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ÁGRIP 

Bakgrunnur: Þrávirk lífræn mengunarefni eru fjölbreyttur flokkur lífrænna efnasambanda. 

Þessum flokki efna tilheyra perfluorooctane sulfonate (PFOS) og perfluorooctanoic sýra 

(PFOA), einnig polychlorinated biphenyls (PCB) og varnarefnin 

dichlorodiphenyltrichloroethane (DDT) og hexaklórbensen (HCB). Þessi efni eiga það 

sameignlegt að vera stöðug og brotna hægt niður í umhverfinu, þau magnast því upp í 

fæðukeðjunni og eru til staðar í nokkrum flokkum matvæla. Efnin hafa greinst í blóðsýnum úr 

fólki víða um heim og hefur það valdið áhyggjum þar sem sýnt hefur verið framá  hugsanlega 

skaðleg áhrif þeirra á heilsu fólks.  

 

Markmið: Markmið þessa verkefnis var annars vegar að kanna hvort tengsl væru milli styrks 

PFOS og PFOA í sermi og styrks heildarkólesteróls í blóði á meðgöngu, ásamt því að kanna 

möguleg áhrif mataræðis sem truflandi þáttar. Hins vegar var markmið verkefnisins að kanna 

hvort tíð neysla á eldislaxi í 8 vikur hefði áhrif á styrk klórlífrænna mengunarefna (PCB, pp'-

DDE og HCB) í sermi. 

 

Aðferðir: Verkefnið byggir á gögnum frá tveimur fyrri rannsóknum, annarsvegar rannsókn 

sem gerð var á árunum 1988-1989 þar sem blóðsýnum var safnað úr 854 dönskum 

barnshafandi konum á 30 viku meðgöngu. Fæðuinntaka var einnig metin með tíðniskema 

ásamt viðtali. Línuleg aðhvarfsgreining var síðan notuð til að kanna tengsl mismunandi 

fæðuflokka við styrk PFOA og PFOS í sermi og einnig til að kanna tengsl PFOA og PFOS 

við styrk heildar kólesteróls. Hins vegar byggir verkefnið á gögnum sem aflað var í tengslum 

við íhlutandi rannsókn, Seafood plus, á árunum 2004-2005. Magn klórlífrænna mengunarefna 

(PCB, pp'-DDE og HCB) var mælt í sýnum úr 20 einstaklingum úr viðmiðunarhóp (neyttu 

ekki sjávarfangs) og 20 úr laxahóp (neyttu 150g af laxi þrisvar í viku í 8 vikur) sem tekin voru 

við upphaf og lok rannsóknar.    

 

Niðurstöður: Niðurstöður sýndu í fyrsta lagi að mataræði móður hefði marktækt forspárgildi 

fyrir styrk PFOS og PFOA. Jákvæð tengsl sáust á milli neyslu kjöts og kjötafurða og styrks 

efnanna, en neikvæð tengsl sáust við neyslu grænmetis. Marktækt jákvæð tengsl sáust einnig 

milli sermisstyrks PFOA/PFOS og styrks heildar kólesteróls í blóði. Eftir að leiðrétt hafði 

verið fyrir fæðu þáttum sem höfðu áhrif á styrk efnanna eða á styrk kólesteróls voru marktæk 

tengsl enn til staðar. Í öðru lagi voru niðurstöður verkenfnisins þær að aukning í styrk 
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klórlífrænna mengunarefna í sermi reyndist, við lok íhlutunar, meiri hjá laxahópnum en hjá 

viðmiðunarhópnum fyrir öll PCB efnin nema PCB-118, einnig fyrir HCB og pp'-DDE. Fyrir 

heildar summu allra PCB efna var aukningin 18% meiri hjá laxahóp heldur en hjá 

viðmiðunarhóp, fyrir HCB var aukningin 29% meiri, en 6% meiri fyrir pp'-DDE. Þessi 

aukning náði því þó ekki að vera tölfræðilega marktæk. 

 

Ályktun: Niðurstöður verkefnisins gefa annars vegar til kynna að tengsl PFOS og PFOA við 

kólesteról séu ótengd inntöku fæðu þátta sem þekkt er að hafi áhrif á styrk annað hvort PFOS 

og PFOA eða kólesteróls. Hækkunin reyndist einnig sambærileg við þá hækkun á kólesteróli 

sem sást í tengslum við hærri intöku á mettaðri fitu. Hins vegar gefa niðurstöður verkefnisisns 

vísbendingu um að neysla á eldislaxi úr Atlantshafi þrisvar í viku í 8 vikur leiði hugsanlega til 

hóflegrar hækkunar á styrk klórlífrænna mengunarefna í blóði. Hækkunin reyndist þó ekki 

nægilega mikil til að fá tölfræðilega marktækar niðurstöður. 
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ABSTRACT 

Background: Persistent organic pollutants are a diverse class of organohalogen compounds 

which include long chain perfluoroalkyl acids (PFAAs) such as perfluorooctane sulfonate 

(PFOS) and perfluorooctanoic acid (PFOA), as well as legacy contaminants such as the 

polychlorinated biphenyls (PCBs) and pesticides such as dichlorodiphenyltrichloroethane 

(DDT) and hexachlorobenzene (HCB). Given the persistent nature of these chemicals and 

long elimination half-lives examining their sources of exposure and potential adverse 

consequences on health is of considerable public health importance.  

 

Aims: One aim of this thesis was to examine in an observational setting dietary exposures to 

PFOS and PFOA in addition to examining the association between circulating levels of these 

two chemicals and blood cholesterol. Secondly we wanted to examine the role of frequent 

consumption of farmed Atlantic salmon, 3 times a week over 8 weeks, on circulating levels of 

PCBs, pp'-DDE and HCB. 

 

Methods: A cohort of 965 Danish pregnant women was recruited in 1988-89, blood samples 

were provided and the women reported their diet in week 30 of gestation. From those, 854 

women had information on serum cholesterol, serum PFAAs and dietary intake available.  

Multivariate regression was used to analyse the association of diet with serum concentrations 

of PFOA and PFOS, and the association PFAAs and total-cholesterol. Furthermore, a total of 

40 participants were selected from a previously conducted randomized controlled dietary 

intervention trial of 8-week duration. 20 were selected from the control group (not consuming 

seafood) and 20 from the salmon group (consuming 450 g of farmed Atlantic Salmon a 

week). Serum levels of PCB, pp'-DDE and HCB were measured in baseline and endpoint in 

all samples. 

 

Results: Intake of meat and meat products was positively associated while intake of 

vegetables was inversely associated (p for trend<0.01) with changes in PFOS and PFOA 

concentrations. Dietary fat was however associated with serum cholesterol. After adjustment 

for dietary factors influencing either PFOA/PFOS or serum cholesterol both PFOA and PFOS 

were positively and similarly associated with serum cholesterol (p for trend ≤0.01). Secondly, 

higher increase in concentrations were seen in the salmon group versus the control group, at 

endpoint, for all measured congeners of PCB (except for PCB-118), and also for HCB and 



   

  IV  

pp'-DDE. For sum PCB the increase was 18% higher in the salmon group versus the control 

group but for HCB and pp'-DDE the increase was 29% and 6% respectively.  Due to few 

number of study participants none of these differences reached formal statistical significance. 

 

Conclusion: According to our results the associations between serum cholesterol and PFOS 

and PFOA appeared unrelated to dietary intake and were similar in magnitude as the 

associations between serum cholesterol and saturated fat intake. Our results also indicate that 

frequent consumption of farmed Atlantic salmon over a 8 week period has some influence on 

serum levels of organochlorine pollutants. Larger sampes size would however be needed for 

more accurate estimation. 
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1 INTRODUCTION 

Persistent organic pollutants (POPs) are compounds that are resistant to environmental 

degradation and possess properties that make them bioaccumulate in human and animal tissue 

[1]. The POPs include structurally diverse groups of chemicals which differ widely in terms 

of rate of degradation, excretion and toxic potency. Because of their semi-volatile properties 

they are able to move long distances in the atmosphere resulting in widespread global 

distribution. These compounds include, but are not limited to, lipophilic organochlorine 

compounds that were phased out of production in the late 1970s and were used either as 

pesticides [e.g. hexachlorobenzene (HCB) and dichlorodiphenyltrichloroethane (p,p′-DDT)] 

or as heat resistant oils including polychlorinated biphenyls (PCBs). Newer compounds such 

as perfluoroalkyl acids (PFAAs) have been widely used in industrial applications until the last 

decade. 

Human exposure to POPs can occur when there is contact between humans and 

contaminants for a certain amount of time. The ways people can be exposed is through 

inhalation, ingestion or by dermal contact [2]. Occupational exposure may occur by any of 

these routes. For the general population it has, however, been estimated that the most 

important exposure pathway is through the food chain. For the lipophilic organochlorine 

POPs consumption of fish, meat and dairy products are usually the most important sources of 

exposure [1]. Human exposures to PFAAs have, on the other hand, been less well 

characterized although diet is thought to be the main source in background exposed 

populations [3, 4]. Because of their toxicity and potential to adversly affect human health 

even at low levels [5-7], the precens of various mixtures of these POPs in foods is a matter of 

public health concern.  

