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Abstract: Ensuring salmon health and welfare is crucial to maximize production in recirculation
aquaculture systems. Healthy and robust mucosal surfaces of the skin and intestine are essential to
achieve this goal because they are the first immunological defenses and are constantly exposed to
multistressor conditions, such as infectious diseases, suboptimal nutrition, and environmental and
handling stress. In this work, Atlantic salmon, split from a single cohort, were subjected to acute
hypoxia stress or 15-min crowding stress and observed over a 24-h recovery period. Samples were
collected from fish at 0, 1, 3, 6, 12 and 24 h post-stress to analyze plasma-circulating markers
of endocrine function (cortisol), oxidative stress (glutathione peroxidase) and immune function
(interleukin 10 (IL-10), annexin A1). In addition, mucosal barrier function parameters were measured
in the skin mucus (Muc-like protein and lysozyme) and distal intestine (simple folds, goblet cell
size and goblet cell area). The results showed that both acute stress models induced increases of
circulating cortisol in plasma (1 h post-stress), which then returned to baseline values (initial control)
at 24 h post-stress. Moreover, the hypoxia stress was mostly related to increased oxidative stress and
IL-10 production, whereas the crowding stress was associated with a higher production of Muc-like
protein and lysozyme in the skin mucus. Interestingly, in the distal intestine, smaller goblet cells were
detected immediately and one hour after post-hypoxia stress, which could be related to rapid release
of the cellular content to protect this organ. Finally, the correlation of different markers in the hypoxic
stress model showed that the circulating levels of cortisol and IL-10 were directly proportional, while
the availability of Muc-like proteins was inversely proportional to the size of the goblet cells. On the
other hand, in the crowding stress model, a proportional relationship was established between
plasma cortisol levels and skin mucus lysozyme. Our results suggest key differences in energy
partitioning between the two acute stress models and support the need for further investigation
into the interplay of multistressor conditions and strategies to modulate immunological aspects of
mucosal surfaces.

Keywords: Salmo salar; hypoxia; crowding stress; plasma; skin mucus; distal intestine; phenotypic pa-
rameters

1. Introduction

Continuous growth of the aquaculture industry and implementation of recirculating
aquaculture systems (RAS), where fish are kept in a closed environment during the whole
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production cycle, raise concerns with regard to fish welfare, health and growth poten-
tial [1,2]. Fish management practices can involve multiple stressful conditions (chemical,
biological, physical and procedural) that can affect the responses of mucosal surfaces as
the first defense barriers against biological challenges [1–4]. The ability of fish to cope with
stress depends on species, stage of development, age, and the degree of habituation to the
stressors [5]. However, stress response assessment is a complex topic and measuring and
interpreting the results is not always clear for a variety of reasons, including differences in
stress model procedures among experiments [6]. There are numerous studies that have
looked at different stress models and evaluated stress responses at diverse levels [7–11].
However, few studies have performed side-by-side characterizations of acute stress effects
on mucosal tissues such as skin and intestine.

Many studies have suggested negative effects resulting from higher stocking densities
on fish growth and welfare, mostly focusing on physiological stress responses [12,13].
Additionally, the negative effects of fish being exposed to acute hypoxia, which often occurs
in commercial aquaculture units, have been recognized and documented [14]. Exposure to
either of these two stressors, or to both simultaneously, may induce morphological and
structural changes of different body tissues in fish, which could impact the regulation of
digestion, absorption, and overall metabolism [15]. Atlantic salmon and rainbow trout
exposed to an acute handling stress showed instant alterations (increased junctional gap)
of mid-intestine junctional complexes that were of a transient character and that returned
to their normal forms within 24–48 h post-stress [9,16]. However, chronic stress exposure to
higher stocking densities [17] demonstrated a decreased physical intestinal barrier, denoted
by decreased transepithelial electrical resistance and elevated paracellular permeability,
and affected the intestinal immune system, decreasing mRNA expression of interferon
gamma (IFNγ)and increasing infiltrations of neutrophils. The effect of acute exposure to
higher stocking densities or to acute hypoxia may compromise skin and intestine mucosal
responses that have not been entirely explained and that may vary between stressors.

Therefore, in this study, Atlantic salmon were exposed to one-minute hypoxia or to
crowding stress (75 kg m3) for 15 min. The overall objective was to document the differences
in physiological responses of plasma-circulating markers related to endocrine function
(cortisol), oxidative stress (glutathione peroxidase (GPx)) and immunity (interleukin 10
(IL-10); annexin A1 (Anxa1)). In addition, mucosal barrier function parameters were
measured in skin mucus (Muc-like protein and lysozyme) and histological assessment of
distal intestine (DI) mucosa was performed to evaluate effects of acute stressors on local
intestinal tissue responses by morphometric measurements of the length of simple folds, as
well as analyzing the area and average size of goblet cells in the simple fold epithelium.

