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A B S T R A C T

The zebrafish (Danio rerio) is used as an emergent model organism to investigate the behavioral and physiolo-
gical responses to stress. The anxiolytic-like effects of taurine in zebrafish support the existence of different
mechanisms of action, which can play a role in preventing stress-related disorders (i.e., modulation of GABAA,
strychnine-sensitive glycine, and NMDA receptors, as well as antioxidant properties). Herein, we investigate
whether taurine modulates some behavioral and biochemical responses in zebrafish acutely submitted to che-
mical and mechanical stressors. We pretreated zebrafish for 1 h in beakers at 42, 150, and 400mg/L taurine. Fish
were later acutely exposed to a chemical stressor (conspecific alarm substance) or to a mechanical stressor (net
chasing), which elicits escaping responses and aversive behaviors. Locomotion, exploration, and defensive-like
behaviors were measured using the novel tank and the light–dark tests. Biochemical (brain oxidative stress-
related parameters) and whole-body cortisol levels were also quantified. We showed that taurine prevents an-
xiety/fear-like behaviors and protein carbonylation and dampens the cortisol response following acute stress in
zebrafish. In summary, our results demonstrate a protective role of taurine against stress-induced behavioral and
biochemical changes, thereby reinforcing the growing utility of zebrafish models to investigate the neuropro-
tective actions of taurine in vertebrates.

1. Introduction

The zebrafish (Danio rerio) is widely used as a model organism to
investigate behavioral and neurochemical aspects of stress-related
neuropsychiatric disorders (Brennan, 2011; Fontana et al., 2019;
Kalueff et al., 2014; Mezzomo et al., 2018; Norton and Bally-Cuif, 2010;
Norton, 2013). This species shows a high degree of genetic and phy-
siological conservation, with various brain structures having homo-
logous functions when compared with the mammalian counterparts
(Randlett et al., 2015; Ullmann et al., 2010). The lateral pallium of the
telencephalon is responsible for memory processing, while the dorsal
habenula controls anxiety/fear responses (Mathuru and Jesuthasan,
2013). These brain structures are analogous to the hippocampus and
amygdala, respectively (Agetsuma et al., 2010; Perathoner et al., 2016).
Moreover, the zebrafish expresses all major neurotransmitter systems

(e.g., dopaminergic, serotonergic, cholinergic, and noradrenergic) de-
scribed in mammals (Agostini et al., 2018; Kastenhuber et al., 2010;
Lillesaar et al., 2007; Schweitzer and Driever, 2009). Zebrafish displays
complex cognitive processing and decision-making strategies, showing
high sensitivity to pharmacological agents that modulate behavioral
functions (Oliveira, 2013; Parker et al., 2012; Sison et al., 2006). This
species shows robust aversive responses (e.g., anxiety/fear-like beha-
viors), when exposed to stressors, which are pharmacologically sensi-
tive to antistress agents (Gerlai, 2010; Maximino et al., 2010;
Steenbergen et al., 2011). When studying anxiety/fear responses re-
sulting from abnormal stress-related physiology, stress hormone levels
and oxidative stress-related parameters can serve as valuable tools to
parallel with behavioral observations (Alsop and Vijayan, 2009;
Holsboer, 2000; Moreno-Peral et al., 2014; Newport and Nemeroff,
2000; Walker et al., 2013).
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The hypothalamic–pituitary–interrenal (HPI) axis coordinates the
stress responses in zebrafish, which involves a cascade of hormones,
starting from corticotropin-releasing factor (CRF) to adrenocortico-
tropic hormone (ACTH) and cortisol, released from the interrenal cells
(adrenal gland homolog) (Fuzzen et al., 2010; Ghisleni et al., 2012;
Tran et al., 2014). Cortisol binds to the glucocorticoid receptor that
regulates the transcription of target genes related to glucose metabo-
lism, immune function, and behavior (Bury and Sturm, 2007; Vijayan
et al., 2016). Numerous reports show the growing utility of zebrafish
models for assessing behavioral, neurochemical, physiological, and
epigenetic effects of stress (Barcellos et al., 2016; Barcellos et al., 2011;
Koakoski et al., 2014; Nesan and Vijayan, 2016). Stress-related genes
are expressed early in life, such as crf, proopiomelanocortin (pomc),
melanocortin 2 receptor (mc2r), and steroidogenic acute regulatory
protein (star) (Oltrabella et al., 2015), while stressor-induced cortisol
responses occur after 97 hpf (Alsop and Vijayan, 2009). Thus, the
zebrafish represents a useful animal model to investigate the molecular
bases underlying human stress physiology (Alderman and Vijayan,
2012; Alsop and Vijayan, 2009; Baiamonte et al., 2015).

