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Earlier studies have indicated that a high inclusion of n-6 fatty acids (FA) in feeds for Atlantic salmon can affect
the stress response. To test this hypothesis, Atlantic salmon (Salmo salar) were fed diets containing varying
dietary n-6/n-3 FA ratios and different absolute levels of n-6 and n-3 FAs. The fish were divided into two different
stress challenge groups, where one group was exposed to three weekly hypoxia challenges for 4 weeks (repeated
stress), while one group was left undisturbed. At the end of the experiment, both groups were exposed to an acute
stressor (lowering of water level). Thus, effects of the diets on acute stress, repeated stress and the combined
effect of these could be investigated. In general, there were few effects of the repeated stress, while fish in all diet
groups responded strongly to the acute stress based on several stress markers. Dietary n-6,/n-3 ratio did not affect
growth, all fish appeared phenotypically healthy, and all groups were able to mount an acute stress response.
However, there was an interaction between diet and repeated stress on cortisol response after acute stress,
possibly indicating altered hypothalamic-pituitary adrenal axis reactivity in fish fed high n-6/n-3 FA ratio.
Hepatic levels of prostaglandin D, (PGD3) and leukotriene B4 responded differently to acute stress depending on
the dietary n-6/n3 FA ratio, indicating an altered acute stress response. Additionally, increasing the dietary n-6/
n-3 FA content led to higher levels of PGD;, and PGE, as well as higher liver triacylglycerol. In summary, the
results suggest that increasing the dietary n-6/n-3 FA ratio in salmon feeds can affect the way they respond to
stressors in an aquaculture setting, possibly affecting the fish robustness.

1. Introduction Norwegian salmon, compared to when fed a more marine based diet

(Sissener et al., 2016a). Studies on the impacts of feeds rich in n-6 FAs on

The limited availability of fish oil (FO) for use in fish feeds has
contributed to its replacement by vegetable oils (VO), mainly rapeseed
oil in Norwegian fish feeds (Aas et al., 2019). Most VOs are rich in the n-
6 fatty acid (FA) 18:2n-6 (linoleic acid, LA), which salmon readily can
convert into 20:4n-6 (arachidonic acid, ARA). Thus, tissue levels of ARA
in Atlantic salmon are highly dependent on dietary LA and will increase
with increasing dietary LA content (Sissener et al., 2020). Hence, the
changes in oil composition in typical salmon feeds have resulted in a
higher n-6 FA and lower n-3 FA content in both feed and fillet of

the health and welfare of Atlantic salmon show somewhat contradictory
results. Some trials show seemingly no adverse effects of high dietary n-6
FAs (Grisdale-Helland et al., 2002, Sissener et al., 2017, Menoyo et al.,
2007, Emam et al., 2020), while in others 30% mortality was experi-
enced following transport (Bell et al., 1991a) and 28% following light
sedation and weighing (Sissener et al., unpublished data).

The n-6 and n-3 FAs are the precursors of eicosanoids, which are
highly potent lipid signalling molecules. Moreover, they compete for the
same enzymes for eicosanoid production, and their final products can

Abbreviations: 5-HIAA, serotonin metabolite; 5-HT, serotonin; ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acid; FO,
fish oil; HCT, haematocrit; HPA/I, hypothalamic-pituitary adrenal/interrenal; IGF-1, insulin-like growth factor 1; LA, linoleic acid; LPL, lipoprotein lipase; LTB4,
leukotriene B4; LTB5, leukotriene B5; NL, neutral lipids; PGD2, prostaglandin D2; PGE2, prostaglandin E2; PGE3, prostaglandin E3; PL, polar lipids; RBC, red blood
cells; TAG, triacylglycerol; TFA, total fatty acids; TRP, tryptophan; VLDL, very-low-density lipoprotein; VO, vegetable oil.
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have opposing effects (Schmitz and Ecker, 2008). Despite a higher
prevalence of 20:5n-3 (eicosapentaenoic acid, EPA) compared to ARA in
fish tissues, ARA is still the preferred eicosanoid precursor in fish (Bell
et al., 1994). An increase in dietary LA is also shown to cause a higher
production of ARA derived eicosanoids in fish (Sissener et al., 2020,
Alves Martins et al., 2012, Bell et al., 1998). Eicosanoids are constitu-
tively produced, but exposure to stress, trauma or disease can trigger an
increased biosynthesis (Arts and Kohler, 2009). Hence, changes to the
dietary n-6 and n-3 FA and the relationship between them could
potentially modify the stress response of fish through altered eicosanoid
production.

In accordance with the above studies, which suggest that the dietary
n-6 and n-3 FA composition can modify the stress response via an altered
eicosanoid production, there are also several studies showing that VO in
the feed can affect plasma cortisol levels in fish. For instance, Jutfelt
et al. (2007) reported that feeding Atlantic salmon a diet with sunflower
oil (high in LA) resulted in elevated cortisol levels during smoltification
compared to when feeding a diet with FO. Moreover, a slower increase
in plasma cortisol after crowding was observed in gilthead seabream
(Sparus aurata) fed a soy oil diet (high in LA) compared to a FO diet
(Ganga et al. 2011). Furthermore, in the latter study, fish fed the soy oil
diet took longer time to recuperate and had not regained basal cortisol
levels after one week. The type of stressor used can also determine which
impact of dietary n-6 FA is seen. This is supported in a study by Koven
et al. (2003), who reported reduced mortality when sea bream larvae
was fed a diet high in ARA when exposed to an acute handling stressor.
However, when exposed to a chronic stressor (repetitive salinity
changes) increased mortality was observed in fish fed a high ARA diet.

The observed dietary effects on cortisol levels may be due to the FA
composition being able to interact with the stress axis, the
hypothalamic-pituitary-adrenal/interrenal (HPA/I; in mammals/in fish)
axis, on several levels. Ganga et al. (2006) demonstrated that ARA and
EPA stimulated cortisol release in an in-situ study of gilthead seabream
interrenal cells. Furthermore, there are a several mammalian studies
demonstrating that dietary fatty acids interact with the stress axis on the
central level (for references see Maes et al., 2009). Effects which are
related to changes in neurotransmission of serotonin (5-HT) and the
metabolic faith of its intermediate precursor tryptophan (TRP). Since 5-
HT is important in stress coping mechanisms, it plays a central role in the
regulation of the HPA/I axis (Winberg and Nilsson, 1993), and thus it is
important in stress coping processes in both fish and mammals (Hoglund
et al., 2020). However, if the FA composition affects the stress coping
ability through effects on brain 5-HT signalling in fish is to our best
knowledge unknown.

Feeding diets high in LA and low in EPA and 22:6n-3 (docosahexa-
enoic acid, DHA) to Atlantic salmon causes an increased liver tri-
acylglycerol (TAG) content (Alvheim et al., 2013, Ruyter et al., 2006,
Bransden et al., 2003). Several trials have found that a reduced content
of EPA + DHA in salmon feeds can cause increased liver TAG (Bou et al.,
2017, Sanden et al., 2016). However, a higher liver TAG is also seen with
increasing dietary LA despite equal dietary levels of EPA + DHA (Hundal
et al., 2020). Additionally, studies using rat hepatocytes have demon-
strated that prostaglandin E; (PGEy) and prostaglandin D, can inhibit
secretion of very-low-density lipoproteins (VLDL) (Perez et al., 2006,
Bjornsson et al., 1992). This could suggest that a higher dietary n-6 re-
sults in a higher liver TAG through increased PGE, and prostaglandin Dy
(PGD2) levels. Increased liver TAG can be seen as a general sign of di-
etary imbalance and can potentially be linked to reduced robustness
(Sissener et al., 2016a).

Atlantic salmon in aquaculture are exposed to many different
stressors such as fluctuations in temperature, salinity and oxygen levels,
transportation, delousing, vaccination, etc., which will elicit a stress
response. The stress response is a necessary response to challenging
situations, but chronic or repeated stress may lead to allostatic overload,
a situation where the fish is no longer able to respond properly to
additional stressors mammals (Hoglund et al., 2020, Madaro et al.,
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2015). We need to understand how optimal nutrition can contribute to a
healthy, robust fish capable of coping with stressful situations and
environmental changes. Hence, this trial was designed both to test the
effects of altered dietary n-6/n-3 ratio, and effects of absolute levels of n-
6 and n-3 on the response to repeated and acute stress, in addition to any
interaction between them.

2. Material & methods
2.1. Diets and fish trial

Diets and experimental design have been published elsewhere
(Hundal et al., 2020). Briefly, the trial included four diets designed for
elucidating the effects of total dietary n-3 and n-6 FAs and the ratio
between them on fish robustness and stress coping abilities. The first
three diets contained equal levels of n-3 FAs with increasing n-6 FAs
aiming for n-6/n-3 FA ratios of 1, 2 and 6. Roughly, half of the n-3 FAs
were 18:3n-3 and the other half EPA + DHA, while the n-6 FA level was
increased by including LA. The fourth diet contained twice as much n-3
FAs with equal n-6 level as the second diet, hence resulting in an n-6/n-3
ratio of 1. From now on the diets will be referred to by their dietary n-6/
n-3 ratio (diet 1, 2 and 6). The final diet will be labelled 1H due to its
higher absolute n-3 FA content. Analysed dietary n-6/n-3 FA ratios are
given in Table 1. Diet formulation has been published elsewhere
(Hundal et al., 2020), the only difference between the diets were the oil
blends used to achieve the desired FA composition. The analysed
proximate and FA composition of the diets are shown in Table 1 (pre-
viously published in Hundal et al., 2020).

The trial was performed at Skretting ARC Research station (Lerang,
Norway) and conducted according to the guidelines of the Norwegian
State Commission for Laboratory Animals. The National food safety
authorities approved the protocol (identification number: ID 13576).

Table 1

Analysed dietary proximate and fatty acid composition, and TFA of the diets (4
mm), as the mean of two technical replicates analysed. Previously published in
Hundal et al., 2020.

Diet 1 Diet 2 Diet 6 Diet 1H
Proximate composition (g/100 g)
Lipid 29.8 30.0 28.6 28.8
Protein 44.5 44.1 44.5 44.8
Ash 5.1 5.2 5.5 5.4
Fatty acids (% of TFA)
XSFA 19.7 19.7 16.6 19.8
12:0 1.3 1.7 0.4 0.1
14:0 3.3 3.5 1.5 4.4
16:0 11.2 10.4 9.4 11.5
18:0 2.5 2.6 3.7 2.7
IMUFA 59.4 52.2 27.3 43.5
16:1n-7 3.8 3.7 1.5 5.1
18:1n-7 2.2 2 1.1 2
18:1n-9 37.1 30.1 23.1 18.2
20:1n-9 6.4 6.4 0.7 7
22:1n-11 7.7 7.7 0.7 8.5
Zn-6 11.1 18.2 46.9 18.4
(LA) 18:2n-6 10.8 17.9 46.7 17.6
(ARA) 20:4n-6 0.1 0.1 0.1 0.2
Zn-3 7.7 7.7 7.8 15.1
18:3n-3 2.9 2.9 3.1 5.7
(EPA) 20:5n-3 2.4 2.4 2.0 4.4
(DHA) 22:6n-3 1.5 1.5 1.8 3.1
EPA + DHA 3.9 3.9 3.8 7.5
XPUFA 20.9 28.1 56.1 36.8
n-6/n-3 1.4 2.4 6.1 1.2
TFA (mg/g feed) 270.7 272.7 296.5 255.3

Diet codes are given by dietary n-6/n-3 ratio. Diet 1H has a double absolute n-6
and n-3 FA content compared to diet 1; TFA - total fatty acids; SFA - saturated
fatty acids; MUFA - monounsaturated fatty acids; LA — linoleic acid, ARA
-arachidonic acid, EPA - eicosapentaenoic acid; DHA - docosahexaenoic acid;
PUFA - polyunsaturated fatty acids.
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The trial started with a pre-feeding period from 11th of November 2017
to 26th of February 2018 to let tissues stabilise according to the FA
composition of the diets. A mixed population of both sexes of Atlantic
salmon (SalmoBreed, Erfjord, Stamfisk AS) (~80 g) were distributed
randomly to 4 circular tanks (3 m diameter, 7000 L, 735 fish/tank)
supplied with running sea water at 8 °C and exposed to 24 h light and fed
the experimental diets (3 mm, proximate and FA composition published
in Hundal et al., 2020). The 26th of February 2018 the fish (mean weight
259 + 2 g) were distributed into 24 tanks (1 m diameter, 450 L, 25 fish
per tank), 12 assigned for repeated stress and 12 for controls, supplied
with flow through sea water at 11.7 + 0.2 °C and 24 h light photoperiod.
Within each section, the experimental diets (4 mm pellets) were fed to
triplicate tanks to satiation, in slight excess of expected intake by
automatic feeders (Hglland Teknologi AS, Sandnes, Norway). Excess
feed was collected by feed collectors to monitor feed intake. Standard
husbandry procedures at the station were used.

