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ARTICLE INFO ABSTRACT

Keywords: Polycyclic aromatic hydrocarbons (PAHs) are widely spread environmental contaminants which affect devel-
Tr.anscriptome oping organisms. It is known that improper activation of the aryl hydrocarbon receptor (AhR) by some PAHs
Mixture contributes to toxicity, while other PAHs can disrupt cellular membrane function. The exact downstream
Retene . s . . . . . .

Fluoranthene mechanisms of AhR activation remain unresolved, especially with regard to cardiotoxicity. By exposing newly
PAH hatched rainbow trout alevins (Oncorhynchus mykiss) semi-statically to retene (32 pg 1™}; AhR agonist), fluo-

ranthene (50 ug 1t ; weak AhR agonist and CYP1a inhibitor) and their binary mixture for 1, 3, 7 and 14 days, we
aimed to uncover novel mechanisms of cardiotoxicity using a targeted microarray approach. At the end of the
exposure, standard length, yolk area, blue sac disease (BSD) index and PAH body burden were measured, while
the hearts were prepared for microarray analysis. Each exposure produced a unique toxicity profile. We observed
that retene and the mixture, but not fluoranthene, significantly reduced growth by Day 14 compared to the
control, while exposure to the mixture increased the BSD-index significantly from Day 3 onward. Body burden
profiles were PAH-specific and correlated well with the exposure-specific upregulations of genes encoding for
phase I and II enzymes. Exposure to the mixture over-represented pathways related to growth, amino acid and
xenobiotic metabolism and oxidative stress responses. Alevins exposed to the individual PAHs displayed over-
represented pathways involved in receptor signaling: retene downregulated genes with a role in G-protein
signaling, while fluoranthene upregulated those involved in GABA signaling. Furthermore, exposure to retene
and fluoranthene altered the expression of genes encoding for proteins involved in calcium- and potassium ion
channels, which suggests affected heart structure and function. This study provides deeper understanding of the
complexity of PAH toxicity and the necessity of investigating PAHs as mixtures and not as individual
components.

Rainbow trout
Oncorhynchus mykiss
Early life development

1. Introduction presence of PAHs is particularly problematic in anoxic strata as any

degradation of PAHs in situ requires aerobic metabolism. Hence, PAH

Polycyclic aromatic hydrocarbons (PAHs) are a widespread group of
environmental contaminants of either natural or anthropogenic origin.
Always occurring as complex mixtures in nature, PAHs are generated in
large quantities during combustion or pyrolysis of organic material and
are present in petroleum products. The environmental prevalence of
PAHs has increased over the last century due to increased anthropogenic
activities (Wickstrom and Tolonen, 1987; Van Metre et al., 2000). The

* Correspondence author.
E-mail address: andreas.n.m.eriksson@jyu.fi (A.N.M. Eriksson).

https://doi.org/10.1016/j.aquatox.2022.106083

contamination can form legacy deposits that can pose long term envi-
ronmental risks if remobilized or leached (Haritash and Kaushik, 2009).

Exposure to PAHs during early life development of fish is well known
to result in a broad suite of defects at multiple levels of biological or-
ganization and consequently, increased mortality. Heart structure and
function are especially sensitive to PAHs (Incardona et al., 2011), which
has multiple down-stream consequences for the growing fish larvae as
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circulation of nutrients and gas-exchange become restricted. Reduced
growth and symptoms referred to as the blue sac disease (BSD; yolk sac
and pericardial edemas, craniofacial and skeletal deformities, hemor-
rhaging and fin rot) are established hallmarks of PAH toxicity (Billiard
et al.,, 1999; Colavecchia et al., 2006). Other developmental defects
associated with PAH exposure are genotoxicity and behavioral alter-
ations (Rhodes et al., 2005; Geier et al., 2018).

The exact mechanisms of PAH induced toxicity remain unresolved
for most PAHs, although multiple molecular processes are known to
contribute to the formation of toxicity in developing fish. What is known
is that different PAHs have different modes of action and toxicity po-
tential in different organs and species (Timme-Laragy et al., 2007; Geier
et al., 2018). Furthermore, the composition of a PAH mixture affects
toxicity as the toxicological potency of certain PAH mixtures has been
observed to induce a stronger response than the combined effect of the
components (Scott and Hodson, 2008; Brown et al., 2015). However, it
must be noted that certain components contribute more to toxicity than
others, as exemplified by Geier et al. (2018).

The most studied molecular response in PAH exposed and devel-
oping fish is the interaction between certain PAHs and the aryl hydro-
carbon receptor 2 (AhR2); a receptor which regulates normal
development and metabolism (Billiard et al., 2002). Note that not all
PAHs have affinity for AhR2 (Barron et al., 2004), but those PAHs that
do trigger its activation as a transcription factor. Activation induces the
expression of, among other genes, cytochrome P450 (cypla) by associ-
ating with xenobiotic response elements. The activated form of CYPla
functions as a phase I metabolic enzyme that facilitates metabolism and
excretion of a large set of xenobiotics through hydroxylation but also
activation of endogenous molecules.

The PAH retene (1-methyl-7-isopropyl phenanthrene) is commonly
associated with effluents from pulp- and paper mills as well as microbial
metabolism of resin acids (Leppanen and Oikari, 1999) but can also
function as a biomarker for forest fires (Gabos et al., 2001). Retene is a
known AhR2 agonist with high affinity (Barron et al., 2004). However,
the exact mechanisms leading up to cardiotoxicity are not fully under-
stood for retene (Bauder et al., 2005; Hodson et al., 2007), as multiple
intertwined processes are likely to be involved; exemplified by the
Adverse Outcome Pathway 21 (AOP21) by Doering et al., 2019. From a
toxicological perspective, knockdown of ahr2, but not cypla, in retene
exposed zebrafish embryos (Danio rerio) prevented the formation of
cardiac defects (Scott et al., 2011). However, as AhR2 controls a vast
number of genes, knockdown does not highlight any underlying mech-
anism. One suggested downstream gene is cyclooxygenase-2, but the
evidence and quantitative understanding for this pathway are currently
only moderate, and there are also other pathways that may be involved
(AOP21).

Another PAH of interest is fluoranthene, which occurs ubiquitously
in any natural PAH mixture (Page et al., 1999). Although a weaker AhR2
agonist than retene (Barron et al., 2004), fluoranthene can impair CYP1a
mediated metabolism by blocking the enzymes active site (Willett et al.,
1998). The few laboratory studies on the impact of PAH mixtures con-
taining fluoranthene on developing fish larvae report increased toxicity
of fluoranthene-containing mixtures compared to the toxicity of the
individual components (Wassenberg and Di Giulio, 2004; Geier et al.,
2018). Nonetheless, the underlying mechanism(s) for the stronger
toxicity of PAH mixtures containing fluoranthene, relative to the sum of
toxicity of the individual mixture components, remains elusive. Conse-
quently, it is important to understand how fluoranthene influences and
potentiates the toxicity of a simple PAH mixture, especially from the
perspective of environmental risk assessment.

Therefore, by exposing newly hatched and developing rainbow trout
alevins (Oncorhynchus mykiss) to sub-lethal concentrations of retene and
fluoranthene (individually or as a binary mixture), mechanisms related
to cardiotoxicity were investigated at the transcriptomic level which in
turn were related to effects on the whole organism. A targeted micro-
array approach was employed as per our previous experience with
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transcriptomic analysis (Rigaud et al., 2020; Vehniainen et al., 2016).
Rainbow trout was selected as test organism due to its (and other
salmonid species’) ecological, economical and scientific relevance for
sub-arctic and boreal aquatic ecosystems. Cardiac tissue was chosen as
the endpoint for transcriptomic investigation due to the heart being
among the most sensitive organs to the exposure with PAHs. Differently
expressed genes and subsequently over-represented terms and pathways
were then compared with the effects on the whole organisms (growth
and development, body burden and yolk consumption, the latter func-
tioning as a proxy for energy consumption).

2. Materials and methods
2.1. Setup, maintenance, water analysis, animal care and sampling

Newly hatched (< 24 h) and healthy rainbow trout alevins (360°-
days; supplied by Hanka-Taimen OY, Hankasalmi, Finland) were
randomly selected and semi-statically exposed to dimethyl sulfoxide
(DMSO, control), retene, fluoranthene or the binary mixture of the two
PAHs (Table 1) and sampled after 1, 3, 7 and 14 days of exposure.

Exposure concentrations were selected in order to provoke toxico-
logical responses, while avoiding exposure-related mortality. Both Bil-
liard et al. (1999) and Vehniainen et al. (2016) have reported that
exposure to 32 pg 171 of retene fulfills the abovementioned requirements
while preliminary testing identified 50 ug 17! of fluoranthene as suitable
(unpublished data; exposure to 5, 50 and 500 pg 17! of fluoranthene
resulted in 0% mortality over a 11 day period; 3 replicates per con-
centration and 10 alevins per replicate).

