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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Aluminium and cadmium are toxic

metals for developing zebrafish.

� Exposure to CdCl2 induces delay in

hatching and in swimming dose-

dependent.

� Exposure to AlCl3 increases swim-

ming ability at increasing dose.
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a b s t r a c t

Aluminium and cadmium are biologically non-essential metals with a role in neurodegenerative and

neuromuscular diseases. As an attractive model for neurobehavioural studies, zebrafish at 6 h post

fertilization were exposed to 9, 18, 36 and 72 mM CdCl2 and 50, 100 and 200 mM AlCl3, respectively, for

72 h, and motility such as distance moved, mean velocity, cumulative movement, meander and heading

were measured by DanioVision equipment. The hatching time was also analysed. A delay in the exit from

the chorion was observed in all treated larvae with respect to the controls. CdCl2 acted on the exit from

the chorion of larvae with a dose-dependent delay. By contrast, the delay caused by AlCl3 was greater at

low concentrations. A dose-dependent reduction in swimming performance was observed in the larvae

exposed to CdCl2. Instead, for those exposed to AlCl3, swimming performance improved at higher con-

centrations although values were in general lower than those of control. All the parameters had a similar

trend except the meander parameter which showed a dose-dependent reduction. These data show that

cadmium and aluminium can delay hatching and alter swimming ability in the early developmental

stages of zebrafish, albeit with different effects, suggesting that exposure to sublethal concentrations of

both metals can change behavioural parameters.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Aluminium (Al) and cadmium (Cd) are toxic metals, ubiquitous

in the environment and subject to bioaccumulation (Favorito et al.,
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2011; Guo et al., 2007; Pereira et al., 2013; Suruchi and Pankaj,

2011). Cadmium is a highly toxic non-essential heavy metal and

its adverse influence on oxidative stress is well recognized (Irfan

et al., 2013). Cd can be toxic even at low doses since it accumu-

lates and has a long biological half-life. In recent years, Cd has also

been indicated as a possible aetiological factor in neurodegenera-

tive diseases (Chin-Chan et al., 2015). It affects the nervous system

by producing reactive oxygen species, changes in transmitter

release (Antonio et al., 1999) and bloodebrain barrier alterations

(Shukla et al., 1996), but it also induces changes in calcium ho-

meostasis leading to DNA damage and lipid peroxidation (Kumar

et al., 1996; Lopez et al., 2006). Aluminium is the third most

abundant element found in the earth's crust (Gupta et al., 2013). It

occurs naturally in the air, water and soil. Some investigations on

environmental toxicology revealed that aluminiummight present a

high risk for humans, animals and plants, causing many diseases

(Barabasz et al., 2002). At high concentrations Al is very toxic for

aquatic animals, especially for gill-breathing organisms such as fish

(Rosseland et al., 1990). Al and Cd have been recognized as very

harmful for the nervous system (Monaco et al., 2016, 2017a),

influencing neurodegenerative and neuromuscular diseases

(Jomova et al., 2010). They appear to be among the contributors of

amyotrophic lateral sclerosis (Bar-Sela et al., 2001; Flaten, 1990)

and Parkinson's disease (Okuda et al., 1997; Yasui et al., 1992),

whilst representing a risk factor for the development of Alzheimer's

disease (AD) (Notarachille et al., 2014; Panayi et al., 2002;

Tomljenovic, 2011). In particular, the greatest complications of

aluminium are neurotoxicity effects such as neuronal atrophy in the

locus coeruleus, substantia nigra and striatum (Jaishankar et al.,

2014). Nevertheless, some critical points in the mechanisms of Al

neurotoxic actions are still unclear. While the mechanism of cad-

mium is not clearly understood either, its ionic shape (Cd2þ) is

known to interfere with the release of acetylcholine from motor

neuron terminals (Jaishankar et al., 2014). In the present work the

effects of aluminium and cadmium were investigated on zebrafish

larvae since negative effects on the development of this fish have

been shown elsewhere (Monaco et al., 2017a, 2017b; Yin et al.,

2017; Zhu et al., 2008). In addition, the zebrafish is an experi-

mental model that has recently become the focus of neuro-

behavioural studies (Senger et al., 2011).

The zebrafish (Danio rerio) like other teleosts (Ferrandino and

Grimaldi, 2008; Gay et al., 2016) and on a par with different ani-

mals (Galdiero et al., 2017; Libralato et al., 2017) is an optimum

animal model for toxicology studies of environmental exposure. It

is an attractive model of neurobehavioural studies since the larvae

show neuropathological behaviour that is quantifiable and relate to

those seen in humans (Best and Alderton, 2008; Guo, 2004).

Moreover, the zebrafish has optically transparent eggs, a rapid

development with the major organs that are evident within 24 h

post-fertilization (hpf) (D’Costa and Shepherd, 2009; Kimmel et al.,

1995). In previous studies we showed some neurotoxic effects of

cadmium and aluminium in adult zebrafish (Favorito et al., 2011;

Monaco et al., 2016) and during their embryological development

(Monaco et al., 2017a, 2017b) but also in lizards (Favorito et al.,

2010, 2017; Ferrandino et al., 2009). The aim of this work was

therefore to continue in this direction and to study the behaviour of

zebrafish larvae after exposure to the above metals, analysing the

speed of hatching from the chorion and standard parameters of

swimming ability. Swimming ability is indicative of motility per-

formance, in turn indicating the normal development of larvae. In

our study, motility was revealed by DanioVision equipment (Nol-

dus) considering the reported parameters and described in accor-

dance with EthoVision XT 10 technical specifications: Distance

moved, that is distance travelled by a body point from the previous

sample to the current one; Mean velocity, the distance travelled by

the body point per unit of time; Cumulative movement, which de-

scribes two possible states, ‘moving’ and ‘not moving’, indicating

whether the spatial movement of a body is within speed thresh-

olds; Heading, the parameter on the direction of movement of a

body point between one sample and the previous, relative to a line

parallel to the x axis in the coordinate system; Meander, which

measures the change in direction of a body point, relative to the

distance moved. These analyses were conducted on embryos at 6

hpf (hours post fertilization) and exposed for 72 h to sublethal

concentrations of aluminium chloride (AlCl3) (50, 100 and 200 mM)

and cadmium chloride (CdCl2) (9, 18, 36 and 72 mM).

2. Materials and methods

2.1. Embryo growth

Embryos were generated from Danio rerio adult fish housed in

well-oxygenated tanks, with a natural photoperiod of 12 h:12 h

light/dark, at a temperature of 28.5 �C and a pH of 7.6 (Westerfield,

2000). The embryos were collected and housed with E3 medium at

28.5 �C. At 6 hpf they were selected for experimental procedures.

All the experiments were performed in accordance with the

Guidelines for Animal Experimentation of the Italian Department of

Health.

2.2. Chemicals

For cadmium treatment a stock solution of 25mM CdCl2$H2O

(Carlo Erba, Cornaredo, MI, Italy, CAS no. 35658-65-2) was prepared

and by scalar dilutions CdCl2 at 9, 18, 36 and 72 mM was obtained.

For aluminium treatment, from a stock solution of AlCl3$6H20

8mM (Carlo Erba, Italy; CAS no. 7784-13-6), a series of solutions

was prepared at concentrations of 50, 100 and 200 mM. The con-

centrations used are sub-lethal in light of the survival curves of

embryos tested in previous studies for both metals (Meinelt et al.,

2001; Monaco et al., 2017a).

2.3. Embryo treatment

Embryo (6 hpf) treatments were conducted in six-well plates at

a density of 10 embryos per well incubated at 28.5 �C. Each well

contained 10mL of test solutions renewed per day. Embryos were

exposed to 50,100 and 200 mMof AlCl3 and to 9,18, 36 and 72 mMof

CdCl2. For each concentration 50 embryos were used; 50 other

embryos were for controls simply exposed to the breeding solution.

All treatments were carried out for 72 h and the larvae at 78 hpf

(Kimmel et al., 1995) were analysed for the study of their dechor-

ionation time and to evaluate motility ability.

2.4. Rate of dechorionation

Rate of larvae dechorionation was determined by counting the

number of larvae exiting from the chorion with respect to those in

the chorion at 72 h from the start of exposure (78 hpf) both with

CdCl2 and with AlCl3 for each element concentration by means of a

Leica Zoom 2000 stereomicroscope at a magnification of 10X. The

average values were obtained from experiments performed in

triplicate and statistically validated.

2.5. Motility assay

Motility assay was performed by DanioVision (Noldus, Wage-

ningen, The Netherlands), which allows the motility of zebrafish

larvae to be evaluated, through a system equipped with an obser-

vation chamber that monitors the motor activity of a maximum of
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96 individuals at the same time. The tool includes both software,

namely EthoVision XT, and equipment that can control the tem-

perature inside the instrument and provide test results in a very

short time. The data are obtained thanks to a computer connected

to DanioVision to process the video tracking the movements, the

graphs related to the variables analysed and the data for each

variable. The measured variables were distance moved, mean ve-

locity, cumulative movement, meander and heading. Twenty larvae

of zebrafish, with regular phenotype, for each experimental group,

both AlCl3 and of CdCl2 and a group of control, were analysed at 78

hpf. All the experiments were replicated three times. Each single

larva was placed individually in 96 multi-well plates with 200 mL of

breeding solution. The study was conducted at a constant tem-

perature of 28.5 �C for a total of 20min. During the entire analysis,

individuals were struck by a light which, for the first 10min, was

required for their adaptation in the well and, for the remaining

10min, for the actual analysis. The system was optimised in order

to eliminate variations due to different well location effects when

comparing groups of animals subject to various treatments. Dis-

tance moved indicates the average distance travelled by the larvae

for each treatment with respect to the average distance travelled by

the control larvae. It was measured in millimetre paths (mm).

Mean velocity indicates the average speed measured in mm/s of

the larvae for each treatment compared with the average speed of

the control larvae.

Cumulative movement indicates the total time of the movements

and was measured in seconds (s).

Heading identifies the larvae's movement from the x axis, and it

is measured like the average number of collisions of samples

against the wall.

Meander is the parameter that measures the change in direction

of a body point relative to the distance moved.

2.6. Statistical analysis

Data were processed by means of GraphPad-Prism 7. Rate of

dechorionation and the differences in swimming ability between

control and treated larvae were tested by ANOVA test (P¼ 0.05)

followed by Tukey's post hoc test. When studying the behavioural

effects of CdCl2 and AlCl3 on zebrafish by means of a high-

throughput tracking system, statistical analyses were generated

by the DanioVision (Noldus) software system. Data are mean ± SD:

P < 0.05 was considered to be statistically significant (*), P < 0.01

very significant (**) and P < 0.001 highly significant (***).

3. Results

3.1. Rate of dechorionation

The numbers of larvae able to exit the chorion were analysed at

72 h from treatment both with CdCl2 and with AlCl3 for each con-

centration. Before 72 h all treated larvae were still in the chorion.

Instead, by the above development stage all the control larvae had

come out of the chorion as occurs physiologically. For the treatment

of cadmium the rate of larvae outside the chorion decreased

significantly with the increase in the concentration of Cd solutions:

the proportion of larvae hatching was 83%± 0.07 at 9 mM,

76%± 0.05 at 18 mM, 54%± 0.05 at 36 mM and only 35%± 0.07 at

72 mM. Instead for Al, the dechorionation rate increased together

with Al concentrations, albeit always remaining lower than that of

the controls: dechorionated larvae amounted to 57%± 0.06 at

50 mM, 70%± 0.06 at 100 and 83%± 0.04 at 200 mM of AlCl3,

respectively (Fig. 1).

3.2. Motility assay

The average distance travelled by the control larvae

(340.7± 17.10mm) was greater than that of larvae treated both

with CdCl2 and with AlCl3. Treatment with CdCl2 influenced the

distance moved; in fact the travelled millimetres showed a general

decrease dose-dependent. Indeed, upon increasing the concentra-

tion of cadmium this parameter showed a proportional decrease:

106.0± 5.30mmat 9 mM, 79.5± 3.97mmat 18 mM,

71.0± 3.55mmat 36 mM and at 72 mM only 30.6± 1.53mm. Expo-

sure to AlCl3 induced the opposite variations to those of cadmium:

at 50 mM AlCl3 the distance travelled was 22.5± 1.11mm,

51.6± 2.58mmat 100 mM and 200.34± 10.1mm at 200 mM. The

values were lower than those of the control larvae but instead with

an inversion of performance: upon increasing the concentration of

aluminium the larvae showed an increase in distance travelled. In

the graph (Fig. 2) the average distances are summarised.

The average speed of the control larvae (0.79± 0.29mm/s)

exceeded that of those treated. It was significantly lower for those

exposed to cadmium: at 9 mM CdCl2 the mean velocity was

0.24± 0.08mm/s but lower at other concentrations, for which the

values were relatively constant (0.08± 0.03mm/s at 18 mM,

0.09± 0.04mm/s at 36 mM and 0.08± 0.03mm/s at 72 mM). Larvae

treated with AlCl3 showed a lower mean velocity than the control,

although the values in question increased with the aluminium

concentration: at 50 mM mean velocity was 0.10± 0.03mm/s, at

100 mM it was 0.43± 0.15mm/s and at 200 mM it was

0.68 ± 0.14mm/s (Fig. 3).

This value was lower for larvae treated with cadmium: at 9 mM

CdCl2 mean cumulative movement was 16.81± 0.84 s compared

Fig. 1. Graphical representation of the dechorionation rate of control and larvae

treated for 72 h with CdCl2 (9 mM, 18 mM, 36 mM and 72 mM) and with AlCl3 (50 mM,

100 mM and 200 mM). *P < 0.05.

Fig. 2. Graphical representation of the average distance moved (mm) of the control

larvae and larvae treated for 72 h, respectively with CdCl2 (9 mM, 18 mM, 36 mM and

72 mM) and with AlCl3 (50 mM, 100 mM and 200 mM). P values < 0.05(*).
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with the mean of control larvae (76.52± 3.82 s) and decreased

further for those treated at 18 mM of CdCl2 (8.77± 0.43 s) and at

successive concentrations, for which was also relatively constant

values were observed (9.86± 0.49 s at 36 mM and 9.37± 0.46 s at

72 mM, respectively). For the larvae treated with AlCl3 the total time

of movements exceeded those treated with Cd, although it was less

than that of the control (19± 0.95 s at 50 mM, 23.36± 1.16 s at

100 mM and 32.24± 1.61 s at 200 mM, as shown in Fig. 4).

A large number of headings are a symptom of the good state of

the larvae, as it indicates that they had greater motility and that

they repeatedly reached the wall of the well during the observation

time. Compared with the controls the number of collisions de-

creases significantly with the increase in Cd concentration in so-

lution. This value is in agreement with the velocity parameters and

distance moved. Indeed, the control larvae with an average of

128.28± 6.41 showed twice the number of headings as those

treated at 9 mM of CdCl2 (59.56± 2.97). At 18 mM of CdCl2 this

parameter was 9.76± 0.48, at 36 mM it was 3.19± 0.15 and at 72 mM

it was 1.01± 0.05. Larvae exposed to aluminium showed a greater

number of collisions than those treated with Cd, which increased

with the metal concentration: at 50 mM of AlCl3 the headings were

26.72± 1.33 and at 100 mM they numbered 70.60± 3.53. At 200 mM

of AlCl3 larvae collisions against the wall amounted to

128.47± 6.42, a value similar to the numbers of collisions in control

larvae (Fig. 5).

For this measure the positive values indicate the continuous and

uniform movements in only one direction from the centre to the

ends of the well for a few milliseconds. By contrast, the negative

values represent the rapid changes, neither continuous nor uni-

form, that occur in the same milliseconds. Uniform movements are

typical of larvae in good health, whereas rapid changes in direction

are symptoms of a compromised locomotion system. The data

showed a smaller average number of unchecked movements of the

controls with respect to all the treated larvae. The trend of the data

for Cd appeared to overlap other motility parameters: at 9 mM,

18 mM, 36 mM and 72 mMof CdCl2 the values of uniformmovements

were �1.79± 0.08, �12.29± 0.61, �21.3± 1.06, and �48.85± 2.44,

respectively, instead the mean of control larvae was 93.45± 4.67. A

different response was noted for the Al treatment: no overlapping

of the trend was revealed with the parameters already described. In

the latter case the number of unchecked movements increased at

higher concentrations: uniform movements amounted to

64.23± 3.21 at 50 mM, �17.42± 0.87 at 100 mM and �43.92± 2.19 at

200 mM, as shown in Fig. 6.

4. Discussion

In our previous reports we showed that exposure to cadmium

and aluminium induced alterations on embryonic development,

changes in heart rate assessment (Monaco et al., 2017a) and

neurodegenerative effects (Favorito et al., 2011; Monaco et al., 2016,

2017b). In the light of this we analysed some behavioural param-

eters like hatching time and swimming ability in developing

zebrafish after exposure to sublethal concentrations tested in pre-

vious studies for both metals (Meinelt et al., 2001; Monaco et al.,

2017a). In this study, the dechorionation rates showed a general

delay for all treated larvae with respect to the controls. If at 78 hpf

all control larvae were exited from chorion, this did not happen for

those exposed to cadmium or to aluminium. Indeed, the number of

larvae exiting the chorion decreased significantly with the increase

in CdCl2 concentration. Also for the Al treatment, the values were

always lower than those found in control larvae, but the number of

eggs hatching was higher at high concentrations of AlCl3 (100 and

200 mM) than that observed at a low concentration (50 mM). The

Fig. 3. Graphical representation of the mean velocity (mm/s) of the control larvae and

larvae treated for 72 h, respectively, with CdCl2 (9 mM, 18 mM, 36 mM and 72 mM) and

with AlCl3 (50 mM, 100 mM and 200 mM). P values < 0.05(*).

Fig. 4. Graphical representation of average cumulative movement of the control larvae

and those treated for 72 h with CdCl2 (9 mM, 18 mM, 36 mM and 72 mM) and with AlCl3
(50 mM, 100 mM and 200 mM). P values < 0.05(*).

Fig. 5. Graphical representation of the average heading of control larvae and those

treated for 72 h with CdCl2 (9 mM, 18 mM, 36 mM and 72 mM) and with AlCl3 (50 mM,

100 mM and 200 mM). P values < 0.001(***).

Fig. 6. The graph represents the meander values of control larvae and those treated

with CdCl2 and AlCl3 after 72 h of exposure with CdCl2 (9 mM, 18 mM, 36 mM and 72 mM)

and with AlCl3 (50 mM, 100 mM and 200 mM). P values < 0.05(*).
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hatching of larvae is an important point in the life cycle of fish, and

a combination of biochemical and physical mechanisms regulates

the process, which happens physiologically between 48 hpf and 72

hpf (Kimmel et al., 1995;Wang et al., 2018). This process is achieved

by the secretion of choriolysin but also by spontaneous movements

of the developing embryos (De la Paz et al., 2017; Schoots et al.,

1982). We hypothesised that the frequency of spontaneous move-

ment of embryos within the chorion was the reason for the general

delay in the hatching process, rather than other factors that would

alter the production of choriolysin, because the hatching time

overlapped with the trend of other motility parameters measured

for both metals. For the effects induced by Cd, the regular and

repeated dose-dependent pattern of all the parameters analysed

(distance moved, mean velocity, cumulative movement, heading

and meander) suggests a common mechanism underlying such

alterations.

Instead, the response to aluminiumwas conflicting: the delay of

hatching shown may be superimposed upon all motility values

except the meander parameter for which the trend was completely

reversed. Moreover, treatment with AlCl3 also induced partial re-

covery of physiological activity as the metal concentration

increased while remaining below the performance of controls.

To our knowledge, this is the first time the abnormal behaviour

induced by Cd and Al in larval zebrafish has been compared and

very little is known about the mechanisms activated. For the

limited motility of larvae exposed to cadmium, the data were

consistent with similar experiments inwhich Cd is reported to have

induced decreases in swimming ability upon increasing the dose

(Tu et al., 2017; Zhang et al., 2016). Such effects were probably

caused by alterations in organisation, composition and function of

the skeletal muscle fibre with a significant reduction in swimming

performance (Avallone et al., 2015a). Furthermore, exposure to Cd

makes the larvae so lethargic that they get tired quickly. This is a

probable consequence of glycogen reserves being compromised

(Pierron et al., 2007) even if such effects could be due to the direct

interference of Cd on glycolytic enzymes, lactate dehydrogenase,

hexokinase and phosphofructokinase (Almeida et al., 2001;

Ramirez-Bajo et al., 2014). While much has been written about

cadmium, little is known about aluminium toxicity. However, Al is

known to cause a reduction in the neuronal stem cell pool, thereby

limiting the neuroblast differentiation process (Nam et al., 2016), as

well as an alteration of the glucose metabolism (Wei et al., 2018).

The above factors could be the cause of the impairment of swim-

ming ability that we observed. The stronger performance of larvae

exposed to aluminium is corroborated by work on the Atlantic

salmon exposed to acidic water and Al in which it was demon-

strated that the treated fish were more active than the control

exposed to circumneutral water (Brodeur et al., 2001). Conversely,

in Al-exposed juvenile rainbow trout reduced swimming activity

was observed (Allin and Wilson, 1999). That said, these contrasting

findings are indicative that fish of different species can react

differently to sublethal levels of aluminium. The atypical response

to exposure to high concentrations of aluminium, for which the

larvae appeared more reactive than those exposed to low concen-

trations of the metal, was revealed in all parameters except

meander. This is in agreement with a study on zebrafish larvae

which increased their movement speed at high Al concentrations

(Chen et al., 2017), and another on mice, which at low Al concen-

trations decreased locomotor activity, but at high concentrations

showed neither neurobehavioural changes with respect to controls

(Cr�epeaux et al., 2017). Selective toxicity of the lowest dose may

well challenge the classic toxicology adage “the dose makes the

poison” because not response to classic mechanism dose-

dependent. In fact only at high concentrations are actived

adaptive immune responses (Seubert et al., 2008) with unknown

threshold-dose mechanism again. It could be that only low con-

centrations cause the activation of mechanisms of alterations

which are then turned off with higher concentrations, as reported

in adult zebrafish treated with a high dose of cadmium (Avallone

et al., 2015b). The future hypothesis, to be demonstrated, is that

low levels of metal do not fully activate protective mechanisms,

thereby allowing extensive but not lethal damage.

For the Meander parameter, the trend of values is different

because both with increasing concentrations of Cd and with

increasing Al concentrations, the values get worse, that is the

number of unchecked movements increase with the concentra-

tions. This parameter for Al is most important because unchecked

movements are typical of neurologic pathologies like Parkinson's

disease, suggesting a possible correlation between the activated

mechanisms (Saberzadeh et al., 2016). Although its neurotoxic ef-

fects are still not completely understood, the literature suggests

that aluminium interacts with the cholinergic system, acting as a

cholinotoxin (Gulya et al., 1990) and increasing Acetylcholines-

terase activity in Danio rerio (Senger et al., 2011). Cholinergic sys-

tems are known to be involved in locomotor activity responses to

novel stimuli and in the performance of spatial memory tasks

(Pepeu and Giovannini, 2004). Moreover, to support this theory,

new drugs, such as cholinesterase inhibitors, have been used in

patients to block Parkinson's disease (Rolinski et al., 2012). Our

results suggest the importance of continued in-depth study into

such alterations of motility for their environment implications,

given the presence of Cd and Al in polluted waters (Wilbers et al.,

2014; Zhao et al., 2018), since alterations in fish behaviour serve

as a sensitive tool for analysing toxicological impact and environ-

mental risk (Si et al., 2017). Reduced motility can limit fish survival

in thewild (Brodeur et al., 2001), where reduced swimming activity

can affect the ability of fish to avoid predation and successfully

reproduce (Allin and Wilson, 1999).

Moreover, further experiments are also required to shed light on

the mechanisms underlying delay of motility, due to possible hu-

man implications of such research. In this context, using zebrafish

as a model systemwould appear advisable, given that this fish now

provides an excellent complement to themouse to study the factors

of development and muscular and neurological functions (Bretaud

et al., 2007; Guo, 2004; Matsui and Takahashi, 2018). In addition,

the correlation between neurodegenerative diseases like Parkin-

son's and Alzheimer's and exposure to Cd and Al needs to be

elucidated, given that exposure has been suggested as a risk factor

in the onset of such diseases (Jomova et al., 2010), especially since

the mechanism behind the correlation has yet to be fully clarified.

