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AURINE PREVENTS ENHANCEMENT OF ACETYLCHOLINESTERASE
CTIVITY INDUCED BY ACUTE ETHANOL EXPOSURE AND
ECREASES THE LEVEL OF MARKERS OF OXIDATIVE STRESS IN

EBRAFISH BRAIN
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bstract—Ethanol (EtOH) is a drug widely consumed
hroughout the world that promotes several neurochemical
isorders. Its deleterious effects are generally associated
ith modifications in oxidative stress parameters, signaling

ransduction pathways, and neurotransmitter systems, lead-
ng to distinct behavioral changes. Taurine (2-aminoethane-
ulfonic acid) is a �-amino acid not incorporated into pro-
eins found in mM range in the central nervous system (CNS).
he actions of taurine as an inhibitory neurotransmitter, neu-
omodulator, and antioxidant make it attractive for studying a
otential protective role against EtOH-mediated neurotoxic-

ty. In this study, we investigated whether acute taurine
otreatment or pretreatment (1 h) prevent EtOH-induced
hanges in acetylcholinesterase (AChE) activity and in oxi-
ative stress parameters in zebrafish brain. The results
howed that EtOH exposure (1% in volume) during 1 h in-
reased AChE activity, whereas the cotreatment with 400

Correspondence to: D. B. Rosemberg, Departamento de Bioquímica,
nstituto de Ciências Básicas da Saúde, Universidade Federal do Rio
rande do Sul. Rua Ramiro Barcelos 2600-Anexo, 90035-003, Porto
legre, RS, Brazil. Tel: �55-51-3308-5557; fax: �55-51-3308-5540.
-mail address: dbrosemberg@gmail.com (D. B. Rosemberg).
bbreviations: ACh, acetylcholine; AChE, acetylcholinesterase; CAT,
atalase; CNS, central nervous system; DTNB, 5,5=-dithionitrobis 2-ni-
robenzoic acid; EtOH, ethanol; GSH, reduced glutathione; ROS, re-
ctive oxygen species; SOD, superoxide dismutase; TAR, total anti-
e
xidant reactivity; TBARS, thiobarbituric acid reactive species; TRAP,
otal antioxidant potential.

306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All right
oi:10.1016/j.neuroscience.2010.09.030

683
g·L�1 taurine prevented this enhancement. A similar pro-
ective effect of 150 and 400 mg·L�1 taurine was also ob-
erved when the animals were pretreated with this amino
cid. Taurine treatments also prevented the alterations pro-
oted in superoxide dismutase and catalase activities by
tOH, suggesting a modulatory role in enzymatic antioxidant
efenses. The pretreatment with 150 and 400 mg·L�1 taurine
ignificantly increased the sulfydryl levels as compared to
ontrol and EtOH groups. Moreover, 150 and 400 mg·L�1

aurine significantly decreased thiobarbituric acid reactive
pecies (TBARS) levels, but the cotreatment with EtOH plus
00 mg·L�1 taurine did not prevent the EtOH-induced lipoper-
xidation. In contrast, the pretreatment with 150 and 400
g·L�1 taurine prevented the TBARS increase besides de-

reased the basal levels of lipid peroxides. Altogether, our
ata showed for the first time that EtOH induced oxidative
tress in adult zebrafish brain and reinforce the idea that this
ertebrate is an attractive alternative model to evaluate the
eneficial effect of taurine against acute EtOH exposure.
2010 IBRO. Published by Elsevier Ltd. All rights reserved.

ey words: taurine, ethanol, acetylcholinesterase, oxidative
tress parameters, zebrafish, brain.

he zebrafish (Danio rerio) is emerging as a promising
odel organism for experimental studies in different bio-
edical areas. As a relatively simple vertebrate species,

ebrafish is an ideal animal model for laboratory research
ecause they are inexpensive, low-maintenance, and
bundantly produce offspring (Gerlai et al., 2006; Egan et
l., 2009). Because zebrafish genes are highly conserved
haring a 70–80% homology to those of humans (Barba-
uk et al., 2000), it is a tempting vertebrate model for
odeling behavioral and functional parameters related to
uman pathogenesis and for clinical treatments screening,

ncluding alcohol abuse and therapeutic strategies.
Ethanol (EtOH) is a drug widely consumed throughout

he world. Alcoholic consumption is linked to the occur-
ence of several pathological conditions such as various
orms of cancer, liver failure, brain damage, and fetal inju-
ies (Quertemont et al., 2005; Dalitz et al., 2008). The
erebral effects of acute EtOH exposure in central nervous
ystem (CNS) lead to an impairment of motor coordination,
ensory perception and cognition, which can be correlated
o oxidative stress and modifications of neurotransmitter
ystems and intricate signaling pathways (Hanchar et al.,
005; Belmeguenai et al., 2008).

Acetylcholine (ACh) is a neurotransmitter that elicits its
ffects through nicotinic and muscarinic receptors. In the

xtracellular space, acetylcholinesterase (EC 3.1.1.7;

s reserved.

mailto:dbrosemberg@gmail.com
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ChE) is the enzyme responsible for terminating the cho-
inergic transmission by degradation of ACh into choline
nd acetate. Since the cholinergic system can also be

nvolved in the modulation of behavioral and cognitive
unctions (Sarter and Bruno, 2004; Furey et al., 2008)
he levels of ACh in extracellular milieu must be tightly
egulated and the screening for molecules able to mod-
late directly and/or indirectly AChE activity could be a
harmacological strategy to lead the maintenance of
rain homeostasis.