Stress represents a response to a stressful condition, such as a threat,
challenge, or physical and psychological barrier (Selye, 1976; Ulrich-
Lai et al., 2016), while fear and anxiety are primitive emotions to en-
sure safety when animals respond to challenge (Sylvers et al., 2011). In
the clinical literature, fear is a cognitive response to an imminent
threat, whereas anxiety is an emotional response to fear (Lang et al.,
2000). Thus, failure to extinguish fear responses is a key contributing
factor in anxiety- and stress-related disorders (Perathoner et al., 2016;
Radulovic et al., 2018). The constructs of fear and anxiety are deli-
neated more clearly in the neuroscience literature. While anxiety is
triggered by potentially threatening situations, fear usually occurs in
the presence of a real threat. Some stressors usually trigger higher levels
of anxiety/fear-like behaviors in zebrafish. For example, both acute
conspecific alarm substance (CAS) exposure and net chasing elicit es-
caping responses and aversive behaviors (Abreu et al., 2014; Barcellos
et al., 2011; Cachat et al., 2010; Egan et al., 2009; Mathuru et al., 2012;
Mocelin et al., 2015). CAS increases c-fos expression in habenula and
causes prolonged defensive behaviors, hence characterizing a persistent
fear-like response (Maximino et al., 2018; Ogawa et al., 2014; Ogawa
et al., 2012). Conversely, net chasing robustly increases cortisol levels,
which reflect a high-stress condition (Abreu et al., 2014; Barcellos et al.,
2011; Mocelin et al., 2015). Because chemical and mechanical stressors
are different in nature, pharmacological interventions aiming to pre-
vent specific stress-induced phenotypes are important.

Taurine (2-aminoethanesulfonic acid) plays a pleiotropic role by
modulating osmoregulation (Schaffer et al., 2010), membrane stability
(Lambert et al., 2015), intracellular calcium metabolism (Foos and Wu,
2002), and neuronal activity (Wu and Prentice, 2010). Importantly,
taurine prevents oxidative stress (Lerdweeraphon et al., 2013) and in-
flammation (Marcinkiewicz and Kontny, 2014) and hence acts as an
endogenous neuroprotector (Menzie et al., 2014) by positively mod-
ulating GABAA and strychnine-sensitive glycine receptors and in-
hibiting NMDA receptor activation (Chan et al., 2014; Poleszak et al.,
2011; Zhang and Kim, 2007). Because neuroprotective effects of taurine
in zebrafish support the existence of different mechanisms of action
(Fontana et al., 2016; Fontana et al., 2019; Mezzomo et al., 2016;
Rosemberg et al., 2012; Rosemberg et al., 2010), herein, we in-
vestigated whether taurine prevents fear/anxiety-like behavioral, neu-
rochemical, and physiological responses in zebrafish submitted to dif-
ferent stressors.

2. Materials and methods

2.1. Animals

Subjects were adult short fin zebrafish (D. rerio) (4–6months old,
~50:50 male-to-female ratio, weighing 0.25–0.4 g) obtained from a

local distributor (Hobby Aquários, Santa Maria, RS). Fish were accli-
mated in the laboratory for 15 days in 50 L tanks with a maximum
density of 2 animals/L; the tanks contained nonchlorinated water kept
under constant aeration and mechanical and chemical filtration at
25 ± 2 °C, pH=7.1. The water conditions were monitored using
commercial kits for determining pH, nitrite, and ammonia (Alcon
Basic®, Alcon, Brazil). Fluorescent lamp tubes were used to provide il-
lumination by adjusting to a 14/10 h light/dark photoperiod cycle
(lights on at 7:00). Fish were fed twice daily with commercial flake food
(Alcon Basic®, Alcon, Brazil) and maintained in accordance with the
National Institutes of Health Guide for Care and Use of Laboratory
Animals. All experimental procedures were approved by the Ethics
Committee on Animal Use of the Federal University of Santa Maria
(protocol number 106/2014). Moreover, this research was registered in
the SisGen (Sistema Nacional de Gestão do Patrimônio Genético e do
Conhecimento Tradicional Associado) and complied with their guide-
lines (registration code A14E252).

