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11 ABSTRACT: Membrane lipids, including sphingolipids and glycerol-phospholipids, are essential in maintaining the skin’s
12 barrier function in mammals, but their composition in fish skin and their response to diets have not been evaluated. This study
13 investigated the impacts of reducing dietary eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) on membrane
14 lipids in the skin of Atlantic salmon through a 26 week feeding regime supplying different levels (0—2.0% of dry mass) of EPA/
15 DHA. Ceramide, glucosylceramide, sphingomyelin, sphingosine, and sphinganine in salmon skin were analyzed for the first
16 time. Higher concentrations of glucosylceramide and sphingomyelin and higher ratios of glucosylceramide/ceramide and
17 sphingomyelin/ceramide were detected in the deficient group, indicating interruptions in sphingolipidomics. Changes in the
18 glycerol-phospholipid profile in fish skin caused by reducing dietary EPA and DHA were observed. There were no dietary
19  impacts on epidermal thickness and mucus-cell density, but the changes in the phospholipid profile suggest that low dietary EPA

20 and DHA may interrupt the barrier function of fish skin.

21 KEYWORDS: ceramide, DHA, EPA, glycerol-phospholipids, fish-skin health, sphingolipidomics

1. INTRODUCTION

22 Certain n-3 long-chain polyunsaturated fatty acids (LC-PUFA),
23 mainly eicosapentaenoic acid (EPA, 20:5n-3) and docosahex-
24 aenoic acid (DHA, 22:6n-3), have been identified as essential
25 fatty acids (EFA) in the diet of Atlantic salmon (Salmo salar L.)
26 for good growth performance, health, and final-product
27 quality.' ™~ Fish oil rich in n-3 LC-PUFA has been used in
28 salmon diets, but as a result of relatively stable fish oil production
20 and growing global demand for farmed fish, the aquaculture
30 industry is facing a challenge in meeting the demand for fish oil
31 in Atlantic salmon production.*> Alternative sources of n-3 LC-
32 PUFA, such as algae, krill, and genetically modified plant oils,
33 have been the subject of extensive research, but so far this has
34 not yielded an economically and ecologically sustainable
35 solution for salmon farming.é_9 As a result, a reduction in n-3
36 LC-PUFA levels in salmon feed is currently inevitable. It is
37 important to know the possible impacts of reduced dietary EPA
3s and DHA on salmon growth and health. There is still a
39 knowledge gap in terms of Atlantic salmon requirements for
40 dietary EPA and DHA under different environmental con-
41 ditions. In controlled environments in tanks on land, 10 g/kg
42 EPA and DHA (1% of feed dry mass) is in general considered to
4 be sufficient.”'°”"* However, a recent study'' showed that
44 salmon require above 10 g/kg to maintain fish robustness and
45 good health under demanding environmental conditions in sea
46 cages.
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The importance of EPA and DHA on fish performance has 47
been studied previously, mostly focusing on the impacts on fish 48
growth, survival, and early development and on fatty acid (FA) 40
composition in fish liver and muscle."”"*™"° Very few 5o
experiments have investigated the effects of dietary EPA and s;
DHA on fish-skin health."' As with terrestrial-vertebrate skin, s>
fish skin acts as the main barrier to the external environment, s3
maintaining homeostasis in the organism and protecting against s4
potential physical damage and environmental pathogens.'® ss
However, unlike human skin, the fish epidermis lacks a s¢
keratinized layer (stratum corneum) and hairs, and it contains s7
a mucus layer and bone-tissue-related scales.'” The mucus layer sg
contains antimicrobial and anti-infection enzymes, such as so
lysozyme, protease, and immunoglobulin, which are important ¢o
for fish-skin health.'”~"" Their immunological enzyme activities 61
have been found to be implicated in fish epidermis histological ¢,
parameters, such as epidermal thickness and mucus-cell 63
density.””*!
the density of mucus cells, mainly goblet cells, was found to be s
positively correlated with epidermal-layer thickness and ¢s

negatively correlated with parasite density.””* 67

During a 6 week experimental-infection period, ¢4

Received: June 1, 2018
Revised:  July 16, 2018
Accepted: July 25, 2018
Published: July 25, 2018

DOI: 10.1021/acs jafc.8002886
J. Agric. Food Chem. XXXX, XXX, XXX—XXX


pubs.acs.org/JAFC
http://dx.doi.org/10.1021/acs.jafc.8b02886

68
69
70
7
72
73
74
75
76
77
78
79
80
8
82
83
84
85
86
87
88
8
90
9
92
93
94
95
96
97
98
99

100

10

102

103

104

105

106

107

10

10

110

11

112

—

—_

o

—_

—_

O oo

—

113
114
115
116
117
118
119
120
12
122
123
124
125
126
127
128

—

Journal of Agricultural and Food Chemistry

The permeability barrier of skin is primarily localized at the
stratum corneum in terrestrial vertebrates. Ceramide (Cer),
composed of a sphingosine (So) and a fatty acid (FA), is the
main lipid (>50% of total lipid mass) in the stratum corneum.”®
It has been reported that EFA deficiency results in impaired
sphingolipid metabolism, such as in the conversion of
sphingomyelin (Sph) and glucosyl-ceramide (GlcCer) into
Cer, leading to abnormal permeability-barrier function in
mammal epidermises.”* Although fish skin is unlike the skin
of terrestrial vertebrates in structure, many essential functions
are shared, such as the mechanical- and chemical-barrier
formations that maintain osmotic homeostasis.'” To the best
of our knowledge, only one previous publication has determined
the total content of sphingolipids, including Sph and GlcCer, in
fish skin: a study on Pacific saury (Cololabis saira) using high-
performance liquid chromatography (HPLC) coupled with
evaporative-light-scattering detection (ELSD).”® The composi-
tion and function of Cer and related sphingolipid metabolites,
such as Sph, GlcCer, So, and sphinganine (Sa), in fish skin and
their responses to dietary treatments are still unknown.

