroxidase 

(GPX). Another significant antioxidant enzyme, glutathione reductase (GR), is involved in 

facilitating GPX by regenerating levels of glutathione in the cell (Kappus 1987). Finally, 

thioredoxin reductase (TRXR) is part of an antioxidant system which is homologous to the 

glutathione antioxidant system (Lu & Holmgren 2014). TRXR is critical in the defence 

against oxidative stress and serves as an electron-donor for several types of enzymes.  

 

DNA strand breaks have been shown to be a useful biomarker when studying the effects of 

genotoxicants (Forchhammer et al. 2010). A genotoxicant may be defined as a chemical that 

exerts damage to a cell’s genetic material (predominantly DNA) (Garberg et al. 1988). The 

DNA double helix molecule is a potential target for many types of genotoxic POPs. Such 

genotoxicants may inflict damage to the DNA molecule in various ways by generating 

chemical or physical alterations (Nacci et al. 1996). Unrepaired DNA damage may trigger a 

cascade of deleterious effects at different biological levels, beginning at the cellular and 

tissue levels, ultimately leading to negative effects at organismal, community and population 

levels (Lee & Steinert 2003).  

One significant form of genomic damage is DNA strand breakage. Genotoxicants may cause 

DNA strand break in three ways. First, genotoxicants may break DNA strands directly, 

however, according to Eastman & Barry (1992), few genotoxicants are capable of this. 

Instead, ROS is considered a far more important and common way of promoting imbalances 

in a cell’s oxidative status (i.e. oxidative stress), and subsequent oxidative damage to cellular 

components, including DNA (Ojha & Srivastava 2014). Finally, genotoxicants may cause 

disturbances to natural DNA processesing activities (e.g. replication and repair), indirectly 

posing a threat to the integrity of the DNA molecule, potentially leading to an accumulation 
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of DNA damage and subsequent breaks (Shugart 2000). Today, there is clear consensus that 

genomic injury, induced by genotoxicants, play a significant role in the initial development of 

serious pathological conditions, such as cancers (carcinogenesis), mutations to the genetic 

material (mutagenesis), and birth defects (teratogenesis) (Durham & Williams 1972; Sarkar 

et al. 2008).   

 

DNA strand break detection in invertebrate and vertebrate animal models has been 

extensively examined through numerous experimental and environmental studies. (reviewed 

in de Lapuente et al. (2015)). Recently, a study by Sareisian et al. (2013) reported extensive 

DNA damage to the spleen, liver, and brain stem of ringed seals from East Greenland. In the 

present study, the alkaline single cell gel electrophoresis assay (i.e. comet assay) by Ostling 

& Johanson (1984) with modifications, was used to detect DNA strand breaks in polar bear 

lymphocytes separated from blood. Comet assay electrophoresis runs, in the present study, 

were performed on site, to ascertain fresh blood samples. In order to ensure satisfactory 

electrophoresis conditions, human lymphocytes were used as internal references for the 

analyses, which previous studies have demonstrated to be advantageous while conducting the 

comet assay (da Silva et al. 2000; Sareisian et al. 2013). To our knowledge, this is the first 

time the comet assay has been used for polar bear.  

 
The overall objective of the present study was to clarify whether POPs can potentially affect 

the health of polar bears. We wished to clarify if there was a relationship between the 

presence of POPs in polar bear tissues and health-related responses, i.e. altered expression of 

specific genes involved in metabolic processes and oxidative stress, and DNA damage. In 

addition, we wished to explore if human blood could be used as an internal reference for the 

comet assay. Three main objectives were set, each followed by specific questions:  

 

The first objective of this study was to quantify a selection of chlorinated and brominated 

POPs (i.e. OCPs, PCBs, BFRs, and their OH-metabolites) in polar bear plasma, and clarify 

their relationship to polar bear group (i.e. age and sex) and body condition.  

 

1: Were differences in POP levels in polar bear plasma related to group and/or body 

condition?    
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The second objective of this study was to analyze and quantify expression profiles of a 

selection of specific genes in skin linked to metabolic processes and oxidative stress, and 

clarify their relationship to polar bear group (i.e. age and sex), body condition, and POP 

exposure. 

 

2: Were differences in gene expression profiles in polar bear skin related to group and/or 

body condition? 

3: Was there a relationship between POP levels in blood plasma and expression of specific 

genes in polar bear skin? 

 

The third objective of this study was to determine levels of DNA strand breaks in polar bear 

lymphocytes, and to clarify their relationship to polar bear group (i.e. age and sex), body 

condition, POP exposure, and gene expression.  

 

4: Were differences in lymphocyte DNA integrity in polar bear lymphocytes related to group 

and/or body condition?  

5: Was there a relationship between POP levels in plasma and the DNA integrity of 

lymphocytes from polar bear?   

6: Was there a relationship between DNA integrity of lymphocytes and gene expression 

profiles in skin in polar bear? 

7: Was it possible to perform the comet assay under field conditions, and was a human blood 

sample useful as an internal reference?  
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2 Materials and methods 
 

2.1 Sampling area 
As part of the BearEnergy project (PI: Heli Routti) by the Norwegian Polar Institute (NPI), 

blood and skin from a total of 47 polar bears were opportunistically sampled throughout the 

Svalbard archipelago (Figure 2.1), Norway, in August and September, 2013 (31.08 – 10.09). 

Polar bear age and sex composition is presented in Table 2.1. 

 
Table 2.1: Age and sex composition of the polar bears in this study. The polar bears were assigned to 
specific age classes in accordance to Stirling et al. (2011); a0 – 1, b1 – 2, c3 – 4, d 5 – 20, e 21 + 

  Cub of year (COY)a Yearlingb Sub-adultc Adultd Senescent adulte Total  

Male 0 4 4 5 1 13 

Female 0 4 4 22 4 34 

 

 

 
Figure 2.1: Map of the Svalbard archipelago (ranging between 74°N - 81°N and 10°E - 35°E) with 
capture locations for each individual polar bear (n = 47). The bears were distributed over a large area, 
with higher densities towards the east around Edgeøya and Barentsøya.  
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2.2 Tissue sampling and isolation of blood components and skin 
The bears were immobilized, handled, and sampled, based on methods by Stirling et al. 

(1989) and Bourgeon et al. (submitted). The cataleptoid anastetic Zoletil®100 was 

administered by injection intramuscluarly to the lower neck/upper shoulders or rump with a 

tranquilizer dart needle, fired from a helicopter (Eurocopter AS350 Ecureuil) at close range. 

The weight of each bear was estimated in flight to determine the correct anaestetic dosage (5-

10 mg/kg body mass). Full immobilization was usually quick and effective, ranging on 

average 3-5 minutes following anastetic injection. Blood was drawn from the femoral vein 

with Venoject® glass tubes, where they were stored on ice until the end of the day (max.10 

hours), and subsequently aliquoted into serum separation tubes in 8 ml volumes. The tubes 

were centrifuged at 3,500 rpm (room temperature) for 10 minutes, allowing separation of 

plasma, lymphocytes and red blood cells. The obtained supernatant (blood plasma) was 

transferred into 2 ml cryotubes with a plastic pasteur pipette and stored in liquid nitrogen. 

The lymphocytes were transferred to a 15 ml centrifuge tube and 2× diluted in phosphate 

buffered saline (PBS) ethylenediaminetetraacetic acid (EDTA) (10 % PBS; pH 7,4; 10 mM 

EDTA), followed by a new centrifugion (3,500 rpm at room temperature for 10 minutes). 

After the PBS-EDTA supernatant was carefully removed, the lymphocyte samples were 

ready for further processing in the comet assay, as described in chapter 2.4. Excess 

lymphocytes were aliquoted into 2 ml cryotubes and stored in liquid nitrogen.  

An ear skin biopsy (20-100 mg) was taken from each bear using a six millimeter biopsy 

punch. The skin samples were temporarily put in a cryotube on ice, and subsequently stored 

in liquid nitrogen at the end of the day (max. 10 hours). Date and GPS coordinants for each 

sampling site was recorded. Additional biometric measurements and taggings were carried 

out, and catalogued, as described by Stirling et al. (1977), Stirling et al. (1980), and Calvert 

& Ramsey (1998); including age (extraction of vestigal premolar tooth for growth layer 

count), straight body length (straight line from tip of nose to tip of last vertebra in tail), girth, 

body mass (to the nearest kg), and body condition. According to Cattet et al. (2002), a body 

condition index (BCI) can be used to define a bear’s true body condition, which may be 

defined as the combined mass of fat and skeletal muscle in an animal relative to its body size. 

BCI can therebye be determined based on the following formula: 
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ln !"#$ℎ! − 3.07!× ln(!"#$%&ℎ!!!"#$%ℎ) !+ 10.76
0.17!+ 0.009!× ln(!"#$%&ℎ!!!"#$%ℎ)  

 

BCI was expressed in arbitrary units where negative values indicate poorer body condition. 

Bears were also examined for wounds and infections. Health parameters such as heart rate 

and body temperature were closely monitored throughout procedure. Handling and tagging 

required approximately one to two hours to perform, and when finished, the rumps were 

individually marked using a tar-based paste, allowing the team to distinguish between 

handled and non-handled bears when in flight. The sedated bears were finally left to recover 

on their own, without the use of an antagonist, usually taking two to six hours.  

 

 

2.3 Determination of POPs in polar bear plasma samples 

The analysis of POPs was carried out at the Laboratory of Environmental Toxicology, at the 

Norwegian University of Life Sciences (NMBU) in Oslo, Norway. This study employs a 

multimethod, initially described by Brevik (1978) with modifications, for extraction and 

determination of OCPs, PCBs, and BFRs. Determination of individual hydroxy (OH-) 

metabolites was performed, as described by Løken et al. (2006). POP analyses were 

conducted by gas chromatography – mass spectrometry (GC-MS). The full list of POPs 

analyzed in this study are listed in Table 2.2: 
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Table 2.2: List of analyzed POPs from polar bear plasma samples.  

  

Chemical Description Chemical Description Chemical Description

Legacy organochlorine pesticides PCB-156                             " 4'-OH-CB172                      "
HCB Insecticide PCB-157                             " 4'-OH-CB180                      "
β-HCH Insecticide by-product PCB-170                             " 4'-OH-CB187                      "
p,p´-DDT Insecticide PCB-180                             "
p,p´-DDE Insecticide metabolite PCB-183                             " Legacy industrial organobromines
Oxychlordane Insecticide metabolite PCB-187                             " HBCDD Flame retardant
Trans-nonachlor Insecticide PCB-189                             " BDE-28 Flame retardant congener
Mirex Insecticide PCB-194                             " BDE-47                      "

PCB-196                             " BDE-100                      "
Legacy industrial organochlorines PCB-206                             " BDE-153                      "
PCB-99 Industrial chemical congener PCB-209                             "
PCB-105                      " 6'-OH-BDE47 Flame retardant congener metabolite
PCB-118                      " 4'-OH-CB107 Industrial chemical congener metabolite
PCB-128                      " 4'-OH-CB130                             "
PCB-137                      " 3'-OH-CB138                             "
PCB-138                      " 4-OH-CB146                             "
PCB-153                      " 4'-OH-CB159                             "
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2.3.1 Sample preparation and lipid extraction 
Of the total amount of polar bears sampled in this study (n = 47), 23 (adult females) had 

previously been analyzed in conjunction with the BearEnergy project (PI: Heli Routti) by 

NPI. The remaining 24 bears (consisting of adult males and sub-adults) were analyzed in the 

present study in two separate batches, respectively. During sample preparation, two samples 

were spoiled. 

 

Calibration of laboratory instruments, e.g. pipettes and scales, was conducted ensure accurate 

measurements in the lab. All glassware used in this analysis was rinsed in an 

acetone:cyclohexane (1:1) mixture prior to use. Blood plasma samples, initially stored at – 20 

℃, were thawed in room temperature. Approximately1.8 grams of each sample was 

transferred to individually marked 100 ml glass centrifuge tubes (round) along with other 

control parameters (see section 2.3.6). Additional solvents added (in the following order) 

included 2 ml of 6 % NaCl, 10 ml 1 M !!!"!, 15 ml acetone, and 20 ml cyclohexane. The 

solutions were disrupted for 1 minute using an Ultrasonic Processor (Cole-Parmer) and 

centrifuged in an Allegra™ X-12R centrifuge (Beckman Coulter) at 2095 g (25 ℃) for 10 

minutes. The supernatant was removed with an electric handheld pipette controller and 

transferred to 200 ml Zymark sample concentration glass tubes. This step was repeated for 

the remaining solution, this time adding 5 ml acetone and 10 ml cyclohexane. Samples were 

placed in a TurboVap® evaporator system (Zymark) where they were concentrated under a 

gentle flow of nitrogen (purity: 99.6), in a 40 ℃ water bath, to no less than 1 ml.  

 

 

2.3.2 Gravimetric lipid determination 

With a Pasteur pipette the samples were transferred from the Zymark tubes to 15 ml pre-

weighed glass centrifuge tubes (conical). The Zymark tubes were rinsed 3 times in with 2 ml 

cyclohexane. The glass tubes were fit into a temperate (40 ℃) sand bath container, and under 

a steady flow of nitrogen (purity: 99.6 %) the extract was evaporated to dryness. The glass 

tubes were tempered in room temperature for 5 minutes, weighed and registered. In order to 

ensure that a constant weight had been achieved, the evaporation process was repeated until 

the weight did not vary by more than ± 0.0020 grams and lipid percentage was calculated 

gravimetricly. The samples were then re-suspended in 1 ml cyclohexane, and briefly mixed 

with a Whirlimixer until the solution was homogenous. 
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2.3.3 Cleanup 
In order to remove lipid and protein extracts, each glass tube received 4 ml concentrated 

sulfuric acid (97.5 % !!!"!) from a bottle fitted with a dispenser. Next, the samples were 

briefly mixed with a Whirlimixer and placed in the dark for a maximum of one hour in room 

temperature. For sufficient phase separation, the samples were frozen (− 20 ℃) for one hour 

and centrifuged again at 2095g (25 ℃) for 10 minutes. The supernatant was removed with a 

Pasteur pipette and transferred to a new glass tube, where a color coated pH paper was used 

to ensure that none of the acidic water phase had been transferred.  

 

 

2.3.4 Extraction of OCs, BFRs, and OH-metabolites 
The samples were extracted with 5 ml 1 M potassium hydroxide (KOH) in 50 % ethanol, 

briefly mixed with a Whirlimixer, and centrifuged at 2095 g (25 ℃) for 5 minutes, resulting 

in an organic and alkali phase. This extraction step was repeated once. The alkali phase 

(containing OH-metabolites) was transferred with a Pasteur pipette to a new glass tube, and 

acidified with concentrated (97.5 %) sulfuric acid (!!!"!) to pH between 1 and 2. Color 

coated pH paper was used to ensure accurate pH levels. The sample solutions were then re-

extracted with 3 x 5 ml cyclohexane, where the supernatant was transferred to Zymark tubes 

and placed in the TurboVap® evaporator system where they were concentrated to no less than 

1 ml. With a Pasteur pipette the samples were transferred, and rinsed 3 times with 

cyclohexane, to glass tubes, and fit into a temperate (40 ℃) sand bath container, and under a 

steady flow of nitrogen (purity: 99.6 %), evaporated to no less than 1 ml.  

 

The OH-metabolites went through a derivatization reaction in order to alter the functional 

groups and thereby yielding acetylated analogues, i.e. avoid asymmetrical peaks during the 

GC-MS analysis. A 50 !l acetic anhydride:pyridine (1:1) mixture was added to each sample 

containing the OH-metabolites and briefly mixed on a Whirlimixer, and subsequently placed 

in a preheated (60 °C) incubator (Termaks) for 30 minutes. 2 ml molecular grade water was 

added, followed by a brief mixing on a Whirlimixer and centrifuged at 2095 g (25 ℃) for 5 

minutes. The supernatant was transferred to a 15 ml glass centrifuge tubes (conical) and 

evaporated to the correct calibrated level. The samples were finally transferred to individually 

marked amber vials with inlets, ready for GC-MS analysis. 
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2 ml molecular grade water was added to the remaining organic phase (containing PCBs, 

pesticides, and BFRs) from the KOH-extraction, followed by centrifugation at 2095 g (25 ℃) 

for 5 minutes. The supernatant was transferred to calibrated 15 ml glass centrifuge tubes 

(conical) and fit into a temperate (40 ℃) sand bath container, and under a steady flow of 

nitrogen (purity: 99.6 %), evaporated to no less than 1 ml. Finally, the samples were 

transferred to individually marked amber vials with inlets, ready for GC-MS analysis.  