5. Conclusion

The present work showed that aluminium and cadmium have

serious effects on the behaviour of developing zebrafish. We

demonstrated that exposure of embryos at 6 hpf to 9 mM, 18 mM,

36 mM and 72 mM CdCl2 resulted in a delay in larval hatching time

which increased with elevated concentrations. Cd also induced a

significant reduction in the movement of individuals at the larval

stage (78 hpf), always with the same trend and affecting the pa-

rameters of behaviour analysed by DanioVision. This reduction in

swimming performance may be related to alterations of skeletal

muscle fibre but also of compromised glycogen reserves. In addi-

tion, the results on embryos exposed to increasing sub-lethal AlCl3
concentrations (50 mM, 100 mM, 200 mM) showed a decrease in

swimming performance when the embryos were exposed to low

concentrations and a recovery in such functions in those exposed to

high concentrations, which do not however reach the values

observed in the control organisms. This effect occurred both for
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hatching time, and for all parameters studied but not for the

meander parameter. In this case the performance of larvae worsens

with increased concentrations of AlCl3. The behaviour of zebrafish

larvae exposed to aluminium appears atypical with respect to that

observed with cadmium. These results indicate the toxic effects of

Cd and Al at sublethal concentrations on embryonic development

of D. rerio and suggest the need for further experiments to elucidate

the different mechanisms underlying such alterations.
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Abstract 20 

Aluminium is a non-essential metal and potentially toxic to organisms whose environmental 21 

concentration increases due to pollution. In our previous studies, the behavioural changes induced by 22 

aluminium were already shown on zebrafish, a model organism widely used for ecotoxicology 23 

screening. To examine in depth the knowledge about the toxicity mechanism induced by this metal, 24 

zebrafish embryos, at 6 hpf, have been exposed to 50, 100 and 200 µM of AlCl3 for 72 hours. 25 

Phenotypic alterations, apoptosis and oxidative stress responses have been assessed by evaluations of 26 

antioxidant defence and changes in metabolism at the end of treatment. The mRNA expression level 27 

of c-fos, appa and appb as marker genes of neural development and function were analysed by qPCR 28 

for the highest used concentration. The data showed that aluminium significantly affected the 29 

development of zebrafish inducing morphological alterations and cell death. The oxidative state of 30 

larvae was altered, although the formation of reactive oxygen species and the levels of 31 

metallothioneins, and the activity of some antioxidant enzymes, decreased at the maximum 32 

concentration tested. In addition, at this concentration, the expression of the evaluated genes 33 

increased. The comprehensive information obtained gives a realistic snapshot of the aluminium 34 

toxicity and provides new information on the mechanism of action of this metal. 35 

 36 

Keywords: Antioxidants, gene expression, Danio rerio larvae, phenotypical alterations, oxidative 37 

biomarkers, Metallothioneins. 38 

Introduction 39 

Aluminium (Al) is a ubiquitous element naturally occurring in the soil, air, and water. Its presence in 40 

the environment has been increasing due to anthropogenic activities (Pereira et al., 2013) and the 41 

consequent pollution, especially in water bodies. It is well-known that the Al concentration in water 42 

bodies usually ranges from 0.001 to 0.05 mg/L when the pH is near-neutrality (WHO, 1997, 2013), 43 

but it may increase up to 50 mg/L in the polluted water due to acid rainfalls (ATSDR, 2008). The 44 

surface waters growing acidification induces the Al mobilisation from metastable compounds in 45 
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bottom sediments and its transition into water (Barabasz et al., 2002; Lawrence et al., 2007). As a 46 

result of its increase in the environment, the Al has been the subject of several studies in the last few 47 

recent years, demonstrating its toxicity for different organisms, both aquatic (Adams et al., 2018) and 48 

terrestrial (Coleman et al., 2010). It has been shown that Al can lead to  adverse effects in different 49 

species, especially the aquatic organisms  Indeed, it can alter the vertebrate organisms’ survival and 50 

growth  such as  D. rerio (Monaco et al., 2017a) and P. promelas (Cardwell et al., 2018), and  also of 51 

those invertebrate such as  the snails L. stagnalis and D. magna (Cardwell et al., 2018; Gensemer et 52 

al., 2018).  Other species such as carp C. carassius (Poléo et al., 2017) and Atlantic salmon, S. salar 53 

(Jagoe and Haines, 1997), while managing to survive at high concentrations of Al, showed gill 54 

histopathological alterations. In other cases, instead, the Al exposure has led to abnormalities in 55 

reproduction (Yokel, 2020) and behaviour (Capriello et al., 2019, 2021a; Kumar and Gill, 2009). Its 56 

effects have also been studied in humans’ beings, where the Al appears to contribute to the onset of 57 

neurodegenerative and neuromuscular diseases (Flaten, 1990) such as amyotrophic lateral sclerosis 58 

(Maya et al., 2018; Perl et al., 1982), Parkinson's (Bjorklund et al., 2018) and Alzheimer's disease 59 

(Colomina and Peris-Sampedro, 2017). However, despite these pieces of evidence, the mechanisms 60 

of action of the Al toxicity are not well understood compared with other metals such as cadmium 61 

(Favorito et al., 2010,2017; Ferrandino et al., 2009; Monaco et al., 2016), mercury (Zhang et al., 62 

2016) or copper (Carotenuto et al., 2020), whose evident toxicity has been the subject of many studies.  63 

This work aimed to analyse the impact of the Al on the development of a known model organism, 64 

Danio rerio, better known as zebrafish, which is widely accepted in the scientific community as a 65 

suitable model organism for the ecotoxicological effects screening caused by environmental 66 

pollutants on vertebrates (Bambino and Chu, 2017; Favorito et al., 2011; Gerlai, 2010). Zebrafish 67 

embryos, especially, develop rapidly, and they are optically transparent, allowing making easy 68 

observations of any possible alterations in early life stages (Motta et al., 2019; Yang et al., 2009). In 69 

the present work, zebrafish embryos at 6 hours post-fertilization (hpf) were exposed to AlCl3 for 72 70 

hours (h) at concentrations of 50, 100 and 200 µM, corresponding respectively to 1.40, 2.80 and 5.60 71 
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mg/L of Al. These concentrations were chosen to simulate the conditions found in the polluted ground 72 

and surface waters (Agarwal et al., 2016, ATSDR, 2008), also taking into account the aluminium-73 

dose effect on zebrafish larvae survival. Therefore, the Al concentrations used were all below the 74 

EC50 previously calculated and published (Monaco et al., 2017a). In earlier studies, we have already 75 

shown that the same Al concentrations induce behavioural changes in zebrafish larvae (Capriello et 76 

al., 2019). In this study, we further investigated the effects of Al exposure on zebrafish development. 77 

We evaluated the cell death response, given that it is a highly regulated and essential process for 78 

normal embryo development (Popgeorgiev et al., 2018), which may be affected by exposure to some 79 

substances, including metals (Monaco et al., 2017b; Zhao et al., 2020). Moreover, in this study, a 80 

special focus was placed on aspects related to oxidative stress as a potential mechanism of Al toxicity 81 

(Maheswari et al., 2014). It was assessed, especially, the involvement of reactive oxygen species 82 

(ROS) and different oxidative biomarkers such as antioxidants activity, oxidative damage and 83 

metallothioneins. The acetylcholinesterase activity was also evaluated because of its role in 84 

neuromuscular transmission. Moreover, in animals exposed to the highest concentration of the Al, 85 

we also analysed the expression pattern of genes involved in the neural development and function, c-86 

fos, appa and appb, demonstrating the neurotoxic effect of the Al treatment. This research highlights 87 

that this metal is unsafe for the environment, and it lays the foundation for future work aiming to 88 

better define the effects of an as element used as dangerous. 89 

2. Material and Methods 90 

2.1 Embryo growth 91 

Embryos were obtained from 15 healthy adult zebrafish (in ratio 2 female to 1 male) housed in 92 

oxygenated tanks with a natural photoperiod of 12 h:12 h light/dark, at a temperature of 28.5°C and 93 

a pH of 7.6. Adult zebrafish were fed twice a day with a commercial diet (TetraMin Tropical 94 

Flake Fish®) supplemented with Artemia sp. nauplii (Westerfield, 2000).  95 
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The eggs, laid at the first light on the morning, were collected by siphoning the bottom of the fish 96 

tank and housed in dishes containing E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2·2H2O, 97 

0.33 mM MgSO4) in a water bath at 28.5 °C (Westerfield, 2000). After 6 hpf, using a 98 

stereomicroscope, unfertilized eggs (denser and whiter) were eliminated and the healthy embryos, 99 

which showed synchronous development, were selected for experimental procedures. All the 100 

experiments were performed according to the guidelines and policies dictated by European 101 

regulations on the wellness of animals employed for experimental purposes (Directive 2010/63/EU).  102 

2.2 Embryo treatments  103 

For Al treatments, a series of solutions were prepared at concentrations of 50, 100 and 200 μM starting 104 

from a stock solution of 8 mM AlCl3·6H2O (Carlo Erba, Italy; CAS no. 7784-13-6). Periodically, 105 

these concentrations have been evaluated and confirmed by MP-AES analysis (Microwave Plasma-106 

Atomic Emission Spectrometry) conducted at the ACE-Analytical Chemistry for the Environment, 107 

Department of Chemical Sciences, University of Naples "Federico II", with the following Al mean 108 

values (mg/L of Al): Control < 0.001; 50 µM AlCl3 = 1.40 ± 0.04; 100 µM AlCl3 = 2.80 ± 0.09; 200 109 

µM = 5.60 ± 0.23. Embryos at the shield stage (6 hpf) were randomly distributed into six-well plates 110 

(ten embryos per well) containing either 10 mL of Al solution or E3 medium for the control group. 111 

The E3 medium and the Al solutions were refreshed every day. Embryo development was monitored 112 

along all the treatment period, and only healthy larvae, without evident morphological anomalies, 113 

were included in the pool for subsequent biochemical and biomolecular analysis. This choice was 114 

made because a high number of malformed larvae could have altered the final results, thus making 115 

the data not comparable between the different groups, nor with the swimming data obtained 116 

previously, for which the same procedural selection was performed (Capriello et al., 2019).  Four 117 

independent replicates containing 70 larvae at each concentration and 70 control larvae were used for 118 

biochemical biomarkers analysis and metallothioneins assay. qPCR was performed on three 119 

independent biological replicates of 70 larvae for the treated group (200 μM) and control group. 120 
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Moreover, 20 larvae for each experimental group were used for apoptosis analyses by acridine orange 121 

staining.  122 

2.3 Analysis of development and evaluation of apoptosis  123 

The embryo development was monitored under a Leica Zoom 2000 stereomicroscope, at a 124 

magnification of 10x and 20x; any phenotypic alterations were recorded at 24, 48 and 72 h after the 125 

beginning of the treatments. After 72 h of treatment (at 78 hpf) control and treated larvae were moved 126 

to a new multiwell to analyse the whole-mount apoptosis using acridine orange staining (Monaco et 127 

al., 2017b). Before proceeding with the staining, larvae were rinsed three times with breeding solution 128 

(E3 medium) to remove the residues of Al. Next, larvae were exposed at room temperature to a 129 

solution of acridine orange dye (5 μg/mL) for 30 min in the dark (Félix et al., 2017). After several 130 

rinses with E3 medium to remove the excess dye, the larvae were individually placed in a drop slide 131 

and the images were acquired by microscope (Zeiss, Germany) setting the FITC channel, that has the 132 

emission peak at 525 nm (green spectrum) and allows to visualise the apoptotic cells like fluorescent 133 

spots. Apoptotic cells were quantified by counting all fluorescent cells in the brain and along the tail 134 

using the cell count tool of ImageJ software (Image Analysis Software, Rasband, NIH). The average 135 

number of positive fluorescent cells observed in the treated was then related to the mean number of 136 

apoptotic cells found in the control organisms. 137 

2.4 Biochemical analyses 138 

2.4.1 Sample collection  139 

For biochemical analysis, samples were collected after the 72 h exposure (at 78 hpf), washed 140 

in cold phosphate buffer saline (PBS), collected in 1.5 mL microfuge tubes and homogenized 141 

in cold buffer (0.32 mM of sucrose, 20 mM of HEPES, 1 mM of MgCl2, and 0.5 mM of 142 

phenylmethyl sulfonylfluoride (PMSF) in ethanol, pH 7.4) as previously described in Félix et 143 

al., (2018). The homogenate was centrifuged at 4 °C at 15000 x g for 20 min, and the 144 
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supernatant was stored at –80 °C until analysis. For metallothioneins analysis, 70 larvae from 145 

each experimental group were inset in 1.5 mL microfuge tubes with buffer (0.5 M sucrose, 20 146 

mM Tris-HCl buffer, pH 8.6, containing 0.01 % β-mercaptoethanol) and homogenized using 147 

a pellet mixer and cordless motor (VWR International, Carnaxide, Portugal). Entire 148 

homogenized samples were subsequently stored at –20 °C until analysis. Moreover, proteins 149 

determination was carried out with the BioTek’s Take3™ Micro-Volume Plate by optical 150 

absorbance at 280 nm using bovine serum albumin (BSA) as a standard. 151 

2.4.2 Determination of ROS accumulation and enzyme activities 152 

All assays were performed at 30 °C and all experimental procedures were reported in detail 153 

in the Supplementary Material section. All samples were compared against a reagent blank 154 

and carried out in technical duplicate. ROS accumulation was evaluated by a previously 155 

reported methodology (Deng et al., 2009; Félix et al., 2018). Catalase (CAT) activity was 156 

evaluated according to the protocol reported by Claiborne (1985). The protocol reported in 157 

Durak et al., (1993) was used to determine the superoxide dismutase (SOD) activity. The 158 

activity of the glutathione S-transferases (GST) was assayed as reported by Habig and Jakoby, 159 

(1981) while the evaluation of Glutathione peroxidase (GPx) activity was carried out by 160 

spectrophotometric analysis at 340 nm as reported in Massarsky et al., (2017). ATPase activity 161 

was assayed by measuring the inorganic phosphate (Pi) released from ATP as described by 162 

Lança et al., (2015). Acetylcholinesterase (AChE) was analysed as reported in Rodriguez-163 

Fuentes et al., (2015), while the activity of lactate dehydrogenase (LDH) was carried out as 164 

described by Domingues et al., (2010). 165 

2.4.3 Determination of glutathione levels and oxidative stress index 166 

The levels of reduced (GSH) and oxidized (GSSG) glutathione were tested as reported by 167 

Misra and Niyogi, (2009), with the fluorochrome ortho-phthalaldehyde (OPT) (1 mg/mL in 168 

methanol), in a Varian Cary Eclipse (Varian, USA) spectrofluorometer with a microplate 169 
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reader. See Supplementary Material section for detailed experimental procedures. The 170 

oxidative stress index (OSI) was calculated as the ratio between GSH (µmol of GSH/mg 171 

protein) and GSSG (µmol of GSH/mg protein). 172 

2.4.4 Metallothioneins assay and oxidative damage biomarkers 173 

The metallothioneins assay was performed as reported by Linde and Garcia-Vazquez, (2006). 174 

The lipid peroxidation (TBARS) was evaluated by the thiobarbituric (TBA) method (Wallin 175 

et al., 1993), while the oxidative damage to proteins (carbonyls, CO) was assayed by the 176 

DNPH (2,4-dinitrophenylhydrazine) according to the method described by Quintana-177 

Villamandos et al., (2016). Detailed protocols were reported in the Supplementary Material 178 

section. 179 

2.5 RNA extraction and qPCR analysis 180 

To evaluate the effect of AlCl3 stimulation on the c-fos, appa and appb gene expression, known 181 

markers of neuronal development and activity, the mRNA level was analysed using the RT-qPCR 182 

approach in AlCl3 treated larvae at the highest concentration (200 μM) and control larvae. Total RNA 183 

from larvae was isolated using the TRI-Reagent (SIGMA-Aldrich®, St. Louis, MO, USA) according 184 

to the manufacturer’s instructions. The concentration and purity of the RNA samples were assessed 185 

using a NanoDrop® 1000 spectrophotometer (Thermo Fisher, Waltham, MA, USA). First-strand 186 

cDNA was synthesized from 1 μg of total RNA in 20 μL of total volume reaction with SuperScript 187 

III reverse transcriptase (Invitrogen, Thermo Fisher). qPCR was performed on three independent 188 

biological replicates, in technical duplicate for each biological replicate using the SYBR green 189 

(Applied Biosystems, Foster City, CA, USA) method and an Applied Biosystems 7500 System. The 190 

reaction mixture contained 50 ng of cDNA template and 400 nM of each forward and reverse primer 191 

in a final volume of 15 μL. The primers employed for the expression pattern analysis were as follows: 192 

forward 5′-GTGCAGCACGGCTTCACCGA-3′ and reverse 5′-TTGAGCTGCGCCGTTGGAGG-3′ 193 

for c-fos gene (ENSDARG00000031683); forward 5′-CCTCGAGAGCTACCTGTCTG-3′ and 194 
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reverse 5′-CTCGGCCCGTACATACTTCT-3′ for appa gene (ENSDARG00000104279); forward 5′-195 

TAGAGGAGGTTGTGCGAGTG-3′ and reverse 5′-CTTCTGGAAGCGCATGTGTT-3′ for appb 196 

gene (ENSDARG00000055543); forward 5′-CTGGAAAACAACCCAGCTCT-3′ and reverse 5′-197 

CGGACCTCAGTCAGATCCTC-3′ for rplp0 gene (ENSDARG00000051783). The PCR conditions 198 

included a denaturation step (95 °C for 10 min) followed by 40 cycles of amplification and 199 

quantification (95 °C for 35 s, 60 °C for 1 min), followed by melt curve analysis to check the 200 

amplification specificity. The relative gene expression levels were normalised to the rplp0 reference 201 

gene and calculated by the 2 –ΔΔCt method. 202 

2.6 Statistical analysis 203 

A sample size calculation was carried out with the G*Power 3 (University of Düsseldorf, Germany) 204 

based on standard deviations (Oliveira et al., 2013). The data were checked for normality and 205 

homogeneity by Shapiro-Wilk and Brown-Forsythe test respectively, before evaluating the statistical 206 

significance. For qPCR analysis, statistical significance was tested by using a two-tailed t-test with a 207 

p-value cut-off of 0.05, while for all others was carried out a one-way analysis of variance ANOVA 208 

followed by Tukey's pairwise comparison test. All data were processed using GraphPad-Prism 7 209 

(GraphPad Software, La Jolla California USA, www.graphpad.com) and expressed as mean±SD. The 210 

minimum level of acceptable significance was set at p < 0.05, and different lowercase letters were 211 

used to indicate significant differences between groups. 212 

3. Results 213 

3.1 Phenotypic alterations 214 

The larvae exposed to AlCl3 developed phenotypic alterations concerning head-tail axis 215 

malformations, yolk sac swelling and pericardial edema (Fig. 1, panel I). Pericardial edema was 216 

already visible at 24 h of the treatment, while the head-tail axis alteration was evident only after 217 

hatching. After 72 h of exposure, the number of altered larvae increased with increasing AlCl3 218 
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concentration (Fig. 1, panel II). Precisely, 13 ± 3 % (p < 0.01) and 23 ± 6 % (p < 0.001) of larvae 219 

showed malformations at the concentrations of 50 and 100 µM AlC3, respectively. The percentage 220 

reached the value of 35 ± 9 % (p < 0.001) at the concentration of 200 µM. No teratogenic effects were 221 

observed in control larvae.  222 

3.2 Apoptosis induction  223 

Control and treated larvae with a normal phenotype were used to analyse the apoptosis in whole-224 

mount by acridine orange staining. An increase in the number of fluorescent cells was observed in all 225 

treated larvae when compared to controls (Fig. 2). A physiological presence of apoptotic cells was 226 

visible in control larvae, both at the e head and the tail levels (Fig. 2A, E). A particular distribution 227 

of apoptotic cells was observed in the head of treated larvae, especially in larvae exposed to 50 (Fig. 228 

2B) and 200 µM (Fig. 2D), in which apoptosis was localized in groups of cells of circumscribed area 229 

(indicated by arrows) unlike organisms treated with 100 µM (Fig. 2C). On the contrary, the 230 

distribution of the apoptotic cells in the tail was homogeneous for all the control and treated organisms 231 

(Fig. 2 E-H). The number of apoptotic cells in the head of larvae exposed to 50 µM is 8-fold higher 232 

compared to controls (Fig. 2, graph I). This number tended to decrease in larvae exposed to 100 (p < 233 

0.001) and 200 µM (p < 0.001), although remaining significantly higher than the controls. Similarly, 234 

within the tail (Fig. 2, graph II), the number of apoptotic cells was about 10-fold higher for the larvae 235 

exposed to 50 µM (p < 0.001) compared to the controls and decreased slightly in larvae exposed to 236 

100 (p < 0.001) and 200 µM (p < 0.01) while remaining significantly higher than that observed in the 237 

controls. 238 

3.3 Biochemical changes 239 

3.3.1 ROS accumulation and enzyme activities 240 

The accumulation of ROS was expressed as µmol of DCF/mg of protein (Fig. 3A). The mean 241 

value was 47.70 ± 6.10 for the controls, and increased significantly for the larvae exposed to 242 
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50 µM AlCl3 during 72 h (58.50 ± 10.40, p < 0.05). However, the average amount of ROS 243 

significantly decreased in larvae exposed to higher AlCl3 concentrations, 100 (32.58 ± 3.85, 244 

p < 0.01) and 200 µM (34.57 ± 7.47, p < 0.01), respectively. The effects of exposure to AlCl3 245 

on the activities of the enzymes were variable, depending on the considered enzyme. The CAT 246 

activity, expressed as U/mg protein (Fig. 3B), and the LDH activity (Fig. 3C), expressed as 247 

nmol NADH/min·mg protein, showed no significant differences between control and treated 248 

groups. SOD and GST showed a similar trend, with a significant increase observed in their 249 

activity, in larvae exposed to 50 µM compared to control and larvae exposed to other 250 

concentrations. Precisely, the activity of SOD, expressed as U/mg protein (Fig. 3D), was twice 251 

for larvae exposed to 50 µM (31.72 ± 5.24, p < 0.001) compared to that measured in the 252 

controls (14.01 ± 3.33). For the concentrations of 100 (20.95 ± 4.05, p < 0.05) and 200 µM 253 

(18.52 ± 4.40, p < 0.01), the activity was higher compared to control larvae, but progressively 254 

decreased compared to larvae exposed to 50 µM. Similarly, the GST activity (Fig. 3E), 255 

expressed as nmol CDNB/min·mg protein, increased 1.6-fold (8.84 ± 1.86; p < 0.05) in the 256 

larvae exposed to the minimum concentration of AlCl3 (50 µM) compared to the activity 257 

measured in control larvae (5.44 ± 0.43). At higher concentrations, GST activities (6.67 ± 1.35 258 

for 100 µM; 7.39 ± 1.64 for 200 µM) tended to decrease reaching control values. Conversely, 259 

the GPx activity (Fig. 3F), expressed as nmol NADPH/min·mg protein, showed a 260 

concentration-dependent trend. The specimens exposed to 50 µM of AlCl3 showed a lower 261 

GPx activity (1.20 ± 0.20, p < 0.01) than those of the controls (2.82 ± 0.13). The levels then 262 

significantly increased, reaching values of 1.74 ± 0.65 (p < 0.05) in larvae treated with 100 263 

µM, and 2.33 ± 0.02 (p < 0.05) in those exposed to 200 µM. The ATPase activity was 264 

measured as mmol of Pi/mg of protein (Fig. 3G). The release of Pi significantly decreased for 265 

larvae treated with 50 µM of AlCl3 with a mean value of 2.00 ± 0.11 (p < 0.05), compared to 266 

control animals (2.59 ± 0.40). Larvae exposed to other concentrations showed levels of Pi 267 

(2.15 ± 0.23 for 100 µM; 2.27 ± 0.11 for 200 µM) higher, with a trend reaching the value of 268 
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the controls. Acetylcholinesterase (AChE), a fundamental enzyme in neurotransmission, was 269 

expressed as nmol NADH/min·mg protein, showing a concentration-dependent increase trend 270 

(Fig. 3H). The levels of AChE in organisms exposed to 50 µM was 1.51 ± 0.29 compared to 271 

those of controls (0.98 ± 0.17), reaching 2.14 ± 0.55 (p < 0.05) and 2.23 ± 0.74 (p < 0.05) in 272 

organisms exposed to 100 and 200 µM AlCl3, respectively. 273 

3.3.2 Glutathione levels and oxidative stress index 274 

The reduced glutathione levels (GSH), measured as µmol GSH/mg protein (Fig. 4A), for 275 

larvae treated with 50 µM AlCl3 (0.13 ± 0.02, p < 0.001) were approximately half those of 276 

controls (0.27 ± 0.04) and tended to increase significantly for higher concentrations (0.18 ± 277 

