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Abstract
Gao, K. 2013. Basal and Pollutant-induced Expression of CYP1A, 1B and 1C isoforms in
Fish: Implications for Biomonitoring. Acta Universitatis Upsaliensis.  Digital Comprehensive
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Uppsala. ISBN 978-91-554-8670-9.

Aquatic wildlife are exposed to contaminants in their natural habitats, and toxic pollutants
may induce toxicity in sensitive target tissues and cells. There is therefore a need to establish
biomarkers to determine exposure to certain classes of contaminants and the subsequent
biological responses. In the present work the whole suite of cytochrome P450 1 (CYP1) genes
expressed in fish were examined with regard to their inducibility and potential use as biomarkers.
Complementary DNA of the CYP1A, 1B and 1C transcripts in rainbow trout and three-spined
stickleback were cloned and characterized by quantitative mRNA expression analysis. All CYP1
transcripts could be induced by two selected aryl hydrocarbon receptor (AhR) agoinsts (indigo
and PCB 126) in both species, suggesting that all genes were regulated by the AhR. CYP1
mRNA expression profiles induced by PCB 126 and indigo varied over time showing that PCB
126 gave rise to a high and persistent induction in gills and liver while induction by indigo was
transient in both organs. The uptake and kinetics of 14C-indigo was studied by autoradiography
in rainbow trout. A rapid uptake of 14C-indigo from the water and a subsequent elimination
in bile and intestinal contents was observed, explaining the transient CYP1 induction. A high
accumulation of 14C-indigo in the gills was completely blocked the CYP1 inhibitor ellipticine,
suggesting a CYP1-dependent uptake. High dilutions of a sewage treatment plant effluent
containing a complex mixture of pharmaceuticals were investigated. The same water sample
both induced CYP1A mRNA expression and inhibited catalytic activity of CYP1A. A field
study revealed different induction signatures of the CYP1 genes examined at various locations
in Uppsala water environments. As concluded by the temporal and spatial responses obtained,
the results of this work suggest that the CYP1 gene panel could be used for biomonitoring of
environmental contaminants acting on the CYP system. Further field studies will be required
to evaluate this possibility.

Kai Gao, Uppsala University, Department of Organismal Biology, Environmental toxicology,
Norbyvägen 18A, SE-752 36 Uppsala, Sweden.
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AhR Aryl hydrocarbon receptor 
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Introduction 

Biomarkers 
Urban communities and industries release a variety of foreign organic chem-
icals, and adverse effects of these chemicals on aquatic and terrestrial organ-
isms may occur. As a consequence of direct discharges or hydrologic and 
atmospheric transport, the aquatic environment is the ultimate sink for many 
of these contaminants [1, 2]. Aquatic wildlife species are increasingly being 
exposed to chemicals in their natural habitats. Toxic pollutants that are ab-
sorbed and distributed in the body may induce toxicity in sensitive target 
tissues and cells. In order to indicate an exposure or an effect of xenobiotics 
present in the environment and in the tissues of organisms, there is a need to 
establish methods to determine early-warning signals, i.e. biomarkers reflect-
ing exposure to certain classes of pollutants or adverse biological responses 
caused by these pollutants [3]. Biomarkers can be used to assess the health 
status of exposed wildlife species and thus enable intervention before irre-
versible adverse effects have occurred [4, 5]. In order to determine the level 
of exposure to toxic pollutants and the subsequent biological responses 
evoked, a number of sensitive, and more or less specific biomarkers have 
been developed. For example, many environmental contaminants are known 
to have endocrine-disrupting properties. Impairment of the reproductive 
capability may have a serious impact on fish populations. Induction of the 
egg-yolk precursor protein vitellogenin (VTG) in blood plasma of male or 
juvenile fish is a useful biomarker and early-warning signal for exposure to 
estrogenic pollutants (ER agonists) in the aquatic environment [6]. Besides 
the issue from estrogenic disruption, a potential for androgenic impacts has 
drawn attention due to evidence of male-biased sex ratios in fish exposed to 
effluent contaminated waters [7]. Spiggin, a glycoprotein for nest-building 
produced in the kidney of three-spined stickleback during the breeding sea-
son [8, 9], has become a valuable and highly sensitive biomarker for envi-
ronmental androgen and antiandrogen exposure [10, 11]. Some contaminants 
are known to exert oxidative stress possibly leading to enzyme inactivation, 
lipid peroxidation, DNA damage and cell death [12]. It has been suggested 
that oxidative stress biomarkers (both antioxidant enzymes and non-
enzymatic antioxidants) could be employed in aquatic ecosystem monitoring 
[13, 14]. Heavy metals, an important group of environmental stressors, are 
present in the aquatic environment where some of them bioaccumulate along 
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the food chain and pose a threat to aquatic species. Given the potential for 
heavy metals to exert toxicity in aquatic organisms [15-18], there is a clear 
need of method to test the effects of them. Metallothionein (MT) levels have 
been demonstrated to increase in a dose- or time- responsive manner after 
exposure to heavy metals [19, 20]. For example, exposure of Cd and Hg will 
increase synthesis of MT since homeostasis will be restored by incorporation 
of the metals into MT [19-22], making MT a useful biomarker for these met-
als. Induction of the cytochrome P450 1A (CYP1A) and its easily measured 
EROD activity is another classical biomarker frequently employed to deter-
mine exposure to Ah-receptor agonists in fish, birds and mammals [23, 24]. 
It has been demonstrated that the content and activity of induced CYP1A in 
fish is related to levels of aromatic and polychlorinated aromatic hydrocar-
bons in the animals and the environment in a dose-dependent manner [1]. 
These above-mentioned biomarkers are part of the currently available tool 
box. There is still, however, a major need to develop new, improved bio-
markers and apply them in the current biomonitoring programmes. 

Cytochromes P450 as biomarkers  
CYP1A and other CYPs function to catalyze oxidation of a variety of endo-
genous and exogenous substances as to maintain the biological homeostasis. 
The substrates of CYP enzymes include metabolic intermediates such 
as lipids, steroidal hormones and their precursors, bile acids, fatty acids and 
prostaglandins; CYPs also metabolize a complex variety of xenobiotics in-
cluding natural products, pharmaceuticals and other types of man-made 
chemicals [25]. Many CYP family members have attracted interest because 
of their ability to activate various substrates into carcinogenic and highly 
toxic reactive intermediates. For example, aflatoxin B1 (AFB1) is a potent 
hepatocarcinogen following metabolic activation. A reactive intermediate 
formed by CYP1A2 and CYP3A4 exert the toxic and carcinogenic action 
[26, 27]. Similarly, N-alkylnitrosamines, recognized as potent chemical car-
cinogens, requires metabolic activation by e.g. CYP2E1 to exert their geno-
toxicity [28].  

The catalytic activity of CYP1A in aquatic and terrestrial vertebrates is 
classically measured using the hepatic EROD assay [3, 29]. The analysis of 
EROD activity is generally based on liver microsomes, although EROD 
induction is observed also in other tissues such as gills, kidney an intestine. 
A simple method to measure EROD activity in fish gill filament tips ex vivo 
has recently been developed [30].  

Measuring EROD activity in liver as a biomarker of exposure has certain 
disadvantages which can affect the accuracy of the results. Inducers may be 
degraded by first-pass metabolism in the gills and therefore not be complete-
ly bioavailabe to the liver. Moreover, preparation of liver microsomes is a 
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time-consuming procedure compared to gill EROD assay. The gill filaments, 
which are directly exposed to the ambient water, may be more sensitive to 
water-borne inducers than the liver [31].  

Although the level of CYP1A protein activity is up-regulated by AhR 
agonists, it has also been reported that that the catalytic activity of CYP1A 
may be inhibited by various compounds [32, 33]. For example, gizzard shad 
(Dorosoma cepedianum) pretreated with clotrimazole and then exposed to 
benzo [a] pyrene (BaP) showed lower hepatic EROD activity compared to 
fish exposed to BaP only, suggesting inhibition of CYP1A and other CYP 
enzymes that metabolize BaP [32]. In another study, the fungicide bitertanol 
was shown to both induce and inhibit EROD activity in rat liver [34]. When 
using CYP1A in biomonitoring, such agonistic and antagonistic interactions 
should be considered.  

