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ABSTRACT

Polyunsaturated fatty acids (PUFAs) have key biological roles in fish cells. We recently showed that the phos-
pholipid composition of rainbow trout liver cells (RTL-W1 cell line) modulates their tolerance to an acute
cadmium (Cd) challenge. Here, we investigated (i) the extent to which PUFAs and Cd impact fatty acid
homeostasis and metabolism in these cells and (ii) possible mechanisms by which specific PUFAs may confer
cytoprotection against Cd. First, RTL-W1 cells were cultivated for one week in growth media spiked with
50 umol L™ of either alpha-linolenic acid (ALA, 18:3n-3), eicosapentaenoic acid (EPA, 20:5n-3), linoleic acid
(LA, 18:2n-6) or arachidonic acid (AA, 20:4n-6) in order to modulate their fatty acid profile. Then, the cells were
challenged with Cd (0, 50 or 100 umol L™ ") for 24 h prior to assaying viability, fatty acid profile, intracellular Cd
content, proteomic landscape and expression levels of genes involved in fatty acid metabolism, synthesis of
PUFA-derived signalling molecules and stress response. We observed that the fatty acid supply and, to a lesser
extent, the exposure to Cd influenced cellular fatty acid homeostasis and metabolism. The cellular fatty acid
composition of fish liver cells modulated their tolerance to an acute Cd challenge. Enrichments in ALA, EPA, and,
to a lesser extent, AA conferred cytoprotection while enrichment in LA had no impact on cell viability. The
present study ruled out the possibility that cytoprotection reflects a decreased Cd burden. Our results rather
suggest that the PUFA-derived cytoprotection against Cd occurs through a reduction of the oxidative stress
induced by Cd and a differential induction of the eicosanoid cascade, with a possible role of peroxiredoxin and
glutaredoxin (antioxidant enzymes) as well as cytosolic phospholipase A2 (enzyme initiating the eicosanoid
cascade).

1. Introduction

et al., 2015; McGeer et al., 2011; Moulis, 2010; Wang et al., 2015).
Research indicates that these adverse effects of Cd can be alleviated by

Cadmium (Cd) is an ubiquitous heavy metal that is toxic to human
and wildlife. In fish, liver and kidney are the primary organs of accu-
mulation under acute and chronic Cd exposure, respectively
(Chowdhury et al., 2003). Cytotoxicity of Cd is mainly driven by (i)
disruption of ion homeostasis, (ii) modulation of protein structure and
properties and (iii) oxidative stress generation. Indeed, Cd binds to
sulfhydryl, carboxyl and phosphate groups in proteins and competes
with essential metals (e.g. zinc, calcium, manganese and selenium),
leading to enzyme dysfunction, decreased antioxidant defence, loss of
redox balance and ultimately apoptosis (Casalino et al., 2002; Matovi¢
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nutrition (e.g. supplementation with essential metals, vitamins, phe-
nolic compounds and vegetable oils) (Amamou et al., 2015; Choi et al.,
2002; Eriyamremu et al., 2008; Fox, 1979; Jamwal et al.,, 2016;
Linhartova et al., 2016; Linhartova and Sampels, 2015; Peraza et al.,
1998).

Lipids, and their constitutive fatty acids, are important components
of fish diets, with vital cellular roles. They (i) constitute an important
energy source, (ii) directly participate in the maintenance of cell
structure and membrane fluidity, (iii) are precursors of signalling mo-
lecules and (iv) act as nuclear receptor ligands (Tocher, 2003).
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Pollutants, such as Cd, may interfere with these functions. For example,
Cd has been reported to modulate cellular fatty acid metabolism, with
consequences for tissue and cellular fatty acid composition (Chen et al.,
2013; Fadhlaoui and Couture, 2016; Fadhlaoui et al., 2018; Konar et al.,
2010; Koskinen et al., 2004; Madejczyk et al., 2015). On the other hand,
using an in vitro model (rainbow trout liver cell line RTL-W1), we re-
cently showed that cells of which the phospholipids had been enriched
in alpha-linolenic acid (ALA, 18:3n-3), eicosapentaenoic acid (EPA,
20:5n-3) or docosahexaenoic acid (DHA, 22:6n-3) were significantly
more tolerant to an acute Cd challenge while enrichment in linoleic
acid (LA, 18:2n-6) or arachidonic acid (AA, 20:4n-6) had no impact
(Ferain et al., 2016). In line with this result, it has been reported that a
mixture of EPA and DHA protected human hepatocellular cells (Hep G2
cell line) against acute Cd challenges (24 or 48 h) (Linhartova and
Sampels, 2015). Studies with individual polyunsaturated fatty acids
(PUFAs) are required to illuminate the mechanisms underlying this
protective effect. Actually, numerous sites of interactions between
PUFAs and Cd may explain the observed cytoprotection. First, by
modifying the physicochemical properties of the plasma membrane
(e.g. fluidity, permeability) (Arts and Kohler, 2009; Kremmyda et al.,
2011), PUFAs may influence Cd uptake and/or excretion and thereby
alter cytotoxicity. Second, PUFAs, as precursors of signalling molecules
and ligands of nuclear receptors (Kremmyda et al., 2011; Tocher,
2003), may also promote activation of cellular defences. Importantly
though, PUFA-rich biological membranes are prone to oxidative stress
(i.e. lipid peroxidation). This could increase risks of cytotoxic effects in
fish cells exposed to pro-oxidant metals such as Cd.

The present study therefore aimed at investigating (i) the extent to
which PUFAs and Cd impact fatty acid homeostasis and metabolism in
fish liiver cells and (ii) possible mechanisms by which specific PUFAs
may confer cytoprotection against Cd. To this end, RTL-W1 cells were
first differentially enriched in a specific PUFA (ALA, EPA, LA or AA)
prior to an acute Cd challenge (24 h). Assays included cellular viability,
Cd burden, fatty acid composition, proteome landscape and expression
of genes involved in fatty acid metabolism, PUFA-derived signalling
and stress response.

2. Material and methods
2.1. Experimental design

The experimental sequence used was the following: (i) fatty acid
profile manipulation by incubating RTL-W1 cells for one week in a
control or PUFA-enriched (ALA, EPA, LA or AA) medium; (ii) Cd
challenge during 24h and (iii) endpoints assessment: cytotoxicity
(n = 6), intracellular cadmium concentration (n = 4), fatty acid profile
(n = 3), targeted gene expression (n = 4) and untargeted proteomic
analysis (n = 3). The entire sequence (i, ii and iii) was repeated in-
dependently up to 6 times (n), depending on the endpoint measured.

2.2. Cell culture and PUFA enrichment

The RTL-W1 cell line was kindly provided by S. Bony (INRA,
France). Cells were routinely grown at 19 °C in 175 cm? flasks (Cellstar,
Greiner Bio-One, Belgium) containing 25 mL of Leibovitz’s L15 medium
supplemented with 5% foetal bovine serum (FBS; PAA Laboratories,
France) and 1% antibiotics (100 IU mL~' penicillin, 100 ygmL.~*
streptomycin) as detailed earlier (Ferain et al., 2016). Cells from pas-
sage 54 to 64 were used in the present study. Cell counts and routine
viability measurements were made on disposable hemocytometers (C-
chip Neubauer improved, NanoEnTek, USA) using Trypan Blue as ex-
clusion dye.

PUFA enrichment was carried out as previously described (Ferain
et al., 2016). Briefly, when 80% confluence was reached, RTL-W1 cells
maintained in routine growth conditions were harvested with trypsin
0.0625% in a phosphate buffered solution containing 0.03%
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ethylenediamine tetraacetic acid (PBS-EDTA) and seeded at a density of
2 x 10* living cells cm ™2 in 25 mL of growth medium in 175 cm? flasks.
Growth medium consisted in Leibovitz’s L15 medium supplemented
with 2% FBS, 1% antibiotics. For the PUFA-enriched conditions, growth
medium was spiked with individual PUFAs (either ALA, EPA, LA or AA,
50 umol L™ 1), Prior to this, PUFAs (Larodan, Sweden) were complexed
with fatty acid free-bovine serum albumin (FAF-BSA) at a molar ratio of
4 to 1 (PUFAs to FAF-BSA), as described by Best et al. (2006). Control
cells were supplied with a FAF-BSA level (12.5 pymol L™ 1) similar to that
of PUFA-enriched cells. PUFA enrichment lasted one week during
which the growth media were renewed twice.

2.3. Cd challenge

Stock solutions of CdCl, (0, 5 and 10 mmol L™}, CAS 7790-78-6,
Fisher Chemical, UK) were prepared in cell culture grade water and
kept at 4 °C in the dark until use. The contaminated media were pre-
pared fresh daily by diluting stock solutions 100 times with L15/ex
medium, a restrictive medium containing salts, galactose and pyruvate
at the same concentration as the Leibovitz’s L15 medium (Dayeh et al.,
2002). After one week of PUFA enrichment (see Section 2.2), the
growth media were replaced by 25 mL of contaminated media (0, 50 or
100 pmolL_l Cd). These contamination levels were chosen within the
range in which ALA and EPA enrichment conferred cytroprotection
against Cd (Ferain et al., 2016). Actual contamination levels were
measured by inductively coupled plasma atomic emission spectrometry
(ICP-AES) (see Section 2.5). After 24h of Cd exposure, RTL-W1 cells
were sampled for downstream analyses. Besides, 24 h cytotoxicity in-
duced by the two doses of Cd tested was assessed using both the Cell-
Titer-Blue (CTB) (Promega, The Netherlands) and the 5-carboxy-
fluorescein diacetate, acetoxymethyl ester (5-CFDA,AM), (Life
Technology, USA) assays, as previously explained (Ferain et al., 2016).

2.4. Cell sampling

After 24 h of Cd exposure, RTL-W1 cells were washed with 10 mL of
PBS-EDTA, detached from the flask with trypsin (0.0625% in PBS-
EDTA), washed once with ice-cold FAF-BSA (10gL~ Lin Leibovitz’s L15
medium) and once with L15/ex medium. From each cell suspension,
4 x 10° cells were directly used for fatty acid profile analysis, while the
remaining cells were subdivided into aliquots of 1-2 x 10° cells each.
The aliquots were then centrifuged (400 g, 5min, 19 °C) and cell pellets
were flash-frozen in liquid N, and kept at -80°C until downstream
analyses (intracellular Cd concentration, gene expression, proteomic
analysis).