The overall aim of this thesis was to explore using two different data sources the role 

of diet as a source of exposure for the PFAAs, PCBs and organochlorines pecticides. 

Furthermore in the case of the PFAAs the thesis aimed to examine their association with 

serum cholesterol taking into considerations potential confounding by diet.  Before stating the 

objectives in more detail a short background to the contaminants covered in this thesis is 

given.  
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2 REVIEW OF THE LITERATURE 

2.1 Perfluoroalkyl acids (PFAAs) 

Perfluoroalcylacids form a diverse group of synthetic chemicals characterized by long, 

fluorinated carbon chains with different functional head groups [8]. The perfluorinated tail is 

both hydro- and lipophobic which gives these compounds unique properties to repel both oil 

and water. Because of their unique surfactant properties they have been used in a variety of 

consumer products and industrial processes for over 50 years [9]. They have, e.g., been used 

as leveling agents and for coating of exterior surfaces in products requiring resistance to 

grease, oil, stains and water, these products may include non-stick cookware, Teflon, outdoor 

wear like Gore-Tex, packaging, paper and textile coatings and fire-fighting foams [10]. 

Because of the strong carbon-fluorine bond the PFAAs are extremely resistant to degradation 

[11]. They are also bioaccumulative [12], but they do not accumulate in fat tissue as the 

persistent organochlorine legacy compounds. They have been shown to have a protein binding 

capacity, binding primarily to albumin in blood and are detected in relatively high 

concentrations in serum and liver [13-15].  

Some of the long chain PFAAs biomagnify through the food chain and have been 

detected in wildlife and humans throughout the world [16]. The PFAAs produced and used in 

highest volume are the perfluorosulfonates (PFSAs) and perfluorocarboxylic acids (PFCAs), 

but of those the perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) 

have been the compounds most widely detected in the environment. PFOS and PFOA both 

consist of an eight carbon backbone, with a terminal sulfonate or carboxylate functional 

group, respectively [8, 11]. They have both direct commercials application and they are also 

used in the manufacturing of other fluoropolymers. Other fluorochemical precursor 

compounds which have also been widely used in industry may be transformed into PFOA in 

humans or the environment [17]. Concentrations of both PFOS and PFOA began to decrease 

in human sera around the year 2000 because of a phase out agreement made by all major U.S. 

manufacturers, but some other PFAAs have remained stable or have even increased. 

Estimated half-lives in humans are 3.8 and 5.4 years for PFOA and PFOS respectively [18]. 

   
Figure 1. Chemical structures of PFOA and PFOS [19]. 
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2.1.1 Health concerns  

Current evidence suggesting that PFAAs may adversly affect health is primarely derived from 

animal studies. Various adverse health effects have been observed following prolonged 

exposure in adult animals. These effects include reductions in serum cholesterol, decreased 

body weights, increased liver weights and hepatocellular hypertrophy and vacuolation [20]. 

Other toxic effects such as developmental, hormonal and immune system effects have also 

been observed [11, 21]. However, in these animal studies the exposures used are usually far 

higher than those observed in most populations.  

Data on how PFAA exposure may affect human health has been increasing but studies 

have often given inconsistent results [5]. Among highly exposed populations serum PFAAs 

have been associated with elevated levels of serum uric acid [22] and liver enzymes [23].  In 

the general public exposure to PFAAs has been associated with adverse reproductive 

performance [24-26],  impaired fetal development [27] and adverse metabolic profile [28].   

However, the most consistent findings on human health are reports suggesting that 

higher PFAA serum levels may be association with elevated serum cholesterol. This has been 

observed both among highly exposed populations as well as the general public [5, 29, 30]. But 

because most of these studies are cross-sectional in nature causality of the association has not 

been established. 

 

2.1.2 Human exposure to PFAAs 

Because of their diversity, multiple uses in industry and complex degradation pathways it has 

been difficult to completely understand how the PFAAs are distributed in the environment 

and how people become exposed. This complexity arises because exposure to PFAAs occurs 

both through direct contact but also indirectly through degradation of precursor compounds 

[31]. These precursor compounds are used in many commercial applications, and can be 

found in products such as paints, carpets, and food packaging materials [8, 9]. It has been 

reported that for the general public exposure to precursor compounds may be of low 

importance except for certain subgroups such as young children [32, 33].   

Direct exposure to PFOA and PFOS it thought to primarily occur through intake of 

food, drinking water and exposure to dust [34]. Studies in non-occupationally exposed 

populations suggest that direct exposure to PFAAs present in food is the dominant source of 

exposure, but attempts to identify the most important dietary sources have however been 

inconsistent [8, 33, 34]. Information on the presence of PFAAs in food is rather limited but 
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relatively high concentrations of PFOS in seafood have been consistently reported [34]. 

Results for other foods have been less consistent [35-37]. The PFAAs have been detected in a 

wide variety of different foods such as meat, snacks, cereals, fruit, potatoes and vegetables 

where they may be present because of environmental contamination or because of a leakage 

from food packaging material [34, 36]. 

When examining the associations between self-reported dietary intake and serum 

PFAA concentrations inconsistent findings have also been reported. Fish and seafood appear 

to be important determinants of exposure sources for some populations, particularly those 

consuming fish from relatively contaminated waters or those with high consumption [38, 39]. 

Other studies have reported positive association with consumption of eggs, meat, animal fats 

and snacks, and inverse associations with vegetables [3, 40]. It has moreover been observed 

that those who report relatively high consumption of meat and low consumption of vegetables 

have considerably higher serum PFOS and PFOA levels compared to those with low meat and 

high vegetable consumption, demonstrating the importance of the overall diet as a contributor 

to total PFAA exposure [3].  

 

2.1.3 PFAAs and cholesterol 

A number of observational studies in humans have suggested exposure to certain PFAAs may 

be associated with cholesterol concentrations in populations with different exposure levels. 

Initially these associations were observed in occupationally exposed workers with much 

higher PFOA or PFOS blood levels then seen in the general population.  In 1999 Olsen et.al. 

reported findings of an inverse association between PFOS and HDL cholesterol in workers 

from the 3M company, but no association with LDL was observed [41]. More cross-sectional 

studies were published later on only analyzing the association of PFOA with cholesterol, but 

not PFOS. Two studies reported findings of positive associations between PFOA and total or 

LDL cholesterol [22, 42]. In other studies no associations between PFOA and cholesterol 

have been observed [43, 44].  

A few longitudinal studies have also examined the association between PFOA and 

cholesterol in occupationally exposed people. In the study by Sakr et al. (n=454 and 75% 

males) where two or more measurements over an average of 10 years of both cholesterol and 

PFOA were used, a positive association was observed between PFOA and total-cholesterol 

[45]. Two other longitudinal studies with much fever participants (n<200), most of whom 

were also males, have also reported positive associations between PFOA and total cholesterol 
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[42, 46]. In the study by Costa et al. (n=56) multiple measurements were used taken over a 7 

year period [46], but Olsen et al. (n=174) had two measurements taken 3 or 5 years apart [42]. 

Only one longitudinal study (n=179) has found a positive association between PFOA and 

HDL cholesterol, however, no associations were observed between PFOA and non-HDL or 

PFOS and cholesterol [47]. In that study time period between baseline and endpoint 

measurements was shorter than in the previous studies or only around 164 days.  

The association between PFAAs and cholesterol has also been examined among 

residents in highly exposed communities, the Mid-Ohio Valley communities in Ohio USA, 

where drinking water was contaminated because of a spill from a nearby industrial facility 

[48-50]. Two of three studies from populations in this area reported positive association 

between PFOA or PFOS and cholesterol, both in children and adults [49, 50]. In one study it 

was moreover suggested, based on exposure-response curve observation, that a steeper 

increase in cholesterol may occur when level of exposure is low, possibly explaining 

inconsistency in magnitude of change seen between populations of different exposure levels 

[22, 50]. In a recent longitudinal study from a population from the Mid-Ohio Valley, 560 

individuals who had participated in a cross-sectional study in 2004-2005 were followed up in 

2010. Although there was a tendency for people with greater declines in serum PFOA or 

PFOS to have greater decrease in LDL cholesterol, these trends did not reach a formal 

statistical significance [51]. 

A number of studies has also examined the association between PFAAs and blood 

cholesterol in the general public, but these are all cross-sectional studies. Two studies have 

previously reported a significant increase in total cholesterol associated with higher PFOS or 

PFOA levels [29, 30]. In the study by Nelson et al. (n=860), where participants were 12-80 

years of age, serum PFOS, PFOA and PFNA concentrations were all positively associated 

with total cholesterol, while an inverse association was observed for PFHxS. A study 

examining this association in a group of 50-65 year old Danish people (n=753) found a 

smaller but still a significant association between both serum PFOS and PFOA and higher 

total cholesterol [30]. In a more resent study where these associations were examined in a 

group of 19-44 year old pregnant women (n=891) a positive association was observed 

between five out of seven PFAAs quantified in serum, including PFOA and PFOS, and total 

cholesterol [52]. In that study maternal PFOS concentrations were moreover positively 

associated with HDL cholesterol. Other studies in non-pregnant subjects have shown positive 
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associations only between PFHxS and total and LDL cholesterol or between PFOS and HDL 

cholesterol [53, 54]. 

