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ARTICLE INFO ABSTRACT

Keywords: The molecular processes underlying skin wound healing in several fish species have been elucidated in the last
Aquaculture years, however, metabolomic insights are scarce. Here we report the skin mucus metabolome of wounded and
Metabolomics non-wounded gilthead seabream (Sparus aurata) fed with silk fibroin microparticles, a functional additive
xitcl‘g;‘;l;imumty considered to accelerate the wound healing process. The three experimental diets (commercial diet enriched with
Skin wound 0 mg (control), 50 mg or 100 mg of silk fibroin microparticles Kg~1) were administered for 30 days and
Skin mucus thereafter, a skin wound was inflicted. Skin mucus was collected on day 30 of feeding and 7 days post-wounding
Silk fibroin and subjected to metabolomic analysis by Ultra Performance Liquid Chromatography coupled with a high-

resolution quadrupole-orbitrap mass spectrometry. The most enriched metabolite class was amino acids and
derivatives, followed by nucleotides, nucleosides and analogues and carbohydrates and their derivatives.
Metabolomic profiles revealed that the diet had a more profound effect than wounding in skin mucus. Metabolic
pathway analysis of significantly affected metabolites revealed perturbations in the aminoacyl t-RNA biosyn-
thesis in the skin. In particular, skin wound resulted in a decreased methionine level in mucus. Further, silk
fibroin supplementation increased methionine level in skin mucus, which correlated with several wound
morphometric parameters that characterized the epithelial healing capacity in seabream. The results provided
new insight into the physiological consequences of skin wounds and how these processes could be influenced by
dietary manipulation.

Wound healing

1. Introduction problem in modern aquaculture, partly attributed to increased stocking
density, poor water quality and harsh mechanical handling. The prev-

The fish skin is a metabolically active organ due to its diverse func- alence of skin lesions, abrasions, and ulcerations has become a serious

tions, from thermoregulation, sensory functions, hormone regulation to
glandular secretions and protection against a large variety of biological,
chemical and physical stressors in the aquatic environment. It possesses
a fascinating multitude of specialized cells, including lymphocytes,
goblet cells, club cells, keratocytes, and sensory cells that exhibit enor-
mous metabolic reaction capacities to meet various external influences
[1]. The skin is considered the first line of defence from external ag-
gressions and its role immunity is emphasized by the presence of
skin-associated lymphoid tissue (SALT) that upon infection or damage
generates signal molecules that activate the processes of inflammation,
thus orchestrating the immune response [2].

The chemical and physical quality of the skin is an important indi-
cator of the health of fish. Poor skin health has become a significant

welfare problem in aquaculture. In particular, the presence of wounds
causes physiological disturbances [3-8] and increases the susceptibility
of fish to infections [9,10]. In previous studies, we have shown that a
superficial wound on the skin of gilthead seabream (Sparus aurata) could
affect the biological composition of the epithelial mucosa [3,7,11-14].
In recent years, we have made significant advancements in under-
standing the mechanisms underlying wound healing in fish, including
the molecules and dynamic processes involved in inflammation,
re-epithelialization, new tissue formation, and remodelling [4,12,
15-18].

Mucus is a glycopolymeric biophysical feature of fish mucosa that
performs numerous functions, including immunity, osmoregulation,
protection against abrasion, protection against environmental toxicants,
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parental feeding, and chemical communication [19-22]. As an immune
defence structure, mucus contains several molecules involved in the
orchestration of immune response, including lytic enzymes, antioxi-
dants, immunoglobulins, complement, lectins, and antimicrobial pep-
tides [19,21]. Changes in the biological composition of skin mucus have
been studied in relation to alterations in diet [23,24], treatment
[25-27], and infection [28-30]. The results point to the important role
of bioactive skin mucus molecules in the physiological countermeasures
to stressors and in maintaining homeostasis under challenging condi-
tions [3,7]. Biological changes in skin mucus to a stressor have been
studied by either a small panel of molecules (i.e., colorimetric assays,
ELISA) or by a large array of proteins (i.e., 2D gel electrophoresis,
shotgun proteomics), both offering different levels of resolution on
mucosal responses.

