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In vertebrates stress negatively affects body homeostasis and triggers a battery of
metabolic responses, with liver playing a key role. This organ responds with altered
metabolism, leading the animal to cope with the stress situation, which involves
carbohydrate and lipid mobilization. However, metabolism among other physiological
functions is under circadian control within the liver. Then, metabolic homeostasis at
system level involves circadian timing systems within tissues and cells, and collaborate
with each other. During chronic stress, cortisol maintains the liver metabolic response
by modulating carbohydrate- and lipid-related metabolism. Stress also disrupts the
circadian oscillator within the liver in mammals, whereas little information is available in
other vertebrates, such as fish. To raise the complexity of this process, other candidates
may mediate in such effect of stress. In fact, sirtuin1, a link between cellular sensing of
energy status and circadian clocks, participates in the response to stress in mammals,
but no information is available in fish. Considering the role played by liver in providing
energy for the animal to deal with an adverse situation, and the existence of a circadian
oscillator within this tissue, jeopardized liver circadian physiology during stress exposure
might be expected. Whether the physiological response to stress is a well conserved
process through the phylogeny and the mechanisms involved in such response is a
question that remains to be elucidated. Then, we provide information at this respect
in mammals and show comparable results in rainbow trout as fish animal model.
Similar to that in mammals, stress triggers a series of responses in fish that leads
the animal to cope with the adverse situation. Stress influences liver physiology in
fish, affecting carbohydrate and lipid metabolism-related parameters, and the circadian
oscillator as well. In a similar way than that of mammals different mediators participate
in the response of liver circadian physiology to stress in fish. Among them, we confirm
for the teleost rainbow trout a role of nuclear receptors (rev-erbβ), cortisol, and sirt1.
However, further research is needed to evaluate the independent effect of each one,
or the existence of any interaction among them.
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INTRODUCTION

When an animal is subjected to stress coordinated behavioral and
physiological responses initiate in order to compensate and/or
adapt to a new situation. However, the animal is enabled to
overcome such threat. When the animal experiences intense
stress, the response becomes dysfunctional, and can lose its
adaptive value, thus probably resulting in inhibited growth,
reproductive failure, and decreased resistance to pathogens,
among other negative effects (Barton et al., 1987; Barton and
Iwama, 1991). The physiological responses to a stressor are either
specific for a single, or a group of related stressors (more typical),
or non-specific, commonly due to different stressors. All the
levels of animal organization are involved in a process known
as integrated response to stress (Wendelaar-Bonga, 1997). By
other hand, depending on the duration, stress can be considered
as acute or chronic. Acute stressors are events that animal
experiences for a short time period, for example, handling
procedures. Chronic stress refers to a given situation that persists
for longer time periods, thus with the physiological response
of the animal being permanently activated (Tort and Teles,
2011). Among other negative effects, prolonged exposure to
stress causes alterations in dendritic architecture, synapse density,
and neurogenesis within the brain (Shonkoff et al., 2009). Also,
gene expression can change, among other effects (for a review,
see McEwen et al., 2015). Hypothalamic–pituitary–adrenal gland
(HPA) activation persists during repeated stress, which leads to
increased risk of depression and anxiety disorders (McEwen,
2008), as consequence of altered corticosterone system, the orexin
system and others (Sargin, 2018). Whatever the case, stress may
have severe negative effects on animal’s welfare.

With respect to fish, this vertebrate group have also developed
mechanisms to cope with stress-induced alterations of internal
homeostasis, which is indicative of the physiological stress
response to be a marked adaptive character (Wendelaar-
Bonga, 1997) all over vertebrates. Although the most frequent
stressors in fish are those related to changes in water quality
(temperature, salinity, oxygenation, pH, contaminants) and
interaction with individuals of the same or different species
(competition, predation, etc.) (Wendelaar-Bonga, 1997; Gesto
et al., 2013), intensive fish aquaculture brought new potential
stressful situations, such as high stock density, confinement, low
water renovation, the presence of sick individuals, transport,
altered photoperiod and feeding schedule, etc. Then welfare
might be adversely affected, which influences fish growth and
plant productivity.

In vertebrates, it is well described that a stressful stimulus
triggers a response of two neurohormonal pathways: (1) the
hypothalamic–sympathetic–chromaffin (HSC), which once
activated enhances plasma catecholamines level very quickly
(even seconds) and their half-life is brief (minutes); (2) the
HPA, which is known as hypothalamic–pituitary–interrenal cells
(HPI) in fish, and once activated, cortisol synthesis and release
tend to rise slowly and remaining high when stress persists over
time (chronic stress). Regarding this HPA/HPI axis, stress is
responsible of glucocorticoids production and release from the
adrenal gland, which is fish locates at the head kidney. Then, the

hypothalamic paraventricular nucleus receives stress signals from
hippocampus, amygdala and prefrontal cortex, and stimulates
CRH secretion, thus activating the HPA axis. Glucocorticoids
need to be newly synthesized, then delaying the response. As a
consequence, slower dynamic than that of HSC is observed.

In the same way than that of other vertebrates, these
axes in fish are regulated by specific biochemical factors,
including adrenocorticotropic hormone (ACTH), corticotropin-
releasing factor (CRF), arginine vasotocin (AVT), and brain
neurotransmitters, DA, NA, and 5-HT (Winberg and Nilsson,
1993; Wendelaar-Bonga, 1997; Balment et al., 2006). This
vertebrate group is also characterized by hormonal dynamics
being differentially affected the type of stress, intensity, species
and their previous story (Barton et al., 1987; Barton, 2002; Aluru
and Vijayan, 2009; Gesto et al., 2013), which makes difficult to
fully understand how stress is acting.

Among many other effects all over the body, stress hormones
induce metabolic reprogramming in a tissue-specific way,
in order to deal with the increase of energy demand during stress
exposure, thus affecting specific tissues such as the liver. In this
way, cortisol effects on metabolism have been extensively studied
in mammals, with the hormone increasing glucose availability in
liver through activating the major gluconeogenic pathways and
the synthesis of glycogen, together with the inhibitory effect of
the ability of other tissues to capture glucose (Goldstein et al.,
1992, 1993; Fujiwara et al., 1996). In fish it has been described
a great variety of metabolic effects of cortisol depending on
the species and situations in which high levels of cortisol are
generated. However, there is a consensus on the strong increase in
gluconeogenesis and lipolytic potential in liver as a consequence
of the stress-induced increase of plasma cortisol levels (Vijayan
et al., 1991, 1994; López-Patiño et al., 2014b). It is also well known
that cortisol metabolic action in fish is mediated by glucocorticoid
receptors (GRs), which in most teleost fish display two isoforms
(GR1 and GR2) that locate in a large number of central and
peripheral tissues (Ducouret et al., 1995; Teitsma et al., 1997,
1998; Jaillon et al., 2004).