The overall findings of a positive association between serum PFAAs and cholesterol 

have been relatively consisten [22, 29, 30, 42, 45, 46, 49, 50, 52-54], but still with few 

exceptions [43, 44, 48, 51]. This has been observed in occupationally exposed worker, the 

general population as well as pregnant women. Due to the cross-sectional nature of most of 

these studies and unclear biological mechanism limited conclusion can be made about the 

causality of this association. It has moreover been suggested that the association between 

PFAA and cholesterol may have limited clinical relevance and that other well-established risk 

factors such age, sex, BMI and diet may be more important for high cholesterol prevalence 

then elevated serum PFAA concentrations [55]. Previous studies have however not compared 

the observed effect size to other known predictors of serum cholesterol which may be used as 

an indirect measure of potential clinical relevance.  

 

2.1.4 Serum cholesterol and diet 

The influence of dietary intake on serum cholesterol has been studied extensively. It is well 

established that diet can influence serum cholesterol levels. Saturated fatty acids (SFA) have 

been reported to be important dietary determinants of elevated total and LDL cholesterol [56-

58]. The replacement food is however important and studies have moreover shown that 

replacement of SFA with polyunsaturated fatty acids (PUFA) or monounsaturated fatty acids 

(MUFA) can lower total and LDL cholesterol [59]. Trans-fatty acids are another type of fat 

which has also been shown to have considerable effect on serum cholesterol, raising LDL 

cholesterol when compared to unsaturated fatty acids but also lowering HDL cholesterol [56]. 

The overall diet is however important where higher cholesterol may be more strongly 

associated with poor diet quality such as diets high in saturated fat and low in fruits, 

vegetables and fiber [60]. 

Since diet it is recognized as an important influential risk factor for high cholesterol 

and is also suspected to be the main sources of PFAA exposure in background exposed 

populations[3, 34], it is possible that some dietary habits may lead to both elevated cholesterol 

and PFAA levels. In previous studies [29, 30, 52-54] this has not been addressed in detail, for 

example by thoroughly adjusting for dietary factors found to be associated with serum PFAA 

or cholesterol levels in the population under study.  
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One aim of this thesis was therefore to examine the association between serum 

concentrations of PFOA, PFOS and dietary intake and moreover the potential role of diet as a 

confounding factor for the association between serum PFOA, PFOS and blood cholesterol.  

 

2.2 Organochlorine pollutants (OCPs) 

PCBs are a class of chemicals that were manufactured for use in a variety of industrial 

processes since the early 1930s [61]. They consists of biphenyl, a molecule composed of two 

benzene rings with varying numbers of chlorine atoms attached. During production they are 

formed as complex mixtures which vary in congener compositions [7]. A total of 209 

different congeners can be formed determined by the chlorine pattern of the molecule. 

Because of their stability and insulating properties the PCBs were used in a number of 

industrial applications, mostly in heat resistant oils and electrical equipments such as 

capacitors and transformers but also in other products including sealants, paints and plastics 

[7, 62]. In the United States their production was stopped in the 1970s and in other countries 

at a similar time. Their levels in the environment and humans declined rapidly thereafter, but 

the rate of the decline has in recent years leveled off and these compounds are still detected in 

trace amounts in humans and wildlife [63-65]. 

The organochlorine pesticides were widely used in agriculture in the mid-twentieth 

century, but among the most commonly used were DDT and HCB [66]. Technical grade DDT 

is made from chloral hydrate, chlorobenzene, and sulfuric acid. It was widely used since the 

1940s as insecticide in agriculture and to control vector-born diseases [67]. The production of 

DDT has now mostly been banned but its use is still allowed for malaria control in some 

developing countries. In the environment DDT is metabolized primarily into pp′-DDE, a more 

stable form of the compound which is commonly detected along with DDT in the 

environment at concentrations that often exceed those measured for DDT [68]. HCB is a fully 

chlorinated benzen ring which was mostly used as a pesticide to protect against fungus but 

also had some non-pesticidal industrial uses [6]. HCB can be produced as a manufacturing by-

product of several chlorinated compounds, including pesticides and also during the 

incineration of municipal waste [69]. Like the PCBs the organochlorine pesticides are still 

detected in the environment and humans and continue to be a public health concern [64, 70].  
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Figure 2. Chemical structures of PCB-118, HCB and DDE [71]. 

 

Because of their slow biodegradation and lipid solubility the organochlorine chemicals 

accumulate in the human body, mostly in fat tissue, breastmilk and serum, with half-lives of 

10-15 years for PCB, depending on the congener, and 10 and 6 years, for DDE and HCB 

respectively [67, 72-75].  

 

2.2.1 Health concerns 

PCBs are one of the most extensively studied of the environmental contaminants. They are 

known toxicants but effects of low-level chronic exposure are often less evident and difficult 

to establish. The PCBs are suspected carcinogens and they are also known to have an 

endocrine disrupting potential [76, 77]. The main concern is however for the prenatal 

environment. Studies have shown that prenatal exposure may have various 

neurodevelopmental consequences. Maternal PCB exposure has been associated with lower 

cognitive performance [78, 79], poorer phsycomotor skills [80] and reduced birth weight [81, 

82].  The overall findings have however been somewhat contradicting as findings from 

observational studies have not always been entirely consistent [83-85].  

 The organochlorine pesticides are also suspected to be human carcinogens and 

endocrine disruptors, but a number of reproductive and developmental effects in wildlife 

populations have been associated with their exposure [86]. 

 

2.2.2 Dietary exposure 

It has been estimated that more than 90% of human exposure to OCPs occurs through diet, 

with foods of animal origin being the main source [2]. Studies have measured the presence of 

PCB, HCB and DDT in different foods but fish and seafood have often been reported to 

contain the highest concentrations [87-90]. The concentration of contaminant in the food is 

however not only relevant, as the overall dietary exposure also depends on the frequency of 
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the consumption. As a result intake estimates are often derived from combining 

concentrations measured in different food with national consumption data to give estimates on 

which foods contribute the most to exposure in the general population. Studies have often 

reported fish as the most important source of exposure for the PCBs and for the 

organochlorine pesticides fish and dairy products [87-91]. There is however variability 

between populations and in some cases other products such as meat products may also be 

important sources [92]. 

Since a variability in dietary habits also exists within a given population some 

individuals may have a higher intake of foods with relatively high contaminant concentrations 

[81]. A part of the population may therefore exceed estimated tolerable intake levels. A study 

from 2001 reported that 8% of the Dutch population had a life-long average intake of dioxins 

and dioxin-like PCBs above the tolerable daily intake set by the Scientific Committee of Food 

and the European Commission [92]. In a more resent study from a French population it was 

reported that 2.6% of the adult population but 6.5% of children and teenagers exceeded the 

health based guidance values for total PCBs proposed by WHO [87].   

 

2.2.3 Organochlorine pollutants in farmed salmon 

The stability and lipophilic properties of the organochlorine pollutants result in high 

concentrations in carnivorous species with high fat content such as oily fish. Since production 

of farmed salmon has increased considerably, this has raised concerns on possible rise in 

human exposure [93]. Studies have shown elevated levels in salmon compared to other 

species and also that farmed salmon contains higher concentrations of contaminants than wild 

salmon [93, 94]. Moreover has farmed Atlantic salmon from northern-Europe been shown to  

contain higher levels than salmon from other areas such as North-America and Chile [94]. 

Higher concentrations have also been detected in salmon than in other farmend species 

because of the  high lipid content and low proportion of vegetable fat and proteins in the feed 

[95]. After measuring the salmon feed, which mostly consists of fish oil and fish derived 

ingrediants, it has been concluded that relatively high OCP concentration in North-Atlantic 

farmed salmon most likely originate from the feed [94].   
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2.2.4 Concerns over potential human health risk from fish consumption 

The health benefits of fish consumtion are well established and oily fish is usually 

recomanded as a part of a healty diet [96]. Concerns over a possible health risk have been 

raised in those cases were fish may contain relatively high concentrations of OCPs. Attempts 

have been made to evaluate the extent of this  risk for human health [97]. Such evaluations are 

based on the known toxicity of the contaminant, consentrations in the fish and frequency of 

consumption. Tolerance levels are established for the amount considered safe to consume in a 

given period, but this amount can vary because of the high variability of contaminants 

detected in fish from different areas. For farmed salmon purchased in Northern-Europe less 

than one meal a month has been reported to be safe but for wild salmon as many as eight 

meals a month were reported to be safe for the least contaminated fillets [94]. This was based 

on estimates from EPA on potential cancer risk assuming risk addivity for PCB, toxaphene 

and dieldrin. Tolerance levels for other endpoints have not been established.  

