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Introduction 

Interactions among infections and pollutants 
There is an ongoing widespread low-dose exposure of human populations to 
a variety of environmental pollutants. This exposure may affect the immune 
system and the pathogenesis of various infections (Ilback and Friman 2007), 
which could give rise to two possible types of interaction effect: infection 
may affect the toxicity of pollutants and that pollutants may affect virus rep-
lication and the clinical outcome of an infection.  

One effect that is apparent from a host of clinical studies is that suppres-
sion of the immune system characteristically is associated with an increased 
susceptibility and severity of different infectious diseases. Potentially haz-
ardous interactions occur for some viruses and may well exist for other mi-
croorganisms. Another effect is that microorganisms adapt to changes in the 
surrounding environment faster than humans, leading to the theory that the 
rising amounts of chemicals polluting the environment may affect the viru-
lence of microorganisms and/or the susceptibility to infections among hu-
mans (Ilback and Friman 2007).  

In line with this is the finding that prenatal exposure of polychlorinated 
biphenyls (PCBs) increases the frequency of respiratory infections in chil-
dren (Dallaire et al. 2006) and that 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) exposure can affect the pathogenesis of various viral infections 
(Burleson et al. 1996; Warren et al. 2000). For example, the mortality in 
coxsackievirus B3 (CVB3)-infected mice was increased by TCDD exposure 
(Funseth et al. 2002b) and mice exposed to TCDD during influenza infection 
show a dose-dependent increase in mortality (Burleson et al. 1996; Warren 
et al. 2000).  

Early studies using lymphocytic choriomeningitis virus in mice suggested 
that cumulative environmental insults can potentiate a persistent virus to 
induce diabetes (Toniolo et al. 1980). Coxsackievirus B (CVB) has also been 
associated with the development of type 1 diabetes mellitus (T1DM) 
(Fairweather and Rose 2004; Friman et al. 1985; Frisk et al. 1985; Kida et 
al. 2000; King et al. 1983a; King et al. 1983b; Lammi et al. 2005) and there 
is some evidence suggesting that the pathogenesis of T1DM is dependent on 
an interaction between an enterovirus, such as CVB, and various xenobiotics 
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(Ilback and Friman 2007; Toniolo et al. 1980). Noteworthy, in epidemiol-
ogical studies women suffering from T1DM have shown a higher body bur-
den of halogenated pollutants (Longnecker et al. 2001). However, one sho-
uld keep in mind that this might also be an effect of the disease. Further-
more, in a recent study it was shown that the prevalence of type II diabetes 
showed a dose-response association with serum concentrations of the bromi-
nated flame retardants polybrominated diphenyl ethers (PBDE) and coplanar 
biphenyls (PBBs) (Lim et al. 2008). From this finding, Lim et al. concluded 
that lipophilic xenobiotics, such as brominated persistent organic pollutants 
(POPs), stored in adipose tissue may be involved in the pathogenesis of type 
II diabetes. 

We have used PBDE, a common environmental pollutant, as a prototype 
chemical in a common human virus infection model, here adapted to mice. 
In this model we study interactions between CVB3 infection and PBDE. 

Metabolism of chemicals during infection 
During infection, there are extensive changes in the host metabolism, includ-
ing a general decrease in protein synthesis and gene expression of proteins 
that are not involved in the host defence. This includes many phase I cyto-
chrome P450 monooxygenase (CYP) enzymes. Cytokines that are produced 
during infection can modulate specific CYP-enzymes differently and selec-
tively (Aitken et al. 2006; Morgan 1997). Moreover, this may cause different 
effects on CYP-enzymes in different target organs of infection (Ilback and 
Friman 2007; Morgan 1997). 

Another important aspect concerning the metabolism of toxic substances 
is an increased energy demand during infection, which may result in degra-
dation of stored body fat during infection (Beisel 1998). This may result in 
the release of previously accumulated fat-soluble xenobiotics (such as 
TCDD and PBDE) into the blood (Ilback and Friman 2007). Taking into 
account that infection also decreases the metabolising capacity of such che-
micals, there is risk of a further increase in the body burden and redistribu-
tion of potentially toxic chemicals among tissues in infected individuals 
(Ilback and Friman 2007).  

Tissue distribution of xenobiotics during infection 
Potentially toxic chemical substances to which an individual is being ex-
posed are distributed quantitatively differently in the body in a CVB3-
infected individual as compared with the distribution in a healthy individual 
(Ilback and Friman 2007). For example, infection induces an accumulation 
of Ni in the pancreas and heart (Ilback et al. 1992a), Cd in the spleen and 
kidneys (Ilback et al. 1992b), TCDD in the brain and thymus (Funseth and 
Ilback 1994), acrylamide in the blood and thymus (Abramsson-Zetterberg et 



 13

al. 2005) and PBDE in the liver (Darnerud et al. 2005) at CVB3 infection in 
mice. The mechanisms underlying the change in tissue distribution are at 
present unknown and may vary for different infections and different xenobi-
otics. Furthermore, there are infection-induced differences in the tissue dis-
tribution of PBDE. Whereas infection increases the PBDE levels in the liver, 
it decreases it in the lungs and pancreas (Darnerud et al. 2005). 

Polybrominated diphenyl ethers 

Brominated flame retardants in a historical perspective 
For a long time, man has tried to prevent various materials to catch fire by 
the use of flame retardants. More than 2000 years ago in ancient Egypt, pa-
per and wood were treated in order to reduce flammability. In the 1820s, it 
was discovered at the court of Louis XVIII that certain ammonium salts 
were protecting precious textiles from catching fire. During the 1900s, atten-
tion was drawn to the halogen-based organic flame retardants. In 1929, the 
American company Monsanto led the commercial production of the new 
flame retardant polychlorinated biphenyls (PCBs). The production and use 
of PCBs peaked in the 1960s but then declined because of concerns of the 
toxicological and persistent properties of PCBs. In the late 1970s, bromi-
nated flame retardants (BFRs) became the new major chemical flame retar-
dant with PBDE being one of the most common. In 1999, the global annual 
production of PBDE was estimated to be about 70 000 tons and questions 
regarding the PBDE toxic, ecotoxic, and persistent properties raised global 
concerns and attention (Vonderheide et al. 2008). 

Chemical properties and use 
Products containing PBDE include, for example, various plastic components, 
electronic devices, textile coatings and building materials. Waste from these 
products are probably the main source of PBDE in the environment 
(Darnerud 2003; Darnerud et al. 2001). 

The brome (Br) groups in PBDE reduce flammability since they react 
with the free radicals in the gas phase, a reaction that slows down the igni-
tion and combustion process (Frederiksen et al. 2008). The general chemical 
formula of PBDE is C12H(0-9)Br(1-10)O (Figure 1), where the sum of the H and 
Br atoms is always 10. According to the level of bromination, 209 congeners 
of PBDE belong to 10 groups (mono- to deca-BDE).  

Congeners with less than four Br atoms are generally not used commer-
cially. PBDE are often used commercially as mixtures of different conge-
ners, such as Bromkal 70-5 DE that is a technical PBDE containing mainly 
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2,2’,4,4’-tetra-BDE (BDE-47) and 2,2’,4,4’,5-penta-BDE (BDE-99) 
(Darnerud et al. 2001). The synthesis of these commercial PBDE mixtures 
results in a mixture of various congeners depending on the conditions during 
the synthesis (Darnerud et al. 2001).  

The boiling point of PBDE is between 310°C and 425°C and the vapour 
pressure at room temperature is low. PBDE are lipophilic (log POW = 4.3 � 
9.9) and thus their water solubility is low and decreases with increasing 
bromination level (Darnerud et al. 2001). Increasing bromination also de-
creases the water solubility and increases the KOW and KOA values 
(Vonderheide et al. 2008). 

 
Figure 1. General structure of polybrominated diphenyl ethers (PBDE).  

Toxicokinetics (ADME)  
The knowledge of PBDE absorption, distribution, metabolism and elimina-
tion is largely based on in vitro and in vivo data from rats and mice (Hakk 
and Letcher 2003).  

Absorption  
In this thesis oral exposure of PBDE was studied. However, other exposure 
routs such as inhalation may also be of importance. At oral exposure, PBDE, 
at least the medium brominated ones, are effectively absorbed from the gas-
trointestinal tract and distributed to various target organs, including the liver, 
pancreas and lungs (Darnerud and Risberg 2006; Hakk and Letcher 2003). 
However, there is a decreasing bioavailability with increasing bromination 
level (Hakk and Letcher 2003).  

The oral absorption of 14C-labelled 2,2’,4,4’,5-penta-BDE (14C-labelled 
BDE-99) is approximately 85% of the administrated dose (1μmol/kg bw) in 
both rats and mice (Chen et al. 2006).  

Distribution 
The tissue distribution of PBDE is not significantly affected by the admini-
stration route (intratracheal instillation, oral exposure, intravenous injection, 
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intraperitoneal injection and dermal exposure) (Staskal et al. 2005). In mice 
there is a small gender difference in the tissue distribution of 14C-labelled 
BDE-99, where female mice tend to have higher tissue levels, especially in 
adipose and muscle tissues (Chen et al. 2006).  

At oral exposure, 14C-labelled BDE-99 in rats within the dose range of 56 
μg/kg bw to 560 mg/kg bw (0.1 to 1000 μmol/kg bw) is distributed to the 
skin (6.4-7.1% of the total dose), muscle (5.2-7.6%) and liver (1.4-2.1%). 
Other organs receive each less than 1% of the total dose (Chen et al. 2006). 
Another study on 14C-labelled BDE-99 distribution in mice has shown that 
BDE-99 is found in several organs including the brain 2 days after oral ex-
posure. Furthermore, high levels are seen in the thymus, lung and pancreas 
(Darnerud et al. 2005). 

Metabolism 
In general, xenobiotic exposure results in the induction of the phase I cyto-
chrome P450 monooxygenase (CYP) enzymes and phase II conjugation 
enzymes, such as glucuronosyltransferases, sulfotransferases and glu-
tathione-S-transferases. Presently, there are 22 human CYP-families de-
scribed but three of them, CYP1, CYP2 and CYP3, seem to be most impor-
tant for the primary metabolism of xenobiotic compounds. The CYP en-
zymes are substrate-specific although the specificity may vary between dif-
ferent organisms. The CYP metabolites are subsequently further metabolised 
by phase II enzymes (Hakk and Letcher 2003). 

In rodents, exposure to PBDE induce CYP2B gene expression (Klaassen 
et al. 2001; Meerts et al. 2000; Pacyniak et al. 2007; Sanders et al. 2005). At 
least 17 congeners of PBDE (BDE-15, -28, -30, -32, -47, -51, -71, -75, -77, -
85, -99, -100, -119, -138, -153, -166 and -190) are likely eliminated by 
CYP2B enzymes (Meerts et al. 2000). It has also been suggested that 
CYP3A is involved in the metabolism of PBDE since PBDE-exposure in-
duces the gene expression of CYP3A11 (Fery et al. 2009; Pacyniak et al. 
2007). The transcription of both CYP2B10 and CYP3A11 is stimulated 
through the murine nuclear receptor, pregnane X receptor (PXR), as well as 
its human counterpart, steroid X receptor (SXR), that is an integral compo-
nent of the body’s defence mechanism against toxic xenobiotics. PXR is 
activated by a broad spectrum of lipophilic compounds (Goodwin et al. 
2002; Kliewer 2003) including PBDE (Fery et al. 2009; Pacyniak et al. 
2007). 

It is generally accepted that PBDE are not dioxin-like and therefore do not 
bind to the aryl hydrocarbon receptor (AhR) (Darnerud 2003; Hanari et al. 
2006; Sanders et al. 2005; Siddiqi et al. 2003; Van den Berg et al. 2006; van 
der Ven et al. 2007) In some studies of PBDE-metabolism technical mixtu-
res of PBDE induced CYP1A1 gene expression. However, it is commonly 
believed that these inductions are caused by contaminants in the PBDE pre-
parations that could bind to AhR. 
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Phase I metabolites of PBDE are capable of inducing phase II conjugation 
enzymes and mono-hydroxylated BDE-99 glucuronides, mono-hydroxylated 
tetrabromodiphenyl ether glucuronides and dihydrohydroxy-S-glutathionyl 
and S-glutathionyl conjugates of BDE-99 have been identified in the bile of 
male rats (Chen et al. 2006). 

Excretion 
The major elimination route, at least for medium-brominated PBDE, is fae-
cal excretion but elimination of PBDE also depends on the molecular 
weight, i.e. on the level of bromination (Hakk and Letcher 2003). After oral 
exposure of 14C-labelled BDE-99 in rats within the dose range of 56 μg/kg 
bw to 560 mg/kg bw (0.1 to 1000 μmol/kg bw), 39-47% of the dose was 
excreted via the faeces and 2% was excreted via the urine within 24 h. Thus, 
34-38% remained in the tissues, predominantly in adipose tissue. Overall, 
half of the absorbed oral dose in male rats was excreted in the faeces and 
urine in 10 days (Chen et al. 2006).  