The first two weeks of the trial the fish were allowed to acclimate to
the new tanks, before implementation of repeated stress. Repeated stress
was achieved by repeatedly shutting off the water inlet (3 times per
week) to create hypoxia/hypercapnia. The fish respired the oxygen
saturation down to 35% before the water inlet was turned back on. It
took approximately 30 min from the closing of the water inlet (start of
stress test) until oxygen levels were back to normal (end of stress test).
The repeated stress exposures were performed for 4 consecutive weeks.
At the end of the trial, all fish (repeatedly stressed and unstressed con-
trols) were exposed to acute stress by lowering the water level in the
tanks for 30 min. During the acute stress, water was lowered till it barely
covered the fish in the cone of tank. The water level was kept like this for
30 min before the water was raised to normal level. Oxygen was
maintained during the stress by normal water renewal. No mortalities
were recorded in the trial, neither during the period of repeated stress,
not after the acute stress.

2.2. Sampling

Sampling was performed the 10th to 12th of April 2018. Fish were
sampled at three different time points relative to the acute stress test;
before stress, 1 h after and 24 h after. The postprandial time was 12 h.
The fish were sacrificed using an overdose of anaesthetic (Tricaine
Pharmagq, 0.3 g/L), and weight and length were measured on all fish
before blood was taken from the caudal vein with vacutainers coated
with EDTA. Blood was centrifuged for 7 min at 4000g to separate plasma
and red blood cells (RBC). RBC were washed thrice in physiological
saltwater. Before the acute stressor, pooled plasma samples were
collected using five fish per tank, and RBC samples were collected from
three individual fish per tank. Pooled plasma samples were also
collected 1 h and 24 h after the acute stress. Individual plasma samples
from five fish were taken for cortisol analysis, both before and 1 h and
24 h after stress. HCT was measured on five individual fish per tank per
time point. Individual liver samples were taken from five fish per tank
for gene expression analysis at each time point. For eicosanoids, liver
samples from five fish were taken before acute stress, and from three fish
1 h and 24 h after acute stress. Pooled liver samples of five fish per tank
was taken for lipid class analysis. Brain samples were collected before
acute stress from five fish and pooled per tank for FA analysis. Both
before and 1 h after acute stress, telencephalon and hypothalamus were
quickly dissected out by experienced personnel. Liver and brain samples
were flash frozen in liquid nitrogen, then put on dry ice and stored at
—80 °C until analysed. RBC and plasma samples were frozen on dry ice
and stored at —80 °C until analyses.

2.3. Lipid class and fatty acid analysis
Lipids from liver and brain were extracted in a chloroform/methanol

2:1 mixture (Merck, Darmstadt, Germany). For samples to be analysed
for lipid classes, 1% BHT (2,6-di-tert-butyl-methylphenol, Sigma-
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Aldrich AS, Norway) was added. The chloroform:methanol mixture
was added directly at approximately 20 times the sample weight for
liver, whereas for brain methanol was added first and shaken for 2 h
before adding chloroform to improve the extraction of polar lipids (PL).
The samples were frozen overnight at —20 °C. Lipid class analysis was
performed using high performance thin layer chromatography as
described previously (Torstensen et al., 2004). After lipid extraction as
described above, the samples were filtered and the quantification of
lipid class composition was carried out by HPTLC as described by Tor-
stensen et al. (2011a). Lipid classes were quantified by scanning densi-
tometry using a CAMAG TLC Scanner 3 and calculated using an
integrator (WinCATS-Planar Chromatography, version 1.2.0; CAMAG,
Berlin, Germany). Quantitative determination (mg lipid class/g tissue)
of lipid classes was performed by establishing standard equations for
each lipid class within a linear area, in addition to including a standard
mixture of all the lipid classes at each high-performance TLC plate for
corrections of between plate variations. Neutral lipids (NL) and PL were
separated in brain samples using solid-phase extraction, as described in
Sissener et al. (2016b). Nonadecanoic acid (19:0) was added as internal
standard to the extracts for the quantitative determination of fatty acyl
methyl esters. FA analysis was then performed on the NL and PL fraction
following the method used in Torstensen et al. (2011b). In short, the
extracts were filtered, evaporated and then saponified and methylated
using BF3 in methanol. The separation of FA was performed on an
AutoGC (Autosystem XL, Perkin Elmer Inc., Waltham, MA, USA)
equipped with a flame ionization detector. The software Chromeleon®
version 7.2 (Thermo Scientific, Waltham, MA, USA) was used for inte-
gration. RBC were analysed for FA composition using ultra-fast GC
(described in Sissener et al. (2016b)), which is a faster method but
slightly limited because it does not separate monounsaturated FA ac-
cording to the double bond position. The system used for FA detection in
the red blood cells was a Trace GC Ultra (Thermo Corporation) with SSL-
injector, flame Ionization Detector, and the column was a Wax column
(P/N UFMC00001010501,5 m long, 0.1 mm. Id., 0.1 pm film thickness).
Chromeleon was the integrator used.

Feed FA composition was analysed by acid catalysed methylation
and extraction in hexane before separation in a GC, as described in
Sissener et al. (2016c¢). Feed FA composition was performed by Skretting
ARC.

2.4. RNA isolation and quantitative real time PCR

For analysis of gene expression in liver, samples from the fish fed the
lowest and the highest n-6/n-3 FA ratio (diet 1 and diet 6) were used.
RNA was extracted from the liver using EZ1 universal tissue kit (Qiagen,
Crawley, UK) according to the manufacturers instruction using the
biorobot EZ1 (Qiagen) with 10 pL DNase. Quantitative and qualitative
assessments of the RNA were performed with a NanoDrop 1000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE, USA) and an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA),
respectively. When assessing the RNA integrity, the RNA 6000 Nano
LabChip® kit (Agilent Technologies) was used. The absorbance ratio
A260/280 was 2.1 + 0.0, A260/230 was 2.2 + 0.1 and the RIN-value
was higher than 8.3 for all samples, indicating RNA samples suitable
for RT-qPCR. A two-step method was applied to measure levels of target
gene mRNA in the samples. First, a reverse transcription reaction was
run on a 96-well cDNA plate. A serial dilution curve with five set points
(3.1 to 100 ng/pL) of total RNA (mix of all RNA) was set up in triplicate
for PCR efficiency calculations. Samples were set up in duplicate, and
non-amplification control and non-template control were included as
negative controls. Aliquots of 10 pL of sample (50 ng/pL + 5%) or
standard were diluted to 50 pL using the TagMan Reverse Transcription
Reagent containing Multiscribe RT (50 U/pL) and oligo (dT) primers (kit
N808-0234; Applied Biosystems, Foster City, Ca, USA). The reverse
transcription reaction was carried out on the GeneAmp PCR 9700
(Applied Biosystems), with the following temperature program:
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incubation at 10 min at 25 °C, RT reaction for 60 min at 48 °C in 50 pL
total volume and then inactivation for 5 min at 95 °C. qPCR was run on a
LightCycler® 480 Real-Time PCR System with the SYBR Green Master-
mix (Roche Applied Sciences, Basel, Switzerland) and using the
following temperature program: 5 min denaturisation and activation at
95 °C, 45 cycles of 10 s denaturisation at 95 °C, 10 s annealing at 60 °C
and 10 s synthesis at 72 °C. A melting point analysis was performed
before cooling to 4 °C. The stability of the reference genes (p-actin, ARP
and EFlab) was calculated using CFX Maestro software (Bio-Rad CFX
Maestro version 1.1, Bio-Rad Laboratories, Hercules, CA, USA), which
performs a stability analysis based on the GeNorm algorithm. Normal-
isation was performed using the CFX Maestro. The PCR primer se-
quences used are provided in Table 2.

Gene expression in brain was performed by NIVA on the fish fed the
two most different n-6/n-3 FA ratios (diet 1 and diet 6) for the samples
taken before the acute stressor and 1 h after. RNA was extracted from
telencephalon using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. The extracted RNA was
treated for contaminating genomic DNA with TURBO DNA-free kit by
Invitrogen™ (Carlsbad, CA, USA). Quantitative and qualitative assess-
ments of the RNA were performed with a NanoDrop 1000 spectropho-
tometer and an Agilent 2100 Bioanalyzer, respectively. The RIN values
were 9.3 £ 0.06 (mean + SEM) proving excellent RNA quality. cDNA
was synthesized from 1.0 pg total RNA by using iScript™ cDNA Syn-
thesis kit (Bio-Rad, Hercules, CA, USA) following the manufacturers
protocol. The qPCR reaction contained 5 pL. Power SYBR™ Green PCR
Master Mix, 1 pl 10 pM forward and reverse primer, and 5 pl cDNA
(diluted 1:10). Primer sequences given in Table 2. Real time PCR was
carried out using a Roche 96 LightCycler (Roche Diagnostics, Penzberg,
Germany) with 10 min preincubation at 95 °C, followed by 40 cycles of
95 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s, and a melting curve. The
reference genes tested were S20, hprtl and ppia. The stability of the
three reference genes eflaa, s20 and hprtl was evaluated (following the
protocol by Silver et al. (2006)), after which s20 was selected as the most
stable reference gene and used as the internal control gene for calcula-
tions. All genes were run together with a standard curve to assess primer
efficiency.
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2.5. Analysis of blood and plasma

Whole blood haematocrit was measured immediately after sampling
in a Thermo Scientific Pico 17 haematocrit centrifuge. Analyses of the
plasma glucose and chloride were performed on a Maxmat Biomedical
Analyzer (SM1167, Maxmat S.A., Montpellier, France), using Maxmat
reagents and the appropriate calibrators and controls for the different
methods.

Cortisol in plasma was analysed using a commercially available
DetectX® cortisol enzyme immunoassay kit (Arbor Assays, Ann Arbor,
MI, USA) following the manufacturers protocol. The absorbance of the
prepared ELISA plate was read in a plate reader at 450 nm and the
concentrations were calculated using the four-parameter logistics curve.