When also considering the benefits of fish consumption, especially for oily fish, it has 

be concluded that the benefits outweighs the potential risk for the general population, and also 

for pregnant women except in areas where people are known to consume highly contaminated 

fish [98]. Levels of contaminants in commonly consumed farmed fish can however vary 

considerably [99] and there are moreover evidence that oily fish consumption may be 

associated with reduced fetal growth [100, 101]. This has raised some concern if there is a 

possible risk to oily fish consumpition because of the high levels often reported in farmed fish 

such as salmon. 

 

2.2.5 Studies examining the relation between dietary intake and serum OCPs  

Most of the evidence on the relevance of fish consumption on human exposure to OCPs 

comes from epidemiological studies. A number of studies have reported associations between 

fish consumption and OCP blood levels. These studies have observed that those who consume 

more fish, particularly oily fish or marine mammals, have higher serum or plasma PCB 

concentrations [65, 81, 102, 103].  

In a study by Agudo et al. (n=953) a strong association was observed between fish 

intake and serum PCBs and the association was evident for intake of both fatty fish and non-

fatty fish [102]. The difference in mean PCB1 serum concentrations between those in 4th and 

                                                      
1 sum of PCB-118, PCB-138, PCB-153, and PCB-180 
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1st quartile of fish consumption was 106.7 ng/g lipid, or about 26% increase. Participants in 

that study were both male and female 35-65 years of age. In a study by Halldorsson et al., 

where this association was examined in a group of 25-35 year old pregnant women (n=100), a 

positive association was observed between fatty fish consumption and plasma PCB2 

concentrations [81]. It was moreover shown that those who had 4 or more meals a month had 

50% higher plasma PCB concentrations than those with no intake of fatty fish. After 

adjustment for age, recruitment year and pre-pregnancy BMI the parameter estimates were 

however reduced to 37%. In another study examining predictors of serum OCP levels in a 

Swedish population (n=246), consisting of both men and women 18-80 years of age, OCP 

concentrations were positively related to fat intake from fish [65]. Mean percent increase of 

the pollutants per increased daily intake of 1 g fat from fish was reported. The increase was 

6.1% for PCB 138-180, 5,7% for PCB 118 but only 2,5% for PCB 28, for HCB and pp′-DDE 

the increase was 2,9% and 5,3% respectively. This is consistent with a previous study from a 

Swedish population where a positive association was seen between concentrations of PCB 

congeners and intake of fatty fish, associations with the DDE and HCB, were however not 

seen in that study [104]. 

Studies have also reported findings of associations between fish consumption and 

OCP serum concentrations where people are known to consume fish from contaminated areas 

[103, 105]. In a study where Great Lakes fish consumption was examined as a potential route 

of OCP exposure, a significant difference was seen in mean serum concentrations of 

noncoplanar PCB between Great Lake fish consumers and referents, total noncoplanar PCBs 

serum concentrations were moreover positively associated with number of years eating Great 

Lake sport-caught fish [103]. Another study has shown that high consumers of fatty fish from 

the Baltic Sea have higher serum PCB and pp′-DDE levels than those with low or no 

consumption [105]. 

A lack of association with fish has however also been observed. A recent study 

comparing low and high consumers of marine food in Norway did not show higher 

concentrations among high consumers for the dominating PCB congeners or pp′-DDE, but an 

association for HCB was however observed [106]. It was suggested that this lack of 

association could be accounted for by a decrease in environmental POP concentrations and a 

reduction in dietary intake of seafood. This is consistent with previous reports from a 

                                                      
2 sum of PCB-101, PCB-105, PCB-118, PCB-138, PCB-153, PCB-156 and PCB-180 
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Norwegian populations where an association with fish was not seen [107, 108], one study did 

however report an association between PCB and fresh fish liver oil and seagull eggs [107]. 

All of the above mentioned studies were observational. As a result the role of 

confounding for the association between regular fish intake and higher concentrations of 

OCPs in blood cannot be excluded. It is moreover not clear if the increase in OCP is a result 

of a lifelong accumulation or if a frequent consuption of contaminated fish over a short period 

would result in similar increase in blood levels as observational studies have reported.  

 In reponse to this uncertenty two intervention studies have examine the direct effect 

of fish consumtion on plasma OCP levels. A study published in 2006 (n=60) analyzed the 

effect from weekly consumption of farmed salmon over a six week period on serum level of 

patients with coronary heart disease [109]. The participants in that study were mostly male 

(52 out of 60 participants) 46-75 years of age which consumed 700 g of differently fed farmed 

salmon a week. The results from that study were that serum levels of PCB had decreased at 

the end of the intervention, this effect was however not significant. Another more recent 

intervention study published in 2014 examined the effect of farmed salmon or salmon oil 

consumption on plasma POP levels [110]. The study population consisted of both male and 

female participants 20-70 years of age. In the intervention group were 42 patients, 14 with 

established coronary disease, 16 with ulcerative colitis and 12 with hepatitis steatosis, who 

consumed 380g of farmed Atlantic salmon a week or a 60 g of salmon oil. In the control 

group were 14 patients with established coronary disease. After 15 weeks of salmon 

consumption no significant changes in concentrations of POP in samples of human plasma or 

abdominal fat were observed.  

 

2.3 AIMS 

This thesis is based on two research questions with separate methods used to answer each 

question. The thesis has therefore two specific aims: 

 

Aim 1: To examine the association between PFAAs and serum cholesterol and to determine if 

and to what extent this association may be confounded by diet. That is, to explore if diet may 

be a shared determinant of PFAA exposure and serum cholesterol. For that study we used a 

birth cohort established in Arhus Denmark in 1988-1989, which had archived serum samples 

available for 854 women. 
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Aim 2: The second objective in this thesis was to examine the effect of farmed salmon 

consumption on circulating serum levels of organochlorine pollutants (PCB, HCB and DDE). 

For that study we used a sub-set of a previously conducted randomized controlled dietary 

intervention trail, the Seafood Plus Study. The study was conducted in Iceland, Spain and 

Ireland in 2004-2005 sponsored under the EU Frame work Programme-6.  
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3 STUDY 1: PFAAs, dietary intake and blood cholesterol 

3.1 Methods 

The methods used for analyzing the association of PFAAs with diet and cholesterol are 

described in the method section in the manuscript. In this chapter main methods will be 

outlined and author’s contribution described. 

Data on food consumption during pregnancy, serum PFAA and cholesterol levels as 

well as selected anthropometric, lifestyle and socioeconomic factors was obtained from the 

Aarhus birth cohort, a cohort which was originally established in Arhus Denmark in 1988-

1989. The quantification of PFAAs and total cholesterol in serum was however initiated in 

2010 during extensive follow-up study on the offspring from this cohort [28]. Originally the 

cohort consisted of 965 pregnant women who all lived in the same area in Arhus, Denmark. 

Information on diet, serum total cholesterol and serum PFAAs were available for 854 women, 

or 88.5% of the original cohort.  

The women's dietary intake had been assessed during week 30 of pregnancy by a self-

administered semi-quantitative food frequency questionnaire and with a face to face 

interview. Food and nutrient intake was then quantified by combining the dietary information 

collected with both standard recipes and the national food composition database. For our 

study linear regression analysis was used to examine the associations between diet and serum 

PFAAs on one hand and between serum PFAAs and cholesterol on the other.  

 

3.2 Authors contribution 

The collection of data used in this thesis was conducted in Aarhus, Denmark in April 1988 to 

January 1989 but the quantification of PFAAs and total cholesterol in serum was initiated in 

2010. In the beginning of 2013 I received the data file and started organizing the data for the 

present analysis. I made all the statistical analysis presented in this thesis under the 

supervision of Dr. Þórhallur Ingi Halldórsson. Furthermore, I wrote the draft of the 

manuscript “Examining confounding by diet in the association between perfluoroalkyl acids 

and serum cholesterol in pregnancy”. This manuscript is currently under review in the peer-

review scientific journal Environmental Research. 
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Abstract  

Background: Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) have 

consistently been associated with higher cholesterol levels in cross sectional studies. Concerns 

have, however, been raised about potential confounding by diet and clinical relevance.  

Objective: To examine the association between concentrations of PFOS and PFOA and total 

cholesterol in serum during pregnancy taking into considerations confounding by diet. 

Methods: 854 Danish women who gave birth in 1988-89 and provided a blood sample and 

reported their diet in week 30 of gestation. 

Results: Mean serum PFOS, PFOA and total cholesterol concentrations were 4.1 ng/mL, 22.3 

ng/mL and 7.3 mmol/L, respectively.  Maternal diet was a significant predictor of serum 

PFOS and PFOA concentrations. In particular intake of meat and meat products was 

positively associated while intake of vegetables was inversely associated (p for trend<0.01) 

with changes in PFOS and PFOA concentrations ranging between 6-25% of mean values. 

After adjustment for dietary factors both PFOA and PFOS were positively and similarly 

associated with serum cholesterol (p for trend ≤0.01). For example, the mean increase in 

serum cholesterol was 0.39 mmol/L (95%CI: 0.09, 0.68) when comparing women in the 

highest to lowest quintile of PFOA concentrations. In comparison the mean increase in serum 

cholesterol was 0.61 mmol/L (95%CI: 0.17, 1.05) when comparing women in the highest to 

lowest quintile of saturated fat intake. 

