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ARTICLE INFO ABSTRACT

Keywords: The role of subcutaneous adipose tissue adipocytes and the effects of fatty acids on carrageenan-induced skin

Ca_rra_gee“m ) inflammation in gilthead seabream (Sparus aurata) were studied. Fish were injected intramuscularly with

ilém inflammation phosphate-buffered saline (control) or A-carrageenin (1%), and skin samples collected at the injection site at 3
ipocytes

and 6 h post-injection (p.i.) were processed for histological study. In addition, the presence and levels of lipid
classes, fatty acid methyl esters (FAME) and eicosanoids were evaluated in the skin samples obtained from the
injected areas. Histological results indicated an increase in adipocyte area in fish sampled at 3 h p.i. with
A-carrageenin compared to fish in the control group. Furthermore, the frequency of adipocytes between 4500 and
5000 pm? was increased at 6 h in the A-carrageenin group compared to the control group. Analysis of lipid classes
found that fish injected with A-carrageenan showed increased free fatty acid (FFA) and sphingomyelin content at
3 and 6 h, respectively, compared to the control group. An increase in saturated fatty acids (SFA), n-6 poly-
unsaturated fatty acids (PUFA), and a decrease in the values of monounsaturated fatty acids (MUFA), n-3 PUFA
and minor fatty acids were observed in fish skin at 6 h after A-carrageenin injection, with respect to the values
obtained in the control group. Regarding the analysis of eicosanoids, an increase in hydroxyeicosatetraenoic acid
(5-HETE) was detected in the skin of fish at 6 h post-carrageenin injection compared to the control group. The
presented results indicate the contribution of adipocytes and fatty acids in the development and regulation of the
inflammatory response triggered by A-carrageenin in gilthead seabream skin.
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mediators, recruitment of immune cells to the affected area, and regu-
lation of the inflammatory response, leading to the eventual resolution

1. Introduction

Inflammation consists of an intricate response orchestrated by the
innate immune system to protect the host against any type of external
insult or harmful stimulus, with the intention of restoring physiological
homeostasis [1,2]. This complex response is usually local and charac-
terized by specific symptoms (e.g., heat sensation, redness, swelling,
pain and functional disorders), which resolve within minutes, hours or
days (acute inflammation) [3]. However, it can persist over time and
become chronic (chronic inflammation) leading to numerous associated
pathological disorders [4]. Typically, a sequence of events unfolds from
the onset of inflammation, with the release of proinflammatory

of inflammation [5]. Throughout this process, not only immune cells,
but also non-immune resident cells, such as endothelial cells, fibroblasts,
preadipocytes (progenitor stem cells within the vascular fraction of the
stroma) or of white adipose tissue (WAT) adipocytes that often surround
connective tissue and muscle, can assume a key direct role [6,7]. Among
these, adipocytes are emerging as a critical niche of cells within multiple
tissues capable of responding to external stimuli by changing their
morphology and function (WAT remodelling), as well as secreting hor-
mones, adipokines (e.g., leptin, adiponectin and resistin) and proin-
flammatory cytokines [e.g., interleukin-1f (IL-1f), tumor necrosis
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factor-a (TNF-a) and interleukin-6 (IL-6)]. These molecules regulate
macrophage infiltration into the adipose tissue (AT) and thus mediate
the interaction with immune cells [8-10].

Regarding adipocyte lipid metabolism, they can also activate lipol-
ysis, hydrolysing stored triglycerides into free fatty acids (FFAs) and
glycerol to support surrounding cells and tissues [11,12]. In this regard,
FAs can promote inflammation through various mechanisms, such as
binding to membrane surfaces or intracellular “fatty acid receptors” that
can modify membrane fluidity, lipid raft formation and cell signalling,
activating transcription factors involved in the inflammatory response,
such as NF-kB (nuclear factor kappa-light-chain-enhancer of activated B
cells) or PPAR-y (peroxisome proliferator activated receptor-y) [13], as
well as being the precursor of pro- and anti-inflammatory eicosanoids.
Moreover, the length of the FA chain and the absence of double bonds
(saturated FA) or the presence (unsaturated FA) at one (mono-
unsaturated FA; MUFA) or more positions (polyunsaturated FA; PUFA)
of the acyl chain appear to be critical in their function [13]. Poly-
unsaturated fatty acids with C > 20 are referred to as long chain PUFA
(LC-PUFA) and, depending on the location of the last double bond,
PUFAs can be classified as n-3 and n-6 [14]. Once absorbed, the domi-
nant fates of dietary LC-PUFAs are incorporated into cell membrane
phospholipids, neutral lipids, or metabolic oxidation. Phospholipids
serve to maintain cell membrane fluidity and are stored as strategic
precursors of signalling molecules in multiple inflammatory and im-
mune pathways. Indeed, following phospholipase A2 cleavage of
membrane phospholipids, cyclooxygenases (COX), lipoxygenases (LOX)
and cytochrome P450 (CYTP) act to produce pro- or anti-inflammatory
mediators that can be produced from n-3 and n-6 LC-PUFA. In this re-
gard, eicosanoids, a key inflammatory mediator, can be derived from
several fatty acids, such as arachidonic acid (AA, 20:4n-6) or eicosa-
pentaenoic acid (EPA, 20:5n-3) [13,15-17]. Thus, although FAs gener-
ally appear to play a key role in inflammation, the predisposition of an
organ, and its associated fatty acid complement, and response to a
specific immune insult have not been extensively studied in fish.

