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Luís Fernando Fávaro a, Patrícia Manuitt Brito a, Milena Carvalho Carneiro c, 
Bruna Hilzendeger Marcon d, Luíse Esquivel e, Ciro Alberto de Oliveira Ribeiro a, 
Maritana Mela Prodocimo a,* 

a Departamento de Biologia Celular, Universidade Federal do Paraná, Curitiba, Brazil 
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A B S T R A C T   

PBDEs are toxic, lipophilic, hydrophobic, and persistent artificial chemicals, characterized by high physical and 
chemical stability. Although PBDEs are known to disturb hormone signaling, many effects of 2,2′,4,4′,5 - pentain 
polybrominated diphenyl ethers (BDE-99) in fish remain unclear. The current study investigates the effects of 
BDE-99 in Oreochromis niloticus where sixty-four juvenile fish were orally exposed to 0.294, 2.94, 29.4 ng g− 1 of 
BDE-99, every 10 days, during 80 days. The results showed histopathological findings in liver and kidney, 
increasing acetylcholinesterase activity in muscle, disturbs in the antioxidant system in liver and brain and 
decreasing the plasmatic levels of vitellogenin in females. According to multivariate analysis (IBR), the higher 
doses are related to the interaction of oxidative and non-oxidative enzymes. The present study provided evidence 
of deleterious effects after sub-chronic exposure of BDE 99 to O. niloticus, increasing the knowledge about its risk 
of exposure in fish.   

1. Introduction 

The demand for a modern society and increase of economic activity 
are responsible for an increase of electronic wastes around the world 
(Zhu et al., 2014; Chen et al., 2016); creating serious environmental 
problems, especially in developing countries (Chen et al., 2017). PBDEs 
(Polybrominated diphenyl ethers) are a class of flame retardants that 
were introduced in the 1970s, with levels increasing exponentially in the 
environment, wildlife, and humans (Thornton et al., 2016; Leão-Buchir 
et al., 2021). These compounds are highly lipophilic, environmentally 
persistent, and have the potential to bioaccumulation (Alonso et al., 
2010; Yu et al., 2015; Chalifour and Tam, 2016; Díaz-Jaramillo et al., 
2016; Arkoosh et al., 2017; Krieger et al., 2017; Lee et al., 2020; Li et al., 
2020; Margolis et al., 2020; Montalbano et al., 2020; Pardo et al., 2020; 
Wu et al., 2020; Leão-Buchir et al., 2021). Commercial PBDEs are 
manufactured by bromination of diphenyl ethers resulting in a mixture 

of ethers containing tetra-, penta-, hepta-, octa-, and deca-congeners in 
various percentages. There are 209 possible congeners divided into 10 
congener groups from mono- to deca-BDE, and BDE-99 is one of the most 
common, and widely detected in environmental, food and human 
samples (Zhao et al., 2014; Song et al., 2016; Thornton et al., 2016; Han 
et al., 2017; Mi et al., 2017; Liu et al., 2020; Montalbano et al., 2020). 

PBDEs have potential adverse effects on aquatic life and humans, 
including effects on the thyroid system, endocrine disrupting effects, 
reproductive toxicity, liver toxicity, pancreas effects and neuro
development toxicity, however, date about exposure to BDE-99 are little 
discussed, mainly in fish (Benedict et al., 2007; Yuan et al., 2016; Far
zana et al., 2017; Li et al., 2020). Exposure of zebrafish to BDE-99 led to 
developmental changes and disruption of thyroid (Zezza et al., 2019; Wu 
et al., 2020), while the studies conducted in larvae revealed neuro
behavioral disturbances (Margolis et al., 2020). PBDEs can trigger 
mechanisms of estrogenic/antiestrogenic activity in response to 
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estrogen signaling in hepatocytes (Yamamoto et al., 2017). Additionally, 
was reported that these compounds can induce cellular redox imbalance 
impairing the antioxidant defenses and so disrupting the biomolecules 
integrity (Margolis et al., 2020; Lee et al., 2020); while the physiological 
disorders are related to morphological damages in targeted organs 
(Gutteridge and Halliwell, 2000; Yamamoto et al., 2016; Wolf and 
Wheeler, 2018; Folle et al., 2020; Gemusse et al., 2021; Oliveira Ribeiro 
et al., 2022). 

To evaluate the toxicity of chemical pollutants in aquatic organisms 
the use of different kinds of biomarkers is widely stimulated (Wolf and 
Wheeler, 2018). In an environmental context, biomarkers offer promise 
as sensitive indicators demonstrating that toxicants have entered or
ganisms, have been distributed between tissues, and are eliciting a toxic 
effect at critical targets (Van der Oost et al., 2003). The use of bio
markers is considered extremely important because it allows the 
detection of sublethal effects on organisms, enabling preventive actions 
for the conservation of ecosystems (Calado et al., 2019). 

Fish, specifically Oreochromis niloticus was recently used experi
mentally in studies to evaluate the effects of PBDEs (Folle et al., 2020; 
Leão-Buchir et al., 2021; Oliveira Ribeiro et al., 2022) or for bio
monitoring of aquatic environments (Yamamoto et al., 2017; Gemusse 
et al., 2021; Rubio-Vargas et al., 2021). This species is widely distributed 
in the world, can persist in adverse habitats and is used as a biological 
monitor of environmental pollution (Carvalho et al., 2012; Moustafa 
et al., 2020). Thus, the main goal of the present study was to investigate 
experimentally the effects of exposure to BDE-99, after oral and sub 
chronic exposure considering a multibiomarker approach. 