2. Results
2.1. Plasma Cortisol

The results concerning plasma cortisol (Figure 1A) from the initial control fish group
(without stress) showed an average of 85.40 ± 71.06 ng mL−1, while fish subjected to
hypoxia and crowding stress demonstrated changing cortisol levels compared with the
initial control. The hypoxia stress group showed a significant increase in cortisol level at
1 h post-stress (380.94 ± 194.72 ng mL−1, p-value = 0.0002). The cortisol level subsequently
decreased to a minimum of 25.09 ± 24.0 ng mL−1 at 12 h post-stress and at 24 h post-stress
returned to values (96.62 ng mL−1 ± 86.19, p-value = 0.9997) similar to the initial control
value. Atlantic salmon subjected to crowding stress demonstrated a high cortisol value
immediately after the stressful condition (244.83 ± 180.69 ng mL−1, p-value = 0.0302 at
0 h). This significantly increased level of cortisol continued to increase, reaching its highest
value at 1 h post-stress (410.98 ± 137.52 ng mL−1, p-value = < 0.0001). The levels of cortisol
subsequently declined significantly compared with the hypoxia group at 6 h post-stress
(17.63 ± 13.72 ng mL−1, p-value = 0.0093). The decline in cortisol levels continued until
12 h post-stress (12.67 ± 10.49 ng mL−1) before returning to levels similar to the initial
control at 24 h post-stress (107.22 ± 65.47 ng mL−1, p-value = 0.9971).
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Figure 1. Plasma parameters in samples from Atlantic salmon. (A) Cortisol level (ng mL−1). (B) Glutathione peroxidase
(GPx) activity (NADPH (nmol mL−1)). Sampling groups: initial control group (without stress) and 0, 1, 3, 6, 12, and 24 h
post-stress. In grey, hypoxia stress; in blue, crowding stress. Values are presented as average cortisol values ± standard
deviation. Significant differences (p < 0.05) are denoted with * (grey *—hypoxia stress group compared with initial control
group; blue *—crowding stress group compared with initial control group) and with the letters a and b (compared between
stress models).

2.2. Glutathione Peroxidase Activity

The glutathione peroxidase (GPx) activity in plasma samples (Figure 1B) showed a sig-
nificant increase in enzymatic activity at 12 h post-hypoxia stress (3.38± 1.35 nmol mL−1 of
NADPH) compared with both the initial control (1.63 ± 0.13 nmol mL−1,
p-value = < 0.0001) and crowding stress group (1.85 ± 0.45 nmol mL−1, p-value = 0.0252).
GPx activity did not show significant changes at any other time points.

2.3. Immunological Markers

The detection of immunological markers obtained by indirect ELISA and expressed
as the fold change relative to the initial control showed a significant increase of plasma
IL-10 (1.80 ± 0.70) at 1 h post-stress in the hypoxia group (compared with both the initial
control, p-value = 0.0123, and crowding stress, p-value = 0.0372) (Figure 2A). Moreover,
Annexin A1 (Anxa1) (Figure 2B) at 12 h post-crowding stress reported an increased level
(1.07 ± 0.04) compared with the hypoxia group (p-value = 0.0100).

In skin mucus samples, Muc-like protein (Figure 3A) showed a significantly increased
level in the crowding stress group, compared with the initial control, at 0 (1.48 ± 0.23,
p-value = 0.0202), 1 (1.52 ± 0.23, p-value = 0.0097), and 24 h post-stress (1.91 ± 0.43, p-value
= < 0.0001) and at 1, 3 (1.35 ± 0.19), and 24 h post-stress compared with the hypoxia
group (p-value = 0.0026, 0.0406, and 0.0106, respectively). Lysozyme levels (Figure 3B)
were significantly higher at 1 h post-crowding stress (2.00 ± 0.42) compared with the initial
control (p-value = 0.0002) and the hypoxia stress groups (p-value = 0.0140).
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Figure 2. Plasma immunological markers by indirect ELISA (as fold of change relative to the
initial control ± standard deviation). (A) IL-10. (B) Anxa1. Sampling groups: initial control group
(without stress) and 0, 1, 3, 6, 12, and 24 h post-stress. In grey, hypoxia stress; in blue, crowding stress.
Significant differences (p < 0.05) are denoted with * (compared with initial control group) and with
the letters a and b (compared between stress models).
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Figure 3. Immunological markers in skin mucus by indirect ELISA (as fold of change relative to the
initial control ± standard deviation). (A) Muc-like protein. (B) Lysozyme. Sampling groups: initial
control group (without stress) and 0, 1, 3, 6, 12, and 24 h post-stress. In grey, hypoxia stress; in blue,
crowding stress. Significant differences (p < 0.05) are denoted with * (compared with initial control
group) and with the letters (a and b (compared between stress models).
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2.4. Histology and Morphometry

Histological examination of the DI showed a normal structure for the intestinal mucosa
in the control, hypoxia, and crowding stress groups. A simple columnar epithelium
covered a lamina propria containing blood vessels. The epithelium consisted of vacuolated
absorptive epithelial cells and many Periodic acid–Schiff (PAS)-positive (PAS+) goblet cells
(Figure 4). An intraepithelial leukocyte population was present. The lamina propria in the
simple folds was thin but was broader in the complex folds with the presence of smooth
muscle cells.
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Figure 4. Histology of Periodic acid–Schiff (PAS)-stained tissue sections of distal intestine from Atlantic salmon. Top
left panel: initial control group. Lower left panel: 1 h post-hypoxia stress. Lower right panel: 1 h post-crowding stress.
In red-brown: PAS+ goblet cells. Bar: 100 µm.