Glycerol-phospholipids (GPL), including phosphatidylcho-
line (PC), phosphatidylethanolamine (PE), phosphatidylserine
(PS), and phosphatidylinositol (PI), are other important types
of membrane lipids in the epidermis.”” The PUFA in GPL are
essential components for maintaining the fluidity of cell
membranes, which is important for signal transduction and
substance transportation.””*” Lowered levels of n-6 PUFA,
especially arachidonic acid (20:4n-6), and elevated levels of
monounsaturated fatty acids (MUFA) have been observed in
epidermal PC and PE in patients with atopic dermatitis.*’
Moreover, a study on rainbow trout (Oncorhynchus mykiss)
showed that an EFA-deficient diet containing 93.4% saturated
FA strongly influenced the GPL composition in fish skin,
although no changes were detected in the permeability to
water.”” The function and biosynthesis of GPL in fish skin is still
not clear, which makes it interesting to determine the FA
composition in GPL subclasses in skin when fish are fed diets
deficient in EPA and DHA.

The aim of the present study was thus to investigate the
impacts of lowering dietary EPA and DHA levels on the
phospholipids in the skin of Atlantic salmon. The composition
of sphingolipids and FA composition in GPL subclasses (PC,
PE, PS, and PI) in skin and epidermal histological parameters
(epidermal thickness and goblet-cell density) were examined.
The effects of feeding duration were also evaluated.

2. MATERIALS AND METHODS

2.1. Fish-Feed Formulation. Thirteen experimental diets with
different levels of EPA and DHA were formulated in the study. The feed
ingredients are thoroughly described in another paper.'” Briefly, the
experimental diets were isoproteic (46.6—47.0%), isolipidic (24.6—
25.9%), and isoenergetic (22.1—22.6 MJ/kg) but contained 0, 0.5, 1.0,
1.5, or 2.0% (of feed dry weight) only EPA, only DHA, or a 1:1 mixture
of EPA and DHA (EPA+DHA, Table 1). Among these, a diet
completely depleted in EPA and DHA (0% EPA+DHA) was used as a
negative-control diet. The experimental diets were fishmeal- and fish-
oil-free but carefully designed to meet fish-nutritional requirements.
Blended poultry oil and rapeseed oil (1:1), which are naturally lacking
in EPA and DHA, were used as basic lipid sources in the experimental
feeds. EPA and DHA oil concentrates in the form of triacylglycerol
(Croda Chemicals Europe Ltd., East Yorkshire, UK.) were used to
control dietary levels of EPA and DHA. All experimental diets were
produced by the Nofima feed technology center (Bergen, Norway).

Table 1. Experimental Diets

experimental diet number of tanks

0% EPA+DHA
0.5% EPA

1.0% EPA

1.5% EPA

2.0% EPA

0.5% DHA

1.0% DHA

1.5% DHA

2.0% DHA

0.5% EPA+DHA
1.0% EPA+DHA
1.5% EPA+DHA
2.0% EPA+DHA
cc

“Commercial-type control diet.

W W NN WD NN WD DN W

The measured chemical composition and gross energy in the
experimental fish feeds are provided in Table S1.

A diet resembling a commercial diet with a 2.2% 1:1 mixture of EPA
and DHA (BioMar, Trondheim, Norway) was included as a
commercial-type control (CC), in which 26% fishmeal and 9.8% fish
oil were used. The main purpose of using the CC was to set a
benchmark for growth.

The FA compositions in all diets were described in Bou et al.'?
Importantly, the contents of 18:3n-3, the precursor of EPA and DHA in
the biosynthetic pathway, was kept at the same level (about 4.7% of
total FA) in all diets. The EPA and/or DHA dietary groups contained
increasing contents of EPA and DHA, as it was designed, and the 0%
EPA+DHA diet had little EPA (0.05% of total FA) and DHA (0.08% of
total FA).

2.2. Experimental Design. The feeding-trial conditions are
described in detail in Bou et al.'* In brief, Atlantic salmon with a
mean initial body weight of 52.8 g were randomly distributed into 33
tanks with 70 fish per tank (2 tanks per diet for the 0.5, 1.0, and 1.5%
dietary groups and 3 tanks per diet for the CC, 0% EPA+DHA, and
2.0% dietary groups; Table 1) and reared at Nofima Institute in
Sunndalsera, Norway, for 26 weeks. All tanks (1 m” surface area, 0.6 cm
water depth) were supplied with 15 L/min seawater (33 g/L salinity) at
ambient temperature. The water temperature varied between 6.3 and
13.8 °C and the oxygen-saturation level was kept above 85%. Prior to
the experiment, the fish were fed a commercial diet (Skretting,
Stavanger, Norway) and treated with light to induce smoltification. The
feed ration was 15—20% higher than the assessed feed intake and was
supplied by automatic belt feeders.