 

 

2.3.5 Analytical quality assurance and control 

The Laboratory of Environmental Toxicology is accredited by Norwegian Accreditation for 

the determination of OCs, BFRs, and lipid content in biological samples according to the 

general requirements of NS-EN ISO/IEC 17025 (TEST 137). The determination of OH-

metabolites is not an accredited method, but is nevertheless validated after the same 

procedure as the accredited method.  

To ensure accurate and reliable GC-MS measurements, a series of control parameters were 

added to each of the 2 sample batches. Three matrix blanks were added containing no 

detectable compounds. Recovery samples (3 in first batch; 2 in second batch) with known 

analyte quantities were used to monitor the percent recovery of samples obtained. One blind 

sample which was incorporated in the recovery rate calculation. Two internal reference 

samples (seal blood and fat) with known analyte quantities were implemented to measure the 

degree of precision and accuracy for each analysis. Accompanied by a specific certificate, 

CRMs are a recognized reference, and contribute to validate a specific analytical method, e.g. 

GC-MS (Kashyap et al. 2005). Therefore, two external certified reference material samples 

(CRM #2525 and #349) were implemented in the first batch. 

Internal standards (I.S.) were added to all samples, including the control parameters, in 

known quantities based on compound similarities. The following internal standards 

incorporated were: PCB-29, PCB-112, and PCB-207 (for chlordanes, CPM related 

compounds, and PCBs); 4’-OH-[13C12]CB159 and 4’-OH-[13C12]CB187 (for OH-

metabolites); BDE-77 and BDE-119 (for brominated related compounds).  
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2.3.6 Quantification  

Separation and quantification of the extracts was analyzed by a high resolution gas 

chromatograph (GC) (Agilent 6890 Series), connected to a quadrupole mass spectrometer 

(MS) (Agilent 5973 Series). A split/splitless injector operated in the splitless mode was used 

for the OCs and OH-metabolites, whereas for the BFRs, the injector was operated in the 

pulsed spitless mode. The injected sample volume was 2 !l. Helium (purity: 99.999 %) was 

used as a carrier gas at a constant flow mode of 1.3 mL/min (1.6 mL/min for BFRs) on a DB-

5ms (J & W Scientific) 60 meter capillary column with 250 !m inner diameter and 0.25 !m 

thickness. Some differences applied for run time and temperature programs during the 

analysis of BFRs, OCs, and OH-metabolites: For BFRs; total run time 31.60 minutes (90 ℃ 

for 1 min, increase to 180 ℃ by 25 ℃/min, increase to 220 ℃ by 2.50 ℃/min, 220 ℃ for 1 

min, increase to 320 ℃ by 20 ℃/min, 320 ℃ for 5 min). For OCs; total run time 71.60 

minutes (90 ℃ for 2 min, increase to 180 ℃ by 25 ℃/min, 180 ℃ for 2 min, increase to 220 

℃ by 1.50 ℃/min, 220 ℃ for 2 min, increase to 275 ℃ by 3 ℃/min, 275 ℃ for 12 min, 

increase to 300 ℃ by 25 ℃/min, 300 ℃ for 4 min). For OH-metabolites; total run time 42.08 

minutes (90 ℃ for 1 min, increase to 240 ℃ by 40 ℃/min, 240 ℃ for 1 min, increase to 270 

℃ by 1.50 ℃/min, 270 ℃ for 5 min, increase to 310 ℃ by 30 ℃/min, 310 ℃ for 10 min).  

 

The chromatographic data was acquired using the GC/MSD software program ChemStation 

(Version B.04.03, Agilent). All peaks in the chromatogram were manually integrated to 

ensure proper baseline settlement. Linear calibration curves were generated based on the pre-

made standard solutions with acceptable R-squared values ≥ 0.985. To reduce detection 

uncertainties, the analyte limit of detection (LOD) was set to three times the background 

noise level, and ranged from 0.005 to 0.185 ng/g wet weight (ww) for OCs, 0.020 to 0.260 

ng/g ww for BFRs, and 0.010 to 0.055 ng/g ww for OH-metabolites. The mean percent 

recovery rates ranged between 80 – 114 % for OCs, 81 – 94 % for BFRs, and 75 – 140 % for 

OH-metabolites.  
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2.4 Gene expression analysis  
The analysis of gene expression in polar bear was investigated on skin tissue samples. 

Several preliminary steps had to be carried out before exponential amplification of specific 

DNA sequences could be conducted. The quantification of mRNA was acheived using two-

step RT-qPCR. The initial step in RT-qPCR involves converting isolated total RNA into a 

single-stranded complementary DNA (cDNA) by reverse transcriptase (Freeman et al. 1999). 

This template reflects the amount and complexity of mRNA the initial mRNA population in 

each sample and will susequently serve as a template in the scond step, the qPCR reaction.  

All laboratory proceedures in conjunction with the gene expression analysis were performed 

at the Department of Biosciences at the University of Oslo.  

 

 

2.4.1 RNA extraction and purification 

During these procedures, only RNase-free equipment and reagents were used, and all 

surfaces were regularly wiped down with RNase inhibitors. RNA extraction and purification 

of polar bear skin biopsies was conducted back-to-back using the Trizol® Reagent and the 

RNeasy® Plus Mini-kit (Qiagen), respectively. These methods provide a step-by-step 

approach which effectively removes genomic DNA, simultaneously yielding high quality 

RNA (> 200 nucleotide) for further down-stream applications.  

 

 

2.4.2 RNA extraction using Trizol® 

The ear skin biopsies were contained at − 80 ℃ until use. The frozen biopsy sample was 

weighed and then emptied into a dish placed in a liquid nitrogen bath. The skin surface was 

scraped clean with a scalpel in order to remove excess fur, and immediately submerged in a 

15 ml plastic tube containing Trizol® Reagent (1 ml per 50 - 100 mg tissue). The samples 

were disrupted using an Ultra-Turrax homogenizer (Pro Scientific) at max speed (35,000 

rpm) for approximately 30 seconds. The plastic culture tube was placed in a ice-filled glass 

beaker  throughout homogenization. The homogenized samples was immediately transferred 

to individually marked eppendorf tubes and incubated for approximately 5 minutes in room 

temperature. Chloroform (0.3 ml per 1 ml Trizol® Reagent) was added to the homogenate and 

the tubes were vigorously shaken by hand for 15 seconds and incubated for 2 – 3 minutes at 

room temperature. The samples were then centrifuged at 6000g (4 ℃) for 15 minutes in a 
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Biofuge A (Heraeus Sepatech). The upper aqueous RNA-containing phase was then 

transferred to a fresh eppendorf tube, whereas the lower was discarded. The RNA was 

precipitated from the aqueous phase with isopropyl alcohol (0.6 ml per 1 ml Trizol® 

Reagent). The samples were mixed well, incubated at room temperature for 10 minutes, and 

centrifuged at 6000g (4 ℃) for 10 minutes. The supernatant was removed and the pellet was 

washed once with 75 % ethanol (1 ml per 1 ml Trizol® Reagent) by pipetting up and down 

for 15 seconds. Then, the pellets were briefly vortexed and centrifuged at 3700g (4 ℃) for 5 

minutes. The supernatant was then removed and the pellets were air dried for no longer than 

10 minutes. The RNA pellets were finally redisolved in 50 !l molecular grade water and 

incubated on a heating block at 60 ℃ for 10 minutes.  

 

 

2.4.3 Qiagen RNeasy® Plus Mini-kit method 

600 !l Buffer RLT Plus (containing 10 !l !-mercaptoethanol per ml buffer) was added to the 

eppendorf tubes containing the redisolved RNA samples and thouroughly mixed with a 

pipette. This lysate was then transferred to a gDNA Eliminator spin column placed in a 2 ml 

collection tube and centrifuged at 14900g (room temperature) for 30 seconds in a Biofuge A 

(Heraeus Sepatech). 600 !l 70 % ethanol was added to the flow-through lysate and mixed 

well by pipetting up and down. The samples were transferred to RNeasy spin columns placed 

in 2 ml collenction tubes and centrifuged at 14900g (room temperature) for 15 seconds, 

discarding the flow-through. 700 !l Buffer RW1 was then added to the RNeasy spin column 

and centrifuged at 14900g (room temperature) for 15 seconds. 500 !l Buffer RPE was added 

to the RNease spin columns and centrifuged at 14900g (room temperature) for 15 seconds. 

This was repeated again, increasing the centrifugation time to 2 minutes, sufficient time to 

dry the spin columns so no ethanol was carried over. The RNeasy spin columns were placed 

into new 1.5 ml collection tubes, where 50 !l molecular grade water was added to each. The 

samples were finally centrifuged at 14900g (room temperature) for one minute to elute the 

RNA from the RNeasy spin column membranes.  
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2.4.4 RNA purity control 

RNA purity control was assessed by measuring the ratio of optical density (OD) at 260 and 

280 nm (OD260/280) and at 260 and 230 nm (OD260/230). RNA is generally pure when the 

OD260/280 - ratio ranges 1.8-2.0, and the OD260/230 - ratio > 2.0. Ratios lower than the 

acceptable ranges indicate contamination.  

2 !l of the RNA elute was pipetted onto each of the microspots on a Take3™ Multi-Volume 

Plate reader (BioTek). 2 !l molecular grade water was pipetted onto 4 of the microspots and 

served as blanks. Absorbtion values, and RNA concentrations (ng/!l), were measured and 

calculated using Synergy MX platereader (BioTek) equipped with Gen5 data analysis 

software (version 1.10.8, BioTek).  

 

 

2.4.5 RNA integrity control 

RNA integrity was determined by using the Agilent 2100 Bioanalyzer (Agilent 

Technologies). All reagents in the Agilent RNA 6000 Nano Kit (Agilent Technologies) were 

equilibriated to room temperate for 30 minutes before use. 550 !l of Agilent RNA 6000 Nano 

gel matrix was placed into a spin filter and centrifuged (room temperature) for 10 minutes at 

1500g. Aliquots of 65 !l filtered gel were distributed into new 0.5 ml eppendorf tubes. RNA 

6000 Nano dye concentrate was vortexed and spun down for 10 seconds and 1 !l was added 

to a 65 !l aliquot of filtered gel, avoiding direct light exposure at all times. The gel-dye mix 

was vortexed thoroughly and centrifuged (room temperature) for 10 minutes at 13000g. 

Ladder was pipetted to vials and heat denatured for 2 minutes at 70 ℃, then stored in 1 !l 

aliquots at – 80 ℃ until use. Before use, the ladder aliquots were thawed and kept on ice. An 

RNA Nano chip, containing 12 sample wells, 1 ladder well, and 3 gel-dye mix wells, was 

loaded on the chip priming station. 9 !l of the gel-dye mix was pipetted into one of the chip 

wells. A plunger associated with the chip priming station was pressed down and locked for 

30 seconds to allow the gel-dye mix to suffieciently distribute throughout the well. 9 !l of the 

gel-dye mix was pipetted to two new chip wells. 5 !l of the RNA 6000 Nano marker was 

pipetted into each of the 12 sample wells along with the ladder well. 1 !l ladder was pipetted 

into the ladder well. 1 !l of each RNA sample was pipetted into each of the 12 sample wells. 

The chip was placed in an IKA vortex mixer and vortexed for 60 seconds at 2400 rpm. The 

chip was finally analyzed in the Agilent 2100 Bioanalyzer (Agilent Technologies), yielding 

an individual electropherogram and RIN value for each RNA sample. Six of the 47 polar bear 
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samples yielded usufficient RNA quality, and were consequently removed from the gene 

expression analyses. 

 

 

2.4.6 cDNA synthesis by reverse transcription 

The RNA samples were thawed on ice and diluted in molecular grade water to yield a final 

concentration of 50 ng/!l. A standard solution was prepared by mixing 2.2 !l from 21 

randomly chosen RNA samples into one eppendorf tube. Along with samples and standards, 

the cDNA synthesis also included one no-enzyme control (NEC) and one negative template 

control (NTC).  

Total RNA (50 ng/!l) was reverse transcribed using the Agilent AffinityScript qPCR cDNA 

Synthesis kit (Agilent Technologies). All reagents were thawed on ice before use. A master 

mix for all normal and negative template control (NTC) reactions was prepared, where each 

reaction contained the following reagents: 10 !l first strand master mix, 1.7 !l anchored-

oligo(dT) primer, 0.3 !l random hexamer primers, and 1 !l AffinityScript RT/RNase Block 

enzyme mixture. In addition a master mix was prepared for no enzyme control (NEC) 

reactions where each reaction contained the following reagants: 1 !l molecular grade water, 

10 !l first strand master mix, 1.7 !l Anchored-oligo(dT) primer, and 0.3 !l random hexamer 

primers. 13 !l master mix was added to each  standard, sample, NTC, and NEC reaction well 

on a blank Lightcycler 96-well plate (Roche). 7 !l sample was added to each sample reaction 

well, while 7 !l standard was added to each of the 5 standard reaction wells. 7 !l molecular 

grade water was added to the NTC reaction well. The reaction well solutions were mixed 

well and the plate was subsequently sealed with a 96-well silicone mat (Roche) and 

centrifuged briefly in a Heraeus Multifuge 3 SR (Thermo Scientific) at 1500 rpm OK at room 

temperature. The cDNA synthesis was performed in a Mastercycler® ep-gradientS 

thermalcycler (Eppendorf) in the following run protocol (Table 2.3). 

 

 

Table 2.3: Temperature and duration settings for 3-step cDNA synthesis program. 

Step Temperature Time (min) 

Primer annealing 25 °C 5 

RT reaction 42 °C 25 

Transcriptase denaturation 95 °C 5 
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Following cDNA synthesis, 120 !l molecular grade water was added to all wells containing 

samples, NEC, and NTC, while the 5 wells containing standards were added 26.7 !l 

molecular grade water. A dilution series (7.5 ng/!l, 2.5 ng/!l, 0.5 ng/!l, 0.1 ng/!l, 0.02 

ng/!l) was made from the standard and added to the cDNA plate. An identical dilution series 

from the same standard (except lowest concentration) was made in eppendorf tubes, intended 

for primer testing (next chapter).  

 

 

2.4.7 Primer design  
The selection of primers was based on litterature on altered gene expression involved in 

metabolic processes and oxidative stress for polar bears and other marine mammals exposed 

to POPs. Primer pairs for polar bear were designed in NCBI Primer BLAST1 and tested in 

Eurofins Oligo Property Scan2, a multifunctional oligo property analysis tool (MOPS) which 

analyses and calculates specific physical properties of a given nucleotide sequence. The 

primer pairs were designed after the following criteria; length: 15-30 base pairs, G/C-content: 

40-60 %, melting temperature: 55-72 ℃. In addition, multiple base repeats were avoided 

along with long G/C stretches. The species-specific primer pair sequences were ordered at 

Life Technologies3 (Table 2.4), and received in individually marked plastic vials, in 25 nmol 

quantities as dry pellets. Upon arrival, each primer pair pellet was dissolved in molecular 

grade water to yield 100 !M and functioned as a primer pair stock solution. 

 

 

 

 

 

 

 

 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 http://www.ncbi.nlm.nih.gov/tools/primer-blast/ 
2 http://www.eurofinsgenomics.eu/en/dna-rna-oligonucleotides/oligo-design-more/oligo-property-scan.aspx 
3 https://www.lifetechnologies.com/no/en/home.html 
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Table 2.4: Normalization and target gene primer pair sequences (forward and reverse) applied in 
qPCR, with corresponding accession numbers, and primer pair amplification efficiencies. 