0.01, p < 0.01 for 100 µM and 0.18 ± 0.01, p < 0.05 for 200 µM). The oxidized glutathione 278 

levels (GSSG), expressed as µmol GSSG/mg protein (Fig. 4B), followed a similar trend to 279 

that of GSH, drastically decreasing for groups treated with 50 µM AlCl3 (5.05 ± 1.33, p < 280 

0.001), when compared to controls (22.59 ± 9.14) and tended to increase slightly at higher 281 

concentrations (7.40 ± 0.62, p < 0.01 for 100 µM and 5.98 ± 1.21, p < 0.01 for 200 µM). The 282 

oxidative stress index (OSI) also showed a similar trend to that of GSH and GSSG (Fig. 4C) 283 

with a significant decrease, comparing to controls (0.043 ± 0.002) in groups treated with 50 284 

µM AlCl3 (0.027 ± 0.004, p < 0.05) with a value that remained almost constant even for the 285 

highest concentrations (0.027 ± 0.007, p < 0.05 for 100 µM and 0.026 ± 0.003, p < 0.05 for 286 

200 µM). 287 

3.3.3 Metallothioneins assay and oxidative damage biomarkers 288 

The levels of metallothioneins (MTs), expressed as nmol MTs/mg protein (Fig. 4D), 289 

significantly decreased in the larvae exposed to 50 µM AlCl3 (14.23 ± 2.12, p < 0.05) 290 

compared to control (21.83 ± 2.91) and did not change in the organisms exposed to 100 µM 291 

(16.83 ± 1.67). Moreover, the levels were reduced by 4.6-fold (4.7 ± 3.44, p < 0.001) in larvae 292 
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treated with 200 µM compared to controls. Conversely, the trend of lipid peroxidation levels 293 

(TBARS), measured as µmol MDA/mg protein (Fig. 4E), increased in a concentration-294 

dependent manner. The levels shown by control organisms (1.54 ± 0.74) were similar to that 295 

shown by organisms exposed to 50 µM AlCl3 (1.98 ± 0.77). Instead, it increased significantly 296 

compared to controls in organisms exposed to 100 (4.6 ± 1.66, p < 0.05) and 200 µM (7.69 ± 297 

1.89, p < 0.001). Otherwise, the oxidative damage of proteins (carbonyls, CO), expressed as 298 

nmol NADPH/min·mg protein (Fig. 4F), fluctuated depending on the AlCl3 concentration 299 

tested. Indeed, the controls showed CO level (2.72 ± 0.54) similar to that of organisms exposed 300 

to 100 µM (2.92 ± 0.30). The levels increased significantly for larvae exposed to the lowest 301 

50 µM (4.04 ± 0.65, p < 0.05) and highest 200 µM (4.33 ± 0.92, p < 0.05) concentration. 302 

3.4 Expression of c-fos, appa and appb genes 303 

Our results show a significantly higher transcript level of c-fos in AlCl3-treated zebrafish larvae (p < 304 

0.001) compared to control larvae (Figure 5). Our investigation was also extended to the zebrafish 305 

appa and appb genes. Both the zebrafish app paralog genes showed a higher expression level in 306 

AlCl3-treated zebrafish larvae compared to control (Fig. 5), with a significant variation for appa gene 307 

(p < 0.05).  308 

4. Discussion 309 

The contamination of water with aluminium may cause environmental pollution, becoming a crucial 310 

health and survival problem for aquatic species (Ameri et al., 2020). In light of this, it is essential a 311 

comprehensive analysis of its toxic effects. In our previous study, it has been shown that exposure to 312 

Al induced changes in the swimming ability of larvae. In detail, compared to controls, the larvae 313 

motility drastically decreased when exposed to 50 µM AlCl3, but tended to increase if the larvae were 314 

exposed to high concentrations (100 and 200 µM), without reaching the controls' performances 315 

(Capriello et al., 2019). In this regard, it was evaluated under the same conditions, the morphology, 316 

apoptosis, and the oxidative state of developing zebrafish to better understand the mode of action and 317 
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the toxic effects of this metal. The phenotypic alterations observed such as deviations of the axis 318 

and/or tail, swelling of the yolk sac or presence of pericardial edema, and their concentration-319 

dependent increase are common evidence of toxic effects in zebrafish. These were also found after 320 

exposure to various agents such as metals (Jin et al., 2015; Xu et al., 2017), herbicides (Lanzarin et 321 

al., 2019) or dyes (Capriello et al., 2021b; Motta et al., 2019). The presence of phenotypic alterations 322 

manifested in developing zebrafish exposed to toxic substances was often associated with changes in 323 

apoptotic processes (Çomakli et al., 2018; Shi et al., 2008). Apoptosis is a process of programmed 324 

cell death, highly conserved and regulated, important in the morphogenesis of developing tissues and 325 

organs’ homeostasis (Cole and Ross, 2001). Usually, during the development, the organisms produce 326 

excess cells that are removed by cell death (Jacobson et al., 1997). However, this biological 327 

mechanism may be altered following exposure to various substances, including metals such as 328 

cadmium (Monaco et al., 2017b) and copper (Zhao et al., 2020), thus hindering the optimal 329 

development of the organism. In this study, Al showed a high pro-apoptotic activity in zebrafish as 330 

already reported in mammalians by Mesole et al., (2020). 331 

In particular, Al induced an increase in apoptosis at the level of the head and tail, especially in the 332 

organisms exposed to the lowest concentration (50 µM AlC3), while those exposed to higher doses 333 

exhibited a decrease in the number of apoptotic cells. This is in agreement with the trend of the 334 

motility parameters previously evaluated (Capriello et al., 2019), in which larvae exposed to higher 335 

concentrations show better swimming performance than those exposed to lower ones. Thus, 336 

organisms with less damaged tissue structure probably showed better swimming activity.  337 

A recent area of interest is the ability of Al to promote oxidative stress (Mujika et al., 2014). Indeed, 338 

the mammals showed changes in the oxidative state in reaction to Al exposure, in addition to the 339 

alteration of the apoptotic pathway (Mesole et al., 2020). This is surprising since Al is considered a 340 

non-redox metal but, as demonstrated by Kong et al., (1992), Al (III) can exert a significant pro-341 

oxidant activity. Oxidative stress has become an important topic also in aquatic toxicity (Lushchak, 342 

2011), as a possible mode of action for several pollutants, including metals (Adeyemi et al., 2015; Jin 343 



29 

 

et al., 2015). In this case, the amount of ROS produced increased in the organisms exposed to the 344 

lowest tested concentration of 50 µM AlCl3 and decreased for the highest concentrations. This trend 345 

is comparable to the activities of some antioxidants evaluated, as SOD and GST, which act as a first 346 

antioxidant defence by reducing the free radical production, as already demonstrated in developing 347 

zebrafish after exposure to increasing concentrations of other metals such as cadmium and chromium 348 

(Jin et al., 2015). Moreover, Al may have both pro-oxidant and antioxidant activity, depending on the 349 

concentration (Oteiza et al., 1993), and this could explain the observed decrease in both ROS levels 350 

and antioxidant enzymes activity by increasing the concentration. The activity of enzyme GPx 351 

increased in a concentration-dependent manner, although remaining always below that recorded in 352 

the controls. A possible explanation for this discrepancy could be due, as reported by Exley (2004), 353 

to the possible stabilization by Al (III) of a superoxide radical anion O2
·–. This mechanism can induce 354 

the formation of several reactive oxygen species both by a direct pathway with the formation of the 355 

·OOH radical and indirectly by influencing the redox equilibrium in the Fenton reaction. Therefore, 356 

the increase in GPx activity may not respond to a direct increase in ROS, like other enzymes (SOD 357 

and GST), but intervene subsequently to form secondary species. Furthermore, GPx plays a 358 

substantial role in protecting neural cells in response to extreme oxidative stress (Crack et al., 2001; 359 

Kishido et al., 2007). In this case, its protective action probably contributed either to a decrease in 360 

cell mortality (Seok et al., 2007) or an improvement in the swimming activity of the larvae (Strungaru 361 

et al., 2019), recorded at higher concentrations. The levels of GSH and its oxidized form (GSSG) 362 

were lower than those recorded in the controls and remained constant for all concentrations tested. 363 

This phenomenon is not uncommon in zebrafish in response to the induction of oxidative stress by 364 

metals such as arsenic (Adeyemi et al., 2015), cadmium or chromium (Jin et al., 2015), and in other 365 

aquatic species after exposure to mercury (Cappello et al., 2016). This was also observed in rats after 366 

exposure to Al (Singla and Dhawan, 2014). Moreover, this depletion of the intracellular pool of 367 

available GSH molecules is probably due to the high use of GSH as a substrate by various antioxidant 368 

enzymes (Massarsky et al., 2017). Indeed, GPX-catalyse the reduction of H2O2 at the expense of GSH 369 
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(Liu et al., 2008), while GST induce the formation of conjugates between the ion electrophilic and 370 

GSH (Harvey, 2008; Singla and Dhawan, 2014), and these mechanisms are also associated with 371 

concomitant oxidation of GSH to GSSG. 372 

The MTs also play an essential role in the detoxification process acting as scavengers of toxic metal 373 

ions or ROS (Chen et al., 2004). In this study, as for the other enzymes mentioned above, in the 374 

organisms treated, the exposure to Al caused a response inversely proportional to the concentration, 375 

with decreasing MTs levels with increasing concentration. For the specimens exposed to low 376 

concentrations, the chelation of Al by MTs contributed to detoxification, attenuating the direct 377 

production of ROS, reducing the absorption of metal ions and increasing their export from the cells 378 

(Park et al., 2001). On the other hand, the levels of MTs drastically decreased after exposure to 200 379 

µM AlCl3 probably because the accumulation of Al could have reached a toxic threshold limit, 380 

compromising the biosynthesis of MTs as reported by De Smet et al., (2001) and Wang et al., (2014) 381 

in other aquatic organisms after exposure to other metals. Indeed, it is not uncommon that in fish, the 382 

transcription and translation of MTs are compromised by exposure to a pollutant (Rhee et al., 2009), 383 

this would also explain the discrepancy in the levels of MTs, higher in the controls, compared to the 384 

treated animals. Overall, the decrease, either in cell mortality or in ROS and antioxidant production 385 

at maximum concentration, agrees with the improvement in swimming performance previously 386 

recorded. This phenomenon might seem to oppose the usual toxic concentration-response effects, but 387 

it has already been described several times in zebrafish after acute or prolonged exposure to metals 388 

(Avallone et al., 2015; Bui Thi et al., 2020; Jijie et al., 2020; Pilehvar et al., 2020). The decrease of 389 

toxic effects at high or prolonged exposures is due to the activation of an adaptive response that allows 390 

it to increase the resistance to cellular stress and survive even in less favourable conditions (Messerli 391 

et al., 2020).  However, despite the activation of antioxidant defence mechanisms, oxidative damage 392 

on cell components was evident. It is known that Al cannot initiate peroxidation, but it can attack the 393 

cell components, including membrane lipids (Flora et al., 2003). In this study, the lipid peroxidation 394 

(TBARS) increased with the increase of Al concentration, probably due to the inactivation of some 395 



31 

 

antioxidant enzymes derived to conformational changes induced by Al and/or the oxidative 396 

modification of genes that control these enzymes. This phenomenon is also reported in the other 397 

studies where similar effects were observed in mammals exposed to Al (Abdel Moneim et al., 2012; 398 

Nehru and Anand, 2005; Youself, 2004). On the other hand, the oxidative damage to proteins acted 399 

in the same direction, albeit in a less linear way, probably because carbonyl proteins (CO) are more 400 

stable than TBARS (Bizzozero, 2009). In particular, a decrease in CO levels was evident in the 401 

organisms exposed to the concentration of 100 µM AlCl3 compared to those exposed to the other two 402 

concentrations (50 and 200 µM). A similar phenomenon, where an intermediate exposure led to a 403 

decrease in CO levels with subsequent recovery was already observed in zebrafish after acute cold 404 

exposure (Tseng et al., 2011). However, further studies are needed to understand the mechanism 405 

behind the basis of this phenomenon. The metabolic activity assessed through the analysis of ATPase 406 

activity reflected a slight decrease only for the organisms exposed to 50 µM AlCl3, while for the 407 

concentration of 100 and 200 µM, the activity was similar to that recorded in the controls. ATPase is 408 

involved in energy metabolism (Abad, 2011) and its activity, which tended to return to physiological 409 

levels in larvae exposed to higher concentrations, corroborates the previously evaluated motility data 410 

(Capriello et al., 2019). Instead, the activity of acetylcholinesterase (AChE) increased linearly with 411 

the concentration. AChE is the enzyme that catalyses the breakdown of acetylcholine (ACh) in the 412 

neural synapse, and its activity can be positively affected by environmental contaminants such as 413 

heavy metals, as reported by Bui Thi et al., (2020). In particular, Al can interact with the cholinergic 414 

system like a cholinotoxin (Gulya et al., 1990), increasing acetylcholinesterase activity in zebrafish 415 

(Senger et al., 2011). It is also interesting to note the correlation between the trend of this enzyme and 416 

the concentration-dependent increase in the number of unchecked movements carried out by the 417 

larvae, evaluated in the previous study (Capriello et al., 2019). Cholinergic systems are involved in 418 

locomotor activity responses and movements regulation (Hagino et al., 2015). Indeed, new drugs, as 419 

cholinesterase inhibitors, are used to block the symptoms of tremor or dyskinesias typical of 420 

Parkinson's disease (Korczyn, 2004). 421 
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Even though Al seemed to induce fewer effects at the maximum concentration, we revealed an 422 

induced alteration in the gene expression level of c-fos, appa and appb, known markers of neuronal 423 

development and function. c-fos gene showed higher expression levels compared to the controls. c-424 

fos is considered an immediate-early gene whose expression increases after neuronal activation 425 

(Stewart et al., 2014). Indeed, an increase in its expression was also detected in zebrafish after 426 

exposure to various toxic substances (Lefebvre et al., 2009; Özdemir et al., 2018) and recently 427 

reported also in a prenatal stress paradigm in the zebrafish larvae (D'Agostino et al., 2019). 428 

Moreover, it is known that its expression is also induced in cells when apoptosis begins (Vyas et al., 429 

2002). For this reason, in the present study, the increase in the expression of the c-fos could be 430 

associated with apoptosis induction by Al, as occurred in zebrafish larvae exposed to other toxic 431 

substances (Çomakli et al., 2018). appa and appb genes, the two homologs of the mammalian amyloid 432 

precursor protein (APP) are essential genes in neurodevelopment and the formation of normal 433 

locomotor behaviour, both in mammals (Sosa et al., 2017) and zebrafish (Abramsson et al., 2013; 434 

Kaiser et al., 2012). Moreover, the up-regulated expression of app occurs early in the cascade of 435 

events that leads to amyloid plaque formation, typical of the Alzheimer's disease pathogenesis 436 

(Andrew et al., 2016; Walton and Wang, 2009; Zhang et al., 2011). In this study, only appa showed 437 

a significant variation of expression levels in the treated organisms compared to the controls. This 438 

increase is corroborated with other studies showing that app gene expression is significantly up-439 

regulated in human and rat neural cells, in response to stress induced by Al ions (Lukiw et al., 2005; 440 

Walton and Wang, 2009). The different expression between appa and appb could be linked to the 441 

stage of development, as demonstrated by Musa et al., (2001). In fact, their levels change during the 442 

development of zebrafish, altering according to a compensatory mechanism (Banote et al., 2020). 443 

 444 

Conclusion 445 

Our study proved that exposure to Al may affect a range of biological processes that impact zebrafish 446 

development. Exposure to increasing concentrations of AlC3 for 72 h induced concentration-447 
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dependent teratogenic effects, while apoptosis and oxidative stress seemed to decline at high 448 

concentrations. In detail, the involvement of ROS and some antioxidant enzymes such as SOD and 449 

GST and of MTs, whose role in zebrafish is to prevent or reduce the effects of ROS, were reduced at 450 

maximum concentration also in agreement with data relating to metabolism (ATPase) and 451 

neuromuscular transmission (AChE) that showed the same trend. However, the maximum 452 

concentration was far from harmless for the zebrafish larvae, which presented altered expression of 453 

neural development and function genes. These results contribute to elucidate the effects of Al on 454 

developing zebrafish. Still, it should be pointed out that little information is available on the action 455 

mechanism of this metal and further investigation is necessary to clarify all possible implications on 456 

the environment due to its growing diffusion. 457 
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A B S T R A C T   

Aluminium (Al) water pollution is an increasing environmental problem. Accordingly, this study aimed to find 
out more about its toxic effects on aquatic organisms. Adult zebrafish were exposed to 11 mg/L of Al and the 
behavioural responses and its correlation with brain oxidative stress, antioxidant-defences, changes in meta-
bolism and neurotransmission were assessed at 10, 15 and 20 days of exposure. The behavioural and locomotory 
responses, suggest an increase in the anxiety state, especially observed in animals exposed to Al for 15 days. The 
reactive oxygen species increased in a time-dependent trend, while the oxidative damage varied over exposure 
time. The activity of antioxidant enzymes, as superoxide dismutase, glutathione peroxidase and glutathione S- 
transferases, and the metallothioneins levels increased after short-term exposures and tended to decrease or 
stabilize at longer times. The results contribute to understand the toxic mechanisms activated by Al highlighting 
correlations like behavioural disorders and oxidative state.   

1. Introduction 

Aluminium (Al) is among the most abundant metals in nature, posing 
a serious threat to the environment (Tchounwou et al., 2012). It is 
classified as a dangerous pollutant and can induce toxic effects in 
terrestrial and aquatic organisms (Alstad et al., 2005; Coleman et al., 
2010). However, unlike other metals such as cadmium (Cd) (Favorito 
et al., 2010, 2017; Ferrandino and Grimaldi, 2008; Ferrandino et al., 
2009) or copper (Carotenuto et al., 2020), the Al mechanism of action is 
less studied, especially in aquatic environment. According to the World 
Health Organization (WHO), the concentration of Al can vary signifi-
cantly in natural waters, depending on various physicochemical factors, 
as mineralogical and pH variations. Normally, dissolved Al concentra-
tions in water range from 0.001 to 0.05 mg/L when the pH is 
near-neutral values (WHO, 1997, 2021). However, some studies showed 
that its concentration can vary from 0.014 mg/L in groundwaters to 2.57 
mg/L in surface waters (Agarwal et al., 2016) and even rise to 50 mg/L 
due to acid rains (Agency for Toxic Substances and Disease (ATSDR, 
2008) that, changing the acidity of the water, facilitate the solubilisation 

of the inorganic Al (Lawrence et al., 2007; Zhang et al., 2016). In the last 
years, the water pollution with Al has been an increasing environmental 
problem, and a comprehensive analysis of the toxic responses of aquatic 
organisms is necessary. In this study Danio rerio, commonly called 
zebrafish, was chosen as an animal model organism. Zebrafish is suitable 
for screening of ecotoxicological effects (Favorito et al., 2011; Santos 
et al., 2017, 2018) induced by environmental pollutants (Lanzarin et al., 
2019; Monaco et al., 2016, 2017a, Motta et al., 2019; Santos et al., 
2014). Furthermore, zebrafish is considered an excellent model for 
motility and neurobehavioral studies (Orger and de Polavieja, 2017) as 
it has a well-developed central nervous system with numerous charac-
teristics superimposable on the human nervous system (Newman et al., 
2011; Sager et al., 2010). In previous studies, we have shown both 
teratogenic (Monaco et al., 2017b) and behavioural (Capriello et al., 
2019) effects induced by waterborne Al on zebrafish larvae. Al is known 
to affect the oxidative status (Abdel Moneim, 2012; Maheswari et al., 
2014; Mesole et al., 2020), in particular, of specific areas of the brain 
(Sánchez-Iglesias et al., 2009) which, in turn, mediate behavioural 
phenotypes (de Carvalho et al., 2019). For this reason, this study aimed 
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to analyse the effects of Al exposure on behaviour and locomotor activity 
of adult zebrafish, also paying particular attention to aspects related to 
oxidative stress induction in the brain, because this is suggested to be a 
mechanism for the aetiology of motility dysfunction (Tönnies and 
Trushina, 2017). In this context, the effects of 11 mg/L Al were assessed 
in adult zebrafish both on locomotor activity and social behaviour after 
10, 15 and 20 days of exposure. Moreover, the involvement of reactive 
oxygen species (ROS) and oxidative damage as a potential mechanism of 
Al induced toxicity were subsequently analysed by different markers of 
metal stress. The concentration of 11 mg/L Al was chosen to simulate an 
environment in which the concentration of aluminium was higher than 
that normally present in waters (WHO, 1997, 2021). It is known that its 
concentration can increase due to acid rain that induce Al downwash 
from the land, increasing its concentration in water resources (Agarwal 
et al., 2016). However, the Al concentrations found in polluted waters 
are highly variable (Agarwal et al., 2016; Agency for Toxic Substances 
and Disease (ATSDR, 2008; Forsido et al., 2020) and few studies are 
present in the literature on the effects of Al at high concentrations (Awad 
et al., 2019). For these reasons, this condition seemed the most suitable 
for our objectives, allowing to simulate what can happen in an aquatic 
environment polluted by an excessive presence of Al. Nevertheless, to 
the choice of exposure conditions, the results obtained previously from 
the survival analysis carried out on zebrafish larvae after Al exposure 
(Monaco et al., 2017b) were taken into account in order to avoid a high 
mortality in the treated organisms. 

The results contribute to elucidate the effects of aluminium on 
zebrafish brain and its consequent action on behavioural responses, 
highlighting also the unknown correlations between behavioural dis-
orders and oxidative state. 

2. Material and methods 

2.1. Zebrafish housing 

Adult zebrafish were housed in rectangular glass tanks with a natural 
photoperiod of 12:12 h light/dark, at a temperature of 28.5 ◦C, pH of 7.6 
and fed twice a day with a commercial diet (Westerfield, 2000). Fish 
were maintained at the Department of Biology of the University of 
Naples “Federico II”, according to the guidelines and policies dictated by 
European regulations on animal of welfare for experimental purposes 
(Directive 2010/63/EU). The used protocols were approved by the 
Italian Ministry of Health (Number: 147/2019-PR). All procedures were 
performed under ethyl 3-aminobenzoate methanesulfonate (MS-222, 
Sigma Aldrich, Germany) to minimize suffering. 

2.2. Chemicals 

The treatment solution of 11 mg/L of Al was prepared by dissolving 
directly 2.5 g of AlCl3⋅6H2O (Carlo Erba, Italy; CAS no. 7784-13-6) in 
25 L of tank water (1/3 bidistilled water, 2/3 tap water). 

Unless stated, all other chemicals were of analytical grade and pur-
chased from Sigma (Sigma-Aldrich, Germany). 

2.3. Al exposure 

Twenty-one fish were divided into three groups of 7 fish. A selection 
of 7 healthy zebrafish, 4 males and 3 females, of about 6 months were 
placed in a glass container (43 cm [length] × 24 cm [width] × 36 cm 
[height]) with 25 L of Al solution (11 mg/L), and exposed respectively 
for 10, 15 and 20 days. Another group of 7 fish (4 male and 3 female) 
exposed only to tank water was used as a control. Each treatment was 
done in triplicate. The temperature of 28.5 ◦C and pH of 7.6 was kept 
constant for all tanks. The total exposure solution was changed every 
day and food debris were removed once a day. At the end of each 
experimental period, five fish (3 male and 2 female) were random 
selected for behaviour analysis and locomotor activity. After this 

analysis, which did not induce any mortality, all fish were sacrificed by 
an overdose of MS-222 solution (300 mg/L). For biochemical bio-
markers analysis, four brains (2 male and 2 female) from independent 
replicates were used for each treatment group and the control. Other 
three brains (2 male and 1 female) from each group were carried out for 
metallothioneins analysis. 

