
A
B
C
D
E
F
G

UNIVERS ITY OF OULU  P.O.B . 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Senior Assistant Jorma Arhippainen

Lecturer Santeri Palviainen

Professor Hannu Heusala

Professor Olli Vuolteenaho

Senior Researcher Eila Estola

Director Sinikka Eskelinen

Professor Jari Juga

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-9782-3 (Paperback)
ISBN 978-951-42-9783-0 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1150

AC
TA

M
ari M

urtom
aa-H

autala

OULU 2012

D 1150

Mari Murtomaa-Hautala

SPECIES-SPECIFIC EFFECTS 
OF DIOXIN EXPOSURE ON 
XENOBIOTIC METABOLISM 
AND HARD TISSUE IN VOLES

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU, FACULTY OF MEDICINE,
INSTITUTE OF BIOMEDICINE, DEPARTMENT OF PHARMACOLOGY AND TOXICOLOGY;
INSTITUTE OF BIOMEDICINE, DEPARTMENT OF ANATOMY AND CELL BIOLOGY;
UNIVERSITY OF OULU, THULE INSTITUTE, CENTER FOR ARCTIC MEDICINE;
NATIONAL INSTITUTE FOR HEALTH AND WELFARE, DEPARTMENT OF ENVIRONMENTAL HEALTH





A C T A  U N I V E R S I T A T I S  O U L U E N S I S
D  M e d i c a  1 1 5 0

MARI MURTOMAA-HAUTALA

SPECIES-SPECIFIC EFFECTS OF 
DIOXIN EXPOSURE ON 
XENOBIOTIC METABOLISM AND 
HARD TISSUE IN VOLES

Academic dissertation to be presented with the assent of
the Doctoral Training Committee of Health and
Biosciences of the University of Oulu for public defence
in Auditorium F202 of the Department of Pharmacology
and Toxicology (Aapistie 5), 4 April 2012, at 12 noon

UNIVERSITY OF OULU, OULU 2012



Copyright © 2012
Acta Univ. Oul. D 1150, 2012

Supervised by
Research Professor Arja Rautio
Docent Matti Viluksela
Professor Juha Tuukkanen

Reviewed by
Professor Hannu Raunio
Professor Bjørn Munro Jenssen

ISBN 978-951-42-9782-3 (Paperback)
ISBN 978-951-42-9783-0 (PDF)

ISSN 0355-3221 (Printed)
ISSN 1796-2234 (Online)

Cover Design
Raimo Ahonen

JUVENES PRINT
TAMPERE 2012



Murtomaa-Hautala, Mari, Species-specific effects of dioxin exposure on xenobiotic
metabolism and hard tissue in voles. 
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Abstract

The evaluation of the effects and levels of contaminants in wildlife is an essential part of assessing
risks for chemical exposure in the environment. Although the circumstances are not as controlled
as in laboratory, wildlife studies offer the concept of environmental exposure in its entirety, with
all the natural variation. 

In the present study, two wild vole species, bank vole (Myodes glareolus) and field vole
(Microtus agrestis), were used in assessing environmental levels of dioxins. The effects of dioxin
exposure on tooth and bone development were studied in order to determine whether they could
be used as biomarkers for environmental exposure. Xenobiotic metabolism activity after dioxin
exposure – both natural and experimental – was studied by quantifying selected cytochrome P-450
(CYP) enzymes. 

The results confirmed the fact that dioxins are ubiquitous in the environment, also in areas far
from contaminant sources and human activity. The development of the third molar in bank vole
was found to be a sensitive biomarker for dioxin exposure. The two vole species under study do
not respond similarly to environmental concentrations of dioxins; there were significant
differences in body burdens and activity levels of xenobiotic metabolizing enzymes. 

Keywords: bank vole, bone, cytochrome P450, dioxins, field vole, molar, xenobiotic
metabolism
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Tiivistelmä

Haitallisten kemikaalien tason ja vaikutusten arviointi ympäristössä on olennainen osa kemikaa-
lien riskin arviointia. Vaikka laboratoriossa olosuhteita kontrolloidaan ja tutkimukseen vaikutta-
va variaatio on paremmin hallittavissa, luonnonvaraisten lajien tutkiminen luo kokonaisvaltai-
sen ja todenmukaisen kuvan ympäristön kemikaalialtistuksesta kaikkine todellisine vaihtelui-
neen. 

Tässä väitöskirjassa tarkastellaan kahden luonnonvaraisen pikkunisäkkään, metsämyyrän
(Myodes glareolus) ja peltomyyrän (Microtus agrestis), käyttöä ympäristön kemikaalitason ar-
vioinnissa. Pääpaino on dioksiinien kaltaisissa yhdisteissä. Työssä tutkitaan yhdisteiden kerty-
mistä myyriin kahdessa ympäristössä: voimakkaasti dioksiineilla saastuneella maa-alueella sekä
kaukana ihmistoiminnasta sijaitsevassa erämaassa. Herkiksi tiedettyjä vasteita – hampaiden ja
luiden kehitystä – käytetään dioksiinialtistuksen indikaattoreina. Vierasainemetaboliasta vastaa-
vien entsyymien (sytokromi P450 eli CYP) aktiivisuutta kartoitetaan molemmilla myyrälajeilla,
jotta saadaan tietoa entsyymien indusoinnista luonnonvaraisilla myyrillä yleensä ja selvitetään
havaittuja lajien välisiä eroja dioksiinivasteissa. 

Tulokset vahvistavat, että dioksiinit ovat laajalle levinneitä yhdisteitä, joita löytyy paitsi lä-
heltä päästölähdettä myös kaukana ihmistoiminnasta olevilta alueilta. Metsämyyrällä kolman-
nen poskihampaan kehitys osoittautuu herkäksi dioksiinialtistuksen biomarkkeriksi. Samasta
elinympäristöstä huolimatta tutkituista myyrälajeista mitatut dioksiinipitoisuudet eroavat huo-
mattavasti toisistaan, samoin kuin vierasainemetaboliasta vastaavien entsyymien aktiivisuus ja
niiden induktio TCDD-altistuksen jälkeen. 

Asiasanat: dioksiinit, luu, metsämyyrä, peltomyyrä, poskihammas, sytokromi P450,
vierasainemetabolia





 

 “We do not inherit the earth from our ancestors; we 
borrow it from our children." 
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PXR pregnane X receptor 

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin 

TEF toxic equivalency factor 

TEQ toxic equivalent quantity or TCDD equivalent quantity 

XRE xenobiotic response element 

WHO World Health Organization 
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1  Introduction 

Environmental pollution, as we know it today, has been among us since the 

industrial revolution in the 1700s. Polychlorinated dibenzo-p-dioxins and –furans 

(PCDD/Fs), and some polychlorinated biphenyls (PCBs) belong to a group of 

persistent environmental pollutants commonly referred to as dioxins. As lipophilic 

compounds, dioxins bioaccumulate in organisms and biomagnify in the food 

chain (Loonen et al. 1996, Korhonen et al. 1997). The general public has 

probably become aware of dioxins after extensive exposure of a human 

population by accidents such as an explosion in a chemical plant producing 

trichlorophenol in Seveso, Italy in 1976 (Bertazzi et al. 1998), or the use of Agent 

Orange as a defoliant during the Vietnam War (Hites 2011, Stone 2007). Dioxins 

are ubiquitous in the environment, mainly due to their formation in combustion 

processes in the presence of chlorine and with metal catalysts, and the use of 

dioxin-contaminated chemicals between the 1950’s and the 1970’s. Although 

since that time the environmental levels have been declining, dioxins are still 

widely found in different compartments of the environment.  

Once the dioxin or any other foreign substance enters the body, it becomes 

available for detoxification by xenobiotic metabolic pathways that transform the 

lipophilic compounds into hydrophilic metabolites. The first part of this metabolic 

pathway is catalyzed mainly by cytochrome P450 (CYP)-enzymes, members of 

an enzyme superfamily consisting of thousands of enzymes. A number of CYP 

forms exhibit species differences in substrate specificity, which is reflected in the 

variety of patterns of contaminant accumulation and toxicological effects among 

species (Oesch & Arand 1999). Thereby, the well studied and documented 

properties of CYP expression and activity in experimental animals and humans 

give only a suggestion of the involvement and properties of CYP enzymes in 

xenobiotic metabolism of wildlife species. 

The evaluation of the effects and levels of contaminants in wildlife is an 

essential part of assessing risk also for human health. Although the circumstances 

are not as controlled as in the laboratory, wildlife studies offer the concept of 

environmental exposure in its entirety, with all the natural variation included. 

Small mammals, such as voles, are suitable monitors to estimate contamination of 

the terrestrial environment. They are well-adapted to their environment, easy to 

catch, and have a reasonably short life span and a territory of limited range, which 

make them ideal for monitoring contamination in specific areas (Talmage & 

Walton 1991).  
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This study was undertaken to evaluate the use of wild vole species as 

indicators of environmental dioxin levels and to find suitable biomarkers to show 

the effects of dioxin exposure. Furthermore, related to the levels and effects of 

dioxins, the species-specific induction of CYP-enzymes after exposure was 

examined.   
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2 Review of the literature 

2.1 Dioxins 

The common term “dioxins” usually refers to the group of chemicals that are 

structurally related, persistent in the environment, accumulative in the food chain 

and that share a common mechanism of toxic action. This group includes 

polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans 

(PCDFs) and the coplanar, “dioxin-like” polychlorinated biphenyls (PCBs) 

(Mandal 2005, Schecter et al. 2006). Although the number of possible congeners 

within these groups of chemicals is high – in total 75 PCDDs, 135 PCDFs and 

209 PCBs – a limited number of stereoisomers are considered to be toxic dioxins 

or dioxin-like compounds by the World Health Organization. This toxic group 

consists of 7 PCDDs, 10 PCDFs and 12 PCBs (Kulkarni et al. 2008, Mandal 

2005, Schecter et al. 2006, Van den Berg et al. 2006). Dioxins comprise two 

polychlorinated benzene rings interconnected by two oxygen bridges (PCDD), a 

carbon-carbon bond and an oxygen bridge (PCDF), or a single carbon-carbon 

bond (PCB) (Fig. 1). 

The history of dioxin production dates back to the 19th century and 

industrialization. Although PCDD/PCDFs can be formed by natural processes 

such as volcanic eruptions and forest fires, they are unintentionally produced by-

products of industrial processes, including chlorine bleaching of paper and pulp, 

and the manufacture of some pesticides, herbicides and fungicides. One of the 

most well-known examples is “Agent Orange” used as a defoliant in the Vietnam 

War. Agent orange contained the herbicide 2,4,5-trichlorophenoxyacid, but also 

relatively high concentrations of TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) 

(Hites 2011, Stone 2007). Currently, uncontrolled combustion, including waste 

incineration, is the largest contributor to PCDD/Fs release (reviewed e.g. by 

Kulkarni et al. 2008, Srogi 2008). The prototype for the family of dioxins is 

(TCDD), the most potent of the halogenated organic pollutants. In 1997 TCDD 

was classified as a human carcinogen (Group 1) by the International Agency for 

Research on Cancer (IARC 1997), although this classification has been somewhat 

controversial (Boffetta et al. 2011, Cole et al. 2003) but also supported (Steenland 
et al. 2004). 

Unlike PCDD/Fs, PCBs have been produced for commercial use from the 

early 20th century and have been used in a variety of applications; electronic 
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appliances, heat-transfer systems, hydraulic fluids, coatings, inks, flame 

retardants and paints. They exist invariably as mixtures, and always along with 

dioxin-like PCBs in the environment (Giesy & Kannan 1998, White & Birnbaum 

2009), and seldom with the absence of TCDD. Due to their persistence in the 

environment, the use of PCBs in open applications was widely banned in the 

1970s, and unintentional production and use was globally banned by the 

Stockholm convention adopted in 2001 and entered into force in 2004. They can 

still be used in closed systems, such as capacitors and transformers. However, this 

use will decrease over time, and at present, waste disposal seems to be the major 

source of PCB emissions. 

 

Fig. 1. Chemical structures of PCDDs, PCDFs and PCBs. 

2.1.1 Mechanism of action  

It seems clear that the majority of the toxic and biochemical effects associated 

with TCDD and its stereoisomers are mediated by binding to the aryl hydrocarbon 

receptor (AhR), a ligand-activated transcription factor (Poland & Knutson 1982) 

belonging to the basic helix-loop-helix/PAS trancription factor family (Gu et al. 
2000). AhR is a highly conserved protein among vertebrates, and a related 

proteins have also been identified in invertebrate species, such as Drosophila and 

C. elegans (Hahn 2002). It is situated in the cytosol together with two molecules 

of Hsp90, p23 and the immunophilin-like protein XAP2 (Petrulis & Perdew 2002) 

(Fig. 2). Once the ligand (dioxin) has bound to the AhR, the complex dissociates 
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and the ligand-bound AhR is transported in to the nucleus. The ligand-receptor 

complex dimerizes with the aryl hydrocarbon receptor nuclear translocator 

(ARNT), the dimer binds to DNA at sites called xenobiotic response elements 

(XREs, also called dioxin response elements, DREs), which results in induction 

or repression of a diverse array of genes (Denison & Nagy 2003, Whitlock 1999). 

The endogenous role of AhR is suggested to involve cell-cycle control and tumor 

suppression in various tissues (Marlowe & Puga 2005, Singh et al. 2009). 

The biological and toxic outcomes of acute and chronic exposure to dioxins 

vary widely in a species-, strain-, age-. gender-, tissue- and dose-specific manner 

(Pohjanvirta & Tuomisto 1994, Van den Berg et al. 1994), and the molecular basis 

for wide inter- and intraspecies differences seems to be related to the 

polymorphism of AhR (Abel & Haarmann-Stemmann 2010, Pohjanvirta et al. 
2011, Swanson & Bradfield 1993).  

