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A B S T R A C T

In aquaculture facilities fish welfare could be compromised due to stressors. Fish deal with stress, inter alia,
through the activation of the hypothalamic-pituitary-interrenal endocrine axis and, as a result, corticosteroids
are released into the blood. Recent studies have described that corticosteroids actions depend on the specific
affinities to their receptors, and the subsequent differentiated responses. Cortisol is the main corticosteroid
hormone in teleost fish, being its actions dependent on the intensity and time of exposure to stressors. Short-term
effects of corticosteroids are well described, but long-term effects, including changes in the energy management
directly affecting growth and survival, are less understood in fish. Here we show the effects of chronic oral
administration of cortisol and the synthetic glucocorticoid dexamethasone (DXM) on the intermediary meta-
bolism of the gilthead seabream (Sparus aurata). We described a higher energy expenditure associated to both
corticosteroids resulting in lower growth rates of fish. Moreover, the effects of these compounds were tissue-
dependant, with differences between both hormones. Thus, cortisol-fed animals accumulated triglycerides in the
liver, while DXM treatment led to glycogen storage. Cortisol and DXM stimulated amino acids catabolism and
gluconeogenic pathways in muscle and gills, but the effects were significantly enhanced in DXM-fed fish. The
described effects highlighted differentiated mechanisms of action associated to both corticosteroids under
chronic stress conditions. Further studies should aim at describing those pathways in detail, with special at-
tention to the functionality of glucocorticoid receptor isoforms. The effects described here for S. aurata juveniles,
may serve as a basis to assess long-term stress in future comparative studies with other aquaculture species.

1. Introduction

The stress response is an integrative physiological response aimed to
recover the basal homeostatic levels of the organism (Chrousos, 2009).
Teleost fish respond to a stressor through the activation of both hy-
pothalamic-sympathetic-chromaffin (HSC) and hypothalamic-pituitary-

interrenal (HPI) endocrine axes (Gorissen and Flik, 2016; Wendelaar
Bonga, 1997). The primary stress responses include the synthesis and
release of catecholamines by the HSC axis and cortisol by the HPI
(Schreck and Tort, 2016). Secondary responses are promoted mainly by
the action of these hormones (Barton, 2002), and include the mobili-
zation of energy substrates to cope with the stressful situation
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(Koolhaas et al., 2011). Finally, after prolonged periods of stress, ele-
vated cortisol levels can affect growth, reproduction, immune system,
and even survival (Schreck, 2010). The release of this steroid hormone,
and its effects, are related to time of exposure and intensity of the
stressors. Under acute (short-term) processes, plasma cortisol leads to
recovery of an homeostatic state (McEwen and Wingfield, 2003), a
process known as eustress (Schreck and Tort, 2016). However, under
distressful chronic situations, cortisol does not return to basal levels, the
allostatic load exceeds fish tolerance, and physiological effects are not
considered adaptive anymore (Schreck and Tort, 2016).

In teleost fish, cortisol has a dual adaptive function as miner-
alocorticoid and glucocorticoid hormone, derived from the interaction
of this hormone with its receptors (Faught et al., 2016). Gluco- and
mineralocorticoid receptors (GR and MR respectively) are involved in
genomic cortisol signalling (reviewed in Faught et al., 2016), but also
alternative non-genomic pathways may explain some of the immediate
cellular responses observed in fish (Das et al., 2018). MR-derived
genomic effects are less understood than GR-derived, and interactions
between both receptors during stress have been recently described
(Kiilerich et al., 2015). Traditionally, the mineralocorticoid actions
enable fish to deal with changes in environmental salinity and ion-
balance, and enhances osmoregulatory processes in the gills (Takei and
McCormick, 2013). In euryhaline fish species, cortisol is involved in the
acclimation to different environmental salinities, including regulation
of ion pumps such as the Na+/K+- (NKA) and the vacuolar-type H+-
(HA) ATPases (Mancera et al., 2002; Takei and McCormick, 2013), as
well as epithelial permeability (Kelly and Chasiotis, 2011).

The glucocorticoid actions of cortisol include the rearrangement of
metabolic energy sources (Vijayan et al., 2010), inducing modifications
of the most important pathways related to intermediary metabolism
(Barton, 2002). The liver, as a primary target tissue for glucocorticoids,
provides glucose by glycolysis or by gluconeogenesis under stressful
situations (Vijayan et al., 2010). Breakdown of hepatic glycogen-
storages and consequently plasma hyperglycaemia are directly related
to glucocorticoid activity (Barton, 2002). Lipid catabolism is also af-
fected by cortisol, enhancing lipase activity and conversion of trigly-
cerides (TAG) into glycerol and free fatty acids (FFA), but the me-
chanism of action has not been fully described (Vijayan et al., 2010).
Muscle growth is modulated by nutrient availability and energy allo-
cation, and the modification of energy fluxes related to elevated cortisol
levels lead to reduced metabolite availability decreasing muscle growth
(Sadoul and Vijayan, 2016). The cortisol-stimulated release of amino
acids and lactate from white muscle is employed in gluconeogenic
pathways at hepatic level (Milligan, 1997, 2003). All these changes may
lead to detrimental consequences on growth, if high levels of corti-
costeroids are maintained through time.

