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Abstract We studied the transcriptive effects of two
PAHEs, retene (RET) and pyrene (PYR), in three equimolar
sublethal concentrations (0.9-10 pg/L) in the liver of
juvenile rainbow trout, Oncorhynchus mykiss. After 24 h of
in vivo exposure, expressions of selected genes (CYPIA,
Hsp30, Hsp70, Grp78, Sepl5, GP1) were analyzed by
quantitative reverse transcription polymerase chain reac-
tion (QRT-PCR). These PAHs changed the studied gene
transcriptions differently, but not significantly, except for
CYP1A, which was induced only by RET. RET induced
CYPIA gene expression even at low, environmentally
realistic concentrations in the liver of juvenile rainbow
trout.
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Aquatic environments act as sinks of numerous chemicals,
many of which are toxic to aquatic species, including
ubiquitous polycyclic aromatic hydrocarbons (PAHs).
While PAHs are taken up by fishes, some of them can
disturb development, immune system, reproduction,
growth and survival, and may also cause blue sac disease
(Gravato and Santos 2002; Vehnidinen et al. 2003;
Héakkinen et al. 2004; Colavecchia et al. 2006; Reynauda
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and Deschaux 2006). Fish have several mechanisms to
protect themselves from exposure to PAHs (Tuvikene
1995).

Retene (7-isopropyl-1-methyl-phenanthrene; RET) is
produced from resin acids by anaerobic processes
(Tavendale et al. 1997). It can also originate from algal and
bacterial precursors (Wen et al. 2000). In sediments of
pristine lakes, its concentration ranges from nanograms to
micrograms per g dry weight, but can be higher by many
orders of magnitude in pulpmill sludges and sediments
downstream of wastewater discharges (Leppdnen and
Oikari 1999, 2001; Leppénen et al. 2000; Merildinen et al.
2006). Retene is very hydrophobic (log K, 6.4; Basu et al.
2001), but it can be dissolved in water (Merildinen
et al. 2006). While retene is a good model compound of
alkyl-PAHs, pyrene (benzo-phenanthrene; PYR) is usually
considered to be a representative of many other unsubsti-
tuted PAHs. Pyrene occurs in the environment as a
byproduct from the incomplete burning of wood treated with
creosote and of a multitude of oil-based products, including
gasoline (Burgess et al. 2003; Nahrgang et al. 2009). Pyrene
is also relatively hydrophobic (log K, 4.92; Di Toro et al.
2000), with water solubility about 135 pg/LL (Mackay and
Shiu 1977). Thus, fish may be exposed to aquaeous retene
originated from contaminated sediment (Leppdnen and
Oikari 1999, Oikari et al. 2002) and aqueous pyrene origi-
nated from several sources (Nahrgang et al. 2009).

The aim of this study was to assess the very short-term
transcriptomic effects (24-h exposure) of RET and PYR in
the liver of juvenile rainbow trout (Oncorhynchus mykiss),
a cold-water species commonly used as a representative
model in various research areas. The liver is known to have
a wide variety of physiological functions, and was chosen
as the target organ. Juvenile six-month-old fish were used
to minimize the effects of early ontogenic development, as
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well as those of later sexual maturation, both apparently
being life stage with many functional changes. The
hypothesis was that RET and PYR affect expressions of
genes and functional groups in a dose-response manner in
hepatic tissue. Six genes were selected for studying tran-
scriptomic effects by real time quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) analyses.
Cytochrome P450 1A (CYP1A) was selected as an expo-
sure biomarker of PAHs (Whyte et al. 2000). Three genes
in the family of heat shock proteins (Hsp), i.e., 30 kDa heat
shock protein (Hsp30), 70 kDa heat shock protein 1
(Hsp70), and 78 kDa glucose-regulated protein precursor
(Grp78), were chosen to serve as indicators of a stressed
condition in liver tissue (Iwama et al. 2004). Two genes,
coding for 15 kDa selenoprotein (Sepl5) and glutathione
peroxidase 1 (GP1), were chosen as parameters of oxida-
tive stress (Boelsterli 2007).