2. Materials and methods 

2.1. Experimental design 

Juvenile Nile tilapia (O. niloticus) were obtained at Panama Pisci
culture Farm (Paulo Lopes city, Santa Catarina State, Brazil) (www. 
pisciculturapanama.com.br) and transported to the laboratory of Fed
eral University of Paraná (UFPR). Fish were acclimated during 14 days, 
into tanks (150 L), with a flow-through system, controlled water con
ditions and fed twice a day with commercial pellets (Poytara®). These 
same conditions were adopted during the experiment. After acclimation 
period, sixty-four fish (59.64 g ± 19.08 and 12.79 cm ± 15.02) (mean 
± standard deviation), among males and females, were distributed in 4 
experimental groups in a total of 12 tanks 100 liters capacity each (15 
fish in control group, and 18, 17, 14 fish in experimental groups 0.294, 
2.94 and 29.4 ng. g− 1 BDE-99, respectively). Each treatment was con
ducted in triplicate with at least 4 individuals per tested group. The 
differences in number observed among the experimental groups was 
necessary to maintain the groups as homogeneous as possible. The in
dividuals were orally exposed every 10 days during 80 days, while the 
control group received only the vehicle corn oil. Fish exposure to BDE- 
99 was performed by gavage where the BDE-99 was initially prepared 
in DMSO and after diluted in corn oil, to obtain three stock solutions 
containing a final concentration of 14.700, 1.470 and 147 ngBDE-99/ 
mL. Each animal received 2 μL of corn oil containing BDE-99 (tested 
groups) or only corn oil (control groups) per gram of weight to reach to a 
dose of 29.4, 2.94 and 0.294 ng. g− 1 BDE-99, corresponding to a nominal 
dose of 3.675, 0.3675 and 0.03675 ng. g− 1 BDE-99, respectively. The 
purity of BDE-99 was considered to prepare the stock solution. The 
experimental design was based on the studies reported by Arkoosh et al. 
(2017) and Kuo et al. (2010) considering the bioaccumulation of BDE-99 
in fish muscle after environmental exposure, and in our more recent 
studies with brominated compounds (Folle et al., 2021, Leão-Buchir 
et al., 2021 and Oliveira Ribeiro et al., 2022). 

All experimental procedures were approved by the Ethics Committee 
for the Use of Animals Experimentation (CEUA) Sciences Biological 
Sector from the Federal University of Parana (Protocol number 1200/ 
2017). 

2.2. Biological sampling 

Ten days after the last gavage (80th day), the animals were anes
thetized with MS222 (0.02 %) (Sigma/Aldrich®), and the blood was 
immediately sampled from the caudal vein following the morphometry 
determination as weight length body. The fish were then euthanized by 
the medullary section. The liver, kidney, gonads, brain and muscle were 
collected and preserved at − 80 ◦C for biochemical or molecular anal
ysis, while kidney, liver and gonads samples were chemically preserved 
for histopathological studies. At the end of the experiment the fish 
presented the following weights and measures, respectively: 73.65 g ±
17.98/15.83 cm ± 1.57 (mean ± standard deviation). 

2.3. Somatic biomarkers 

The condition index (K) was calculated by the relationship between 
length and weight as follows: K = (fish weight/fish length3) *100. The 
Hepatosomatic index (HSI) and gonadosomatic index (GSI) were 
determined by the following expressions: HSI = (liver wet weight/fish 
weigh) *100 and GSI = (gonad wet weight/fish weigh) *100 (Ríos et al., 
2017). 

2.4. Immunodetection of vitellogenin 

2.4.1. Enzyme - Linked Immunoassay 
Sandwich indirect assays were carried out in polystyrene microplate 

(Maxisorb; Nunc, Roskilde, Denmark), coated with 100 μL of capture 
anti-VTG antibody (0.2 μg/mL), diluted in coating buffer (50 mM bi
carbonate/ carbonate pH 9.6) and incubated for 16 h at 4 ◦C. Nonspe
cific binding sites were blocked with 150 μL/well of the 2 % (w/v) 
bovine serum albumin (BSA) (Sigma- Aldrich) in PBS 1x for 90 min at 
room temperature. For positive control, 286 μg/mL tilapia VTG and 
purified induced male and non-induced EE2 male as a negative control, 
were added to the assay. Then, 100 μL diluted plasma samples (1:10) 
were incubated for 90 min at 37 ◦C. For primary detection, biotinylated 
anti-VTG (0.74 μg/mL) was diluted to 1 μg/mL and 100 μL/well of this 
solution were incubated for 60 min at 37 ◦C. The possible sample/an
tibodies interactions were detected by secondary antibody (100 μL of 
streptavidin-conjugated with HRP peroxidase - 1:10,000) for 1 h at room 
temperature. After each incubation step, the plates were washed three 
times with PBS-T. The color reaction was developed by substrate TMB 
(3,3′, 5,5-tetramethylbenzidine) for 20 min followed by the addition of 
50 μL/well of 2 M H2SO4 to the reaction stop. The assay absorbance was 
measured in the Varioskan™ LUX Multimode Microplate Reader 
(Thermo Fisher Scientific) at 450 nm (Nagamatsu et al., 2020, with 
modifications). 

2.4.2. Western blot assay 
The reference parameter for choosing the samples for this analysis 

was the absorbance values of the male and female specimens of the 
control group found in the ELISA assay, being next to zero for males and 
next to 1.0 for females. Values highly distant from this were considered 
as a potential effect of the pollutant. Thereby, were selected two speci
mens of each sex and treatment presenting respective absorbance values 
of the majority specimens of each group. For this purpose, the O. niloticus 
plasma samples were diluted five times in Tris-buffered saline and total 
proteins were estimated by spectrophotometry at 280 nm in Varioskan™ 
LUX Multimode Microplate Reader (Thermo Fisher Scientific). So then, 
30 µg/well of plasma proteins were previously separated through SDS- 
PAGE under reducing conditions with polyacrylamide 9 % 0.75 mm 
gels (Mini-PROTEAN® Tetra Vertical Electrophoresis systems – Bio-Rad) 
stained with Coomassie Brilliant Blue R250 for SDS-PAGE analysis or 
transferred to an Amersham™ Program® nitrocellulose membrane 
(Merck Millipore, Bedford, MA) for Western blot analysis, by Trans- 
Blot® SD Semi-Dry Transfer Cell (Bio-Rad) for 75 min at 20 volts. The 
membrane was blocked with 5 % (w/v) nonfat dry milk in Phosphate 
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Buffered Saline with Tween-20 (0.1 %) for 60 min and after three washes 
were incubated with 0.6 µg. mL− 1 of the rabbit polyclonal antibody 
generated for O. niloticus vitellogenin (Folle, 2018 – unpublished data) 
for 16 h at 4 ◦C followed by secondary incubation with Goat anti-Rabbit 
IgG Alkaline Phosphatase Conjugated (# T2191, Thermo Fisher Scien
tific) (1: 5000) for 60 min. The membrane reaction was revealed by 
BCIP/NBT Color Development Substrate (S3771, Promega) for 2 min 
(Nagamatsu et al., 2020, with modifications). 