2.5. Cd quantification

Cd quantification was performed by ICP-AES and, for the non-ex-
posed cells only, by graphite furnace atomic absorption spectrometry
(GFAAS). Frozen cell pellets, containing 1 X 10° cells, were re-
suspended in Tris Buffer (0.05mmol L™, pH 6.8). From this suspen-
sion, one aliquot was used for Cd quantification while another one was
used for protein quantification (Bradford, 1976). The former was first
digested with 100 uL. HNO3 (65%) at 80 °C for 3h and then diluted to
2.5mL with deionized water. ICP-AES analyses were run on an iCap
7200 duo spectrophotometer (Thermo Scientific, UK) with argon as
plasma gas. Wavelengths for Cd detection were 228.802nm and
226.502 nm, with the torch in the axial position. GFAAS analyses were
run on an ICE3500 spectrophotometer (Thermo Scientific, UK) with
argon. A matrix modifier (MgNOs, 5uL, 4 gL~ 1) was added to the
samples (15 pL). The temperature program was as follows: (i) drying at
110°C for 35s, 130°C for 10s, (ii) pyrolysis at 450 °C for 20s, (iii)
atomisation at 1500°C for 3s and (iv) cleaning at 2500°C for 3s.
During the atomisation step, Cd atomic absorption was measured at
228.802 nm, with a Zeeman background correction. For both ICP-AES
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and GFAAS analyses, Cd concentration was calculated thanks to a ca-
libration curve made from certified standards (Fluka, Germany). Be-
sides, the accuracy of the whole process was controlled both by the
standard addition method (recovery 93 = 2%) and by the analysis of
reference materials (TM-28.4 and TMDA-70.2, Environment Canada,
Canada) every 25 samples (recovery 99 * 1% in ICP-AES and
96 = 3% in GFAAS). For each experimental condition from each bio-
logical replicate, quantification was performed on two independent
frozen cell pellets. Data from these technical duplicates were averaged.
The Cd concentration in contaminated media was also determined by
ICP-AES. Exact contamination levels were 48.7 = 1.0 and
98.0 + 2.1umol L%

2.6. Cellular fatty acid profile determination

After centrifugation (800g, 6min, 19°C), the freshly sampled
4 x 10° cells were resuspended in 2 mL of L15/ex medium from which
0.1 mL was used for protein quantification and 2 x 0.8 mL was used for
lipid extraction (analyses were performed in duplicate). The 0.1 mL
aliquots were centrifuged (550g, 5min, 4 °C). The isolated cell pellet
was lysed (ice-cold lysis buffer: 60 mmol L™ Tris, 10 mmol L™ ! EDTA,
1% sodium dodecyl sulphate (w/w) in water) and stored at -20 °C until
protein quantification using the Bicinchoninic acid (BCA) Protein Assay
(Thermo Scientific Pierce, USA), with BSA as standard.

Cellular total lipids were first extracted with methanol:-
chloroform:water (2:2:1.8, v:v:v) (Bligh and Dyer, 1959), then sepa-
rated into neutral lipids, free fatty acids and phospholipids (Schneider
et al., 2012) and finally methylated (Ferain et al., 2016). The resulting
fatty acid methyl ester (FAMEs) from the neutral lipids and phospho-
lipid fractions were extracted (Ferain et al., 2016) and separated by gas
chromatography (Ferain et al., 2018) The chromatograph (GC Trace-
1310, Thermo Fisher Scientific, Italy) was equipped with a RT2560
capillary column (100mx0.25mm internal diameter, 0.2 um film
thickness: Restek, USA), a TriPlus TP100 autosampler (Thermo Fisher
Scientific, Italy) and a flame ionisation detector (FID: Thermo Quest,
Italy). The carrier gas used was H, at constant pressure (200 kPa) and
flow rate (2 mL min~1). The FID was continuously flowed by H, (35mL
min 1), air (350 mL/min) and N, (40 mL min ') and kept at a constant
temperature of 255 °C. The temperature program was as follows: an
initial temperature of 80°C, which increased at 25°Cmin~' up to
175°C, a holding temperature of 175 °C during 25 min, a new increase
at 10°Cmin~' up to 200°C, a holding temperature of 200°C during
20 min, a new increase at 10°Cmin~" up to 220 °C, a holding tem-
perature of 220 °C during 5 min, a last increase at 10°Cmin~" up to
235 °C and a final holding temperature of 235 °C during 15 min. FAMEs
were finally identified and quantified by comparing the obtained
chromatograms (retention times and peak areas) with that of a standard
containing 44 FAMEs (Larodan, Sweden) at known concentrations. The
chromatogram management software used was ChromQuest (version
5.0, ThermoFinnigan, Italy). Data from the technical duplicates were
averaged.

2.7. Gene expression

Total RNA was extracted from 1 x 10°frozen cells using the Aurum
Total RNA Mini Kit (Bio-Rad Laboratories, USA) following manu-
facturer’s Spin Protocol. The DNAse I treatment was always included.
RNA quality and quantity was assessed spectrophotometrically on a
Nanodrop ND-1000 (Isogen, Life Sciences, The Netherlands) using the
optical densities (OD) measured at 260, 280 and 230nm (ODyg,
ODo2go,280 and ODogg,230). Total RNA (1 pg) was then reverse tran-
scribed with the Iscript cDNA Synthesis Kit (Bio-Rad Laboratories, USA)
according to manufacturer’s instructions. cDNA was diluted 3 times in
nuclease free water and kept at -20 °C until quantification of the ex-
pression level of targeted genes (Table 1). Quantitative polymerase
chain reactions (qQPCR) were run on a Step One Plus thermocycler
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(Applied Biosystems, Life Technologies, USA). Samples were run in
technical duplicates. Each reaction contained cDNA (1 pL), primers and
SYBR Select Master Mix I (Applied Biosystems, Life Technologies, USA)
in a final volume of 20 pL. The temperature programme was: (i) 95 °C
for 2min, (ii) 95°C for 15s, (iii) gene-specific annealing-extension
temperature (see Table 1) for 1 min. Steps (ii, iii) were repeated 40
times. The programme ended with a melt curve analysis. Primer pairs
for 16 target genes and 2 housekeeping genes (Table 1) were either
obtained from literature or designed using transcript sequence in-
formation available at the European Nucleotide Archive (for identifiers,
see Marancik et al. (2014)). The targeted genes are involved in fatty
acid uptake (fatty acid transport protein 1 (FATPI)), fatty acid de novo
synthesis (fatty acid synthase (FASN)), fatty acid bioconversion (fatty
acid desaturase 2 (FADS2), fatty acid elongases 2 and 5 (ELOVL2 and
ELOVLS5)), B-oxidation (carnitine palmitoyl transferase 1 (CPT1)),
synthesis of PUFA-derived signalling molecules (cytosolic phospholi-
pase A2 (cPLA2), cyclooxygenase 2 (COX2), arachidonate 5-lipox-
ygenase (ALOX5)) and stress response (metallothioneins a and b (MTa
and MTb), heat shock proteins 70a and 70b (HSP70a and HSP70b),
apoptosis regulator BCL2-Likel (BCLx), tumor protein 53 (p53), calre-
ticulin (CALR)) (Fig. 1). The orphan cytochrome P450 20A1 gene
(CYP20A1) was also studied. Each primer pair used was experimentally
validated: (i) the linearity of the amplification was assessed, (ii) op-
timum primer concentrations were determined and (iii) the identity of
the amplified sequence was confirmed by sequencing (Beckman Coulter
Genomics, UK). Relative expression analysis was performed with the
E~ 24 method (Livak and Schmittgen, 2001). For each biological re-
plicate, Ct values of technical duplicates were averaged prior to relative
expression calculation. The geometric mean of tubulin and 18S Ct values
was used as housekeeping value (Vandesompele et al., 2002). Other
genes and gene combinations tested as housekeepers were proved un-
reliable (i.e. lower stability of Ct values across treatments; data not
shown). Control cells that were not exposed to Cd were used as re-
ference condition, for relative expression of data. An arbitrary expres-
sion value of 1 was given to each biological replicate of this condition.
Note that for MTa, the reference condition for relative expression of
data was control cells exposed to 50umolL~! Cd as no detectable
signal of amplification could be obtained for in the absence of Cd
challenge. The MTa expression level of the latter experimental condi-
tion was set at 1 for each biological replicate.

2.8. Proteomic analysis

A subset of 8 experimental conditions was selected for proteomic
analysis (CT, ALA-, EPA- and AA-enriched cells, exposed to either O or
50umol L™ Cd). Sample analysis was carried out as described by
Villers et al. (2017), with minor adaptations. Briefly, frozen cell pellets
(1 x 10° cells) were resuspended in tetraethylammonium bromide
buffer (TEAB, 0.5mol L™, pH 8.0, Thermo Scientific, USA) containing
a protease inhibitor (Halt Protease and Phosphatase Inhibitor Cocktail,
Thermo Scientific, USA), homogenized (15s, Vortex), sonicated (30s)
and centrifuged (90,720 g, 30 min, 4 °C, Optima ultra-speed centrifuge
equipped with a TLA-55 rotor, Beckman Coulter, USA). Supernatants
containing soluble proteins were isolated. Proteins were quantified with
the BCA Protein Assay, using BSA as standard. Soluble proteins (20 pg)
were digested and labelled for iTRAQ (8-plex) as described by Villers
et al. (2017). Samples (8) from the same biological replicate were then
pooled and labelled peptides were separated by reversed phase chro-
matography on a C18 PepMap100 pre-column and analytical column
(LC Packings, The Netherlands) for 180 min at a flow rate of 300 nL
min~ ! using a linear gradient from 8% acetonitrile in water/0.1% tri-
fluoroacetic acid to 76% acetonitrile in water/0.085% trifluoroacetic
acid. The eluted peptides were mixed with a-cyano-4-hydroxycinnamic
acid matrix (2 mg mL ™! in 70% acetonitrile, 0.1% trifluoroacetic acid)
and spotted directly onto a MALDI target using a Probot system (LC
Packings The Netherlands) (Villers et al., 2017). The spotted plate was
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Table 1