 

 

Fig. 2. Simplified pathway of AhR signaling. Abbreviations: AhR, Aryl hydrocarbon 

receptor; L, ligand; Arnt, AhR nuclear translocator; Hsp90, 90 kDa heat shock protein; 

XRE, xenobiotic responsive element; XAP2, 38 kD tetratricopeptide repeat protein of 

the immunophilin family. 
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Toxic equivalency factor 

Dioxins and dioxin-like PCBs are found in the environment as complex mixtures 

of various congeners. Concentrations of these congeners differ from one trophic 

level to another, depending on the different environmental fates of compounds 

with different solubilities, volatilities and rates of degradation or metabolism. The 

complex nature of dioxins and dioxin-like PCBs complicate risk evaluation for 

humans and wild life. Although individual compounds have similar mechanisms 

of action via the AhR, they exhibit variable toxic potency, which has led to the 

development of a relative potency ranking system, a Toxic Equivalency Factor 

(TEF)(Finley et al. 2003, Van den Berg et al. 1998, van den Berg et al. 2000, Van 

den Berg et al. 2006). The toxicity of each congener is compared to the most toxic 

congener, 2,3,7,8-TCDD, which has been given the value of 1. TEF is less than 1 

for all other compounds, except 1,2,3,7,8-PeCDD, for which the value is also 1. 

The current WHO-TEFs are assigned based on all the available data for a dioxin-

like chemical compared to TCDD. In the case of a dioxin mixture – as found in 

the environment and biological tissues – the total toxic equivalence factor (TEQ) 

can be calculated by multiplying individual TEF values by the concentration of 

each congener. There are limitations associated with the concept of TEFs, such as 

the possible additive and antagonistic interactions between dioxin-like and non-

dioxin-like congeners, the interspecies variation in responsiveness, and 

differences in the shape of the dose-response curves for individual AhR agonists 

(van den Berg et al. 2000). 

2.1.2 Environmental fate 

Once dioxins are released into the environment they become distributed between 

different environmental compartments. Dioxins are semivolatile compounds that 

can be found in the atmosphere both in a gaseous phase and bound to particles. 

This is depending on prevailing environmental conditions, especially on 

temperature, and the compounds undergo a continual exchange between the 

particles and the vapor phase. Dioxins in the vapor phase can be transformed to 

less toxic compounds by photodegradation, although the degree of these reactions 

is not well quantified (Atkinson 1991, Brubaker & Hites 1997). Dioxins are found 

in areas with no local source, such as the remote Arctic, suggesting that they are 

available for long-range transport (Gouin et al. 2004, Wania 2003). 
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From the atmosphere, dioxins are transported to terrestrial and aquatic 

environments mainly by wet and dry deposit. Some of the deposited dioxins can 

be returned to the atmosphere by revolatilization or resuspension. Soil run-off can 

transfer dioxins from terrestrial to aquatic environments. Due to their lipophilicity 

and low water solubility, dioxins in soil and sediment are bound to particulate and 

organic matter (Adams & Blaine 1986). Degradation is slow and the compounds 

may persist for years, meaning that soil and sediments constitute the greatest 

reservoirs of dioxins. Over extended timescales they can be further released by 

both natural and anthropogenic processes (Sinkkonen & Paasivirta 2000).  

Dioxins are lipid soluble compounds that bioaccumulate in organisms, 

especially in adipose tissue and, as a consequence of their lipophilicity and 

resistance to degradation, they are generally biomagnified in food-chains 

(Domingo & Bocio 2007, Isosaari et al. 2002, Kiviranta et al. 2002).  

2.1.3 Dioxins in humans and experimental animals  

Humans are exposed to dioxins mainly in food – meat and milk products 

providing the largest contribution to daily intake (Larsen 2006, Liem et al. 2000, 

Parzefall 2002). In Finland the main exposure source is fish and fish products, 

especially greasy fish from the Baltic Sea, such as herring (Clupea harengus 
membras) and salmon (Salmo salar) (Kiviranta et al. 2000, Kiviranta et al. 2004). 

The daily intake for adults has been estimated to be 1–3 pg/kg/day, depending 

highly on the diet (USEPA, 2000). In spite of a huge amount of data from the 

field of dioxin research, a general agreement on the most sensitive and relative 

endpoints for human risk assessment is still lacking. According to the U.S. 

Environmental Protection Agency (USEPA), the acceptable daily dose of dioxins 

is 0.001–0.01 pg TCDD/kg/day, based on human data from highly exposed 

industrial cohorts, whereas the WHO compiled a revised tolerable daily intake of 

1–4 pg/kg/day(van Leeuwen et al. 2000), based on developmental alterations at 

low doses in animal studies. 

The most described symptom of acute exposure in humans is chloroacne, a 

severe acneiform skin disease (Mocarelli et al. 1986, Saurat et al. 2011). Long-

term toxicological effects of dioxin exposure rest mainly on epidemiological 

studies in accidentally exposed populations. A link has been suggested between 

TCDD and cardiovascular disease, certain types of cancer, diabetes, 

endometriosis, a decreased male/female birth ratio and dental defects (Alaluusua 
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et al. 2004, Baccarelli et al. 2005, Eskenazi et al. 2002, Michalek & Pavuk 2008, 

Panteleyev & Bickers 2006, Pelclova et al. 2006, Sweeney & Mocarelli 2000). 

In laboratory animals, TCDD have been reported to produce a vast variety of 

adverse biological responses including immunotoxicity, reproductive and 

endocrine effects, developmental toxicity, lethality, wasting, liver toxicity, 

teratogenesis, tumor promotion and cancer (Birnbaum 1994, Birnbaum & 

Tuomisto 2000, Pohjanvirta & Tuomisto 1994), as well as behavioral alterations 

(Carvalho & Tillitt 2004, Schantz & Bowman 1989, Unkila et al. 1995, Widholm 
et al. 2003).  

2.1.4 Dioxins in wildlife 

In wildlife, a clear cause and effect relationship between detected adverse effects 

and contaminant exposure is often difficult to demonstrate. Further, as wild 

species are invariably exposed to mixtures of chemicals rather than a single 

compound, potential synergistic and antagonistic activity may contribute to the 

final outcome. The monitoring of dioxin levels in the environment is variable but 

is somewhat regular especially in species that are consumed as human food, such 

as fish in the Baltic Sea (Isosaari et al. 2006, Kiviranta et al. 2003, Niemirycz & 

Jankowska 2011, Shelepchikov et al. 2008, Simm et al. 2006), moose, and semi-

domestic reindeer in Lapland (Suutari et al. 2009, Suutari et al. 2011). Some 

reports exists on dioxins and related compounds in birds and marine mammals 

(Sonne 2010, Tanabe 2002), showing that very high concentrations, up to 40 000 

TEQ/pg/g fat, have been detected in wild life. However, often PCDD/Fs are 

excluded when analyzing and estimating the effects of environmental 

organohalogen contaminant (OHCs) levels, probably due to the low 

concentrations in biological tissues and costly analyses. Other groups of 

organohalogens such as PCBs, polybrominated diphenylethers (PBDEs), and 

organochlorine pesticides are widely studied in wild life, and comprehensively 

reviewed (Braune et al. 2005, Fox 2001, Fox 2001, Letcher et al. 2010). OHCs 

exposure related detrimental effects on development, reproduction(Hamlin & 

Guillette 2010), vitamin levels (Mos et al. 2007), endocrine functions (Routti et 
al. 2010, Vos et al. 2000), immune and skeletal systems (Bergman et al. 1992, 

Roos et al. , Sonne 2010), as well as behavior are reported. 
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2.2 Xenobiotic metabolism 

A xenobiotic is a foreign chemical or material that is not naturally produced nor 

normally considered a constitutive component of a specified biological system 

(Newman & Unger 2003). Once a foreign compound enters the body, it becomes 

available for biotransformation, the biologically mediated process where 

lipophilic compounds are transformed into hydrophilic metabolites that can be 

excreted from the body. Biotransformation involves enzymatic catalysis, which 

can be separated into Phase I and Phase II reactions (Fichtl 1999, Hodgson & 

Goldstein 2001, Xu et al. 2005). In Phase I the chemical is modified by adding or 

revealing a functional group, which can be further used to attach a conjugate in 

Phase II. Biotransformation reactions of Phase II include glucuronidation, 

sulfation, acetylation, methylation and conjugation with glutathione and amino 

acids. The compound is thus converted into a highly hydrophilic form that can 

easily be excreted from the body in urine or with bile (Fichtl 1999, Oesch & 

Arand 1999, Rose & Hodgson ). 

A major proportion of known Phase I reactions are regulated by cytochrome 

P450 enzymes.  

2.2.1 Cytochrome P450 enzymes 

Cytochrome P450 (CYP) enzymes form a superfamily of heme-containing mono-

oxygenases, which are involved in the biosynthesis of several important 

physiological compounds, such as steroids, fatty acids, eicosanoids, fat-soluble 

vitamins, and bile acids. They also act as the major xenobiotic metabolizing 

enzymes (Hewitt et al. 2007, Monostory & Dvorak 2011, Nebert & Russell 2002, 

Nebert & Dalton 2006). As an important part of the hepatic detoxification system, 

the CYP mediated metabolism of xenobiotics is a major element in the 

modification and degradation processes that convert lipophilic chemical 

compounds into more easily excreted products. However, the metabolism of 

foreign chemicals can also produce toxic metabolites or reactive oxygen species, 

which may have adverse effects such as developmental defects or tumor 

initiation.  

The CYP enzymes were first discovered in 1958 by Klingenberg and 

Garfinkel (Garfinkel 1958, Klingenberg 1958), and named first after a unique 

optical absorption peak at wavelength 450 nm. This pigment P-450 from liver 

microsomes was later reported to be a heme protein, and named a cytochrome 
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(Omura & Sato 1962). Later on, P450s have been discovered to be expressed in 

nearly every organism including animals, plants, fungi and bacteria (Estabrook 

2003, Feyereisen 2006, Nelson & Werck-Reichhart 2011, Nelson et al. 1996) and 

more than 11000 distinct cytochrome P450 sequences in over 900 families are 

known (http://drnelson.uthsc.edu/CytochromeP450.html, September 13, 2011).  

The nomenclature of CYP enzymes is based on sequence similarity and 

evolutionary divergence. Within the same family, the amino acid sequences of the 

enzymes are at least 40% identical, and in the same subfamily over 55% identical. 

Following the abbreviation CYP, the family is indicated by an Arabic number 

(e.g. CYP1), subfamily by a letter (CYP1A) and the individual gene by another 

Arabic number (CYP1A2) (Nelson 2006). 

Cytochrome P450s have important roles in various biosynthesis pathways 

and several of their endogenous substrates are involved in the regulation of 

homeostatic processes as important signaling molecules (Nebert & Russell 2002, 

Nebert & Dalton 2006). CYPs that are involved in the metabolism of endogenous 

compounds are highly conserved between species and usually have quite selective 

substrate specificities (Nelson 1999). Xenobiotic metabolizers are exclusively 

considered to belong in families CYP1-3, and to some degree in CYP4, although 

they also have endogenous substrates, such as steroids, fatty acids, eicosanoids 

and retinoids (Lewis 2004, Nebert & Dalton 2006, Pelkonen & Raunio 2005, 

Pelkonen et al. 2008, Waxman 1999). Xenobiotic substrates of CYP enzymes 

comprise both natural and manufactured chemicals; toxins produced by molds, 

plants and animals, secondary plant metabolites, pesticides, industrial chemicals 

and pharmaceuticals (Oesch & Arand 1999). Xenobiotic metabolizing enzymes 

are mainly expressed in the liver (Gonzalez & Lee 1996) but are also found in 

extrahepatic tissues such as lungs (Lawton et al. 1990), kidney (Hjelle et al. 
1986), gastrointestinal tract (Watkins et al. 1987), skin (Khan et al. 1989) and 

central nervous system (Bergh & Strobel 1992). 

A characteristic of xenobiotic metabolizing enzymes in families CYP1-3 is 

their broad and partly over-lapping substrate specificity. Enzymes in CYP1 family 

are typically active in the metabolism of environmental contaminants, such as 

dioxin-like compounds and polyaromatic hydrocarbons (Denison & Heath-

Pagliuso 1998, Denison & Nagy 2003, Poland & Knutson 1982). Substrate 

specificities within CYP2 and CYP3 subfamilies vary notably from each other 

(Pelkonen et al. 2008). 

The subject of induction of hepatic drug and xenobiotic metabolizing 

enzymes has been known and intensively studied for decades. Furthermore, it is 
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well known that xenobiotic metabolizing enzymes in experimental animals as 

well as in humans can be induced by a wide range of compounds, including 

pesticides, industrial chemicals and environmental pollutants, as well as food 

additives, therapeutic agents and natural products (Pelkonen et al. 2008). 

Knowledge of the xenobiotic metabolism and specific CYP-enzyme functions in 

single wildlife species is slowly increasing, but is still somewhat limited 

compared to that of experimental animals and humans. In nature, organisms are 

exposed to a mixture of chemicals rather than to one specific compound alone, 

and despite advanced analytical techniques, the complex mixtures cannot be fully 

assessed. However, the induction of xenobiotic metabolizing enzymes in wild life 

has been studied in order to find robust and sensitive biomarkers for 

environmental exposure (van den Brink et al. 2000), and especially CYP1A/2 and 

1B induction is widely studied and used as an indicator of environmental 

exposure to PAHs and dioxin-like compounds in fish (Abrahamson et al. 2007, 

Arinc et al. 2000, Calo et al. 2009, Goksoyr 1995, Huggett et al. 2006, Stegeman 
et al. 2001, Whyte et al. 2000), birds (A. Trust et al. 2000, Arinc et al. 2000, 

Kubota et al. 2005, Kubota et al. 2006, Watanabe et al. 2005) and mammals 

(Bhatia et al. 1994, Fouchécourt & Rivière 1995, Nyman et al. 2000, Qualls et al. 
1998). The challenge of this area of research is the remarkable interspecies 

variation in the induction of CYP forms. 