Prior to the initiation of exposure, each exposure vessel was pre-
saturated for 24 h with the corresponding chemicals. Stock water,
meant for the exposure studies, was delivered from Konnevesi research
station (Central Finland) in February and April 2017; the 14 days
exposure took place in February, while the 1, 3 and 7 days exposures
were performed in April, using different batches of alevins. Lake water
was collected from a depth of 6 m and filtered for debris. The concen-
tration of PAHs in the collected exposure water was below the level of
detection. Every exposure was conducted in 1.5 L Pyrex glass bowls
filled with 1 L of lake water and the corresponding exposure compound
(s) while placed in a Latin square sequence (Fig. s1). Exposure was
maintained in a semi-static fashion, which meant complete renewal of
water and chemicals on a daily basis. Alevins were collected using a 5 ml
plastic Pasteur pipet with a broadened tip and temporarily transferred to
a 50 ml plastic centrifugation tube along with some exposure water
while the exposure medium was renewed; a process that took less than
30 s per replicate.

In order to generate enough cardiac tissue for RNA extraction, 12
replicate bowls per treatment, (each replicate contained 15 alevins)
were maintained for exposures lasting 1, 3 and 7 days while the expo-
sure lasting for 14 days required 8 replicates per treatment, with the
same number of alevins per replicate. This translated to 180 alevins per
treatment lasting 1, 3 and 7 days while the 14 days exposure required
120 alevins per treatment. An additional bowl per treatment but without
alevins was maintained and treated in the same fashion as those con-
taining developing alevins to determine loss of PAHs due to microbial
degradation, evaporation or adsorption to the glass bowl. Exposure
water temperature, measured daily, was maintained at 11.7 + 0.4 °C
and photoperiodicity was set at 16:8 light to darkness. Water samples
were collected prior to water and chemical renewal on Days 1, 3, 7, 10
and 14, diluted 50:50 in ethanol (99.5% purity) and stored at 4 °C for
later synchronous fluorescence spectroscopy. Water quality, with
regards to pH, conductivity and dissolved oxygen content in aerated
stock water, was measured after 1, 3, 5, 7, 10 and 14 days of exposure.
The Finnish Environment Institute’s database Hertta reports that water
from lake Konnevesi contains 7 to 14 ug 1~ ammonium (as nitrogen),
0.13 to 0.19 mmol 17! alkalinity and has a Ca+Mg hardness of 0.12
mmol 172,
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Table 1
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DMSO, retene and fluoranthene stock solution concentrations (uM; dissolved in DMSO), volume of stock solution added per exposure bowl (uL), nominal exposure
concentration (nM), chemical purity (%), supplier and CAS-number. Note: 136.6 nM of retene equals 32 ug L' while 247.2 nM of fluoranthene equals 50 pg L™*. The
nominal concentration of DMSO corresponds to 0.002% which is below the threshold of 0.01% solvent recommended by the OECD (2013) and is thus unlikely to
contribute to, or increase, the toxicity of PAHs (Christou et al., 2020; Kais et al., 2013; Maes et al., 2012).

Exposure Stock solution concentration Volume added Nominal PAH + DMSO exposure concentrations  Purity Supplier CAS
(LM) (uL) (nM) (%) Number
DMSO Pure DMSO 20 256 >99.9 Sigma Aldrich ~ 67-68-5
Retene +DMSO 13,655 10 + 10 136.6 + 128 98 MP 483-65-3
Biomedical

Fluoranthene + 24,720 10 + 10 247.2 + 128 >98 Sigma Aldrich ~ 206-44-0
DMSO

Retene + As above 10 + 10 136.6 + 247.2 As above As above As above
Fluoranthene

At sampling, exposed alevins were photographed next to millimeter
scale paper, symptoms of BSD were assessed and hearts excised. Hearts
from every alevin from 2 (alevins exposed for 14 days; 30 hearts in total
per sample) or 3 (exposed for 1, 3 and 7 days; 45 hearts in total per
sample) exposure replicates of the same treatment were pooled, snap
frozen in liquid nitrogen and stored at —80 °C for later RNA extraction.
Utilizing this approach yielded 4 replicates per treatment for tran-
scriptomic analyzes, of which 3 were processed. The remaining alevins
carcasses were pooled based upon replicate, snap frozen in liquid ni-
trogen and stored at —80 °C for later preparation and HPLC analysis.

2.2. Synchronous fluorescence spectroscopy (SFS) and water quality

This SFS protocol has previously been described by Rigaud et al.
(2020), and outlines the analytical protocol for phenanthrene, pyrene
and retene. The SFS parameters, although slightly adjusted, were ob-
tained elsewhere (Watson et al., 2004; Turcotte et al., 2011) (Table 2). In
short, exposure water from 4 replicates per treatment (selected at
random) was sampled after 1, 3, 7, 10 and 14 days of exposure, collected
in 20 ml scintillation bottles in a 50:50 mixture with ethanol (99.5%
purity) and then stored at 4 °C until analysis. The concentration of
retene and fluoranthene were measured using a LS55 Luminescence
Spectrometer (PerkinElmer Instruments, USA). Every LS55 measure-
ment was performed in quartz cuvettes (Quartz SUPRASIL® High Pre-
cision Cell, Hellma Analytics, Germany) as these PAHs have a low
fluorescence at investigated exposure concentrations. Standard curves
were created for each PAH which were used to calculate concentration
regimes, once normalized against their respective control and using the
peak area for retene (290-315 nm) and fluoranthene (270-292 nm).

2.3. Morphometric analyzes

Photos were analyzed utilizing ImageJ (v1.51j8, National Institutes
of Health, USA). Using the millimeter paper as a known reference,
standard length and planar yolk area were measured in silico with high
accuracy (3 decimals) and resolution (30 pixels per mm). However,
temperature and other abiotic factors are known to affect fish devel-
opment and due to the architecture of the exposure room and the cooling
system, the temperature in the exposure bowls varied spatially (1, 3 and
7 days exposure: 99.9-101.7% relative of replicate 1; 14 days exposure:
98.5-103.6% of control replicate 1; see Fig. s1). Therefore, standard
length and yolk area were compensated for the influence of temperature
by adjusting for the number of degree-days for every control replicate in
relation to control replicate 1, as per Eq. (1):

Table 2

DD,
DD,

Endpoint,_,;; = Endpointy / 1

Where DD, is the number of degree days in control replicate 1 and
DDy represents the degree days in the corresponding control bowly. The
measured endpoint was then divided by the degree-day quota from the
same replicatey, thereby adjusting the measurements for the spatial
temperature variation. The unadjusted results are presented in Fig. s2.

The BSD-index was established per replicate and calculated accord-
ing to established convention (Eq. (2)) (Villalobos et al., 2000; Scott
et al., 2011). Symptoms of pericardial edemas (PE; scored O or 1; not
present or present), yolk sac edema (YE; scored 0 or 1) and hemorrhages
(HM; scored 0 or 1) were assessed upon sampling. This procedure gave a
maximum score of 45 per replicate. Additionally, the effect of the
mixture on the BSD index, relative to the components (results adjusted
for baseline toxicity among DMSO exposed alevins), was assessed as per
combination index (Foucquier and Guedj, 2015).

S PE+ Y HM + Y YE

BSD =
Maximum score

(2)

Inconsistencies in the assessment of BSD symptoms occurred during
the sampling of alevins exposed. As a consequence, only half of the
replicates were included in the calculation of the BSD-indices of alevins
exposed for 1, 3 and 7 days. BSD-indices among alevins sampled after 14
days of exposure were completely omitted due to inconsistent scoring.

Alevins sampled after 14 days of exposure were developmentally
assessed and scored based upon pigmentation intensity of the dorsal fin
(present/not present) and the lateral side low/high intensity) in accor-
dance with Vernier’s rainbow trout developmental catalog (Vernier,
1977), as exemplified in Fig. s3. Formation and development of
pigmentation is influenced by AhR2 and thus sensitive to the influence
of AhR-agonists (Zodrow and Tanguay, 2003).

2.4. High-Performance liquid chromatography analysis

The body burden of retene and fluoranthene was assessed using a
High-Performance Liquid Chromatography (HPLC) approach. For a
detailed description on material preparation, analysis and recovery
assessment, see supplementary material s1.1. In short, pooled alevin
carcasses (10-13 per replicate) were homogenized in 70% acetonitrile
(ACN; Fisher Scientific). The homogenate was centrifuged for 15 min at
14,000 rpm in 4 °C (Centrifuge 5415 R, Eppendorf, Germany) and the
supernatant collected. The pellet was resuspended in 70% CAN,
centrifuged and the supernatant collected and pooled. The resuspension

LS55 luminescence synchronous fluorescence spectroscopy parameters used for the identification of retene and fluoranthene.

PAH Wavelengths measured (nm) Delta wavelength (A}; nm) Peak (nm) Excitation slit (nm) Emission slit (nm) Scan speed (nm/min)
Retene 250-350 50 290-315 5 5 300
Fluoranthene 200-500 155 270-292 2.5 5 240
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processes of the pellet were repeated twice.