In fish, the CYP1 family typically consists of four subfamilies: CYP1A, 
CYP1B, CYP1C, and CYP1D [35-38]. CYP1A mRNA and protein are high-
ly induced by a variety of anthropogenic organic contaminants including 
polycyclic aromatic hydrocarbons (PAHs), co-planar polychlorinated biphe-
nyls (PCB), polychlorinated dioxins (PCDDs) and dibenzofurans (PCDFs), 
all of which are agonists of the aryl hydrocarbon receptor (AhR). Genes in 
the CYP1B and CYP1C subfamiles are inducible by AhR agonists in both 
adult and embryonic stages in fish [39-42]. The fourth CYP1 gene, CYP1D1, 
does not appear to be AhR-regulated in fish [36, 41]. Little information re-
garding CYP1D1 expression in tetrapods is available [43]. 

Aryl hydrocarbon receptor  
CYP1A1 is classically known to be regulated by the  AhR, a ligand activated 
transcription factor of the basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) 
type [44, 45]. The bHLH, which is located in N-terminus, consists of two 
regions, b and HLH, respectively. Region b is involved in the binding of the 
transcription factor to DNA and HLH is responsible for protein-protein di-
merization. The PAS region next to the bHLH regions was named after the 
three proteins: Period circadian protein, Aryl hydrocarbon receptor nuclear 
translocator protein, and Single-minded protein [46, 47]. The PAS comprises 
PAS-A and PAS-B and it also binds ARNT. The ligand binding site of the 
AhR is contained within the PAS-B region [48].  

Ligand-induced pathway of AhR responsive genes 
Once entering a cell, an AhR agonist will bind to the cytosolic AhR which 
forms a multiprotein complex with an Hsp90 dimer, prostaglandin E syn-
thase 3 (p23) and hepatitis B virus X-associated protein 2 (XAP2) [49-51]. 
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When the AhR binds to a ligand it undergoes a conformational change, and 
the ligand:AhR complex is translocated into the nucleus where it releases the 
Hsp90 & XAP2 proteins and forms a new complex with the aryl hydrocar-
bon nucleus translocator (ARNT). The liganded AhR:ARNT dimer  binds to 
DNA motifs (consensus sequence: TNGCGG) known as dioxin responsive 
elements, DRE (or xenobiotic, or aryl hydrocarbon response elements, XRE 
or AhRE) and thus induces transcription of CYP1 and other AhR responsive 
genes [52-55] (Fig. 1).  

 
Figure 1. Mechansim of CYP1 induction by AhR agonists 

A current model for the regulation of CYP1 induction is given in Figure 1. In 
addition to the CYP1 enzymes, the AhR regulates a number of other en-
zymes involved in the metabolism of exogenous chemicals, e.g. 
NAD(P)H:quinone oxidoreductase (Nqo1), a cytosolic aldehyde dehydroge-
nase 3 (Aldh3a1), a UDP glucuronosyltransferase having 4-
methylumbelliferone as substrate (Ugt1a6), and a glutathione transferase 
having 2,4-dinitro-1-chlorobenzene as substrate (Gsta1) [56]. The activated 
AhR also influences transcription of variety of other genes, e.g., in human 
hepatoma HepG2 cells exposure to the potent AhR agonist 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) led to up- or down-regulation of more 
than 300 genes [57]. 

Many studies, including those using AhR knockout mice, have revealed a 
role of the AhR in normal development and physiological/biochemical 
processes [58-60]. In addition, AhR links to other physiological processes 
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such as cell cycling, oxidative stress responses, and hypoxia responses [56, 
61]. 

AhR agonists 
Halogenated aromatic hydrocarbons (HAHs) and PAHs are hydrophobic, 
planar chemicals, which are widely distributed in aquatic environments all 
over the world. Exposure to such environmental pollutants may give rise to 
various physiological responses, many of which are regulated by the AhR 
pathway [53, 62]. Structure-effect analysis has revealed that compounds with 
a three-dimension of 14 Å x 12 Å x 5 Å fits the AhR ligand binding pocket 
[63, 64]. Dioxin-like toxicity may result from chemicals having high affinity 
to the AhR and a high resistance to biological degradation, contributing a 
prolonged induction of gene expression [62, 65]. In addition to classical AhR 
agonists, considerable attention has been focused on naturally occurring 
ligands in food and other natural products. In this thesis a man-made persis-
tent (PCB 126) and a naturally occurring biodegradable AhR agonist (indi-
go) have been used to characterize effects on CYP1 mRNA expression.   

Exogenous ligands 
Chlorinated aromatic compounds such as coplanar PCBs PCDDs, PCDFs, 
and a variety of related compounds form a large group of chemicals with a 
similar mechanism of action [66, 67].  Most of these compounds are envi-
ronmentally or biologically persistent and produced in industrial processes 
such as incomplete incineration, chlorine bleaching of wood pulp, metal 
production and fossil fuel or wood burning [66, 68]. Among the dioxins and 
dioxin-like compounds, the classical AhR agonist TCDD is the most toxic 
[53, 62, 69]. Like TCDD, PAHs also regulate the AhR pathway, although the 
PAHs bind with relatively lower affinity (nanomolar to micromolar range for 
PAHs compared to the range picomolar  to nanomolar for HAH) [52].   

In addition to these compounds, numerous synthetic compounds (e.g. me-
thylenedioxybenzenes and benzimidazole) can activate the AhR by other 
pathways. These compounds show different structures and physiochemical 
characteristics compared to the classical HAH/PAH AhR agonists. A majori-
ty of these compounds are less potent AhR agonists compared to TCDD 
[62]. 

Endogenous ligands 
 Activation of AhR-dependent processes in the absence of exogenous li-
gand has been observed in vivo and in cell culture, suggesting that endogen-
ous AhR ligands may be present [70-72]. Like other AhR agonists, the en-
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dogenous AhR agonists appear to be less potent than TCDD based on induc-
tion of CYP1A1-dependent enzymatic activity, but a few studies have re-
ported that some endogenous agonists are as potent, or even more potent 
than the prototype compound TCDD [73, 74]. The most potent of these 
compounds is the tryptophan photoproduct 6-formylindolo[3,2-b]carbazole 
(FICZ) [75]. FICZ is present in humans, activates the AhR at hormonal le-
vels, and is rapidly metabolized by human CYP1A1, CYP1A2, and CYP1B1 
[76]. Several other endogenous ligands have been proposed, including indole 
derivatives, tetrapyroles, arachidonic acid metabolites, and other compounds  
[52, 62].   

Indigo and indirubin are plant-derived dyes which have been isolated 
from human urine and reported to be potent activators of the AhR in vitro 
[74, 77]. Indigo is a widely used for colouring of fabrics but has also been 
used as an ingredient in Chinese traditional medicine intended for treatment 
of cutaneous diseases (e.g. psoriasis), and of chronic myelocytic leukemia 
[78, 79]. The pigments indigo and indirubin have been identified in humans 
as metabolites formed by CYP-catalyzed metabolism of indoles [80]. Based 
on their presence in human urine, indigo and indirubin are proposed to be 
endogenous ligands for the AhR in humans [52, 74]. 

Indigo and indirubin were present only at very low concentrations follow-
ing hydrolysis of urine from humans without known exposure (about 0.2 nM 
for each compound) [74]. This concentration is unlikely to affect the normal 
physiological conditions. However, since cellular concentrations of some 
tryptophan metabolites might be significantly elevated, as can occur during 
some abnormal conditions, it has been proposed that the level of indigo 
could be sufficient to activate the AhR [52]. 

Objective and goals 
The objective of the present work has been to explore the whole suite of 
CYP1A, 1B, 1C and 1D genes expressed in fish, both with regard to their 
basal expression and their ability to be induced in various tissues in fish. 
Two species of fish were employed: Rainbow trout (Oncorhynchus mykiss) 
and three-spined stickleback (Gasterosteus aculeatus). Rainbow trout was 
selected because it is a robust species suitable for biomonitoring of contami-
nant levels in fresh and brackish ecosystems in Sweden. Three-spined stick-
leback was chosen because of its small size, which enables small volumes of 
sampled recipient water to be studied under laboratory conditions.  