Conclusion: In this study associations between serum cholesterol and PFOS and PFOA 

appeared unrelated to dietary intake and were similar in magnitude as the associations 

between serum cholesterol and saturated fat intake. 

 

 

Keywords: PFOS, PFOA, pregnancy, cholesterol, diet, saturated fat  
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Introduction 

Perfluoroalkyl acids (PFAAs) are synthetic chemicals consisting of a fully fluorinated 

alkyl chain of varying length with a functional group attached. These compounds do not occur 

naturally in the environment but because of their unique properties to repel both oil and water 

they have been synthesized and used in a variety of consumer products resulting in wide 

spread environmental presence. Dietary exposures, possibly through indirect contamination 

from food packaging materials, have been suggested to be the dominant source of PFAAs 

exposure in humans (D'eon and Mabury 2011;Fromme et al. 2009). Of these compounds 

perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) are found in highest 

concentrations in humans and because of their persistent nature and potential toxicity these 

compounds may influence human health (Lau et al. 2007).    

Cross sectional studies have relatively consistently observed a positive association 

between serum concentrations of PFOS and PFOA and total cholesterol. These studies include 

both occupationally exposed workers, subjects from communities with high exposure levels 

(Costa et al. 2009;Frisbee et al. 2010;Olsen et al. 2003;Sakr et al. 2007a;Sakr et al. 

2007b;Steenland et al. 2009) and the general population (Eriksen et al. 2013;Nelson et al. 

2010) including pregnant women (Starling et al. 2014). However, several studies have 

reported no association (Emmett et al. 2006;Olsen et al. 2000;Olsen et al. 2012). Given the 

observational nature of these studies it remains unclear whether these relations may be causal 

or driven by other factors. Diet is one obvious candidate as diet may influence both serum 

cholesterol and PFAA concentrations (Halldorsson et al. 2008;Lichtenstein et al. 1999). 

Although some studies have accounted for dietary fat intake (Eriksen et al. 2013;Nelson et al. 

2010) the importance of this adjustment is usually not reported and other dietary factors than 

fat are rarely accounted for. Furthermore the strength of the association between PFAAs and 

serum cholesterol varies considerably between studies and the overall clinical significance has 
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been disputed (Kerger et al. 2011). Thus, the aim of this study was to examine in a cohort of 

854 pregnant women associations between serum concentrations of PFAAs and total 

cholesterol with particular focus on the influence of diet; and to compare the effect estimates 

for these associations with other known risk factors such as high saturated fat intake. 

 

Methods 

Study population.  In Aarhus Denmark, 965 women with singleton pregnancies were 

recruited into a birth cohort between April 1988 and January 1989. The study has been 

described in detail elsewhere (Olsen et al. 1995). In brief, the women were attending the same 

antenatal center covering a geographically well-defined area of the city. At a routine midwife 

visit in gestational week 30 an interview was conducted which covered medical history, 

anthropometry, diet and lifestyle as well as socioeconomic factors. Blood samples were also 

taken and immediately separated into serum, plasma, and erythrocytes and frozen at -20 ◦C. 

Information on maternal health and pregnancy outcomes were extracted from hospital records 

and the Danish Medical Birth Registry. The study was approved by the Danish Data 

Protection Agency and the Danish Council of Ethics (Reference No. 20070157), and all 

participants gave written consent before inclusion in the study.  

Exposure variables. Diet was assessed by a self-administered semi-quantitative food 

frequency questionnaire mailed to the women prior to the midwife visit in gestation week 30 

combined with the face-to-face interview on dietary habits during the antenatal visit. The 

questionnaire focused on intake (frequency and estimated portion sizes) of easily quantified 

food items consumed during the previous three months. In the interview the women were 

asked systematically about various other less frequently consumed food items covering all 

main food groups using photographs to assess portion sizes. Food and nutrient intake was 
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then quantified by combining the dietary information collected with both standard recipes and 

the national food composition database (www.foodcomp.dk).  

Biochemical measurements. Total serum cholesterol was measured using a standard 

enzymatic method on a COBAS 8000 (Roche Diagnostics USA).  Serum concentrations of 

PFAAs were measured at the Department of Analytical Chemistry at the Norwegian Institute 

of Public Health in Oslo. Analytical procedures have been described elsewhere (Haug et al. 

2009).  Of the 19 PFAAs analyzed 10 were below the limit of quantification (LOQ) for more 

than 70% of the samples (LOQ; 0.05 ng/mL serum). Quality of the analytical procedure was 

monitored by analyzing in-house quality control samples as well as human serum samples 

from an inter-comparison exercise (AMAP ring test for persistent organic pollutants in human 

serum, 2009, round 2 2009). Coefficient of variation was 11% for PFOA and 4.4% for PFOS 

for the in-house quality control samples.  

Cohort attrition. Of the 965 pregnant women participating in the study, blood samples 

were available for 873 women. Among these women, information on diet was missing for 19 

women resulting in 854 being available for analyses (88.5% of the original cohort). 

 

Statistical analysis 

Serum concentrations of PFOA, PFOS and cholesterol were examined across 

categories of maternal characteristics and the association was evaluated using an F-test (type 

III). Linear regression analysis was used to examine the associations between selected food 

groups and serum PFAAs on one hand and between serum PFAAs and cholesterol on the 

other. Visual inspection of model residual suggested that use of untransformed outcome 

variables was appropriate.  

http://www.foodcomp.dk/
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In order to account for potential influence of diet for the association between serum 

PFOS and PFOA and cholesterol these associations were first explored for different food 

groups. The food groups selected for analyses were dairy products, vegetables, fruits, meat 

and meat products, fish and fish products; and cereals and starch products. In terms of 

amount, these groups represent the majority of stable foods consumed. Some of these food 

groups have also previously found to be associated with levels of PFOS and PFOA among 

women from the Danish National Birth Cohort (Halldorsson et al. 2008). In our analyses the 

food group variables were first examined as continuous and mutually adjusted for each other.  

For those food group variables that were associated with of PFOS and PFOA their 

associations were further examined by dividing intake into quintiles to account for non-

linearity and to evaluate the magnitude of the association in more detail. As a trend test in 

those analyses we used the median intake in each quintile entered a continuous variable in the 

regression model. On a nutrient level we also explored saturated fat intake as potential 

confounder as it is a well-established predictor of serum cholesterol (Lichtenstein et al. 1999). 

The effect estimates for serum PFOS, PFOA, and saturated fat intake in relation to total serum 

cholesterol were also compared. 

Covariates were selected and included in our regression models based on information 

provided in previous studies (Brantsaeter et al. 2013;Halldorsson et al. 2008). When 

examining the association between diet and serum PFOS and PFOA concentration the 

covariates included were maternal age (continuous), pre-pregnancy BMI (continuous), 

smoking (never, 1-10 daily or >10 daily), parity (1, 2, 3+), total caloric intake (quartiles), and 

education (elementary schooling, high school or technical schooling, collage, higher academic 

education, other education). When examining associations between PFOS and PFOA with 

serum cholesterol the same covariates were included in addition to either saturated fat intake 
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(referred to as model B) or those food group variables identified as being associated with 

PFOS and PFOA concentrations (referred to as model C).  

Results 

Mean serum PFOS, PFOA and cholesterol concentrations for different maternal 

characteristics are shown in Table 1. Parity was the maternal factor most closely associated 

with both PFOA and PFOS with the highest concentrations observed among multiparous 

women. The concentration of serum cholesterol appeared to increase with higher pre-

pregnancy BMI and parity. 

Mutually adjusted linear associations between intake of selected food groups and 

serum concentrations of PFOS and PFOA are shown in Table 2. In those analyses a positive 

association was observed for intake of meat and meat products while an inverse association 

was observed for vegetables (p<0.01 in both cases).  

Examining the association for meat and vegetables further, by dividing exposure into 

quintiles (Table 3), women in the highest compared to the lowest quintile of meat intake had 

on average 2.96 ng/mL (95%CI: 1.34, 4.58) higher serum PFOS concentrations and 0.98 

ng/mL (95%CI: 0.57, 1.38) higher serum PFOA concentrations. The effect estimates for 

vegetables were more modest. Neither intake of vegetables nor meat and meat products were, 

however, associated with serum cholesterol. A borderline significant association (p for trend = 

0.06) was however observed between intake of saturated fat and serum PFOS concentrations, 

while no such trend was observed for PFOA (p for trend =  0.50).  

In line with previous findings, serum PFOS and PFOA concentrations were both 

positively associated (Table 4) with serum cholesterol (p for trend ≤0.01 in all models). 

Comparing women in the highest to the lowest quintile of PFOS concentration and after 

adjustment for saturated fat intake (model B) the observed increase in serum cholesterol was 
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0.39 mmol/dl (95%CI: 0.10, 0.68). The corresponding increase for PFOA was 0.39 mmol/dl 

(95%CI: 0.09, 0.68). Adjustment for intake of meat and meat products and vegetables instead 

of saturated fat gave similar results. In terms of magnitude the increase in serum cholesterol 

observed for both PFOS and PFOA was slightly lower but still comparable to the increase 

observed among women with high saturated fat intake (see Table 3).  