 
 

 

2.4.8 Primer specificity and efficiency testing 
Primer working solutions were made by diluting (20x) the 100 !M primer stocks to 5 !M. A 

primer specific master mix was prepared using reagents provided in the Brilliant III Ultra-

Fast SYBR Green qPCR master mix kit (Agilent Technologies). All reagents were first 

thawed on ice before use. The master mix for one sample reaction contained 1 !l molecular 

Gene Sequence Accession # Efficiency

Normalization genes

RPL8 F: GGCACTATCGTGTGCTGTCT XM_008684100 2.08
R: CCACAGCTCTGTTGGCTGAA

ACTB F: CTTCCTTCCTGGGCATGG XM_008698477 2.1
R: TCTCCTTCTGCATCCTGTCG

GAPDH F: GTGACACTCATTCTTCCACCTTT XM_008683560 2.06
R: TCTCTCTTCCTCTTGCTGGGTT

Target genes

SOD F: TCGCACTCTCAGGAGACCAT XM_008701819 2
R:  ACTTGGCGATCCCAATGACA

MET F: TGGACCTTGTCCTCACCTCG XM_008702614 1.95
R: CCGATGCCTCCTTGCAGATG

GR F: TCCGCTCTGGGTTCAAAGAC XM_008686567 2.2
R: ATGCACAGTTCCAAGCCTGA

CAT F: ACTTCGCTGAGGTCGAACAG XM_008686820 1.99
R: AGCACGGAAAGGACAGTTCA

GPX F: ACTCCACAGTCCTTGCTGTC XM_008704124 1.93
R: TCGTTCTTACCGTTCTCCTGC

TRXR F: GGTCGTCAGACGTGATGGAT XM_008697584 2.06
R: CACCGTGAACTCCAGTGGTT

CYP1A1 F: ATCCTCCGATACCTGCCCAA XM_008708485 1.98
R: ACAATGCTCGATCAGGCTGT

CYP1B1 F: CACTTCCATCCTGGCTCACC XM_008700549 1.98
R: CTTCTGGCTTCTCACTGGCA

HSP70 F: GCTGCCATTCGAGACTGTGA XM_008702962 2.05
R: GGCCCTCGGTTGAACTTCTT

E2F1 F: CTCGCTGAATCTGACCACGA XM_008703372 1.96
R: GCTGCCTAGCCACTGAATGT



! 22!

grade water, 5 !l 2x SYBR Green qPCR master mix, 0.5 !l forward primer, and 0.5 !l 

reverse primer. The reagents were added to a 2 ml eppendorf tube, mixed well, and briefly 

centrifuged in a Heraeus Multifuge 3 SR (Thermo Scientific) at 1500 rpm at room 

temperature to remove air bubbles. All master mix solutions were protected from light to 

avoid bleaching of the fluorescent dye. A blank Lightcycler® 96-well plate (Roche) was 

prepared containing the standard dilution series (4 wells) and NTC (2 wells) per primer pair 

to be tested. 8 !l primer specific master mix and 2 !l of each standard dilution was added to 

their respective wells, whereas 8 !l primer specific master mix and 2 !l molecular grade 

water was added to NTC wells. The reaction wells were sealed with a plastic 96-well sealing 

foil (Roche) and centrifuged for two minutes in a Heraeus Multifuge 3 SR (Thermo 

Scientific) at 1500 rpm (room temperature) to remove air bubbles. The primer test was 

conducted on a Lightcycler® 96 Real-Time PCR System (Roche) and run according to the 

program shown in Table 2.5.  

 

 

Table 2.5: The qPCR program included a 3 minute pre-incubation step, followed by 40 cycles of 
amplification, melting and cooling.  

 
 

 

The primer test was conducted to ensure that the chosen primers amplified the target 

sequences of interest and not unwanted genomic DNA or primer dimers. This was done by 

inspecting the melting curves where those primer pairs that showed abnormalities, i.e. 

showed more than a single temperature peak, were excluded from further analyses. The 

amplification efficiency for each primer pair was tested using the standard dilution series in 

which a standard curve was constructed. Amplification efficiencies, which are based on the 

slope of the standard curve, outside the range of 2 (± 0.1), were excluded from further 

Step Cycles Temperature Time (sec)
Pre-incubation 1 95 °C 180

95 °C 5
60 °C 10
95 °C 5
65  °C 60
97  °C 1

Cooling 1 40  °C 30

2-step Amplification 40

Melting 1
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analyses. The amplification data was analyzed on LightCycler® 96 software (version 1.1, 

Roche).  

 

 

2.4.9 Large scale qPCR analysis 

A master mix, prepared in dim light to avoid bleaching of the fluorescent dye, was prepared 

for each primer pair in the same way as for the primer efficiency test. The master mix was 

distributed into twelve 0.2 ml PCR tube strips (Axygen), mixed well, and briefly sentrifuged 

in a Heraeus Multifuge 3 SR (Thermo Scientific) at 1500 rpm at room temperature to remove 

air bubbles that may have formed. An additional GAPDH primer pair master mix was 

prepared as an inter-run calibrator (IRC), intended to remove technical run-to-run variations. 

The mixing of cDNA and master mix was performed using a Bravo automated liquid 

handling platform (Agilent Technologies) where an empty 384-multiwell plate 

(LightCycler® 480 Multiwell Plate) ,the 96-well sample plate, master mix PCR tube strips, 

and pipette tips were placed on the robot deck according to the platform layout. The robot 

allocated 8 !l master mix and 2 !l cDNA from each sample in duplicates to respective wells 

on the 384-multiwell plate. Four genes were tested per 384-multiwell plate. Inter-run 

calibrator and NEC were manually pipetted onto 384-multiwell plates. The 384-mulitwell 

plate was subsequently sealed with a plastic film and centrifuged on an Allegra™ 25R 

Centrifuge (Beckman Coulter™) at 3000 rpm for one minute (room temperature) to remove 

any air bubbles that may have formed. The 384-multiwell plate was placed on the loading 

frame of a LightCycler® 480 Real-Time PCR Instrument (Roche) where the qPCR was run 

according to the program shown in Table 2.5. 

 

 

2.4.10 Data analysis 
The raw Ct - values obtained in the PCR instrument software (LightCycler® 480, version 

1.5.1) was exported to Excel (version 14.0.0). Technical duplicates for target and 

normalization genes were adjusted against their respective IRC factors and averaged. 

Relative quantification was then obtained by taking the averaged Ct – values for all samples 

with the lowest Ct – value for every gene set as the reference.   

The three normalization genes were evaluated in RefFinder4, a web-based instrument which 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 http://www.leonxie.com/referencegene.php?type=reference 
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is used to compare and rank the stability of reference gene candidates by using the following 

excel-based computational normalization programs: GeNorm, Normfinder, BestKeeper, and 

The comparative delta Ct - method. The relative Ct - values were then normalized against the 

geometric mean, calculated by GeNorm, of the two most stable normalization genes and 

finally log2-transformed to express fold-change ratios symmetrically around zero.  

 

 

2.5 DNA damage in blood lymphocytes 

In the current study 85 % of the lysis buffer exposures and electrophoresis runs were 

performed in the field. According to Speit et al. (1999) and Sirota et al. (2014), increased 

temperature may be a factor which enhances DNA migration during alkaline treatment and 

electrophoresis. Therefore, air temperatures prior to each outdoor run were registered. A 

blood sample from the first author was used as an internal reference in all electrophoresis 

runs. The human lymphocytes were sampled on the same day, under the same conditions, and 

treated and handled in the same way, as the polar bear lymphocytes. Blood was obtained by 

using a finger prick lancet and collected into 1.5 ml Eppendorf tubes using heparinized 

capillaries.  

Fluorescence microscopy analysis was conducted at the Department of Biosciences at the 

University of Oslo. 

 

 

2.5.1 Slide preparations  

Low melting point (LMP) agarose (75 mg LMP agarose in 10 ml phosphate buffer saline 

(PBS) containing 10 mM Na2EDTA was heated in a microwave (in water when microwave 

not available) until the solution was transparent, and subsequently aliquotted into 1.5 ml 

Eppendorf tubes in 90 !l volumes and cooled to 37℃ on a heating block. Ten !l of each 

sample was added to 90 !l agarose solution and gently mixed by pipetting up and down. 

Gelbond® films (9.5 x 6.7 cm), independently marked with a diamond pen, were placed on a 

pre-chilled aluminum plate. Ten !l of the agarose-cell dilution was then gently pipetted onto 

the films, gel size ranging 0.5-1 cm in diameter, and left to solidify for ten minutes.  
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2.5.2 Lysis 

The films were immersed in airtight plastic boxes containing 200 mL cold lysis buffer (178 

mL lysis stock solution (2,5 M NaCl; 100 mM Na2EDTA; 10 mM Trizma base), 20 mL 

dimethyl sulfoxide (DMSO) and 2 mL Triton X-100), sufficient to store 4 films at a time. 

One slide for each per polar bear samle was prepared, which was stored in lysis buffer for 12-

15 hours. The lysis stock solution was prepared in advance and stored at room temperature, 

whereas the lysis working solution was prepared 30-60 minutes before use and refrigerated 

and used at 4℃.  

 

 

2.5.3 Electrophoresis 

Prior to running horizontal electrophoresis, films were briefly rinsed for 5 minutes in a plastic 

box containing 200 mL electrophoresis buffer working solution (160 mL stock solution (300 

mM NaOH; 1mM EDTA) added 1440 mL distilled water), freshly prepared and refridgerated 

prior to use. The films were then submerged into the electrophoresis chamber containing 1,4 

L of the same electrophoresis buffer for 15 minutes. The chamber was placed on a tray filled 

with partially crushed glacier ice, with the purpose of keeping the electrophoresis buffer  

chilled. A circular bubble level was used prior to each run to ensure that the chamber was 

positioned correctly. Horizontal electrophoresis was run at approximately 4℃ for 20 minutes, 

applying 25V by a PowerPack™ high current power supply (BioRad) to the chamber in a 

circulating buffer system. The films were washed twice (5 min & 10 min) in neutralizing 

buffer (0,4 M Trizma base; pH 7,5), and briefly rinsed in destilled water and in 96 % ethanol 

for 5 minutes. Finally, the films were fixed in fresh 96 % ethanol for 1,5-2 hours and dried at 

room temperature.   

 

 

2.5.4 Staining and scoring 

The films were placed in plastic boxes contaning 50 mL Trizma-EDTA (TE) buffer (0.5 M 

Trizma buffer, 0.5 M EDTA; pH 8) containing 40 !L SYBR Gold staining solution (pre-

diluted 10x in DMSO) for 20 minutes on a rocking table. The staining solution was stored 

frozen in 50 uL aliquots. After DNA staining, the films were briefly rinsed twice in destilled 

water and stored in humidified plastic boxes prior to analysis.  
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The films were mounted on plexi glass plates and coverslides were carefully applied using 

destilled water to avoid air bubbles. DNA was visualized with an camera (Allied Vision 

Technologies) coupled to a Zeiss Axio Scope A1 fluoresence microscope (Zeiss) 

(exitation/emission 520/610 nm) with a 20x objective. 50 cells per gel sample were selected 

randomly using the Comet IV image analysis software (Perspective Instruments, version 4.2). 

Quantification of abnormal cells, cells near the edge of the gel, and overlapping cells was 

avoided. As SYBR Gold is light sensitive, both staining and scoring of DNA was carried out 

in the dark.  

 

 

2.6 Statistical analysis 
In accordance with Rosing-Asvid et al. (2002), individual polar bears were sub-divided into 

three groups: male, female, sub-adult during statistical work and interpretations. 

In the case of the POP analyses, plasma samples with contaminant levels below the limit of 

detection (LOD) were replaced by half of the detection limit (0.5 x LOD). However, POPs 

detected in less than 70 % of the polar bear individuals were not included in the calculations 

of sums and statistical analyses5.  

 

To reduce the number of explanatory variables, compound groups were summed based on 

inter-correlations and structural similarities. Inter-correlations were explored using PCA and 

Pearson correlation coefficients.  

 

There were differences between comet runs, presumably due to differences in air temperature 

and insufficient contact between ice and samples (see above). A reference sample was 

included with all runs (freshly drawn human blood). Previous studies have shown this to be 

very stable (Sareisian et al. 2013), and it has previously been established that background 

levels of DNA damage in healthy humans ranges 10-15% (Kopjar et al. 2006). The human 

blood reference was therefore used to adjust tail intensity values for polar bear blood in 

different runs to ensure comparable results. 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
5 PCB (-105, -128, -187, -196), Mirex, p,p’-DDT, p,p’-DDE, HBCDD, BDE (-28, -100, -153), and 6’-OH-
BDE47 
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Parametric tests were used on data based on the assumptions of normality and homogeneity 

of variances. Shapiro Wilk’s test (Shapiro & Wilk 1965) and Levine’s test (Levene 1960), 

were used for for POP concentrations, DNA damage levels (expressed as % tail intensity), 

and relative abundance of mRNA levels (expressed as relative fold difference), respectively. 

If the assumptions of normality and homogeneity of variances were not met, data were log-

transformed6. Non-parametric tests were used on data which were unable to meet the 

assumptions of normality and homogeneity of variance, even after log-transformation7. To 

reveal if plasma contaminant exposure, DNA damage in lymphocytes, and mRNA expression 

of 10 genes in skin differs between male, female, and juvenile polar bears on parametric data, 

analysis of variance (ANOVA) was run with Tukey honest significant difference (HSD) post-

hoc tests. For non-parametric data Kruskall-Wallis ANOVA (Kruskal & Wallis 1952) with 

Steel-Dwass post-hoc tests were assessed.  

DNA integrity for each polar bear group was tested against the internal reference control by 

ANOVA followed by a post hoc Dunnett’s test analysis (Dunnett 1955).  

 

PCA was performed to evaluate, and visualize patterns and correlations between POP 

concentrations, and DNA damage and mRNA expression levels. Additionally, body condition 

(BCI) was included in the plots as a supplementary variable.  

 

Correlations observed in the PCA were tested using general linear models (GLM). When 

unable to obtain significant predictor variables, the model was considered non-significant and 

therefore discarded. Linear regression plots were further constructed based on the linear 

models.   

 

All statistical analyses on data were performed using JMP (version 12.0.1) software (SAS 

Institute Inc.), and graphically displayed using JMP (version 12.0.1) software (SAS Institute 

Inc.) and GraphPad Prism 5.0 (GraphPad Software Inc.). P-values of  ≤ 0.05 were regarded 

as statistically significant. 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
6 BCI, PCB (-99, -153, -156, -157, -170 -180, -189, -209), 4’-OH-CB187, β-HCH, HCB, Oxychlordane, 
Cyp1A1, Cyp1B1, Thioredoxin reductase, Superoxide dismutase, Catalase, HSP70, E2F1, and Glutathione 
reductase 
7 PCB (-118, -137, -138, -183, -194, -206), 4’-OH-CB107, 4’-OH-CB130, 3’-OH-CB138, 4’-OH-CB159, 4’-
OH-CB172, 4’-OH-CB180, Trans-Nonachlor, BDE (-47), Metallothionein, and Glutathione peroxidase 
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3 Results 
 

3.1 POP patterns and concentrations in polar bear plasma  
GC-MS was used to analyze POPs levels from polar bear blood plasma. 27 of the 39 

examined POPs were detected in plasma samples of more than 70 % of the 45 polar bear 

individuals, including 14 PCBs, 8 OH-PCBs, 4 OCPs, and 1 PBDE. Individual compound 

concentrations are shown in Appendix B (Tables B.1 (PCBs), B.2 (OH-PCBs), B.3 (OCPs), 

and B.4 (BFR)). 

 

All PCB congeners (except PCB-118), were highly inter-correlated (r > 0.4) ((see Figure A.1 

in Appendix A), and thus summed. As PCB-118 levels were low and close to LOD, this 

congener was also added to the ΣPCB. Only four OH-PCBs were highly inter-correlated (r > 

0.4) (4-OH-CB107, 4’-OH-CB130, 4’-OH-CB146, 4’- OH-CB187). All eight OH-PCBs were 

nonetheless summed, based on structural similarities. Although oxychlordane and trans-

nonachlor were not highly inter-correlated (r < 0.4), they were summed as the latter is 

metabolite for the former. The remaining compounds (β-HCH, HCB, and BDE-47) were not 

highly inter-correlated, and so were interpreted individually, due to structural differences.  

 

POP classes in terms of dominance were as follows (in decreasing order): Σ8OH-PCB > 

Σ14PCB > Σ2CHL > HCB > β-HCH > BDE-47. PCB-153 and PCB-180 were the dominating 

PCB congeners, constituting 55 – 65 % of the total Σ14PCB. 4-OH-CB187 was the 

dominating OH-PCB congener, constituting 41 – 59 % of the total Σ8OH-PCB, whereas 

oxychlordane was the dominating OCP, constituting 55 – 82 % of the total OCP load. BDE-

47 was the only PBDE congener detected in more than 70 % of the polar bear individuals. 