 
The specific goals have been to: 
 
1.  Identify the full suite of CYP1 genes expressed in rainbow trout and 

three-spined stickleback. 
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2. Determine the basal levels of CYP1 expression in selected tissues in 
rainbow trout and three-spined stickleback. 

3.  Define CYP1 induction response patterns in selected tissues in rain-
bow trout and three-spined stickleback exposed in the laboratory to a 
persistent (PCB 126) and a readily metabolized/eliminated (indigo) 
AhR agonist via the ambient water.  

4.  Examine the disposition of indigo in rainbow trout, and its relation to 
CYP1 induction in selected tissues following exposure via ambient 
water 

5. Examine inhibition of CYP1 catalytic activity and CYP1 induction in 
three-spined stickleback exposed in the laboratory to an effluent con-
taining high levels of pharmaceuticals and other chemicals  

6.  Examine expression patterns of the various CYP1 isoforms in rainbow 
trout exposed by caging in various freshwater environments in the 
Uppsala region. 
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Materials and methods 

Test chemicals 
3,3’,4,4’,5-Pentachlorobiphenyl (PCB 126; CAS number: 57465-28-8) was 
obtained from Larodan (Malmö, Sweden). Indigo (CAS number: 482-89-3) 
and ellipticine (CAS number: 519-23-3) were from Sigma-Aldrich (St Louis, 
MO, USA). The chemical purity of each compound was ≥ 99 %. 14C-labelled 
indigo (specific activity: 55 mCi/mmol; radiochemical purity: 98 %) was 
prepared by OncoTargeting AB, Uppsala, Sweden. Effluent water from 
treatment plant in Patancheru (PETL) was collected, frozen and shipped to 
Sweden [81]. The effluent was filtered through a 0.22 µm sterile-filter 
(Corning, Oneonta, USA) before being diluted for exposure of fish.   

Experimental fish 
Juvenile rainbow trout were purchased from a local hatchery (Näs fiskodling 
AB, By Kyrkby, Sweden). The fish were held in tanks continuously supplied 
with aerated tap water (12 ºC). The day/night cycle was adjusted automati-
cally to the diurnal variations at latitude 53° N. The fish were fed Dan-ex 
1352 (Dana Feed A/S, Horsens, Denmark) once a day. 

Three-spined stickleback were caught along the coast near Skanör in 
Skåne,Sweden. The fish were kept in holding tanks for more than 5 months 
before they were used. To maintain the fish at a non-reproductive state they 
were held at a low temperature (10 ºC) and a photoperiod of 8 hours light 
and 16 hours dark (three-spined stickleback breed in spring-summer). The 
fish were fed blood worms (Gibbon AB, 43822 Landvetter, Sweden) every 
second day. 

Exposure protocols 
In the studies presented in this thesis, fish were exposed to PCB 126, indigo 
and diluted recipient water in the laboratory. For monitoring purposes, fish 
were also caged in aquatic environments in the Uppsala region. For the expe-
rimental studies, acetone and DMSO were used as solvents and their possi-
ble effects on gene expression were determined in control experiments. To 
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minimize the risk for sex-dependent response patterns, fish in non-
reproductive state were used. 

The transcripts of previously undetermined CYP1 genes were cloned in 
rainbow trout and stickleback, and basal and pollutant-induced levels of 
CYP1 gene expression in different tissues of the fish were determined. Rain-
bow trout was used for laboratory studies and for a field study in Uppsala 
waters, while three-spined stickleback was used for the laboratory studies 
using experimental CYP1 inducers and PETL water. Time course studies 
and autoradiographic studies of 14C-labelled indigo were carried out using 
exposure protocols shown below.  

EROD Assay 
Gill EROD activity in rainbow trout was measured using the gill filament 
EROD assay described by Jönsson et al. [30]. A modified version of the 
assay [82] was applied for the studies in three-spined stickleback. In short, 
the cartilage of the stickleback gill was removed and the middle part of the 
gill arch was cut out to give a piece having approximately 20 primary fila-
ments. All gill filament preparations were placed in a reaction buffer consist-
ing of HC-buffer, 7-ethoxyresorufin (1 µM) and dicumarol (10 µM) in 12-
well tissue culture plates. Samples were taken at two time-points and the 
fluorescence of resorufin was determined in a multi-well plate reader (Victor 
3; PerkinElmer, Boston, MA, USA).  

Quantitative PCR 
Total RNA was isolated and DNAse-treated using the Aurum™ Total RNA 
Fatty and Fibrous Tissue kit (Bio-Rad Laboratories Inc., Hercules CA, USA) 
according to Bio-Rad’s instructions. The quality and quantity of RNA were 
determined spectrophotometrically (NanoDrop ND-1000; NanoDrop Tech-
nologies, Wilmington, DE, USA). RNA was reverse transcribed to cDNA 
using the iScript cDNA Synthesis kit (Bio-Rad).  

Quantitative PCR was conducted by using Bio-Rad’s iQ SYBR Green 
Supermix and an Rotor Gene 6000 Real-Time PCR Machine (Qiagen, Hil-
den, Germany). The samples were analyzed in duplicate with the following 
protocol: 95°C for 10 min, followed by 35-45 cycles of 95°C for 15 sec and 
62°C for 45 sec. At the end of each PCR run a melt curve analysis was per-
formed in the range from 55°C to 95°C.  
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Tape-section autoradiography  
Tape-section autoradiography was carried out according to Ullberg [83, 84]. 
Rainbow trout exposed to 14C-indigo via the ambient water (exposure proto-
col given below) were embedded in an aqueous gel of carboxymethyl cellu-
lose (2.5 %) and frozen in hexane cooled with dry ice. Sagittal whole-body 
tape sections (20 µm) at different levels of the fish were collected onto tape, 
using a PMV cryostate microtome, freeze-dried and apposed to X-ray film 
for autoradiographic exposure at -20 °C. In order to compare tissue-
radioactivity in the different exposure groups (see below), the autoradio-
grams from each group were exposed for 30 days. To indicate possible sites 
of strong or irreversible binding of 14C-indigo-derived radioactive substance 
(e.g. covalently bound metabolites), selected sections were subjected to ex-
traction in a series of organic solvents (trichloroacetic acid, ethanol, hep-
tane). Following freeze-drying, the extracted sections were re-exposed to X-
ray film for an identical time as in the first exposure. Following development 
of these autoradiograms, the distribution of radioactivity in the non-extracted 
and the extracted sections were compared. 

Microautoradiography 
Samples of gill, olfactory organ, kidney, and intestine from rainbow trout 
exposed to 14C-indigo via the ambient water were fixed overnight in a phos-
phate-buffered (0.1 M, pH 7.4) mixture of 1.5% (v/v) glutaraldehyde and 
1.5% (v/v) formaldehyde. The fixed tissues were rinsed in 70% (v/v) ethanol 
and then stored for several days in 70% ethanol at room temperature. The 
tissues were dissected and further dehydrated in 70% and absolute ethanol. 
The dehydrated tissues were embedded in Technovit 7100 (Heraeus Kulzer, 
Hanau, Germany), sectioned in a microtome (2 µM) before being mounted 
on glass slides. The slides were dipped in liquid film emulsion (NTB-2; Ko-
dak) diluted in distilled water (2:1, v/v), dried and kept in the dark at 2 °C. 
After four months of exposure, the autoradiograms were developed and 
stained with toluidine blue. In parallel, a second series of specimens were 
treated as above and transferred to xylol for complete dehydration (and ex-
traction). These tissue specimens were immersed in liquid paraffin, cooled 
and sectioned (5 µm). The paraffin sections were mounted on glass slides 
and deparaffinized in xylol. The dried sections were dipped in NTB2 liquid 
film and exposed at 2 °C as above. Following development of the microauto-
radiograms, the sections were stained and evaluated in a light microscope at 
100-400 times magnification. 
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Calculations and statistical analysis 
Relative mRNA expression of target genes was calculated according to the 
E-ΔΔCT method by Livak and Schmittigen [85] using β-actin and elongation 
factor 1-α (EF1α) as reference gene in stickleback and rainbow trout, respec-
tively. Among the reference genes tested, the levels of β-actin and EF1α 
expression were not significantly affected by the different exposures [86, 
87]. Carrier controls were used to calculate basal gene expression levels in 
different tissues in stickleback (gill, liver, brain, and kidney) and rainbow 
trout (gills and liver). PCR efficiencies (E) for within-experiment amplicon 
groups were determined by the LinRegPCR program [88, 89]. 