2.5. Biochemical biomarkers 

The liver was homogenized in Tris-buffer (20 mM Tris-HCl, 1.0 mM 
EDTA, pH 7.6, 1 mM PMSF) while the brain and muscle were in potas
sium phosphate buffer (0.1 M, pH 7.5). The homogenate was centrifuged 
(20 min at 12,000 x g at 4 ◦C), the supernatants (10 μL) were recovered 
and mixed to Bradford reagent (250 μL) in a 96-well microplate, and 
absorbance was measured at 595 nm. A standard curve of bovine serum 
albumin was used to determine the total protein concentration (Brad
ford, 1976). 

2.5.1. Catalase activity (CAT) 
The supernatant (20 μL, 0.3 mg protein/mL) was mixed with 180 μL 

of reaction medium (20 mM H2O2, 50 mM Tris-base, 0.25 mM EDTA, pH 
8.0) in a 96-well UV-star® microplate (Greiner Bio-One), and the 
absorbance decreased was immediately measured at 240 nm for 5 min. 
The molar extinction coefficient for H2O2 (40 M− 1⋅cm− 1) was used to 
calculate catalase activity (Aebi, 1984, with modifications). 

2.5.2. Superoxide dismutase activity (SOD) 
Liver and brain supernatant (30 μL; 1.0 mg protein/mL) and 70 μL of 

572 μM nitrotetrazolium blue chloride (NBT) in 0.1 mM EDTA were 
mixed in a 96-well microplate. For the reference curve, the supernatant 
was replaced by Tris-EDTA buffer (20 mM Tris-HCl, 1 mM EDTA, pH 
7.4). The reaction was initiated by adding 100 μL of hydroxylamine 
chloride in 0.5 M sodium carbonate, pH 10.2. The reduction of NBT by 
O2- to blue formazan was measured as a constant increase of absorbance 
at 560 nm for 30 min (Kono, 1978). 

2.5.3. Glutathione S-transferase activity (GST) 
Liver and brain supernatant (20 μL; 1.0 mg protein/mL) were added 

to 96-well microplates, followed by the addition of reaction medium 
(180 μL, 1.5 mM GSH (glutathione), 2.0 mM 1-chloro-2,4-dinitroben
zene (CDNB), 0.1 M potassium phosphate buffer, pH 6.5. The absor
bance increase was measured at 340 nm for 5 min and the molar 
extinction coefficient for CDNB (9.6 mM− 1.cm− 1) was used to calculate 
the GST activity (Keen et al., 1976). 

2.5.4. Glutathione peroxidase activity (GPx) 
Liver and brain supernatant (20 μL; 1.0 mg/mL protein) was added to 

a 96-well microplate. Two reaction media were used: the first was pre
pared in a sodium phosphate buffer (0.1 M, pH 7) containing sodium 
azide (2 mM), NADPH (0.2 mM), GSH (2 mM), and 45 μL of GR. The 
second medium contained sodium phosphate buffer (0.1 M, pH 7.0) and 
0.5 mM hydrogen peroxide. First, 140 μL of the first reaction medium 
was added, followed by the addition of 40 μL of the second medium. The 
absorbance decrease was immediately measured at 340 nm for 5 min, 
and the GPx activity was calculated using the molar extinction coeffi
cient for NADH (6.22 M− 1 cm− 1) (Wendel, 1981). 

2.5.5. Glutathione disulfide reductase activity (GR) 
Liver and brain supernatant (50 μL; 1.0 mg/mL protein) was added in 

a 96-well microplate followed by 150 μL of the reaction medium (0.1 M 
potassium phosphate buffer, pH 7.6, 0.5 mM NADPH and 5.0 mM 
GSSG). The absorbance decrease was immediately measured at 340 nm 
for 5 min, and the GR activity was calculated using the molar extinction 
coefficient for NADH (6.22 M− 1 cm− 1) (Sies et al., 1979). 

2.5.6. Glucose-6-phosphate dehydrogenase activity (G6PDH) 
Liver and brain supernatant (30 μL; 1.0 mg/mL protein) in homog

enization buffer (20 mM Tris-HCl, 1.0 mM EDTA, pH 7.6, 1 mM PMSF) 
and white (Tris-EDTA) was pipetted in triplicate in 96-well plates. Then, 
170 μL of the reaction medium was added to each well and the increase 
in absorbance was immediately measured at 340 nm. The increase in 
absorbance is caused by the reduction of NADP+ to NADPH by G6PDH 
(Glock and Mclean, 1953). 

2.5.7. Non-protein thiols (NPT) 
Liver and brain supernatant protein precipitated with 10 % tri

chloroacetic acid (TCA) and centrifuged (1000g, 4 ◦C, 15 min). A volume 
of 50 μL of supernatant was added into 96-well microplates, followed by 
230 μL of 0.4 M Tris-based buffer, pH (8.9) and 20 μL of 2.5 mM DTNB. 
The absorbance was measured at 415 nm and NPT concentration was 
calculated based on a standard GHS curve (Sedlak and Lindsay, 1968). 