2.4. Locomotor activity 

To assess changes in locomotor activity, five individual fish (3 male 
and 2 female) were selected from each group after 10, 15 and 20 days of 
Al exposure and were analysed, individually, in plastic rectangular tanks 
(28 cm [length] × 20 cm [width] × 25 cm [height]) containing 8 L of 
tank water. Data were collected between 10 a.m. and 2 p.m. and after 
the acclimation period (5 min) and the locomotor behaviour was 
recorded with a video camera attached to a tripod for 5 min. Subse-
quently, the videos were analysed using the freely available ToxTrac 
(Franco-Restrepo et al., 2019; Rodriguez et al., 2018): software Organ-
ism video Tracking Application (Umeå University, Linneaus Väg, SE-901 
87 Umeå, Sweden Ver.2.84) and compared to the controls. Each video 
recording was examined for the following mobility characteristics: 
average speed (m/s), average acceleration (m/s2), explorative rate (%) 
and total distance moved (m). The detailed experimental procedures are 
described in the Supplementary Material. 

2.5. Behavioural analysis 

The changes in behaviour were assessed by four tests: Light/Dark 
choice assay, social preference test, shoaling behaviour and mirror test. 
For each test, five individual fish (3 male and 2 female) were selected 
from each group after 10, 15 and 20 days of Al exposure and compared 
their performances with that of the control. In this case, the video- 
recording was analysed manually by operator because video-tracking 
may not be able to quantify complex motor patterns and some of these 
behavioural patterns have been shown to not correlate with swim path 
characteristics (Blaser and Gerlai, 2006). The Light/Dark test (L/D 
choice assay) was used to characterize the sensitivity of the adult choice 
behaviour to lighting conditions and the anxiety of fish after treatment 
following the methodology described by Lau et al. (2011). Individual 
animals were introduced into the L/D chamber by netting and allowed 
to acclimate for 5 min, followed by a 5 min video recording. The rect-
angular tank (28 cm [length] × 20 cm [width] × 25 cm [height]) con-
taining 8 L of tank water was decorated half with black tape and half 
with white tape (covering both the bottom and the side walls). The time 
spent in the light zone and in the dark zone by the organism was eval-
uated. The social preference test was used to evaluate the changes of 
zebrafish social preference. Normally, zebrafish is a highly social spe-
cies. In nature, and in the aquarium, the group of individuals swim close 
to each other, in group. This group preference, also termed as group 
cohesion (Engeszer et al., 2007) is useful to study zebrafish sociability by 
observing the interactions with other fish (Pham et al., 2012; Riehl et al., 
2011). For this test we used a common modality: an experimental tank 
(rectangular, 28 × 20 × 25 cm) where it was allowed the unobstructed 
view of 2 adjacent stimulus tanks of equal shape and size. On the right 
side, there was a tank with a group of zebrafish from the same original 
population of experimental fish, called conspecific tank. An empty tank 
with tank water was placed on the left side. The experimental fish were 
placed in the middle tank. Behaviour was recorded for 5 min, after 5 min 
of adaptation. After recording, the video was analysed and the per-
centage of time spent near the conspecific tank in the total observation 
time was evaluated. 

The shoaling test was used to evaluate the anxiety of the whole 
group, following the methodology of Pham et al. (2012). In this case, the 
test was carried out on all experimental group (7 fish) at the same time. 
Each group for the several exposure time was placed in a new rectan-
gular 15 L tank containing tank water. The height of the tank was 
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measured with a ruler, and a red coloured line was drawn, dividing the 
tank in two equal parts, the deeper and the superficial. After that, a 5 
min movie was recorded, after 5 min of adaptation. In this test, the 
number of individuals present above the drawn line was counted, 
compared to those present on the lower plane, then expressed as a 
percentage. An increase in time spent near the bottom reflects the 
presence of an anxiety state. The mirror test was used to evaluate the 
aggressiveness of fish, because solitary fish when encounter another fish 
often exhibit agonistic behaviours. In this case, the "approaching" mirror 
image was expected to elicit aggression (Gerlai et al., 2008). For this 
test, a mirror was placed in one side of the test tank (28 × 20 × 25 cm) 
containing 8 L of tank water. Subsequently, an individual fish was added 
for acclimation. Recording started 5 min later and behaviour was 
monitored and recorded for five min. Following recording, the video was 
analysed, determining the percentage of time spent by fish investing 
against the mirror on the total observation time. 

2.6. Sample collection and protein quantification 

For biochemical analysis, samples (4 brains) from the replicates of 
each experimental group were collected separately, homogenized and 
prepared for analysis as previously described by Félix et al. (2018). For 
metallothioneins (MTs) assay, other 3 brains groups from the replicates 
of each experimental group, were collected separately and properly 
processed for analysis. Protein quantification, necessary to normalize 
assayed enzymatic activities, was performed using the BioTek’s Take3™ 

Micro-Volume Plate by optical absorbance at 280 nm using bovine 
serum albumin (BSA) as standard. All detailed experimental procedures 
are described in the Supplementary Material. 

2.7. ROS accumulation and determination of ATPase activity 

ROS accumulation was estimated by a previous methodology (Deng 
et al., 2009; Félix et al., 2018). ATPase activity was measured as 
explained by Ames (1966) and Lança et al. (2015). For the detailed 
experimental procedures of both parameters see the Supplementary 
Material. 

2.8. Enzyme activities 

All enzymatic assays were carried out with PowerWave XS2 micro-
plate scanning spectrophotometer (Bio-Tek Instruments, USA) at 30 ◦C. 
All samples were measured against a reagent blank and performed in 
duplicate as referred in supplementary files. To evaluate the superoxide 
dismutase (SOD) activity, it was followed the protocol of Durak et al. 
(1993). Catalase (CAT) activity was determined by protocol by Clai-
borne (1985). Glutathione peroxidase (GPx) activity was determined 
spectrophotometrically at 340 nm by the method described by Massar-
sky et al. (2017). The glutathione S-transferases (GST) was assayed as 
described by Habig and Jakoby (1981). Lactate dehydrogenase (LDH) is 
a key enzyme in anaerobic metabolism, and its activity was tested by the 
method described by Domingues et al. (2010). Acetylcholinesterase 
(AChE) is a key enzyme in neurotransmission and it was analysed as 
described by Rodriguez-Fuentes et al. (2015). All detailed experimental 
procedures are described in the Supplementary Material. 

2.9. Glutathione levels and oxidative stress index 

The reduced (GSH) and oxidized (GSSG) glutathione levels were 
evaluated fluorometrically, at 320 nm and 420 nm, respectively exci-
tation and emission wavelengths (Misra and Niyogi, 2009), with the 
fluorochrome ortho-phthalaldehyde (OPT) (1 mg/mL methanol), in a 
Varian Cary Eclipse (Varian, USA) spectrofluorometer equipped with a 
microplate reader. See Supplementary Material for detailed protocol. 
The oxidative-stress index (OSI) was calculated according to the quo-
tient between GSH (μmol of GSH/mg protein) and GSSG (μmol of 

GSH/mg protein). 

2.10. Oxidative damage biomarkers and metallothioneins assay 

The lipid peroxidation (TBARS) was determined by the thio-
barbituric (TBA) method described by Wallin et al. (1993). The oxida-
tive damage to proteins (carbonyls, CO) was evaluated by the DNPH (2, 
4-dinitrophenylhydrazine) method described by Quintana-Villamandos 
et al. (2016). The metallothioneins assay was carried out according to 
the indications described by Linde and Garcia-Vazquez (2006). Detailed 
protocols were reported in Supplementary Material. 

2.11. Statistical analysis 

A sample size calculation was performed with the G*Power 3 (Uni-
versity of Düsseldorf, Germany) based on standard deviations (Oliveira 
et al., 2013). Before hypothesis testing, the normal distribution and 
homogeneity of the data were confirmed by Shapiro-Wilk and Levene’s 
tests, respectively. Statistically significant differences among treatments 
were assessed by one-way analysis of variance ANOVA followed by 
Tukey’s pairwise comparison tests with the aid of GraphPad Prism 7 
(GraphPad Software, La Jolla California USA, www.graphpad.com). 
Data were expressed as mean ± SD and were considered to be statisti-
cally significant p < 0.05. 

3. Results 

3.1. Locomotor activity 

Al induced mostly similar effects on all parameters of locomotion 
tested for all specimens regardless of sex. The velocity (Fig. 1A) was 0.33 
± 0.07 m/s in the control group and remained constant in organisms 
exposed to Al (0.31 ± 0.04 m/s) during 10 days. It increased signifi-
cantly, after 15 days (0.45 ± 0.05 m/s; p < 0.05), decreasing thereafter, 
at 20 days of treatment (0.40 ± 0.05 m/s). Although the acceleration 
(Fig. 1B) showed a similar trend, no significant differences were 
observed between animals exposed during 10 days (0.60 ± 0.20 m/s2) 
and those of control group (0.82 ± 0.17 m/s2). A significant increase in 
acceleration was reported in organisms exposed to Al for 15 days (1.04 ±
0.32 m/s2; p < 0.05) and a decrease after 20 days (0.92 ± 0.21 m/s2). 
Also, the distance moved (Fig. 1C) had a trend similar to that of the other 
evaluated parameters. Control animals travelled on average 45.37 ±
6.44 m, distance not significantly different from that travelled by fish 
exposed during 10 days (36.52 ± 6.87 m). This distance was signifi-
cantly higher in organisms exposed during 15 days (54.49 ± 13.04 m; p 
< 0.01), partially returning to control levels after 20 days (50.94 ± 7.67 
m). The exploration rate was evaluated taking into consideration the 
explored area and time (Fig. 1D). It had a trend superimposable to the 
previous ones. The controls showed an exploration rate of 40.88 ± 6.0 
%, that not changed significantly after 10 days (33.52 ± 6.09 %) of 
exposure to Al but increased significantly in fish treated for 15 days 
(49.22 ± 8.31 %; p < 0.01). After 20 days, the exploration rate 
decreased (40.05 ± 4.95 %) to values similar to that shown by the 
control group. 

3.2. Behavioural testing 

In the light/dark test (Fig. 2A), the treatment with Al produced a 
significant difference in comparison to the behaviour of control fish (81 
± 5.81 %) that remained in the dark part of the tank for almost all the 
assay time. The most significant differences occurred after 10 and 15 
days of treatment, with a reduction in the time spent in the dark part in 
favour of the light, on average 43.65 ± 21.30 %; p < 0.001 of and 56 ±
13.11 %; p < 0.05 respectively. After 20 days of treatment, no significant 
differences from of the control group were perceived, with a mean time 
spent in the dark part of 62.33 ± 15.82 %. In the social preference test 
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(Fig. 2B), it was clear that the control fish spent almost all of the time (90 
± 4.54 %) trying to reach the conspecific tank. For groups exposed 
during 10 days to Al, there was not a significant decrease in the time 
spent near the conspecific tank, on average 80.86 ± 20.66 %. While a 
greater difference and significant isolation was recorded for those fish 
exposed for 15 days to Al, who spent only 54.14 ± 11.60 %; p < 0.01 of 
the time trying to reach their group of origin, while the remaining time 
was spent near the empty tank. However, this difference was less evident 
in fish exposed during 20 days to the treatment, who spent on average 
68.74 ± 17.18 % near the conspecific tank. In the shoaling test (Fig. 2C), 
a linear decrease occurred with exposure time, in the number of fish that 
spent the analysis time on the upper part of the tanks rather than on the 
bottom. On average, 87.61 ± 7.63 % of the control group spent time in 
the top of the tank. After 10 days of treatment with Al only 63.33 ± 3.94 
%; p < 0.01 of the group remained in the upper part, while the other half 
preferred the lower part of the tank. After 15 days the percentage of fish 
in the upper part decreased significantly, with an average of 49.66 ±
9.33 %; p < 0.001 which remained constant even in the twentieth day of 
treatment (50.77 ± 6.50 %; p < 0.001). These behavioural performances 
were similar for organisms in the same group regardless of sex of ana-
lysed specimen. In the mirror test (Fig. 2D) there was no significant 
toxicological effect on the aggressiveness of organisms. The organisms 
exposed to Al during 10 days spent, in mean, 39.5 ± 26.16 % of time 
near the mirror, the controls about 52.83 ± 24.12 % and the other 
treatment periods showed a mean respectively of 48.26 ± 12.30 % for 
fish exposed during 15 days and 44.4 ± 23.61 % when exposed for 20 
days. 

3.3. ROS levels and ATPase activity 

The generation of ROS increased along the time of exposure to Al 
with a significant increase (p < 0.05) of approximately double in or-
ganisms exposed to 20 days of treatment compared to controls (Table 1). 
The ATPase activity was measured from the inorganic phosphate (Pi) 
liberated from ATP. The Pi released was significantly halved after 10 
days of treatment (p < 0.05) compared to control fish. The activity 
seemed almost physiological after 15 and 20 days of treatment, albeit 
the changes observed (Table 1). All analyses carried out for the evalu-
ation of the oxidation state of zebrafish brain did not show changes 
related to the sex of the specimens. 

3.4. Enzyme activities 

The effects of exposure to aluminium during 10, 15 and 20 days on 
the activities of SOD, GST, GPx, LDH showed a similar trend, with a 
significant increase in its activity observed in fish exposed during 15 
days, when compared to controls and the other times of treatment. The 
activity of SOD increased about 1.7-fold after 15 days of treatment (p <
0.05) than the activity registered in the brain of control fish. Instead, 
after 10 and 20 days of treatment, the levels were similar to those 
recorded in the control group. Similarly, the GST levels increased about 
1.6-fold after 15 days of treatment (p < 0.05) compared to the control 
group but no significant difference was evidenced after 10 and 20 days 
of treatment. The GPx activity was even tripled after 15 days (p < 0.01) 
compared to those measured in the controls and the other treated 
groups. Also, the LDH activity followed the same trend, although the 
difference between the average activity observed in the brains of the 
control fish and those exposed to Al during 15 days (p < 0.05) was less 

Fig. 1. Locomotor activity of adult zebrafish from control group and exposed to Al during 10, 15 and 20 days, analysed by ToxTrac software. (A) Velocity test (m/s). 
(B) Acceleration test (m/s2). (C) Distance moved (m). (D) Exploration rate (%). Data are expressed as mean ± SD. Different lowercase letters indicate significant 
differences between groups (p < 0.05). 

T. Capriello et al.                                                                                                                                                                                                                               



Environmental Toxicology and Pharmacology 85 (2021) 103636

5

than in the previous cases. Instead, Acetylcholinesterase (AChE) showed 
a time-dependent decrease trend, although significance levels were just 
reached after 20 days (p < 0.05) of Al exposure, when compared to 
control with a difference of 2.7-fold. At 10 and 15 days of treatment, the 
values were similar to those observed in the control. The CAT activity 
was shown to be irregular with no significant differences among control 
and treated groups. All values are presented in Table 1. 

3.5. Glutathione levels and oxidative stress index 

The reduced glutathione levels (GSH) had a fluctuating trend. The 
GSH levels increased by about double after the maximum exposure time 

of 20 days (p < 0.05) compared to the controls, but they had even 
increased by about 4-fold after 10 days of treatment (p < 0.001). By 
contrast, for 15 days exposure period the levels were similar to those 
recorded in the control brains. Instead, the oxidized glutathione levels 
(GSSG) increased significantly by double after 10 days of treatment (p <
0.05), compared to control levels and unlike its reduced form, oxidized 
glutathione levels were similar to controls at both 15 and 20 days. 
Relatively to the oxidative stress index (OSI), the trend followed that 
already seen for GSSG with a significant difference measured only be-
tween controls and those exposed to Al for 10 days (p < 0.05). All values 
are presented in Table 1. 

Fig. 2. Behavioural analysis of zebrafish from the control group and exposed to Al during 10, 15 and 20 days. (A) Light/Dark test. (B) Social preference test. (C) 
Shoaling test. (D) Mirror test. Data are expressed as mean ± SD. Different lowercase letters indicate significant differences between groups (p < 0.05). 

Table 1 
Biochemical parameters evaluated in zebrafish brain of fish exposed to aluminium during 10, 15 and 20 days and compared to control (Ctrl). Data are expressed as 
mean ± SD. Different lowercase letters indicate significant differences between groups.  

Biochemical parameters Ctrl 10 Days of Al 15 days of Al 20 days of Al 
ROS (μmol of DCF/mg protein) 51.10 ± 8.84a 58.70 ± 13.88a 73.88 ± 1888ab 90.74 ± 32.77b 

Total ATPase (mmol of Pi/mg protein) 4.78 ± 0.77a 2.75 ± 0.59b 4.25 ± 1.34a 3.47 ± 0.50ab 

SOD (U/mg protein) 29.37 ± 10.77a 20.58 ± 7.61a 50.78 ± 15.18b 25.65 ± 7.52a 

GST (nmol CDNB/min mg protein) 9.93 ± 3.58a 7.18 ± 4.03a 15.95 ± 3.97b 6.81 ± 3.23a 

GPx (nmol NADPH/min mg protein) 3.78 ± 1.66a 1.50 ± 0.42a 10.63 ± 2.29b 2.61 ± 0.53a 

LDH (nmol NADH/min mg protein) 45.54 ± 13.92a 39.80 ± 15.71a 62.43 ± 17.27b 32.21 ± 4.59a 

AChE (nmol NADH /min mg protein) 1.24 ± 0.33a 0.93 ± 0.15ab 0.78 ± 0.34ab 0.46 ± 0.13b 

CAT (U/mg protein) 0.23 ± 0.10 0.45 ± 0.23 0.27 ± 0.16 0.37 ± 0.11 
GSH (μmol GSH/mg protein) 0.046 ± 0.01a 0.17 ± 0.02b 0.04 ± 0.02a 0.09 ± 0.03c 

GSSG (μmol GSSG/mg protein) 3.61 ± 1.48a 7.64 ± 3.38b 3.25 ± 1.31a 4.86 ± 0.64ab 

OSI 0.025 ± 0.003a 0.044 ± 0.009b 0.024 ± 0.004ab 0.029 ± 0.013ab 

TBARS (μmol MDA/mg protein) 0.107 ± 0.08a 0.81 ± 0.20b 0.37 ± 0.12a 0.61 ± 0.19b 

CO (nmol NADPH/min mg protein) 0.403 ± 0.030a 0.450 ± 0.112ab 0.932 ± 0.245b 0.670 ± 0.264ab 

MTs (μmol MTs/mg protein) 0.37 ± 0.09a 0.63 ± 0.06b 0.35 ± 0.10a 0.40 ± 0.11a  
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3.6. Oxidative damage biomarkers and metallothioneins assay 

The lipid peroxidation (TBARS) increased in all treated groups 
compared to the control. However, significant differences were observed 
in the fish exposed for 10 days to Al (p < 0.01) for which the level was 
7.6 times greater than those controls. For the maximum exposure time 
(20 days), there was also higher levels of lipid peroxidation (p < 0.05), 
about 6-fold that of the control group. Finally, after 15 days of exposure, 
there was no significant differences compared to the control group. On 
the contrary, the oxidative damage of proteins (carbonyls, CO) was 
particularly high in the brains of fish exposed to treatment during 15 
days (p < 0.05) compared to control. On the other hand, for those 
exposed during 10 and 20 days, the levels were not significantly 
different from those measured in the control group. The level of met-
allothioneins significantly increased, by 1.7-fold in the brains of fish 
exposed to Al for 10 days (p < 0.05) compared to controls. Instead, the 
quantity recorded in the other two exposure times showed no differences 
to the control group. All values are presented in Table 1. 

4. Discussion 

The goal of this study was to evaluate the effects of Al exposure on 
adult specimens of zebrafish, by studying locomotor and behaviour ac-
tivity and the correlation of their performances with the brain oxidative 
state, after different exposure periods. Having used an inorganic com-
pound (AlCl3⋅6H2O), it is necessary to specify that the pathogenicity and 
the alterations found in this study are to be attributed to aluminium, 
because the chlorine dose released with the used concentration (0.1 g/L 
AlCl3⋅6H2O), is harmless for zebrafish as demonstrated by Kent et al. 
(2014). The results of this study show a similar trend in outcomes of 
locomotor activity with increased activities after 15 days of exposure, 
which remained mostly constant after 20 days. This trend of parameters 
seems to be connected to increase in stress and anxiety, confirmed by the 
results of the behavioural tests. Normally, the adult zebrafish manifest 
anxiety and stress increasing the movements, the speed and other 
associated parameters (Egan et al., 2009; Kalueff et al., 2013). In the 
Light/Dark behavioural adaptation test, it is known that zebrafish 
exhibit a light avoidance behaviour to protect itself from potential 
predators, taking refuge in the dark (Aponte and Petrunich-Rutherford, 
2019; Lau et al., 2011). In this study, the organisms exposed spent more 
time in the light zone than in the dark ones. This phenomenon is linked 
to a greater anxiety-inducing state (Blaser and Rosemberg, 2012) that 
increased in the treated organisms especially for the shorter exposure 
times. Considering the social preference test, the fish generally prefer to 
spend more time close to a conspecific tank (where there are other fish) 
spending over 70–90 % of time there (Pham et al., 2012). Instead, after 
15 days of exposure to Al, the organisms showed an increase in the time 
spent in solitude, consistent with the stress mode induced. Also, the 
results of the shoaling test showed an increase of the anxious and 
stressed state. Normally, the fish tend to stay in the top of the tank, 
searching for food (Engeszer et al., 2007) but after treatment with Al, a 
decrease in the time spent by zebrafish in the top half of the tank was 
observed. The results are in agreement with other studies of exposure to 
anxiogenic factors (Cachat et al., 2010) or other metals (Dipp et al., 
2018; Pilehvar et al., 2020). The mirror test is useful to evaluate 
aggression that manifests as reduced distance of organism from mirror 
image (Gerlai et al., 2008; Way et al., 2015). In this case, comparing to 
the control group, there was no increase in agonistic behaviour of 
zebrafish after Al exposure, probably because, this treatment does not 
affect the aggressive phenotype of the chosen model organism. The 
hyperresponsiveness showed may be in line with the hyperactivity of 
locomotion observed by Ruiter et al. (2016) after Cd exposure but also 
may be caused by altered neuronal signalling, such as that observed in 
rats, in which the Cd-induced changes in the neurotransmitters dopa-
mine and 5-hydroxytryptamine (Antonio et al., 1998). Moreover, the 
decrease or the stabilization observed after a longer period of exposure 