Morphometric examination of simple fold length did not reveal significant differences
between the fish groups (Figure 5A). In PAS-stained sections, the area of PAS+ material in
the epithelium of simple folds was equated with the presence of goblet cells. The average
size of goblet cells (PAS+ particles) was significantly decreased at 0 h (0.73 ± 0.06) and
at 1 h (0.80 ± 0.06) post-hypoxia stress compared with the average goblet cell size of the
initial control group (1.00 ± 0.11, p-value = 0.0029 and 0.0312, respectively) (Figure 5B). In
addition, at 3 h post-stress, the average goblet cell size (0.90± 0.07) was significantly smaller
in the hypoxia group than in the crowding stress group (p-value = 0.0285). The percentages
of simple fold epithelial area occupied by goblet cells did not show significant differences
between the groups.
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Figure 5. Morphometry of PAS-stained tissue sections of distal intestine from Atlantic salmon. (A) Simple folds length
± standard deviation in distal intestine. (B) Average size of goblet cells ± standard deviation in simple folds of distal
intestine. (C) Percentage of area occupied by goblet cells ± standard deviation in epithelium of simple folds. Sampling
groups: initial control group (without stress) and 0, 1, 3, 6, 12, and 24 h post-stress. In grey, hypoxia stress; in blue, crowding
stress. Significant differences (p < 0.05) are denoted with * (compared with initial control group) and with the letters a and b
(compared between stress models).

2.5. Correlation

Significant correlation of the different parameters (Figure 6) associated with hypoxia
stress showed a proportional relationship between cortisol and IL-10 in plasma and an
inverse correlation between Muc-like protein in skin mucus and simple fold length in the
DI. In the crowding stress group, there was a proportional relationship between plasma
cortisol and skin mucus lysozyme and between Anxa1 in plasma and the percentage of
simple fold epithelium occupied by goblet cells. Also, in the crowding stress group an
inverse correlation was detected between cortisol and GPx activity and Anxa1 and simple
fold length. Additionally, there was a significant positive correlation for plasma cortisol
between the hypoxia and density stress groups.
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3. Discussion

In aquaculture husbandry, fish are continually exposed to acute stress conditions such
as short-term hypoxia and high crowding densities [1,2]; however, there are limits on the
extent to which fish can adapt to these challenges and accommodate the stress response
without compromising their well-being. To achieve such adaptation, the mucosal surfaces
are important because they are the physical barriers between fish and environment and
coordinate the responses against different stressors together with the immune system [3,18].

In the present study, we compared two acute stressors (hypoxia and crowding stress)
and measured the responses of Atlantic salmon using different biomarkers such as plasma-
circulating markers (cortisol, GPx, IL-10, and Anxa1) and mucosal barrier function param-
eters (Muc-like protein and lysozyme) in the skin mucus, together with histological and
morphometric-assessment of DI mucosa. Our study showed some key differences in the
measured parameters as effects of these two stressors.

Cortisol, the primary circulating glucocorticoid hormone, is the most widely used
biomarker for stress determination in both mammals and fish. In the current study, cor-
tisol release levels for both stressors were in line with earlier studies in Atlantic salmon,
showing the plasma cortisol peak at 1 h after stressful events [19]. In other species, exposure
to stressful disturbances resulted in a slightly different plasma cortisol peak. In goldfish
(Carassius auratus) subjected to hypoxia for two minutes, higher plasma cortisol levels
were detected at 30 min and 4 h post-stress exposure [20]. In addition, it has been shown
that crowding stress (36 kg m−3) in European sea bass (Dicentrarchus labrax) also resulted
in increased cortisol levels compared to fish kept for 70 days at lower stocking densities
(5.5 kg m−3) [21].

After the initial increase in plasma cortisol levels, a gradual decrease of cortisol was
observed in both models, reaching levels comparable to the initial controls within 24 h
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post-stress exposure. This response pattern has also been reported in rainbow trout (On-
corhynchus mykiss) [22–24]. The attenuation of plasma cortisol induced by stress factors
can be mediated by a negative feedback loop involved in the regulation of plasma cortisol
through the modulation of the glucocorticoid receptor (GR) [22]. Cortisol has been shown
to induce the production of reactive oxygen species (ROS) in salmonids through nonge-
nomic pathways [25]. An imbalance in ROS production and the inability of an animal to
control excess free radicals can induce oxidative stress [4]. However, fish are known to
have developed an antioxidant enzyme system to reduce ROS. Among these enzymes,
GPx is a key protein that protects fish from oxidative stress [26]. Our data support this
idea, as we detected significantly increased levels of GPx activity at 12 h post-hypoxia
stress. These results suggest that fish can prevent or control pathophysiological changes
caused by stressful conditions through the enzymatic activity of proteins associated with
antioxidant systems.

Acute stress conditions can also affect the fish mucosa sites through the modulation
of components associated with immune responses [27]. We evaluated biomarkers at the
phenotypic level associated with both regulatory molecules (IL-10 and Anxa1) and effectors
(such as lysozyme and Muc-like proteins) in the innate immune system of Atlantic salmon.
In plasma samples, it was noteworthy that with hypoxic stress there was a significant
increase in the availability of IL-10 at 1 h post-stress. IL-10, a type II α-helical cytokine,
acts as a regulator of processes associated with immunosuppression [28]. Elevated cortisol
levels can induce increased IL-10 in mammals [29] and our results are in line with this
statement, showing a significant correlation between the plasma levels of cortisol and IL-10
in the hypoxia stress model.

Remarkably, only the crowding stress group displayed significant changes in skin
mucus samples. Skin mucus is a barrier that acts as the first external defense, protect-
ing fish from environmental fluctuations and modulating osmoregulation, respiration,
nutrition, and hydrodynamic processes. This barrier is formed of glycoproteins, such as
mucins, and antibacterial agents, such as antimicrobial polypeptides, immunoglobulin,
and lysozyme [30]. The composition of skin mucus is influenced by exogenous factors
including stress conditions [31]. In a study with Atlantic salmon [32], it was reported that
skin mucus was modulated by stressful situations and our data are in line with this finding,
as increased levels of Muc-like proteins were detected at 0, 1, and 24 h post-density stress.
These changes in mucin levels may be associated with the higher physical contact between
fish at higher densities. The increased physical contact can augment the risk of mechanical
damage leading to higher mucus secretion. In addition, we hypothesize that the mucus
secretion leads to an increased level of lysozyme, an enzyme with lytic and opsonin activity
affecting different types of bacteria [33], at least during the early period of crowding stress
(1 h post-stress). However, we did not measure the amount of mucus secreted. The highest
detection value for lysozyme was concurrent with a significant increase of Muc-like pro-
teins and plasma cortisol and we also demonstrated a positive correlation with cortisol.
This observation is in line with other reports that have presented a relationship between
the plasma levels of cortisol and skin mucus lysozyme in salmonids [34,35].