2.6. Eicosanoid analysis

Liver samples from the diet 1 and diet 6 were analysed for eicosa-
noids. Eicosanoid standards used in the analyses were PGE3 (99% pu-
rity), prostaglandin Eg (PGE3) (98%), PGEy-d4 (99%), leukotriene B4
(LTB4) (97%), leukotriene Bs (LTBs) (98%), LTB4-d4 (99%), all pur-
chased from Cayman Chemical (ANN Arbor, MI, USA). The samples
were kept frozen on dry ice, crushed to a fine powder and homogenised
prior to analysis. A mortar was cooled with liquid nitrogen, then the
liver samples were crushed with a pestle while submerged in liquid ni-
trogen. The samples were put back into tubes and stored at —80 °C until
further analysis. The samples were weighed (approx. 300 mg), and
successive aliquots of 500 pL of acetonitrile (ACN, containing 30 ng/mL
PGE5-d4 and 15 ng/mL LTBy4-d4) and pure chloroform were added before
vortex mixing for 30 s. The extract was collected and transferred through
a filtration system to a new tube. The extraction was repeated a second
time, but with pure CAN only. The resulting 2 mL extract was then
evaporated at room temperature using a RapidVap (Labconco, Kansas
City, MO, USA). The dried samples were diluted in 50 pL methanol
before injection into an LCMS/MS system (Agilent 6495 QQQ triple
quadrupole, Agilent Technologies, Waldbronn, Germany) with an elec-
trospray ionization (ESI) interface and iFunnel ionization to quantify the
eicosanoids. The UHPLC system was equipped with a Zorbax RRHD
Eclipse Plus C18, 95 A, 2.1 x 50 mm, 1.8 pm chromatographic column.

Table 2

qPCR primer sequences, their accession numbers and efficiency for target and reference genes (marked in bold text).
Target gene Forward Reverse GenBank accession number Efficiency
Liver
p-actin CCAAAGCCAACAGGGAGAA AGGGACAACACTGCCTGGAT BG933897 104%
ARP GAAAATCATCCAATTGCTGGATG CTTCCCACGCAAGGACAGA AY255630 85%
EFlab TGCCCCTCCAGGATGTCTAC CACGGCCCACAGGTACTG AF321836 113%
5-Lox ACTAAGTTTGCTGCTTCGG CTGACTCCAGACCTCGTG NM_0011398321 115%
Catalase CCAGATGTGGGCCGCTAACAA TCTGGCGCTCCTCCTCATTC Est04a09 107%
SOD GTTTCTCTCCAGCCTGCTCTAAG CCGCTCTCCTTGTCGAAGC DY718412 107%
Hsp27 CCAGCTGCCTGAGGATGTG CCTCGGTGCCCAATGATG CV428908 109%
GHR TGGACACCCAGTGCTTGATG TCCCTGAAGCCAATGGTGAT AF403539 113%
LPL TGCTGGTAGCGGAGAAAGACAT CTGACCACCAGGAAGACACCAT BI468076 104%
IGF-1 TGACTTCGGCGGCAACA GCCATAGCCCGTTGGTTTACT M81904 111%
TNF-a GTGTATGTGGGAGCAGTGTT GAAGCCTGTTCTCTGTGACT NM_001123617 112%
MHCI GCGACAGGTTTCTACCCCAGT TGTCAGGTGGGAGCTTTTCTG AF504013-25 112%
MHCII GTGGAGCACATCAGCCTCACT GACGCACCGATGGCTATCTTA X70165 104%
IL-1B GCTGGAGAGTGCTGTGGAAGAAC CGTAGACAGGTTCAAATGCACTTTGTG AY617117 127%
1L4-13a CCACCACAAAATGCAAGGAGTTCT CCTGGTTGTCTTGGCTCTTCAC NM_001204895 103%
PGE, (EP4) CTGATTATGATGCACAAGCGGTTCA GTTTACAAAAATCCGCAGCACCAAAG Scottish fish immunology center, unpublished 101%
IFNy GATGGGCTGGATGACTTTAGGATG CCTCCGCTCACTGTCCTCAAA AY795563 103%
Brain
S20 GCAGACCTTATCCGTGGAGCTA TGGTGATGCGCAGAGTCTTG NM_001140843.1 93.7%
BDNF ATGTCTGGGCAGACCGTTAC GTTGTCCTGCATTGGGAGTT GU108576.1 95.0%
5-HT1Aa ATGCTGGTCCTCTACGGGCG CGTGGTTCACCGCGCCGTTT AGKD01067361.1 104.2%

1 7182-7844

ARP - acidic ribosomal protein; EF1lab — elongation factor 1ab; 5-Lox — 5-lipoxygenase; SOD — superoxide dismutase; Hsp27 — heat shock protein 27; GHR — growth
hormone receptor; LPL - lipoprotein lipase; IGF-1 — insulin-like growth factor 1; TNF-o — tumor necrosis factor o; MHCI — major histocompatibility complex; IL-1f —
interleukin 1p; IL4-13a - interleukin 4-13a; PGE, EP4 — prostaglandin E, (EP4); IFNy — interferon y; BDNF — brain derived neurotrophic factor; 5-HT1Aa — serotonin

1Aa receptor.
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The mobile phase delivered at 0.4 mL/min in gradient mode consisted of
ultra-pure water with 0.1% formic acid (solution A) and an equal vol-
ume mixture of acetonitrile and methanol with 0.1% formic acid (so-
lution B). The solvent gradient was as follows: solution A was reduced
from 60 to 5% from 0.00 to 4.00 min, kept at 5% between 4.00 and 5.50
min, increased to 60% between 5.50 and 5.51 min and kept at 60%
between 5.51 and 10.00 min. Mass spectrometric detection was per-
formed by multiple reactions monitoring (MRM) in negative mode. The
monitored transitions in ion counts per second (icps) were: m/z 351 —
333, 315, 271 for PGE; and PGDo; m/z 349 — 331, 313, 269 for PGEg;
m/z 355 — 337, 319, 275 for PGEy-d4; m/z 335 — 317, 195, 129 for
LTBy4; m/z 333 — 315, 271, 195, 129, 59 for LTBs; and m/z 339 — 321,
197, 130 for LTB4-d4. The ESI parameters were gas temperature
(120 °Q), gas flow rate (19 L/min), nebulizer pressure (20 psi), sheath
gas temperature (300 °C), sheath gas flow (10 L/min), capillary voltage
(3500 V) and nozzle voltage (2000V). The integration of the chro-
matograms was performed using the MassHunter Qualitative Navigator
software (version 8.0). The levels of eicosanoids were estimated by
means of the internal standards (PGE,-d4 and LTB4-d4) and expressed as
pg eicosanoid/g liver.

2.7. Analysis of brain serotonergic neurochemistry

Serotonergic activity was analysed by NIVA. The frozen brain sam-
ples (telencephalon and hypothalamus) were homogenised in 4% (w/v)
ice-cold perchloric acid containing 0.2% EDTA and 94.2 ng/mL of 3,4-
dihydroxybenzyl amine hydrobromide deoxyepinephrine (the internal
standard), using an MSE 100 W ultrasonic disintegrator (Henderson
Biomedical, United Kingdom). Prior to analysis, the samples were
thawed on ice, and centrifuged at 17,000 rpm for 5 min. The supernatant
was then removed and 5-HT, and its principal catabolite 5-hydroxtrindo-
laceticacid (5-HIAA) were quantified using high-performance liquid
chromatography (HPLC) with electrochemical detection. Generally, the
5-HIAA/5-HT ratio is used as a reliable proxy for determining mono-
amine activity/signalling (Hoglund et al., 2019). In the present study,
the aforementioned ratio was used for quantifying 5-HT activity.

The HPLC system consisted of a solvent-delivery system (Shimadzu,
LC-10 CE), equipped with an auto injector (Famos, Spark), a reverse
phase column (4.6 x 100 mm, Hichrom, C18, 3.5 pm) and an ESA
Coulochem II detector (ESA, Bedford, MA, USA) with two electrodes at
—40 and + 320 mV. A conditioning electrode (ESA 5020) with a po-
tential of +400 mV was employed before the analytical electrodes, to
oxidize possible contaminants. The mobile phase consisted of 86.25
mM/L sodium phosphate, 1.4 mM/L sodium octyl sulfate and 12.26 pM/
L EDTA in deionized (resistance 18.2 MW) water containing 7% ACN
brought to a pH of 3.1 with phosphoric acid. The samples were quan-
tified by comparison with standard solutions of known concentrations
and corrected for recovery of the internal standard using HPLC software
(CSW, DataApex Ltd., Czech Republic).

2.8. Statistics

Statistical analyses were performed using the free software envi-
ronment R (R Development Core Team, 2011). Differences between the
groups for performance data, feed intake, FA composition and lipid class
were analysed using two-way ANOVA with diet and repeated stress as
predictors (only sampled prior to acute stress). Plasma markers, eicos-
anoids in liver and gene expression were analysed for differences be-
tween groups using a three-way ANOVA, with diet, repeated stress and
acute stress as predictors. When tank effects were found to be present,
nested ANOVA was used. Three-way interactions were further investi-
gated by maintaining one predictor constant and analysing the
remaining response variable. Tukey’s HSD post hoc test was used when
significant effects were found. Homogeneity of variances and normality
were checked using Levene’s test and Shapiro Wilk’s test, respectively.
Graphical evaluation was also performed with residuals vs fitted plot for
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homogeneity of variances and QQ-plot for normality. A p-value of <0.05
was considered statistically significant. Results are expressed as mean
and standard deviation (mean =+ SD).

3. Results
3.1. Performance summary

Only diet effects (no effects of repeated stress) were found on growth
parameters. The highest final weight and length was recorded in fish fed
diet 1H, and it was significantly higher than in fish given diet 2 and 6. No
effects were found on specific growth rate, feed conversion ratio, con-
dition factor, viscerasomatic index or hepatosomatic index (Table 3).
Repeatedly stressed fish had a significantly higher feed conversion ratio
than control fish (0.82 vs 0.78, respectively, p = 0.024).

3.2. Feed intake

The first two weeks (acclimation period), the fish given diet 2 had a
significantly lower feed intake than fish fed diets 1 and 1H. After the first
hypoxia stress test (feed intake and all hypoxia exposures are marked in
Fig. 1) feed intake was reduced significantly for the exposed fish.
However, unstressed control fish fed diet 6 ate as little as fish exposed to
the repeated stressor. The next two weeks the control fish ate more than
those exposed to hypoxia (except fish fed diet 6). However, after this
initial 2-week period no differences in the feed intake was found. At the
end of the trial, fish fed diet 1H had eaten significantly more than fish
fed diet 2 and 6.

3.3. The highest dietary n-6/n-3 ratio caused higher liver TAG

Only diet effects were found on the liver lipid class composition. No
differences were found in the polar lipid classes. However, there were
significant differences in the total neutral lipids. TAG was the cause of
these differences, with fish given diet 6 having significantly higher liver
TAG than fish given diet 2 and 1H (Table 4).

3.4. The FA composition of the red blood cells was more influenced by n-
6/n-3 FA ratio than their dietary absolute levels. EPA was significantly
reduced by higher dietary n-6/n-3 FA ratio

All n-3 FA analysed, except DHA, decreased significantly with higher
dietary n-6/n-3 FA ratio despite similar dietary n-3 FA (diet 1, 2 and 6,

Table 3

Performance summary of Atlantic salmon fed diets with varying dietary n-6/n-3
ratios and absolute levels of n-6 and n-3 FA. All data grouped by diet, but not
repeated stress. Weight, length and CF were measured on all fish (n = 150 per
diet). HSI and VSI were measured on 20 fish per tank (n = 120 per diet).
Different superscript letters denote significant statistical difference (p < 0.05
two-way ANOVA with Tukey HSD post hoc). Numbers are mean with standard
deviation.