may be due to activation of an adaptive process. Indeed, an adaptive 
response is not uncommon in zebrafish after exposure to metals as 
demonstrated by Jijie et al. (2020) and by Bui Thi et al. (2020). Another 
possible explanation for this effect is the time required for regulatory 
and detoxification mechanisms to become active (Pilehvar et al., 2020). 
The present study provides evidence that Al inhibits AChE activity, an 
enzyme that catalyses the breakdown of ACh (Soreq and Seidman, 
2001), acting as a cholinotoxin, as demonstrated by Senger et al., 2011. 
However, some authors report decreases in AChE activity (Kumar, 1999) 
whereas others report an activation of AChE in the presence of Al (Peng 
et al., 1992; Zatta et al., 2002). In this study, the AChE decrease could be 
associated with the increase of neurotransmitter ACh. ACh, in fact, 
produces an excitatory effect on neuromuscular activity and can cause 
alterations in motor parameters (Mandl and Kiss, 2007). Despite the 
various evidences collected the mechanism of action of Al is still 
little-known today but it is possible to hypothesize that impaired of 
swimming and behavioural performance are linked to the alteration of 
the oxidant-antioxidant equilibrium. Mitochondria are the major site for 
ROS generation and the key intracellular targets for stress inducers 
(Bhansali et al., 2017). In this study, the significant presence of ROS 
observed during the treatment can be attributed to the enhanced mito-
chondrial activity and the increased electron chain activity (Abdel 
Moneim, 2012). The continue Al exposure could induce oxidative stress 
through the indirect production of ROS via Fenton reaction (Exley, 
2004) and by the stabilization of superoxide ion (Mujika et al., 2014; 
Ruiter et al., 2016). This evidence could be connected to the decrease of 
antioxidant enzymes at the 20th day of treatment although the quantity 
of ROS remained stably high. However, no evidence is currently known 
to support this theory in a biological system. Mitochondria also provide 
the cell with adenosine triphosphate (ATP) (Wang et al., 2016). It is 
known that Cd induces mitochondrial swelling and decreases mito-
chondrial ATP synthesis (Pan et al., 2018). It can be that this also 
occurred after a short exposure to Al. The ATPase is involved in ROS 
signalling (Srikanthan et al., 2016), which could explain the improve-
ment of its activity after 15 days of treatment in conjunction with the 
increase in the activity of antioxidant enzymes. Furthermore, its activity 
is also necessary to support the increase in locomotor activity, which 
was observed after 15 days of exposure to Al. LDH is an important 
enzyme in neuronal physiology (Zenki et al., 2014) and it is widely used 
as a marker of organ or tissue damage (Oliveira et al., 2016; Silva Santos 
et al., 2018). In this study, the level of LDH increased after 15 days of 
treatment following the trend of the motility parameters. This suggests 
that pyruvate, the final product of glycolysis, was preferentially used to 
produce lactate to cope with the high and rapid demand of energy 
(Frasco and Guilhermino, 2002). Although it is less efficient, anaerobic 
glycolysis is 100 times faster than oxidative phosphorylation enabling it 
to fulfil the short-term energy requirements (Valvona et al., 2016). In 
this case, at the same time of exposure (15 days), both LDH and ATPase 
levels were increased. It is known that some types of cells, use LDH to 
elevate the rate of glycolysis, ATP and lactate production, a reaction 
known as Warburg effect (Kim and Dang, 2006). However, no evidence 
of this is known following metal-induced oxidative stress. Furthermore, 
the LDH levels decreased significantly after 20 days of treatment 
compared to the previous sampling time-point (15 days); while the 
ATPase levels did not change between the two exposure times. Probably 
after 20 days of treatment, the activation of only one mechanism had 
been able to satisfy the energy demand, which was stabilizing over time. 
Considering the antioxidative physiology in fish brains, SOD, CAT, and 
GPx are considered to be the first line of defence against oxidative stress 
(Ighodaro and Akinloye, 2018). In this study, there was an evident in-
crease in the activities of SOD and GPx, especially after 15 days of 
exposure, probably in response to increased free radical production. 
Subsequently, the decreased activity might have been resulted both to 
the oxidative modification of genes that control these enzymes and to Al 
binding at their active site (Ruiter et al., 2016). Indeed, Al, like Cd can 
compete with the endogenous metals for the active site of antioxidant 
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enzymes and metalloproteins, inducing the inactivation of defence 
mechanisms (Ruiter et al., 2016). In this way, their inactivation can 
contribute to less efficient degradation of endogenous ROS and a 
consequent accumulation. Furthermore, it is known that the alteration 
of GPx activity is a reason for brain senescence (Kishido et al., 2007). In 
this case, the alterations could be related to the recorded behavioural 
anomalies. In addition, Al exposure induced alterations of the levels of 
the (interdependent) GSH and GSSG. GSH plays a crucial role in cyto-
plasmatic ROS regulation by reducing protein disulfides and other cell 
molecules (Harvey et al., 2002) to maintain redox homeostasis (Félix 
et al., 2016). The aluminium-dependent increase of GSH after 10 days of 
treatment was accompanied by an increase of GSSG, leading to an 
increased ratio of GSH to GSSG. However, their following decrease in the 
subsequent exposure stages is probably due to an activation of oxidative 
defences, such as the antioxidant enzymes SOD or GPx. This trend finds 
broad support in the classification of the induced oxidative stress in-
tensity proposed by Lushchak (2014). Typically, as indicated by Mas-
sarsky et al. (2017) and Adeyemi et al. (2015) the concentration of GSH 
decreases in zebrafish in response to induction of oxidative stress, but 
not all exposures result in GSH decrease. For example, exposure to an-
tidepressant amitriptyline resulted in a U-shape response (Yang et al., 
2014), a phenomenon also observed here, albeit with an opposite trend. 
Moreover, some discrepancy between the levels of GPx and GSH-GSSG 
was observed, which have already been noted in zebrafish (Jin et al., 
2015) and rat (Jihen el et al., 2010). In fact, the conversion of GSH to 
GSSG occurs both during GPx-catalysed reduction of H2O2 and in 
spontaneous reactions with free radicals (Li et al., 2000; Meister, 1994). 
Moreover, as indicated by Massarsky et al. (2017) GSH can act inde-
pendently of GPx to neutralize ROS. Lastly, GSH is an important sub-
strate of GST, an important detoxifying enzyme within phase II 
xenobiotic metabolism. Therefore, decreases in GSH could also be 
attributed to the induction of phase II metabolism to render certain 
chemicals more water-soluble (Massarsky et al., 2017). This would 
justify the increase in the concentration of GST only after 15 days of 
treatment and not before. GST catalyses the conjugation reactions of 
xenobiotics to GSH, protecting cells from oxidative stress (Larose et al., 
2008). Probably, the increased GST activity after 15 days of treatment 
was a protective response to Al to increase the formation of conjugates 
between Al3+ and GSH as described by Singla and Dhawan (2014). 
Subsequently, after 20 days of treatment, the activity of GST, like those 
of other antioxidant enzymes (SOD and GPx), decreased significantly to 
values similar to the ones observed in the control group. Both GST and 
GPx use GSH as substrate, which consequently increases significantly at 
20th day. An oscillation between the levels of these antioxidants, albeit 
so related to each other, is not uncommon in zebrafish, as also verified 
by Jin et al. (2015) after exposure to other metals such as cadmium and 
chromium. 

The MTs are intracellular proteins cysteine-rich, that acts as scav-
engers (Chen et al., 2014) in the detoxification processes (Chen et al., 
2004; Ghoshal and Jacob, 2001). In our study, the exposure to Al during 
10 days was accompanied by an increase of MTs levels. Probably, this is 
due to a cytoprotection mechanism (Coyle et al., 2002). Indeed, chela-
tion of Al by MT attenuate the direct ROS production, enhancing metal 
ion export out of cells and reducing its uptake (Park et al., 2001). The 
redox function of MTs is associated to GSH/GSSG because they set the 
transfer of metal between MTs and metal-binding proteins (Agrawal 
et al., 2014; Ghorbel et al., 2016). This would justify the similar trend 
between the parameters. After 20 days of treatment, also the levels of 
metallothioneins decreased probably because after a long-term expo-
sure, trace metal accumulation might have reached a toxic threshold 
limit and thus MT biosynthesis was compromised as demonstrated by 
study of Cho et al. (2006); De Smet et al. (2001) and Van Campenhout 
et al. (2010). Regarding the toxic effects on cellular components, Al 
cannot initiate peroxidation but it can attack almost all cell components 
including membrane lipids (Flora et al., 2003). Lipid peroxidation plays 
an important role in the toxicity and it represents a manifestation of 

oxidative damage of many xenobiotics (Yousef, 2004). In the present 
study, Al exposure induced a significant increase in TBARS, in brain, 
after 10 days of exposure probably due to free radical-induced oxidative 
cell injury. Furthermore, this increase may result from the inactivation 
of some antioxidant enzymes leading to membrane damage (Abdel 
Moneim, 2012; Nehru and Anand, 2005). This hypothesis is also re-
flected in the subsequent treatment phases. The decrease in the TBARS 
levels registered after 15 days coincides with a significant increase in the 
production of these antioxidants as SOD, GST, GPx. On the other hand, 
CO levels increased only after 15 days of treatment, decreasing there-
after, at day 20. This phenomenon was also previously observed in 
zebrafish brain following oxidative stress (Tseng et al., 2011). Moreover, 
it is possible to note that lipid peroxidation was detected in previous 
periods than the carboxylation of proteins, probably because carbonyls 
proteins are more stable than TBARS (Bizzozero, 2009). Indeed, car-
bonyls are relatively difficult to induce and they are normally detected 
only in conditions of considerable oxidative stress (Levine, 2002). 

5. Conclusion 

The study showed a relationship between impairment of zebrafish 
swimming behaviour and the generation of free radicals, which resulted 
in the induction of antioxidant activities, whose role in zebrafish is to 
prevent or reduce the effects of ROS. The significant rise in antioxidant 
enzymes activities were mainly recorded after 15 days of exposure to 
waterborne Al, with a reduction of these parameters after 20 days. This 
is supported also by the behavioural and locomotor analyses variables 
that at the 15th day were altered and that after 20 days showed a re-
covery, due probably to a decreased oxidative stress intensity. Social 
phenotypes are a key part of zebrafish natural behaviour and examining 
shoaling phenotypes, social preference, and responses to mirror, 
contribute to better understand social behaviours as well as stress and 
anxiety in adult zebrafish. For these reasons, this study contributes to 
elucidating the effects of aluminium on zebrafish brain and its conse-
quent action on behavioural responses. 
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Abstract 

Aluminium, despite being it is extremely diffuse in the world, it is a non-essential metal to human 

metabolism. It is known to have toxic effects on a variety of organs including the brain and it is 

considered an etiological factor in neurodegenerative diseases like Parkinson and Alzheimer diseases. 

However, the molecular mechanisms by which aluminium exerts its neurotoxic effects are still not 

completely understood. The zebrafish is a useful animal model both for ecotoxicology studies and for 

exploring neurodegenerative diseases, since the overall anatomical organization of the central and 

peripheral nervous system is relatively conserved in zebrafish and mammals. Adult zebrafish were 

exposed to 11 mg/L of Al for 10, 15 and 20 days and the neurotoxic effects of aluminium were 

analysed by histological, immunohistochemical and molecular evaluations. Precisely, histological 

stainings allowed to evaluate the morphology of the brain' parenchyma, myelin alteration and 

activations of neurodegenerative processes. The immunohistochemistry experiments performed with 

an antibody anti-GFAP, marker of glial cells, were applied on sections to observe the alteration of the 

glia. Finally, the evaluation of markers involved in the parkinsonism by RT-qPCR, were assessed to 

better understand the role of aluminium in the regulation of genes related to Parkinson's 

neurodegenerative disease. The collected data showed a fairly constant trend with greater effects 

recorded in the early stages of exposure, 10 and 15 days, and an improvement/stabilization of 
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conditions for longer exposure times, 20 days. Overall, the data confirm the neurotoxicity induced by 

aluminium and inform about its involvement in neurodegenerative processes. 

 

Keyword: Brain, Gene expression, Glial fibrillary acidic protein, Histology, 
Immunohistochemistry, Myelin.  

 

1. Introduction 

Aluminium (Al) is among the naturally most widespread metals in the environment, and its quantity 

is further increased by anthropogenic sources (Igbokwe et al., 2019). The Al ion has no physiological 

role in metabolic processes (Exley and House, 2011) but it can be a toxicant agent to humans and 

animals (Becaria et al., 2002). Al was considered unsafe to humans after the discovery of increased 

levels of Al in brain tissues of patients with encephalopathy (Alfrey and Solomons, 1976).  Al 

accumulation in mammalian tissues was associated with various pathologic effects: pulmonary 

lesions (Kongerud and Søyseth, 2014), bone abnormalities (Klein, 2019), and neurologic disorders 

(Colomina and Peris-Sampedro, 2017; Morris et al., 2017). Indeed, Al can rapidly enter the brain, 

extracellular fluid and the cerebrospinal fluid (Krewski et al., 2007) and its accumulation in the brain 

has been associated with neurodegenerative diseases such Alzheimer’s disease (AD), Parkinson’s 

disease (PD), amyotropic lateral sclerosis (SLA) (Arain et al., 2015; Bjorklund et al., 2018; Jones et 

al., 2017; Kawahara and Kato-Negishi, 2011). Al exposure can promote oxidative stress in the 

nervous tissue, inducing neurodegeneration and neuronal necrosis and, which constitute the basis for 

the neurological diseases associated with Al toxicity (Bondy, 2016; Exley, 2006). For this reasons, 

particular attention has been placed on the neurotoxic effect of Al, having already evaluated in a 

previous study the ability of Al to alter the swimming activity, the behaviour and the oxidative state 

of the zebrafish brain (Capriello et al., 2021). The choice to use Danio rerio, also called zebrafish, as 

a model organism was not accidental, since in addition to being known as an excellent model for 

ecotoxicological studies (Bambino and Chu, 2017; Favorito et al., 2011), it has become an important 

animal model for exploring neurodegenerative diseases because its nervous system is simple, but it 



64 

 

shares functional and anatomical similarities with the human nervous system (Babin et al., 2014). In 

this case, the adult zebrafish were exposed to 11 mg/L of Al using 0.1g/L of AlCl3⋅6H2O dissolved 

in water, as a source. The concentration, also used previously, (Capriello et al., 2021) can be 

reconnected to that found in polluting waters (ATSDR, 2008). The effects induced by Al on the brain 

were analysed at three different exposure times: 10, 15 and 20 days. Precisely, evaluations were 

carried out for the quantization of Al inside the brain after the different exposure times, but also 

histological analyses that made it possible to visualize the effect induced on the brain parenchyma, 

the alteration of myelin and the induced neurodegeneration. Finally, the expression of the Glial 

fibrillary acidic protein (GFAP), and the gene expression of the markers involved in Parkinsonism 

were assessed. GFAP one of the most abundant cytoskeletal constituents of glial cells, crucial for 

their functionality and integrity (Middeldorp and Hol, 2011), and its expression was altered in the 

zebrafish brain after exposure to other metals such as cadmium (Monaco et al., 2016). Furthermore, 

it plays an important role in the development and progression of neurodegenerative diseases 

(Middeldorp and Hol, 2011; Schiffer et al., 1996). Instead, the genes linked to Parkinsonism were 

chosen because unlike Alzheimer's disease, the connection between exposure to Al and this disease 

is little studied, although several examples of connection between them have been reported in the 

literature (Bondy, 2014). Overall, the analysed data in this study want to add an important step in the 

study of the correlation Al exposure-neurotoxicity, in order to better understand the effect of this 

metal on human health. 

2. Material and methods 

 

2.1 Zebrafish housing 

Adult zebrafish were maintained at the Department of Biology of the University of Naples “Federico 

II”. Fish were housed in rectangular tanks under 12 h light:12 h dark photoperiod, at a temperature of 

28 ◦C, and fed twice a day with a commercial diet (TetraMin Tropical Flake Fish®) supplemented 

with Artemia sp. nauplii (Westerfield, 2000). All used protocols were in accordance with the 
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guidelines dictated by European regulations on animal of welfare (Directive 2010/63/EU) and 

approved by the Italian Ministry of Health (permits 147/2019-PR). 

2.2 Preparation of treatment solution and chemical test 

The treatment solution (11 mg/L of Al) was prepared by dissolving 2.5 g of AlCl3⋅6H2O (Carlo Erba, 

Italy; CAS no. 7784-13-6) in 25 L of water (1/3 bidistilled water, 2/3 tap water), directly into the 

treatment tank like in previous study (Capriello et al., 2021). Moreover, Al concentration in the treated 

solution was checked on samples taken randomly during the treatment period, by MP-AES 

(Microwave Plasma-Atomic Emission Spectrometry), to confirm the accuracy of treatment. Al 

concentration mentioned during the text refer to the measured concentration. 

2.3 Al exposure and samples collection  

Three groups with each 12 healthy zebrafish (6 male and 6 female), between 6-12 months of life, 

were placed in a 25 L tanks and exposed respectively for 10, 15 and 20 days to 0.1 g/L of AlCl3 

solution (11 mg/L Al). Another group of 12 fish (6 male and 6 female), exposed only to tank water 

(1/3 bidistilled water, 2/3 tap water), was used as a control group. A biological triplicate was 

performed for each treatment. The treatment solution was totally renewed and the food debris were 

removed once a day. During fish treatment, water parameters were monitored daily and kept in the 

following ranges: temperature 28°C and pH: 6.5 to 7.5. After experiments, the organisms were 

euthanized with an overdose of ethyl 3-aminobenzoate methanesulfonate (MS-222, Sigma Aldrich, 

Germany) and the brains were collected and processed to perform the several analyses. Four brains 

(2 male and 2 female), from the replicates of each experimental group, were used for each analysis 

performed. Precisely 4 brains were used for to assessment of Al concentration, 4 brain were selected 

for histological analyses and others for RT-qPCR analyses.  

2.4 Assessment of Al concentration  
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To determine the total Al content in zebrafish brains, they were taken and singularly frozen at −80°C, 

rapidly. Tissue samples was then digested in 250 µL of HNO3 u.p. and kept in a thermostatic bath at 

about 90°C for 1 hour (h). Accumulated Al was quantified by Inductively coupled plasma mass 

spectrometry (ICP-MS). The results are expressed as µg of metal accumulated in a brain.  

2.5 Histology  

All the brains were performed with standard histological protocols for optical microscopy. The 

samples were fixed in Bouin solution for 48 h to preserve the protoplasmic structure, dehydrated and 

included in paraffin. Sagittal sections of 5 μm, deparaffinized and hydrated, were stained by 

Hematoxylin-Eosin, Methasol fast blue, Fluoro-Jade B and by the ABC immunohistochemistry 

technique. At the end, all images were acquired with a Kontron Electronic Imaging System KS300 

(Zeiss, Germany). 

2.5.1 Haematoxylin-Eosin and Methasol fast blue staining 

For the evaluation of general morphology, the section was performed using a combination of 

two histological stains in succession: haematoxylin for 5 min and eosin acidified for 2 min 

(Favorito et al., 2017). At the end, the slides were dehydrated and mounted in resin for 

microscopic examination.  

The staining Methasol fast blue, MFB, (Gurr ltd, London, England) was used to detect any 

demyelination in brain tissue (Monaco et al., 2016). Once the sections had been rehydrated, 

they were immersed in 1% of MFB for 2 h at 58 ° C, and differentiated by exposure to ethanol 

95 °, water and 0.05% lithium carbonate. The slides were then placed in haematoxylin for 30 

s to counterstain the nuclei, dehydrated and mounted in resin. 

2.5.2 Histochemical staining by Fluoro-Jade B 

To evaluate the degeneration of neurons the sections were immersed in a solution of Fluoro-

Jade B (AG310 EMD, Millipore, Billerica, MA, USA), an anionic fluorochrome derived from 
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fluorescein. Precisely, the brain sections rehydrated were incubated for 1 h at 4°C with Fluoro-

Jade B, gently shaken in the dark with an orbital shaker (Monaco et al., 2017a). Then the slides 

were dried overnight at room temperature. The next day the sections were clarified and 

mounted. The images were acquired by microscope (Zeiss, Germany) setting the FITC 

channel and the number of fluorescent cells was quantized in 0.1 mm2 of brain tissue with the 

use of ImageJ software (Image Analysis Software, Rasband, NIH). 

2.5.3 Immunohistochemistry 

The immunohistochemical experiments were performed on sagittal sections of the brain using 

the rabbit polyclonal anti-GFAP 173002 (1:1000; Synaptic Systems, Germany). The 

revelation was performed using the HRP/DAB (ABC) Detection IHC Kit (ab64261, abcam, 

United Kingdom). The sections were counterstained by immersion in haematoxylin solution 

for 30 s, dehydrated and mounted in resin. Antibody specificity was assessed by omitting on 

some sections the primary antibody (Favorito et al., 2017; Monaco et al., 2016). 

2.6 RNA extraction and qPCR analysis 

Total RNA from brains of control and treated with Al for 10, 15 and 20 days were extracted using 

TRI reagent (SIGMA-Aldrich®, USA), according to the manufacturer’s instructions. The 

concentration and purity of the RNA samples were assessed using a NanoDrop® 1000 

spectrophotometer (Thermo Fisher, USA). The cDNA was synthesized from 1 μg of total RNA using 

QuantiTeck® Reverse Trascription Kit 200 (Qiagen, Germany).  RT-qPCR was performed with 

SYBR Green assay (Applied Biosystems, USA) using AriaMx Real-time PCR System (Agilent 

Technologies, USA). 

The mRNA level was analysed for 10 different genes involved in Parkinsonism, using respective gene 

specific primers (Table 1) in triplicates. The primers, previously described by Sarath Babu et al., 

(2016), were synthesized by Eurofins Genomics (Japan). 
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The PCR conditions included a denaturation step (95 °C for 10 min), 40 cycles of amplification and 

quantification (95 °C for 15 s, 60 °C for 1 min), followed by melt curve analysis. The relative gene 

expression levels were analysed from the Ct value, normalized to the β-ACTIN reference gene and 

calculated by the 2−ΔΔCt method. 

Table 1. List of genes and its forward and reverse primers used for RT-PCR 

 

 

2.7 Statistical analysis 

Statistically significant differences among treatments were assessed by one-way analysis of variance 

ANOVA followed by Tukey's pairwise comparison tests for variables with normal distribution with 

the aid of GraphPad Prism 9 (GraphPad Software, La Jolla California USA, www.graphpad.com). 

Before hypothesis testing, normality and homogeneity of the data were confirmed by Shapiro-Wilk 

Gene Symbol Forward primer Reverse primer 

β-Actin 

 
ACT CATCCATCGTTCACAGGAAGTG TGGTCGTTCGTTTGAATCTCAT 

Β-Synuclein 

 
SYNB AAC AGT GGC TGA GAA GAC GAA G CTG GTT GTC GTC GTA TGT CTG T 

Synapsin 2b SYN2B TTC GAC AGC ATG CCT ACA GTA T TGA TCA ACC AGA GGG AAC TTT T 

Synuclein, 
gamma a 

 

SNCGA ATG CAC TGA AGA AGG GAT TCT C AGA TTT GCC TGG TCA GTT GTT T 

Synuclein, 
gamma b 

 

SNCGB GAC TAA AGC TGG GGT TGA AGA G CGT TCT CCA GTC CCT CTA CTG T 

pTEN induced 
putative kinase1 

 

PINK1 GGC TAC AGG CTG GAA GAT TAT G AAG CTT GGT GAA GCA GAA AGT C 

Parkin RBR E3 
ubiquitin protein 

Ligase 

 

 

PARK2 

 
ACA GAC ATC ATG ACT CCA GTG C 

 
ACA CGG AAA TGA TGA ACC TCT T 

Parkinson 
protein 7 (DJ1) 

PARK7 

 

 

PARK7 

 
CAT ATG AAC ATG GGT TCT GCT G 

 
GAA AGA GGT GTT GAA GGA CCA G 

Park11 GIGYF2 ATG AGG TGC ACG ATT ATG TAC G GTT GTT GAA GCA GGA CTG ACT G 

Coiled-coil-
helix-coiled-

coil-helix 
domain 

containing 2 

 

 

 

CHCHD2 

 
 

TGT CGG ACA CAC AAT AGG TCA C 

 
 

CAT ATG AAC ATG GGT TCT GCT G 

Septin 3 SEPT3 CTT GGA TAC ATC GGC ATA GAC A GGA ATC TTC TCA TCA CGA CTC C 
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and Brown-Forsythe test, respectively. Data expressed as mean±SD and the minimum level of 

acceptable significance was set at p<0.05. Different lowercase letters were used to indicate significant 

differences between groups. 

3. Results 

3.1 Al accumulation in the brain 

Over time, the Al concentration in the brain of treated fish increased exponentially and peaked at 15 

days and then it decreased in the organisms exposed to 20 days of treatment (Fig. 1). After 10 days 

of treatment, its concentration was 0.038±0.006, p<0.05 compared to that of the controls 

(0.018±0.005), for which the presence of Al in traces was in any case highlighted. After 15 days the 

amount of Al recovered was approximately 4-fold greater (0.071±0.013, p<0.001) than in the 

controls. Instead, after 20 days the amount of Al tended to decrease (0.030±0.015) compared to the 

shorter exposure times, with values closer to those found in the controls. 

 

 

Fig. 1 Aluminium concentration in the brain of zebrafish during treatment, determined by ICP-MS.  
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3.2 Morphology of brain  

3.2.1 Haematoxylin-Eosin 

The general histology of zebrafish brain in control specimens showed a homogeneous tissue 

with well-defined structures in all the areas of the organ (Fig. 2A). The tissue appeared to be 

altered for all organisms exposed to Al, albeit with varying severity. Brains of organisms 

exposed at 10 days (Fig. 2B) and those exposed at 15 days (Fig. 2C) showed a marked cellular 

disorganization and a diffuse increase of edemas. Instead, the brains of the organisms exposed 

at 20 days to treatment (Fig. 2D) showed less edematous and disorganised tissue compared to 

the other treatment periods, with a parenchymal structure nearer to that of the controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Haematoxylin-Eosin staining. A: Brain parenchyma of control brain with normal general histology of 
the tissue. B: Brain parenchyma of brain after 10 days from treatment, the tissue appeared altered and 
edematous. C: Parenchyma of brain after 15 days, tissue still disorganised and with edemas. D: Parenchyma 
of organisms exposed to Al for 20 days, with a little altered parenchyma and more similar to that of controls. 
Scale bar: 50 μm. 
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3.2.2 Methasol fast blue 

Al exposure induced alteration of myelin in the first periods of exposure. In particular, the 

effect was evident after 10 days of exposure, when the brains showed a decrease in MFB 

staining intensity in several areas evaluated, precisely, at the level of the optic tectum (Fig. 