An aliquot of the collected supernatant (100 pl; the remaining su-
pernatant was stored at —20 °C) was transferred to a 250 pL glass insert
(Agilent Technologies, German) placed in an amber glass vial (Agilent
Technologies, Poland). Ten pl of the aliquot were analysis using a Shi-
madzu U-HPLC Nexera system connected to a RF-20A xs Prominence
fluorescence detector (Shimadzu, Japan) with a 150 mm long ACE C18-
AR column with a particle size of 5 pm (Advanced Chromatography
Technologies LTD, Scotland, UK). The analytical protocol developed
allowed for simultaneous measurement of both PAHs in one run, thereby
enabling detection of possible PAH cross-contamination. Retene was
measured at excitation 259 nm and emission 370 nm with a retention
time of 16.71 £ 0.09 min while fluoranthene was measured at excitation
288 nm and emission 525 nm after 13.5 &+ 0.21 min. Chromatogram area
under the curve (AUC) was manually adjusted and background- (by
subtracting the average AUC from DMSO exposed alevins) and recovery
compensated. The concentrations were then calculated according to the
standard curves and the average PAH body burden (amount) calculated
per fish.

2.5. Transcriptomic analysis

RNA was extracted from the pooled fish hearts with TRI Reagent
(Molecular Research Center, USA). RNA was quantified using a Nano-
Drop 1000 v.3.8.1 and NanoDrop 2000 (Thermo Fisher Scientific, USA)
and RNA integrity number (RIN) scored using Bioanalyzer RNA 6000
Nano assay kit (Agilent Technologies) according to manufacturer’s in-
structions; lowest measured RIN was 9.8. Extracted RNA was then
divided into two aliquots (one for microarray and one for qPCR vali-
dation analysis) and stored at —80 °C.

In brief, qQPCR analysis was primarily meant as microarray valida-
tion, while methodology was first described by Rigaud et al. (2020). In
total, 8 different genes related to xenobiotic, energy and iron meta-
bolism, as well as oxidative stress, were analyzed, using ndufa8 and rl17
as references due to their transcript stability. For details, see supple-
mentary material s1.2.

Microarray (Agilent 4 x 44 K, Salgeno Design ID 082,522) prepa-
ration and analysis were performed at NOFIMA (As, Norway) according
to a previously developed protocol (Krasnov et al., 2011). First, 220 ng
of RNA was labeled with one-color Cy3 dye (Agilent Low Input Quick
Amp Labeling Kit; product number 5190-2305), amplified, and purified
using Qiagen RNeasy Mini Kit (Qiagen, Germany). Based upon Nano-
Drop measurement the cRNA concentration (average 266.3 + 48.9 ng
ul™1) and specific Cy3 activity was calculated (average 12.9 + 2.5 pmol
per ug cRNA). Samples were hybridized overnight at 65 °C using Agilent
Gene Expression Hybridization Kit (product number 5188-5242), and
the hybridized microarrays were washed using the Agilent Gene
Expression Wash Buffer Kit (product number 5188-5327). The hybrid-
ized microarrays were then analyzed using the Agilent SureScan
Microarray Scanner and the gene expression readings were processed,
analyzed and their intensity levels established using Nofima’s bioin-
formatics package (Krasnov et al., 2011). Average microarray intensity
levels were normalized and log,-transformed compared to controls. The
bioinformatics package identified differentially expressed genes relative
to control using Student’s t-test (p < 0.05). Microarray raw data output
is available at ArrayExpress (E-MTAB-8980).

2.6. Over-representation analyzes

Over-representation analyzes (ORAs) were performed using R
(v.3.5.1., R Core Team, USA); extended by the packages Bioconductor
v3.7 and clusterProfiler v3.8.1 (Boyle et al., 2004; Yu et al., 2012). Gene
annotation in clusterProfiler was established using the AnnotationHub
database. However, in accordance with Rigaud et al. (2020), as no gene
annotation database were available for rainbow trout in AnnotationHub
at the time of data analysis, we used zebrafish RefSeq gene ID and
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symbols and then attributed these to each feature of the microarray. This
was achieved using the NCBI BLAST software 2.7.1 (National Center for
Biotechnology Information, Bethesda, MD, USA). From the BLAST
output, we generated an ORAs background database containing 19,025
unique zebrafish gene IDs (E-values > 1073 were removed).
Over-representation- and pathway analysis were performed and include
Gene Ontologies terms (GO), and KEGGs pathways. P-value cut-off was
set to 0.05 and adjusted for multiple comparisons using Benjamini and
Hochberg method (Benjamini and Hochberg, 1995). Once ORAs were
performed, corresponding genes in relation to enrichment pathways
were sorted based upon the exposure duration as to identify the specific
genes involved in term- and pathways over-representations (Supple-
mentary file 1).

The microarray profiles were validated by correlation analysis
(Spearman’s) with the corresponding qPCR results as well as the
microarray results for retene, obtained from Rigaud et al. (2020)
(Fig. s4).

2.7. Statistics

Statistical analyzes were performed in R-studio version 3.5.1. (R
Core Team, USA). Gaussian distribution was tested using Shapiro-Wilk
test and variance comparison was tested using one-way ANOVA with
Tukey’s post-hoc test (Tukey) if the data was normally distributed,
otherwise, data were subjected to Kruskal-Wallis (KW) analysis of
variance with Dunnett’s post-hoc test (Dunn). Mortality and pigmenta-
tion were assessed using Fisher’s exact test. Comparing the body burden
between alevins exposed to retene and fluoranthene alone and part of
the mixture was performed using t-test if the data was normally
distributed and Mann-Whitney test (MW) if not. Significance- and cut-
off value was set at p < 0.05. All numerical data are presented as
mean =+ standard deviation.

3. Results
3.1. Exposure parameters

Measured concentrations of PAHs in exposure water varied with time
and treatment (Table 3). The concentrations of the two PAHs in expo-
sure water were higher when co-exposed compared to the individual
exposures. After 7 and 14 days of exposure, significantly more retene
was measured in the samples from mixture exposure water than those
from retene only exposures. The same pattern was observed regarding
fluoranthene but only after 1 day of exposure. Water quality was within
acceptable limits: conductivity 26.83 + 4.35 mS m™'; oxygen saturation
103.89 + 5.32%; and pH 7.16 + 0.10. The high oxygen saturation was
due to constant aeration of stock water.

Table 3

Average measured (nM + standard deviation) and average percentile of nominal
concentration (within parentheses) of retene (Ret) and fluoranthene (Flu) in
exposure water measured by synchronous fluorescence spectroscopy after 1, 3,
7, 10 and 14 days of exposure. For comparison, the developing alevins were
exposed to 247.21 nM of fluoranthene and 136.55 nM of retene (nominally).
Statistical differences between measured concentrations are denoted with x, *
and # for fluoranthene Day 1, retene Day 7 and 14, respectively (t-test).

Concentration in nM, mean + SD (% of nominal)

Day 1 Day 3 Day 7 Day 10 Day 14
Ret 35+ 11 35+ 11 30+ 10 26 + 20 19 + 14
alone  (26) (26) (22)* 19) a4*
Retmix 32+7(23) 39+8 53 + 28 35+12 47 + 14
(29) 39)* (26) (35)*
Flu 37 £17 62 + 32 88 + 33 99 + 75 113 + 36
alone  (15)° (25) (36) (40) (46)
Flumix 74 + 38 76 + 22 103 + 44 108 + 71 113 + 42
(30)" (31) (42) (44) (46)
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3.2. Mortality and morphometrics

Mortality never exceeded 6% in any treatment or replicate. A sig-
nificant difference was observed between alevins exposed to retene and
fluoranthene individually and sampled on Day 7 (Table S2). Exposure to
the binary mixture resulted in a significantly increased BSD-index on
Day 3 and onward compared to control and the individual compounds
on day 3 (retene) and 7 (fluoranthene), respectively (Table 4). The BSD-
indices among mixture exposed alevins were, on average, greater than
the combined additive effect exerted by the components following
exposure for 3 and 7 days, when adjusted for baseline toxicity among
DMSO exposed alevins.

Furthermore, alevins exposed to retene (for 14 days) and mixture
(Days 3 and 14) were significantly shorter compared to control alevins
(Fig. 1a). Fluoranthene exposed alevins were significantly shorter after 3
days of exposure compared to control. Retene-exposed alevins had
significantly smaller planar yolk area than those exposed to mixture on
Day 14 (Fig. 1b). Furthermore, no differences with regards to signifi-
cances between the different treatments were observed between tem-
perature adjusted and un-adjusted standard lengths (Fig. s2a) and planar
yolk areas (Fig. s2b). Alevins exposed for 14 days to fluoranthene and
mixture had reduced pigmentation intensity on their lateral side, and all
PAH exposures caused hypopigmentation of the dorsal fin (Table 5;
Fig. s3).

3.3. Body burden

Each PAH treatment produced exposure specific body burden pro-
files as exposure to the mixture altered the accumulation pattern of the
PAHs compared to alevins exposed to the individual components. In the
case of retene, the body burden was significantly increased by 353%
after 1 day of exposure, which reached 364% by Day 14, compared to
alevins exposed to retene alone (Fig. 2a). The body burden of fluo-
ranthene by contrast was reduced significantly by 60% after 1 day of
exposure and by Day 14, the reduction was 94% compared to alevins
exposed to fluoranthene alone (Fig. 2b).

Low recovery rates of the two PAHs highlight that the absolute
quantification should be considered carefully. Yet, the chromatograms
yielded clear exposure specific peaks, which were 122 and 602 times
greater for retene and fluoranthene, respectively, than background
(control), already after 1 day of exposure.