Regulation of CYP1 and CYP2 by Ah-receptor 

Many CYPs share a similar mechanism of induction. Increased transcription 

results from ligand activation of key receptor transcription factors, such as 

pregnane X receptor (PXR), constitutive androstane receptor (CAR), AhR and 

others. The CYP1 family members CYP1A1, CYP1A2, and CYP1B1 are well 

known AhR-regulated genes, induced by varied array of drugs, dietery agents, and 

environmental contaminants (Tompkins & Wallace 2007). TCDD is the 

prototypical ligand of AhR, leading to enhanced induction of CYP1A and number 

of other genes, such as the metabolizing enzymes UDP-glucuronosyltransferase 

1A (UGT1A1) and glutathione S-transferase A2 (gsta2) (Yueh et al. 2003, Dere et 
al. 2006). 

It was believed for long that only the members of the CYP1 family are 

regulated by the AhR pathway as described. However, evidence for AhR-based 

pathways have been suggested for CYP2S1 (Rivera et al. 2002) and murine 

Cyp2a5 (Arpiainen et al. 2005). Furthermore, ligands of AhR have been shown to 
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up-regulate certain CYP2A enzymes (Gokhale et al. 1997, Kimura et al. 1989, 

Kurose et al. 1999, Thomas et al. 1981). The regulation of CYP2A5 is complex 

and despite of above-mentioned evidence, the involvement of AhR in the 

regulation of CYP2A genes has not been examined in detail. 

2.3 Bone and teeth as target organs 

Teeth (Alaluusua & Lukinmaa 2006, Alaluusua et al. 1999, Kattainen et al. 2001, 

Miettinen et al. 2002) and bones (Finnilä et al. 2010, Miettinen et al. 2005) have 

been shown to be among the most sensitive targets of dioxin exposure, especially 

in the developmental stage. In the rat, reduction of the size of molars by TCDD is 

dose dependent. The third lower molars are affected already after a single 

maternal dose of 0.03 μg kg-1 (Kattainen et al. 2001). At higher doses (up to 1 μg 

kg-1 ), the development of the third lower molar can be completely prevented. In 

addition, the mineralization of molars is reduced (Finnilä et al. 2010, Miettinen et 
al. 2006). In humans, developing teeth have proved to serve as a sensitive marker 

of dioxin exposure (Alaluusua et al. 1999). Unlike bone, teeth do not remodel 

once they have formed. Therefore defects induced during the development of 

teeth are permanent and detectable even a long time after critical exposure. This 

makes teeth good markers of exposure to environmental pollution. 

2.4 Bank vole and field vole 

The bank vole, (Myodes (=Clethrionomys) glareolus) is widespread in Europe 

and in Finland it is one of the most common woodland rodents. It inhabits all 

kinds of woodland, preferring densely-vegetated clearings, woodland edge, and 

river and stream banks in forests. It is also found in scrub, parkland, and hedges. 

They feed mainly on seeds, berries and green vegetation, but also on insects, 

earthworms and other invertebrates (Henttonen 1997). 

The field vole (Microtus agrestis) is the other widespread common vole 

species in Europe, including Finland. It occurs in a wide range of habitats 

including grasslands, woods, upland heaths, dunes, marshes, peat bogs and 

riverbanks, tending to prefer damp areas. It occurs in a number of anthropogenic 

habitats including meadows, field-margins and young forestry plantations. The 

field vole is predominantly herbivorous, feeding on grasses and green leaves, and 

gnawing bark in the winter (Myllymäki 1997). 
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3 Aims of the present study 

Dioxins are ubiquitous environmental contaminants having a variety of 

detrimental effects on severeal species, including humans. The sensitivity of 

different species to dioxins varies abundantly, which often complicates the 

evaluation of exposure and effects. This study has focused on dioxin levels and 

some associated effects of exposure in two wild vole species, bank voles and field 

voles. 

The specific aims of the present research were: 

1. To evaluate the levels and accumulation of PCDD/Fs and related PCBs in two 

species of voles in their own habitas; a heavily contaminated old sawmill 

area, and a pristine boreal coniferous forest with no human activities nearby. 

2. To evaluate if known sensitive endpoints – molar teeth development, changes 

in bone quality, and CYP enzyme related responses – could serve as useful 

biomarkers of dioxin exposure.  

3. To study and compare the species-specific activity of CYP enzymes in two 

species of wild voles both after long-term continuous exposure due to 

contaminated habitat (sawmill), and after experimental exposure to a single 

dose of TCDD. 
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4 Material and methods 

Only a short description of the materials and methods of the study is provided 

here. More detailed descriptions can be found in the original papers (I-IV). 

4.1 Study areas 

A former sawmill situated in Oulu, Finland, was used as a study area in the Papers 

I and III. The chlorophenol based wood preservative Ky-5 was used to prevent 

timber against blue staining from 1949 until 1984. The use of Ky-5 led to severe 

PCDD/F contamination of soil on several sites of the sawmill area.  

A pine forest approximately 4 km from the sawmill area and the Värriö Strict 

Nature Reserve in Northeast Finland were used as unpolluted control areas (I,III). 

The latter area consists of intact boreal coniferous forest with no human activities 

nearby. The same area was used in Paper II. These voles were obtained from the 

Zoological Museum of the University of Oulu.  

Bank voles in Paper IV were trapped in Suonenjoki, Central Finland (62°4' N 

27°8' E), in a forest dominated by Pinus sylvestris and Vaccinium myrtillus, the 

typical habitat of the species in Northern Europe. Field voles were caught in the 

perimeter of a cereal field, in an area located close to the forest where the bank 

voles were caught. 

4.2 Animal capture, housing conditions and experiments (I-IV) 

Animals were captured either by standard mouse traps (I-II) or by Ugglan 

multiple capture live traps (III-IV). Animals that were live-trapped from the 

studied sawmill area or reference areas nearby were killed by cervical dislocation 

soon after capture and their livers directly preserved and frozen in liquid nitrogen.  

Animals used in Paper IV were divided by species and sex, measured for 

body mass and housed in standard polypropylene mouse cages. Housing 

conditions are described in paper IV. Only voles that could be identified as 

juveniles based on pelage characteristics were selected. After pre-adaptation to 

the cages, voles were randomly allocated into experimental groups of 6–8 

individuals of each sex. Depending on the group, they received a single dose of 

either TCDD dissolved in corn oil or pure corn oil by oral gavage (4 mg/kg). 

TCDD doses were 50 µg/kg in the time-course experiment and 0.05, 0.5, 5.0, or 

50µg/kg in the dose-response experiment. 
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4.3 Dioxin analyses (I-II) 

PCDD/F analysis on voles was performed from the muscle tissue (I) (mainly from 

quadriceps, psoas and abdominal muscles) or livers (I, II), as the amount of 

adipose tissue was very low. The samples were pooled by species, sex and area. 

Sample preparation is described in more detail in I and II. The quantification was 

performed by HRGC/HRMS with a resolution of 10 000. The analytical method 

is accredited, and the quality assurance includes the use of 13C-labelled PCDD/F-

standards for all 17 toxic congeners, follow up of recoveries, analytical blanks 

and control samples of known concentrations of PCDD/Fs. 

4.4 Cytochrome P450 analyses (III-IV) 

The activity of hepatic cytochrome P450 (CYP) enzymes was studied by 

fluorometric analyses as well as by the aid of an N-in-one CYP-selective activity 

cocktail, and immunoblotting assay.  

4.4.1 Enzyme assays (II-III) 

Liver microsomes were used for enzyme assays, as described in Papers III-IV. 

Ethoxyresorufin-O-deethylation (EROD), pentoxyresorufin-O-depenthylation 

(PROD), 7-ethoxycoumarin-O-deethylation (ECOD) and coumarin-7-hydroxylase 

(COH) were analyzed fluorometrically. EROD and PROD activities were 

measured as described by Burke et al. (1977). ECOD was analyzed by using the 

method of Greenlee and Poland (1978), and the activity of COH was measured as 

described by Aitio (1978). 

4.4.2 CYP1A1 and CYP2A5 expression analysis (IV) 

The liver samples were homogenized and total RNA was isolated as described in 

more detail in study IV. PCR primers were selected from highly conserved 

regions of CYP1A1 and CYP2A5 mRNAs from various species. The 

housekeeping gene GAPDH was used for normalization and its primers were 

based on mouse (Mus musculus), rat (Rattus norwegicus) and dog (Canis 
familiaris) sequences. The primers are listed and PCR reaction conditions 

described in Paper IV. The expression levels were related to mRNA 

concentrations of GAPDH to normalize the amount of cDNA in the PCR 
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reactions. The average amplification efficiencies were 115, 104 and 107 % for 

CYP2A5, CYP1A1 and GAPDH, respectively, and R2 values ranged from 0.988 

to 0.999 in all qPCR reactions. 

4.4.3 Western blotting (III-IV) 

Hepatic microsomal proteins (20 μg) were separated by SDS-PAGE. The 

polyclonal goat anti-rabbit CYP1A1 and anti-rabbit CYP2B10 antibodies were 

used in Paper III. The immunoreactive bands were quantified using Quantify One 

software.  

For Western blot analysis of the AhR (IV), liver samples from both genders of 

field and bank voles treated with corn oil 48 h earlier or with 50 µg/kg TCDD 1 

or 4 days previously were used. A total of 80 µg protein was run on a 7.5% 

separating gel, transferred to a Hybond nitrocellulose membrane and incubated 

with an antibody recognizing the highly conserved N-terminal end of AhR. The 

visualization of the bands was performed as described previously (Pohjanvirta et 
al., 1999). Band intensities were subjected to a semi-quantitative densitometric 

analysis using a GS-800 Calibrated Densitometer and Quantity One software. 

4.5 Bone and teeth measurements (I) 

4.5.1 Molar teeth measurements  

For molar teeth measurements, lower jaws were collected and preserved in 

formalin. Molar teeth of the right mandible were photographed (Cohu camera, 

Cheos Ltd.), using a 55 mm Nikon Micro-Nikkor objective with extension rings 

of 12 and 22 mm. The mesio-distal length of the molars was measured (MCID-5, 

Imaging Research Inc.) from the masticatory surface, and the lenth of the third 

molar was compared to the total length of all three molars (see Fig. 1. in Paper I). 

The mean of five independent measurements was used as an indvidual result. 

Seven voles from each group of molar size study were randomly chosen for 

tooth mineralization examination. Third molars were treated as described by 

(Miettinen et al. 2006). A Jeol JXA-8200 superprobe WDS/EDS (wavelength 

dispersive/energy dispersive spectrometer) electron probe micro-analyzer 

(EPMA, Jeol, Japan) with five spectrometers and 10 crystals was used to evaluate 

the degree of mineralization. Three samples from different depths of the enamel 
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and one sample from the dentin were analyzed from each tooth. In each sample 

the concentrations (wt%) of Ca, P, Cl, O, Na, Mg and the total mineral content 

were quantified.  

4.5.2 Bone density and strength measurements  

Tibias and femurs were scanned with a Stratec XCT 960 A peripheral quantitative 

computed tomography (pQCT) system. More detailed information is provided in 

the Paper I. The scout view of the pQCT system determined the middle point of 

each bone, from which one cross-sectional slice was scanned and the total mineral 

content and density were measured.  

After the pQCT measurements, the failure load of the three-point bending 

strength of tibia, femur, and femoral neck was measured by mechanical testing as 

described in (Miettinen et al. 2005). The principle of mechanical testing has been 

described in detail by (Jämsä et al. 1998) and Peng et al. (Peng et al. 1994).  

4.6 Statistical analysis (I–IV) 

The normality of the data was tested by the Kolmogorov-Smirnov test with 

Lilliefors Significance Correction. Comparisons between sexes and ages within 

each species and areas, and between species were carried out either by a two-

tailed t-test for unrelated samples for equality of means, preceded by Levene´s 

Test for Equality of Variances, or one-way analysis of variance followed by the 

Tukey HSD test for multiple comparisons. The results are given as group means ± 

SD. The limit for statistical significance was set at 0.05. 

4.7 Ethical aspects of the study 

The use of animals for scientific purposes has always provoked discussion. 

Alternative methods, such as in vitro cell cultures and in silico computer 

simulation are used increasingly in toxicological studies. This is a desired trend 

and alternative methods are useful side by side with the use of experimental 

animals. When animals are used as experimental targets, one should use the 

number of individuals sufficient for proper statistical examination but avoid an 

unnecessarily large number of animals. A literature survey shows that often the 

experimental design uses a sample size of three. This is not nearly always 

appropriate and might result in misleading conclusions and thus waste the animals 
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used in the experiment. In the case of wild animals, the number of individuals is 

usually higher, because the variation within the species and population tend to be 

high compared to common laboratory animals. The evaluation of the effects and 

levels of contaminants in wildlife provide essential information also for assessing 

risk for human health. Although the circumstances are not as controlled as in the 

laboratory, wildlife studies offer the concept of environmental exposure in its 

entirety, with all the natural variation in environmental factors and genetics. 

Experiments included into this thesis were performed in accordance with the 

Finnish legal requirements, under a license given by the National Animal 

Experiment Board. 
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5 Results and discussion 

5.1 Dioxins concentrations (I-II) 

Although since 1970’s the environmental levels of PCDD/Fs and PCBs have been 

declining, they are still widely found from different compartments of the 

environment as shown in papers I and II, and summarized in Table 1. 

On the local scale, the use of chlorophenol based mixtures as wood 

preservatives have resulted in heavy contamination of several sawmills in Finland 

(Kitunen & Salkinoja-Salonen 1990). Often the areas remain unremediated, 

posing a potential risk to the ambient terrestrial enviroment. In the former sawmill 

PCDD/Fs and PCBs were shown to accumulate in earthworms and bank voles 

(Table I). The concentrations of dioxins in bank vole muscle were high as 

expected but substantially lower than that measured in liver. Similar liver:muscle 

ratios of the distribution of PCDD/Fs and dioxin-like PCBs has been recently 

shown in Finnish semi-domestic reindeer (Rangifer tarandus tarandus L.) 
(Suutari et al. 2011) This might be explained by hepatic sequestration of PCDD/F 

at higher exposure levels due to dose-dependent induction of CYP1A2, the high 

affinity binding protein for PCDD/Fs, in the liver (Abraham et al. 1988, Diliberto 
et al. 1997, Diliberto et al. 1999, Hakk et al. 2009). Variation in the local 

concentrations of PCDD/Fs in soil, age-dependent accumulation of dioxins and 

the variation in fat content may have also contributed to the observed difference. 