2.2. Experimental design

Our study strategy was to compare behavioral and biochemical
stress-related responses in zebrafish in the absence or presence of
taurine. The experimental design consisted of exposing fish to water
(control group) or taurine (taurine groups) before the induction of acute
stress in another tank. Behavioral activities were further analyzed using
the novel tank test or the light–dark test. Whole-body cortisol levels and
biochemical assays were measured following the behavioral tests.

2.2.1. Taurine pretreatment
To evaluate the effects of taurine (Sigma, St. Louis, MO, USA) on

acute stress, we exposed zebrafish individually for 1 h in 500mL bea-
kers at different taurine concentrations (42, 150, and 400mg/L). Both
exposure period and taurine concentrations were chosen on the basis of
those reported in previous studies, which showed positive effects in
zebrafish (Fontana et al., 2016; Fontana et al., 2019; Mezzomo et al.,
2016; Rosemberg et al., 2012). The water (control) group was kept in
nonchlorinated water for the same period. After transferring the fish
individually to the behavioral apparatus, the videos were recorded for
6min and later analyzed using ANY-Maze™ software (Stoelting Co.,
USA). All behavioral tests were performed between 09:00 and
11:00 AM. Brains were dissected immediately after the behavioral tasks
for biochemical assays, and fish submitted to whole-body cortisol ex-
traction were euthanized after 15min. To ensure data reliability, two
independent batches were tested (n=5–7 per group in each batch).

2.2.2. Acute stress induction
After water or taurine exposure, the induction of stress was per-

formed in another tank using two stressors of different natures.
Subsequently, the behavior was analyzed in the novel tank test or in the
light–dark test. One cohort of animals was submitted to a mechanical
stressor (chasing fish with a net), while another cohort was exposed to a
chemical stressor (acute CAS exposure). Mechanical stress was induced
by chasing the fish with a net for 2min as described elsewhere (Abreu
et al., 2014; Barcellos et al., 2011; Mocelin et al., 2015). The same
trained experimenter executed the net chasing stress protocol (circular
clockwise movements with the net, at a regular speed of approximately
40 turns per minute). The protocol of chemical stress induction was
performed as described previously (Canzian et al., 2017; Egan et al.,
2009; Quadros et al., 2016; Speedie and Gerlai, 2008). CAS was ex-
tracted from phenotypically similar donor fish previously euthanized.
Briefly, epidermal cells were damaged with 10–15 shallow slices on
both sides of the donor fish body with a razor blade. All procedures
were performed on ice and carefully controlled to avoid drawing blood,
which would contaminate the solution. Afterward, 10mL of distilled
water was added into a Petri dish and gently shaken to fully cover the
fish body. Animals were exposed individually to 3.5mL/L CAS
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preparation in 500mL tanks for 5min. Control groups were handled in
a similar manner as that of the test groups, except that only distilled
water was added to the tank.

2.3. Behavioral tests

2.3.1. Novel tank diving test
The apparatus was a glass aquarium (20 cm length × 20 cm height

× 20 cm width) filled with 1.5 L of home tank water. The apparatus
was divided into two equal horizontal areas (bottom and top), and all
experimental conditions were similar to those described previously
(Egan et al., 2009; Rosemberg et al., 2012; Rosemberg et al., 2011). The
following endpoints were measured: time spent in the top area, tran-
sitions to the top area, and the number and duration of erratic move-
ments. Erratic movements consist of fast and successive swimming
bouts with abrupt changes in direction (Kalueff et al., 2013). Because
automated video tracking systems do not precisely quantify some be-
haviors with the accuracy of human interpretation, erratic movements
were manually computed by two observers blinded to the experimental
condition (inter-rater reliability> 0.85).

2.3.2. Light–dark test
The light–dark test was performed according to the protocol de-

scribed previously (Maximino et al., 2010). A rectangular glass tank
(25 cm length × 10 cm width × 30 cm height) was divided into two
equally sized partitions using a black and white self-adhesive film ex-
ternally covering the walls, floor, and the corresponding sides of the
tank. The apparatus was filled with 2.5 L of home tank water, and after
the treatments, fish were removed from the beakers and gently placed
in the test apparatus. All behaviors were recorded in a single 6min
session, and the following endpoints were quantified: time spent in the
lit area, shuttling, transitions to the lit area, and number of risk as-
sessment episodes. Risk assessment was defined as a fast (> 1 s) entry
into the white compartment followed by re-entry into the black com-
partment, or as a partial entry in the lit area (Kalueff et al., 2013;
Maximino et al., 2011). Risk assessment was measured manually by two
trained observers blinded to the experimental condition (inter-rater
reliability> 0.85).

