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ABSTRACT

Zebrafish larvae have been widely used in neuroscience and drug research and
development. In the larval stage, zebrafish present a broad behavioral repertoire and
physiological responses similar to adults. Curcumin (CUR), a major component of
Curcuma longa L. (Zingiberaceae), has demonstrated the ability to modulate several
neurobiological processes relevant to mental disorders in animal models. However, the
low bioavailability of this compound can compromiseitsin vivo biological potential.
Interestingly, it has been shown that micronization can increase the biological effects of
several compounds. Thus, in this study, we compared the effects of acute exposure for
30 minutes to the following solutions: water (control), 0.1% DM SO (vehicle), 1 uM
CUR, or 1 uM micronized curcumin (MC) in zebrafish larvae 7 days post-fertilization
(dpf). We analyzed locomotor activity (open tank test), anxiety (light/dark test), and
avoidance behavior (aversive stimulus test). Moreover, we evaluated parameters of
oxidative status (thiobarbituric acid reactive substances and non-protein thiols levels).
MC increased the total distance traveled and absolute turn angle in the open tank test.
There were no significant differencesin the other behavioral or neurochemical
outcomes. The increase in locomotion induced by MC may be associated with a
stimulant effect on the central nervous system, which was evidenced by the

microni zation process.
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INTRODUCTION

Zebrafish have been used as amodel organism for biomedical research in drug
discovery, developmental biology, and genetics as it presents high mammalian
homology [1]. Zebrafish present rapid development and arelatively long lifespan, being
used to investigate the neurobehavioral foundations of various neurological and
psychiatric conditions such as epilepsy, Alzheimer’s and Parkinson’s disease,
schizophrenia, and stress- and drug-related disorders [1-9].

The low cost of rearing and maintenance and the numerous offspring are some
of the attractive features of this organism when compared to rodents. This organism has
proven to be very versatile in research, being used at different stages of development.
Zebrafish larvae have arich behaviora repertoire and respond to pharmacological and
non-pharmacological interventions similarly to rodents [1, 8]. Studies have shown that
zebrafish larvae respond to different classes of psychotropic drugs including ethanol,
hallucinogens, and nicotine [10-15]. All these aspects support the use of zebrafish
larvae in high-throughput screening for research and development of new drugs as well
asfor repurposing [2, 16].

Curcumin is the major active component extracted from the roots of turmeric
Curcuma longa L. (Zingiberaceage). In larval and adult zebrafish, it has shown
antioxidant [17-20], anti-seizure [5, 21], anti-inflammatory [20] and cognitive
enhancing [22] activities. However, curcumin has low bioavailability in vivo,
compromising its use [23, 24]. Micronization, a process that uses a supercritical fluid to
change physicochemical aspects of substances, has been shown to improve the
biological effects of substances such as N-acetylcysteine, resveratrol, and curcumin [5,
25-28]. In our previous studies, both curcumin and micronized curcumin (10 mg/kg,
intraperitoneal) were unable to block the behavioral effects of acute restraint stress (90
minutes) [29] and unpredictable chronic stress (14 days) [28], while robust antioxidant
effects were observed for micronized but not for its conventional preparation in adult
zebrafish [28].

Larval stage zebrafish may occupy different ecological niches and face different
environmental demands (e.g., type of predators, social behavior, preference for certain
environments) when compared to adult zebrafish and therefore the behavioral
phenotypes can be distinct [30]. In addition, zebrafish larvae have a more permeable

blood-brain barrier (BBB) than adults and increased absorption of small moleculesin
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water as well [31]. Thus, considering the pharmacokinetic limitations of curcumin, tests
in larvae may respond differently from those observed in adults, and introducing the
compound in water can better evidence the effects of micronization on the
biocavailability. Therefore, this study aimed to compare the effects of exposure to
conventional and micronized curcumin on locomotor, anxiety, cognitive, and

biochemical parametersin zebrafish larvae.