3.4. Transcriptomic responses

Altogether, 1896 differently expressed genes (DEGs) were identified
in rainbow trout heart tissue, independent of exposure duration and
across all PAH treatments. Irrespective of exposure duration, exposure to
fluoranthene, retene and the mixture results in 344, 937 and 615 DEGs,
respectively. Few DEGs were shared among the different exposures and

Table 4
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those that were shared were primarily between retene and mixture
exposed alevins (Fig. 3a—d). The cardiac microarray results were vali-
dated by qPCR analysis as well as by comparing the shared DEGs re-
ported for retene by Rigaud et al. (2020) with ours. In their study,
rainbow trout alevins were exposed to retene under nearly identical
conditions as those reported in this present study; the only difference
being the additional 10 ul of DMSO added to the exposure replicate as
per this study. Correlation analysis (Spearman) of the DEGs identified by
microarray analysis provided a reliable approach for validation (R? =
0.79; p < 0.0001; Fig. s4) compared to qPCR analysis, which suffered
from poorer matching R? = 0.39, —0.05, 0.65 and 0.37 on Day 1, 3, 7
and 14, respectively; Table s3). Poorer correlation between the micro-
array and qPCR could stem from microarray probe sensitivity and
specificity in relation to the qPCR primers but also possible degradation
of the frozen material used for qPCR validation.

Of the 1896 DEGs identified by the microarray approach, only 6
DEGs were shared among the treatments; cypla being the only gene
consistently upregulated by every treatment. The remaining 5 DEGs
shared by all treatments were nebulette (nebl, downregulated, day 3),
slow myosin heavy chain b (smyhc2, downregulated, Day 3), cholesteryl
ester transfer protein (cetp, upregulated, Day 7), zinc finger protein
(Danio rerio gene id: 103,910,593; downregulated by retene and upre-
gulated by fluoranthene and mixture, Day 14) and Clq and TNF-like
domains (cbln11, downregulated, Day 14).

Over-representation analysis revealed that exposure to fluoranthene
altered the fewest number of pathways (Figs. 4, 5 and s5). Retene over-
represented a vast number of GOs and KEGGs, although several were of
low gene count and with overlapping functions. An interesting obser-
vation was that retene and fluoranthene over-represented different
signaling pathways in a unique fashion and in opposite directions;
retene over-represented G-protein signaling (downregulation) whereas
fluoranthene affected GABA-signaling (upregulation). Another note-
worthy effect of exposure to the individual components was that both
exposures resulted in altered expression of genes encoding for compo-
nents related to cardiac potassium- (kcng) and calcium ion channels
(cacna).

Exposure to the binary mixture did not over-represent any functions
related to cardiac ion channels or signaling. However, the mixture over-
represented a wide repertoire of terms and pathways related to meta-
bolism of xenobiotics, amino acid metabolism and biosynthesis, oxido-
reductase activity as well as growth and development (details are
presented in Supplementary file 1). The most pronounced effect of
exposure to the mixture was the stronger and broader upregulation of
genes related to phase I and II metabolism compared to the individual
PAHs: exposure to retene upregulated cypla, cytosolic sulfotransferase
(sult), UDP-glucuronosyltransferase (ugtplal) and carbonyl reductase
(cbr1l) while fluoranthene only upregulated cypla and glutathione S-
transferase P (gstp). Consequently, the mixture, but not the components,
upregulated processes aimed at counteracting oxidative stress which

Average blue sac disease index (BSD; +SD) per treatment (control = DMSO, retene = Ret, Fluoranthene = Flu and mixture = Mix) sampled after 1, 3 and 7 days of
exposure. Occurrence of BSD symptoms (pericardial and yolk sac edemas and hemorrhages) were scored during sampling (Villalobos et al., 2000; Scott et al., 2011).
Assessment of BSD among alevins sampled on Day 14 are omitted due to inconsistent scoring during sampling. Significant differences between treatments are denoted
with lowercase (Day 3) and uppercase letter (Day 7) (p < 0.05; KW + Dunn). Baseline adjusted BSD indices (average BSD index among control alevins subtracted from
the average index among PAH exposed alevins) were utilized to assess the effect of the mixture relative to the components (combination index < 1; denoted +
(Foucquier and Guedj, 2015)). Note, due to inconsistencies between the samplers, only half of the replicates are included in the calculation of BSD-index.

Exposure duration BSD indices

Baseline adjustment

DMSO Flu Ret Mix Flu Ret Mix Number of alevins
Day 1 0.03 + 0.03 0.08 + 0.10 0.07 + 0.09 0.10 + 0.06 0.05 0.04 0.07 90
Day 3 0.20 + 0.087 0.34 + 0.17%° 0.25 + 0.08? 0.49 + 0.09° 0.14 0.05 0.29* 90*
Day 7 0.23 + 0.11* 0.25 + 0.06" 0.29 + 0.16"8 0.43 + 0.10% 0.02 0.06 0.20" 80-90%*

*) Flu: n = 89.
**) Ret: n = 80; DMSO and Mix: n = 87; Flu: n = 90.

+) Mixture induced a BSD index greater than the additive effect of the components; combination index < 1.
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Fig. 1. Boxplot of rainbow trout alevin standard length (growth) (a) and planar yolk area (b) after 1, 3, 7 and 14 days of exposure to DMSO (Cont), retene (Ret),
fluoranthene (Flu) and the binary mixture of the two PAHs (Mix). Significant differences (p < 0.05; depending on normality, either KW + Dunn or ANOVA + Tukey)
are denoted using: (1) different lowercase Latin letters for standard length at Day 3; (2) uppercase Latin letters for standard length at Day 14; (3) Greek letters for yolk
area at Day 7; and (4) numbers for yolk area at Day 14. A total of 18 alevins (3 alevins sampled from un-evenly numbered replicates) were analyzed per treatment and
sampled after 1, 3 and 7 of exposure while 24 alevins (6 alevins sampled from un-evenly numbered replicates) exposed for 14 days were measured per treatment.

Table 5

Developmental observations (% =+ SD) measured as pigmentation intensity of
the lateral side (low - high) and the dorsal fin (yes - no) at sampling after 14 days
of exposure to control (DMSO), fluoranthene (Flu), retene (Ret) and the binary
mixture of the two PAHs (Mix). Significant differences are denoted using lower
(lateral side) and uppercase letters (dorsal fin), as per Fisher’s exact test. N per
treatment = 24; 8 replicates and 3 alevins per replicate.

Tissue type Outcome  DMSO Flu Ret Mix
Pigmentation intensity ~ High (%) 83.3 + 66.6 + 70.8 + 62.5 +
of the lateral side 38.1° 48.2° 46.4% 45.5"
Pigmentation of the Yes (%) 1004 87.5 + 41.7 + 29.2 +
dorsal fin 33.8° 50.4¢ 46.4¢

included both antioxidative- and heat shock processes. Furthermore,
exposure to the mixture also over-presented several terms related to
growth and development which shifted from embryonic morphogenesis
(G0O:0048598) by Day 1 to formation- and development of extracellular
structures (GO:0005615) and growth and development (GO:0040007
and GO:0048589) by Day 3.

4. Discussion

Exposure to retene and fluoranthene, alone or as a binary mixture,
produced exposure specific toxicity profiles; both at the whole organism
level and at the transcriptomic level. As expected per previous research
(Billiard et al., 2008; Van Tiem and Di Giulio, 2011), the binary mixture
produced a stronger toxicity response and a modulated body burden
profile compared to exposure to the individual components (while
retene  being  stronger than  fluoranthene).  Subsequent

over-representation analysis of the cardiac transcriptome provided in-
sights on multiple potential molecular responses that can explain the
body burden profiles and contribute to the understanding on how PAH
induced cardiotoxicity as well as how exposure impacts growth and
development. The changes in gene expression are not, however, neces-
sarily specific to the cardiac tissue, and may therefore suggest other
types of toxicity as well.

4.1. Effect of exposure on genes involved in heart function and
development

Exposure to the PAHs alone, but not the mixture, produced several
DEGs that are known to be involved in maintaining heart function and
development. Throughout the exposure duration, fluoranthene down-
regulated kcng5b (Day 3; a component of the slow potassium ion channel
which stabilizes the membrane potential (Jentsch, 2000)) and upregu-
lated cacnal (Day 7; linked to calcium ion channel function (Grant,
2009)). Exposure to retene resulted in downregulation of 6 types of kcnq
genes and 4 types of cacna genes by Day 14. These alterations suggest a
delayed disruption of the action potential and heart function compared
to fluoranthene. It is known that PAHs interact with cardiac ion channels
which results in alterations of the action potential in cardiomyocytes
(Incardona et al., 2011). Ventricular cardiomyocytes (from juvenile
rainbow trout) exposed to retene, in vitro, resulted in shorter and altered
action potential duration while exposure to phenanthrene had less
impact (Vehniainen et al., 2019). It is possible that altered expression
pattern of cacna- and kcnq genes are compensatory mechanisms as to
maintain normal heart functions. This assumption is supported by pre-
vious research where mice were administrated with the drug ivabradine
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Fig. 2. Boxplot of retene (a; Ret; pMol fish™!) and fluo-
ranthene (b; Flu; pMol fish™) body burden in whole body
rainbow trout alevin carcasses (background compensated)
exposed for 1, 3, 7 and 14 days to the PAHs individually (filled
boxes) or the binary mixture of the two (Mix, unfilled boxes).
Significant differences (p < 0.05) in the body burden of retene
and fluoranthene among mixture exposed alevins are denoted
with lowercase letters, while uppercase letters denote signifi-
cant differences in body burden among alevins exposed to the
individual PAHs (Fluoranthene alone and in mixture: KW +
Dunn; Retene alone and in Mix: ANOVA + Tukey). Significant
differences in PAH body burden between single and mixture
exposed alevins are denoted with a * underneath mixture box
plots (Ret: t-test; Flu: MW). Note, alevins were exposed to
136.56 nM of retene and 247.21 nM of fluoranthene.
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Fig. 3. Venn-diagrams representing the number of differently expressed car-
diac genes affected by exposure to retene (Ret; red), fluoranthene (Flu; blue)
and the mixture of the two PAHs (Mix; green) following 1 (a), 3 (b), 7 (c) and 14
(d) days of exposure. The Venn-diagram was created using the online platform
provided by Bioinformatics & Evolutionary Genomics.