Taurine (2-aminoethanesulfonic acid) is a simple sul-
ur-containing �-amino acid, which is not incorporated into
roteins and is found free in virtually all animal cells. In
articular, high concentrations of taurine are detected in
lectrically excitable tissues such as brain, retina, heart,
nd skeletal muscles (Huxtable, 1992; Saransaari and Oja,
000; Oja and Saransaari, 2007). In the CNS, taurine plays
critical role for brain function, being implicated in cell

olume regulation and also in neuromodulation or inhibi-
ory neurotransmission (Banerjee et al., 2008). In certain
issues such as brain, intracellular taurine concentrations
an range up to 50 mM, whereas extracellular concentra-
ions are in the micromolar range (Huxtable, 1992). The
ntracellular taurine accumulation results primarily from up-
ake by an efficient transport system (TauT protein) in the
lasma membrane which utilizes transmembrane gradi-
nts of Na� and Cl� as the driving force, as well from

ntracellular biosynthesis of taurine (Kozlowski et al., 2008;
ang, 2009). Several roles of taurine have been reported,

ncluding its trophic actions during the CNS development;
ntioxidant functions, the ability for modifying protein phos-
horylation, maintenance of calcium homeostasis, and
embrane integrity (Wu et al., 2005; Oliveira et al., 2010;

unyent et al., 2010). Although the mechanisms involved in
aurine actions still remains poorly understood, it is con-
eivable that its extracellular effects are mediated by open-
ng the chloride channels through the interaction with
ABAA receptors, glycine receptors, or putative taurine

eceptors (Albrecht and Schousboe, 2005). Due to its bio-
hemical properties, taurine interacts with other transmitter
ystems and acts as a neuroprotector against various
ypes of injury, including alcohol abuse (Oja and Saran-
aari, 2007; Chen et al., 2009).

The teratogenic properties of EtOH have been previ-
usly established in zebrafish (Dlugos and Rabin, 2003;
eimers et al., 2006). It has been shown that EtOH mod-
lates distinct behavioral parameters in this species such
s swimming activity, aggression, group preference, and
igment response, possibly through alterations in neuro-
ransmitter systems and in cell signaling cascades (Gerlai
t al., 2000; Rico et al., 2007; Peng et al., 2009). Concern-

ng the cholinergic signaling, zebrafish presents a unique
ituation among vertebrates because its genome does not
ncode a functional butyrylcholinesterase, being AChE the
nly ACh-hydrolyzing enzyme in this organism (Behra et
l., 2004). It was reported that brain AChE activity in ze-
rafish is altered after acute EtOH exposure, suggesting
n involvement of cholinergic parameters on EtOH-medi-

ted responses (Rico et al., 2007). Moreover, previous T
tudy characterized the expression profile of TauT in ze-
rafish during embryogenesis, showing a high degree of
omology to mammalian taurine transporter (Kozlowski et
l., 2008). Although it has been previously reported that
he EtOH-mediated toxicity in zebrafish embryos can be
artially attenuated by antioxidants (Reimers et al., 2006),

ittle is known about the effects of EtOH and taurine on the
rain function of adult zebrafish. In this context, the influ-
nce of acute EtOH exposure on oxidative stress param-
ters and the beneficial actions of taurine in this species
till remain obscure. Therefore, in the present study we
ocused for the first time our attention on the potential neu-
oprotective effects of taurine in zebrafish brain. First, we
valuated whether acute cotreatment or pretreatment with

aurine prevent EtOH-induced enhancement of AChE activ-
ty. In addition, the effect of acute EtOH exposure on oxidative
tress parameters and the influence of both taurine treat-
ents on neurochemical redox profile were also studied.

EXPERIMENTAL PROCEDURES

nimals

dult males and females of the “wild type” (short fin—SF) ze-
rafish (Danio rerio) strain (3–6 months-old, weighing 0.43�0.07
) were obtained from a commercial supplier (Delphis, RS, Brazil)
nd acclimated for at least 2 weeks in 50-L thermostated aquar-

um before the experiments. All tanks were filled with unchlori-
ated water previously treated with 132 �L.L�1 AquaSafe®
Tetra, USA) and kept under mechanical and chemical filtration at
targeted temperature of 26�2 °C and water pH and conductivity
t 7.0–8.0 and 1,500–1,600 �S.cm�1, respectively. Illumination
as provided by ceiling-mounted fluorescent light tubes on a 12-h

ight-dark photoperiod (on 7:00 h; off 19:00 h). Fish were fed twice
day to satiety with commercial alcon BASIC® (Alcon, Brazil) as

ake fish food. For the experiments, fish were euthanized by
ecapitation and the brains were quickly dissected. Each inde-
endent experiment was performed using biological preparations
rom a pool of three animals for AChE experiments and 10 animals
or oxidative stress evaluation. All animals used were naive being
ealthy and free of any signs of disease and maintained in accor-
ance to the National Institute of Health Guide for Care and Use
f Laboratory Animals. The protocols were approved by the Eth-

cal Committee of the Federal University of Rio Grande do Sul
nder the number 2007950.