Bank vole samples were characterized by 1,2,3,6,7,8-hexaCDD and 1,2,3,4,6,7,8-

heptaCDF, and the other congeners typical for the chlorophenol mixture Ky-5 

used in the area (Paper I, Fig. 2). The PCDD/F congener profile of the field vole 

muscle was quite similar, but with relatively less 1,2,3,5,6,7-hexaCDD and more 

1,2,3,4,6,7,8-heptaCDF, although the absolute levels were surprisingly low 

compared to bank voles. Levels were only slightly higher than in bank voles from 

an unpolluted area. One explanation for such a big inter-species variation is 

divergence in the diet; bank voles feed mainly on seeds, berries and green 

vegetation, but also eat insects, earthworms and other invertebrates (Henttonen 

1997). Thus, the diet contains more fat and thereby accumulates more dioxins 

than the diet of field voles, which consists only of green parts of vegetation 

(Myllymäki 1997).  

Dioxin levels in the pristine area in Northern Finland (Paper II) showed a 

decreasing trend from the mid 80’s to 2003, after which they tended to increase 
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slightly towards the year 2007 (Table 1.). The clear decrease since 1986 was 

expected due to regulatory actions related to production and use of dioxins. The 

samples from the years 1986 and 1992 showed a clear difference between the 

sexes, males having notably higher hepatic concentrations of PCDD/Fs and PCBs 

than females. From the year 1998 onward the trend and levels are similar in 

female and male voles, ending with a slight increase towards the year 2007. 

Interestingly, a similar sex difference and time trend are observed for PCDD/Fs, 

non-ortho PCBs and other PCBs, but not for polybrominated biphenyl ethers 

(PBDEs) (see Paper II). The reason for such a high levels in males and the big 

difference between the sexes is not clear. Since the samples analyzed here are 

pools of five animals (due to small size of bank voles), the inter-individual 

variation cannot be seen. In pooled datasets one or two individuals with higher 

levels may be enough to raise the total concentration of the pool. However, 

possible explanations could include different feeding habits of single individuals 

(Tillitt et al. 1996) and age-related accumulation of dioxins, as well as variable 

local concentrations in soil. The distribution of organic compounds has been 

shown to be impacted by altitude, largely due to low temperatures (Guzzella et al. 
2011), and it might be that also small-scale local features, such as leftover snow, 

contribute to airborne contaminant levels in soil.  
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Table 1. PCDD/Fs concentrations measured from biota and soil of the areas in studies 

I and II. 

Biota Concentration in biota Concentration in soil 

Vegetation (leaves) from sawmill (pg WHO-TEQ/g dw)  (pg WHO-TEQ/g dw) 

Grey alder (Alnus incana)  22  44400 – 117000 

 Common tansy (Tanacetum vulgare) 0.05 

Tea-leaved willow (Salix phylicifolia) 1.6 

Invertebrates from sawmill (pg WHO-TEQ/g fat)   

Common earthworm (Lumbricus terrestris) 132900  15900 

 78 Uncontaminated soil, NAa 

Vertebrates from sawmill   

Bank vole (M. glareolus), liver 36200  5640–44200 

Bank vole (M. glareolus), muscle 253 5640–44200 

Bank vole (M. glareolus), muscle 25  Uncontaminated soil, NA 

Field vole (M. agrestis), muscle 28  5640–44200 

Field vole (M. agrestis), muscle < 12 (DL b) Uncontaminated soil, NA 

Vertebrates from Värriö Strict Nature Reserve (♂ / ♀)  Year 

Bank vole (M. glareolus), liver  418 / 101  1986 

Bank vole (M. glareolus), muscle  36 / 12 1986 

Bank vole (M. glareolus), liver 409 / 224  1992 

Bank vole (M. glareolus), liver 147 / 117  1998 

Bank vole (M. glareolus), liver 103 / 43  2003 

Bank vole (M. glareolus), liver 

Bank vole (M. glareolus), liver 

171 / 121 

21 / 17 

2007 

2007 
a NA, not analyzed 
b below the limit of determination 

5.2 Cytochrome P450 – activities (III-IV) 

In the papers included in this thesis (III-IV), several hepatic CYP activities in 

voles were screened by fluorometric analyses as well as by the aid of an N-in-one 

CYP-selective activity cocktail developed previously (Turpeinen et al. 2005), and 

an immunoblotting assay. CYP1A and CYP2A were identified as most interesting 

in terms of inter-species variation, and they are reported and discussed in more 

detailed below. The results of other CYP-activities are shown in papers III-IV but 

in short, several CYP-associated activities measured by fluorometric assays for 

EROD, PROD, ECOD and COH, and the cocktail mentioned above, were 

considerably elevated in exposed animals.  
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5.2.1 CYP1A 

In Paper III, bank voles from the contaminated sawmill area expressed higher 

CYP1A-associated activities measured by EROD assays than those from the 

control area, although the difference was significant only in males (Fig. 3.). The 

increased induction of CYP1A was also clearly seen in protein production, which 

was nearly 2-fold higher in exposed animals compared to controls (Fig. 4.). In this 

study, individual levels of PCDD/Fs were not analyzed but based on the levels 

measured in Paper I, the enzyme activities were hypothesized to be elevated.  

Bank voles and field voles showed similar responses to TCDD administration 

in Paper IV. Levels of CYP1A1 mRNA increased in both species at doses of 5 

and 50 µg/kg, whereas the smaller doses (0.05 and 0.5 µg/kg) did not seem to 

have an effect on expression levels (Fig. 5). There was no significant difference 

between the species, although field voles tended to show a slightly more 

pronounced expression with the difference peaking at the highest dose of TCDD 

tested (50 µg/kg). As expected, C57BL/6 mice expressed a dose-dependent 

increase of CYP1A1 mRNA at levels about an order of magnitude higher than 

those in voles and showed a significant induction already at the lowest dose of 

0.05 µg/kg.  

Similar to the increase in gene expression, CYP1A-associated mono-

oxygenase activity measured by the EROD assay showed a dose-dependent 

increase for the entire 96 h observation period in bank and field voles (Fig. 6 and 

7). In general, males and females of both species responded similarly to TCDD 

exposure, although occasional differences were observed. Inter-species 

differences were detected in both experiments; especially in the time-course 

experiment with the dose of 50 µg/kg where bank voles exhibited 30–50% higher 

levels compared with field voles. In the dose-response experiment, the response 

of bank voles to be respond more pronounced at higher doses, although the inter-

species differences were less distinct.  

The induction of CYP1A1 and CYP1A2 is one of the most sensitive 

responses mediated by the AhR. The dose-response relationships for the induction 

of CYP1A by chronic dioxin exposure is well documented (Tritscher et al. 1992, 

Walker et al. 1999). The interspecies and -strain differences in CYP1A1 induction 

by TCDD may partly be explained by distinct binding affinities to AhR, as shown 

in the study by Weber et al. (1995). TCDD-sensitive C57BL/6J mice showed 

significantly enhanced EROD activity at 0.03 µg/kg TCDD, while the less 

sensitive DBA/2J mice with a low-affinity binding isoform of AhR required a 
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dose of 10 µg/kg for induction. The low impact of 50 µg/kg TCDD on body 

weight and liver size 96 h after exposure was another finding suggestive of 

somewhat impaired AhR functionality in these two vole species compared with 

common laboratory animals. With an identical dose of TCDD, a clear hepatic 

hypertrophy is typically found at 96 h in laboratory rats, and in TCDD-sensitive 

rat strains body weight loss has become substantial by that time-point 

(Pohjanvirta et al. 1989). 

The basal levels of CYP1A-associated EROD activities seem to be similar or 

higher in bank and field voles compared with those in common laboratory 

animals. In previous studies, rat, mouse and quinea pig expressed lower EROD 

activity, approximately 50, 60 and 90 pmol/mg/min, respectively, than voles, ca. 

150 pmol/mg/min (Håkansson et al. 1994, Viluksela et al. 2004, Weber et al. 
1995). However, in this study both vole species showed a substantially lower 

response to TCDD exposure. In voles the EROD activity was less than 300 

pmol/mg/min at the dose of 5 µg/kg, while e.g. male Sprague-Dawley rats 

exhibited EROD activity of over 4500 pmol/mg/min (Viluksela et al. 2004). 

Furthermore, in the study by Weber et al. (Weber et al. 1995), TCDD sensitive 

C57BL/6 mice expressed EROD activity of about 3500 pmol/mg/min at 3 µg/kg 

and TCDD resistant DBA mice about 1500 pmol/mg/min at 10 µg/kg. Even at the 

highest dose of TCDD (50 µg/kg) EROD activity did not increase above 500 

pmol/mg/min in voles, whereas e.g. C57BL/6 mice showed an activity of over 

2200 pmol/mg/min (Håkansson et al. 1994).  

The sensitivity to mixtures of environmental chemicals varies widely between 

species and even within species being dependent on sex and age, as well as 

external causes, such as diet and other environmental factors. Moreover, a CYP 

inducer in one species may not be that in another. TCDD, for example, induces 

mainly CYP1A2 in human hepatocytes, and mainly CYP1A1 in rat hepatocytes. 

Further, human CYP1A is induced by omeprazole, whereas it has little effect on 

CYP1A forms in the rat, mouse and rabbit (Graham & Lake 2008). The 

heterocyclic amine 2-amino-1-methyl-6-phenylimidazol[4,5-b]pyridine (PhlP) 

has been reported to induce hepatic CYP1A1 and CYP1A2 in the rat but not in 

the mouse, Syrian hamster and guinea pig (Souma et al. 2006). Furthermore, the 

mouse constitutive androstane receptor (CAR) is known to be activated by the 

1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) but this compound 

does not have active human CAR. Phenobarbital, for example, was shown to 

induce hepatic CYP2B enzyme activities, protein content and mRNA levels in 

both rat and mouse, while TCPOBOP only induced CYP2B in the mouse and 
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2,4,6-triphenyldioxane-1,3 (TPD) only in the rat (Pustylnyak et al. 2007, 

Pustylnyak et al. 2009). Differences of this kind make it difficult, if not 

impossible, to extrapolate inducer selectivities from one species to another. 

 

Fig. 3. (A) Ethoxyresorufin-O-deethylase (EROD) and coumarin-7-hydroxylase (COH) 

activities in bank voles from the contaminated sawmill area and control area. 

Activities are presented as mean (±SD). Significance of difference is indicated with 

asterisks (*** p < 0.001). 

 

Fig. 4. Western blot analysis of liver microsomal CYP1A1 and CYP2B10 proteins in 

individual male bank voles. PDI labeling shows equal sample loading. Phenobarbital-

induced mouse was used as a positive control. C = control, S = sawmill. 
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Fig. 5. Relative amount of CYP1A1 (A) and CYP2A5 (B) mRNA in bank voles, field 

voles and C57BL/6 mice after different doses of TCDD, expressed as mean value 

(±SE). Males (left panel) and females (right panel). Significance of difference is 

indicated with asterisks (*** p < 0.001; ** p < 0.01; * p < 0.05). 

5.2.2 CYP2A 

In Paper IV, a surprisingly large inter-species difference was found in the basal 

expression levels of CYP2A5 mRNA. Bank voles showed levels of expressions 

ca. 100-fold higher compared to those of field voles. The difference in the 

induction became to even out at the two highest doses. Female C57BL/6 mice 

expressed higher levels of CYP2A5 than field voles, but notably lower levels than 

bank voles (Fig. 5.). In contrast, the activity of CYP2A-dependent COH was 

induced in field voles, but showed no sign of induction in bank voles or in 

C57BL/6 mice (Fig. 6.). 

The lack of COH induction was a somewhat surprising finding in view of the 

fact that bank voles living in the contaminated old sawmill (III), showed slightly 
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increased COH activity thought to be mediated by the AhR (Fig. 3.). The levels of 

PCDD/Fs (analyzed in muscle tissue) in bank and field voles from the examined 

sawmill area were 240 and 25 pg WHO-TEQ / g fat, respectively, and the levels 

in bank and field voles from the unpolluted control area were 24 and <12 (limit of 

quantitation) pg WHO-TEQ / g fat, respectively. The PCDD/F levels of voles in 

study IV were not analyzed, but the estimated body burdens of the administered 

TCDD, assuming 80% systemic bioavailability after oral dosing (Van den Berg et 
al. 1994), are about 40 µg/kg bw at the highest dose level, which is equivalent to 

about 400 ng TCDD / g fat (assuming 10% fat concentration). Thus, the TCDD 

body burden was maximally much higher in the voles of study IV than in voles 

living in the contaminated sawmill area. In the sawmill area the exposure consists 

of a mixture of chemicals (mainly chlorophenols and PCDD/Fs), suggesting that 

chemicals other than TCDD might be responsible for the enzyme induction 

recorded. On the other hand, recent studies indicate that several members of the 

CYP2A family, the murine CYP2A5 included, are controlled by the AhR, for 

which TCDD is the most potent ligand (Arpiainen et al. 2005). One should, of 

couse, bear in mind that although in mice COH activity is known to be catalyzed 

by the CYP2A5 gene product, this is not necessarily the case in the vole.  

Several members of the CYP2A family have been characterized from different 

species, with significant differences in substrate specificity, tissue distribution, 

and regulation (Fernandez-Salguero & Gonzalez 1995, Lewis & Lake 2002, 

Raunio et al. 1999). The inter-species differences in the basal levels of CYP2A 

expression and COH induction might in theory indicate different background 

exposure, although it is unlikely to be due to the close proximity of the catching 

areas and the lack of known sources of exposure. Moreover, basal levels of 

CYP1A(1) expression and EROD activity are fairly similar between the two vole 

species, indicating that the exposure to AhR ligands would not notably differ 

between these species. The actual explanation could again be feeding habits of the 

species. Enzymes of the subfamily CYP2A are suggested to be evolved in 

mammals as a defense against the toxicity of chemical compounds in plants, such 

as coumarin and related phenylpropanoid lactones (Gonzalez & Nebert 1990). 