(reduces the heart rate by affecting the cardiac pacemaker cells (Bois
et al., 1996)), which resulted in altered expression of a number of genes
encoding for ion channels in the sinoatrial node of mouse heart and to a
lesser extent, the ventricle (Leoni et al., 2006). In contrast to the indi-
vidual PAHs, exposure to the mixture, independent of exposure dura-
tion, did not over-represent or alter the expression of any gene related to
cardiac ion channels. However, it cannot be ruled out that exposure to
the mixture affected heart function through other mechanisms without
giving rise to a transcriptomic response(s).

Similar cardiac transcriptomic alterations have previously been re-
ported in fish exposed to retene or fluoranthene. Jayasundara et al.

¢
1T T 1
—_— —_—
Day 7 Day 14

(2014) exposed newly hatched zebrafish to a combination of benzo[a]
pyrene and fluoranthene (albeit at much higher concentrations than
used in this study) and identified a number of exposure-specific changes
in the cardiac over-representation profiles and DEGs related to calcium
ion homeostasis, embryonic development and cardiovascular system
development and function. Both Vehniainen et al. (2016) and Rigaud
et al. (2020) exposed newly hatched rainbow trout alevins to retene
(using the same setup as presented in this study) and assessed the cardiac
transcriptome (the results reported by the latter correlated well with
those presented here). Among the numerous over-representations
related to cardiac function and development, the former reported
over-representation of signaling transduction, growth, and cardiovas-
cular development, while the latter reported over-representation of
calcium, sodium, and potassium ion channel function, homeostasis and
muscle contraction. Therefore, their results, when considered along
those presented here, provide ample support to the notion that PAHs
affect heart function through multiple pathways and that there is a
transcriptomic component involved in the development of PAH induced
cardiotoxicity. However, it is unknown if these DEGs are compensatory
with regards to exposure or a direct effect of exposure, nor if they are
specific to the heart only or differently expressed in a similar fashion in
other tissues.

A striking difference in gene expression and over-representation was
found in alevins exposed to fluoranthene or retene alone. Both exposures
over-represented several terms and pathways related to cellular- and
transmembrane signaling (high gene count and significance), including
signaling receptor activity (GO:0038023) and neuroactive ligand re-
ceptor interactions (dre04080). The direction of expression of the
involved DEGs constituting these terms and pathways were both expo-
sure and signaling pathway specific, as exposure to fluoranthene (Day 7)
resulted in the upregulation of involved DEGs involved in GABA re-
ceptor complex signaling (G0:1902710), while exposure to retene
resulted in downregulation of G protein-coupled receptor signaling
(GO:0007186; Day 14). These exposure specific impacts highlight po-
tential exposure specific signaling disruption. Over-representation of
GABA receptor complex and upregulation of the involved DEGs,
following exposure to fluoranthene, suggests an increase in GABA re-
ceptor activation and consequently less parasympathetic influence on
blood pressure and heart function through the vagus nerve (Leite et al.,
2009; Bentzen and Grunnet, 2011). By contrast, prolonged saturation
and activation of G-protein receptors can lead to downregulation of
genes encoding for the receptors (Tsao and von Zastrow, 2000). Why
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Fig. 4. Over-representation analysis of gene ontology (GO) groups following exposure to retene (Ret), fluoranthene (Flu) and the binary mixture (Mix) lasting for 1,
3, 7 and 14 days. Data was analyzed, p-value adjusted and plotted using clusterProfiler. The size of each dot equals the number of genes involved in each GO-term.
Note: due to figure size limitations, Fig. 3 contains 54 out a total of 135 over-represented GO-term (whole data is presented in Fig. s5).

exposure to retene and fluoranthene over-represented signaling path-
ways so specifically is currently unknown but requires further investi-
gation. However, it may be that the specificity is linked to how the PAHs
interact with cardiomyocyte ion-channels and subsequently alter the
repolarization of cardiac action potential, thus making these
over-representations compensatory rather than a direct consequence of
exposure. Yet, it is unknown if this phenomenon is heart-specific or if it
could take place in other tissues as well. Additionally, the fact that these
two over-representations only occurred among alevins exposed for 7 and
14 days supports the view that certain endpoints require extended
exposure duration (or have to take place at a specific developmental
stage) before the compensatory events become manifested in the
developing organism (Price and Mager, 2020).

4.2. Body burden and xenobiotic metabolism

Unique and exposure specific body burden profiles were obtained
already after 1 day of exposure and throughout the exposure duration,
suggesting exposure specific phase I and II metabolic profiles. The body
burden of retene was significantly reduced by Day 14, compared to Day
1, following exposure to retene alone or as a mixture (albeit significantly
more abundant in mixture exposed alevins). By contrast, exposure to

fluoranthene alone resulted in a significantly increased body burden by
Day 7 and onward, which can be attributed to partial inhibition of the
catalytic function of CYPla by fluoranthene, alongside activation of a
narrow suite of phase II metabolic processes. When co-administered
with retene, the body burden of fluoranthene increased non-
significantly from Day 1 to Day 3 before decreasing significantly with
time. Similar changes in the body burden profiles of PAHs have previ-
ously been observed in rainbow trout exposed to a binary mixture of
alpha-naphthoflavone (ANF; a CYPla inhibitor) and retene (Hodson
et al., 2007). Their specific binary mixture resulted in increased body
burden of retene with increased dose of ANF. Changes in the body
burden profiles of specific PAHs do not seem to be species specific as per
previous observations in zebrafish exposed to a complex mixture of
PAHs and a binary mixture of the AhR2 agonist beta-naphthoflavone
and ANF (Timme-Laragy et al., 2007; Geier et al., 2018). Hence, the
body burden of PAHs is both PAH and mixture specific while the un-
derlying molecular processes resulting in the subsequent body burden
profiles are related to accumulation in relation to metabolism. However,
due to low recovery rates of the PAHs, the quantification of body burden
should be considered carefully. Nonetheless, the low recovery rates
appear justifiable in light of the similar recovery rates of retene (14.3%)
and fluoranthene (14.6%) as well as the ratio between the subsequent
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Fig. 5. Over-representation analysis of KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways following exposure to retene (Ret), fluoranthene (Flu) and the
binary mixture (Mix) lasting for 1, 3, 7 and 14 days. Data was analyzed, p-value adjusted and plotted using clusterProfiler. Dot size equals the number of genes

involved in each KEGG-term.

body burden profiles (alevins exposed to the individual PAH compared
to the mixture) and the exposure specific temporal accumulation
patterns.

Possible molecular explanations to the exposure specific body
burden profiles were present in the cardiac transcriptome. Through
over-representation analysis, we found that the GO-term: cellular
response to chemical stimulus (GO:0070887; mixture); and the KEGG:
metabolism of xenobiotics by cytochrome P450 (dre00980; retene and
mixture) best explained the body burden profiles. It must be noted that
several uncertainties are involved when drawing conclusions on
metabolism-related functions based upon a cardiac transcriptome, pri-
marily that heart tissue is less metabolically active compared to the
liver. Secondly, a differently expressed gene does not necessarily result
in an equally enriched protein. However, the genes involved in above-
mentioned GO-terms and KEGG pathways were upregulated in an
exposure specific pattern, which suggests a strong relationship between
the body burden profiles and expression of genes encoding for metabolic
enzymes.

Fish exposed to certain PAHs are known to induce cypla (Nebert and
Gonzalez, 1987; Shankar et al., 2019). Exposure to retene resulted in
upregulation of cypla alongside cytosolic sulfotransferase (sultl),
carbonyl reductase (cbr1l) and UDP-glucuronosyltransferase (ugtlal),

which is in accordance with the metabolism of retene as described by
Huang et al. (2017). Exposure to fluoranthene over-represented no
metabolism-related pathways but upregulated two genes related to
xenobiotic metabolism: cypla (phase I) and glutathione s-transferase
(gst; phase II), indicating AhR-activation and metabolism through
oxidation, and conjugation by gst, which suggests that electrophiles are
formed during phase I metabolism. However, as the body burden of
fluoranthene constantly increased throughout the exposure period, it
can be concluded that the capacity of the activated metabolic processes
is rather low. These findings comply with the ability of fluoranthene to
induce cypla-expression through AhR-activation alongside inhibition of
the catalytic function of the corresponding enzyme, which together with
a lower rate of metabolism would force fluoranthene to accumulate with
time, as observed previously by Willet et al. (1998). Co-exposure upre-
gulated abovementioned phase I and II metabolic genes plus a wider
battery of genes involved in the metabolism of xenobiotics. This broader
activation of phase I and II genes facilitated metabolism of both retene
and fluoranthene as per the altered body burden profiles compared to
those yielded from alevins exposed to the individual components.