No associations with serum cholesterol were observed for the other perfluoroalkyl 

substances quantified in our serum samples (see supplemental table S1). Except for PFOSA, 

lack of an association for these compounds may be due to their very low concentrations 

<1ng/mL and small dispersion.  

 

Discussion 

In a cohort of Danish pregnant women who gave birth in 1988 to 1989 we observed a 

positive association between maternal serum PFOS and PFOA concentrations and total serum 

cholesterol. Similar results were found following adjustment for saturated fat intake and other 

dietary factors. In terms of magnitude the associations between both PFOS and PFOA and 

total serum cholesterol were comparable to that observed for high saturated fat intake during 

pregnancy.  

Our results showing positive association between PFOS and PFOA in relation to total 

serum cholesterol are comparable to what has previously been reported among the general 

public (Eriksen et al. 2013;Nelson et al. 2010), in highly exposed populations (Costa et al. 

2009;Frisbee et al. 2010;Olsen et al. 2003;Sakr et al. 2007a;Sakr et al. 2007b;Steenland et al. 

2009), and in pregnant women (Starling et al. 2014). Given the cross-sectional nature of these 

studies and unclear biological mechanism the causality of these associations still remains 

uncertain. One plausible explanation for this association may be diet, which is suspected to be 
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the main sources of PFAA exposure in the general population (Fromme et al. 2009). In our 

study we could, however, examine the role of diet in some detail and we found little 

indication that this could account for our findings.  

In terms of validity of our dietary assessment the positive, and expected, association 

between saturated fat intake and total serum cholesterol observed may be interpreted as 

indirect measure of validity (Lichtenstein et al. 1999).  It has previously been noted that the 

associations between serum PFAAs and cholesterol may be of limited clinical relevance 

(Kerger et al. 2011) in comparison to other well established risk factors. That conclusion is, 

however, not in line with our findings where the increase in serum cholesterol with higher 

PFOS and PFOA concentrations were similar to what was observed for other maternal 

characteristics (Table 1) and high saturated fat intake (Table 3).   

Although confounding by diet appears unlikely in our study other external factors may 

still play a role. Since PFAAs are primarily stored in the liver (Lau et al. 2007;Maestri et al. 

2006) where cholesterol is produced it cannot be excluded that variation in liver function may 

affect the rate of which PFAAs and cholesterol are released into the blood stream.  It is 

however unclear what physiological mechanism could account for such co-linearity. 

Confounding relating to weak affinity of PFAAs to serum lipoproteins has also been 

suggested but this possibility has not been substantiated by experimental evidence (Butenhoff 

et al. 2012).  An alternative explanation for why both PFOS and PFOA may influence serum 

cholesterol concentration may relate to the ability of both compounds to interact with the 

PPARa receptor, which is involved in regulation of hepatic cholesterol production (Bjork et 

al. 2011;Wolf et al. 2008). Serum PFOS and PFOA concentrations have also been associated 

with changes in the expression of genes involved in cholesterol metabolism (Fletcher et al. 

2013).   
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Concerning our results on meat and meat products being positively and vegetables 

being inversely associated with serum PFOS and PFOA concentrations, comparable results 

were previously reported in a sub-set of women (n=1076) from the Danish National Birth 

Cohort (Halldorsson et al. 2008), a study based on data collected roughly 10 years after the 

data collection from the present study. Despite this consistency, results from studies 

examining dietary habits in relation to serum PFAA concentrations have been relatively 

conflicting with the exception of seafood being in some studies reported as potential source of 

exposure (Falandysz et al. 2006;Haug et al. 2010b). Trace levels of PFAAs, particularly 

PFOS, have also consistently been found in seafood (D'Hollander et al. 2010), while results 

for other food items have been less consistent (Haug et al. 2010a;Vestergren et al. 2012). It is 

however well established that PFAAs can enter the food chain trough indirect contamination 

via leakage from food packaging material (D'eon and Mabury 2011;Fromme et al. 2009) and 

this may potentially account for the association we observe for meat and meat products in our 

study.  

Our study has some important strengths. Our participants were relatively homogenous 

with respect to age, ethnicity and pre-pregnancy BMI (only 8% were overweight or obese); 

and they were all living in the same area in Denmark. This may reduce variation in important 

host factors and sources of exposure should be relatively similar. Detailed information on 

food consumption in pregnancy also made it possible to account for potential confounding by 

diet. The fact that the women in this cohort were pregnant in 1988 to 1989 can also be 

interpreted as an advantage as the confounding structure, including sources of PFOS and 

PFOA exposure, may have differed from more recent studies.  

A limitation of our study is that we only had a measure for total cholesterol. Previous 

studies have suggested that some PFAAs may be associated with HDL rather than LDL 

cholesterol (Chateau-Degat et al. 2010;Starling et al. 2014) but this could not be verified in 
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our study. However, total cholesterol is still a strong predictor for cardiovascular disease risk 

and the LDL fraction accounts for around 60-70% of the total cholesterol (Langsted et al. 

2008). The cross sectional nature of our study limits conclusion on causality and although 

confounding by diet could be explored in some detail, the role of other unmeasured 

confounders cannot be excluded.   

Finally, concerning the relevance of our findings of a positive association between 

PFOS and PFOA and total serum cholesterol in pregnant subjects, limited conclusions can be 

made in terms of short and long term cardiovascular health. During pregnancy blood lipids are 

substantially elevated and these changes are not believed to be atherogenic (Piechota and 

Staszewski 1992). Still our results are in line with a previous report form the Norwegian 

Mother and Child Cohort study (Starling et al. 2014). Combined these results strongly suggest 

that PFOS and PFOA may exert similar influence on serum cholesterol in both non-pregnant 

and pregnant subjects. 

In conclusion, we observed a positive association between serum PFOS and PFOA 

concentration in pregnancy and total serum cholesterol. This association appeared to be 

unrelated to maternal diet and the higher cholesterol levels observed with increased PFOS and 

PFOA concentrations were comparable to that observed for other well established risk factors. 

In this perspective further studies are necessary to examine the potential long term 

consequences of these associations in terms of cardiovascular disease risk.  
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5 STUDY 2: The effect of frequent farmed salmon consumption on serum 

OCP levels 

5.1 Methods 

The subjects for this study were selected from an existing study, called the SEAFOODplus 

YOUNG trial, which was a randomized intervention study of 8 weeks duration examining the 

effect of seafood on weight loss during energy restricition in 324 adult subjects [111-113]. In 

this section main methods from this study will be outlined, study design and statistical 

analyses will be described as well as authors contribution to the study. 

 

5.1.1 Seafood plus 

Subjects and study protocol: The Seafood plus study was a randomized intervention trial of 8 

weeks duration. A total of 324 subjects participated in the study which was conducted at 

Landspítali University hospital Reykjavík, University collage Cork in Ireland and University 

of Narrava in Pamplona Spain. At baseline, information on physical activity patterns, 

smoking habits, alcohol consumption was collected using a questionnaire. Anthropometric 

measurements were performed and seafood intake was assessed by a validated food frequency 

questionnaire. Dietary intake was assessed by 2-day weighed food records before baseline and 

in week six or later during the two last weeks of the intervention trial. Food-nutrient databases 

in each country were used to analyse the dietary records. 

Recruitment for the study was undertaken  in 2004 and 2005 and the 324 subjects (138 

men and 186 women) were recruited through advertisements. The inclusion criteria were body 

mass index 27.5–32.5 kg/m2, age 20-40 years and waist circumference of 94 for men. 

Exclusion criteria were weight change (±3 kg) due to weight-loss diet within 3 months before 

the start of the study, use of supplements containing n-3 fatty acids, calcium or vitamin-D 

during the last 3 months, drug treatment of diabetes mellitus, hypertension or hyperlipidemia. 

About 86% (n=278) of the subjects completed the intervention. 

 

Intervention diet and dietary assessment: This was a randomized controlled intervention trial 

which examined the effects of four different diets on weight loss during energy restricition in 

324 adult subjects [111]. Of relevance for the current study were the salmon group and the 

control group as we wanted to compare the change in serum OCPs between baseline and 

endpoint in the salmon group compared to controls. Participants in the salmon group were 

provided with 150 g of salmon three times per week, or a total of 450 g a week, througout the 
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intervention but participants following the control diet received lean meat and six placebo 

sunflower oil capsules per day (0 g EPA/DHA) and did not consume any seafood.  

Subjects in all groups followed an energy-restricted diet (1461±185 kcal/d) from 

estimated enery expenditure by Harris-Benedicts equation and physical activity level [114]. 

Diets were designed to provide equal amount of total energy from fat (30%), carbohydrates 

(50%), proteins (20%) and dietary fibre (20–25 g/day). Each subject got a detailed diet plan, 

menus and an exchange system to follow for 8 weeks along with detailed instructions from 

the dieticians/nutritionists. Dietary intake was assessed by 2-day weighed food records before 

baseline and in week six or later during the two last weeks of the intervention trial. 

