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• Rainbow trout alevins were exposed to
retene and/or fluoranthene for 7 and 14
days.

• PAH exposure resulted in treatment spe-
cific cardiac proteome and metabolome.

• Exposure specific phase II metabolism and
body burdens profiles.

• Exposure to the binary mixture disrupted
energy and iron metabolism.

• Impaired cellular integrity as per deple-
tion of intermediate filaments and tubu-
lins.
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Exposure to polycyclic aromatic hydrocarbons (PAHs) is known to affect developing organisms. Utilization of different
omics-based technologies and approaches could therefore provide a base for the discovery of novel mechanisms of
PAH induced development of toxicity. To this aim,we investigated how exposure towards two PAHswith different tox-
icity mechanisms: retene (an aryl hydrocarbon receptor 2 (Ahr2) agonist), and fluoranthene (a weak Ahr2 agonist and
cytochrome P450 inhibitor (Cyp1a)), either alone or as a mixture, affected the cardiac proteome and metabolome in
newly hatched rainbow trout alevins (Oncorhynchusmykiss). In total, we identified 65 and 82 differently expressed pro-
teins (DEPs) across all treatments compared to control (DMSO) after 7 and 14 days of exposure. Exposure to fluoran-
thene altered the expression of 11 and 19 proteins, retene 29 and 23, while the mixture affected 44 and 82 DEPs by
Days 7 and 14, respectively. In contrast, only 5 significantly affected metabolites were identified. Pathway over-
representation analysis identified exposure-specific activation of phase II metabolic processes, which were accompa-
nied with exposure-specific body burden profiles. The proteomic data highlights that exposure to the mixture in-
creased oxidative stress, altered iron metabolism and impaired coagulation capacity. Additionally, depletion of
several mini-chromosome maintenance components, in combination with depletion of several intermediate filaments
and microtubules, among alevins exposed to the mixture, suggests compromised cellular integrity and reduced rate of
mitosis, whereby affecting heart growth and development. Furthermore, the combination of proteomic and
metabolomic data indicates altered energymetabolism, as per amino acid catabolism among mixture exposed alevins;
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plausibly compensatory mechanisms as to counteract reduced absorption and consumption of yolk. When considered
as a whole, proteomic and metabolomic data, in relation to apical effects on the whole organism, provides additional
insight into PAH toxicity and the effects of exposure on heart structure and molecular processes.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a diverse group of pollut-
ants of either natural or anthropogenic origin; the principal sources of the
latter are industrial activities, urban sprawl and petroleum-related contam-
ination (Behera et al., 2018; Pasparakis et al., 2019). Increased levels of
PAH contamination has been linked to increased stress to the local environ-
ment and negative impacts on organismal health (Wickström and Tolonen,
1987; Kim et al., 2013; dos Santos et al., 2018). Newly hatched and devel-
oping fish larvae are especially sensitive to the influence PAH(s); symptoms
of PAH toxicity include yolk sac and pericardial edema, spinal and cranio-
facial deformities, as well as hemorrhaging (these symptoms are referred
to as blue sac disease (BSD) (Billiard et al., 1999)) and plausibly slower de-
velopment (Eriksson et al., 2022). Yet, heart structure and function are es-
pecially sensitive to the influence of PAHs during early life development, as
per improper development, and induction of bradycardia and arrythmia
(Incardona et al., 2004; Scott et al., 2011; Van Tiem and Di Giulio, 2011).

It is unclear exactly how exposure to PAH(s) induce developmental and
cardiotoxicity in fish larvae. The best-known and most studied molecular
pathway is the interaction between certain PAHs and subsequent activation
of the aryl hydrocarbon receptor 2 (Ahr2), which in turn controls (among
multiple processes) the induction of the cytochrome P450a1 (Cyp1a); a
phase I xenobiotic metabolic enzyme (Köhle and Bock, 2007). Activation
of phase I metabolism serves to increase the hydrophilicity of the substrate
by addition of hydroxyl group(s), thus promoting further phase II metabo-
lism and ultimately, excretion. This is perfectly exemplified by the stepwise
metabolism of the PAH retene (Huang et al., 2017). Furthermore, develop-
mental PAH toxicity is Ahr2 dependent, as knockdown of the ahr2, but not
cyp1a, has been reported to prevent the formation toxicity in fish larvae
(Incardona et al., 2006; Scott et al., 2011). Additional pathways governed
by Ahr2 activation, such as cyclooxygenase-2, have also been suggested
to contribute PAH mediated toxicity (Adverse Outcome Pathway 21
(Doering et al., 2019)). However, it has to be noted that not every PAH in-
duce toxicity through improper activation of Ahr2. Rather, some PAHs in-
duce toxicity non-specifically (narcosis), whereby the PAH induce cellular
damages by impairing normal cell membrane function and disrupting ion
homeostasis (Incardona et al., 2006; Meador and Nahrgang, 2019). How-
ever, the hypothesis of narcosis induced PAH toxicity has been questioned
by Incardona (2017), who suggest that PAH-specific hydrophobicity, in re-
lation to lipoproteins in the cell membrane, as the primary factor of non-
specific PAH toxicity in fish larvae.

Two PAHs that can interact with, and activate Ahr2 signaling are retene
and fluoranthene (Barron et al., 2004). Retene, also known as 1-methyl-7-
isopropyl phenanthrene, is a common environmental pollutant, which is
typically associated with effluents from pulp and paper industry, but also
generated during forest fires, and by microbial degradation of resin acids,
such as dehydroabietic acid (Leppänen and Oikari, 1999, 2001). The exact
mechanisms by which retene induces toxicity in developing fish larvae are
currently unknown, but activation of Ahr2 is required (Scott et al., 2011).
In contrast, the PAH fluoranthene, which is a weaker Ahr2 agonist than
retene (Barron et al., 2004), is a common component in crude oil and any
mixture of PAHs (Baquer et al., 1988; Page et al., 1999). Mechanistically,
fluoranthene can inhibit the function of Cyp1A by physically blocking the
active site of the enzyme (Willett et al., 1998; Fent and Bätscher, 2000). Ex-
posure to fluoranthene can therefore slow down its ownmetabolism, which
in turn promotes temporal accumulation (Eriksson et al., 2022).

However, PAHs always occur as complexmixtures in the nature. There-
fore, it is important to understand how complex and simple mixtures of
PAHs induce toxicity at multiple levels of biological organization in devel-
oping fish larvae. The few controlled laboratory studies available have
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reported potentized mixture toxicity relative to the components (Willett
et al., 1998; Wassenberg and Di Giulio, 2004a, 2004b; Wills et al., 2009;
Garner et al., 2013; Geier et al., 2018). This suggests that toxicity is induced
through multiple simultaneous mechanisms and processes, all of which
contribute to the induction of toxicity (Doering et al., 2019; Meador and
Nahrgang, 2019).

In our previous studies on PAH-induced developmental toxicity, we ob-
served that rainbow trout alevins (Oncorhynchus mykiss) exposed to the
PAHs retene and fluoranthene (alone or as a mixture) (2022), or retene,
pyrene and phenanthrene alone (2020a), developed unique cardiac tran-
scriptomics, toxicity and body burden profiles. These results confirming
the notion that PAHs toxicity is both compound, and potentially mixture-
specific (Geier et al., 2018). Additionally, mixture toxicity could not have
been predicted from the additive potential of the two components.