Morphometric changes in the DI suggested a response related to mucus secretion
post-acute stress. Previous studies with Atlantic salmon [36] showed that cortisol can
modulate intestinal mucosal response; therefore, we suggest a significant decrease in the
size of PAS+ goblet cells at 0 and 1 h post-hypoxia may be related to the immediate secretion
of mucus triggered by cortisol. This assumption is supported by the negative correlation
observed between goblet cell size and Muc-like proteins in the hypoxia model. Goblet cells
are mucus-secreting cells that can produce a lubricant for the mucosal surface, which is
capable of preventing damage induced by physical or chemical action [37]. In higher
vertebrates, goblet cells respond to stress-secreting mucins stored in cytoplasmic granules,
leaving small, thin goblet cells that are not easily identifiable [38]. Furthermore, it has been
reported that these events can occur around 1 h post-stimulation [39]. Interestingly, we
observed an inverse correlation between Anxa1 and the size of goblet cells in crowding
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stress. In human cell studies [40], annexin II was associated with the secretion of mucin 5ac
but its role has not been fully explained. Anxa1 is known to be involved in alteration of
intracellular Ca2+ concentration and in induction of apoptosis in salmonids [41], however
further studies are needed to understand the role of Anxa1 in post-stress conditions in fish.

Finally, our results suggest key differences between the two acute stress models and
highlight the need for more investigation into the interplay of multistressor conditions and
strategies that seek to modulate immunological aspects of mucosal surfaces.

4. Materials and Methods
4.1. Experimental Design and Sampling

The experiment was carried out at the fish laboratory of the Norwegian University
of Life Sciences, Ås, Norway. The experimental fish, coming from the same genetic line
and cohort, provided by AquaGen AS (Trondheim, Norway), were fed with a standard
commercial diet prior to the experiment. Fish were transferred to experimental tanks
and fasted for 48 h preceding the acute stress procedure (hypoxia and crowding stress).
The experimental fish had an average body weight of 219 ± 49 g and average length of
26 ± 2 cm (n = 78). There were 13 tanks with six fish per tank, each with a 240 L capacity
(fish density 6.25 kg m −3), water flow of approximately 8–10 L min−1 on average, water
temperature of around 15 ◦C, and continuous 24 h illumination. One tank was assigned
as a control group and was not exposed to any type of stressor. The other 12 tanks were
divided into two groups and assigned to two different acute stress conditions: treatment A
(1 min hypoxia stress) and treatment B (15 min crowding stress). The 1-min hypoxia stress
consisted of netting the fish out of the experimental tanks for 1 min and afterwards placing
them back into their respective tanks. The 15-min crowding stress consisted of lowering the
water level to 20 L and keeping the fish density at 75 kg m−3 for 15 min, while maintaining
the oxygen level >80% by using an oxygen diffuser. In both groups, fish were sampled at 0
(immediately after stress), 1, 3, 6, 12, and 24 h post-stress exposure, while the control group
without stress exposure was sampled only at the 0 h time point.

Per each acute stress condition, six fish per tank (per sampling time) were taken out,
sedated (15 mg L−1 tricaine methanesulfonate (MS222)), and sampled for blood within
7 min from the moment they were placed into the sedation bath. Skin mucus was gently
scraped along the lateral line and collected into s 2 mL cryotube, then immediately snap
frozen in liquid nitrogen for further analysis. Approximately 1 mL of blood was withdrawn
from the caudal vein using 2 mL heparinized syringes. The blood samples were kept on ice
until plasma was separated by centrifugation at 3000× g for 7 min. Plasma was aliquoted
and placed in sterile Eppendorf tubes to be further stored at −80 ◦C. Thereafter, the fish
were dissected and eviscerated. For histology, samples of distal intestine were placed
in 10% neutral buffered formalin for 48 h at room temperature and further processed
according to routine histological procedures.

4.2. Cortisol

The detection of cortisol in plasma samples (measured in duplicates) was performed
using a competitive ELISA Kit (cat no. ab108665, Abcam, Cambridge, UK) following the
supplier’s instructions.

4.3. Immunological Markers Detection by Indirect ELISA

The total proteins of the skin mucus and plasma samples were quantified using the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA), following the
manufacturer’s instructions. Thereafter, the detection of immune biomarkers such as
Anxa1 (Supplementary materials) and IL-10 in plasma and lysozyme and Muc-like protein
in skin mucus was performed by indirect ELISA [42]. Briefly, each plasma sample was
diluted in carbonate buffer (60 mM NaHCO3 pH 9.6) and seeded (by duplicate) in a Nunc
96-well plate (Thermo Fisher Scientific, Roskilde, Denmark) (at 50 ng µL−1 (100 µL) for
overnight incubation at 4 ◦C. Then, 200 µL of blocking solution (BioRad, Oslo, Norway)
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was incubated per well for 2 h at 37 ◦C. Later, the plates were incubated for 90 min at 37 ◦C
with 100 µL of the first antibody (Table 1) and for 60 min at 37 ◦C with a secondary antibody
(100 µL) diluted in a ratio of 1:5000 (goat anti-mouse IgG- Horseradish peroxidase (HRP) or
mouse anti-rabbit IgG-HRP). Finally, chromagen substrate 3,3′,5,5′-tetramethylbenzidine
single solution (TMB, Thermo Fisher Scientific, Rockford, Illinois, United States) was
added (100 µL) and incubated for 20 min at room temperature. The reaction was stopped
with 50 µL of 1 N sulfuric acid and read at 450 nm on a SpectraMax microplate reader
(Molecular Devices).