Materials and Methods

Retene (7-isopropyl-1-methylphenanthrene) was obtained
from ICN Biomedicals Inc (No. 34943, purity 98 %, USA)
and pyrene (benzo-phenanthrene) from Aldrich (No.
18.551-5, purity 98 %, USA).

Juvenile six-month-old rainbow trout were obtained
from Hanka-Taimen Ltd. (Venekoski, Finland). The aver-
age length of the fish was 9.2 cm (£SD 2.9), and the
weight was 9.5 g (£SD 1.0). Animals were transferred into
a 500 L all-steel tank and acclimatized in flow-through
water (1-2 L/min, oxygen concentration over 8 mg/L, pH
7.6 (£SD 0.1), at temperature 12.0°C (SD 0.1), with a
photoperiod of 16 h light:8 h dark for 2 weeks before the
initiation of 24-h exposure. Fish were fed every day with
pelletized fish food (Royal Plus, 3.5 mm, Raisio, Finland)
ad libitum with 0.25 % of fish biomass. Feeding was
stopped 4 days before the start of exposures. The experi-
ment was conducted with the licence authorized by Finnish
Animal Experiment Board, and it complied with legislation
of Finland.

For PAH exposures, randomly separated fish were
transferred into 50 L all-glass aquaria (water volume
45 L), three animals in each and as three replicates for one
concentration. Tanks were covered with black plastic from
each side to protect fish from disturbances. Water oxygen
concentration was over 8 mg/L, and temperature 12.3°C
(SD £ 0.1). There were three different nominal concen-
trations of PAHs in water for RET, 1.0 (low), 3.2 (medium)
and 10.0 (high) pg/L, being equimolar to PYR, 0.9 (low),
2.9 (medium) and 8.7 (high) pg/L, respectively. The sub-
lethal concentrations were chosen based on the earlier
studies where, compared to acute lethality, the degree of
sublethality for PYR (25 pg/L) was less than 5 % (Krasnov
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et al. 2005), whereas for RET no similar comparison can be
made as even saturated solution is acutely non-lethal.
Stocks of PAHs (1 mg/mL) were dissolved in dimethyl-
sulfoxide (DMSO). Accordingly, a concentration of
0.01 % DMSO was used in control treatments. Water to
biomass ratio was approximately 2 L/g fish/d.

In the aquarium room, the treatments received routine
visible light (TLD 36 W/950 daylight, Philips, Holland)
with the period of 16 h each day (16:8 h L:D cycle) with
light intensity quantified with a lux-radiometer (HD 9221,
Electronor, Finland). Also, UV-radiation (less than
400 nm) was quantified with a UV-radiometer (RM 21,
UV-elektronik GmbH, Dr. Grobel, Germany). The average
light intensity was 699 lux (SD =+ 55), and no UV-radia-
tion was detected.

Rainbow trout were exposed to PAHs for 1 day,
whereafter fish were netted for sampling, and stunned with
a blow to the head. Fish were quickly decapitated, the
livers separated and blotted dry from blood, and snap-fro-
zen in liquid nitrogen. The average fish weight and length
were 8.6 g (£SD 2.7) and 9.3 cm (£SD 1.1), respectively.

To determine PAH concentrations in water during the
experiments, water samples were collected from aquaria of
the medium concentrations of RET and PYR, as well as
from control aquaria, after 2 and 24 h from the beginning
of exposures. Samples of 200 mL were extracted imme-
diately three times with 50 mL hexane (Rathburn Chemi-
cals Ltd, Scotland), using d10-anthracene (Isotec, Ohio,
USA) as an internal standard (9.5 pg per sample). Hexane
was evaporated with rotavapor (VV 2000, Heidolph,
Germany) to 10 mL, and the extracts were stored at —20°C
until analysed. Following this, hexane was evaporated with
nitrogen gas, and each sample dissolved in 25 pL of hex-
ane. Measurement was with a gas chromatograph-mass
spectrophotometer (Hewlett Packard 6890, MS detector
Hewlett Packard 5973, Riamaénen et al. 2010).

