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Abstract: This study investigated the antioxidant enzyme activities in the skin mucus of gilthead
seabream (Sparus aurata L.) at 3 and 7 days post-wounding (dpw). The expression levels of the genes
that encode stress proteins (grp170, grp94, grp75, sod and hsp70) and skin regeneration-related proteins
(tf, igf1, tgfb1, der1, apo1 and erdj3) in the skin also were determined. Mucus and skin samples were
obtained from the left and right flanks of non-wounded and wounded fish. In both flanks of the
wounded fish, catalase and glutathione reductase activities in the skin mucus increased (p < 0.05)
at 3 and 7 dpw (100 ± 31% and 111 ± 25%, respectively), whereas superoxide dismutase activity
increased (p < 0.05) only at 7 dpw (135 ± 15%). The expression levels of stress proteins in the skin of
the wounded flank of the wounded fish mainly increased at 7 dpw (grp170 increased to 288 ± 85%,
grp94 to 502 ± 143%, grp75 to 274 ± 69%, sod to 569 ± 99%, and hsp70 increased to 537 ± 14%)
(p < 0.05). However, the expression levels of the tissue regeneration-related genes varied depending
on the flank investigated, on the experimental time, and on the gene studied. To the best of our
knowledge, this is the first work to determine the effect of a wound in different skin parts of the
same fish.

Keywords: antioxidant enzymes; fish; gilthead seabream (Sparus aurata L.); mucosal immunity; skin
healing; skin regeneration

1. Introduction

Together with its associated structures, the skin constitutes the first line of defense
of the immune system of vertebrates. Histologically, the skin consists of three layers: the
epidermis, dermis, and hypodermis [1]. In marine organisms, apart from its role in defense,
the skin plays a role in many other important functions, such as osmoregulation or as a
mineral reservoir [2]. The condition of the skin is generally a key factor influencing the
welfare and health of fish, which in turn are important parameters in aquaculture. In
teleosts, skin wounds are quickly repaired, as a wound surface becomes rapidly covered
with skin mucus and within a few hours, re-epithelization along the margin is initiated
and proceeds towards the central part of the wound, as was reported for Cyprinus carpio,
Hemicrhomis bimaculatus, and Sparus aurata [2–4]. The other important steps in the skin
healing process are the following: within 1–2 days scale differentiation is initiated; at
3–5 days, the external layer of the extracellular matrix is produced; at 6–14 days, the skin
produces the basal plate matrix; and after 14–28 days, mineralization of the basal plate
occurs [2].

Gilthead seabream (Sparus aurata L.) was selected for this study due to its economic
importance as a farmed fish species in marine aquaculture. In the last 10 years, numerous
studies have focused on the skin of this important fish species. Specifically, many studies
have focused on the skin mucus (the external layer covering the entire fish surface), which
confers mechanical and disease protection and participates in many other important

Fishes 2021, 6, 15. https://doi.org/10.3390/fishes6020015 https://www.mdpi.com/journal/fishes

https://www.mdpi.com/journal/fishes
https://www.mdpi.com
https://orcid.org/0000-0002-3063-1634
https://orcid.org/0000-0002-6264-1458
https://doi.org/10.3390/fishes6020015
https://doi.org/10.3390/fishes6020015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fishes6020015
https://www.mdpi.com/journal/fishes
https://www.mdpi.com/article/10.3390/fishes6020015?type=check_update&version=3


Fishes 2021, 6, 15 2 of 13

functions, such as respiration, communication, microbiota environment, and particle
trapping [5]. The skin mucus is mainly secreted by goblet cells present in the epidermis,
and it forms a continuous layer of adherent gel that covers the apical portions of epithelial
cells [6]. Given that most pathogen attacks begin in mucosal surfaces, gaining a thorough
understanding of this barrier is of great interest [7]. The skin mucus of gilthead seabream
has been studied to evaluate and compare its humoral defense mechanisms with those of
the serum [8] or to compare it with the skin mucus of other fish species [9,10]. Furthermore,
skin mucus has been used to evaluate fish stress [11,12] or to determine its proteomic
profile [5,13]. More recently, stable isotope analysis has made it possible to study skin
mucus exudation and renewal [14,15].

