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ABSTRACT 
 

Curcumin, a polyphenol extracted from the rhizome of Curcuma longa L. (Zingiberaceae), 

presents neuroprotective properties and can modulate neuronal pathways related to mental 

disorders. However, curcumin has low bioavailability, which can compromise its use. The 

micronization process can reduce the mean particle diameter and improve this compound’s 

bioavailability and therapeutic potential. In this study, we compared the behavioral (in the open 

tank test, OTT) and neurochemical (thiobarbituric acid reactive substances (TBARS) and non-

protein thiols (NPSH) levels) effects of non-micronized curcumin (CUR, 10 mg/kg, i.p.) and 

micronized curcumin (MC, 10 mg/kg, i.p.) in adult zebrafish subjected to 90-minute acute 

restraint stress (ARS). ARS increased the time spent in the central area and the number of 

crossings and decreased the immobility time of the animals. These results suggest an increase in 

locomotor activity and a decrease in thigmotaxis behavior in the OTT. Furthermore, ARS also 

induced oxidative damage by increasing TBARS and decreasing NPSH levels. ARS-induced 

behavioral and biochemical effects were not blocked by any curcumin preparation. Therefore, we 

suppose that curcumin does not have anti-stress effects on the ARS in zebrafish. 

 

Keywords: acute restraint stress, oxidative damage, curcumin, open tank test, zebrafish. 
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Introduction 

 

The term stress refers to the set of responses triggered by the body in a situation 

assumed as threatening, which occurs due to a stressor. These responses are triggered by 

activation of the autonomic nervous system and hypothalamic-pituitary-adrenocortical 

(HPA) axis, which results in the release of catecholamines and glucocorticoids. It aims to 

adapt the system to a given demand, adapt and return to the basal level of internal balance, 

called homeostasis. The persistence of these responses, even when the stress stimulus 

ends, indicates a failed adaptation, which can affect an individual's health status and result 

in mental disorders such as anxiety and depression [1–5]. Stress can lead to the depletion 

of the body's adaptive responses through complex neurobiological changes involving 

oxidative stress, neuroinflammation, neurotransmitters signaling disfunction, and 

excitotoxicity that can ultimately affect neurocircuits that regulate behavior, especially 

behaviors relevant to decreased motivation (anhedonia), avoidance, and alarm (anxiety), 

which characterize several neuropsychiatric disorders [6]. Although effective treatments 

for these conditions are available, a significant number of patients do not adequately 

respond to the therapy, further contributing to the global burden of these mental diseases. 

Therefore, it is essential to study innovative treatments that modulate targets related to 

these psychopathologies [6, 7].  

Zebrafish stress response is mediated by the hypothalamic-pituitary-interrenal 

(HPI) axis that is functionally and structurally homologous to the mammalian HPA axis 

[8]. In response to an acute stressor (for example, restraint, alarm pheromone, net 

chasing), zebrafish exhibit a complex behavioral and physiological repertoire including 

anxiety, locomotor disturbance, increase in thigmotaxis behavior, cognitive impairment, 

hypercortisolemia, and oxidative status imbalance [9–21]. These effects were blocked by 

antidepressants/ anxiolytics [9, 16], antipsychotics [17], and other compounds [18, 19, 

21].  

Curcumin, a compound extracted from the roots of the ground turmeric (Curcuma 

longa L. Zingiberaceae), presented antioxidant, anti-inflammatory, neuroprotective, 

immunomodulatory, anxiolytic, and antidepressant effects in several pre-clinical and 

clinical studies [7, 22–26]. However, curcumin has low bioavailability, poor absorption, 

rapid metabolism, and quick systemic elimination, which compromise its therapeutic use 

for neuropsychiatric disorders [27, 28]. Supercritical fluid micronization technology 
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(SEDS) is an approach that has been using to modify material properties by reducing 

particle size, increasing dissolution rate and solubility, as well as modifying the crystal 

structure of the compound when compared to non-micronized compounds [29, 30]. These 

changes can potentially increase bioavailability. Therefore, this study aimed to compare 

the effects of non-micronized curcumin and micronized curcumin on the behavioral and 

biochemical parameters in adult zebrafish submitted to acute stress. 