To expand our knowledge about the mechanism and role of FAs in
fish inflammation, we used carrageenin as a trigger of inflammation.
Carrageenin is a sulphated mucopolysaccharide obtained from the cell
walls of red algae (Rhodophyceae family) whose high-molecular weight
and compound structure of a(1, 3) - (1, 4) - galactans with one (x-), two
(1) or three (\-) sulphates per disaccharide unit, confer its unique
properties [18]. In particular, the degree of sulphation appears to play a
key role in triggering murine inflammation, with A-carrageenin being
the main form used for this purpose [18-24]. Carrageenan has also been
used in agriculture and in the pharmaceutical industry due to its anti-
oxidant, antiviral, anticoagulant, antithrombotic, immunomodulatory
and antitumor effects derived from the large negative charges it pos-
sesses, due to the sulphate groups [18]. In fact, these negative charges
also allow carrageenan to form biopolymers that are being exploited in
nanotechnology [25]. However, about 80% of all carrageenan produced
(mostly from aquaculture algae of the genera Chondrus, Eucheuma,
Gigartina, Iridaea, Furcellaria and Hypnea spp.) is destined for culinary
uses, being used as additives (E 407, E 407a), emulsifiers or stabilizers in
many foods due to its thickening and suspension characteristics
[26-28]. However, it is important to note that carrageenan is not
assimilated by the human body due to its strange structure, acting as a
fiber with no nutritional value [28]. In fish, carrageenin has been used to
induce inflammation at different body sites in several fish species, such
as plaice (Pleuronectes platessa) [29], carp (Cyprinus carpio) [23], Nile
tilapia (Oreochromis niloticus) [30], pacu (Piaractus mesopotamicus) [31,
32] and zebrafish (Danio rerio) [33-35]. More recently, the inflamma-
tory response of gilthead seabream (Sparus aurata) has been studied by
our team, providing diverse information on gene expression [36,37],
humoral and cellular immune parameters [38] and the use of
non-invasive techniques such as real-time ultrasound or micro-CT to
study this complex process [39]. In addition, previous work has evi-
denced the local effect of mucus-secreting cells of the skin in the
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inflamed area at 3 h after carrageenin injection by immunohistochem-
ical assay [40]. All these previous results encouraged us to perform the
present study, looking for the possible role of other non-immune resi-
dent cells in the area of inflammation. With these considerations in
mind, the present trial aimed to evaluate the role of subcutaneous adi-
pose tissue (SAT) adipocytes and changes in the lipid profile in gilthead
seabream skin after provoking an acute experimental inflammation by
intramuscular injection of A-carrageenin.

2. Material and methods
2.1. Animals

Twenty-eight specimens (20.87 + 5.6 g mean weight) of the
seawater teleost gilthead seabream, obtained from a local farm
(Mazarrén, Spain), were maintained in marine re-circulating aquaria
(450 L) at the Marine Fish Facilities of the University of Murcia (Spain)
during a quarantine period of one month. Water temperature was
maintained at 20 & 2 °C with a flow rate of 900 L h’l, a salinity of 28%o,
a photoperiod of 12 h light to 12 h dark and continuous aeration. Fish
were fed a commercial diet (Skretting, Spain) at a rate of 2% body
weight day~! and were kept 24 h without feeding prior to the trial. All
experimental protocols were approved by the Ethical Committee of the
University of Murcia (A13160416), and the Animal Welfare and Ethical
Review Board at the University of Stirling (AWERB/2022/8491/6802).
All procedures were performed following the Guidelines of the European
Union (2010/63/EU) and Spanish Legislation (RD 1201/2005 and Law
32/2007) for the use of laboratory animals.

2.2. Experimental design and sample collection

Fish were randomly selected, anesthetized with clove oil (20 mg L™,
Guinama®), and injected intramuscularly in the left flank, below the
lateral line at the level of the second dorsal fin. Two groups of fish were
established: i) fish injected with 50 pL of phosphate-saline buffer (PBS,
control group); and ii) fish injected with 50 pL of A-carrageenin (1% in
PBS, Sigma-Aldrich). Each experimental group was composed of 14 fish,
placed into two tanks (two replicates, 7 fish per tank) of 250 L, rate flow
of 800 L h ! and continuously aerated. At 3 and 6 h post-injection, seven
fish from each tank were weighed and samples of the skin were collected
from the injected area with an 8 mm diameter metal biopsy punch
(Stiefel). The fish were then returned to the same tank. Immediately,
skin biopsies from each fish were divided into three parts: i) one part was
washed in PBS and processed for histological analysis, ii) another part
was freeze-dried (CHRIST, Model Alpha 1-2 LD, 101,021) and stored in
the dark at —20 °C, iii) the last part was stored in TRIzol® (Invitrogen) at
—80 °C for gene expression analysis.

2.3. Histological study

For histological study, the skin samples were fixed in 10% neutral
buffered formalin (Panreac, Spain) at room temperature for 24 h. Sub-
sequently, the samples were decalcified in a solution of methyl-
enediaminetetraacetic acid (EDTA, Sigma-Aldrich) 0.5 M for 24 h. The
samples were then dehydrated in increasing concentrations of ethanol
(Merck) (50% for 30 min, 70% for 24 h, 80% for 30 min, 96% for 1 h,
and 100% for 1 h three times), washed for 1 h three times in isoamyl
acetate, and finally embedded in Histoplast Paraffin (Thermo Fisher
Scientific). Each paraffin block was cut into serial sections (4 pm thick)
using a microtome (Leica RM2265), mounted on sialinate-coated slides
(Dako, Glostrup, Denmark) and stored at room temperature. Sections
were stained with hematoxylin-eosin (H&E, Bio-Optica), according to
the manufacturer’s instructions, and the slides were scanned using the
Leica SCN400F Brightfield and fluorescence scanner (Leica, Micro-
systems). Quantitative histomorphometric evaluation was performed
according to Parlee et al. [41] with some modifications. Open-source
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software for digital pathology image analysis - QuPath-0.3.0 was used to
acquire 5 representative images of each individual slide, which were
analysed with ImageJ 1.49v software [42]. The area of adipocytes was
expressed as pm?, while the number of adipocytes counted was subse-
quently used to convert the frequency into a percentage of total adipo-
cytes in intervals of 500 um?, and the values were used for statistical
analysis.