The application of -omics technologies (i.e., transcriptomics, prote-
omics and metabolomics) has facilitated a holistic study of a biological
system at the level from metabolites to proteins and their responses to
stimuli of different nature. Metabolomics is the systematic study of all
chemical processes related to metabolites, providing the characteristic
chemical fingerprints produced by specific cellular processes by study-
ing their small-molecule metabolite profiles [31], thus, a powerful tool
for identifying new biomarkers of an organism’s physiological and
health status. A few studies have applied metabolomics to understand
the metabolic profile of wounds and the role metabolites play in the
wound-healing process, though mostly in mammalian models [32].
Wound-induced metabolites control the activation and proliferation of
cells by serving as signalling molecules, post-translational modifications
of enzymes and thereby affecting their function, and synthesis and
remodelling of the structural organization of the extracellular matrix
(ECM) [33]. To our knowledge, no studies have been performed in fish
on the metabolic profile of skin mucosa during experimental wounding.
Dissection of the metabolome will allow us to identify metabolic sig-
natures of wounds that will not only elucidate wound healing mecha-
nisms in teleosts fish but also facilitate the discovery of new biomarkers
for skin wounds in farmed fish.

The present paper reports the skin mucus metabolome of gilthead
seabream (Sparus aurata), an economically valuable marine fish, as
elucidated by high-throughput metabolomics. In particular, we explored
whether dietary manipulation could influence the metabolomic signa-
tures of skin mucus following wound infliction. To this end, we fed the
model fish a diet containing silk fibroin microparticles, a feed additive
shown to influence wound healing in the skin of S. aurata [12]. Silk is a
biocompatible polymer with high stability formed by fibroin and sericin,
in addition to its low immunogenicity and biodegradability [34-36].
These characteristics have made it an easily modifiable biomaterial
widely used in tissue regeneration engineering in different formats, from
microparticles, gels, and matrices [37-39]. It is known that silk fibroin
in mammals has good adhesion and favours cell growth, proliferation
and migration of different cell types involved in the tissue healing pro-
cess. We have recently documented such properties in seabream [12]. In
this study, we used the silk fibroin from Bombix mori due to its cultural
and traditional importance in Murcia, Spain.

2. Materials and methods
2.1. Experimental animals & ethical considerations

Specimens (43.3 £+ 10.6 g mean body weight) of the hermaphroditic
protandrous seawater teleost gilthead seabream (S. aurata L.) were ob-
tained from a local farm (Mazarrén, Spain) and randomly assigned to
flow-through seawater aquaria in the Marine Fish Facilities at the Uni-
versity of Murcia (250 L, flow rate 900 L h™?!), under the following pa-
rameters: 28%o salinity, 20 °C and artificial photoperiod (12L:12D).
During quarantine and holding before the trial, the fish were fed a
commercial diet at a rate of 1.5% body weight day .

All animal handling and manipulations described in this study were
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in accordance with the guidelines of Directive 2010/63/EU of the Eu-
ropean Union and were approved by the Ethical Committee of the
University of Murcia (Spain) (protocol code A13150104). In support of
the 3R (Replacement, Reduction & Refinement) principles in fish
research, we utilize metadata from a previous study to further explore
the biological significance of some results in this paper [12]. We confirm
that no data have been duplicated in this study.

2.2. Silk fibroin microparticles

The silk fibroin microparticles (SF) were produced at 97% purity
from the silk cocoon of the silkworm Bombyx mori using ionic liquids and
high-power ultrasounds, according to Lozano-Perez et al. [40].

2.3. Experimental diets

Commercial feed (protein 56%, fats 15%, ash 9.2%, calcium 2.5%,
fiber 1.2%, phosphorus 1.5% and sodium 0.8% (for more details see
Table S1 in Supplementary Material) was pulverized and mixed with
different concentrations of silk microparticles to produce three experi-
mental diets: non-supplemented diet (control), 50 mg of silk fibroin
microparticles Kg~! supplemented diet (SF50), and 100 mg of silk
fibroin microparticles Kg~! supplemented diet (SF100) (Fig. 1). Then
the pellet was remade with a diameter of 2 mm and a length of 5 mm,
with a cold extrusion screw-press machine.