2.5.8. Lipid peroxidation (LPO) 
Liver and brain supernatant (200 μL) were mixed with 800 μL of the 

reaction medium (0.1 mM xylenol orange, 25 mM H2SO4, 4.0 mM 
butylated hydroxytoluene (BHT)) and 0.25 mM FeSO4. NH4 (ammo
nium ferrous sulfate) in 90 % methanol. After 20 min, centrifuge at 
9.000 g for 10 min at room temperature, 200 μL of supernatant were 
pipetted into 96-well microplates, and absorbance was measured at 570 
nm. The hydroperoxides concentration was calculated using the 
apparent molar extinction coefficient for H2O2 and cumene 

Fig. 1. Vitellogenin levels detected by ELISA in females (A) and males (B) plasma of O. niloticus exposed to BDE 99 (0.294, 2.94 and 29.4 ng. g¡1). ** Values differ 
significantly from the control group (p < 0.01). ANOVA one-way, Dunnet post test. 
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Fig. 2. Biochemical biomarkers of antioxidant mechanisms in the liver of O. niloticus. A) Catalase (CAT). B) Superoxide dismutase (SOD). C) Glutathione peroxidase 
(GPx). D) Glutathione disulfide reductase (GR). E) Glutathione S-transferase (GST). F) Glutathione-6-phosphate dehydrogenase (G6PDH). G) Non-protein thiols 
(NPT). H) Protein carbonylation (PCO). I) Lipid peroxidation (LPO). J) BDE-99 action on hepatic antioxidant system (Adapted from Souza et al. (2020)).*= p < 0.05; 
** = p < 0.01; ***= p < 0.001 (ANOVA test post hoc Dunnet). 
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Fig. 3. Biochemical biomarkers and mechanism of oxidative stress induction in the brain of O. niloticus. A) Catalase (CAT). B) Superoxide dismutase (SOD). C) 
Glutathione peroxidase (GPx). D) Glutathione disulfide reductase (GR). E) Glutathione S-transferase (GST). F) Glutathione-6-phosphate dehydrogenase (G6PDH). G) 
Non-protein thiols (NPT). H) Protein carbonylation (PCO). I) Lipid peroxidation (LPO). J) BDE-99 action on brain antioxidant system (Adapted from Souza et al. 
(2020)). ** = p < 0.01; ***= p < 0.001 (ANOVA test post hoc Dunnet). 
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hydroperoxide of 4.3 × 104 M− 1 cm− 1 (Jiang et al., 1992). 

2.5.9. Protein carbonylation (PCO) 
Liver and brain supernatant (200 μL; 2.0 mg/mL protein) were mixed 

with 500 μL of 10 mM 2,4-dinitrophenylhydrazine (DNPH) in 2 M HCl 
(test tube) and 2 M HCl (blank) and kept at 34 ◦C for 90 min. After in
cubation, 1 mL of 28 % trichloroacetic acid (TCA) was added. Pellet was 
resuspended with 1 mL of ethyl acetate/ethanol (1:1), mixed, and then 
centrifuge (9.000 g, 4 ◦C, 10 min). The pellet was resuspended in 500 μL 
of 6 M guanidine hydrochloride, centrifuged (9.000 g, 4 ◦C, 10 min). The 
supernatant (200 μL) was added to a 96-well microplate and absorbance 
reading at 360 nm. The molar extinction coefficient for hydrazone (2.1 
×104 M-1 cm-1) (Levine et al., 1994). 

2.5.10. Acetylcholinesterase activity (AChE) 
Muscle and brain supernatant (20 μL; 1.0 mg protein/mL) were 

added to a 96-well microplate followed by 130 μL of 0.75 mM DTNB in 
0.1 M potassium phosphate buffer (pH 7.5). Then 50 μL of 9 mM 
acetylcholine iodide (in 0.1 M potassium phosphate buffer, pH 7.5) was 
added and the reading of absorbance was performed at 405 nm for 5 
min. The molar extinction coefficient of 2-nitrobenzoate-5-mercapto
thiocholine (13.6 × 103 M− 1 cm− 1) was used to calculate the activity 
of AChE (Ellman et al., 1961). 

2.6. Integrated response of biochemical biomarkers (IBR) 

To evaluate the biochemical dynamics of biomarkers the methodol
ogy described by Beliaeff and Burgeot (2002) and modified by Sanchez 
et al. (2013) was applied to assess the integrated biomarker response 
(IBR). The biochemical results were divided by the corresponding con
trol group and followed by logarithmized transformation to reduce the 
variance. From the log-transformed data (Yi), the mean (μ) and the 
standard deviation (sd) were calculated. The Yi values were standard
ized by the equation Zi = (Yi-μ) /sd to apply for each treatment and the 
difference between the treated and the control group (Zi - Z0) was used 
to define the deviation index of the biomarker (A). The results were 
plotted on a radar chart, where values above or below zero (control) 
indicate the stimulus or inhibition of a given biomarker. For the calcu
lation of the IBR index of each group, the values of (A) were converted to 
absolute numbers (S) and summed. 

2.7. Histopathological procedures 

For light microscopy samples of liver, kidney and gonads were 
chemically preserved in ALFAC solution (70 % ethanol, 4 % formalde
hyde, 5 % glacial acetic acid) for 16 h, washed in 70 % ethanol, dehy
drated in graded ethanol concentrations and embedded in Paraplast® 
resin (Sigma) in a Micron Tissue Processor. Sagittal Section (5 mm thick) 
were obtained in Leica Microtome and stained with hematoxylin/eosin. 

The organ lesion index was calculated according to Bernet et al. (1999) 
modified by Mela et al. (2013). The lesions and alterations in tissue are 
classified in categories according to biological importance: 1 - minimal, 
easily reversible; 2 - moderate, reversible in most cases; and 3 - marked, 
generally irreversible, and severity establishing scores from 0 to 6. The 
organ lesion index for each group of lesions in liver or kidney was 
calculated using the formula: Iorg. =

∑
rp 

∑
alt (a x w), where: org 

represents the organ (constant), rp is the reaction pattern, alt is the 
alteration, a represents the score value, and w is the importance factor of 
the lesion. 

For ultrastructural analysis small pieces of liver were previously 
preserved in Karnovsky’s solution (2,5 % glutaraldehyde, 4 % para
formaldehyde, 0.05 M sodium chloride in 0.1 M cacodylate, pH 7.4), at 
4 ◦C for 2 h, washed in cacodylate buffer 0.1 M for 30 min, post-fixed in 2 
% osmium tetroxide for 1 h and washed again in cacodylate buffer for 
10 min (3 times). Posteriorly the samples were in block post-fixated with 
0.2 % uranyl acetate for 2 h to increase membrane preservation and 
contrast in the images The specimens were then dehydrated in graded 
ethanol series (Merck), and embedded in PoliEmbed 812 DER736 resin 
(EMS) in a series of propylene oxide (EMS) and resin as follow: pro
pylene oxide + resin (1:1), propylene oxide + resin (1:2) (2 h each) and 
pure resin (12 h under vacuum) (Mela et al., 2012). The ultrathin sec
tions (70 nm thick) were obtained using a Leica Ultramicrotome, 
mounted on copper grids, contrasted with uranyl acetate water solution 
(20 min), lead citrate (5 min) and observed using a JEOL TEM-1400 Plus 
at 80 kV. 