2.4. Lipid analysis

Freeze-dried skin samples were processed at the Nutrition Analytical
Service of the Institute of Aquaculture (University of Stirling, Scotland).
The samples were weighed and divided into two parts: i) half was pro-
cessed according to the method described by Folch et al. [43] for total
lipid extraction. Briefly, samples of 10 mg were homogenized in 1 mL of
chloroform/methanol (2:1 v/v) with an Ultra Turrax tissue disrupter
(IKA ULTRA-TURRAX T 25 digital, IKA-WERKE). Non-lipid impurities
were removed by washing with 0.88% (w/v) KCI. The lipid weight was
determined gravimetrically after evaporation of the solvent and drying
under vacuum overnight. Then, due to the limited amount of sample,
lipids were adjusted to 2 mg mL™_. ii) the other half of the skin sample
was processed for the extraction and analysis of eicosanoids.

2.4.1. Analysis of lipid classes in skin samples

The lipid classes of the skin samples were analysed by separating
them by high performance thin layer chromatography (HPTLC). Briefly,
7.5 pL of total lipid extract (2 mg mL ™) was loaded in a 2 mm line on a
10 x 10 cm prewashed silica gel plate (VWR, Lutterwirth, England) by
running the solvent, consisting of methyl acetate: isopropanol: chloro-
form: methanol: KCl 0.25% (25:25:25:10:9 in vol.), to 2/3rds of the
length of the plate. After desiccation, the plate was then run with iso-
hexane: diethyl ether: acetic acid (8:2:0.1 in vol.). The plates were
sprayed with 3% (w/v) aqueous copper acetate containing 8% (v/v)
phosphoric acid, and the different classes of lipids were quantified by
baking the plate at 160 °C for 17 min, followed by calibrated densi-
tometry using a TLC scanner with CAMAG “WinCATS” Planar Chro-
matography Manager software, version 1.2.0. Lipid classes were
identified by comparison with known standards. In total, fifteen lipid
classes were quantified: lysophosphatidylcholine (LPC), sphingomyelin
(SM), phosphatidyl choline (PC), phosphatidyl serine (PS), phosphatidyl
inositol (PI), the sum of phosphatidic acid + phosphatidyl glycerol +
cardiolipin (PA/PG/CL), phosphatidyl ethanolamine (PE), unknown
polar (UP), pigment (Pig) (all of them polar lipids), diacylglycerol
(DAG), cholesterol/sterols (CHOL), free fatty acids (FFA), Unknown
neutral (UN), triglycerides (TAG) and wax/sterol esters (WAX) (all of
them neutral lipids).

2.4.2. Fatty acid methyl ester analysis

Fatty acid methyl esters (FAMEs) were prepared by acid-catalysed
transesterification of total lipids according to the method of Christie
[44]. Thus, total lipid samples (2 mg mL™1) were transmethylated
overnight in 2 mL of 1% sulphuric acid in methanol (plus 1 mL of toluene
to dissolve neutral lipids) at 50 °C. Methyl esters were extracted twice in
5 mL hexane-diethyl ether (1:1, v/v) after neutralization with 2 mL 2%
KHCOs3, dried under nitrogen and redissolved in 0.5 mL iso-hexane. The
FAMEs were separated and quantified by gas-liquid chromatography
using an SPTM 2560 flexible fused silica capillary column (100 m long,
0.25 mm internal diameter, 0.20 mm film thickness, SUPELCO) in a
Hewlett-Packard 5890 gas chromatograph. The oven temperature of the
gas chromatograph was programmed for 5 min at an initial temperature
of 140 °C, increased at a rate of 4 °C min~! to 230 °C, further increased
at a rate of 1 °C min~! to 240 °C and then held at that temperature for 6
min. The injector and flame ionization detector were set at 260 °C.
Helium was used as the carrier gas at a pressure of 300 kPa, and peaks
were identified by comparing their retention times with appropriate
FAME standards (Sigma Chemical Company). The concentrations of
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individual fatty acids were expressed as percentages of the total content.

2.4.3. Eicosanoid analysis

For eicosanoid analysis, skin samples were weighed into 2 mL
polypropylene tubes, followed by the addition of 10 pL of antioxidant
solution [containing 0.2 mg mL~! BHT and 0.2 mg mL™' EDTA in
methanol/water (50:50 v/v)]. Six levels of calibrant were prepared in
polypropylene tubes with an additional blank (without calibrant), each
tube containing 10 pL of each calibrant. 10 pL of internal standard so-
lution (1.5 pmol pL’l; Cambridge Bioscience) were added to both
samples and calibrants. The samples were then mixed with 500 pL of
cold methanol, homogenized using steel beads in a Minibeadbeater
tissue homogeniser (3500 rpm, 2 min, Biospec Products) and mixed with
another 500 pL of methanol. After 15 min incubation on ice, the samples
were centrifuged (20,000xg, 10 min, 4 °C) and the supernatant was
transferred to clean Eppendorf tubes and dried under nitrogen. Samples
were resuspended in 800 pL of water/methanol (90:10 v/v), and acid-
ified with 32 pL pure acetic acid before loading the samples onto pre-
conditioned SPE SepPak tC18columns (Waters). The columns were first
conditioned with 2 column volumes of methanol, followed by two col-
umn volumes of water. Samples were then loaded onto the columns,
which were quickly washed with 2 column volumes of water, followed
by 2 column volumes of hexane. The eicosanoids were eluted with 1 mL
of methyl formate and transferred to new Eppendorf tubes. Samples
were dried under nitrogen and resuspended in 40 pL of water:methanol
(v/v) solution. To sediment the particles, the samples were centrifuged
(13,000 g, 2 min), transferred to glass vials with low volume extraction
points and 15 pL of sample was injected into the column. Analysis of skin
samples was performed on a Waters Xevo TQ-S, using a Waters Class I
UPLC system with an Acquity BEH C18 column (2.1 x 100 mm). The
UPLC solvents (Rathburn chemicals) were composed of solvent A, con-
taining water/acetonitrile (80:20 v/v) and formic acid (0.02% v/v), and
solvent B, containing acetonitrile/isopropyl alcohol (50:50 v/v). The
UPLC gradient used was 100% A for 0.5 min, then 55% solvent B for 7
min, then 100% solvent B for 3 min, which was held for 4 min. The
gradient was returned to 100% solvent A for 3 min and conditioned for
another 2 min. The TQ-S was run in negative mode, with a capillary
voltage of —3kV, desolvation temperature of 300 °C, a desolvation gas
flow rate of 800 L h ! and a cone gas flow rate of 150 L h™. The system
was run in MRM mode and the transitions detailed are indicated in
Table 1.