2.4. Biochemical analyses

After behavioral tests, fish were euthanized, and the brains were
immediately dissected on ice, transferred to microtubes, and stored at
−80 °C. Three brains were pooled per sample and homogenized in
570 μL of 50mM Tris-HCl buffer, pH 7.4. Samples were further cen-
trifuged (3000 rpm for 10min, −4 °C), and the supernatants were used
for subsequent assays.

2.5. Oxidative stress-related parameters

Lipid peroxidation was estimated by thiobarbituric acid reactive
substance (TBARS) production as described elsewhere (Draper and
Hadley, 1990; Rosemberg et al., 2010). Samples (80 μg protein) were
mixed with 10% TCA and further centrifuged at 10,000×g for 10min.
Supernatants were further mixed with 0.67% thiobarbituric acid and
boiled for 30min. TBARS levels were determined at 532 nm using
malondialdehyde (MDA) as standard. Results were expressed as nmol
MDA/mg protein. Carbonylated protein (CP) levels were quantified by
protein precipitation in the presence of trichloroacetic acid and dini-
trophenylhydrazine (DNPH) (Fontana et al., 2019; Yan et al., 1995).
Protein samples (200 μL) were mixed with 10mM DNPH and incubated
for 1 h in the dark. Later, 0.15mL of denaturing buffer (150mM sodium
phosphate buffer, pH 6.8, containing SDS 3.0%), 0.5mL of heptane
(99.5%), and 0.5mL of ethanol (99.8%) were added sequentially, kept
in continuous agitation for 40 s, and centrifuged for 15min at 1000×g.
The isolated protein was then washed twice by resuspension in ethanol/

ethyl acetate (1:1) and suspended in 0.25mL of denaturing buffer. CP
content was measured spectrophotometrically at 370 nm in a micro-
plate reader and expressed as nanomole carbonyl/milligram protein
and calculated using the molar extinction coefficient (22.000M/cm).

2.6. Determination of antioxidant enzymes

Superoxide dismutase (SOD) activity was assessed by measuring the
adrenaline oxidation rate at 480 nm as described previously (Misra and
Fridovich, 1972). The incubation medium contained glycine–NaOH
buffer (50mM, pH 10), adrenaline (1mM), and homogenate (20–30 μg
of protein). SOD activity was quantified in a microplate reader and
expressed as unit SOD/milligram protein (Rosemberg et al., 2010).
Catalase (CAT) activity was assessed by measuring the decrease in
hydrogen peroxide absorbance at 240 nm by ultraviolet spectro-
photometry (Aebi, 1984). The assay mixture had 1mL potassium
phosphate buffer (50mM, pH 7.0), 0.05mL H2O2 (0.3M), and 0.01mL
homogenate (20–30 μg of protein). Results were expressed as U/milli-
gram of protein (Rosemberg et al., 2010).

2.7. Protein quantification

Total protein amount was determined spectrophotometrically by
the Coomassie blue method using bovine serum albumin as the stan-
dard at 595 nm (Bradford, 1976).

2.8. Cortisol extraction and analysis

Whole-body cortisol levels were used as an indicator of stress re-
sponse. Fish were captured and immediately frozen in liquid nitrogen
for 10–30 s, followed by storage at −20 °C until cortisol extraction.
Whole-body cortisol was extracted according to the method described
elsewhere (Oliveira et al., 2013). Fish were weighed, minced, and
placed in a disposable stomacher bag with 2mL phosphate buffered
saline (PBS, pH 7.4) for 6min. The contents were then transferred to a
10mL screw top disposable test tube, to which 5mL of laboratory-grade
ethyl ether was added. The tube was vortexed for 1min and centrifuged
for 10min at 3000 rpm, after which the sample was immediately frozen
in liquid nitrogen. The unfrozen portion (ethyl ether containing cor-
tisol) was decanted and transferred to a new tube and completely
evaporated under a gentle stream of nitrogen for 2 h, yielding a lipid
extract containing cortisol, which was stored at −20 °C. The accuracy
was tested by calculating the recoveries from samples spiked with
known amounts of cortisol (50, 25, and 12.5 ng/mL). The mean de-
tection of spiked samples was 94.3%. All cortisol values were adjusted
for recovery with the following equation: Cortisol value=Measured
value x 1.0604. Tissue extracts were resuspended in 1mL PBS, and
whole-body cortisol levels were measured in duplicate for each ex-
traction using a commercially available enzyme-linked immunosorbent
assay kit (EIAgen™ Cortisol test, BioChem ImmunoSystems) (Sink et al.,
2008). Precision was tested by performing 12 repeated assays on seven
randomly chosen samples on the same 96-well plate and calculating the
intra-assay coefficient of variation (CV). The reproducibility was as-
sessed by testing the same samples on different plates and calculating
the inter-assay CV. To test for linearity and parallelism, tissue samples
were subjected to serial dilutions in the buffer provided with the kit. A
strong positive correlation between the curves was observed
(R2= 0.8918), and the samples yielded low inter- and intra-assay CV
values (7–10% and 5–9%, respectively).