Skin samples for lipid analysis were collected twice, following the
same sampling procedures, when fish reached a body weight of 182.9 +
69.3 g (referred to as 200 g) after 19 weeks of feeding and when they
reached a body weight of 379.7 + 96.5 g (referred to as 400 g) after 26
weeks of feeding. Five fish were randomly selected from each tank and
killed using overdoses of MS 222 (0.05—0.08 g/L). Skin samples with
mucus and scales from the right fillet were dissected from the dorsal fin
to the caudal fin, pooled by tank, and homogenized in dry ice. The
homogenate was kept at —40 °C, with the bags left open until the dry ice
evaporated, and thereafter stored at —80 °C until analysis. The skin
covering the white muscle from the Norwegian Quality Cut of the left
fillet of the fish was used for histology analysis. Samples were randomly
taken at the termination of the experiment (at 400 g after feeding for 26
weeks, nn = 5 fish per tank), cut into sizes (approximately 0.5 cm?)
suitable for histological analysis, and fixed in 10% buffered formalin.
The experimental procedure was in accordance with the National
Guidelines for Animal Care and Welfare published by the Norwegian
Ministry of Education and Research.

2.3. Sphingolipidomics Analysis Using LC-QTOF MS. Sample
Preparation. Fish-skin samples from eight groups (CC, 0% EPA
+DHA, 0.5% EPA, 0.5% DHA, 0.5% EPA+DHA, 2.0% EPA, 2.0%
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DHA, and 2.0% EPA+DHA) at stages 200 and 400 g were subjected to
sphingolipidomics analysis using methods described elsewhere.**> In
brief, the homogenized, pooled skin samples from five fish per tank were
analyzed three times. The homogenate containing an internal-standard
cocktail (0.15 nmol of C17 sphingosine, C17 sphinganine, C17
sphingosine-1-phospate, C17 sphinganine-1-phosphate, C12 sphingo-
myelin, C12 ceramide, C12 glucosyl(ff)-ceramide, C12 lactosyl(f3)-
ceramide, and C12 ceramide-1-phosphate; sphingolipid mix II, LM-
6005, Avanti Polar Lipids, Alabaster, AL) was extracted twice, using 3
mL of chloroform/methanol (1:2, v/v) each time, under sonication in a
water bath for 30 min at room temperature. The extract was centrifuged
(1800g, 20 min) at room temperature, and the supernatant was
collected.

Because the amount of Sph in the skin samples was much higher than
those of the other sphingolipids measured (Cer, So, Sa, and GlcCer),
the content of Sph was determined separately. Skin extract (0.25 mL X
2) was transferred to two tubes, one with a C12:0 Sph internal standard
(0.17 nmol; Avanti Polar Lipids, Alabaster, AL) and one without.
Sample solvent was evaporated under nitrogen, and the sample was
redissolved in 0.5 mL ethanol. The remaining skin extract (5.2 mL) was
used for quantification of the other sphingolipids. After evaporation,
samples were redissolved in 1 mL ethanol. All samples were centrifuged
at 12 000g for 20 min at 4 °C before analysis.

Liquid-Chromatography—Mass-Spectrometry Analysis. Liquid
chromatography—mass spectrometry (LC-MS) was carried out on an
HP1100 LC system (Hewlett-Packard, Palo Alto, CA) coupled to an
electrospray-ionization—quadropole time-of-flight mass spectrometer
(ESI-QTOF MS; Bruker maXis Impact; Bruker Daltonik GmbH,
Bremen, Germany). System integrity was controlled by Hystar software
(Bruker Daltonik GmbH). A sodium formate solution (4 uL of formic
acid, 20 uL of 1 M NaOH, 100 mL of H,O, and 100 mL of 2-propanol)
was used as the MS calibrant to correct for any mass drift in the analyte.
The spectra were acquired in positive-ionization mode scanning within
an m/z 50—1500 range.

Analyte separation was performed on a hydrophilic-interaction
chromatograph (Atlantis silica HILIC column, particle size 3 ym, 2.1 X
150 mm, Waters, Wexford, Ireland). The injection volume was 10 uL,
and the column temperature was maintained electronically at 30 °C.
The mobile phase consisted of eluent A, 1% (v/v) formic acid and 10
mM ammonium formate in MS-grade water, and eluent B, 0.1% (v/v)
formic acid in acetonitrile, at a constant flow rate of 0.25 mL/min. The
programmed eluent gradient was initially reduced from 95 to 5% A over
0.5 min, ramped to 60% A over 10 min, held there for 4.5 min, ramped
to 5% A over 2 min, and held there for 15 min before the next run. A
plasma reference and a sphingolipid-standard mixture (sphingolipid
mix II, LM-6005, Avanti Polar Lipids, Alabaster, AL) were run three
times throughout the analysis as a quality control to check the stability
of the instruments. The MS raw data were calibrated automatically and
converted to mzXML files using Compass DataAnalysis software
(Bruker Daltonik GmbH). Peak heights gave good linearity when we
compared them with the QTOF responses to a standard Cer C17:0
(Larodan AB, Solna, Sweden) at different concentrations (0.1—1 g/
mL). Therefore, the peak heights for the compounds of interest were
calculated by Mzmine software (version 2.15) on the basis of their
assigned m/z values and retention times. The concentrations of
sphingolipids were determined against known amounts of internal
standards and expressed in nanomoles per gram of tissue. The
contribution from overlapping signals from the '*C isotopes of other
compounds was accounted for when relevant.