Average HCB, β-HCH, and BDE-47 levels were conciderably lower than the summed 

concentrations of the top three POP classes. Amongst the 27 detected POPs, BDE-47 had the 

lowest concentrations.  
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3.2 POPs in relation to biological parameters 
POP class concentrations (ng/g ww) according to polar bear group (female, male, sub-adult)  

are presented in Table 3.1. There were no significant differences between polar bear groups 

for any of the six POP classes (ANOVA p > 0.05). PCA score plot (Figure 3.1) illustrates no 

clear pattern or differentiation, confirming that there were no differences between polar bear 

groups for any POP classes. 
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Table 3.1: POP concentrations (ng/g ww) detected in plasma samples from individual polar bears sampled at Svalbard during August and September, 2013. 
Sample size (n) for each polar bear group (female; male; sub-adult) with corresponding concentration mean, standard deviation (± SD), median, and range 
(minimum - maximum).  
 

 
a Summed PCB congeners: -99, -118, -137, -138, -153, -156, -157, -170, -180, -183, -189, -194, -206, -209 
b Summed OH-PCB congeners: 4-OH-CB107, 4’-OH-CB130, 3’-OH-CB138, 4-OH-CB146, 4’-OH-CB159, 4’-OH-CB172, 3’-OH-CB180, 4-OH-CB187 
c Summed chordanes: trans-nonachlor, oxychlordane 
d Summed total POP load 
e PCBs, OCPs, and BFRs results missing from one sub-adult individual, due to loss of sample materiale in the lab. Only OH-PCBs were detected from this 
one sub-adult individual, meaning OH-PCBs were detected in 16 sub-adult polar bear individuals, whereas PCBs, OCPs, and BFRs were detected in 15 sub-
adult polar bear individuals.   
 

  

Females Males Sub-adults
(n = 25) (n = 5) (n = 15-16e)

POP Mean ± SD Median Min-Max Mean ± SD Median Min-Max Mean ± SD Median Min-Max
Σ8OH-PCBa 45 ± 18 43 15 - 87 53 ± 28 51 26 - 98 38 ± 22 36 9.9 - 95
Σ14PCBb 31 ± 34 21 2.0 - 172 53 ± 47 36 10 - 127 47 ± 54 27 9.0 - 194
Σ2CHLc 5.1 ± 3.2 4.3 0.42 - 15 4.2 ± 2.7 3.8 6.9 - 8.4 7.3 ± 5.1 6.4 2.1 - 22
HCB 0.86 ± 0.63 0.74 0.07 - 2.7 1.3 ± 1.2 0.88 0.49 - 3.5 0.93 ± 0.65 0.86 0.16 - 2.9
β-HCH 0.28 ± 0.22 0.25 0.04 - 1.0 0.56 ± 0.49 0.35 0.08 - 1.3 0.34 ± 0.27 0.27 0.08 - 1.0
BDE-47 0.12 ± 0.06 0.09 0.07 - 0.25 0.12 ± 0.08 0.09 0.07 - 0.27 0.09 ± 0.06 0.08 0.03 - 0.20
Σ27POPd 82 ± 58 69 17 - 280 113 ± 80 92 44 - 238 94 ± 82 71 21 - 316
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BCI values (Table 3.2) were determined for all three polar bear groups. No significant 

differences were observed (ANOVA p > 0.05). Median and mean values were negative for all 

three polar bear groups, indicating an overall poor body condition for sampled polar bears. 

 
 
Table 3.2: BCI for individual polar bears sampled at Svalbard during August and September, 2013. 
Sample size (n) for each polar bear group (female; male; sub-adult) with corresponding BCI mean, 
standard deviation (± SD), median, and range (minimum - maximum) are presented. 
 

 
 
 
Since there were no significant differences between polar bear groups regarding BCI and 

POP levels, polar bears were treated as one group in the context of comparing BCI with 

POPs. A PCA was conducted to investigate the relationship between BCI and POPs found in 

polar bear blood plasma (Figure 3.2).  

The PCA extracted two pricipal components with eigenvalues greater than one, together 

explaining 80.3 % of the total variation in the data set. Principal component 1 (PC1) 

explained 62.2 %, whereas principal component 2 (PC 2) explained 18.1 % of the variation in 

the data set, respectively. BCI was included in the analysis as a supplementary variable.  

BCI

Females Mean (± SD) − 0.65 (± 0.59)
(n = 25) Median − 0.58

Min-Max − 1.87 - 0.71

Males Mean (± SD) − 0.36 (± 0.83)
(n = 6) Median − 0.51

Min-Max − 1.36 - 1.02

Sub-adults Mean (± SD) − 0.97 (± 0.60)
(n = 16) Median − 0.82

Min-Max − 2.2 - − 0.01
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Figure 3.1: PCA score plot, which illustrates the relationship among observations (polar bears) based 
on POP concentrations in blood plasma. Each polar bear individual is represented by a single dot, 
whereas each polar bear group is color-coded: red = female (n = 25), blue = male (n = 5), yellow = 
sub-adult (n = 15).  
 

 
Figure 3.2: PCA loading plot including six POP groups (Σ8OH-PCB, Σ14PCB, Σ2CHL, HCB, β-HCH, 
BDE-47) and body condidion (BCI) (marked red to illustrate inclusion as supplementary variable) 
measurements of 45 polar bears sampled from Svalbard in August and September, 2013. 
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The PCA loading plot (Figure 3.2) revealed that two groups seemed to cluster, indicating 

inter-correlation; Σ8OH-PCB  and BDE-47 formed the first cluster, whereas Σ14PCB, Σ2CHL, 

HCB, and β-HCH formed the second cluster. PC1 correlated positively with all the six POP 

classes and negatively with BCI. Σ14PCB, Σ2CHL, HCB, and β-HCH appeared to be 

negatively (inversely) associated with BCI. There seemed to be no apparent relationship 

between BCI and Σ8OH-PCB, and BCI and BDE-47.  

 

GLMs revealed that three of the six POP classes showed significant negative relationships 

with BCI values, including Σ14PCB (p < 0.01), Σ2CHL (p = < 0.01), and β-HCH (p = 0.03) 

(Table 3.3; for corresponding linear regression plots, see Figure 3.3). No significant 

relationship was observed between BCI and Σ8OH-PCB (p > 0.05), BCI and BDE-47 (p > 

0.05), and BCI and HCB (p > 0.05).   

 

 
Table 3.3: Parameter estimates derived from linear models with corresponding terms, estimates, 
standard error, p-values, confidence intervals, and adjusted r2-values from 45 polar bears sampled 
from Svalbard in August and September, 2013.  
 

!
* Indicates statistical significance (p < 0.05) 
 
 

Model Term Estimate Std Error p 95 % CI (lower-upper) r2 (Adjusted)
Log2 Σ14PCB ~ ln BCI Intercept 4.17 0.20 < 0.01 3.61 - 4.74 0.10

ln BCI − 0..70 0.28 0.01* − 1.28 - − 0.12

Log2 Σ2CHL ~ ln BCI Intercept 1.78 0.19 < 0.01 1.38 - 2.18 0.17
ln BCI − 0.64 0.20 < 0.01* − 1.05 - − 0.23

Log2 β-HCH ~ ln BCI Intercept − 2.46 0.26 < 0.01 − 2.98 - − 1.93 0.07
ln BCI − 0.57 0.26 0.03* − 1.11 - − 0.03
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Figure 3.3: Relationship between BCI and (A) Σ14PCB (ng/g ww), (B) Σ2CHL (ng/g ww), and (C) β-
HCH (ng/g ww) from 45 polar bear sampled from Svalbard in August and September, 2013. Each dot 
represents one individual polar bear, whereas the solid line represents the linear regression.  

 

 

3.3 Gene expression in relation to biological parameters 
The gene expression analysis was obtained by qPCR. Only CYP1A1 expression levels 

revealed significant differences between polar bear groups (Figure 3.4). Polar bear sub-adults 

had significantly lower relative CYP1A1 expression levels compared to males (Tukey p = 

0.03) and females (Tukey p = 0.01).  

The qPCR analysis failed to obtain mRNA transcripts from six of the polar bear skin 

samples. mRNA transcripts of all 10 genes investigated were present in the remaining 41 skin 

samples. 

 

BCI had no significant influence on any of the 10 mRNA transcript levels (p > 0.05).  
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Figure 3.4: Relative mRNA transcript expression of 10 genes related to oxidative stress and 
biotransformation in skin samples from 39 polar bears (females n = 22, males n = 6, sub-adults n = 
13) sampled at Svalbard during August and September, 2013. Data presented as box plots with 
median, quartiles, minimum, and maximum. Asterisk indicates statistical significance between polar 
bear groups ( p < 0.05). 
 

 

3.4 Gene expression in relation to POPs  
A PCA was conducted to examine if there was a relationship between mRNA expression 

levels from skin tissue and POP concentration levels from blood plasma (Figure 3.5 and 3.6). 

Eight polar bears had either missing mRNA transcript values or POP values and were 

therefore excluded from the analysis.  

Although CYP1A1 showed group differences regarding relative expression levels (Figure 

3.4), polar bear are still treated as one group in this chapter. This is due to the fact that 

CYP1A1 turned out to be a non-important variable when comparing gene expression in 

relation to POPs (see Figure 3.6).  
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Figure 3.5: PCA score plot, which illustrates the relationship among observations (polar bears) based 
on POP concentrations in blood plasma Each polar bear individual is represented by a single dot, 
whereas each polar bear group is color-coded: red = female (n = 22), blue = male (n = 5), yellow = 
sub-adult (n = 12).  

 
Figure 3.6: PCA loading plot including six POP classes (Σ14PCB, Σ2CHL, HCB, β-HCH, Σ8OH-PCB, 
BDE-47), 10 mRNA transcripts (CYP1A1, CYP1B1, TRXR, GPX, MT, SOD, GR, CAT, HSP-70, 
E2F1), and BCI (marked red to illustrate inclusion as supplementary variable) from 39 polar bears 
sampled at Svalbard during August and September, 2013. 
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The PCA extracted four significant principal components with eigenvalues greater than one, 

in which the first two, PC1 and PC2, accounted for 30.4 and 21.4 percent of the variability in 

the data set, respectively. The PCA loading plot (Figure 3.6) showed how all gene transcrips, 

except CYP1A1 and E2F1, clustered in the bottom right quadrant, indicating that they inter-

correlate. Likewise, all of the POP classes formed the same kind of inter-correlating cluster in 

the upper right quadrant. CYP1A1 and E2F1 were positioned towards the center of the 

loading plot, suggesting that these were less influential to the model.  

 

GLMs were constructed to further investigate the relationship between the variables included 

in Figure 3.6. mRNA transcripts were defined as response variables, whereas each individual 

POP class as explanatory variables.  

BCI was not included as a covariate in the linear models as it showed little influence on the 

model (section 3.3 and Figure 3.6). Only models where the relationships were significant, are 

presented in Table 3.4 (for corresponding linear regression plots, see Figure 3.7). 

 

Table 3.4: Parameter estimates derived from linear models with corresponding terms, estimates, 
standard error, p-values, confidence intervals, and adjusted r2-values for 39 polar bears sampled at 
Svalbard during August and September, 2013. 
 

 
* Indicates statistical significance (p < 0.05) 
 
GLMs revealed that two of the 10 mRNA transcript markers had a significant positive 

relationship with POPs. TRXR showed a positive relationship with Σ14PCB (p < 0.01), β-

HCH (p = 0.03), and HCB (p = 0.01). In addition, CYP1B1 showed a positive relationship 

with Σ14PCB (p = 0.01). No significant relationships were observed for the remaining POP 

classes and mRNA transcript markers (p > 0.05).  

Model Term Estimate Std Error p 95 % CI (lower-upper) r2 (Adjusted)
Log2 TrxR ~ Log2 Σ14PCB Intercept − 1.68 0.34 < 0.01 − 2.36 - − 1.00 0.15

Log2 Σ14PCB 0.20 0.07 < 0.01* 0.05 - 0.34

Log2 TrxR ~ Log2 β-HCH Intercept − 0.38 0.20 0.06 − 0.78 - 0.01 0.09
Log2 β-HCH 0.19 0.09 0.03* 0.01 - 0.36

Log2 TrxR ~ Log2 HCB Intercept − 0.64 0.11 < 0.01 − 0.86 - − 0.42 0.12
Log2 HCB 0.22 0.09 0.01* 0.03 - 0.39

Log2 CYP1B1 ~ Log2 Σ14PCB Intercept − 0.97 0.32 < 0.01 − 1.61 - − 0.33 0.11
Log2 Σ14PCB 0.16 0.07 0.01* 0.02 - 0.29
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Figure 3.7: Relationship between TRXR mRNA abundance and (A) Σ14PCB (ng/g ww), (B) β-HCH 
(ng/g ww), and (C) HCB (ng/g ww).  
In addition, the relationship between relative CYP1B1 mRNA abundance and (D) Σ14PCB (ng/g ww). 
(A-D): n = 39 polar bears. Solid line represents linear regression.  
 
 
 

3.5 Gene expression in relation to DNA damage 
A PCA, and GLMs, were constructed to reveal possible relations between mRNA expression 

levels and DNA damage. The analyses revealed no associations (data not shown) and is 

therefore not pursued further in this chapter. 
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3.6 DNA damage in relation to biological parameters 
The comet assay was used to determine DNA damage levels from polar bear lymphocytes. 

All three polar bear groups expressed significantly higher levels of DNA damage compared 

to the human blood internal reference (Dunnett’s test; p < 0.0001, p < 0.006, and p < 0.0001 

for females, males and sub-adults, respectively) (Figure 3.9).  

No significant differences were found between female, male, and sub-adult bears regarding 

DNA damage (one-way ANOVA, p > 0.05). PCA score plot (Figure 3.10) illustrates no clear 

pattern or differentiation, confirming that there were no differences between polar bear 

groups for any POP classes. 

 

There was no significant relationship between DNA damage and body condition (BCI) in 

polar bear (p > 0.05).  
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Figure 3.9: Mean DNA damage levels in lymphocytes from female (n = 25), male (n = 6), and sub-
adult (n = 16) polar bears compared to internal reference (human blood) (n = 14). Data presented as 
box plots with median, quartiles, minimum, and maximum. Asterisks indicate statistical significance 
between polar bear groups and internal internal reference (**p <  0.01, ****p < 0.0001). 
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3.7 DNA damage in relation to POPs 
A PCA was constructed to investigate the relationship between DNA damage in  

lymphocytes and POPs in blood plasma. Since there were no significant differences between 

polar bear groups regarding BCI and POP levels, polar bears were treated as one group in the 

context of comparing DNA damage with POPs.  

The PCA extracted two principal components with eigenvalues greater than one, explaining 

73.7 % of the total variation in the data set. The first and second principal components, PC1 

and PC2, accounted for 55.5 and 18.2 percent of the variation in the data set, respectively.  

 

 
Figure 3.10: PCA score plot, which illustrates the relationship among observations (polar bears) based 
on POP concentrations in blood plasma. Each polar bear individual is represented by a single dot, 
whereas each polar bear group is color-coded: red = female (n = 25), blue = male (n = 5), yellow = 
sub-adult (n = 15).  
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Figure 3.11: PCA loading plot including DNA damage, POP classes (Σ8OH-PCB, Σ14PCB, Σ2CHL, 
HCB, β-HCH, BDE-47) and BCI (marked red to illustrate inclusion as supplementary variable). 
Measurements from 45 polar bears sampled at Svalbard during August and September, 2013.  
 

As illustrated in the score plot (Figure 3.10), no clear differences between polar bear groups 

could be observed. The PCA loading plot (Figure 3.11) illustrates that POP classes form two 

separate clusters, both positively correlated with PC1. DNA damage and BCI were both 

slightly negatively correlated with PC1. The PCA loading plot revealed that DNA damage 

appeared to be negatively (inverslely) correlated with both Σ8OH-PCB and BDE-47, whereas 

there seemed to be no clear association between DNA damage and the four remaining POP 

classes (Σ14PCB, Σ2CHL, HCB, and β-HCH). 
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Table 3.5: Parameter estimates derived from linear models with corresponding terms, estimates, 
standard error, p-values, confidence intervals, and adjusted r2-values for 45 polar bears sampled at 
Svalbard during August and September, 2013. 
 

 
* Indicates statistical significance (p < 0.05) 
 
 
The associations observed in the PCA were further investigated by constructing GLMs. 

Model components included DNA damage, which was concidered the response variable, 

along with each of the six POP classes (Σ14PCB, Σ2CHL, HCB, β-HCH, Σ8OH-PCB and 

BDE-47), which were concidered explanatory variables, six models in total. Only models 

where relationships were significant are presented in Table 3.5 (for corresponding linear 

regression plots, see Figure 3.12).  

 

GLMs revealed a significant negative relationship between DNA damage and Σ8OH-PCB (p 

= 0.01), and DNA damage and BDE-47 (p = 0.01). No significant relationships were 

observed for DNA damage and the remaining four POP classes (Σ2CHL, HCB, β-HCH, and 

Σ14PCB) (p > 0.05), nor for BCI as a covariate (p > 0.05). 

 

 
Figure 3.12: Relationship between DNA damage (%) and (A) Σ8OH-PCB (ng/g ww), and (B) BDE-47 
(ng/g ww). Each dot represents one polar bear; (A) n = 46 polar bears (B) n = 45 polar bears. Solid 
line represents linear regression.  
 