Sequence, amplicon size, annealing temperature and optimal concentration in master mix for the primers of the genes investigated.
Gene Sequence 5'—3’ Size (bp) Annealing T (°C) Concentration (nmol L™ ") Reference
Tubulin F: GGTCAATGTGGAAATCAGATCG 111 60 300 Present study
housekeeping gene 1 R: TCTCTCAAGCTGCAGATCG
18S F: CACGCGAGATGGAGCAATAA 96 60 200 Gagné et al. (2012)
housekeeping gene 2 R: CGCAGAGTAGACACACGCTGAT
FASN F: TGATCTGAAGGCCCGTGTCA 162 60 200 Kamalam et al. (2013)
fatty acid synthase R: GGGTGACGTTGCCGTGGTAT
FATP1 F: CGAATGCAACTGTAGCATCG 122 60 300 Ferain et al. (2018)
fatty acid transport protein 1 R: CTCYGTGGTCTCCTCATCC
CPT1 F: CTCCTGGAAGAAGAGGTTCATACG 95 60 100 Ferain et al. (2018)
carnitine palmitoyl transferase 1a R: ACTCACCACCACCACCAAAAAC
FADS2 F: AGGGTGCCTCTGCTAACTGG 175 60 200 Kamalam et al. (2013)
fatty acid desaturase 2 R: TGGTGTTGGTGATGGTAGGG
ELOVL5 F: CCAAGTACATGAGACACAGAC 115 60 100 Ferain et al. (2018)
fatty acid elongase 5 R: CACACAGCAGACACCATCTC
cPLA2 F: GAGATGTCGTTAGAGGTGTG 94 60 200 Ferain et al. (2018)
cytosolic phospholipase A2 R: GTCTCTGCGTGTCTGTCTGA
Ccox2 F: CATCGGACAAGAACCCTTGA 73 60 100 Chettri et al. (2011)
cyclooxygenase 2 R: CTTCATTGGAGAGGCTGGTGTGC
ALOX5 F: CGGCAGAGCACGGTTGCCAAAG 104 58 200 Baron et al. (2005)
arachidonate 5-lipoxygenase R: CCACTCACTCCATCTGTAGGTT
HSP70a F: CAGCATTGAGATTGACTCC 86 60 300 Ferain et al. (2018)
heat shock protein 70a R: GTCAGAACACATCTCCTC
HSP70b F: CAGCATTGAGATTGACTCT 71 60 200 Ferain et al. (2018)
heat shock protein 70b R: GTCGGAACACATTTCCTC
MTa F: CATGCACCAGTTGTAAGAAAGCA 75 60 300 Ceyhun et al. (2011)
metallothionein a R: GCAGCCTGAGGCACACTTG
MTb F: ATCCTGCAAGTGCTCAAACT 139 60 300 Ceyhun et al. (2011)
metallothionein b R: ATGACTGCATTGTCACGGTA
p53 F: GACAACCCTGGAGACCAAGA 132 60 100 Hecht et al. (2014)
tumor protein 53 R: TCTCATCGTCACTCACAGCA
BCLx F: GGACTCAGTGGATGAGTTTGAGC 122 60 200 Ferain et al. (2018)
apoptosis regulator BCL2-Likel R: GAACACTTCGTCCATCACACTCTC
CALR F: GTTCGGTCCAGACATCTGTG 115 60 300 Present study
calreticulin R: GTGTACTCATCATCCTTGC
CYP20A1 F: GCTGTCACTCAACTCGCTCTG 137 60 300 Ferain et al. (2018)
cytochrome P450 20A1 R: CTGATGGAGCTCTTCTCCATG

Transcript sequences used for primer design were gleaned from the literature or designed (“Present study”) based on transcript sequences annotated by Marancik et al.
(2014). (see “Reference” column). Abbreviations used: bp, base pairs ; F, forward; R, reverse; T, temperature.

analysed on an 4800 MALDI TOF/TOF Analyzer (Applied Biosystems,
Life Technologies, USA) and MS, MS/MS spectra were obtained and
processed as described by Villers et al. (2017). LC/MSMS data were
confronted to the trout peptide database (http://www.genoscope.cns.
fr/trout/data/). The same search options as in Villers et al. (2017) were
applied in the analysis method. Results were further processed by the
Pro Group™ Algorithm to determine the minimal set of justifiable
identified proteins (Villers et al., 2017). Protein identification was
confirmed using the Mascot 2.2.04 program (Matrix Science, USA)
using the same database as for ProteinPilot (SCIEX, USA). The following
variable modifications were allowed: C-carbamidomethyl, K-acetyla-
tion, methionine oxidation, dioxidation and trypsin. Proteins were fi-
nally annotated based on Oncrorhynchus_genome database, and Oncor-
hynchus_peptide database (both available at the genoscope trout genome
resources - URL cited above).

2.9. Statistical analyses

Graphs and statistical analyses were performed with the JMP PRO
12.0 software. Variance homoscedasticity and normality of residuals
were checked with appropriate tests (Bartlett test, Levene test, Shapiro-
Wilk test, skewness and kurtosis calculations) prior to performing
parametric tests. Type I error (a) was set at 0.05. A Bonferroni-Sidak
correction was applied to correct the p-values in any case of multiple
testing (Sidak, 1967).

The fact that metabolic activity, membrane integrity and in-
tracellular Cd concentration of the non-exposed cells as well as gene
expression levels of the reference condition had no variance restricted
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the use of classical statistical tests. This limitation was overcome by
performing Student’s t-tests (Dagnelie, 2006) to determine (i) whether
metabolic activity and membrane integrity were significantly different
from 100%, (ii) whether intracellular Cd concentrations were different
from 0 and (iii) whether relative gene expression levels were different
from 1. In any other case, two one-way ANOVAs were performed to
assess impacts of the PUFA enrichment strategy and the Cd exposure
level. For each PUFA enrichment strategy separately, a first one-way
ANOVA followed by a post-hoc Tukey test was performed to assess
impact of the Cd exposure level on membrane integrity, metabolic ac-
tivity (both arsin-rootsquare transformed), Cd intracellular concentra-
tions (no data transformation required) and gene expressions (Log
transformed). For each Cd exposure level separately, the impact of the
PUFA enrichment strategy was assessed by a second 1-way ANOVA
followed by a post-hoc Dunnett’s test, with control cells as reference
condition.

Statistical analyses of the proteomic data were performed by com-
bining the p-values computed by ProteinPilot, using weighed z-scores
(Zaykin, 2011), as described by Villers et al. (2017).

3. Results

3.1. PUFA enrichment modulates the phospholipid composition of the RTL-
W1 cells

The fatty acid profile of RTL-W1 cell phospholipids was modified by
changing the PUFA composition of the culture medium (Table 2).
Phospholipids of cells cultivated for one week in a medium enriched
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Fig. 1. Roles of the proteins encoded by the genes investigated. The illustration (adapted from Ferain et al. (2018)) has been done using the “cell biology” package
from Servier Medical Art. Abbreviations used: A5, A5 desaturation; A6, A6 desaturation; ALOXS5, arachidonate 5-lipoxygenase; BCLx, apoptosis regulator BCL2-Likel;
CALR, calreticulin; COX2, cyclooxygenase 2, cPLA2, cytosolic phospholipase A2; CPT1, carnitine palmitoyl transferase 1; cs, peroxisomal chain shortening; E,
elongation; ELOVL2, fatty acid elongase 2; ELOVL5, fatty acid elongase 5; FA, fatty acid; FADS2, fatty acid desaturase 2; FASN, fatty acid synthase; FATP1, fatty acid
transport protein 1; HSP, heat shock protein; MT, metallothionein; p53, tumor protein 53.

Table 2
Fatty acid composition of RTL-W1 cell phospholipids after one week culture in a growth medium supplemented or not (control) in a specific PUFA (50 umol L ™" ALA,
EPA, LA or AA) followed by 24 h in a medium deprived of fatty acid (umol g ~* protein).

Fatty acids Control ALA EPA LA AA

14:0 12.7 + 3.3 6.0 + 1.4 10.1 + 0.9 7.1 + 0.8 9.2 + 0.9

16:0 206.6 + 72.6 154.6 + 13.9 193.2 + 10.7 180.1 + 34.0 175.8 + 21.4
18:0 129.3 + 39.8 135.4 * 6.4 121.4 = 8.4 132.2 = 20.1 109.7 * 18.2
Total SFA 348.5 + 115.6 296.1 + 18.4 3247 + 18.5 319.4 + 54.9 294.8 + 40.0
16:1n-7 116 = 3.5 0.0 + 0.0 6.4 = 0.3 0.0 = 0.0 * 55 + 0.3
18:1n-7 27.5 * 6.9 132 + 0.8 * 20.8 * 1.4 132 = 0.9 @ 17.0 = 1.0
18:1n-9 232.4 * 42.9 87.6 = 5.2 * 110.5 + 6.8 * 67.3 = 6.2 * 91.5 + 5.4 *
Total MUFA 271.5 + 53.0 100.8 + 6.0 * 137.7 + 8.4 % 80.5 + 7.1 * 114.1 + 6.7 *
ALA 18:3n-3 0.0 = 0.0 164.2 + 2.1 * 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0
18:4n-3 0.0 + 0.0 52.4 + 6.5 * 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0
20:3n-3 0.0 + 0.0 129 = 1.0 * 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0
20:4n-3 0.0 + 0.0 18.4 + 0.9 * 117 + 2.1 * 0.0 + 0.0 0.0 + 0.0

EPA 20:5n-3 8.2 + 1.1 36.1 + 4.2 153.5 + 18.0 * 3.9 + 07 % 0.0 + 0.0 *
22:5n-3 9.4 + 1.3 8.0 = 0.6 90.7 * 10.3 * 7.2+ 1.2 7.5 = 0.7
22:6n-3 14.6 + 2.4 10.4 = 0.8 13.0 = 1.3 10.0 = 2.0 10.6 + 3.5
Total n-3 PUFA 322 + 4.2 302.3 + 10.7 * 268.9 + 31.0 * 21.1 + 2.5 18.0 + 4.0 &
LA 18:2n-6 19.3 + 3.9 11.8 = 2.8 11.8 + 0.9 282.3 + 45.8 * 9.6 = 1.0
18:3n-6 41 + 0.8 0.0 + 0.0 * 0.0 + 0.0 * 47.6 = 2.4 * 47 + 0.3
20:2n-6 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0 12,6 £ 2.2 * 0.0 = 0.0
20:3n-6 12.8 = 2.0 0.0 = 0.0 * 6.0 + 0.7 * 26.4 + 2.4 * 12.9 = 0.6