In aquaculture production, the importance of having a ‘normal and continuous’ skin
and skin mucus is well-established, as aquatic animals are in a tight relationship with their
environment where microorganisms, such as parasites, bacteria, viruses, and fungi, may be
present at harmful concentrations [16]. Our previous studies revealed important differences
between the skin located above and below the lateral line, indicating the structural and
physiological differences of the various parts of gilthead seabream [1]. However, no
significant differences in terms of the cell cycle of isolated cells or in gene expression were
observed in the skin obtained from these two locations. However, the skin below the
lateral line has a thicker epidermis, smaller cells, and a smaller area of microridges in the
apical part of the epidermal cells compared with the skin obtained above the lateral line.
Regarding functional characterization, the rate of wound healing was higher in the skin
obtained below the lateral line than in its counterpart [1]. More recently, we performed a
radiological characterization of gilthead seabream skin using X-ray computed tomography.
The density values of the skin (ranging from −400 to −50 Hounsfield units) were used
as references for the in situ analysis of the entire gilthead seabream specimen, and the
skin and subcutaneous fat segmentation accounted for 31% of the total fish volume [17].
Furthermore, different dietary supplements (e.g., 1% arginine, 10 mg kg−1 of heat-killed
(30 min, 60 ◦C) Saccharomyces cerevisiae, or 109 colony factor units Shewanella putrefaciens per
gram of diet) improved the healing process in the skin of gilthead seabream [18–21].

On the basis of the above findings, this study mainly aimed to describe the response
of gilthead seabream to experimental wounds by evaluating the antioxidant parameters in
skin mucus and the expression of genes related to stress and skin regeneration in the skin
samples obtained from both flanks of the wounded and non-wounded fish. A thorough
understanding of the role of skin mucus in the regeneration process of a wound, as well
as the behavior of the immune-related proteins present in the skin, will help in gaining a
deeper understanding of the skin healing process in this important marine fish species.

2. Results
2.1. Antioxidant Enzyme Activity in Skin Mucus

The catalase (CAT), superoxide dismutase (SOD), and glutathione reductase (GR) ac-
tivities were measured in the skin mucus of both flanks of the non-wounded and wounded
gilthead seabream (Figure 1).
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Figure 1. Catalase, superoxide dismutase, and glutathione reductase activities (expressed in units per
milligram of proteins) in the wounded and non-wounded flanks at 3 and 7 days post wounding in the
control (non-wounded) and wounded fish. Values are presented as mean ± SEM (n = 5). Differences
between the flanks are indicated by different letters; differences between groups (wounded and
non-wounded fish) are indicated by asterisks (p < 0.05).

In the non-wounded fish, no significant differences (p > 0.05) in terms of the studied
enzymes were detected between the flanks at 3 and 7 dpw. However, significant increments
(p < 0.05) in CAT and GR (at 3 dpw) and in SOD (at 7 dpw) were observed in the skin mucus
in both flanks of the wounded fish (the activities were always higher in the wounded flank
than in the non-wounded flank). By contrast, the CAT activities in the left flank of the
wounded fish at 7 dpw significantly decreased with respect to those in the non-wounded
fish. Furthermore, the GR activity was significantly increased (p < 0.05) in the left flank of
wounded fish at 7 dpw. However, the GR activity in the right flank of the wounded fish at
7 dpw was increased, albeit not significantly, with respect to those in the non-wounded
fish, and the increments were significantly lower than those in the left flank of the same
fish (Figure 1).

2.2. Gene Expression in the Skin

The expression levels of important genes that encode stress proteins (glucose-regulated
protein 170 (grp170), glucose-regulated protein 94 (grp94), glucose-regulated protein 75
(grp75), superoxide dismutase (sod), and 70 kilodalton heat shock protein (hsp70)) and
proteins involved in skin regeneration (transferrin (tf ), insulin-like growth factor-1 (igf1),
transforming growth factor beta 1 (tgfb1), derlin 1 (der1), apoptosis antigen 1 (apo1), and
stress-inducible endoplasmic reticulum DnaJ homologue (erdj3)) were determined in the
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skin of both flanks of the wounded and non-wounded seabream specimens. Generally, the
gene expression levels were highly affected by the presence of a wound (Figure 2).