2.4. Fatty Acid Analysis of Glycerol-Phospholipids Using TLC
and GC-FID. Sample Preparation. Total lipids in fish-skin samples (2
g, from five fish per tank) were extracted with SO mL of chloroform/
methanol (2:1,v/v) containing 0.07% (w/v) butylated hydroxytoluene
as an antioxidant and 6 mL of NaCl (0.9%), according to the method
described by Folch et al.** The organic phase was collected and dried
under a stream of nitrogen. The GPL fraction was separated from the
other lipid classes, such as triacylglycerol, diacylglycerol, and free FA, by
thin-layer chromatography (TLC; silica-gel 20 X 20 cm plates, Merck,
Darmstadt, Germany) using a mixture of petroleum ether, diethyl ether,
and acetic acid (113:20:1, v/v/v) as the mobile phase and employing

the method described by Bou et al.'> and Thomassen et al.'*> After
drying, the plates were sprayed with 2% 2,7-dichlorofluorecin in 96%
ethanol. Lipid classes were identified under ultraviolet (UV) light at 366
nm. The GPL bands were scraped off the plates and soaked in a mixture
of chloroform, methanol, acetic acid, and water (50:39:1:10, v/v/v/v)
for 4h at —40 °C to elute the GPL from the silica gel. The GPL fractions
were collected after the addition of 0.5 mL of NaCl (0.9%), centrifuged
twice at 700g for 10 min, and dried under a stream of nitrogen.12

The different types of GPL (PC, PE, PS, and PI) were isolated by the
second TLC procedure using chloroform/methanol/acetic acid/water
(100:75:6:2, v/v/v/v)."** The GPL classes were revealed by spraying
with 2% 2,7-dichlorofluorecin in 96% ethanol and detected under UV
light at 366 nm by comparing them with an external standard (Nu-chek

287
258
259
260

Prep, Elysian, MN). The GPL bands were then separately scraped off 261

the TLC plates and trans-methylated to FA methyl esters (FAME) with
benzene, methanolic HCI, and 2,2-dimethoxypropane (10:10:1, v/v/v)
overnight at room temperature.’® Samples were neutralized with 6%
NaHCO; after methylation. Tricosylic acid (C23:0; Nu-chek Prep,
Elysian, MN) was used as an internal standard.

Gas-Chromatography—Flame-lonization Analysis. The FAME
were analyzed using a gas chromatograph (Hewlett-Packard 6890, Palo
Alto, CA) equipped with an autoinjector in split mode (HP 7683,
Agilent, Avondale, PA), a BPX70 capillary column (SGE Victoria,
Australia, 60 m length, 0.25 mm i.d., 0.25 um thickness), and a flame-
ionization detector (Hewlett-Packard 6890)."* Helium was the carrier
gas with a constant flow of 20 mL/min. Both the injector and the
detector temperatures were set at 270 °C. The oven temperature was
initially held at SO °C for 1.2 min, then ramped at 4 °C/min to 170 °C,
ramped at 0.5 °C/min to 200 °C, and then ramped to the final
temperature of 240 °C at a rate of 10 °C/min. The individual FA were
identified by comparing the retention times with those of the external
standards (Nu-chek Prep, Elysian, MN). Peak areas were integrated
using HP ChemStation to calculate the relative FA contents.

2.5. Skin Histological Analysis. Histopathological evaluation was
performed on the skin of the fish from the eight treatments (CC, 0%
EPA+DHA, 1.0% EPA, 1.0% DHA, 1.0% EPA+DHA, 2.0% EPA, 2.0%
DHA, and 2.0% EPA+DHA; n = 10 per dietary group). Paraplast-
embedded skin samples were microtome-cut (5 ym) and stained with
standard hematoxylin and eosin (Merck KGaA, Darmstadt, Germany).
Stained slides were examined using a standard light microscope (Nikon
Optiphot, Tokyo, Japan). Images were captured by means of a
Micropublisher camera and QCapture software using a 40X objective.
Samples were first subjected to a blinded histopathology evaluation,
which means that the identities of the samples were hidden; this was
followed by a second evaluation after the decoding of the samples,
which provided a description per dietary group, to ensure the
observations were unbiased. Epidermal thickness and goblet-cell
numbers per 100 ym were evaluated using Image] (NIH, Bethesda,
MD).

2.6. Data Analysis. The Statistical Analysis System (SAS 9.3, SAS
Institute, Cary, NC) was used for univariate data analysis within the
experimental groups. The FA data in percentages were square-root—
arcsine transformed before the test. The data’s normality (Anderson—
Darling test) and homoscedasticity (Bartlett’s test or Levene’s test)
were checked. If the tests were failed, the initial data were log-
transformed and retested. The general linear model was used for
statistical comparisons. For comparison of sphingolipid concentrations,
two-way ANOVA was used with the diets and sampling times as fixed
factors. For comparison of FA compositions in the GPL fractions, data
from different sampling times (at 200 and 400 g after feeding for 19 and
26 weeks, respectively) were analyzed separately using one-way
ANOVA. For evaluation of the histological parameters, one-way
ANOVA was conducted. If the data did not satisfy the test of normality
or the test of homoscedasticity, the Mann—Whitney test was applied as
a nonparametric test. Furthermore, Tukey’s test was employed as a post
hoc test against a predefined significance level (P < 0.05).