2.4. Experimental design and sampling

The experimental set-up was previously reported in Albaladejo-Riad
et al., 2022 [12]. Briefly, the study used six tanks with 6 fish per tank.
The initial weight of the fish was recorded. Two replicate tanks were
assigned to each diet group. The experimental diets were fed to the fish
at a rate of 1.5% of their body weight day ! for a period of 30-day. On
day 30, the skin mucus of three fish from each tank (non-wounded) was
collected by gently massaging the lateral skin of the left side in a
cephalic-caudal direction using a cell scraper (18 mm, Corning),
avoiding the anal periphery for contamination [41]. Thereafter, the fish
were euthanized with 100 mg L~ of clove oil (Guinama®) (Fig. 1) and
the final weight was recorded. This approach prevented the interference
of clove oil to the biochemical profile of skin mucus. Fish were not fed
for 24 h prior to sample collection. Skin mucus samples were vortexed
and centrifuged (300xg, 10 min, 4 °C). Supernatants were collected,
suspended in 1X PBS (Fisher BioReagents) and stored at —80 °C until use
in. The remaining fish (three from each tank) were anesthetized with 20
mg L™} clove oil and experimentally wounded (8 mm diameter and 2
mm depth) in the middle of the left flank (below the lateral line) with a
circular biopsy punch (Integra™ Miltex™). Immediately after the
wounding procedure, the wounded fish were returned to their respective
tank and continued to receive their corresponding diet for the next seven
days. Infliction of superficial wounds did not affect the feeding behavior
of the experimental fish. On day 37, the remaining fish (wounded) were
also sampled for skin mucus, as described above (Fig. 1).

To study the effects of the diet on growth, growth performance
[Weight gain rate (%) = (Total final weight — Total initial weight)/Total
initial weight x 100] and feed utilization [Feed efficiency = (Total final
weight — Total initial weight)/feed consumed] were -calculated
(Table S2).

2.5. Liquid Chromatography—mass spectrometry

Skin mucus samples (N = 3, pooled of 2 fish per replicate) were
reconstituted in 200 pL Eluent A and transferred to an HPLC vial. Sample
analysis was conducted by MS-Omics ApS as follows: the analysis was
carried out using a UPLC system (Vanquish, Thermo Fisher Scientific)
coupled with a high-resolution quadrupole-orbitrap mass spectrometer
(Q Exactive™ HF Hybrid Quadrupole-Orbitrap, Thermo Fisher
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Fig. 1. Schematic representation of the experimental design. Gilthead seabream fed different experimental diets for 30 days [control (non-supplemented diet), SN50
(control diet enriched with 50 mg of silk fibroin microparticles Kg-1), or SN100 (control diet enriched with 100 mg of silk-fibroin microparticles Kg-1)]. Half of the
fish were sampled at day 30 of the trial (non-wounded). The remaining fish were wounded (with a biopsy punch of 8 mm of diameter) and continued to be fed the
same diet. At 7 days after wounding (wounded), fish were sampled. Samples of skin mucus were treated and analyzed by Liquid Chromatography-HF Mass

Spectrometry.

Scientific). An electrospray ionization interface was used as an ioniza-
tion source. Analysis was performed in negative and positive ionization
mode. The UPLC was performed using a slightly modified version of the
protocol described by Doneanu et al. [42]. Peak areas were extracted
using Compound Discoverer 3.1 (Thermo Scientific). Data processing
was carried out in MZmine 2 [43] followed by curation utilizing a
custom-made in-house protocol of MS-Omics ApS. Compound identifi-
cation was performed at two levels; Level 1: identification by retention
times (compared to authentic in-house standards), accurate mass (with
an acceptable deviation of 3 ppm), and MS/MS spectra, Level 2a:
identification by retention times (compared to authentic in-house
standards), accurate mass (with an acceptable deviation of 3 ppm).

2.6. Database search and metabolomic analysis

The 111 metabolites obtained from levels 1 and 2a were categorized
along with their chemical taxonomy down to the sub-class level, ac-
cording to different databases such as the Human Metabolome Database
(HMDB) [44], Reactome [45], PubChem [46], MetaCYC [47], PathBank
[48] and Kyoto Encyclopedia of Genes and Genomes (KEGG) [49-51].

We selected 37 metabolites that changed in the skin mucus as a
consequence of at least one of the factors studied, and then topological
pathway analysis was performed in MetaboAnalyst 5.0 [52]. Topologi-
cal pathway analysis was performed using the Hypergeometric test as
the enrichment method, the relative centrality of the interrelationship
was selected, and zebrafish (Danio rerio) metabolome was used as the
reference metabolome.

2.7. Statistical analyses

Statistical differences among the fish feed the 3 diets (Control, SF50
and SF100) were assessed by One-way ANOVA and followed by the
Tukey or Games Howell test, depending on the homogeneity of the
variables, and a Student’s T-analysis was performed to compare between
wounded and non-wounded fish groups. For analyses to determine the
joint effect of the diet factor and the injury factor, as well as their
possible interaction, a Two-way ANOVA followed by a Tukey’s multiple
comparisons test was performed. The normality of the variables was
confirmed by the Shapiro-Wilk test and homogeneity of variance by the
Levene test. Pearson’s correlation analysis was performed to identify
pairwise associations (positive or negative) between the different pa-
rameters, according to the Gaussian distribution of the samples. The
significance level was 95% in all cases (p < 0.05). The computer
application SPSS analyzed all the data for Windows® (version 25.0,
SPSS Inc.) or GraphPad Prism for Windows® (version 8.0).