The bank vole is a more generalized feeder and feeds mainly on seeds, berries and 

green vegetation, but also on insects and other invertebrates, while the field vole 

is more specialized for feeding only on green parts of vegetation. Therefore, as 

more of a generalist, the bank vole might have evolved to respond differently to 

plant protection and thus also to xenobiotics in general. Previous studies with 

generalist and specialist herbivore woodrat (Neotoma) species revealed a similar 
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pattern, i.e. higher constitutive CYP1A and CYP2B associated activities in the 

generalist species as compared with the specialist species (Haley et al. 2007a, 

Haley et al. 2007b). 

Fig. 6. Dose-response of EROD and COH activities for bank vole and field vole males 

(left panel), females (right panel) and mouse (C57BL/6) females (right panel) after 

different doses of TCDD, expressed as mean value (±SD). Significance of difference is 

indicated with asterisks (*** p < 0.001; ** p < 0.01; * p < 0.05). 
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Fig. 7. Time-response of EROD (A) and COH (B) activities for bank vole and field vole 

males (left panel) and females (right panel) after different doses of TCDD, expressed 

as mean value (±SD). Significance of difference is indicated with asterisks (*** p < 

0.001; ** p < 0.01). 

5.3 AhR proteins (III) 

Both vole species generated distinct patterns of bands at a region corresponding to 

the expected size of the AhR (Fig. 4. in Paper IV). Two bands were found in 

control animals of both species, with apparent molecular masses of ca. 98 and 115 

kDa in field voles and approximately 100 and 110 kDa in bank voles. In general, 

the upper band tended to be predominant in field voles and the lower one in bank 

voles, although the relative intensities of the bands varied between individuals. 

Interestingly, TCDD treatment seemed to affect only the intensity of the upper 

band (Fig. 5. in Paper IV). In both species, a similar pattern emerged with a drop 

on day 1 followed by a trend toward recovery on day 4. The decrease reached 

significance in field vole males and bank vole females.  



47 

In light of the present CYP induction profile data the observed difference in 

AhR size between the two vole species is interesting. The findings suggest that 

AhR receptor structures differ between the studied vole species, which could at 

least partly explain the observed differences in induction profiles, especially the 

drastic inter-species differences in the putative CYP2A-associated basal 

expression and induction pattern. Two bands were recorded by Western blot from 

both species, but yet we cannot be sure whether they both are genuine isoforms of 

the AhR or whether only one of them represents the full-length AhR. The rapid 

reduction of the expression level of the larger protein product on day 1 favors the 

view that this would be the actual AhR, since a similar phenomenon has been 

reported to occur in the case of rat AhR after an identical dose of TCDD (Franc et 
al. 2001). AhR protein isoforms originating from splice variants have been 

established to exist in rats (Pohjanvirta et al. 1989), and the present findings 

warrant cloning of the AhR cDNA from these vole species to resolve this 

uncertainty. Moreover, in vitro studies using cells transfected with the vole AhRs 

would aid in assessing their functional properties. 

5.4 Molar teeth and bone measurements (I) 

According to previous laboratory studies in rats and mice, TCDD exposure 

reduces the size of the third molar and mandible dose-dependently (Allen & 

Leamy 2001, Kattainen et al. 2001, Miettinen et al. 2002). In this study, third 

lower molar of bank voles exposed to PCDD/F in contaminated soil was 

significantly smaller than the molars in the control group (Fig. 8). In field vole 

there was no significant difference in the third molar size.  

PCDD/F concentrations in voles were similar or slightly smaller than the 

TCDD concentrations in rats associated with tooth changes in experimental 

studies (Hurst et al. 2000, Miettinen et al. 2006) but in view of the fact that there 

is a large inter- and intra-species variability in responses to dioxins (Pohjanvirta 

& Tuomisto 1994, Poland & Knutson 1982), the result is not surprising. However, 

outside of the laboratory, it is often impossible to demonstrate a clear cause-effect 

relationship between detected effects and the exposure. Other factors that might 

interact e.g. with tooth development cannot be completely excluded. 

Nevertheless, impaired tooth development and reduced molar size have proved to 

be among the most sensitive endpoints of dioxin-induced toxicity (Kattainen et al. 
2001, Miettinen et al. 2002).  
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Another sensitive endpoint and suitable biomarker of dioxin exposure in 

humans is tooth mineralization (Alaluusua & Lukinmaa 2006, Alaluusua et al. 
1999). Impaired mineralization of molars has also been found in rats exposed to a 

maternal dose of 1 μg kg -1 TCDD in previous revious studies (Kattainen et al. 
2001, Miettinen et al. 2006). In this study, PCDD/F concentrations were 

obviously not high enough to affect dental mineralization even though in bank 

voles the relative amount of calcium was smaller in the sawmill area than in the 

control area, but the difference did not reach statistical significance. The method 

itself is useful since the dental hard tissue does not undergo remodeling and 

defects can be seen long after exposure. This method could be applied in cases 

where dioxin exposure is presumed to be higher than in the present study.  

 

Fig. 8. The size of third molar in field vole (A) and bank vole (B) as percents of all three 

molars. 

The bone density and strength measurements showed that in adult male bank 

voles the bending strength of the femur neck turned out to be significantly smaller 

in exposed animals than in the control group. Unlike teeth that do not remodel 

once formed, bones undergo continuous growth and remodeling. Age is an 

important factor in bone quality. Determining accurate age of voles is difficult, 

and in this study animals were classified simply as juveniles, i.e. individuals born 

in the same year they were caught, or as over-wintered adults. This makes the 

evaluation of the effects of dioxin on bone difficult due to the large variation 

within the study groups. Due to the great variation among the age groups and 

sexes, the data from bone density and strength measurements could not be pooled 

as was done in the molar teeth measurements. However, the weaker bending 

strength of femur neck in dioxin exposed male bank voles is in agreement with 
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the results of former studies in which the bending strength of the femur neck 

proved to be a sensitive indicator of bone quality (Peng et al. 1994, Sogaard et al. 
1994). Even though bone density and strength seem to be among the more 

sensitive targets of dioxin-exposure, to use them as biomarkers of wildlife 

exposure is more complicated due to the need for large study populations. 
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6 Conclusions 

1. Dioxins, i.e. PCDD/Fs and dioxin-like PCBs, accumulate in the biota of a 

sawmill area that is contaminated by the previous use of chlorophenol based 

wood preservatives. Furthermore, studies of two vole species show that as the 

result of long-range transportation these contaminants are found also in 

pristine areas without human activity nearby, although the levels seem to be 

declining with time. 

2. The levels of dioxins in the former sawmill area are high enough to affect 

tooth development and bone quality of bank voles. The study indicates that 

the size of molar teeth is a sensitive and robust biomarker for the effects of 

PCDD/F exposure in wild bank vole populations, whereas bones, under 

continuous growth and remodeling, express wide variation in a wild 

population. 

3. Two relatively similar species can exhibit considerable differences in 

PCDD/F concentrations and related effects depending on diet and ecology in 

general. The PCDD/F exposure of the bank vole was associated with 

significant reduction of molar size mentioned above, while no change was 

observed in the field vole with surprisingly low tissue concentrations of 

PCDD/Fs. This somewhat unexpected result points out the challenge, that 

studying a species that is less likely to accumulate contaminants instead of 

another species with a slightly overlapping ecological niche may easily result 

in incorrect conclusions. 

4. Based on the present results in wild species it seems that the basic 

characteristics of the AhR-controlled CYP1A response have been preserved. 

However, the sensitivity of the induction response is, not surprisingly, 

different from that of common laboratory rodents. 

5. The results also suggest that AhR receptor structures differ between the two 

studied vole species. This could at least partly explain the observed 

differences in induction profiles, especially the drastic differences between 

the two vole species in the putative CYP2A-associated basal expression and 

induction pattern. The studies emphasize the role of ecological and 

evolutionary factors, including diet, in modifying basal activities and 

induction responses of xenobiotic metabolism in voles. However, these 

observations are difficult to ascertain in wild species and would therefore 

require long-term studies under more controlled conditions. 



52 

  



53 

References 

Abel J & Haarmann-Stemmann T (2010) An introduction to the molecular basics of aryl 
hydrocarbon receptor biology. Biol Chem 391(11): 1235–1248.  

Abraham K, Krowke R & Neubert D (1988) Pharmacokinetics and biological activity of 
2,3,7,8-tetrachlorodibenzo-p-dioxin. 1. Dose-dependent tissue distribution and 
induction of hepatic ethoxyresorufin O-deethylase in rats following a single injection. 
Arch Toxicol 62(5): 359–368.  

Abrahamson A, Andersson C, Jonsson ME, Fogelberg O, Orberg J, Brunstrom B & Brandt 
I (2007) Gill EROD in monitoring of CYP1A inducers in fish: a study in rainbow 
trout (Oncorhynchus mykiss) caged in Stockholm and Uppsala waters. Aquat Toxicol 
85(1): 1–8.  

Adams WJ & Blaine KM (1986) A water solubility determination of 2, 3, 7, 8-TCDD. 
Chemosphere 15(9–12): 1397–1400.  

Alaluusua S, Calderara P, Gerthoux PM, Lukinmaa PL, Kovero O, Needham L, Patterson 
DG,Jr, Tuomisto J & Mocarelli P (2004) Developmental dental aberrations after the 
dioxin accident in Seveso. Environ Health Perspect 112(13): 1313–1318.  

Alaluusua S & Lukinmaa PL (2006) Developmental dental toxicity of dioxin and related 
compounds--a review. Int Dent J 56(6): 323–331.  

Alaluusua S, Lukinmaa P, Torppa J, Tuomisto J & Vartiainen T (1999) Developing teeth 
as biomarker of dioxin exposure. The Lancet 353(9148): 206–206.  

Allen DE & Leamy LJ (2001) 2,3,7,8-Tetrachlorodibenzo-P-Dioxin Affects Size and 
Shape, but Not Asymmetry, of Mandibles in Mice. Ecotoxicology 10(3): 167–176.  

Arinc E, Sen A & Bozcaarmutlu A (2000) Cytochrome P4501A and associated mixed-
function oxidase induction in fish as a biomarker for toxic carcinogenic pollutants in 
the aquatic environment. Pure and applied chemistry 72(6): 985–994.  

Arpiainen S, Raffalli-Mathieu F, Lang MA, Pelkonen O & Hakkola J (2005) Regulation of 
the Cyp2a5 gene involves an aryl hydrocarbon receptor-dependent pathway. Mol 
Pharmacol 67(4): 1325–1333.  

Atkinson R (1991) Atmospheric lifetimes of dibenzo-p-dioxins and dibenzofurans. Sci 
Total Environ 104(1–2): 17–33.  

Baccarelli A, Pesatori AC, Consonni D, Mocarelli P, Patterson DG,Jr, Caporaso NE, 
Bertazzi PA & Landi MT (2005) Health status and plasma dioxin levels in chloracne 
cases 20 years after the Seveso, Italy accident. Br J Dermatol 152(3): 459–465.  

Bergh AF & Strobel HW (1992) Reconstitution of the brain mixed function oxidase 
system: purification of NADPH-cytochrome P450 reductase and partial purification of 
cytochrome P450 from whole rat brain. J Neurochem 59(2): 575–581.  

Bergman A, Olsson M & Reiland S (1992) Skull-bone lesions in the Baltic grey seal 
(Halichoerus grypus). Ambio 21: 517–519.  

Bertazzi PA, Bernucci I, Brambilla G, Consonni D & Pesatori AC (1998) The Seveso 
studies on early and long-term effects of dioxin exposure: a review. Environ Health 
Perspect 106 Suppl 2: 625–633.  



54 

Bhatia A, Tobil F, Lepschy G, Werk X & Mazzucco K (1994) Biomonitoring of pollution: 
the hepatic cytochrome P-450 enzyme system in the feral mouse Apodemus flavicollis 
as indicator. Chemosphere 28(8): 1525–1537.  

Birnbaum LS (1994) The mechanism of dioxin toxicity: relationship to risk assessment. 
Environ Health Perspect 102 Suppl 9: 157–167.  

Birnbaum LS & Tuomisto J (2000) Non-carcinogenic effects of TCDD in animals. Food 
Addit Contam 17(4): 275–288.  

Boffetta P, Mundt KA, Adami HO, Cole P & Mandel JS (2011) TCDD and cancer: a 
critical review of epidemiologic studies. Crit Rev Toxicol 41(7): 622–636.  

Braune BM, Outridge PM, Fisk AT, Muir DC, Helm PA, Hobbs K, Hoekstra PF, Kuzyk 
ZA, Kwan M, Letcher RJ, Lockhart WL, Norstrom RJ, Stern GA & Stirling I (2005) 
Persistent organic pollutants and mercury in marine biota of the Canadian Arctic: an 
overview of spatial and temporal trends. Sci Total Environ 351–352: 4–56.  

Calo M, Bitto A, Lo Cascio P, Polito F, Lauriano ER, Minutoli L, Altavilla D & Squadrito 
F (2009) Cytochrome P450 (CYP1A) induction in sea bream (Sparus Aurata) gills and 
liver following exposure to polychlorobiphenyls (PCBs). Vet Res Commun 33 Suppl 
1: 181–184.  

Carvalho PS & Tillitt DE (2004) 2,3,7,8-TCDD effects on visual structure and function in 
swim-up rainbow trout. Environ Sci Technol 38(23): 6300–6306.  

Cole P, Trichopoulos D, Pastides H, Starr T & Mandel JS (2003) Dioxin and cancer: a 
critical review. Regul Toxicol Pharmacol 38(3): 378–388.  

Denison MS & Heath-Pagliuso S (1998) The Ah receptor: a regulator of the biochemical 
and toxicological actions of structurally diverse chemicals. Bull Environ Contam 
Toxicol 61(5): 557–568.  

Denison MS & Nagy SR (2003) Activation of the aryl hydrocarbon receptor by structurally 
diverse exogenous and endogenous chemicals. Annu Rev Pharmacol Toxicol 43: 309–
334.  

Dere E, Boverhof DR, Burgoon LD, Zacharewski TR (2006) In vivo-in vitro 
toxicogenomic comparison of TCDD-elicited gene expression in Hepa1c1c7 mouse 
hepatoma cells and C57BL/6 hepatic tissue. BMC Genomics 7: 80. 