3B), telencephalon (Fig. 3F) and cerebellum/medulla oblongata (Fig. 3J) respect to the same 

areas evaluated in the control specimens. The latter, in fact, showed demonstrated excellent 

tissue contrast and clear delineation of anatomical structures, optic tectum (Fig. 3A), 

telencephalon (Fig. 3E) and cerebellum/medulla oblongata (Fig. 3 I). The decrease in signal 

intensity is due to a decrease in the affinity of the fibres for the dye and is linked to an ongoing 

demyelination process. Instead, after longer exposure periods 15 (Fig. 3C, G, K) and 20 (Fig. 

3D, H, L) days of treatment, the fibres appeared more dye, with an increase in tissue contrast 

compared to the previous period of exposure, sign of tissue’ increased myelination.  

 

Fig. 3 Methasol Fast Blue (MFB) staining. A-D Optic tectum; E-H Telencephalon; I-H Cerebellum/Medulla 
oblongata. A, E, I Control. B, F, J Organisms’ brain exposed to Al for 10 days with evident demyelination 
process. C, G, K Organisms’ brain exposed to Al for 15 days. D, H, L Organisms’ brain exposed to Al for 20 
days. Arrows indicate coloured fibres. Scale bar: 50 μm. 
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3.2.3 Fluoro-Jade B 

Application of the histology staining Fluoro-Jade B (FJ) allowed to detect possible 

degenerative phenomena by the identification of different fluorescent signals in control and 

Al-treated fish. Fluorescence was found both at the level of cell bodies and nervous processes. 

Moreover, the morphology of positive cells appeared variable and probably relative to 

different cellular types, both glial cells and neurons (Fig.  4, panel I). Few fluorescent signals 

were revealed in control brains (Fig. 4, panel I, A, E, I). Instead, an increase in fluorescent 

spots was evident in all the brains of the treated organisms. For organisms exposed to 10 (Fig. 

4, panel I, B, F, J) and 15 days (Fig. 4, panel I, C, G, K) of treatment while after 20 days (Fig. 

4, panel I) a minor presence of spots appeared in all three areas examined, optic tectum (Fig. 

4, panel I, D), telencephalon (Fig. 4, panel I, H) and cerebellum/medulla oblongata (Fig. 4, 

panel I, L). Above all, the diffusion of FJ (+) cells was particular in organisms exposed to 15 

days of treatment, since appeared localized in specific areas rather than homogeneously spread 

throughout the evaluation area (Fig. 4, panel III). Indeed, from the quantitative evaluation 

carried out, as reported in the graph (Fig. 4, panel II), there was an approximately 5-fold 

increase in spots in the 0.1 mm2 area of the optic tectum in organisms exposed for 10 days to 

treatment (p<0.05), and further doubled (p<0.01) for Al-treated organisms for 15 days 

(p<0.05) than the number of fluorescent cells found in the controls. However, after 20 days of 

treatments this trend was reversed and the number of FJ (+) cells decreased, remaining 

however above the controls (p<0.05). In the same way also at the telencephalic level, the 

number of FJ (+) cells increased after 10 days (p<0.01) and 15 days (p<0.001) compared to 

controls and tended to decrease after 20 days (p<0.01). Finally, the area relating to the 

cerebellum and medulla oblongata appeared to be the area with more positivity than others, 

with an increase of about 12 (p<0.01) and 15 -fold (p<0.001) for organisms exposed to 10 and 

15 days of treatment, respectively, compared to controls. Again, a slight decrease was 

recorded after 20 days of treatment (p<0.01). 
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Fig. 4 Fluoro-Jade B staining. Panel I. A-D Optic tectum; E-H Telencephalon; I-L Cerebellum/medulla 
oblongata. A, E, I Control (Ctrl). B, F, J Organisms exposed to Al for 10 days. C, G, K Organisms exposed 
to Al for 15 days. D, H, L Organisms exposed to Al for 20 days. Panel II. Graphical representation of FJ (+) 
cells ratio/0.1 mm2 in the area of the optic tectum, telencephalon, and cerebellum/medulla oblongata in adults 
after 10, 15 and 20 days of Al-treatment. Panel III. FJ (+) cells in the section of brain of organism exposed to 
Al for 15 days. Scale bars: 50 μm. 

 

3.2.4 Immunohistochemistry 

From the immunohistochemistry revelation of the GFAP protein, a high presence of it 

emerged in the control organisms widely diffused in all the areas evaluated (Fig. 5): 

telencephalon (Fig. 5A), cerebellum (Fig. 5E) and medulla oblongata (Fig. 5I). No positivity 

in star-shaped cells (Astrocyte cells) was observed in the control samples or in those treated 

and it is confirmed the radial character of the glial component of the teleost brain. In the brains 

of fish exposed to 10 days of treatment, a decrease in positivity to the reaction was evident, in 

the telencephalon (Fig. 5B), cerebellum (Fig 5F) and medulla oblongata (Fig. 5J) For the 

organisms exposed to 15 days, on the other hand, the positivity increased and was widespread 

in all the areas evaluated (Fig. 5C,G,K) with a particular diffusion in the medulla oblongata 

(Fig. 5K). Finally, also in the organisms exposed for 20 days to Al, the positivity was 

uniformly distributed with glial cells that irradiated in all areas (Fig. 5D, H, L). 
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Fig. 5 Immunohistochemical detection of GFAP in zebrafish brain. A-D Telencephalon; E-H; Cerebellum I-

L Medulla oblongata. A, E, I Control (Ctrl). B, F, J Organisms exposed to Al for 10 days. C, G, K Organisms 
exposed to Al for 15 days. D, H, L Organisms exposed to Al for 20 days. The arrows indicate coloured fibres. 
Scale bar: 50 μm. 

 

3.3 Gene expression 

Based on RT-qPCR analyses, the expression levels of the gene group showed a significant association 

of Parkinsonism in zebrafish exposed to Al (Fig. 6). Indeed, all genes evaluated were up-regulated in 

treated organisms compared to controls, albeit with different trends. The SYNB, SYNB2, SNCGB 

genes showed the same trend in their expression, increased significantly for Al-treated for 10 days 

(p<0.01), decreased for organisms exposed at 15 days, coming to be similar to those of controls and 

increased again after 20 days exposure (p<0.001). Even the SNCGA and PARK7 genes had a similar 

trend with a significant increase in expression after 10 days (p<0.01), a slight decrease after 15 days 

(p<0.01) and a renewed increase after 20 days of treatment (p<0.001 for SNCGA and p<0.01 for 

PARK7). On the other hand, no change was recorded in the expression of the PARK2 gene after 10 

days of treatment compared to controls, its levels become significantly higher only after 15 and 20 
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days of exposure (p<0.05). A linear dose-dependent increase was instead recorded for the expression 

of the SEPT3, PINK1 gene with a significant increase after 10 days of treatment compared to controls 

(p<0.05 for SEPT3 expression and p<0.001 for PINK1 expression), which increased further after 15 

days of Al exposure (p<0.01) and again after 20 days (p<0.01 for SEPT3 expression and p<0.001 for 

PINK1 expression). The expression of CHCHD2 increased in organisms exposed to 10-15 days 

compared to controls (p<0.01) and remained constant between them, but a further and high increase 

was evident after 20 days of exposure (p<0.001). Finally, GIGYF2 was the only gene whose 

expression, while increasing for organisms exposed at 10 and 15 days (p<0.05), decreased in Al-

treated after 20 days up to the physiological levels expressed in the controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Expression pattern comparison by means of RT-qPCR. Gene expression levels were normalized to 
the reference transcript β-ACTIN and calculated by the 2–ΔΔCt method.  
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4. Discussion  

The aim of this work was to evaluate the neurotoxic effect of Al and its role in inducing 

neurodegeneration. 

In our previous studies, we have already demonstrated the toxic effect of Al both on zebrafish in the 

early stages of development, in which the metal induced alteration of motility (Capriello et al., 2019) 

and variation of the glial marker GFAP expression (Monaco et al., 2017b) and in the adult phase, in 

which Al induced alteration of swimming ability and behaviour but also alteration of the oxidative 

state of the brain (Capriello et al., 2021). The latter considered the mechanism of action underlying 

neurotoxicity (Igbokwe et al., 2019; Jang and Surh, 2002). In this regard, the effects were greater 

after low doses (Capriello et al., 2019) or short exposure (Capriello et al., 2021) and improving at 

higher concentrations, or long Al-exposure (Capriello et al., 2019; 2021). In this light, the quantity of 

Al penetrated into the brain after 10, 15 and 20 days were evaluated and the analysis showed a peak 

of its accumulation after 15 days of treatment and a lower presence of Al after 20 days of exposure. 

It is known that Al can rapidly enter the brain, and accumulate at the level of extracellular and the 

cerebrospinal fluids (Krewski et al., 2007). In this case, the metal accumulation that we detected is 

clearly linked to the alteration of the behavioural response recorded at 15 days of treatment (Capriello 

et al., 2021), which coincides with the maximum accumulation recorded. Even the decrease in the 

concentration of Al after 20 days is in agreement with the trend of the improvement of the activities 

assessed on the same day (Capriello et al., 2021). Moreover, this Al accumulation is agreed with the 

increased amount of Al found in humans' brains affected by neurodegenerative diseases (Ahmed and 

Santosh, 2010; Mirza et al., 2017; Zatta et al., 2003). It is also necessary to specify that Al 

concentration, albeit low, it is found also in the controls' brain. It is a normal condition, already found 

on the occasion of the evaluation of other metals such as cadmium (Cd) (Favorito et al., 2011), as 

these metals are also normally present in water for human consumption (Igbokwe et al., 2019; Järup 

et al., 1998) and used for housing of fish, albeit with very low concentrations, and can therefore 
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penetrate the organ and accumulate over time. Even the structure of the brain’ parenchyma was 

particularly altered in the first periods of exposure and stabilized after 20 days of treatment. The 

alterations found such as the edematous alterations, they have already observed in brain of Al-exposed 

rats (Singla and Dhawan, 2014), but also in lizard (Favorito et al., 2017) and zebrafish (Monaco et 

al., 2016) exposed to Cd, another metal considered neurotoxic. These alterations are probably caused 

by alteration of brains blood vessels and related to the damages on the integrity of blood-brain barrier 

(BBB), the main cause of formation of edemas (Scorticati et al., 2004). The alterations of the tissue 

were also visible with the Methasol fast blue staining, which was used to verify the possible effect of 

Al on myelin. In this regard, a decrease in staining affinity occurred only in organisms exposed to 10 

days of treatment, and a resumption of chromatic impact was recorded in subsequent exposure 

periods. This alteration of the tincture is associated with a structural and chemical alteration of the 

myelin (Goldmann et al., 2013; Way et al., 2015) which can occur in connection with tissue 

degeneration, as shown in Cuprizone-exposed mice (Khodanovich et al., 2017) or also in zebrafish 

exposed to Cd (Monaco et al., 2016). 

Furthermore, a quick recovery after time such as that occurred after 15 and 20 days found 

confirmation in the literature, where it is indicated that there is a varied course of demyelinating 

diseases, for which in some cases, the examples of demyelinating appeared like single manifestations, 

one or two exacerbations during the entire course of the disorder (Allen et al., 1998). Probably, as 

hypothesized by Allen et al., (1998) the recovery occurred due to improvement in membrane 

electrical functions and/or repair of myelin. 

The neurotoxic role of Al has been repeatedly supposed in relation to an increase in oxidative stress, 

induced inflammation or neurodegenerative processes (Bondy et al., 2014; Pratico et al., 2002). In 

this case, it was evident that Al induced the activation of neurogenerative processes in the different 

areas evaluated by Fluoro-Jade B staining. The use of this dye allowed evidence degeneration 

phenomena both for neurons and glial cells (Ehara and Ueda, 2009; Damjanac et al., 2007) 

considering different types of cell death such as apoptosis and necrosis. (Zhou et al., 2005). An 
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increase in this effect finds similarity in zebrafish brains exposed to the Cd (Monaco et al., 2017a). 

Moreover, it is also known that Al can have a pro-apoptotic activity (Lukiw et al., 2005) and this 

certainly contributed to a greater presence of FJ (+) cells found after 10 and 15 days of exposure. The 

decrease in neurodegeration occurring after 20 days of treatment is in agreement with the previous 

data obtained (Capriello et al., 2021), probably due to the activation of an efficient adaptive 

mechanism as supposed in zebrafish after exposure to different pollutants (Acosta et al., 2016; 

Avallone et al., 2015; Pilehvar et al., 2020).  Moreover, this condition is reflected in the improvement 

of the oxidative state conditions and activation of the antioxidant system evaluated previously 

(Capriello et al., 2021).  Instead, the particular localization of FJ (+) cells for organisms exposed to 

15 days of treatment could be linked to the susceptibility to degeneration of specific groups of cells, 

such as dopaminergic neurons, are more susceptible to oxidative stress and environmental stressors 

(Dias et al., 2013). This phenomenon could also justify the altered, anxiogenic and asocial behaviour 

(Capriello et al., 2021), recorded at this time (15days), given the high correlation between behavioural 

changes and neurodegeneration induced in zebrafish (Tierney, 2011). However, further studies are 

needed to confirm this deduction. From the immunohistochemical detection of the GFAP protein it 

is evident that Al-treatment induced a reduction in expression after 10 days of treatment, in 

accordance with the data relating to tissue demyelization.  Indeed, as reported by Middeldorp and 

Hol, (2011), GFAP is involved in the maintenance of normal myelination of the nervous system, so 

the simultaneous decrease of both is reasonable. Moreover, glial cells are essential for the formation 

and maintenance of the BBB (Alvarez et al., 2013) and the alterations of these cells and their 

extensions may, therefore, alter the integrity of these barriers, leading to an alteration in the brain 

parenchyma and the formation of edemas, in this case, more present in the brain of organisms exposed 

to Al for 10 days. Furthermore, a reduction in GFAP expression is often linked to a neurotoxic effect 

induced by polluted, as previously reported in the zebrafish and lizard brain, in which reduction of 

GFAP expression was observed after Cd exposure (Favorito et al., 2017; Monaco et al., 2016) but 

also verified in cell cultures of rat brain exposed to heavy metal’ mixture (Rai et al., 2013). An 
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increase in GFAP expression was recorded in longer exposure times and this phenomenon could be 

linked to the increase in the activity of antioxidant enzymes previously evaluated (Capriello et al., 

2021), according to the data reported by Singla and Dhawan, (2017) in rats exposed to high 

concentrations of Al. Furthermore, this effect can also be correlated with the evaluation of the 

expression of the markers involved in Parkinsonism which are increasing after 15 and 20 days of 

treatment. Indeed, as reported by several studies in relation to PD, GFAP expression did not decrease, 

but it was found that it was not altered (Abdo et al., 2004; Banati et al., 1998; Holmberg et al., 1998) 

or sometimes even an increase in the density of GFAP positive cells has been recorded (Damier et 

al., 1993; Thannickal et al., 2007).  

PD is an oxidative stress-induced neurodegenerative disease that implies a gradual loss of 

dopaminergic neurons in the substantia nigra and α-synuclein agglutination (Gandhi and Abramov, 

2012; Pisoschi and Pop, 2015). In the light of the results, that emerged in the previous study regarding 

the oxidative state of the brain (Capriello et al., 2021), marker genes related to parkinsonism were 

evaluated and it emerged that the expression of all the genes evaluated was altered by Al-treatment. 

The genes coding for the protein α-synuclein and synapsin, which play a fundamental role in the 

evolution of PD and in the formation of Lewy bodies (Longhena et al., 2018) were up-regulated 

especially after 10 and 20 days of Al-exposure; while the expression of the SEPT3 gene, encoding 

for the Septin 3 protein, increased with increasing exposure period. 

It is known that the increased expression of these proteins is linked to the development of PD (Faustini 

et al., 2020; Marttinen et al., 2015) and that Al can promote the aggregation of α-synuclein, further 

enhancing the process of neurodegeneration (Milanese et al., 2001; Singla and Dhawan, 2017; 

Uversky et al., 2001). Instead, it is not known the link between exposure to Al and the expression of 

synapsin and septin 3. However, for the genes linked to the expression of α-synuclein and synapsin, 

there was  a decrease in their expression on the 15th day of exposure in conjunction with the increase 

in the activity of antioxidant enzymes (Capriello et al., 2021) and with the increase in the expression 

of genes related to PD, but whose overexpression assumes a protective connotation such as the 
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PARK2 gene, which codes for the Parkin protein (Darios et al., 2003), PINK1 (Haque et al., 2008) 

and CHCHD2 gene (Imai et al. 2019) . It is important to underline also that after 20 days of Al-

exposure the PINK1 expression was further increased and reaches to be about 270-fold higher than 

that recorded in the controls' brain; this could be linked to the decrease in neurodegeneration recorded 

at this time of exposure, given the known anti-apoptotic role of this protein (Petit et al., 2005). Even 

the expression of the PARK7 gene, coding for the DJ-1 protein, was increased after 20 days of 

treatment, probably in response to the altered conditions of oxidative stress (Lev et al., 2008), as it is 

known that its overexpression has a neuroprotective role, linked to its antioxidant action (Canet-

Aviles et al., 2004; Edson et al., 2019). Finally, the expression of the GIGYF2 gene, coding for the 

Park11 protein, showed a different trend: it increased for the organisms exposed to 10 and 15 days of 

treatment and decreased for the organisms exposed to 20 days as if to return to the physiological 

levels shown by the controls. It is known that over‐expression of GIGYF2 appears to alter receptor 

trafficking and can may regulate 'fast' membrane recycling (Higashi et al., 2010). For this reason, its 

over-expression after 10 and 15 days of treatment could be due to the need to support the increase in 

locomotor activity it found in the first periods of exposure (Capriello et al., 2021). Its subsequent 

reduction could also in this case be linked to an improvement in the general conditions recorded at 

the maximum exposure time.  

Overall, the gene expression data does not provide a complete picture of the link between Al-exposure 

and the onset of PD, which needs further investigation, however, supports and confirms the ability of 

Al to have a neurotoxic action and a role of neurodegeneration activation. 

 

5. Conclusion 

All the information presented in this study helped to elucidate the possible mechanism of Al- induced 

neurotoxicity. Having analysed the effects from different points of view it emerged that this metal 

can alter the histology of tissue, cause neurodegeneration and induce demyelination especially in the 

first periods of exposure. This trend was also followed by the expression of GFAP. At longer exposure 
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times there was an improvement/stabilization of the overall neurological conditions. This effect was 

also supported by genetic expression data which, in addition to showing an altered expression of 

genes closely linked to parkinsonism, also shows an increased expression of genes with a 

neuroprotective effect. 
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Abstract  

Oxidative stress reflects an imbalance between production and accumulation of oxygen reactive 

species (ROS) and the ability of antioxidant system to detoxify or repair the cellular damage induced. 

This process has been supposed as the mechanism of toxicity by various pollutants including 

aluminium. Aluminium is among the most abundant metals in nature, and its presence in the 

environment is further increasing by anthropogenic activities. In water bodies, the Al concentrations 

ranged from 0.001 until to 50 mg/L, raising concerns on health of aquatic organisms. For this reason, 

zebrafish was chosen as the model since is well suited for ecotoxicological studies and adult 

specimens were exposed to 11 mg/L of Al for 10, 15 and 20 days to assess both the morphology and 

the oxidative state of muscle tissue, considering the involvement of ROS, the activity of the main 

antioxidant enzymes, metallothioneins contents, but also oxidative damage and enzymes involved in 

energy consumption and in neuromuscular transmission. Collected data showed that after short-term 

exposures the treatment induced grave morphological alterations, activation of anaerobic metabolism 

and the increased activity of antioxidant enzymes such as superoxide dismutase, glutathione 

peroxidase and glutathione S-transferases. However, these effects stabilized with increasing exposure 

time. Moreover, only after 20 days of treatment did the oxidative damage to the proteins and the 
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activity of Acetylcholinesterase increase while the levels of metallothioneins were lower for all 

treated compared to control group. The overall information obtained gives a realistic snapshot of the 

potential pollution risk exerted by aluminium for the aquatic organisms and helps to provide new 

information of the mechanism of toxicity induced by this metal. 

 

Keywords: Aerobic/anaerobic metabolism, Antioxidant enzymes, Danio rerio, Metallothioneins, 

Neuromuscular transmission, Oxidative biomarkers.  

 

 

1. Introduction  

Oxidative stress is defined as a perturbation of cell redox balance, that can be counteracted by the 

action of antioxidants (Pisoschi and Pop, 2015). The unbalance between the oxidant species and the 

antioxidant defense system may trigger several factors responsible for oxidative damage in the cell 

(Pizzino et al., 2017). The increase of oxidative stress is often associated to alteration of biological 

processes and to the onset of several pathologies (Poljsak et al., 2013). Moreover, the alteration of 

the oxidative state has been supposed as the mechanism of action by which various exogenous agents, 

like metals, pesticides and xenobiotics, induce toxicity (López et al., 2006; Rock and Patisaul, 2018). 

Aluminium (Al) is a metal highly widespread in the environment (Sharma et al., 2020), whose 

concentration, especially in the aquatic compartment, is further increased due to the phenomenon of 

acid rain, that, changing the acidity of the water, facilitate the solubilisation of the inorganic Al 

(Lawrence et al., 2007). This means that its concentration within the waters is highly variable from 

values of 0.001-0.05 mg/L when the pH is near-neutral values (WHO, 1997, 2013) up to 50 mg/L in 

polluted surface waters (ATSDR, 2008).  
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This metal can induce several toxic effects, depending on the concentration and the exposure time in 

both terrestrial and aquatic organisms (Alstad et al., 2005; Coleman et al., 2010). In particular, for 

aquatic organisms, it is known that Al can alter the survival and growth of several organisms both 

vertebrate and invertebrate (Cardwell et al., 2018; Gensemer et al., 2018; Monaco et al., 2017a). It 

can affect reproductive (Yokel, 2020) and swimming (Capriello et al., 2019, 2021a; Kumar and Gill, 

2009) activity, but also induce histopathological alterations (Poléo et al., 2017). Given the evident 

danger of this metal for the health of aquatic species, the effect of Al toxicity induced in the muscle 

was investigated using Danio rerio, commonly called zebrafish, a known aquatic organism, very 

useful for screening of ecotoxicological effects (Favorito et al., 2011) induced by environmental 

pollutants (Fèlix et al., 2016; Santos et al., 2017) like metals (Monaco et al., 2016; 2017b), dyes 

(Capriello et al., 2021b; Motta et al., 2019) or herbicides (Lanzarin et al., 2019).  

In particular, having evaluated in a previous study the induced alterations of Al exposure both on 

behavioural activity and on the oxidative state of the nervous system (Capriello et al., 2021a), this 

research aimed to investigate on the effects induced by this exposure on muscle tissue, in order to 

have a complete picture of the toxic action of Al, given that the musculature is a very important 

component to support the swimming performance. For this reason, the adult zebrafish organisms were 

exposed to the same concentration and with the same modalities as previously used (0.1 g/L of 

AlCl3·6H2O that corresponds to 11 mg/L of Al) and the effects on the muscles were evaluated on the 

same days, respectively after 10, 15 and 20 days (Capriello et al., 2021). As before, the concentration 

used is higher than that normally found in surface waters (WHO, 1997, 2021), to simulate what can 

happen in an aquatic environment polluted by an excessive presence of Al. However, even in this 

case, it was chosen a concentration that was sub-lethal for the organisms used, as demonstrated in a 

previously study (Monaco et al., 2017a). 

In this study it was analysed the histology of the muscle of both red and white fibres and particular 

attention was paid to aspect related to oxidative state of this tissue. Specifically, it was assessed the 

involvement of reactive oxygen species (ROS) and different oxidative biomarkers: antioxidants 
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activity, enzymes involved in aerobic and anaerobic metabolism, oxidative damage induced to 

proteins and lipids but also levels of metallothioneins (MTs) and activity of acetylcholinesterase, a 

key functional protein of the neuromuscular junction. 

Overall, this study gives a realistic snapshot of Al toxicity and provides new information on the 

mechanism of action of this metal, as widespread as dangerous. 