Even so, transcriptomic up-regulation does not necessarily result in
an equally enriched protein expression (Vogel and Marcotte, 2012). It
is unclear how exposure to a binary mixture of PAHs (with different
mode of actions) would affect the cardiac proteome and metabolome,
relative to the components, as no such study has been performed to
the knowledge of the authors. Additionally, a number of studies on the
proteomic and metabolomic responses in PAH exposed fish larvae re-
port both species, developmental stage and compound specific alter-
ations (Bohne-Kjersem et al., 2010; Elie et al., 2015; Doering et al.,
2016; Rigaud et al., 2020b).

Therefore, the aims of this study were to investigate how the cardiac
proteome and metabolome of newly hatched rainbow trout alevins
responded to exposure, in vivo, to a binary mixture of retene and fluoran-
thene, relative to the components. Through such an approach, known
mechanisms of toxicity could be validated, while unknown and novel
mechanisms of cardiac toxicity could be discovered. We hypothesized
that exposure to the individual PAHs, or the mixture, would generate
unique cardiac proteomic and metabolomic profiles, in a similar fashion
as was observed in our transcriptomic study (Eriksson et al., 2022). Investi-
gating the cardiac metabolome could provide additional support to the al-
terations identified in the cardiac proteome and transcriptome. Therefore,
by employing two different omic-approaches concurrently, in relation to
developmental toxicity and PAH accumulation, it could be possible to
shed new light on the impact of these pollutants on the underlying mecha-
nisms of PAH induced cardiotoxicity in newly hatched and developing fish
larvae.

2. Materials and methods

2.1. Exposure setup and maintenance

Alevins sampled for their cardiac proteome and metabolome are not
from the same batch but exposed and sampled according to the samemeth-
odology, although 2.5 months apart. The cardiac proteome originates from
the same alevins as those sampled for their cardiac transcriptome; for meth-
odology and results, see Eriksson et al. (2022).

In short, newly hatched (<24 h) rainbow trout alevins (Oncorhynchus
mykiss) were exposed semi-statically (water and chemicals were completely
renewed on a daily basis) to dimethyl sulfoxide as control (DMSO), retene
(32 μg·l−1), fluoranthene (50 μg·l−1) or the binary mixture of the two
PAHs. The 360-degree-days old alevins were obtained from Hanka-
Taimen, Hankasalmi, Finland. Stock solutions were prepared by dissolving
each PAH in pure DMSO. Chemical parameters and information are pre-
sented in Table 1. Nominal exposure concentrationswere selected to induce
toxicity, but not mortality, as per previous studies (retene) (Billiard et al.,
1999; Vehniäinen et al., 2016) and preliminary testing (fluoranthene; ≤



Table 1
Exposure related information on stock solution concentrations (μM), volume of stock solution added per exposure bowl (μl), nominal exposure concentration (nM) of retene
(Ret), fluoranthene (Flu) and the mixture (Mix), chemical purity (%), suppliers and CAS-numbers. Note: 136.6 nM of retene equals to 32 μg·l−1

, while 247.2 nM of fluoran-
thene equals to 50 μg·l−1. Note that the volume of DMSO added to each exposure replicate is far below the upper limited of 100 μg·l−1 recommended by the OECD (2013).
NA = not applicable.

Exposure PAH Stock solution concentration (μM) Volume added (μl) Nominal PAH exposure concentration (nM) Purity (%) Supplier CAS Number

DMSO Pure DMSO 20 NA ≥ 99.9 Sigma Aldrich 67–68-5
Ret + DMSO 13,655 10 + 10 136.6 98 MP Biomedical 483–65-3
Flu + DMSO 24,720 10 + 10 247.2 ≥ 98 Sigma Aldrich 206–44-0
Mix Same as above 10 + 10 136.6 + 247.2 |--- Same as above ---|
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500 μg l−1 did not cause elevatedmortality relative to DMSO exposed con-
trol, unpublished data).

Exposures were conducted in 1.5 l Pyrex glass trays, which had been pre-
saturated for 24 h prior to the initiation of exposure with the corresponding
chemicals. Every exposure replicate was filled with 1 l of filtered lake water
(obtained at a depth of 6 m from Konnevesi Research Station, Central
Finland; the levels PAHs in the water were negligible and below the level of
detection of synchronous fluorescence spectroscopy (SFS)) and continuously
aerated through glass Pasteur pipettes connected to an air pump. Alevins
were exposed for and sampled after 7 and 14 days. The exposure (proteo-
mics) which lasted for 7 days consisted of 12 replicates per treatment,
while the 14 days exposure consisted of 8 replicates per treatment (proteo-
mics; plus one additional replicate per treatment without alevins). The expo-
sure meant for obtaining the cardiac tissue for metabolomics utilized 12
replicates per treatment, each containing 15 alevins, plus on set of trays with-
out fish). At the start of the exposure, each replicate held 15 newly hatched
and healthy rainbow trout alevins (free from signs of deformities). This corre-
sponds to 720 and 480 alevins for the 7 and 14 days exposures, respectively.

Water temperature, measured daily, averaged 11.62± 0.32 °C, while a
16:8 light (from yellow fluorescent tubes) to darkness ratio wasmaintained
throughout the exposure period. Any alevins found dead during exposure
were recorded and assessed for symptoms of blue sac disease. Water quality
(relative oxygen saturation (> 100%), pH (7.16 ± 0.10) and conductivity
(26.83 ± 4.35 mS m−1)) of stock water were measured on Day 1, 3, 7,
10 and 14. The quality of the lake water (ammonium, alkalinity and
Ca + Mg hardness) is considered as good, as per the Finnish Environment
Institute (Hertta database; (Eriksson et al., 2022)). The concentration of
PAH(s) in exposure water was assessed on the same days as water quality
was checked. Five milliliters of exposure water, collected prior to the re-
newal of water and PAH(s), from 4 randomly selected tanks per treatment,
were diluted 1:1 in ethanol (99.5% purity) and stored at 4 °C for later syn-
chronous fluorescence spectroscopy analysis (results are presented in
Table s1, while SFS methodology is presented in both Rigaud et al.
(2020a) and Eriksson et al. (2022).

At sampling, alevins were first photographed next to a millimeter scale
paper and visually scored (0 or 1) for each symptom of blue sac disease in-
vestigated (hemorrhages, and yolk sac and pericardial edemas) according
to standards set by Villalobos et al. (2000) and Scott and Hodson (2008).
Alevins were decapitated using a scalpel blade, and the heart excided
with forceps (Dumont #5, Fine Science Tools, Heidelberg, Germany).
Hearts from 2 (Day 14) or 3 (Day 7) replicates were pooled in 1.5ml micro-
centrifuge tubes (N=4per treatment with 30 (day 14) or 45 (day 7) hearts
per N), snap frozen in liquid nitrogen and stored at−80 °C for later prote-
omics analysis. In the case of cardiac metabolomics, sampled after 14 days
of exposure, heart tissue from alevins of the same treatment, from 3 repli-
cates, were pooled together (generating 4 replicates (N) per treatment;
each replicate consisting of 45 hearts). The remaining carcasses were
pooled based upon replicate in 1.5 ml microcentrifuge tubes for later
body burden analysis (N = 8 per treatment; see Eriksson et al. (2022) or
Rigaud et al. (2020a) for methodology).