2.8. Statistical analysis 

The data were tested for normality through the Kolmogorov-Smirnov 
test and homoscedasticity using the Barlett test and analyzed by one- 
way analysis of variance (ANOVA), followed by Dunnet post hoc test. 
All data were presented as mean ± standard deviation and p values <
0.05 were considered significant. 

3. Results 

3.1. Somatic characteristics 

During the experiment no mortality was observed and somatic bio
markers did not reveal any physiological disturbs between treatments 
and the corresponding control groups (Supplementary Table). 

3.2. Vitellogenin analysis 

The ELISA assay showed that the levels of plasma VTG in females 
decreased in a dose-dependent way of BDE-99, what constitute evidence 
of antiestrogenic activity by exposure to the pollutant (Fig. 1A). How
ever, in male fish, VTG was not detected in the control and exposed 

Fig. 4. Acetylcholinesterase activity (AChE) from O. niloticus. A) Brain; B) Muscle. ** = p < 0.01 (ANOVA - post hoc test: Dunnet).  

J. Leão-Buchir et al.                                                                                                                                                                                                                            



Environmental Toxicology and Pharmacology 97 (2023) 104034

7

groups, indicating a non-estrogenic effect of BDE-99 (Fig. 1B). 
SDS-PAGE stained with Coomassie Brilliant Blue showed that VTG 

consisted of a single band of approximately 200 kDa (Supplementary 
figure 1A-D). The western blot analysis confirmed detectable levels of 
VTG protein in plasma of females from the control group and exposed to 
0.294 and 2.94 ng. g− 1 of BDE-99 (Supplementary figure 2A-C). On the 
other hand, VTG was not detected on females exposed to 29.4 ng. g− 1 of 
BDE-99 (Supplementary figure 2D). Similarly, to the ELISA results, the 
western blot did not detect VTG in males from the control group and 
those exposed to BDE-99. 

3.3. Biochemical analysis 

In the liver, the results showed an increase in the CAT activity in 
groups exposed to the higher doses of BDE-99 (2.94 ng. g− 1 and 29.4 ng. 
g− 1) compared to the control group (Fig. 2A), but the same was not 
observed for SOD, GPx, GST and G6PDH enzymes (Fig. 2B, C, E and F). 
However, the activity of GR decreased significantly in individuals 
exposed to a higher dose (29.4 ng. g− 1) (Fig. 2D). From the non- 
enzymatic biochemical markers, the exposure to BDE-99 did not affect 
the level of NPT in liver (Fig. 2G) however, showed a significant increase 
in PCO levels after the exposure to intermediated dose (2. 94 ng. g− 1) 
(Fig. 3H) or a decrease in LPO levels in individuals exposed to the higher 

Fig. 5. Integrated biomarker response index of O. niloticus. Analyzed in the liver, brain and the interaction of both in CAT: Catalase; SOD: Superoxide dismutase; 
GPx: Glutathione peroxidase; GR: Glutathione disulfide reductase; GST: Glutathione S-transferase; G6PDH: Glutathione-6-phosphate dehydrogenase; NPT: Non- 
protein thiols; PCO: Protein carbonylation; LPO: Lipid peroxidation. 
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doses (2.94 ng. g− 1 and 29.4 ng. g− 1) (Fig. 2I). 
Results from the brain analysis revealed an increase in CAT activity 

in groups exposed to the higher dose (29.4 ng. g− 1) (Fig. 3A), but the 
opposite was found for the enzyme GPx in individuals exposed to 
intermediated dose (2.94 ng. g− 1) (Fig. 3C) and for GR activity in in
dividuals exposed to the lower and higher doses (Fig. 3D). Other bio
markers such as SOD (Fig. 3B), GST (Fig. 3E) and G6PDH enzymes did 
not show significant changes (Fig. 3F). Contrary to the hepatic findings, 
BDE-99 did not affect the oxide reduction balance in the brain to the 
point of altering the levels of NPT, PCO, and LPO (Fig. 3G–I). Fig. 2J and 
3J summarize the role of BDE-99 in the liver and brain of O. niloticus, 
after oral and subchronic exposure. 

Evaluating the AChE activity, it was observed that there were no 
effects of BDE-99 on AChE activity in the brain (Fig. 4A), while in 
muscle, the brominated compound increased the AChE activity after 
subchronic exposure to the dose of 29.4 ng g− 1 (Fig. 4B). 

3.4. Integrated biomarker response (IBR) 

Results of the IBR analysis from liver and brain considering the 
control and different treatments are shown in Fig. 5. The results showed 
that different treatments affected differently the target organs, where for 
liver BDE-99 is more toxic under intermediated dose (2.94 ng g− 1) while 
in brain the higher dose (29.4 ng g− 1) showed more effects. On the other 
hand, when the sum of the individual IBR results is analyzed, the result 

revealed that the biochemical disturbances are more evident in in
dividuals exposed to the highest dose of BDE-99(IBR = 23.7). 

3.5. Hepatotoxicity morphological and ultrastructural aspects 

The liver parenchyma is organized by cells traversed by a network of 
sinusoids, where the polygonal hepatocytes are the most abundant cell 
type. In general, these cells show an uniform size, large rounded nuclei 
with prominent nucleoli and homogenous eosinophilic cytoplasm 
(Fig. 6B). The pancreatic tissue is found diffusely distributed in hepatic 
tissue with predominance of the exocrine portion, with acinar cells and 
oval nuclei (Fig. 6E). After the exposure to BDE-99 the occurrence of 
important histopathological findings was noted, namely, necrosis 
(Fig. 6C), hyperemia, steatosis (Fig. 6D) and infiltration of melanoma
crophages in pancreatic tissue (Fig. 6F), where the lesion index for liver 
showed an increased effect in individuals exposed to the higher doses, 
comparatively with the control group (Fig. 6A). The liver ultrastructure 
confirmed the normal liver arrangement, showing the entire preserved 
structure (Fig. 7A). Hepatocytes have a well-developed rough endo
plasmic reticulum, central spherical nucleus and a prominent nucleolus. 
Numerous circular or elongated mitochondria are distributed 
throughout the cytoplasm (Fig. 7B). The bile ducts are lined by a 
cuboidal epithelium (Fig. 7C). In pancreatic tissue it was possible to 
visualize zymogen granules (Fig. 7D). Hepatocytes, joined by tight 
junctions and desmosomes, originate small circular bile canaliculus. 