Total RNA was extracted from fish livers with TRI-
reagent (Sigma-Aldrich, MO, USA), 1 mL/50-100 mg,
according to manufacturer’s instructions. Livers were
homogenized manually on ice in tubes with a plastic stave.
The homogenates were centrifuged for ten minutes at
12,000g at 4°C. Chloroform (200 pL/sample) was added to
the isolated supernatants, and RNA precipitated from the
aqueous phase with 500 pL of isopropanol. RNA pellets
were washed and stored in 75 % ethanol at —80°C.
Extracted and diluted RNA (total 27 pg) was purified with
PureLink ™Micro-to-Midi Kit and subjected to DNase I
treatment (1 U/pg) (both from Invitrogen, CA, USA) during
purification to destroy any traces of genomic DNA. RNA
was eluted into RNase-free water and its concentration was
measured with a NanoDrop 1000 spectrofotometer (CA,
USA). Further, integrity of RNA was checked on agarose
gel (1.2 % agarose, 1 % formaldehyde). For quantitative
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RT-PCR analyses, equal amounts of hepatic RNA of three
fish from the same aquarium were pooled as one sample,
yielding three biological replicates per treatment concen-
tration, representing altogether nine individuals.

Six genes were selected for real time quantitative PCR
analyses: CYP1A, Hsp30, Hsp70, Grp78, Sepl5, and GP1.
Primers were designed with OligoPerfect'™ Designer
(2010) software (Invitrogen, USA) available online
(Table 1). Each primer pair showed specific amplification
in melting curve analyses. Four candidates for a reference
gene were tested, and out of them NADH-ubiquinone
oxidoreductase (NUOR) showed superior stability with no
effect of PAH treatments on its expression. The other
candidates were 18S rRNA (18SrRNA), elongation factor 1
(EFla), and RNA polymerase 2 (RPL2).

Purified RNA was used for cDNA synthesis with a
SuperScript® VILO™ c¢cDNA Synthesis Kit (Invitrogen,
CA, USA) in a 20 pL volume, each sample including
2.5 pg RNA. Several dilutions of cDNA were used for
calibration. For validation of gene expression, Express
SYBR®GreenER™ @PCR SuperMix Universal (Invitro-
gen, CA, USA) was used in total 15 pl. volume in gPCR
reactions with 1.4 pL volume of 1:25 diluted cDNA.
Reactions were run in duplicates with an ABI Prism 7700
Sequence Detector (Perkin Elmer, MA, USA).

The relative expression levels were calculated using
relative standard curve method for each gene. Shortly,
standard curves for each target gene as well as for the
endogenous reference were prepared by amplifying a serial
dilution (1:10, 1:25, 1:100, 1:250, 1:1,000) of the same
batch of liver cDNA. The standard curves were prepared as
a semi-log regression line plot of Ct value versus log of

Table 1 Primers designed and used for qPCR

input cDNA, and the efficiency of each amplification (E)
was calculated as

E = (107!/5P* _ 1) x 100

All amplification efficiencies were within the acceptable limits
of 0.8 < E < 1.1 (Table 1). Consequently, the quantities of
each target and endogenous reference were interpolated from
the appropriate standard curves. Further, results were nor-
malized by dividing each target quantity by reference gene
quantity in the same sample. Finally, the relative expression
values for each target gene were obtained with division of
normalized target quantity by quantity of the untreated control,
resulting in n-fold differences relative to the control.

SPSS (version 15 for Windows) was used in statistical
analyses. For the fold-data from qPCR, the logarithm
(logjo) was used to make the response scale linear. The
normality was tested using the Shapiro—Wilk-test. One-
way ANOVA with the Bonferroni test was used to assess
the effect of PAH concentration within a group. Non-nor-
mally distributed groups of values were tested with the
Mann—Whitney non-parametric test. A probability level of
p < 0.05 was considered to be statistically significant.