2.9. Statistical analysis

Normality of data and homogeneity of variances were analyzed by
Kolmogorov–Smirnov and Bartlett's tests, respectively. Nonparametric
data were log transformed and analyzed by two-way analysis of var-
iance (ANOVA), considering treatment and stress as factors, followed
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by Student–Newman–Keuls (SNK) multiple comparison test; results
were expressed as mean ± standard error of mean (S.E.M). The level of
significance was set at P≤ 0.05, and effect sizes were reported as
generalized eta squared (gεs).

3. Results

3.1. Behavioral effects

3.1.1. Effects of taurine on CAS-induced chemical stress
Fig. 1A displays the behavioral effects of taurine on CAS-induced

chemical stress in the novel tank test. A significant interaction was
observed for time spent in the top area [F3,85= 5.10, P=0.0027,
gεs= 0.14], and erratic movements [F3,85= 2.74, P=0.0483,
gεs= 0.32]. Additionally, a CAS effect was observed for number of
erratic movements [F1,85= 9.58, P=0.0027, gεs= 0.09]. CAS-in-
duced chemical stress increased erratic movements and reduced of time
spent in the top area, and all treatments abolished these effects.

Fig. 1B shows the behavioral effects of taurine on CAS-induced
chemical stress in the light–dark test. Although no interaction effect
CAS vs. treatment was observed for transitions to the lit area
[F3,89= 1.33, P=0.2686, gεs= 0.03], or time spent to the lit area
[F3,85= 1.17, P=0.3265, gεs= 0.02], a significant effect of the CAS
was observed for time spent to the lit area [F1,85= 21.06, P=0. 0001,
gεs= 0.17], and transitions to the lit area [F1,89= 6.94, P=0.0099,
gεs= 0.07]. Meanwhile, a treatment effect was observed for time spent
to the lit area [F3,85= 4.34, P=0. 0068, gεs= 0.11], where taurine
150 alone increased time spent to the lit area.

3.1.2. Effects of taurine on chasing-induced mechanical stress
Fig. 2 displays the behavioral effects of taurine on chasing-induced

mechanical stress. A significant effect of interaction was observed for
time spent in the top area [F3,96= 2.94, P=0.0372, gεs= 0.08] in the
novel tank test (Fig. 2A). No significant effects were observed among
treatments in the light–dark test (Fig. 2B).

3.2. Biochemical effects

3.2.1. Effects of taurine on CAS-induced chemical stress
Fig. 3A demonstrates the effects of taurine on CAS-induced chemical

stress in oxidative stress-related parameters. A significant interaction
was observed for carbonylated proteins levels [F3,34= 41.46,
P < 0.0001, gεs= 0.37], and lipid peroxidation [F3,33= 4.45,
P=0.0098, gεs= 0.23]. As well, a CAS effect was detected for car-
bonylated proteins levels [F1,34= 111.5, P < 0.0001, gεs= 0.33], and
lipid peroxidation [F1,33= 4.37, P=0.0442, gεs= 0.07]. Moreover, a
treatment effect was observed for carbonylated proteins levels
[F3,34= 21.82, P < 0.0001, gεs= 0.19]. CAS-induced carbonylated
proteins levels, and this effect was potentiated in taurine 400 group
subjected to stress.