SIMCA-P 13.0 (Umetrics, Umea, Sweden) was used for multivariate
data analysis of the dietary effects on FA composition. All variables were
Pareto-scaled. Principal-component-analysis (PCA) models were
created to get an overview of the data set and to search for outliers
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Table 2. Epidermal Thicknesses (#m) and Goblet-Cell Numbers per 100 gm in the Skin of Fish Fed the Commercial-Type
Control (CC) and 0, 1.0, and 2.0% EPA and DHA Diets for 26 Weeks”

0% 1.0% 2.0%
CC EPA+DHA 1.0% EPA 1.0% DHA EPA+DHA 2.0% EPA 2.0% DHA EPA+DHA P
epidermal thickness 30.2 £ 4.01 31.5+3.36 26.6 + 1.81 30.7 £ 1.55 262 + 1.71 40.0 £9.93 31.5 + 1.84 31.6 + 1.77 0.20
goblet-cell number per 2.57 £0.31 2.82 +0.34 3.79 £ 0.28 411+ 028 3.94 + 0.37 4.17 £ 0.94 3.56 + 0.3 3.64 +0.27 0.27

100 yum
“Means = SE; n = 10. P values calculated by one-way ANOVA tests (Tukey’s test) within all dietary groups except CC.
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Figure 1. Absolute concentrations (nmol/g) of the important sphingolipids that were affected by diets in the skin of fish sampled at 200 and 400 g of
body weight after feeding for 19 and 26 weeks, respectively (n = 2 for the 0.5% EPA and DHA groups, n = 3 for the other groups). Each statistical
replicate originated from a pooled sample of skin from five fish. Different letters denote significant differences between dietary groups, except the
commercial-type control (CC, P < 0.05). Cer, ceramide; GlcCer, glucosyl-ceramide; Sa, sphinganine; So, sphingosine; Sph, sphingomyelin.

using Hotelling’s T (95% confidence internal, CI) and DModX (95% 3. RESULTS
318 . . . . . .

CI). The PCA loading plots were used to identify the important 3.1. Sphingolipidomics in Skin. In order to study the 323
319 effects of diet on sphingolipid metabolism in fish skin, five types 324
320 metabolites that could distinguish groups. of Cer (C14:0 Cer, C16:0 Cer, C18:0 Cer, C24:1 Cer, and 325

All values are presented as means =+ standard errors of the means C24:2 Cer), two types of So (d18:1 So and d20:1 So), two types 326

21 of Sa (d18:0 Sa and d20:0 Sa), five types of GlcCer (C14:0 327

322 (SE). GlcCer, C16:0 GlcCer, C18:0 GlcCer, C24:1 GlcCer, and 328
D DOI: 10.1021/acs.jafc.8002886
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Figure 2. Principal-component-analysis (PCA) score plots and loading plots created with the fatty acid profile data for different glycerol-phospholipid
fractions in skin samples of 400 g fish fed different diets for 26 weeks. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine;
PI, phosphatidylinositol. (a) PCA score plot and (b) PCA loading plot for the PC fraction (no outliers). The PCA model was established using three
principal components (R’X = 83.6%, Q* = 60.9%). The first (PC1) and second principal components (PC2) explained 49.6 and 26.0% of the data
variation, respectively. (c) PCA score plot and (d) PCA loading plot for the PE fraction (one outlier from 2.0% EPA). The PCA model was established
using two principal components (R?X = 69.2%, Q* = 50.5%). PC1 and PC2 explained 51.3 and 17.9% of the data variation, respectively. (¢) PCA score
plotand (f) PCA loading plot for the PS fraction (one outlier from 0.5% EPA+DHA and one outlier from 1.5% DHA). The PCA model was established
using six principal components (R*X = 86.8%, Q> = 10.9%). PC1 and PC2 explained 39.9 and 14.7% of the data variation, respectively. (g) PCA score
plotand (h) PCA loading plot for the PI fraction (one outlier from 2.0% DHA). The PCA model was established using two principal components (R”X
=50.0%, Q* = 3.67%), with 34.4 and 15.6% of the data variation explained by PC1 and PC2, respectively. NC in the figures refers to the 0% EPA+DHA

dietary group.

320 C24:2 GlcCer), and eight types of Sph (C14:0 Sph, C16:0 Sph,
330 C18:0 Sph, C20:2 Sph, C22:0 Sph, C22:1 Sph, C24:1 Sph, and
331 C24:2 Sph) were qualified and quantified using LC-ESI-QTOF
332 MS (Table 2). Additionally, the sum of Cer (D Cer), sum of So
333 (D.S0), sum of Sa (3 :Sa), sum of GlcCer (D GlcCer), ratio of

Sph/Cer, and ratio of GlcCer/Cer were calculated (Table S2).
The sphingolipids that were significantly affected by diets were

plotted in Figure 1.
Comparing the 0% EPA+DHA group with the 0.5% EPA and

DHA groups, there were no differences in sphingolipid

E DOI: 10.1021/acs.jafc.8002886
J. Agric. Food Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.8b02886/suppl_file/jf8b02886_si_001.pdf
http://dx.doi.org/10.1021/acs.jafc.8b02886

Journal of Agricultural and Food Chemistry

PCat400g
18:2n-6 18:3n-6
12 15 1
9
6
3
0
0% 05% 10% 15% 2.0% 0% 05% 1.0% 15% 2.0%
é 20:3n-6 20:4n-6
= 5 15 -
8
2 4
Gt 10 A
o 3
g) 2 5
s 1
8 o 0
g 0% 05% 1.0% 15% 2.0% 0% 05% 1.0% 15% 2.0%
(=¥
20:5n-3 22:6n-3
15 30
........ $
e
10 P o 20
s
5 e 10
0 0
0% 05% 1.0% 1.5% 2.0% 0% 05% 1.0% 15% 2.0%

Dietary percentage of EPA and/or DHA (dry weight)

PE at 400 g
20:3n-6

4 20 -

3 15 4

2 10 4
<
B 5 1
s
5 0 0
< 0% 05% 10% 15% 20% 0% 05% 10% 15% 2.0%
o
()
&0 20:5n-3 22:6n-3
g w0 . 0
2 8 P + 30 -
|5 6
A . = 20 4