By other hand, metabolism, together with many other physio-
logical functions is under circadian control in all living organisms
in such a way that metabolic homeostasis at system level needs
the timed collaboration of cells and tissues all over the body.
Such rhythms are driven by cell autonomous clocks at central
and peripheral locations, which synchronize the organism to the
environmental cycles, even in the absence of environmental cues
(Hardin and Panda, 2013). Clocks molecular mechanism is highly
conserved in phylogeny and although with some differences,
it is easily identifiable in the different organisms. The basic
mechanism involves a series of feedback loops between the
transcription and transduction processes of certain genes (called
“clock genes”) and their protein products (Panda et al., 2002). The
most known model determines that the system initiates with the
accumulation of cytoplasmic CLOCK and BMAL1 proteins as the
products of clock and bmal1 transcription. These proteins form
a heterodimer (CLOCK/BMAL1) that returns to the nucleus,
joining E-Box promoters in the target genes, including the
negative branch genes of the loop: per and cry. Their transcription
results in increased cytoplasmic levels of their protein products,
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PER and CRY, so that when the levels are high enough they
dimerize, thus inhibiting the CLOCK/BMAL1 complex function
(Kondratov, 2007).

Mammalian circadian system is the most studied so far,
and the suprachiasmatic nucleus (SCN) is considered the main
pacemaker. Then, the SCN hosts the master oscillator containing
specific molecular elements (clock genes) that create/control
circadian rhythms of most functions all over the organism. In
support of this, behavioral, endocrinological, and physiological
circadian variations disappear in lesioned SCN (Moore et al.,
1995). SCN receives information mainly through three different
pathways: retinohypothalamic tract (RHT), intergeniculate leaflet
(IGL), and medial nucleus of the rafe (RM). RHT pathway
originates at the retina and is the main photic-related input, thus
playing a critical role in generating circadian rhythms (Weaver,
1998; Gooley et al., 2001), whereas the other pathways participate
as inputs of photic information to the suprachiasmatic nucleus
(IGL) or non-photic information (RM). In addition, rhythms of
clock genes expression has been reported in tissues other than the
SCN, such as liver, muscle, adipose tissue, pancreas, kidney, lung,
and ovary (Balsalobre, 2002; Mühlbauer et al., 2004; Peirson et al.,
2006; Zvonic et al., 2006), which is indicative of the existence of
circadian oscillators in them all.

In non-mammalian vertebrate groups multiple coupled
central circadian oscillators exist. These oscillators can locate
within different tissues such as retina, pineal gland and
hypothalamus, but their functioning appear to remain quite
similar to that of mammals (Menaker et al., 1997; Falcón et al.,
2010; López-Patiño et al., 2011). In addition to hypothalamus in
fish, retina and pineal organ also host circadian oscillators, since
both tissues are photosensitive, clock genes express rhythmically
within them, and release an endocrine output, such as the
melatonin (Falcón, 1999; Falcón et al., 2007). In the same way
than that of mammals, clock genes rhythmically express in
peripheral tissues of non-mammalian vertebrates, such as liver,
heart, intestine, and muscle of birds (Chong et al., 2003), liver,
heart, muscle, lung, and testis of reptiles (Della Ragione et al.,
2005; Vallone et al., 2007), and liver, heart, spleen, and gall bladder
of fish (Kaneko et al., 2006; Velarde et al., 2009; Betancor et al.,
2014; Hernández-Pérez et al., 2017).

Specifically for fish, the circadian system is typically composed
by multiple oscillators located throughout the body, and mainly
entrain to external inputs, LD and feeding-fasting cycles, among
others. Coordination among them all leads for successful control
of different rhythmic functions (locomotor activity, hormonal
rhythms. . .). The synthesis and release of specific outputs allow
them to adjust all these functions.

One of the peripheral locations described for the circadian
system is the liver. In fish, some reports describe rhythmic
expression of clock genes within this tissue in different
species such as goldfish (per and cry, Velarde et al., 2009),
Atlantic salmon (bmal1, Betancor et al., 2014) and rainbow
trout (clock, bmal1, per and rev-erbβ , Hernández-Pérez et al.,
2017). Interestingly, such rhythms perfectly fit with those of
metabolism-related parameters within this peripheral location
(Polakof et al., 2007; Betancor et al., 2014; Paredes et al., 2014;
Hernández-Pérez et al., 2015).

Independently of where the oscillatory machinery is
located, its functioning can be disrupted by different factors.
Among them, stress is the most studied so far. Accordingly,
glucocorticoids and epinephrine synchronize circadian tissue
clocks (Balsalobre et al., 2000; Akiyama et al., 2003; So et al.,
2009), but stress affects the circadian system in many other
ways. For example, the effectors of the stress response exert
their action through specific receptors. Regarding cortisol as
the main glucocorticoid, the hormone displays daily rhythms
of plasma levels and binds to either GRs or mineralocorticoid
receptors (MR), with the latest binding to cortisol even at the
time of the day in which plasma glucocorticoid levels are in the
minimum. This makes MR signaling pathway not to be effective
in conveying time-of-day information (see rev. Koch et al., 2017).
The other mediator, GR, is expressed all over the organism (Kino
and Chrousos, 2004; Chrousos and Kino, 2005; Nader et al.,
2010), but not at the SCN, which makes this tissue not to get any
synchronizing feedback through GRs in vertebrates (Balsalobre
et al., 2000), whereas no information is available at this respect in
other groups such as fish.

Regarding GR signaling, classical and non-classical pathways
are reported (Beato et al., 1987; Freedman, 1992; Groeneweg
et al., 2012) and contribute to a high level of complexity.
Among the classical ones, the interaction of GR dimers with
glucocorticoid response elements within regulatory regions of
GC target genes is the most studied so far, and such elements
are identified in some clock genes (So et al., 2009). Transcription
of target genes can be also activated by other transcription
factors, nuclear factor-κB (NF-κB), activator protein-1 (AP-1),
or STAT5 (Scheinman et al., 1995; Garside et al., 2004;
Kino and Chrousos, 2004; Chrousos and Kino, 2005; De
Bosscher and Haegeman, 2009). Additionally, GR binding to
negative glucocorticoid response elements mediates the trans-
repression of negatively regulated genes (Surjit et al., 2011).
The interaction of GRs with DNA can influence surrounding
DNA-bound transcription factors as well (Groeneweg et al.,
2012; Samarasinghe et al., 2012). The activation of one of these
pathways takes place in minutes to hours. On the contrary,
the non-classical signaling is independent of transcription
and gene expression (Groeneweg et al., 2012), thus resulting
in a faster response (seconds to minutes). Altered activity
of some kinases (phosphoinositide 3-kinase, PI3K; AKT, and
mitogen-activated protein kinases, MAPKs) is responsible
of this pathway.