The effects of taurine on antioxidant enzymes are displayed in the
Fig. 3B, where an effect of interaction was observed [F3,33= 12.78,
P < 0.0001, gεs= 0.39], CAS effect [F1,33= 5.23, P=0.0287,
gεs= 0.05], and treatment [F3,33= 7.29, P=0.0007, gεs= 0.22] for
SOD activity. As a result, SOD activity was markedly potentiated in
taurine 400 group subjected to CAS-induced stress. No significant ef-
fects were observed in CAT activity.

3.2.2. Effects of taurine on chasing-induced mechanical stress
Fig. 4A demonstrates the effects of taurine on chasing-induced

mechanical stress in oxidative stress-related parameters. A significant
interaction was observed for carbonylated proteins levels
[F3,32= 34.89, P < 0.0001, gεs= 0.30]. Additionally, a significant
effect of NC was observed for carbonylated proteins levels
[F1,32= 134.4, P < 0.0001, gεs= 0.38], and lipid peroxidation
[F1,35= 110.7, P < 0.0001, gεs= 0.73]. Furthermore, a significant
effect of treatment was observed for carbonylated proteins levels
[F3,32= 26.86, P < 0.0001, gεs= 0.23]. Chasing-induced stress in-
duced lipid peroxidation and protein carbonylation. Taurine 42 pre-
vented, and taurine 400 markedly potentiated protein carbonylation.

The effects of taurine on antioxidant enzymes are exhibited in the
Fig. 4B. Although no interaction effect NC vs. treatment was revealed

Fig. 1. Behavioral effects of taurine on CAS-induced chemical stress. (A) Novel tank diving test. (B) Light–dark test. Data were expressed as mean ± S.E.M and
analyzed by two-way ANOVA, followed by the Student–Newman–Keuls multiple comparison test. Statistical significance was set at P≤ 0.05. Asterisks above bars
express significant differences compared to the control group, while asterisks above brackets indicate statistical differences compared to the CAS group (n=10–14
animals per group; CAS: conspecific alarm substance; *P < 0.05, **P < 0.01).
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for CAT [F3,31= 1.96, P=0.1406, gεs= 0.07], or SOD activities
[F3,33= 2.10, P=0.1184, gεs= 0.08], a significant effect of the NC
was observed for SOD [F1,33= 29.22, P < 0.0001, gεs= 0.40] and
CAT activities [F1,33= 19.92, P < 0.0001, gεs= 0.32]. SOD activity
was increased in taurine 150 and 400 groups, while CAT activity was

potentiated with taurine 400 group subjected to chasing-induced stress.

3.3. Whole-body cortisol

Fig. 5 displays the effects of taurine on whole-body cortisol level.

Fig. 2. Behavioral effects of taurine on net chasing-induced mechanical stress. (A) Novel tank diving test. (B) Light–dark test. Data were expressed as mean ± S.E.M
and analyzed by two-way ANOVA, followed by Student–Newman–Keuls multiple comparison test. Statistical significance was set at P≤ 0.05. Asterisks above bars
express significant differences compared to the control group, while asterisks above brackets indicate statistical differences compared to the NC group (n=10–14
animals per group; NC: net chasing).

Fig. 3. Effects of taurine on CAS-induced chemical stress in biochemical analyses (A) Oxidative stress-related parameters. (B) Antioxidant defenses. Data were
expressed as mean ± S.E.M and analyzed by two-way ANOVA, followed by the Student–Newman–Keuls multiple comparison test. Statistical significance was set at
P≤ 0.05. Asterisks above bars express significant differences compared to the control group, while asterisks above brackets indicate statistical differences compared
to the CAS group (n=10–14 animals per group; CAS: conspecific alarm substance; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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The effects of taurine on CAS-induced chemical stress are showed in the
Fig. 5A, where an interaction [F3,33= 5.12, P=0.0051, gεs= 0.26],
and CAS [F1,33= 5.33, P=0.0273, gεs= 0.09] were detected. As a
result, a preventive effect of taurine 400 exposed to CAS was observed.

The effects of taurine on chasing-induced mechanical stress showed
in the Fig. 5B revealed a significant effect of the interaction
(F3,33= 42.35, P=0.0123, gεs= 0.24) and NC [F1,33= 62.51,
P=0.0176, gεs= 0.12]. No significant effects of the NC or treatment
were observed.