3. Results
3.1. General biochemical profile of the skin mucus metabolome

A total of 111 metabolites were obtained with annotation levels 1
and 2a (http://hdl.handle.net/10201/126625), which were classified
by classes - 43 corresponded to amino acids, peptides and analogues, 10
carbohydrates and conjugated carbohydrates, 13 nucleotides, nucleo-
sides and analogues, 5 fatty acids and derivatives, 5 purines and derived
from purines, 3 indoles and derivatives, 3 pyrimidines and derivatives, 3
organosulphonic acids and derivatives and 23 metabolites corresponded
to other minority classes in which no more than 2 metabolites were
found, such as benzoids, ketoacids and derivatives or ammonium salts
(Fig. 2).

3.2. Metabolites affected by diet, wound, or their combination

Statistical analysis showed that 37 metabolites out of 111 changed
significantly in skin mucus (p < 0.05) due to diet and/or wound effect
(Table S3). A greater number of metabolites changed (p > 0.05) due to
the effect of diet alone (i.e., 12 metabolites) than to the presence of a
skin wound (i.e., 4 metabolites). There were 5 metabolites that changed
significantly due to the effect of these two factors (Fig. 3A). Two-way
ANOVA showed interactions between the two factors studied
(Table S3). Specifically, 8 metabolites (i.e., 2-oxoglutaric acid, 4-acet-
amidophenol, 5-methoxytryptophan, creatinine, glycyl-leucine, hexose
dimer, N8-acetylspermidine and N-acetyl-glucosamine) changed as a
consequence of diet, wounding and the interaction of these two factors.
In addition, 5 metabolites (i.e., 2-deoxycytidine, glycine, phenylalanine,
trigonelline and tyrosine) changed due to diet and the interaction be-
tween the factors. Besides this, 3 metabolites (i.e., 2-deoxyuridine,
guanine and methanesulfonic acid) changed because of skin wounding
and the interaction between the two factors (Fig. 3A).

The alterations in the proportion of the class of metabolites whose
concentration changed as a result of skin wound, diet or the interaction
of both factors are presented in Fig. 3B. Of the metabolites that changed
due to skin wound, 20% were amino acids, peptides and analogues, 15%
were nucleotides, nucleosides and analogues and 15% were carbohy-
drates. On the other hand, the proportion of metabolites affected due to
the diet comprised 50% amino acids, 7% nucleotides and 17% carbo-
hydrates. Finally, changes related to the interaction of both factors were
distributed as 25% amino acids, 12% nucleotides and 18%
carbohydrates.

3.3. Metabolic pathways affected by diet, wound and their interactions

Next, we explored the associations of the 37 selected metabolites in
different pathways involved in the metabolism of amino acids, fatty
acids, carbohydrates, nucleotides and others (Fig. 4). We found 21
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Fig. 2. Classification of the 111 metabolites found in the skin mucus of Sparus aurata by Liquid Chromatography-HF Mass Spectrometry. The metabolites were
classified according to different databases, see Materials and Methods for the details on these databases.
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Fig. 3. Differences due to the effect of skin wound
(Wound), the effect of diet (Diet) and their inter-
action (Interaction) on the concentration of the
different metabolites identified in the Sparus aurata
skin mucus; the significant difference was estab-
lished at p < 0.05. A. Venn diagram showing the
number of metabolites that changed due to the ef-
fect of each of the factors studied are ordered. B. Pie
charts determining the proportion of each class of
metabolite that changed due to the effect of the skin
wound (Wound), the effect of diet (Diet) or the
interaction (Interaction).
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Fig. 4. Venn diagram illustrating the metabolites whose concentration changed in skin mucus of Sparus aurata, organized according to their involvement in the

different metabolic pathways classified by class.