Outliers were excluded based on the results of a Grubbs test [90]. Statis-
tical analysis was performed using Prism 4 by GraphPad Software Inc. (San 
Diego, CA) with log-transformed data. The statistical methods used were 
Student's t test and one-way ANOVA followed by Tukey's or Dunnett's post 
hoc tests. EC50 values for induction by indigo or PCB 126, i.e., the concen-
trations causing half maximal response, were calculated by the curve-fitting 
routine of Prism 4 for nonlinear regression using sigmoidal dose response 
with variable slope.   
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Results and Discussion 

Identification of CYP1s in rainbow trout and three-
spined stickleback  
Two CYP1A genes (CYP1A1 and 1A3) have previously been demonstrated in 
rainbow trout [91, 92]. Here we cloned the cDNAs of four new CYP1 tran-
scripts. i.e. CYP1B1, CYP1C1, CYP1C2, and CYP1C3, and confirmed their 
identity by sequence and phylogenetic analyses. The phylogenetic analysis 
indicated that CYP1C1 and CYP1C3 are more closely related to each other 
than they are to CYP1C2 and CYP1B1. 

In stickleback, five CYP1 isoforms were identified using Ensembl 58 
(stickleback genome assembly v1, Broad Institute), i.e. CYP1A, CYP1B1, 
CYP1C1, CYP1C2, and CYP1D1. Except for CYP1D1, for which no tran-
script was found, all CYP1 transcripts were cloned for the first time. In addi-
tion, putative binding sites for the AhR/ARNT complex (i.e., DREs) were 
identified in the 15 kb regions upstream from the start codon. The results 
showed that the CYP1A gene had the largest number of DREs (39), while 12, 
19, and 17 DREs were present in the CYP1B1, CYP1C1, and CYP1C2 genes, 
respectively. The number of DREs found in each CYP1 gene promoter 
roughly reflected the induction levels of the genes (see below). 

Basal and induced expression patterns 
Basal and induced CYP1 gene expressions were determined in different tis-
sues of rainbow trout (gills and liver) and stickleback (gills, liver, brain, and 
kidney). 

 
Basal expression patterns 
In rainbow trout gills, the relative basal levels among the CYP1s (rank order 
of expression being: CYP1A1 > CYP1A3 > CYP1C1 > CYP1B1 > CYP1C3 > 
CYP1C2) were similar to those previously reported in zebrafish (Danio re-
rio) (rank order of expression being: CYP1A > CYP1C1 > CYP1B1 > 
CYP1C2 [42]). Rainbow trout CYP1C3 is a new gene not previously demon-
strated in other species. By searching GenBank, a salmon CYP1C gene was 
found which showed to be a CYP1C3 ortholog. In stickleback gill, the rank 
order of expression was similar to that reported in killifish (Fundulus hete-
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roclitus): CYP1A > CYP1B1 > CYP1C1 > CYP1C2 [41]. In liver, rainbow 
trout and stickleback showed similar expression patterns of the different 
CYP1 subfamilies as zebrafish: (CYP1As > CYP1Cs> CYP1Bs). The similar 
expression patterns in different fish species suggest conserved physiological 
functions of the different CYP1 isoforms. The current method of measuring 
basal expression in a tissue was not quantitative. However, several species 
have shown similar patterns, supporting the ranking made. 

The basal expression of the various CYP1s was also examined in liver, 
brain, gill, and kidney in stickleback. The basal level of CYP1A was high in 
liver, gills, and kidney, i.e. organs considered quantitatively important in the 
metabolism of pollutants. CYP1B1 was highly expressed in brain, suggesting 
that CYP1B1 has important function in this organ. It has previously been 
reported that CYP1B1 is constitutively expressed in the brain of developing 
zebrafish before hatching [93]. The highest basal expression of CYP1C1 and 
CYP1C2 was found in brain and kidney. In all tissues except the gills, 
CYP1C2 showed a higher basal expression than CYP1C1. The physiological 
function of these two genes remains unknown. To increase the understanding 
of their functions, the cellular localization and catalytic activities of the 
CYP1C enzymes need to be determined.  

 
AhR agonist-induced responses 
Expression of CYP1As can be strongly induced by both persistent (e.g. 
PCB126) and transient (i.e. indigo and BaP) AhR agonists. Induction of 
CYP1A mRNA, protein, and enzyme activity havs been reported in a range 
of tissues in fish [42, 94, 95]. In order to determine the inducibility of CYP1 
transcripts, the CYP1As, CYP1B1, and CYP1Cs in rainbow trout and stickle-
back were analyzed following exposure to PCB 126. In agreement with re-
sults from other fish species (e.g. zebrafish and killifish) [41, 42], all CYP1A, 
CYP1B, and CYP1C transcripts were induced by PCB 126. For CYP1D1, no 
mRNA transcript could be cloned. However, a product covering part of exon 
3 and the intron between exons 3 and 4 of the predicted CYP1D1 gene was 
cloned, confirming the presence of this gene in the stickleback genome. 

In rainbow trout gills, PCB 126 (10 nM, 24 h exposure) induced strong 
expression of CYP1A1, 1A3 and CYP1C1, 1C2 and 1C3 (124-, 83-, 91-, 81-, 
and 81-fold versus the unexposed control) and a weaker expression of 
CYP1B1 (10-fold). These results were inconsistent with a previously ob-
served PCB 126 response pattern in zebrafish gills, where CYP1A, CYP1B1, 
and CYP1C1 showed 50-, 40-, and 7-fold induction while no CYP1C2 induc-
tion was observed at all [42]. The PCB 126-induced CYP1 pattern in rain-
bow trout gills was, however, similar to that in killifish gills (CYP1A and 
CYP1C1 were induced 70- and 100-fold, whereas CYP1B1 and CYP1C2 
were induced about 15-fold [41]). The relative CYP1A1 and 1A3 induction in 
liver by 100 nM PCB 126 was considerably higher in rainbow trout (110- 
and 200-fold) than in zebrafish (about 15-fold) [42]. The three CYP1C gene 
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transcripts were, however, only moderately induced (4–17-fold) in rainbow 
trout liver.  

In stickleback, the expression of CYP1A induced by PCB 126 (100 nM , 
48 h exposure) was strong in liver, brain, gills, and kidney (52-, 115-, 41-, 
and 95- fold, respectively). Induction of CYP1B1 was also observed in liver, 
gills, and kidney. Inconsistent with previous results in zebrafish and killifish, 
CYP1B1 was not induced in stickleback brain [41, 42]. Since brain was 
among the organs having the highest basal expression of CYP1B1 in stickle-
back, it is possible that CYP1B1 expression could not increase above this 
level. CYP1C1 and CYP1C2 were highly inducible in stickleback liver. In all 
tissues examined, the two stickleback CYP1Cs displayed similar expression 
patterns, even though CYP1C1 was more responsive to PCB 126 than 
CYP1C2. In zebrafish, the liver was the only organ showing induction of 
CYP1C2 [42]. In addition, CYP1C2 showed a strong induction in zebrafish 
embryos, suggesting the role of this gene in embryo development [42]. 