2.2. Morphological analysis

Photographed alevins (N= 18 per treatment, 3 per replicate) were an-
alyzed in silico using ImageJ (v1.51j8, National Institutes of Health, USA).
3

Using themillimeter scale as a known length reference, standard length and
planar yolk area were measured. Pigmentation intensity of the lateral side
and dorsal fin were assessed as a measurement of development (methodol-
ogy described in Eriksson et al. (2022) and based upon Vernier's salmonid
developmental catalog (Vernier, 1977)).

2.3. Proteomic analysis

Cardiac protein samples (N=4per treatment)were prepared following
the extraction of RNA with TRI Reagent (Molecular Research Center,
Cincinnati, OH, USA) as presented in Eriksson et al. (2022). Following the
removal of the aqueous phase, ethyl-alcohol (99.5% purity) was added to
precipitate DNA from the remaining organic and interphase, and the DNA
was discarded. Proteins were then precipitated using isopropanol. The pro-
tein pellets were washed, first in 0.3 M guanidine hydrochloride (in 95%
ethyl alcohol) and ethanol (99.5% purity). Finally, the proteins were dis-
solved using a solution of 8 M urea and 2 M thiourea in a 1 M Tris-HCl
buffer (pH 8.0). Protein samples (15 μg) were reduced for 1 h using dithio-
threitol (37 °C), then alkylated by iodoacetamide (1 h at room temperature)
and the urea concentration diluted below 1 M using 50 mM Tris-HCl. By
adding trypsin (1:30 w/w), protein samples were digested for 16 h at
37 °C and then desalted with SepPak C18 96-well plate (Waters, Milford,
MA, USA) according to manufacturer's instructions and evaporated to dry-
ness using a SpeedVac (Thermo Fisher Scientific) and dissolved in 0.1%
formic acid beforemass spectrometry (MS) analysis. The peptide concentra-
tions were determined using a NanoDrop™ (Thermo Fisher Scientific) by
measuring absorbance at 280 nm and the concentrations of every sample
adjusted to 100 ng μl−1.

The LC-ESI-MS/MS (Liquid Chromatography-Electrospray Ionization-
Mass Spectrometry/ Mass Spectrometry) analysis and measurements were
performed using a nanoflow HPLC system (Easy-nLC1200, Thermo Fisher
Scientific) coupled to the Q Exactive HFmass spectrometer (Thermo Fisher
Scientific) equipped with a nano-electrospray ionization source. The solu-
tions containing cardiac peptides were first injected on to a trapping col-
umn and separated inline on a 15 cm C18 column (75 μm × 15 cm,
ReproSil-Pur 5 μm 200 Å C18-AQ, Dr. Maisch HPLC GmbH, Ammerbuch-
Entringen, Germany). The mobile phase was constructed as follows: solu-
tion 1) de-ionized water spiked with 0.1% formic acid; and solution
2) was based upon an 80:20 mix of acetonitrile/water (v/v) with 0.1%
formic acid added. Each run took 125 min; 85 min where solution 2 in-
creased from 5% to 28% followed by an additional increase from 28% to
40% over 35 min. Finally, the samples were washed for 5 min with 100%
solution 2 before the next run. This process was repeated twice for each
sample as technical replicates.

2.4. Metabolomic analysis

2.4.1. Homogenization and metabolite extraction
The cardiac metabolome was analyzed, through untargeted metabolite

profiling, in alevins exposed for 14 days. The same methodology was uti-
lized byRigaud et al. (2020b). In short: hearts from every alevin from 3 rep-
licates of the same treatment were pooled (each pool thus contained 45
hearts), which equals 4 pooled replicates per treatment available for analy-
sis. Cold methanol (CAS number: 67-56-1, Merck, Germany) with 0.1% of
formic acid (300 μl; CAS number: 64-18-6, Sigma) and internal standard



Table 2
Summary of mortality (percentage,± 95% confidence interval) and morphological
endpoints (mean ± s.d.) in 14 days old rainbow trout alevins exposed to control
(DMSO), retene (Ret), fluoranthene (Flu) or the binary mixture of the two (Mix).
Dorsal fin- and yolk sac pigmentation intensity and mortality were assessed using
Fisher's exact test, while standard length and yolk area were analyzed using
Kruskal-Wallis' test combined with Dunn's post hoc test. Significant differenceswith
regards to the standard length and planar yolk area are denoted using different Latin
letters (lower and uppercase, respectively). In contrast, differences in pigmentation
are denoted by different Greek letters and numbers, respectively. Note: these results
are only representative for the alevins sampled for their cardiacmetabolome. For re-
sults on alevins sampled for their cardiac proteome, see Eriksson et al. (2022).

Morphological¤ Pigmentation¤

Treatment Mortality
(%)#

Standard
length (mm)

Planar yolk area
(mm2)

Dorsal fin
(%)

Lateral
side (%)

DMSO 3.89 22.76 ± 1.24a 8.75 ± 4.14AB 100%α 61%1

(1.07–7.71)
Ret 1.11 22.44 ± 1.13ab 7.51 ± 1.88A 100%α 17%2

(0–3.98)Δ

Flu 3.89 22.43 ± 1.12ab 10.08 ± 2.63B 89%β 83%3

(1.07–7.71)
Mix 1.11 21.58 ± 1.11b 9.99 ± 3.64AB 78%β 11%2

(0–3.98)Δ

# N = 180 per treatment and 15 per replicate.
¤ N = 18 per treatment and 3 per replicate.
Δ True 95% confidence interval is −6.68 to +3.98; lowest limit is set to 0 as

mortality cannot be negative.
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solution (10 μl; 0.4 mg/ml of benzoic-d5 acid (CAS number: 1079-02-3,
Sigma), 0.2 mg/ml of glycerol-d8 (CAS number: 7325-17-9, Sigma), 0.4
mg/ml of 4-methylumbelliferone (CAS number: 90-33-5, Sigma) in metha-
nol) were added, and samples were homogenized with a bead mill (2 ×
2 mm and 1 × 5 mm stainless steel beads, 2 × 15 s, 20 Hz, Qiagen
TissueLyser II). The metabolites were extracted by vortexing the samples
for 15 min at 4 °C. After a short centrifugation (2 min, 4 °C, 13500 ×g),
the supernatant was transferred to a fresh test tube and cold methanol
(80% aqueous) with 0.1% formic acid (300 μl) was added, and samples
were again vortexed for 15 min at 4 °C. Samples were then centrifuged
(short program, as above), and the two supernatants combined. Aliquots
(200 μl) were transferred to vials and dried in a vacuum at 35 °C for 40min.

2.4.2. GC–MS analysis
Samples were derivatized by adding 50 μl (20 mg/ ml) of methoxyamine

hydrocloride (CAS number: 593-56-6, Sigma) in pyridine (CAS number: 110-
86-1, VWR) at 37 °C for 90 min under continuous shaking (170 rpm). Sam-
ples were silylated with 50 μl of MSTFA (CAS number: 24589-78-4, Thermo
Scientific) with 1% of TMSC (CAS number: 106018-85-3, Thermo Scientific)
at 37 °C for 60minunder continuous shaking (170 rpm). Alkane series in hex-
ane (5 μl; C7-C30) and 100 μl of hexane were added to each sample before
GC–MS analysis.

GC–MSanalysis was performedwith an Agilent 7890A chromatography
system coupled with an Agilent 7000 Triple quadrupole mass spectrometer
and GC PAL autosampler and injector (CTCAnalytics). For each run of anal-
ysis, 1 μl of sample was injected with pulsed splitless mode with a 30 psi
pulse for 0.60 min and purge flow at 0.50 min in a single tapered liner
with glass wool (Topaz 4 mm ID, Restek). Inlet temperature was set to
260 °C.