Diet 1 Diet 2 Diet 6 Diet 1H
Final weight 399.3+529  383.7+536 3852+548  407.0+56.3
(g) ab b b a
Final length 307 +1.6%® 303+1.4° 303+1.6° 309+15°%
(cm)
SGR, % day ' 1.0 + 0.0 0.9+0.1 0.9 +0.1 1.0 + 0.1
FCR 0.8+ 0.0 0.8+0.1 0.8 +0.1 0.8+ 0.1
CF 1.4+ 0.1 1.4+0.1 1.4+0.1 1.440.1
VSI, % 12.0 +2.3 12.1+ 1.8 122+ 2.6 11.6 + 1.8
HSI, % 0.9+0.1 0.9 +0.1 0.9 +0.1 0.9+0.2

Diet codes are given by dietary n-6/n-3 ratio. Diet 1H has a double absolute n-6
and n-3 FA content compared to diet 1. SGR, FCR, CF, VSI and HSI were
calculated according to standard formulae. SGR - specific growth rate; FCR —
feed conversion ratio; CF — condition factor; VSI — viscerasomatic index; HSI —
hepatosomatic index.
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Fig. 1. Daily feed intake (g) of Atlantic salmon fed diets with varying dietary n-6/n-3 FA ratios and absolute levels of n-6 and n-3 FA. The fish were either exposed to
a repeated stressor (hypoxia 3 times per week, 4 weeks, marked with black lines) or left undisturbed. Diet codes are given by dietary n-6/n-3 ratio. Diet 1H has a

double absolute n-6 and n-3 content compared to diet 1.

Table 4

Liver lipid classes (mg/g) of Atlantic salmon fed diets with varying dietary n-6/
n-3 ratios and absolute levels of n-6 and n-3 FA. Data grouped by diet, and
pooled for repeated stress and unstressed controls. Pooled samples of five fish
per tank were used (n = 6 tanks per diet). Different superscript letters denote
significant statistical difference (p < 0.05, two-way ANOVA with Tukey HSD
post hoc). Numbers are mean with standard deviation.

Diet 1 Diet 2 Diet 6 Diet 1H
LPC 0.05 £ 0.12 ND ND ND
SM 2.38 + 0.56 2.10 + 0.70 2.58 + 0.44 2.05 + 0.29
PC 26.63 £ 1.65 26.93 + 2.20 28.47 + 0.99 27.17 £0.75
PS 3.02 + 0.44 2.87 + 0.76 3.12 + 0.51 2.70 + 0.32
PI 2.70 + 0.27 2.55 + 0.23 2.60 + 0.55 3.10 + 0.40
CL 0.90 + 0.15 0.78 £ 0.26 0.92 +0.15 0.75 + 0.10
PE 6.88 + 0.92 6.98 + 0.82 6.28 + 0.81 6.52 +1.19
Sum polar 42.57 + 3.04 42.23 +4.26  43.93 +2.47 4233 +

1.77
DAG 0.25 + 0.14 0.15 + 0.08 0.27 +0.16 0.15 + 0.05
CHOL 3.37 £0.23 3.17 + 0.47 3.58 + 0.19 3.30 + 0.43
FFA ND ND ND ND
TAG 8.40 + 3.44 % 7.62 +2.03° 13.53 £ 5.08 6.07 +0.85°
a
CE ND ND ND ND
Sum 12.03 + 3.66 10.87 + 2.27 17.37 £ 5.28 9.53 + 0.90
neutral ab b a b
Sum lipids 54.57 + 6.00 53.10 £ 6.37 61.30 +7.49 51.82+
1.91

Diet codes are given by dietary n-6/n-3 FA ratio. Diet 1H has a double absolute
n-6 and n-3 content compared to diet 1; ND - not detected; LPC - lyso-
phoshocholine; SM - sphingomyelin; PC - phosphatidylcholine; PS - phosphati-
dylserine; PI - phosphatidylinositol; CL - cardiolipin, PE -
phosphatidylethanolamine; DAG - diacylglycerol; CHOL - cholesterol; FFA - free
fatty acid; TAG - triacylglycerol; CE - cholesteryl ester.

Supplementry Table 1). A higher dietary n-3 content caused a higher n-3
level, even though the dietary n-6 FA was increased simultaneously (diet
1H). Every n-6 FA analysed reflected the dietary content, with n-6/n-3
FA ratio being the main decisive factor (Supplementry Table 1). A higher
absolute content of dietary n-6 did not lead to a higher n-6 FA content in
the RBC provided n-6/n-3 was kept low (diet 1H vs diet 2).

3.5. Stress markers in the blood clearly indicated an effect of the acute
stressor

HCT, plasma chloride, glucose and cortisol all increased significantly
1 h after the acute stressor, and were significantly reduced after 24 h in
all dietary groups. While HCT and plasma cortisol levels were back to
baseline levels after 24 h, plasma glucose and chloride had still not

Table 5

Stress markers in blood of Atlantic salmon fed diets with varying dietary n-6/n-3
FA ratios and absolute levels of n-6 and n-3 FA, and exposed to repeated stress/
control and acute stressors. Data are grouped by acute stress in this table, not
diet and repeated stress, as no significant effects were seen for these variables.
Pooled samples of five fish per tank were used for plasma chloride and glucose
(n = 24 per time point). HCT was measured on 5 fish per tank (n = 120 per time
point). Different superscript letters denote significant statistical difference (p <
0.05, three-way ANOVA with Tukey HSD post hoc). Numbers are mean with
standard deviation.

Before 1h 24 h
HCT 39.10 + 2.47 ° 40.70 + 2.77° 39.25 + 2.44
Plasma chloride (mmol/ 146.07 + 10.40 165.63 +4.11°¢ 156.33 +2.34°
L) a
Plasma glucose (mmol/ 4.74 £0.50 2 7.73 £0.57 ¢ 5.15 +0.29 °
L)
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recovered completely (Table 5).

Although clear effects of the acute stressors were seen on all the
stress markers, neither dietary nor repeated stress effects were seen on
HCT, plasma chloride or glucose (supplementary Table 2).

Cortisol, however, exhibited a three-way interaction between diet,
repeated and acute stress (p = 0.007). Further analyses revealed a two-
way interaction between diet and repeated stress 1 h after exposure to
the acute stressor (p = 0.038). The fish not exposed to repeated stress
had similar cortisol response regardless of diet, while repeatedly stressed
fish given diet 6 had suppressed cortisol response compared to fish given
diet 1 (p = 0.027, Fig. 2).

3.6. Eicosanoids in the liver and their response to acute stress were
affected by diet

3.6.1. Prostaglandins

Hepatic levels of the ARA derived eicosanoid PGD; increased with
higher dietary n-6 FA. PGD, also responded clearly to acute stress, being
significantly reduced 1 h after the acute stressor for diet 1, with a similar
trend for diet 6. However, a diet x acute stress interaction was also
found. While fish given diet 1 had started recovering towards basal
levels after 24 h, the liver PGD, of fish given diet 6 was still declining.
Furthermore, fish given diet 6 had higher pre-acute stress levels than fish
given diet 1 (p = 0.005), and was also higher than fish fed diet 1 after 1 h
(p = 0.002)(Fig. 3a).

The ARA derived eicosanoid PGE; was significantly higher in liver of
fish fed diet 6 compared to fish fed diet 1 (Fig. 3b). Analysing each time
point separately, fish given diet 6 had significantly higher levels both
before the acute stressor (p = 0.005) and 1 h after (p <0.001) than fish
given diet 1.

The EPA derived eicosanoid PGEj3 in liver was stable regardless
which variable was looked at; neither diet, repeated or acute stress had
an effect, nor was any interaction found Fig. 3c.

3.6.2. Leukotrienes

Content of the ARA metabolite LTB, in liver showed a significant
interaction between diet and acute stress (Fig. 3d). The two dietary
groups responded oppositely to the acute stressor. LTB4 in the liver of
fish given diet 1 decreased significantly 1 h after stress and increased
again after 24 h. For fish given diet 6, the levels LTB4 had increased
significantly 1 h after acute stress. After 24 h, LTB4 had started
decreasing again. Interestingly, fish given diet 1 had significantly higher
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levels of LTBy4 prior to the acute stressor (p = 0.036), despite lower di-
etary contents of n-6 FA. Contrarily, 1 h after stress fish given diet 6 had
significantly higher LTB4 levels than fish given diet 1 (p = 0.006)
(Fig. 3d). It is also worth noting that, of the analysed eicosanoids, LTB4
was the eicosanoid with the highest concentration prior to the acute
stressor.

The EPA derived metabolite LTBs showed a marked response to
acute stress (Fig. 3e). Its levels increased significantly 1 h after stress and
were significantly reduced again after 24 h, although they had not
returned to basal levels. No other variables showed any effect.

3.7. Gene expression in liver and brain was little affected

In liver, catalase, 5-lipoxygenase, lipoprotein lipase (LPL), growth
hormone receptor, heat shock protein 27, interferon vy, interleukin 4-
13a, insulin-like growth factor 1 (IGF-1), superoxide dismutase and
tumor necrosis factor o« were all significantly affected by acute stress.
Most were not back to starting levels 24 h after acute stress. LPL had a
significant three-way interaction effect, caused by a significantly higher
transcription after 24 h in control fish (not repeatedly stressed) given
diet 1. IGF-1 was significantly lower in fish given diet 6, and the diet-
xacute stress interaction had a p-value of 0.078. Fish fed diet 6 had a
weak reduction in the expression of IGF-1 after acute stress and fish fed
diet 1 had a significant reduction after acute stress. Interleukin 1p, major
histocompatibility complex I and II and PGE, EP4 receptor did not
exhibit any significant effects of the variables in the trial. Gene expres-
sion of brain derived neurotrophic factor and 5-HT 1A (serotonin re-
ceptor) was not affected by diet, acute stress or repeated stress (gene
expression results reported in Supplemetnary Table 2).

3.8. Brain fatty acid composition

In the brain PL fraction, all measured n-6 FAs were significantly
higher in fish given diet 6 compared to fish fed the other three diets
(Table 6). The n-6 FA also reflected dietary n-6/n-3 FA ratio rather than
absolute contents (meaning samples from diet group 1H were similar to
diet group 1 rather than 2). Brain PL content of LA was greatly reduced
as compared to diets. Mostly, the n-3 FA reflected dietary differences
with fish fed diet 1H having higher levels. However, despite similar
dietary content, EPA was significantly reduced by the highest dietary n-
6/n-3 FA ratio. DHA remained stable regardless of dietary n-6/n-3 FA
ratio or dietary n-3 FA content. Interestingly, 18:1n-9 was also

1h 24h
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Fig. 2. Plasma cortisol (ng/mL) of Atlantic salmon before, 1 h after and 24 h after an acute stressor (n = 15 per diet/repeated stress/acute stress, hence per bar in
figure). The fish had been fed diets with varying dietary n-6/n-3 ratios and absolute levels of n-6 and n-3 FA. The fish were either exposed to a repeated stressor
(hypoxia 3 times per week, 4 weeks) or left undisturbed. Different letters denote significant statistical difference (p < 0.05, three-way ANOVA with Tukey HSD post
hoc). Numbers are mean with bars representing standard deviation. Diet codes are given by dietary n-6/n-3 ratio. Diet 1H has a double absolute n-6 and n-3 FA

content compared to diet 1.



B.K. Hundal et al.