The current results indicate that the CYP1 genes respond to PCB 126 in a 
tissue-selective manner, suggesting they are differently regulated in different 
cell types and thus possibly exert different functions. As an example, the 
high (115-fold) mRNA induction of CYP1A and the low or absent induction 
of the CYP1B1, 1C1 and 1C2 in  the stickleback brain is noteworthy (Fig. 2) 
Little information is still available about the physiological functions of most 
CYP1 genes in fish, and studies to examine their catalytic activities would be 
helpful for the understanding their physiological functions. However, since 
the CYP1 enzyme activities depend also on mRNA degradation, translation 
efficiency, protein stability, cofactors, etc., mRNA levels and enzyme activi-
ties induced by AhR agonists might not always be directly correlated.  
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Figure 2. Relative CYP1 mRNA expression level in the liver, brain, gill, and kidney 
of three-spined stickleback exposed to 100 nM PCB 126 (including 100 ppm 
acetone) for 24 h and then kept in clean water during 24 h. The results are shown as 
comparisons of a gene among organs (A–D) and among genes within an organ (E–
H). Statistically significant differences versus the carrier control (100 ppm acetone) 
were determined by unpaired t test with Welch's correction (mean+SD, 
***=p<0.001 and **=p<0.01; n=5–6). The bars for CYP1C1 expression in the liver 
and CYP1C2 expression in the brain represent data from five replicates. All other 
bars represent data from six replicates. The dotted line (1-fold) stands for expression 
of the control groups. Figure is taken from Paper II. 
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Gill EROD induction potency of PCB 126 and indigo 
We selected AhR inducers according to their anticipated metabolic stability, 
i.e. persistent and readily eliminated compounds. To analyze and compare 
the potency of a persistent and a readily eliminated inducer, the CYP1 
mRNA expression responses to PCB 126 and indigo were examined in stick-
leback. Stock-solutions were prepared using DMSO as solvent for indigo 
and acetone as a solvent for PCB 126. Dilutions of the stock solutions were 
added to the water of beakers yielding nominal concentrations ranging from 
1 pM-10 µM for indigo and from 1-100 nM for PCB 126. The concentra-
tions of the carriers were 50 ppm DMSO and 100 ppm acetone. Fish were 
exposed to indigo or DMSO for 6 hours. The exposure to PCB 126 and ace-
tone lasted for 24 hours after which the fish were transferred to clean water 
and kept for another 24 hours. After exposure, the fish were killed by decapi-
tation. One gill arch was dissected and put into ice-cold HEPES-Cortland 
(HC) buffer [30] for analysis of EROD activity, a robust, simple and sensi-
tive method to measure AhR activation of waterborne AhR agonists.  

The results (Fig. 3) revealed different gill EROD induction potencies for 
PCB 126 or indigo (the apparent EC50 values were 6 nM and 0.09 nM for 
PCB 126 and indigo, respectively), suggesting that indigo was considerably 
more potent CYP1A inducer than PCB 126 in this system. Notably, howev-
er, the EC50 values recorded following exposure via water were likely to be 
influenced by the different hydrophobicities of indigo and PCB 126 [96, 97]. 
Consequently, the actual PCB 126 EC50 value should be lower than 6 nM, 
depending on sorbtive losses in the experimental system. Nonetheless, indi-
go proved to be a potent AhR agonist in stickleback with a maximal gill 
EROD induction level at a nominal concentration as low as 1 nM. 
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Figure 3. Concentration–response relationships of EROD activity in gill filaments of 
threespined stickleback exposed to indigo (A) or PCB 126 (B). Fish were exposed to 
indigo (1 pM–1 nM) plus 50 ppm DMSO (carrier) or 50 ppm DMSO only for 6 h. 
Other fish were exposed to PCB 126 (1–100 nM) plus 50 ppm acetone (carrier) or 
50 ppm acetone only for 24 h and subsequently held in clean water for 24 h. 
Statistical differences were determined by one-way ANOVA followed by Dunnett's 
test (Mean+SD, ***=p<0.001 and **=p<0.01). Bars for 10 and 30 nM PCB 126 
represent data from five replicates. All other bars represent six replicates. Figure is 
taken from Paper II.  
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Time course study of PCB 126 and indigo  

It was also interesting to find out how the CYP1 mRNA expression profiles 
induced by PCB 126 and indigo varied over time. A time course study in 
stickleback was carried out using the design outlined in Figure 4. Groups of 
fish were exposed to 1 nM indigo or 10 nM PCB 126 (including 50 ppm 
DMSO; nominal concentration). At each time point six fish were randomly 
sampled from each exposure group. EROD activity in gill filaments was 
analyzed immediately after sampling while CYP1 gene expression was de-
termined in both gills and liver within two weeks. In fish exposed to indigo 
and subsequently transferred to clean water, gill EROD activity was marked-
ly reduced after 2 days, and had returned to the control level after 9 days. 
The level of EROD induction in PCB 126-exposed fish tended to decrease 
after transfer to clean water, but between day 2 and day 9 in clean water 
there was no further change in the EROD level.  

 

 
Figure 4. Exposure regimen for time-course study of CYP1 mRNA induction in 
three-spined stickleback. Figure is taken from Paper II. 

Indigo induced maximal CYP1A induction in gills after 6 hours of exposure; 
and after transferring fish to clean water expression of CYP1A started to 
decrease and was back to normal level after 9 days. Maximal PCB 126 
CYP1A induction in the gills occurred after about 6-9 hours, and after24 
hours of exposure CYP1A expression had declined to about 50% of maxi-
mum. Compared to PCB 126, indigo seemed to be more rapidly cleared from 
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Figure 5. Time course for relative expression of CYP1A, CYP1B1, CYP1C1, and 
CYP1C2 in three-spined stickleback gills and liver following exposure to carrier (50 
ppm of DMSO), indigo (1 nM), or PCB 126 (10 nM).  CYP1 expression was ana-
lyzed after 3, 6, 9, and 24 h of exposure, and after 24 h of exposure followed by 
holding the fish in clean water for 2 days (+ 2 days) or 9 days (+ 9 days). Calcula-
tions were made using β-actin as reference gene and the 3-h DMSO group as the 
control. For each compound (DMSO, indigo, or PCB 126) expression levels at dif-
ferent exposure time points were compared by one-way ANOVA followed by Tu-
key's test using log transformed data. Statistically significant differences among the 
groups are indicated by different letters (p<0.05) below each graph. Data are shown 
as mean ± SD. The data point for gills, 9 h of exposure to PCB126 represents data 
from three replicates and all other points represent data from four replicates. Figure 
is taken from Paper II. 
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the body, resulting in a transient effect on the CYP1 gene expression. In gills 
of indigo-treated fish CYP1B1 and 1C1 showed similar but weaker responses 
than CYP1A. The liver showed a much weaker CYP1A induction response to 
indigo than the gills, perhaps implying a lower bioavailability of indigo in 
the liver than in the gills. In agreement with its persistency, PCB 126 pro-
duced a sustained mRNA induction of CYP1A and CYP1C2 in the liver 
throughout the experimental period (Fig. 5).  

 These observations conform to the notion that indigo was rapidly elimi-
nated after uptake by the gills. For a comparison, the CYP1A-activated car-
cinogen BaP undergoes first-pass metabolism in the fish gill [31, 98-100]. It 
seems likely that indigo, similar to BaP, was rapidly metabolized by the gills 
and other tissues. Induction by PCB 126 was delayed in the liver compared 
to the gill, and following transfer to clean water the expression of CYP1A 
decreased in the gill whereas it increased in the liver. These findings were 
interpreted to reflect a redistribution of PCB 126 from gills and other tissues 
to the liver, resulting in PCB 126 levels in the liver increasing with time. 
Therefore, these results support the notion that CYP1 induction by indigo 
was transient, whereas induction by PCB 126 was persisted during the whole 
10-day period monitored, reflecting the different degradability of the two 
inducers. 

Tissue disposition of 14C-indigo 
Rainbow trout were exposed to 14C-indigo via the ambient water. The vari-
ous treatments and sampling times are given in Table 1. In a first treatment 
group, 7 fish were exposed to 14C-indigo for up to 24 h. Fish were sampled 
at 20 min, 2 h, 6 h, 12 h, and 24 h. Two remaining fish were transferred to 
clean water for depuration; these fish were sampled after 24 h and 48h, re-
spectively. A second group of 7 fish were pre-exposed to PCB 126 (10 nM) 
for 24 h. The fish were then transferred to fresh water supplemented with 
PCB 126 as above, and 14C-indigo was added to the water. The fish were co-
exposed to PCB 126 and 14C-indigo for up to 24 h, before being sampled for 
autoradiography as in the first treatment group. The remaining fish were 
transferred to fresh water for depuration; after 1 and 2 days one fish was 
frozen for autoradiography. A third group aimed to examine whether the 
disposition of 14C-indigo in CYP1-induced (PCB 126-exposed) fish was 
affected by exposure to the CYP1 inhibitor ellipticine. Three fish pre-
exposed to PCB 126 were exposed to ellipticine for 30 mins before being 
exposed to 14C-indigo and PCB 126 as the fish in exposure group 2. One fish 
was sampled after 12 h and one after 24 h exposure to 14C-indigo. The re-
maining fish were sampled after 48 h of depuration in fresh water.  