Circulating corticosteroids are centrally regulated by the HPI axis,
but also peripherally through short feedback loops via their receptors
(Baker, 2011; Faught and Vijayan, 2016; Sathiyaa and Vijayan, 2003).
In teleost fish, two different isoforms of the GR are generally docu-
mented for almost all species (Faught et al., 2016). In the gilthead
seabream (Sparus aurata), two different functional paralogs of the GR,
gr1 and gr2, and one MR were characterized (Acerete et al., 2007;
Tsalafouta et al., 2018). GRs and MR binding-affinities are related to
corticosteroids' nature and concentration (Bury and Sturm, 2007). In
Oncorhynchus mykiss, the transcriptional activity of gr2 was 60-fold
more sensitive to cortisol than gr1 and only 10-fold to the synthetic
corticosteroid dexamethasone, a potent agonist of glucocorticoid re-
ceptors (Bury et al., 2003). However, the in vivo effects of sustained
high plasma levels of corticosteroids in fish require further assessment.

In aquaculture conditions, fish may experience prolonged periods of
non-optimal environmental conditions, which challenge homeostasis
and elicit stress responses, compromising animals' welfare (Conte,
2004). In this situation energy is reallocated, inducing tertiary stress
responses affecting several physiological processes (growth, reproduc-
tion, immune system) or even survival (Schreck and Tort, 2016). In case

of Sparus aurata, an important species for Mediterranean aquaculture
(FEAP, 2017), its physiological responses to different stressors are well
documented, including confinement (Rotllant et al., 2000), air exposure
(Skrzynska et al., 2018), salinity acclimation (Ruiz-Jarabo et al., 2018)
or temperature challenges (Vargas-Chacoff et al., 2009). In this species,
cortisol treatment also induced changes in the intermediary metabo-
lism, and energy sources allocation to different requirements and tis-
sues (Laiz-Carrión et al., 2003; Soengas et al., 2007).

The aim of the present study was to determine the effects of chronic
administration of cortisol and dexamethasone on the intermediary
metabolism of S. aurata juveniles. The comparison between both cor-
ticosteroids will provide discriminated responses related to compounds'
affinities, in terms of metabolic changes and energetic pathways that
are modified due to sustained plasma corticosteroids levels. In con-
sequence, tertiary stress responses related to energy expenditure have
been described.

2. Material and methods

2.1. Animal maintenance

Immature juvenile gilthead seabream (S. aurata) (n= 72,
13.49 ± 2.32 g body mass, mean ± SD) were provided by Servicios
Centrales de Investigación en Cultivos Marinos (SCI-CM, CASEM,
University of Cadiz, Puerto Real, Cádiz, Spain; Spanish Operational
Code REGA ES11028000312), and maintained at the fish husbandry
facilities from the Department of Biology at the Faculty of Marine and
Environmental Sciences (CASEM, University of Cadiz, Puerto Real,
Cádiz, Spain). Before the assay, fish were acclimated to laboratory
conditions for 20 days in three flow-through tanks (500 L volume each;
stocking density: 3 kgm−3), under natural photoperiod (36°31′45″ N,
6°11′31″ W; November – December; 10:14 h, light:dark) and in stable
conditions of water salinity (seawater-SW; 38 ppt) and temperature
(19 °C). Fish were fed three times daily (1% of tank biomass per day)
with commercial pellets for S. aurata (48% protein, 25% fat, 11.5% ash
and 20.2 kJ g−1; L2 Active 1P, Skretting España S.A., Spain). Animals
were kept and handled following the guidelines for experimental pro-
cedures in animal research from the Ethics and Animal Welfare
Committee of the University of Cadiz, according to the Spanish (RD53/
2013) and European Union (2010/63/UE) legislation. The Ethical
Committee from Competent Authority in Autonomous Government
approved the experiments (Junta de Andalucía; reference number 28-
04-15-241).