The influence of stress on circadian rhythms has been
addressed in rodents. Accordingly, clock genes phase advance
in peripheral organs of acutely stressed mice during the early
day (Tahara et al., 2015). On the contrary, stress exposure at
different time of the day causes a phase delay or the loss of
synchrony. This is indicative of the time of the day-dependence
of the influence of stress on peripheral clocks. However, no
changes were observed within the SCN, where GRs do not
express in this vertebrate group, but chronically repeating a given
procedure, such as social defeat results enhances the amplitude
of Per2 rhythm within the SCN (probably as consequence of
activated indirect mechanisms), and downregulates Per2 and
Cry1 expression within the adrenal gland of animals stressed
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at the early dark phase, whereas stress the early day phase
advances the adrenal oscillator but has no effect on the SCN clock
(Bartlang et al., 2014).

Studies at this respect in other vertebrate groups such
as fish are scarce. In this way, goldfish receiving a cortisol
administration display similar results than those observed in
mammals, with inhibited expression of some clock genes within
the liver (Sánchez-Bretaño et al., 2015). However, no evidence
exists relative to how stress affects rhythmic physiology within
this tissue in this vertebrate group, but recent results indicate
altered metabolism-related parameters within rainbow trout liver
following acute stress (López-Patiño et al., 2014b), where a
circadian oscillator has been reported to exist in the same species
(Hernández-Pérez et al., 2015, 2017).

On the other side, chronic or repeated exposure to a stressor
makes the body to adapt, resulting in altered functions such as
energy metabolism, which may raise the incidence of metabolic
disorders, as reported for humans and rodents (see rev. Koch
et al., 2017). Even when it is of high clinical interest to address
the impact of social stress on circadian functions, it is likely that
available data are not sufficient, since many studies do not report
the time of stress exposure, and just few compare the impact of
the stressor all over the day. Also, stress response is dependent
of the stressor (Gattermann and Weinandy, 1996), which
makes difficult to compare results among studies. Depressive
and anxiety-related behaviors are reported for rat subjected to
chronic mild stress applied only during the light phase (Aslani
et al., 2014). Also, other stressors (cat smell, tail shock, and
immobilization) are more effective when applied when animals
are in their phase of inactivity (Retana-Marquez et al., 2003;
Cohen et al., 2015; Fonken et al., 2016).

Regarding fish, chronic stress might negatively affect the
circadian system, followed by the alteration of rhythmic
behavioral and physiological functions. In fact, endocrine
rhythms are outputs of the circadian system, whereas some
hormones may play a role as inputs to the circadian system in
hypothalamic and peripheral oscillators (Challet, 2015; Coomans
et al., 2015). Among them, glucocorticoids, as stress response
mediators, display daily rhythms in fish (in the same way
than other vertebrate groups), and cortisol rhythm in fish
synchronizes to feeding fasting cycle and feeding time (see
rev. Isorna et al., 2017). This is indicative of the hormone
to be an output of the circadian system, thus being under
circadian control. Accordingly, daily variations of plasma cortisol
was reported for different fish species (Cerdá-Reverter et al.,
1998; Pavlidis et al., 1999; Small, 2005; Ebbesson et al., 2008)
and even related with feeding and metabolism, suggesting a
possible synchronization of the cortisol secretion with feeding
time (Spieler and Noeske, 1984). However, it is not defined
whether cortisol is an input to the circadian system in
fish or not. It is reported that cortisol stimulates the per1a
and per1b expression, and inhibits that of clock and bmal1
in liver of goldfish (Sánchez-Bretaño et al., 2016). Then,
cortisol could mediate the effects of stress on liver circadian
physiology in fish. Our preliminary results in rainbow trout
point to such role, since liver of mild-stress animals shows
decreased amplitude of clock1a and bmal1 mRNA abundance

daily rhythms, together with altered per1 rhythm (unpublished
data). Then, glucocorticoids may play a key role as mediators
of the altered functioning of the circadian system observed
in stressed fish.

Taking into account the interactions between cortisol,
metabolism and circadian system, it is possible that the alteration
of cortisol levels as a consequence of stress can trigger effects on
liver metabolism and circadian system in fish, as in mammals.
Accordingly, our aim was to elucidate how stress affects gene
expression of clock- and metabolism-related genes, and to
corroborate if metabolic response to chronic stress exposure
results from altered circadian machinery within the liver of
rainbow trout (Oncorhynchus mykiss), in the same way than that
reported for other vertebrate groups.

MATERIALS AND METHODS

Animals
Rainbow trout (Oncorhynchus mykiss Walbaum) of 94 ± 8 g
of body weight were transferred to our facilities (Faculty of
Biology; Vigo, Spain) from a local hatchery (A Estrada, Spain).
Animals adapted to our laboratory conditions for at least
15 days before any experiment was performed. Then, fish
remained in 120 L tanks (10 kg of fish/m3) with filtered and
continuous water renovation (13.5 ± 1◦C). Food consisted
on a commercial (Dibaq Diproteg, Segovia, Spain) dry pellet
diet (1% body weight), and was provided at zeitgeber time
(ZT/CT) 2. Trout were kept in a 12:12 LD photoperiod,
with lights on at ZT0. Light intensity was 500 lux at the
water surface during photophase, and did not exceed 0.3
lux at scotophase. Experiments comply with European Union
Council Guidelines (2010/63/EU), and Spanish Government
(RD 53/2013) for the use of animals in research. Also, the
Animal Care Committee at the Vigo University approved all the
animal protocols, following the international ethical standards
(Portaluppi et al., 2010).