 
 

Model Term Estimate Std Error p 95 % CI (lower-upper) r2 (Adjusted)
Tail intensity (%) ~ Log2 Σ8OH-PCB Intercept 25.80 4.88 < 0.0001 15.96 - 35.65 0.15

Log2 Σ8OH-PCB − 2.72 0.91 0.004* − 4.56 - − 0.88

Tail intensity (%) ~ Log2 BDE-47 Intercept 5.45 2.35 0.02 0.71 - 10.20 0.12
BDE-47 − 1.65 0.63 0.01* − 2.93 - − 0.37
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4 Discussion 
 

Polar bears, being apex predators with a lipid-rich diet, are reported as being one of the most 

contaminated species in the Arctic and consequentially, possible negative health effects are of 

concern. The focus of the present study was to evaluate POP concentrations in polar bear in 

relation to age, sex and body condition (BCI), and whether there was a relationship between 

POPs and DNA damage in lymphocytes, or the expression of selected genes in skin. 

 

 

4.1 POPs in plasma 
Biological factors such as age, sex and BCI are known to affect levels and patterns of POPs 

in polar bears (Bentzen et al. 2008). Comparisons of POP classes in relation to polar bear 

group (i.e. male, female, sub-adult) and BCI were therefore investigated as potential 

influencing factors.  

 

Effects of age and sex 

The dominant POP class detected in polar bear plasma for all three polar bear groups was 

ΣOH-PCBs. This confirms their well developed metabolic capacity, by which PCBs are 

effectively biotransformed into OH-metabolites (Letcher et al. 2010). According to 

Malmberg et al. (2004), hydroxylated metabolites (e.g. OH-PCBs) are less lipophilic than 

their parent compounds due to their altered chemical structure. Thus, OH-PCBs are strongly 

retained in the circulating blood where they readily bind to blood plasma proteins. No effect 

of age or sex was observed for ΣOH-PCB, which contrasts findings in previous studies. 

According to Bytingsvik et al. (2012), the metabolic capacity in polar bears is generally 

reported to be age-dependent, meaning that younger bears should be less capable of 

metabolizing PCBs into OH-PCBs in comparison to adult bears. However, none of the sub-

adult polar bears in the present study were cubs of year (COY), which may give an indication 

of improved metabolic capacity for the sub-adults as they grow older.  

 

ΣPCB plasma concentrations were similar to those of ΣOH-PCB for the three polar bear 

groups. This is in concordance with the fact that ΣOH-PCB levels are reported to range 

proportionally to ΣPCB levels (Letcher et al. 2000). The present study observed no effect of 

age or sex on plasma ΣPCB concentrations, which has also been reported in previous studies 
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by Braathen et al. (2004) and Gebbink et al. (2008). Other studies have found ΣPCB 

concentrations in females to be significantly lower than in males, most likely due to the 

importance of contaminant transfer to offspring via placental transfer and lactation (Bernhoft 

et al. 1997; Norstrom et al. 1998). The relatively high ΣPCB levels in sub-adults in 

comparison to adults may be attributed to such contaminant ”inheritance” through lactational 

transfer from an early age (Polischuk et al. 2002).  

 

Plasma OCP (ΣCHL, HCB, and β-HCH) concentrations were considerably lower than ΣOH-

PCB and ΣPCB concentrations. No effect of age or sex on plasma ΣCHL concentrations was 

observed. This contrasts previous studies which have reported significantly lower ΣCHL 

concentrations in adult males in comparison to adult females (Bernhoft et al. 1997; Norstrom 

et al. 1998). Although difficult to explain the actual mechanisms behind such a trend, 

Polischuk et al. (2002) hypothesize sex-related differences in the metabolic capacities to 

biotransform ΣCHL. According to Polischuk et al. (2002), male bears may posess a sex-

specific CYP system which effectively biotransforms chlordanes in males, in contrast to 

females. The lack of influence of age and sex on plasma HCB concentrations is in accordance 

with previous reports on polar bear from Svalbard (Bernhoft et al. 1997), and other marine 

mammals, such as harbour porpoise (Phocoena phocoena) (Kleivane et al. 1995). The low 

levels of HCB, irregardless of age and sex, may indicate efficient metabolic capacities for 

this compound. Similar to HCB, β-HCH concentrations in polar bear plasma were low, and 

levels were not affected by age or sex. This is in accordance with Polischuk et al. (1995), 

who suggested that this compound is metabilized rapidly in polar bears.   

 

BDE-47 was the only detectable PBDE congener in polar bear plasma, and the POP class 

with the lowest concentrations. This is in accordance with previous studies, indicating that 

polar bears are highly capable of biotransforming and biodegrading most PBDEs (Sørmo et 

al. 2006). BDE-47 levels were not affected by sex or age.  

 

Effects of BCI 

The present study showed a significant negative relationship between plasma levels of 

different POPs (ΣPCB, ΣCHL, and β-HCH) and BCI for all three polar bear groups. No 

significant differences in BCI was found between the three groups. The fact that lean polar 

bears had higher levels of  POPs in plasma compared to fat bears is in accordance with 

previous results on polar bears (Polischuk et al. 2002), but also other Arctic species, such as 
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Arctic foxes (Andersen et al. 2015), and harp seal (Phoca groenlandica) (Lydersen et al. 

2002). Polar bears are physiologically adapted to rely on their fat deposits as energy reserves 

during annual cycles of fasting (Polischuk et al. 2002). These fat deposits are naturally 

depleted throughout the fasting period, and may remobilize accumulated POPs which become 

readily bioavailable by re-entering the blood stream, which may affect other vital organs or 

tissues negatively (Fuglei et al. 2007). These results show that POP plasma concentrations 

are largely dependent on BCI, regardless of age or sex. 

 

 

4.2 Gene expression 

The present study quantified mRNA expression levels of the following 10 genes from polar 

bear skin: CYP1A1, CYP1B1, TRXR, SOD, CAT, HSP70, E2F1, GR, MT, and GPX. These 

mRNA gene transcripts are useful as molecular biomarkers when identifying responses 

related to oxidative stress, biotransformation, and apoptosis, respectively. No effect of sex or 

BCI on gene expression transcripts was observed. Only CYP1A1 expression was 

significantly influenced by age, in which sub-adult CYP1A1 expression levels were 

significantly lower than male and female adults. As reported above, there were no age-

dependent differences in the concentrations of any POPs, so it is unlikely that this was related 

to contaminants. It is known that there is cross-talk between AhR and the estrogen receptor, 

but this is would mean that estrogen levels were higher in the sub-adults than in the adult 

females, which is unlikely.  

The reasons for this observation remain uncertain, but is clearly an issue which merits further 

research as CYP1A1 is an important contributor to biotransformation. 

 

A significant positive correlation was observed between CYP1B1 mRNA expression levels in 

polar bear skin and ΣPCB in plasma, suggesting that PCBs influence CYP1B1 mRNA 

abundance in polar bear skin tissue. However, no such association was seen for CYP1A1.  

As with other members of the CYP1 cytochrome P450 family (CYP1A1 and CYP1A2), up-

regulation of CYP1B1 mRNA transcrips is indicative of exposure to dioxin-like POPs, such 

as co-planar PCBs, which are mediated through the AhR in the cell (Sutter et al. 1994; 

Murray et al. 1997). Of the 14 PCB congeners in the summed (Σ) PCB class, four (PCB-118, 

-156, -157, -189) are classified as being  co-planar/dioxin-like.  
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In human skin, CYP1B1 is the most abundant of all CYPs (Deeni et al. 2013), and it’s 

expression is known to play a large role in the development of cancers, by activation of 

procarcinogens, such as dioxin-like PCBs (Murray et al. 1997). Eltom et al. (1998) reported 

an up-regulation of CYP1B1 mRNA transcrips, but not CYP1A1, in human mammary skin 

fibroblasts in response to dioxin exposure in vitro. In a study by Godard et al. (2000), 

CYP1B1 mRNA transcript levels in striped dolphin skin tissue was reportedly more than 

twice that of CYP1A1. Although the study did not perform correlation analyses between 

CYP mRNA transcript profiles and POP concentrations, it demonstrated the relative 

importance of CYP1B1 in striped dolphin skin tissue.  

 

The observations in the present study highlight a possible importance of CYP1B1 induction 

in skin. As previously mentioned, the endothelial cells in skin tissue are in direct contact with 

blood-borne POPs, and therebye may play a major role in the metabolism and bioactiovation 

of certain types of POPs (Godard et al. 2004). The fact that CYP1A1 was not expressed in 

the same manner as CYP1B1 remains unclear. It may indicate that CYP1B1 plays a more 

significant role in skin tissue in comparison to CYP1A1, similar to what Godard et al. (2000) 

reported for striped dolphin skin. Tissue dependent differencs in expression sensitivities 

following contaminant exposure may also be an influencing factor. For instance, Miller et al. 

(2005) showed that harbour seal CYP1A1 expression levels appeared to be significantly less 

responsive to inducers in skin tissue in comparison to liver tissue.  

 

Similar to what was observed with CYP1B1, TRXR mRNA transcripts in polar bear skin 

tissue were significantly up-regulated with increased levels of ΣPCB, ΣCHL, β-HCH, and 

HCB, suggesting an increased cellular response to counteract oxidative stress following 

exposure to certain types of POPs. As mentioned previously, the induction of oxidative 

stress-related genes is an important response to counteract the harmful effects of ROS 

following POPs exposure (Di Giulio et al. 1989). The thioredoxin enzyme system is an 

important regulator of the redox balance in a cell, and several reports have shown that up-

regulation of TRXR enzyme has a protective effect against oxidative damage from ROS  

(Conterado et al. 2007; Han et al. 2008).  

The few studies on TRXR responses following POPs exposure are usually limited to enzyme 

activity responses, and not gene expression alterations. In a study on wild mussels (Mytilus 

galloprovincialis), Sureda et al. (2011) reported in an increase in TRXR activity when 

exposed to pollutants from an oil spill. Information regarding TRXR expression in wild 
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mammal populations is scarse. To our knowledge, only one previous study has reported 

TRXR expression in response to oxidative stress in a marine mammal species. Vázquez-

Medina et al. (2011) reported the antioxidant capacity in deep-diving hooded seal 

(Cystophora cristata), and although this is not a POP study per se, the study revealed that 

increased hydrogen peroxide (H2O2) production, due to chronic episodes of 

hypoxia/reoxygenation, induced several antioxidant enzymes, including TRXR. Little is 

known about the inducibility of TRXR in marine mammalian skin tissue. The results from the 

present study show that TRXR may be an important component regarding oxidative stress 

responses in polar bear skin tissue.   

 

No clear association was detected between POP concentrations and the remaining stress-

related mRNA transcripts (SOD, CAT, HSP70, E2F1, GR, MT, and GPX) in the present 

study, indicating no induction of these mRNA transcripts by POPs. Higher MT transcript 

levels have been associated with increasing PCB concentrations in other marine mammals 

(Buckman et al. 2011), but this gene transcript marker is more typically associated with 

heavy metals (e.g. mercury), than POPs (Das et al. 2002). As for GR and GPX, these genes 

may have been supplemented by the homologous TRXR antioxidant system. According to 

Sandalova et al. (2001) mammalian GR and TRXR share many common structural and 

functional features, and it is believed that the two antioxidant systems work in parallel during 

oxidative stress responses, and that there is much inter-system ”cross-talk” and overlapping 

functions (Lu & Holmgren 2014). Several studies have reported that TRXR is capable of 

maintaining glutathione redox homeostasis in the cell when GR buffer capacities decrease, 

suggesting that TRXR serves as an alternative and/or backup antioxidant pathway response 

for detoxification of ROS following oxidative stress (Marty et al. 2009; Tan et al. 2010).  

 

Nonetheless, the lack of stress-related responses for the remaining gene transcripts may 

indicate that oxidative stress levels in polar bear are generally low. It may also indicate that 

the biological activity in polar bear skin is relatively low in comparison to other tissues. The 

fact that there is an association between POPs and the thioredoxin antioxidant system, and 

not for the glutathione antioxidant system, is interesting and may indicate differences in 

sensitivity between the two systems following POPs exposure in skin tissue.  

In sum, the present study illustrates the apparent strength of using CYP1B1 and TRXR as 

biomarkers of toxicity in polar bear skin tissue.  
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In addition to investigating the relationship between between gene expression profiles and 

POP concentrations, the present study investigated potential associations between gene 

expression profiles in skin tissue and DNA damage in lymphocytes. No clear associations 

were detected, indicating no obvious mechanistic relationship between the expression of 

genes related to oxidative stress, biotransformation, and apoptosis in skin and DNA strand 

breaks in lymphocytes. This was not looked further into and will not be discussed further. 

However, for future studies, it would be interesting to examine the expression of genes 

encoding proteins that play key roles in DNA repair processes.  

 

 

4.3 Genotoxicity 

DNA damage levels in polar bear lymphocytes were quantified in this study to clarify any 

possible genotoxic effects related to POP exposure. To our knowledge, this is the first study 

to investigate the relationship between DNA damage in lymphocytes and POP concentrations 

in polar bear plasma. 

 

No effect of age, sex, or BCI on DNA damage levels was observed. The results revealed an 

unexpected significant negative relationship between DNA strand breaks in lymphocytes and 

ΣOH-PCBs and BDE-47 concentrations. This is in contrast to the majority of previous 

genotoxicity studies, that show significant increases in DNA damage levels with increased 

POPs concentrations when assessed using the comet assay (reviewed in Andem et al. (2013)). 

Although many types of POPs are considered to be genotoxic, some reports that suggest 

otherwise. Belpaeme et al. (1996a) and Belpaeme et al. (1996b) found no increases in DNA 

strand breaks following PCB exposure in brown trout (Salmo trutta fario) erythrocytes in 

vivo and human lymphocytes in vitro, respectively, concluding that PCBs are considered non-

genotoxic. Similarly, Hauser et al. (2003) reported a lack of association between DNA 

damage in human sperm cells following POPs exposure.  

 

A possible mechanistic explanation for the negative relationship between DNA strand break 

levels and POP concentrations may be associated with lymphocyte resisitance and/or 

alterations in DNA repair capacity responses due to changes in lymphocyte proliferation 

status. According to Collins et al. (1995), lymphocytes are comparatively resistant to DNA 

strand breakage caused by contaminant-induced ROS, such as through exposure to hydrogen 
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peroxide (H2O2). When DNA strand breaks in lymphocytes do occur, there is evidence that 

enzymatic DNA repair activities in the cells are correlated with the degree of lymphocyte 

proliferation/immune response (Sirover 1990; Mayer et al. 2002). Kaminskas & Li (1992) 

tested the capacity to repair DNA strand breaks by exposure of oxygen radicals in 

proliferating and non-proliferating human lymphocytes. The study reported that proliferating 

lymphocytes repaired DNA strand breaks  more rapidly than less stimulated lymphocytes. In 

a related study, Licastro & Walford (1985) showed the same trend in UV-induced strand 

breaks, in which there was a positive relationship between the degree of lymphocyte 

proliferation and DNA repair activity. Interestingly, Wang et al. (2012) reported a reduction 

in DNA strand breaks in human liver cells (in vitro) exposed to low concentrations of BDE-

47 compared to non-exposed controls. The study postulated that low POP concentrations 

could promote cellular proliferation, which in turn would enhance the stress defences (i.e. 

enzyme repair activities) in the cell. There may therefore be a link between DNA-repair 

capacity in lymphocytes and proliferation. 

 

Even though genotoxicity studies in marine mammals are scarce, there have been some 

investigations on how POPs may affect lymphocyte proliferation potential, and thereby 

immune responses at the cellular level. According to Levin et al. (2005), immunosuppression 

is the expected response following contaminant exposure. Lie et al. (2004) reported a 

negative relationship between levels of PCBs and reduced immunological functions in polar 

bears from Greenland and Svalbard. In contrast, a limited number of studies have reported an 

immunostimulation response in marine mammals following POP exposure. Frouin et al. 

(2010) investigated lymphocyte proliferation responses in grey seal exposed to different types 

of PCB congeners in vitro and reported an increase in lymphocyte proliferation status 

following exposure to certain types of PCBs. Levin et al. (2005) reported a similar response 

in free-ranging harbour seal (Phoca vitulina). Thus, POPs have been shown to either suppress 

or stimulate immune system responses by altering the proliferation status in lymphocytes.  