Aquaculture 534 (2021) 736272

a) D <0.001 b) o 0.006 C) o NS
Repeated stress NS Repeated stress NS Repeated stress NS
Acute Stress <0.001 Acute Stress NS Acute Stress NS
Diet*Acute stress 0.003 B
f—;\ i
4000+ i d 4000 ——e
3500 d "y 3500~ A 800
= ) c = =
$ 30004 g $ 3000 ke .
° 2500 ) 2500 °
2 2000+ ab 2 2000+ & a0-
o~ 1500 o~ 1500+ o
[a] a w w
O 1000 © 1000 9 200
5004 500+
0- 0- 0-
Diet 1 Diet 6 Diet 1 Diet 6 Diet 1 Diet 6
d ) Diet NS e) Diet NS
Repeated stress NS Repeated stress NS
Acute Stress NS Acute Stress. <0.001
Diet*Acute stress <0.001
b -
8000+ 14000 Hm Before
70004 12000
= b - = 1 hour
o 6000 2 10000
> ab >
= 50004 ab, = E= 24 hours
S a a D 8000
g 40007 g 6000
g. 3000 g,
4000
F 2000 5
1000 2000+
0-
Diet 1 Diet 6 Diet 1 Diet 6

Fig. 3. Level of prostaglandins (PGD2, PGE2, PGE3, a, b and c respectively) and leukotrienes (LTB4, LTB5, d and e, respectively) in liver (pg/g) of Atlantic salmon fed
varying dietary n-6/n-3 FA ratios and total n-6 and n-3 FA, and exposed to repeated and/or acute stressors. Repeatedly stressed fish and controls are pooled (per diet
and time after acute stressor) in the plots. Five fish from each tank were sampled before stress (n = 30), three fish per tank after 1 and 24 h (n = 18). Numbers are
mean and bars standard deviation. Different capital letters denote significant main diet effect, small letters are the result of post hoc after significant interaction
(three-way ANOVA with Tukey HSD post hoc). Interaction effects only shown when significant. PGD2: prostaglandin D, PGE2: prostaglandin E,, PGE3: prosta-
glandin Ej, LTB4: leukotriene B4, LTB5: leukotriene Bs, diet 1 and diet 6: diet names by dietary n-6/n-3 FA ratio.

remarkably stable (~20.5%) despite large dietary variability. The lower
n-6 and higher n-3 FA in brain PL compared to the diets, resulted in brain
PL n-6/n-3 FA ratios being much lower than the diets (range 0.1-0.2),
although they did reflect dietary differences.

In the brain NL fraction, sum n-6 FA reflected the absolute level of LA
in the feed, as did LA, 20:2n-6 and ARA (Table 6). For these FAs, the
tissue levels reflected dietary n-6 FA content rather than the n-6/n-3 FA
ratio, as diet group 1H was more similar to diet group 2 than 1. The main
difference found in the various n-3 FA was that there was more in the
group fed a higher n-3 level. The NL n-6/n-3 FA ratio (range 1.0-3.5)
was reduced compared to the diets, but much higher than in the brain
PL.

3.9. Levels of brain serotonin and of its metabolite were only affected by
acute stress

The different diets had no effects on the response in 5-HT, 5-HIAA or
5-HIAA/5-HT to either acute or repetitive stress, nor were any effects of
the repetitive stress itself seen. However, the brain 5-HT was signifi-
cantly decreased and 5-HIAA and 5-HIAA/5-HT significantly increased
in response to acute stress (Table 7).

4. Discussion

As we exchange the FO in Atlantic salmon feed for VO, we particu-
larly reduce the content of the essential LC-PUFAs EPA and DHA and
increase the content of LA. We hypothesized that dietary FA composi-
tion, particularly the n-6/n-3 FA ratio, would affect fish stress response
and change its robustness. Hence, the fish in the current trial were
exposed to both repeated and acute stress to reveal potential effects of

dietary FAs during challenging conditions. The results showed that the
fish seemed to adapt to the repeated hypoxia stressor without major
effects on health, while the acute stressor induced a clear stress response
in all diet groups. The eicosanoid levels in the liver after acute stress
were dependent on the dietary n-6/n-3 FA ratio, indicating an altered
acute stress response.

The repeated stress in this trial was induced by combined hypoxia
and hypercapnia, where the inlet water was shut until oxygen saturation
had reached 35%. After the first hypoxia stress, a significant decrease in
feed intake was seen for all exposed tanks, as would be expected for
stressed fish (reviewed in Conde-Sieira et al., 2018). However, the fact
that feed intake then normalised for the repeatedly stressed tanks, sug-
gests an adaptation to this stressor for all dietary groups. This is also
reflected in the baseline cortisol levels (before acute stress), which were
generally low and did not differ between treatment groups. In line with
our results, Remen et al. (2012) repeatedly exposed Atlantic salmon to
hypoxia, but only the first exposure led to elevated plasma cortisol.
Furthermore, that we could not detect any differences in final weights
between the repeatedly stressed fish and the controls lends support to
adaptive responses to the repeated hypoxia stress in the present study.
The highest final weight in the diet group with more n-3 FAs (coinciding
with differences in feed intake) is in line with previously published re-
sults in a growth trial using the same feeds as the current trial (Hundal
et al., 2020).

Fish in all diet groups, as well as both the repeatedly stressed and the
control fish displayed a pronounced response to acute stress, as evi-
denced by both gene expression in liver, liver eicosanoids, brain
monoamines, plasma glucose, chloride and cortisol. The fact that both
repeatedly stressed and control fish were able to mount a cortisol
response to the acute stressor further supports that the fish had adapted
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Table 6

Selected FA (% of TFA) in the brain PL and NL of Atlantic salmon fed varying
dietary n-6/n-3 FA ratios and absolute levels of n-6 and n-3 FA and exposed to a
repeated stressor or not. Data are pooled over repeatedly stressed and control
fish. Pooled samples of five fish per tank (n = 6 tanks per diet). Different su-
perscript letters denote significant statistical difference (p < 0.05, two-way
ANOVA with Tukey HSD post hoc). Numbers are mean with standard deviation.

Diet 1 Diet 2 Diet 6 Diet 1H

Polar lipids
ESFA 23.9+0.5 24.2 + 0.7 24.3 +0.6 24.0 £ 0.8
EMUFA 31.7 + 1.0 31.3+0.9 30.6 + 1.6 31.8+ 1.7
18:1n-9 20.5 + 0.7 20.4 + 0.7 20.2 + 0.9 20.4 + 1.2
£n-6 3.2+03° 3.7+0.3°2 6.4 +0.6° 32+01°
18:2n-6 (LA) 08+0.1° 1.1+£02° 25+0.4° 09+01°
20:2n.6 0.2+00% 0.3+0.0% 0.6+0.1° 0.2+0.0°?
20:3n-6 0.4+00" 05+0.1°¢ 0.8+0.14 0.34+0.0?
20:4n-6 (ARA) 12+01° 1.4+01" 1.9+01°¢ 1.3+00%
=n-3 340+07% 343+07® 330+07% 348+15°
18:3n-3 0.1+00% 0.1+00% 0.1+0.0%? 0.2+0.0°
20:5n-3 (EPA) 52+02° 52+01° 47+01° 5.6+0.2°¢
22:5n-3 2.0+ 0.1 2.0 +0.1 1.6 £0.1 21+0.1
22:6n-3 (DHA)  26.0 + 0.8 26.3 + 1.2 25.9 + 0.7 262+ 1.5
FA ratios
n-6/n-3 0.1+00% 0.1+00%° 02+00° 0.1+0.0°?
ARA/EPA 0.2+0.0% 0.3+0.0° 0.4+0.0°¢ 0.2+0.0°
Sum FA (mg/ 315+ 25 30.2 + 1.7 30.2 + 5.4 317 £1.2

2)
Neutral lipids
ESFA 20.2+05°¢ 19.6£05° 182+04° 21.1+04°
EMUFA 555+0.9¢9 523+07° 327+05% 441+04°
18:1n-9 35.0+09°¢ 31.2+07% 238+13% 225+03°
n-6 11.5 4+ 0.4 2 157 +1.5° 37.6+1.9° 17.0+04"
18:2n-6 (LA) 9.5+ 0.4° 132+1.3° 328+1.8° 147+04°
18:3n-6 0.3+0.0° 0.4+01° 0.9+0.1° 0.3+0.0°
20:2n.6 0.6 £0.0° 09+01° 1.7 +£01°¢ 0.9+0.0°
20:3n-6 0.5+0.0° 0.6 +0.1° 1.34+0.0°¢ 0.4+0.0°
20:4n-6 (ARA) 0.6 +0.12 0.6+0.1° 0.8+01° 0.7 +0.0°
=n-3 11.4+0.62 11.2+07% 107+05* 16.6+0.3"
18:3n-3 2.0+0.1°2 2.1+0.0° 2.1+0.0° 40+01°
18:4n-3 0.71+£0.03®®  0.75+£0.05> 0.65+0.07% 1.00+0.03¢
20:5n-3 (EPA) 2.0+02%° 1.8+02° 1.7 £02° 3.0+01°
21:5n-3 0.14+0.02° 0.14+0.01° 0.114+001% 0.21+0.03¢
22:5n-3 0.7+0.0" 06+00® 064007 1.0+0.0°¢
22:6n-3 (DHA) 5.0 +0.42 49+05° 48 +0.4° 6.2+0.3°
FA ratios
n-6/n-3 1.0+0.1° 1.4+02° 35+03° 1.0+0.0°
ARA/EPA 0.28+0.01% 032+001° 0.46+0.02¢ 0.24+0.012
Sum FA (mg/ 18.4 + 5.1 24.4+11.7  31.4+18.1 20.3 + 4.4

2)

SFA - saturated fatty acid; MUFA - monounsaturated fatty acid; LA - linoleic acid;
ARA - arachidonic acid; EPA - eicosapentaenoic acid; DHA - docosahexaenoic
acid; FA - fatty acid; Diet codes are given by dietary n-6/n-3 FA ratio. Diet 1H has
a double absolute n-6 and n-3 FA content compared to diet 1.

Table 7

Brain content of serotonin (5-HT), its metabolite (5-HIAA) and the ratio between
them (measure of serotonergic activity) in Atlantic salmon fed varying dietary n-
6/n-3 ratios and total n-6 and n-3 FA, and exposed to repeated and/or acute
stressors. Data grouped by acute stress, not diet and repeated stress. Five fish
were sampled from each tank before stress and 1 h after, however a few fish were
removed from analysis due to error in the lab. Hence, n = 52 before acute stress
and n = 54 1 h after acute stress. Different letters denote significant differences
(three-way ANOVA, using a Tukey HSD post hoc).

Before 1h
5-HT (ng/g) 284.5 + 55.1* 226.8 + 53.9°
5-HIAA (ng/g) 88.8 & 27.2% 110.7 + 46.5°
5-HIAA/5-HT 0.31 £ 0.08% 0.48 + 0.10°

5-HT - serotonin, 5-HIAA - 5-hydroxyindoleacetic acid, 5-HIAA/5-HT -
released/produced ratio.
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to the repeated stress, as a general down-regulation of the HPI axis and
supressed cortisol response would be expected following repeated stress
(Moltesen et al., 2016, McKenzie et al., 2012, Barton et al., 2005,
Madaro et al., 2015, Hoglund et al., 2020, Brodeur et al., 1997, Hontela
et al., 1997). However, there was an interaction effect of diet and
repeated hypoxia 1 h after exposure to acute stress, showing a slight
depression in the cortisol response to acute stress in repeatedly stressed
fish fed diet 6 compared to fish fed diet 1. Generally, chronic stress-
induced suppression of the HPI axis reactivity has been interpreted as
an indication of allostatic overload (Moltesen et al., 2016, Madaro et al.,
2015, Hoglund et al., 2020). Allostatic overload is a state when the
accumulated effect of repeated and/or chronic stress results in the
coping mechanism (the stress response) becoming maladaptive. As the
hypoxia challenge did not result in blunted cortisol response by itself,
our results suggest an additional effect of the dietary FA composition on
the HPI reactivity of the fish. However, it must also be noted that the
interaction effect seen on plasma cortisol was minor and might also be a
random effect. Such an interpretation is supported by the fact that the
cortisol in fish fed diet 6 did not differ from fish fed diet 1H, which had
the same n-6/n-3 ratio as diet 1. While several previous studies have
shown that ARA and EPA can affect cortisol response in fish (Alves
Martins et al., 2013, Alves Martins et al., 2011, Jutfelt et al., 2007), no
effect of diet by itself was seen in our study.