metabolites involved in amino acid metabolism, 18 of which were
exclusively associated with this group, including key amino acids (i.e,
Tyr, Lys, Th, Pro, His, Trp, Met and Phe) and their derivatives (i.e., N-
acetylarginine, methionine sulfoxide, 4-hydroxyproline, glycyl-leucine,
4-acetamidophenol, 5-methoxytryptophan and creatinine, dia-
minopimelic acid and aspartic acid). The other 3 metabolites were also
involved in fatty acid metabolism (i.e, glyceric acid) or carbohydrate
metabolism (i.e, 2’-oxoglutaric acid and pyruvic acid). We found 8
metabolites involved in carbohydrate metabolism, 5 of which (i.e., N-
acetylglucosamine, citric acid, hexose dimer, glucosamine and galac-
tonic acid) did not appear in any other metabolic pathways, whereas 1
metabolite (i.e., N-acetylneuraminic acid) could also be found in
nucleotide metabolism pathway. 9/37 metabolites were involved in
nucleotide metabolism, 8 of which (i.e., 2'-deoxycytidine, guanine,
cytidine, trigonelline, N8-acetylspermidine, 2'-deoxyuridine, uridine
and hydroferulic acid) were only found in this group. Isothionic acid and
methanofulphonic acid are involved in pathways classified as cofactor
and vitamin metabolism (Fig. 4).

Topological analyses (p < 0.05) of the metabolic pathways showed
that wound and diet significantly affected the metabolites involved in
aminoacyl-tRNA biosynthesis (Fig. 5). Both factors equally affected the
pathway associated with alanine, aspartate and glutamate metabolism
(Fig. 5). In addition, both factors also modified the nucleic acid path-
ways (i.e, Pyrimidine metabolism) and carbohydrate metabolism (i.e,
Glyoxylate and dicarboxylate metabolism & TCA cycle). Wound only
affected the p-glutamine and p-glutamate metabolism pathway (p >
0.05), whereas diet alone affected glycine, serine and threonine meta-
bolism, phenylalanine metabolism, and phenylalanine, tyrosine and

o __ Aminoacyl-tRNA biosynthesis

1
o
®:
[
© - Factor Effect
g
bl [ B
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Glycine, serine and threonine metabolism

/
° O

Phenylalanine, tyrosine and
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Phenylalanine metabolism
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- r T T T T 1
0.0 0.2 04 0.6 08 10
Pathway Impact

Fig. 5. Metabolic pathways involved according to topological pathway ana-
lyses based on the metabolites found in Sparus aurata skin mucus whose con-
centration changed (p > 0.05) due to the effect of diet (yellow), the effect of
skin wound (blue) or both (green).
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tryptophan metabolism.

3.4. Effects of wounding on aminoacyl t-RNA biosynthesis pathway

We studied the aminoacyl t-RNA biosynthesis pathway in depth
because it was the main metabolic pathway that was significantly
affected by both the wound and diet (Fig. 6). Ten amino acids were
involved in this pathway, and all of them were upregulated, except for
methionine, which was downregulated in S. aurata mucus after skin
wounding (Fig. 6).
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Using metadata from a previous study conducted by our group on the
same gilthead seabream specimens [12], we performed a correlation
analysis between the 10 metabolites significantly affected in the ami-
noacyl t-RNA biosynthesis pathway and different parameters charac-
terizing the wound, including wound perimeter, area, roundness and
RNA:DNA ratio (Fig. 7). We found that methionine concentration in skin
mucus was positively correlated with wound area (r > 0.6; p > 0.05) and
perimeter (r > 0.6; p > 0.05). On the other hand, phenylalanine, glycine
and tyrosine negatively correlated with wound area.
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Fig. 6. Aminoacyl t-RNA biosynthesis pathway representing skin mucus metabolites affected by the presence of a skin wound in Sparus aurata. Green color indicates
upregulated metabolites, while red shows downregulation. The pathway map was downloaded from KEGG PATHWAY Database (https://www.genome.

jp/kegg/pathway.html).
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3.5. Potential involvement of skin mucus methionine in the interaction of
wound and diet

We further explored the potential involvement of methionine in the
diet-wound interaction using the metadata from the previous study [12].
In wounded fish fed a diet supplemented with silk fibroin microparticles,
a higher level of methionine was observed in the skin mucus compared
with wounded fish fed a control diet (Fig. 8A). Further, correlation an-
alyses were performed with wound histomorphometric results from the
previous study [12]. There was a positive correlation between wound
area and roundness (r > 0.7; p > 0.05), and between the dietary silk
fibroin microparticles concentration and the skin mucus methionine
concentration (r > 0.8; p > 0.05). Additionally, there was a negative
correlation (r < —0.5; p > 0.05) between histomorphometric parameters

(i.e. wound area and roundness), and skin mucus methionine
A. B.
8
£
Methionine g =T
< O
2x108
* b
8]
© 1.5%10 b Perimeter
g
K
2 1x10% Roundness
© a
Q
[v4
5%x107 Methionine
0 T T Diet
Non Wounded Wounded

Roundness

Fish and Shellfish Inmunology 134 (2023) 108590

concentration and dietary of silk fibroin microparticles concentration
(Fig. 8B).