Diliberto JJ, Burgin D & Birnbaum LS (1997) Role of CYP1A2 in hepatic sequestration of 
dioxin: studies using CYP1A2 knock-out mice. Biochem Biophys Res Commun 
236(2): 431–433.  

Diliberto JJ, Burgin DE & Birnbaum LS (1999) Effects of CYP1A2 on disposition of 
2,3,7, 8-tetrachlorodibenzo-p-dioxin, 2,3,4,7,8-pentachlorodibenzofuran, and 
2,2',4,4',5,5'-hexachlorobiphenyl in CYP1A2 knockout and parental (C57BL/6N and 
129/Sv) strains of mice. Toxicol Appl Pharmacol 159(1): 52–64.  

Domingo JL & Bocio A (2007) Levels of PCDD/PCDFs and PCBs in edible marine 
species and human intake: a literature review. Environ Int 33(3): 397–405.  

Eskenazi B, Mocarelli P, Warner M, Samuels S, Vercellini P, Olive D, Needham LL, 
Patterson DG,Jr, Brambilla P, Gavoni N, Casalini S, Panazza S, Turner W & 
Gerthoux PM (2002) Serum dioxin concentrations and endometriosis: a cohort study 
in Seveso, Italy. Environ Health Perspect 110(7): 629–634.  



55 

Estabrook RW (2003) A passion for P450s (rememberances of the early history of research 
on cytochrome P450). Drug Metab Dispos 31(12): 1461–1473.  

Fernandez-Salguero P & Gonzalez FJ (1995) The CYP2A gene subfamily: species 
differences, regulation, catalytic activities and role in chemical carcinogenesis. 
Pharmacogenetics 5 Spec No: S123–8.  

Feyereisen R (2006) Evolution of insect P450. Biochem Soc Trans 34(Pt 6): 1252–1255.  
Fichtl B (1999) Principles of Toxicokinetics. In Marquardt H, Schfifer SG, McClellan R & 

Welsch F (eds) Toxicology. Academic Press: 43–82.  
Finley BL, Connor KT & Scott PK (2003) The use of toxic equivalency factor distributions 

in probabilistic risk assessments for dioxins, furans, and PCBs. J Toxicol Environ 
Health A 66(6): 533–550.  

Finnilä MAJ, Zioupos P, Herlin M, Miettinen HM, Simanainen U, Håkansson H, 
Tuukkanen J, Viluksela M & Jämsä T (2010) Effects of 2,3,7,8-tetrachlorodibenzo-p-
dioxin exposure on bone material properties. J Biomech 43(6): 1097–1103.  

Fouchécourt M & Rivière J (1995) Activities of cytochrome P450-dependent 
monooxygenases and antioxidant enzymes in different organs of Norway rats (Rattus 
norvegicus) inhabiting reference and contaminated sites. Chemosphere 31(11–12): 
4375–4386.  

Fox GA (2001) Wildlife as sentinels of human health effects in the Great Lakes--St. 
Lawrence basin. Environ Health Perspect 109 Suppl 6: 853–861.  

Franc M, Pohjanvirta R, Tuomisto J & Okey AB (2001) In vivo up-regulation of aryl 
hydrocarbon receptor expression by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in a 
dioxin-resistant rat model, Biochem Pharmacol 62(12): 1565–1578.  

Garfinkel D (1958) Studies on pig liver microsomes. I. Enzymic and pigment composition 
of different microsomal fractions. Arch Biochem Biophys 77(2): 493–509.  

Giesy JP & Kannan K (1998) Dioxin-like and non-dioxin-like toxic effects of 
polychlorinated biphenyls (PCBs): implications for risk assessment. Crit Rev Toxicol 
28(6): 511–569.  

Gokhale MS, Bunton TE, Zurlo J & Yager JD (1997) Cytochrome P450 isoenzyme 
activities in cultured rat and mouse liver slices. Xenobiotica 27(4): 341–355.  

Goksoyr A (1995) Use of cytochrome P450 1A (CYP1A) in fish as a biomarker of aquatic 
pollution. Arch Toxicol Suppl 17: 80–95.  

Gonzalez FJ & Lee YH (1996) Constitutive expression of hepatic cytochrome P450 genes. 
FASEB J 10(10): 1112–1117.  

Gonzalez FJ & Nebert DW (1990) Evolution of the P450 gene superfamily: animal-plant 
'warfare', molecular drive and human genetic differences in drug oxidation. Trends 
Genet 6(6): 182–186.  

Gouin T, Mackay D, Jones KC, Harner T & Meijer SN (2004) Evidence for the 
“grasshopper” effect and fractionation during long-range atmospheric transport of 
organic contaminants. Environmental Pollution 128(1–2): 139–148.  

Graham MJ & Lake BG (2008) Induction of drug metabolism: species differences and 
toxicological relevance. Toxicology 254(3): 184–191.  



56 

Gu YZ, Hogenesch JB & Bradfield CA (2000) The PAS superfamily: sensors of 
environmental and developmental signals. Annu Rev Pharmacol Toxicol 40: 519–561.  

Guzzella L, Poma G, De Paolis A, Roscioli C & Viviano G (2011) Organic persistent toxic 
substances in soils, waters and sediments along an altitudinal gradient at Mt. 
Sagarmatha, Himalayas, Nepal. Environmental Pollution 159(10): 2552–2564.  

Hahn ME (2002) Aryl hydrocarbon receptors: diversity and evolution. Chem Biol Interact 
141(1–2): 131–160.  

Håkansson H, Johansson L, Manzoor E & Ahlborg UG (1994) Effect of 2,3,7,8-
tetrachlorodibenzoy-p-dioxin on the hepatic 7-ethoxyresorufin O-deethylase activity 
in four rodent species. European Journal of Pharmacology: Environmental Toxicology 
and Pharmacology 270(4): 279–284.  

Hakk H, Diliberto JJ & Birnbaum LS (2009) The effect of dose on 2,3,7,8-TCDD tissue 
distribution, metabolism and elimination in CYP1A2 (-/-) knockout and C57BL/6N 
parental strains of mice. Toxicol Appl Pharmacol 241(1): 119–126.  

Haley SL, Lamb JG, Franklin MR, Constance JE & Dearing MD (2007a) Xenobiotic 
metabolism of plant secondary compounds in oak (Quercus agrifolia) by specialist and 
generalist woodrat herbivores, genus Neotoma. J Chem Ecol 33(11): 2111–2122.  

Haley SL, Lamb JG, Franklin MR, Constance JE & Denise Dearing M (2007b) Xenobiotic 
metabolism of plant secondary compounds in juniper (Juniperus monosperma) by 
specialist and generalist woodrat herbivores, genus Neotoma. Comparative 
Biochemistry and Physiology Part C: Toxicology & Pharmacology 146(4): 552–560.  

Hamlin HJ & Guillette LJ,Jr (2010) Birth defects in wildlife: the role of environmental 
contaminants as inducers of reproductive and developmental dysfunction. Syst Biol 
Reprod Med 56(2): 113–121. 

Henttonen, H (1997). Genus of Clethrionomys. In: Lokki, J et al. (ed) The Finnish Nature 
– Mammals. WSOY corp. Weilin+Göös Oy, Porvoo: 104–107. (In Finnish).  

Hewitt NJ, Lecluyse EL & Ferguson SS (2007) Induction of hepatic cytochrome P450 
enzymes: methods, mechanisms, recommendations, and in vitro-in vivo correlations. 
Xenobiotica 37(10–11): 1196–1224.  

Hites RA (2011) Dioxins: an overview and history. Environ Sci Technol 45(1): 16–20.  
Hjelle JT, Hazelton GA, Klaassen CD & Hjelle JJ (1986) Glucuronidation and sulfation in 

rabbit kidney. J Pharmacol Exp Ther 236(1): 150–156.  
Hodgson E & Goldstein J (2001) Metabolism of toxicants: phase I reactions and 

pharmacogenetics. In Hodgson E & Smart R (eds) Introduction to Biochemical 
Toxicology. New York, Wiely: 67–113.  

Huggett RJ, Neff JM, Stegeman JJ, Woodin B, Parker KR & Brown JS (2006) Biomarkers 
of PAH exposure in an intertidal fish species from Prince William Sound, Alaska: 
2004–2005. Environ Sci Technol 40(20): 6513–6517.  

Hurst CH, DeVito MJ, Setzer RW & Birnbaum LS (2000) Acute administration of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) in pregnant Long Evans rats: association of 
measured tissue concentrations with developmental effects. Toxicol Sci 53(2): 411–
420.  



57 

IARC (1997) Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans. IARC 
Monographs on the evaluation of carcinogenic risk to humans. IARC 69.  

Isosaari P, Hallikainen A, Kiviranta H, Vuorinen PJ, Parmanne R, Koistinen J & 
Vartiainen T (2006) Polychlorinated dibenzo-p-dioxins, dibenzofurans, biphenyls, 
naphthalenes and polybrominated diphenyl ethers in the edible fish caught from the 
Baltic Sea and lakes in Finland. Environ Pollut 141(2): 213–225.  

Isosaari P, Kankaanpaa H, Mattila J, Kiviranta H, Verta M, Salo S & Vartiainen T (2002) 
Spatial distibution and temporal accumulation of polychlorinated dibenzo-p-dioxins, 
dibenzofurans, and biphenyls in the Gulf of Finland. Environ Sci Technol 36(12): 
2560–2565.  

Jämsä T, Tuukkanen J & Jalovaara P (1998) Femoral neck strength of mouse in two 
loading configurations: method evaluation and fracture characteristics. J Biomech 
31(8): 723–729.  

Kattainen H, Tuukkanen J, Simanainen U, Tuomisto JT, Kovero O, Lukinmaa P, 
Alaluusua S, Tuomisto J & Viluksela M (2001) In Utero/Lactational 2,3,7,8-
Tetrachlorodibenzo-p-dioxin Exposure Impairs Molar Tooth Development in Rats. 
Toxicol Appl Pharmacol 174(3): 216–224.  

Khan WA, Park SS, Gelboin HV, Bickers DR & Mukhtar H (1989) Monoclonal antibodies 
directed characterization of epidermal and hepatic cytochrome P-450 isozymes 
induced by skin application of therapeutic crude coal tar. J Invest Dermatol 93(1): 40–
45.  

Kimura S, Kozak CA & Gonzalez FJ (1989) Identification of a novel P450 expressed in rat 
lung: cDNA cloning and sequence, chromosome mapping, and induction by 3-
methylcholanthrene. Biochemistry 28(9): 3798–3803.  

Kitunen VH & Salkinoja-Salonen MS (1990) Soil contamination at abandoned sawmill 
areas. Chemosphere 20(10–12): 1671–1677.  

Kiviranta H, Ovaskainen ML & Vartiainen T (2004) Market basket study on dietary intake 
of PCDD/Fs, PCBs, and PBDEs in Finland. Environ Int 30(7): 923–932.  

Kiviranta H, Vartiainen T, Parmanne R, Hallikainen A & Koistinen J (2003) PCDD/Fs and 
PCBs in Baltic herring during the 1990s. Chemosphere 50(9): 1201–1216.  

Kiviranta H, Vartiainen T & Tuomisto J (2002) Polychlorinated dibenzo-p-dioxins, 
dibenzofurans, and biphenyls in fishermen in Finland. Environ Health Perspect 
110(4): 355–361.  

Kiviranta H, Vartiainen T, Verta M, Tuomisto JT & Tuomisto J (2000) High fish-specific 
dioxin concentrations in Finland. Lancet 355(9218): 1883–1885.  

Klingenberg M (1958) Pigments of rat liver microsomes. Arch Biochem Biophys 75(2): 
376–386.  

Korhonen M, Mannio J, Vartiainen T, Porvari P (1997) Concentrations of selected PCB 
congeners in pike (Esox lucius, L.) and arctic char (Salvelinus alpinus, L.) in Finland. 
Chemosphere 34(5–7): 1255–1262. 



58 

Kubota A, Iwata H, Goldstone HM, Kim EY, Stegeman JJ & Tanabe S (2006) Cytochrome 
P450 1A4 and 1A5 in common cormorant (Phalacrocorax carbo): evolutionary 
relationships and functional implications associated with dioxin and related 
compounds. Toxicol Sci 92(2): 394–408.  

Kubota A, Iwata H, Tanabe S, Yoneda K & Tobata S (2005) Hepatic CYP1A induction by 
dioxin-like compounds, and congener-specific metabolism and sequestration in wild 
common cormorants from Lake Biwa, Japan. Environ Sci Technol 39(10): 3611–
3619.  

Kulkarni PS, Crespo JG & Afonso CAM (2008) Dioxins sources and current remediation 
technologies — A review. Environ Int 34(1): 139–153.  

Kurose K, Tohkin M & Fukuhara M (1999) A novel positive regulatory element that 
enhances hamster CYP2A8 gene expression mediated by xenobiotic responsive 
element. Mol Pharmacol 55(2): 279–287.  

Larsen JC (2006) Risk assessments of polychlorinated dibenzo- p-dioxins, polychlorinated 
dibenzofurans, and dioxin-like polychlorinated biphenyls in food. Mol Nutr Food Res 
50(10): 885–896.  

Lawton MP, Gasser R, Tynes RE, Hodgson E & Philpot RM (1990) The flavin-containing 
monooxygenase enzymes expressed in rabbit liver and lung are products of related but 
distinctly different genes. J Biol Chem 265(10): 5855–5861.  

Letcher RJ, Bustnes JO, Dietz R, Jenssen BM, Jørgensen EH, Sonne C, Verreault J, 
Vijayan MM & Gabrielsen GW (2010) Exposure and effects assessment of persistent 
organohalogen contaminants in arctic wildlife and fish. Sci Total Environ 408(15): 
2995–3043.  

Lewis DF (2004) 57 varieties: the human cytochromes P450. Pharmacogenomics 5(3): 
305–318.  

Lewis DF & Lake BG (2002) Species differences in coumarin metabolism: a molecular 
modelling evaluation of CYP2A interactions. Xenobiotica 32(7): 547–561.  