The brain’s 5-HTergic system plays a key role in the integration of
behavioural and physiological stress responses in vertebrates (Puglisi-
Allegra and Andolina, 2015, Winberg and Nilsson, 1993), and as such is
a central mediator of allostatic processes (reviewed by Beauchaine et al.,
2011). Specifically, 5-HT modulates the release of glucocorticoids by
interacting with the HPA/I axis on the hypothalamic level. Furthermore,
n-3 FA deficient feed has been shown to affect central 5-HT signalling in
mammals (McNamara et al., 2010), such dietary effects have been
associated with inflammatory induced changes in the intermediate
precursor of 5-HT tryptophan (TRP) in mammals (for references see
review by Hoglund et al., 2019). In the present study both 5-HT turnover
and cortisol increased in response to acute stress. However, 5-HT turn-
over did not reflect the interaction effect seen on plasma cortisol 1 h
after acute stress. As we were not able to detect dietary effects on in-
flammatory markers in the liver, other mechanisms than inflammatory
induced changes in 5-HT signalling may underlie the combined effect of
diet and repeated stress on HPI axis reactivity the present study. Dietary
FAs may interact with the HPI axis reactivity on other levels, as
mammalian studies show that PGE2 affects ACTH release from the pi-
tuitary. While eicosanoids in brain were not analysed in the current
study, we found that a higher n-6/n-3 in the diet affected PGE2 in the
liver. However, it is important to note that the brain FA composition was
relatively little affected by diet compared to other tissues, such as the red
blood cells. This is in line with previous studies, showing a highly
conserved FA composition of the salmon brain (Sissener et al., 2016b),
consequently one might expect less dietary effects on eicosanoids in
brain compared to other tissues.

Regarding n-6 FA derived eicosanoids in the liver, this was where we
observed both dietary effects in the basal levels and also interaction
effects with acute stress, indicating that the dietary FA composition
modulated how the fish responded to acute stress. ARA in liver polar
lipids increases with higher dietary LA (Sissener et al., 2020, Alves
Martins et al., 2012), which probably caused the increase in ARA
derived prostaglandins in liver of fish fed higher levels of LA in our
study. This is in line with results from different fish species given a
higher dietary LA or ARA where they also observed higher levels of ARA
derived eicosanoids in various tissues (Sissener et al., 2020, Alves
Martins et al., 2012, Li et al., 2012, Bransden et al., 2005, Bell et al.,
1998, Bell et al., 1995, Bell et al., 1991b). An increase in the levels of
hepatic PGE; and PGD;, in the cell medium of rat hepatocytes inhibited
very low density lipoprotein (VLDL) secretion, causing an accumulation
of fat in the cells (Perez et al., 2006, Bjornsson et al., 1992). In the
current trial, fish given the diet highest in LA had numerically higher
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content of liver TAG than fish given diets lower in this FA. Corre-
spondingly, these fish also had a significantly higher production of PGE,
and PGD, than fish provided with less dietary LA. In several trials,
Atlantic salmon fed diets high in LA has been reported to get a fattier
liver (Alvheim et al., 2013, Ruyter et al., 2006, Bransden et al., 2003). A
higher PGE; and PGD; level due to increased dietary LA could be one
explanatory factor in the mechanisms behind this.

A major concern when increasing the dietary LA in fish feeds has
been the possibility of an increased production of n-6 FA derived ei-
cosanoids. Indeed, in the current trial a higher production of the n-6 FA
derived PGE; and PGDy was discovered when feeding a diet with a
higher n-6/n-3 ratio. The concern over n-6 FA derived eicosanoids is due
to the dogma of n-6 FA derived eicosanoids being pro-inflammatory, as
opposed to the n-3 FA derived ones being anti-inflammatory. However,
as has been pointed out before, the eicosanoid system is highly complex
(Araujo et al., 2019, Holen et al., 2015) and it is not so straightforward.
PGE; possesses anti-inflammatory properties and can supress the pro-
duction of pro-inflammatory cytokines and mediate hepatoprotective
properties in immune-mediated liver injury in mammals (Yin et al.,
2007). PGE, will also in fish models supress the expression of the pro-
inflammatory cytokine IL-1f, as seen in Atlantic salmon SHK cells
(Fast et al., 2005) and cod head kidney cells (Furne et al., 2013). There
has been performed very little work of the function of PGD, in fish,
although it has been detected in both Atlantic salmon liver (Sissener
et al., 2020) and intestine (Oxley et al., 2010), and in gilthead seabream
acidophilic granulocytes (Gomez-Abellan et al., 2015). In Atlantic
salmon intestine, PGD, was found to be reduced after stress (Oxley et al.,
2010), which is in line with current results in liver. Gomez-Abellan et al.
(2015) demonstrated that PGDy and its derivatives likely have an
important role in the resolution of inflammation in gilthead seabream,
and the effects were particularly clear in a pro-inflammatory environ-
ment. A higher dietary n-6/n-3 ratio in the current study did cause
elevated levels of PGE,; and PGD,, but no differences were seen in
expression of either pro- or anti-inflammatory cytokines. Additionally,
the cytokine mRNA expression was expressed at very low levels. This
corresponds to results from LPS stimulated leukocytes from Atlantic
salmon fed diets with large differences in n-6/n-3 ratios where no dif-
ferences in expression of IL-13 and TNFa were found (Seierstad et al.,
2009). Prostaglandins are molecules with many different targets, and it
is possible that there were other downstream effects not discovered in
the current trial. Although we did not discover any indication of ongoing
inflammation in the liver, fish given the lowest dietary n-6/n-3 ratio had
started recovering to pre-stress levels of PGD; after 24 h whereas the fish
given the highest n-6/n-3 ratio had not. This indicates an altered stress
response caused by the increased dietary n-6/n-3 ratio.

Studies have shown that fish (or cells of fish) given higher dietary n-6
FA have a higher production of LTB4 (Alves Martins et al., 2012, Gjgen
et al., 2004, Bell et al., 1996). However, all these trials have in common
that some sort of stimuli was applied prior to the eicosanoid measure-
ment. Contrarily, unchallenged Atlantic salmon fed soy oil diets (high in
LA) compared to fish fed palm oil or rapeseed oil diets (lower LA) had
less LTB4 in the liver (Sissener et al., 2020). These results match those
found in the current study, as prior to the acute stressor, more LTB4 was
found in fish fed the lower n-6 FA diet while after the acute stressor, the
situation was opposite. Although the function of LTB4 in fish is not clear,
Holen et al. (2015) suggested that LTB4 is a pro-inflammatory mediator
in salmon based on their previous trials (Holen et al., 2014, Holen et al.,
2012), where head kidney cells stimulated with LPS and PIC preferably
secreted LTB4 over PGE; and PGE3. Mammalian literature also suggests
that leukotrienes, and particularly LTB4, are the main mediators of liver
injury (Tolman 2000). Data from the current study suggests that leu-
kotrienes are more highly induced than prostaglandins also in the acute
stress response, as leukotriene concentrations after acute stress were
higher and responded stronger to stress than the prostaglandins. The fact
that the two investigated dietary groups had opposite LTB4 responses to
the acute stressor might be related to the ARA/EPA ratio in the liver PL.
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In a previously published trial using the same diets (Hundal et al., 2020),
feeding diet 1 resulted in an ARA/EPA ratio of 0.4 in liver PL, but feeding
diet 6 resulted in an ARA/EPA ratio at 1.9. A higher availability of ARA
compared to EPA could have caused this shift in LTB4 production in
response to acute stress seen in the current trial. Thus, also for LTB4
there are indications of an altered acute stress response with different
dietary n-6/n-3 ratios.

In the current trial, LTBs was induced to a greater degree than LTB4
by acute stress. There is little information on the function of LTBs in fish,
but the current data indicate that it has an important role in the acute
stress response. This needs to be further investigated. PGEg, another EPA
derived eicosanoid, showed no responses to either acute or repeated
stress, suggesting that PGE3 does not take part in the stress response of
Atlantic salmon. It is noteworthy that no effects of diet were seen for
LTBs or PGEg, even though increasing dietary n-6/n-3 FA ratio from 1 to
6 causes a reduction in liver PL EPA content (from 7.6 to 3.3% of TFA)
(Hundal et al., 2020), meaning that less EPA was available as a precursor
in diet group 6 than in diet group 1.

Dihomo-gamma-linoleic acid (DHGLA, 20:3n-6) is an important
eicosanoid substrate for both cyclooxygenase and lipoxygenase enzymes
producing eicosanoids such as PGE;, TxA; and 15-HETrE (Kapoor and
Huang, 2006), and thus competes with ARA (and EPA) for these en-
zymes. In the current study, DHGLA increased with increasing dietary n-
6/n-3 ratio in brain PL and RBC, and we have previously demonstrated
increases in several other polar lipids (Hundal et al., 2020). However,
those data also demonstrate that DHGLA is replacing n-3 FA in PL to a
greater degree than other n-6 FA. Hence DHGLA could be a way for the
fish to counteract effects of ARA derived eicosanoids, and particularly
when there is little EPA present. Indeed, in mammals 15-HETrE (DHGLA
derived eicosanoid) has been shown to inhibit the production of LTB4
(Kapoor and Huang, 2006). Unfortunately, we did not analyse eicosa-
noids produced from DHGLA.

In summary, Atlantic salmon seemed able to adapt to a repeated
hypoxia stressor and the response was hardly influenced by the dietary
n-6 FA, n-3 FA or their ratio. However, the eicosanoid levels after acute
stress in Atlantic salmon liver fed a high n-6/n-3 diet was altered
compared to fish fed a low n-6/n-3 diet, indicating an altered acute
stress response. Hence, producers of aquaculture feeds should be
mindful when increasing the inclusion of VOs rich in n-6 FAs as this can
affect the stress response and thus possibly the robustness of the fish.

Author statement

The data have not been presented in a paper before, except the feed
data as the diets were used for several trials. The manuscript has not
been submitted for publication elsewhere. All authors have approved of
the final manuscript.

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.

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Acknowledgments

This study was funded by The Norwegian Seafood Research Fund —
FHF (grant number: 901282, “OptiHealth”) and The Norwegian
Research Council — NRC (grant number: 273215). FHF and NRC had no
role in the design, analysis or writing of this article.

We thank Tarn Helggy Thomsen at Skretting ARC for technical
assistance at the Lerang research station during the feeding trial.



B.K. Hundal et al.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.aquaculture.2020.736272.

References

Tolman, K.G., 2000. Eicosanoids and the liver. Prostaglandins Other Lipid. Mediat. 61,
163-174.

R Development Core Team, 2011. R: A Language and Environment for Statistical
Computing. Foundation for Statistical Computing, Vienna, Austria.

Aas, T.S., Ytrestgyl, T., ;\sgé’lrd, T., 2019. Utilization of feed resources in the production of
Atlantic salmon (Salmo salar) in Norway: an update for 2016. Aquac. Rep. 15,
100216.

Alves Martins, D., Engrola, S., Morais, S., Bandarra, N., Coutinho, J., Yifera, M.,
Conceicao, L.E.C., 2011. Cortisol response to air exposure in Solea senegalensis post-
larvae is affected by dietary arachidonic acid-to-eicosapentaenoic acid ratio. Fish
Physiol. Biochem. 37, 733-743.

Alves Martins, D., Rocha, F., Castanheira, F., Mendes, A., Pousao-Ferreira, P.,
Bandarra, N., Coutinho, J., Morais, S., Ytfera, M., Conceicao, L.E.C., Martinez-
Rodriguez, G., 2013. Effects of dietary arachidonic acid on cortisol production and
gene expression in stress response in Senegalese sole (Solea senegalensis) post-
larvae. Fish Physiol. Biochem. 39, 1223-1238.