Control fish exposed to 14C-indigo showed no obvious differences in dis-
tribution of radioactivity, compared to fish co-exposed to PCB 126 and 14C-
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indigo. The localization of 14C-indigo-derived radioactivity in the gills and 
kidneys appeared, however, to be more distinct among the PCB 126-exposed 
fish. 

There was a rapid uptake of 14C-indigo from the water, and a subsequent 
elimination of radioactivity from the liver into the bile was obvious at 20 
min, the earliest time-point examined (Fig. 6A). At later time-points (2-24h 
of exposure to 14C-indigo, 24h of exposure to 14C-indigo plus 1-2 days of 
depuration in clean water), high concentrations of radioactivity were present 
in the bile and the intestical contents  (Fig. 6D). These findings conform with 
the previous conclusion that indigo was readily metabolized and/or eliminat-
ed from the body.  
 
 
 
 

 
 
Table 1. Exposure regimen in fish exposed to 14C-indigo.  Mark “X” represents that 
one fish sample was randomly selected at a time point. * 1 uM ellipticine in 10 ppm 
of acetic acid was applied. After 1 day pre-treatment, the fish were exposed to ellip-
ticine for 0.5 h followed by adding 14C-indigo to the water. Figure is taken from 
Paper IV. 
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A high uptake and retention of radioactivity appeared in the gill filaments 
throughout the exposure period (Fig. 6A-C), although the concentration 
gradually decreased when fish were put in clean water for depuration (Fig. 
6D). A selective labelling of the olfactory organ was also observed, most 
pronounced at 6-12 h (Fig. 6C). In addition, a high uptake and retention of 
14C-indigo-derived radioactivity was found in the kidney, presumably 
representing kidney tubules. Disregarding the very high concentration of 
14C-indigo-derived radioactivity in the bile ducts, the labelling of the liver 
was marked and similar to that in the kidney during the first hours of expo-
sure. At later time-points, the retention of radioactivity was stronger in the 
kidney than in the liver. As determined by microautoradiography, the ra-
dioactivity in the gill, olfactory organ, kidney and intestine was completely 
extracted during fixation of the tissue specimens and dehydration of the sec-
tions, both in PCB 126-exposed and control fish. It was consequently con-
cluded that 14C-indigo was not irreversibly (covalently) bound in any of 
these tissues.  

The uptake of 14C-indigo in the gills was completely blocked in fish ex-
posed to the CYP1 inhibitor ellipticine (Fig. 7). A reduced labelling of the 
epithelium of the olfactory organ was also observed in the ellipticine-
exposed fish (not shown). These findings suggest that the selective uptake of 
14C-indigo at these sites was CYP1-dependent, possibly reflecting a specific 
binding of indigo to the CYP1 enzyme. Based on the semi-quantitative eval-
uation of autoradiograms, ellipticine did not seem to markedly alter the 
magnitude of excretion of radioactivity in bile/intestinal contents (Fig. 7B), 
suggesting that the radioactive substance excreted in bile did not to a major 
extent represent a CYP1-catalysed metabolite. Based on the results of Ada-
chi et al. [74], showing that AhR-active indigo was recovered following 
hydrolysis of human urine, we propose the possibility that the radioactivity 
excreted in bile/intestine represented phase II metabolites formed from con-
jugation of the reduced leuco form of indigo (white indigo) (Paper IV).  
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Figure 6. Autoradiograms from rainbow trout exposed to 14C-indigo via water. Fig-
ures represent: (A-C) fish pre-exposed to PCB 126 (10 nM; 24 h) followed by co-
exposure to PCB 126 (10 nM) and 14C-indigo (18 nM); fish were sampled at 20 min, 
2 h, and 12 h, respectively. Fish (D) was exposed to 14C-indigo for 24 h and then 
kept in clean water for 24 h. White areas correspond to high concentrations of ra-
dioactivity.  
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Figure 7. Tape section autoradiograms of the head region of PCB 126-pretreated 
rainbow trout following 12 h of exposure to 14C-indigo (18 nM) in water. Fish B was 
in addition exposed to ellipticine. Note that the uptake of indigo in the gills of fish A 
is completely blocked in the ellipticine-exposed fish B. 
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Effect of diluted PETL effluent on CYP1 catalytic 
activity and mRNA expression 
To examine the biological activity of the PETL effluent water, a series of 
experiments including a concentration-response study, an EROD inhibition 
study and a time course study on EROD activity and CYP1 mRNA expres-
sion were performed. Fish were exposed to PETL effluent diluted with tap 
water to yield 0.8, 1.6, and 3.2% dilutions of the filtered PETL water. Con-
trol fish were exposed to pure Uppsala tap water.  

 
CYP1 induction responses 
Following 24 h exposure, gill EROD activity was induced 27, 52 and 60 
fold, respectively, at 0.8, 1.6 and 3.2 % effluent, respectively (Fig. 8A). Ex-
pression of CYP1A mRNA was up-regulated by all concentrations in gills, 
liver, and brain, i.e. in all organs tested. At the 3.2 % dilution, the brain 
showed the strongest response with a 50-fold induction versus the control, 
while 17- and 16-fold inductions were observed in the liver and gills, respec-
tively. The results reveal the presence of compounds that are able to increase 
CYP1 mRNA levels and suggest that the effluent contains potent AhR agon-
ists. In gill, also the CYP1B1 and CYP1C1/2 mRNAs were induced, albeit at 
a lower magnitude than CYP1A. CYP1A expression in the brain has also 
been shown to be strongly inducible by AhR agonists in other species of fish 
[42, 94]. The ability of the PETL effluent to induce a high CYP1A expres-
sion in brain reflects that compounds with a high CYP1A induction potency 
might reach the brain. In βNF-exposed lake trout, Chung et al. have reported 
that CYP1A protein was induced in specific brain regions, i.e. the olfactory 
bulb and the valvula of the cerebellum. As suggested by these authors, it 
would be advantageous to have inducible CYP1A expressed at these sites 
because direct exposure to xenotiotics may occur via the olfactory nerves 
and the cerebrospinal fluid [94].  

A subsequent time course study was designed to demonstrate the longevi-
ty of the CYP1 induction following transfer of effluent-exposed fish to clean 
water. The results show that induction of the CYP1A, 1B and 1C1 genes in 
gills was most pronounced shortly after effluent exposure commenced (6 h), 
and disappeared after termination of exposure (Paper III, Fig.6). CYP1A 
induction in the liver was weak but relatively persistent compared to the 
gills, whereas CYP1B1 and CYP 1C1 and 1C2 induction in the liver was 
very weak or absent. These transient effects in the gills and weak or absent 
effects in the liver suggest that readily metabolized and/or eliminated induc-
ers may account for most of the induction responses observed.  
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Figure 8. EROD activity in gill filaments from three-spined stickleback exposed to 
diluted PETL water.  (A) Induction of gill EROD in vivo: Fish were exposed to 
0.8%, 1.6% or 3.2% of effluent or held in clean tap water (control) for 24 h. (B) 
Inhibition of EROD ex vivo: Effects of different concentrations of effluent on 
EROD activity in βNF induced gill filaments. Fish were exposed for 24 h to 1 µM 
βNF. Gill filaments from the βNF-exposed fish were pre-exposed to the different 
concentrations of effluent for 2 h, and then EROD was measured with effluent in the 
buffer. Bars represent data from six replicates (mean + SD). Significant differences 
versus the βNF-induced group (A; 0% effluent) or control group (B) were deter-
mined by one-way ANOVA followed by Dunnett’s post-hoc test (*** p < 0.001 and 
* p < 0.05). Differences among the five effluent-exposed groups and the βNF in-
duced group (B) were examined by one-way ANOVA followed by Tukey’s post-hoc 
test and are shown by different letters (ctrl = control; βNF = βNF-induced group). 
Figure is taken and modified from Paper III. 
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Some PAH-type AhR agonists are present at low concentrations. It was 
considered unlikely, however, that these compounds could account for the 
strong induction observed in the highly diluted effluent. Hu and co-workers 
[101] have suggested that numerous chemicals including pharmaceuticals, 
toxicants, industrial chemicals or biochemical standards induce CYP1A 
without binding to the AhR. Wincent et al. [102] recently reported that cer-
tain compounds activate the AhR indirectly by inhibiting CYP1A activity; 
this would allow endogenous AhR ligands to accumulate and induce CYP1s. 
 