Compliance to the diets was assessed by the 2-day weighed food records, by the validated 

food frequency questionnaire and by analysing n-3 and n-6 fatty acids in erythrocyte 

phospholipids in fasting blood samples from the subjects.  

 

Anthropometry: Anthropometrical measurements were performed at baseline (week 0), 

midpoint (week 4) and endpoint (week 8). Weight was measured in light underwear on a 

calibrated scale (SECA 708, Hamburg, Germany) in all centres. Subject’s height was 

measured with a calibrated stadiometer, and waist circumference was measured using an 

inelastic measuring tape, following standard methods. All measurements were done using 

standard measurement procedures as outlined in a research protocol used by all countries 

participating in the study. Fat mass and fat-free mass were assessed by bioelectical 

impendance analysis (BIA; Bodystat 1500; Bodystat, Douglas, Isle of Man, British Isles). 

 

Biomarker analysis: A number of clinical biomarkers were quantified at baseline and 

endpoint in relation to the intervention. Of relevance for this study were serum lipids and 

measurements of eicosapentaenoic acid (EPA) and docosahexanoic acid (DHA) in 

erythrocytes. 

After overnight fasting blood sampling was conducted at clinical settings in each 

centre. Total cholesterol (TC) and triglycerides (TG) were analysed using an enzymatic 

colorimetric assay from Roche automated clinical chemistry analyser ‘Hitachi 911’. The 

analysis on extracted erythrocyte membrane phospholipids was carried out using gas 

chromatograph following the conditions described by Bandarra et al. [115]. Relative 

concentrations of EPA+DHA were then quantified in terms of % of total fatty acids in 

erythrocytes. 
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5.1.2 Study design 

Subjects selected from Seafood Plus for organochlorine (PCB, HCB and pp’-DDE) analyses 

For the current study we wanted to examine the effect of consuming farmed salmon 3 times a 

week over a period of 8 weeks on OCP concentrations in comparison to a control group that 

did not consume any seafood.  In the original study the number of subjects randomized to the 

control diet and salmon diet were 80 and 84, respectively. For analyzes of serum levels of 

organochlorine pollutants 20 subjects per group were selected. This was done due to cost 

constraints as selection of two groups of 20 subjects resulted in a total of 80 samples that 

needed to be analyzed (40 baseline and endpoint samples).   

To make sure that changes in important determinants of OCPs were comparable 

between the two groups during the intervention we selected participants according to selection 

criteria as described here below.  

The selection criteria for subjects included in the current study were the following: 

 

 Gender: Only males were selected to avoid sex specific variation in organochlorine 

concentrations due to any previous pregnancies and lactation. Studies have reported 

lower levels of the chemicals in females do to previous lactation [65, 102]. 

 

 Weight loss: Those who lost the least amount of weight as it is know the 

organochlorine concentrations increase in serum as a result of weight loss [116, 117]. 

We therefore selected participants so mean baseline values for weight, BMI and fat 

percent would be near identical in both groups, as well as the change in these values 

seen at the end of the intervention (table 1). 

 

 Compliance: Those who had levels of EPA and DHA in erythrocytes which increased 

markedly between baseline and endpoint in the salmon group or stayed high among 

those with high baseline levels.  EPA+DHA content of erythrocytes expressed as a 

percent of total identified fatty acids can be used to provide an objective marker of 

compliance [118]. The mean baseline values of EPA+DHA in erythrocyte were the 

same in both groups (table 1) but a significant difference was seen in the change in 

these values at the end of the intervention. In the salmon group the % EPA+DHA in 

erythrocytes had increased but in the control group a slight reduction in these levels 

was seen.   
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To also ensure that the randomization was retained in our reduced set of participants we 

used the distribution of a range of sociodemographic, anthropometric and biochemical 

variables when selecting participants for the salmon and control groups. 

 

 

Figure 3.  Flow chart of the study design. 

 

5.1.3 Chemical analysis 

Samples containing serum or plasma were frozen and stored at -80 C at the Landspitali 

University Hospital. In November 2013 the blood samples of those who were selected for our 

study were transferred on dry ice to a laboratory in Belgium (VITO NV, Industrial Innovation 

– Unit SCT) for organochlorine pollutant analyses. PCB congeners 118, 138, 153, 156, 170 

and 180 as well as HCB and pp'-DDE were analysed using ICP-MS.  
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5.1.4 Statistical analysis 

Baseline values and changes (or ) defined as difference between endpoint minus baseline 

values for continuous variables were compared with Student-t test or Mann-Whitney, 

depending on the normality of the distribution. Categorical variables were compared with a 

chi-square test. Baseline mean values of PCB, DDE and HCB were compared with a Mann-

Whitney test since the variables were not normally distributed. Linear regression analysis was 

used to compare the change () in OCP concentration in the salmon compared to the control 

group at the end of the intervention. For pp’-DDE, PCB-153, PCB-180 all values were over 

limit of quantification (LOQ). For the other OCPs values below LOQ were substituted with 0 

(done in 19% of the samples). Although for the distribution of PCB, HCB and DDE were 

skewed, the changes in these concentration between baseline and endpoint (or ) were 

normally distributed and therefore not log-transformed.  

Changes in OCP concentrations (in ng/mL serum) between baseline and endpoint in the 

salmon group compared to the control group were examined using multivariate regression 

analyses adjusting for participants age and fat mass at baseline. We also adjusted for serum 

lipids at baseline, but total lipid content was calculated according to the following equation 

[119]:   TL= (2.27* TC) + TG + 62.3 mg/dl   

This was done to see if serum lipids would affect our results since serum levels of lipophilic 

compounds are known to be associated with serum lipid concentrations. These adjustments 

were made as these factors are strong determinants of serum OCP levels [102, 120-122].  

Changes in the Salmon group compared to controls were also presented as % change in the 

multivariate analyses.  

 

5.2 Authors contribution 

I contributed significantly to the design of the study, which included the strategy for selecting 

the study participants. I also collected the samples and prepared for transferring to the 

analytical laboratory and I performed the statistical analysis presented in this thesis under the 

supervision of Dr. Þórhallur Ingi Halldórsson. 
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5.3 Results 

Characteristics of selected participants in the salmon and control group are shown in table 1. 

Mean age of all participants was 33 years and mean BMI was 30 kg/m2. There were no 

statistically significant difference baseline characteristic between the salmon and control 

group. However the levels of EPA and DHA in erythrocytes increased markedly during the 

intervention in the salmon group while no increase was observed in the control group. This 

was expected since they are estimates of the compliance to the salmon diet. Comparable 

changes in blood lipids and weight loss were seen during the intervention in both groups. 

Mean values at baseline for sum of six PCB congeners, HCB and DDE in the control 

groups were 1.99, 0.33 and 1.02 ng/mL serum respectively, but in the salmon group they were 

1.72, 0.28 and 1.13 ng/mL. There was no significant difference in baseline values between the 

groups for any of the chemicals (Table 2). PCB 153 and 180 and DDE were detected in all 

participants and their mean concentrations were the highest of all PCB congeners. The sum of 

PCB 153 and 180 accounted for 72% of total PCB concentration.  

In multivariate regression analysis the changes in concentration (in ng/mL) of these 

chemicals between endpoint and baseline values was compared between the groups using the 

controls as the reference (Table 3). For this comparison we adjusted for total fatmass at 

baseline and age. In secondary analyses we also examined the relevance of adjusting for 

baseline serum lipid concentrations but this adjustment did not influence the final results.  

Despite lack of a formal statistical significance (Table 3) we observed a consistent 

increase in concentrations of all PCB congener (except PCB-118), HCB and DDE in the 

salmon compared to the control group. DDE showed the smallest increase, or 0.06 (95% CI: -

0.44, 0.55) ng/mL, which is around 6% of baseline values. The largest increase was, however, 

observed for PCB 138 or 0.09 (95% CI: -0.07, 0.25) ng/mL, which is around 41% of baseline 

value 41%.  

Although results were presented on wet weight basis (in ng/mL) similar results were 

also observed when using lipid standardized values for the PCBs, HCB and DDE (data not 

shown). 
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Table 1. Characteristics of participants in the control group (n=20) and 

the salmon group (n=20) at baseline and changes at the end of the 

intervention. 
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Table 2. Baseline serum levels of PCB, HCB and pp´-DDE 

(ng/mL) in the salmon group and the control group. 

 

 

 

 

Table 3. Difference in serum levels (ng/mL) of PCB, HCB and pp´-DDE 

between the control group and the salmon group. 
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5.4 Discussions 

In this study we examined the effect of regular farmed salmon consumption over a 8 week 

period on circulating serum levels of PCB, HCB and DDE. The strength of this study is the 

randomized setting were we could compare the effect of circulating levels of these 

contaminants following 24 fish meals in comparison to a control group which did not 

consume any fish during the same period. Although non-significant effects were observed (at 

=0.05 level), we observed a consistent increase in serum levels of all except one PCB 

congener, HCB and DDE in the salmon group compared to controls. These results may 

indicate that frequent consumption over a 8 week period can lead to a moderate increase in 

serum levels of organochlorin pollutants. However, none of these differences reached formal 

statistical significance.  