Alves Martins, D., Rocha, F., Martinez-Rodriguez, G., Bell, G., Morais, S., Castanheira, F.,
Bandarra, N., Coutinho, J., Yufera, M., Conceicao, L.E., 2012. Teleost fish larvae
adapt to dietary arachidonic acid supply through modulation of the expression of
lipid metabolism and stress response genes. Br. J. Nutr. 108, 864-874.

Alvheim, A.R., Torstensen, B.E., Lin, Y.H., Lillefosse, H.H., Lock, E.-J., Mdsen, L.,
Hibbeln, J.R., Malde, M.K., 2013. Dietary linoleic acid elevates endogenous 2-
arachidonoylglycerol and anandamide in Atlantic salmon (Salmo salar L.) and mice,
and induces weight gain and inflammation in mice. Br. J. Nutr. 109, 1508-1517.

Araujo, P., Belghit, 1., Aarsather, N., Espe, M., Lucena, E., Holen, E., 2019. The effect of
omega-3 and omega-6 polyunsaturated fatty acids on the production of
cyclooxygenase and lipoxygenase metabolites by human umbilical vein endothelial
cells. Nutrients 11.

Arts, M.T., Kohler, C.C., 2009. Health and condition in fish: The influence of lipids on
membrane competency and immune response. In: Kainz, M., Brett, M., Arts, M.
(Eds.), Lipids in Aquatic Ecosystems. Springer, New York, NY.

Barton, B.A., Ribas, L., Acerete, L., Tort, L., 2005. Effects of chronic confinement on
physiological responses of juvenile gilthead sea bream, Sparus aurata L., to acute
handling. Aquac. Res. 36, 172-179.

Beauchaine, T.P., Neuhaus, E., Zalewski, M., Crowell, S.E., Potapova, N., 2011. The
effects of allostatic load on neural systems subserving motivation, mood regulation,
and social affiliation. Dev. Psychopathol. 23, 975-999.

Bell, J.G., Mcvicar, A.H., Park, M.T., Sargent, J.R., 1991a. High dietary linoleic acid
affects the fatty acid compositions of individual phospholipids from tissues of
Atlantic Salmon (Salmo salar): association with stress susceptibility and cardiac
lesion. J. Nutr. 121, 1163-1172.

Bell, J.G., Raynard, R.S., Sargent, J.R., 1991b. The effect of dietary linoleic acid on the
fatty acid composition of individual phospholipids and lipoxygenase products from
gills and leucocytes of Atlantic salmon (Salmo salar). Lipids 26, 445-450.

Bell, J.G., Tocher, D.R., Sargent, J.R., 1994. Effect of supplementation with 20:3(n — 6),
20:4(n — 6) and 20:5(n—3) on the production of prostaglandins E and F of the 1-, 2-
and 3-series in turbot (Scophthalmus maximus) brain astroglial cells in primary
culture. Biochim, Biophys, Acta Lipids Lipid. Metab. 1211, 335-342.

Bell, J.G., Tocher, D.R., Macdonald, F.M., Sargent, J.R., 1995. Diets rich in
eicosapentaenoic acid and gamma-linolenic acid affect phospholipid fatty acid
composition and production of prostaglandins E1, E2 and E3 in turbot
(Scophthalmus maximus), a species deficient in delta 5 fatty acid desaturase.
Prostaglandins Leukot. Essent. Fat. Acids 53, 279-286.

Bell, J.G., Ashton, I., Secombes, C.J., Weitzel, B.R., Dick, J.R., Sargent, J.R., 1996.
Dietary lipid affects phospholipid fatty acid compositions, eicosanoid production and
immune function in Atlantic salmon (Salmo salar). Prostaglandins Leukot. Essent.
Fat. Acids 54, 173-182.

Bell, J.G., Tocher, D.R., Farndale, B.M., Sargent, J.R., 1998. Growth, mortality, tissue
histopathology and fatty acid compositions, eicosanoid production and response to
stress, in juvenile turbot fed diets rich in y-linolenic acid in combination with
eicosapenatenoic acid or docosahexaenoic acid. Prostaglandins Leukot. Essent. Fat.
Acids 58, 353-364.

Bjornsson, O.G., Sparks, J.D., Sparks, C.E., Gibbons, G.F., 1992. Prostaglandins suppress
VLDL secretion in primary rat hepatocytecultures: relationships to hepatic calcium
metabolism. J. Lipid Res. 33, 1017-1027.

Bou, M., Berge, G.E., Baeverfjord, G., Sigholt, T., @stbye, T.-K., Ruyter, B., 2017. Low
levels of very-long-chain n-3 PUFA in Atlantic salmon (Salmo salar) diet reduce fish
robustness under challenging conditions in sea cages. J. Nutr. Sci. 6, 1-14.

Bransden, M.P., Carter, C.G., Nichols, P.D., 2003. Replacement of fish oil with sunflower
oil in feeds for Atlantic salmon (Salmo salar L.): effect on growth performance, tissue
fatty acid composition and disease resistance. Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 135, 611-625.

Bransden, M.P., Cobcroft, J.M., Battaglene, S.C., Dunstan, G.A., Nichols, P.D., Bell, J.G.,
2005. Dietary arachidonic acid alters tissue fatty acid profile, whole body
eicosanoidp Production and resistance to hypersaline challenge in larvae of the
temperate marine fish, striped trumpeter (Latris lineata). Fish Physiol. Biochem. 30,
241-256.

11

Aquaculture 534 (2021) 736272

Brodeur, J.C., Sherwood, G., rasmussen, J.B., Hontela, A., 1997. Impaired cortisol
secretion in yellow perch (Perca flavescens) from lakes contaminated by heavy
metals: in vivo and in vitro assessment. Can. J. Fish. Aquat. Sci. 54, 2752-2758.

Conde-Sieira, M., Chivite, M., Miguez, J.M., Soengas, J.L., 2018. Stress effects on the
mechanisms regulating appetite in teleost fish. Front. Endocrinol. 9, 631.

Emam, M., Katan, T., Caballero-Solares, A., Taylor, R.G., Parrish, K.S., Rise, M.L.,
Parrish, C.C., 2020. Interaction between 6 and o 3 fatty acids of different chain
lengths regulates Atlantic salmon hepatic gene expression and muscle fatty acid
profiles. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 375, 20190648.

Fast, M.D., Ross, N.W., Johnson, S.C., 2005. Prostaglandin E2 modulation of gene
expression in an Atlantic salmon (Salmo salar) macrophage-like cell line (SHK-1).
Dev. Comp. Immunol. 29, 951-963.

Furne, M., Holen, E., Araujo, P., Lie, K.K., Moren, M., 2013. Cytokine gene expression
and prostaglandin production in head kidney leukocytes isolated from Atlantic cod
(Gadus morhua) added different levels of arachidonic acid and eicosapentaenoic
acid. Fish Shellfish Immunol. 34, 770-777.

Ganga, R., Tort, L., Acerete, L., Montero, D., Izquierdo, M., 2006. Modulation of the
ACTH-induced cortisol release by polyunsaturated fatty acids in interrenal cells from
gilthead sebream (Sparus aurata). J. Endocrinol. 190, 39-45.

Ganga, R., Montero, D., Bell, J.G., Atalah, E., Ganuza, E., Vega-Orellana, O., Tort, L.,
Acerete, L., Afonso, J.M., Benitez-Sanatana, T., Fernandez Vaquero, A.,

Izquierdo, M., 2011. Stress response in sea bream (Sparus aurata) held under
crowded conditions and fed diets containing linseed and/or soybean oil. Aquaculture
311, 215-223.

Gjgen, T., Obach, A., R@SJ@, C., Grisdale-Helland, B., rosenlund, G., hvattum, E.,
Ruyter, B., 2004. Effect of dietary lipids on macrophage function, stress
susceptibility and disease resistance in Atlantic Salmon (Salmo salar). Fish Physiol.
Biochem. 30, 149-161.

Go6mez-Abellan, V., MONTERO, J., Lopez-Munoz, A., Figueras, A., Arizcun, M.,

Mulero, V., Sepulcre, M.P., 2015. Professional phagocytic granulocyte-derived PGD2
regulates the resolution of inflammation in fish. Dev. Comp. Immunol. 52, 182-191.

Grisdale-Helland, B., Ruyter, B., Rosenlund, G., Obach, A., Helland, S.J., Sandberg, M.G.,
Standal, H., Rgsjg, C., 2002. Influence of high contents of dietary soybean oil on
growth, feed utilization, tissue fatty acid composition, heart histology and standard
oxygen consumption of Atlantic salmon (Salmo salar) raised at two temperatures.
Aquaculture 207, 311-329.

Hoglund, E., @verli, @., Winberg, S., 2019. Tryptophan metabolic pathways and brain
serotonergic activity: a compartative review. Front. Endocrinol. 10.

Hoglund, E., Korzan, W., Atland, A., Haraldstad, T., Hggberget, R., Mayer, 1., @verli, @.,
2020. Neuroendocrine indicators of allostatic load reveal the impact of
environmental acidification in fish. Comp. Biochem. Physiol. C 229, 108679.

Holen, E., He, J., Espe, M., Chen, L., Araujo, P., 2015. Combining eicosapentaenoic acid,
decosahexaenoic acid and arachidonic acid, using a fully crossed design, affect gene
expression and eicosanoid secretion in salmon head kidney cells in vitro. Fish
Shellfish Immunol. 45, 695-703.

Holen, E., Lie, K.K., Araujo, P., Olsvik, P.A., 2012. Pathogen recognition and mechanisms
in Atlantic cod (Gadus morhua) head kidney cells: Bacteria (LPS) and virus (poly I:C)
signals through different pathways and affect distinct genes. Fish Shellfish Immunol.
33, 267-276.

Holen, E., Espe, M., Andersen, S.M., Taylor, R., Aksnes, A., Mengesha, Z., Araujo, P.,
2014. A co culture approach show that polyamine turnover is affected during
inflammation in Atlantic salmon immune and liver cells and that ariginine and LPS
exerts opposite effects on p38MAPK signaling. Fish Shellfish Immunol. 37, 286-298.

Hontela, A., Daniel, C., Rasmussen, J.B., 1997. Structural and functional impairment of
the hypothalamo-pituitary-interrenal axis in fish exposed to bleached Kraft mill
effluent in the St Maurice river, Quebec. Ecotoxicology 6, 1-12.

Hundal, B.K., Liland, N.S., Rosenlund, G., Bou, M., Stubhaug, I., Sissener, N.H., 2020.
Increasing dietary n-6 fatty acids while keeping n-3 fatty acids stable decreases EPA
in polar lipids of farmed Atlantic salmon (Salmo salar). Brit. J. Nutri. 1-16.

Jutfelt, F., Olsen, R.E., Bjornsson, B.T., Sundell, K., 2007. Parr—smolt transformation and
dietary vegetable lipids affect intestinal nutrient uptake, barrier function and plasma
cortisol levels in Atlantic salmon. Aquaculture 273, 298-311.

Kapoor, R., Huang, Y.-S., 2006. Gamma Linolenic acid: an antiinflammatory omega-6
fatty acid. Curr. Pharm. Biotechnol. 7, 531-534.

Koven, W., van Anholt, R., Lutzky, S., Ben Atia, I., Nixon, O., Ron, B., Tandler, A., 2003.
The effect of dietary arachidonic acid on growth, survival, and cortisol levels in
different-age gilthead seabream larvae (Sparus auratus) exposed to handling or daily
salinity change. Aquaculture 228, 307-320.