 

The above suggests that there is a potential link between lymphocyte proliferation and DNA 

repair capacity. Based on the results in the present study, we hypothesize that DNA repair 

responses in polar bear lymphocytes may have been enhanced as a consequence of 

lymphocyte proliferation/immunostimulation following POPs exposure, which would explain 

a lesser amount of DNA strand breaks in individuals with higher POP concentrations in 

plasma. An overstimulated immunesystem is not necessarily beneficial for an organism, as 
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this may increase the risk of autoimmune reactions or diseases (Krzystyniak et al. 1995). 

There was no apparent relationship between the remaining four POP classes (ΣPCB, ΣCHL, 

HCB, and β-HCH) and DNA strand breaks in lymphocytes.  

 

.  

4.3.1 The comet assay – methodological considerations 

Once isolated from the body, DNA is prone to mechanical damage while in storage (Davis et 

al. 2000). Previous genotoxicity studies have reported significant increases in DNA strand 

breaks in lymphocytes stored over time, combined with repetitive freezing and thawing 

(Narayanan et al. 2001; Bruborg et al. 2015). In an attempt to optimize the integrity of DNA, 

comet assay electrophoresis runs in the present study were performed in the field, so we 

could make use of freshly isolated lymphocyte samples. To our knowledge, the strategy of 

performing the comet assay in the field, as presented in this study, has never previously been 

conducted.  

 

We experienced considerable amounts of inter-run variations while performing the comet 

assay in the field, presumably linked to fluctuating air temperatures and insufficient contact 

between ice and samples. Working under these circumstances was challenging as the stable 

laboratory conditions obtained indoors were to a certain extent compromised. In order to 

normalize inter-run variations, fresh human blood was used as an internal reference for all 

electrophoresis runs. The internal references were collected on the same day, under the same 

conditions, as the polar bear samples, and served as useful and necessary contributions with 

respect to normalizing inter-run variations. This illustrates an important disadvantage of 

performing comet assay runs outdoors. Previous studies have also demonstrated that 

increased temperature conditions may enhance DNA strand breaks (Speit et al. 1999; Sirota 

et al. 2014). Thus, the necessity of strictly controlled temperature conditions during alkaline 

treatment and electrophoresis is crucial to avoid excessive DNA damage, which in turn may 

lead to erronous interpretations of the results. In retrospect, the ice, with the purpose of 

keeping the electrophoresis chamber, and subsequently the lymphocytes chilled, was 

presumably not sufficiently crushed to provide appropriate cooling.  
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5 Conclusions  
 

The results indicate that POP concentrations in Svalbard polar bears were not influenced by 

age or sex. However, a significant negative relationship between ΣPCB, ΣCHL, and β-HCH 

plasma concentrations, and condition (BCI) was observed for all polar bear groups, in 

accordance with results found in previous studies. 

 

Ten genes related to stress responses and biotransformation in polar bear skin were detected. 

These were CYP1A1, CYP1B1, TRXR, SOD, CAT, HSP70, E2F1, GR, MT, and GPX, none 

of which appeared to be related to sex or BCI. Only CYP1A1 expression was influenced by 

age, in which sub-adult expression was significantly lower than in adult female and male 

bears. The reason for this is unclear as there were no age-dependent differences in POPs 

concentrations for any of the groups.   

 

Two genes (TRXR and CYP1B1) were significantly up-regulated in individuals with the 

highest POPs concentrations. A significant positive relationship was observed between 

TRXR and ΣPCB, β-HCH, and HCB, indicating a protective response in the cell to 

counteract harmful effects of oxidative stress and ROS imposed by these chemicals. 

However, the lack of association between POPs and the remaining stress-related genes may 

also indicate that oxidative stress in the polar bears in the present study was low. It may also 

indicate that the biological activity in skin is generally poor. A significant positive 

relationship between CYP1B1 expression profiles in skin and ΣPCB concentrations in plasma 

was observed, indicating up-regulation of the biotransformation capacity as a result of PCB 

exposure. The lack of a similar response for CYP1A1 may indicate the relative importance of 

CYP1B1 in polar bear skin, as is suggested in previous studies for other species.  

 

No relationship was observed between DNA strand breaks and age, sex, and BCI. A 

significant decrease in DNA strand breaks in polar bear lymphocytes with increased levels of 

some POPs was found. The actual mechanisms behind this response are unclear, but may 

indicate a contaminant-induced immune response, which in its turn stimulated DNA repair 

responses.  

No association was found between gene expression profiles in skin and DNA strand breaks in 

lymphocytes.  
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The present study showed that the comet assay could be adapted for use under field 

conditions. However, the high degree of inter-run variations, presumably linked to fluctuating 

air temperatures, demonstrates the need for strictly controlled temperature conditions. The 

establishment of volunteer blood as a reference with each sample, served as a useful and 

necessary contribution for normalization of inter-run variations. 

 

 

6 Future research 
 

The literature on genotoxic effects in marine mammals is scarce. The fact that we observed a 

negative relationship between certain POPs and DNA damage was unexpected, and it would 

be of interest to investigate this in further detail. Such a response may potentially be related 

to lymphocyte proliferation. It would therefore be of interest to investigate the relationship 

between immune functions, specifically lymphocyte proliferation, and DNA damage in polar 

bears. In addition, it would also be of interest to investigate gene expression profiles related 

to DNA repair processes and their association to DNA damage. 

 

The comet assay method should be further validated and optimized for use under extreme 

field conditions.   
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8 Appendix 
 

Appendix A 

  
 
Figure A.1: PCA loading plot for individual POP compounds (ng/g ww) from polar bear plasma 
sampled at Svalbard during August and September, 2013. For PCBs, OCPs, and BDE-47: n = 45. For 
OH-PCBs: n = 46.   
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Appendix B 
Table B.1: PCB congener concentrations (ng/g ww) detected in over 70 % of plasma samples from polar bears sampled at Svalbard during August and 
September, 2013. Sample size (n) for each polar bear group (female; male; sub-adult) with corresponding concentration mean, standard deviation (SD), 
median, and range (minimum - maximum).  
 

 
a In 11 % of the samples concemtrations were below LOD and thus replaced by half of the LOD (0.5 × LOD) 

 

 

 

 

 

 

Females Males Sub-adults
(n = 25) (n = 5) (n = 15)

POP Mean ± SD Median Min-Max Mean ± SD Median Min-Max Mean ± SD Median Min-Max
PCB-99 2.1 ± 1.7 1.8 0.18 - 7.2 2.6 ± 1.6 2.2 0.57 - 4.6 2.7 ± 2.0 2.2 0.69 - 8.4
PCB-118 0.1 ± 0.1 0.15 < 0.01 - 0.38 0.33 ± 0.29 0.31 0.07 - 0.82 0.15 ± 0.11 0.17 0.01 - 0.36
PCB-137 0.1 ± 0.1 0.13 < 0.01 - 0.65 0.21 ± 0.13 0.17 0.06 - 0.40 0.21 ± 0.15 0.18 0.04 - 0.63
PCB-138 1.3 ± 0.90 1.2 0.12 - 3.6 2.3 ± 2.0 1.7 0.66 - 6.0 1.5 ± 1.0 1.4 0.26 - 4.0
PCB-153 11 ± 12 8.1 0.60 - 61 16 ± 9.4 17 3.5 - 27 18 ± 19 12.00 3.9 - 67
PCB-156 0.46 ± 0.50 0.32 0.04 - 2.5 0.68 ± 0.50 0.46 0.17 - 1.3 0.54 ± 0.43 0.40 0.16 - 1.4
PCB-157 0.41 ± 0.51 0.22 0.02 - 2.5 0.93 ± 0.87 0.46 0.17 - 2.2 0.65 ± 0.76 0.34 0.17 - 2.7
PCB-170 3.8 ± 5.0 2.3 0.26 - 25 7.4 ± 8.9 3.5 1.3 - 23 6.3 ± 8.6 2.8 1.0 - 31
PCB-180 8.0 ± 9.5 5.1 0.65 - 48 12 ± 11 7.3 2.8 - 32 12 ± 15 5.7 2.1 - 55
PCB-183 0.14 ± 0.10 0.13 < 0.01 - 0.44 0.15 ± 0.09 0.14 0.04 - 0.32 0.13 ± 0.09 0.12 0.02 - 0.37
PCB-189a 0.09 ± 0.13 0.05 < 0.01 - 0.69 0.21 ± 0.36 0.05 < 0.01 - 0.86 0.14 ± 0.21 0.05 < 0.01 - 0.63
PCB-194 2.3 ± 3.4 1.2 0.15 - 16 7.6 ± 9.3 2.5 0.89 - 22 3.2 ± 4.8 1.0 0.50 - 17
PCB-206 0.37 ± 0.46 0.23 0.02 - 2.0 0.86 ± 0.95 0.29 0.17 - 2.3 0.37 ± 0.59 0.14 0.05 - 2.2
PCB-209 0.23 ± 0.27 0.14 < 0.01 - 1.1 0.54 ± 0.63 0.17 0.08 - 1.6 0.18 ± 0.30 0.06 0.02 - 1.17
Σ14PCB 31 ± 34 21 2.0 - 172 53 ± 47 36 10 - 127 47 ± 54 27 9.0 - 194
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Table B.2: OH-PCB concentrations (ng/g ww) detected in over 70 % of plasma samples from polar bears sampled at Svalbard during August and September, 
2013. Sample size (n) for each polar bear group (female; male; sub-adult) with corresponding concentration mean, standard deviation (SD), median, and 
range (minimum - maximum).  
 

 
a In 21 % of the samples concemtrations were below LOD and thus replaced by half of the LOD (0.5 × LOD) 
b In 2 % of the samples concemtrations were below LOD and thus replaced by half of the LOD (0.5 × LOD) 
c Due to loss of materiale in the lab, we were only able to extract OH-PCBs from one of the polar bear samples. Therefore, PCBs, pesticides, and BFRs were 
extracted and quantified in 15 polar bear sub-adult plasma samples, whereas OH-PCBs were extracted and quantified in 16.  
 

 

 

 

 

Females Males Sub-adults
(n = 25) (n = 5) (n = 16c)

POP Mean ± SD Median Min-Max Mean ± SD Median Min-Max Mean ± SD Median Min-Max
4-OH-CB107 2.6 ± 1.4 2.4 0.29 - 5.8 5.7 ± 5.2 5.20 1.4 - 14 1.7 ± 1.1 1.8 0.04 - 3.4
4'-OH-CB130a 0.12 ± 0.08 0.11 0.02 - 0.31 0.38 ± 0.51 0.17 0.11 - 1.3 0.08 ± 0.06 0.10 0.01 - 0.19
3'-OH-CB138b 0.29 ± 0.17 0.26 0.03 - 0.69 0.56 ± 0.44 0.38 0.29 - 1.3 0.24 ± 0.14 0.24 0.01 - 0.65
4-OH-CB146 12 ± 4.2 12 5.0 - 21 11 ± 4.5 11 7.2 - 18 9.0 ± 5.0 8.7 2.1 - 19
4'-OH-CB159 0.08 ± 0.07 0.08 0.03 - 0.38 0.23 ± 0.12 0.21 0.07 - 0.37 0.18 ± 0.17 0.13 0.05 - 0.62
4'-OH-CB172 2.0 ± 1.6 1.3 0.81 - 7.0 12 ± 2.5 13 8.3 - 14 8.2 ± 5.2 8.2 3.3 - 22
3'-OH-CB180 0.49 ± 0.35 0.40 0.19 - 1.8 0.94 ± 0.68 0.68 0.37 - 2.1 0.55 ± 0.54 0.36 0.13 - 1.9
4-OH-CB187 26 ± 10 27 8.5 - 50 21 ± 14 21 8.8 - 45 18 ± 10 17 4.1 - 46
Σ8OH-PCB 45 ± 18 44 15 - 87 53 ± 28 51 26 - 98 38 ± 22 37 9.9 - 95
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Table B.3: Organochlorine (OC) pesticide concentrations (ng/g ww) detected in over 70 % of plasma samples from polar bears sampled at Svalbard during 
August and September, 2013. Sample size (n) for each polar bear group (female; male; sub-adult) with corresponding concentration mean, standard deviation 
(SD), median, and range (minimum - maximum).  
 

 
a & b In 15 % of the samples concemtrations were below LOD and thus replaced by half of the LOD (0.5 × LOD) 

 

 

 
Table B.4: PBDE concentrations (ng/g ww) detected in over 70 % of plasma samples from polar bears sampled from Svalbard in August and September, 
2013. Sample size (n) for each polar bear group (female; male; sub-adult) with corresponding concentration mean, standard deviation (SD), median, and 
range (minimum - maximum).  
 

 
 

Females Males Sub-adults
(n = 25) (n = 5) (n = 15)

POP Mean ± SD Median Min-Max Mean ± SD Median Min-Max Mean ± SD Median Min-Max
β-HCHa 0.28 ± 0.22 0.25 0.04 - 1.0 0.56 ± 0.49 0.35 0.08 - 1.3 0.34 ± 0.27 0.27 0.08 - 1.0
HCB 0.86 ± 0.63 0.74 0.07 - 2.7 1.3 ± 1.2 0.88 0.49 - 3.5 0.93 ± 0.65 0.86 0.16 - 2.9
Oxyklordan 4.9 ± 3.0 4.13 0.39 - 14 3.4 ± 1.7 3.32 1.05 - 5.9 7.1 ± 4.9 6.21 2.0 - 21
trans-Nonaklorb 0.26 ± 0.17 0.25 0.03 - 0.66 0.83 ± 0.98 0.49 0.15 - 2.5 0.26 ± 0.22 0.26 0.01 - 0.80
Σ4pesticides 6.3 ± 4.0 5.4 0.53 - 19 6.1 ± 4.4 5.0 1.7 - 13 8.6 ± 6.0 7.6 2.3 - 26

Females Males Sub-adults
(n = 25) (n = 5) (n = 15)

POP Mean ± SD Median Min-Max Mean ± SD Median Min-Max Mean ± SD Median Min-Max
BDE-47 0.12 ± 0.06 0.09 0.07 - 0.25 0.12 ± 0.08 0.09 0.07 - 0.27 0.09 ± 0.06 0.08 0.03 - 0.20
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Appendix C 
Table C.1: Biological parameters for polar bears (n = 47) sampled at Svalbard during August and 
September 2013, including unique polar bear identification number (ID) with corresponding age, sex, 
and body condition (BCI).  

 

 

Polar bear ID Age Sex BCI
23222 17 f -0.479
23343 19 f -1.190
23360 22 f -0.990
23393 14 f -1.075
23500 14 f -1.877
23637 13 f -0.630
23692 18 f 0.043
23703 19 f -0.461
23906 12 f -0.830
23937 8 f -1.374
23952 5 f -0.282
26010 9 f -1.079
26095 8 f -0.681
26120 14 f -0.559
26129 16 f -0.202
26137 11 f -1.503
26180 17 f 0.010
26183 10 f 0.010
26185 26 f -0.445
26191 8 f -0.381
26193 9 f -0.589
26195 7 f -0.187
26199 8 f -1.558
26033 14 f 0.713
23741 16 m 0.048
23844 18 m -0.318
26027 2 f -0.663
26035 8 m -0.841
26094 6 m 1.028
26100 1 m -0.492
26110 1 f -0.759
26112 1 m -2.281
26116 1 f -0.751
26128 6 m -1.367
26177 1 f -0.013
26119 1 m -1.784
26178 1 f -0.867
26181 4 m -1.840
26182 2 m -0.125
26186 4 f -0.949
26187 2 f -0.776
26188 5 f -0.895
26189 2 m -1.187
26190 2 f -1.290
26196 1 m -0.595
26198 2 f -1.152
26184 6 m -0.714
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Appendix D 
Table D.1: Lymphocyte DNA damage levels (% tail intensity) for polar bears (n = 47) sampled at 
Svalbard during August and September 2013. 
 

 

Polar bear ID DNA in comet's tail (%)
23222 13.02
23343 11.11
23360 17.16
23393 16.29
23500 7.22
23637 10.16
23692 4.74
23703 18.11
23906 4.8
23937 11.74
23952 15.37
26010 9.51
26095 10.13
26120 15.11
26129 8.69
26137 12.2
26180 6.28
26183 9.77
26185 16.61
26191 9.03
26193 10.85
26195 8.18
26199 2.31
26033 17.1
23741 7.57
23844 11.5
26027 6.01
26035 13.11
26094 6.88
26100 18.98
26110 16.19
26112 16.27
26116 13.29
26128 10.54
26177 7.73
26119 13.87
26178 9.57
26181 11.73
26182 16.59
26186 16.52
26187 10.85
26188 3.03
26189 19.19
26190 11.95
26196 6.8
26198 7.8
26184 14.61
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Appendix E 
Table E.1: Limit of detection (LOD) for all 39 analyzed POPs in polar bear plasma. LOD was set to 
three times the background noise level. 
 