Table 1. List of first antibodies for indirect ELISA.

Marker Source Dilution Reference

IL-10 Mouse 1:400 [43]

Anxa1 Mouse 1:400 Supplementary
Figure S1

Muc-like protein Mouse 1:400 [44]
Lysozyme Rabbit 1:800 [44]

4.4. Histology and Morphometry

Histological sections were prepared from the formalin-fixed tissues from the DI of
fish. The tissues were embedded in paraffin with an orientation that enabled acquisition of
longitudinal sections. Sections (2 µm) of paraffin-embedded tissues were mounted on glass
slides and processed for staining with haematoxylin and eosin (HE). All tissue sections were
also processed for staining with the Periodic acid–Schiff technique. Histological sections
were examined under a light microscope (Zeiss Axio Lab.A1, Carl Zeiss, Germany).

Morphometric measurements of the lengths of simple folds in the DI were performed
on images of HE-stained sections at 40 times magnification, scanned using a digital scanner,
and analyzed using ImageJ software (v1.51r) [45]. The fold height was measured from
stratum compactum to the tip of the epithelium lining the fold. Five simple folds were
measured from each fish using the segmented line tool. A mean for each individual was
calculated based on the five measurements.

For the calculation of the number and average size of goblet cells in the simple fold
epithelium, images of PAS-stained sections were analyzed using ImageJ. Five simple folds
were selected for HE sections as described above. The freehand selection tool was used to
trace the epithelium of the simple fold and a region of interest (ROI) defined. The color
deconvolution plugin was used to extract the red (color 2) grayscale image. For the
selection of PAS-stained goblet cells, the red image was segmented and threshold settings
and particle size settings for detection of PAS staining were then determined and particle
count and particle area measurements within the ROIs of each image were performed.
A mean goblet cell count and mean goblet cell size in simple folds of the DI for each
individual were calculated based on the five measurements.

4.5. Statistical Analysis

For calculation of statistical measures and graphical presentation of the results from
cortisol, immunological markers, and DI parameters, the software GraphPad v7.03
(San Diego, CA, USA) was used. One-way ANOVA and Dunnett’s multiple comparison test
were used to compare each post-stress sampling time with the initial control without stress.
In addition, Student’s t-test (two-tailed) was used to determine significant differences
between the data for hypoxia and for crowding stress per each post-stress sampling time.
Correlation coefficients using the average of each sampling time per group of parameters
(per stress model) were performed using the corrplot package in R (available at CRAN:
http://cran.r-project.org/package=corrplot). All differences were considered significant
when the p-value was < 0.05.

http://cran.r-project.org/package=corrplot
http://cran.r-project.org/package=corrplot
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5. Conclusions

The present study demonstrated that the nature of stress response varies depending on
the type of stressor and the method used to induce the stress responses. We observed that
the results for cortisol, GPx, and IL-10 in plasma, as well as for goblet cell size in the DI, were
more affected by hypoxia stress. On the other hand, crowding stress had a higher effect on
Muc-like proteins and lysozyme in the skin mucus. Interestingly, we confirmed a positive
correlation between cortisol and IL-10. However, an inverse correlation between cortisol
and GPx demonstrated that even a stress event of a short duration triggered enzymes
with antioxidative properties as late as 12 h post-hypoxia stress. In addition, the inverse
correlation between the goblet cell size and Muc-like proteins during hypoxia, but not
during crowding stress, confirmed that there were different coping strategies depending
on the type of stressor. Further studies should be undertaken to explore the relationships
between different stressors and the stage of the aquaculture production in combination
with functional feeds that may modulate the fish’s immune response, thus improving
fish welfare.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-0
067/22/3/1028/s1. Validation of antibody against Anxa1. (a) Affinity test by indirect ELISA to
establish the proportional relationship between the detection of the antibody produced (at 450 nm)
and the concentration of the recombinant Anxa1 (ng µL−1). r: Pearson’s correlation coefficient. (b)
Three-dimensional modelling by homology. (c) Western blot to determinate the specificity in a plasma
sample from Atlantic salmon under crowding stress (pool of four fish).

Author Contributions: Conceptualization, B.D., B.M.-L., C.M.P., J.O., L.L. and M.Ø.; methodology,
B.D., B.M.-L. and C.M.P.; software, B.M.-L. and C.M.P.; resources, C.M.P., L.M. and M.Ø.; data
curation, B.M.-L.; writing—original draft preparation, all authors; writing—review and editing,
all authors; funding acquisition, M.Ø. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by Foods of Norway, a Centre for Research-based Innovation (RCN
237841/030), GutIntraPath (RCN 294527), and Trained Immunity and Nutritional Programming for
Resilient Salmon (RCN 294821).

Institutional Review Board Statement: The experiments were performed according to the guidelines
established by the Norwegian Animal Research Authority. All animals were cared for, according to
laws and regulations for experiments on live animals in the EU (Directive 2010/637EU) and Norway
(FOR-2015-06-18-761).