4. Discussion

The skin mucus is an important biophysical barrier of the fish mu-
cosa, and ensuring its integrity and functionality is crucial for the overall
health of the organism. The chemical composition of skin mucus can be
attributed to i) proteins transported by the classical delivery of extra-
cellular material through the Golgi complex, ii) proteins (synthesized in
the cytosol) and other molecules delivered to the mucus layers via
transport routes directly over the cell membrane either by transporters
or through channels or other non-classical mechanisms such as mem-
brane vesicles like exosomes and microvesicles, iii) dead/dividing
epidermal cells and, or iv) the commensal microbiota community [19].
The composition of this biological matrix depends on several factors,
such as temperature [26], infection and stress status [53], diet [11,12],
and injury [8], among others.

In recent years, the chemical and physical properties of skin mucus
have been used to monitor and understand the health of farmed fish [27,
53]. Although omics technologies have been applied to fish research for
some years, metabolomics is an emerging and underexplored area.
Metabolomics has evolved from a simple tool for biomarker identifica-
tion to a technology for discovering active drivers of biological processes
[54]. Here we present the first study describing the metabolome of the
gilthead seabream skin mucus and how its profile is influenced by
wound, diet and their interactions. The identified metabolites and
metabolic pathways shed light on the underlying physiological pro-
cesses in the skin due to wounding and dietary manipulation.

4.1. Skin mucus metabolomics — biochemical profiling in a minimally
invasive way

A prominent advantage of using skin mucus as a biological matrix to
assess health is that sample collection is minimally invasive and, if
performed correctly, does not subject the animal to rough handling.
Although no water samples were collected during the trial, pellet
degradation was avoided, preventing the diffusion of molecules/chem-
icals (e.g. free amino acids, carbohydrates etc) into the skin mucus. The
most enriched metabolite class, comprising about thirty-nine percent of
the metabolites profiled in the gilthead seabream skin mucus metab-
olome, were free amino acids and their derivatives. This metabolomic
composition was similar in the skin mucus of other species such as
Atlantic salmon (Salmo salar) [55,56], fathead minnow (Pimephales

Fig. 8. A. Relative methionine concentration in
Sparus aurata skin mucus fed different experimental
diets: control (non-supplemented diet; white), SF50
(control diet enriched with 50 mg of silk fibroin
microparticles Kg-1; grey), and SF100 (control diet
enriched with 100 mg of silk-fibroin microparticles
Kg-1; black) after 30-day of feeding (Non-wounded)
or 7 days post-wounding (Wounded). Error bars in
columns denote standard error of means (n = 6).
Different letters denote significant differences
among the diet groups in either non-wounded or
wounded group, and asterisk (*) indicates signifi-
cant difference in a diet group between non-
wounded or wounded (p < 0.05). B. Correlation
matrix between different wound morphometric pa-
rameters versus skin mucus methionine that
changed in wounded Sparus aurata due to supple-
mentation with silk fibroin microparticles. The
color scale represents the Pearson’s correlation
value where blue and red colors indicate positive
and negative correlation, respectively. Asterisks

Methionine
Diet

|9A9] UONEIBLIOD S,u0SIead

indicate correlation of the morphometric wound parameters and the level of silk fibroin of the diet (correlation test; p < 0.05).
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promelas) [57], rainbow trout (Oncorhynchus mykiss) [58] and goldfish
(Carassius auratus) [59]. The results of previous studies showed that
amino acids in skin mucus played several roles in inter and intraspecific
interactions, such as chemical communication, antimicrobial activity or
UV protection [19]. These amino acids found in the skin mucus have
different origins, such as from the proteins secreted via the classical
cellular pathways [60,611, release of cytosolic content of dead/dividing
epithelial cells (63) or by-products of the skin microbiota [21]. The
present study could not elaborate on the contribution of each of these
sources to the amino acid profiles in skin mucus. Nonetheless, charac-
terization of the skin mucus metabolome of seabream provides a new
dimension to the biochemistry of skin mucosa and how the fish skin
mucosal surface responds to factors associated with husbandry. The
significantly represented metabolites identified in the skin mucus are
important in shedding light on the physiological processes following
perturbation due to interventions or stimuli.