hemicals

thanol (C2H6O; CAS number 64-17-5) was purchased from
erck (Darmstadt, Germany). All other reagents used were pur-

hased from Sigma (St. Louis, MO, USA).

xperimental design

or acute EtOH exposure, fish were placed in 3-L aquarium and
ept in a solution of 1% EtOH in volume during 1 h. The same time
f exposure and EtOH concentration have been successfully
ested in adult zebrafish (Gerlai et al., 2000; Dlugos and Rabin,
003; Rico et al., 2007) leading to alterations in behavioral and
holinergic signaling parameters of this species. In addition, the
lood alcohol levels achieved with it are expected to be in the
ange seen in the human clinic after mild to moderate acute
lcohol consumption (Gerlai et al., 2008). Acute taurine treat-
ents were performed using distinct concentrations (42, 150, and
00 mg·L�1) during 1 h, the same time used for EtOH exposure.

aurine chosen concentrations correspond to a range previously
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sed in other studies related to taurine effects on several bio-
hemical parameters, which vary from 0.33 to 3.2 mM (Wu et al.,
005; Kong et al., 2006; Rosemberg et al., 2010b). Two treatment
rotocols with taurine were performed: (i) concomitant treatment
ith EtOH; and (ii) a pretreatment during 1 h before EtOH expo-
ure. Importantly, the acute treatments procedure (e.g., the origin
nd quality of the system water and the timing of taurine delivery,
tc.) was identical for all fish. Different experimental groups were
nalyzed: (1) control (1 h into water); (2) EtOH-exposed during
h; (3) taurine-treated during 1 h; (4) concomitant taurine treat-
ent with EtOH during 1 h (cotreatment); (5) 1 h into water before

ransference to another aquaria�1 h into water (pretreatment—
ontrol group unexposed to taurine); (6) 1 h into water before
ransference to another aquaria�EtOH exposure during 1 h (pre-
reatment—EtOH group unexposed to taurine); (7) taurine-treated
uring 1 h before transference to another aquaria�EtOH expo-
ure during 1 h (pretreatment—experimental group); and (8) tau-
ine-treated during 1 h before transference to another aquaria�1
into water (pretreatment—control group treated with taurine).

etermination of AChE activity

he brains were homogenized on ice in 60 volumes (v/w) of
ris–citrate buffer (50 mM Tris, 2 mM EDTA, 2 mM EGTA, pH 7.4,
ith citric acid) using a Potter–Elvehjen-type glass homogenizer.
he rate of hydrolysis of acetylthiocholine iodide (0.88 mM) was
etermined in a final volume of 300 �L, with 33 �L of 100 mM
hosphate buffer, pH 7.5 mixed to 2.0 mM 5,5=-dithionitrobis
-nitrobenzoic acid (DTNB). Samples containing 5 �g protein and

he reaction medium specified above were preincubated for 10
in at 25 °C. The hydrolysis of acetylthiocholine iodide was mon-

tored in a microplate reader by the formation of thiolate dianion of
TNB at 412 nm for 2–3 min (intervals of 30 s) (Ellman et al.,
961). Controls without the homogenate preparation were per-
ormed in order to determine the non-enzymatic hydrolysis of the
ubstrate. AChE activity was expressed as �mol thiocholine
SCh). h�1. mg protein�1. All experiments were performed in
uadruplicate.

xidative stress analyses

ebrafish brains were dissected out in ice immediately after the
sh were euthanized and homogenized in 1.0 mL phosphate
uffer saline (PBS) pH 7.4, containing in mM: 137 NaCl, 10.1
a2HPO4, and 1.76 KH2PO4. The homogenates were centrifuged

700�g, 5 min) to remove cellular debris. Supernatants were
ollected and used to all biochemical assays described herein.

ntioxidant enzyme activities determination

uperoxide dismutase (EC 1.15.1.1, SOD) activity was assessed
y quantifying the inhibition of superoxide-dependent adrenaline
uto-oxidation at 480 nm (Misra and Fridovich, 1972), and the
esults were expressed as Units SOD. mg protein�1. Catalase
EC 1.11.1.6; CAT) activity was assessed by measuring the rate of
ecrease in H2O2 absorbance at 240 nm (Aebi, 1984), and the
esults were expressed as Units CAT. mg protein�1. For SOD
ssay, protein amounts ranged from 15–60 �g, while CAT activity
as determined using 30–50 �g protein. To better understand the
ffect promoted by the treatments upon these two oxidant-detox-

fying enzymes that work in sequence converting superoxide an-
on to water, a ratio SOD/CAT activities was calculated. An imbal-
nce between their activities is thought to facilitate oxidative-
ependent alterations in the cellular environment, which could
ulminate in oxidative stress.