Helium flow in the guard column (Agilent Ultimate Plus deactivated
fused silica, length 5 m, 0.25 mm ID) and in the analytical column (Agilent
HP-5MS UI, length 30 m, 0.25 mm ID, 0.25 μm film thickness) was 1.2 ml
min−1 and purge flow was 46 ml min−1. Helium flow in the restrictor col-
umn (deactivated silica, length 1.5m, 0.15mm ID)was 1.3 ml min−1. MSD
interface temperature was 280 °C, MS source 230 °C and quadrupole
150 °C. The oven temperature program was set at: 50 °C for 3 min, 7 °C
min−1 ramp to 240 °C, 10 °C min−1 ramp to 330 °C, 2 min at 330 °C and
post-run at 50 °C for 4 min. Mass spectra were collected with a scan range
of 55–550 m/z.

AMDIS (version 2.68, NIST) and Metabolite Detector (versions 2.06
beta and 2.2 N (Hiller et al., 2009)) were used for deconvolution, compo-
nent detection and quantification. Metabolite levels were calculated using
the internal standard, benzoic-d5 acid, in relation to both normalized me-
tabolite peak, and dry and fresh weight of the sample. Metabolites were an-
notated based on spectra and retention index matched to reference
compounds and the Golm Metabolome database (GMD) (Hummel et al.,
2007), NISTMass Spectral database (version 2.0, Agilent) and Fiehn library
(Agilent).

2.5. Bioinformatics

The raw proteomics output, fromLC-ESI-MS/MS,was processed for pro-
tein identification and label-free quantification using MaxQuant (v1.6.2.3)
(Cox andMann, 2008).MaxQuant allowed for the assignment of proteins to
their respective RefSeq codes for bothO. mykiss and Atlantic salmon (Salmo
salar) through the integrated Andromeda search engine (Cox et al., 2011).
In short: the MaxQuant derived output was exported to, and analyzed,
using the Perseus platform (v1.6.14.0) (Tyanova et al., 2016). Data was
log2-adjusted, filtered and protein (UniProt) annotations for Atlantic
salmon, due to the better coverage compared to rainbow trout, added (ob-
tained from datashare.biochem.mpg.de). Proteins with a significantly dif-
ferent abundance, compared to control, were identified using the built-in
ANOVA+ Tukey's post hoc test function, and the data output exported to
Excel for manual sorting, analysis and comparisons.

Each differently expressed protein's (DEP) UniProt code was translated
to the equivalent zebrafish gene symbol (obtained at zfin.org). Gene
4

ontology (GO) term and KEGG pathway over-representation analysis was
performed using the online platform Metascape (Zhou et al., 2019). Identi-
fied terms and pathways were considered over-represented if both the p
and q-value were ≤ 0.05.

The proteomic dataset is available through the repository service
PRIDE, and accessible under the project code: PXD026443.

2.6. Statistics

Every statistical test, unless stated otherwise, was performed in R-studio
(v1.2.5042), with significance cut-off set at p≤ 0.05. The effects of exposure
onmortality and pigmentation intensity (in relation to control) were analyzed
using Fisher's exact test. As neither standard length nor planar yolk area were
normally distributed (as per Shapiro-Wilkss test), Kruskal-Wallis test
combined with Dunn's post hoc test, combined with Bonferroni's adjustment
method,was employed. Due to the lowN (4) per treatment, enrichment or de-
pletion ofmetabolites, relative to control, were assessed usingMann-Whitneys
U test corrected for multiple comparisons using the Bonferroni's adjustment
method. Principal Component Statistical analysis of the cardiac metabolome
was performed using Simca P+ (version 16, Umetrics) but visualized using
R-studio.

3. Results and discussion

3.1. Mortality and morphology

The exposure of newly hatched and developing rainbow trout ale-
vins to retene and fluoranthene (alone or as a mixture) did not signifi-
cantly affect mortality; be that in relation to control or between the
PAH treatments (p > 0.05; Table 2). This was expected as the concen-
trations of the PAHs were selected as to avoid elevated mortality
(based upon preliminary experiments and previous studies (Billiard
et al., 1999; Vehniäinen et al., 2016); for SFS quantified exposure con-
centrations, see Table s1). Measurement of actual exposure concentra-
tions, sampled just before renewal of water and chemicals, yielded
similar results (percentage of nominal concentration), as those re-
ported in Eriksson et al., 2022.

Morphologically, alevins sampled for their cardiac metabolome pre-
sented similar alterations as observed among alevins sampled for their

http://datashare.biochem.mpg.de
http://zfin.org
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cardiac transcriptome and proteome, after 14 days of exposure (Eriksson
et al. (2022). Nevertheless, and among alevins sampled for their cardiac
metabolome, no reduction in standard lengthwas observed following expo-
sure to retene for 14 days (significantly reduced standard length was ob-
served among retene exposed alevins sampled for their cardiac proteome
and transcriptome; Eriksson et al. (2022)) or fluoranthene (not affected in
either study). Alevins exposed to the binary mixture were significantly
shorter and presented a significantly greater planar yolk area than control.
Similar results, with regards to standard length, but not planar yolk area,
were observed among alevins sampled for their cardiac transcriptome and
proteome (Eriksson et al. (2022).

An interesting aspect on the impact of exposure upon growth and de-
velopment was the observation of hypopigmentation of the lateral side
among retene and mixture exposed alevins and hyperpigmentation
among fluoranthene exposed alevins, relative to control. Pigmentation
of the dorsal fin on the other handwas significantly reduced among fluo-
ranthene and mixture exposed alevins, but not retene, relative to con-
trol. These results are relatively similar to those reported by Eriksson
et al. (2022), albeit variation exist. It is therefore plausible that pigmen-
tation is influenced by seasonality and batches differences. Further
assessment of pigmentation as an endpoint, in relation to exposure, sea-
sonality and batch quality is required before any definitive conclusion
can be established.

The combined results on the impact of exposure upon growth and
pigmentation suggests that mixture exposed alevins might be at an ear-
lier developmental stage at sampling, rather than just being shorter,
compared to control alevins (Table 2), as pigmentation is, to a certain
degree, controlled by Ahr activation in fish (Zodrow and Tanguay,
2003). It is also possible that retene exposed alevins were at an earlier
developmental stage as well, based upon pigmentation intensity. What
exactly caused the reduction in developmental gain and growth is
unknown, although multiple processes are likely to be involved. The
most plausible underlying processes are related to the reallocation of
energy expenditures, plausibly away from growth and development to
xenobiotic metabolism (Yue et al., 2021), potentially impairment of
heart function (Vehniäinen et al., 2019; Ainerua et al., 2020) and struc-
ture (Incardona et al., 2011), which subsequently translates into a weak-
ened cardiac output (Incardona, 2017), reduced absorption of yolk and
fatty acids (Sørhus et al., 2021), circulation of nutrients and gas ex-
change. Significantly elevated pigmentation of the lateral side among
fluoranthene exposed alevins (compared to control), in contrast, is plau-
sibly a consequence of increased body burden and therefore, a poten-
tially stronger Ahr-activation (Table 4).
Fig. 1. Venn-diagram representations of differently expressed proteins following 7 (a) an
of the two PAH (Mix). The Venn-diagrams were created using the online tool provided
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3.2. Proteomic responses