Mice excrete more BDE-99 in the urine and less in the faeces than rats 
(Chen et al. 2006). There also seems to be a small gender difference in the 
excretion of 14C-labelled BDE-99 in mice (Chen et al. 2006). The half-life 
(in adipose tissue) for various PBDE congeners in Bromkal 70 has been re-
ported to range from 25 to 91 days in female rats and from 19 to 119 days in 
male rats following a single oral dose (300 mg/kg bw).  

Toxicology 
PBDE have low acute toxicity. For the higher brominated congeners (e.g., 
BDE-209) poor absorption at oral exposure could be a contributing factor 
(Darnerud et al. 2001). The oral LD50 for penta-BDE in rats varies between 
0.5 and 7.4 g/kg bw (Darnerud et al. 2001). Reported clinical signs after high 
dose PBDE-exposure are reduced growth, diarrhoea, piloerection, inactivity, 
tremors, continuous chewing and red staining around the nose and eyes 
(Darnerud et al. 2001). Target organs of toxicity are the liver, kidney, thy-
roid gland, CNS and reproductive organs (Darnerud et al. 2001; Eriksson et 
al. 2001; Lilienthal et al. 2006; Viberg et al. 2004; Viberg et al. 2003; Von-
derheide et al. 2008). PBDE exposure results in organ enlargement and/or 
minor histopathological changes (Darnerud et al. 2001). 

Technical mixtures of PBDE as well as single (medium brominated) con-
geners have thyroid hormone (TH)-disrupting properties (Darnerud 2003; 
Darnerud et al. 2001; Vonderheide et al. 2008). A possible mechanism un-
derlying PBDE-induced TH reduction include induction of UDPGT activity 
in the liver, which leads to accelerated hepatic clearance of T4 (Darnerud et 
al. 2001). Furthermore, PBDE structurally resemble thyroid hormones 
(Darnerud et al. 2001; Vonderheide et al. 2008) and could therefore act as 
thyroid agonists and bind competitively to thyroid hormone receptors and 
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transport proteins (Darnerud et al. 2001; Vonderheide et al. 2008). THs can 
thus be used as a marker of PBDE-induced toxicology.  

PBDE affect sexual development. For example, penta-BDEs interfere 
with anogenital distance and sex steroid concentrations in rats (Lilienthal et 
al. 2006). Exposure to penta-BDE leads to delayed puberty, sperm-head 
deformities and decreased follicle formation (Lilienthal et al. 2006; van der 
Ven et al. 2007). Furthermore, toxic effects on murine foetuses have been 
observed at dose levels that are not toxic to the mother (Darnerud et al. 
2001). 

The developing central nervous system is a target for PBDE toxicity and 
both behaviour and cognitive functions are affected (Darnerud et al. 2001; 
Vonderheide et al. 2008). Permanent impairment of spontaneous motor be-
haviour occurs after a single oral dose of BDE-47 (10.5 mg/kg bw) or BDE-
99 (12.0 mg/kg bw) on postnatal day 10 in mice (Darnerud et al. 2001). Fur-
thermore, BDE-99 adversely affects memory and learning (Eriksson et al. 
2001). Perinatal exposure to BDE-209 alters cognitive functions that worsen 
with age (Viberg et al. 2003). 

A few experimental studies that have been made concerning the immu-
notoxicity of PBDE indicate that penta-BDE and technical mixtures ad-
versely affect the immune system. For example, mice orally exposed to 
BDE-47 (18 mg/kg bw) during 14 days had a reduced number of splenocytes 
(Darnerud et al. 2001). Dose-response effects of a commercial penta-BDE 
mixture (DE-71) have been observed on monocytes and eosinophilic granu-
locytes (van der Ven et al. 2007). At high doses (1000 mg/kg bw), DE-71 
has also been found to suppress the anti-sheep erythrocytes (SRBC) response 
in mice measured with a plaque-forming cell assay for antibody response to 
SRBC (Fowles et al. 1994). Furthermore, spleens of mink exposed to 10 
ppm of DE-71 had significantly increased germinal centre development and 
incidence of B-cell hyperplasia, as well as increased antibody production 
(Martin et al. 2007).  

Finally, wild life studies have shown that cellular depletion in the spleen 
of harbour porpoises (Phocoena phocoena) is associated with high body 
burdens of PCB and PBDE and increased IL-10 mRNA concentration in the 
blood (Beineke et al. 2005; Beineke et al. 2007). 

Human exposure 
Humans are continuously exposed to PBDE. As a consequence of biomag-
nification, the major human exposure in Scandinavia supposedly occurs via 
food, especially fish, meat and dairy products (Darnerud 2003; Darnerud et 
al. 2001; Frederiksen et al. 2008; Siddiqi et al. 2003). 

In recent years indoor air has proven to be another important exposure 
route (e.g., ingestion of house dust is one of the major exposure routes for 
BDE-209) (Frederiksen et al. 2008; Jones-Otazo et al. 2005; Stapleton et al. 
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2005). Moreover, exposure via ingestion of dust is a significant exposure 
route for toddlers who ingest more dust than adults (Frederiksen et al. 2008). 
The levels of penta-BDE-related congeners are 100-fold higher in indoor air 
than in outdoor air. High levels have been correlated with the density of 
electronic devices and polyurethane foam containing furniture (Harrad et al. 
2004). This observation might reflect that volatile PBDE, such as BDE-99 
and BDE-47, can be released directly from polyurethane foam (Hale et al. 
2006). In certain cases inhalation in occupational environments might be an 
important exposure route (Sjodin et al. 1999).  

The most frequently found congeners in human tissues are BDE-47, 
BDE-99 and 2,2’,4,4’,5,5’-hexa-BDE (BDE-153) (Darnerud 2003; Darnerud 
et al. 2001).  

 

Exposure via the diet 
In general, the dietary intake of PBDE in Sweden is 51 ng per day based on a 
Swedish Market basket study from 1999 (Darnerud et al. 2006). Exposure 
via the diet is largely dependent on eating habits and is higher for people 
who regularly eat food with high animal fat content, which is due to the li-
pophilic properties of PBDE (Darnerud et al. 2006; Frederiksen et al. 2008). 

In Sweden the PBDE levels in fish are considerably higher than in other 
foods. The mean intake via fish in Sweden is 23.1 ng/day (47 % of the total 
dietary intake of PBDE) (Darnerud et al. 2006). Concentrations of PBDE 
differ between different fish species. Shellfishes (e.g., shrimps, clams and 
mussels) have low levels of PBDE (Frederiksen et al. 2008). In the majority 
of the studies done internationally on fish and shellfish BDE-99, BDE-47 
and BDE-100 are the dominating congeners (Frederiksen et al. 2008). The 
levels of PBDE in meat in North America is generally higher than the levels 
in Europe (Frederiksen et al. 2008) and the Swedish mean intake from meat 
is 7.13 ng/day (14 % of the total dietary intake of PBDE) (Darnerud et al. 
2006). In dairy products PBDE levels are highest in fatty products, such as 
butter. Solid milk products such as cheese also contain rather high amounts. 
The most common congeners in dairy products are BDE-99, BDE-47 and 
BDE-209 (Frederiksen et al. 2008). In Sweden the mean exposure of PBDE 
from dairy products is 8.40 ng/day (17 % of the total intake of PBDE) 
(Darnerud et al. 2006). The mean exposure from other foods tested in Swe-
den is 1.07 ng/day from egg (2 % of the total dietary intake of PBDE), 7.58 
ng/day from fats and oils (15 %) and 3.62 ng/day from pastry (5 %) 
(Darnerud et al. 2006). 

One important exposure route for infants is exposure via breast milk. The 
mean PBDE content in Swedish breast milk is 4.2 μg/kg milk fat and the 
estimated PBDE intake in infants is 0.11 μg/day from mothers’ milk or 20 
μg in 6 months (Darnerud et al. 2001). 
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Environmental aspects 
PBDE are common in the technosphere and will be released into the envi-
ronment for years to come. Since PBDE are persistent pollutants, they may 
be a future global environmental health problem (Darnerud et al. 2001). 

PBDE have been found in the air, soil, sediment and water of natural en-
vironments as well as in biota (Darnerud 2003; Darnerud et al. 2001; Von-
derheide et al. 2008). The concentrations of PBDE in air, water and soil are 
correlated to urban areas, suggesting that the sources are related to human 
activities (Vonderheide et al. 2008). 

The main source of PBDE in the abiotic environment is probably PBDE-
containing waste products. The waste could be deposited in landfills or in-
cinerated. Leaching from these landfills may be an important long-term path-
way of contamination (Darnerud et al. 2001). 

The major source of PBDE in the atmosphere is probably incineration of 
waste products, especially in developing countries (Darnerud et al. 2001; 
Vonderheide et al. 2008). Release of PBDE could be either as vapour, which 
is the case for more volatile lower brominated congeners, such as BDE-99 
and BDE-47, or as an aerosol of PBDE contaminated particles, which is the 
case for less volatile congeners, such as BDE-209 (Hale et al. 2006).  

Sewage sludge is also an important source of PBDE in soil and surface 
water as well as leakage from various PBDE-contain products. Sludge and 
contaminated water applied to agricultural areas are clearly the major sour-
ces of PBDE to the soil The levels in sewage sludge are sometimes used in 
monitoring PBDE release (Vonderheide et al. 2008). 

Biota, particularly migrating birds and fishes, can redistribute PBDE in 
the environments, both at regional and global levels. The quantities of PBDE 
transported by biota are small but this can nevertheless have a large impact 
on the input of PBDE into the food web (Vonderheide et al. 2008). For ex-
ample, it has been estimated that salmon deliver 70% of the PBDE conge-
ners found in salmon-eating British Columbia grizzly bears (Ursus arctos 
horribilis), thereby linking these terrestrial predators to contaminants from 
the North Pacific Ocean (Christensen et al. 2005). 

In general, penta-BDE, such as BDE-99, is the most common group of 
PBDE in the atmosphere and aqueous media (Hale et al. 2003), whereas the 
importance of BDE-209 increases in soil, sediment and sludge (Hale et al. 
2003; Vonderheide et al. 2008). Higher brominated PBDE, such as BDE-
209, can be transformed to lower brominated products, including BDE-99 
and BDE-47 under experimental conditions. Thus, degradation of PBDE via 
photolysis during atmospheric transport seems possible (Hale et al. 2006). 
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Infection 

Coxsackieviruses 
Coxsackieviruses, which are small RNA viruses, are common human en-
teroviruses that belong to the Picornaviridae family (Huber and Ramsingh 
2004; Kim et al. 2001). The viral genome is of positive polarity and organ-
ised as single-stranded RNA, implying that the genome can be directly trans-
lated in the infected cells and produce viral proteins without transcribing 
RNA copies from the initial viral genome (Huber and Ramsingh 2004; Hu-
ber 2006). There are three well described regions of the genome: P1, P2 and 
P3. The P1 region encodes for the four capsid proteins (VP1, VP2, VP3 and 
VP4) while the P2 and P3 regions encode for non-structural proteins that are 
involved in the replication (Crowell and Landau 1997; Huber and Ramsingh 
2004).  

There are two serogroups of coxsackieviruses, A and B, originally deter-
mined by pathogenicity in newborn mice. Group A constitutes 23 serotypes 
while group B constitutes 6 serotypes. In general, infection with group A 
viruses causes less severe infections than infection with group B viruses 
(Crowell and Landau 1997; Huber and Ramsingh 2004; Kim et al. 2001; 
Whitton 2002). Most (about 80%) of the CVB infections are subclinical or 
cause only mild infections (e.g., upper respiratory symptoms) (Kim et al. 
2001; Whitton 2002).  

In the model used in this project the primary target organs of infection are 
the heart and pancreas.  
 

Coxsackievirus B in human diseases 
The first step in CVB3 infection is viral attachment to the cell surface. The 
virus particles bind to one or more cell surface receptors and then enter the 
cell (Huber 2008). The most common of theses surface receptors is the cox-
sackievirus-adenovirus receptor (CARCVB) that all six CVB serotypes bind to 
(Huber 2008). The CVB - CARCVB interaction does not only promote virus 
entry, and thus viral replication, but is also believed to promote leukocyte 
transmission since CARCVB binds immunoglobulin and B-lymphocytes. 
(Huber 2008). In infected cells there is a post-translational cleavage of the 
encoded viral polyprotein to generate the mature virus (Whitton 2002). 
CVB3 replicate in the cytoplasm and are released via cell lysis (Huber 
2008).  

Histological changes in infected tissues are visible after 4 to 7 days post-
infection as a result of infiltration of CD8+ T-cells, NK cells and macro-
phages. This infiltration results usually in viral clearance leading to host 
recovery (Whitton 2002). When an adaptive immune response has developed 
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CVB3-specific T-cells, cytotoxic T-cells (CTL) have the ability of lysing 
infected cells (Whitton 2002). While the host defense limits viral replication, 
these defense mechanisms also cause tissue damage, sometimes more seri-
ous than the infection itself because, in myocarditis, some epitopes on non-
infected myocytes may cross-react with viral epitopes and become targets of 
a subset of CTL (Huber and Ramsingh 2004). 