Liem AK, Furst P & Rappe C (2000) Exposure of populations to dioxins and related 
compounds. Food Addit Contam 17(4): 241–259.  

Loonen H, van de Guchte C, Parson JR, de Voogt P, Govers HAJ (1996) Ecological hazard 
assessment of dioxins: hazards to organisms at different levels of aquatic food webs 
(fish-eating birds and mammals, fish and invertebrates). Sci Total Environ 182(1–3): 
93–103. 

Mandal PK (2005) Dioxin: a review of its environmental effects and its aryl hydrocarbon 
receptor biology. J Comp Physiol B 175(4): 221–230.  

Marlowe JL & Puga A (2005) Aryl hydrocarbon receptor, cell cycle regulation, toxicity, 
and tumorigenesis. J Cell Biochem 96(6): 1174–1184.  

Michalek JE & Pavuk M (2008) Diabetes and cancer in veterans of Operation Ranch Hand 
after adjustment for calendar period, days of spraying, and time spent in Southeast 
Asia. J Occup Environ Med 50(3): 330–340.  

Miettinen HM, Pulkkinen P, Jamsa T, Koistinen J, Simanainen U, Tuomisto J, Tuukkanen 
J & Viluksela M (2005) Effects of in utero and lactational TCDD exposure on bone 
development in differentially sensitive rat lines. Toxicol Sci 85(2): 1003–1012.  



59 

Miettinen HM, Sorvari R, Alaluusua S, Murtomaa M, Tuukkanen J & Viluksela M (2006) 
The effect of perinatal TCDD exposure on caries susceptibility in rats. Toxicol Sci 
91(2): 568–575.  

Miettinen HM, Alaluusua S, Tuomisto J & Viluksela M (2002) Effect of in Utero and 
Lactational 2,3,7,8-Tetrachlorodibenzo-p-dioxin Exposure on Rat Molar 
Development: The Role of Exposure Time. Toxicol Appl Pharmacol 184(1): 57–66.  

Mocarelli P, Marocchi A, Brambilla P, Gerthoux P, Young DS & Mantel N (1986) Clinical 
laboratory manifestations of exposure to dioxin in children. A six-year study of the 
effects of an environmental disaster near Seveso, Italy. JAMA 256(19): 2687–2695.  

Monostory K & Dvorak Z (2011) Steroid regulation of drug-metabolizing cytochromes 
P450. Curr Drug Metab 12(2): 154–172.  

Mos L, Tabuchi M, Dangerfield N, Jeffries SJ, Koop BF & Ross PS (2007) Contaminant-
associated disruption of vitamin A and its receptor (retinoic acid receptor alpha) in 
free-ranging harbour seals (Phoca vitulina). Aquat Toxicol 81(3): 319–328. 

Myllymäki, A. (1997). Genus of Microtus. In: Lokki, J et al. (ed) The Finnish Nature – 
Mammals. WSOY corp. Weilin+Göös Oy, Porvoo: 114–119. (In Finnish).  

Nebert DW & Dalton TP (2006) The role of cytochrome P450 enzymes in endogenous 
signalling pathways and environmental carcinogenesis. Nat Rev Cancer 6(12): 947–
960.  

Nebert DW & Russell DW (2002) Clinical importance of the cytochromes P450. Lancet 
360(9340): 1155–1162.  

Nelson D & Werck-Reichhart D (2011) A P450-centric view of plant evolution. Plant J 
66(1): 194–211.  

Nelson DR (1999) Cytochrome P450 and the individuality of species. Arch Biochem 
Biophys 369(1): 1–10.  

Nelson DR (2006) Cytochrome P450 nomenclature, 2004. Methods Mol Biol 320: 1–10.  
Nelson DR, Koymans L, Kamataki T, Stegeman JJ, Feyereisen R, Waxman DJ, Waterman 

MR, Gotoh O, Coon MJ, Estabrook RW, Gunsalus IC & Nebert DW (1996) P450 
superfamily: update on new sequences, gene mapping, accession numbers and 
nomenclature. Pharmacogenetics 6(1): 1–42.  

Newman MC & Unger MA (2003) Fundamentals of Ecotoxicology. United States of 
America, CRC Press LLC.  

Niemirycz E & Jankowska D (2011) Concentrations and profiles of PCDD/Fs in sediments 
of major Polish rivers and the Gdansk Basin - Baltic Sea. Chemosphere 85(3): 525–
532.  

Nyman M, Raunio H & Pelkonen O (2000) Expression and inducibility of members in the 
cytochrome P4501 (CYP1) family in ringed and grey seals from polluted and less 
polluted waters. Environ Toxicol Pharmacol 8(4): 217–225.  

Oesch F & Arand M (1999) Xenobiotic Metabolism. In Marquardt H, Schfifer SG, 
McClellan R & Welsch F (eds) Toxicology. , Academic Press: 83–109.  

Omura T & Sato R (1962) A new cytochrome in liver microsomes. J Biol Chem 237: 
1375–1376.  



60 

Panteleyev AA & Bickers DR (2006) Dioxin-induced chloracne--reconstructing the 
cellular and molecular mechanisms of a classic environmental disease. Exp Dermatol 
15(9): 705–730.  

Parzefall W (2002) Risk assessment of dioxin contamination in human food. Food Chem 
Toxicol 40(8): 1185–1189.  

Pelclova D, Urban P, Preiss J, Lukas E, Fenclova Z, Navratil T, Dubska Z & Senholdova Z 
(2006) Adverse health effects in humans exposed to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD). Rev Environ Health 21(2): 119–138.  

Pelkonen O & Raunio H (2005) In vitro screening of drug metabolism during drug 
development: can we trust the predictions? Expert Opin Drug Metab Toxicol 1(1): 49–
59.  

Pelkonen O, Turpeinen M, Hakkola J, Honkakoski P, Hukkanen J & Raunio H (2008) 
Inhibition and induction of human cytochrome P450 enzymes: current status. Arch 
Toxicol 82(10): 667–715.  

Peng Z, Tuukkanen J, Zhang H, Jämsä T & Väänänen HK (1994) The mechanical strength 
of bone in different rat models of experimental osteoporosis. Bone 15(5): 523–532.  

Petrulis JR & Perdew GH (2002) The role of chaperone proteins in the aryl hydrocarbon 
receptor core complex. Chem Biol Interact 141(1–2): 25–40.  

Pohjanvirta R, Korkalainen M, Moffat ID, Boutros PC & Okey AB (2011)  
Role of the AHR and its structure in TCDD toxicity. In Pohjanvirta R. (ed) The AH 
Receptor in Biology and Toxicology. Wiley & Sons.  

Pohjanvirta R, Kulju T, Morselt AF, Tuominen R, Juvonen R, Rozman K, Mannisto P, 
Collan Y, Sainio EL & Tuomisto J (1989) Target tissue morphology and serum 
biochemistry following 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exposure in a 
TCDD-susceptible and a TCDD-resistant rat strain. Fundam Appl Toxicol 12(4): 698–
712.  

Pohjanvirta R & Tuomisto J (1994) Short-term toxicity of 2,3,7,8-tetrachlorodibenzo-p-
dioxin in laboratory animals: effects, mechanisms, and animal models. Pharmacol Rev 
46(4): 483–549.  

Poland A & Knutson JC (1982) 2,3,7,8-Tetrachlorodibenzo-P-Dioxin and Related 
Halogenated Aromatic Hydrocarbons: Examination of the Mechanism of Toxicity. 
Annu Rev Pharmacol Toxicol 22: 517–554.  

Pustylnyak VO, Lebedev AN, Gulyaeva LF, Lyakhovich VV & Slynko NM (2007) 
Comparative study of CYP2B induction in the liver of rats and mice by different 
compounds. Life Sci 80(4): 324–328.  

Pustylnyak V, Pivovarova E, Slynko N, Gulyaeva L & Lyakhovich V (2009) Species-
specific induction of CYP2B by 2,4,6-tryphenyldioxane-1,3 (TPD). Life Sci 85(23–
26): 815–821.  

Qualls CW,Jr, Lubet RA, Lochmiller RL, Elangbam CS, Lish JW & Nims RW (1998) 
Cytochrome P450 induction in feral Cricetid rodents: a review of field and laboratory 
investigations. Comp Biochem Physiol C Pharmacol Toxicol Endocrinol 121(1–3): 
55–63.  



61 

Raunio H, Rautio A & Pelkonen O (1999) The CYP2A subfamily: function, expression 
and genetic polymorphism. IARC Sci Publ (148)(148): 197–207.  

Rivera SP, Saarikoski ST & Hankinson O (2002) Identification of a novel dioxin-inducible 
cytochrome P450. Mol Pharmacol 61(2): 255–259.  

Roos A, Rigét F & Örberg J Bone mineral density in Swedish otters (Lutra lutra) in 
relation to PCB and DDE concentrations. Ecotoxicol Environ Saf In Press, Corrected 
Proof.  

Rose R & Hodgson E Metabolism of toxicants. In Hodgson E (ed) Text Book of Modern 
Toxicology. New York, Wiley: 111–148.  

Routti H, Arukwe A, Jenssen BM, Letcher RJ, Nyman M, Backman C & Gabrielsen GW 
(2010) Comparative endocrine disruptive effects of contaminants in ringed seals 
(Phoca hispida) from Svalbard and the Baltic Sea. Comp Biochem Physiol C Toxicol 
Pharmacol 152(3): 306–312.  

Saurat JH, Kaya G, Saxer-Sekulic N, Pardo B, Becker M, Fontao L, Mottu F, Carraux P, 
Pham X, Barde C, Fontao F, Zennegg M, Schmid P, Schaad O, Descombes P & Sorg 
O (2011) The cutaneous lesions of dioxin exposure: Lessons from the poisoning of V. 
Yushchenko. Toxicol Sci .  

Schantz SL & Bowman RE (1989) Learning in monkeys exposed perinatally to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Neurotoxicol Teratol 11(1): 13–19.  

Schecter A, Birnbaum L, Ryan JJ & Constable JD (2006) Dioxins: An overview. Environ 
Res 101(3): 419–428.  

Shelepchikov AA, Shenderyuk VV, Brodsky ES, Feshin D, Baholdina LP & Gorogankin 
SK (2008) Contamination of Russian Baltic fish by polychlorinated dibenzo-p-
dioxins, dibenzofurans and dioxin-like biphenyls. Environ Toxicol Pharmacol 25(2): 
136–143.  

Simm M, Roots O, Kotta J, Lankov A, Henkelmann B, Shen H & Schramm KW (2006) 
PCDD/Fs in sprat (Sprattus sprattus balticus) from the Gulf of Finland, the Baltic Sea. 
Chemosphere 65(9): 1570–1575.  

Singh KP, Casado FL, Opanashuk LA & Gasiewicz TA (2009) The aryl hydrocarbon 
receptor has a normal function in the regulation of hematopoietic and other 
stem/progenitor cell populations. Biochem Pharmacol 77(4): 577–587.  

Sinkkonen S & Paasivirta J (2000) Degradation half-life times of PCDDs, PCDFs and 
PCBs for environmental fate modeling. Chemosphere 40(9–11): 943–949.  

Sogaard CH, Danielsen CC, Thorling EB & Mosekilde L (1994) Long-term exercise of 
young and adult female rats: effect on femoral neck biomechanical competence and 
bone structure. J Bone Miner Res 9(3): 409–416.  

Sonne C (2010) Health effects from long-range transported contaminants in Arctic top 
predators: An integrated review based on studies of polar bears and relevant model 
species. Environ Int 36(5): 461–491.  

Souma S, Sekimoto M & Degawa M (2006) Species difference in the induction of hepatic 
CYP1A subfamily enzymes, especially CYP1A2, by 2-methoxy-4-nitroaniline among 
rats, mice, and guinea pigs. Arch Toxicol 80(11): 739–747.  



62 

Srogi ,K. (2008) Levels and congener distributions of PCDDs, PCDFs and dioxin-like 
PCBs in environmental and human samples: a review. Environmental Chemistry 
Letters (1): 1–28.  

Steenland K, Bertazzi P, Baccarelli A & Kogevinas M (2004) Dioxin revisited: 
developments since the 1997 IARC classification of dioxin as a human carcinogen. 
Environ Health Perspect 112(13): 1265–1268.  

Stegeman JJ, Schlezinger JJ, Craddock JE & Tillitt DE (2001) Cytochrome P450 1A 
expression in midwater fishes: potential effects of chemical contaminants in remote 
oceanic zones. Environ Sci Technol 35(1): 54–62.  

Stone R (2007) Epidemiology. Agent Orange's bitter harvest. Science 315(5809): 176–179.  
Suutari A, Ruokojarvi P, Hallikainen A, Kiviranta H & Laaksonen S (2009) 

Polychlorinated dibenzo-p-dioxins, dibenzofurans, and polychlorinated biphenyls in 
semi-domesticated reindeer (Rangifer tarandus tarandus) and wild moose (Alces 
alces) meat in Finland. Chemosphere 75(5): 617–622.  

Suutari A, Ruokojarvi P, Kiviranta H, Verta M, Korhonen M, Nieminen M & Laaksonen S 
(2011) Polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), 
polychlorinated biphenyls (PCBs), and polybrominated diphenyl ethers (PBDEs) in 
Finnish semi-domesticated reindeer (Rangifer tarandus tarandus L.). Environ Int 
37(2): 335–341.  

Swanson HI & Bradfield CA (1993) The AH-receptor: genetics, structure and function. 
Pharmacogenetics 3(5): 213–230.  

Sweeney MH & Mocarelli P (2000) Human health effects after exposure to 2,3,7,8-TCDD. 
Food Addit Contam 17(4): 303–316.  

Talmage SS & Walton BT (1991) Small mammals as monitors of environmental 
contaminants. Rev Environ Contam Toxicol 119: 47–145.  

Tanabe S (2002) Contamination and toxic effects of persistent endocrine disrupters in 
marine mammals and birds. Mar Pollut Bull 45(1–12): 69–77.  

Thomas PE, Reik LM, Ryan DE & Levin W (1981) Regulation of three forms of 
cytochrome P-450 and epoxide hydrolase in rat liver microsomes. Effects of age, sex, 
and induction. J Biol Chem 256(2): 1044–1052.  