2.5. Gene expression analysis by real-time qPCR

The sequences of the selected genes were obtained from a gilthead
seabream database [45]. The Open Reading Frames (ORF) were located
using the ExPASy translation software (SIB Bioinformatics Resource
Portal) and an additional check was performed using NCBI BLAST
sequence alignment analysis (NIH). Primers used (Table 2) were
designed with the Thermo Fisher OligoPerfect™ tool. Total RNA was
extracted from samples of 0.5 g of gilthead seabream skin using TRIzol
Reagent [46], following the manufacturer’s instructions and quantifi-
cation and purification were assessed using a Nanodrop® spectropho-
tometer; the 260:280 ratios were 1.8-2.0. Then, the RNA was treated
with DNase I (Promega) to remove genomic DNA contamination, and
complementary DNA (cDNA) was synthesized from 1 pg of RNA using
the reverse transcriptase enzyme SuperScriptIV (Life Technologies) with
an oligo-dT; g primer. The expression of the selected genes was analysed
by real-time qPCR with QuantStudio™ Real-Time PCR System Fast (Life
Technologies). The reaction mixtures [containing 5 pL of SYBR Green
supermix, 2.5 pL of primers (0.6 pM each) and 2.5 pL of cDNA template]
were incubated for 10 min at 95 °C, followed by 40 cycles of 15 s at
95 °C, 1 min at 60 °C, and finally 15 s at 95 °C, 1 min at 60 °C and 15 s at
95 °C. The gene expression was analysed using the 27 method [47],
which was performed as described elsewhere [48]. The specificity of the
reactions was analysed using samples without cDNA as negative
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Table 1
Adjustments of the Ultra Performance Liquid Chromatography system.
Eicosanoid name Abbreviation Transition DP (V) CE (V) Dwell (s)
Internal quantification calibrant d4 13-Hydroxyoctadecadienoic acid d4 13-HODE 299.2 > 198.0 60 23 0.01
Internal quantification calibrant d5 15-Hydroxyeicosapentaenoic acid d5 15-HEPE 322.2 > 221.0 40 18 0.01
Internal quantification calibrant d8 5-Hydroxyeicosatetraenoic acid d8 5-HETE 327.2 > 116.0 40 20 0.01
Internal quantification calibrant d5 17-Hydroxydocosahexaenoic acid d5 17-HDHA 348.2 > 232.0 20 19 0.01
Internal quantification calibrant d4 Prostaglandin D2 d4 PGD2 355.2 > 275.0 50 23 0.01
Internal quantification calibrant d4 Thromboxane B2 d4 TxB2 373.2 > 173.0 50 22 0.01
12-Hydroxyheptadecatrienoic acid 12-HHTrE 279.2 > 217.0 30 21 0.01
13-Hydroxyoctadecatrienoic acid 13-HOTrE 293.2 > 195.0 40 28 0.01
9-Hydroxyoctadecadienoic acid 9-HODE 295.2 > 171.0 60 23 0.01
13-Hydroxyoctadecadienoic acid 13-HODE 295.2 > 195.0 60 23 0.01
5-Hydroxyeicosapentaenoic acid 5-HEPE 317.2 > 115.0 30 22 0.01
12-Hydroxyeicosapentaenoic acid 12-HEPE 317.2 > 179.0 30 19 0.01
15-Hydroxyeicosapentaenoic acid 15-HEPE 317.2 > 219.0 40 18 0.01
5-Hydroxyeicosatetraenoic acid 5-HETE 319.2 > 115.0 40 20 0.01
12-Hydroxyeicosatetraenoic acid 12-HETE 319.2 > 135.0 50 19 0.01
15-Hydroxyeicosatetraenoic acid 15-HETE 319.2 > 175.0 40 19 0.01
15-Hydroxyeicosatrienoic acid 15-HETrE 321.2 > 221.0 30 21 0.01
5,15-Dihydroxyeicosa-6,8,11,13-tetraenoic acid 5,15-diHETE 335.2 > 201.0 40 26 0.01
17-Hydroperoxydocosahexaenoic acid 17-HpDHA 341.3 > 111.2 30 12 0.01
14-Hydroxydocosahexaenoic acid 14-HDHA 343.2 > 205.0 30 18 0.01
17-Hydroxydocosahexaenoic acid 17-HDHA 343.2 > 229.0 20 19 0.01
Prostaglandin D2 PGD2 351.2 > 271.0 40 23 0.01
Prostaglandin E2 PGE2 351.2 > 271.0 40 23 0.01
Thromboxane B2 TxB2 369.2 > 169.0 50 22 0.01
6-keto-prostaglandin F1 alpha 6-Keto PGFla 369.2 > 245.0 60 34 0.01
prostaglandin F2 alpha PGF2a 353.2 > 193.0 50 25 0.01
Table 2
Primers used for real-time qPCR.
Gene name Gene abbreviation GenBank number Primer sequences (5°—3')
Interleukin 1 il1b XM030416076.1 F: GCGAGCAGAGGCACTTAGTC
R: GGTAGGTCGCCATGTTCAGT
Tumor necrosis factor alpha tnfa AJ413189 F: CTGTGGAGGGAAGAATCGAG
R: TCCACTCCACCTGGTCTTTC
Interleukin-6 il6 AM749958 F: AGGCAGGAGTTTGAAGCTGA
R: ATGCTGAAGTTGGTGGAAGG
Leptin A lepa MG570179 F: GCTCCACTGGGCTTTCAAGT
R: AGGTCGTCTGAGATCAGGCT
Leptin B lepb SpaulB017168 F: CACTTCTGGACCAGGAGCTG
R: ACGGGACAGTTCATCGTGAC
Peroxisome proliferator activated receptor gamma pparg 115583930 F: AGATAACGCGCCCTTTGTCA
R: TGTTTGTGGTTGGTGCTCCT
Ribosomal protein $18 rps18 AM490061 F: CGAAAGCATTTGCCAAGAAT
R: AGTTGGCACCGTTTATGGTC
Elongation factor-1 alfa efla AF184170 F: TGTCATCAAGGCTGTTGAGC
R: GCACACTTCTTGTTGCTGGA
Actin beta actb X89920 F: GGCACCACACCTTCTACAAATG