Results and Discussion

In aquatic environment, fishes can be exposed to retene or
pyrene originated from different sources. In molecular
toxicology perspective, the aim here was to collect basic
information with laboratory experiments as approximating
some realistic environmental conditions in the initial 24-h
exposure.

Gene Sequence (5 — 3') Amplicon size Accession number Amplification
(bp) in GenBank efficiency
Cytochrome P450 1A1 F: cagtccgecaggctcttatcaage 94 CA360960 1.06
R: gccaagctcttgecgtegttgat
Heat shock protein 30 F: gtgggcaggaagctgagagtcagt 126 CA355433 1.10
R: ctcaggattcacgccttcaggeag
Heat shock 70 kDa protein 1 F: tggcgacaagtctgagaacgtccag 133 EST1-3A_F05 1.06
R: ggtctgtttggatgggatggtggtg
78 kDa glucose-regulated protein F: aggccaagaagaaggagcetgg 101 CA368961 1.07
precursor R: atcctgatctecctetgecte
15 kDa selenoprotein F: gcccagatggagtccaggaage 58 CA342228 1.05
R: ttcatccacacacttccaggatgg
Glutathione peroxidase 1 F: gttcatcatgtggagccetgte 75 CA369000 0.98
R: atctccatcaggactgaccagg
NADH-ubiquinone oxidoreductase F: caacatagggattggagagctgtacg 119 DW532752 1.07
R

: ttcagagccteatcttgeetget

F forward, R reverse
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After 2 h, the analyzed concentrations of RET and PYR
were 0.9 pg/LL (£SD 0.2) and 2.5 pg/LL (£SD 0.2),
respectively. Nominal values at the start of the exposures
were 3.2 ng/L for RET and 2.9 pg/L for PYR. After 24 h,
the concentrations from the same treatments were further
decreased, revealing for RET 0.5 pg/L (£SD 0.04) and for
PYR 1.4 pg/LL (& SD 0.2). Thus, after 2- and 24-h the
average concentrations of RET appeared to be 28 % and
16 % of the nominal 3.2 pg/L, respectively. Correspond-
ingly, PYR concentrations were 86 % and 48 % of the
nominal 2.9 pg/L.. PAHs were not detected in control
aquaria. None of the concentrations were lethal to fish and
there were no apparent behavioral differences between the
exposed and control group of rainbow trout.

Despite relatively high water-to-biomass ratios, con-
centrations of PAHs did not remain stable during the
exposures. The distinct decreases in concentrations were
most probably due to rapid and strong adsorption of PAHs
on the glass walls of the experimental aquaria, explained
by the high hydrophobicity of RET (log K, 6.4, Basu
et al. 2001), and the relatively high value of PYR (log K,
4.92, Di Toro et al. 2000). Decreasing levels of RET in
aquaria have also been documented in other studies
(Résdnen et al. 2011). For instance, concentrations in water
averaged 83 % of the nominal one (100 pg/L) within 2 h
following the addition, dropping to 24 % after 24 h in a
study where rainbow trout embryos were exposed to retene
(Scott et al. 2009). In the present study, though not mea-
sured, we assumed that corresponding decreases had taken
place in other aquaria as well. However, three different
levels of exposure were evident, as indicated by the graded
increases in the expression of the exposure biomarker
CYPIA with increasing concentration of RET (Fig. 1).

After 24 h of exposure, expression of CYP1A, a major
enzyme involved in biotransformation, showed dose-
dependent induction at exposure to RET (Bonferroni,
F535 = 20.666, p <0.05 when comparing control and
medium, p < 0.01 when comparing low and high, p < 0.05
when comparing low and medium), and was the strongest
at the highest concentration added (65-fold, p < 0.01).
CYPI1A did not respond to PYR (Fig. 1).
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Fig. 1 Expression change of CYP1A in rainbow trout liver by qPCR
(mean + SE). Fish were exposed to RET and PYR in three equimolar
nominal concentrations (low, medium, high) at range of 0.9-10 pg/L
in 24-h. Controls were treated with 0.01 % DMSO. Asterisk denotes
significant difference from control (* for p <0.05 and ** for
p <0.01)
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In this study, RET induced strongly only one gene,
CYPI1A, in a dose-dependent manner, seen also in CYPIA
protein levels (Fragoso et al. 1999; Hawkins et al. 2002;
Vehnidinen et al. 2003; Résénen et al. 2011). The toxicity
and metabolism of retene appear to be widely associated
with the induction of CYP1A (Fragoso et al. 1999; Haw-
kins et al. 2002). Recent findings concluded that retene
toxicity is associated with the function of aryl hydrocarbon
receptor 2 (AhR2) and CYPIA metabolism (Scott et al.
2011). Up-regulation of CYPIA indicated induction of
biotransformation with RET at the gene expression level.