2.2. Corticosteroids administration

Fish were distributed in a SW flow-through setup of six 250-L tanks
to establish the three experimental groups, in duplicate, with 12 fish per
tank (n= 72, 18.45 ± 2.67 g body mass, mean ± SD): i) control, ii)
cortisol and iii) dexamethasone (DXM). Corticosteroid was adminis-
tered through the food following the methodology described by
Morgado et al. (2009). Thus, control and treated groups were fed with
commercial pellets for S. aurata (L2 Active 1P, Skretting España S.A.,
Spain) three times per day with total amount of 3% of tank biomass,
ensuring that all food was ingested. Addition of corticosteroids into the
food was performed manually once a week and stored at 4 °C, in
darkness, to avoid oxidation of chemicals. Control pellets were treated
with equal amounts of vehicle (ethanol) only. The doses of cortisol
(Sigma-Aldrich H2270, 400mg kg food−1) and DXM (Sigma-Aldrich
D1756, 300mg kg food−1) were in accordance to Rotllant et al. (2000)
and Guerreiro et al. (2006), respectively. Thus, the nominal con-
centration of both compounds was 800 μmol kg food−1. Fish were
maintained in these conditions for 35 days.
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2.3. Sampling procedure

Animals were anaesthetized with 2-phenoxyethanol (0.5mL L−1

SW, Sigma-Aldrich 77,699) at the beginning of the assay (day 0) and on
day 14. Fork length and body mass were measured, and then returned
to their tanks. Fish were fasted for 24 h before samplings. After 35 days,
6 fish from each tank (12 fish per group) were sacrificed and sampled.
Fish were netted, deeply anaesthetized with 2-phenoxyethanol
(1mL L−1 SW), fork length and body mass were recorded and blood
was collected with sodium-heparinized syringes from caudal vessels
and placed into heparinized tubes. Plasma was separated from cells by
centrifugation of blood (3min, 10,000×g, 4 °C) and snap frozen in li-
quid nitrogen. Fish were then euthanized by spinal cord sectioning. The
second gill arch on the left side was excised, adherent blood was re-
moved by blotting with absorbent paper and a small portion consisting
of a few branchial filaments was excised using fine-point scissors. Each
portion was placed in 100 μL of ice-cold sucrose-EDTA-imidazole (SEI)
buffer (150mM sucrose, 10mM EDTA, 50mM imidazole, pH 7.3) for
analysis of ion-transport ATPases activity. Liver was collected and
weighed for hepatosomatic index (HSI; calculated as the percentage in
weight of the liver respect to the total body mass). The remaining gill
tissue, the liver and a portion of white muscle from the dorsal part were
snap frozen in liquid nitrogen and stored at −80 °C until analysis of
energy metabolites and biochemical activity of enzymes.

2.4. Plasma parameters

Plasma cortisol was measured by radioimmunoassay as described in
Gorissen et al. (2012). Plasma glucose, lactate and triglycerides levels
were measured using commercial kits from Spinreact (St. Esteve de Bas,
Girona, Spain) adapted for 96-well microplates. The total plasma pro-
tein concentration was determined in diluted plasma samples using a
BCA Protein Assay Kit (Pierce™, Thermo Fisher Scientific, USA,
#23225) using BSA as a standard. Total α-amino acid levels were as-
sessed colorimetrically using the ninhydrin method of Moore (1968)
adapted for 96-well microplates. Plasma ammonium was measured
following the method of Bower and Holm-Hansen (1980), in which the
NH4+ reacts with salicylate and hypochlorite to form a spectro-
photometrically measurable adduct at 650 nm. The method was vali-
dated and adapted to 96-well microplates through serial dilutions of S.
aurata plasma samples with 0.6% (w/v) NaCl solution at pH 7.2, to
secure plasma ammonia balance. The method resulted in a confident
linearity up to 60 μM for 1:500 diluted plasma of S. aurata. All assays
were performed using a PowerWave™ 340 microplate spectro-
photometer (Bio-Tek Instruments, Winooski, VT, USA) using KCjunior™
data analysis software for Microsoft®. Plasma osmolality was measured
with a vapour pressure osmometer (Fiske One-Ten, Fiske, VT, USA) and
expressed as mOsm kg−1.

2.5. Tissue metabolites content

Frozen liver and muscle were finely minced on an ice-cooled Petri
dish and divided into two aliquots to assess enzyme activities and
metabolite levels. The frozen tissue used for the assay of metabolites
was homogenized by ultrasonic disruption in 7.5 volumes ice-cold 0.6 N
perchloric acid, neutralized using 1M KCO3, centrifuged (30min,
3220×g and 4 °C), and the supernatant stored until metabolites de-
termination. Tissue lactate and triglycerides levels were determined
spectrophotometrically with commercial kits (Spinreact, see before).
Tissue glycogen concentration was assessed as described by Keppler
and Decker (1974), where tissue homogenates are incubated for 2 h at
37 °C with and without amyloglucosidase (Sigma-Aldrich A7420) to
break down glycogen molecules into glucose. Total glucose in both
incubations was determined with a commercial kit (Spinreact, see
above), and glycogen content was expressed as glucose equivalents
after free glucose subtraction. Total α-amino acid levels were assessed

colorimetrically with the ninhydrin method of Moore (1968) adapted to
96-well microplates.