Cytokines, such as IL-1 and TNF-�, released during the acute phase of in-
fection are essential for CVB3-induced myocarditis susceptibility (Huber et 
al. 1998). They do not only up-regulate MHC expression but also nitric ox-
ide production (Huber et al. 1998). Nitric oxide, which is primarily released 
by macrophages, not only inhibit CVB3 replication but also cause tissue 
damage (Huber et al. 1998). The CVB3-mediated diseases (e.g., myocardi-
tis) are a result of CVB3-mediated cytolysis and immunopathological re-
sponses to infected cells. Thus, it has been suggested that conditions that 
may sometimes persist after acute CVB3 disease, including myocarditis, and 
become subacute to chronic are a result of autoimmune reactions (Whitton 
2002). 

CVB is resistant to low pH (i.e. pH 3), meaning that CVB can survive the 
gastric acidity of the stomach. Thus, CVB can replicate in the mucosal cells 
of the small intestine and later develop into a systemic infection (Crowell 
and Landau 1997). However, most human infections are asymptomatic 
(Ramsingh 2008) and in rather small percentages of instances myocarditis, 
or meningitis, or pancreatitis develop, a minority of which become severe 
(Huber and Ramsingh 2004). CVB3 is also associated with the development 
of T1DM (Fairweather and Rose 2004; Friman et al. 1985; Frisk et al. 1985; 
Kida et al. 2000; King et al. 1983a; King et al. 1983b; Lammi et al. 2005). 
Presently, it is not fully understood why some CVB-infections cause severe 
disease and others do not. There are no effective antiviral drugs and no vac-
cines against CVB (Kim et al. 2001). 

Even asymptomatic infections and infections with mild symptoms are of 
concern. Necropsy studies confirm that undiagnosed myocarditis is common 
with a prevalence of about 1% (Whitton 2002). The variable degree of insu-
litis and �-cell loss occurs slowly over several years (Kloppel et al. 1985) 
and a decline in first-face insulin secretion in antibody-positive individuals 
occurs long before the diagnosis of overt diabetes has been made (Srikanta et 
al. 1983). Thus, the insulin-producing pancreatic �-cells are reduced by 70-
80% at the time of diagnosis (Kloppel et al. 1985). 

The immune system during infection 
The immune system can schematically be divided into two categories: the 
adaptive and the innate immunity. The adaptive immunity is mediated by T- 
and B-lymphocytes and is characterised by its specificity and immune mem-
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ory. The innate immunity is the first line of defence and is characterised by 
elimination of microorganisms by digestion and phagocytosis by macro-
phages and leukocytes. The innate immune response is also capable of dis-
criminating between pathogens and self antigen (Akira et al. 2001; Huber et 
al. 1998). Antigens are recognised by toll-like receptors (TLRs) present on 
antigen presenting cells (APC) that start to produce pro-inflammatory cyto-
kines.  

Activation of the innate immune response triggers the adaptive response. 
At the first encounter with an antigen, it takes about 5-7 days until antigen-
specific T-cells are detected. However, at the second encounter, the time is 
reduced to 2-3 days. Thus, the antigen-specific or adaptive immunity has a 
T-cell-mediated memory function (Huber et al. 1998). 

Toll-like receptor interactions during coxsackievirus infection 
During early viral infection, the innate immune response is activated, result-
ing in a rapid increase in the production of pro-inflammatory cytokines 
(Beisel 1998). TLRs are expressed at the surface of APCs and are sensing 
microbial pathogens that trigger the production of pro-inflammatory cyto-
kines. Thus, TLRs are an important linkage between the innate and adaptive 
immunity systems (Sabroe et al. 2008; Triantafilou and Triantafilou 2004). 
TLR activation also affects the nuclear factor-kappa B (NF-�B) pathway that 
is involved in several processes, including innate and adaptive immune re-
sponses, cell survival and proliferation. NF-�B is an important transcription 
factor for many pro-inflammatory cytokines and proteins produced by mac-
rophages, T- and B-cells. (Dale et al. 2006; Hayden et al. 2006; Huber et al. 
1998; Sabroe et al. 2008).  

Coxsackievirus infection up-regulates TLR4 on mast cells and macro-
phages and TLR4 signaling increases pro-inflammatory cytokines in infected 
tissues (Fairweather et al. 2005). Furthermore, in vitro studies in human 
pancreatic islet cells conclude that TLR4 is a part of the innate immune re-
sponse during coxsackievirus B4 infection and acts as a trigger for a protec-
tive immune response by increasing pro-inflammatory cytokine production 
(Triantafilou and Triantafilou 2004).  

Cytokines and chemokines 
Cytokine and chemokine production are induced during early infection and 
involved in the generation, stimulation and differentiation of immune cells. 
They are also important for the control and production of other cytokines or 
chemokines that subsequently may enhance or inhibit host response 
(Murtaugh and Foss 2002). A proper cytokine or chemokine pattern is im-
portant since it determines the clinical course of the infection and the out-
come of the disease (Curfs et al. 1997). 
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Cytokines are small pro-inflammatory proteins released by APCs and 
macrophages during the early phase of infection. Cytokines released from 
the innate immune cells during early infection can determine whether a Th1- 
or Th2-type immune response develops, which may be critical for the pro-
gression to autoimmune disease in susceptible individuals (Akira et al. 2001; 
Fairweather et al. 2004). 

Chemokines are chemotactic agents that facilitate leukocyte migration, 
i.e. they attract immune cells to the site of infection. Chemokines are also 
important for leukocyte degranulation, which is crucial for the leukocyte 
function during infection. There is a complicated network of interactions and 
feedback loops between chemokines, cytokines and leukocytes (Mackay 
2001).  

Macrophages 
Macrophages play a key role in the early innate immune response. They 
initiate innate immune responses and mobilise the lymphocytes into associ-
ated antigen-specific cellular and humoral immune responses (Murtaugh and 
Foss 2002). Macrophages are present throughout the body and located in 
various tissues where they become activated by the invading microorganisms 
via a variety of cell-surface receptors (Murtaugh and Foss 2002). Macro-
phages are also important cytokine releasers. They secrete pro-inflammatory 
cytokines, such as IL-1, IL-6, IL-8, IL-10, IL-12, IL-18 and TNF-�, which 
signals to T-cells to initiate antigen-specific immune responses. T-cells, in 
turn, signal via IFN-� to macrophages in a stimulatory feedback loop 
(Murtaugh and Foss 2002). 

Natural killer cells  
Natural killer cells (NK cells) are, in addition to macrophages, key players in 
the innate immune response. They control microbial infections by eliminat-
ing infected cells and thereby reducing the risk of developing inflammatory 
disease (Vivier et al. 2008). NK cells are mainly present in the blood, liver 
and spleen but they are also present in the lymph nodes from where they can 
migrate into infected tissues (Lanier 2008).  

When viral antigens are detected and recognised by APCs, they start to 
produce cytokines and chemokines that attract NK cells to the site of infec-
tion (Vivier et al. 2008). NK cells are known to effectively inhibit viral rep-
lication, including CVB3 replication (Fairweather et al. 2001), as well as to 
reduce the development of inflammatory lesions in CVB3-induced myocar-
ditis (Ilback et al. 1989). The quality and intensity of NK cell-mediated cyto-
toxicity and cytokine responses depend on the cytokine environment (Vivier 
et al. 2008). Cytokine/chemokine receptor interactions govern NK cells re-
cruitment to the site of infection (e.g., the chemokines MCP-1 and RANTES 
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and their receptors CCR2 and CCR5) (Vivier et al. 2008). Interactions be-
tween NK cells and other immune cells (e.g., macrophage, T-cells and den-
dritic cells) are also of great importance for a qualitative NK cell response 
(Vivier et al. 2008). 

NK cells are activated by type I cytokines (e.g., IFN, IL-12, IL-18 and IL-
15), many of them produced by macrophages (Fairweather et al. 2001).  

In infected lymph nodes NK cells can promote the priming of type 1 
CD4+ T-helper cells (Th1-cells) by secreting IFN-�. 

The nuclear factor-�B pathway 
The transcription factor nuclear factor kappa B (NF-�B) is involved in sev-
eral processes, such as innate and adaptive immune responses, cell survival 
and proliferation (Bruno et al. 2002; Cnop et al. 2005). Approximately 700 
genes are affected by NF-�B and these genes are among other things regulat-
ing immune, inflammatory, developmental and cell survival responses 
(Bruno et al. 2002; Cnop et al. 2005). When NF-�B is inactive, it is bound to 
an inhibiting binding protein (Bruno et al. 2002; Hayden et al. 2006; May 
and Ghosh 1997). When NF-�B becomes activated, a rapid phosphorylation 
of the I�B proteins occurs and subsequently NF-�B is released and trans-
ported to the nucleus where it can regulate the transcription of several genes, 
including IL-1�, TNF-�, IL-6, iNOS and MCP-1 (Bruno et al. 2002; Cnop et 
al. 2005; Hayden et al. 2006; Huber and Ramsingh 2004). In most cells the 
NF-�B complexes are inactive and thus in complex with one of the I�B pro-
teins. When the pathway is activated and the I�B protein is phosphorylated, 
the I�B protein is targeted for proteasomal degradation.  

NF-�B can also be activated by double-stranded RNA (dsRNA). During 
the process of CVB3 replication, dsRNA is generated in the cytosol of virus-
infected cells (Huber and Ramsingh 2004). It has been concluded that 
dsRNA in synergism with the proinflammatory cytokines IFN-� and/or IL1� 
activates NF-�B, resulting in nitric oxide production that may contribute to 
pancreatic �-cell apoptosis with type 1 diabetes as a consequence (Liu et al. 
2002). 

Interactions between halogenated pollutants, the P450-system 
and the NF-�B pathway 
Halogenated pollutants affect the NF-�B pathway. Rats exposed to TCDD 
produced an elevation in hepatic cytosolic and microsomal IKK activity. 
Furthermore, TCDD exposure causes a hyperphosphorylation of hepatic 
microsomal I�B� (the NF-�B inhibitor) (Bruno et al. 2002). Overall, NF-�B 
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pathway members are affected by TCDD, which may influence immune and 
inflammatory responses in the liver and possibly in other organs.  

Both viral and bacterial inflammatory conditions can result in a differen-
tial regulation of hepatic P450 isoforms. In general, these isoforms are 
down-regulated by inflammatory mediators such as cytokines (Morgan 
1997). Darnerud et al. (2005) have previously shown that CVB3 infection in 
mice increases PBDE levels in the liver. This may be linked to effects on the 
NF-�B pathway. Elevated hepatic NF-�B protein levels in rats treated with 
LPS are followed by the loss of CYP1A1 and CYP2B1 mRNA expression 
and a decrease in the corresponding enzyme (pentoxyresorufin, PROD) ac-
tivity (Abdulla et al. 2005). In the same study NF-�B elements were identi-
fied on the CYP2B1 promoter (Abdulla et al. 2005). These results indicate 
that hepatic NF-�B plays an important role in the regulation of CYP2B and 
possibly other CYP isoforms by binding to NF-�B responsive elements on 
the promoters of these genes. 

The pregnane X receptor and the constitutive androstane 
receptor 
CAR and PXR are ligand-activated transcription factors that function as 
sensors of toxic compounds, derived either from endogenous metabolites or 
xenobiotic, in order to enhance elimination (di Masi et al. 2009; Timsit and 
Negishi 2007). Both PXR and CAR can bind a large variety of xenobiotics, 
as well as share many target genes. CAR/PXR is activated when a xenobiotic 
compound binds to cytosolic CAR/PXR (e.g., PBDE) (Pacyniak et al. 2007). 
There are many co-regulators that affect both receptors (di Masi et al. 2009; 
Timsit and Negishi 2007).  

Cytokines also affect CAR/PXR expression. IL-1� suppresses CAR ex-
pression and IL-6 suppresses PXR expression, implicating that they are ne-
gative regulators of CAR/PXR. However, CAR can affect cytokine signal-
ling as well. CAR expression inhibits TNF-� signalling. Since TNF-� acti-
vates the NF-�B pathway, it is reasonable to assume that CAR inhibits NF-
�B activity (Timsit and Negishi 2007). There is also evidence that infection-
induced activation of NF-�B antagonises PXR/SXR signalling in mice and 
humans (Zhou et al. 2006). It has been suggested that interactions between 
the CAR/PXR and NF-�B axis provide a molecular explanation to the sup-
pression of hepatic CYP-mRNA levels by inflammatory stimuli (Zhou et al. 
2006). However, the crosstalk between CAR/PXR and the NF-�B path is not 
fully understood.  
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Experimental coxsackievirus B3 infection in mice 
Experimental models of CVB3 infection have been carried out in many spe-
cies but mice are the preferred species, not only because of practical reasons. 
The disease development in mice is recapitulating the human situation since 
mice can develop acute pancreatitis, acute myocarditis and chronic CVB3 
infection in many tissues (Whitton 2002). The CVB3 infection in mice has 
been thoroughly described and well established experimental models for 
studies of nutrients and xenobiotics are available (Fairweather and Rose 
2007; Ilback and Friman 2007; Whitton 2002). The CVB3 used in this pro-
ject has been isolated from a human specimen. 