R: GTGGTGGTGAAGCTGTAGCC

controls. For each mRNA sample, gene expression was normalized with
the geometric mean of ribosomal protein (s18), elongation factor 1-alfa
(efla) and beta-actin (actb) RNA content. Gene names follow the
accepted nomenclature for zebrafish (http://zfin.org/). In all cases, each
PCR was performed on triplicate samples.

2.6. Statistical analysis

Results were expressed as mean + standard error of the mean (SEM).
The data were analysed using a two-way-ANOVA to establish significant
differences between two factors: experimental group and time, and to
determine the interaction of both factors. Student’s t-test was used to
determine the differences between experimental groups and each
experimental group with respect to time. The normality of the data was
previously evaluated using the Shapiro-Wilk test and the homogeneity of
variance was also verified using Levene’s test. Percentage data were
arcsine transformed when necessary, according to the normality test,
prior to statistical analysis. All statistical analyses were performed with
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the SPSS software package (version 25.0; SPSS) for Windows. The sig-
nificance level used was p < 0.05 for all statistical tests.

3. Results
3.1. Skin histology

In this work our interest was focused on the possible changes
observed in the subepidermal fat due to carrageenin injection. The re-
sults obtained by studying histological sections of gilthead seabream
skin showed some alterations in some of the layers. The fat layer, formed
by adipocytes, was easily visible in H&E-stained cross-sections of the
skin and is part of the last layer of the dermis, just before the underlying
muscle (Fig. 1). Adipocytes appear as large cells with a small nucleus
located at the periphery of the cell and a sparse halo of cytoplasm. They
are large cells with a rounded or polygonal shape, which appear white
due to the space occupied by their large lipid vacuole, the contents of
which were removed by the reagents used during the Paraplast
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6 hours

Fig. 1. Representative images of gilthead seabream subcutaneous adipose tissue at 3 and 6 h post-injection with PBS (control, A, B) or A-carrageenin (1%, C, D)
stained with hematoxylin-eosin (H-E). Adipocytes appear as large, rounded, white cells. Scale bar = 100 pm.
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Fig. 2. Quantitative analysis of subcutaneous adipose tissue images of adipocyte area (A) and adipocyte size frequency distribution (B, C) at 3 and 6 h post-injection
with PBS (control, white bars/black triangles) or A-carrageenin (1%, blue bars/blue squares). The error bars in the columns denote the standard error of the means (n
= 7). Asterisks indicate significant differences between control and A-carrageenin groups (t-test; p < 0.05).

embedding process (Fig. 1). Quantitative analysis of adipocytes revealed
a statistically significant (p < 0.05) increase in the area of adipocytes
present in the subepidermal fat of fish injected with A-carrageenin and
sampled 3 h p.i., compared with the adipocyte area of fish in the control
group (injected with PBS) (Fig. 2). However, adipocyte frequency was
not statistically significantly altered in carrageenin-injected fish
sampled 3 h p.i. compared with the control (Fig. 2B). Otherwise,
although the adipocyte area of fish in the A-carrageenin group at 6 h
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remained unchanged with respect to fish injected with PBS at the same
time, the frequency of adipocytes in the interval between 4500 and
5000 pum? was increased in the skin of fish from the A-carrageenin-
injected group sampled 6 h p.i. (p < 0.05), compared with the value
obtained in adipocytes in the fat of fish in the control group sampled at
the same time (Fig. 2C).
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3.2. Lipid analysis

3.2.1. Lipid class analysis

No differences in total polar or neutral lipids were observed at either
3 or 6 h after carrageenin injection compared with the control group
(Fig. 3A and B). However, this analysis indicated a higher FFA content in
skin samples of fish injected with A-carrageenin and sampled at 3 h p.i.
(although not at 6 h) compared with the FFA content in the skin of fish
from the control group (Fig. 3C). In terms of time, FFA content decreased
in the skin of fish at 6 h p.i. with A-carrageenin compared with fish
sampled 3 h p.i. This lipid class was the only one in which an interaction
between treatment and time was observed (Table 3).

Furthermore, no changes in SM content were observed in skin sam-
ples from fish injected with A-carrageenin or PBS and sampled at 3 h p.i.
However, higher SM content was detected in skin samples from fish
injected with A-carrageenin and sampled at 6 h p.i. compared with fish
injected with PBS and sampled at the same time (Fig. 3D).

3.2.2. Fatty acid methyl esters analysis

Analysis of FAMEs showed no statistical variations in skin samples
evaluated at 3 h p.i. between control fish and those in the A-carrageenin-
injected group (Fig. 4). However, an increase in total SFAs and total n-6
PUFAs (22:4n-6) was observed in carrageenin-injected fish sampled at 6
h p.i. compared with the control group (Fig. 5). The fatty acids that
increased were mainly represented by SFAs 18:0, 20:0 and 24:0
(Fig. 5B), and n-6 PUFAs 18:2n-6 and 22:4n-6, respectively (Fig. 5C). In
contrast, in the skin of fish injected with A-carrageenin and sampled at 6
h p.i. we observed a decrease in MUFAs (20:1n-11, 22:1n-11 and 22:1n-
9, Fig. 5D), n-3 PUFAs (18:3n-3, 18:4n-3 and 20:4n-3, Fig. 5E) and a
decrease of 16:2 (Fig. 5F), compared to the values obtained in fish from
the control group and sampled at 6 h p.i. Considering time, a decrease in
18:3n-3 content was detected in both PBS and A-carrageenin groups at 6
h p.i. compared to the values found at 3 h p.i. (Table 4). In addition, the
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levels of 20:3n-3 and 20:4n-3 were decreased at 6 h p.i. in fish injected
with PBS compared to the values observed in the skin of the same group
of fish studied at 3 h p.i. Likewise, the level of 18:4n-3 decreased at 6 h p.
i. in the group of fish injected with A-carrageenin compared to the same
group at 3 h p.i(see Table 5).