4. Discussion

Herein, we show, at least to the best of our knowledge, for the first
time a preventive effect of taurine on zebrafish stress responses. In fact,
we observed that taurine abolishes some stress-related behaviors (e.g.,
erratic movements and decrease in vertical exploration). Moreover,
depending on the concentration tested, taurine prevents protein

carbonylation and changes in whole-body cortisol levels (taurine 42
and taurine 400, respectively). We suggest that taurine may play a role
against some behavioral, neurochemical, and physiological responses
triggered by acute stressors in the zebrafish.

To understand stress-related conditions in experimental models, it is
necessary to elucidate which stimuli affect defensive behaviors.
Although the novel tank test evokes higher levels of cortisol, re-
presenting a more stressful procedure than the light–dark test alone
(Kysil et al., 2017), both behavioral tasks are used to measure defensive
behaviors following acute stress. Here, fish displayed fear- and anxiety-
related behaviors after acute stress. More specifically, chemical stress
seems to be more effective than mechanical stress to evoke fear-like
responses in zebrafish. The net chasing protocol has been described as
an effective stressor to fish, which induces a robust increase in whole-
body cortisol levels (Abreu et al., 2014; Barcellos et al., 2011;
Giacomini et al., 2016; Marcon et al., 2018; Mocelin et al., 2015),
corroborating with the data shown here. Differently, CAS increases c-fos

Fig. 4. Effects of taurine on net chasing-induced mechanical stress in biochemical analyses (A) Oxidative stress-related parameters. (B) Antioxidant defenses. Data
were expressed as mean ± S.E.M and analyzed by two-way ANOVA, followed by Student–Newman–Keuls multiple comparison test. Statistical significance was set at
P≤ 0.05. Asterisks above bars express significant differences compared to the control group, while asterisks above brackets indicate statistical differences compared
to the NC group (n=10–14 animals per group; NC: net chasing; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Fig. 5. Effects of acute taurine treatment on whole-body cortisol level (A) CAS-induced chemical stress. (B) Net chasing-induced mechanical stress. Data were
expressed as mean ± S.E.M and analyzed by two-way ANOVA, followed by Student–Newman–Keuls multiple comparison test. Statistical significance was set at
P≤ 0.05. Asterisks above bars express significant differences compared to the control group, while asterisks above brackets indicate statistical differences compared
to the CAS/NC group (n=10–14 animals per group; CAS: conspecific alarm substance; *P < 0.05, **P < 0.01).
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expression in habenula (Ogawa et al., 2014) and exacerbates the fre-
quency of erratic movements, suggesting fear (Parra et al., 2009;
Speedie and Gerlai, 2008). Although these behaviors are adaptive
avoidance responses of a stressful situation (Ferrari et al., 2010), the
different contexts described here may serve as important factors in the
dynamics of the stress responses that should be further investigated.

Although we did not observe all the anxiolytic-like effects of taurine
alone described previously (Mezzomo et al., 2016), only the taurine 150
alone increased time spent to the lit area. Differences in the experi-
mental protocol involving the time interval between the exposure
period and the behavioral test could explain these discrepancies.
Taurine plays multiple roles in the brain, including neuromodulation
and inhibitory neurotransmission (Junyent et al., 2009; Menzie et al.,
2014; Mezzomo et al., 2018; Rosemberg et al., 2010). This molecule
acts as an agonist of GABAA and strychnine-sensitive glycine receptors
and can directly interact with the NMDA receptor to suppress its ac-
tivity (Chan et al., 2014; Poleszak et al., 2011; Zhang and Kim, 2007).
Here, taurine prevented anxiety/fear-like behaviors depending on the
context of the test. All taurine concentrations chosen abolished CAS-
induced changes on erratic movements and geotaxis, which have been
considered stress-related phenotypes. Anxiety is a trait typically asso-
ciated with stressful situations, and the anxiolytic-like effects of taurine
in zebrafish were described elsewhere (Mezzomo et al., 2016). Both
acute and chronic stresses induce dephosphorylation and down-
regulation of the K+/Cl− co-transporter, which affect the GABAergic
control of CRF neurons, which activate physiological response to stress
(Corteen et al., 2015; Maguire, 2014; Seifi et al., 2018). Thus, as the
effects of taurine in vertebrates may involve GABAA activation
(Mezzomo et al., 2018), this molecule emerges as a promising alter-
native strategy for treating stress-related disorders.