3.2.1. General findings
The cardiac proteome, just like the cardiac transcriptome, responded in

an exposure-specific manner to the influence of PAHs during early life de-
velopment; similar results were reported by Rigaud et al. (2020a, 2020b).
In total, 65 and 82 DEPs were identified after 7 and 14 days of exposure, re-
spectively. Filtered per treatment, fluoranthene affected 11 and 19 proteins
on Day 7 and 14; retene: 29 and 23; mixture: 44 and 82 (Fig. 1a and b;
Tables s2 and s3). Interestingly, exposure to fluoranthene did not result in
any unique DEP(s) by Day 7, while exposure to retene produced 20, and
the mixture 29 unique expressions (Fig. 1a). Nevertheless, 3 DEPs were
shared between the different PAH treatments on Day 7: Cyp1a (enriched
relative to control; ↑), tubulin alpha chain (depleted relative to control; ↓)
and methylosome subunit pICln (↓). No unique cardiac DEPs were identi-
fied among fluoranthene and retene exposed alevins sampled after 14
days, while exposure to mixture induced 47 unique DEPs (Fig. 1b). Seven
DEPs were shared between the different treatments relative to control:
one uncharacterized protein (↑), Cyp1a (↑), UDP-glucuronosyltransferase
(↑), vesicle amine transport 1 (↑), vimentin (↓), protein 4.1 isoform X5(↓)
and 60S ribosomal protein L22 (↓). When the cardiac proteomes were com-
pared between alevins sampled after 7 and 14 days of exposure, 24 shared
DEPs were identified: exposure to fluoranthene resulted in 3 shared DEPs
between Day 7 and 14, retene 4 and mixture 23 (Table s3).

Following bioinformatic analysis of the DEPs, and by Day 7, no over-
represented pathways or terms were identified among alevins exposed to
fluoranthene (every p and q-value >0.05), while exposure to retene caused
the over-representation of plasma lipoprotein assembly (R-DRE-8963898;
Tables 3 and s5). In contrast, exposure to the mixture over-represented xe-
nobiotics metabolism (dre00980) and DNA replication (GO:0006267).
After 14 days of exposure,fluoranthene over-represented the xenobioticme-
tabolism pathway (dre00980; Table s6). Alevins exposed to retene did not
over-represent any term or pathway. Exposure to the mixture gave rise to
a broader over-representation profile, which encompassed xenobiotic me-
tabolism, DNA replication, regulation of coagulation (GO:0050878), cell
redox homeostasis (GO:0045454) and a few other terms, which to a large
extent, overlapped with the coagulation GO-term (e.g., GO:0010466,
GO:0031589 and GO:0072376).

3.2.2. PAHs body burden, proteins involved in PAHs metabolism
Exposure to the binary mixture of retene and fluoranthene resulted in

different body burden profiles of the PAHs when compared to those devel-
oped among alevins exposed to the individual components. By Day 14, the
d 14 days (b) of exposure to retene (Ret), fluoranthene (Flu) and the binary mixture
by: http://bioinformatics.psb.ugent.be/webtools/Venn/.

http://bioinformatics.psb.ugent.be/webtools/Venn/


Table 3
Over-represented GO-terms, as well as KEGG and reactome pathways, with a p and q-value≤0.05 (as per Metascape) in rainbow trout alevins exposed to fluoranthene (Flu),
retene (Ret) and the binary mixture of the two PAHs (Mix) and sampled after 7 and 14 days. For a detailed list of the depleted and enriched proteins governing these over-
representations, see table s5 (Day 7) and s6 (Day 14), respectively. Note, in order to avoid reporting redundant pathways and terms, over-represented terms and pathways are
those reported as “summary” by Metascape. For a complete list of over-represented terms and pathways, irrespective of q-value, see the file: Supplementary_file-
Summary_Metascape.xlxs. NA = not applicable.

Sampled Exposure Term ID Term description p-Value q-Value

Day 7 Flu No over-representations identified
Ret R-DRE-8963898 Plasma lipoprotein assembly <0.0001 0.003
Mix dre00980 Metabolism of xenobiotics by cytochrome P450 <0.0001 <0.0001

GO:0006267 pre-replicative complex assembly involved in nuclear cell cycle DNA replication <0.0001 0.001
Day 14 Flu dre00980 Metabolism of xenobiotics by cytochrome P450 <0.0001 0.018

Ret No over-representations identified
Mix GO:0050878 regulation of body fluid levels <0.0001 <0.0001

GO:0010466 negative regulation of peptidase activity <0.0001 <0.0001
dre00980 Metabolism of xenobiotics by cytochrome P450 <0.0001 <0.0001
GO:0045454 cell redox homeostasis <0.0001 <0.0001
GO:0006267 pre-replicative complex assembly involved in nuclear cell cycle DNA replication <0.0001 0.002
GO:0031589 cell-substrate adhesion <0.0001 0.013
GO:0072376 protein activation cascade 0.0001 0.037
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body burden of retene had increased by 615%, while that of fluoranthene
decreased by 94.4% in mixture exposed alevins compared to the body bur-
den profiles of alevins exposed to the components (Table 4). These trends
are in accordance with what was observed in our transcriptomic mixture
study (Eriksson et al., 2022). These differences in body burden relates
well to the exposure-specific up-regulation of proteins involved in xenobi-
otic metabolism. In total, eight DEPs known to be involved in phase I and
II metabolism were identified among alevins exposed to the mixture:
Cyp1a, UDP-glucuronosyltransferase (Ugt), 2 isoforms of sulfotransferase
(Sult) and 4 isoforms of glutathione S-transferase (Gst). Furthermore, the
mixture induced a stronger Cyp1a expression than the combined, addi-
tive effect of the components by Day 7, but not Day 14, as well as activa-
tion of a wider suit of phase II metabolic processes than the components.
These exposure-specific differences in phase II metabolic responses con-
firm our previous transcriptomic findings on the relationship between
the exposure-specific up-regulation of phase II metabolic processes
and the corresponding body burden of the PAHs (Eriksson et al.,
2022). Similar exposure-specific enrichment of phase I and II metabolic
processes has been identified in the cardiac proteome of rainbow trout
alevins exposed to retene, pyrene and phenanthrene individually
(Rigaud et al., 2020b).

Interestingly, fluoranthene was detected and quantified in the car-
diac metabolome among alevins exposed to fluoranthene alone, but
below the limit of detection in the metabolome of alevins exposed to
DMSO, retene and the binary mixture. This finding would imply that
the fluoranthene, once absorbed, is distributed throughout the organ-
ism via the cardiovascular system. Alevins exposed to the mixture, by
comparison, did not present detectable accumulation in heart tissue,
whereby providing additional support to the notion of enhanced phase
II metabolic capacity, and plausibly less uptake of fluoranthene in car-
diovascular tissue.
Table 4
Average body burden of retene (Ret) and fluoranthene (Flu) per fish (± standard
deviation) in 14 days old rainbow trout alevins exposed to the PAHs alone or as a
binary mixture (Mix) and sampled for their cardiac metabolome. Body burden is
background compensated. Statistically significant differences between the mixture
and its components are denoted using lower and uppercase letters and established
using Mann-Whitney's U test. N = 8 per treatment.