3.2.3. Eicosanoid analysis

Regarding eicosanoids analysis (Fig. 6), no significant variations
were detected in the levels of skin samples from fish of both groups,
carrageenin and control, at 3 h p.i. (Fig. 6A). However, the level of 5-
HETE increased in the skin of fish injected with A-carrageenin sampled
at 6 h p.i. compared with the control group (Fig. 6B). Taking into ac-
count the time factor, the levels of 17-HpDHA and 14-HDHA decreased
at 6 h p.i. in the with PBS and A-carrageenin injected fish group,
respectively, compared with the same groups studied at 3 h p.i.
(Table 4).

3.3. Gene expression analysis

The expression profile of three proinflammatory cytokines and three
molecules involved in adipocyte lipid metabolism was analysed by real-
time PCR in fish skin samples collected 1.5, 3 and 6 h after carrageenan
or PBS (control) injection. The results are shown in Supplementary
Fig. 1. No gene expression was altered in skin samples collected 1.5 h
after carrageenan injection compared to the expression values obtained
in fish injected with PBS (control). However, the expression of the
proinflammatory genes il1b, tnfa, and il6 was significantly increased in
the skin of fish injected with carrageenan and sampled after 3 h p.i.,
compared with the values of fish in the control group (Fig. STA- S1C). In
addition, the expression of the cytokines tnfa and il6 remained signifi-
cantly increased in fish injected with carrageenan and sampled at 6 h
after injection. Similarly, gene expression of the adipokine lepa was also
up-regulated at 6 h after carrageenan injection compared to the control
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Fig. 3. Lipid class analysis of gilthead seabream skin samples at 3 (A) and 6 h (B) after injection with PBS (control, white bars) or A-carrageenin (1%, blue bars). Error
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Table 3

Lipid class analysis of gilthead seabream skin samples at 3 and 6 h post-injection
with PBS or A-carrageenin. Asterisks indicate interaction between the experi-
mental factors (Treatment*Time) (Two-way-ANOVA; p < 0.05) and significant
differences between time points (t-test; p < 0.05).

Lipid class Treatment*Time Treatment Time (3 h-6 h)
Total Polar - PBS -
A-carrageenin -
Total Neutral - PBS -
A-carrageenin -
LPC - PBS -
A-carrageenin -
SM - PBS -
A-carrageenin -
PC - PBS -
A-carrageenin -
PS - PBS -
A-carrageenin -
PI - PBS -
A-carrageenin -
PG - PBS -
A-carrageenin -
PE - PBS -
A-carrageenin -
UpP - PBS -
A-carrageenin -
Pig - PBS -
A-carrageenin -
DAG - PBS -
A-carrageenin -
S - PBS -
A-carrageenin -
FFA PBS -
A-carrageenin *
UN - PBS -
A-carrageenin -
TAG - PBS -
A-carrageenin -
Wax/SE - PBS -

A-carrageenin
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group (Fig. S1D). Interestingly, no significant variations in lepb and
pparg gene expression were observed in fish injected with carrageenan or
PBS compared to control levels at any experimental time point (Fig. S1E-
S1F).

Considering the time factor, although no statistical differences were
found in the expression of any gene studied in the control group fish,
gene expression of il6 and lepa was up-regulated at 6 h post carrageenan
injection compared to the values found at 1.5 h and 6 p.i. (Figs. S1C and
S1D).

4. Discussion

In previous studies, the intramuscular injection of 1% carrageenin in
PBS (50 pL per fish) in the left flank of gilthead seabream, below the
lateral line at the level of the second dorsal fin, triggered acute skin
inflammation with a peak at 3 h after administration, which then began
to resolve after 6 h [36,37]. In this study, the expression of three
proinflammatory cytokines and three molecules involved in the lipid
metabolism of adipocytes has been studied. The results indicate that, as
had already been shown in previous studies, the proinflammatory genes
il1b, tnfa, and il6 increased their expression in the skin of fish injected
with carrageenan and sampled 3 h p.i., compared to the values of the
control group fish. In addition, the expression of tnfa and il6 continued
to be significantly increased in fish injected with carrageenan and
sampled at 6 h p.i. Of the three adipokines studied, only lepa expression
was significantly increased in fish injected with carrageenan and
sampled at 6 h p.i. 6 h p.i., compared to the control group. In addition,
although carrageenin injection had no impact on systemic immunity of
gilthead seabream, it led to an increase in the number of skin
mucus-secreting cells and acidophilic granulocytes, as well as
up-regulation of proinflammatory genes in the skin near the injection
site [38,40]. These events were associated with increased skin thickness,
edema, and emphysema in the underlying muscle, which were the
symptoms observed in human necrotizing fasciitis [39]. Considering the
localized effects caused by carrageenin injection, in the present study we
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Fig. 4. Analysis of fatty acid methyl esters (FAMEs) in gilthead seabream skin samples at 3 h post-injection with PBS (control, white bars) or A-carrageenin (1%, blue
bars). Total fatty acid (FA) composition (A), saturated FA (SFA) composition (B), n-6 polyunsaturated FA (PUFA) composition (C), monounsaturated FA (MUFA)
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want to delve deeper into the events taking place at the injection site. To
the best of our knowledge, this is the first study to evaluate the role of
subcutaneous adipose tissue adipocytes and fatty acids in fish skin
inflammation.