After intraperitoneal (i.p.) inoculation of the mice, the serum virus titres 
peak around day 3 post-infection and the virus is spread to many organs, 
including the spleen, liver, heart, lung and pancreas. However, the course of 
the disease may vary between mouse strains. Furthermore, male Balb/c mice 
are more susceptible than female Balb/c mice to CVB3-induced mortality 
and development of pathologic lesions (Gauntt et al. 1988). Thus, in the 
studies female mice were used. 

The infection triggers the immune system and viral-infected cells are then 
eliminated by macrophages, NK cells and T-cells. Pro-inflammatory cyto-
kines (e.g., IL-1, IL-6 TNF-�, IFN-�, IFN-� and IFN-�) are released by mac-
rophages and monocytes during this early phase of infection. This process 
activates a series of responses commonly referred to as the acute phase reac-
tions. The acute phase reactions include fever, endocrine shifts, as well as 
extensive effects on the metabolism of carbohydrates, amino acids and lipids 
(Beisel 1998; Ilback and Friman 2007). Moreover, these acute phase re-
sponses result in decreased synthesis of proteins not involved in the host 
defence and the production of immune cells and cytokines (Beisel 1998; 
Ilback and Friman 2007). During the first days of infection, there is a 
chemokine-induced infiltration of CB8+ T-cells, NK cells and macrophages 
into the infected tissues, resulting in viral clearance but also histological 
changes (Mackay 2001; Whitton 2002). 
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Aims of the study 

The general aim of the project was to investigate possible interactions be-
tween the CVB3 infection and consecutive PBDE-exposure, as well as to 
discuss possible human applications of the results. The studies focused on 
virus levels, cytokines and chemokines, CYP-enzymes and PBDE-tissue 
distribution. A well established experimental human CVB3 infection, adap-
ted to mice, was used. The specific aims were: 
 

• To study the combined effects of CVB3 infection and concomitant 
PBDE-exposure on CYP-gene expression and corresponding en-
zyme activities in various organs and whether these effects are or-
gan-specific. 

 
• To study whether infection-induced effects on CYP-gene expression 

and corresponding enzyme activities are associated with changes in 
viral replication. 

 
• To study the effects of PBDE exposure on serum cytokine and che-

mokine levels during CVB3 infection. 
 

• To study whether PBDE-exposure affects the severity of infection in 
terms of viral replication and whether such effects could be related 
to cytokine/chemokine expression in the target organs of infection. 

 
• To study whether CVB3 infection affects the body burden and tissue 

distribution of PBDE. 
 

• To study whether interactions among virus infection, NF-�B expres-
sion and cytokine expression exists and are important for CYP-
enzyme activity. 
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Materials and methods  

Study design 

Paper I, II & III 
30 female Balb/c mice with a mean weight of approximately 20 g were ran-
domly divided into six groups with five mice in each group after a 2-week 
acclimatisation period. Three groups were i.p.-infected with a myocarditic 
strain of CVB3 on day 0 and three groups were sham inoculated (i.p.) to 
serve as non-infected controls.  

On day 1, one infected and one non-infected group were orally treated 
with BDE-99 (20 mg/kg body wt.) and one infected and one non-infected 
group were orally treated with Bromkal 70-5 DE (20 mg/kg body wt.). In 
addition, one non-infected and one infected group were orally administrated 
corn oil to serve as non-exposed controls. 

On day 3 post-inoculation, all mice were euthanised and immediately the-
reafter the thoracic cavity was opened and blood samples were drawn from 
the heart. The liver, lungs and pancreas were excised and weighed. Serum 
was separated from whole blood by centrifugation. Thereafter, the serum, 
liver, lungs and pancreas were frozen at �70°C. 

Paper IV 
16 mice were randomly divided into four groups. Non-infected (sham-
inoculated) and radiolabelled 14C-BDE-99-treated mice served as healthy 
controls. The lower dose consisted solely of 14C-BDE-99 (49 mCi/mmol); 
the higher dose consisted of pure unlabelled BDE-99 supplemented with 1% 
14C-BDE-99. Thus, both dose groups received approximately 0.35 μCi 14C-
BDE-99 per mice. 

The mice were i.p. infected with CVB3 on day 0 and orally treated either 
with 200 μg BDE-99/kg bw or with 20 mg BDE-99/kg bw on day 1. On day 
3, mice from all groups were euthanised and blood was collected. Serum was 
separated from whole blood by centrifugation. The liver was excised and 
divided into two parts: one part was frozen at –70ºC and used for real-time 
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polymerase chain reaction (RT-PCR) measurements and the remaining part 
was used for determination of the tissue concentration of 14C-BDE-99. 

Paper V 
24 mice were randomly divided into four groups (n=6). The mice were in-
fected (i.p.) on day 0 with a myocarditic CVB3 strain, orally treated with 
pure BDE-99 dissolved in corn oil on day 1 (20 mg/kg bw) and put to death 
on day 3 post-inoculation. Uninfected (sham-inoculated) mice served as 
healthy controls. The liver was excised, weighed and divided into two parts. 
One part was frozen at –70ºC and used for the enzyme activity measure-
ments. The remaining part was treated with RNAlater RNA Stabilisation 
Reagent (Qiagen) and later used for measurements of the gene expression of 
MCP-1, IFN-�, NF-�B, CYP2B10 and CYP3A11, as well as virus levels. 

Mice (I, II, III, IV & V) 
The mice strain used in the experiments was Balb/c. Adult female mice were 
purchased from Scanbur B&K (Stockholm, Sweden) and maintained at the 
Animal Department, Biomedical Centre (BMC), Uppsala, Sweden under a 
12-hour light/dark cycle at a temperature of 22–23°C. The mice had free 
access to food (R3, Ewos, Södertälje, Sweden) and tap water ad libitum. 

Ethics 
The animal experiments took into account all ethical aspects of the welfare 
of animals following the recommendations in “Guide for the Care and Use 
of Laboratory Animals” of the Swedish National Board for Laboratory Ani-
mals. All animal experiments described in this project were approved 
(C126/4) by the Ethical Committee for Experimental Use at the Faculty of 
Medicine, Uppsala University, Uppsala, Sweden. The number of mice used 
in this study has been reduced to an absolute minimum and cannot be further 
reduced without jeopardising statistical power. 

Chemicals 

2,2’,4,4’,5-penta-BDE (I, II, III, IV & V) 
Pure (99%) 2,2’,4,4’,5-penta-BDE (BDE-99) (Figure 2) was used in the stu-
dy and kindly provided by Dr. Hellmuth Lilienthal (BGFA – Research Insti-
tute for Occupational Medicine, Ruhr University of Bochum, Germany). 
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Purity was analysed with HRGC/HRMS (Oekometric, Germany). In addi-
tion, the BDE-99 was analysed for contaminants. The concentrations of 
brominated dibenzo-p-dioxins (PBDD), dibenzofurans (PBDF) and coplanar 
biphenyls (PBB) were analysed with HRGC/HRMS (Oekometric, Germany). 
All PBDD, PBDF and PBB values were below the detection limit (Lilienthal 
et al. 2006). The BDE-99 was dissolved in corn oil (4 mg/ml). 

 
Figure 2. The structure of 2,2’,4,4’,5-penta-BDE (BDE-99). 

Bromkal 70-5 DE (I, II & III) 
Bromkal is a technical PBDE mixture that is used commercially. The Brom-
kal 70-5 DE mixture contained 37% 2,2’,4,4’-tetra-BDE (BDE-47) and 35% 
2,2’,4,4’,5-penta-BDE (BDE-99) (Kalk Chemische Fabrik, Germany). The 
Bromkal mixture was analysed for brominated dioxins at the Research Cen-
tre at MTN, Örebro University, Sweden. Detectable amounts of 2,3,8-
TrBDF (5377 ng/g), 1,3,4,7,8-PeBDF (1346 ng/g), 1,2,3,7,8-PeBDF (1291 
ng/g) and 1,2,3,4,7,8-HxBDF (1350 ng/g) were found. The Bromkal 70-5 
DE was dissolved in corn oil (4 mg/ml). 

Radiolabelled 14C-2,2’,4,4’,5-penta-BDE (IV) 
Radiolabelled 14C-BDE-99 was prepared according to a previously described 
method (Örn et al. 1996) and kindly provided by Professor Åke Bergman 
and co-workers (Environmental Chemistry, Stockholm University). The 
labelled compound had a specific activity of 49 mCi/mmol and was dis-
solved in dimethyl sulfoxide (DMSO). Before administration, the DMSO 
was evaporated and the 14C-BDE-99 was dissolved in corn oil.   

Coxsackievirus B3 (I, II, III, IV & V) 
A myocarditic strain of CVB3 was used in this study (Ilback and Friman 
2007; Ilback et al. 1996). The virus was propagated in HeLa cells grown in 
Eagle’s minimal essential medium. The medium was supplemented with 
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antibiotics (kanamycin) and 5% foetal calf serum. Virus amounts were de-
termined as plaque-forming units (pfu) and the stock solution was deter-
mined to 107-108 pfu/ml and stored at –20ºC until used. At use, the stock 
solution was diluted with phosphate-buffered saline (PBS) and each mouse 
was inoculated (i.p.) with 0.2 ml of this solution receiving 2×103 pfu of 
CVB3.  

CYP enzyme activity measurements 

Preparation of microsomes (I & V) 
Microsomes were prepared from the liver (250 mg). The livers were ho-
mogenised in 15 ml tris-HCl buffer (100 mM, pH 7.8). The homogenate was 
centrifuged for 20 min at 9 000 g at 4°C. The supernatant was then further 
centrifuged for 1 h at 100 000 g at 4°C. The pellet was resuspended in tris-
HCl buffer (100 mM, pH 7.8) and stored at -70°C until analysed. The protein 
concentrations were analysed by a method based on (Hartree 1972) using 
bovine serum albumin as the standard. 

Enzyme activity  
The corresponding enzyme activities of CYP2B10 (I & V), CYP1A1 (I) and 
CYP3A11 (V) were measured using the substrates pentoxyresorufin 
(PROD), etoxyresorufin (EROD) and benzyloxyresorufin (BROD), respec-
tively. The activity of CYP1A1 was mainly measured in order to rule out 
possible effects of dioxin-like contaminates in the PBDE preparations. Both 
methods used for measuring the enzyme activities were based on a previ-
ously described (Pohl and Fouts 1980) and modified (Sinjari et al. 1993) 
method. 

Paper I 
The incubations were preformed in eppendorf tubes (1.5 ml). The micro-
somes were diluted with tris-HCl (pH 7.8) to a protein concentration of 1 
mg/ml. From this preparation, 20 �l of the diluted proteins and 705 �l tris-
HCl (pH 7.8) were added to the reaction tubes. A NADPH-generating sys-
tem (175 �l) consisting of 5 mmol glucose 6-phosphate, 0.36 �mol NADPH, 
2.5 units glucose 6-phosphate dehydrogenase, 1.6 mg BSA and 8 mmol 
MgCl2 was also added. The reaction mixture (v = 900 �l) was preheated for 
5 min at 37°C. The reaction was started by adding the substrate (PROD or 
EROD) to a final concentration of 1 nmol in a total reaction volume of 1 ml 
and the reaction mixture was thereafter incubated for 10 min. 
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The reaction was quenched by adding 2.5 ml methanol. The mixture was 
centrifuged for 20 min at 5 000 g at room temperature and the precipitated 
protein could be collected at the bottom of the tube. The fluorescence was 
measured with a Perkin Elmer model LS-50 (excitation at 574 nm and emis-
sion at 596 nm). 

Paper V 
Microsomes were diluted with tris-HCl (pH 7.8) to a protein concentration 
of 5 mg/ml. 30 �l of the diluted protein solution and 185 �l tris-HCl (pH 7.8) 
were added to the reaction tubes. A NADPH-generating system (55 �l) con-
sisting of 5 mmol glucose 6-phosphate, 0.36 �mol NADPH, 2.5 units glu-
cose 6-phosphate dehydrogenase, 1.6 mg BSA and 8 mmol MgCl2 was add-
ed and the reaction mixture (270 �l) was preheated for 5 min at 37 °C. To 
start the reaction a substrate (PROD or BROD) was added to a final concen-
tration of 1 nmol in a total reaction volume of 300 �l. The reaction mixture 
was thereafter incubated for 10 min.  

The reaction was quenched by adding 400 �l methanol. The mixture was 
centrifuged for 20 min at 5 000 g and the precipitated protein could be col-
lected at the bottom of the tube. Aliquots of 250 �l were transferred to wells 
on a microtitre plate (Costar 96-well plate, Corning incorporation, Corning, 
NY, USA) and the fluorescence was measured on a Perkin Elmer model LS-
50 plate reader (excitation at 574 nm and emission at 596 nm). Standard 
curves were constructed with 0-0.53 nmol resorufin. 

Preparation of RNA for RT-PCR (I, II, III, IV & V) 
Preparation and isolation of total RNA from the liver, pancreas and lungs (20 
mg) were performed using the Qiagen RNA/DNA Mini kit (Cat. no. 14123, 
Qiagen).  

Virus measurements (I, II, III, IV & V) 
The virus measurements in the liver, pancreas and lungs were performed 
using a real-time quantitative RT-PCR method developed at the section of 
clinical virology, Department of Medical Sciences, Uppsala University Hos-
pital (Mohamed et al. 2004). 