An interesting aspect of cypla is how the expression varied with
exposure and over time. Following exposure to retene and the mixture,
the expression of cypla decreased with time and reached similar
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expression levels by Day 14. In the case of retene the expression (logs
fold change) decreased from 3.91 by Day 1 to 1.35 by Day 14, while the
expression in mixture exposed alevins decreased from 5.35 to 1.30 over
the same exposure duration. These trends of cypla expression corre-
spond well with the decreasing body burden of retene with time (and
fluoranthene when co-administrated with retene), yet it is plausible that
the shift in metabolic capability is related to a more developed liver.
Such correlation pattern was not present in alevins exposed to fluo-
ranthene alone. Among those alevins, the expression of cypla remained
stable over time, from an upregulation of 2.65 by Day 1 to 2.68 by Day
14, while the body burden of fluoranthene constantly increased. It is
unclear if the hepatic expression of cypla would follow similar trends or
increase throughout the exposure duration; an aspect that should be
investigated further.

Activation of xenobiotic metabolism is associated with increased
oxidative stress due to the formation of radical intermediates (Halliwell
and Gutteridge, 1985). Exposure to the mixture (Day 3 and onward)
resulted in the over-representation of the GO-term oxidoreductase ac-
tivity (GO:0016491). In addition to metabolism-related genes, this
specific GO-term highlighted DEGs encoding for proteins involved in
oxidative stress response (gsr, gstol, nqol, prdx1, txn, and txnrd3). Said
over-representation and upregulations suggest that exposure to the
mixture resulted in increased oxidative stress. The underlying cause(s)
can plausibly be linked to the metabolism of the xenobiotics, partial
CYP1la-inhibition, accumulation of parental and metabolized PAHs and
the formation of endogenous metabolites (Rannug and Rannug, 2018).
In addition to these anti-oxidative responses, there is transcriptomic
evidence that exposure to the mixture caused cellular stress as per
increased expression of genes encoding for heat shock proteins:
hsp90A1, (also among retene exposed alevins), hsp70L and -A8. Upre-
gulation of hsp-genes and enrichment of the corresponding proteins are
linked to increased oxidative stress and protein damage (Sanders, 1993).
Similar upregulation of hsp-genes and proteins have been reported in
different species of fish exposed to retene (Rasanen et al., 2012; Veh-
niainen et al., 2016) and other PAHs (Song et al., 2019). Combined,
upregulation of the abovementioned genes suggests that retene alone or
combined with fluoranthene potentially increases cellular stress and
protein damage during the first few days of exposure, before the liver
reached a certain level of maturation.

4.3. Growth and development

Reduction of standard length was not consistent over time as sig-
nificant impacts were observed after 3 days of exposure (fluoranthene
and mixture exposed alevins relative to control), but not after 7 days.
Interestingly, exposure to the mixture for 3 and 7 days, but not the
components, resulted in a significantly increased BSD-index compared
to control, which were also greater than additive effect of the compo-
nents (adjusted for baseline toxicity of control). However, a greater BSD-
index among mixture exposed alevins was expected and consistent with
previous observations on PAH exposed and developing fish (Geier et al.,
2018). By Day 14, alevins exposed to retene and the binary mixture were
significantly shorter than control alevins, while retene exposed alevins
had consumed significantly more yolk than alevins exposed to the
mixture. This combination of reduced standard length but differently
sized planar yolk areas highlight that growth and development were
impacted in an exposure-specific fashion. These differences are plausibly
related to the development and formation of sub-intestinal venous
plexus which, with time, encases the yolk sac (Goi and Childs, 2016).
Furthermore, based upon patterns and intensity of pigmentation, alevins
exposed to any of the PAH treatments appeared to be at an earlier
developmental stage by Day 14 compared to control, irrespective of how
the exposure affected standard length and yolk consumption. This could
have implications for the toxicological and transcriptional assessment;
are the exposed alevins just shorter or at an earlier developmental stage.
What caused hypopigmentation is unknown. However, considering that
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hyperpigmentation has been observed in zebrafish larvae exposed to the
dioxin TCDD (Zodrow and Tanguay, 2003), it is plausible that the
hypopigmentation observed in our study equates to an earlier devel-
opmental stage.

Central to maintaining normal development post hatching in fish
larvae is the consumption of yolk, which is the sole source of energy
during early life development before the larvae can actively feed.
Impaired absorption of yolk would therefore affect the whole developing
organism negatively (Laurel et al., 2019). Additional stress is exerted
upon the developing organism due to increased energy requirements set
by constantly maintained phase I and II metabolic activity, while at the
same time counteracting increased oxidative stress. Over-representation
analysis identified several impacted pathways that are involved in
growth and development in mixture exposed alevins, but not following
exposure to the individual components. After 1 day of exposure, em-
bryonic morphogenesis (GO:0048598) was over-represented which
shifted to developmental growth (GO:0048589), growth (G0O:0040007)
and extracellular region, parts and space (GO:0005615; GO:0005576;
G0:0044421) by Day 3. These findings imply potential defects in cardiac
development and growth, which could affect cardiac function and
thereby the growth of the alevins. However, inferring that the identified
alterations in the cardiac transcriptome serves as the principal origin for
the impact on growth and development of the organism has several
limitations: primarily due to the organ specificity, but also due to the
fact that cross-communication between several organs and tissues, often
along endocrine axes, is required to facilitate growth and development
(Dickhoff et al., 1997).

Impaired heart function may restrict the circulation of nutrients and
energy, which in turn could force amino acids catabolism as an alter-
native energy source. Restriction(s) in the availability of nutrients are
suggested by upregulation of tyrosine aminotransferase (tat; mixture)
and fumarylacetoacetate hydrolase (fah; mixture and fluoranthene).
Upregulation of these genes indicate increased transformation rate of
phenylalanine to tyrosine by Tat, which in turn is converted to fumarate
or pyruvate by Fah. The latter two compounds are components that can
fuel the citric acid cycle and thus provide energy. It is possible that
impaired and decreased absorption of yolk, reduced availability of nu-
trients, and energy being reallocated away from growth to fuel meta-
bolism could be part of the underlying rationale on why exposure
affected development and growth.

5.1. Conclusive remarks

The cardiac transcriptome of rainbow trout alevins exposed jointly to
retene and fluoranthene had few overlaps compared with alevins
exposed to the individual compounds. This was especially evident in the
expression of genes related to metabolism of xenobiotics (phase I and II),
which in turn corresponded with, and explained the exposure-specific
body burden profiles. The reduced standard length and slower devel-
opment among retene and mixture exposed alevins could, partly, be
caused by common mechanisms such as reallocation of energy to fuel
xenobiotic metabolism and counteract increased oxidative stress. All in
all, the combination of retene and fluoranthene increased the overall
toxicity when compared to the individual components at several levels
of biological organization, highlighting the fact that the toxicity of the
mixture cannot be assessed from its individual components alone.

Ethical approval

Under the European Union Directive 2010/63/EU, Chapter 1, Article
1, point 3: no ethical approval is required for in vivo experiments on non-
human vertebrates who fulfills their nutritional requirements through
the consumption of yolk.



A.N.M. Eriksson et al.
Funding sources

Academy of Finland project number: 285296, 294066 and 319284
granted to Eeva-Riikka Vehniainen.

CRediT authorship contribution statement

Andreas N.M. Eriksson: Visualization, Writing — review & editing,
Writing - original draft, Data curation, Resources, Investigation, Formal
analysis, Conceptualization, Methodology, Validation. Cyril Rigaud:
Writing - review & editing, Data curation, Resources, Investigation,
Formal analysis, Conceptualization, Methodology, Validation. Aleksei
Krasnov: Writing — review & editing, Data curation, Resources, Vali-
dation. Emma Wincent: Writing — review & editing, Methodology,
Validation. Eeva-Riikka Vehniainen: Supervision, Project administra-
tion, Funding acquisition, Writing — review & editing, Data curation,
Resources, Validation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

We acknowledge the contribution of laboratory technicians Mervi
Koistinen, Emma Pajunen, Hannu Pakkanen and the laboratory
personnel at Konnevesi research station for technical support as well as
the master student Terhi Rahkonen for assessing fluoranthene lethality.
We also like to thank Hanka-Taimen OY fish farm for supplying us with
rainbow trout alevins for scientific purposes and research. Finally, we
thank the anonymous peer reviewers who provided valuable feedback.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.aquatox.2022.106083.

References

Barron, M.G., Heintz, R., Rice, S.D., 2004. Relative potency of PAHs and heterocycles as
aryl hydrocarbon receptor agonists in fish. Mar. Environ. Res. 58, 95-100.