2 _"’*——-—- 10 4

0 0

0% 05% 1.0% 15% 2.0% 0% 05% 10% 15% 2.0%
Dietary percentage of EPA and/or DHA (dry weight)

< PSat400g Plat400g
=
—_ 20:3n-6 20:3n-6
g 4
]
2
g 3
go 2
g 1
Q
S 0
S 0% 05% 1.0% 1.5% 2.0% 0% 05% 1.0% 1.5% 2.0%

Dietary percentage of EPA and/or DHA (dry weight)

Figure 3. Compositions of the important fatty acids (FA, % of total FA) in skin phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylserine (PS), and phosphatidylinositol (PI) fractions of fish fed the experimental diets for 26 weeks (400 g weights; means + SE; n = 3 for
the CC and 0 and 2.0% EPA and DHA groups, n = 2 for the other groups). Each statistical replicate originated from a pooled sample of skin from five

fish. EPA group, O; DHA group, AA\; EPA+DHA group, (.

339 concentrations except for C18:0 Sph in 0.5% DHA. Comparing
340 the 0% EPA+DHA group with the 2.0% groups indicated a
341 decreased concentration of C16:0 Sph, decreased C16:0 Sph/
342 Cer and C16:0 GlcCer/Cer values, and an increased
343 concentration of C24:2 Sph in the 2.0% EPA group; reduced
344 concentrations of C14:0 GlcCer, C16:0 GlcCer, C24:2 GlcCer,
345 2 GlcCer, C16:0 Sph, and C22:0 Sph and reduced C14:0
346 GlcCer/Cer, C16:0 GlcCer/Cer, C24:2 GlcCer/Cer, and
347 2.GlcCer/Cer values in the 2.0% DHA group; and lower
348 concentrations of C14:0 GlcCer, C16:0 GlcCer, Y GlcCer, and
349 C22:0 Sph and a lower C16:0 GlcCer/Cer value in the 2.0%
350 EPA+DHA group (Figure 1 and Table S2). Additionally, with
351 increasing levels of dietary EPA and DHA, the concentrations of
352 metabolites, including C16:0 GlcCer, C24:2 GlcCer, Y GlcCer,
353 C16:0 Sph, and C22:0 Sph, decreased gradually to levels close to
354 those in the CC group (Figure 1).

355 Compared with those in the experimental groups, fish fed the
356 CC diet had significantly lower concentrations of many
357 sphingolipids, including C18:0 and C24:2 Cer; d18:1 So;
358 .S0; d18:0 and d20:0 Sa; Y Sa; C16:0, C18:0, C24:1, and
359 C24:2 GlcCer; Y GlcCer; and C18:0, C22:0, and C24:0 Sph,
360 but they had higher amounts of C14:0 Cer, C14:0 GlcCer,
361 C14:0 Sph, and C20:2 Sph than the other experimental groups
362 (Table S2, the statistical results including CC are not shown).

363 Effects of sampling time (at 200 and 400 g after feeding for 19
364 and 26 weeks, respectively) were observed for all types of
365 sphingolipids (Table S2). Fish with average weights of 400 g had
366 lower concentrations of metabolites (C14:0 Cer, C24:1 Cer,
367 C24:2 Cer, Y Cer, d20:1 So, d18:0 Sa, > Sa, C14:0 GlcCer,
368 C24:1 GlcCer, Y GlcCer, C14:0 Sph, C22:0 Sph, C22:1 Sph,
369 C24:1 Sph, and Y Sph) than fish weighing 200 g.

370 3.2, Fatty Acid Composition of Glycerol-Phospholi-
371 pids in Skin. The dietary effects on FA composition were

investigated in each GPL subclass using PCA and ANOVA data 372
analysis. The dietary influences were more pronounced at 400 g 373

(Figures 2 and 3 and Table S3) than at 200 g (Figure S1 and 374 23

Table S4). 375

Overall, general separation was observed for the dietary 376
groups in all the GPL subfractions but particularly for the PC 377
fraction (Figure 2a,b). In contrast, the dietary groups were 37s
difficult to distinguish in the score plots of PS and PI, indicating 379
that the FA composition in PS and PI was less affected by diet 3s0
(Figure 2e—h). 381

Generally, the 0% EPA+DHA samples were clearly separated 3s2
from the other groups in the PCA score plots at 400 g (Figure 2). 383
The 0% EPA+DHA samples were characterized by higher 384
proportions of n-6 FA, such as 18:2n-6 in the PC and PS 3ss
fractions; 18:3n-6 in the PC fraction; 20:3n-6 in the PC, PE, and 386
PS fractions; 20:4n-6 in all the GPL fractions; and 22:5n-6 in the 387
PE fraction, and by lower levels of n-3 FA, such as 20:2n-3 and 388
20:5n-3 in the PC fraction and 22:6n-3 in all the GPL fractions 389
(Figure 2). The FA profile of the CC samples was close to that of 390
the 2.0% EPA+DHA samples, which was characterized by higher 391
percentages of n-3 FA, such as 20:5n-3 and 22:6n-3 in the PC, 392
PS, and PI fractions (Figure 2). Apart from these differences, the 393
fish skin from the EPA groups had more n-3 FA (20:5n-3 and 394
22:5n-3) in the PC, PE, and PS fractions, and the skin from the 395
DHA groups had more 22:5n-6 and 22:6n-3 in the PC and PE 39
fractions (Figure 2). 397

With increases in the dietary levels of EPA and DHA from 0.5 398
to 2.0%, the sample score points shifted gradually along the 399
horizon axis of the PCA score plots, offsetting from 0% EPA 400
+DHA to CC (Figure 2). According to the univariate results at 401
400 g, with increasing dietary levels of EPA and DHA, the 402
relative distributions of 20:5n-3 and 22:6n-3 increased in the PC 403
fraction (in all groups and in the DHA and EPA+DHA groups, 404
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405 respectively) and in the PE fraction (in the EPA and EPA+DHA
406 groups and in all groups, respectively). Moreover, with
407 increasing levels of EPA and DHA in the diet, there were
408 declines in the proportions of 20:3n-6 in all GPL fractions,
409 20:4n-6 in the PC and PE fractions, and 18:2n-6 and 18:3n-6 in
410 the PC fraction (Figure 3 and Table S3).