RT step was performed at 60°C for 30 min, immediately followed by an 
initial denaturation at 93°C for 1 min. Totally, 50 cycles were performed, 
each consisting of a denaturation step at 93°C for 5 s and a combined anneal-
ing-extension step at 59°C for 1 min. Fluorescence data were collected dur-
ing each annealing-extension step. Negative and positive controls were in-
cluded in each analytical round. RNAse free water was used as negative 
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control. All samples were assayed in duplicates. The primer and probe se-
quences are shown in Table 1. The maximum relative fluorescence signal 
was around 0.7, whereas the cut-off fluorescence level used for calculation 
of Ct (threshold cycle) values was about 0.03, well above the background 
fluorescence values of 0.01.  

CVB3 genome equivalents were estimated by interpolation in a standard 
curve obtained using a dilution series of CVB2 RNA covering the amplified 
region (I, II & III) or a dilution series of CVB3 RNA (IV & V). The number 
of genome equivalents is related to the number of viral particles. The con-
centration per mg of tissue is obtained by multiplying the number of genome 
equivalents by a factor derived from the measured RNA yield, volume of 
tissue processed and the amount of RNA extract used in the PCR. 

Table 1. Primer and probe sequences for the virus PCR measurements.  

Primer/Probe  Sequence 
Reverse primer 5’- gcccctgaatgcggc -3’ 
Forward primer 5’- aattgtcaccataagcagc -3’ 
Probe  5’- fam-cggaaccgactactttgggtgtccgt-dark -3’ 

Gene expression and RT-PCR (I, II, IV & V) 
The gene expression of CYP2B10, CYP1A1, CYP3A11, NF-�B, IFN-� and 
MCP-1 was measured by real time RT-PCR The quantitative RT-PCR 
(LightCycler, Roche) was accomplished in a 20 μl reaction mixture (Light-
Cycler FastStartDNA Master Hybridisation probes kit, Roche, Germany) 
containing 2 μl cDNA. For the synthesis of cDNA, an Omniscript Reverse 
Transcription kit (Cat. no. 205113) from Qiagen was used according to the 
manufacturer’s instructions. The cDNA extract was added to the master mix 
that included primers and probe. Primer and probe sequences are shown in 
Table 2. 

The RT-PCR step was performed at 95°C for 10 min, immediately fol-
lowed by 45 cycles of 10 s at 95°C and 30 s at 54°C, and finally, a termina-
tion cycle of 30 s at 40°C. Fluorescence data were collected during each 
annealing–extension step. Negative controls were RNAse-free water. 
Glyceraldehyd-3-phosphate dehydrogenase (GAPDH) was used to normalise 
the gene expression. The gene expression of GAPDH was not affected by the 
infection or the PBDE-exposure. Specificity of the PCR amplification of 
each primer pair was confirmed with a 3% agarose electrophoresis using a 
25 bp DNA ladder (Invitrogen). 
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Table 2. Primer and probe sequences used for the measured gene expressions. 

Primer/Probe  Sequence 
CYP2B10 
Reverse primer 5’- gcccttctcaacaggacaaattt -3’ 
Forward primer 5’- gccaatgctttcaccaagaca -3’ 
Probe  5’- tgatcaaaagtctgtgggaaagcgcat -3’ 

CYP1A1 
Reverse primer 5’- ggtggctgttcctgtgattca -3’ 
Forward primer  5’- aaagtaggaggcaggcacaatg -3’ 
Probe  5’- tagccagaaacacagatc -3’ 
 
CYP3A11 
Reverse primer 5’- gccggtttgtgaagacagaaa -3’ 
Forward primer 5’ - tcacagacccagagacgattaaga -3’ 
Probe  5’- tgtgctagtgaaggaatgt -3’ 
 
NF-�B 
Reverse primer 5’- gtagataggcaaggtcagaatgca -3’ 
Forward primer 5’- cggatgacagaggcgtgtatt -3’ 
Probe  5’- ctataatcctggacttctg -3’ 
 
IFN-� 
Reverse primer 5’- aagagctgcaaagccaagatg -3’ 
Forward primer 5’- cctgcggcctagctctga -3’ 
Probe  5’- acaatgaacgctacacact -3’ 
 
MCP-1 
Reverse primer 5’- tggttccgatccaggttttta -3’ 
Forward primer 5’- gtctgtgctgaccccaagaag -3’ 
Probe  5’- aatgggtccagacatac -3’ 

Thyroxine measurements (I) 
The serum concentrations of free thyroxine (FT4) were measured using the 
AMERLEX-MAB* FT4 kit (Prod. no. IM5051, Trinity Biotech Plc.) accord-
ing to the manufacturer’s instructions. 

The total serum concentration of T4 was measured using the Active Thy-
roxine Coated-tube Radioimmunoassay kit (Prod. no. DSL-3200, Diagnostic 
Systems Laboratories, Inc.) according to the manufacturer’s instructions. 
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Cytokine measurements (III) 
The levels of 21 cytokines/chemokines were measured in serum using a Be-
adlyte® mouse 21-plex cytokine detection system according to the manufac-
tures instruction (Upstate, Temecula, CA, USA) together with the Luminex 
200 multi-analyte system that was used according to manufacturer’s instruc-
tions (Luminex Corp. Austin, TX, USA). 

Labelled antibodies against the cytokines/chemokines IL-1�, IL-1�, IL-2, 
IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17, 
GM-CSF, IFN�, GRO/KC (also called CXCL1), MCP-1, MIP-1�, RANTES, 
TNF� and VEGF were used for analyses of the multiple cytokine responses 
in serum samples.  

The Luminex technique used is based on colour-coded micro spheres with 
two fluorescent dyes. The precise concentration of these 100 distinctly col-
oured beads can be created since they are coated with a specific capture anti-
body. After the bead captures an analyte from a test sample, a biotinylated 
detection antibody is introduced. To complete the reaction on the surface of 
each micro sphere the reaction mixture is then incubated with a reporter mo-
lecule, Streptavidin PE conjugate. The micro spheres are allowed to pass 
rapidly through a laser, which excites the internal dyes marking the micro-
sphere set. A second laser excites PE, the fluorescent dye on the reporter 
molecule. 

Statistical analysis (I, II, III, IV & V) 
Normality of the data was evaluated using the Anderson-Darling test. Non-
parametric analysis of variance was applied when the data were not normally 
distributed. In that case the primary analysis of variance, the Kruskal-Wallis 
test, was used to determine whether there were any differences between the 
independent groups. In the case of rejecting the null hypothesis in the Kru-
skal-Wallis test, group-wise comparisons were performed using the Mann-
Whitney test. Differences between two independent groups with were tested 
using the Mann-Whitney test.  

For normally distributed data, the parametric t-test was applied to analyse 
statistical differences between independent groups. Correlations between 
endpoints were analysed using linear regression. 

Significance was accepted at p�0.05 for all tests. All statistical tests were 
analysed by the Minitab 14 program (Minitab Inc.) (I, II) or the Minitab 15 
program (Minitab Inc.) (III, IV & V). 
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Results 

Clinical signs of infection  
As previously described for this experimental infection (Woodruff 1980), 
characteristic signs of disease (e.g., ruffled hair and inactivity) started to 
appear from day 2 of the infection (I, II, III, IV, V). The appearance of clini-
cal signs corresponded to the time for the peak of viremia occurring around 
day 3 (Woodruff 1980). In a few cases single individual mice had low levels 
of virus in some organs and were therefore excluded from further analysis (I, 
II, III, IV, V). 

Virus levels 
The CVB3 infection was confirmed with quantitative RT-PCR. In general, 
high numbers of virus were found in the liver (I, III, IV, V), lungs (II) and 
pancreas of infected mice (II, III). The quantitatively highest virus levels 
were found in the pancreas followed by the liver, confirming that the pan-
creas is a target organ of CVB3 infection. The virus levels in non-infected 
mice were below the detection levels in all studies. In each analysed organ of 
the infected mice the virus levels were roughly the same between the differ-
ent studies. This observation supports the view that mice in the present stud-
ies were more or less in the same phase of disease when put to death.  

The effect of PBDE exposure on virus levels (I, II, III, IV, V) 
The effect of PBDE exposure on the tissue levels of CVB3 was measured on 
day 3 (p.i.) in all studies. The effect of PBDE exposure on CVB3 levels is 
somewhat conflicting. In one of the studies there is a significant PBDE-
mediated dose-response in the increase of CVB3 levels in the liver (IV) (Fi-
gure 3). However, in the majority of the studies there was no obvious effect 
of PBDE exposure on the virus levels, regardless of organ. Thus, there were 
no statistical differences between infected mice exposed to PBDE compared 
with non-exposed infected mice (I; II, III, V). However, in one of these stud-
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ies there was a tendency of increased virus levels in the liver of PBDE-
exposed mice (I).  

 
Figure 3. Virus levels in the liver of CVB3 infected and non-infected mice exposed 
to 200 μg BDE-99/kg bw or 20 mg BDE-99/kg bw. The bars show median values 
for each group together with the interquartile range. Bars not sharing a letter are 
significantly different (p�0.05). 

CYP enzymes 

Gene expression of CYP enzymes 
The effect of CVB3 infection and concomitant PBDE exposure on CYP 
enzymes (Table 3), especially CYP2B10, differed between the studied or-
gans, i.e. the liver, pancreas and lungs. There were organ-specific infection-
induced changes in the metabolising capacity of PBDE. In the liver CVB3 
infection decreased the gene expression of CYP enzymes (I, V), whereas in 
the lungs the infection increased the gene expression (II). There was no ef-
fect of infection on CYP enzymes in the pancreas. In general, PBDE expo-
sure increased CYP2B10 and CYP3A expression but not CYP1A1 expres-
sion. The effect of PBDE exposure on CYP enzymes are summarised in 
Table 3. 

Liver 
In the liver there was a marked CVB3-induced decrease in the gene expres-
sion of the measured CYP enzymes (CYP2B10, CYP1A1 and CYP3A11), 
both in PBDE-exposed and in non-exposed mice (I, V). PBDE exposure 
mainly increased the expression of CY2B10 but it had no obvious effect on 
the gene expression of CYP3A11 and CYP1A1 (I, V).  
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CYP2B10 (I): In general, PBDE exposure increased the gene expression 
of CYP2B10. The pure BDE-99 increased the CYP2B10 expression in in-
fected mice (p=0.02); the same tendency was observed in non-infected mice. 
Exposure to the commercially used PBDE-mixture Bromkal also increased 
the CYP2B10 expression but only in non-infected mice.  

CYP3A11 (V): The CVB3 infection greatly decreased (p=0.02) the gene 
expression of CYP3A11 in non-exposed mice and the same tendency 
(p=0.11) was observed in BDE-99 exposed mice. There was no obvious 
effect of the BDE-99 exposure on the gene expression of CYP3A11. 

CYP1A1 (I): Infection did not affect the CYP1A1 gene expression in any 
of the groups. Both BDE-99 exposure and Bromkal exposure tended to de-
crease CYP1A1 expression, which strengthens the theory that CYP1A1 is 
not involved in the metabolism of PBDE. 
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Table 3. Significant changes (arrows) and trends (arrows in brackets) in CYP2B10, 
CYP1A1 & CYP3A11 gene expression caused by BDE-99 or Bromkal in non-
infected and CVB3-infected mice. A line indicates no obvious change or trend com-
pared with the control. 

   CYP2B10 CYP1A1 CYP3A11 
Liver 
(Paper I) 
BDE-99  (	)a (
)a  
Bromkal  (	)a (
)a 
CVB3 + BDE-99 	b (
)b 
CVB3 + Bromkal � b (
)b 

 
(Paper V) 
BDE-99    �a 
CVB3 + BDE-99   (	)b 

Pancreas 
(Paper II) 
BDE-99  * * 
Bromkal  * * 
CVB3 + BDE-99 * * 
CVB3 + Bromkal * * 

Lungs 
(Paper II) 
BDE-99  (	)a (	)a 
Bromkal  � a (	)a 
CVB3 + BDE-99 � b � b 
CVB3 + Bromkal � b � b 
* No or very low CYP gene expression. 
a Compared with the non-infected control mice. 
b Compared with the infected control mice. 

Lungs 
Interestingly, infection per se increased the expression of CYP2B10 but 
decreased the expression of CYP1A1.  

CYP2B10 (II): Infection increased the CYP2B10 expression in non-
exposed mice (p=0.02) and in Bromkal-exposed mice (p=0.02). A similar 
tendency could be observed in the BDE-99-exposed mice (Figure 4). BDE-
99 or Bromkal exposure did not affect CYP2B10 expression in infected 
mice. The same pattern was observed in non-infected mice exposed to 
Bromkal but BDE-99-exposure tended to increase the CYP2B10 expression. 
Since there was no differences between PBDE-exposed and non-exposed 
mice, the three infected groups were combined and treated as one group for 
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calculations regarding the relation between virus levels and CYP2B10 gene 
expression. CVB3 levels were correlated to CYP2B10 gene expression (lin-
ear regression; p=0.005, r2=51%) (Figure 5).  