MATERIALSAND METHODS

Drugs

Curcumin was obtained from Sigma-Aldrich™ (CAS 458-37-7) (St. Louis,
MO, USA). Its micronization was carried out at the Laboratory of Thermodynamics and
Supercritical Technology (LATESC) of the Departmento de Engenharia Quimica e de
Alimentos (EQA) at Universidade Federal de Santa Catarina (UFSC), with the
enhanced dispersion solution by supercritical fluids (SEDS) according to SACHETT et
al. (20214). Both curcumin preparations were dissolved in 0.1% dimethyl sulfoxide
anhydrous (DM SO) obtained from Sigma-Aldrich (CAS 67-68-5) and diluted in the
system water. Reagents used for biochemical assays were obtained from Sigma Aldrich
(St. Louis, MO, USA): bovine serum albumin (CAS Number 9048-46-8), 5,5'-
dithiobis (2-nitrobenzoic acid) (DTNB) (CAS Number 69-78-3), thiobarbituric acid
(TBA) (CAS Number: 504-17-6), and trichloroacetic acid (TCA) (CAS Number: 76-03-
9). Absolute ethanol (CAS Number: 64-17-5) was obtained from Merck KGaA
(Darmstadt, Germany).

Animals

All procedures were approved by the institutional animal welfare and ethical
review committee at the Universidade Federal do Rio Grande do Sul (UFRGS)
(approval #35279/2018). The experiments are reported in compliance with the ARRIVE
guidelines 2.0 [32]. The embryos used were obtained from mating wild-type zebrafish
(Danio rerio) from the colony of the Departamento de Bioguimica at UFRGS. The
animals were maintained in recirculating systems (Zebtec™, Tecniplast, Italy) with

reverse osmosis filtered water equilibrated to reach the species standard parameters
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including temperature (28 £ 2 °C), pH (7 £ 0.5), conductivity and ammonia, nitrite,
nitrate, and chloride levels. The total organic carbon concentration was 0.33 mg/L and
the total alkalinity (as carbonate ion) was 0.030 mEg/L. The animals were kept with a
light/dark cycle of 14/10 h. The system water used in the experiments was obtai ned
from areverse osmosis apparatus (18 MOhm/cm) and was reconstituted with marine
salt (Crystal SeaTM, Marinemix, Baltimore, MD, USA) at 0.4 ppt. For the breeding, in
a breeding tank, females and males (1:2) were separated overnight by a transparent
barrier, which was removed after the lights went on the following morning. The
fertilized eggs retained in the bottom of the fitted tank were collected 1 hour after
fertilization and the viable embryos were sanitized. They were randomly relocated in
24-well plates (4 embryos per well with 2 mL of system water), and kept in a
biochemical oxygen demand incubator (BOD), on the same shelf to ensure the same
lighting and housing pattern. The temperature was constant (28 °C) with alight/dark
period of 14/10 hours until the 7" day post-fertilization (dpf). At 7 dpf, the larvae were
exposed to treatments and submitted to behavioral or biochemical tests. All experiments
were performed in duplicate to confirm the results. Since zebrafish larvae can absorb all
the necessary nutrients through the yolk sac up to 7 dpf, it was not necessary to feed the
animals during the experiment. Embryos were evaluated daily to monitor mortality and
hatching rates. At the end of the experiments, the zebrafish larvae were euthanized by
immersion in cold water (0 to 4 °C) for 20 minutes until the cessation of the movements,
to ensure death by hypoxia according to the AVMA Guidelines for the Euthanasia of
Animals[33].

Experimental design

The experiments were performed according to Figure 1. Two different
experimental sets were carried out for the behavioral (open tank and light/dark (n = 16),
and aversive stimulus tests (n = 4)) and another for the biochemical tests (levels of non-
protein thiols and thiobarbituric acid reactive substances) (n = 3, pool = 15).

At 7 dpf, the animals were randomly allocated to the experimental groups, 4
larvae per well, in a 24-well plate (2 mL) for the behavioral tests and 15 larvae per well,
in a6-well plate (5 mL) for biochemical tests. The animals were allocated following
block randomization procedures to counterbalance the housing plate (2 different plates).

The larvae were exposed for 30 minutes to the following treatments: water (control),
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0.1% DM SO (dilution vehicle), 1 uM curcumin (CUR), or 1 uM micronized curcumin
(MC). Both curcumin preparations were diluted in 0.1% DM SO. All treatments were
administered by immersion, being the substances dissolved in the system water.
Concentrations were pre-established based on the literature [5]. All experimenters who
analyzed the data were blind to the treatment groups.
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/ ( BEHAVIORAL TESTS )

| Light/dark | Aversive stimulus |
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Figure 1. Experimental design. Two different sets of animals were used for the
behavioral (set 1) and biochemical (set 2) tests. Initially, zebrafish larvae were randomly
alocated to the experimental groups, 4 larvae per well, in a24-well plate for the set 1
and 15 larvae per well, in a6-well plate for set 2. At 7 dpf the larvae were exposed for
30 minutes to the following treatments: water (control), 0.1% DM SO (dilution vehicle),
1 uM CUR, or 1 uM MC. Subsequently, set 1 was tested in the open tank, light/dark (n
= 16), and aversive stimulus tests (n = 4), and set 2 was assayed for NPSH and TBARS
levels (n = 3, pool = 15). Dpf (days post-fertilization), CTRL (control), DMSO
(dimethyl sulfoxide), CUR (curcumin), MC (micronized curcumin), NPSH (non-protein
thiols) and TBARS (thiobarbituric acid reactive substances).