AA 20:4n-6 20.6 * 3.4 11.0 + 1.0 * 16.6 + 1.2 205 = 1.8 184.9 + 18.6 *
22:4n-6 0.0 + 0.0 0.0 + 0.0 53 + 0.7 * 0.0 + 0.0 71.7 + 4.1 *
Total n-6 PUFA 56.8 + 10.1 22,9 + 2.7 * 39.7 + 3.5 389.3 + 54.6 * 283.9 + 23.7 *
Total PUFA 89.0 = 14.2 325.1 + 12.9 ¢ 308.6 + 34.6 * 410.4 + 57.1 * 301.9 + 255 *
Total 709.0 = 179.7 722.0 = 27.4 771.1 + 57.9 810.3 + 119.1 710.7 + 70.7
n-3/n-6 ratio 0.58 = 0.04 13.52 + 1.31 * 6.74 = 0.17 * 0.06 * 0.01 * 0.06 * 0.01 *

Data are expressed as means + standard error of mean (n = 3). Stars indicate significant differences between control and PUFA-enriched conditions (p < 0.05)
while stars into brackets indicate similar trends but without significance (0.05 < p < 0.1). Abbreviations used: AA, arachidonic acid; ALA, alpha-linolenic acid;
EPA, eicosapentaenoic acid; LA, linoleic acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.
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in a specific PUFA were significantly richer in the supplemented PUFA
and some of its biotransformation products than control cells (see Fig. 1
for the biotransformation pathway). Particularly, ALA, 18:4n-3, 20:3n-3
and 20:4n-3 were found in the phospholipids of cells grown in a
medium enriched in ALA but not in those of control cells. ALA-enriched
cells contained also about 4-fold more EPA in their phospholipids than
control cells. Phospholipids of cells grown in an EPA-rich medium were
about 19-fold richer in EPA than those of control cells. Phospholipids of
EPA-enriched cells also contained a significantly higher amount of
22:5n-3 than control cells. Adding LA to the culture medium sig-
nificantly increased the cell phospholipid content in LA (by about 15-
fold), 18:3n-6 and 20:3n-6, without affecting AA phospholipid level.
The cell phospholipid richness in AA increased by about 9-fold fol-
lowing AA addition to the growth medium. AA-enriched cells also
contained 22:4n-6 in their phospholipids while control cells were de-
prived of it. As a consequence of these individual changes, the phos-
pholipids of RTL-W1 cells grown in a medium enriched in a specific n-3
PUFA (vs a n-6 PUFA) were characterized by a significantly higher (vs a
lower) n-3/n-6 ratio than control cells. The PUFA enrichment strategies
applied enabled to obtain RTL-W1 cells with n-3/n-6 ratios encom-
passing a 200-fold range. Finally, phospholipids of cells cultivated in
media enriched in a specific PUFA were significantly richer in PUFAs
(about 3.5- to 4.5-fold) and poorer in MUFAs (about 2- to 3.5-fold). The
decrease of the total MUFA level observed under PUFA enrichment was
mainly due to a lower 18:1n-9 level. The SFA content and the total
amount of fatty acids identified in cell phospholipids were not changed
upon PUFA enrichment.

3.2. PUFA enrichment modulates the neutral lipid composition of the RTL-
W1 cells

Cellular neutral lipid levels were about 10 times lower than phos-
pholipid levels irrespective of the PUFA enrichment strategy (Tables 2,
3). Neutral lipids of control cells were composed of SFAs, MUFAs but
were deprived of PUFAs (Table 3). Adding a specific PUFA to the
growth medium had no impact on SFA level in cellular neutral lipids
but significantly decreased MUFA level (by about 3- to 4.5-fold),
especially 18:1n-9, as it did in cellular phospholipids. Higher level of
the specific PUFA added to the culture medium was recovered in neu-
tral lipids of PUFA-enriched RTL-W1 cells, as well as direct desaturation
products for ALA- and LA-enriched cells and elongation products for
EPA- and AA-enriched cells (Table 3).

Table 3
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3.3. Cd has limited impact on the phospholipid composition of RTL-W1 cells

A 24-h exposure to Cd (50 or 100 umolL_l) had no significant
impact on the fatty acid profile of RTL-W1 cell phospholipids. A few
trends were however noticed in control, LA- and AA-enriched cells
(Table 4). The phospholipid level of 22:6n-3 slightly increased under Cd
exposure (24 h, 100 umolL’l) in control cells (+22% as compared to
non-exposed control cells) while it decreased (24 h, 100 umolL™!) in
AA-enriched cells (—44% as compared to non-exposed AA-enriched
cells). These opposite variations resulted in a significantly lower 22:6n-
3 level in phospholipids of AA-enriched cells challenged with the
highest Cd dose tested (100pumolL~') as compared to control cells
challenged with the same Cd level (—67%) (Table 4). Besides, the
20:3n-6 phospholipid level slightly decreased in LA-enriched cells
under Cd exposure (—16 to —24%) while it remained stable in control
cells. As a result, the significant difference of 20:3n-6 phospholipid
level between LA-enriched and control cells disappeared under Cd
challenge (Table 4).

3.4. Cd increases the neutral lipid content in n-6 PUFAs of AA-enriched
cells

A 24-h exposure to Cd (50 or 100 umolL_l) had no significant
impact on neutral lipid composition in control, ALA-, EPA- and LA-
enriched cells (data not shown). The same phenomenon was observed
in AA-enriched cells submitted to 50 pmolL~! of Cd. On the other
hand, a 2- to 3-fold increase of the absolute levels of AA, 22:4n-6, n-6
PUFAs and PUFAs in the neutral lipids was noticed in AA-enriched cells
submitted to 100 umolL_1 of Cd (Table 5).

3.5. PUFA enrichments modulates cell tolerance to Cd

Cd decreased both RTL-W1 cell viability proxies, that are metabolic
activity and membrane integrity (Fig. 2). None of the PUFA enrich-
ments modified the apparent drop in membrane integrity caused by Cd.
By contrast, ALA, EPA and AA enrichments significantly modulated cell
metabolic activity under Cd challenge (Fig. 2). ALA- and EPA-enriched
cells challenged with Cd (50 or 100 umolL_l) were 1.6- to 1.9-fold
more metabolically active than control cells exposed to the same Cd
dose. A similar significant cytoprotection was induced by AA enrich-
ment at the lowest Cd dose tested (50 pmol L.~ 1) while no impact of AA
enrichment on cellular metabolic activity was observed at 100 pmol

Fatty acid composition of RTL-W1 cell neutral lipids after one week culture in a growth medium supplemented or not (control) in a specific PUFA (50 pmol L ™" ALA,
EPA, LA or AA) followed by 24 h in a medium deprived of fatty acid (umol g~ ! protein).

Fatty acid Control ALA EPA LA AA

16:0 247 + 6.1 24.0 = 3.5 21.6 + 4.3 299 £ 79 212 + 1.6
18:0 33.2 = 4.1 319 = 7.7 26.4 + 6.9 34.6 = 14.3 28.9 + 5.0
Total SFA 57.9 + 10.2 55.9 * 11.2 48.0 = 11.2 64.4 = 22.2 50.2 + 6.4
18:1n-9 16.8 = 0.9 46 £ 0.4~ 53 * 0.6 * 47 £1.2* 35+ 05*
Total MUFA 16.8 = 0.9 4.6 + 0.4 * 53 + 0.6 * 47 + 1.2~ 35+ 0.5*
ALA 18:3n-3 0.0 = 0.0 107 = 1.3 * 0.0 = 0.0 0.0 = 0.0 0.0 £ 0.0
18:4n-3 0.0 * 0.0 54 + 0.8 * 0.0 = 0.0 0.0 + 0.0 0.0 * 0.0
EPA 20:5n-3 0.0 = 0.0 0.0 £ 0.0 9.2 + 1.5* 0.0 = 0.0 0.0 £ 0.0
22:5n-3 0.0 * 0.0 0.0 * 0.0 55 + 0.8 0.0 = 0.0 0.0 * 0.0
Total PUFA n-3 0.0 = 0.0 16.2 + 1.8 * 14.6 = 2.2 * 0.0 = 0.0 0.0 = 0.0
LA 18:2n-6 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0 19.9 £ 7.2 & 0.0 = 0.0
18:3n-6 0.0 * 0.0 0.0 * 0.0 0.0 + 0.0 4.6 £ 05 * 0.0 * 0.0
AA 20:4n-6 0.0 * 0.0 0.0 * 0.0 0.0 + 0.0 0.0 * 0.0 6.0 + 0.5 *
22:4n-6 0.0 £ 0.0 0.0 £ 0.0 0.0 = 0.0 0.0 £ 0.0 2.6 = 0.0*
Total PUFA n-6 0.0 = 0.0 0.0 = 0.0 0.0 = 0.0 245 + 7.6 & 8.6 + 0.5*
Total PUFA 0.0 + 0.0 16.2 + 1.8 * 14.6 = 2.2 % 24.5 * 7.6 ¥ 8.6 = 0.5*
Total 747 = 11.0 76.7 = 10.1 67.9 = 13.5 93.6 = 31.0 62.3 £ 7.0

Data are expressed as means + standard error of mean (n = 3). Stars indicate significant differences between control and PUFA-enriched conditions (p < 0.05)
while stars into brackets indicate similar trends but without significance (0.05 < p < 0.1). Abbreviations used: AA, arachidonic acid; ALA, alpha-linolenic acid;
EPA, eicosapentaenoic acid; LA, linoleic acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.
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Table 4

Fatty acid composition of RTL-W1 cell phospholipids after one week culture in a growth medium supplemented or not (control) in a specific PUFA (50 umol L ™! LA or

Aquatic Toxicology 205 (2018) 100-113

and a subsequent challenge wit! , or mo. i urin: in a medium deprived of fatty aci mao 3 rotein).
AA) and a subseq hallenge with Cd (0, 50 or 100 pmol L™ ") during 24 h i dium deprived of fatty acid (umol g~! protein)