Data Availability Statement: The data presented in this study are openly available at this paper.
The data that support the findings of this study are available on request from the corresponding au-
thors.

Acknowledgments: The authors would like to thank Ricardo Tavares Benicio for his skillful help
during the feeding experiment and the staff of the Fish Laboratory at NMBU. B.M.-L. thanks the
Postdoctoral program from the National Research and Development Agency of Chile (ANID-Chile
74200139).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Portz, D.; Woodley, C.; Cech, J. Stress-associated impacts of short-term holding on fishes. Rev. Fish Biol. Fish. 2006, 16, 125–170.

[CrossRef]
2. Martins, C.I.; Galhardo, L.; Noble, C.; Damsgård, B.; Spedicato, M.T.; Zupa, W.; Beauchaud, M.; Kulczykowska, E.; Massabuau,

J.-C.; Carter, T.J. Biochemistry, Behavioural indicators of welfare in farmed fish. Fish Physiol. Biochem. 2012, 38, 17–41. [CrossRef]
3. Salinas, I. The mucosal immune system of teleost fish. Biology 2015, 4, 525–539. [CrossRef]
4. Lazado, C.C.; Voldvik, V. Temporal control of responses to chemically induced oxidative stress in the gill mucosa of Atlantic

salmon (Salmo salar). J. Photochem. Photobiol. B Biol. 2020, 205, 111851. [CrossRef]
5. Iwama, G.K. Stress in Fish; Csermely, P., Ed.; New York Acad Sciences: New York, NY, USA, 1998; pp. 304–310.
6. Tort, L.; Balasch, J.C. Netting the stress responses in fish. Front. Endocrinol. 2019, 10, 62. [CrossRef]

https://www.mdpi.com/1422-0067/22/3/1028/s1
https://www.mdpi.com/1422-0067/22/3/1028/s1
http://doi.org/10.1007/s11160-006-9012-z
http://doi.org/10.1007/s10695-011-9518-8
http://doi.org/10.3390/biology4030525
http://doi.org/10.1016/j.jphotobiol.2020.111851
http://doi.org/10.3389/fendo.2019.00062


Int. J. Mol. Sci. 2021, 22, 1028 12 of 13

7. Uren Webster, T.M.; Rodriguez-Barreto, D.; Martin, S.A.; Van Oosterhout, C.; Orozco-terWengel, P.; Cable, J.; Hamilton, A.;
Garcia De Leaniz, C.; Consuegra, S.J. Contrasting effects of acute and chronic stress on the transcriptome, epigenome, and
immune response of Atlantic salmon. Epigenetics 2018, 13, 1191–1207. [CrossRef]

8. Cortés, R.; Teles, M.; Tridico, R.; Acerete, L.; Tort, L. Effects of cortisol administered through slow-release implants on innate
immune responses in rainbow trout (Oncorhynchus mykiss). Int. J. Genom. 2013. [CrossRef]

9. Olsen, R.E.; Sundell, K.; Mayhew, T.M.; Myklebust, R.; Ringo, E. Acute stress alters intestinal function of rainbow trout,
Oncorhynchus mykiss (Walbaum). Aquaculture 2005, 250, 480–495. [CrossRef]

10. Christiansen, J.J.; Djurhuus, C.B.; Gravholt, C.H.; Iversen, P.; Christiansen, J.S.; Schmitz, O.; Weeke, J.; Jørgensen, J.O.L.; Møller,
N. Metabolism, Effects of cortisol on carbohydrate, lipid, and protein metabolism: Studies of acute cortisol withdrawal in
adrenocortical failure. J. Clin. Endocrinol. Metab. 2007, 92, 3553–3559. [CrossRef]

11. Raposo de Magalhães, C.; Schrama, D.; Farinha, A.P.; Revets, D.; Kuehn, A.; Planchon, S.; Rodrigues, P.M.; Cerqueira, M. Protein
changes as robust signatures of fish chronic stress: A proteomics approach to fish welfare research. BMC Genom. 2020, 21, 1–16.
[CrossRef]

12. Calabrese, S.; Nilsen, T.O.; Kolarevic, J.; Ebbesson, L.O.; Pedrosa, C.; Fivelstad, S.; Hosfeld, C.; Stefansson, S.O.; Terjesen, B.F.;
Takle, H. Stocking density limits for post-smolt Atlantic salmon (Salmo salar L.) with emphasis on production performance and
welfare. Aquaculture 2017, 468, 363–370. [CrossRef]

13. Hosfeld, C.D.; Hammer, J.; Handeland, S.O.; Fivelstad, S.; Stefansson, S.O. Effects of fish density on growth and smoltification in
intensive production of Atlantic salmon (Salmo salar L.). Aquaculture 2009, 294, 236–241. [CrossRef]

14. Cook, K.V.; Lennox, R.J.; Hinch, S.G.; Cooke, S. Fish out of water: How much air is too much? Fisheries 2015, 40, 452–461.
[CrossRef]

15. Harper, C.; Wolf, J. Morphologic effects of the stress response in fish. ILAR J. 2009, 50, 387–396. [CrossRef]
16. Olsen, R.E.; Sundell, K.; Hansen, T.; Hemre, G.-I.; Myklebust, R.; Mayhew, T.M.; Ringø, E. Acute stress alters the intestinal lining

of Atlantic salmon, Salmo salar L. : An electron microscopical study. Fish Physiol. Biochem. 2002, 26, 211–221. [CrossRef]
17. Sundh, H.; Finne-Fridell, F.; Ellis, T.; Taranger, G.; Niklasson, L.; Pettersen, E.; Wergeland, H.; Sundell, K. Reduced water quality

associated with higher stocking density disturbs the intestinal barrier functions of Atlantic salmon (Salmo salar L.). Aquaculture
2019, 512, 734356. [CrossRef]