A previous study showed that anaesthetics could influence the skin
mucus metabolome of fish [62]. Hence, we collected the skin mucus
before euthanasia to avoid this confounding factor. The application of
metabolomics to study fish skin mucus is in its infancy. Several practical
considerations should be investigated in future research, for example,
how collection protocols and materials influence the metabolomic pro-
files. Standardization of sample handling and processing will be bene-
ficial for comparative studies.

4.2. Skin mucus metabolome is influenced by diet and wound

Diet is a factor that can significantly influence the chemical
composition of fish mucus [63]. In the present study, fish were fed diets
enriched with silk fibroin, a natural protein that has shown low immu-
nogenicity, high biocompatibility and biodegradability, hence used in
tissue engineering in different forms (e.g., micro- or nanoparticles, gels,
etc.) [64,65]. Silk fibroin is a polymer formed mainly from 48% glycine,
32% alanine, 11% serine, 4.5% tyrosine, 2% valine, and others in minor
concentrations [66]. Moreover, it has been shown to have a positive
effect on tissue regeneration [37,65]. In our previous work, we reported
a decrease in peroxidase activity and IgM levels in the skin mucus of fish
(S. aurata) fed diets with high silk fibroin content [12].

Skin mucus from gilthead seabream-fed silk fibroin showed an in-
crease in the abundance of amino acids, such as histidine, proline,
threonine, lysine, and glycine, among others. The next most enriched
metabolite class after amino acids was the group of nucleotides, nucle-
osides and analogues, which accounted for 11.7% of the documented
metabolites, mirroring the metabolic profile of the skin mucus of the
fathead minnow (Pimephales promelas) [57]. The primary source of this
class in skin mucus is epithelial cells, either dead or dividing cells [67].
There are not many studies on how the metabolic profile of fish
epithelial mucus changes due to a specific type of diet, however, the
metabolic profiles of muscle or liver provide information on the influ-
ence of nutritional changes. The topological analyses of metabolic
pathways were in agreement with results described in studies detailing
the metabolomic consequence of a high-protein diet — i.e., protein
metabolism and glycolysis pathways were affected in muscle [68], while
tricarboxylic acid metabolism and glycogenolysis in liver [69].

The effects of skin wound had more significant impacts on nucleo-
tides, nucleosides and analogues in skin mucus, generally, an increased
concentration was documented. Providing support to the changes in the
abundance of these metabolites in the skin mucus following wounding, a
sister study showed an increase in RNA:DNA ratio seven days after a
wound was experimentally inflicted, which was implicated in cell pro-
liferation during the wound healing process [12]. To our knowledge,
this is the first study describing changes in the metabolic profile of fish
skin mucus due to wounding.

The metabolic pathway aminoacyl-tRNA biosynthesis was docu-
mented to be altered significantly by wounding, as reflected by the
differentially affected metabolites identified in skin mucus. The
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definition of the genetic code by correctly pairing amino acids with their
cognate tRNAs, and faithful translation of the genetic code during pro-
tein synthesis is mediated by aminoacyl-transfer RNA (tRNA) synthe-
tases [70]. The enzymes involved in aminoacyl-tRNA synthesis are
responsible for binding amino acids to tRNAs, participating in different
processes involved in the healing process - transcription, translation,
splicing, inflammation, angiogenesis, cell proliferation, tissue remodel-
ling and apoptosis [71,72]. We believe this mechanism is also at play in
the skin of gilthead seabream during wound healing - the production of
the key molecules in this pathway by metabolically active cells on the
skin likely ensures that physiological processes during wound healing
develop with the correct genetic regulatory makeup. In addition, mol-
ecules in this pathway function as cytokines, which have been impli-
cated in regulating cell proliferation [71,73]. Furthermore, it has been
observed that secretion of these tRNA synthetases could increase fibro-
blast proliferation and collagen synthesis, as well as increase the release
of tumor necrosis factor @ (TNF-a) and interleukin 8 (il-8) by macro-
phages present in a wound [73]. We have previously demonstrated
significant modulation of the expression of tnf-a and genes involved in
cell proliferation [fibronectin 1a (fnla) or sonic hedgehog (shh)] and
extracellular matrix generation [keratin 2 (krt2) or matrix metal-
lopeptidase 9 (mmp9)] in the skin surrounding a wound in gilthead
seabream fed diets supplemented with silk fibroin. In addition, these
molecular changes were implicated in increased angiogenesis [12], a
crucial process in wound healing. Therefore, the results of the previous
work and the new metabolic insights generated in the present study
implicated the involvement of the aminoacyl-transfer RNA pathway in
the wound healing process influenced by dietary manipulations in sea
bream.