Fatty acids . Cantral 0 LA . AA

Opmol L Cd  SOpmolL'Cd 100umolL'Cd OpmolL'Cd  S0pmol L'Cd 100pmolL"Cd OpmolL'Cd 50 pmol L' Cd 100 ymol L Cd
14:0 127233 9.8+05 10.7 04 71+08 6.0x07"* 659+03 92+09 7403 8107
16:0 2066728 165.5+17.9 191.9+ 8.0 180.1 + 34.0 158.0+ 28.8 1803 +17.7 1758+ 214 148.2 +£21.7 1664 £17.3
18:0 129.3 £39.8 1204123 141.4 £ 4.7 1322+ 201 123.31+19.3 140.7 + 14.2 109.7 + 18.2 995+ 189 111.6£103
Total SFA 34851156 2957 £30.1 344.0£11.7 319.4 £ 549 28731487 32791 31.7 2948 £40.0 2552 +40.4 2861+ 28.0
16:1n-7 116235 95111 105111 0.0+00* 00+00* 00x00* 55+03 46105 56108
18:1n-7 27.5%6.9 247122 286134 13.2£09™ 107£1.3"° 12705 17.0£1.0 14.4£130 16718
18:1n-9 2324 £429 216.1 £18.0 248.2 £151 67.3+6.2" 599+7.0" 727+52" 91.5£54" 76.9+x69" 933x98"*
Total MUFA 271.5£53.0 250.3 % 20.5 287.2+19.4 80.5+7.1"° 70.6+83" 854+57"* 1141267 * 959+8.7* 1M156+121°*
ALA 18:3n-3 0.0+£00 0.0+£00 0.0+£00 0.0+ 0.0 0.0+£00 0.0£0.0 0.0+£0.0 0.0£00 0.0+00
18:4n-3 0.0+£00 0.0+£00 0.0+£00 0.0+£00 0.0+£00 0.0+£00 0.0+£0.0 0.0+£0.0 0.0+£00
20:3n-3 0.0+00 00100 0.0+£0.0 0.0+0.0 0.0+0.0 0.0+00 0.0+00 0.0+00 00100
20:4n-3 0.0+0.0 0.0+00 0.0+£00 0.0+0.0 0.0+0.0 0.0+0.0 0.0+00 00400 0.0+00
EPA 20:5n-3 B2+11 94+06 10.4 £0.5 39107 41+1.30 53+ 04 0000 00+00* 0.0+00"
22:5n-3 84+13 9.0+0.9 10.2+05 72412 6.0+1.1 66106 7507 5T+05 654108
22:6n-3 1461 2.4 136116 1r.8+31 10.0+£2.0 BBt14 99108 10.6+ 35 5.4 +04 59105
Total n-3 PUFA 32.2%4.2 32031 385138 21125 18.8£3.7 21.7x£1.9 18.0 £ 4.0 * 11.1+£08* 123%1.2*
LA 18:2n-6 19.3+33 18425 209+18 2823+458"% 239.2+469% 2725x29.7T* 96+1.0 78x08" 95113
18:3n-6 4108 41+03 46+07 47T6+24° 41.1+40* 489+25* 47+0.3 4103 521403
20:2n-6 0.0+ 0.0 00+00 0.0+£00 126+22° 10.3+21* 11.3109* 0.0+0.0 0.0x00 00+00
20:3n-6 128220 124+1.0 14.0+07 264+24* 200+25 222109 1280+ 08 10.5£0.7 11.6+1.0
AA 20:4n-6 206%34 20.2+2.0 230+13 205+18 16.9+2.1 10.2+1.3 1849+18.6* 1554+154* 179.3+£235*
22:4n-6 0.0£00 0.0+00 0.0+£0.0 0000 0000 0.0£00 T17+41" 56.0£3.2" 621x42"
Total n-6 PUFA  56.8£10.1 551156 62.6t4.2 389.3+546* 327.6%f57.5% 37411348* 2839£237* 2338%193* 2678129.0°
Total PUFA 83.0x14.2 871186 1011277 4104571 34641613 3958%366" 301.9+255* 2449%t202* 2801%30.2°
Total TO9.0£179.7 63321557 732.3£36.4 810321191 704311137 B09.21656 7107 £70.7 596.0 £ 65.9 681,81 69.6
n-3/n-6 ratic 0.58 £ 0.04 0.58 £0.00 0.62£0.03 0.06£0.01* 0.060.00* 0.06 £0.00 " 0.06£0.01* 0.05+0.00 % 0.05%0.00"

Data are expressed as means * standard error of mean (n = 3). For each level of Cd exposure, stars indicate significant differences between control and PUFA-
enriched conditions (p < 0.05) while stars into brackets indicate similar trends but without significance (0.05 < p < 0.1). Abbreviations used: AA, arachidonic
acid; Cd, cadmium; LA, linoleic acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.

L~ ! Cd. On the other hand, LA enrichment had no impact on any of the
cell viability indicators whatever the Cd concentration (Fig. 2).

3.6. PUFA has no impact on Cd burden

RTL-W1 dose-dependently accumulated Cd, irrespective of the
PUFA enrichment strategy (Fig. 3). The total Cd burden was not sig-
nificantly different between PUFA-enriched cells and control cells
(Fig. 3).

3.7. PUFA and Cd modulate the expression of genes and the proteomic
landscape

Raw data for proteomic analyses are available in Table Al in
Supplementary material.

Table 5

3.7.1. Fatty acid metabolism

The expression level of the ELOVL2 gene was below quantification
limit for all experimental conditions (not shown). In the absence of Cd
challenge, PUFA enrichments significantly increased FATP1 and CPTI
gene expression levels, while having no significant impact on the ex-
pression level of the other fatty acid metabolism genes analysed (FASN,
FADS2 and ELOVL5) (Fig. 4). At the protein expression level, ALA, EPA
and AA enrichments significantly downregulated the fatty acid binding
protein 7 (FABP7), a protein involved in fatty acid uptake, transport
and metabolism. This effect was unaffected by Cd exposure (proteomic
analyses, Table 6).

Cd had no significant impact on FATP1, CPT1 and ELOVL5 gene
expression (Fig. 4). Cd tended to decrease the FASN gene expression in
PUFA-enriched cells (especially in ALA- and LA-enriched cells), while
the FASN gene expression remained constant under Cd exposure in
control cells (Fig. 4). As a result, a trend for lower FASN gene expression
was observed in PUFA-enriched cells (especially ALA-, EPA- and LA-

Fatty acid composition of RTL-W1 cell neutral lipids after one week culture in a growth
medium supplemented in AA (50 umolL™!) and a subsequent challenge with Cd (0, 50 or
100 pmol L. ™Y) during 24 h in a medium deprived of fatty acid (umol g~! protein).

Fatty acid Opmol L'Cd 50 pmolL'Cd 100 ymol L Cd
16:0 21.2+1.6 22.9+7.3 14.8+1.1
18:0 289+50 285+87 21.3+49
Total SFA 50.2+6.4 51.4%159 36.1%6.0
18:1n-9 3505 6.0+34 43+05
Total MUFA 35205 6.0+34 43205
Total PUFAn-3 0.0%0.0 0.0 0.0 0.0x0.0
AA 20:4n-6 6.0x05@ 7.4+ 1.6 (@0 16.3+4.6 ™
22:4n-6 26+0089 26+03® 50+08°®
Total PUFANn-6 8.6%05° 10.0 £ 1.8 2bla) 21.3+54°"
Total PUFA 86052 10.0 £ 1.8 a~@ 21.31+54°"
Total 62.3x7.0 67.4+20.9 61.71+11.6

Data are expressed as means * standard error of mean (n = 3). Letters indicate significant
impact of the Cd exposure level, with levels not connected to the same letter being significantly
different from each other, (p < 0.05) while letters into brackets indicate similar trends but
without significance (0.05 < p < 0.1). Abbreviations used: AA, arachidonic acid; Cd, cad-
mium; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated

fatty acid.
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Fig. 2. Membrane integrity (up) and metabolic activity (down) of RTL-W1 cells
after one week culture in a growth medium supplemented or not (control) in a
specific PUFA (50 yumol L ™" ALA, EPA, LA or AA) and a subsequent challenge
with Cd (0, 50 or 100 umol L™ 1) during 24 h in a medium deprived of fatty acid.
Data are expressed as means * standard error of mean (n = 6). For each level
of Cd exposure, stars indicate significant differences between control and PUFA-
enriched conditions (p < 0.05). For each PUFA enrichment strategy, letters
indicate significant impact of the Cd exposure level, with levels not connected
to the same letter being significantly different from each other (p < 0.05).
Abbreviations used: AA, arachidonic acid; ALA, alpha-linolenic acid; Cd, cad-
mium; EPA, eicosapentaenoic acid; LA, linoleic acid, PUFA, polyunsaturated
fatty acid.

:::Control WNALA ENEPA LA mmAA
35 c

3.0
25
820
215
b
E 05

0.0

rotein)

o

—

Intracellular Cd concentration

50
Cd exposure level (umol L)

Fig. 3. Intracellular Cd concentration in RTL-W1 cells after one week culture in
a growth medium supplemented or not (control) in a specific PUFA
(50 umol L™ ! ALA, EPA, LA or AA) and a subsequent challenge with Cd (0, 50 or
100 umol L™ !) during 24 h in a medium deprived of fatty acid. Data are ex-
pressed as means = standard error of mean (n = 4). For each PUFA enrich-
ment strategy, letters indicate significant impact of the Cd exposure level
(p < 0.05). For more details, refer to the legend of Fig. 2 PUFA enrichments
had no significant impact on the intracellular Cd concentration. Abbreviations
used: AA, arachidonic acid; ALA, alpha-linolenic acid; Cd, cadmium; EPA, ei-
cosapentaenoic acid; LA, linoleic acid, PUFA, polyunsaturated fatty acid.

enriched cells) exposed to 100 umol L~ ! Cd as compared to control cells
exposed to the same Cd dose (Fig. 4). Besides, Cd tended to down-
regulate the FADS2 gene in PUFA-enriched cells (especially in EPA-
enriched cells) (Fig. 4).

3.7.2. PUFA-derived signalling

In the absence of Cd challenge, EPA enrichment slightly, yet sig-
nificantly, upregulated the cPLA2 gene expression (1.4-fold) while the
other PUFA enrichments had no impact (Fig. 5). The expression level
the COX2 gene was significantly lower (4-fold) in AA-enriched cells
than in control cells. A similar trend, but of lower magnitude, was
observed in EPA-enriched cells. ALA and LA enrichments had no impact
on the COX2 gene expression level (Fig. 5). AA enrichment tended to
decrease ALOX5 gene expression level while the other PUFA enrich-
ments had no impact (Fig. 5).
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Cd significantly upregulated the cPLA2 gene expression in control
cells (4.5-fold increase at the highest dose tested) (Fig. 5). The cPLA2
gene expression level was significantly lower in ALA-, EPA- and AA-en-
riched cells exposed to 100 umol L™ ! Cd than in control cells challenged
with the same Cd dose (Fig. 5). The COX2 gene expression was sig-
nificantly decreased by Cd in ALA- and LA-enriched cells (Fig. 5). Similar
downregulations, not significant though, were observed in EPA-enriched
cells (at both Cd doses) and in control cells (at the lowest Cd dose tested
only) while Cd had no impact on the COX2 gene expression level in AA-
enriched cells (Fig. 5). Finally, Cd had no impact on the ALOX5 gene
expression level, regardless of the PUFA enrichment strategy (Fig. 5).