 

2. Materials and methods 

2.1 Zebrafish breeding 

Adults zebrafish were maintained at the Department of Biology of the University of Naples “Federico 

II”, under a natural photoperiod of 12:12 h light/dark, at temperature of 28.5 °C and pH of 7.5. Fish 

were fed twice a day with a commercial diet (Westerfield, 2000). Each organism, before being 

sacrificed, was euthanized with an overdose of ethyl 3-aminobenzoate methanesulfonate (MS-222, 

Sigma Aldrich, Germany) to minimize suffering. All used protocols were in accordance with the local 

regulation and international guidelines (Directive 2010/63/EU) and approved by Italian Ministry of 

Health (Permit Number: 147/2019-PR). 

2.2 Chemicals and treatment 

The treatment solution of 400 μM (0.1 g/L) of AlCl3·6H2O, was prepared dissolving 2.5 g of 

AlCl3·6H2O (Carlo Erba, Italy; CAS no. 7784-13-6), in 25 L fish tank filled with breeding solution 

(1/3 bidistilled water, 2/3 tap water). 

Three groups with each 10 healthy zebrafish of about 6 months were placed in a 25 L tanks and 

exposed respectively for 10, 15 and 20 days to Al solution (11 mg/L of Al). Another group of 10 fish, 

exposed only to breeding solution, was used as a control group. Each treatment was replayed for three 

times. 

Every day, the total treatment solution was changed, the food debris was removed and the parameters 

of temperature and pH were checked and maintained constant (28.5 °C, pH 7.5). 
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At the end of each experimental period, all fish were sacrificed and divided for the several analyses. 

For histological analysis, three muscle tissue samples were taken both from each treatment group and 

from control group. From the same groups, four muscle tissue samples were also collected for can 

carry out biochemical biomarkers’ analysis; and other three muscle tissue samples for 

metallothioneins assay. This selection was made for each independent replicate used. 

2.3 Histological analysis 

Standard histological protocols for optical microscopy were carried out for all samples. The samples 

were fixed in Bouin solution for 48 h to preserve the protoplasmic structure, dehydrated in graded 

series of ethanol and included in paraffin. Subsequently, sections of 5 μm cut with the rotary 

microtome, were deparaffinized, hydrated, and stained by trichrome of Mallory (Capriello et al., 

2021b; Carotenuto et al., 2020). At the end of staining, the sections were clarified in xylene and 

mounted in resin for microscopic examination and the images were acquired by the light microscope 

(Zeiss, Germany). 

2.4 Protein determination and sample collection 

At the end of the experimental period, samples were collected separately, homogenized and processed 

as described in our previous study (Capriello et al., 2021a; Félix et al., 2018). Protein determination 

of all samples, was performed using the BioTek’s Take3™ Micro-Volume Plate by optical 

absorbance at 280 nm using bovine serum albumin (BSA) as standard.  All aliquots were stored at -

20°C until analysis.  

 2.5 Determination of ROS accumulation and enzyme activities  

ROS accumulation and the activity of all enzymes were performed in duplicate and measured against 

a reagent blank. All analyses were carried out by known experimental procedures, described in detail 

in our previous works (Capriello et al., 2021a; Félix et al., 2018) and briefly reported here.  ROS 

accumulation was estimated at 485 nm and 530 nm excitation and emission wavelengths, 

respectively, by using a fluorescent probe (dichlorofluorescein diacetate, DCFH-DA) in a Varian 
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Cary Eclipse spectrofluorometer (Varian, USA) equipped with microplate reader. The reduced (GSH) 

and oxidized (GSSG) glutathione levels were evaluated fluorometrically, at 320 nm and 420 nm, 

respectively excitation and emission wavelengths with the fluorochrome ortho-phthalaldehyde (OPT) 

in the same spectrofluorometer. The oxidative-stress index (OSI) was calculated according to the 

quotient between GSH and GSSG.  All subsequent enzymatic assays were carried out with 

PowerWave XS2 microplate scanning spectrophotometer (Bio-Tek Instruments, USA) at 30° C 

unless otherwise specified. The superoxide dismutase (SOD) activity was assayed by measuring its 

ability to inhibit the photochemical reduction of nitrobluetetrazolium (NBT) at 560 nm. Catalase 

(CAT) activity was determined at 240 nm following the decrease in absorbance of H2O2. Glutathione 

peroxidase (GPx) activity was determined by decrease in absorbance of NADPH at 340 nm. To 

evaluate the activity of glutathione S-transferases (GST), CDNB (1-Chloro-2,4-nitrobenzene) 

complexation was measured at 340 nm. To determine the total ATPase activity, the inorganic 

phosphate present in the reaction media was measured at a wavelength of 820 nm. For the lactate 

dehydrogenase (LDH) activity, the decrease in the absorbance due to the oxidation of NADH was 

monitored at 340 nm. The activity of acetylcholinesterase (AChE) enzyme, one of the key functional 

proteins of the neuromuscular junction, was analysed by following the increase in the absorbance due 

to the conversion of acetylthiocholine to thiocholine by DTNB at 405 nm. 

2.6 Metallothioneins assay and oxidative damage biomarkers  

To metallothioneins assay, a solution (1:13 absolute ethanol and chloroform) was added to supernant 

of samples’ homogenates and centrifuged (4 °C) at 6000 xg for 10 min. After some wash and 

centrifugation necessary to metallothionein purification, the dried pellet was resuspended in Ellman’s 

solution ((NaCl 2 M; 5,5'-d ithiobis (nitrobenzoicacid) 43 mM in phosphate buffer 0.2 M, pH 8)), 

adding EDTA-HCl and NaCl. The concentration of metallothioneins was evaluated by reading the 

absorbance at 412 nm. The lipid peroxidation (TBARS) was determined by a thiobarbituric (TBA) 

acid-based at 530 nm. The oxidative damage to proteins (carbonyls, CO) was evaluated by the DNPH 
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(2,4-dinitrophenylhydrazine) method at 450 nm. All analyses were carried out by known 

experimental procedures, described in detail in our previous works (Capriello et al., 2021a; Félix et 

al., 2018) and briefly reported here. 

2.7 Statistical analysis 

 A sample size calculation was performed with the G*Power 3 (University of Düsseldorf, Germany) 

based on standard deviations (Oliveira et al., 2013). All data were checked for normality and 

homogeneity by Shapiro-Wilk test and Brown-Forsythe test, respectively before evaluating the 

statistical significance.  One-way analysis of variance ANOVA followed by Tukey's pairwise 

comparison tests was used to evaluate the differences among treatments.  Graphs and statistical 

analysis were processed using GraphPad-Prism 7 (GraphPad Software, La Jolla California USA, 

www.graphpad.com). The data are expressed as mean±SD and were considered to be statistically 

significant at p<0.05. Different lowercase letters used indicate significant differences between groups. 

 

3. Results 

3.1 Muscle morphology 

Skeletal muscle in the zebrafish, like in other fish (Avallone et al.,2015; Carani et al., 2013) are 

organized in compartments: the red layer, just under the skin, composed of slow-twitch fibres, and   

the   deep   white   layer, formed by fast-twitch glycolytic fibres.  Morphological analysis of 

musculature of the control organisms showed highly compact and well-organized tissue. Both the red 

(Fig. 1A) and white fibres (Fig. 1E) showed a regular and compact arrangement of myofilaments with 

peripheral nuclei and a thin layer of connective tissue, usually called endomysium, to separate the 

bundles of fibres (myotomes). In the treated organisms there was not only an alteration of the staining 

affinity, especially in the red fibres, but also an increase in the thickness of the endomysium. In 

particular, the red fibres of the organisms exposed for 10 days were highly disorganized with resorbed 

myofibrils (Fig.1B) than those of the controls. Also, the white fibres were altered and showed an 
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increase of connective tissue, that made the reticular organization of connective fibres separating 

muscular masses more visible (Fig. 1F). Organisms exposed to 15 days of treatment had red fibres 

more similar to those of the controls, less spaced although, in some point multinucleated (Fig. 1C). 

Instead, the white fibres appeared enclosed in larger and more compact myotomes, with a decrease 

in the thickness of the endomysium (Fig. 1G) compared to the other Al-treated. Also, the red fibres 

of the organisms exposed to Al for 20 days showed a fairly compact structure although in some points 

they were multinucleated and spaced apart (Fig. 1D). Instead their white fibres while presenting an 

endomysium still abundant, appeared smaller than those of organisms exposed for 15 days, and more 

similar to those found in control tissue (Fig. 1H). 

 

Fig. 1 Muscle tissue of zebrafish, sections stained by Mallory trichrome staining. (A-D): red muscle; (E-F): 
white muscle. (A, E) Control group with a tissue well conserved, ordered fibres with peripheral nuclei (arrow   
). (B, F) Fibres of organisms exposed to Al for 10 days, with increase in the thickness of the endomysium and 
resorbed myofibrils (arrow    ). (C, G) Organisms exposed to Al for 15 days with red fibres less spaced, 
although multinucleated (arrow     ) and  the white fibres enclosed in larger and more compact myotomes. (D, 
H) Organisms exposed to Al for 20 days, with red muscle more compact, with few fibres multinucleated and 
separated by spaces. The white fibres while presenting an endomysium still abundant, showed smaller 
myotomes, similar to control ones. Scale bar: 50 μm. 

 

3.2 ROS accumulation and enzyme activities  

ROS accumulation showed no significant differences between treatments (Fig. 2A). The CAT 

activity, presented no significant changes between the different treatment groups (Fig. 2B), while 

other enzyme activities changed due to exposed to Al with a variable trend, depending on the 
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considered enzyme. SOD activity increased significantly in the muscle tissue of organisms exposed 

to Al for 10 days (p<0.01) compared to control group but drastically decreased for subsequent 

exposure times after 15 days of exposure (p<0.01) and after 20 days of exposure, even reaching lower 

levels than those of controls (Fig. 2C). Instead, the values of GPx activity (Fig. 2D) registered for the 

organisms exposed to AlC3 for 10,15, and 20 days increased significantly (p<0.05) relative to the 

control group. Similarly, for GST activity, the control values were significantly lower than the values 

registered in the Al-treated at increasing times (p<0.05; p<0.05; and p<0.01, respectively). The 

reduced glutathione levels (GSH) (Fig. 3A), was approximately 3-fold lower in the muscular tissue 

of organisms exposed to Al for 10 days (p<0.05) compared to the control group and tended to return 

to values similar to those of control group, for longer exposure times. The oxidized glutathione levels 

(GSSG) (Fig. 3B), followed a similar trend to GSH activity, decreased for the specimens exposed to 

Al for 10 days (p<0.05) compared to the control group and tended to increase at prolonged exposure 

times with values similar to those of the control group. The oxidative stress index (OSI), showed no 

significant differences between control and treated organisms (Fig. 3C). The Pi production by 

ATPases significantly increased in muscle tissue of fish exposed to treatment for 10 days (p<0.05) 

compared to the control group. Fish exposed for 15 days showed levels of Pi similar to the control 

group, while after 20 days of exposure the organisms showed levels significantly different from those 

of the control group (p <0.05) and more similar to those recorded in the organisms exposed to Al for 

10 days (Fig. 3D). 

The LDH activity was significantly increased to all treated groups (p<0.01; p<0.001 and p<0.001 for 

10, 15 and 20 days of exposure, respectively) (Fig. 3E) compared to values found in the control 

organisms. Instead, acetylcholinesterase (AChE) showed a significantly increased only in organisms 

exposed to the maximum exposure time (20 days, p<0.001) compared to the control group and other 

Al-treated for less time (Fig. 3F).  

3.3 Metallothioneins assay and biomarkers of oxidative damage 
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stabilization was sometimes reflected in the trend of the parameters used to evaluate the oxidative 

state of the brain. In light of this, it therefore seemed necessary to analyse the effects induced by Al 

on muscle tissue, given its important involvement in swimming behaviour. 

Based on the histological analysis data, a high alteration of muscle tissue is evident in organisms 

exposed for less time to treatment, while an improvement in morphological conditions was present 

in organisms exposed for longer times. Morphological alterations of muscle tissue are a common 

symptom of suffering, found in zebrafish after exposure to various metals like cadmium or silver 

(Avallone et a., 2015; Sayed et al., 2020). In particular, the organisms exposed to Al for 10 days 

showed resorption of myofibrils. This phenomenon has already been evidenced in the zebrafish 

musculature after exposure to cadmium (Avallone et al., 2015). Probably, as assumed for the latter 

case, it is possible to hypothesize the involvement of Al in the activation of enzymes involved in 

myofibril degradation such as caspase-3 or calpains (Smuder et al., 2010). Another explanation could 

be the interaction of Al with the physiological process of fibril replacement since the resorption of 

fibre was evident in outermost part of the fibre where turnover usually occurs (Neti el al., 2009). After 

15 days of treatment, the white musculature appeared formed by myotomes larger than those found 

for other treatments or in controls. It is known that white muscle contracts faster and more efficiently 

than red muscle (Wu et al., 2018), so the change that occurred in Al-treated for 15 days supports the 

previously recorded motility data (Capriello et al., 2021a). Probably an increase in white fibres was 

needed to support the increased swimming activity of these organisms. After 20 days, on the other 

hand, the morphology of both the white and the red muscles, while still presenting small alterations, 

approached the physiological one. This improvement, also found in the musculature after high 

exposure to cadmium (Avallone et al., 2015), could be linked to the process of muscle regeneration 

after a highly conserved insult in zebrafish (Montandon et al., 2021). 

Oxidative stress is a known important factor in the pathogenesis of many abnormalities and tissue 

alterations (Pisoschi and Pop, 2015). In this case, the amount of ROS did not vary significantly 

between Al-treated organisms and those controls, probably due to the activation of the antioxidant 
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system, designed to protect the tissue from oxidative insults (Pisoschi and Pop, 2015). Indeed, the 

antioxidant enzyme SOD, was already significantly higher in the muscle tissue of the organisms 

exposed to treatment for 10 days, because it is the first enzyme to respond as antioxidant defense to 

neutralize the amount ROS (Yang et al., 2014). Instead, for the longer exposure times its decrease 

was evident, probably due to the intervention of other enzymes and more efficient antioxidant systems 

such as GPx and GST, whose activity is high and constant for all treatment periods compared to that 

recorded in the control. In particular, GST is an important detoxicant enzyme within phase II 

xenobiotic metabolism, which may play an important role in Al detoxification, since it catalyses the 

synthetic conjugation reactions of electrophilic compounds as Al3+ to GSH (Cappello et al., 2016). 

In light of this, the levels of GSH and its oxidized form (GSSG) were also altered by Al exposure. In 

particular, both showed a similar trend with a sharp decrease in their levels after 10 days of treatment, 

and a recovery for longer exposure times (15 and 20 days), when they showed physiological 

enzymatic levels, not different from those of the controls. This reduction is in agreement with the data 

reported in zebrafish after exposure to various toxic agents such as arsenic (Adeyemi et al., 2015), 

cadmium or chromium (Jin et al., 2015), but also in rat after exposure to Al (Singla and Dhawan, 

2014). Probably, this depleted is due to GSH that rapidly binds to the produced reactive oxygen 

species, thus detoxifying them (Massarsky et al., 2017). Also, the increase in GSH levels, for later 

times, with a U-shape response, is reflected in another study conducted on zebrafish, treated with 

antidepressant amitriptyline (Yang et al., 2014). Despite the changes observed, the OSI was not 

affected reflecting a “normal” oxidative environment. This phenomenon is probably due to the 

activation of the antioxidant mechanism efficiency. 

Lastly, also levels of MTs, specialized scavengers for the removal of toxic metal ions (Chen et al., 

2014), were lower for all treated than for control group; probably because, as occurred in other studies 

(Barka et al., 2001; De Smet et al., 2001), metal accumulation might have compromised the MT 

biosynthesis. 
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 Instead, analysing the activity of the enzymes involved in energy consumption, the ATPase, that 

provide the primary energy source for the majority of cell functions (Félix et al., 2016), increased in 

the muscle tissue of organisms exposed to Al for 10 days, decreased for those exposed to 15, returning 

to levels similar to those of the control group, and increased again for organisms exposed to 20 days 

of treatment. LDH showed an almost opposite trend, while remaining higher in all treated than in the 

control, showed a significantly higher peak than the other treatment periods after 15 days. It must be 

said that the LDH is an important factor in muscular physiology (Silva Santos et al., 2018) in the 

ability of some fish to produce bursts of swimming (Osman et al., 2010). Moreover, in case of 

oxidative stress, a common response is metabolic hypoxia, which can increase the anaerobic pathway 

of energy production and consequently the LDH activity (Oliveira et al., 2016). This suggests, in 

conjunction with the increase in locomotor activity previously assessed (Capriello et al., 2021a), the 

pyruvate, the final product of glycolysis, was preferentially used to produce lactate to cope with the 

high demand of energy under toxic stress (Frasco and Guilhermino, 2002). Although it is less 

efficient, anaerobic glycolysis is 100 times faster than oxidative phosphorylation and enable to fulfil 

energy requirements in short-term (Valvona et al., 2016). Furthermore, elevation of LDH in Al-

treated for 15 days with the consequent bias towards the anaerobic glycolytic pathway is in agreement 

with the increase in white fibres recorded at these times, which primarily use anaerobic glycolysis as 

their ATP source (Ceaser and Hunter, 2015). 

Our experiments showed that Al was able to increase AChE activity only after the maximum exposure 

time. AChE has the task of removing acetylcholine (ACh), a fundamental neurotransmitter for 

neuromuscular activity, once released from the presynaptic nerve terminals (Senger et al., 2011). This 

increase is in accord with other studies conducted to evaluate the toxicity of Al (Kaizer et al. 2005; 

Senger et al., 2011), which also report an increase in AChE activity extending after long-term 

exposure to Al. Probably, as they suggest, Al could induce changes in the conformational state of the 

AChE molecule, responsible for the induction of AChE activity observed. 
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Oxidative stress can determine structure modifications and function modulation in lipids and proteins 

(Pisoschi and Pop, 2015). In this case, the levels of TBARS, manifestation of lipid oxidative damage 

(Souza et al., 2019), was lower in the treated than in the control group but tended to normalize with 

increasing exposure period. This phenomenon, albeit in contrast with the usual toxicity-response 

trend, has already been seen in zebrafish and in other fish after exposure to different pollutants 

(Cappello et al., 2016; Praskova et al., 2014) and could be due to the evident activation of the 

antioxidant defenses. Indeed, these defenses respond to conditions of increased oxidative stress with 

a compensatory mechanism for the overproduction of free radicals (Souza et al., 2019). This may 

explain the decrease in lipid peroxidation level. On the other hand, CO levels increased only after 20 

days of treatment, probably because they are more stable compared to lipid peroxidation. In fact, 

often they are detected only in conditions of considerable oxidative stress (Levine, 2002; Mezzomo 

et al., 2019; Shi et al., 2005). Overall, taken together the results show that the prolonged effect of Al 

induced an improvement/stabilization of the conditions of the muscle tissue, both from the point of 

view of the oxidative state and of the tissue morphology. This phenomenon supports the data 

previously detected in the brain and is in agreement with the data relating to behaviour and swimming 

capacity (Capriello et al., 2021a). Furthermore, it must be remembered that this phenomenon is not 

uncommon in zebrafish when such specimens are exposed to pollutants for prolonged periods or high 

concentrations, probably because such exposures stimulate detoxification or adaptation more efficient 

(Acosta et al., 2016; Avallone et al., 2015; Pilehvar et al., 2020). 

 

5. Conclusion 

All the information presented in this study helped to elucidate the possible mechanism of Al-induced 

toxicity in fish muscle. Specifically, from our observations, it can be concluded that short periods 

induce alteration of the tissue morphology of both red and white fibres, increase anaerobic 

metabolism and activation of the antioxidant system, necessary to reduce the effects of ROS. 
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However, long exposures induce improvement/stabilization of the conditions probably due to the 

activation of an adaptive response that allows zebrafish to survive in less favourable conditions. 

Overall, the biochemical and histological changes in the muscular tissue induced by Al exposure 

might represent a relevant contribution to understanding the effects of the increasing diffusion of this 

metal within the aquatic compartment. 
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Abstract 

Gills are key organs to assess aquatic contamination in fish due to their direct and permanent contact 

with contaminants in the water. Aluminium is considered a dangerous pollutant especially for aquatic 

organisms, since the phenomenon of acid rain makes the metal more available in water bodies. In 

light of this phenomenon, the aim of this study is to obtain preliminary data of aluminium effects on 

the gills of fish, since these represent the first organ interacting with the metal once dissolved in water. 

Zebrafish has been chosen as an experimental model, since it is reported as a bioindicator for the 

evaluation of ecotoxicological effects. The adult specimens were exposed at a concentration of 11 

mg/L for 10, 15 and 20 days and the effects on both branchial morphology and oxidative stress 

induced were analysed. Specifically, ROS content, antioxidant enzymes activity, oxidative damage 

to lipids and in vitro susceptibility to oxidative stress were evaluated. The results indicate that 

aluminium acts by altering both tissue histology and oxidative state, increasing ROS levels, lipid 

hydroperoxides, and the activity of antioxidant enzymes such as glutathione peroxidase and 

glutathione reductase. However, the antioxidant system is more efficient after 20 days of exposure 

suggesting an adaptive mechanism that makes the organisms less susceptible to aluminium induced 

oxidative stress.  

Overall, the results provide an important starting point for assessing the toxicity induced by 

aluminium on the gills of aquatic organisms, the effects of which are still poorly understood. 
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1. Introduction 

Gills represent the first tissue to get into contact with several kinds of pollutants in water bodies. They 

are multifunctional organs involved in critical physiological processes, including the exchange of O2 

and CO2, and the control of respiration by peripheral chemoreceptors (Evans et al., 2005). Being 

involved in gaseous exchange, gills tissue is metabolically active and it can accumulate a significant 

proportion of toxins present in water bodies (Strzyzewska et al., 2016). Therefore, the gills are 

considered biomarkers of aquatic pollution, and their pollutants content has been found similar to the 

concentration found in the environment inhabited by fishes (Strzyżewska-Worotyńska et al., 2017). 

Furthermore, the gills serve as early warning signs on the health status of fish (Sorour, 2001), since 

tissue alterations or functional abnormalities appear earlier in these organs rather than in others (Heier 

et al. 2009; Yancheva et al. 2015). Aluminium (Al) is considered a dangerous pollutant especially for 

the aquatic compartment (Tchounwou et al., 2012), as its concentration inside it can reach very high 

levels, up to 50 mg/L (ATSDR, 2008) compared to the values considered normal (0.001-0.05 mg/L) 

(WHO, 1997, 2013). Acid rainfalls play a crucial role in the Al bio-availability, inducing its 

mobilization from bottom sediments and increasing its concentration in water bodies (Lawrence et 

al., 2007). Thus, Al becomes more soluble and potentially more toxic to aquatic biota at acidic pH 

(Gensemer and Playle, 1999). Studies carried out with different fish species have revealed that Al can 

produce toxic effects in fish by disturbing physiological activities (Allin and Wilson, 2000), 

biochemical processes (Poleo and Hytterod, 2003), fertility (Keinanen et al., 2003), growth (Vuorinen 

et al., 2003), and mortality (Teien et al., 2005). The toxicity mechanisms of Al exposure are poorly 

understood and it has been reported that the metal can potentiate the pro-oxidant effects of Fe and 

Cu, which are present in most cell compartments, so increasing reactive oxygen species (ROS) 

(Kumar and Gill, 2009). When ROS production overwhelm antioxidant system activity, a condition 
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of oxidative stress onset (Sies et al., 2017). In our previous experiments we showed alterations in 

swimming activity of Danio rerio (Capriello et al., 2019, 2021a) and changes in the oxidative state 

of brain in the same experimental model (Capriello et al., 2021a). To date, scarce information has 

been reported about Al toxicity mechanisms on gills tissue. In our study, Danio rerio (zebrafish) was 

chosen as model organism being considered very useful for studying the ecotoxicological effects of 

various pollutants (Favorito et al., 2011). The animals were exposed to a concentration of 11 mg/L 

Al using AlCl3· 6H2O as a source of Al and the effects on morphology and oxidative state of the gills 

were analysed after 10, 15 and 20 days of exposure. The concentration, used also in our previous 

experiments (Capriello et al., 2021a), simulates the conditions found in polluted surface waters 

(Agarwal et al., 2016, ATSDR, 2008) and takes into account the Al dose-lethality curve evaluated in 

one previous study (Monaco et al., 2017). In this study we evaluated histology of gills tissue, ROS 

content, oxidative damage to lipids, antioxidant enzymes activities, namely glutathione reductase 

(GR) and glutathione peroxidase (GPx), and in vitro susceptibility to oxidative stress.  