 

Materials and methods 
 

Drugs 

 

Curcumin was obtained from Sigma-Aldrich® (CAS 458-37-7) (St. Louis, MO, 

USA). Curcumin micronization was carried out at the Laboratory of Thermodynamics 

and Supercritical Technology (LATESC) of the Department of Chemical and Food 

Engineering (EQA) at Universidade Federal de Santa Catarina (UFSC), with the solution 

enhanced dispersion by supercritical fluids (SEDS) according to [31]. Both curcumin 

preparations were dissolved in 1% DMSO (dimethyl sulfoxide anhydrous) obtained from 

Sigma-Aldrich® (CAS 67-68-5) and diluted in injection water (Samtec Biotecnologia®, 

SP, Brazil) acquired from a commercial supplier. Reagents used for biochemical assays 

were obtained from Sigma Aldrich (St. Louis, MO, USA), 5,5′-dithiobis (2-nitrobenzoic 

acid) (CAS Number 69-78-3), thiobarbituric acid (CAS Number: 504-17-6), and 

trichloroacetic acid (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 animal experiments are reported in compliance with the ARRIVE 

guidelines 2.0 [32]. Experiments were performed at the Laboratory of 

Psychopharmacology and Behavior (LAPCOM) of the Department of Pharmacology at 

UFRGS, using 144 male and female (50:50 ratio) short-fin wild-type zebrafish, 6 months 

old, weighing 300 to 400 mg. Adult animals were obtained from the colony established 
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in the Biochemistry Department at UFRGS and maintained for at least 15 days before 

tests in our animal facility (Altamar, SP, Brazil) in 16-L home tanks (40 x 20 x 24 cm) 

with non-chlorinated water kept under constant mechanical, biological, and chemical 

filtration at a maximum density of two animals per liter. Tank water fulfilled the 

controlled conditions required for the species (26 ± 2 °C; pH 7.0 ± 0.3; dissolved oxygen 

at 7.0 ± 0.4 mg/L; total ammonia at <0.01 mg/L; total hardness at 5.8 mg/L; alkalinity at 

22 mg/L CaCO3; and conductivity of 1500–1600 μS/cm). The animals were maintained 

in a light/dark cycle of 14/10 hours and food was provided twice a day (commercial flake 

food (Poytara®, Brazil) plus the brine shrimp Artemia salina). After the tests, animals 

were euthanized by hypothermic shock according to the AVMA Guidelines for the 

Euthanasia of Animals [33]. Briefly, animals were exposed to chilled water at a 

temperature between 2 and 4 °C for at least 2 min after loss of orientation and cessation 

of opercular movements, followed by decapitation as a second step to ensure death. 

 

Drug administration 

 

Intraperitoneal (i.p.) injections were applied using a Hamilton Microliter™ 

Syringe (701N 10 µL SYR 26s/2"/2) x Epidural catheter 0.45 x 0.85 mm (Perifix®-

Katheter, Braun, Germany) x Gingival Needle 30G/0.3 x 21 mm (GN injecta, SP, Brazil). 

The animals’ weight was checked 24 hours before the treatment and an average between 

the weights of each tank was used to calculate the injection volume (1 µL/100 mg of 

animal weight). The animals were anesthetized by immersion in a solution of tricaine 

(300 mg/L, CAS number 886-86-2) until postural loss and reduction of respiratory rate. 

The anesthetized fish were gently placed in a sponge soaked in water placed inside a petri 

dish, with the abdomen facing up and the fishs’ head positioned on the sponges’ hinge. 

The needle was inserted parallel to the spine in the abdomens’ midline posterior to the 

pectoral fins. This procedure was conducted in approximately 10 seconds. The behavioral 

tests took place 90 minutes after the injection. 

 

Experimental design 

 

The experimental design is presented in Fig. 1. Initially, animals were treated with 

1% DMSO, 10 mg/kg CUR, or 10 mg/kg MC (n= 24).These doses were standardized in 

our previous study [31]. After the treatment, the experimental groups were subdivided 
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into control (non-stressed group, S-) or acute restraint stress (ARS) (stressed group, S+). 

The stress protocol was conducted as described previously [10, 12, 15, 20, 21]. Fish in 

the stressed group were gently placed into 1.8-mL cryogenic tubes (Corning®) with 

openings at both ends (to allow adequate water circulation) in a 16-L tank for 90 min. 