The interest of adipocytes lies in their function of regulating energy
balance, storing FAs in the form of TAGs during periods of energy excess
and releasing them when needed. In a state of negative energy balance,
TAGs are hydrolysed to FFAs and glycerol (lipolysis), the FFAs being
transported to the required organs where they will be used for energy
production through p-oxidation [49]. On the other hand, in a positive
energy balance, adipocytes can re-esterify FFA to accumulate them, thus
increasing their size (hypertrophy), or differentiate from undifferenti-
ated mesenchymal stem cells (MSCs) into preadipocytes and mature
adipocytes (hyperplasia) to also increase the size of ATs [50,51]. All
these processes are highly regulated by nutritional factors, cytokines and
hormones in both fish and mammals [52-54]. However, some dysre-
gulation in adipocyte metabolism could lead to altered fish health
associated with fat deposition [55]. According to our histological study,
an increase in adipocyte area in SAT was detected in fish injected with
A-carrageenin at 3 h p.i. These results could be the morphological evi-
dence of the response of adipocytes to the proinflammatory mediators
that are released, in the area of inflammation, by immune cells recruited
at this time point (3 h) [36,38,40]. This morphological change could be
necessary to induce the polarization of adipocytes in the inflamed zone
towards a proinflammatory phenotype. This hypothesis could make
sense since, according to some in vitro studies, human and mammalian
adipocytes are able to produce proinflammatory cytokines [56,57], ex-
press chemokines [58], innate immune receptors [59-61], and present
antigens to immune cells [62-64], directly modulating the
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inflammatory response. Our results are also in agreement with studies
developed in rodents, which explain that hypertrophic adipocytes and
excessive fat accumulation (i.e., obesity), are accompanied by the
recruitment of immune cells such as macrophages in the AT [65,66]. In
our study, the content of n-6 PUFAs 18:2n-6 (linoleic acid) and 22:4n-6
(adrenic acid), and the content of n-3 PUFAs 18:3n-3 (a-linolenic acid),
18:4n-3 (stearidonic acid) and 20:4n-3 (eicosatetraenoic acid),
increased and decreased, respectively, in the skin of fish sampled at 6 h
post-carrageenin injection compared to the control group. Interestingly,
immune cell membranes are constituted by phospholipids with a high
content of n-6 PUFAs and a low content of n-3 PUFAs [13]. These results
could also support the recruitment of immune cells at the inflammation
zone at this experimental time (6 h), previously evidenced by our
research group by histology and gene expression analysis [36,40]. Be-
sides this, the presence of n-3 PUFAs has been associated with the
activation of PPAR-y, the subsequent inhibition of NF-kB (the main
molecular regulator of inflammation), and therefore, with the reduction
of the inflammatory response [13]. The decrease of n-3 PUFAs evi-
denced in skin samples obtained at 6 h p.i. in the A-carrageenin group
compared to the control group would indicate that carrageenin might be
able to activate some proinflammatory mechanism to prolong the acute
inflammatory reaction up to this time. In this regard, the roles of MUFAs
in inflammation are less well documented, but like the n-3 PUFAs, evi-
dence also links MUFAs to anti-inflammatory states [67]. In the present
study, the decrease in MUFAs, specifically 20:1n-11 (eicosenoic acid),
20:1n-9 (gondoic acid), 22:1n-11 (ketoleic acid) and 22:1n-9 (erucic
acid) evidenced in fish injected with A-carrageenin and sampled at 6 h p.
i. compared to control fish could support the above hypothesis. More-
over, the decrease in both types of FAs (MUFAs and n-3 PUFAs) could
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Table 4

Analysis of fatty acid methyl esters (FAMESs) in gilthead seabream skin samples
at 3 and 6 h post-injection with PBS or A-carrageenin. Asterisks indicate inter-
action between the experimental factors (Treatment*Time) (Two-way-ANOVA;
p < 0.05) and significant differences between time points (t-test; p < 0.05).

FAMEs Treatment*Time Treatment Time (3 h-6 h)
SFA - PBS -
A-carrageenin -
MUFA - PBS -
A-carrageenin -
n-6 PUFA - PBS -
A-carrageenin -
n-3 PUFA - PBS -
A-carrageenin -
Minor FA - PBS -
A-carrageenin -
Total PUFA - PBS -
A-carrageenin -
14:0 - PBS -
A-carrageenin -
16:0 - PBS -
A-carrageenin -
18:0 - PBS -
A-carrageenin -
20:0 - PBS -
A-carrageenin -
20:0 - PBS -
A-carrageenin -
22:0 - PBS -
A-carrageenin -
24:0 - PBS -
A-carrageenin -
18:2n-6 - PBS -
A-carrageenin -
18:3n-6 - PBS -
A-carrageenin -
20:2n-6 - PBS -
A-carrageenin -
20:3n-6 - PBS -
A-carrageenin -
20:4n-6 - PBS -
A-carrageenin -
22:4n-6 - PBS -
A-carrageenin -
22:5n-6 - PBS -
A-carrageenin -
16:1n-9 - PBS -
A-carrageenin -
16:1n-7 - PBS -
A-carrageenin -
17:1 - PBS -
A-carrageenin -
18:1n-9 - PBS -
A-carrageenin -
18:1n-7 - PBS -
A-carrageenin -
20:1n-11 - PBS -
A-carrageenin -
20:1n-9 - PBS -
A-carrageenin -
20:1n-7 - PBS -
A-carrageenin -
22:1n-11 - PBS -
A-carrageenin -
22:1n-9 - PBS -
A-carrageenin -
24:1n-9 - PBS -
A-carrageenin -
18:3n-3 - PBS *
A-carrageenin *
18:4n-3 - PBS -
A-carrageenin *
20:3n-3 - PBS *
A-carrageenin -
20:4n-3 - PBS *
A-carrageenin -
20:5n-3 - PBS -
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Table 4 (continued)

FAMEs Treatment*Time Treatment Time (3 h-6 h)
A-carrageenin -
21:5n-3 - PBS -
A-carrageenin -
22:5n-3 - PBS -
A-carrageenin -
22:6n-3 - PBS -
A-carrageenin -
16:2 - PBS -
A-carrageenin -
16:3 - PBS -
A-carrageenin -
16:4 - PBS -
A-carrageenin -
Table 5

Eicosanoid analysis in gilthead seabream skin samples at 3 and 6 h post-injection
with PBS or A-carrageenin. Asterisks indicate interaction between the experi-
mental factors (Treatment*Time) (Two-way-ANOVA; p < 0.05) and significant
differences between time points (t-test; p < 0.05).