Li, Q., Ai, Q., Mai, K., Xu, W., Zheng, Y., 2012. In vitro effects of arachidonic acid on
immune functions of head kidney macrophages isolated from large yellow croaker
(Larmichthys crocea). Aquaculture 330-333, 47-53.

Madaro, A., Olsen, R.E., kristiansen, T.S., Ebbesson, L.O., Nilsen, T.O., FLIK, G.,
gorissen, M., 2015. Stress in Atlantic salmon: response to unpredictable chronic
stress. J. Exp. Biol. 218, 2538-2550.

Maes, M., Yirmyia, R., Noraberg, J., Brene, S., Hibbeln, J., Perini, G., Kubera, M., Bob, P.,
Lerer, B., Maj, M., 2009. The inflammatory & neurodegenerative (I&ND) hypothesis
of depression: leads for future research and new drug developments in depression.
Metab. Brain Dis. 24, 27-53.

Mckenzie, D.J., Hoglund, E., Dupont-Prinet, A., Larsen, B.K., Skov, P.V., Pedersen, P.B.,
Jokumsen, A., 2012. Effects of stocking density and sustained aerobic exercise on
growth, energetics and welfare of rainbow trout. Aquaculture 338-341, 216-222.

Mcnamara, R.K., Jandacek, R., Rider, T., Tso, P., Cole-Strauss, A., Lipton, J.W., 2010.
Omega-3 fatty acid deficiency increases constitutive pro-inflammatory cytokine
production in rats: relationship with central serotonin turnover. Prostagl. Leukot.
Essen. Fatty Acids (PLEFA) 83, 185-191.


https://doi.org/10.1016/j.aquaculture.2020.736272
https://doi.org/10.1016/j.aquaculture.2020.736272
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0005
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0005
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0010
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0010
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0015
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0015
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0015
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0020
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0020
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0020
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0020
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0025
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0025
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0025
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0025
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0025
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0030
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0030
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0030
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0030
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0035
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0035
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0035
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0035
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0040
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0040
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0040
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0040
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0045
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0045
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0045
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0050
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0050
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0050
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0055
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0055
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0055
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0060
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0060
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0060
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0060
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0065
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0065
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0065
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0070
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0070
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0070
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0070
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0075
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0075
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0075
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0075
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0075
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0080
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0080
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0080
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0080
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0085
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0085
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0085
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0085
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0085
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0090
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0090
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0090
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0095
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0095
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0095
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0100
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0100
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0100
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0100
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0105
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0105
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0105
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0105
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0105
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0110
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0110
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0110
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0115
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0115
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0120
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0120
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0120
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0120
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0125
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0125
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0125
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0130
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0130
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0130
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0130
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0135
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0135
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0135
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0140
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0140
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0140
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0140
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0140
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0145
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0145
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0145
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0145
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0150
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0150
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0150
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0155
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0155
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0155
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0155
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0155
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0160
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0160
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0165
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0165
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0165
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0170
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0170
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0170
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0170
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0175
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0175
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0175
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0175
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0180
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0180
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0180
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0180
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0185
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0185
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0185
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0190
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0190
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0190
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0195
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0195
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0195
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0200
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0200
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0205
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0205
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0205
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0205
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0210
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0210
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0210
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0215
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0215
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0215
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0220
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0220
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0220
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0220
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0225
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0225
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0225
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0230
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0230
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0230
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0230

B.K. Hundal et al.

Menoyo, D., Lopez-Bote, C.J., Diez, A., Obach, A., Bautista, J.M., 2007. Impact of n-3
fatty acid chain length and n-3/n-6 ratio in Atlantic salmon (Salmo salar) diets.
Aquaculture 267, 248-259.

Moltesen, M., Laursen, D.C., Thérnquist, P.-O., Andersson, M./D\‘, Winberg, S.,

Hoglund, E., 2016. Effects of acute and chronic stress on telencephalic
neurochemistry and gene expression in rainbow trout (Oncorhynchus mykiss). J. Exp.
Biol. 219, 3907-3914.

Oxley, A., Jolly, C., Eide, T., Jordal, A.E., Svardal, A., Olsen, R.E., 2010. The combined
impact of plant-derived dietary ingredients and acute stress on the intestinal
arachidonic acid cascade in Atlantic salmon (Salmo salar). Br. J. Nutr. 103, 851-861.

Perez, S., Aspichueta, P., Ochoa, B., Chico, Y., 2006. The 2-series prostaglandins suppress
VLDL secretion in an inflammatory condition-dependent manner in primary rat
hepatocytes. Biochim. Biophys. Acta 1761, 160-171.

Puglisi-Allegra, S., Andolina, D., 2015. Serotonin and stress coping. Behav. Brain Res.
277, 58-67.

Remen, M., Oppedal, F., Torgersen, T., Imsland, A.K., Olsen, R.E., 2012. Effects of cyclic
environmental hypoxia on physiology and feed intake of post-smolt Atlantic salmon:
initial responses and acclimation. Aquaculture 326-329, 148-155.

Ruyter, B., Moya-Falcon, C., Rosenlund, G., Vegusdal, A., 2006. Fat content and
morphology of liver and intestine of Atlantic salmon (Salmo salar): effects of
temperature and dietary soybean oil. Aquaculture 252, 441-452.

Sanden, M., Liland, N.S., Saele, O., Rosenlund, G., Du, S., Torstensen, B.E., Stubhaug, I.,
Ruyter, B., Sissener, N.H., 2016. Minor lipid metabolic perturbations in the liver of
Atlantic salmon (Salmo salar L.) caused by suboptimal dietary content of nutrients
from fish oil. Fish Physiol. Biochem. 42, 1463-1480.

Schmitz, G., Ecker, J., 2008. The opposing effects of n-3 and n-6 fatty acids. Prog. Lipid
Res. 47, 147-155.

Seierstad, S.L., Haugland, @., Larsen, S., Waagbg, R., Evensen, @., 2009. Pro-
inflammatory cytokine expression and respiratory burst activity following
replacement of fish oil with rapeseed oil in the feed for Atlantic salmon (Salmo salar
L.). Aquaculture 289, 212-218.

Silver, N., Best, S., Jiang, J., Thein, S.L., 2006. Selection of housekeeping genes for gene
expression studies in human reticulocytes using real-time PCR. BMC Mol. Biol. 7, 33.

Sissener, N.H., Torstensen, B.E., Ruyter, B., @stbye, T.-K., Waagbg, R., Jorgensen, S.M.,
Hatlen, B., Liland, N.S., Ytteborg, E., Szle, @., Rud, 1., Remg, S.C., Dessen, J.-E.,

12

Aquaculture 534 (2021) 736272

Skjerven, K., ytrestgyl, T., Holen, E., Berge, G.E., Adam, A.C., 2016a. Oppdatering av
utredningen: Effekter av endret fettsyresammensetning i for til laks relatert til fiskens
helse, velferd og robusthet. In: Fett for fiskehelse - 2016. NIFES, Nofima, Bergen.

Sissener, N.H., Torstensen, B.E., Stubhaug, I., Rosenlund, G., 2016b. Long-term feeding
of Atlantic salmon in seawater with low dietary long-chain n-3 fatty acids affects
tissue status of the brain, retina and erythrocytes. Br. J. Nutr. 115, 1919-1929.

Sissener, N.H., Waagbg, R., Rosenlund, G., Tvenning, L., Susort, S., Lea, T.B., Oaland, @.,
Chen, L., Breck, O., 2016¢. Reduced n-3 long chain fatty acid levels in feed for
Atlantic salmon (Salmo salar L.) do not reduce growth, robustness or product quality
through an entire full scale commercial production cycle in seawater. Aquaculture
464, 236-245.

Sissener, N.H., Sanden, M., Torstensen, B.E., Waagbg, R., Stubhaug, I., Rosenlund, G.,
2017. High dietary 18:2n- 6/18:3n- 3 ratio does not inhibit elongation and
desaturation of 18:3n- 3 to EPA and DHA in Atlantic salmon (Salmo salar L.). Aquac.
Nutr. 23, 899-909.

Sissener, N.H., Araujo, P., Sele, @., Rosenlund, G., Stubhaug, 1., Sanden, M., 2020.
Dietary 18:2n-6 affects EPA (20:5n-3) and ARA (20:4n-6) content in cell membranes
and eicosanoid production in Atlantic salmon (Salmo salar L.). Aquaculture 522,
735098.

Torstensen, B.E., Frgyland, L., Lie, @., 2004. Replacing dietary fish oil with increasing
levels of rapeseed oil and olive oil - effects on Atlantic salmon (Salmo salar L.) tissue
and lipoprotein lipid composition and lipogenic enzyme activities. Aquac. Nutr. 10,
175-192.

Torstensen, B.E., Espe, M., Stubhaug, 1., Lie, O., 2011a. Dietary plant proteins and
vegetable oil blends increase adiposity and plasma lipids in Atlantic salmon ( Salmo
salar L.). Brit. J. Nutr. 3, 1-15.

Torstensen, B.E., Espe, M., Stubhaug, L., Lie, O., 2011b. Dietary plant proteins and
vegetable oil blends increase adiposity and plasma lipids in Atlantic salmon (Salmo
salar L.). Br. J. Nutr. 106, 633-647.

Winberg, S., Nilsson, G.E., 1993. Roles of brain monoamine neurotransmitters in
agonistic behaviour and stress reactions, with particular reference to fish. Comp.
Biochem. Physiol. C: Pharmacol. Toxicol. Endocrinol. 106, 597-614.

Yin, H., Cheng, L., Langenbach, R., Ju, C., 2007. Prostaglandin I(2) and E(2) mediate the
protective effects of cyclooxygenase-2 in a mouse model of immune-mediated liver
injury. Hepatology 45, 159-169.


http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0235
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0235
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0235
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0240
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0240
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0240
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0240
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0245
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0245
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0245
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0250
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0250
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0250
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0255
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0255
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0260
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0260
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0260
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0265
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0265
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0265
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0270
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0270
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0270
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0270
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0275
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0275
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0280
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0280
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0280
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0280
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0285
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0285
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0290
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0290
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0290
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0290
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0290
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0295
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0295
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0295
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0300
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0300
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0300
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0300
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0300
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0305
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0305
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0305
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0305
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0310
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0310
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0310
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0310
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0315
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0315
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0315
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0315
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0320
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0320
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0320
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0325
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0325
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0325
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0330
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0330
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0330
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0335
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0335
http://refhub.elsevier.com/S0044-8486(20)33978-8/rf0335

	Increasing the dietary n-6/n-3 ratio alters the hepatic eicosanoid production after acute stress in Atlantic salmon (Salmo  ...
	1 Introduction
	2 Material & methods
	2.1 Diets and fish trial
	2.2 Sampling
	2.3 Lipid class and fatty acid analysis
	2.4 RNA isolation and quantitative real time PCR
	2.5 Analysis of blood and plasma
	2.6 Eicosanoid analysis
	2.7 Analysis of brain serotonergic neurochemistry
	2.8 Statistics

	3 Results
	3.1 Performance summary
	3.2 Feed intake
	3.3 The highest dietary n-6/n-3 ratio caused higher liver TAG
	3.4 The FA composition of the red blood cells was more influenced by n-6/n-3 FA ratio than their dietary absolute levels. E ...
	3.5 Stress markers in the blood clearly indicated an effect of the acute stressor
	3.6 Eicosanoids in the liver and their response to acute stress were affected by diet
	3.6.1 Prostaglandins
	3.6.2 Leukotrienes

	3.7 Gene expression in liver and brain was little affected
	3.8 Brain fatty acid composition
	3.9 Levels of brain serotonin and of its metabolite were only affected by acute stress

	4 Discussion
	Author statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