Figure 2. Expression levels of stress-related genes in the skin of both flanks in the non-wounded
(NW, control) and wounded (W) fish (left side (with wound in wounded fish) or right side (without
wound)). Values are presented as mean ± SEM (n = 5). Differences between flanks are indicated
by different letters; differences between groups (wounded or non-wounded fish) are indicated by
asterisks (p < 0.05).

No significant variations in the expression levels of the studied genes (grp170, grp94,
grp75, and sod) were detected between the left and right flanks or between the non-wounded
and wounded fish at 3 dpw (Figure 2A). However, the expression levels of hsp70 in both
flanks of the wounded fish significantly decreased with respect to those in the skin of the
non-wounded fish at 3 dpw (Figure 2A).

While no significant variations were detected in the expression levels of the stud-
ied genes in the non-wounded fish at 7 dpw, notable variations were observed in the
wounded fish (Figure 2B). Specifically, the expression levels of all the genes in the skin of
the wounded fish were significantly increased in the left flank relative to those in the right
flank. Furthermore, significant differences in the expression levels of all the studied genes
were detected between the wounded and non-wounded fish (Figure 2B).

The expression levels of the genes that encode skin regeneration-related proteins
(tf, igf1, tgfb1, der1, apo1, and erdj3) were similar in the skin of both flanks in the non-
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wounded fish. By contrast, notable differences were detected in the gene expression levels
in the wounded fish, especially at 7 dpw. While the expression levels of tf and der1 were
significantly increased (p < 0.05), those of apo1 were significantly decreased in both flanks
of the wounded fish at 3 dpw (Figure 3A). However, the expression levels of tgfb1 in the
left flank and of erdj3 in the right flank were significantly decreased with respect to those
in the opposite flanks.

Figure 3. Expression levels of the genes related to skin regeneration and stress in the skin obtained
3 days (A) and 7 days (B) post-wounding in the non-wounded (NW, control) and wounded (W) fish.
Left side (with wound in wounded fish, white columns); right side (without wound, black columns).
Values are presented as mean ± SEM (n = 5). Differences between flanks are indicated by different
letters; differences between the same flank (left or right) between NW and W fish are indicated by
asterisks (p < 0.05).

Additionally, in the wounded fish, the expression levels of tgfb1, der1, and erdj3 in the
skin at 7 dpw were significantly decreased (p < 0.05) in the left flank, whereas those of tf
and apo1 were significantly increased in the right flank with respect to those in the opposite
flanks (Figure 3B). Furthermore, the expression levels of igf1, tgfb1, der1, and erdj3 in the
skin of the wounded fish were significantly increased in the left flank with respect to those
in the same flank of the non-wounded fish. By contrast, the expression levels of tf and apo1
in the skin of the right flank of the wounded fish were significantly increased (p < 0.05)
(Figure 3B).
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3. Discussion

The immune system plays a central role in maintaining physiological homeostasis
by sensing changes in the normal conditions and responding to injuries, infections, and
stress [20]. In all cases, depending on the induced changes to normality and their mag-
nitude, the extent of the immune response required to eliminate dangers and restore
normalcy potentially pose exhausting effects on the limited resources of an organism [20].
In this study, half of the fish were experimentally wounded in their left flank. Following
the injury, a proper balance between an effective immune response and tolerance must
be achieved, followed by the repair of the damage at the molecular, cellular, and tissue
levels. As previously reported, in gilthead seabream, the rate of wound healing below the
lateral line was higher than that above the lateral line. Furthermore, the wounds altered
the mucus composition, as demonstrated by the changes in several immune parameters
relative to those in the non-wounded fish. Significant variations were detected depending
on the site of the wound and on the studied parameter [21]. These previous results led us
to conceptualize this study, in which we focused on the possible changes caused by the
experimental open wounds in terms of the activities of three important enzymes involved
in redox status and present in the skin mucus, as well as on the changes in the expression
levels of important genes related to stress and skin regeneration. In this study, we aimed to
determine whether a wound (which was created in the same spot in the left flank of the
studied fish) could cause differences between the left and right flanks of the same fish in
terms of antioxidant enzyme activity in the skin mucus and in terms of gene expression in
the skin.