https://doi.org/10.1101/2021.11.29.470475
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.29.470475; this version posted December 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Open tank test (OTT)

To assess behavioral effects of treatments on locomotor and exploratory
parameters the OTT was performed [2, 15, 34]. After 30 minutes of exposure to the
treatments, the 7 dpf larvae were transferred individually to a 24-well plate filled with 2
mL of system water. The behavior was recorded from the top view and analyzed for 5
min, following 1 min of acclimation. The videos were analyzed with the ANY maze®
software (Stoelting Co., USA). The apparatus was virtually divided into two areas for
video analysis: the central area of 8 mm in diameter and the periphery of 8 mm. The
following parameters were quantified: total distance (m), crossings (transitions between
the areas of the well), absolute turn angle (°), immobility time (s), and center time (time

spent in the center area of the well) (s).

Light/dark test (LDT)

After the OTT, the LDT was performed to assess anxiety parameters [30]. The
larvae were individually placed on the light (white) side of the light/dark arena, which
consists of a petri dish (60 x 15 mm) divided equally into two aress, light (white) and
dark (black), filled with 15 mL of system water. The animals were recorded for 5
minutes, and the behavior was analyzed with BORIS® software. The time spent in the

light area was measured.

Aversive stimulus test (AST)

After the LDT, the avoidance capacity and cognitive responses to avisual
stimulus were evaluated using an aversive task [35, 36]. The larvae were placed in 6-
well plates (4 larvae per well, n = 4, filled with 5 mL of system water. The plates were
placed on an LCD screen and exposed to an aversive visual stimulus. The video
presented a red-filled circle that oscillates between the two ends of the well for 5
minutes. A habituation phase was carried out for 2 minutes before the stimulus started.
The larvae were recorded and the time spent in the half without stimulation was
evaluated. Animals that remained in the area with stimulation were considered to have

cognitive and avoidance capacity dysfunction.
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Biochemical parameters

To assess the oxidative status, 30 minutes after exposure to treatments,
biochemical tests were performed. Each pool of 15 larvae was simultaneously
euthanized in a Petri dish with ice water at 0-4 °C. Afterward, all larvae were placed in
amicrotube (remaining water was removed) and 350 pL of phosphate-buffered saline
(PBS, pH 7.4, Sigma-Aldrich) was added, then homogenized 60x with a pistil and
centrifuged at 10,000 g at 4 °C in arefrigerated centrifuge. The supernatants were
collected and kept in microtubes on ice until the assays were performed. The protein
content was quantified according to the coomassie blue method using bovine serum
albumin as a standard [37]. The detailed protocol for protein quantification is available
at protocols.io [38].

Non-protein thiols (NPSH)

The content of NPSH in the samples was determined by mixing equal volumes
of the samples (50 pg of proteins) and TCA (6%). The mix was centrifuged (10,000 g,
10 min at 4 °C) and the supernatants were added to potassium phosphate buffer (TFK, 1
M) and DTNB (10 mM). After 1 h, the absorbance was measured at 412 nm. The
detailed protocol is available at protocols.io [39].

Thiobar bituric acid reactive substances (TBARS)

Lipid peroxidation was evaluated by quantifying the production of TBARS.
Samples (50 pg of proteins) were mixed with TBA (0.5%) and TCA (20%). The
mixture was heated at 100 °C for 30 min. The absorbance was measured a 532 nmin a
microplate reader. MDA (2 mM) was used as the standard. The detailed protocol is
available at protocols.io [40].

Statistical analysis

We calculated the sample size to detect an effect size of 0.5 with a power of 0.9
and an aphaof 0.05 using G*Power 3.1.9.7 for Windows. The total distance traveled in
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OTT was defined as the primary outcome. The total sample sizewas 64, n = 16 animals
per experimental group.