In contrast to RET, PYR did not cause CYP1A induction
at these concentrations. This is in an agreement with our
previous study where PYR, as 10-100 pg/L. nominal con-
centrations, did not induce CYP1A protein in young white-
fish, Coregonus lavaretus (Résdnen et al. 2011) or it’s
activity in salmon fry, Salmo salar (Honkanen et al. 2008).
Also, although PYR is considered to act via the AhR pathway
(Incardona et al. 2004; Hendon et al. 2008), it is a weaker
AhR agonist than more potent PAHs such as benzo(a)pyrene
(Barron et al. 2004). In addition, lack of increase in CYP1A
expression in liver of rainbow trout shows a major difference
of actions between RET and PYR.

In addition, five selected genes were analyzed by qRT-
PCR. There were no significant differences within those gene
expressions between different concentrations (Table 2).
gPCR revealed degree of variation between replicates,
showing lowest variation in control treatments. Hsp30 and
Grp78 showed the highest response in low concentrations
with both PAHs. Further, inductions of Hsp70 and GP1 were
strongest either at low or medium PAH concentrations. Also,
the expression of Sepl5 was highest at the lowest concen-
tration of retene, but the response to pyrene was reversed.

Genes of 30 kDa heat shock protein (Hsp30), 70 kDa
heat shock protein 1 (Hsp70), and 78 kDa glucose-regu-
lated protein precursor (Grp78) were induced differently
but not significantly in our results. All three proteins belong
to the group of heat shock proteins with chaperone function
and are known to respond to cellular stress (Basu et al.
2002). The most widely investigated Hsp70 is affected by
diverse stressors, but its specificity is low (Lewis et al.
1999). Basically, RET and PYR can induce Hsp70 proteins
in fish (Vehnidinen et al. 2003; Résédnen et al. 2011). Hsp30
is also regulated in a different way after heat shock (Hei-
kkila 2004). The gene for 78 kDa glucose regulated pro-
tein, a well-known marker of the endoplasmic reticulum
(Lee 2001) is characterized as having high sensitivity in
salmonid fish (Skugor et al. 2008).

Both PAHs induced to some extent, but not signifi-
cantly, the oxidative stress parameter of glutathioine per-
oxidase and 15 kDa selenoprotein. PYR induced oxidative
stress genes, e.g. GP, in rainbow trout fry (Koskinen et al.
2004). It also significantly induced the ROS-metabolizing
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Table 2 Expressions of selected genes analyzed by qRT-PCR
Control Retene Pyrene
Low Medium High Low Medium High

Heat shock protein 30 1.0 (£0.2) 6.6 (£53) 2.8 (£2.0) 0.9 (+0.2) 3.0 (£0.7) 1.2(£03) 1.5 (%0.7)
Heat shock protein 70 protein 1 1.0 (£0.1) 09 (£03) 1.5(x0.7) 0.9 (+0.2) 0.9 (£0.2) 1.0 (£0.1) 0.9 (£0.2)
78 kDa glucose regulated protein precursor 1.0 (£0.4) 11.0 (£2.7) 4.6 (£3.1) 5.3 (£2.5) 12.7(£7.8) 79 (£7.3) 3.4 (X2.7)
15 kDa selenoprotein 1.0 (£0.2) 2.0 (£04) 1.4 (£05) 1.4 (£0.1) 0.9 (£0.1) 1.0 (£0.2) 2.8 (x1.9)
Glutathione peroxidase 1 1.0 (£0.3) 1.6 (£04) 3.3 (£1.3) 1.5 (£0.5) 3.0 (£2.0) 1.2 (£0.4) 1.3 (£0.5)