The present results indicate that in the non-wounded fish, the antioxidant enzymes
were homogeneously distributed in the skin mucus; however, after wounding, significant
differences were observed in the mucus of the wounded and non-wounded flanks. In fact,
notable changes in mucus composition were detected only in one flank of the fish (one flank
was wounded and the other was non-wounded). The mucosal immune response plays
a crucial role in the quality of tissue response to an injury [22]. The physiological redox
status is determined by oxygen concentration, reactive oxygen species (ROS) levels, and
antioxidant concentration (e.g., vitamins C and E or glutathione). ROS and nitrogen species
production is an essential innate immune response with important functions mainly in the
elimination of previously phagocytized pathogens. Although excessive ROS production
is a defense mechanism, it can cause damage to an organism. Thus, the studied enzymes
which convert ROS into less-harmful oxygen species are considered to be crucial in redox
status maintenance. The protease, anti-protease, and peroxidase activities in the skin
mucus of gilthead seabream at 7 dpw did not significantly differ to those obtained in
the non-wounded animals [17]. However, the changes observed in the studied enzymes
are important because decreased antioxidant defenses could severely compromise the
inflamed mucosa, rendering it more susceptible to oxidative tissue damage [23]. The
present results agree with a previous finding [21], in which increments in the activity of
other related enzymes, such as peroxidase or protease, were observed in the skin mucus of
gilthead seabream at 2–3 dpw. Similarly, the CAT expression in the muscle of zebrafish
increased at 24 h post wounding, whereas it decreased at 5 dpw [24]. The rise in antioxidant
enzymes could be produced by the intake of some antioxidants and is considered a sign
of animal health [22]. In the present study, the increments in the antioxidant enzymes in
the skin mucus of the wounded fish may have been produced to counteract the oxidative
stress related to the inflammatory process developed during the course of skin healing.
Furthermore, no significant differences in the CAT and GR activities were found between
the left and right flanks, which seems to suggest that they were increased in the skin mucus
as a general or systemic response more than a local one. This general response could be
mediated by stress factors such as cortisol, growth factors, or Nrf2 [25]. At 7 dpw, the
CAT activity in the wounded flank was reduced, whereas the GR activity was significantly
increased (p < 0.05). These observations indicated that the normal antioxidant activity
in the skin mucus of gilthead seabream was not totally recovered at 7 dpw. Moreover,
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significant differences in the mucus were detected between the left and right flanks. The
increased GR activity in the wounded flank may have been caused by the inflammatory
process triggered by the wound, whereas the decrements in the CAT activity suggested a
notable oxidative process. The increments in the SOD activity could also be explained as a
systemic response, as was already indicated for the CAT and GR activities [25], although
with 4 days of delay. In permit (Trachinotus falcatus), it was observed that the antioxidant
enzymes CAT and SOD seemed to be differently regulated in the mucus layer, with the
latter remaining stable and the former being modulated by external stimuli [26]. Finally,
as has been recently demonstrated by the evaluations of mucus exudation dynamics, the
turnover of soluble mucus components was increased [27]. In other words, it can be
interpreted that the studied enzymes, as part of the soluble fraction of the skin mucus
of gilthead seabream, are continuously produced and become incorporated into the skin
mucus. The notable differences detected in the activities of the two enzymes at 3 and 7 dpw
seem to indicate their active participation in skin inflammation and regeneration induced
by the experimental wounds.