3.7.3. Stress response

The expression level of the HSP70b gene was below quantification
limit for all treatments (not shown). In the absence of Cd challenge,
RTL-W1 cells did not express the MTa gene at detectable levels while
they markedly expressed the MTb isoform (Fig. 6). The basal expression
level of the latter gene was not influenced by PUFA enrichment stra-
tegies (Fig. 6). PUFA enrichments did not impact the gene expression of
HSP70a, p53 or CALR (Fig. 6). ALA, LA and AA enrichments tended to
downregulate the BCLx gene (Fig. 6). At the protein expression level,
EPA enrichment tended to downregulate glutaredoxin-1. ALA and AA
enrichments tended to downregulate S100-Al, a protein involved in
many cellular functions, including calcium homeostasis, cytoskeleton
dynamics and the inflammatory response. The observed down-
regulation of glutaredoxin-1 and protein S100-A1 disappeared after Cd
exposure (50 pmol L™YH (proteomic analyses, Table 6)

Cd significantly induced MTa, HSP70a and MTb gene expression le-
vels while it decreased that of BCLx and had no significant impact on p53
and CALR gene expression levels (Fig. 6). The upregulation of the MTb
gene was less pronounced in PUFA-enriched cells and decreased with the
Cd exposure level (Fig. 6). As a result, MTb gene expression level was
significantly lower (or tended to be so) in ALA-, EPA- and AA-enriched
cells exposed to 100 umol L.~ Cd than in control cells exposed to the
same Cd level (Fig. 6). The MTa gene expression followed a similar
pattern, with a significantly lower expression level in AA-enriched cells
exposed to 100 umol L' Cd than in control cells (Fig. 6). At the protein
expression level, Cd strongly upregulated several HSPs, namely HSP30
and two isoforms of HSP70. However, due to a high variability of re-
sponse, the upregulation of one of the HSP70 isoforms was only sig-
nificant in control cells, and the upregulation of HSP30 was not sig-
nificant (only a trend was seen in control cells) (proteomic analyses,
Table 6). Besides, ALA-enriched cells showed higher levels of an isoform
of the antioxidant enzyme peroxiredoxin (predicted: peroxiredoxin-1,
blast NCBI) when challenged with Cd (50 umolL_l), while no impact
was observed in the absence of Cd (proteomic analyses, Table 6). A si-
milar trend, but without significance, was observed in AA-enriched cells,
while EPA enrichment had no impact on the production of this protein.
Finally, in control and AA-enriched cells, Cd (50 umol L. ™) significantly
downregulated annexin-Al, a protein involved in trafficking and orga-
nisation of vesicles, exocytosis and endocytosis processes as well as in
calcium ion channel formation (proteomic analyses, Table 6).

3.7.4. CYP20A1

In absence of Cd challenge, EPA and AA enrichments significantly
increased the expression level of the CYP20A1 gene, an orphan of the
CYP family (Fig. 7).

Both doses of Cd repressed the CYP20A1 gene expression level in
EPA-enriched cells, whereas no significant impact of Cd on the
CYP20A1 expression level could be detected in control cells and cells
enriched in other PUFAs (Fig. 7).

3.7.5. Cytoskeleton

At the protein expression level, PUFA enrichments influenced the
abundance of some cytoskeletal intermediate filaments. In absence of
Cd challenge, cytokeratin-18 level was significantly higher in ALA- and
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Fig. 4. Relative expression of genes involved in lipid metabolism in RTL-W1 cells after one week culture in a growth medium supplemented or not (control) in a
specific PUFA (50 pmol L ™" ALA, EPA, LA or AA) and a subsequent challenge with Cd (0 pmol L™ ! in light grey, 50 pmol L ™" in grey or 100 ymol L.~ ! in dark grey)
during 24 h in a medium deprived of fatty acid. Data are expressed as means = standard error of mean (n = 4). For each level of Cd exposure, stars indicate
significant differences between control and PUFA-enriched conditions (p < 0.05), while stars intro brackets indicate similar trends but without significance
(0.05 < p < 0.1). For each PUFA enrichment strategy, letters indicate significant impact of the Cd dose, with levels not connected to the same letter being
significantly different from each other (p < 0.05), while letters intro brackets indicate similar trends but without significance (0.05 < p < 0.1). Abbreviations
used: AA, arachidonic acid; ALA, alpha-linolenic acid; Cd, cadmium; CPT1, carnitine palmitoyl transferase 1; ELOVLS5, fatty acid elongase 5; EPA, eicosapentaenoic
acid; FADS2, fatty acid desaturase 2; FASN, fatty acid synthase; FATPI, fatty acid transport protein 1; LA, linoleic acid; PUFA, polyunsaturated fatty acid.

AA-enriched cells than in control cells. Besides, AA-enriched cells 3.7.6. Glucose metabolism

contained a significantly higher amount of intermediate filament pro- In absence of Cd challenge, AA enrichment significantly upregulated
tein ON3 than control cells. Finally, ALA, AA and EPA enrichments pyruvate kinase expression (proteomic analyses, Table 6), a protein
slightly reduced myosin-9 level (significant for AA and EPA enrich- involved in glucose metabolism, while ALA and EPA enrichment had no
ments). These PUFA-derived regulations disappeared after Cd exposure impact. This upregulation was not observed under Cd exposure
(50 umol L. ™) (proteomic analyses, Table 6). (50 umol L™ 1),

Table 6

Differentially expressed proteins in RTL-W1 cells after one week culture in a growth medium supplemented or not (control) in a specific PUFA (50 umol L~ ALA, EPA
or AA) and a subsequent challenge with Cd (0 or 50 umol L™ ) during 24 h in a medium deprived of fatty acid.

PUFA impact in absence of Cd PUFA impact in presence of Cd Cd impact
ALAD/CTO EPADICTO  AAD/CTD ALASH/CTS0 EPASQ/CTS0  AASDICTS0 CT50/CTO ALASO/ALAD EPASO/EPAD  AASDIAAD

Proteins

Glucose metabolism

Pyruvate kinase 1.08 114 1,27 0.98 1.03 1.09 1.00 091 0.95 0.90
Fatty acid metabolism

Fatty acid binding protein 7 Esra P oser | [oe2t 064 1.08 1.05 0.87 096
Stress response

Annexin-A1 0.93 1.00 1.05 1,01 1.03 0.96 0.73 0.86 0.82 067
Glutaredoxin-1 0.82 068 M 0.80 0.77 0.92 0.93 1.11 0.9 1.06 1.11
Heat shock protein 30 0.66 0.76 0.67 1.33 1.09 1.31

Heat shock protein 70-1 1.00 0.88 1.25 1.03 0.94 0.91

Heat shock protein 70-2 0.82 1.09 1.11 1.08 1.04 0.95

Peraxiredoxin-1 1.19 1.03 1.07 138" 0.87 1.26 0.80 1.09 0.89 T2
Protein $100-A1 056% 086 082% | 090 1.37 1.32 1.11 1.00 1.30 1.16
Cytoskeleton

Cytokeratin-18 137 132 1.38* 0.93 0.89 0.98 1.20 0.97 0.92 1.14
Intermediate filament protein ON3 1,26 1.29 1.39% 1.01 1.00 1.07 1.16 0.96 0.94 0.96
Myosin-2 0,88 1% 0.83* 078" 0.92 0.92 0.90 1.03 1,04 0.96 1.03

Data are expressed as mean ratios (n = 3). Stars indicate significant upregulation (green) or downregulation (red) by PUFAs or Cd (i.e. ratios significantly different
from 1, weighed z-scores, p < 0.05) while stars into brackets indicate similar trends but without significance (0.05 < p < 0.1). Desciption (Oncorhynchus_peptide
database): Annexin-A1l, GSONMP00063408001; Cytokeratin-18, GSONMP00010164001; Fatty acid binding protein 7, GSONMP00072181001; Glutaredoxin-1,
GSONMP00066197001; Heat shock protein 30, GSONMP00081507001; Heat shock protein 70-1, GSONMP00064818001; Heat shock protein 70-2,
GSONMP00020100001; Intermediate filament protein ON3, GSONMP00040665001; Myosin-9, GSONMP00017263001; Peroxiredoxin-1, GSONMP00041410001;
Protein S100-A1, GSONMP00014770001; ; Pyruvate kinase, GSONMP00052888001;. Abbreviations used: AA, arachidonic acid; ALA, alpha-linolenic acid; Cd,
cadmium; CT, control; EPA, eicosapentaenoic acid; LA, linoleic acid, PUFA(s), polyunsaturated fatty acid(s).
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Fig. 6. Relative expression of genes involved in stress response metabolism in RTL-W1 cells after one week culture in a growth medium supplemented or not (control)
in a specific PUFA (50 uM ALA, EPA, LA or AA) and a subsequent challenge with Cd (0 umol L.~ ! in light grey, 50 ymol L™! in grey or 100 ymol L™ ! in dark grey)
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eicosapentaenoic acid; HSP70a, heat shock protein 70a; LA, linoleic acid; MTa, metallothionein a; MTb, metallothionein b; p53, tumor protein 53; PUFA, poly-

unsaturated fatty acid.

4, Discussion

The present study aimed at investigating the interactions between
PUFAs and Cd at the molecular level. Globally, our results indicate that
PUFAs strongly influenced fatty acid homeostasis and metabolism while
Cd moderately impacted these parameters. They further indicated that
some PUFAs modulated the sensitivity of rainbow trout liver cells to Cd.
This protective effect could not be ascribed to a differential Cd accu-
mulation. Rather, it is suggested that modulation of intracellular
parameters was responsible for the increased tolerance to Cd.