on-enzymatic antioxidant defenses

he non-enzymatic antioxidant potential of zebrafish brains was

stimated by the total antioxidant potential (TRAP) and total an- m
ioxidant reactivity (TAR) (Lissi et al., 1995). The reaction was
nitiated by adding luminol (5-Amino-2,3-dihydro-1,4-phthala-
inedione, 4 mM)—an external probe to monitoring radical pro-
uction—and AAPH (2,2=-azobis[2-methylpropionamidine]dihy-
rochloride, 10 mM)—a free radical source that produces peroxyl
adical at a constant rate—in glycine buffer (0.1 M) pH 8.6 at room
emperature, resulting in a steady luminescence emission (system
ounts). Chemiluminescence was read in a liquid scintillation
ounter (Wallace, 1409) as counts per minutes. Sample addition
ecreases the luminescence proportionately to its antioxidant po-
ential. The luminescence emission was followed for 40 min after
he addition of the sample (10 �g protein) in a TRAP protocol, and
he area under the curve was quantified. In the TAR protocol,
esults were calculated as percentage of radical production (sys-
em counts considered as 100% of radical production).

otal reduced thiol content

xidative alterations in proteins can be evaluated by the level of
rotein thiol content in samples. Briefly, samples (40 �g protein)
ere mixed to 35 �L of 0.2 mM EDTA, 100 mM boric acid buffer,
H 8.5. DTNB (0.01 M dissolved in ethanol) was added and the

ntense yellow color developed was measured at 412 nm after 1 h
Ellman, 1959). Total reduced sulfydryl content was estimated in a
nal volume of 210 �L and the results were expressed as �mol
H. mg protein�1.

hiobarbituric acid reactive species (TBARS)

he formation of TBARS during an acid-heating reaction, which is
idely performed for measurement of lipid redox state (Draper
nd Hadley, 1990), was used as an index of lipid peroxidation.
riefly, 300 �L of samples (80–100 �g protein) were mixed with
00 �L of 15% trichloroacetic acid (TCA) and centrifuged
10.000�g, 10 min). Supernatants (100 �L) were mixed with 100
L of 0.67% thiobarbituric acid (TBA, 4,6-Dihydroxypyrimidine-2-

hiol) and heated at 100 °C for 30 min. TBARS levels were
etermined by the absorbance at 532 nm using 1,1,3,3-tetrame-
hoxypropane (TMP) as standard. Results were expressed as
mol TBARS. mg protein�1.

rotein quantification

or AChE activity assays, the protein was measured by the Coo-
assie Blue method (Bradford, 1976). For oxidative stress anal-

ses, the protein concentration was determined according to
eterson (1977). Bovine serum albumin was used as a protein
tandard.

tatistics

ata were expressed as mean � standard error of the mean (SEM)
nd P-values were considered significant for P�0.05. Differences
ithin the experimental groups were determined by one or two-way
nalysis of variance (ANOVA). Comparison among means was car-
ied out using Bonferroni’s multiple comparison test as post hoc. All
xperiments were performed at least in triplicate.

RESULTS

aurine prevents alterations in AChE activity
romoted by acute EtOH exposure

s previously reported by our group (Rico et al., 2007), we
emonstrate that acute EtOH exposure (1% in volume)

ncreased AChE activity in zebrafish brain (37%, n�6)
hen compared to control group (Fig. 1). When the ani-

als were treated concomitantly with taurine (42 and 150
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g·L�1) and EtOH, the AChE activity did not change in
omparison to EtOH group. However, taurine cotreatment
t 400 mg·L�1 prevented zebrafish brain from EtOH-in-
uced enhancement of AChE activity (n�6) (Fig. 1A).

Next, we evaluated the effect of taurine pretreatment
n EtOH-induced AChE stimulation (Fig. 1B). A two-way
NOVA revealed a significant effect of taurine pretreat-
ent�EtOH exposure interaction (F(3,32)�3.63, P�0.05).
ost hoc analyses indicated that pretreatment with 150
nd 400 mg·L�1 taurine prevented the effects promoted by
tOH in AChE activity.

To verify whether taurine alters AChE activity, the an-
mals were treated with the same concentrations tested
42, 150, and 400 mg·L�1). The results demonstrated that
ChE activity remained similar to control group (n�4).

aurine prevents changes in antioxidant enzyme
ctivities induced by EtOH

OD and CAT play a key role in the control of reactive
xygen species (ROS) levels and in the prevention of
xidative damage. Acute exposure to EtOH significantly
ecreased SOD activity (49%, n�3) (Fig. 2) and concom-

tantly increased CAT activity (89%, n�4) (Fig. 3). The
otreatment with 400 mg·L�1 taurine prevented the EtOH-

nduced changes in SOD (Fig. 2A) and CAT activities (Fig.

ig. 1. Effect of taurine on the EtOH-induced enhancement of AChE
ctivity after acute exposure. (A) Cotreatment with taurine and EtOH.
he groups were represented as control (CRL), ethanol (EtOH), tau-
ine-cotreated animals. Data represent mean�SEM of at least three
ndependent experiments. * Significant difference compared to control
one-way ANOVA followed by Bonferroni’s test as post hoc, P�0.05).
B) Pretreatment with taurine followed by water (control group) or
tOH exposure. The treatments were represented as taurine-un-

reated (UNT) and taurine-treated (TAU). Data represent mean�SEM
f at least three independent experiments. * Significant difference
ompared to UNT from control group. # Significant difference com-
ared to UNT from EtOH group (two-way ANOVA followed by Bonfer-
oni’s test as post hoc, P�0.05).
A) (n�4).
p
r