Fish were exposed to RET and PYR in three equimolar concentrations (low, medium, high) at range of 0.9—10 pg/L, for 24-h. Data are
expression ratio (mean £ SE) of three pooled RNA samples (hepatic RNA of three fish per sample)

enzyme, catalase, in Atlantic salmon fry (Honkanen et al.
2008). Glutathione reductase (GR), another catalyst intro-
duced in GSH-regulation, was induced by PYR in devel-
oping post-hatched young pike, Esox lucius (Risinen et al.
2011). In addition, retene did not change whole body lipid
peroxide concentrations but had a small effect in the
reduction of glutathione level (a parameter of oxidative
stress) in rainbow trout (Bauder et al. 2005). Glutathione
reductase (GR) was not induced by RET in developing
post-hatched young of whitefish but was so to some extent
in pike (Résédnen et al. 2011). In addition, retene to some
extent induced superoxide dismutase (SOD) in pike
(Hékkinen et al. 2004). These increased changes were
considered as a sign of oxidative stress which can lead to
cellular damage. Induction of oxidative stress by PAHs can
vary in different species, and measurement of one or few
parameters is not sufficient for definite conclusions.

In this study, we showed that RET and PYR change in
two different ways transcriptional activity of genes
belonging to various functional groups in hepatic tissue of
rainbow trout. For risk assessment, sublethal effects on
tissues can be used as early signals of toxicity of these
PAHs. However, it is important to realize that transcrip-
tomic changes do not always lead to adverse functional
changes in organs or individuals. We found that low,
realistic environmental concentrations of RET, but not
PYR, rapidly caused a change in CYP1A gene expression,
and that such effects can be studied by qPCR.

Acknowledgments This study was financed by the Academy of
Finland (project 7109823). We thank Ms. Mervi Koistinen and M.Sc.
Marja Lahti for help with fish experiments, and Dr. Anssi Lensu for
the assistance in statistics (University of Jyviskyld). We also thank
M.Sc. Yrjo Lankinen and Mr. Jorma Kerdnen (Hanka-Taimen Ltd.,
Venekoski) for the fish.

References

Barron MG, Heintz R, Rice SD (2004) Relative potency of PAHs and
heterocycles as aryl hydrocarbon receptor agonists in fish. Mar
Environ Res 58:95-100

Basu N, Billiard S, Fragoso N, Omoike A, Tabash S, Brown S,
Hodson P (2001) Ethoxyresorufin-O-deethylase induction in
trout exposed to mixtures of polycyclic aromatic hydrocarbons.
Environ Toxicol Chem 20:1244-1251

Basu N, Todgham AE, Ackerman PA, Bibeau MR, Nakano K,
Schulte PM, Iwama GK (2002) Heat shock protein genes and
their functional significance in fish. Gene 295:173-183

Bauder MB, Palace VP, Hodson PV (2005) Is oxidative stress the
mechanism of blue sac disease in retene-exposed trout larvae?
Environ Toxicol Chem 24:696-702

Boelsterli UA (2007) Mechanistic toxicology. The molecular basis of
how chemicals disrupt biological targets, 2nd edn. CRC Press,
Taylor and Francis Group, Boca Raton, FL.