The normality and homogeneity of variances were confirmed for all data sets
using D'Agostino-Pearson and Levene tests, respectively. Results were analyzed by
one-way ANOVA followed by Tukey’s post hoc test when appropriate. The outliers
were defined using the ROUT statistical test using the total distance traveled as the
primary outcome and were removed from the analyses. Thisresulted in 5 outliers being
removed from the OTT test (1 animal from CTRL, DM SO, and MC and 2 animals from
CUR groups). The house plate effect was tested in all comparisons and no effect was
observed, so the data were pooled.

Data are expressed as mean + standard deviations of the mean (S.D.). The level
of significance was set at p<0.05. Data were analyzed using IBM SPSS Statistics
version 27 for Windows and the graphs were plotted using GraphPad Prism version
8.0.1 for Windows.

RESULTS

Behavioral parameters

The effects of CUR and MC on behaviora parametersin larvae zebrafish
submitted to OTT are presented in Figure 2. Acute MC exposure increased the distance
(Fs55 = 5.142, p=0.0033) (Fig. 2A) and absolute turn angle (Fss5= 3.688, p=0.0378)
(Fig. 2C). One-way ANOV A revealed a significant effect on the immobility time (Fig.
2D); however, no significant effects were observed in post hoc analysis. These results
indicate an increase in locomotion and absolute turn angle in zebrafish larvae exposed
to MC. There was no statistical difference of any intervention in the number of
crossings and center time. Table 1 summarizes the one-way ANOVA analysis.

There was no statistical difference of any intervention in thetimein the lit side

inthe LDT (Fig. 3), neither in percent of the animalsin non-stimulus areain the AST
(Fig. 4).
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Figure 2. Effects of CUR and MC (1 uM) on behaviora parameters in the open tank
test. (A) distance, (B) crossings, (C) absolute turn angle, (D) immobility time, and (E)
center time. Data are expressed as mean = S.D. One-way ANOVA/Tukey. n = 14-15.
"p<0.05vs. CTRL. " p<0.005 vs. CTRL. CTRL (control), DMSO (dimethyl sulfoxide),
CUR (curcumin), MC (micronized curcumin).
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Figure 3. Effects of CUR and MC (1 uM) on behavioral parametersin the light/dark
test. Data are expressed as mean + S.D. One-way ANOVA. n=16. CTRL (control),
DM SO (dimethyl sulfoxide), CUR (curcumin), MC (micronized curcumin).
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Figure 4. Effects of CUR and MC (1 uM) on behavioral parametersin the aversive test.
Data are expressed as mean + S.D. One-way ANOVA. n =4. CTRL (control), DMSO
(dimethyl sulfoxide), CUR (curcumin), MC (micronized curcumin).

Biochemical parameters

The effects of CUR and M C on oxidative status parameters in zebrafish larvae
are presented in Figure 5. There was no statistical difference of any intervention in the

non-protein thiols and thiobarbituric acid reactive substances levels.
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Figure 5. Effects of CUR and MC (1 uM) on biochemical parameters. (A) NPSH and
(B) TBARS. Data are expressed as mean + S.D. One-way ANOVA. n=3. CTRL
(contral), DM SO (dimethyl sulfoxide), CUR (curcumin), MC (micronized curcumin),
MDA (malondhyaldeide), NPSH (non-protein thiols), TBARS (thiobarbituric acid
reactive substances).
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Table 1. Summary of the one-way ANOVAsfor the open tank, light/dark, aversive
and biochemical tests.

Test Dependent variable F-value DF P-value

Open tank test Distance 5.142 3,55 <0.05
Crossings 2.109 3,55 >0.05
Absolute turn angle 3.688 3,55 <0.05
Immobility time 3.079 3,55 <0.05
Center time 1.907 355 >0.05

Light/dark test Timein thelit side 0.9696 3,60 >0.05

Aversivestimulus % of animals in the non-stimulus 1.830 312 >0.05

test area

Biochemical test  NPSH 1.250 3,8 >0.05
TBARS 05782 38 >0.05

Significant effects (p<0.05) are given in bold font. DF (degrees of freedom),
NPSH (non-protein thiols), TBARS (thiobarbituric acid reactive substances).

DISCUSSION

In this study, M C increased locomotion and absolute turn angle in the open tank
test. However, there were no significant differences in the anxiety parametersin the
light/dark or cognitive alterations in the aversive stimulus tests by any treatment. Also,
there were no changes in the oxidative status of zebrafish larvae exposed to CUR or
MC.