Sampling
Fish were deeply anesthetized with MS-222 (50 mg L−1) buffered
to pH 7.4 with sodium bicarbonate, and weighed. Animals were
sacrificed and sampled every 4 h during a 24-h light/dark cycle,
starting at ZT0 (lights on). Accordingly, samplings time points
were ZT0, ZT4, ZT8, ZT12, ZT16, ZT20, and ZT0′ on the
following day. Time needed for sacrifice and sampling procedures
was never longer than 15 min/time point. Once deeply
anesthetized, caudal puncture with ammonium heparinized
syringes was performed for individual blood collection. Fish were
sacrificed immediately after, and liver from each animal was
dissected and divided into two portions under sterile conditions.
Each portion was placed in sterile RNase-free 1.5 mL Eppendorf
tubes, and immediately frozen in liquid nitrogen, and stored at
−80◦C until assayed for metabolites content, enzyme activities,
and gene expression quantification. Blood was centrifuged to
obtain plasma samples that were immediately frozen on liquid
nitrogen and stored at −80◦C until assayed for cortisol, glucose
and lactate levels.
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Experimental Design
To evaluate the impact of stress on liver rhythmic physiology
in rainbow trout, two experimental groups of fish (N = 56)
were randomly distributed in seven tanks each, which were
initially acclimated to standard lighting conditions (L:D 12:12)
for at least 2 weeks. After that, one of the groups of fish
remained in the same condition (Control, C), while the second
one was submitted to high density stress (Stress, ST), by reducing
water level of the tanks up to reach a density of 70 kg of
fish/m3 (Conde-Sieira et al., 2014). Fish remained 72 h in these
experimental conditions, being fed at the same time as during the
acclimatization phase (ZT2). On the last day fish were captured
from each tank (control and stress groups) and sampled as
mentioned above.

Assessment of Cortisol Levels
and Liver Enzyme Activities
The Enzyme Immunoassay Kit (Cayman, Ann Arbor, MI,
United States) was purchased for plasma cortisol assessments,
following manufacturer’s specifications. A portion of liver
was assessed for enzyme activities. Then, homogenization by
ultrasonic disruption was performed for each, in 10 vol. ice-
cold buffer: 50 mmol L−1 Trizma (pH 7.6), 5 mmol L−1 EDTA,
2 mmol L−1 1,4-dithiothreitol, and a protease inhibitor cocktail
(Sigma P-2714). The homogenate was centrifuged (10 min at
10,000× g) and the supernatant collected for enzyme assays. The
INFINITE 200 PRO microplate reader (Tecan, Grödig, Austria)
was used for enzyme activities determination. The reaction
rate of each enzyme was determined by the increase/decrease
of NAD(P)H absorbance at 340 nm. Reactions initiated after
addition of homogenates (15 µL), at a pre-established protein
concentration, omitting the substrate in control wells. Then,
reactions did proceed at 20◦C for 3–10 min. Enzyme activities
were expressed as relative to mg of protein. Then, protein content
in each homogenate was assayed in triplicate following the
bicinchoninic acid method with BSA (Sigma, Saint Louis, MO,
United States) as standard. Enzymatic analyses were performed at
maximum rates, with the reaction mixtures set up in preliminary
tests to render optimal activities. GK, PEPCK, G6Pase, PK,
HOAD, and FAS activities were evaluated as described previously
(Polakof et al., 2007, 2008; Librán-Pérez et al., 2012).

Real-Time Quantitative RT-PCR (qPCR)
The TRIzol R©(Life Technologies, Grand Island, NY, United States)
method was used for total RNA extraction in individual rainbow
trout liver. The extract was mixed with RQ1-DNAse (Promega,
Madison, WI, United States). Then, 2 µg of RNA from each
sample was reverse transcribed into cDNA, for which M-MLV
reverse transcriptase (Promega) and Random Primers (Promega)
were used. To discard genomic contamination of the RNA extract
a negative control of each sample was assessed in the absence of
reverse transcriptase.

To perform the qPCR, MaximaTM SYBR Green qPCR Master
Mix (Thermo Scientific, Waltham, MA, United States) and the
Bio-Rad MyIQ Real Time PCR system (BIO-RAD, Hercules, CA,
United States) were used. All primers and probes (Table 1) were

designed according to existing sequences for rainbow trout genes,
and obtained from Sigma.

Relative quantification of each gene transcript was assessed
and β-actin expression was selected as housekeeping, since it does
homogeneously express through the 24-h cycle independently
of the experimental condition. Thermal cycling initiated with
3 min incubation at 95◦C; followed by 40 steps of PCR (heating
for 10 s at 95◦C for denaturing, and specific annealing for
30 s and extension at 50◦C for 30 s). After the last PCR cycle,
melting curves were monitored (50◦C temperature gradient
at 0.5◦C/s from 50 to 95◦C) to corroborate that only one
fragment was amplified. Relative mRNA expression level was
calculated using the standard comparative delta-Ct method.
Relative quantification of each gene transcript with the β-actin
reference gene transcript was evaluated according to the Pfaffl
method (Pfaffl, 2001). For each gene, samples from the same time
point were processed in parallel, and expression was assessed
in triplicate within the same microplate. Only efficiency values
ranging from 85% to 100% were accepted (R2 for each gene was
always higher than 0.985).

Statistical Analysis
To determine the existence of significant differences of gene
expression between time points within a given experimental
condition (C and ST) and gene, the one-way ANOVA analyses
were carried out, followed by the Student–Newman–Keuls test
for multiple comparisons. Also, the rhythm of expression for each
gene was analyzed by fitting periodic sinusoidal functions to the
gene expression levels across the sampling time points using the
formula f(t) = M + Acos(tπ/12 − ϕ). Thus, f(t) reflected gene
expression level at a given time point, the mesor (M) was the
mean value, A was the sinusoidal amplitude of the oscillation,
t was time in hours, and ϕ was time of the peak (acrophase).
Non-linear regression allowed to estimate M, A, and ϕ, and their
standard error (SE) (Delgado et al., 1993). For the sinusoidal
function, all parameters were expressed as the value ± standard
error (SE). The SE based on the residual sum of squares in the
least-squares fit. A rhythm of expression was consistent only
if either P < 0.05 from the ANOVA test, and SE(A)/A < 0.3
provided by the cosinor analysis, according to the principle of a
noise/signal ratio less than 0.3, with “signal” being the amplitude
and “noise” its error (Halberg and Reinberg, 1967).

RESULTS

Plasma Metabolite Levels
Cortisol, glucose, and lactate plasma contents are represented in
Figure 1. In Control, cortisol levels were highest at the early light
period (ZT4) and basal levels were observed during the light-
dark transition (ZT12), when started to rise slowly. Stress by
high stocking density enhanced cortisol levels, which resulted in
a significant raise of mean cortisol levels (58.53 ng/mL) relative
to that of Control (29.01 ng/mL), and altered rhythmic profile
of the hormone. Then stressed trout displayed peaking cortisol
levels during the night (ZT16) and basal levels at the very end of
the dark phase (ZT0′).

Frontiers in Physiology | www.frontiersin.org 5 May 2019 | Volume 10 | Article 611

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00611 May 18, 2019 Time: 16:51 # 6

Hernández-Pérez et al. Stress and Trout Circadian Physiology

TABLE 1 | Primers’ sequences, forward (F), and reverse (R) of different genes measured along the study, with the specific annealing temperature and reference for
each gene.