18. Salinas, I.; Zhang, Y.A.; Sunyer, J.O. Mucosal immunoglobulins and B cells of teleost fish. Dev. Comp. Immunol. 2011, 35, 1346–1365.
[CrossRef]

19. Djordjevic, B.; Kristensen, T.; Øverli, Ø.; Rosseland, B.; Kiessling, A. Effect of nutritional status and sampling intensity on
recovery after dorsal aorta cannulation in free-swimming Atlantic salmon (Salmo salar L.). Fish Physiol. Biochem. 2012, 38, 259–272.
[CrossRef]

20. Laberge, F.; Yin-Liao, I.; Bernier, N.J. Temporal profiles of cortisol accumulation and clearance support scale cortisol content as an
indicator of chronic stress in fish. Conserv. Physiol. 2019, 7, coz052. [CrossRef]

21. Lupatsch, I.; Santos, G.; Schrama, J.; Verreth, J. Effect of stocking density and feeding level on energy expenditure and stress
responsiveness in European sea bass Dicentrarchus labrax. Aquaculture 2010, 298, 245–250. [CrossRef]

22. Alderman, S.L.; McGuire, A.; Bernier, N.J.; Vijayan, M.M. Central and peripheral glucocorticoid receptors are involved in the
plasma cortisol response to an acute stressor in rainbow trout. Gen. Comp. Endocrinol. 2012, 176, 79–85. [CrossRef] [PubMed]

23. Barry, T.P.; Lapp, A.F.; Kayes, T.B.; Malison, J.A. Validation of a microtitre plate ELISA for measuring cortisol in fish and
comparison of stress responses of rainbow trout (Oncorhynchus mykiss) and lake trout (Salvelinus namaycush). Aquaculture 1993,
117, 351–363. [CrossRef]

24. Vijayan, M.M.; Moon, T.W. Acute handling stress alters hepatic glycogen-metabolism in foof-deprived rainbow-trout (On-
corhynchus mykiss). Can. J. Fish. Aquat. Sci. 1992, 49, 2260–2266. [CrossRef]

25. Espinoza, M.B.; Aedo, J.E.; Zuloaga, R.; Valenzuela, C.; Molina, A.; Valdés, J.A. Cortisol induces reactive oxygen species through
a membrane glucocorticoid receptor in rainbow trout myotubes. J. Cell Biochem. 2017, 118, 718–725. [CrossRef] [PubMed]

26. Do, T.D.; Thi Mai, N.; Duy Khoa, T.N.; Abol-Munafi, A.B.; Liew, H.J.; Kim, C.-B.; Wong, L.L. Molecular Characterization and
Gene Expression of Glutathione Peroxidase 1 in Tor tambroides Exposed to Temperature Stress. Evol. Bioinform. Online 2019,
15, 1176934319853580. [CrossRef]

27. Tort, L. Stress and immune modulation in fish. Dev. Comp. Immunol. 2011, 35, 1366–1375. [CrossRef]
28. Zou, J.; Secombes, C. The Function of Fish Cytokines. Biology 2016, 5, 23. [CrossRef]
29. Ciliberti, M.G.; Albenzio, M.; Inghese, C.; Santillo, A.; Marino, R.; Sevi, A.; Caroprese, M. Peripheral blood mononuclear cell

proliferation and cytokine production in sheep as affected by cortisol level and duration of stress. J. Dairy Sci. 2017, 100, 750–756.
[CrossRef]

30. Fernández-Montero, A.; Torrecillas, S.; Tort, L.; Ginés, R.; Acosta, F.; Izquierdo, M.; Montero, D. Stress response and skin mucus
production of greater amberjack (Seriola dumerili) under different rearing conditions. Aquaculture 2020, 520, 735005. [CrossRef]

31. Dash, S.; Das, S.; Samal, J.; Thatoi, H. Epidermal mucus, a major determinant in fish health: A review. Iran. J. Vet. Res. 2018, 19, 72.
[CrossRef]

32. Sveen, L.R.; Timmerhaus, G.; Torgersen, J.S.; Ytteborg, E.; Jørgensen, S.M.; Handeland, S.; Stefansson, S.O.; Nilsen, T.O.; Calabrese,
S.; Ebbesson, L. Impact of fish density and specific water flow on skin properties in Atlantic salmon (Salmo salar L.) post-smolts.
Aquaculture 2016, 464, 629–637. [CrossRef]

http://doi.org/10.1080/15592294.2018.1554520
http://doi.org/10.1155/2013/619714
http://doi.org/10.1016/j.aquaculture.2005.03.014
http://doi.org/10.1210/jc.2007-0445
http://doi.org/10.1186/s12864-020-6728-4
http://doi.org/10.1016/j.aquaculture.2016.10.041
http://doi.org/10.1016/j.aquaculture.2009.06.003
http://doi.org/10.1080/03632415.2015.1074570
http://doi.org/10.1093/ilar.50.4.387
http://doi.org/10.1023/A:1026217719534
http://doi.org/10.1016/j.aquaculture.2019.734356
http://doi.org/10.1016/j.dci.2011.11.009
http://doi.org/10.1007/s10695-009-9362-2
http://doi.org/10.1093/conphys/coz052
http://doi.org/10.1016/j.aquaculture.2009.11.007
http://doi.org/10.1016/j.ygcen.2011.12.031
http://www.ncbi.nlm.nih.gov/pubmed/22233772
http://doi.org/10.1016/0044-8486(93)90331-R
http://doi.org/10.1139/f92-247
http://doi.org/10.1002/jcb.25676
http://www.ncbi.nlm.nih.gov/pubmed/27564718
http://doi.org/10.1177/1176934319853580
http://doi.org/10.1016/j.dci.2011.07.002
http://doi.org/10.3390/biology5020023
http://doi.org/10.3168/jds.2016-11688
http://doi.org/10.1016/j.aquaculture.2020.735005
http://doi.org/10.22099/ijvr.2018.4849
http://doi.org/10.1016/j.aquaculture.2016.08.012