Treatment Average retene body burden Average fluoranthene body burden

(pmol per alevins) (pmol per alevins)

Ret 1.77 ± 0.48a 0
Flu 0 3967 ± 960A

Mix 10.93 ± 3.90b 222 ± 73B
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3.2.3. Iron metabolism and oxidative stress
Even though neither exposure over-represented any term or pathway

related to iron metabolism, two DEPs essential for iron (Fe3+) metabolism
and homeostasis were identified in the cardiac proteome. These two pro-
teins were hemopexin a (Hpxa; depleted by exposure to fluoranthene and
the mixture on Day 7 and 14) and ferritin (depleted by retene on Day 7
and enriched by mixture on Day 7 and 14). Hemopexin is a plasma protein
that efficiently sequesters free heme, thereby preventing oxidative damage
to cells (Tolosano and Altruda, 2002). Depletion of hemopexin has previ-
ously been reported in both juvenile Atlantic cod (Gadus morhua) exposed
to North Sea oil (Bohne-Kjersem et al., 2009), and in newly hatched rain-
bow trout alevins exposed to pyrene (Rigaud et al., 2020b). In humans, de-
pletion of plasma hemopexin is clinically associated with an increase in
circulating free heme, which in turn can be caused by ongoing hemolysis
(Delanghe and Langlois, 2001). In contrast to hemopexin, ferritin has previ-
ously been observed to increase with increasing dose of oil (Troisi et al.,
2007; Olsvik et al., 2012) or during anoxia (Larade and Storey, 2004).
The primary function of ferritin is to store biologically available iron, mak-
ing it non-reactive, as free and circulating iron is toxic and can act as a
substrate for the formation of reactive oxygen species (Halliwell and
Gutteridge, 1985). As the amount of circulating heme, normally, is main-
tained under strict homeostasis, there are two possible processes that
could increase the concentration of circulating heme in plasma: leakage
of newly produced and unbound heme, or following the dissociation from
hemoproteins during oxidative stress (Sawicki et al., 2015). Hence, it
seems plausible to assume that exposure to fluoranthene alone, or as part
of a mixture, increased the rate at which hemopexin is depleted which in
turn suggests increased availability of freely circulating heme (Delanghe
and Langlois, 2001). However, the experimental protocol does not allow
for the identification of the source of the free heme, but the effects of
PAHs on erythrocytes should be investigated further.

As previously mentioned, un-scavenged free heme can aggravate oxida-
tive stress by acting as a substrate for the generation of oxygen radicals
(Halliwell andGutteridge, 1985).We know from our transcriptomic dataset
that exposure to fluoranthene and the binary mixture over-represented the
GO-term oxidoreductase activity (GO:0016491) which involved the up-
regulation of thioredoxin reductase 1, thioredoxin-like and peroxiredoxin
2 (Eriksson et al., 2022). Over-representation analysis of the cardiac prote-
ome among mixture exposed alevins identified the GO-term cell redox ho-
meostasis (GO:0045454), which suggests enrichment of anti-oxidative
processes. Manual assessment of the involved genes revealed that exposure
to the mixture enriched peroxiredoxin (also enriched by fluoranthene),
peptide methionine sulfoxide reductase, thioredoxin reductase 1 and thio-
redoxin. These specific enrichments provide additional support to the pos-
sibility thatfluoranthene and themixture induced oxidative stress as part of
the toxicity profiles and that it may take an extended exposure duration for
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enrichment of certain proteins to reach detectable levels in the cardiac pro-
teome. Furthermore, exposure-specific enrichment of anti-oxidative en-
zymes overlapped with the disrupted iron metabolism and homeostasis. It
is unclear whether the oxidative stress is a consequence of, or exasperated
by, increased amount of free and circulating heme; further studies on the re-
lationship between PAH toxicity and oxidative stress is required.

Exposure for 14 days to the mixture, but not the components, resulted in
the over-representation of the GO-term regulation of body fluid levels
(GO:0050878; every protein involved in this term was depleted; Table s5).
The functions of the involved proteins are primarily related to coagulation,
as per the depletion of antithrombin, plasminogen, protein C (vitamin K-
dependent) and fibrinogen (gamma chain-like). Combined, these depletions
suggest impaired anti-coagulation regulation and capacity. This is further
supported by the depletion of pro-coagulant proteins, such as von Willebrand
factor(−like; VVF) and coagulation factor VIII(−like). During normal circum-
stances, the latter protein is always associated in an inactive formwith the for-
mer, but dissociates and becomes active upon blood vessel injury, thus
triggering clotting mechanisms (Zimmerman and Edgington, 1973; Weiss
et al., 1977;). Hence, depletion could indicate ongoing or past injuries to the
cardiovascular system, which could in turn contribute to the formation of
PAH induced cardiotoxicity. The negative effect of PAH(s) upon coagulation
capacity has previously been reported in mummichog embryos (Fundulus
heteroclitus) exposed to PAH-contaminated sediment extracts, as per an
observed correlation between downregulation of vvf and cardiotoxicity
(Bozinovic et al., 2021). However, the identification of abovementioned
coagulation-related proteins is a novel finding, which could contribute to, or
even aggravate cardiotoxicity. How and why exposure affected coagulation-
related proteins is, however, unknown and requires further inquiry.

3.2.4. Proteomic responses in relation to cellular stability and proliferation
Several significantly altered proteins, involved in cellular integrity and

proliferation, were identified following exposure to the PAHs. With respect
to cellular proliferation, over-representation of DNA replication (dre03030)
was observed in mixture exposed alevins sampled after both 7 and 14 days.
This specific over-representation implies restricted DNA replication and
cellular division at an early checkpoint, as per significant depletion of 4
components of mini-chromosome maintenance proteins (Mcm; type 4, 6,
and 7 by Day 7; and type 5, 6 and 7 by Day 14). During normal conditions,
theMcm components form the pre-replication complex togetherwith Cdc6-
and Cdt1 proteins; a molecular complex that is essential for the initiation of
DNA replication (Dutta and Bell, 1997; Cvetic andWalter, 2006). Depletion
of several types ofMcmwould thus suggest that exposure to this mixture re-
stricted organ growth at an early molecular stage, which could potentially
translate to smaller heart due to fewer rounds of cellular division. Reduced
heart size and fewer cardiomyocytes have been observed before in develop-
ing rainbow trout (Hornung et al., 1999) and zebrafish (Antkiewicz et al.,
2005) exposed to the dioxin TCDD (which also induces toxicity through
Ahr2 agonism (Tanguay et al., 2003)). A decreased expression of mcm2
has previously been reported inAtlantic cod larvae (Gadus morhua) exposed
to weathered crude oil (Olsvik et al., 2012). Why and how depletion of
abovementioned Mcm-components occurred are beyond the scope of this
manuscript, but should be investigated further.

No over-representation related to cellular integritywas identified. How-
ever, assessment of the individual DEPs highlighted additional effects of ex-
posure on processes related to cellular integrity and proliferation. The
abundance of cardiac tubulin alpha- (all treatments on Day 7 but only mix-
ture by Day 14) and beta chain proteins (mixture on Day 7 and 14) were
found to be depleted relative to control. Together, the alpha- and beta tubu-
lins form the basis of the cytoskeleton, the microtubules (Nogales, 2000).
Depletion of tubulins has previously been linked to decreased rate of mito-
sis, as the alpha chain tubulin acts as themicrotubule anchor duringmitosis
from which beta tubulins extend (Mitchison and Kirschner, 1984; Meunier
and Vernos, 2012). Therefore, it is plausible that these depletions are in re-
lated to the depletion of Mcm-components.