Gene Sequence Annealing Ta References

gk F: GCACGGCTGAGATGCTCTTTG 60 AF053331 (GenBank)

R: GCCTTGAACCCTTTGGTCCAG

pk F: CCATCGTCGCGGTAACAAGA 59 AF246146 (GenBank)

R: ACATAGGAAAGGCCAGGGGC

pepck F: GTTGGTGCTAAAGGGCACAC 59 AF246149 (GenBank)

R: CCCGTCTTCTGATAAGTCCAA

g6pasa F: CTCAGTGGCGACAGAAAGG 55 cay0019b.d.18_3.1.s.om.8.1-1693 (Sigenae)

R: TACACAGCAGCATCCAGAGC

GLUT2 F: GTGGAGAAGGAGGCGCAAGT 59 AF321816 (GenBank)

R: GCCACCGACACCATGGTAAA

fas F: GAGACCTAGTGGAGGCTGTC 59 tcab0001c.e.06 5.1.s.om.8 (Sigenae)

R: TCTTGTTGATGGTGAGCTGT

hoad F: GGACAAAGTGGCACCAGCAC 59 Tcad0001A.I.15_3.1.om (Sigenae)

R: GGGACGGGGTTGAAGAAGTG

GR1 F: AGAAGCCTGTTTTTGGCCTGTA 59 NM_001124730.1 (GenBank)

R: AGATGAGCTCGACATCCCTGAT

GR2 F: CATCGCAGACCAGTCTGAAC 55 AY495372.1 (GenBank)

R: AGCAGCAGCAGAACCTTCAT

clock1a F: CTCAAGACGAAAAACCAGTTAGAA 57 AF266745 (GenBank)

R: AGGCTCTTTGGGGTCGAT

bmal1 F: TGGACATTTCCTCCACGATG 55 GQ489026.1 (GenBank)

R: TCTTGTCCCTGCGTCTCTTC

per1 F: AAGTCGTAGAGGAAGACCCA 55 AF228695 (GenBank)

R: ATCTGTCTGCACATACCGCT

rev-erbβ F: AGCAGTGCCGCTTCAAGA 56 AF342943.1 (GenBank)

R: CGGCCAAACCTAACAGAGTC

sirt1 F: GCTACTTGGGGACTGTGACG 55 EZ774344.1 (GenBank)

R: CTCAAAGTCTCCGCCCAAC

b-actin F: GATGGGCCAGAAAGACAGCTA 55 NM_001124235.1 (GenBank)

R: TCGTCCCAGTTGGTGACGAT

Plasma glucose levels showed a daily oscillation in control
animals, with higher values at day-time (ZT4) and basal levels at
the night onset (ZT12). Stress caused an increase in the averaged
levels (6.86 mM), compared to Control (4.60 mM), but also the
daily oscillation to disappear.

Lactate levels displayed a similar daily oscillation that that
of glucose, with higher values being observed in samples
collected at ZT8, and basal levels during the late night period
(ZT20). Stress exposure resulted in the increase of averaged
lactate levels (2.14 mM) compared to that of control group
(1.77 mM), but also the daily oscillation changed, thus with the
highest levels occurring at the day–night transition (ZT12), i.e.,
with a 4-h delay.

Liver Metabolite Levels
Hepatic levels of glycogen, glucose and lactate in control and
stressed trout are represented in Figure 2. Glycogen content in
control fish daily oscillated, thus being higher during the day
onset (ZT0) and being low during the second half of the night
(ZT20). Averaged content was 156.4 ± 11.2 µmol/g tissue. Stress
exposure resulted in a 20% decrease of averaged glycogen content

up to 125.6 ± 7.6 µmol/g tissue, together with the loss of the
daily fluctuation.

No significant daily oscillation was observed for glucose and
lactate content in liver of control non-stressed trout. Averaged
contents were 32.9 ± 0.7 µmol/g tissue, and 2.3 ± 0.1 µmol/g
tissue, respectively. When trout were subjected to high stocking
density the averaged content of each metabolite significantly
decreased (glucose: 25.6 ± 0.3 µmol/g tissue; lactate: 0.8 ± 0.1
µmol/g tissue) relative to Control.

Carbohydrate Metabolism-Related
Parameters
The daily profile of enzyme activity and mRNA abundance
of carbohydrate metabolism enzymes, and glucose transporter
expression (GLUT2) in trout liver of Control and Stress groups
is shown in Figure 3. The cosinor analysis corroborated the
presence of significant rhythms for most of them. Accordingly,
GK activity in liver of control fish displayed a daily variation with
significantly higher values during the day (ZT4) and basal levels
at night (ZT20). Averaged activity along the 24-h cycle was of
2.71 mU/mg prot. Stress caused a drastic increase of averaged
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FIGURE 1 | Daily profile of plasma cortisol, glucose and lactate plasma levels
in control (dashed line) and stress (continuous line) rainbow trout. Each value
is the mean ± SEM (n = 8/group). ∗P < 0.05 relative to Control at the same
time point. Different letters indicate significant differences (P < 0.05) between
time points within the same experimental group. Gray band indicates the dark
phase of the daily cycle. The arrow indicates feeding time (ZT2).

activity, up to 25% (3.41 mU/mg prot) relative to that of Control.
Such increase was mainly due to the increase of the enzyme
activity observed in stressed trout at night, which also made
the daily fluctuation not to reach significance level. In addition,
a significant rhythm was observed for gk mRNA abundance in
control fish, with peaking levels during the first half of the day
(ZT4). Stress caused a 4-h shift of peaking levels, which advanced
to the light onset (ZT0), but also a nearly 45% increase of averaged
expression (38.6 ± 11.6 relative fold change units) compared to
control group (26.8± 8.2 relative units).