Fig. 6. Histological liver sections of O. niloticus 
counterstained with hematoxylin/eosin. A) 
Lesion index. ***= p < 0.001, **** 
= p < 0.0001. B) Liver of control group. Blood 
vessel (V), hepatocyte nuclei (→) and Sinusoid 
(>). C) Liver exposed group (2.94 ng. g-1). 
Necrotic foci (NF). D) Liver exposed group 
(29.4 ng. g-1). Blood vessel (V), Steatosis (→) 
and Hyperemia (▸). E) Liver of control group. 
Pancreatic tissue (P). F) Liver exposed group 
(2.94 ng. g-1). Melanomacrophages centers 
(↓↓MMC) associate to the Pancreatic tissue (P). 
Scale bars = 100 µm.   

J. Leão-Buchir et al.                                                                                                                                                                                                                            



Environmental Toxicology and Pharmacology 97 (2023) 104034

9

From the apical membrane long microvilli arise and fill lumen that 
become very narrow (Fig. 7E). The space of Disse, also called peri
sinusoidal space, the microvilli originating from hepatocytes are present 
(Fig. 7F). After the exposure to BDE-99, ultrastructural observations 
showed evident cell damages. In the cytoplasm lipid droplets of different 
sizes are observed distributed in clusters and surrounded by abundant 
glycogen rosettes (Fig. 8A). The hepatocyte nuclei showed difference in 
nuclear shape and disorganized and fragmented cisternae of RER were 
clearly recognized (Fig. 8B). Areas of necrosis accompanied by loss of 
cell limits were frequently observed, leading to changes in the integrity 
of the natural arrangement of hepatocytes (Fig. 8C). Myelin figures of 
various sizes and shapes are cell debris detected in areas of abundant 
necrotic cells (Fig. 8D) as well in the space of Disse (Fig. 8E). In the space 
of Disse degenerations of hepatocytes microvilli were frequently 
observed (Fig. 8F). A schematic drawing of the ultrastructural damages 
in hepatocytes is shown in Fig. 9. 

3.6. Kidney histopathology 

The results of histological analysis of the kidney showed normal 
morphology in the control group, with prominent glomerulus, proximal 
and distal tubules (Fig. 10B), Corpuscles of Stannius (CS), small rounded 
or oval endocrine glands associated with the mesonephros, as found in 
teleost fish (Fig. 10C). However, after exposure to BDE-99 the kidney 

showed necrosis areas (Fig. 10D), hemorrhage sites (Fig. 10E), pyknotic 
nucleus, accumulation of adipose tissue and incidence of melanoma
crophage centers (Fig. 10F). The lesion index in the renal tissue was 
higher in individuals exposed to the higher doses (2.94 ng. g− 1 and 
29.4 ng. g− 1) (Fig. 10A). The histological analysis of gonads did not 
reveal damages or expressive alteration in the tissue. 

4. Discussion 

In the present study we evaluated the effects of BDE-99 on Oreo
chromis niloticus to trophically exposed to environmental doses. The 
results showed that BDE-99 can cause morphological damages in liver 
and kidney, oxidative stress in liver and brain, neurotoxicity, and 
endocrine disruption and, all these changes induce physiological dis
turbances affecting reproduction, liver metabolism, detoxification, 
osmoregulation and behavior. The reallocation of energy for detoxifying 
mechanisms or even to cover the physiological disturbances depletes the 
reserves originally intended for growth (Liebel et al., 2013; Leão-Buchir 
et al., 2021). The condition factor (K) is used as an indication of the 
health status in fish and can be used to assess the exposure to pollutants 
(Ríos et al., 2017; Baudou et al., 2019). The current findings showed no 
variation in the K in fish exposed to BDE-99, also described by Ameur 
et al. (2015) in fish from a lagoon impacted by PBDEs and Folle et al. 
(2020) after oral and subchronic exposure to 2,4,6-Tribromofenol (TBP). 

Fig. 7. Liver ultrastructure of O. niloticus 
under control conditions. A) Note the normal 
structure of the hepatic parenchyma. Polygonal 
hepatocyte (H), nucleus (N), lobular center vein 
(↓) with aggregations of red blood cells (BC). 
Scale bar: 5.0 µm. B) Hepatocyte nucleus with 
spherical appearance (N), Nucleoli (Nu), het
erochromatin (▹), mitochondria scattered in the 
cytoplasm (M) and a well-developed rough 
endoplasmic reticulum (RER) arranged in par
allel stacks at the lateral border of the nucleus. 
Scale bar: 1.0 µm. C) Bile duct (*) with epithe
lial cells, surrounded by connective tissue. Scale 
bar: 2.0 µm. D) Pancreatic acinar cells (*) with 
rounded nucleus in the basal portion and 
zymogen granules concentrated apically (▸). 
The Pancreatic tissue involves a vessel filled 
with red blood cells (BC). Scale bar: 10.0 µm. E) 
Hepatocytes join each other by tight junctions, 
the desmosomes (�), nucleus (N) and bile 
canaliculus originating by adjacent hepatocytes 
(BC). Note the microvilli (MI) filling the biliary 
canaliculus. Scale bar: 500.0 nm. F) Space of 
Disse (SD). Note the hepatocyte microvilli (▹) 
and the nuclei of endothelial cell (EC). Scale 
bar: 1.0 µm.   
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According to Liebel et al. (2013), no changes were observed in condition 
factor from individuals collected in two impacted lakes in Brazil, sug
gesting that this species is physiologically more adapted to tolerate 
chemical impacts. The absence of effects on the GSI corroborate with the 
histological results found in gonads, and were also previously described 
to the species exposed to BDE-47 (Leão-Buchir et al., 2021). Although 
the same authors did not observe disturbances in the expression of 
vitellogenin in males after exposure to BDE-47 and BDE-99, these results 
differed from females exposed to BDE-99, which showed an anti
estrogenic effect. This finding suggests a potential endocrine disruption 
of BDE-99 in female O. niloticus, not observed in BDE-47 under the same 
experimental design. Therefore, BDE-99 acts as an anti-estrogenic agent. 
The BDE-99 hole partially corroborates the results described by Folle 
et al. (2020), in O. niloticus after exposure to TBP in a similar experi
mental condition. Interesting data showed that brominated compounds 
can disrupt the VTG production, but also suggest that this effect is 
strictly dependent on the brome position. According to Folle et al. 
(2020), a high rate of liver damages could impair the yolk protein pre
cursor (VTG) and it explains the low levels of protein. Therefore, the 
liver alterations observed in the current study may also probably explain 
the antiestrogenic hole of BDE-99. 