Non-stressed groups were transferred to an identical 16-L tank for 90 min. After the acute 

stress protocol, the animals were individually transferred to the OTT, and behavioral 

parameters were quantified. Immediately after the OTT, fish were euthanized, and the 

brain was dissected and homogenized for the biochemical assays. The animals were 

allocated to the experimental groups following block randomization procedures to 

counterbalance the sex, the two different home tanks, and the test arenas between the 

groups. Animal behavior was video recorded and analyzed with the ANY-Maze tracking 

software (Stoelting Co., Wood Dale, IL, USA) by researchers blinded to the experimental 

groups. All tests were performed between 08:00 and 12:00 a.m. The sex of the animals 

was confirmed after euthanasia by dissecting and analyzing the gonads.  

 

 
Fig 1 Experimental design. The treatments 1% DMSO, 10 mg/kg CUR, or 10 mg/kg MC 
were injected intraperitoneally. Afterward, zebrafish were subjected to acute restraint 
stress for 90 minutes. Zebrafish from the control group remained in an identical tank and 
were not submitted to stress. Subsequently, the animals were tested in the open tank test. 
Immediately after the behavioral test, each animal was euthanized and the brain dissected 
to performed the biochemical assays. DMSO (dimethyl sulfoxide), CUR (curcumin), MC 
(micronized curcumin), NPSH (non-protein thiols) and TBARS (thiobarbituric acid 
reactive substances) 
 
 
Open tank test (OTT)  

 

The OTT was conducted as described previously [10, 31, 34]. Animals were 

individually placed in the center of a circular arena made of opaque white plastic (24 cm 

diameter, 8 cm walls, 2 cm water level) and recorded for 10 min. The apparatus was 

virtually divided into two areas for video analysis: the central (12 cm in diameter) and the 

periphery areas. Videos were recorded from the top view. The following parameters were 

quantified: total distance traveled (m), number of crossings (transitions between the areas 
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of the tank), absolute turn angle (°), immobility time, time spent, and entries in the center 

area of the tank. 

 

Neurochemical assays 

 

For each independent sample, four brains were pooled (n=6) and homogenized in 

600 µL of phosphate-buffered saline (PBS, pH 7.4, Sigma-Aldrich) and centrifuged at 

10,000 g at 4 °C in a cooling centrifuge; the supernatants were collected and kept in 

microtubes on ice until the assays were performed. The detailed protocol for prepare brain 

tissue samples is available at protocols.io [35]. The protein content was quantified 

according to the Coomassie blue method using bovine serum albumin (Sigma-Aldrich) 

as a standard [36]. The detailed protocol for protein quantification is available at 

protocols.io [37]. 

 

Non-protein thiols (NPSH) 

 

The content of NPSH in the samples was determined by mixing equal volumes of 

the brain tissue preparation (50 µg of proteins) and trichloroacetic acid (TCA, 6%), 

centrifuging the mix (10,000 g, 10 min at 4 °C), the supernatants were added to TFK (1 

M) and DTNB (10 mM) and the absorbance was measured at 412 nm after 1 h. The 

detailed protocol is available at protocols.io [38]. 

 

Thiobarbituric acid reactive substances (TBARS) 

 

The lipid peroxidation was evaluated by quantifying the production of TBARS. 

Samples (50 µg of proteins) were mixed with TBA (0.5%) and TCA (20%) (150 µL). The 

mixture was heated at 100 °C for 30 min. The absorbance of the samples was determined 

at 532 nm in a microplate reader. MDA (2 mM) was used as the standard. The detailed 

protocol is available at protocols.io [39]. 

 

Statistical analysis 

 

We calculated the sample size to detect an effect size of 0.35 for the interaction 

between stress and treatment with a power of 0.9 and an alpha of 0.05 using G*Power 
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3.1.9.7 for Windows. The total distance traveled was defined as the primary outcome. 

The total sample size was 144, n= 24 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 two-

way ANOVA. The outliers were defined using the ROUT statistical test and were 

removed from the analyses. This resulted in 6 outliers being removed from the OTT test 

(1 animal from CUR S-, 2 animals from DMSO S+ and 3 animals from MC S+ groups). 