A significant daily rhythm of PK activity was noted in
non-stressed fish, with the highest values being observed
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FIGURE 2 | Daily profile of glycogen, glucose and lactate liver levels in control
(dashed line) and stressed (continuous line) rainbow trout. Each value is the
mean ± SEM (n = 8/group). ∗P < 0.05 relative to Control at the same time
point. Different letters indicate significant differences (P < 0.05) between time
points within the same experimental group. Gray band indicates the dark
phase of the daily cycle. The arrow indicates feeding time (ZT2).

during the second half of the day (ZT8), thus progressively
decreasing to reach basal levels at the night–day transition
(ZT0′). The magnitude of the oscillation was attenuated in
stressed trout, which resulted in a slight decrease of mean activity
levels (845.6 ± 24.1 mU/mg prot) relative to that of Control
(913.1 ± 48.6 mU/mg prot). In the same way than the activity,
pk rhythmically expressed in Control, with peaking values at the
early night (ZT12) and basal levels during the end of the night.
Stress by high stocking density affected such rhythm in such a way
that it was almost blunted and averaged expression was inhibited
(2.1 ± 0.1 relative fold change units) to almost half of that of
Control (3.7± 0.5 relative units).
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PEPCK enzyme activity rhythmic in control group, with
peaking levels occurring at ZT8, and basal levels being observed
around the day onset (ZT0). Averaged activity levels were
376.2 ± 20.1 mU/mg prot. This rhythm disappeared in trout
subjected to high stocking density, and a decrease of averaged
enzyme activity was also noted (331.1 ± 2.4 mU/mg prot),
relative to that of non-stressed fish. On the other hand, pepck
displayed rhythmic expression in liver of control group, with
peaking values during the day onset (ZT0) and basal levels
at the first half of the night (ZT16). Stress exposure resulted
in a dramatic alteration of this profile in such a way that
averaged expression abruptly increased (11.1 ± 0.6 relative
fold change units) relative to that of Control (2.5 ± 0.4
relative units), but also peaking values shifted to ZT16, thus
with an 8-h advance.

G6Pase enzyme activity showed a slight daily variation in liver
of control fish, with higher levels during the first half of the day
(ZT4). Averaged levels were 1.7 ± 0.1 mU/mg protein. Stress
exposure enhanced the enzyme activity thus making averaged
levels to be higher (7.8 ± 0.2 mU/mg protein) than those of
control group. However, the profile of the rhythm was not
affected in stressed fish, in which peaking levels of G6Pase activity
occurred during the day onset. The mRNA expression did also
display a rhythmic profile in control fish, with peaking values
during the early night period (ZT12) and basal levels at the late
night (ZT20). Averaged expression levels were 1.8 ± 0.1 relative
fold change units. Stress exposure enhanced g6pase expression
in such a way that averaged levels raised to 4.1 ± 0.3 relative
units, but also the phase of the rhythm was affected (ZT20) thus
displaying an 8-h delay relative to that of Control.

Expression of glut2 in non-stressed fish was rhythmic and
peaking levels were found at day-time (ZT8). Averaged levels
of mRNA abundance in this group were 2.1 ± 0.2 relative fold
change units. Stress altered such profile by enhancing mRNA
mean expression up to 11.4± 0.6 relative units, but also by phase-
shifting the rhythm in such a way that it was in antiphase (peaking
levels at ZT20) compared to control group.

Lipid Metabolism-Related Enzymes
Figure 4 shows daily variations of FAS and HOAD enzyme
activities and mRNA abundance in liver of animals subjected or
not to stress by high stocking density. FAS activity displayed a
significant increase during the first half of the day (ZT4) and
basal levels at night (ZT16), but the daily variation did not
reach significance level. Averaged activity levels were 1.04 ± 0.13
mU/mg protein. Stress exposure blunted the daily variation,
which resulted in a decrease of averaged enzyme activity to
0.37 ± 0.03 mU/mg prot, relative to control group. Control fish
showed a significant rhythm of fas mRNA abundance. Peaking
levels were noted in samples collected at the day onset (ZT0) and
a minimum during the day–night transition. Averaged expression
in this group was 6.5 ± 1.3 relative fold change units. Stress
exposure enhanced fas expression, thus with averaged levels
(14.6 ± 1.5 relative units) duplicating those of Control. The
profile of the rhythm was also affected in such a way that two
increases of fas abundance were observed, at ZT0, and during the
night (ZT16), when basal were expected, as in Control.

HOAD enzyme activity did not show any daily variation at
any experimental condition. However, stress inhibited HOAD
activity, thus with averaged levels (136.7 ± 3.1 mU/mg prot)
being lower than those of control group (482.7 ± 16.1 mU/mg
prot). The daily rhythm of hoad mRNA abundance reached
significance level in both experimental groups, in which peaking
levels occurred during the second half of the dark period (ZT20)
and basal levels at the night onset (ZT12). No differences were
found between groups.

Clock Genes Expression
The rhythm of clock genes mRNA abundance in liver of
rainbow trout and the effect of stress on such rhythms is
represented on Figure 5. In control fish, the rhythm of clock1a
was significant, and peaking values were observed during the
day–night transition (ZT12), whereas basal values occurred at
the day onset (ZT0). Averaged mRNA levels were 2.5 ± 0.2
relative fold change units. Stress inhibited gene expression but
did not affect the profile of the rhythm, thus displaying peaking
values (ZT12) in phase with that of Control. However, averaged
expression decreased in stressed fish (1.5 ± 0.1 relative units)
reaching a 60% of that of control group.

Similarly to that of clock1a, assessment of bmal1 mRNA
abundance revealed the existence of a significant rhythm with
peaking values occurring at ZT12, and basal levels being observed
at day-time (ZT4). Averaged expression in this group was
2.3 ± 0.2 relative fold change units. This profile was not affected
when trout were subjected to stress. Then, peaking values were
observed in samples collected at ZT12, as in control group.
However, the inhibitory effect of stress in bmal1 expression was
noted and averaged mRNA levels decreased (1.7 ± 0.1 relative
units) respect that of Control.

The daily profile of per1 mRNA abundance in liver of control
trout reached significance level, with peaking values occurring
at day-time (ZT4) and basal levels during the end of the night
(ZT20). Averaged mRNA levels were 1.6 ± 0.1 relative fold
change units. Stress exposure affected such profile in a way that
a shift of peaking levels was noted. Then, the time of the peak was
observed during the second half of the night (ZT20), i.e., with an
8-h advance relative to that of Control. Averaged mRNA levels
slightly increased in stressed fish, up to 1.9± 0.2 relative units.

By other hand, assessment of rev-erbβ mRNA abundance
revealed the existence of a significant daily rhythm in liver of
control fish. Peaking levels were found at the end of the night
(ZT20), and basal levels at the end of the day (ZT12). Averaged
mRNA levels were 1.8 ± 0.1 relative fold change units in this
group. Stress enhanced rev-erbβ expression in such a way that
averaged mRNA levels in stressed trout were near 33% higher
(2.4 ± 0.1 relative units) than those of Control. No variation was
observed for the profile of rev-erbβ expression in stressed fish,
thus with peaking mRNA levels occurring at ZT20, and basal
levels at ZT12, as in control group.

Expression of sirt1, GR1, and GR2
To identify the role played by sirtuin1 as possible mediator of the
effect of stress on liver rhythmic physiology and its interaction
with cortisol as a well-known mediator of such effect, the daily
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profile of mRNA abundance of sirt1 and glucocorticoid receptors
(gr1 and gr2) was also evaluated in trout subjected or not to
stress (Figure 6). Control group exhibited a significant rhythm
of sirt1 in liver, with the peak being observed at ZT4 and a
minimum during the night onset (ZT12). The Averaged mRNA
abundance was 1.9 ± 0.3 relative fold change units. This profile
was not affected by stress exposure, but enhances expression
was noted, thus averaged levels raised to 3.3 ± 0.2 relative units
in stressed trout.