 

 

 

POPs Limit of detection (LOD) (ng/g ww)
PCB-99 0.185
PCB-105 0.021
PCB-118 0.015
PCB-128 0.015
PCB-137 0.015
PCB-138 0.020
PCB-153 0.015
PCB-156 0.010
PCB-157 0.015
PCB-170 0.010
PCB-180 0.010
PCB-183 0.010
PCB-187 0.005
PCB-189 0.010
PCB-194 0.010
PCB-196 0.015
PCB-206 0.010
PCB-209 0.010
β-HCH 0.165
p,p'-DDE 0.140
p,p'-DDT 0.130
HCB 0.005
Oxyklordan 0.115
trans-Nonaklor 0.035
Mirex 0.100
BDE-28 0.030
BDE-47 0.025
BDE-100 0.020
BDE-153 0.020
HCBDD 0.260
6-OH-BDE47 0.055
4-OH-CB107 0.021
4'-OH-CB130 0.025
3'-OH-CB138 0.035
4-OH-CB146 0.020
4'-OH-CB159 0.015
4'-OH-CB172 0.025
3'-OH-CB180 0.010
4-OH-CB187 0.030
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Appendix F!!
Table F.1: Concentrations of individual POP compounds (ng/g ww) in polar bears (n = 45/n = 46 for 
OH-PCBs) sampled at Svalbard in August and September 2013. 
!

 

Polar bear ID PCB-99 PCB-105 PCB-118 PCB-128 PCB-137 PCB-138
23222 2.144 0.171 0.335 0.050 0.184 1.916
23343 0.666 0.052 0.146 0.001 0.060 0.558
23360 1.477 0.110 0.277 0.028 0.117 1.100
23393 0.681 0.010 0.026 0.001 0.040 0.186
23500 3.140 0.010 0.045 0.001 0.293 1.555
23637 1.376 0.060 0.197 0.030 0.103 0.969
23692 1.054 0.080 0.248 0.054 0.106 1.271
23703 0.653 0.027 0.066 0.001 0.082 0.573
23906 2.406 0.034 0.133 0.063 0.230 2.042
23937 1.330 0.063 0.248 0.044 0.115 1.336
23952 0.185 0.028 0.095 0.001 0.026 0.254
26010 6.547 0.121 0.186 0.055 0.459 3.628
26095 3.539 0.010 0.165 0.074 0.232 2.508
26120 1.049 0.026 0.147 0.046 0.065 0.722
26129 0.185 0.010 0.032 0.001 0.008 0.120
26137 3.692 0.010 0.091 0.042 0.199 1.963
26180 2.367 0.024 0.228 0.001 0.148 1.407
26183 1.522 0.010 0.286 0.001 0.154 1.113
26185 2.810 0.010 0.126 0.034 0.219 1.600
26191 1.883 0.010 0.008 0.001 0.127 1.101
26193 1.852 0.165 0.382 0.001 0.207 1.834
26195 2.149 0.103 0.350 0.078 0.127 1.266
26199 7.241 0.010 0.129 0.052 0.647 3.572
26033 1.909 0.010 0.317 0.056 0.128 1.504
23741 4.663 0.240 0.821 0.293 0.396 6.019
23844 3.980 0.040 0.074 0.022 0.279 1.651
26027 2.794 0.124 0.321 0.052 0.267 2.203
26035 2.057 0.103 0.313 0.069 0.143 1.953
26094 0.574 0.099 0.334 0.026 0.061 0.661
26100 0.827 0.029 0.087 0.008 0.062 0.398
26110 0.699 0.011 0.032 0.008 0.048 0.263
26112 3.370 0.011 0.017 0.008 0.266 1.368
26116 3.183 0.114 0.265 0.099 0.295 3.212
26128 2.189 0.058 0.133 0.040 0.173 1.629
26177 3.062 0.075 0.204 0.052 0.209 1.958
26119 1.233 0.064 0.171 0.019 0.097 0.834
26178 n/a n/a n/a n/a n/a n/a
26181 8.481 0.011 0.025 0.059 0.628 4.010
26182 1.941 0.021 0.066 0.043 0.154 1.317
26186 1.476 0.028 0.092 0.008 0.112 0.701
26187 0.873 0.076 0.218 0.021 0.064 0.673
26188 1.854 0.011 0.043 0.008 0.133 0.690
26189 2.233 0.102 0.365 0.041 0.180 1.573
26190 1.872 0.081 0.213 0.024 0.164 1.135
26196 3.223 0.103 0.272 0.031 0.268 2.193
26198 5.488 0.011 0.017 0.008 0.402 1.859
26184 n/a n/a n/a n/a n/a n/a
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Table F.1: Continued 

 

 
 

Polar bear ID PCB-153 PCB-156 PCB-157 PCB-170 PCB-180 PCB-183
23222 8.097 0.317 0.186 1.953 5.073 0.167
23343 2.688 0.126 0.064 0.678 1.767 0.046
23360 4.983 0.190 0.135 1.227 2.302 0.077
23393 2.288 0.136 0.098 0.675 1.232 0.021
23500 20.195 0.663 0.569 6.398 11.848 0.135
23637 6.993 0.238 0.191 2.121 4.435 0.092
23692 5.005 0.176 0.120 1.185 2.735 0.109
23703 4.965 0.101 0.072 0.671 1.250 0.032
23906 16.298 0.515 0.476 5.395 10.979 0.228
23937 7.597 0.198 0.202 2.501 4.589 0.100
23952 3.365 0.060 0.067 0.385 0.655 0.018
26010 25.329 0.881 0.875 8.733 13.588 0.273
26095 14.325 0.280 0.252 2.555 7.187 0.264
26120 3.540 0.175 0.109 1.115 2.743 0.050
26129 0.608 0.042 0.028 0.268 0.652 0.008
26137 19.986 0.706 0.959 9.176 15.998 0.225
26180 11.022 0.714 0.524 3.962 9.353 0.184
26183 6.769 0.334 0.296 2.134 5.183 0.098
26185 15.597 0.896 0.659 5.610 13.812 0.209
26191 8.909 0.609 0.681 4.075 10.028 0.147
26193 10.441 0.603 0.420 4.265 11.723 0.281
26195 5.986 0.330 0.159 1.865 5.173 0.213
26199 61.434 2.545 2.541 25.089 48.291 0.440
26033 9.011 0.313 0.225 2.334 6.111 0.158
23741 23.057 1.039 1.377 5.766 13.880 0.318
23844 27.974 1.373 2.267 23.123 32.688 0.146
26027 14.257 0.473 0.355 2.800 8.075 0.197
26035 17.558 0.355 0.399 3.547 7.266 0.135
26094 3.502 0.176 0.176 1.355 2.864 0.050
26100 4.022 0.237 0.188 1.023 2.117 0.027
26110 5.122 0.195 0.197 1.320 2.269 0.023
26112 35.225 1.155 1.539 16.165 31.851 0.213
26116 20.123 0.520 0.550 5.917 11.675 0.208
26128 12.407 0.460 0.460 3.325 7.300 0.133
26177 13.479 0.376 0.330 2.512 5.734 0.135
26119 5.512 0.223 0.214 1.693 2.894 0.047
26178 n/a n/a n/a n/a n/a n/a
26181 55.635 1.414 1.843 16.759 34.596 0.366
26182 12.449 0.203 0.289 3.854 6.484 0.111
26186 8.002 0.399 0.383 2.971 5.338 0.062
26187 3.985 0.165 0.177 1.379 2.497 0.048
26188 10.054 0.466 0.434 2.432 4.592 0.066
26189 10.925 0.449 0.308 2.094 4.688 0.122
26190 9.663 0.367 0.338 2.336 4.682 0.091
26196 14.447 0.583 0.390 2.924 6.663 0.157
26198 67.770 1.430 2.780 31.705 55.647 0.253
26184 n/a n/a n/a n/a n/a n/a
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Table F.1: Continued 

 

 
 

Polar bear ID PCB-187 PCB-189 PCB-194 PCB-196 PCB-206 PCB-209
23222 0.048 0.030 1.083 n/a 0.305 0.252
23343 0.014 0.014 0.510 n/a 0.130 0.107
23360 0.017 0.028 0.992 n/a 0.184 0.154
23393 0.005 0.018 0.633 n/a 0.142 0.131
23500 0.012 0.163 7.642 n/a 1.467 0.866
23637 0.024 0.068 1.470 n/a 0.409 0.400
23692 0.026 0.024 0.861 n/a 0.232 0.227
23703 0.005 0.018 0.687 n/a 0.139 0.088
23906 0.036 0.143 4.898 n/a 1.060 0.746
23937 0.026 0.054 1.554 n/a 0.313 0.243
23952 0.012 0.018 0.711 n/a 0.111 0.063
26010 0.040 0.200 3.657 n/a 0.420 0.201
26095 0.030 0.044 0.827 n/a 0.093 0.044
26120 0.005 0.036 1.009 n/a 0.163 0.119
26129 0.005 0.008 0.156 n/a 0.024 0.008
26137 0.022 0.221 3.149 n/a 0.284 0.117
26180 0.005 0.068 2.219 n/a 0.258 0.139
26183 0.005 0.054 0.927 n/a 0.120 0.066
26185 0.005 0.118 2.273 n/a 0.412 0.319
26191 0.005 0.063 1.601 n/a 0.224 0.051
26193 0.072 0.066 1.659 n/a 0.295 0.141
26195 0.099 0.026 0.920 n/a 0.185 0.097
26199 0.026 0.695 16.916 n/a 2.001 1.099
26033 0.036 0.052 1.476 n/a 0.233 0.162
23741 0.159 0.005 10.588 0.114 1.312 0.692
23844 0.005 0.859 22.679 0.035 2.351 1.600
26027 0.142 0.045 1.018 0.070 0.136 0.055
26035 0.017 0.128 2.466 0.032 0.286 0.165
26094 0.009 0.044 0.892 0.023 0.176 0.173
26100 0.003 0.021 0.505 n.d. 0.056 0.023
26110 0.003 0.037 0.935 n.d. 0.108 0.044
26112 0.003 0.606 17.352 0.103 2.238 1.175
26116 0.035 0.114 1.944 0.054 0.181 0.077
26128 0.029 0.053 1.401 0.038 0.197 0.087
26177 0.017 0.040 1.075 0.046 0.161 0.104
26119 0.007 0.005 0.821 0.015 0.077 0.034
26178 n/a n/a n/a n/a n/a n/a
26181 0.023 0.389 7.318 0.109 0.923 0.482
26182 0.003 0.090 1.243 0.070 0.154 0.101
26186 0.003 0.089 1.822 0.016 0.177 0.078
26187 0.009 0.039 0.882 n.d. 0.092 0.042
26188 0.003 0.066 1.225 0.016 0.121 0.060
26189 0.015 0.039 0.766 0.039 0.098 0.037
26190 0.007 0.044 0.878 0.020 0.091 0.042
26196 0.019 0.049 0.996 0.038 0.129 0.054
26198 0.003 0.625 10.950 0.058 0.978 0.356
26184 n/a n/a n/a n/a n/a n/a
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Table F.1: Continued 

 

 
 

Polar bear ID β-HCH p,p'-DDE p,p'-DDT HCB Oxyklordan trans-Nonaklor
23222 0.182 0.178 n/a 0.767 3.776 0.502
23343 0.040 0.035 n/a 0.422 2.005 0.312
23360 0.164 0.035 n/a 0.290 6.043 0.190
23393 0.162 0.035 n/a 0.493 2.852 0.043
23500 0.493 0.035 n/a 1.130 9.555 0.093
23637 0.306 0.113 n/a 1.355 6.056 0.240
23692 0.092 0.254 n/a 0.251 3.045 0.308
23703 0.110 0.035 n/a 0.198 2.571 0.043
23906 0.366 0.035 n/a 1.958 8.993 0.364
23937 0.261 0.101 n/a 1.229 4.914 0.254
23952 0.084 0.035 n/a 0.220 1.558 0.043
26010 1.014 0.035 n/a 1.947 14.945 0.354
26095 0.344 0.542 n/a 0.451 4.131 0.660
26120 0.232 0.035 n/a 0.504 2.092 0.246
26129 0.040 0.035 n/a 0.070 0.396 0.043
26137 0.235 0.074 n/a 0.740 8.149 0.318
26180 0.316 0.104 n/a 0.602 3.978 0.218
26183 0.254 0.035 n/a 0.649 3.596 0.252
26185 0.365 0.035 n/a 1.125 6.585 0.298
26191 0.040 0.035 n/a 0.669 4.272 0.043
26193 0.255 0.035 n/a 1.065 4.892 0.422
26195 0.239 0.211 n/a 0.775 3.767 0.419
26199 0.763 0.086 n/a 2.734 6.244 0.426
26033 0.283 0.203 n/a 0.912 3.240 0.481
23741 0.761 1.976 n.d. 3.593 5.900 2.543
23844 1.331 0.070 n.d. 0.840 3.316 0.151
26027 0.370 0.070 n.d. 0.997 7.315 0.479
26035 0.298 0.281 n.d. 0.877 3.207 0.724
26094 0.083 0.304 n.d. 0.492 1.053 0.246
26100 0.223 0.070 n.d. 0.445 2.099 0.018
26110 0.083 0.070 n.d. 0.163 2.769 0.018
26112 0.767 0.070 n.d. 1.057 7.461 0.018
26116 0.307 0.399 n.d. 1.347 10.440 0.805
26128 0.345 0.210 n.d. 1.051 3.626 0.487
26177 0.186 0.591 n.d. 0.353 6.214 0.571
26119 0.083 0.070 n.d. 0.519 3.410 0.261
26178 n/a n/a n/a n/a n/a n/a
26181 1.054 0.070 n.d. 2.914 11.669 0.289
26182 0.083 0.070 n.d. 1.335 4.911 0.197
26186 0.270 0.070 n.d. 0.761 5.137 0.108
26187 0.200 0.070 n.d. 0.499 3.858 0.299
26188 0.425 0.070 n.d. 1.159 5.113 0.037
26189 0.354 0.070 n.d. 1.079 4.163 0.367
26190 0.259 0.070 n.d. 0.861 8.051 0.208
26196 0.613 0.070 n.d. 0.996 7.136 0.263
26198 0.336 0.295 n.d. 0.683 21.972 0.094
26184 n/a n/a n/a n/a n/a n/a



! 76!