Int. J. Mol. Sci. 2021, 22, 1028 13 of 13

33. Esteban, M.Á.; Cerezuela, R. Fish mucosal immunity: Skin. In Mucosal Health in Aquaculture; Elsevier: Amsterdam, The
Netherlands, 2015; pp. 67–92.

34. Demers, N.E.; Bayne, C.J. The immediate effects of stress on hormones and plasma lysozyme in rainbow trout. Dev. Comp.
Immunol. 1997, 21, 363–373. [CrossRef]

35. Easy, R.; Ross, N. Changes in Atlantic salmon Salmo salar mucus components following short-and long-term handling stress.
J. Fish Biol. 2010, 77, 1616–1631. [CrossRef] [PubMed]

36. Niklasson, L.; Sundh, H.; Olsen, R.-E.; Jutfelt, F.; Skjødt, K.; Nilsen, T.O.; Sundell, K.S. Effects of cortisol on the intestinal mucosal
immune response during cohabitant challenge with IPNV in Atlantic salmon (Salmo salar). PLoS ONE 2014, 9, e94288. [CrossRef]
[PubMed]

37. Hur, S.W.; Kim, S.K.; Kim, D.J.; Lee, B.I.; Park, S.J.; Hwang, H.G.; Jun, J.C.; Myeong, J.I.; Lee, C.H.; Lee, Y.D. Digestive physiological
characteristics of the Gobiidae-Characteristics of CCK-producing Cells and Mucus-secreting Goblet Cells of Stomach Fish and
Stomachless Fish. Dev. Reprod. 2016, 20, 207. [CrossRef]

38. Johansson, M.E.; Hansson, G.C. Immunological aspects of intestinal mucus and mucins. Nat. Rev. Immunol. 2016, 16, 639–649.
[CrossRef]

39. Specian, R.D.; Neutra, M.R. Mechanism of rapid mucus secretion in goblet cells stimulated by acetylcholine. J. Cell Biol. 1980,
85, 626–640. [CrossRef]

40. Pelaseyed, T.; Bergström, J.H.; Gustafsson, J.K.; Ermund, A.; Birchenough, G.M.; Schütte, A.; van der Post, S.; Svensson, F.;
Rodríguez-Piñeiro, A.M.; Nyström, E.E. The mucus and mucins of the goblet cells and enterocytes provide the first defense line
of the gastrointestinal tract and interact with the immune system. Immunol. Rev. 2014, 260, 8–20. [CrossRef]

41. Hwang, H.J.; Moon, C.H.; Kim, H.G.; Kim, J.Y.; Lee, J.M.; Park, J.W.; Chung, D.K. Identification and functional analysis of salmon
annexin 1 induced by a virus infection in a fish cell line. J. Virol. 2007, 81, 13816–13824. [CrossRef]

42. Morales-Lange, B.; González-Aravena, M.; Font, A.; Guzmán, F.; Mercado, L. Detection of peroxiredoxin-like protein in Antarctic
sea urchin (Sterechinus neumayeri) under heat stress and induced with pathogen-associated molecular pattern from Vibrio
anguillarum. Polar Biol. 2018, 41, 2065–2073. [CrossRef]

43. Álvarez, C.A.; Gomez, F.A.; Mercado, L.; Ramírez, R.; Marshall, S.H. Piscirickettsia salmonis Imbalances the Innate Immune
Response to Succeed in a Productive Infection in a Salmonid Cell Line Model. PLoS ONE 2016, 11, e0163943. [CrossRef] [PubMed]

44. Djordjevic, B.; Morales-Lange, B.; Øverland, M.; Mercado, L.; Lagos, L. Immune and proteomic responses to the soybean meal
diet in skin and intestine mucus of Atlantic salmon (Salmo salar L.). Aquac. Nutr. 2021. under review.

45. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

http://doi.org/10.1016/S0145-305X(97)00009-8
http://doi.org/10.1111/j.1095-8649.2010.02796.x
http://www.ncbi.nlm.nih.gov/pubmed/21078022
http://doi.org/10.1371/journal.pone.0094288
http://www.ncbi.nlm.nih.gov/pubmed/24809845
http://doi.org/10.12717/DR.2016.20.3.207
http://doi.org/10.1038/nri.2016.88
http://doi.org/10.1083/jcb.85.3.626
http://doi.org/10.1111/imr.12182
http://doi.org/10.1128/JVI.02822-06
http://doi.org/10.1007/s00300-018-2346-x
http://doi.org/10.1371/journal.pone.0163943
http://www.ncbi.nlm.nih.gov/pubmed/27723816
http://doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834

	Introduction 
	Results 
	Plasma Cortisol 
	Glutathione Peroxidase Activity 
	Immunological Markers 
	Histology and Morphometry 
	Correlation 

	Discussion 
	Materials and Methods 
	Experimental Design and Sampling 
	Cortisol 
	Immunological Markers Detection by Indirect ELISA 
	Histology and Morphometry 
	Statistical Analysis 

	Conclusions 
	References