The influence of taurine pretreatment on the effects of
tOH in SOD (Fig. 2B) and CAT activities (Fig. 3B) was
lso evaluated. A two-way ANOVA revealed a significant
ffect of taurine pretreatment (F(2,28)�6.15, P�0.05) and
tOH exposure (F(1,28)�4.5, P�0.05). Post hoc analyses

ndicated that pretreatment with 150 and 400 mg·L�1 tau-
ine prevented the EtOH-induced decrease in SOD activ-
ty. In relation to CAT activity, a two-way ANOVA revealed

significant effect of taurine pretreatment�EtOH expo-
ure interaction (F(2,19)�10.37, P�0.05) and EtOH expo-
ure (F(1,19)�8.79, P�0.05). Post hoc analyses indicated
hat pretreatment with 150 and 400 mg·L�1 taurine also
revented the EtOH-induced increase in CAT activity. Both
aurine concentrations per se did not significantly alter
OD and CAT activities in zebrafish brain.

As depicted in Fig. 4, EtOH induced an imbalance in
he SOD/CAT ratio (n�4; P�0.05). Both cotreatment (400
g·L�1) (Fig. 4A) and pretreatment (150 and 400 mg·L�1)

Fig. 4B) with taurine reversed SOD/CAT ratio to the basal
evel (n�5).

on-enzymatic antioxidant defenses are altered
either by EtOH exposure nor taurine treatments

he effects promoted by EtOH, taurine and both cotreat-
ent and pretreatment on non-enzymatic antioxidant

ig. 2. Effect of EtOH and taurine treatments in SOD activity. (A)
otreatment with taurine and EtOH. The groups were represented as
ontrol (CRL), ethanol (EtOH), taurine-treated (TAU) and taurine-co-
reated animals (COT). Data represent mean�SEM of at least three
ndependent experiments. * Significant difference compared to control
one-way ANOVA followed by Bonferroni’s test as post hoc, P�0.05).
B) Pretreatment with taurine followed by water (control group) or
tOH exposure. The treatments were represented as taurine-un-

reated (UNT) and taurine-treated (TAU). Data represent mean�SEM
f at least three independent experiments. * Significant difference
ompared to UNT from control group. # Significant difference com-

ared to UNT from EtOH group (two-way ANOVA followed by Bonfer-
oni’s test as post hoc, P�0.05).
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efenses were also evaluated. Neither EtOH exposure
or taurine treatments significantly changed TRAP (ac-
ording to decreased radical production during TRAP
xperiment) and TAR in zebrafish brain (n�3) (data not
hown).

ffect of taurine treatments on total reduced thiol
ontent

tOH, at the concentration and time of exposure tested,
id not induce any significant changes in the total reduced
hiol content of zebrafish brain (Fig. 5). Similarly, 150 and
00 mg·L�1 taurine did not alter total thiol content. Fur-
hermore, the cotreatment with 400 mg·L�1 taurine did not
ignificantly change the basal total reduced thiol content as
ompared to control and EtOH-treated groups (n�4) (Fig.
A). However, a two-way ANOVA revealed a significant
ffect of EtOH exposure (F(1,20)�12.47, P�0.05) and
aurine pretreatment (F(2,20)�5.27, P�0.05). Post hoc
nalyses indicated that pretreatment with 150 and 400
g·L�1 taurine followed by EtOH exposure induced a sig-

ificant increase in total reduced sulfydryl content (52%
nd 64%, respectively, n�4) as compared to control and

ig. 3. Effect of EtOH and taurine treatments in CAT activity. (A)
otreatment with taurine and EtOH. The groups were represented as
ontrol (CRL), ethanol (EtOH), taurine-treated (TAU) and taurine-co-
reated animals (COT). Data represent mean�SEM of at least three
ndependent experiments. * Significant difference compared to control
one-way ANOVA followed by Bonferroni’s test as post hoc, P�0.05).
B) Pretreatment with taurine followed by water (control group) or
tOH exposure. The treatments were represented as taurine-un-

reated (UNT) and taurine-treated (TAU). Data represent mean�SEM
f at least three independent experiments. * Significant difference
ompared to UNT from control group. # Significant difference com-
ared to UNT from EtOH group (two-way ANOVA followed by Bonfer-
oni’s test as post hoc, P�0.05).
tOH-treated groups (n�5) (Fig. 5B).
U
a

rotective effect of taurine against EtOH-induced
ipid peroxidation

o evaluate whether EtOH exposure alters lipid peroxida-
ion in zebrafish brain, we assessed the formation of
BARS during an acid-heating reaction. Acute EtOH ex-
osure significantly increased by 40% (n�3) the lipid per-
xidation (Fig. 6). When the animals were treated with 150
nd 400 mg·L�1 taurine, there was a significant decrease
f TBARS levels (30% and 50%, respectively) as com-
ared to the control (n�3). Interestingly, the cotreatment
ith taurine (400 mg·L�1) did not prevent the increase of
BARS levels induced by EtOH (n�5) (Fig. 6A).