Bauder, M.B., Palace, V.P., Hodson, P.V., 2005. Is oxidative stress the mechanism of blue
sac disease in retene-exposed trout larvae? Environ. Toxicol. Chem. 24, 694-702.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. R. Stat. Soc.Ser. B Methodol. 57, 289-300.

Bentzen, B.H., Grunnet, M., 2011. Central and peripheral GABA(A) receptor regulation of
the heart rate depends on the conscious state of the animal. Adv. Pharmacol. Sci.
2011, 578273.

Billiard, S.M., Hahn, M.E., Franks, D.G., Peterson, R.E., Bols, N.C., Hodson, P.V., 2002.
Binding of polycyclic aromatic hydrocarbons (PAHs) to teleost aryl hydrocarbon
receptors (AHRs). Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 133, 55-68.

Billiard, S.M., Meyer, J.N., Wassenberg, D.M., Hodson, P.V., Di Giulio, R.T., 2008.
Nonadditive effects of PAHs on early vertebrate development: mechanisms and
implications for risk assessment. Toxicol. Sci. Off. J. Soc. Toxicol. 105, 5-23.

Billiard, S.M., Querbach, K., Hodson, P.V., 1999. Toxicity of retene to early life stages of
two freshwater fish species. Environ. Toxicol. Chem. 18, 2070-2077.

Bois, P., Bescond, J., Renaudon, B., Lenfant, J., 1996. Mode of action of bradycardic
agent, S 16257, on ionic currents of rabbit sinoatrial node cells. Br. J. Pharmacol.
118, 1051-1057.

Boyle, E.I., Weng, S., Gollub, J., Jin, H., Botstein, D., Cherry, J.M., Sherlock, G., 2004.
GO:TermFinder-open source software for accessing gene ontology information and
finding significantly enriched gene ontology terms associated with a list of genes.
Bioinformatics 20, 3710-3715.

Brown, D.R., Clark, B.W., Garner, L.V.T., Di Giulio, R.T., 2015. Zebrafish cardiotoxicity:
the effects of CYP1A inhibition and AHR2 knockdown following exposure to weak
aryl hydrocarbon receptor agonists. Environ. Sci. Pollut. Res. 22, 8329-8338.

Christou, M, Kavaliauskis, A, Ropstad, E, Fraser, T.W.K, 2020. DMSO effects larval
zebrafish (Danio rerio) behavior, with additive and interaction effects when
combined with positive controls. Sci.Total Environ 709 (134490). https://doi.org/
10.1016/j.scitotenv.2019.134490.

11

Aquatic Toxicology 244 (2022) 106083

Colavecchia, M., Hodson, P., Parrott, J., 2006. CYP1A induction and blue sac disease in
early life stages of white suckers (catostomus commersoni) exposed to oil sands.
J. Toxicol. Environ. Health Part A 69, 967-994.

Dickhoff, W.W., Beckman, B.R., Larsen, D.A., Duan, C., Moriyama, S., 1997. The role of
growth in endocrine regulation of salmon smoltification. Fish Physiol. Biochem. 17,
231-236.

Foucquier, J., Guedj, M., 2015. Analysis of drug combinations: current methodological
landscape. Pharmacol. Res. Perspect. 3, €00149.

Gabos, S., Ikonomou, M.G., Schopflocher, D., Fowler, B.R., White, J., Prepas, E.,
Prince, D., Chen, W., 2001. Characteristics of PAHs, PCDD/Fs and PCBs in sediment
following forest fires in Northern Alberta. Chemosphere 43, 709-719.

Geier, M.C., James Minick, D., Truong, L., Tilton, S., Pande, P., Anderson, K.A.,
Teeguardan, J., Tanguay, R.L., 2018. Systematic developmental neurotoxicity
assessment of a representative PAH Superfund mixture using zebrafish. Toxicol.
Appl. Pharmacol. 354, 115-125.

Goi, M., Childs, S.J., 2016. Patterning mechanisms of the sub-intestinal venous plexus in
zebrafish. Dev. Biol. 409, 114-128.

Grant, A., 2009. Cardiac ion channels. Circ. Arrhythm. Electrophysiol. 2, 185-194.

Halliwell, B., Gutteridge, J.M.C., 1985. The importance of free radicals and catalytic
metal ions in human diseases. Mol. Asp. Med. 8, 89-193.

Haritash, A.K., Kaushik, C.P., 2009. Biodegradation aspects of polycyclic aromatic
hydrocarbons (PAHs): a review. J. Hazard. Mater. 169, 1-15.

Hodson, P.V., Qureshi, K., Noble, C.A.J., Akhtar, P., Brown, R.S., 2007. Inhibition of
CYP1A enzymes by alpha-naphthoflavone causes both synergism and antagonism of
retene toxicity to rainbow trout (Oncorhynchus mykiss). Aquat. Toxicol. 81, 275-285.

Huang, M., Mesaros, C., Hackfeld, L.C., Hodge, R.P., Zang, T., Blair, I.A., Penning, T.M.,
2017. Potential metabolic activation of a representative C4-alkylated polycyclic
aromatic hydrocarbon retene (1-methyl-7-isopropyl-phenanthrene) associated with
the deepwater horizon oil spill in human hepatoma (HepG2) cells. Chem. Res.
Toxicol. 30, 1093-1101.

Incardona, J.P., Linbo, T.L., Scholz, N.L., 2011. Cardiac toxicity of 5-ring polycyclic
aromatic hydrocarbons is differentially dependent on the aryl hydrocarbon receptor
2 isoform during zebrafish development. Toxicol. Appl. Pharmacol. 257, 242-249.

Jayasundara, N., Van Tiem Garner, L., Meyer, J.N., Erwin, K.N., Di Giulio, R.T., 2014.
AHR2-mediated transcriptomic responses underlying the synergistic cardiac
developmental toxicity of PAHs. Toxicol. Sci. 143, 469-481.

Jentsch, T.J., 2000. Neuronal KCNQ potassium channels:physislogy and role in disease.
Nat. Rev. Neurosci. 1, 21-30.

Kais, B, Schneider, K.E, Keiter, s, Henn, K, Ackermann, C, Braunbeck, T, 2013. DMSO
modifies the permeability of the zebrafish (Danio rerio) chorion-Implications for the
fish embryo test (FET). Aquatic Toxicology 140-141, 229-238. https://doi.org/
10.1016/j.aquatox.2013.05.022.

Krasnov, A., Timmerhaus, G., Afanasyev, S., Jorgensen, S.M., 2011. Development and
assessment of oligonucleotide microarrays for Atlantic salmon (Salmo salar L.).
Comp. Biochem. Physiol. Part D Genom. Proteom. 6, 31-38 this special issue
contains papers which stem from a presentation at the genomics in aquaculture
symposium held in bodg, on 5th-7th July 2009.

Laurel, B.J., Copeman, L.A., Iseri, P., Spencer, M.L., Hutchinson, G., Nordtug, T.,
Donald, C.E., Meier, S., Allan, S.E., Boyd, D.T., Ylitalo, G.M., Cameron, J.R.,
French, B.L., Linbo, T.L., Scholz, N.L., Incardona, J.P., 2019. Embryonic crude oil
exposure impairs growth and lipid allocation in a keystone arctic forage fish. Iscience
19, 1101-1113.

Leite, C.A., Taylor, E.-W., Guerra, C.D.R., Florindo, L.H., Belao, T., Rantin, F.T., 2009. The
role of the vagus nerve in the generation of cardiorespiratory interactions in a
neotropical fish, the pacu, Piaractus mesopotamicus. J. Comp. Physiol. A 195,
721-731.

Leoni, A., Marionneau, C., Demolombe, S., Bouter, S.L., Mangoni, M.E., Escande, D.,
Charpentier, F., 2006. Chronic heart rate reduction remodels ion channel transcripts
in the mouse sinoatrial node but not in the ventricle. Physiol. Genom. 24, 4-12.

Leppanen, H., Oikari, A., 1999. Occurrence 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.

Maes, J, Verlooy, L, Buenafe, O.E, de Witte, P.A.M, Esguerra, C.V, Crawford, A.D, 2012.
Evaluation of 14 Organic Solvents and Carriers for Screening Applications in
Zebrafish Embryos and Larvae. PLOS ONE 7 (e43850). https://doi.org/10.1371/
journal.pone.0043850.

Nebert, D., Gonzalez, F., 1987. P450 genes: structure, evolution, and regulation. Annu.
Rev. Biochem. 56, 945-993.

Page, D.S., Boehm, P.D., Douglas, G.S., Bence, A.E., Burns, W.A., Mankiewicz, P.J., 1999.
Pyrogenic polycyclic aromatic hydrocarbons in sediments record past human
activity: a case study in Prince William sound, Alaska. Mar. Pollut. Bull. 38,
247-260.

Price, E.R., Mager, E.M., 2020. The effects of exposure to crude oil or PAHs on fish swim
bladder development and function. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 238, 108853.

Rannug, A., Rannug, U., 2018. The tryptophan derivative 6-formylindolo[3,2-b]carba-
zole, FICZ, a dynamic mediator of endogenous aryl hydrocarbon receptor signaling,
balances cell growth and differentiation. Crit. Rev. Toxicol. 48, 555-574.