The expression levels of several genes involved in the stress response or in tissue
regeneration were also studied in the skin of the wounded and non-wounded gilthead
seabream specimens. In general, the expression levels of most genes were highly affected
by the presence of wound. Expectedly, no significant variations in the expression levels
of any of the studied genes were detected in the skin of both flanks of the non-wounded
fish. These results agree with a previous finding in which no significant differences in
the expression levels of several immune-related genes were detected in the skin above
and below the lateral line [1]. These results seem to support the assumption that the
gene expression levels in the skin are similar in all parts of a gilthead seabream specimen
in the absence of injuries or insults to the skin. Meanwhile, no significant variations
were detected in the gene expression levels of grp170, grp94, grp75, and sod at 3 dpw.
However, the expression levels of hsp70 in the skin of both flanks of the wounded fish
were significantly reduced with respect to those in the non-wounded fish at 3 dpw, which
could indicate that this protein is helping to protect cells from the adverse effects caused
by the wound. Furthermore, the expression levels of grp170, grp94, grp75, sod, hsp70,
igf1, tgfb1, der1, and erdj3 at 7 dpw were upregulated in the left flank (of wounded fish)
with respect to those in the control group (non-wounded). Furthermore, the expression
of such genes was also upregulated in the skin of the non-wounded flank of wounded
fish (p < 0.05). In brief, the induction of GRP proteins (including GRP170, GRP94, and
GRP75) is caused by glucose starvation and other stressors, such as hypoxia, ischemia,
calcium homeostasis disorder, proteasome inhibitors, and non-steroidal anti-inflammatory
drugs [28–37]. Concomitantly, most of these genes encode proteins that are secreted under
stress, such as SOD, hsp70, or derline1 [38–40], or during the wound healing process, such
as insulin-like growth factor (IGF) [41], the TGF-β superfamily (also involved in different
processes and in wound healing) [42], and ERdj3 (a chaperone involved in the coordination
of endoplasmic reticulum (ER) and extracellular proteostasis) [43]. The upregulation of
some of these genes in the skin of the non-wounded flank of the wounded fish could be
explained as a response to different mediators involved in a systemic response, as presented
in the discussion on redox enzyme activities. This response could be triggered via different
pathways (e.g., nrf2, cortisol, and growth factors) [1,14,23,44]. The expression levels of
these genes in the wounded flank did not differ from those in the non-wounded fish
(control group). In explaining such results, it could be hypothesized that local factors (e.g.,
interleukins, inflammation factors, and oxidative stress) could also mediate or interfere
with the expression levels of these genes, although future studies should be conducted
to assess the validity of this hypothesis and the possible immune and metabolic routes
involved. It could also be interpreted that the observed decreases at 7 dpw were a result of
a boomerang effect.

Of note, transferrin has been described to be mobilized in flesh wounds [45], although
future studies should be conducted to elucidate the implications not only of this protein
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but also of iron in the skin regeneration process. Meanwhile, heat shock proteins (HSPs) are
important factors in protein homeostasis, and they possess chaperone properties. Proteins
in the Hsp70 family are the most universal molecular chaperones, and they interact with
the greatest number of protein substrates. Hsp70 levels are increased under stress [46,47],
and some proteins in the Hsp70 family can be released into the extracellular space, where
they play an important role in intercellular communications and act as alarmins or ‘danger
signals’ that modulate the immune response [48]. In the present study, the high hsp70
expression levels in the skin of the wounded flank at 7 dpw could also suggest a release of
these proteins into the skin mucus. The correlation between the HSPs in the skin mucus
and the modulation of this mucosal immunity in fish should be extensively investigated.
Furthermore, APO1 is central to the control of lymphoid cell growth [49]; in this work,
APO1 is considerably important in the inflammation process induced by wounds, whereas
derlin 1 is an ER membrane protein that has been correlated with ER stress, wherein it
promotes apoptosis under prolonged ER stress [38]. In general, the expression levels of the
markers tf, hsp70, apo1, and der1 varied in the left and right flanks, suggesting that their
expression levels were affected by a systemic response, as previously described. As for
erdj3, its expression was significantly decreased in the wounded (right) flank relative to
that in the control group and to that in the left side of the same fish (p < 0.05). ERdj3 is also
a chaperone, but it plays a role in diverse functions related to the coordination of ER and
extracellular proteostasis [43]. Under ER stress, ERdj3 is secreted into the extracellular space,
working as an ATP-independent extracellular chaperone that prevents the misfolding
and/or aggregation of secreted proteins [50]. Our results suggest that the increase in erdj3
expression was mediated by a local response induced by the wounding process.

4. Materials and Methods
4.1. Animals

Forty protandrous hermaphroditic seawater teleost gilthead seabream (mean weight:
42 ± 8 g) were randomly divided into eight running seawater aquaria (five animals per
aquaria; 250 L, 900 L h−1 flow rate, 28‰ salinity, 25 ◦C, and 12 h light:12 h dark artificial
photoperiod) at the Marine Fish Facilities of the University of Murcia. The animals were fed
with a commercial pellet diet (Skretting, Madrid, Spain) at a rate of 2% body weight per day.
The fish were allowed to acclimate for 15 days prior to the experiments. All experimental
protocols were approved by the Ethical Committee of the University of Murcia.