4.1. Impact of PUFA on fatty acid homeostasis and metabolism in RTL-W1
cells

As previously observed (Ferain et al., 2016), RTL-W1 cells supple-
mented with single PUFAs incorporated these compounds as well as
some biotransformation products mainly in their phospholipids, while
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keeping the total cellular fatty acid content stable. This indicates that
the fatty acid profile modulation occurred either through the replace-
ment of some fatty acids (mainly 18:1n-9) in pre-existing lipids or
thanks to the lipid turnover process rather than through supplementary
lipid accumulation, as previously pointed out (Ferain et al., 2016). As a
result, RTL-W1 cells grown in a culture medium supplemented with a
specific PUFA were not only richer in PUFAs but also lower in MUFAs
than the control cells, as previously described (Ferain et al., 2016). The
major incorporation of the absorbed PUFAs in the cellular phospholi-
pids emphasises once more the preponderant role of PUFAs as struc-
tural components of biological membranes (Tocher, 2003).

Fatty acids are absorbed by cells through either a passive me-
chanism or by transmembrane proteins, such as FATP1 (Frohnert and
Bernlohr, 2000; Zhou et al., 2010). The upregulation of FATP1 gene
detected with the PUFA treatments may be a cellular response aiming at
increasing the efficiency of the PUFA uptake, which may have been
driven either by the high PUFA concentration in the growth medium or
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one week culture in a growth media supplemented or not (control) in a specific
PUFA (50 umol L~ ! ALA, EPA, LA or AA) and a subsequent challenge with Cd (0
UM in light grey, 50 pmol L™ in grey or 100 umol L™ ! in dark grey) during 24 h
in a medium deprived of fatty acid. Stars and letters indicate significant impacts
of PUFA enrichment and Cd exposure, respectively. For more details, refer to
the legend of Fig. 4. Abbreviations used: AA, arachidonic acid; ALA, alpha-

linolenic acid; Cd, cadmium; CYP20A1, cytochrome P450 20A1; EPA, eicosa-
pentaenoic acid; LA, linoleic acid; PUFA, polyunsaturated fatty acid.
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by an increased mitochondrial B-oxidation rate. Indeed, it has been
suggested that the metabolic demand for fatty acids and not the sub-
strate availability is the driving force for cellular fatty acid uptake
(Mashek and Coleman, 2006). The upregulation of CPT1 gene supports
this view since the enzyme encoded by this gene catalyses the com-
plexation of activated fatty acids with carnitine, a crucial step for their
translocation into mitochondria for B-oxidation (Fig. 1) (Leaver et al.,
2008). The intracellular transport of free fatty acids is facilitated by
proteins called fatty acid binding proteins as they bind the hydrophobic
fatty acids (Leaver et al., 2008). Contrary to expectations, PUFA
treatments decreased the level of FABP-7, a fatty acid binding protein
isoform. Other isoforms may thus preponderantly ensure cytosolic
transport of fatty acids in RTL-W1 cells.

Rainbow trout, like other salmonids, have high fatty acid bio-
transformation abilities and can efficiently produce DHA and AA from
18 carbon precursors (ALA and LA) (Tocher, 2003). These bio-
transformation steps (Fig. 1), mainly occurring in the liver, are cata-
lysed by elongases and desaturases. These enzymes are encoded by the
ELOVL2, ELOVL5 and FADS2 genes (Leaver et al., 2008). In line with
previous reports (Ferain et al., 2016; Mellery et al., 2017), RTL-W1 cells
were unable to produce DHA from ALA or from EPA, and AA from LA.
Instead, an accumulation of intermediary elongation and desaturation
(A5 and A6) products immediately downstream of the given PUFAs in
the biotransformation pathway was observed, as previously described
(Ferain et al., 2016; Mellery et al., 2017). The absence of ELOVL2 ex-
pression in RTL-W1 cells under the present experimental conditions
might explain their inability to generate DHA, as previously suggested
(Ferain et al., 2018).

4.2. Impact of Cd on fatty acid homeostasis and metabolism in RTL-W1
cells

The fatty acid profile of fish tissue is influenced by environmental
factors, including pollution by metals (Fadhlaoui and Couture, 2016;
Filimonova et al., 2016; Konar et al., 2010). Nevertheless, very few
works addressed the specific impact of Cd on the fatty acid composition
of cellular lipid classes. A previous study on rat hepatocytes showed
that a sub-lethal dose of Cd increased the relative parts of 16:0 and 18:0
while decreasing that of AA in neutral lipids (Kudo and Waku, 1996). In
the present study, Cd neither impacted on the fatty acid composition of
cellular lipids (neutral lipids and phospholipids), nor the expression of
genes involved in fatty acid metabolism in control cells. On the other
hand, Cd modulated these parameters in PUFA-enriched cells. In par-
ticular Cd significantly increased (2.5-fold) the incorporation of AA in
neutral lipids of AA-enriched cells at the expense of other fatty acids
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(mainly SFAs). Since Cd exposure was carried out in a fatty acid free
medium and the n-6 PUFA level remained constant in phospholipids
under Cd exposure, n-6 PUFAs incorporated into neutral lipids in re-
sponse to Cd exposure likely originated from the cellular free fatty acid
pool. Further investigation is, however, needed to validate this hy-
pothesis as the free fatty acid fraction was not analysed in the present
experiment. Besides, in the present study, DHA phospholipid level was
significantly lower in AA-enriched cells than in control cells after ex-
posure to the highest dose of Cd, while there was no difference in ab-
sence of Cd challenge. This resulted from two opposite trends (not
significant), i.e. an increase (vs a decrease) of DHA level following Cd
exposure in control-cells (vs in AA-enriched cells). The biological re-
levance of these changes remains unclear.

Previous studies have shown that Cd can modulate the expression of
genes involved in fatty acid metabolism. However, the reported effects
are highly variable and depend on the exposure characteristics (con-
centration, duration) (Koskinen et al., 2004), on the tissue targeted
(Chen et al., 2013; Fadhlaoui et al., 2018), on environmental conditions
(water temperature during fish growth) (Fadhlaoui et al., 2018). For
instance, a Cd challenge of high intensity (0.5mgL~", 96h) down-
regulated genes related to biosynthesis of fatty acids in rainbow trout
while a Cd challenge of a lower intensity (0.05 or 0.025mgL~', 24 h)
upregulated these genes (Koskinen et al., 2004). In the present study,
Cd tended to downregulate FASN (about 3- to 4-fold, not significant)
and FADS2 (about 2- to 2.5-fold, not significant) in PUFA-enriched cells
while Cd did not affect these genes in control cells. Downregulations of
these genes by Cd were also reported in primary cultures of Atlantic
salmon hepatocytes (Olsvik et al., 2016) and in liver of rats (Madejczyk
et al., 2015). All together, these data suggest that Cd might negatively
affect salmonid ability to synthesize EPA and DHA, thereby decreasing
the nutritional value of its flesh. Further studies are needed to identify
the critical conditions in which Cd really alters PUFA biosynthesis in
fish.

4.3. Impact of PUFA on Cd sensitivity

At both Cd doses tested, ALA- and EPA-enriched cells were more
metabolically active than the control cells, while LA enrichment had no
impact. This cytoprotection exerted by ALA and EPA confirmed our
previous observation with the same cell line (Ferain et al., 2016). Si-
milarly, n-3 PUFAs (EPA and DHA mix) increased cell tolerance to 24 h
and 48 h Cd challenge in Hep G2 cells (Linhartova and Sampels, 2015).
Still, in contrast to our previous observations, AA-enrichment also in-
creased cell tolerance to 50 umol L™* Cd but not to 100 umol ™! Cd, in
the present study. This divergence could most probably reflect differ-
ences in the experimental procedures. Indeed, the protective effect of
PUFAs toward Cd toxicity was herein evaluated at two discrete Cd
concentrations, while it was assessed by EC50 calculation through
modelling toxicity data in our previous study (Ferain et al., 2016).

In the present study, we explore two hypotheses that may explain
the cytoprotection exerted by specific PUFAs. PUFAs might (i) decrease
Cd cellular uptake and/or (ii) modulate intracellular parameters in-
creasing the cell tolerance to the damages induced by Cd (Ferain et al.,
2016).

® Cd burden was not influenced by PUFA enrichment

Depending on their number of carbons and unsaturation level,
PUFAs confer different physicochemical properties to the biological
membranes (fluidity, permeability), which can affect both active and
passive transports of solutes (Arts and Kohler, 2009; Tillman and
Cascio, 2003). However, in the present study, cytoprotection conferred
by ALA, EPA and AA was not associated with a decrease in intracellular
Cd concentration. Interestingly, n-3 PUFAs (EPA and DHA mixture)
increased Hep G2 cells tolerance to Cd (5 umolL_l, 24h) while they
significantly increased Cd intracellular burden (Linhartova and



A. Ferain et al.

Sampels, 2015). Overall, these results highlight that PUFAs do not
protect cells against Cd toxicity by decreasing Cd burden. Nevertheless,
one cannot exclude that PUFA enrichments could influence Cd in-
tracellular distribution, thereby modulating Cd toxicity. In cells, Cd can
indeed be found in five separate pools: (i) metallothionein-like proteins,
(ii) metal-rich granules, (iii) cellular debris (membrane), (iv) heat
sensitive proteins (e.g. enzymes) and (v) organelles (e.g. nucleus, mi-
tochondria) (Wang and Rainbow, 2006). The two latter pools represent
the metal sensitive fraction, while the two former ones represent the
detoxification fraction (Wallace et al., 2003; Wang and Rainbow,
2006). Whether individual PUFAs may modulate the repartition of Cd
between these two fractions and thereby affect the fate of cells (survival
or death) is currently unknown but worth investigating.

e PUFAs modulated transcriptomic and genetic responses to Cd

MTs are cysteine-rich proteins that scavenge metal ions and reactive
oxygen species (Fig. 1). They can thus reduce cellular availability of
toxic metals such as Cd. In accordance with previous studies in mam-
mals (Cartularo et al., 2015; Go et al., 2014) and fish (Chen et al., 2014;
Qiang et al., 2018; Walker et al., 2008), Cd strongly induced the ex-
pression of two isoforms of MT, i.e. MTa and MTb, in RTL-W1 cells.
Interestingly, cytoprotection conferred by ALA, EPA and AA seemed to
go along with a lower induction of MT genes. Since Cd intracellular
concentrations were not influenced by PUFA enrichment, such a de-
crease in MT expression is likely not linked to a decrease in Cd level but
rather might indicate a reduction of intracellular levels of free metal
ions or ROS by other mechanisms such as subcellular Cd partitioning.