2.6. Enzymatic activities

Frozen liver, muscle and gills were homogenized by ultrasonic dis-
ruption in 10 volumes of ice-cold homogenization buffer (50mM imi-
dazole, 1 mM 2-mercaptoethanol, 50mM NaF, 4mM EDTA, 0.5 mM
phenylmethylsulfonyl fluoride and 250mM sucrose; pH 7.5). The
homogenate was centrifuged for 30min at 3220×g and 4 °C, and the
supernatant stored at −80 °C for further analysis. The assays of GPDH
(glycerol-3-phosphate dehydrogenase, EC 1.1.1.8), HADH (3-hydro-
xyacyl-CoA dehydrogenase, EC 1.1.1.35), GP (glycogen phosphorylase,
EC 2.4.1.1), GLDH (glutamate dehydrogenase, EC 1.4.1.2), FBP (fruc-
tose 1,6-bisphosphatase, EC 3.1.3.11), LDH-o (lactate dehydrogenase-
oxidase, EC 1.1.1.27), HK (hexokinase, EC 2.7.1.1), G6PDH (glucose-6-
phosphate dehydrogenase, EC. 1.1.1.49), ALT (alanine amino-
transferase, EC 2.6.1.2), AST (aspartate aminotransferase, EC 2.6.1.1)
and PK (pyruvate kinase, EC 2.7.1.40) were performed as previously
described for S. aurata (Laiz-Carrión et al., 2003; Polakof et al., 2006;
Sangiao-Alvarellos et al., 2005a, 2006; Vargas-Chacoff et al., 2016).
Enzyme activities were determined using a PowerWave™ 340 micro-
plate spectrophotometer (Bio-Tek Instruments, Winooski, VT, USA)
using KCjunior™ data analysis software for Microsoft®. Reaction rates of
enzymes were determined by changes in absorbance from the reduction
of NAD(P)+ to NAD(P)H, measured at 340 nm. The reactions were
started by addition of 15 μL homogenate at a pre-established protein
concentration, omitting the substrate in control wells (final volume
275–295 μL). Na+/K+-ATPase (NKA) activity in gills was determined in
microplates as Mancera et al. (2002) performed for S. aurata, based on
the method described by McCormick (1993). Vacuolar-type H+-ATPase
(HA) activity was analysed as described before (Ruiz-Jarabo et al.,
2016), using 100 nM bafilomycin A1 (Sigma-Aldrich B1793). The re-
actions were allowed to proceed at 25 °C and changes in absorbance at
340 nm were monitored during pre-established times (5–10min), using
the slopes of the curves for subsequent analyses. Protein was assayed in
duplicate, as described for plasma samples.

2.7. Statistics

All variables were evaluated for twelve animals per experimental
group (six animals per tank, in duplicate). Two-way nested ANOVA was
performed to evaluate inter-tank variability of duplicates for all para-
meters. Since no significant variability was determined due to dupli-
cates in any of the dependent variables (p≥ .25), both tanks were

Fig. 1. Body mass (g) of S. aurata juveniles over 35 days of corticosteroids
administration (control-, cortisol- and DXM-fed). Data are shown as
mean ± SEM (n=12). Asterisks represent differences to control group at each
time point (one-way ANOVA followed by a post hoc Tukey test; * for p < .05
and ** for p < .001).
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subsequently treated as a single group. When necessary, data were
logarithmically transformed to fulfil the requirements for ANOVA.
Gaussian distribution was confirmed using the Kolmogorov-Smirnov's
test. The homogeneity of variances was analysed by Levene's test.
Differences between groups were tested using one-way ANOVA, and
Tukey's post hoc test was used to identify significantly different groups.
A Linear Regression Model was performed to determine the correlation
between liver glycogen content and HSI. Statistical significance was
accepted at p < .05. All the results are given as mean ± SEM.

3. Results

3.1. Biometrics

Oral administration of synthetic corticosteroids at selected doses
induced a negative effect on fish growth after 35 days of treatment
(Fig. 1). DXM-fed fish showed a lower body mass from the second week
onwards since the start of the administration (p < .0001). Similarly,
cortisol-fed fish presented a lower weight after 35 days compared to the
control group (p= .036), but higher than the DXM group (p < .0001).
Fish treated with DXM were undersized compared to control and cor-
tisol-fed animals; but, since no differences were found in Fulton's
Condition Index, these data are not shown (p > .05). The Hepatoso-
matic Index (HSI) was higher in DXM-fed animals (2.34 ± 0.15%)
compared to the control group (1.96 ± 0.10%, p= .022) and cortisol-
fed fish (1.64 ± 0.08%, p= .0001) respectively. No mortality was
recorded during the experimental period.