Most of the evidence on the association between serum concentrations of 

contaminants and fish intake comes from observational studies which have often shown 

association between fish consumption and higer serum levels of PCB. This has been reported 

in people consuming fish from contaminated areas a well as populations with a more general 

intake [102, 103].  Estimates of a about 40% increase in serum levels has been given when 

comparing those who consume no fish to those who consumed 4 meals a month [81]. It has 

however not been clear if this increase is a result of a lifelong accumulation or if frequent 

consuption of contaminated food over a relatively short period would brings a similar 

elevation in serum levels. The magnitude of the increase seen in our study was 18% for the 

total sum of all PCB congeners which is somewhat lower than seen in cross-sectional studies 

[81, 102], in these studies other sources of exposure can however contribute to higher serum 

levels which should not interfear in a non-observational setting. An alternative explanation 

may be that the time it takes for these contaminants to reach equilibrium in the blood stream 

following ingestion is longer than 8 weeks, which was the duration of the current experiment. 

Direct evidence of short term fish intake on serum concentrations are limited. One 

previous study has examined the effect from consuming farmed salmon for 6 weeks on 

changes in serum levels of PCB [109]. A reduction in serum concentrations was seen at the 

end of the intervention, this was however not significant. In another more recently published 

study where the influence of farmed salmon or fish oil consumption on serum OCP levels was 

analysed in patients plasma and adipose tissue no significant change was seen at the end of 

the intervention [110]. This is similar to our results, although our study showed more 

consistent non-significant increase for all contaminants compared to the other studies. In both 
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previous studies [109, 110] the study populations were patient with various disorders or 

established coronary heart disease and consisted of both men and women. In our study the 

participants were young overweight males that were otherwise relatively healthy.  

One limitation of our study is that study participants were undergoing weight loss 

during the duration of the experiment, which is known to influence circulating levels of OCPs 

[116, 120]. We however selected participants so mean baseline values for weight, BMI and fat 

percent would be near identical in both groups. More importantly the weight loss was also 

identical. With comparable weight loss observed in both groups and with the randomized 

design we were able to assess whether consumption of 150 g of salmon 3 times a week over a 

period of 8 weeks would lead to any meaningful increase in circulating levels of OCPs 

compared to a diet that does not include any seafood. We also only selected male participants 

as serum levels of the chemicals should be more stable in males compared to females were 

excretion due to previous lactation is a known complicating factor [65]. Moreover is a 

strength of our study that we had measures of EPA and DHA in erythrocytes as an objective 

marker of compliance but a significant difference was seen in the change in EPA+DHA levels 

between the groups at the end of the intervention.  

For specific congeners of PCB, and for HCB and DDE, there was some variability in 

the magnitude of the elevation, for DDE the increase was 6%, but the highest elevation was 

seen for PCB 138 or 41%.  Such a difference in the relative increase of different congeners 

could be expected because of their different chemical properties and lipid solubility [120]. 

Studies have moreover indicated that although the PCBs are easily absorbed, the absorption 

can vary between congeners and depend on the amount digested as well as the existing 

concentration of the contaminant in blood [123, 124]. High individual variability was also 

seen, this might be because of a variability between individuals in how weight loss affects 

serum OCP levels, perhaps do to interindividual variations in metabolism or previous 

exposure.  

The elevation in serum levels seen in this study from such freqent consumtion was 

rather modest, this was however a relativly short period and the ingested dose of the 

contaminant is low. Consuming oily fish 3 times a week is rather frequent and generally 

advisories do not recommend consuming oily fish this often, OCP exposure do to farmed 

salmon consumption should therefore not be a concern for most people. There is however a 

variability in consumption within populations and some people may be more highly exposed 

do to their dietary habits. A group for which an elevation in serum levels following such 
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frequent consumption may be a concern are women of childbearing age, because of  the 

potential negative effects on fetal development [78, 82, 101]. Although risk-benefit 

estimations of fish consumption have concluded that there may only be a concern  in areas 

where fish from polluted waters is commonly consumed, it has been noted that these 

estimates do not consider the high variability reported in farmed fish [81, 98]. Moreover  have 

studies shown that both moderate serum concentrations and oily fish consumption can been 

associated with reduced fetal growth [100]. This has raised some concern if there is a possible 

risk to oily fish consumpition because of the high levels often reported in farmed fish, 

expesially salmon.   

Giving special advisories for pregnant women on what foods to avoid to prevent 

exposure during pregancy may however not be effective for chemicals with low elimination 

rates. In a study evaluating the influence of fish consumption advisories it was suggested that 

maternal body burden of chemicals with long half-lives will not be reduced markedly when 

reducing maternal fish consumption temporarily, and would be more effective for chemicals 

with shorter half-lives [125]. These ajustments do only consider reducing intake which is 

often the case when giving recommendation to pregnant women on potential exposure of 

harmful chemicals in food [125, 126]. But as has previously been suggested recommanding  

high amounts of oily fish to pregnent women, because of their known positive health effects, 

may not be advisable, and also that careful selection of various fish species should be advised 

[81]. The potential exposure of sensitive groups may moreover be kept in mind when giving 

official dietary recommandations for the general population.  

In conclusion the results from our randomized controlled trial may indicate that 

frequent consumption of farmed salmon may potentially influence circulating serum levels of 

organochlorine pollutants, resulting in a modest elevation. The results did however not reach a 

formal significance for any of the chemicals, possibly do to small number of participants 

included in each group (n=20). Nonetheless there was a consistency in the change seen in the 

salmon group where all except one of the measured PCB congeners increased, as well as HCB 

and DDE. Further studies with larger sample size are needed to draw a more definite 

conclusion. 
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6 CONCLUSION AND FUTURE PERSPECTIVES 

6.1 Perfluoroalkyl acids 

In our study we observed a positive association between serum PFOS and PFOA 

concentration in pregnancy and total serum cholesterol. This association appeared to be 

unrelated to maternal diet and the observed increase in cholesterol was comparable to that 

observed for other well established risk factors for high cholesterol. 

Diet is an important route of exposure for the PFAAs although studies have not been 

consistent on which foods are the most important exposure sources. This may vary between 

populations depending on people's dietary habits. Our findings are in line with a previous 

comparable study among Danish pregnant women where a positive association was seen with 

red meat, animal fats and snacks but a negative association with vegetables [3]. Although 

concentrations of PFOA and PFOS have been decreasing in human sera some of the other 

PFAAs have remained stable or have even increased, monitoring their presence in food items 

and in people should therefore be and ongoing task [9]. 

Our results on the association between PFOA/PFOS and cholesterol are consistent 

with results from a previous study where this association has been examined in a group of 

pregnant women, which are known to have elevated serum levels of cholesterol. They are also 

in line with a number of studies examining the association between PFOA/PFOS and 

cholesterol among the general population as well as occupationally exposed workers. In terms 

of clinical relevance these findings were similar in magnitude as the associations between 

serum cholesterol and intake of SFA. It therefore appears logical that future studies should 

emphasize on examining the potential long term consequences of this association in terms of 

cardiovascular disease risk. A previous study has moreover analysed the association between 

exposure to PFOA and PFOS and the expression of genes involved in cholesterol metabolism 

[127]. Further studies in that area would perhaps clarify the biology of the underlying 

mechanism for this association. 

 

6.2 Organochlorine   pollutants 

In this study we examined the effect of consuming 150 g farmed salmon 3 times a week over 

an 8 week period on circulating serum levels of PCB, HCB and DDE. Increase in serum 

levels of PCB, HCB and DDE were in all cases seen in the salmon group compared to the 



   

46 

 

control except for PCB118. The results did however not reach a formal significance for any of 

the chemicals, possibly due to our small sample size (n=20 per group) 

 Our findings are in line with previous studies where no significant change has been 

observed in serum OCP levels after a relatively short period of frequent farmed salmon 

consumption [109, 110]. There was however some consistency in our study in the change 

seen in the salmon group where all except one of the measured PCB congeners increased, as 

well as HCB and DDE. This may indicate that a modest increase in OCP serum levels can be 

seen in people after such high intake of farmed salmon. There would however be need for a 

larger study group or a longer duration of the intervention for the results to reach a formal 

significance.  

 Studies have generally reported diet to be an important route of human OCP exposure 

[2]. According to our results OCP exposure should most likely not be a great concern for most 

people, since serum levels may only be modestly affected by current fish consumption. It is 

however important to be aware of potential sources of elevated exposure in the case of 

vulnerable sub-groups such as pregnant women and children. In one recent study it was 

shown that by using different oils in the salmon feed the POP contaminant levels in the fillets 

may be reduced while still providing a good dietary source of marine fatty acids [109]. 

Although levels of the legacy POPs such as PCB, DDT and HCB have been decreasing they 

are still present in the environment and if effective ways are available to reduce their presence 

in foods to minimize exposure their use may be considered [63, 70]. 
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