The cytoskeleton stability and integrity were further affected by expo-
sure, as per the depletion of keratin type I cytoskeletal 18(−like), desmin
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(−like) and Vimentin. Keratin type I cytoskeletal 18(−type), which was
depleted following exposure to the mixture, is a low molecular weight sim-
ple keratin, which together with keratin 8 (a type II keratin) form some of
the most abundant intermediate filaments (Paramio and Jorcano, 2002).
Altered abundance of keratin 18 could thus contribute to impaired cardio-
myocyte structure following exposure to PAH, and thereby to altered heart
morphology (Scott et al., 2011).

Desmin and vimentin, in contrast, are both type III intermediate fila-
ments; the former was depleted following exposure to retene and the mix-
ture, while the latter was depleted irrespective of exposure. Desmin is
required for the maintenance of muscle structure and function, where it
connects the myofibril to the Z-lines (Sequeira et al., 2014). The depletion
of desmin draws attention to an interesting finding from our transcriptomic
dataset: the down-regulated nebulette (nebl) by every PAH treatment
(Eriksson et al., 2022). As a protein, Nebl is, together with desmin, impor-
tant for the formation of the Z-line in heart musculature. Knockdown of
nebl in mice is associated with broadening of the Z-line, but does not affect
the lifespan (Mastrototaro et al., 2015). Hence, there is a good probability
that exposure to PAHs altered the Z-line and therefore cardiac muscle mor-
phology. What the consequences are for the heart is unknown, but the de-
pletion could be either compensatory, as to offset altered action potential
(Vehniäinen et al., 2019), or a direct effect of PAH(s) toxicity.

Vimentin (Vim), which is also a type III intermediate filament, serves to
anchor organelles and allows for the cell to be dynamic and maintain struc-
tural cohesion (Katsumoto et al., 1990). It is unknown how (or even if) de-
pletion of Vim contributed to PAH-induced cardiotoxicity. A previous study
on Vim-null mice reported no changes in the structural phenotypes of mul-
tiple organs, nor did the lack of the vim-gene affect breeding capacity
(Colucci-Guyon et al., 1994). The authors hypothesized that other interme-
diate filaments could compensate for the lack of vim/Vim. However, in our
PAH exposed rainbow trout alevins, multiple cardiac intermediate fila-
ments were depleted, and it is thus plausible that no such compensatory
mechanisms can occur, and if they do, the compensatory mechanism
would be limited, as several types of filaments are depleted, especially
among mixture exposed alevins.

Additionally, we found that 7 days of exposure to themixture, and every
PAH treatment on Day 14, significantly depleted calponin 2 (Cnn2), which
is one amongmany important factors involved in vascular development, cy-
toskeletal organization and heart function (Fukui et al., 1997; Tang et al.,
2006). Knockdown of cnn2 in zebrafish produces deleterious phenotypes
as per increased occurrence of pericardial- and hindbrain edemas, while de-
creasing the heart rate and restricting the circulation of erythrocytes, and
consequently resulting in high mortality rates (Tang et al., 2006).

Collectively, these abovementioned results suggest a decreased rate of
cellular proliferation, as well as impaired cellular structure and stability.
The depletion of abovementioned intermediate filaments, in combination
with the down-regulation of nebl, alongside the known impact of PAHs on
cardiac ion channels and subsequently altered repolarization of the action
potential could all contribute to impaired heart morphology and function
as well as overall cardiotoxicity. The slower growing and developing
heart could cause downstream consequences for the whole organism as cir-
culation of nutrients, oxygen and hormones becomes restricted (Incardona
et al., 2009; de Soysa et al., 2012; Sørhus et al., 2017); factors that poten-
tially could be related to slower development among mixture, and poten-
tially retene, exposed alevins.

3.3. Metabolomic responses

Exposure to the PAH(s) alone, or as a mixture, resulted in few signifi-
cantly impacted cardiac metabolites after 14 days of exposure, as per the
untargetedmetabolite profiling approach. Using principal component anal-
ysis (PCA), we found that components 1 and 2 explained 50.1% of the var-
iation and thus highlighted a shift in the cardiac metabolome composition
in PAH exposed alevins compared to control (Fig. 2a; fresh weight ad-
justed). In contrast, components 1 and 3 revealed that the cardiac metabo-
lome composition amongmixture exposed alevinsweremore akin to that of



Fig. 2. Principal Component Analysis of the cardiac metabolome from 14-days old rainbow trout alevins exposed to either DMSO (black; control), retene (blue; Ret),
fluoranthene (green; Flu) and the binary mixture of the two (red; Mix). Plot a) represents comparison between principal component 1 and 2 while b) the comparison
between component 1 and 3. Results are compensated for fresh weight.
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retene exposed alevins, than those exposed to fluoranthene (Fig. 2b). Me-
tabolite levels, adjusted for dry weight, were excluded from the analysis
due to an outlying control replicate, and poorer separation of the compo-
nents (Figs. s1; s2a and s2b). Additionally and for the sake of simplicity,
the impact of the mixture on energymetabolism in heart tissue (proteomics
and metabolomics) is visualized in Fig. 3.

In total, 60 cardiacmetabolites were detected, identified and annotated.
However, three metabolites were omitted from analysis due to abundances
being lower than the limit of detection in control. These were hypoxan-
thine, hydroxyfluorene and fluoranthene. Among the remaining 57 metab-
olites, 5 were found at significantly different abundance relative to control
(Mann-Whitney with Bonferroni adjustment method). Exposure to retene
did not significantly affect any metabolite relative to control. Fluoranthene
enriched glucuronic acid and the sugar alcohol arabitol, while the binary
mixture depleted methionine, putrescine and hypotaurine significantly,
and phenylalanine near-to-significantly (p = 0.0535). By comparison,
Rigaud et al. (2020b) did not observe any significantly impacted cardiac
metabolite in rainbow trout alevins exposed to retene for 14 days, but
among those exposed to pyrene and phenanthrene (albeit using a different
statistical approach); exposure to the latter two PAHs altered the abun-
dance of a minor number of metabolites: e.g. depletion of valine and ala-
nine, which indicated amino acid catabolism. They also reported that
exposure to phenanthrene enriched glucuronic acid and arabitol, just like
fluoranthene; an observation that would suggest that these two PAHs affect
similar type of processes. Decreased abundance of amino acids has also
been observed in the metabolome of newly hatched zebrafish exposed to
benz[a]anthracene (BAA) and its oxidized form (Elie et al., 2015).

Out of the 5 significantly and differently abundant metabolites, only one
amino acidwas observed at altered abundance:methionine, significantly de-
pleted following exposure to the mixture. Depletion of methionine is plausi-
bly a consequence of increased demand for cysteine (which is required in
glutathione metabolism). The biotransformation is facilitated by the S-
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Adenosyl methionine (SAM-e) cycle where methionine is metabolized in a
three-step reaction to homocysteine, which can then be transformed to cys-
teine in two steps (Finkelstein and Martin, 2000) (Fig. 3). Depletion of
hypotaurine among mixture exposed alevins could, just like methionine,
could be linked to cysteine. During normal cellular functionality, taurine is
produced from hypotaurine, which in turn is derived from cysteine. The
amount of taurine in the cardiac metabolome was also (on average, but
not significantly) depleted among mixture exposed alevins relative to con-
trol. Hence, the depletion of hypotaurine is plausibly linked to restrictions
in the enzymatic conversion rate of cysteine, as the latter could be in demand
for glutathione metabolism rather than the biosynthesis of taurine. Alterna-
tively, cysteine can be catabolized following biotransformation to pyruvate.
Hence, exposure-specific whole body quantification of cysteine, and other
amino acids, could therefore shed additional light on these aspects.