Gill EROD inhibition  
Addition of diluted PETL effluent to the reaction buffer inhibited βNF-
induced EROD activity in gill filaments ex vivo in a concentration-dependent 
manner (Fig. 8B). The lowest concentration that significantly inhibited 
EROD activity compared to the βNF-induced group was 5% of the PETL 
effluent. This dilution inhibited the enzyme activity by 59%, whereas the 
highest concentration of PETL effluent (40%) inhibited the activity by 85%. 
This marked ability of the PETL effluent to inhibit EROD activity is at va-
riance with the marked CYP1 mRNA induction observed. A likely explana-
tion for these seemingly contradictory results would be that the PETL in-
duced de novo synthesis of CYP1A protein, the catalytic activity of which 
was inhibited by certain chemicals present in the effluent. It has previously 
been reported that various pharmaceuticals are able to inhibit specific CYP 
forms in mammals and fish [103-105].  

Induction of EROD activity is commonly used as a biomarker for expo-
sure to AhR agonists [2, 106], and it can either prevent bioaccumulation of 
chemicals that are substrates to the CYP1A enzymes or activate certain pro-
toxins and pro-carcinogens, and generate reactive oxygen species [107]. The 
interpretation of EROD induction results should therefore be done with cau-
tion. It should be kept in mind that induction or inhibition of enzymes such 
as CYP1A involved in the elimination of AhR agonists can result either in 
increased or decreased biomarker responses. This can lead to an overestima-
tion or an underestimation of the actual exposure pressure. As an example, 
co-exposure of BaP with clotrimazole resulted in an increased bioaccumula-
tion of BaP, presumably because clotrimazole inhibited CYP1A-catalysed 
metabolism of BaP, the elimination of BaP was consequently reduced [32]. 
It has recently been demonstrated that the proposed endogenous ligand of the 
AhR FICZ is rapidly metabolized by CYP1A1 in rodents and human cells 
[102]. Inhibition of CYP1A catalytic activity could consequently result in a 
prolonged half-life of FICZ, and a subsequently increased de novo synthesis 
of CYP1A protein. It is therefore an intriguing possibility that CYP1A-
inhibiting pharmaceuticals in the PETL effluent were contributing to the 
observed inhibition of gill EROD activity and the induction of CYP1A 
mRNA observed in Paper III. 
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Transcriptional level of CYP1s in gill as monitoring tool 
A wide variety of environmental pollutants are AhR agonists, including var-
ious PAHs, PCDDs, and PCBs. These compounds may contribute various 
physiological and toxic responses in mammals, birds and fish. Expression of 
various CYPs transcripts is a sensitive biomarker for AHR agonists in am-
bient water. In the current study, an increased CYP1A, 1B and 1C gene ex-
pression in field-exposed rainbow trout was demonstrated. Groups of trout 
were caged at 4 different sites in the Uppsala region (River Fyris, Lake 
Ekoln and its adjacent Marina, and Lake Hålsjön). Following two days of 
caging, the trout were transported back to the laboratory for sampling and 
analysis.  

Most interestingly, this study showed that the mRNA expression patterns 
of the six rainbow trout CYP1 transcripts in gills varied among the monitor-
ing sites. These differences were concluded to reflect that different contami-
nants were present in the water at the four sites examined (Fig. 9). At the 
STP, Ekoln, and Hålsjön caging sites, the induction profiles were fairly simi-
lar (although differing markedly in magnitude), while the profile observed at 
the Marina was very different. Particularly interesting was the surprisingly 
low induction observed for the CYP1C mRNAs at the Marina, compared to 
the high induction observed at the adjacent sampling site at Ekoln, and 
down-stream the Uppsala STP (Figure 8). These qualitative differences in 
mRNA induction magnitudes and profiles suggest that different mixtures of 
CYP1A, 1B and 1C inducers were present in the water at the different cag-
ing sites. In order to understand the reason for these differences, the actual 
mix of chemicals in the water at the sampling sites needs to be determined 
along with repeated biomarker measurements. An interesting possibility 
could be that chemicals which inhibited CYP1C mRNA expression were 
present at the Marina. Compared to CYP1 mRNA expression patterns in 
gills, the liver responses were weaker and significant induction was observed 
only for CYP1A3 and CYP1B1 and only at the STP. This weak CYP1 gene 
response in liver versus gills supports the contention that the inducers were 
readily metabolized compounds. 

Also the results the effects of highly diluted PETL water on mRNA ex-
pression and catalytic CYP1A activity in stickleback reported above are of 
interest with regard to biomonitoring. The dual effects observed (induced gill 
EROD activity in vivo and reduced gill EROD activity ex vivo) implies that 
both CYP1 mRNA inducers and inhibitors of catalytic CYP1A activity were 
present in the water. While clearly showing that exposure assessment by 
biological monitoring tools may be very complex, the results of the present 
work also imply that the presence of major classes of contaminants interact-
ing with the CYP system can be indicated using the CYP1 mRNA panel 
developed here. The results call for extended field studies in order to define 
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CYP induction and inhibition profiles of various environmental contami-
nants and their mixtures.  

In this work, it is understood that the different temporal and spatial induc-
tion patterns of the four-six AhR-regulated CYP1 genes examined could 
provide a basis for using the induced CYP1 patterns to characterize AhR 
ligand potency and persistence in environmental samples. Identification of 
such “induction signatures” could provide a promising tool to monitor the 
complex mixture of AhR-active pollutants in aquatic ecosystems, using rain-
bow trout and three-spined stickleback as the monitoring species. Further 
work to characterize the CYP induction patterns of different inducers and 
their mixtures needs to be carried out in order to evaluate the feasibility of 
such methods in field studies. 

 

 
Figure 9. Summary of CYP1 mRNA expression patterns in gills of rainbow trout 
caged in the Uppsala region (n = 5–6). The bars represent mean values of relative 
expression data (fold-unexposed control). Figure is taken from Paper I. 
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Concluding remarks and future direction 

CYP1 enzymes play important roles in the metabolism of a variety of man-
made and natural chemicals. Measuring CYP1A expression and EROD ac-
tivity as classical biomarkers is frequently used to assess exposure to co-
planar PCBs, chlorinated PCDDs/PCDFs, and PAHs, providing an early 
warning signal for exposure to such AhR agonists. The introduction of the 
new CYP1C subfamily in fish extends knowledge about the diversity of the 
CYP1 gene family. Therefore, the possibility of using various CYP1 iso-
forms and their induced mRNA expression patterns as a biomonitoring tool 
was explored in this thesis. For this purpose, the full suite of CYP1A, 1B and 
1C genes expressed in rainbow trout and three-spined stickleback was identi-
fied, followed by evaluating their degree of inducibility and expression pat-
terns over time by two different types of AhR agonists, PCB 126 and indigo. 
In addition, both semi-field and field analyses were carried out to apply the 
developed tool box in aquatic ecosystem biomonitoring. 

 
The results in this thesis can be concluded as follows: 
 
• Various CYP1 transcripts were cloned in three-spined stickleback and 

rainbow trout; all transcripts could be induced by exposure of PCB 
126 and/or indigo, implying that not only CYP1A but also CYP1B and 
CYP1C genes are regulated by the AhR pathway. 
 