Regarding the taurine pretreatment experiment
Fig. 6B), a two-way ANOVA revealed significant effects of
aurine pretreatment (F(2,23)�74.45, P�0.05), taurine pret-
eatment�EtOH exposure interaction (F(2,23)�6.27, P�0.05)
nd EtOH exposure (F(1,23)�4.75, P�0.05). Post hoc
nalyses indicated that pretreatment with 150 and 400
g·L�1 taurine prevented EtOH-induced enhancement of
BARS formation and the lipid peroxidation levels were
tatistically lower than that determined in control group
34% and 41%, respectively, n�3).

ig. 4. Protective effect of taurine in SOD/CAT ratio. (A) Cotreatment
ith taurine and EtOH. The groups were represented as control (CRL),
thanol (EtOH), taurine-treated (TAU) and taurine-cotreated animals
COT). Data represent mean�SEM of at least three independent
xperiments. * Significant difference compared to control (one-way
NOVA followed by Bonferroni’s test as post hoc, P�0.05). (B) Pre-

reatment with taurine followed by water (control group) or EtOH
xposure. The treatments were represented as taurine-untreated
UNT) and taurine-treated (TAU). Data represent mean�SEM of at
east three independent experiments. * Significant difference com-
ared to UNT from control group. # Significant difference compared to

NT from EtOH group (two-way ANOVA followed by Bonferroni’s test
s post hoc, P�0.05).
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DISCUSSION

tudies have demonstrated that the behavioral changes
nduced by acute EtOH exposure in mammalian models
re generally associated to its influence on several neuro-

ransmitter systems (Hanchar et al., 2005; Belmeguenai et
l., 2008). Due to the susceptibility of zebrafish to environ-
ental and pharmacological manipulations and the char-
cterization of distinct neurotransmitter parameters in this
pecies, it is rapidly becoming a popular vertebrate model
n behavioral and neuroscience research (Egan et al.,
009; Rico et al., 2010; Rosemberg et al., 2010a). It has
een shown that acute EtOH exposure during 1 h in the
ank water induced significant alterations in behavioral
asks of zebrafish and also increased the levels of dopa-
ine, serotonin, and its metabolite 5-HIAA in whole brain
xtracts (Chatterjee and Gerlai, 2009). Zebrafish may be
specially suitable for modeling the effects of EtOH be-
ause of the simplicity of alcohol delivery (Gerlai et al.,
000). The EtOH mixed in their environment is absorbed
y the blood vessels of the gill and the skin of the fish so
hat blood alcohol levels reach equilibrium with the external
lcohol concentration quickly (Gerlai et al., 2000; Dlugos
nd Rabin, 2003; Chatterjee and Gerlai, 2009). Despite to
he relative differences in comparison to mammalian me-
abolism of EtOH ingestion, the alcohol mixed to the fish

ig. 5. Effect of EtOH and taurine on total thiol content in zebrafish
rain. (A) Cotreatment with taurine and EtOH. The groups were rep-
esented as control (CRL), ethanol (EtOH), taurine-treated (TAU) and
aurine-cotreated animals (COT). Data represent mean�SEM of at
east three independent experiments. (B) Pretreatment with taurine
ollowed by water (control group) or EtOH exposure. The treatments
ere represented as taurine-untreated (UNT) and taurine-treated

TAU). Data represent mean�SEM of at least three independent
xperiments. * Significant difference compared to UNT from control
roup. # Significant difference compared to UNT from EtOH group
two-way ANOVA followed by Bonferroni’s test as post hoc, P�0.05).
ank is rapidly diffused through systemic circulation and
g
(

eaches distinct tissues. There is evidence suggesting that
epatic alcohol dehydrogenase and aldehyde dehydroge-
ase play a role in alcohol metabolism in fish, since 32 h of
ontinuous 2% EtOH exposure caused characteristics
igns of acute alcoholic liver disease in zebrafish larvae,

ncluding hepatomegaly, steatosis and changes in hepatic
ene expression (Passeri et al., 2009). Furthermore, it has
een shown that significant brain alcohol levels can be
etected 15 min after exposure to 0.5% (v/v) EtOH in adult
ebrafish brain, reaching a steady-state level that is main-
ained for at least 24 h without significant difference among
istinct strains (Dlugos and Rabin, 2003). These data are

n accordance with studies involving other fish species
Ryback et al., 1969; Galizio et al., 1985) in that, following
few hours of exposure, an equilibrium between the level

f alcohol in the tank and EtOH content in brain was
eached. Previous report demonstrated that the brain al-
ohol level of the zebrafish was achieved when brain al-
ohol levels were approximately 90% of the tank alcohol

evel (Dlugos and Rabin, 2003; Gerlai et al., 2006). Thus,
t is comprehensive that the physiological responses
romoted by acute EtOH exposure might involve alter-
tions in neurotransmitter systems and also in oxidative
tress parameters of zebrafish, suggesting that studies
hich comprise both approaches are tempting for the

ig. 6. Effect of EtOH and taurine on lipid peroxidation measured as
BARS formation in zebrafish brain. (A) Cotreatment with taurine and
tOH. The groups were represented as control (CRL), ethanol (EtOH),

aurine-treated (TAU) and taurine-cotreated animals (COT). Data rep-
esent mean�SEM of at least three independent experiments. * Sig-
ificant difference compared to control (one-way ANOVA followed by
onferroni’s test as post hoc, P�0.05). (B) Pretreatment with taurine

ollowed by water (control group) or EtOH exposure. The treatments
ere represented as taurine-untreated (UNT) and taurine-treated

TAU). Data represent mean�SEM of at least three independent
xperiments. * Significant difference compared to UNT from control

#
roup. Significant difference compared to UNT from EtOH group
two-way ANOVA followed by Bonferroni’s test as post hoc, P�0.05).
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ssessment of potential beneficial effects against EtOH-
ediated neurotoxicity.