Rasdnen, K., Arsiola, T., Oikari, A., 2012. Fast genomic biomarker responses of retene
and pyrene in liver of juvenile rainbow trout, oncorhynchus mykiss. Bull. Environ.
Contam. Toxicol. 89, 733-738.

Rhodes, S., Farwell, A., Mark Hewitt, L., MacKinnon, M., George Dixon, D., 2005. The
effects of dimethylated and alkylated polycyclic aromatic hydrocarbons on the
embryonic development of the Japanese medaka. Ecotoxicol. Environ. Saf. 60,
247-258.


https://doi.org/10.1016/j.aquatox.2022.106083
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0001
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0001
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0002
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0002
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0003
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0003
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0004
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0004
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0004
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0005
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0005
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0005
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0006
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0006
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0006
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0007
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0007
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0008
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0008
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0008
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0009
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0009
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0009
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0009
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0010
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0010
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0010
https://doi.org/10.1016/j.scitotenv.2019.134490
https://doi.org/10.1016/j.scitotenv.2019.134490
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0011
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0011
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0011
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0012
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0012
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0012
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0014
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0014
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0015
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0015
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0015
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0016
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0016
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0016
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0016
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0017
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0017
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0018
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0019
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0019
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0020
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0020
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0021
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0021
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0021
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0022
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0022
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0022
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0022
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0022
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0023
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0023
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0023
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0024
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0024
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0024
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0025
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0025
https://doi.org/10.1016/j.aquatox.2013.05.022
https://doi.org/10.1016/j.aquatox.2013.05.022
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0026
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0026
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0026
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0026
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0026
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0028
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0028
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0028
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0028
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0028
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0029
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0029
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0029
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0029
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0030
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0030
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0030
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0031
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0031
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0031
https://doi.org/10.1371/journal.pone.0043850
https://doi.org/10.1371/journal.pone.0043850
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0032
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0032
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0033
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0033
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0033
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0033
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0034
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0034
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0034
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0035
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0035
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0035
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0036
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0036
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0036
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0037
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0037
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0037
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0037

A.N.M. Eriksson et al.

Rigaud, C., Eriksson, A., Krasnov, A., Wincent, E., Pakkanen, H., Lehtivuori, H.,
Thalainen, J., Vehnidinen, E., 2020. Retene, pyrene and phenanthrene cause distinct
molecular-level changes in the cardiac tissue of rainbow trout (Oncorhynchus mykiss)
larvae, part 1 — transcriptomics. Sci. Total Environ. 745, 141031.

Sanders, B.M., 1993. Stress proteins in aquatic organisms: an environmental perspective.
Crit. Rev. Toxicol. 23, 49-75.

Scott, J.A., Hodson, P.V., 2008. Evidence for multiple mechanisms of toxicity in larval
rainbow trout (Oncorhynchus mykiss) co-treated with retene and a-naphthoflavone.
Aquat. Toxicol. 88, 200-206.

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

Shankar, P., Geier, M.C., Truong, L., McClure, R.S., Pande, P., Waters, K.M., Tanguay, R.
L., 2019. Coupling genome-wide transcriptomics and developmental toxicity profiles
in zebrafish to characterize polycyclic aromatic hydrocarbon (PAH) hazard. Int. J.
Mol. Sci. 20, 2570.

Song, Y., Nahrgang, J., Tollefsen, K.E., 2019. Transcriptomic analysis reveals dose-
dependent modes of action of benzo(a)pyrene in polar cod (Boreogadus saida). Sci.
Total Environ. 653, 176-189.

Timme-Laragy, A., Cockman, C.J., Matson, C.W., Di Giulio, R.T., 2007. Synergistic
induction of AHR regulated genes in developmental toxicity from co-exposure to two
model PAHs in zebrafish. Aquat. Toxicol. 85, 241-250.

Tsao, P., von Zastrow, M., 2000. Downregulation of G protein-coupled receptors. Curr.
Opin. Neurobiol. 10, 365-369.

Turcotte, D., Akhtar, P., Bowerman, M., Kiparissis, Y., Brown, R.S., Hodson, P.V., 2011.
Measuring the toxicity of alkyl-phenanthrenes to early life stages of medaka (Oryzias
latipes) using partition-controlled delivery. Environ. Toxicol. Chem. 30, 487-495.

Van Metre, P.C., Mahler, B.J., Furlong, E.T., 2000. Urban sprawl leaves its pah signature.
Environ. Sci. Technol. 34, 4064-4070.

Van Tiem, L.A., Di Giulio, R.T., 2011. AHR2 knockdown prevents PAH-mediated cardiac
toxicity and XRE- and ARE-associated gene induction in zebrafish (Danio rerio).
Toxicol. Appl. Pharmacol. 254, 280-287.

Vehnidinen, E., Bremer, K., Scott, J.A., Junttila, S., Laiho, A., Gyenesei, A., Hodson, P.V.,
Oikari, A.O.J., 2016. Retene causes multifunctional transcriptomic changes in the

12

Aquatic Toxicology 244 (2022) 106083

heart of rainbow trout (Oncorhynchus mykiss) embryos. Environ. Toxicol. Pharmacol.
41, 95-102.

Vehniainen, E., Haverinen, J., Vehnidinen, E., 2019. Polycyclic aromatic hydrocarbons
phenanthrene and retene modify the action potential via multiple ion currents in
rainbow trout oncorhynchus mykiss cardiac myocytes. Environ. Toxicol. Chem. 38,
2145-2153.

Vernier, J.M., 1977. Chronological Table of the Embryonic Development of Rainbow
Trout, Salmo Gairdneri Rich. 1836. Department of the Environment, Fisheries and
Marine Service, Pacific Biological Station.

Villalobos, S.A., Papoulias, D.M., Meadows, J., Blankenship, A.L., Pastva, S.D.,

Kannan, K., Hinton, D.E., Tillitt, D.E., Giesy, J.P., 2000. Toxic responses of medaka,
p-rR strain, to polychlorinated naphthalene mixtures after embryonic exposure by in
ovo nanoinjection: a partial life-cycle assessment. Environ. Toxicol. Chem. 19,
432-440.

Wassenberg, D., Di Giulio, R., 2004. Synergistic embryotoxicity of polycyclic aromatic
hydrocarbon aryl hydrocarbon receptor agonists with cytochrome P4501A inhibitors
in fundulus heteroclitus. Environ. Health Perspect. 112, 1658-1664.

Watson, G.M., Andersen, O., Galloway, T.S., Depledge, M.H., 2004. Rapid assessment of
polycyclic aromatic hydrocarbon (PAH) exposure in decapod crustaceans by
fluorimetric analysis of urine and haemolymph. Aquat. Toxicol. 67, 127-142.

Wickstrom, K., Tolonen, K., 1987. The history of airborne polycyclic aromatic
hydrocarbons (PAH) and perylene as recorded in dated lake sediments. Water Air
Soil Pollut. 32, 155-175.

Willett, K.L., Randerath, K., Zhou, G., Safe, S.H., 1998. Inhibition of CYP1Al-dependent
activity by the polynuclear aromatic hydrocarbon (PAH) fluoranthene. Biochem.
Pharmacol. 55, 831-839.

Yu, G., Wang, L., Han, Y., He, Q., 2012. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS A J. Integr. Biol. 16, 284-287.

Zodrow, J.M., Tanguay, R.L., 2003. 2,3,7,8-tetrachlorodibenzo-p-dioxin inhibits
zebrafish caudal fin regeneration. Toxicol. Sci. 76, 151-161.

Doering, J., Hecker, M., Villeneuve, D., Zhang, X., 2019. Adverse outcome pathway on
aryl hydrocarbon receptor activation leading to early life stage mortality, via
increased COX-2. IS 12.


http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0038
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0038
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0038
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0038
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0039
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0039
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0040
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0040
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0040
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0041
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0041
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0041
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0042
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0042
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0042
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0042
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0043
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0043
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0043
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0044
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0044
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0044
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0045
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0045
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0046
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0046
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0046
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0047
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0047
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0048
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0048
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0048
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0049
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0049
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0049
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0049
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0050
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0050
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0050
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0050
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0051
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0051
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0051
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0052
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0052
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0052
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0052
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0052
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0053
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0053
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0053
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0054
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0054
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0054
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0055
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0055
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0055
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0056
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0056
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0056
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0057
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0057
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0058
http://refhub.elsevier.com/S0166-445X(22)00010-8/sbref0058

	Exposure to retene, fluoranthene, and their binary mixture causes distinct transcriptomic and apical outcomes in rainbow tr ...
	1 Introduction
	2 Materials and methods
	2.1 Setup, maintenance, water analysis, animal care and sampling
	2.2 Synchronous fluorescence spectroscopy (SFS) and water quality
	2.3 Morphometric analyzes
	2.4 High-Performance liquid chromatography analysis
	2.5 Transcriptomic analysis
	2.6 Over-representation analyzes
	2.7 Statistics

	3 Results
	3.1 Exposure parameters
	3.2 Mortality and morphometrics
	3.3 Body burden
	3.4 Transcriptomic responses

	4 Discussion
	4.1 Effect of exposure on genes involved in heart function and development
	4.2 Body burden and xenobiotic metabolism
	4.3 Growth and development
	5.1 Conclusive remarks

	Ethical approval
	Funding sources
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	Supplementary materials
	References