4.2. Experimental Design and Sampling

The animals were fed with a commercial diet for a month. Afterwards, the fish from
four aquaria were sedated with benzocaine (4% in acetone) (Sigma-Aldrich, Madrid, Spain)
and then wounded [21] (Figure 4). All wounds, which had a diameter of 7 mm and a depth
of 2 mm and were located at the middle of the left flank below the lateral line, were made
by the same person using a metallic circular biopsy punch (Stiekel). Once the fish recovered
from the anesthesia, they were placed back into their respective tanks. At three and seven
dpw, ten animals from each trial group (n = 5, two replicates) were anesthetized, weighed
and sampled. Samples of skin mucus and skin were obtained from each specimen.

Skin mucus samples were collected by gently scraping the surface of the seabream
specimens using a plastic cell scraper while avoiding contamination of the sample with
blood and urinogenital or intestinal excretions [8]. The novelty of this work is that two
samples of skin mucus were obtained from each fish (one sample was obtained from the
left or wounded flank and another from the right or non-wounded flank). Then, the mucus
was centrifuged (12,000× g, 4 ◦C, 10 min), and the supernatant was immediately stored at
−80 ◦C until further analysis. Skin fragments from the wounded and non-wounded flanks
were also obtained for different determinations, as described below.
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Figure 4. Representative photographs of the experimental wounds placed below the lateral line on
the left flank of gilthead seabream specimens. The photographs were taken at 3 (A,C) and 7 (B,D)
days post wounding.

4.3. Antioxidant Enzyme Determination in Skin Mucus

The protein concentrations in the skin samples were determined by a routine method
(using Bradford reagent), and all samples were adjusted to 500 µg protein mL−1 (diluted in
50 mM potassium phosphate buffer; pH 7.0). The mucus samples were used to determine
the glutathione reductase (GR), superoxide dismutase (SOD), and catalase (CAT) activities,
and all assays were performed in triplicate. GR was measured as previously described [51].
The reaction was initiated by adding 100 µL of 0.1 mM NADPH to a cuvette containing
50 µL of skin mucus and 600 µL of 50 mM potassium phosphate buffer (pH 7.0) with
2 mM EDTA and 200 µL of 0.5 mM GSSG (Sigma-Aldrich, Madrid, Spain). The change
in absorbance was monitored at 340 nm for 3 min by a UV–Vis Thermo Scientific Model
Evolution 300 dual beam spectrophotometer (Thermo Fisher Scientific; Berlin, Germany).
One unit of GR activity was defined as the amount of enzyme that catalyzed the reduction
of 1 µmol of NADPH per minute (ε340 nm for NADPH 6.22 mM−1 cm−1). GR activity was
expressed in units per milligram of protein.

The SOD activity determination was based on the inhibition of the reduction of
cytochrome C in the presence of SOD at 550 nm [52], with a slight modification in the
methodology [51]. The SOD-like activity of the mucus samples was studied at 25 ◦C
by an indirect method using cytochrome C as superoxide oxidant (which acted as an
indicator). A mucus sample (50 µL) was added to 950 µL of 50 mM potassium phosphate
buffer (pH 7.0) containing EDTA (2 mM), xanthine (100 µM), and cytochrome C (12 µM)
(Sigma-Aldrich, Madrid, Spain). The formation of the reduced form of cytochrome C was
detected spectrophotometrically at 550 nm using a Thermo Scientific Evolution 300 dual
beam spectrophotometer. The SOD activity was expressed in units per milligram of protein.

CAT activity was measured by monitoring the consumption of hydrogen peroxide
(H2O2) at 240 nm [51]. A mucus sample (50 µL) was pipetted into a cuvette containing
950 µL of H2O2 solution (10 mM) in a 50 mM phosphate buffer (pH 7). The reduction of
H2O2 was monitored at 240 nm for 4 min against a blank containing 50 mM phosphate
buffer. This method was based on the principle that absorbance decreases due to the
decomposition of H2O2 by catalase, and the activity was expressed in U ×mg protein–1.

4.4. Quantitative Real-Time PCR

Relative gene expression was analyzed in the skin samples obtained from five fish from
each experimental group (3 and 7 dpw) using real-time PCR and the 2−∆∆CT method [53].
Total RNA was extracted from seabream skin and liver fragments using TRIzol reagent
(Invitrogen) following the manufacturer’s instructions. The RNA was subsequently treated
with DNase I (Invitrogen) to remove genomic DNA contamination. Complementary DNA
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(cDNA) was synthesized from 1 mg of total RNA using SuperScript IV reverse transcriptase
(Invitrogen) with an oligo-dT18 primer. The expression levels of 14 genes were analyzed
by real-time PCR performed with an ABI PRISM 7500 instrument (Applied Biosystems)
using SYBR Green PCR Core Reagents (Applied Biosystems), as previously described [54].