The near-to-significant depletion of phenylalanine could imply ongoing
amino acid catabolism. This notion is indirectly supported by data from our
transcriptomic study (Eriksson et al., 2022), as exposure to the mixture
caused up-regulation of tyrosine aminotransferase (tat; up-regulated on
Day 3) and fumarylacetoacetate hydrolase (fah; up-regulated on Day 3, 7
and 14). The corresponding proteins are involved in the biotransformation
of phenylalanine to tyrosine by Tat (Dietrich, 1992), which is then trans-
formed into fumarate by Fah (Bateman et al., 2001). Fumarate, in turn,
can be utilized in the citric acid cycle for the generation of both energy
and reducing agents. The absence of enriched Tat and Fah proteins is
most likely related to quantification rather than temporal aspects, espe-
cially since the heart is less metabolically active than other organs.

Furthermore, exposure to the mixture enriched four proteins essential
in aerobic energy metabolism: phosphofructokinase (PFK), 2-oxoglutarate
dehydrogenase (OGDC; also enriched by retene), dihydrolipoamide acetyl-
transferase (a component of the pyruvate dehydrogenase complex) and glu-
can phosphorylase (alpha-1,4). PFK is essential in the glycolysis as it
catalyze the reaction: D-fructose 6-phosphate + ADP → fructose 1,6-



Fig. 3.A simplified visualization representing the impact of mixture on energymetabolism in heart tissue, as per the cardiac proteome (P) andmetabolome (M). Boxeswith a
solid boarder represent products, while boxes with dashed boarders represent enzymes. Boxes colored in green indicate enrichments, while red and orange represent
significantly and near-to-significant depletions, respectively. CAC = Citric Acid Circle.
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bisphosphate + ATP (Uyeda, 1979). In contrast, OGDC catalyzes an essen-
tial reaction in the citric acid cycle:α-ketoglutarate+NAD++Acetyl-CoA
(CoA)→ Succinyl CoA+ CO2 +NADH (Williamson, 1979). Alpha-glucan
phosphorylase on the other hand is involved in multiple biochemical reac-
tions, including carbohydrate metabolism, as per UniProt. Enrichment of
dihydrolipoamide acetyltransferase suggests increased rate of conversion
of pyruvate to CoA, indicative of increased demand for energy.

Additional support for increased and altered metabolic activity is pro-
vided by the enrichment of creatine kinase B(−type). This enzyme facilitates
the reversible and ATP/ADP dependent conversion of creatin↔ phosphocre-
atine (PCr) (Oliver, 1955). Hence, PCr can be reverted back to creatin by the
same enzyme and thus generate a localized burst of ATP, when required.
Combined, the proteomic-, transcriptomic- and metabolomic data suggests
that exposure to this mixture increases energy requirements, be that aerobi-
cally or catabolically (Fig. 3). However, and due to the poorer metabolic ca-
pacity of the heart, relative to the liver, these results on amino acid
metabolism could indicate a systemic energy deficit in mixture exposed ale-
vins rather than a localized deficit, as our data indicate. These results are es-
pecially relevant since heart tissue primarily utilize β-oxidation of fatty acids
to cover energy expenses, rather than glycolysis and amino acid catabolism
(Grynberg and Demaison, 1996).

Enrichment of arabitol and glucuronic acid following exposure tofluoran-
thene indicates either increased rate of formation, decreased rate of utiliza-
tion or both. Arabitol is a sugar alcohol that can be utilized in energy
metabolism through the pentose phosphate pathway (Bateman et al., 2001)
(PPP). The primary outcome of PPP is the formation of NADPH, which in
turn is important inmultiple biological processes, including counteracting ox-
idative stress. Hence, enrichment could suggest that increased oxidative
stress had occurred and that accumulation of arabitol could therefore be
left-over material that can be utilized for the formation of NADPH from
NADP+ as well as maintaining the equilibrium between oxidized- and
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reduced glutathione (Stanton, 2012). Glucuronic acid on the other hand is
primarily utilized in phase II metabolism by UDP-glucuronosyltransferase
(UGT). Exposure to fluoranthene induced a weak but statistically significant
enrichment of UGT by Day 14 (a 64.9% stronger induction relative to con-
trol). It is possible that partial inhibition of Cyp1a by fluoranthene could
limit the utilization of glucuronic acid and thus force its enrichment.

However, metabolomic investigations at earlier timepoints are required
to confirm and assess the trends temporally. Furthermore, the low number
ofmetabolomic replicates andmaterial (N=4per treatment) limits the sta-
tistical analysis. It is likely that a greater number of replicates with more
material per replicate could produce a more precise assessment of the im-
pact of exposure on the cardiac metabolome. Likewise, sampling and as-
sessment of other tissues, with higher metabolic capacity than cardiac
tissue, could highlight other impacted metabolic pathways and processes.

4. Conclusion

We found that the exposure to retene, fluoranthene and their binary
mixture produced exposure-specific toxicity profiles in newly hatched rain-
bow trout alevins with regards to development, growth and body burden,
alongside exposure-specific cardiac proteome and metabolome profiles.
Additionally, the effects exerted by the mixture on the growing and devel-
oping alevins could not be predicted from the additive effect of the compo-
nents as only mixture exposed alevins were significantly shorter compared
to control, while impacting a broader repertoire of cardiac proteins and
pathways. Exposure-specific changes in the cardiac proteome, just like in
the transcriptome (Eriksson et al., 2022), could explain the exposure-
specific body burden profiles, as per PAH-specific induction of phase II met-
abolic processes and inhibition of Cyp1a by fluoranthene. When alevins
were exposed to the mixture, a stronger and more diverse induction of
phase I and II metabolic responses was observed which facilitated
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decreasing body burden offluoranthene, while the body burden of retene in-
creased compared to the alevins exposed to the individual components. Expo-
sure to the mixture increased the abundance of ferritin, while decreasing
hemopexin (the latter was also depleted following exposure to fluoranthene)
whichwould suggest disrupted ironmetabolism andpotentially increased ox-
idative stress. It is plausible that the altered iron metabolism is related to
impaired coagulation as well as impacted erythrocyte cell membrane compo-
nents. Exposure to the mixture caused decreased abundance of several com-
ponents affecting cell proliferation and structure, and depletion of alpha-
and beta tubulin chains, which suggests impaired cellular integrity. This is
further supported by depletion of several components of intermediate fila-
ments that are involved in cell structure, vimentin and desmin for example.
In contrast, analysis of the cardiac metabolome revealed few impacts follow-
ing 2weeks of exposure, although exposure to themixture suggests increased
energy demand as per methionine depletion. Indirect support for increased
demand for energy is present in the cardiac proteome as enzymes and en-
zyme components involved in energy metabolism were enriched. Com-
bined, these findings highlight that no one single pathway is responsible
for the development of toxicity following exposure to retene, fluoranthene
or their combined binarymixture. Rather, it is likely that exposure induced
toxicity through multiple mechanisms.
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