411 3.3. Histological Parameters of Fish Skin. There were no
412 statistically significant differences in epidermal thickness (mean
413 30.8 um) or numbers of goblet cells per 100 ym (average of 3.7)
414 among the 0, 1.0, and 2.0% EPA and DHA groups (Table 2).

-

4. DISCUSSION

415 Dietary Effects on Sphingolipids in Salmon Skin. The
416 sphingolipids GlcCer and Sph act as a reservoir for the
417 production of Cer, which is essential for skin-barrier function
418 in mammals.”® A systemic anti-inflammatory effect of dietary
419 GlcCer on skin diseases has been shown,***” and up-regulation
420 in the levels of GlcCer and Cer has been observed in cells and
421 tissues in response to skin disorders and stressors.”**” In the
422 present study, no EPA- or DHA-induced changes in the absolute
423 content of Cer in fish skin were detected, but with declining
424 levels of dietary EPA and DHA, the concentrations of several
425 GlcCer and Sph in fish skin gradually increased, such as C16:0
426 GlcCer, C24:2 GlcCer, Y, GlcCer, C16:0 Sph, and C22:0 Sph.
427 This implies that a reduction in dietary EPA and DHA can lead
428 to an interruption in the sphingolipidome and possibly the
429 barrier function of fish skin. This hypothesis was further
430 confirmed by the increased ratios of Sph/Cer and GlcCer/Cer
431 observed in the fish group fed a diet devoid of EPA and DHA,
432 because it was shown that an increased ratio of Sph/Cer in skin
433 negatively influenced the barrier function and microstructure of
434 human skin.” Similar effects of LC-PUFA on the sphingolipi-
435 dome have been observed in the hippocampus of aged rats,
436 where dietary EPA and the EPA metabolite docosapentaenoic
437 acid (DPA) exerted neuroprotective effects by reducing
438 activation of sphingomyelinase, ceramidase, and sphingosine
439 kinase, thereby down-regulating the generation of C16- and
440 C18-Cer and increasing the ratios of sphingosine-1-phosphate
441 (S1P)/Cer, including S1P/C16:0 Cer, S1P/C18:0 Cer, and
42 S1P/C20:0 Cer.”!

443 Furthermore, significant modifications in the concentrations
444 of sphingolipids, such as C14:0 GlcCer, C16:0 GlcCer,
445 Y GlcCer, and C22:0 Sph, were mainly found in the 2.0%
446 DHA and 2.0% EPA+DHA groups. This suggests that dietary
447 DHA has stronger impacts in changing sphingolipid metabolism
448 than EPA. Several other studies have shown that in some fish
449 species, DHA is more efficient than EPA in increasing growth
450 and survival rates,*”*" but such effects were not seen in the
451 current trial.'”” However, we observed that compared with EPA
452 supplementation, dietary DHA supplementation had stronger
453 effects on supporting normal intestinal structure and alleviating
454 deficiency symptoms, such as cytoplasm packed with large or
455 foamy vacuoles and swollen enterocytes in the intestine.'”

456 Evidence has consistently shown that Cer and other
457 sphingolipids act as signal molecules that play an important
458 role in mediating cellular responses to stressors, such as
459 infectious agents, toxins, and nutrient deprivation.?'9 Stress
460 leads to an accumulation of Cer in cells and tissues, which could
461 promote apoptotic, inflammatory, and growth-inhibitory
462 responses, for instance through disrupting the function of the
463 mitochondrial respiratory chain and stimulating an increase in
464 reactive-oxygen-species production by mitochondria.’"*’
46s Therefore, the higher contents of many sphingolipids (except

jun

iy

C14:0 types) in the fish fed the experimental diets than in the 466
fish fed the CC diet in the present study suggest that compared 467
with the CC group, fish from the experimental groups were 468
exposed to more nutritional stress. This could be due to the 469
different dietary ingredients between CC and the experimental 470
diets, such as the fishmeal and fish oil in CC. Furthermore, it has 471
been shown that the cellular function of Cer depends on the type 472
of FA attached to the sphingoid base.’” This may explain the 473
much higher content of C14:0 sphingolipids in the CC group. 474