CYP1A1 (II): There was no significant effect on the gene expression of 
CYP1A1 in the lungs of either CVB3 infection or PBDE exposure. How-
ever, there was an observed tendency of an infection-induced decrease in the 
gene expression of CYP1A1. 

 
Figure 4. Effects of BDE-99 or Bromkal on the gene expression of CYP2B10 in the 
lungs of non-infected or CVB3-infected mice on day 3 post-inoculation. The bar 
charts show the mean value + S.D. of 2���CT in each group. Bars not sharing a letter 
are significantly different (p�0.05). The number of mice that expressed detectable 
levels of CYP2B compared with the total number of mice in the test group is de-
scribed underneath the bars. 

 
Figure 5. Linear regression plot of the correlation analysis between CYP2B gene 
expression and virus equivalents in the lungs. 
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Pancreas 
The expression of both CYP210 and CYP1A1 in the pancreas was very low 
or completely absent in all groups, suggesting that the pancreas has a very 
limited capacity to metabolise PBDE.  

CYP2B10 (II): Interestingly, there was no measurable CYP2B10 expres-
sion in any of the mice in any of the groups. This was also confirmed by 
running some randomly selected pancreas samples together with samples 
from other organs that had a strong CYP2B10 expression.  

CYP1A1 (II): There was very low expression o f CYP1A1 in the pan-
creas. Most mice completely lacked an expression but some mice had a very 
low expression at the detection limit, predominantly in the infected groups.  

CYP enzyme activity  
The enzyme activity of the CYP-enzymes was only measured in the liver 
since there was not enough pancreas and lung tissue for both RT-PCR and 
enzyme activity measurements. In general, the PROD, BROD and EROD 
activity in the liver mirrored rather well the corresponding gene expression 
in the liver (CYP2B10, CYP3A11 and CYP1A1). 

PROD activity (I) 
BDE-99 exposure in non-infected mice induced PROD activity (p=0.01); the 
same tendency was observed after Bromkal exposure (p=0.06). Furthermore, 
in CVB3 infected mice BDE-99 exposure induced PROD activity (p=0.02). 
However, Bromkal exposure caused no increase in PROD activity in in-
fected mice.  

The CVB3 infection per se decreased PROD activity in non-exposed 
(p=0.02), BDE-99-exposed (p=0.01) and Bromkal-exposed mice (p=0.02).  

In conclusion, PBDE exposure increased PROD activity and infection de-
creased the activity. 

BROD activity (V) 
BDE-99 exposure increased (p=0.03) BROD activity in non-infected mice. 
The same tendency (p=0.12) was detected in CVB3-infected mice.  

CVB3 infection, on the other hand, decreased BROD activity in BDE-99-
exposed mice (p=0.02), with the same tendency (p=0.17) observed in non-
exposed mice.  

In conclusion, PBDE exposure increased BROD activity, whereas infec-
tion decreased the activity. 
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EROD activity (I) 
Neither BDE-99 exposure nor Bromkal exposure affected EROD activity in 
the liver of CVB3-infected mice. However, BDE-99 exposure of non-
infected mice resulted in increased EROD activity (p=0.01). 

The CVB3 infection decreased EROD activity in BDE-99-exposed 
(p=0.01) and Bromkal-exposed mice (p=0.01). The same tendency was no-
ted in non-infected mice (p=0.07). 

The pattern of EROD activity was slightly different from the pattern ob-
served in the corresponding CYP1A1 gene expression since BDE-99 in-
creased EROD activity in non-infected mice. In conclusion, infection seems 
to decrease EROD activity while the effect of PBDE exposure is unclear 
since BDE-99 increased the activity in non-infected mice. However, there 
were no PBDE-induced effects in infected mice.  

Serum levels of thyroxine (I) 
The pattern of serum levels of FT4 and total serum levels of thyroxine (TT4) 
were similar. In general, infection drastically reduced the levels of FT4 and 
TT4 in PBDE-exposed and non-exposed mice. PBDE exposure tended to 
decrease the levels, mainly in non-infected mice. 

CVB3 infection decreased the levels of FT4 in non-exposed (p=0.02), 
BDE-99-exposed (p=0.01) and Bromkal-exposed mice (p=0.02). Both BDE-
99 (20 mg/kg bw) and Bromkal (20 mg/kg bw) exposure tended to decrease 
the levels of FT4 in non-infected mice (Figure 6). Furthermore, there was a 
decrease in FT4 in CVB3-infected mice after Bromkal exposure (p=0.02), 
but not in infected BDE-99-exposed mice.  

CVB3 infection decreased the serum levels of TT4 in non-exposed mice 
(p=0.02), BDE-99-exposed mice (p=0.01) and Bromkal-exposed mice 
(p=0.02). Exposure to BDE-99 and Bromkal in non-infected mice, but not in 
infected, tended to decrease the TT4 levels. 

 
Figure 6. Free thyroxine (FT4) levels in the serum of non-exposed mice and mice 
exposed to BDE-99 or Bromkal, with or without CVB3 infection. The bar charts 
show the mean value ± S.D. of FT4 levels in each group. Bars not sharing a letter are 
significantly different (p�0.05).  
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Tissue distribution of PBDE during CVB3 infection 
(IV) 
The CVB3 infection increased the tissue levels of BDE-99 in the liver but 
not in serum (Figure 7). After oral exposure of 200 μg BDE-99/kg bw, 
CVB3 infection caused an increase (p=0.03) in the liver concentration of 
BDE-99. A similar infection-induced increase (p=0.06) in BDE-99 concen-
tration in the liver was also observed after oral exposure of the higher dose 
(20 mg BDE-99/kg bw). The serum concentration of BDE-99 was not af-
fected by the CVB3 infection, regardless of dose (Figure 7). 

 
Figure 7. The amount of radiolabelled 14C-BDE-99 presented in disintegrations per 
minute (DPM)/mg liver (left) and serum (right) after two orally administered doses 
(200 μg/kg bw or 20 mg/kg bw) in CVB3-infected and non-infected mice. 

Gene expression of NF-�B (V) 
Neither CVB3 infection nor BDE-99 exposure caused any significant differ-
ences in the gene expression of NF-�B. However, CVB3 infection clearly 
tended (p=0.07) to increase the NF-�B expression in the BDE-99-exposed 
mice and a weaker but similar tendency was present in non-exposed groups 
(p=0.21) (Figure 8). Thus, it is reasonable to assume that CVB3 infection 
affects the gene expression of NF-�B. However, there was no effect of BDE-
99 exposure on the gene expression of NF-�B. 
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Figure 8. The gene expression of NF-�B in the liver of controls, CVB3-infected 
mice, BDE-99-exposed mice and CVB3-infected mice exposed to BDE-99. The bars 
show median values of 2���CT for each group together with the interquartile range. 
Bars not sharing a letter are significantly different (p�0.05). 

The effect of PBDE on cytokine serum levels (III) 
In general, PBDE exposure caused a decrease in the serum levels of several 
cytokines/chemokines in non-infected animals, with this trend being most 
pronounced for IL-13, IFN-�, KC, MIP-1� and RANTES. In fact, in four out 
of five mice, a complete elimination to undetectable levels was observed for 
MIP-1�, RANTES and IL-13 in non-infected mice (Table 4). Statistical ana-
lysis (numerical values for the individuals with undetectable levels were set 
to the detection level) showed a significant decrease in IL-13 (p=0.02), MIP-
1� (p=0.01) and RANTES (p=0.01) levels after BDE-99 exposure. There 
also was a strong tendency of decreased IL-13, MIP-1� and RANTES levels 
after Bromkal exposure (Table 3).  

The only cytokines that were detectable after BDE-99 or Bromkal expo-
sure in non-infected mice were IFN-� and KC, and even for these cyto-
kines/chemokines, a PBDE-induced decrease in serum levels was observed. 
BDE-99 reduced the IFN-� levels (p=0.02) in the non-infected mice and a 
clear tendency of reduced KC levels was observed after BDE-99 exposure 
(Figure 9). Furthermore, exposure to Bromkal reduced the KC levels 
(p=0.02) in the non-infected mice. A tendency towards reduced IFN-� levels 
after Bromkal exposure was also evident. In CVB3-infected mice there were 
no obvious differences in gene expression of IFN-� or KC between non-
exposed mice and mice exposed to BDE-99 or Bromkal (Figure 9). 



 45

Table 4. Serum levels of cytokines/chemokines (pg/ml serum) in non-infected and 
CVB3-infected mice exposed to BDE-99 or Bromkal. 

Mouse Group IL-12p70 IL-13 IL-17 MIP1� RANTES 
1 Control 162.7 159.5 8.3 700.8 45.1 
2   141.8  696.2 47.4 
3   91.4  616.2 35.6 
4  157.4 186.5 4.3 709.8 47.2 
5  223.0 138.8  660.4 42.0 
6 BDE-99  93.1  451.7 33.9 
7       
8       
9       

10       
11 Bromkal      
12       
13       
14       
15  135.1 220.8 6.1 775.2 47.6 
16 CVB3   6.1 761.1 104.9 
17  8 137.3 19.2 1005.8 102.0 
18    5.8 405.0 63.5 
19     252.3 93.4 
21 CVB3 +   10.0 554.4 110. 
22 BDE-99    229.8 35.1 
23    17.4 442.9 88.3 
24   49.7 17.8 851.9 77.7 
25    20.9 808.2 109.3 
26 CVB3 +    378.3 96.3 
27 Bromkal   3.6 517.6 78.6 
28      75.7 
29    13.6 696.2 65.3 
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Figure 9. The serum levels of IFN-� (left) and KC (right) in non-infected and CVB3-
infected mice exposed to BDE-99 or Bromkal on day 3 post-inoculation. The bar 
charts show the median value + the interquartile range in each group. Bars not shar-
ing a letter are significantly different (p�0.05). The number of mice that expressed 
detectable levels of IFN-�/KC compared with the total number of mice in the test 
group is described underneath the bars. 

Gene expression of cytokines (IV, V) 
In the liver there was no effect of CVB3 infection or BDE-99 exposure on 
the gene expression of IFN-� (V). However, infection greatly increased the 
gene expression of MCP-1 in non-exposed mice (p=0.01) (V). However, the 
effect of BDE-99-exposure is unclear. In paper V there was no effect of 
BDE-99 exposure (20 mg/kg bw) in either CVB3-infected or in non-infected 
mice (Figure 10). In paper IV the CVB3 infection increased (p=0.03) the 
expression of MCP-1 in the liver of mice administered the lower dose of 
BDE-99 (200 μg/kg bw), but not (p=0.11) in mice receiving the higher dose 
(20 mg/kg bw) of BDE-99 (Figure 11). Thus, in paper IV there was a dose-
dependent decrease in MCP-1 expression.  
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Figure 10. The gene expression of MCP-1 in the liver of controls, CVB3-infected 
mice, BDE-99-exposed mice and CVB3-infected mice exposed to BDE-99. The bars 
show median values of 2���CT for each group together with the interquartile 
range. Bars not sharing a letter are significantly different (p�0.05). 

 
Figure 11. The effects of CVB3 infection on the gene expression of MCP-1 in the 
livers of mice exposed to 200μg BDE-99/kg bw or 20 mg BDE-99/kg bw. The bars 
show median values of 2���CT for each group together with the interquartile range. 
Bars not sharing a letter are significantly different (p�0.05). 
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Discussion 

Clinical signs of infection 
The CVB3 infection in mice is well described and the murine CVB3 models 
are well documented (Fairweather and Rose 2007; Ilback and Friman 2007a; 
Whitton 2002). The clinical signs of infection in the present series of studies 
were similar and characterised by ruffled hair and inactivity (Woodruff 
1980). In general, signs of disease started to appear from day 2 of the dis-
ease, which corresponds to the peak of viremia (Lundgren et al. 2009; 
Woodruff 1980). Male Balb/c mice are more susceptible than female Balb/c 
mice to CVB3-induced mortality and development of pathologic lesions 
(Gauntt et al. 1988). None of the mice died during infection, possibly be-
cause female mice were used. 

The effect of PBDE exposure on virus levels 
The peak of viremia in the present CVB3 infection model occurs around day 
3 post-inoculation at least in the pancreas and liver (Lundgren et al. 2009; 
Woodruff 1980). Thus, the studies in this thesis were performed during the 
peak of infection.  

The effect of PBDE exposure on virus levels is not entirely clear. In paper 
IV, CVB3-infected mice were exposed to two doses of BDE-99 (200 μg/kg 
bw or 20 mg/kg bw). There were higher virus levels in the livers of infected 
mice exposed to 20 mg BDE-99/kg bw compared with mice exposed to 200 
μg BDE-99/kg bw. Furthermore, it was recently shown that perinatal PBDE 
exposure increases the load of respiratory syncytial virus in mice (Watanabe 
et al. 2008).  

However, a significant effect of PBDE exposure on CVB3 virus replica-
tion in the liver in paper I, III and V could not be detected, although a ten-
dency for increased virus levels in the livers of PBDE-exposed mice was 
revealed in paper I. The lack of PBDE-induced effects on virus levels was 
also noted in paper II for the pancreas and lungs. It is possible that immu-
notoxic effects of PBDE, as shown in paper III, were blunted by the early 
acute-phase reaction. The infection in these studies may also be in a later 
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stage than in paper IV, implying that the effects of PBDE exposure may not 
yet be visible at the time of measurement. There were also large individual 
differences in virus levels, which are reflected in a quite large standard de-
viation/interquartile range. This may also have inhibited a possible PBDE-
induced effect, especially since infection occurs before PBDE exposure. 