Both GRs (GR1 and GR2) did exhibit a significant rhythm
of mRNA abundance with high nocturnal levels and basal
levels occurring at day-time independently of the experimental
condition. Averaged mRNA levels for control group were
2.2 ± 0.3 relative fold change units for gr1, and 2.5 ± 0.3
relative units for gr2. Stress exposure resulted in the increase gene
expression for both gr1 and gr2. Then, averaged levels of mRNA
abundance were 6.9 ± 0.4 relative units for gr1, and 5.1 ± 0.4
relative units for gr2, thus triplicating (gr1) and duplicating (gr2)
that of Control.

DISCUSSION

Stress triggers in the body a series of responses in order to
obtain the energy needed to deal with an adverse situation.
Liver is an important source of that energy. When exposed to
a stressful situation, a cascade of hormonal signaling occurs

in which cortisol participates in the maintenance of the
physiological response.

Our results show daily rhythm of cortisol in non-stressed
fish, with peaking levels being observed at the same temporal
window than feeding time. Exposure to high stocking density
results in enhanced cortisol averaged levels and a significant
disturbance of its daily rhythm, with peaking levels occurring at
night (ZT16). These results agree with that previously reported
for the same species (Gesto et al., 2013), in which cortisol
levels increased shortly after animals were subjected to stress
and remained elevated for several days. The daily rhythms of
plasma cortisol levels have been also described in humans and
rodents, and display a robust oscillation with the peak occurring
shortly before the active phase initiates, morning in humans
and early evening in nocturnal rodents (see rev. Koch et al.,
2017). In addition, disruption of the circadian clock machinery
(responsible of the daily rhythm of the hormone) associates
with altered glucocorticoid concentration and daily profile, but
also metabolic impairments and depression (Turek et al., 2005;
Albrecht, 2010; Mukherjee et al., 2010; Barclay et al., 2012;
Leliavski et al., 2014).

Complementarily, plasma glucose and lactate levels displayed
a daily oscillation in control fish. Stress exposure resulted in
enhanced glucose and lactate levels and altered oscillation. Such
results might be expected, since stress response results in the
activation of those mechanisms involved in providing nutrients
all over the time a stressor is present. On the contrary, a daily
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oscillation was also found for glycogen, glucose, and lactate
content in liver of non-stressed fish. Stress exposure resulted in a
decrease of them all, leading for the oscillation to even disappear
(lactate). Such results are indicative of hepatic metabolism to
change in order to mobilize resources in order for the animal to
cope with, and overcome the adverse situation.

Changes in Parameters Related to
Carbohydrate and Lipid Metabolism
Daily rhythms of enzyme activity and mRNA abundance
are observed in most of the carbohydrate metabolism-related
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parameters within the liver of non-stressed trout. These rhythms
are reported to be under circadian control in trout liver
(Hernández-Pérez et al., 2015, 2017). Stress affects the daily
oscillation of enzyme activities in a way that the amplitude
of most of them decreases (GK, PK) and even disappears
(PEPCK). In addition, the daily rhythm of mRNA abundance
for carbohydrate metabolism-related parameters is also affected,
thus increasing averaged levels (gk, pepck, g6pase, and glut2),
but also displaying a phase-shifting. All these changes are
consistent with increased glycogenolytic capacity (enhanced
G6Pase enzyme activity and mRNA abundance) and enabled
glucose transport (increased GLUT2 abundance) that occur
during stress exposure, as previously reported for by us trout
subjected to acute stress (López-Patiño et al., 2014b). These
results are in contrast to those reported for gilthead seabream
subjected to changes in water salinity, in which a decrease in
glycogenolytic capacity during chronic stress (Laiz-Carrión et al.,
2003). Such discrepancy may be indicative of a species- and
stress nature-specific dependence of liver physiological response
to stress in fish.

Stress can induce the increased cortisol-mediated glyconeo-
genic capacity (Mommsen et al., 1999; Gilmour et al., 2012). In
support of that, our results reveal a significant increase of mRNA
abundance for the key enzyme in glucose synthesis, pepck, but not
in the enzyme activity. However, the daily profile of both, enzyme
activity and mRNA abundance, is altered in liver of stressed trout
relative to that observed in control fish. Then, during the response
to stress, regulatory mechanisms may exist at both transcriptional
and post-transcriptional levels during stress exposure. Similar
results are described for cultured trout hepatocytes (Sathiyaa
and Vijayan, 2003), but also for animals subjected to different
stressors (Aluru and Vijayan, 2009).

On the other hand, increased hepatic glucose production
under stress conditions makes this carbohydrate available for
use in glycolytic processes. Then, during stress exposure, one
might expect a decrease of liver glycolytic capacity, as herein
reported with decreased PK activity and mRNA abundance,
together with altered daily oscillation of both. Such results agree
with that previously reported for trout subjected to 60-min
manipulation (Wiseman et al., 2007), or gilthead sea bream
exposed to a drop of temperature (Kyprianou et al., 2010), and
brook trout (Salvelinus fontinalis) stressed by density (Vijayan
and Leatherland, 1990). All these changes occur in order to
ensure glucose supply to other tissues during prolonged stress.
Then, liver is important during the response to stress, since
this organ mobilizes and releases glucose reserves into the
bloodstream according to that needed.

With respect to lipids metabolism within the liver of rainbow
trout, daily variations of mRNA abundance are observed for fas
and hoad, but the respective enzyme activities do not display
such oscillation. This is in agreement with our previous data
describing daily rhythms of lipid metabolism-related parameter
in liver of the same species (Hernández-Pérez et al., 2015,
2017), thus with the control exerted by a circadian oscillator.
Stress exposure results in altered enzyme activities, but also
in a change of the rhythm of fas abundance. Studies carried
out in other teleost species describe that acute stress leads to

increased plasma fatty acids levels in Atlantic salmon (Waring
et al., 1992) and carp (Ruane et al., 2001). Such results
together with that herein reported point to a decrease of liver
lipogenic activity during stress exposure. In addition, decreased
HOAD activity is indicative of increased fatty acid release
from the liver into the blood. Then, when trout is subjected
to stress, the liver displays changes in enzyme activities and
mRNA abundance that even affect to their daily oscillation.
These changes occur in order for this organ to provide energy
resources that allow the whole organism to cope with the
adverse situation.