3.2. Plasma parameters

Cortisol levels in S. aurata juveniles varied significantly due to
corticosteroid administration (Fig. 2). Plasma levels determined in
cortisol-fed animals (44.51 ± 6.74 ngmL−1) were around 3 times
higher than in control fish (14.47 ± 4.35 ngmL−1), but in DXM-fed
animals were reduced strongly (2.84 ± 0.51 ngmL−1). None of the
metabolites assessed in plasma (glucose, lactate, TAG, total proteins

Fig. 2. Plasma cortisol (ngmL−1) of S. aurata juveniles after 35 days of corti-
costeroids administration (control-, cortisol- and DXM-fed). Data are shown as
mean ± SEM (n=12). Different letters represent statistical differences among
treatments (one-way ANOVA followed by a post hoc Tukey test, p < .05).

Fig. 3. Lipid-related metabolic parameters in liver and muscle of S. aurata juveniles after 35 days of corticosteroids administration (control-, cortisol- and DXM-fed).
HADH (3-hydroxyacyl-CoA dehydrogenase, U mg prot−1), GPDH (glycerol-3-phosphate dehydrogenase, U mg prot−1) and triglycerides (mg TAG g fresh weight−1).
Data are shown as mean ± SEM (n=12). Different letters represent statistical differences among treatments (one-way ANOVA followed by a post hoc Tukey test,
p < .05).
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and free amino acids) were modified by cortisol administration
(p > .05). In DXM-fed animals, plasma TAG were reduced (67%,
p= .033), while amino acid levels increased (130%, p= .009) (Supp.
File 1) compared to control fish (set at 100% in all compared variables).

3.3. Liver and muscle energy metabolism

Lipid metabolism was affected by the administration of the syn-
thetic compounds (Fig. 3). DXM increased β-oxidation of fatty acids in
both liver and muscle, as evidenced by HADH activities (144% and
216% respectively, p < .0001 in both tissues). In the same way, GPDH
activity, related to glycerol metabolism, was increased by cortisol and
DXM administration in both tissues (Fig. 3). Additionally, hepatic TAG
levels were higher in the cortisol-fed animals (187%, p < .0001).
However, TAG in muscle were not modified compared to controls, but
DXM-fed animals presented lower values than cortisol-fed fish (62%,
p= .022) (Fig. 3).

Glycogen stores were altered as a result of glucocorticoid treatment
(Fig. 4). Fish fed with DXM-supplemented meal enhanced hepatic gly-
cogen storage (66.77 ± 2.22 compared to 40.26 ± 2.34mg glc g
fw−1, p < .0001) and also higher GP activity (6 times more) respect to
control group. A positive linear correlation (r2= 0.663; p < .0001),
was determined between glycogen content and HSI for DXM-fed ani-
mals, but not for cortisol-treated fish (r2= 0.200; p= .082). No
changes were determined in hepatic free glucose levels of DXM-treated
fish (Fig. 4). Alternatively, glucose levels increased in cortisol-treated

animals in liver and muscle (Fig. 4). Muscle glycogen levels decreased
significantly in cortisol-fed animals (p= .029). No differences were
determined for muscle glycogen levels in DXM-treated animals, but GP
activity was higher compared to the control group (130%, p= .017)
(Fig. 4).

The administration of synthetic corticosteroids for 35 days modified
the metabolism of amino acids as well as the gluconeogenic pathways in
liver and muscle (Table 1). Cortisol-fed animals decreased hepatic
GLDH activity (64%, p= .001), but no changes were determined for
FBP or LDH-o activities (Table 1). On the other hand, GLDH and LDH-o
activities in muscle were higher for this treatment (135%, p= .004;
and 245%, p < .0001, respectively) (Table 1). Accordingly, DXM-fed
animals showed higher GLDH and LDH-o activities in muscle compared
to cortisol-fed fish (135%, p= .0003; and 248%, p < .0001, respec-
tively). DXM administration reduced hepatic GLDH activity (50%,
p < .0001), but alternatively increased FBP activity (162%,
p < .0001) (Table 1). Lactate levels determined in muscle, and total
free amino acids in liver and muscle remained constant after both
corticosteroids administration (p < .05, data not shown).

Additionally, other intermediary metabolism routes in liver and
muscle were also affected due to cortisol and DXM treatments. Hepatic
enzyme activities from glycolysis (HK and PK) and pentose-phosphate
shunt (G6PDH) metabolic pathways, as well as aminotransferase ac-
tivities (AST and ALT), remained constant in cortisol-fed animals (Supp.
File 2). In muscle, HK, G6PDH, ALT and AST activities did not vary
compared to control group. However, PK activity determined in muscle

Fig. 4. Glycogen-related metabolic parameters in liver and muscle of S. aurata juveniles after 35 days of corticosteroids administration (control-, cortisol- and DXM-
fed). GP (glycogen-phosphorylase, U mg prot−1), glycogen (mg glc g fw−1) and free glucose (mg glc g fw−1). Data are shown as mean ± SEM (n=12). Different
letters represent statistical differences among treatments (one-way ANOVA followed by a post hoc Tukey test, p < .05).
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was nevertheless 6 times higher (p < .0001) (Supp. File 2). In the case
of DXM-fed animals, hepatic HK, G6PDH and AST activities remained
also constant, while PK activity enhanced (148%, p= .009) and ALT
activity decreased (78%, p= .006), respectively (Supp. File 2). Similar
to cortisol-fed animals, muscle of DXM-treated fish showed higher PK
and ALT activities compared to control animals (Supp. File 2).
However, G6PDH, HK and AST activities showed no variations due to
DXM administration (Supp. File 2).