Tillitt DE, Gale RW, Meadows JC, Zajicek JL, Peterman PH, Heaton SN, Jones PD, 
Bursian SJ, Kubiak TJ, Giesy JP & Aulerich RJ (1996) Dietary Exposure of Mink to 
Carp from Saginaw Bay. 3. Characterization of Dietary Exposure to Planar 
Halogenated Hydrocarbons, Dioxin Equivalents, and Biomagnification. Environ Sci 
Technol 30(1): 283–291.  

Tompkins LM & Wallace AD (2007) Mechanisms of cytochrome P450 induction. J 
Biochem Mol Toxicol 21(4): 176–181.  

Tritscher AM, Goldstein JA, Portier CJ, McCoy Z, Clark GC & Lucier GW (1992) Dose-
response relationships for chronic exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin in a 
rat tumor promotion model: quantification and immunolocalization of CYP1A1 and 
CYP1A2 in the liver. Cancer Res 52(12): 3436–3442. 



63 

Trust K, Esler D, R. Woodin B & J. Stegeman J (2000) Cytochrome P450 1A Induction in 
Sea Ducks Inhabiting Nearshore Areas of Prince William Sound, Alaska. Mar Pollut 
Bull 40(5): 397–403. 

Turpeinen M, Uusitalo J, Jalonen J & Pelkonen O (2005) Multiple P450 substrates in a 
single run: rapid and comprehensive in vitro interaction assay. Eur J Pharm Sci 24(1): 
123–132.  

Unkila M, Pohjanvirta R & Tuomisto J (1995) Biochemical effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and related compounds on the central nervous 
system. Int J Biochem Cell Biol 27(5): 443–455. 

USEPA. U.S. Environmental Rrotection Agency. In:htpp://www.epa.gov/ncea/pdfs/dioxin.  
Van den Berg M, Birnbaum L, Bosveld AT, Brunstrom B, Cook P, Feeley M, Giesy JP, 

Hanberg A, Hasegawa R, Kennedy SW, Kubiak T, Larsen JC, van Leeuwen FX, Liem 
AK, Nolt C, Peterson RE, Poellinger L, Safe S, Schrenk D, Tillitt D, Tysklind M, 
Younes M, Waern F & Zacharewski T (1998) Toxic equivalency factors (TEFs) for 
PCBs, PCDDs, PCDFs for humans and wildlife. Environ Health Perspect 106(12): 
775–792.  

Van den Berg M, Birnbaum LS, Denison M, De Vito M, Farland W, Feeley M, Fiedler H, 
Hakansson H, Hanberg A, Haws L, Rose M, Safe S, Schrenk D, Tohyama C, Tritscher 
A, Tuomisto J, Tysklind M, Walker N & Peterson RE (2006) The 2005 World Health 
Organization reevaluation of human and Mammalian toxic equivalency factors for 
dioxins and dioxin-like compounds. Toxicol Sci 93(2): 223–241.  

Van den Berg M, De Jongh J, Poiger H & Olson JR (1994) The toxicokinetics and 
metabolism of polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans 
(PCDFs) and their relevance for toxicity. Crit Rev Toxicol 24(1): 1–74.  

van den Berg M, Peterson RE & Schrenk D (2000) Human risk assessment and TEFs. 
Food Addit Contam 17(4): 347–358.  

van den Brink NW, de Ruiter-Dijkman EM, Broekhuizen S, Reijnders PJH & Bosveld 
ATC (2000) Polychlorinated biphenyls pattern analysis: Potential nondestructive 
biomarker in vertebrates for exposure to cytochrome P450-inducing organochlorines. 
Environmental Toxicology and Chemistry 19(3): 575–581.  

van Leeuwen FXR, Feeley M, Schrenk D, Larsen JC, Farland W & Younes M (2000) 
Dioxins: WHO’s tolerable daily intake (TDI) revisited. Chemosphere 40(9–11): 1095–
1101.  

Viluksela M, Raasmaja A, Lebofsky M, Stahl BU & Rozman KK (2004) Tissue-specific 
effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on the activity of 5'-
deiodinases I and II in rats. Toxicol Lett 147(2): 133–142.  

Vos JG, Dybing E, Greim HA, Ladefoged O, Lambre C, Tarazona JV, Brandt I & Vethaak 
AD (2000) Health effects of endocrine-disrupting chemicals on wildlife, with special 
reference to the European situation. Crit Rev Toxicol 30(1): 71–133.  

Walker NJ, Portier CJ, Lax SF, Crofts FG, Li Y, Lucier GW & Sutter TR (1999) 
Characterization of the dose-response of CYP1B1, CYP1A1, and CYP1A2 in the liver 
of female Sprague-Dawley rats following chronic exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin. Toxicol Appl Pharmacol 154(3): 279–286.  



64 

Wania F (2003) Assessing the Potential of Persistent Organic Chemicals for Long-Range 
Transport and Accumulation in Polar Regions. Environ Sci Technol 37(7): 1344–
1351.  

Watanabe MX, Iwata H, Okamoto M, Kim EY, Yoneda K, Hashimoto T & Tanabe S 
(2005) Induction of cytochrome P450 1A5 mRNA, protein and enzymatic activities by 
dioxin-like compounds, and congener-specific metabolism and sequestration in the 
liver of wild jungle crow (Corvus macrorhynchos) from Tokyo, Japan. Toxicol Sci 
88(2): 384–399.  

Watkins PB, Wrighton SA, Schuetz EG, Molowa DT & Guzelian PS (1987) Identification 
of glucocorticoid-inducible cytochromes P-450 in the intestinal mucosa of rats and 
man. J Clin Invest 80(4): 1029–1036.  

Waxman DJ (1999) P450 gene induction by structurally diverse xenochemicals: central 
role of nuclear receptors CAR, PXR, and PPAR. Arch Biochem Biophys 369(1): 11–
23.  

Weber LW, Lebofsky M, Stahl BU, Smith S & Rozman KK (1995) Correlation between 
toxicity and effects on intermediary metabolism in 2,3,7,8-tetrachlorodibenzo-p-
dioxin-treated male C57BL/6J and DBA/2J mice. Toxicol Appl Pharmacol 131(1): 
155–162.  

White SS & Birnbaum LS (2009) An overview of the effects of dioxins and dioxin-like 
compounds on vertebrates, as documented in human and ecological epidemiology. J 
Environ Sci Health C Environ Carcinog Ecotoxicol Rev 27(4): 197–211.  

Whitlock JP,Jr (1999) Induction of cytochrome P4501A1. Annu Rev Pharmacol Toxicol 
39: 103–125. 

WHO (2000) Assessment of health risk of dioxins: re-evaluation of the tolerable daily 
intake (TDI). WHO Geneva, Switzerland, 25–29 May 1998. Food Additives and 
Contaminants 17 (4): 223–369.  

Whyte JJ, Jung RE, Schmitt CJ & Tillitt DE (2000) Ethoxyresorufin-O-deethylase (EROD) 
activity in fish as a biomarker of chemical exposure. Crit Rev Toxicol 30(4): 347–570.  

Widholm JJ, Seo BW, Strupp BJ, Seegal RF & Schantz SL (2003) Effects of perinatal 
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin on spatial and visual reversal learning 
in rats. Neurotoxicol Teratol 25(4): 459–471.  

Xu C, Li CY & Kong AN (2005) Induction of phase I, II and III drug metabolism/transport 
by xenobiotics. Arch Pharm Res 28(3): 249–268.  

Yueh MF, Huang YH, Hiller A, Chen S, Nguyen N, Tukey RH (2003) Involvement of the 
xenobiotic response element (XRE) in Ah receptor-mediated induction of human 
UDP-glucuronosyltransferase 1A1. J Biol Chem 278(17): 15001–15006. 



65 

List of original publications 

I  Murtomaa M, Tervaniemi O-M, Parviainen J, Ruokojärvi P, Tuukkanen J & Viluksela 
M (2007) Dioxin exposure in contaminated sawmill area: The use of molar teeth and 
bone of bank vole (Clethrionomys glareolus) and field vole (Microtus agrestis) as 
biomarkers. Chemosphere 68: 951–957.  

II  Murtomaa-Hautala M, Viluksela M, Ruokojärvi P, Rautio A (2012) Trends of 
polychlorinated dioxins, -furans, -biphenyls and polybrominated diethyl ethers in bank 
voles in Northern Finland. Manuscript. 

III  Murtomaa M, Viitala P, Hokkanen J, Pelkonen O & Rautio A (2010) Xenobiotic 
metabolism of bank vole (Myodes glareolus) exposed to PCDDs. Environmental 
Pharmacology and Toxicology 29: 19–23. 

IV  Murtomaa-Hautala M, Korkalainen M, Pelkonen O, Hedge N, Pohjanvirta R, Huitu O, 
Henttonen H, Rautio A, Viitala P & Viluksela M (2012) Significant interspecies 
differences in induction profiles of hepatic CYP enzymes by TCDD in bank and field 
voles. Environmental Toxicology and Chemistry 31(3): 663–671. 

Reprinted with permission from Elsevier (I, III) and John Wiley and Sons (IV). 

Original publications are not included in the electronic version of the dissertation. 
  



66 

 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

S E R I E S  D  M E D I C A

1134. Kaustinen, Teija (2011) Oulu-hoitoisuusluokitus ja hoitohenkilökunnan ajankäyttö
hoitotyön laatuvaatimusten näkökulmasta

1135. Liukkonen, Timo (2011) Low-grade inflammation in depression, anxiety and sleep
disturbances

1136. Tölli, Hanna (2011) Reindeer-derived bone protein extract in the healing of bone
defects : Evaluation of various carrier materials and delivery systems

1137. Tourula, Marjo (2011) The childcare practice of children’s daytime sleeping
outdoors in the context of Northern Finnish winter

1138. Mäkelä, Jussi (2011) Bone marrow-derived stem cell therapy in acute myocardial
infarction : An experimental porcine model

1139. Törmänen, Outi (2011) Malli kunnallisten terveyspalveluiden arvokeskustelusta :
Pehmeä systeemianalyysi kolmen kunnan yhteistoiminta-alueella

1140. Kangas, Maarit (2011) Development of accelerometry-based fall detection : from
laboratory environment to real life

1141. Määttä, Tuomo (2011) Down syndrome, health and disability : A population-
based case record and follow-up study

1142. Leskelä, Tarja (2011) Human δ opioid receptor Phe27 and Cys27 variants : The
role of heteromerization and pharmacological chaperones in receptor processing
and trafficking

1143. Karjalainen, Minna (2011) Genetic predisposition to spontaneous preterm birth :
approaches to identify susceptibility genes

1144. Saaristo, Timo (2011) Assessment of risk and prevention of type 2 diabetes in
primary health care

1145. Vuononvirta, Tiina (2011) Etäterveydenhuollon käyttöönotto terveydenhuollon
verkostoissa

1146. Vanhala, Marja (2012) Lapsen ylipaino – riskitekijät, tunnistaminen ja elintavat

1147. Katisko, Jani (2012) Intraoperative imaging guided delineation and localization of
regions of surgical interest : Feasibility study

1148. Holmström, Anneli (2012) Etnografinen tutkimus natiivitutkimusten oppimisesta
röntgenhoitajaopiskelijoiden opinnoissa

1149. Ronkainen, Hanna-Leena (2012) Novel prognostic biomarkers for renal cell
carcinoma



A
B
C
D
E
F
G

UNIVERS ITY OF OULU  P.O.B . 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Senior Assistant Jorma Arhippainen

Lecturer Santeri Palviainen

Professor Hannu Heusala

Professor Olli Vuolteenaho

Senior Researcher Eila Estola

Director Sinikka Eskelinen

Professor Jari Juga

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-9782-3 (Paperback)
ISBN 978-951-42-9783-0 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1150

AC
TA

M
ari M

urtom
aa-H

autala

OULU 2012

D 1150

Mari Murtomaa-Hautala

SPECIES-SPECIFIC EFFECTS 
OF DIOXIN EXPOSURE ON 
XENOBIOTIC METABOLISM 
AND HARD TISSUE IN VOLES

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU, FACULTY OF MEDICINE,
INSTITUTE OF BIOMEDICINE, DEPARTMENT OF PHARMACOLOGY AND TOXICOLOGY;
INSTITUTE OF BIOMEDICINE, DEPARTMENT OF ANATOMY AND CELL BIOLOGY;
UNIVERSITY OF OULU, THULE INSTITUTE, CENTER FOR ARCTIC MEDICINE;
NATIONAL INSTITUTE FOR HEALTH AND WELFARE, DEPARTMENT OF ENVIRONMENTAL HEALTH


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations
	List of original publications
	Contents
	1 Introduction
	2 Review of the literature
	2.1 Dioxins
	2.1.1 Mechanism of action
	2.1.2 Environmental fate
	2.1.3 Dioxins in humans and experimental animals
	2.1.4 Dioxins in wildlife

	2.2 Xenobiotic metabolism
	2.2.1 Cytochrome P450 enzymes

	2.3 Bone and teeth as target organs
	2.4 Bank vole and field vole

	3 Aims of the present study
	4 Material and methods
	4.1 Study areas
	4.2 Animal capture, housing conditions and experiments (I-IV)
	4.3 Dioxin analyses (I-II)
	4.4 Cytochrome P450 analyses (III-IV)
	4.4.1 Enzyme assays (II-III)
	4.4.2 CYP1A1 and CYP2A5 expression analysis (IV)
	4.4.3 Western blotting (III-IV)

	4.5 Bone and teeth measurements (I)
	4.5.1 Molar teeth measurements
	4.5.2 Bone density and strength measurements

	4.6 Statistical analysis (I–IV)
	4.7 Ethical aspects of the study

	5 Results and discussion
	5.1 Dioxins concentrations (I-II)
	5.2 Cytochrome P450 – activities (III-IV)
	5.2.1 CYP1A
	5.2.2 CYP2A

	5.3 AhR proteins (III)
	5.4 Molar teeth and bone measurements (I)

	6 Conclusions
	References
	List of original publications