Hepatic Circadian System
Being able to anticipate daily changes in the environment
is an evolutionary advantage for most species on earth.
Then, organisms from plants to mammals have developed
endogenous circadian oscillators that make possible for them
to estimate the time of day. The alteration of the activity
of such endogenous clocks results in an adverse situation
for the animal, since rhythmic behavioral and physiological
functions may decouple. Stress exposure is reported to negatively
affect the activity of the circadian system (Takahashi et al.,
2013). Glucocorticoids, as stress response mediators, play a
main role in such effect in mammals, at least in peripheral
locations hosting circadian oscillators such as heart, kidney
or liver (Balsalobre et al., 2000). Our results in fish not
only point to cortisol as mediator of the effect of stress
on the circadian system at peripheral locations (herein
reported), but also at the hypothalamus, where the central
circadian oscillator is located (Naderi et al., 2018). In the
same way, glucocorticoids administration in goldfish results
in altered rhythmic functions (López-Patiño et al., 2014a;
Sánchez-Bretaño et al., 2015).

With respect to our herein reported results, daily rhythms
of clock genes exist in liver of rainbow trout. Those rhythms
perfectly fit with those previously reported by us in the same
tissue, for which the presence of a circadian oscillator was
evidenced (Hernández-Pérez et al., 2017). Stressing trout by high
stocking density results in decreased amplitude of clock1a and
bmal1 rhythms and averaged mRNA levels. However the phase
of the rhythm remained similar to that of non-stressed animals.
On the contrary, per1 expression displayed both a phase-shift
and a slight increase of averaged mRNA levels in stressed trout.
These results agree with that previously reported for liver of
mammals subjected to moderate stress, where bmal and per
expression is altered (Takahashi et al., 2013). These coincidences
are indicative of the circadian system to be influenced by
stress, with the underlying mechanisms being apparently well
conserved in vertebrates.

By other hand, rev-erbβ displays significant rhythms of
mRNA abundance in liver of rainbow trout, which is indicative
of a regulatory role played by this nuclear receptor in
fish liver circadian physiology. In this way, studies carried
out in mammals indicate the modulatory action of rev-erbα
in modulating different aspects of liver metabolism (Duez
and Staels, 2009), but also the inhibitory effect exerted
by the nuclear receptor on bmal1 expression (Guillaumond
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et al., 2005). Thus, when rev-erb expression increases, one
may expect decreased bmal1 mRNA abundance. This is
exactly what we found in liver of trout stressed by high
stocking density, where enhanced rev-erbβ expression was
noted all over the day, thus resulting in a significant increase
of averaged mRNA levels, relative to non-stressed animals.
However, stress did not affect the phase of such rhythm.
Then, in a stressful situation, altered hepatic energy status
leads for rev-erbβ abundance to increase, thus inhibiting
bmal1 expression with the subsequent desynchronization of the
hepatic oscillator. Such results confirm the role played by this
nuclear receptor during the response of liver circadian system
to stress in fish.

Cortisol appears to also mediate effects of stress on the
circadian system, since the glucocorticoid enhances per1a and
per1b, and inhibits clock and bmal1 in liver of goldfish (Sánchez-
Bretaño et al., 2016). Then, we did evaluate the rhythmic
expression profile of the general glucocorticoid receptors (GR1
and GR2) and how can stress affect such profile, as long as the
activation of these receptors results in altered profile of clock
genes expression in mammals (see rev. Koch et al., 2017). Our
results reveal significant rhythms of gr1 and gr2 abundance,
which is indicative of the circadian system to control them in
fish, as reported for mammals, in which the sensitivity of GRs is
also under circadian regulation (Lamia et al., 2011). On the other
side, the activation of GRs modulates the transcription of certain
genes (Pratt, 1993; Jewell et al., 1995), with clock genes among
them. Then, the inter-relationship between circadian system
and glucocorticoids is plausible in fish. Stress by high stocking
density not only enhances plasma cortisol levels (peaking at
night), but also results in increased mRNA levels of gr1 and
gr2, with the peaks occurring at the same time (ZT16) than
that of the glucocorticoid. Such enhanced expression may be
responsible of the decrease of averaged clock1a and bmal1
expression herein reported. At the same time, per1 expression
increases in stressed trout, and a phase-shift is also observed.
Overall, a desynchronization of liver circadian physiology occur
in stressed trout.

By other hand, our previous results reveal that cortisol
may not be the only mediator of the effect of stress on trout
circadian physiology, since treatments with the general GRs
antagonist does not totally prevent such effect of stress on
hypothalamic clock genes (Naderi et al., 2018). Accordingly, we
evaluated the expression of sirtuin1, which may be considered
as a link between circadian clocks and sensing of cell energy
status (see rev. Delgado et al., 2017). Sirtuin1 relates to the
circadian system through two main mechanisms, the first one
consists on the dependence on the NAD+ as cofactor, which
has a rhythmic biosynthesis, thus driving the rhythm of sirtuin1
activity (Nakahata et al., 2009; Ramsey et al., 2009). In addition,
SIRT1 modulates the cell circadian system at central level, thus
influencing the daily rhythms of bmal1, per2 and cry1 (Asher
et al., 2010), and in peripheral tissues, such as liver (Nogueiras
et al., 2012). Our results in rainbow trout agree with that above
mentioned, since a daily rhythm of sirt1 mRNA abundance is
observed in trout liver of non-stressed trout, thus pointing at the
interaction between sirtuin1 and circadian system to also exist in

fish. By other hand, no change of the daily profile but an increase
of averaged sirt1 mRNA levels was observed in liver of stressed
trout. We previously reported similar results for hypothalamus
of trout exposed to identical stressing conditions (Naderi et al.,
2018). In addition, our preliminary results also confirm the key
role of sirt1 during the response to stress of the circadian system,
since the sirt1 inhibitor (EX527) prevents the expected variation
of clock genes and sirt1 expression when trout are subjected to
identical stressing conditions (unpublished). However, we cannot
discard the interaction between sirt1 and other mediators such as
cortisol during the response to stress in rainbow trout. Further
research is needed to evaluate these interactions.

In summary, our data confirm in fish that stress triggers
a series of responses in the body in order to obtain energy
that bring the animal the chance to deal with such adverse
situation. Since liver plays an important role as source of
that energy, stress also influence the physiology of this organ.
Different mediators are involved in the response of liver circadian
physiology to stress specially that of carbohydrate and lipid
metabolism-related parameters and the circadian oscillator that
locates in this organ. Among them, we confirm in fish a role
for nuclear receptors (rev-erbβ), cortisol, and sirt1 as mediators.
However, to evaluate the independent effect of each mediator or
the existence and nature of any interaction among them deserve
further research.
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