3.4. Osmoregulatory imbalances

Ion-balance capacity of S. aurata juveniles was also affected due to
corticosteroids administration. Plasma osmolality of DXM-fed fish was
higher compared to control group (p= .032), while ammonia levels
increased in both groups treated with glucocorticoids (p= .001 for
cortisol-fed, and p= .025 for DXM-fed; Fig. 5). Gill Na+/K+-ATPase
(NKA) and H+-ATPase (HA) activities decreased significantly in cor-
tisol- and DXM-treated animals (p= .020 and p= .0005 respectively;
Fig. 5).

The energetic metabolism supporting the gills was also altered by
cortisol and DXM treatment. Cortisol administration enhanced HADH
(119%, p= .005), GLDH (113%, p= .031) and LDH-o (206%,
p < .0001) activities, but the other assessed enzymes remained
without variations (Supp. File 3). DXM-treated fish presented higher

enzymatic activities related to carbohydrates: GP (202%, p= .004), HK
(121%, p= .021), PK (163%, p= .005); lactate: LDH-o (218%,
p < .0001); lipids: GPDH (212%, p= .006), HADH (157%,
p < .0001); and amino acids: GLDH (132%, p < .0001). However,
G6PDH, AST and FBP activities were not modified compared to controls
(Supp. File 3).

4. Discussion

The oral administration of synthetic glucocorticoids has resulted in
a useful tool to determine the effects of these compounds on the in-
termediary metabolism of S. aurata. The results obtained highlight
differential metabolic responses for both corticosteroids tested. After a
prolonged period of exposure carbohydrates, lipids, and amino acids
metabolism was rearranged depending on the compound administered,
the target tissue, and probably the signalling pathways involved.

4.1. Cortisol levels and growth performance

Plasma cortisol levels were in the physiological range for this spe-
cies (Mancera et al., 1994; Samaras et al., 2018; Teles et al., 2013a).
The administration of cortisol induced plasma cortisol levels similar to
those described in this species exposed to chronic stress situations such
as confinement and high stocking density (Arends et al., 1999; Mancera
et al., 2008; Samaras et al., 2018; Sangiao-Alvarellos et al., 2005b),
whereas DXM administration decreased plasma cortisol values. Our
results are in accordance with those described before in gilthead
seabream fed with this compound for 36 h (Guerreiro et al., 2006),
evidencing a rapid response of this species to DXM treatment. DXM has
been shown to reduce ACTH release from the pituitary gland, and
consequently cortisol synthesis and release from the interrenal cells
(Pickering et al., 1987). This is in accordance with the drastic reduction
in plasma cortisol levels determined for DXM-fed animals in the present
study.

Fish growth performance has been diminished because of the cor-
ticosteroids-supplemented feed, as was described before for other spe-
cies chronically treated with cortisol implants (Ictalurus punctatus: Davis
et al., 1985), orally-administered cortisol (O. mykiss: Barton et al.,
1986), or with dexamethasone baths (Solea senegalensis: Salas-Leiton
et al., 2012). 35 days of cortisol or DXM administration resulted in
lower body mass compared to the control group, likely related to a
tertiary stress response in fish (Schreck and Tort, 2016). Indeed, pro-
longed periods of stress in S. aurata modified the energy metabolism,

Table 1
GLDH (glutamate dehydrogenase), FBP (fructose 1,6-bisphosphatase) and LDH-
o (lactate dehydrogenase oxidase) activities in liver and muscle of S. aurata
juveniles after 35 days of corticosteroids administration (control-, cortisol- and
DXM-fed).

Parameter Control Cortisol DXM

Liver
GLDH (Umg prot−1) 18.02 ± 1.17a 11.58 ± 0.49b 9.10 ± 0.95b

FBP (Umg prot−1) 2.40 ± 0.16b 2.49 ± 0.04b 3.89 ± 0.19a

LDH-o (Umg prot−1) 0.12 ± 0.02 0.15 ± 0.01 0.09 ± 0.02

Muscle
GLDH (Umg prot−1) 1.65 ± 0.05c 2.23 ± 0.10b 3.02 ± 0.18a

FBP (Umg prot−1) 0.69 ± 0.05 0.69 ± 0.02 0.71 ± 0.03
LDH-o (Umg prot−1) 0.11 ± 0.01c 0.27 ± 0.02b 0.67 ± 0.09a

Data are shown as mean ± SEM (n=12). Different letters represent statistical
differences among treatments (one-way ANOVA followed by a post hoc Tukey
test, p < .05).