4.3. Methionine may have a key role in wound healing mediated by silk
fibroin

Methionine plays an important function in many physiological pro-
cesses as an essential amino acid and a precursor of other amino acids
such cysteine and taurine [74]. It is considered to be the main and fastest
source of the sulfur group of proteins to produce other amino acids [75,
76]. Methionine is an initiator of amino acid in eukaryotic protein
synthesis [74] and participates in connective tissue synthesis [77].
Methionine was the amino acid in the aminoacyl tRNA biosynthesis
pathway that exhibited distinct changes in skin mucus, where superficial
wounding decreased its concentration. Although methionine is a minor
amino acid in Bombyx mori silk fibroin, silk fibroin supplementation,
regardless of inclusion level, increased methionine level in skin mucus.
To our knowledge, this is the first study that reports a decrease in
methionine concentration in wounded fish. Methionine cannot be syn-
thesized de novo by fish, thus modern farmed fish diets are supplemented
with methionine. Therefore, the decrease in methionine concentration
might indicate that wounding limited the ability of fish to utilize the
methionine present in the diet. The increase in methionine in groups fed
with fibroin suggests that either silk fibroin supplied additional methi-
onine or silk fibroin stimulated utilization of methionine in the diet or
could be both. The concentration of silk fibroin in the diet and of
methionine in skin mucus of wounded fish demonstrated a positive
correlation, while in non-wounded fish this profile was not evident.
Methionine has been shown to accelerate wound healing in terrestrial
organisms [77-80]. Therefore, we speculate that fibroin in the diet
affected the mobilization of methionine to speed up the production of
proteins and accelerate wound healing in sea bream. Fish receiving diets
with a higher silk fibroin content exhibited faster wound healing rate
(less wound area) and irregular wound shape (less roundness), and these
parameters correlated with methionine in skin mucus. These chemical
and phenotypic associations further corroborate that methionine likely
participated as a regulator of cellular processes involved in wound
healing in sea bream. In a work by Tamayo et al. [77] in rats, methionine
was implicated as one of the primary amino acids involved in wound
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healing. It was found that dietary protein deficiency delayed the rate of
wound healing and, when methionine was added to a protein-deficient
diet, the morphological pattern of wound healing returned to normal.
Methionine, together with ascorbic acid, are considered the main com-
ponents of a base substance on which tropocollagen molecules are
converted into larger and more stable forms of collagen by physico-
chemical bonds [81], and this may partly explain the regulatory func-
tion of methionine in the wound healing process of gilthead seabream.
The influence of silk fibroin supplementation in the diet that consider-
ably affected skin mucus methionine level lent support to the potential
of this dietary additive in improving skin health of gilthead seabream.

5. Conclusions

The skin is a metabolically active organ, characterized by a distinct
layer of mucus. The chemical composition of this glycopolymeric layer is
largely attributed to several specialized cells in the skin that can be
regulated by intrinsic and extrinsic factors. The present study uncovered
new insights into the wound healing process in gilthead seabream skin
through metabolomic analysis of skin mucus. The skin mucus metab-
olomic profiles revealed that the most predominant metabolite classes
were amino acids and derivatives (most affected by the diet) followed by
nucleotides, nucleosides and derivatives (most affected by the wound),
which have been implicated as crucial molecular drivers of protein
metabolism and cell proliferation. Both diet and wound have been found
to affect a number of metabolites involved in the aminoacyl-tRNA
biosynthesis pathway, a group of molecules implicated in many activ-
ities related to the wound healing process. In the present study, the
potential of methionine as a biomarker for wound healing was identi-
fied. The influence of silk fibroin as an additive to accelerate wound
healing in fish was further expounded, as its supplementation was
shown to alter the level of methionine in the skin mucus of wounded
fish. Moreover, increased in methionine level has been shown to be
associated with several morphometric features of the wound healing
process. The present study contributes to a better understanding of the
interaction of wound and diet in fish from a metabolomic perspective
and is expected to support the development of preventive health mea-
sures targeting skin health in farmed fish. In addition, the opportunity
provided by skin mucus as a biological matrix for metabolomic profiling
is an advancement for improved and minimally invasive welfare moni-
toring in farms.
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