In order to determine whether taurine could prevent the
nhancement of AChE activity in zebrafish brain, we per-
ormed a cotreatment and pretreatment using different
aurine concentrations during 1 h. The results demon-
trated that only 400 mg·L�1 taurine prevented the in-
rease of AChE activity when cotreated with EtOH. How-
ver, we further verified that the EtOH-induced enhance-
ent of AChE activity was prevented by the pretreatment
ith 150 and 400 mg·L�1 taurine. Probably, the increase in
ChE activity promoted by EtOH and the protective effect
f taurine are not due to a direct mechanism, since both
ompounds did not alter the enzyme activity in vitro (data
ot shown). In this sense, the investigations related to the
ffects of taurine against EtOH-induced modifications in
xidative stress parameters were performed using the
mino acid concentrations which prevented the enhance-
ent of AChE activity for each treatment.

Previous studies have shown that ROS are products of
ormal cellular metabolism that act as important signaling
olecules at low/moderate concentrations (Avshalumov et
l., 2007; Chiarugi and Fiaschi, 2007). In this context, SOD
nd CAT activities normally have a synergism under phys-

ological situations playing a key role in the fine-tuning
egulation of superoxide anion (O2

�) and H2O2 levels. Our
esults demonstrated that even though EtOH did not in-
uce significant changes in TRAP and TAR, the acute
tOH exposure significantly decreased SOD activity and

ncreased CAT activity from zebrafish brain. Although
hese data seem contradictory, there are some possible
xplanations for these effects and even potential conse-
uences. It is important to emphasize that EtOH is an
xogenous drug that impairs distinct neurotransmitter sys-
ems and also promotes oxidative stress in several organ-
sms. Hence, we suggest that an imbalance between oxi-
ants and enzymatic/non-enzymatic antioxidant defenses
ight contribute to an increase of ROS and its harmful
ffects on living cells. Previous studies demonstrated that

.p. injections of EtOH led to an inhibition of SOD activity in
at brain (Ledig et al., 1981) and also that 400 mg.dL�1

tOH reduced SOD activity in cerebellar granule cells
Siler-Marsiglio et al., 2004). Therefore, the significant de-
rease in SOD activity could be due to a direct effect of
tOH or an indirect effect mediated by its metabolite ac-
taldehyde. As a consequence, it is possible to suggest an

ncrease of O2
� after EtOH exposure which could mediate

oxic effects by itself or via another ROS such as nitric
xide (NO), peroxynitrite (ONOO�) and the radical OH
Halliwell and Gutteridge, 1984; Radi et al., 2002). Con-
erning CAT activity, it has been demonstrated that EtOH
ncreased this enzyme activity in cerebellar granule cells
Siler-Marsiglio et al., 2004). In the same way, another
tudy showed that EtOH orally administered in rats (2, 4,
nd 6 g.kg�1) also promoted a significant increase of CAT
ctivity in rat brain subcellular fractions (Reddy et al.,
999). There is evidence that CAT is the major enzyme
esponsible for oxidizing brain EtOH to acetaldehyde after

lcohol consumption (Cohen et al., 1980; Swift, 2003). c
his metabolite has been implicated to mediate central
ffects that follow EtOH exposure and also plays a key role

n the mediation of psychopharmacological effects of EtOH
Pastor et al., 2002). Moreover, acetaldehyde is highly
eactive and its neurotoxicity has been associated to the
bility to form protein–acetaldehyde adducts or to induce
tructural chromosomal changes (Nakamura et al., 2003;
ayani and Parry, 2010). Besides the EtOH-induced in-
rease in CAT activity initially appears to be protective, this
lcohol also serves as a substrate of CAT, forming the
oxic metabolite, acetaldehyde. Thus, CAT activity in the
resence of EtOH could be a double-edged sword, ridding
he cell of H2O2 while producing acetaldehyde. Finally, we
emonstrated that SOD/CAT ratio was altered after acute
tOH exposure which suggests that EtOH induces oxida-

ive damage in zebrafish brain. In contrast, both taurine
otreatment and pretreatment maintained SOD/CAT ratio
t control levels, suggesting that this amino acid might
xert a neuroprotective role by modulating enzymatic an-
ioxidant defenses, which could be important for controlling
he levels of O2