Dietary Effects on FA Composition in GPL in Salmon 475
Skin. Effects of dietary EPA and DHA on FA composition in 476
GPL subclasses were also observed. When the levels of dietary 477
EPA and DHA declined, the percentages of n-3 FA, such as that 478
of 22:6n-3, were markedly reduced in the GPL subfractions, 479
while the proportions of n-6 FA, such as those 20:3n-6 and 4s0
20:4n-6, increased to compensate. This demonstrates that the 41
FA composition in GPL in Atlantic salmon skin is strongly 4s2
affected by diet, which is consistent with findings in rainbow 483
trout.”” Moreover, because of the inclusion of poultry oil and 4s4
rapeseed oil as the base oil in the experimental diets, the highest 4ss
content of 18:2n-6 was found in the 0% EPA+DHA diet. The 4s6
increased accumulation of n-6 PUFA, such as 20:3n-6 and 4s7
20:4n-6 in the EPA- and DHA-deficient groups indicated 4ss
increased desaturation and elongation of 18:2n-6 to longer- 4s9
chain n-6 PUFA. A notable increase in AS5-desaturase and A6- 490
desaturase has been observed previously in the liver and blood of 491
Atlantic salmon fed EFA-deficient diets."”'> Some studies have 492
found that dietary EFA deficiency increases the levels of n-9 493
PUFA, especially 20:3n-9, in the skin of rainbow trout and in the 494
organs and plasma of Atlantic salmon."”'**° However, there 495
was no significant change in 20:3n-9 composition in the present 496
study, although an increasing tendency in PC was seen with 497
reduced levels of dietary EPA and DHA. This is probably 498
because the EFA-deficient diets in previous studies contained 499
little n-3 or n-6 FA, so n-9 FA was desaturated and elongated. soo

The dietary effects on FA composition were more distinct in so1
the PC and PE fractions than in the PS and PI fractions. so2
According to the univariate results, for instance, the significant so3
diet-induced modifications of proportions of 20:5n-3 and 22:6n- 504
3 only occurred in the PC and PE fractions. This indicates that sos
PS and PI are more conserved and resistant to dietary FA so6
changes, which may be caused by a shift from triacylglycerol to so7
PS and PI through the incorporation of FA hydrolyzed from sos
TAG into PS and PL' Moreover, with increasing dietary EPA s09
and DHA, there were significantly reduced levels of 18:1n-9 in s10
the skin PC fraction but not in the other GPL fractions. This may si1
be caused by the experimental diets in which EPA and DHA oils s12
were replaced with rapeseed oil containing high levels of 18:1n- s13
9. 514

The changes in FA composition in skin GPL fractions could s1s
also be implicated in fish-skin health. A study on guinea pigs by s16
Miller et al.** showed that dietary supplementation with fish oil 517
resulted in the incorporation of EPA and DHA into epidermal s18
GPL and increased epidermal levels of PUFA-derived 15- si9
lipoxygenase products (eicosanoids), which improved chronic s20
inflammatory skin disorders. Furthermore, Sph in skin could s21
reduce eicosanoid production from GPL through the inhibition s22
of cytosolic phospholipase A, (cPLA2a)-binding to GPL.> 523
Thus, the decreased concentrations of Sph in skin and the s
greater EPA and DHA incorporation into GPL in fish fed s2s
increased levels of dietary EPA and DHA observed in our study s26
suggest that dietary EPA and DHA might improve the anti- 527
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inflammatory and protective-barrier capacities of fish skin by
regulating the production of eicosanoids.

However, there were no significant differences among the
experimental groups in terms of epidermal thickness or mucus-
cell density, possibly because of the great variation in these
epidermal histological parameters among individual fish (n = 10
fish per dietary treatment). More individual samples are
probably needed to detect significant changes in these
parameters.

Time Course of Changes. With increasing length of the
experimental trial (19 and 26 weeks), the modifications in FA
composition in skin GPL subclasses became more noticeable.
This is consistent with previous findings on the changes in FA
composition over time in the liver and blood of Atlantic salmon.'
The absolute concentrations of most sphingolipids were
significantly lower in skin samples of fish weighing 400 g than
in those weighing 200 g, which may be due to the increased
weights of other components, such as scales and collagen, in the
skin samples.

In conclusion, reductions in dietary EPA and DHA modified
the phospholipid profile in the skin of Atlantic salmon, especially
the concentrations of the sphingolipids GlcCer and Sph and the
relative contents of n-3 and n-6 FA in the GPL fractions. These
changes could affect fish-skin health, although we found no
significant effects on epidermal thickness or mucus-cell density,
because of the small numbers of samples. The current results
provide new insights into the importance of dietary EPA and
DHA for membrane lipid composition in fish skin. In future
work, it would be interesting to identify the functional
mechanisms of GPL and sphingolipids in fish-skin health, such
as those of their anti-inflammatory and immune effects, and the
function of membrane lipids in other fish barrier tissues in
contact with the external environment, such as gills.
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CC, commercial-like control diet; Cer, ceramide; CI, confidence
internal; cPLA2q, cytosolic phospholipase A,; DHA, docosa-
hexaenoic acid; DPA, docosapentaenoic acid; EFA, essential
fatty acids; ELSD, evaporative-light-scattering detection; EPA,

eicosapentaenoic acid; EPA+DHA, dietary group given a 1:1
mixture of EPA and DHA; ESI-QTOF MS, electrospray
ionization—quadropole time-of-flight mass spectrometry; FA,
fatty acid; FAME, fatty acid methyl ester; GlcCer, glucosyl-
ceramide; GPL, glycerol-phospholipid; HILIC, hydrophilic-
interaction chromatography; HPLC, high-pressure liquid
chromatography; LC-MS, liquid chromatography—mass spec-
trometry; LC-PUFA, long-chain polyunsaturated fatty acids;
MUFA, monounsaturated fatty acids; PC, phosphatidylcholine;
PCA, principal-component analysis; PE, phosphatidylethanol-
amine; PI, phosphatidylinositol; PS, phosphatidylserine; S1P,
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sphingosine-1-phosphate; Sa, sphinganine; SE, standard error of 597

the mean; So, sphingosine; Sph, sphingomyelin; TLC, thin-layer
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