Essential for the survival of zebrafish, locomotion is a complex behavior
controlled by the activity of various reticulospinal neurons of the brain stem along with
descending vestibulospinal or neuromodulatory projections, whose activities depend on
the integrity of brain function, nervous system development, and visual pathways [16,
41, 42]. The distance traveled and the pattern of movement of zebrafish larvae are
relevant parameters to understand the neurobehavioral effects of the interventions [16].
The absolute turn angle is a measure of turning irrespective of its direction, which
correlates with the motor pattern and is used to evaluate the motor coordination [43,
44]. In this study, M C increased the distance traveled and the absolute turn angle.
Similar to our results, acute administration of neuroactive drugs that indirectly alter
dopaminergic (DA) signaling as ethanol, d-amphetamine, and cocaine, increased
locomotion in zebrafish larvae, and these effects were also observed in mammals [11,
12, 45]. Both the D, and D, selective agonists (SKF-38393 and quinpirole, respectively)

12
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increased locomotor activity, while the selective antagonists (SCH-23390 and
haloperidol, D;- and D,- antagonists respectively) decreased locomotion [12]. Also,
ethanol and quinpirole increased absolute turn angle while clonazepam, haloperidol, and
valproic acid had the opposite effect [43, 44, 46, 47]. Although speculative, the effects
of MC on the parameters above may be related to the modulation of dopaminergic
transmission.

Some studies have suggested that the antidepressant effects of curcumin are
associated with the modulation of dopamine pathways. In mice, acute curcumin (5 and
10 mg/K g, p.o. and 2080 mg/kg, i.p.) produced a significant inhibition of the
immohility in the tail suspension test, forced swimming, and locomotor test. At the
same time, it increased dopamine, serotonin, and noradrenaline levels, inhibiting both
monoamine oxidase types in the mouse brain [48, 49]. In our study, MC affected
locomation, suggesting that the micronization process increases the psychostimulant
actions of curcumin in zebrafish larvae.

In the light-dark, zebrafish larvae show white preference (black avoidance). In
this test, diazepam increases the time spent in the black side [30]. Our results indicate
that curcumin does not present anxiolytic effects in zebrafish larvae since there was no
changein time spent in the light sidein LDT [30] neither in time spent in the periphery
area (thigmotaxis) in the OTT [15]. Moreover, curcumin does not change the percentage
of animals in the non-stimulus areain the AST. Avoidance behavior in the 7-day-old
larvae isimportant to detect a predator in the environment and may be also an indirect
measure of anxiety and cognition [15]. Indeed, curcumin does not appear to have an
acute anxiolytic effect or to impair avoidance behavior. In mice, curcumin (20 mg/kg)
did not demonstrate any significant anxiolytic effects in the elevated plus-maze, open
field test, and forced swim test, and no interaction of curcumin at the benzodiazepine
site of the GABA  receptor was observed [50]. In OTT, larvae show significantly less
thigmotaxis behavior after exposure to the anxiolytic diazepam but not to the
antidepressant fluoxetine [15]. In the same study, the diazepam-treated larvae showed
an increased avoidance, unlike fluoxetine and caffeine-exposed larvae that displayed a
decrease on this parameter. The differences between diazepam and fluoxetine are
expected since these drugs target different neuronal signaling pathways [15]. Perhaps,
for these same reasons, there were no observed effects of curcumin in these behavioral
tests.
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Although curcumin has antioxidant effects in several studies both in vitro and in
vivo [28, 51, 52], we did not find an increase in antioxidant protection related to the
non-enzymeatic antioxidant GSH (represented by NPSH), nor adecrease in basal lipid
peroxidation levels (represented by TBARYS) in zebrafish larvae. In our previous study,
acute exposure to curcumin and micronized curcumin had no significant antioxidant
effectsin adult zebrafish. We hypothesize that these effects are only observed when
thereis an increase in the production of reactive oxygen species or oxidative damage, in
higher concentrations of the curcumin and/or for alonger period of exposure in adult
and larval zebrafish [17, 28].

CONCLUSION

In this study, M C increased locomotion and absolute turn angle but did not
change anxiety, cognitive, and oxidative status outcomes in zebrafish larvae. We infer
that the micronization process increases the stimulant effects of curcumin, which could
be related to the indirect modulation of dopaminergic signaling. However, studies with
dopaminergic antagonists and extending the exposure time and concentrations of the
treatments should be performed to better characterize these results.
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