Fig. 5. Osmoregulatory parameters determined in S.
aurata juveniles after 35 days of corticosteroids ad-
ministration (control-, cortisol- and DXM-fed).
Plasma osmolality (mOsm kg−1 H2O), plasma am-
monia (μmol NH4+ mL−1), and gill Na+/K+-ATPase
and H+-ATPase activities (μmol ADP mg
prot−1 h−1). Data are shown as mean ± SEM
(n=12). Different letters represent statistical dif-
ferences among treatments (one-way ANOVA fol-
lowed by a post hoc Tukey test, p < .05).
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leading to exhaustion of the energy stores and, consequently, lower
growth rates (Montero et al., 1999; Sangiao-Alvarellos et al., 2005b).
Although treated groups were supplemented with an equivalent dose of
both corticosteroids (800 μmol kg food−1), DXM-fed animals displayed
lower growth rates than the cortisol-fed group, as of 14 days after start
of the administration. Dexamethasone is a powerful corticoid that binds
selectively to glucocorticoid receptors (GR1 and GR2), although with
different affinities than cortisol (Bury and Sturm, 2007). Thus, the de-
scribed differences in growth rates between the cortisol- and DXM-ad-
ministered groups may relate to differentiated responses in the inter-
mediary metabolism. That may be derived from different interactions
between both corticosteroids with the GR isoforms, together with the
different signalling-pathways activated in liver and muscle (Teles et al.,
2013b).

4.2. Effects on lipid metabolism

Lipid mobilization in S. aurata juveniles was affected differentially,
depending on the glucocorticoid administered. Cortisol-treated fish
presented higher hepatic TAG levels, related to increased GPDH activ-
ities in liver and muscle. These results, together with the lack of dif-
ferences in HADH activity detected in these fish, may suggest a de novo
synthesis and accumulation of TAG in liver, as previously suggested for
teleosts (Van Der Boon et al., 1991). Moreover, similar long-term cor-
tisol-mediated effects were also described in rats (Nunes et al., 2017). In
this sense, prolonged periods of elevated cortisol levels could be related
to lipid storage as a safeguard to forthcoming stress situations. The
higher energy/mass ratio of lipids compared to glycogen or protein
evokes a compensatory storage of energy in terms of TAG reallocation
(Peckett et al., 2011; Tocher, 2003).

DXM administration enhanced lipid catabolism in S. aurata juve-
niles. TAG catabolism in DXM-fed animals, including the consumption
of glycerol-3-phosphate and free fatty acids, is reflected in the increased
activities of the enzymes GPDH and HADH in liver and muscle.
Moreover, TAG levels in liver and muscle from DXM-fed animals did not
show differences compared to the control group, but plasma con-
centrations decreased in these animals. The enzyme G6PDH, which
showed a reduced activity in muscle of DXM-treated seabream, pro-
vides reducing equivalents for lipid synthesis (Vijayan et al., 1991),
matching the increased HADH activity in this tissue. Altogether, results
from this study may suggest that DXM long-term treatment induces
lipid catabolism in seabream, contrary to what was described before for
cortisol. Different metabolic responses are thus highlighted, probably
due to alternative mechanisms at the cellular level coupled to selective
GRs actions. Recent studies have described two paralogs of the GR (gr1
and gr2) in S. aurata (Tsalafouta et al., 2018). Thus, the expression of
these receptors in seabream orally-treated with cortisol and DXM, as
was done before in this species treated with cortisol oil-implants (Teles
et al., 2013a, 2013b), would be interesting to clarify the differential
responses derived from both corticosteroids.

4.3. Effects on carbohydrate metabolism

Glycogen breakdown, followed by increased levels of free glucose in
metabolic tissues and blood hyperglycaemia, is associated to corticos-
teroid action (López-Patiño et al., 2014; Soengas et al., 2007). In S.
aurata juveniles, no variation in plasma glucose levels was detected
after 35 days in any of the treatments, but glycogen-related metabolism
in liver and muscle was modified after the administration of cortisol
and DXM. The effects of cortisol on glycogen and glucose dynamics in
fish liver and muscle has been thoroughly reviewed (Vijayan et al.,
2010), and also described for S. aurata under different stress conditions
(Laiz-Carrión et al., 2005; Polakof et al., 2006; Sangiao-Alvarellos et al.,
2005b; Soengas et al., 1992). Our results are in accordance with the
described effects of cortisol. Thus, liver glycogen in cortisol-treated
seabream remained constant after 35 days, but free glucose levels were

higher compared to control fish. This increase can be related to the
stimulation of gluconeogenic pathways by using other non-glycaemic
resources, such as amino acids or glycerol obtained from TAG catabo-
lism. However, the reduced muscle glycogen levels in cortisol-fed ani-
mals, and the increase of free glucose in this tissue, could be related to
the differential response of these tissues to cortisol and glucose reg-
ulation (Polakof et al., 2011).