The current study showed that BDE-99 is not an endocrine disruptor 
for males, but develops an antiestrogenic hole in females after exposure 
to 29.4 ng. g− 1 of BDE-99. These findings are in accordance with the one 

reported by Leão-Buchir et al. (2021) in same species of fish exposed to 
BDE-47. According to Yamamoto et al. (2017), most studies investi
gating exposure to pollutants described as endocrine disruptors in fish 
have used the VTG dosage as a consolidated biomarker in fish. This 
information is precisely related with reproduction, by interfering 
directly in the quality and quantity of eggs and, finally, in the viability of 
the produced embryos (Adeogun et al., 2016). In ecotoxicological 
studies, an important challenge is to connect the experimental results 
with risk for population maintenance and so the fish biodiversity. In this 
way, the disturbances of VTG levels when detected in female fish or even 
males, indicate a relevant reproductive biomarker in different levels of 
biological organization (Yamamoto et al., 2016). Although Teta and 
Naik (2017) described that the exposure of fish to chemical estrogens 
lead to adverse impact on the development of gonads, the current results 
showed that only the damage in gonads is not enough to identify 
reproductive effects in fish. 

The AChE controls the levels of neurotransmitter in synaptic gap of 
cholinergic synapses and neuromuscular junctions of vertebrates, 
degrading the acetylcholine (Ach) in choline and acetic acid (Mela et al., 
2013; Xie et al., 2014; Dey et al., 2016). An imbalance in ACh hydrolysis 
interferes with cholinergic neurotransmission, causing hyperstimulation 
of nicotinic and muscarinic receptors and consequent interruption of 
neurotransmission (Serafini et al., 2019). In relation to our study, the 
increase in muscle activity is an indicative of the fish’s attempt to 

Fig. 8. Ultrastructure of liver in O. niloticus 
after exposure to BDE-99. A) Liver of exposed 
group (0.294 ng. g-1). Presence of lipid droplet 
(LD) and degenerated rough endoplasmic re
ticulum (DRER). The nucleus (N) and nucleolus 
(Nu) are preserved. Scale bar: 2.0 µm. B) Liver 
of exposed group (29.4 ng. g-1). Degenerated 
rough endoplasmic reticulum (DRER) and 
deformation of the nuclear outline (N) are 
observed. Nucleolus (Nu). Scale bar: 1.0 µm. C) 
Liver of exposed group (29.4 ng. g-1). Observe 
the Necrotic foci (NF) and deformation of the 
nuclear outline (N). Scale bar: 5.0 µm. D) Liver 
of exposed group (29.4 ng. g-1). Observed a 
central vessel, with red blood cells (BC), disin
tegration of hepatocytes limits and myelin fig
ures (▹). Scale bar: 5.0 µm. E) Liver of exposed 
group (2.94 ng. g-1). Space of Disse (SD) with 
myelin figures (�). Scale bar: 2.0 µm. F) Liver 
of exposed group (2.94 ng. g-1). Space of Disse 
(SD) lined by endothelial cells (EC). Note the 
degenerations of microvilli of hepatocytes 
(DMI). Scale bar: 2.0 µm.   
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compensate the stress caused by BDE-99. These results are in agreement 
with our recent study, in which exposure to BDE-47 produced similar 
enhanced effects on the muscular AChE activity of O. niloticus 
(Leão-Buchir et al., 2021). However, the increase in activity can influ
ence the cholinergic neurotransmission process that induce lipid per
oxidation levels. Similar results were also observed by Dey et al. (2016) 
in studies carried out with teleost fish exposed to glyphosate herbicide 
and Folle at al. (2020) in O. niloticus exposed to 2,4,6-Tribromophenol. 

In both the liver and brain, it was observed that the absence of 
alteration in SOD activity may be explained by an increase in CAT ac
tivity, or the decrease in GPx that was only registered in the brain. These 
enzymes are involved in the process of preventing oxidative damage by 
eliminating hydrogen peroxide and its potential conversion to a hy
droxyl radical (Lowe et al., 2012; Souza et al., 2019). These findings 
showed that BDE-99 can induce oxidative stress in both organs but is not 
enough to disrupt the antioxidant mechanism function, corroborated by 
absence of alteration in LPO levels in the brain as well as reducing its 
levels in the liver. These results showed that in the presence of other 
pollutants the exposure to BDE-99 can favor a pro-oxidant effect. The 
fact that the GPx in the liver has not changed may explain the elevated 
PCO levels observed in this tissue. However, with increased CAT activ
ity, the H2O2 detoxification process can be supplied, leading to the in
crease of the capacity to eliminate reactive oxygen species (EROD). 
Similar results have been reported by Ghosh et al. (2013), in studies 
involving exposure of Trematomus bernacchii to the mixture of 8 PBDEs 
congeners. 