If the PBDE exposure had occurred before the CVB3 infection, i.e. if the 
PBDE-induced reduction in cytokine levels, as shown in paper III, would 
have been present at the time of infection, a PBDE-induced effect on the 
virus levels may have occurred. For example, in the study by Watanabe et al. 
(2008) showing a PBDE-induced increase in virus levels, PBDE exposure 
occurred before infection. However, more studies have to be done before it 
is possible to draw any conclusions about the effects of PBDE on virus lev-
els and the clinical course of the disease. 

Pancreatic virus levels were almost 1,000-fold higher than in the liver, 
confirming that the pancreas is a major target organ of CVB3 infection. 

 

CYP enzymes 
In general the CYP enzymes, and thereby the metabolising capacity, were 
down-regulated by the CVB3 infection. As observed in paper I, II and V, the 
CYP enzymes were down-regulated during the CVB3 infection. It has previ-
ously been shown that protein synthesis of CYP enzymes in the liver is 
down-regulated during infection (Aitken et al. 2006; Darnerud et al. 2005; 
Ilback and Friman 2007; Morgan 1997). This down-regulation is very likely 
mediated by cytokines and chemokines produced during CVB3 infection 
since cytokines and chemokines can modulate the expression of specific 
CYP enzymes differently and selectively (Aitken et al. 2006; Morgan 1997), 
which may cause different effects on CYP enzymes in different target organs 
of infection (Ilback and Friman 2007; Morgan 1997). This phenomenon was 
observed in paper I, II and V. It is apparent that the effects of CVB3 infec-
tion on CYP2B10, and possibly on other PBDE-metabolising CYP enzymes, 
are organ specific. This down-regulation of CYP-enzymes in the liver could 
explain the higher tissue levels of BDE-99 in the livers of infected mice be-
cause the PBDE-metabolising enzyme CYP2B10 is down-regulated in the 
liver during CVB3 infection (I). The previously observed decrease in the 
tissue levels of PBDE in the lungs during CVB3 infection (Darnerud et al. 
2005) may be explained by the fact that the CVB3 infection induced up-
regulation of CYP2B10 expression in the lungs (II).  

The lack of gene expression of CYP enzymes in the pancreas (II) suggests 
an increased risk of bioaccumulation of PBDE in the pancreas. The pattern 
of CYP2B expression is similar in mice and humans (Ulrich et al. 2002). 
Studies in humans have shown that pancreatic expression of CYP2B and 
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CYP1A1 is weak, except in the Islet of Langerhans (Ulrich et al. 2002). The-
re is also a possibility that the CVB3-induced decrease in pancreatic tissue 
levels of PBDE is due to a decreased uptake rather than a change in metabo-
lising capacity.  

CYP2B10 
In general, PBDE exposure induced the gene expression of CYP2B and the 
corresponding PROD activity (I, II). Thus, the present results are in line with 
studies showing that CYP2B gene expression is inducible and might be in-
volved in the metabolism of PBDE (Fery et al. 2009; Klaassen et al. 2001; 
Meerts et al. 2000; Sanders et al. 2005). Moreover, PBDE have previously 
been shown to induce PROD activity in rodents (Hallgren and Darnerud 
2002). In addition, the activity after BDE-47 exposure in rats was dose-
dependent. However, in our infected mice the CYP2B gene expression and 
the corresponding PROD activity were decreased, which may be explained 
by a down-regulation of the gene expression and protein synthesis during 
infection (Aitken et al. 2006; Darnerud et al. 2005; Ilback and Friman 2007; 
Morgan 1997). There was no detectable gene expression in the pancreas 
suggesting that the pancreas has a limited capacity to metabolise compounds 
such as PBDE.  

A novel finding was that the CVB3 infection and the associated acute-
phase reaction affected the gene expression of CYP2B10 differently in the 
liver, lungs and pancreas. The mechanism underlying these organ-specific 
changes is presently not known but might be mediated via cytokines and 
chemokines since they can regulate CYP gene expression differently and 
selectively (Morgan 1997). The results presented in this thesis confirm and 
strengthen previous findings indicating that CYP2B10 is important for the 
metabolism of PBDE. 

CYP3A11 
There was no effect of PBDE exposure on the gene expression of CYP3A11 
(V). However, the corresponding enzyme activity (the BROD activity) was 
induced by PBDE exposure (V). BROD has previously been used as a spe-
cific substrate for CYP3A enzymes in murine models (Sun et al. 2007; Sun 
et al. 2006). Yet, some studies claim that a similarity in substrate specificity 
exists between CYP2B and CYP3A enzymes (Namkung et al. 1988; Nerur-
kar et al. 1993), suggesting that there may be a small overlap in substrate 
specificity. The transcription of both the metabolising enzymes CYP2B10 
and CYP3A11 is stimulated through the nuclear receptor PXR, as well as its 
human counterpart SXR. This observation, together with the previously ob-
served increase in the gene expression of CYP3A11 (Fery et al. 2009; Pa-
cyniak et al. 2007), in combination with the BDE-99 mediated increase in 
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BROD activity in the present study, suggests that also CYP3A11 may be 
involved in the metabolism of PBDE. 

CYP1A1 
No effects of PBDE exposure on the CYP1A1 expression in the liver were 
observed, except from an induction of CYP1A1 expression in non-infected 
mice exposed to BDE-99 (I). However, this induction was not reflected in 
terms of increased enzyme activity (I). A similar difference between 
CYP1A1 gene expression and EROD activity has previously been observed 
(Richardson et al. 2006). Furthermore, in the lungs and pancreas there were 
no significant effects of PBDE exposure on CYP1A1 in any group (II). 

A lack of induction in EROD activity after PBDE exposure has been 
shown in in vitro/ex vivo studies, as well as in antagonistic studies using co-
exposure with TCDD (Chen and Bunce 2003, 2004; Chen et al. 2001; Peters 
et al. 2006; Peters et al. 2004). Some studies have shown that PBDE, mainly 
as used technical mixtures, may induce CYP1A1 expression. Such an induc-
tion of CYP1A1 is most likely due to the presence of contaminants present 
in the PBDE mixture (Chen and Bunce 2003; Hanari et al. 2006; Sanders et 
al. 2005) since PBDE themselves are not considered as a dioxin–like con-
taminant, which is required for AhR activation (Van den Berg et al. 2006). 
Thus, CYP1A1 may be used as a marker for dioxin-like contaminant and the 
lack of CYP1A1 induction in the present study may indicate low concentra-
tions of contaminants in the PBDE preparations. Infection in both non-
exposed and PBDE-exposed mice tended to decrease the gene expression of 
CYP1A1 in the lungs, whereas a tendency of induction was observed in the 
pancreas. The present results strengthen the presumption that CYP1A1 is not 
involved in the metabolism of PBDE.  

Serum levels of thyroxine 
Exposure to PBDE tended to decrease the TT4 and FT4 levels (I), but this 
effect was less pronounced than in previous studies (Fowles et al. 1994; 
Hallgren et al. 2001; Hoppe and Carey 2007), possibly because of differ-
ences in study design. The dramatic decrease in TT4 and FT4 that was caused 
by the CVB3 infection may have suppressed a PBDE-induced effect on TT4 
and FT4 in infected mice. 

The mechanism underlying the suppression of TT4 and FT4 serum levels 
because of PBDE exposure could be a result of phase I biotransformation. It 
has been shown that the hydroxylated metabolites of PBDE compete with T4 
for the binding site on plasma transporter protein (TTR) which would affect 
T4 levels (Meerts et al. 2000). Induction of the constitutive androstane recep-
tor (CAR) affects the serum levels of T4. CAR is activated when a xenobiotic 
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compound, such as PBDE, binds to cytosolic receptor (Pacyniak et al. 2007). 
For example, the known CAR inducer phenobarbital (PB) induces TH con-
jugation pathways in a CAR-dependent manner, causing diminished T4 se-
rum levels (di Masi et al. 2009; Qatanani et al. 2005). Thus, CAR induction 
may also affect the T4 serum levels on top of the effect of hydroxylated me-
tabolites of PBDE. 

Tissue distribution of PBDE during CVB3 infection 
After exposure to the high dose (20 mg/kg bw), the tissue levels of BDE-99 
were approximately 100-fold higher in the liver and serum as compared with 
the low dose (200 μg/kg bw) (IV). Thus, it is reasonable to assume that there 
is a linear relationship between tissue levels of BDE-99 and the orally ad-
ministered dose, regardless of infection. However, infection at both doses of 
BDE-99 caused a further increase in the uptake of BDE-99 in the liver. The-
se results further strengthen the hypothesis that infection-induced changes in 
tissue levels of PBDE are caused by organ-specific changes in metabolising 
capacity because the liver, unlike blood, has a major metabolising capacity 
(Klaassen et al. 2001). 

The present results of an infection-induced decrease in detoxifying capac-
ity, but with no changes in serum levels, may have an important impact on 
future risk assessment of PBDE, and possibly of other xenobiotics as well. 

Consequently, there may be a reduced safety margin for infected indi-
viduals, even at low serum concentrations of BDE-99. Moreover, it is evi-
dent that a blood sample from individuals harbouring an infection does not 
represent the actual target organ exposure of PBDE. Thus, when estimating 
the risk for organ-specific adverse effects of PBDE, it may be essential to 
consider the health status of the individuals, i.e. whether they harbour acute 
or subclinical infections or whether they recently have had an infection. 

Gene expression of NF-�B 
In paper V, there was a clear tendency of an infection-induced increase in 
the gene expression of NF-�B in both BDE-99-exposed and non-exposed 
mice. To our knowledge, no previous studies have investigated how CVB3 
infection affects the murine gene expression of NF-�B in the liver. Previous 
investigations have been  in vitro studies focusing on the effect of CVB3 
infection on NF-�B activation on the protein levels (Esfandiarei et al. 2007; 
Saura et al. 2007).  

There is a consensus that NF-�B is generally activated by double-stranded 
RNA (dsRNA) generated in the cytosol of virus-infected cells (Liu et al. 
2002). Since CVB3 infection activates NF-�B at protein levels in vitro 
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(Esfandiarei et al. 2007), it is likely that CVB3 infection induces gene ex-
pression of NF-�B in vivo. 

The effect of PBDE on cytokine and chemokine serum 
levels 
PBDE drastically decreased the serum levels of several cytokines and che-
mokines in non-infected mice (III). In fact, only two cytokines/chemokines 
(KC and IFN-�) of the 21 tested were present in detectable levels in the se-
rum in the majority of non-infected mice exposed to PBDE. However, the 
PBDE-induced reduction in cytokine/chemokine serum levels was still nota-
ble (Figure 9).  

It is well known that xenobiotics can affect the immune system affecting 
the susceptibility to infection and disease. An association between thymic 
atrophy, splenic depletion and elevated body burdens of PCBs and PBDE 
has been shown in harbour porpoises, supporting the hypothesis of a con-
taminant-induced immunosuppression (Beineke et al. 2005). Furthermore, 
dose-dependent effects of TCDD exposure on the pathogenesis and mortality 
of various viral infections (such as influenza and CVB3) have been observed 
(Burleson et al. 1996; Funseth et al. 2002a; Funseth et al. 2002b; Warren et 
al. 2000). The results presented in this thesis indicate that PBDE causes a 
block in immune signalling with potentially harmful consequences. A lack of 
specific cytokines might create, for example, a slot for viruses to replicate 
and potentially even mutate into forms that are more virulent because im-
mune-mediated responses are impaired.  

The mechanism for a PBDE-induced reduction in serum cytokine levels is 
not known. However, the observed infection-induced increase in serum lev-
els may be linked to the NF-�B expression since NF-�B can regulate the 
transcription of several cytokine and chemokine genes (Bruno et al. 2002; 
Cnop et al. 2005; Hayden et al. 2006; Huber and Ramsingh 2004). Experi-
mental CVB3 infection increases the NF-�B expression (V) as do virus in-
fections in general. This is because NF-�B is activated by dsRNA that is 
generated in the cytosol of virus-infected cells (Huber and Ramsingh 2004). 
One possible mechanism for the PBDE-induced reduction in serum cytokine 
levels may be that PBDE somehow interferes with the NF-�B pathway. If 
this occurs, however, it has to be on the protein level or by affecting the ex-
pression of the NF-�B-inhibiting binding protein I�B. This is because PBDE 
exposure does not affect the gene expression of NF-�B. 
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Gene expression of cytokines 
MCP-1 
MCP-1 is induced by the CVB3 infection in both the liver (gene expression) 
(IV, V) and in serum (protein level) (III), with a peak on day 3 post-
inoculation (Lundgren et al. 2009). NF-�B can regulate the transcription of 
several cytokine and chemokine genes, including MCP-1 (Bruno et al. 2002; 
Cnop et al. 2005; Hayden et al. 2006; Huber and Ramsingh 2004); the in-
crease in MCP-1 expression is consistent with the clear tendency of in-
creased NF-�B expression (V). 