Moreover, one animal showed 0 distance in OTT from the MC S+ group and was removed 

from the test. The tank and sex effects were 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 behavioral parameters in zebrafish submitted to 

ARS in the open tank test (OTT) are presented in Fig 2. Two-way ANOVA revealed that 

acute stress increased the number of crossings (Fig. 2B) and decreased the time immobile 

(Fig. 2D). Also, ARS increased the time spent in the center area (Fig. 2E), indicating a 

decrease in the thigmotaxic behavior. Both CUR and MC did not prevent the effects of 

acute stress on these behavioral parameters. There was no statistical difference in the 

parameters of total distance traveled, absolute turn angle, and center entries. 
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Fig. 2 Effects of CUR and MC (10 mg/kg) on behavioral parameters in zebrafish 
submitted to the acute restraint stress. (A) total distance traveled, (B) number of crossings, 
(C) absolute turn angle, (D) immobility time, (E) time in the center area, and (F) center 
entries. Data are expressed as mean ± S.D. Two-way ANOVA. n=20-24. +p<0.05 stress 
effect. DMSO (dimethyl sulfoxide), CUR (curcumin), MC (micronized curcumin) 
 

Neurochemical parameters 

 

The effects of CUR and MC on oxidative status parameters in zebrafish brains 

submitted to ARS are presented in Fig 3. Two-way ANOVA revealed the main effect of 

stress on NPSH (Fig. 3A) and TBARS (Fig. 3B) levels, decreasing and increasing, 

respectively. These results indicate ARS provoked oxidative stress in the zebrafish brain. 

Both CUR and MC were not able to prevent these effects.  
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Fig. 3 Effects of CUR and MC (10 mg/kg) on neurochemical parameters in zebrafish 
submitted to the acute restraint stress. (A) NPSH and (B) TBARS. Data are expressed as 
mean ± S.D. Two-way ANOVA. n=6. +p<0.05 stress effect. DMSO (dimethyl sulfoxide), 
CUR (curcumin), MC (micronized curcumin), NPSH (non-protein thiols), TBARS 
(thiobarbituric acid reactive substances)  
 

Discussion 
 

In this study, ARS increased locomotion and decreased thigmotaxis behavior in 

the open tank test, and induced oxidative damage in the zebrafish brain. Both curcumin 

preparations were not able to prevent the effects of ARS on the behavioral and 

neurochemical parameters tested. 

The acute restraint stress model merges both emotional and physical aspects of 

stress and is widely used to study the impact of stress on disease processes and in stress-

associated pathological conditions [40]. In response to an acute stressor, zebrafish may 

display fear/anxiety-like behaviors, such as altered locomotion (e.g., increased distance 

and average speed spent in the tank) as well as memory deficits and increase of cortisol 

levels [10, 11, 13, 16, 20, 21]. 

Traditionally, an increase in the time and exploration of aversive zones (bolder 

behavior) in open field tests are usually regarded as anxiolytic effects [41, 42]. Acute 

restraint stress has been reported to alter locomotor activity and cause anxiety-like 
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behaviors in zebrafish [10, 20, 21]. In this study, ARS increased locomotion and 

decreased thigmotaxis in the open tank test. These findings, therefore, could suggest that 

acute stress may momentarily relieve anxiety in zebrafish, which appears counterintuitive 

but is not unprecedented in the literature [11]. The same was observed in zebrafish 

submitted to the acute restraint stress (15 minutes), which showed an increase in the 

number of the crossings, and spent significantly less time in the external area (periphery) 

than non-stressed controls in the OTT [11]. Also, acute stress has been previously shown 

to affect behavioral patterns in rodents, in a nonconventional manner as well. For 

instance, in a study in rodents, acute immobilization (120 minutes) produced anxiety-like 

behavior in the elevated plus-maze, which is reflected by hyperactivity in the open field 

test [40]. Immediate exposure to stress has been reported to induce anxiogenic behavior 

that may result in an excitable and irritable state leading to impaired performance [40, 

43]. Furthermore, acute stress paradigms including restraint stress can cause a reduction 

in anxiety-like behaviors such as risk assessment behaviors (head poking and stretch 

attempts) and at the same time cause increases in the frequency of direct entries in the 

inner/anxiogenic zone of a novel environment such as the open field [11]. The reason 

underlying this phenomenon is unclear. One possibility is that acute stress may 

momentarily alter cognitive function, which may, in turn, affect the selection of 

appropriate risk assessment behaviors and/or coping strategies [11]. Moreover, the 

distance was not changed by ARS,  presumed this behavior does not appear to be driven 

by general behavioral hyperactivity (an increase on crossings) but rather by a voluntary 