• A transient CYP1 induction by indigo indicates that this inducer was 
rapidly metabolized after uptake by the gills, while PCB 126 gave rise 
to a more persistent induction pattern. 

 
1. A lower induction in liver versus gills suggests that indigo under-

goes a rapid metabolism in gills and other tissues in fish. A high 
and rapid excretion of indigo in bile/intestinal contents conforms 
with a transient gill EROD and CYP1 induction in indigo-
exposed fish. A rapid metabolism of indigo determines a lower 
potency as a CYP1 inducer in liver and intestine, compared to 
gill, in fish exposed via ambient water. 

 
2. Induction of CYP1A, B and C by PCB 126 was delayed in the 

liver compared to the gill. After transfer to clean water the mRNA 



 

 39 

levels for these genes in the gill decreased, while they increased 
in the liver, suggesting a redistribution of PCB 126 from gills and 
other tissues to the liver. 

 
• Response patterns of multiple CYP1 genes in gills and liver could 

provide an improved monitoring strategy. Such patterns could be used 
to characterize complex mixtures of AhR agonists and antagonists in 
aquatic environments. 

 
• Stickleback and rainbow trout are promoted as robust model species 

for aquatic ecosystem biomonitoring. Measuring gene expression for 
various CYP1 isoforms can be part of a tool-box of early warning 
biomarkers for aquatic contamination. 
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Svensk sammanfattning 

Vattenlevande vilda arter exponeras ständigt för ett stort antal syntetiska 
kemikalier i sina naturliga livsmiljöer. Miljögifter som absorberas från vatt-
net och distribueras i kroppen kan framkalla toxicitet i känsliga vävnader och 
celler. Det finns därför behov av att utveckla så kallade biomarkörer, dvs. 
metoder för tidig upptäckt av exponering för giftiga föroreningar i miljön 
eller negativa biologiska effekter av dessa substanser. Syftet med förelig-
gande avhandlingsarbete har varit att utforska hela spektrat av cytokrom 
P450 1 (CYP1) gener som uttrycks hos fisk (CYP1A1; 1A3, 1B1 och 1C1, 
1C2 och 1C3), särskilt med hänsyn till deras egenskap att kunna induceras 
av miljögifter. CYP1-genuttryckens lämplighet för att utnyttjas som biomar-
körer studerades med hjälp av utvalda CYP1-inducerande substanser samt 
med hjälp av prover från ett kraftigt kontaminerat recipientvatten innehål-
lande höga halter av läkemedelsrester och andra kemikalier. Den inducerade 
mRNA-expressionen undersöktes också hos fiskar som placerats i burar i 
Uppsalas vattensystem.   

Komplementärt DNA av ett antal CYP1-geners mRNA hos regnbågslax 
och storspigg klonades och mRNA nivåer av de nya och tidigare kända 
CYP1 generna bestämdes i olika vävnader. Alla klonade transkript inducera-
des vid exponering för de utvalda testsubstanserna indigo och PCB 126, 
vilka båda har hög affinitet till den så kallade Ah-receptorn. Denna receptor, 
ibland också kallad dioxinreceptorn, är en ligand-aktiverad kärnreceptor som 
reglerar ett stort antal gener. Den förmedlar också toxiciteten hos klorerade 
dioxiner och relaterade ämnen hos ryggradsdjur. PCB 126 och indigo indu-
cerade helt olika tidsberoende uttryckprofiler av CYP1A, 1B och 1C mRNA. 
Medan PCB 126 gav upphov till en hög och ihållande induktion främst av 
CYP1A- och CYP1C-generna både i gäle och lever, var induktionen hos de 
indigoexponerade fiskarna av övergående natur i båda organen och försvann 
snabbt när fiskarna fördes över i rent vatten. Hos indigo-exponerade stor-
spiggar observerades också en kraftig men övergående induktion av CYP1A-
genens mRNA i hjärna, medan CYP1B- och 1C-generna inte inducerades av 
indigo i hjärna. Resultaten pekar på att indigo snabbt elimineras från fisk-
kroppen, vilket förklarar den kortvariga enzyminduktionen. Den kvarstående 
induktionen hos PCB 126-exponerade fiskar förklaras av substansens höga 
persistens. 

För att undersöka den övergående enzyminduktionen hos indigo-
exponerade fiskar, studerades upptaget från vatten och distributionen till 
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olika vävnader av 14C-märkt indigo med hjälp av tejpsnittsautoradiografi. 
Resultaten visar att indigo snabbt togs upp från vattnet via gälarna. Autora-
diogrammen påvisade vidare en mycket snabb eliminering av radioaktiv 
substans till galla och tarminnehåll. Dessa resultat tolkades som att indigo 
snabbt metaboliseras till konjugerade Fas 2-metaboliter, vilka snabbt utsönd-
ras av levercellerna i galla. Konjugeringen föreslås ske till molekylens hyd-
roxylgrupper, efter det att indigo reducerats till sin leuco-form, s.k. white 
indigo. Autoradiogrammen präglades vidare av en mycket stark ackumula-
tion av 14C-märkt indigo i gälarnas filament. Detta hämmades fullständigt av 
den effektiva CYP1A-hämmaren ellipticin, vilket tyder på att ackumulatio-
nen var CYP-relaterad. Den ackumulerade substansen kunde dock effektivt 
extraheras från vävnadssnitten, vilket visar att substansen inte var irreversi-
belt bunden. Slutsatsen är att det höga gälupptaget berodde på att indigo 
binds till något/några av de inducerade CYP-enzymerna.  

För att studera användbarheten av de studerade CYP1-generna som bio-
markörer, exponerades storspigg i laboratoriet för ett avloppsvatten som var 
känt för att innehålla höga halter av läkemedelsrester och andra kemikaler. 
Resultaten visade att avloppsvattnet efter kraftig spädning hade en uttalad 
förmåga att dels inducera CYP1A generna in vivo, dels inhibera den 
CYP1A-katalyserade EROD-aktiviteten ex vivo. Slutsatsen är att vattnet 
innehåller såväl CYP-inducerande som CYP-hämmande substanser, vilket 
skulle kunna förklara dessa skenbart motstridiga observationer. Också mer 
indirekta verkningsmekanismer diskuteras. Liksom var fallet med indigo, 
inducerades inte CYP1B och 1C-generna av avloppsvattnet. Intressant nog 
var induktionen av CYP1A-genernas mRNA i hjärna mycket hög hos dessa 
fiskar, vilket också var fallet hos fiskarna som exponerats för indigo och 
PCB 126.  

Användbarheten av den framtagna CYP1-panelen som biomarkörer stude-
rades också i ett fältförsök, där regnbågslaxar placerades i burar på olika 
platser i Fyrisåns vattensystem. Vid flertalet försöksplatser observerades 
karakteristiska induktionsmönster med särskilt hög induktion av CYP1A och 
1C-generna. Magnituden av det totala utslaget varierade dock med provtag-
ningsplats. Det starkaste svaret erhölls nedanför Uppsala reningsverk. Intres-
sant nog uppträdde en fullständigt annorlunda induktionsprofil vid en lokal 
Marina, där ingen påverkan på CYP1C-generna kunde påvisas. Kraftig in-
duktion av dessa geners mRNA noterades intressant nog vid en referenslokal 
i Marinans omedelbara närhet. Dessa starkt varierande resultat kan bero på 
att antagonistiskt verkande substanser finns närvarande i Marinans vatten-
miljö. 

Sammantaget pekar resultaten från dessa studier på att induktion av mul-
tipla CYP1-gener hos fisk skulle kunna lägga grund för ett biomonitore-
ringssystem som kan förutsäga närvaron av typer av miljöföroreningar som 
på ett karakteristiskt sätt påverkar såväl genuttrycken som den katalytiska 
aktiviteten i CYP1-systemet. Variationerna i de temporala och spatiala in-
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duktionsmönster hos de studerade generna i regnbåge och storspigg föreslås 
kunna användas för att karaktärisera komplicerade blandningar av Ah-
receptoragonister och antagonister i vattenmiljön. Vidare studier kommer 
dock att krävas för att i större detalj karakterisera effekterna av olika sub-
stanstyper och blandningar av dessa. 
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