Dexamethasone effects on glycogen metabolism were opposite to
those of cortisol. Although changes in free glucose levels have not been
described in liver nor muscle, hepatic glycogen and glycogen phos-
phorylase activity in both tissues was higher in DXM-fed animals.
Additionally, the increased hepatosomatic index compared to control
fish, and the positive linear correlation (r2= 0.663) between glycogen
content and HSI, suggests a liver hypertrophy derived from enhanced
glycogen turnover in hepatocytes from DXM-fed animals (Vijayan et al.,
2003). The liver is a key organ in energy redistribution and mobiliza-
tion, and both consumption and storage of glycogen have been reported
as a consequence of glucocorticoid action (Mommsen et al., 1999;
Vijayan et al., 2010). In muscle, glycogen levels in DXM-fed fish re-
mained constant, but the increase in GP activity suggests an enhanced
glycogen turnover also, to meet the myocytes requirements.

4.4. Effects on amino acid metabolism

Amino acids are an important source of non-carbohydrate substrates
for gluconeogenic pathways in fish, including S. aurata, under different
stress conditions (Polakof et al., 2006; Sangiao-Alvarellos et al., 2005b;
Vijayan et al., 2010); and cortisol enhances protein turnover in white
muscle under long-term stress situations (Mommsen, 2001). In this
study, the administration of both corticosteroids for 35 days directly
stimulated amino acid catabolism in muscle of S. aurata juveniles, as
indicated by GLDH activity enhancement and also the increased plasma
ammonia levels in both groups, probably as a consequence of glutamate
deamination (Dhanasiri et al., 2013). Amino acid catabolism is also
reflected in the high ALT activities in muscle of both treated groups.
The enzyme ALT produced pyruvate, which may be employed for either
gluconeogenesis or as a precursor for the Krebs' Cycle. The results
showed the highest PK activities in the DXM-fed fish in both muscle and
liver, accompanied by increased LDH activity in muscle (Faught et al.,
2016). The modification of gluconeogenic pathways was also reflected
in liver of both treated groups. The reduction in GLDH activities is
probably derived from stimulation of lipid and glycogen metabolism,
and the increased circulating ammonia levels. The administration of
DXM raised pyruvate requirements in liver from S. aurata juveniles, as
shown by the PK activity and the increase in FBP activity, directly re-
lated to the gluconeogenesis enhancement (Faught et al., 2016). This is
correlated to the increase in GPDH activity and glycogen liver content
detailed before.

4.5. Effects on osmoregulatory performance

Additionally, this study addressed the effects of both corticosteroids
administration on the osmoregulatory performance of seabream. We
postulate that the increased amino acid catabolism and increased am-
monia production affect, indirectly, osmoregulatory tissues as was
suggested before for this species (Vargas-Chacoff et al., 2016). Am-
monia cations are expelled mainly through the gills in teleost fish
(Eddy, 2005) by means of Rh glycoproteins (Chen et al., 2017), and
other transporters such as the Na+/H+-exchanger (NHE), which is an
ATPase consuming enzyme that may exchange H+ by NH4+ (Quijada-
Rodriguez et al., 2017). Branchial chloride cells in cortisol- and DXM-
treated fish thus modified their ion transporters population, inhibiting
other enzymes such as the NKA and the V-type HA. This process may
yield to a final increase in plasma osmolality (as seen in the DXM-
treated fish), but further studies are required to validate this hypothesis.
Additionally, although cortisol has been demonstrated to increase NKA
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activity in fish (reviewed in Mancera and McCormick, 2007), and
specifically in S. aurata (Laiz-Carrión et al., 2003), the increase of
ammonia cations generated after corticosteroids administration, has
resulted in a inhibition of NKA and V-type HA. The analysed activities
of branchial enzymes related to intermediary metabolism supported
this idea. Cortisol and DXM administration modified the energy man-
agement processes in this tissue, enhancing lactate, amino acids and
free fatty acids metabolism.

In summary, the administration of both corticosteroid compounds
(cortisol and DXM) for 35 days induced changes in the energy meta-
bolism of S. aurata, lowering its growth rates and compromising the
animals' welfare (summarized in Fig. 6). Both corticosteroids increased
energy consumption, as seen by the lowest growth rates, and an ap-
parent amino acid catabolism. However, differences between cortisol
and DXM treatments were highlighted. Thus, cortisol induced con-
sumption of amino acids and glycogen, and accumulation of lipids,
while DXM-fed fish consumed lipids and increased their glycogen
stores. These changes are tissue-dependant and could be related to the
described GRs differentiated affinities of the hormones employed in this
study. Further studies should be directed towards the specific effects of
different corticosteroids, with special emphasis on the long-term re-
sponses and actions of GR isoforms in fish.
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