These genes encode stress proteins (grp170, grp94, grp75, sod, and hsp70) and skin
regeneration-related proteins (tf, igf1, tgfb1, der1, apo1, and erdj3). For each mRNA, gene
expression was corrected by the median of the elongation factor 1-alpha (ef1a), β-actin, and
18-S expression content in each sample. The primers used are shown in Table 1. Sequences
were obtained from [55–57]. In all cases, each PCR was performed in triplicate.

Table 1. Primers used for qPCR performance.

Gen Accession Number Primer Sequence 5′-3′ References

ef1α AF184170 F: CTTCAACGCTCAGGTCATCAT [20]
R: GCACAGCGAAACGACCAAGGGGA

18S AM490061 F: CGAAAGCATTTGCCAAGAAT [20]
R: AGTTGGCACCGTTTATGGTC

b-actin X89920 F: TCCTGCGGAATCCATGAGA [20]
R: GACGTCGCACTTCATGATGCT

grp-170 JQ3088211 F: CAGAGGAGGCAGACAGCAAGAC [20]
R: TTCTCAGACTCAGCATTTCCAGATTTC

grp-94 JQ3088201 F: AAGGCACAGGCTTACCAGACAG [20]
R: CTTCAGCATCATCGCCGACTTTC

grp-75 DQ524993 F: TCCGGTGTGGATCTGACCAAAGAC [20]
R: TGTTTAGGCCCAGAAGCATCCATG

sod AJ937872 F: CCATGGTAAGAATCATGGCGG [20]
R: CGTGGATCACCATGGTTCTG

tf JF309047 F: CAGGACCAGCAGACCAAGTT [20]
R: TGGTGGAGTCCTTGAAGAGG

hsp70 EU805481 F: AATGTTCTGCGCATCATCAA [20]
R: GCCTCCACCAAGATCAAAGA

igf-I AY608674 F: TCTCCTGTAGCCACACCCTCTC [55]
R: GAAGCAGCACTCGTCCACAATG

tgfb1 AF424703 F: AGAGACGGGCAGTAAAGAA [56]
R: GCCTGAGGAGACTCTGTTGG

der JQ3088251 F: ACTGCCTCGGTTGCCTTTCC [20]
R: TGGCTGTCACAAGTCTCCAGATATG

apo1 F: CTCTTCAGGGTTCCCTTTCC [20]
R: TTCAGGGCCTCAAGATCAAC

erdj3 JQ3088271 F: AACCGACAGCAGCAGGACAG [57]
R: ACTTCTTCAAGCGTGACCTCCAG

4.5. Statistical Analyses

The results are expressed as mean ± SEM. The normality of the variables was con-
firmed by the Shapiro–Wilk test, and homogeneity of variance was confirmed by Levene’s
test. Statistical differences among the experimental groups were assessed with one-way
ANOVA, followed by the Tukey or Games Howell test, depending on the homogeneity
of the variables. The significance level was 95% in all cases (p < 0.05). Analyses were
performed using SPSS for Windows (version 15.0, SPSS Inc., Chicago, IL, USA).

5. Conclusions

Our study demonstrated that a wound in a specific spot in fish skin could induce a
global response that affected the entire skin surface. In particular, the antioxidant defense in
the skin mucus could locally respond to wound stress, with the antioxidant response being
altered even at 7 dpw. Finally, the expression levels of several important genes related
to skin stress and regeneration were similar in the earlier phases of skin regeneration,
but their pattern of expression in the right and left flanks varied at 7 dpw. The analyzed
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markers remained upregulated in the skin of the non-wounded flank, whereas most of
them were expressed at constitutive levels or even downregulated in the wounded flank.
In this sense, we conclude that a single superficial wound can trigger important changes in
the skin mucus composition as well as in the skin, as demonstrated in the changes in gene
expression levels, which are important in cases where fishes experience stress or become
infected with a pathogen.
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