Stress disrupts redox homeostasis in the brain, leading to oxidative
stress and impairing antioxidant enzyme activities (Dal Santo et al.,
2014; Salim, 2017). The involvement of oxidative stress mechanisms
has also been suggested in some psychiatric diseases including de-
pression and fear- and anxiety-related disorders (Bouayed et al., 2009;
Ng et al., 2008; Salim, 2017; Valko et al., 2007). Acute exposure to
stressors increases oxidative stress in zebrafish brain (Dal Santo et al.,
2014; Fontana et al., 2019; Maximino et al., 2011; Muller et al., 2018;
Muller et al., 2017). The stressors of different natures assessed here
stimulated oxidative parameters in all groups. Because taurine has an-
tioxidant properties, this molecule may prevent oxidative stress in the
brain (Lerdweeraphon et al., 2013; Rosemberg et al., 2010; Shimada
et al., 2015). Here, the lowest concentration of taurine showed pro-
tective effects from protein carbonylation, while all other treatments
did not prevent oxidative stress-related changes. Importantly, taurine
alone did not influence the biochemical parameters measured. CAS- and
net chasing-induced stress did not alter the enzymatic antioxidant de-
fenses measured. Nonetheless, pretreatment with the highest taurine
concentration stimulated SOD and CAT activities in fish subjected to
CAS- and net chasing-induced stress, respectively. Although the lowest
taurine concentration showed protective effects against oxidative
stress-related changes, as well as stress-related behaviors following CAS
exposure, our data do not reflect an associative concentration-depen-
dent effect. Behavioral phenotypes represent complex responses re-
sulting from a multifaceted interaction of various neurotransmitter
systems and intricate cell signaling pathways under distinct conditions.
Thus, other neurochemical parameters could play a key role in the re-
sponses measured here. In general, our results were similar to previous
data describing a protective effect of taurine on PTZ-induced oxidative
stress in zebrafish (Fontana et al., 2019). Possibly, the modulatory role
of taurine on oxidation processes occurs by stimulating enzymatic an-
tioxidant defenses. Vasodilator molecules like taurine increase CAT
activity (Furian et al., 2009) and display an important function in
controlling oxidative stress-related parameters (Das et al., 2012; Gurer
et al., 2001; Parildar-Karpuzoglu et al., 2008). Although more studies
are needed to clarify the neurochemical mechanisms underlying the

effects of taurine, our data could reflect a compensatory mechanism
that activates antioxidant defenses following a stressful situation.

Similar to humans, cortisol is the main stress hormone in zebrafish
following the activation of the HPI axis (Alderman and Vijayan, 2012;
Alsop and Vijayan, 2009; Baiamonte et al., 2015). As previously men-
tioned, stress increases whole-body cortisol content in zebrafish
(Fonseka et al., 2016; Giacomini et al., 2016; Oliveira et al., 2013;
Tudorache et al., 2013). As expected, both CAS and net chasing pro-
tocols increased whole-body cortisol levels in zebrafish. Importantly,
pretreatment with the highest taurine concentration dampens the cor-
tisol response to stress. Benzodiazepines modulate the GABAA receptor
with anxiolytic, hypnotic, and anticonvulsant properties (Gebauer
et al., 2011; Low et al., 2000; McKernan et al., 2000). Taurine acts on
the GABAA receptor, and its potential anxiolytic-like effects are rela-
tively well known in vertebrate models, including zebrafish (Fontana
et al., 2019; Mezzomo et al., 2016; Mussulini et al., 2013). Although the
exact mechanisms of the biological response of stress are unclear, the
use of taurine may serve as an alternative therapeutic tool without
benzodiazepine-induced side effects (e.g., sedation).

Usually, psychiatric research is focused on mechanistic explanations
underlying fear and anxiety (anxiolytic vs. anxiogenic effects and neu-
rochemical parameters involved). These symptoms naturally support
the function to prepare the organism (i.e., physiologically, cognitively,
and behaviorally) for detecting and dealing with threats to survival. If
some situations may be adaptive to stress, an important question about
the consequences of treatment arises. To what extent is the treatment
beneficial to dampen the stress response? We suggest the importance of
developing new strategies to treat anxiety-, trauma-, and stressor-re-
lated disorders.

5. Conclusion

In summary, our results show a protective role of taurine against
stress-induced behavioral and biochemical changes in zebrafish.
Taurine prevents anxiety/fear-like behaviors, protein carbonylation,
and cortisol stimulation. Because taurine has beneficial effects in the
brain, further studies are necessary to clarify the mechanisms under-
lying its neuroprotective role in vertebrates.
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