Lipid class Treatment*Time Treatment Time (3 h-6 h)
13-HOTrE - PBS -
A-carrageenin -
9-HODE - PBS -
A-carrageenin -
13-HODE - PBS -
A-carrageenin -
5-HEPE - PBS -
\-carrageenin -
12-HEPE - PBS -
A-carrageenin -
15-HEPE - PBS -
A-carrageenin -
5-HETE - PBS -
A-carrageenin -
12-HETE - PBS -
A-carrageenin -
15-HETE - PBS -
A-carrageenin -
15-HETrE - PBS -
A-carrageenin -
5,15-diHETE - PBS -
A-carrageenin -
17-HpDHA - PBS *
A-carrageenin -
14-HDHA - PBS -
A-carrageenin *
17-HDHA - PBS -

A-carrageenin -

point to the redistribution and utilization of these fatty acids for their
synthesis or reconversion into other molecules, avoiding excessive en-
ergy expenditure. Likewise, A-carrageenin-activated adipocytes could
contribute to the inflammatory process through the production of mol-
ecules with inflammatory functions derived from the hydrolysis of TAGs
to FFA, as well as directly synthesizing FFA de novo (lipogenesis) [11,68,
69]. The latter fact would explain the increase in FFA content detected at
3 h p.i. in the skin samples of fish injected with A-carrageenin, but with
no change in TAG content between experimental groups. Thus, it has
been shown that FFA act as stress-inducing molecules in mammalian
macrophages that are able to activate NF-kB through TLR-4, as well as to
impair the integrity of organelles such as mitochondria and lysosomes,
generating radical oxygen species [70]. Furthermore, among the
different products into which FFAs can be metabolized, SFAs, such as
lauric acid (12:0), have also been shown to potentiate at the molecular
level the activation of NF-kB through TLR-4 in mammalian macrophages
[71]. This event seems to be somehow related to the promotion or
disruption of the raft formation in adipocyte membranes and, therefore,
to the activation or inhibition of the inflammatory process. However, the
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Fig. 6. Eicosanoid analysis in gilthead seabream skin samples at 3 (A) and 6
(B) h post-injection with PBS (control, white bars) or A-carrageenin (1%, blue
bars). Error bars in the columns indicate standard error of means (n = 7).
Asterisk indicates significant differences between control and A-carrageenin
groups (t-test; p < 0.05).

role of SFAs is of such magnitude that elevated levels of SFAs in the
human diet can be considered a proinflammatory factor in itself. Ac-
cording to our study, SFAs 18:0 (stearic acid), 20:0 (arachidic acid) and
24:0 (lignoceric/tetracosanoic acid) increased their content in skin
samples obtained 6 h p.i. with A-carrageenin, which could indicate the
role of SFAs in activating inflammation. In addition, and taking into
account that the presence of TLR4 orthologs are unknown in gilthead
seabream [72], different SFAs such as those detected in this study could
be produced to activate different inflammatory cascades, probably
contributing to the activation and recruitment of immune cells.
According to our histological study, the frequency of adipocytes with
an area of 4500-5000 um? was increased at 6 h p.i. in fish injected with
A-carrageenin, which could also point to the activation of a regulatory
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mechanism that stabilises the size of these cells and prevents their
continuous growth, preventing excessive inflammation. In addition, a
higher SM content was detected in skin samples from fish in the
A-carrageenin group and sampled at 6 h p.i. compared to fish injected
with PBS and sampled at the same time. SMs are sphingolipids that are
mainly concentrated in the caveolae of the cell membrane of adipocytes
and in the lipid rafts of macrophages, in both cases performing
specialized functions that can modulate the inflammatory response [73,
74]. These functions could include cell signalling, and participation in
clathrin-independent processes of endocytosis, phagocytosis and
apoptosis [73,74]. Thus, the function of SM could be linked to the
activation of regulatory mechanisms such as apoptosis of immune cells
that have already fulfilled their function at the site of inflammation to
avoid excessive inflammation, and their subsequent elimination by
phagocytosis.

As for other mediators and regulators of inflammation, such as ei-
cosanoids, which are key in mammals, in our study only the level of 5-
HETE at 6 h p.i. was increased in the skin of fish in the A-carrageenin
group compared to the control group. These results are in agreement
with previous data pointing to a secondary role of eicosanoids in the
inflammatory pathway in seabream induced by carrageenin compared
to mammals, at least at these experimental time points [40]. Thus, not
only the timing of eicosanoid production and the concentrations of the
different eicosanoids, but also the sensitivity of the target cells and tis-
sues to the eicosanoids generated, could be some of the particularities to
be taken into account to explain this major difference in gilthead seab-
ream relative to mammals [13].

On the other hand, 5-HETE is a precursor molecule of other leuko-
trienes, and it is released by degranulation of mammalian neutrophils
(acidophilic granulocytes in gilthead seabream) upon bacterial in-
fections or stimulation with lipopolysaccharide [75]. Interestingly,
acidophilic granulocytes seem to be the main cells involved in this in-
flammatory process according to our previous data [40]. The increase of
5-HETE could serve as an autocrine and paracrine mechanism of these
cells in order to modulate the acute inflammation.

In conclusion, the present results seem to indicate that one intra-
muscular injection of A-carrageenin is able to produce an acute inflam-
matory reaction in gilthead seabream leading to relevant changes in the
adipocytes morphology and function, as well as in FA metabolism. The
present data point to adipocytes are a very flexible and modulable cells
with immune-like functions. In this sense adipocytes are able to
contribute to the inflammatory response triggered by A-carrageenin, as
well as to participate in its regulation and termination by modulating
their FA metabolism as a function of energy balance. Our findings pro-
vide a new approach to the local inflammatory mechanisms evolved by
carrageenin in a fish species with a high commercial interest.
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