Table F.1: Continued 

 

 
 

Polar bear ID Mirex BDE-28 BDE-47 BDE-100 BDE-153 HCBDD
23222 n/a n/a 0.175 n/a 0.028 n/a
23343 n/a n/a 0.046 n/a 0.009 n/a
23360 n/a n/a 0.135 n/a 0.009 n/a
23393 n/a n/a 0.012 n/a 0.009 n/a
23500 n/a n/a 0.059 n/a 0.053 n/a
23637 n/a n/a 0.062 n/a 0.034 n/a
23692 n/a n/a 0.106 n/a 0.018 n/a
23703 n/a n/a 0.026 n/a 0.009 n/a
23906 n/a n/a 0.061 n/a 0.036 n/a
23937 n/a n/a 0.077 n/a 0.020 n/a
23952 n/a n/a 0.012 n/a 0.009 n/a
26010 n/a n/a 0.251 n/a 0.063 n/a
26095 n/a n/a 0.133 n/a 0.022 n/a
26120 n/a n/a 0.079 n/a 0.009 n/a
26129 n/a n/a 0.058 n/a 0.018 n/a
26137 n/a n/a 0.137 n/a 0.034 n/a
26180 n/a n/a 0.140 n/a 0.024 n/a
26183 n/a n/a 0.084 n/a 0.020 n/a
26185 n/a n/a 0.085 n/a 0.030 n/a
26191 n/a n/a 0.149 n/a 0.009 n/a
26193 n/a n/a 0.100 n/a 0.034 n/a
26195 n/a n/a 0.225 n/a 0.034 n/a
26199 n/a n/a 0.151 n/a 0.211 n/a
26033 n/a n/a 0.116 n/a 0.024 n/a
23741 n.d. n.d. 0.266 0.020 0.036 n.d.
23844 n.d. n.d. 0.077 n.d. 0.086 n.d.
26027 n.d. n.d. 0.158 n.d. 0.024 n.d.
26035 0.158 n.d. 0.094 n.d. 0.030 n.d.
26094 n.d. n.d. 0.094 n.d. 0.010 n.d.
26100 n.d. n.d. 0.049 n.d. 0.010 n.d.
26110 n.d. n.d. 0.039 n.d. 0.010 n.d.
26112 n.d. n.d. 0.043 n.d. 0.096 n.d.
26116 n.d. n.d. 0.198 n.d. 0.027 n.d.
26128 n.d. n.d. 0.084 n.d. 0.024 n.d.
26177 n.d. n.d. 0.149 n.d. 0.023 n.d.
26119 n.d. n.d. 0.069 n.d. 0.010 n.d.
26178 n/a n/a n/a n/a n/a n/a
26181 n.d. n.d. 0.079 n.d. 0.113 n.d.
26182 n.d. n.d. 0.057 n.d. 0.010 n.d.
26186 n.d. n.d. 0.060 n.d. 0.010 n.d.
26187 n.d. n.d. 0.087 n.d. 0.010 n.d.
26188 n.d. n.d. 0.048 n.d. 0.021 n.d.
26189 n.d. n.d. 0.115 n.d. 0.020 n.d.
26190 n.d. n.d. 0.095 n.d. 0.010 n.d.
26196 n.d. n.d. 0.200 n.d. 0.023 n.d.
26198 n.d. n.d. 0.041 n.d. 0.110 n.d.
26184 n/a n/a n/a n/a n/a n/a
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Polar bear ID 6-OH-BDE47 4-OH-CB107 4'-OH-CB130 3'-OH-CB138 4-OH-CB146 4'-OH-CB159
23222 n/a 2.402 0.025 0.030 12.173 0.117
23343 n/a 2.957 0.074 0.180 11.978 0.035
23360 n/a 2.050 0.079 0.451 8.364 0.035
23393 n/a 1.220 0.070 0.306 9.869 0.084
23500 n/a 0.291 0.025 0.140 5.089 0.110
23637 n/a 4.520 0.226 0.695 11.770 0.085
23692 n/a 5.465 0.152 0.533 14.330 0.076
23703 n/a 0.667 0.025 0.263 6.782 0.035
23906 n/a 2.184 0.202 0.402 17.677 0.157
23937 n/a 3.098 0.240 0.319 15.992 0.035
23952 n/a 0.959 0.113 0.159 5.789 0.035
26010 n/a 1.311 0.025 0.291 8.400 0.087
26095 n/a 4.036 0.179 0.330 19.571 0.074
26120 n/a 3.776 0.206 0.280 12.325 0.035
26129 n/a 2.037 0.070 0.180 11.364 0.035
26137 n/a 1.721 0.095 0.197 13.026 0.086
26180 n/a 1.565 0.110 0.148 12.392 0.035
26183 n/a 3.277 0.146 0.148 14.665 0.076
26185 n/a 3.524 0.116 0.205 13.760 0.120
26191 n/a 2.516 0.137 0.308 14.421 0.081
26193 n/a 2.043 0.090 0.209 9.816 0.035
26195 n/a 3.781 0.258 0.243 21.191 0.035
26199 n/a 3.791 0.115 0.643 15.132 0.384
26033 n/a 5.849 0.311 0.551 20.994 0.112
23741 0.040 14.393 1.296 1.341 18.048 0.367
23844 0.057 1.620 0.114 0.319 7.983 0.358
26027 0.061 2.961 0.142 0.306 13.048 0.161
26035 0.067 6.318 0.197 0.510 14.549 0.209
26094 0.079 5.244 0.173 0.377 7.242 0.076
26100 0.025 0.854 0.013 0.264 6.546 0.097
26110 n.d. 0.229 0.013 0.101 2.194 0.087
26112 n.d. 0.048 0.013 0.120 2.258 0.213
26116 0.059 2.551 0.114 0.287 14.123 0.109
26128 0.044 1.401 0.131 0.292 10.663 0.184
26177 n.d. 2.959 0.135 0.284 10.328 0.224
26119 0.019 1.871 0.133 0.238 6.253 0.073
26178 n/a 3.426 0.147 0.018 12.907 0.052
26181 0.056 1.019 0.190 0.655 19.228 0.586
26182 n.d. 1.713 0.013 0.336 3.448 0.113
26186 n.d. 0.800 0.013 0.149 4.495 0.126
26187 0.048 2.036 0.108 0.221 7.072 0.067
26188 0.027 0.615 0.087 0.101 11.522 0.174
26189 0.065 2.950 0.091 0.239 13.682 0.184
26190 0.083 2.948 0.095 0.225 11.665 0.179
26196 0.052 1.757 0.117 0.270 11.866 0.124
26198 n.d. 0.350 0.013 0.242 5.444 0.617
26184 n/a n/a n/a n/a n/a n/a
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Polar bear ID 4'-OH-CB172 3'-OH-CB180 4-OH-CB187
23222 1.305 0.286 31.996
23343 0.936 0.200 28.058
23360 1.055 0.431 19.115
23393 1.570 0.685 11.928
23500 2.203 0.406 13.791
23637 4.062 1.124 31.402
23692 1.990 0.452 30.873
23703 0.812 0.310 10.382
23906 7.011 0.882 50.349
23937 4.042 0.573 27.007
23952 1.040 0.197 8.594
26010 1.228 0.400 18.861
26095 0.880 0.395 45.979
26120 1.073 0.305 20.264
26129 1.055 0.400 21.047
26137 1.834 0.459 30.462
26180 1.103 0.262 21.397
26183 1.185 0.290 32.150
26185 1.225 0.507 36.314
26191 1.798 0.433 24.187
26193 1.667 0.305 30.419
26195 1.656 0.205 42.344
26199 1.095 1.820 23.827
26033 1.772 0.712 38.097
23741 13.748 0.911 45.862
23844 12.894 2.114 8.842
26027 8.082 0.327 24.167
26035 14.707 0.685 22.266
26094 8.375 0.617 11.233
26100 4.074 0.507 11.054
26110 4.316 0.266 4.172
26112 8.264 0.762 8.343
26116 9.647 0.394 27.864
26128 10.809 0.379 21.082
26177 9.505 0.410 22.033
26119 3.308 0.212 11.436
26178 3.444 0.138 24.952
26181 22.496 1.933 46.833
26182 4.720 0.525 11.571
26186 5.057 0.305 10.152
26187 4.551 0.239 13.682
26188 6.825 0.304 19.648
26189 9.061 0.215 22.107
26190 9.316 0.443 22.307
26196 8.841 0.331 21.231
26198 17.163 1.843 11.661
26184 n/a n/a n/a
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Appendix G 
Table G.1: Relative mRNA expression levels (log2 transformed) for polar bears (n = 39) sampled at 
Svalbard during August and September 2013. 
 

 

Polar bear ID CYP1A1 TRXR SOD CYP1B1 CAT
23222 -0.505 -1.059 -0.634 -1.565 -0.230
23343 0.374 -1.439 -1.489 -0.191 0.149
23360 -2.041 -1.302 -0.837 -0.875 -0.535
23393 0.091 -1.208 -1.181 -0.726 -0.011
23500 0.070 -1.104 -0.855 0.215 0.362
23637 -1.051 -1.557 -0.571 -0.591 -0.975
23692 -1.679 -0.654 0.095 0.110 -0.259
23703 -0.105 -1.381 -0.843 -0.963 -0.005
23906 -1.546 -0.199 0.063 0.170 0.340
23937 n/a n/a n/a n/a n/a
23952 -0.828 -0.763 0.171 -0.821 0.433
26010 0.822 -0.580 -0.472 -0.007 0.217
26095 0.784 -0.919 -0.921 -0.048 -0.766
26120 0.226 -1.276 -0.920 -0.904 -0.006
26129 -1.106 -2.051 -1.062 -0.431 -1.074
26137 -0.387 -0.897 -0.299 0.493 -0.025
26180 -1.286 -0.620 0.660 1.179 0.193
26183 -0.176 0.179 0.498 0.650 0.429
26185 -0.332 0.311 0.435 -0.285 0.442
26191 n/a n/a n/a n/a n/a
26193 -1.490 -0.407 0.610 0.687 0.771
26195 -2.179 -0.650 0.322 -0.448 -0.308
26199 -1.733 1.292 -0.262 0.022 -0.174
26033 n/a n/a n/a n/a n/a
23741 -0.645 -1.503 -1.460 -0.557 -0.525
23844 -0.229 -1.016 -0.987 0.405 -0.366
26027 -1.977 -1.113 -0.687 -0.364 -0.078
26035 0.674 0.382 0.428 0.348 0.498
26094 -2.111 -1.018 -0.215 -0.910 0.444
26100 -0.195 -0.123 0.299 -0.058 1.135
26110 -1.422 -0.517 0.671 -0.483 0.052
26112 -1.396 -1.039 -0.519 -0.447 -0.425
26116 -0.651 -1.129 -0.564 -0.855 -0.516
26128 0.019 -0.781 -0.260 -0.486 0.368
26177 -3.756 -1.792 -0.036 -0.277 0.569
26119 -1.131 -0.955 0.203 -0.064 -0.111
26178 -1.163 -0.281 0.631 -0.533 0.997
26181 n/a n/a n/a n/a n/a
26182 n/a n/a n/a n/a n/a
26186 -2.259 -0.767 0.023 0.377 0.204
26187 -2.115 -0.544 0.366 -1.336 -0.751
26188 -0.384 -0.184 0.694 0.639 0.334
26189 n/a n/a n/a n/a n/a
26190 -3.854 -0.910 0.451 -0.492 -0.186
26196 -1.492 -0.615 0.581 -0.365 0.231
26198 0.016 0.032 0.145 0.100 0.846
26184 -0.057 -0.501 0.942 1.326 0.395
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Table G.1: Continued 

 

 

Polar bear ID HSP70 E2F1 GR MET GPX 
23222 -0.350 -0.287 -0.954 -0.257 -2.490
23343 -0.656 0.708 -0.234 0.259 -2.340
23360 -0.422 -1.139 -1.018 -0.366 -0.542
23393 -0.373 0.081 -0.642 -1.365 -0.261
23500 -0.062 0.168 -0.044 -1.006 0.480
23637 -0.114 -0.336 -1.235 -0.102 0.150
23692 0.001 0.502 -0.365 0.438 0.420
23703 -0.102 0.488 -0.465 -0.075 -2.110
23906 -0.081 -0.247 0.318 0.458 -0.040
23937 n/a n/a n/a n/a n/a
23952 0.264 0.125 -0.068 -0.618 0.500
26010 -0.168 0.247 0.097 0.082 -1.659
26095 -0.488 0.625 -0.626 0.622 -0.101
26120 -0.214 0.168 -0.361 -1.475 -0.057
26129 -1.165 0.169 -2.970 -1.921 -4.137
26137 -0.594 0.381 -0.491 -0.700 0.376
26180 0.501 -1.053 -0.147 -0.450 -0.110
26183 -0.182 0.200 0.086 0.238 -1.138
26185 0.045 -0.073 0.422 0.932 -1.957
26191 n/a n/a n/a n/a n/a
26193 0.275 -0.586 0.804 0.625 0.562
26195 -0.724 -1.149 -0.839 0.482 -0.123
26199 0.070 -0.772 -0.373 0.341 -1.209
26033 n/a n/a n/a n/a n/a
23741 -1.299 0.133 -1.657 -2.185 -3.651
23844 -1.052 -0.139 -1.017 -0.441 -0.946
26027 -0.197 0.020 -0.682 -0.278 0.143
26035 0.439 0.843 0.335 0.311 0.348
26094 -0.390 -0.478 0.152 -0.297 0.311
26100 0.128 0.248 1.325 0.786 -2.098
26110 -0.392 0.798 0.006 0.573 -1.109
26112 -0.443 0.431 -0.445 0.542 -1.951
26116 -0.372 0.496 -1.404 -0.541 -1.990
26128 -0.880 0.568 -0.462 0.217 -3.395
26177 0.090 0.803 -1.434 -1.198 -3.626
26119 -0.020 -0.563 -0.330 -0.199 0.426
26178 0.095 -0.082 1.074 0.346 -0.628
26181 n/a n/a n/a n/a n/a
26182 n/a n/a n/a n/a n/a
26186 -0.319 -1.001 -0.308 0.036 -0.948
26187 -0.892 -1.486 -0.605 -0.437 0.768
26188 -0.428 -0.516 -0.164 0.316 -2.632
26189 n/a n/a n/a n/a n/a
26190 0.451 -0.154 -1.037 0.451 0.282
26196 -0.264 -0.806 0.286 0.945 -1.585
26198 -0.011 -0.362 0.846 0.252 0.514
26184 0.304 -1.026 0.231 -0.059 0.425
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Appendix H 
Table H.1: Chemicals used in present study. 

 

 
 

 

 

 

 

 

RT-qPCR

Chemicals CAS # Producer

Chloroform 67-66-3 VWR International Ltd
Isopropanol/2-Propanol 67-63-0 Sigma-Aldrich
RNase free water Gibco by Life technologies
TRIZOL® Reagent 15596-026 Thermo Fisher Scientific

RNeasy® Plus minikit 74136 Qiagen
Buffer RLT Plus 1048449 Qiagen
Buffer RPE wash buffer 1018013 Qiagen
Buffer RW1 wash buffer 1015763 Qiagen
Rectified ethanol 200-578-6 Kemetyl
RNase free water 1018017 Qiagen
2-Mercaptoethanol 60-24-2 Sigma-Aldrich

Agilent RNA 6000 Nano Reagents Part 1 5067-1511 Agilent Technologies
RNA 6000 Nano Gel Matrix (red) Agilent Technologies
RNA 6000 Nano Dye Concentration (blue) Agilent Technologies
RNA 6000 Nano Marker (green) Agilent Technologies
RNA 6000 Ladder Agilent Technologies

Agilent AffinityScript QPCR cDNA Synthesis kit 600559 Agilent Technologies
AffinityScript RT/Rnase Block enzyme 600164-58 Agilent Technologies
Oligo(dT) Primer 100 ng/µL 600554-53 Agilent Technologies
Random Primers 100 ng/µL 600554-54 Agilent Technologies
2x cDNA Synthesis First Master Mix 600559-51 Agilent Technologies

Brilliant III Ultra-Fast SYBR® Green
QPCR Master Mix 600882 Agilent Technologies
SYBR® Green QPCR Master Mix 600882-51 Agilent Technologies

Rnase Zap 9780 Ambion
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Table H.1: Continued 

 

 
 

 

 

 

 

 

 

 

 

 

GC-MS

Chemicals CAS$# Producer

Acetone 67/64/1 VWR International
Acetic anhydride 108/24/7 Sigma-Aldrich
Cyclohexane 110/82/7 VWR International
Ethanol (%) 200/578/6 Kemetyl
Helium (99.999 % purity) AGA AS
Molecular grade water
NaCl 7647/14/5 Merck
Nitrogen AGA AS
Potassium hydroxide 1310/58/3 Merck
Pyridine 110/86/1 Aldrich
Sulphuric acid 7664939 Sigma-Aldrich

Single'cell'gel'electrophoresis'(Comet'assay)

Chemicals CAS$# Producer

Ethylenediamine/tetraacetic$acid 60/00/4 Sigma/Aldrich
LMP$Agaose 9012/36/6/39346/81/1Sigma/Aldrich
NaCl 7647/14/5 VWR
Sodium$hydroxide 1310/73/2 Merck
SYBR$Gold Invitrogen
Triton$X/100 9002/93/1 Sigma/Aldrich
Trizma/base 77/86/1 Sigma/Aldrich
Trizma$hydrochloride 1185/53/1 Sigma/Aldrich
Rectified$ethanol$(96$%) Vinmonopolet
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Appendix I 

Table I.1: Equipment used in present study. 

 

 
 

!

Equipment Producer
Agilent 6890 Series gas chromatograph Agilent Technologies
Agilent 5973 Series mass spectrometer Agilent Technologies
Agilent 2100 Bioanalyzer Agilent Technologies
Allegra™ 25R Centrifuge Beckman Coulter™
Allegra™ X-12R centrifuge Beckman Coulter™
Bravo automated liquid handling platform Agilent Technologies
Biofuge A Heraeus Sepatech
Camera Allied Vison Technologies
Chip priming station Agilent Technologies
Fluorescence microscope Zeiss
Heraus Multifuge 3 SR  Thermo Scientific
IKA vortexer Sigma-Aldrich
Incubator Termaks
Lightcycler® 96 Real-Time PCR System Roche
LightCycler® 480 Real-Time PCR Instrument Roche
Mastercycler® ep-gradientS thermalcycler Eppendorf
Microsentrifuge Labnet International Inc
PowerPack™ high current power supply BioRad
Pro200 Homogenizer (10mm x 115mm & 7mm x 75mm) PRO Scientific Inc
RNA Nano Chips Agilent Technologies
Rocking platform VWR
Synergy MX plate reader BioTek
TurboVap® evaporator system Zymark
Ultrasonic Processor Cole-Parmer
Whirlimixer Fisions
Whirlimixer IKA