Overall, this research aims to study the toxicity induced by Al on aquatic organisms, adding 

information of the dangerousness of this pollutant. 

2. Materials and Methods 

2.1 Zebrafish breeding 

Adult zebrafish were housed in tanks under 12 h light:12 h dark photoperiod, at a temperature of 28 

°C, and fed twice a day with a commercial diet supplemented with Artemia sp. nauplii (Westerfield, 

2000). They were lodged at the Department of Biology of the University of Naples “Federico II” and  

all used protocols were in accordance with the guidelines dictated by European regulations on animal 

of welfare (Directive 2010/63/EU) and approved by the Italian Ministry of Health (permits 147/2019-

PR).  
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2.2 Al exposure and samples collection  

The treatment solution of 11 mg/L of Al, was prepared by dissolving 2.5 g of AlCl3·6H2O (Carlo 

Erba, Italy; CAS no. 7784-13-6), in 25 L ( 0.1 g/L) of breeding solution directly (1/3 bidistilled water, 

2/3 tap water) in the tank. Three groups with each 8 healthy zebrafish, between 6-12 months of life, 

were placed in a 25 L tanks and exposed respectively for 10, 15 and 20 days to 0.1 g/L of AlCl3·H2O 

solution (11 mg/L Al). Another group of 8  fish, exposed only to tank water (1/3 bidistilled water, 2/3 

tap water), was used as a control group. A biological triplicate was performed for each treatment. 

Five gills, from the replicates of each experimental group, were used to conduct the biochemical 

analyses in order to evaluate the oxidative state. Similarly three gills for each experimental group 

from each replicate, were collected and prepared for histological analysis. All fish were sacrificed by 

an overdose of MS-222 solution (300 mg/L). 

2.3 Histological analyses 

 Standard histological protocols for optical microscopy were peroformed for all gills. The samples 

were fixed in Bouin solution for 48 h to preserve the protoplasmic structure, dehydrated and included 

in paraffin. Sagittal sections of 5 μm, deparaffinized and hydrated, were stained by trichrome of 

Mallory (Capriello et al., 2021b). At the end, all images were acquired with a Kontron Electronic 

Imaging System KS300 (Zeiss, Germany). 

2.4 Oxidative stress analyses 

Six gills from each treatment group were homogenized into 1 mL of ice-cold homogenization medium 

(HM) (220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 10 mM Tris, pH 7.4) using a glass Potter-

Elvehjem homogenizer set at a standard velocity (500 rpm) for 1 min. Protein concentration in 

homogenates was measured by the biuret method (Gornall et al., 1949). Homogenate aliquots were 

used to measure ROS levels, oxidative damage, in vitro susceptibility to oxidative stress and 

antioxidant enzyme activities.  
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2.4.1 Tissue ROS content 

The ROS content was measured following the ROS-induced conversion of 2’,7’-

dichlorodihydrofluorescin diacetate (DCFH-DA, nonfluorescent compound in 

dichlorofluorescein (DCF, fluorescent compound) according to Driver et al., (2000). In brief, 

12.5 µg of homogenate proteins in 200 μL of monobasic phosphate buffer 0.1 M, pH 7.4, were 

incubated for 15 minutes with 10 µM DCFH-DA. Then, 100 µM FeCl3 was added, and the 

mixture was incubated for 30 minutes. The conversion of DCFH-DA to the fluorescent 

product DCF was measured using a multimode microplate reader (Synergy™ HTX 

Multimode Microplate Reader, BioTek) with excitation and emission wavelengths of 485 and 

530 nm, respectively. Background fluorescence (conversion of DCFH to DCF in the absence 

of homogenate and mitochondria) was corrected with parallel blanks. 

2.4.2 Oxidative damage and in vitro susceptibility to oxidant  

The level of lipid hydroperoxides (HP) were used to measure the extent of the lipid 

peroxidative processes in homogenates according to Heath and Tappel (Heath and Tappel, 

1976). Susceptibility to oxidative stress of gills tissue was evaluated by the change in 

hydroperoxide levels following the treatment of 10 % tissue homogenate with iron and 

ascorbate (Fe/As), at a concentration of 100/1000 μM, for 10 min at room temperature. The 

reaction was blocked by adding 0.2% 2, 6-di-t-butyl-p-cresol (BHT) and the hydroperoxide 

levels were evaluated as previously described. 

2.4.3 Antioxidant enzyme activity 

 GPx activity of 0.01 mg tissue homogenate proteins was assayed at 30°C, with H2O2 as 

substrate, in the presence of GSH (reduced glutathione), (Flohé and Günzler, 1984) following 

the rate of NADPH oxidation, necessary to reduce GSSG (oxidized glutathione), and catalysed 

by adding GR.  
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GR homogenate activity of 0.01 mg tissue homogenate proteins was assayed at 30°C, 

measuring the rate of NADPH oxidation of following the addition of GSSG (Carlberg and 

Mannervik, 1975). For each procedure, the rate of NADPH oxidation was followed at 340 nm 

using a multi-mode microplate reader (Synergy™ HTX Multi-Mode Microplate Reader, 

BioTek). 

2.5 Statistical analysis 

 

Statistically significant differences among treatments were assessed by Graph Pad Prism 8 (GraphPad 

Software, La Jolla California USA, www.graphpad.com), using one-way ANOVA followed by 

Tukey's pairwise comparison tests. Data were expressed as mean ± SEM and were considered to be 

statistically significant at P <0.05.  

 

3. Results 

 

3.1 Morphology of gills 

 
The controls gill apparatus presented a homogeneous tissue with numerous and ordered primary and 

secondary lamellae defined (Fig 1A) separated by large spaces (Fig 1B) or joined by epithelial tissue 

(Fig. 1C). All the organisms treated showed alterations in the morphology of the brachial tissue albeit 

with different degrees of alterations. The gills of organisms exposed to Al at 10 days showed highly 

damaged branchial tissue with damaged primary lamellae (Fig 1D), few secondary lamellae separated 

by little space and lacking epithelial tissue (Fig.1E) often irregular, short and curl (Fig. 1F). 

In organisms exposed to 15 days, the branchial tissue still showed other alterations, although it was 

more orderly and with more numerous lamellae (Fig. 1G), the secondary lamellae still had an irregular 

shape (Fig. 1H) with the presence of aneurysms (Fig 1I). 

In organisms exposed to Al at 20 days, the tissue appeared to have less altered morphology than 

organisms exposed to less time to treatment. The lamellae were more ordered and numerous (Fig. 1J) 

and the quantity of lamellae with irregular morphology was decreased (Fig. 1K). However, some 



112 
 

secondary lamellae appeared fused and indistinguishable from each other, with little space to separate 

them (Fig. 1L). 

 

 

 
Fig. 1 Trichrome of Mallory staining of zebrafish gills. (A, B, C) Control gills.  (D, E, F) Gills of organisms 
exposed to Al for 10 days. (G, H, I) Gills of organisms exposed to Al for 15 days. (J, K, L) Gills of organisms 
exposed to Al for 20 days. The control tissue appears homogeneous and ordered with secondary lamellae 
separated by spaces and epithelial tissue (Ep).  In the treated organisms the tissue was altered with secondary 
lamellae irregular and bent (arrows      ). In particular, organisms exposed to Al for 15 days showed also 
aneurysms (*) and those exposed to 20 days fused secondary lamellae (arrow    ). Scale bars: 50 μm. 
 

 

3.2 ROS content and lipid hydroperoxides 

 
The levels of ROS are significantly increased in gills of all organisms exposed to Al. Organisms 

exposed to 10 and 15 days have a significant increase (p <0.0001) in the amount of ROS compared 

to controls. This accumulation was further increased for the maximum exposure time p <0.0001. 

Instead, the lipid hydroperoxides level (HPs) increased significantly in organisms exposed for 10 days 

of Al-treatment (p <0.0001) compared to those of control, and increased even more in homogenates 

of gills exposed to Al for 15 days (p <0.0001). However, after 20 days of exposure, the level of HPs 

significantly decreases than ones revealed after 15 days of treatment (p <0.0001), although the values  
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4. Discussion 

Our results highlight for the first time that Al dissolved in water can alter the morphology and redox 

state of zebrafish gills. The gills are the first point of contact with environmental pollutants in the 

water (Strzyzewska et al., 2016). They are multifunctional organs, handling vital functions such as 

respiration, osmoregulation, acid-base balance and excretion of nitrogenous residues (Evans et al., 

2005). Paradoxically, they are highly vulnerable to toxic chemicals primarily because of their large 

surface area which facilitates increased toxic interaction and absorption, and also because the gill 

detoxification system is not as robust as that of other organs (Playle and Wood, 1990; Pereira et al., 

2010). Thus, the gills are often used in assessing the impact of water pollutants on aquatic habitats, 

providing important indications regarding their toxicity (Atli et al., 2006) and reliable results for 

assessing environmental water contamination (Pereira et al., 2010). Several studies reported that Al 

can be extremely toxic to fish affecting the function of fish gills, and the main consequences are 

respiratory and ion regulatory dysfunctions (Howells et al., 1990; Neville, 1985). Furthermore, in our 

previous studies it has already shown that Al can alter the swimming activity and oxidative state of 

zebrafish larvae (Capriello et al., 2019) but also induce behavioural changes and neurotoxicity in 

adults of zebrafish (Capriello et al., 2021a). 

The histopathological alterations found in this study such as shortening and curling of secondary 

lamellae, aneurisms or lamellar fusion were reported for a wide variety of aquatic xenobiotics, e.g. 

metals, pharmaceuticals, pesticides (Ahmed et al., 2013; Pal et al., 2012; Rodrigues et al., 2017). In 

this case the alterations were more evident after short periods. Indeed, it is known that alterations in 

gill morphology usually appear immediately after acute exposure to pollutants, because reflected the 

direct effect of toxicants (Mallatt, 1985). However, at longer exposure times, while presenting a tissue 

that apparently comes closest to that of the control organisms, alterations of a different nature were 

still present such as aneurysms or lamellar fusion. In the literature, it is reported that the aneurysms 

with the consequent loss of vascular integrity occur due to an increase of blood in the lamellae 

(Ahmed et al., 2013; Pal et al., 2012), while lamellar fusion and consequent reduction in gas exchange 



116 
 

area occurs in an attempt to create a barrier to the entry of pollutants (Cengiz, 2006; Monteiro et al., 

2008). Both of these mechanisms, which also occurred in the gills of various aquatic organisms, after 

long or high exposures of other pollutants (Cengiz, 2006; Monteiro et al., 2008; Pal et al., 2012; 

Rodrigues et al., 2017) can be interpreted as an adaptation defense mechanism in fish, per hinder the 

access of toxicants to the body. This hypothesis was also confirmed by the trend of the oxidative state 

of the gills analysed at the different times of Al exposure. 

In particular, ROS levels are increased during all three times of treatment with highest levels after 20 

days of exposure. These data are supported by literature reporting which Al toxicity is both dose- and 

time- dependent and significantly correlated with ROS production (Chandra et al., 2020). Despite 

numerous reports on the involvement of oxidative stress in Al toxicity (Chowra et al., 2017; Ma et 

al., 2007), it should be noted that since Al itself is not a transition metal, it couldn’t catalyse redox 

reactions. However, it is known that this metal can act as a pro-oxidant in both in vitro and in vivo 

situations (Exley, 2004; Yoshino et al., 1999). The exact mechanism for its pro-oxidant activity is 

still the subject of investigation but it is known that Al has a strong affinity for bio-membranes and 

causes their rigidification (Wu et al., 2014), facilitating free radical chain reactions [mediated by 

Ferrous (Fe) ions] which promote the peroxidation of membrane lipids. In according to this 

mechanism, in our experiments we demonstrate that hydroperoxides levels enhance during Al 

treatment. The increase seems to be time-dependent until 15 days of exposure and reflects the increase 

of ROS content after 10 and 15 days of treatment. After 20 days of Al exposure, Hps level undergoes 

a reduction notwithstanding the significant increase of ROS content. It is possible hypothesize that 

this can due to a reinforcement of antioxidant defense system. Indeed, the GPx and GR activities are 

increased by Al exposition, and the GR activity is more raised after 15 and 20 days of treatment.  

Indeed, after 20 days of treatment, a decrease in susceptibility to stress is also evident, also confirmed 

by a better morphology of the branchial apparatus. This stabilization/improvement of conditions, 

which has already occurred in zebrafish after exposure to other pollutants (Acosta et al., 2016; 

Avallone et al., 2015; Pilehvar et al., 2020), and also highlighted in the brain exposed to the same 



117 
 

conditions (Capriello et al., 2021a), is linked to the zebrafish's ability to activate an efficient 

detoxifying system that allows it to survive even in stressful environments. 

In conclusion, the results relating to the functional and histological changes detected in 

zebrafish gills, highlight the toxicity mechanisms of the metal on aquatic organisms and invite 

reflection on the danger deriving from its growing diffusion. Further studies are required to 

understand the involvement of cell ROS producers such as mitochondria and NADPH 

oxidase.  
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Supplementary Material    1 

Materials and Methods 2 

Detailed Experimental Procedures for Data Presented in the Main Text.  3 

 4 

2.4 Locomotor activity 5 

ToxTrac is a computer vision framework for studies in animal behaviour. It uses an advanced image-6 

based tracking that can handle several organisms. The module enables demarcation of regions of 7 

interest (ROIs). The software ToxTrac quantified motion in the video feed by reading the video 8 

stream frame-by-frame and calculating the differences in pixels between adjoining frames. The 9 

amount of movement in each ROI is recorded as the number of pixels that are different in the two 10 

subsequent frames, and the time at which this difference occurs is also recorded. Thus, both the 11 

magnitude and timing of each movement are quantified and saved in a matrix. 12 

2.6 Sample collection 13 

For biochemical analysis, samples of each experimental group were collected separately in 1.5 mL 14 

microfuge tubes, washed in cold phosphate buffer saline and homogenized in cold buffer (0.32 mM 15 

of sucrose, 20 mM of HEPES, 1 mM of MgCl2, and 0.5 mM of phenylmethyl sulfonylfuoride (PMSF) 16 

that was prepared in ethanol to prevent protein degradation, pH 7.4) using an automated homogenizer 17 

(TissueLyser II, Qiagen, Hilden, Germany) The homogenate was centrifuged at 15000 x g at 4 °C for 18 

20 min and the supernatant was transferred to new tubes and stored at -80 °C until analysis. For 19 

metallothioneins (MTs) analysis, the samples were collected separately and obtained in 20 

homogenization buffer (0.5 M sucrose, 20 mM Tris-HCl buffer, pH 8.6, containing 0.01 % β-21 

mercaptoethanol) in 1.5 mL microfuge tubes. The samples were homogenized using a pellet mixer 22 

and cordless motor (VWR International, Carnaxide, Portugal). Aliquots were stored at -20 °C until 23 

analysis. 24 

2.7 ROS accumulation and determination of ATPase activity 25 

To 10 µL of sample homogenate, 100 µL of PBS (pH 7.4) and 8.3 µL DCFH-DA (dichlorofuorescein-26 

diacetate 10 mg/mL in DMSO) were added and incubated for 30 min at 37 °C. After diffusion into 27 
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cells, DCFH-DA is deacetylated by cellular esterases and oxidized by ROS into the fluorescent 28 

compound dichlorofluorescein (DCF). At the end, the fluorescence was measured in a Varian Cary 29 

Eclipse spectrofluorometer (Varian, Palo Alto, USA) equipped with microplate reader at 485 nm and 30 

530 nm excitation and emission wavelengths, respectively, against a reagent blank. All samples were 31 

performed in duplicate and ROS accumulation was estimated based on a DCF standard curve (0–500 32 

µM). To determination of ATPase activity, 10 μL of samples was added to 20 μL of buffer (10 mM 33 

ouabain, 40 mM Tris, 80 mM NaCl, 8 mM MgCl2 and 1 mM EDTA, pH 7.5) and pre-incubated for 34 

10 min at 37 °C. The reaction was started by the addition of 10 μL ATP (4 mM) and incubated for 35 

another 30 min at 37 °C. The reaction was stopped by adding 200 μL of colour solution (1:6 of 36 

ascorbic acid to ammonium heptamolybdate, dissolved in H2SO4) and incubated for an additional 30 37 

min at 37 °C. The inorganic phosphate present in the reaction media were measured at a wavelength 38 

of 820 nm and concentrations were determined by a calibration inorganic phosphate curve (0-10 mM 39 

Na2HPO4). Finally, the activities were expressed in μmol Pi/mg protein. 40 

2.8 Enzyme activities 41 

To evaluate the Superoxide dismutase (SOD), in each well of the 96-well microplate, 10 µL of sample 42 

were mixed with 170 µL of Potassium phosphate buffer (50 mM, pH7.4) supplemented with 0.6 mM 43 

hypoxanthine, 1 mM EDTA, and 0.2 mM NBT (nitrobluetetrazolium). The reaction was started by 44 

the addition of 20 µL of 0.5 U/mL xanthine-oxidase. Its activity was assayed by measuring its ability 45 

to inhibit the photochemical reduction of nitrobluetetrazolium (NBT) at 560 nm. The increase in 46 

absorbance due to dismutation of O2- into H2O2 was recorded for 3 min and SOD from bovine 47 

erythrocytes was used for construction of a standard curve (0–60 U/mL). For CAT activity, 10 µL of 48 

sample reacted with 90 µL of sodium buffer (100 mM, pH 7.4) containing 20 mM H2O2 and the 49 

decrease in absorbance was monitored at 240 nm for 3 min. Activity was calculated as enzyme units 50 

per milligram of protein using bovine catalase as a standard (0-6 U/mL). GPx activity was 51 

determinated by the reaction mixture (210 µL) contained 10 µL of sample, 100 mM phosphate buffer 52 

(pH 7.4), 5 mM NaN3 (to inhibit CAT), 0.2 mM NADPH, 1 mM EDTA, 0.9 U/mL Glutathione 53 
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Reductase (GR) and 1.8 mM reduced glutathione. The reaction was started after the addition of fresh 54 

H2O2 (1.5 mM). The decrease in absorbance at 340 nm due to the oxidation of NADPH to NADP+ 55 

was observed for 5 min. The activity was determined using the extinction coefficient (ε) of 6.22 56 

m/M·cm. To evaluate the activity of GST, at 10 µL of sample it was added 180 µL of phosphate 57 

buffer 100 mM, pH 7.4 contaning 1 mM of CDNB (1-Chloro-2,4-nitrobenzene). The reaction was 58 

started by the addition of 25 mM of GSH and the absorbance was measured at 340 nm for 3 min. The 59 

activity was calculated using the extinction coefficient (ε) of 9.60 m/M·cm. To LDH determination, 60 

the assay system contained 10 µL of sample, 200 µL NADH (0.24 mM) and the reaction was started 61 

by the addition of 10 mM sodium pyruvate. The decrease in the absorbance due to the oxidation of 62 

NADH was monitored at 340 nm and the activity was calculated using the extinction coefficient (ε) 63 

of 6.22 m/M·cm. To evaluate the Ache, at 10 µL of enzymatic samples it was added the reaction 64 

buffer consisting of 180 µL of 0.5 mM DTNB (5,50-dithiobis-(2-nitrobenzoic acid)) in 0.05 M Tris 65 

buffer (pH 7.4). The reaction was started by the addition of 20 mM of acetylthiocholine iodide and 66 

the increase in the absorbance was measured at 405 nm for 3 min. The specific activity was 67 

determined using the TNB extinction coefficient (ε) of 13.6 m/M·cm. 68 

2.9 Glutathione levels and oxidative stress index 69 

To measure GSH, it was added 180 µL of 100 mM sodium phosphate buffer, pH 7.4, 5 mM EDTA 70 

and OPA to each 10 µL of sample. After 15 min of incubation at room temperature, the fluorescence 71 

was measured and GSH concentration was estimated based on a GSH standard curve (0–500 µM). 72 

For GSSG, 10 µL of sample was mixed with 90 µL of NaOH 0.1 N solution and 0.04 M of NEM (N-73 

ethylmaleimide) and were incubated at room temperature for 30 min. Subsequently it was added 10 74 

µL of OPA and incubated for other 15 min. In the end, the fluorescence of samples was measured 75 

and GSSG concentration was assessed based on a GSSG standard curve (0–500 µM). 76 

2.10 Oxidative damage biomarkers and metallothioneins assay 77 

To TBARS determination, 70 µL of distillated water and 50 µL of phosphate buffer 50 mM pH 7.4 78 

were added to 10 µL of each sample. Subsequently, they were mixed with 1 mM BHT (butylated 79 
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hydroxytoluene) to prevent artificial lipid peroxidation and a solution of TBA reagent. TBA reagent 80 

was made from thiobarbituric acid (75 µL of TBA 1.3 % w/v) dissolved in 0.3 % NaOH and 50 µL 81 

of TCA 50 % (w/v). The mixture was incubated at 60 °C for 40 min and left to cool in ice at room 82 

temperature for 15 min after which 10 µL of SDS 20 % (sodium dodecyl sulfate) were added. The 83 

absorbance at 530 nm minus the absorbance at 600 nm was read using the PowerWave XS2 84 

microplate scanning spectrophotometer (Bio-Tek Instruments, USA). The TABARS concentration 85 

was assessed based on a malondialdehyde (MDA) standard curve (0-500 µM). To CO determination, 86 

15 μL of homogenate was incubated with an equal volume of 10 mM DNPH (in 2.5 N HCl) at room 87 

temperature for 10 min. Next, 7.5 μL of sodium hydroxide (6 N) was added to the mixture and 88 

incubated again for 10 min at room temperature. The absorbance of samples was measured at 450 nm 89 

using a PowerWave XS2 microplate scanning spectrophotometer (Bio-Tek Instruments, USA) and 90 

expressed as nmol of carbonyls/mg protein. The results were calculated assuming the absorption 91 

coefficient of (ε) 22.308 m/M·cm. To metallothioneins assay, the homogenates of samples were taken 92 

from -20 °C and centrifuged at 15000 xg for 20 min at 4 °C to obtain a supernatant containing 93 

metallothionein. To each 300 µL of supernatant, it was added 340 µL of a solution (1:13 absolute 94 

ethanol and chloroform) and centrifuged (4 °C) at 6000 xg for 10 min. Subsequently, 3 volumes of 95 

cold ethanol were added to the resulting supernatant and stored at -20 °C for 1 h. After another 96 

centrifugation step, the resulting pellets were washed with ethanol:chloroform:homogenization buffer 97 

(87:1:12) and then centrifuged again at 6000 xg for 10 min to metallothionein purification. The dried 98 

pellet was resuspended in Ellman’s solution ((NaCl 2 M; 5,5'-d ithiobis (nitrobenzoicacid) 43 mM in 99 

phosphate buffer 0.2 M, pH 8)), adding 50 μL EDTA-HCl and 50 µL of NaCl 250 mM. In the end, 100 

the concentration of metallothioneins was evaluated by reading the absorbance at 412 nm in a 101 

PowerWave XS2 microplate scanning spectrophotometer (Bio-Tek Instruments, USA). A standard 102 

curve with GSH was created as a standard reference for a correct quantification of MTs in the samples. 103 
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5. Conclusion 

 

This study proved that exposure to Al can affect a range of biological processes that impact on the 

health of the zebrafish fish both in adulthood and during its embryonic development. Al can influence 

both swimming activity and behaviour but also the physiology of the organism, compromising the 

histology and functionality of different organs such as the brain, muscles and gills.  

The most severe effects were recorded at the lowest concentrations tested and at the shortest exposure 

time. Instead, high concentrations or long exposures induced improvement/stabilization of the 

conditions probably due to the activation of an adaptive mechanism already manifested by zebrafish 

after exposure to various pollutants. 

Moreover, this study underlines the effectiveness of zebrafish as a model organism both as an adult 

and during its embryonic development, since it has perfectly adapted to the set objectives, allowing 

to obtain valuable information both in the ecotoxicological field and for translational toxicity studies.  

Indeed, thanks to its use, it was shown that Al is both a dangerous pollutant, capable of altering the 

health of aquatic organisms, and a potential neurotoxic factor, capable of inducing neurodegeneration, 

alteration of myelin integrity and of GFAP expression. 

Furthermore, the involvement of this metal in the deregulation of gene expression of marker linked 

to Parkinsonism, highlights that it can be involved in the development of neurological conditions 

potentially dangerous for human health.  

The overall information gives a realistic snapshot of Al toxicity and provides new information on the 

mechanism of action of this metal, as widespread as dangerous for environmental and human health. 
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