�, H2O2, and acetaldehyde in the CNS.
Lipid peroxidation is one important cause of neuronal

amage and the major consequence of enhanced lipid
eroxidation is attributed to the oxidative deterioration of
ellular membranes (Kaizer et al., 2005). Our data showed
hat EtOH enhanced lipid peroxides, as measured by
BARS formation. Taurine, at 150 and 400 mg·L�1, pro-
oted a significant decrease in TBARS levels in a concen-

ration-dependent fashion. When cotreated with EtOH, 400
g·L�1 taurine did not reduce the EtOH-induced lipid per-
xidation, whereas the pretreatment with 150 and 400
g·L�1 taurine prevented the increase of TBARS main-

aining the levels of lipid peroxidation significantly lower
han the control group. Considering these data, it is pos-
ible to suggest that the decrease of lipid peroxidation
ould be correlated to the increase in total reduced thiol
ontent detected after taurine pretreatment and alcohol
xposure. Studies reported that taurine is known to atten-
ate tissue lipid peroxidation either by scavenging or
uenching oxygen-derived free radicals, H2O2 or hypo-
hlorous acid directly or by binding free metal ion species

ike Fe2� or Cu2� by its sulfonic acid group (Franconi et al.,
004; Hagar, 2004). In addition, it has been demonstrated
hat taurine treatment has been found to increase reduced
lutathione (GSH) levels by directing cysteine into the
SH synthesis pathway (Schaffer et al., 2003; Hagar,
004), which could result in the alterations observed in the
educed sulfydryl content after the pretreatment with tau-
ine and EtOH exposure.

Because AChE is anchored to the plasma membrane,
here is evidence that lipid peroxidation can alter its activity
Flora et al., 2003; Kaizer et al., 2005). Previous study
emonstrated that AChE activation could be correlated
ith an enhancement of lipid peroxidation (Kaizer et al.,
005). Similarly, our results showed that acute EtOH ex-
osure increased AChE activity and lipid peroxides in ze-
rafish brain. However, lipid peroxidation is probably not
he only explanation for the modulation of AChE activity,

onsidering that the cotreatment with EtOH prevented the
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nzyme activation but did not reduce TBARS levels. Our
ecent study showed that taurine increases AMP hydroly-
is and concomitantly decreases adenosine deaminase
ctivity in zebrafish brain membranes, suggesting a poten-

ial role of adenosine in taurine-mediated effects (Rosem-
erg et al., 2010b). Furthermore, it is known that taurine
lso modulates Ca2� signaling pathways (Wu et al., 2005;
unyent et al., 2010), which are potential targets of ROS
Turrens, 2003). Although speculating about the physio-
ogical relevance of our data and also about the putative

echanisms involved in the potential neuroprotective of
aurine in zebrafish are tempting, it must be acknowledged
hat both EtOH and taurine act through numerous neuro-
ransmitters, second messenger systems and other molec-
lar targets. Therefore, our speculations are only correla-
ive, and conclusions regarding the precise molecular
echanism cannot be drawn at this moment. Briefly, the
anipulation and/or the systemic assay of all possible
eurotransmitter systems and also the exploration of other
olecular changes, perhaps at gene expression level
nd/or transduction signaling pathways, could be interest-

ng strategies to better understand the mechanistic details
f the actions promoted by alcohol and taurine in zebrafish
rain.

CONCLUSION

n conclusion, this is the first study demonstrating that
cute EtOH exposure induced oxidative damage in adult
ebrafish brain, which could be correlated to the EtOH-
nduced modifications in cholinergic signaling parameters
nd in behavioral tasks in this species. The impairment of

he physiological synergism of SOD and CAT activities
ssociated to an increase of lipid peroxides suggests an

mbalance between O2
� and H2O2 levels and that acet-

ldehyde could also play a role in mediating EtOH effects
n zebrafish CNS. Moreover, our data report the first evi-
ence that two different acute taurine treatments (cotreat-
ent and pretreatment) prevented AChE activation, main-

ained SOD/CAT ratio at basal levels and differently
hanged total reduced sulfydryl content and TBARS for-
ation. Therefore, we suggest that free radicals could in
art be involved in the effects of alcohol on zebrafish brain
unction. There is certainly value in further examining the
eural basis of the effects promoted by EtOH and taurine

n this species—not only in terms of its face validity (in
roducing behavioral symptoms related to alcohol con-
umption) but also its construct validity in relation to mod-
ling the underlying mechanisms related to the alcohol-
ediated responses and also to the potential neuroprotec-

ive effect of taurine in adult zebrafish brain. In this sense,
t is important to reinforce the idea that our data also
rovide implications for future studies. First, they open the
ossibility of analyzing the effects EtOH and taurine in
xidative stress parameters of distinct zebrafish strains.
urthermore, one would need to assess a potential func-

ional role of taurine treatments against the neurochemical
hanges promoted by alcohol exposure in zebrafish by

erforming additional pharmacokinetic assays and testing
hether this amino acid can prevent/attenuate or even
everse EtOH-induced changes in different behavioral par-
digms of this vertebrate. Nevertheless, our zebrafish as-
ay may therefore complement existing approaches, bring-

ng new insights related to black box screening and rational
xperimental design. The current paper also demonstrates
hat researchers now have yet another available tool which
ay help in solving the puzzle related to EtOH and taurine
ffects in zebrafish brain and allows that other questions
ight be addressed.
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