The effect of PBDE exposure on the gene expression of MCP-1 is un-
clear. In paper V, there was no effect of BDE-99 on the MCP-1 gene expres-
sion in the liver. However, in paper IV the gene expression of MCP-1 in the 
liver was induced by the CVB3 infection, but only evident at the lower 
BDE-99 dose (200 μg/kg bw), suggesting that BDE-99 exposure at high 
doses (20 mg/kg bw) may reduce the expression of MCP-1. Since the results 
are contradicting, further studies are needed before firm conclusions can be 
made. 

IFN-� 
No CVB3-induced induction of the gene expression of IFN-� on day 3 post-
inoculation was observed, even though IFN-� is a proinflammatory cytokine. 
It has been previously shown that the serum levels of IFN-� are not increased 
until day 6 post-inoculation in this CVB3 infection model (Lundgren et al. 
2009). Thus, the effect of CVB3 infection on the gene expression of IFN-� in 
the liver was similar to the one on protein level in serum suggesting that 
IFN-� is increased at a later stage of the infection (Lundgren et al. 2009). 
There was no effect of BDE-99 on IFN-� gene expression (V). On the other 
hand, we observed that the serum level of IFN-� was drastically reduced 
after PBDE administration in non-infected mice on day 3 post-inoculation 
(III). From these results, two explanations could be suggested. One is that 
there may be an actual difference between the tissue expressions of IFN-� (in 
the liver) and the actual serum protein levels of IFN-�. Another explanation 
could be that the gene expression is not as stable as the serum protein level. 
The regulation of gene expression is assumed to be rapidly switched on or 
off and may suppress a possible effect of PBDE on gene expression level. 
Thus, further studies are needed before a firm conclusion can be drawn about 
the effects of interactions between infection and PBDE on IFN-� gene ex-
pression. 
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Concluding remarks 

It has been suggested that cumulative environmental insults from chemicals 
may affect the clinical course and outcome of an infection and that it may 
even potentiate a persistent virus to induce autoimmune diseases (Tishon and 
Oldstone 1987; Toniolo et al. 1980). Various potentially toxic chemical sub-
stances to which an individual is exposed are distributed quantitatively dif-
ferently in the body of infected mice compared with the distribution in 
healthy mice, which may also affect the toxicity of the compound 
(Abramsson-Zetterberg et al. 2005; Darnerud et al. 2005; Funseth and Ilback 
1994; Ilback et al. 1992a; Ilback et al. 1992b). This thesis demonstrates that 
CVB3 infection affects the fate and the actual organ exposure of PBDE and 
vice versa. 

The effect of CVB3 infection on the metabolising capacity of PBDE was 
shown to be organ specific. The metabolising CYP2B10 enzyme, as well as 
other CYP enzymes, was down-regulated by the CVB3 infection in the liver 
(I). This down-regulation was likely mediated by cytokines and chemokines 
produced during CVB3 infection. Cytokines and chemokines are known to 
modulate the expression of specific CYP enzymes differently and selectively 
(Aitken et al. 2006; Morgan 1997). However, infection increased the PBDE 
metabolising capacity in the lungs but did not cause any effects on these 
CYP enzymes in the pancreas (II). In addition, in the lungs a correlation was 
established between the gene expression of CYP2B10 and the levels of virus 
(II).  

Because the PBDE-metabolising enzyme CYP2B10 was down-regulated 
in the liver during CVB3 infection, the organ-specific effects on the metabo-
lising capacity of PBDE may explain the higher tissue levels of PBDE in the 
livers of infected mice (I, IV). Consequently, there may be a reduced safety 
margin for infected individuals when concomitantly exposed to potentially 
toxic chemical substances. A previously observed decrease in the tissue lev-
els of PBDE in the lungs during CVB3 infection (Darnerud et al. 2005) may 
be explained by the infection-induced up-regulation of CYP2B10 expression 
in the lungs (II). The results presented in this thesis indicate that blood sam-
ples do not represent the actual target organ exposure of PBDE in the liver 
since the serum levels of PBDE were not affected by the CVB3 infection 
(IV). Thus, when estimating the risk for organ-specific adverse effects of 
PBDE, it may be essential to consider the health status of exposed individu-
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als, i.e. whether they harbour acute or subclinical infections or whether they 
recently have had an infection. 

The results from this thesis not only suggest that infection may affect the 
fate of PBDE but also that PBDE may affect the severity of an infection by 
interfering with the immune system. PBDE drastically decreased the serum 
levels of several cytokines and chemokines in non-infected mice (III). In 
fact, there were only two cytokines/chemokines (i.e. KC and IFN-�) out of 
21 tested that were present at detectable levels in the serum in the majority 
of non-infected mice that were exposed to PBDE. It seems reasonable to 
assume that this decrease in cytokine/chemokine levels could have affected 
some arms of the immune system, leading to effects on viral replication. 
Accordingly, higher virus levels were detected in the liver of infected mice 
exposed to 20 mg BDE-99/kg bw than in the mice exposed to 200 μg BDE-
99/kg bw (IV). Furthermore, it was recently shown by other investigators 
that perinatal PBDE exposure to mice increases the load of respiratory syn-
cytial virus (Watanabe et al. 2008). However, some results presented in this 
thesis suggest that there are no differences in virus levels in the liver be-
tween PBDE-exposed and non-exposed mice (I, V). Consequently, it is pos-
sible that the observed immunotoxic effects of PBDE in these studies were 
suppressed by the early infected-induced acute-phase reaction. It is also pos-
sible that PBDE-induced effects on virus replication are not visible at this 
stage of the disease. Thus, more research has to be done before any conclu-
sions can be made. Nevertheless, the observed PBDE-induced drastic reduc-
tion in cytokine/chemokine levels in the serum of non-infected mice is a 
novel finding. Such a PBDE-caused block in immune-mediated signalling 
could have serious and harmful consequences on the severity of the infection 
as well as on the metabolism of PBDE. 

PBDE causes a block in immune signalling with potentially harmful con-
sequences. A lack of specific cytokines might create, for example, a slot for 
viruses to replicate and potentially even mutate into forms that are more 
virulent because immune-mediated responses are impaired. Further studies 
are therefore required to elucidate the long-term effects of PBDE exposure 
on the course and complications of the present and other infections. Thus, 
both viral and bacterial inflammatory conditions mediated by cytokines and 
chemokines can also result in differential regulation of P450 isoforms in the 
liver (Morgan 1997).  

There is a consensus that NF-�B is generally activated by double-stranded 
RNA (dsRNA) generated in the cytosol of virus-infected cells (Liu et al. 
2002). Since CVB3 infection activates NF-�B at protein levels in vitro 
(Esfandiarei et al. 2007; Saura et al. 2007), it is likely that CBV3 infection 
induces gene expression of NF-�B in vivo (V). 

NF-�B activation is known to affect the expression of CYP-mRNA levels, 
including CYP2B1 and CYP3A11, as well as the corresponding enzyme 
activity (Abdulla et al. 2005; Zhou et al. 2006). In addition, NF-�B regulates 
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the transcription of several cytokine and chemokine genes, including MCP-1 
(Bruno et al. 2002; Cnop et al. 2005; Hayden et al. 2006; Huber and Ram-
singh 2004). Furthermore, other halogenated pollutants, such as TCDD, af-
fect the NF-�B pathway (Bruno et al. 2002). Thus, a reasonable hypothesis 
would be that the PXR/CAR - NF-�B axis provides a molecular explanation 
for the results presented in this thesis. 

In conclusion, the results presented in this thesis show that the toxic po-
tency of PBDE may be altered if the individual harbours an infection. Expo-
sure to PBDE may also affect the fate of a common virus infection since 
PBDE exposure drastically reduces serum levels of several cyto-
kines/chemokines. A future area of research might be to identify the molecu-
lar mechanism underlying these interaction effects. One possible mechanism 
might be the PXR/CAR - NF-�B axis; further investigation of this pathway 
would be of considerable relevance to study in this context, as well as how 
PBDE exposure affects viral replication. Such studies could be performed in 
a new experimental model in which PBDE is administered at various times 
before initiation of the CVB3 infection. 
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Summary in Swedish 

Människor kommer dagligen i samtidig kontakt med miljöföroreningar och 
mikroorganismer. Det finns samverkanseffekter mellan en ökande förekomst 
av potentiellt sett skadliga kemiska ämnen i mat och miljö och mikroorga-
nismer. Detta kan utvecklas till ett växande hälsoproblem. Ett ogynnsamt 
samspel mellan infektion och kemikalier kan även öppna för ett nytt eller 
förändrat sjukdomspanorama, speciellt i ljuset av att framtida klimatföränd-
ringar även kan förändra förekomst av och egenskaper hos patogena mikro-
organismer i samhället. 

Coxsackievirus B3 (CVB3) är ett i samhället vanligt förekommande virus 
som kan orsaka inflammation i pankreas och hjärtmuskeln och eventuellt 
också typ 1 diabetes. Bromerade flamskyddsmedel är vanligt förekommande 
miljöföroreningar i mat och miljö. Den grupp bromerade flamskyddsmedel 
som studeras i avhandlingen är polybromerade difenyleterar (PBDE). PBDE 
har använts kommersiellt under lång tid och har förutom i mat och miljö 
även påvisats i mänsklig vävnad och bröstmjölk. I avhandlingen studeras vad 
CVB3-infektionen och samtidig exponering för PBDE får för effekter på 
bl.a. metaboliserade enzym, immunförsvaret, vävnadsdistribution av PBDE 
och virus replikation. 

Det övergripande syftet med avhandlingen var att i experimentella infek-
tionsmodeller studera samverkanseffekter av CVB3-infektion och samtidig 
PBDE-exponering. Mer specifikt var frågeställningarna: 
• Påverkar CVB3-infektion kroppens PBDE-metabolisernade kapacitet i 

form av olika enzym i cytokrom P450-systemet (CYP2B10, CYP3A11 
och CYP1A1)? 

• Förändrar CVB3 infektion halterna av PBDE i kroppens organ samt är 
dessa eventuella ändringar dosberoende och/eller organspecifika? 

• Påverkar PBDE-exponering immunförsvaret och infektionens svårighets-
grad? 

• Finns det en koppling mellan virusinfektion, immunrespons och metaboli-
serande kapacitet, exempelvis genom transkriptionsfaktorn NF-�B? 

Avhandlingen visar att CVB3-infektion minskar kroppens förmåga att göra 
sig av med kemikalier, så som PBDE, eftersom den metaboliserande kapaci-
teten i levern minskar. Vidare visas att effekten på de metaboliserande en-
zymerna är organspecifik, t.ex. ökar infektionen den metaboliserande kapaci-
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teten i lungorna. Denna ökade metabolism i form av ökat genuttryck av 
CYP2B10 i lungorna var relaterad till ökande virushalter i samma organ. 
Detta kan förklara att CVB3- infektion också leder till organspecifika för-
ändringar i vävnadsdistributionen av PBDE, något som också visas i avhand-
lingen. I levern leder en CVB3 infektion till att PBDE-halterna ökar. I serum 
däremot påverkar inte infektionen PBDE-halterna. Det innebär att mängden 
PBDE som olika organ utsätts för beror av om man samtidigt bär på en in-
fektion. Detta styrker också hypotesen om att förändringarna i vävnadsdis-
tribution beror på förändrad metabolism då blodet har en mycket begränsad 
metabolisk kapacitet. Vidare betyder det att man inte kan detektera förhöjda 
organhalter av PBDE med ett enkelt blodprov eftersom infektionen inte på-
verkar halterna i serum. PBDE-exponering påverkar också immunförsvaret. I 
avhandlingen visas att PBDE-exponering resulterar i lägre halter av många 
cytokiner och kemokiner, immunförsvarets signalsubstanser, i blodet vilket i 
ett delarbete även resulterade i högre virusnivåer.  

Avhandlingen styrker hypotesen att enzymet CYP1A1 inte är inblandat i 
metabolismen av PBDE men att CYP2B10 med stor sannolikhet är det. Vi-
dare tyder data på att även CYP3A11 är inblandat i metabolismen av PBDE 
men fler studier måste göras för att helt klargöra dess roll i metabolismen av 
PBDE. En möjlig molekylär förklaring till de effekter som presenteras i av-
handlingen kan vara effekter medierade via transkriptionsfaktor NF-�B som 
reglerar gener för bl.a. cytokinproduktion och metaboliserande CYP-
enzymer, däribland CYP2B10. I avhandlingen visas exempelvis att genut-
trycket av NF-�B ökar vid CVB3 infektion.  

Sammanfattningsvis visar avhandlingen att i vanliga fall harmlösa mäng-
der av potentiellt sett skadliga ämnen kan utgöra en större hälsorisk om indi-
viden samtidigt bär på eller utsätts för en infektion. Dessutom orsakar 
PBDE-exponering en försämring av immunförsvaret då nivåerna av flera 
cytokiner och kemokiner nedregleras vilket verkar resultera i högre virushal-
ter. Således verkar exponering för kemikalier vara en parameter som kan 
påverka hur allvarligt en vanlig infektion utvecklas. 
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