Cd is known to induce oxidative stress in liver cells (Jamwal et al.,
2016; Linhartova et al., 2016; Matovi¢ et al., 2015; Wang et al., 2014).
Interestingly, the supplementation with a mixture of EPA and DHA
protected Hep G2 cells against the Cd-induced oxidative damages to
lipids and proteins (Linhartova et al., 2016). This effect was associated
with a lower level of superoxide dismutase activity (Linhartova et al.,
2016). This suggests that PUFA-derived cytoprotection could, at least
partly, be explained by a reduction of the oxidative stress induced by
Cd. Likewise, in the present study, interactive effects between cyto-
protective PUFAs (EPA, ALA and AA) and the levels of antioxidant
enzymes were observed either in the absence (EPA) or in the presence
(ALA and AA) of Cd. On the one hand, the lower level of the antioxidant
enzyme glutaredoxin-1 in EPA-enriched cells in the absence of Cd
challenge as compared to control cells, pleads for lower basal ROS
production in cells enriched in this PUFA. This could result from a di-
rect impact of EPA on the mitochondrial electron transport chain, i.e.
decrease of electron leakage and hydrogen peroxide generation through
modulations of the activities of the mitochondrial complexes I, III and
IV, as previously demonstrated in mice (Hagopian et al., 2010). On the
other hand, we observed that the ALA-enriched cells had significantly
higher protein levels of peroxiredoxin-1 under Cd stress than control
cells, while the basal level of this antioxidant enzyme was similar in the
absence of Cd challenge. A similar trend was observed in AA-enriched
cells. Since peroxiredoxin-1 catalyses the reduction of hydrogen per-
oxide, peroxynitrite and organic hydroperoxides (Wood et al., 2003),
the higher level of this antioxidant enzyme may have conferred a higher
detoxification ability against Cd-induced ROS production in ALA- and
AA-enriched cells. All together, these results reinforce the view that
PUFAs are likely to increase cell tolerance and response to oxidative
stress. This may counteract to some extent Cd toxicity.

Oxidative stress induced by Cd can damage lipids, DNA and pro-
teins. HSPs play an important role in cell response to metal toxicity as
these chaperone proteins refold damaged proteins and target the
highly-damaged ones for degradation (Deane and Woo, 2011) (Fig. 1).
In agreement with the literature (Deane and Woo, 2011; Lu et al., 2011;
Mills and Gallagher, 2017), results from the present study highlight a
strong induction of several HSPs at both transcriptomic and proteomic
levels in RTL-W1 cells exposed to Cd. PUFA enrichments had no impact
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on this parameter, suggesting that the PUFA-derived cytoprotection
observed in the present experiment is not linked to a differential ex-
pression of HSPs. As it is the case for proteins, cells possess mechanisms
to repair DNA damages inflicted by oxidative stress. However, Cd has
been reported to affect DNA repair mechanisms. Specific mechanisms
are not well understood but the implication of p53, a transcription
factor involved in the regulation of DNA repair and cell cycle arrest, has
been suggested (Antoniali et al., 2015). In the present study, though,
neither Cd nor PUFA enrichments influenced p53 gene expression.

Cd is known to alter ion homeostasis, especially calcium home-
ostasis, which can lead to increased ROS production, mitochondrial
membrane depolarisation and apoptosis (McGeer et al., 2011;
Thévenod and Lee, 2013; Wang et al., 2014). In the present study, the
level of annexin-Al, a multifunctional protein involved in calcium ion
channel formation, was reduced by Cd exposure in control and AA-
enriched cells. On the other hand, no impact of Cd could be detected on
S$100-Al, a calcium-binding protein, or on CALR, a calcium-dependent
chaperone located in the endoplasmic reticulum (Fig. 1). However, in
the absence of Cd challenge, ALA and AA enrichments influenced the
level of S100-A1l. Further research is needed to determine whether a
reduced basal level of S100-A1 could contribute to the lower sensitivity
to Cd observed in ALA- and AA-enriched cells.

As mentioned above, Cd toxicity is partly due to its capacity to
trigger cell apoptosis through different mechanisms. Among these, the
increase in ROS production, the rise in free cytosolic calcium or the
modulation of anti- and pro-apoptotic members of BCL2 family
(Morcillo et al., 2016; Olszowski et al., 2015; Thévenod and Lee, 2013;
Wang et al., 2014). Here, Cd exposure strongly decreased the expres-
sion level of BCLx gene, an anti-apoptotic member of the BCL2 family
(Fig. 1). However, none of the PUFA enrichments that protected RTL-
W1 cells against Cd prevented BCLx gene decreased expression. This is
in agreement with the previous report stating that EPA (300 umolL™")
had no impact on BCLx gene expression in ASK cells exposed to me-
thylmercury (2.5pumolL™", 48 h) although it reduced cell apoptosis
(Ngstbakken et al., 2012). The reduction of metal-driven apoptosis by
PUFA enrichments may result from other direct or indirect mechanisms
such as a direct modulation of other members of the BCL2 family (e.g.
pro-apoptotic Bax) or a differential modulation of calcium intracellular
level by AA- or EPA-derived eicosanoids. Further studies are needed to
better understand the mechanisms behind PUFA protective effect on
metal-induced apoptosis.

Fatty acids with 20 and 22 carbons (such as AA, EPA, 20:3n-6 and
DHA) are precursors of eicosanoids, protectins and resolvins
(Kremmyda et al., 2011). These PUFA-derived bioactive molecules are
modulators of several processes such as inflammation, ion transport and
cellular redox status (Kremmyda et al., 2011). PUFAs are first released
from the cellular membrane through the action of phospholipases (e.g.
cPLA2), then oxidized into bioactive prostanoids, leukotrienes, pro-
tectins and resolvins by cyclooxygenases (e.g. COX2) and lipoxygenases
(e.g. ALOX5) (Kremmyda et al., 2011) (Fig. 1). Cd has been shown to
induce the eicosanoid cascade through notably upregulation of the
cPLA2 gene (Madejczyk et al., 2015; Miyahara et al., 2001). Likewise,
Cd upregulated the cPLA2 gene in control and LA-enriched cells in the
present study (4.5- and 2-fold increase, significant in control cells).
Together with the lower level annexin-Al, an inhibitor of cPLA2
(Parente and Solito, 2004), observed in control cells exposed to Cd, this
upregulation of the cPLA2 gene pleads for a high induction of the ei-
cosanoid cascade by Cd in control cells. Interestingly, the cPLA2 gene
expression remained constant under Cd challenge in the PUFA-enriched
cells that were more resistant to Cd, i.e. ALA, EPA- and AA-enriched
cells. This suggests that PUFA-derived cytoprotection mechanism
against Cd might include a repression of the eicosanoid cascade. This
repression may, for instance, have been driven through the reduction of
the cellular ROS level or the inhibition of the NF-kB signalling pathway
by PUFA (Hagopian et al., 2010; Kremmyda et al., 2011; Marion-
Letellier et al., 2015), as both were shown to mediate cPLA2 gene
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induction (Lin et al., 2016, 2011).

Metals, including Cd, have been reported to modulate the expres-
sion of various CYPs involved in cellular defence (Madejczyk et al.,
2015; Olsvik et al., 2016; Reynders et al., 2006). We previously showed
that the expression of the orphan CYP20A1 gene was increased by
PUFAs and decreased by methylmercury both in zebrafish larvae and
RTL-W1 cells, suggesting CYP20A1 could represent a molecular target
of interactive effects between PUFAs and some heavy metals (Ferain
et al., 2018; Lemaire et al., 2016). In the present study, we observed
that Cd significantly downregulated CYP20A1, but in EPA-enriched
cells only. This suggests that the orphan CYP20A1 may be involved in
EPA-derived cytoprotection against Cd. Besides, in the absence of Cd
challenge, EPA and AA enrichments significantly upregulated CYP20A1
and downregulated COX2 gene expression. These observations suggest
that the orphan CYP20A1 gene might have role in the eicosanoid cas-
cade, as previously highlighted (Ferain et al., 2018).

Cd has been shown to cause abnormalities in the cytoskeleton ar-
chitecture (Nawaz et al., 2005; Vergilio and De Melo, 2013) and in-
fluence the expression of structural constituents of the cytoskeleton
(Dorts et al., 2012; Koskinen et al., 2004). However, the proteomic data
of the present experiment revealed no such impact of Cd. In contrast,
ALA, EPA and AA enrichments influenced the amount of different
proteins of the cytoskeleton (cytokeratin-18, the intermediate filament
protein ON3 and myosin-9). Still, the observed differences between
PUFA-enriched cells and control cells disappeared after Cd exposure.
The initial differences in the basal levels of some components of the
cytoskeleton might have contributed to the PUFA-derived cytoprotec-
tion.

Stress response has a non-negligible energetic cost, which can be
further increased by Cd since this metal has been shown to impair ATP
production in rainbow trout (Adiele et al., 2012). A higher energy
provision at the start of Cd exposure is thus likely to increase the ability
of cells to cope with metal stress, as suggested by our observation on
AA-enriched cells. Indeed, in absence of Cd, AA-enriched cells had a
higher level of pyruvate kinase than control cells. Since this enzyme
catalyses the tenth step of glycolysis (production of pyruvate and ATP
from phosphoenolpyruvate and ADP) (Nelson et al., 2008), its upre-
gulation may have provided AA-enriched cells with a high basal energy
level, which may have contributed to the higher tolerance of AA-en-
riched cells towards Cd exposure.

5. Conclusion

The present study highlighted molecular interactions between
PUFAs and Cd in fish liver cells. On the one hand, the fatty acid supply
and, to a lesser extent, Cd influenced cellular fatty acid homeostasis and
metabolism. On the other hand, the cellular fatty acid composition of
fish liver cells modulated their tolerance to an acute Cd challenge.
Enrichments in ALA, EPA, and, to a lesser extent, AA conferred cyto-
protection while enrichment in LA had no impact on cell viability.
Although the mechanisms of cytoprotection still remain to be fully
understood, the present study ruled out the possibility that cytopro-
tection could result from a decreased Cd accumulation. It rather sug-
gests that the PUFA-derived cytoprotection against Cd may occur
through a reduction of the oxidative stress induced by Cd and a dif-
ferential induction of the eicosanoid cascade. However, it remains dif-
ficult to discriminate between the direct and indirect mechanisms by
which PUFAs modulate Cd toxicity. Other mechanisms such as mod-
ulations of the subcellular partitioning of Cd and of the cellular energy
provision, as well as a reduction of the apoptosis triggered by Cd might
also be involved. Further studies are needed to address these possibi-
lities.
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