Burgess RM, Ahrens MJ, Hickey CW (2003) Geochemistry of PAHs
in aquatic environments: source, persistence, and distribution. In:
Douben PET (ed) PAHs: exotoxicological perspective. John
Wiley, Chichester, pp 35-45

Colavecchia MV, Hodson PV, Parrott JL (2006) CYP1A induction
and blue sac disease in early life stages of white suckers
(Catostomus commersoni) exposed to oil sands. J Toxicol
Environ Health 69:967-994

Di Toro DM, McGrath JA, Hansen DJ (2000) Technical basis for
narcotic chemicals and polycyclic aromatic hydrocarbon criteria.
I. Water and tissue. Environ Toxicol Chem 19:1951-1970

Fragoso NM, Hodson PV, Kozin IS, Brown RS, Parrott JL (1999)
Kinetics of mixed function oxygenase induction and retene
excretion in retene-exposed rainbow trout (Oncorhynchys my-
kiss). Environ Toxicol Chem 18:2268-2274

Gravato C, Santos MA (2002) Juvenile sea bass liver P450, EROD
induction, and erythrocytic genotoxic responses to PAH and
PAH-like compounds. Ecotoxicol Environ Saf 51:115-127

Hawkins SA, Billiard SM, Tabash SP, Brown RS, Hodson PV (2002)
Altering cytochrome P4501A activity affects polycyclic aro-
matic hydrocarbon metabolism and toxicity in rainbow trout
(Oncorhynchus mykiss). Environ Toxicol Chem 21:1845-1853

Heikkila JJ (2004) Regulation and function of small heat shock
protein genes during amphibian development. J Cell Biochem
93:672-680

Hendon LA, Carlson EA, Manning S, Brouwer M (2008) Molecular
and developmental effects of exposure to pyrene in the early life-
stages of Cyprinodon variegatus. Comp Biochem Physiol C
Toxicol Pharmacol 147:205-215

Honkanen JO, Wiegand C, Kukkonen JVK (2008) Humic substances
modify accumulation but not biotransformation of pyrene in
salmon yolk-sac fry. Aquat Toxicol 86:239-248

Hikkinen J, Vehnidinen E, Oikari A (2004) Sensitivity of northern
pike larvae to UV-B and UV-photoinduced toxicity of retene.
Aquat Toxicol 66:393-404

Incardona JP, Collier TK, Scholz NL (2004) Defects in cardiac
function precede morphological abnormalities in fish embryos

@ Springer



738

Bull Environ Contam Toxicol (2012) 89:733-738

exposed to polycyclic aromatic hydrocarbons. Toxicol Appl
Pharmacol 196:191-205

Iwama GK, Afonso LO, Todgham A, Ackerman P, Nakano K (2004)
Are hsps suitable for indicating stressed states in fish? J Exp Biol
207:15-19

Koskinen H, Pehkonen P, Vehnidinen E, Krasnov A, Rexroad C,
Afanasyev S, Molsd H, Oikari A (2004) Response of rainbow
trout transcriptome to model chemical contaminants. Biochem
Biophys Res Commun 320:745-753

Krasnov A, Koskinen H, Rexroad CE, Afanasyev S, Molsd H, Oikari
A (2005) Transcriptome responses to carbon tetrachloride and
pyrene in the kidney and liver of juvenile rainbow trout
(Oncorhynchus mykiss). Aquat Toxicol 74:70-81

Lee AS (2001) The glucose-regulated proteins: stress induction and
clinical applications. Trends Biochem Sci 26:504-510

Leppinen H, Oikari A (1999) Occurence of retene and resin acids in
sediments and fish bile from a lake receiving pulp and paper mill
effluents. Environ Toxicol Chem 18:1498-1505

Leppidnen H, Kukkonen JVK, Oikari A (2000) Concentration of
retene acids in sedimenting particles collected from a bleached
kraft mill effluent receiving lake. Water Res 34:1604-1610

Leppénen H, Oikari A (2001) Retene and resin acid concentrations in
sediment profiles of a lake recovering from exposure to pulp mill
effluents. J Paleolimnol 25:367-374

Lewis S, Handy RD, Cordi B, Billinghurst Z, Depledge MH (1999)
Stress proteins (HSP’s): methods of detection and their use as an
environmental biomarker. Ecotoxicology 8:351-368

Mackay D, Shiu WY (1977) Aqueous solubility of polynuclear
aromatic hydrocarbons. J] Chem Eng Data 22:399-402