(brain driven) decision not to visit the periphery zone as non-stressed controls [11]. These 

findings suggest that stressed zebrafish seem to adopt a coping style that is less suited for 

successful escape and therefore might not be adaptive (e.g., increases the risk for predator 

attacks), thus supporting the view that acute stress may impair cognitive abilities. It is 

also possible that stress could act as a “disorienting” factor causing zebrafish to lose the 

ability to discriminate between the different parts of the open field [11].    

The stimulation of intracellular pathways induced by stress also leads to the free 

radical generation from intracellular reactive oxygen species, such as superoxide, 

hydrogen peroxide, and hydroxyl radicals resulting in an imbalance of antioxidant status, 

disturbances in homeostasis, and oxidative stress [40, 44]. In our study, ARS lowered 

GSH (NPSH) levels, making the zebrafish brain more susceptible to oxidative damage 

like increased lipid peroxidation (TBARS). Numerous reports have revealed that restraint 

stress can affect central nervous system functions by producing neurochemical and 
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hormonal abnormalities associated with oxidative stress in zebrafish [10, 12, 21]. Also, 

many studies have shown that restraint stress increases lipid peroxidation and increases 

or decreases antioxidant enzyme activities in different brain regions of rodents depending 

on the severity and duration of immobilization stress protocol from inducing numerous 

cellular cascades that lead to increased reactive oxygen species production [40]. In our 

study, both curcumin preparations were not able to prevent the ARS-induced effects on 

behavioral and biochemical parameters in zebrafish.  

There is controversy in the literature about the anxiolytics effects of curcumin. In 

rodents subjected to acute immobile stress (120 minutes), both anxiety and hyperactivity 

were reversed by pre-treatment with curcumin (200 mg/kg/day for 7 days) in the open 

field test [40]. Also, the pre-treatment with curcumin (20 mg/kg) prevented the 

hyperlocomotion and anxiogenic state induced by restraint stress (6 hours) in mice [40, 

45]. However, in another study, curcumin (20 mg/kg) did not demonstrate any effects in 

the open field test, and no interaction of curcumin at the benzodiazepine site of the 

GABAA receptor was observed [46].  

Curcumin has recently been classified as both a PAINS (pan-assay interference 

compounds) and an IMPS (invalid metabolic panaceas) candidate. Curcumin has shown 

promise in thousands of preclinical studies. However, over 100 clinical trials have failed 

to find health benefits in humans against several diseases. No form of curcumin, or its 

closely related analogs, appears to possess the properties required for a good drug 

candidate (chemical stability, high water solubility, potent and selective target activity, 

high bioavailability, broad tissue distribution, stable metabolism, and low toxicity). The 

essential medicinal chemistry of curcumin provides evidence that curcumin is an 

unstable, reactive, and nonbioavailable compound. Moreover, the available evidence 

demonstrates that curcumin will ultimately degrade upon release into physiologic media, 

no matter the delivery mechanism. [47]. Acute curcumin does not seem to have an anti-

stress effect on behavior parameters in zebrafish. In our previous study, both curcumin 

and micronized curcumin were unable to block the behavioral effects of chronic stress 

(14 days) in zebrafish, even after chronic treatment (7 days), and only antioxidant effects 

were observed, which were not sufficient to block its behavioral effects [31]. 

 

Conclusions 
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In this study, we have shown that ARS increased locomotion and decreased 

thigmotaxis in the open tank test and induced oxidative damage in the zebrafish brain. 

We suppose that acute stress may impair cognitive abilities acting as a disorienting factor 

causing a reduction in anxiety-like behaviors such as risk assessment behaviors in 

zebrafish. Moreover, both curcumin preparations were not able to prevent the effects of 

ARS on behavioral and biochemical parameters in zebrafish. These results corroborate 

with previous data showing curcumin (for 7 days) did not seem to have a behavioral effect 

in zebrafish, even after the micronization process. We speculate that the effects of 

curcumin on stress-induced behavioral changes might be observed with a longer exposure 

time or even in a dose range different from that used in these studies.  
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