Merildinen P, Lahdelma I, Oikari L, Hyd6tyldinen T, Oikari A (2006)
Dissolution of resin acids, retene and wood sterols from
contaminated lake sediments. Chemosphere 65:840-846

Nahrgang J, Camusa L, Carlsc MG, Gonzalezd P, Jonssona M, Tabane
IC, Bechmanne RK, Christiansen JS, Hopf H (2009) Biomarker
responses in polar cod (Boreogadus saida) exposed to the water
soluble fraction of crude oil. Aquat Toxicol 97:234-242

Oikari A, Fragoso N, Leppdnen H, Chan T, Kozin I, Hodson PV
(2002) Bioavailability to juvenile rainbow trout (Oncorhynchus
mykiss) of retene and other mixed function oxygenase—active
compounds from sediments. Environ Toxicol Chem 21:121-128

OligoPerfect™ Designer (2010) OligoPerfect™ Designer—software.
Invitrogen. USA. Available in www format: http://tools.invitro
gen.com/content.cfm?pageid=9716. Accessed 11 May 2010

@ Springer

Reynauda S, Deschaux P (2006) The effects of polycyclic aromatic
hydrocarbons on the immune system of fish: a review. Aquat
Toxicol 77:229-238

Riamidnen H, Lassila H, Lensu A, Lahti M, Oikari A (2010)
Dissolution and spatial distribution of resin acids and retene in
sediments contaminated by pulp and paper industry. J Soils
Sediments 10:349-358

Risidnen K, Vehnidinen E, Oikari A (2011) Different sensitivities of
whitefish (Coregonus lavaretus) and northern pike (Esox lucius)
eleutheroembryos to photoinduced toxicity of polycyclic aro-
matic hydrocarbons. Polycycl Aromat Compd 31:65-83

Scott JA, Ross M, Lemire BC, Hodson PV (2009) Embryotoxicity of
retene in cotreatment with 2-aminoanthracene, a cytochrome
P4501A inhibitor, in rainbow trout (Oncorhynchus mykiss).
Environ Toxicol Chem 28:1304-1310

Scott JA, Incardona JP, Pelkki K, Shepardson S, Hodson PV (2011)
AhR2-mediated, CYP1A-independent cardiovascular toxicity in
zebrafish (Danio rerio) embryos exposed to retene. Aquat
Toxicol 101:165-174

Skugor S, Glover K, Nilsen F, Krasnov A (2008) Local and systemic
gene expression responses of Atlantic salmon (Salmo salar L.) to
infection with the salmon louse (Lepeophtheirus salmonis).
BMC Genomics 9:498

Tavendale MH, McFarlane PN, Mackie KL, Wilkins AL, Langdon
AG (1997) The fate of resin acids-1. The biotransformation and
degradation of deuterium labeled dehydroabietic acid in anaer-
obic sediments. Chemosphere 35:2137-2151

Tuvikene A (1995) Responses of fish to polycyclic aromatic
hydrocarbons (PAHs). Ann Zool Fennici 32:295-309

Vehnidinen E, Hiakkinen J, Oikari A (2003) Photoinduced lethal and
sublethal toxicity of retene, a polycyclic aromatic hydrocarbon
derived from resin acid, to coregonid larvae. Environ Toxicol
Chem 22:2995-3000

Wen Z, Ruiyong W, Radke M, Qingyu W, Guoying S, Zhili L (2000)
Retene in pyrolysates of algal and bacterial organic matter. Org
Geochem 31:757-762

Whyte JJ, Jung RE, Schmitt CJ, Tillitt DE (2000) Etoxyresorufin-0-
deethylase (EROD) activity in fish as a biomarker of chemical
exposure. Crit Rev Toxicol 30:347-570


http://tools.invitrogen.com/content.cfm?pageid=9716
http://tools.invitrogen.com/content.cfm?pageid=9716

	Fast Genomic Biomarker Responses of Retene and Pyrene in Liver of Juvenile Rainbow Trout, Oncorhynchus mykiss
	Abstract
	Materials and Methods
	Results and Discussion
	Acknowledgments
	References