GST activity, an important phase II enzyme involved in the meta
bolism of xenobiotics, was not significantly affected in both the liver and 
the brain. According to Souza et al. (2020), this enzyme uses reduced 

glutathione, a non-protein thiol (GSH) as a co-factor to make toxic 
metabolites more soluble and easily excreted by the kidney. Since the 
levels of NPT were not affected in the liver and brain, it explains that this 
mechanism was not activated to avoid injuries in hepatic tissues. This 
result is in line with the one reported by Folle et al. (2020) where al
terations in these enzymes were not observed in tilapia exposed to TBP. 
The reduction in the activity of hepatic and cerebral GR, an enzyme 
responsible for catalyzing the reduction of GSSG in GSH, used by GPx or 
GST, is related to the decrease in cellular levels of NADPH, due to the 
low metabolic activity of glucose-6-phosphate dehydrogenase, and 
responsible for recycling NADP+ generated by GR activity, in NADPH. 
In the liver and brain, G6PDH activity was not significantly affected. 
This explains the non-alteration of the levels of NPT, with no need to 
reestablish them and consequently did not interfere in the activity of 
GST and GPx. Furthermore, the analysis of the IBR in biochemical bio
markers confirms the relevance in determining the dynamics of the 
redox action in the presence of BDE-99. However, the IBR values 
demonstrated that the action of enzymatic and non-enzymatic markers 
of oxidative stress in the studied organs is affected by the different doses 
used. Therefore, when sum the indexes of both organs for each treat
ment, it was observed that these organs are impacted by biochemical 
parameters variation when fish are exposed to highest dose of BDE-99, 
corroborating with studies conducted by Perussolo et al. (2019) and 
Souza et al. (2020). 

The alterations observed in the liver, such as vascular congestion, 
reflect circulatory disturbance. Necrosis is related to increased levels of 
lipid peroxidation and reflects irreversible structural and functional 
damage (Mela et al., 2013; Freitas et al., 2020), and this kind of damage 
depending on the extension leads to the organ failure with no 

Fig. 9. Drawing of the hepatocyte architecture and schematic of the ultrastructural changes. This sketch represents a single hepatocyte flanked by bile canaliculus 
and one sinusoid, representing the apical and lateral membranes of the hepatocyte, respectively. Left: Hepatocyte of control fish. Hepatocyte nuclei round with 
prominent nucleoli. Abundant rough endoplasmic reticulum, smooth endoplasmic reticulum, mitochondria, Golgi apparatus, glycogen and lysosomes are observed. 
The endothelial cells of the liver sinusoids are fenestra. The hepatocytes have many microvilli which project into the space of Disse. A portion of the lateral faces of 
hepatocytes is modified to form bile canaliculus, containing microvilli, of two adjacent hepatocytes. Right: Hepatocyte after exposure to BDE-99. Presence of lipid 
droplet, degeneration of rough endoplasmic reticulum, deformation of the nuclear outline, loss of cell limits, presence of myelin figures and degenerations of he
patocyte microvilli. This figure was created using Servier Medical Art, licensed under a Creative Commons Attribution 3.0 Unported License: https://smart.servier. 
com. Color and structure adaptations from the original art were made on: hepatocytes, rough endoplasmic reticulum and nucleus. 
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predictable physiological disturbs, explaining the presence of steatosis 
as alteration on hepatic metabolism. The presence of melanomacro
phage centers is indicative of an inflammatory response to detoxification 
of xenobiotics (Mela et al., 2013) and are also linked with the damages 
as necrosis. The histopathological changes in the liver reported in the 
present study corroborate with the hepatic effects of BDE-47 in Psetta 
maxima described by Barja-Fernández et al. (2013) and of BDE-47, 99 e 
209 in zebrafish (Zezza et al., 2019). In general, necrosis can be 
explained by the occurrence of oxidative stress (Zezza et al., 2019). The 
hepatic metabolism is a vital process when xenobiotics competes with 
endogenous compounds, what may also disrupt the endocrine system 
(Yang and Chan, 2015). The high liver lesion index observed in the 
treated groups when compared to the control group suggests that the 
BDE-99 caused morphological damages, which may result in tissue 
failure. The ultrastructural data confirmed in detail the changes in the 
liver evidenced by light microscopy. 

The presence of pycnotic nuclei was observed in kidney, and can 
result from the oxidative stress and DNA damage, a process of migration 
of blood leukocytes to the renal tissue. Interstitial hemorrhage has also 
been observed and this disorder suggests impairment in the vascular 
process (Perussolo et al., 2019). The Kidney plays an important role in 
metabolism, osmoregulation and excretion of toxic compounds (Perus
solo et al., 2019). The organ lesion index confirmed the toxicity of 
BDE-99 by the presence of leukocyte infiltration and MMC, character
istic of inflammatory response processes that in general are indicative of 

cell death and necrosis (Salgado et al., 2019). Similar findings were 
reported by Zhou et al. (2020) in a study conducting with Oncorhynchus 
mykiss after exposure to BDE-47. According to Folle et al. (2021), the 
occurrence of hemorrhage is an indicative of systemic disorders. The 
disturbance in lipidic metabolism is associated with the presence of 
adipose tissue (Mela et al., 2013) and pyknotic nucleus may be related to 
necrotic areas, alteration that was observed in the present study and 
corroborate by other (Fernandez et al., 2011; Wolf and Wheeler, 2018; 
Perussolo et al., 2019). 

Overall, the current study showed that in ecotoxicological studies the 
use of multiple biomarkers is essential to understand the potential 
toxicity of pollutants in fish. 

5. Conclusion 

The present study demonstrated that environmentally relevant doses 
of BDE-99 are toxic to O. niloticus after oral and subchronic exposure. 
According to the results, the disturbances observed in components of the 
antioxidant system from the liver may explain the morphological dam
ages in hepatic tissue and hepatocytes. Certainly, the severity of these 
effects could be the reason for disturbances in the VTG synthesis leading 
to reproductive failure, showing that BDE-99 acts as an endocrine dis
ruptor in animals exposed to higher dose. These findings are in accor
dance with other brominated compounds toxicity, but particularly BDE- 
99 is an anti-estrogenic agent, cytotoxic and neurotoxic. In addition, the 

Fig. 10. Histological kidney sections of 
O. niloticus counterstained with hematoxylin/ 
eosin. A) Lesion index. ***= p < 0.001, **** 
= p < 0.0001. B) Kidney of control group. 
Renal parenchyma filled with renal tubules 
(RT) and Glomerulus (G). C) Kidney of control 
group. Corpuscle of Stannius (CS) and renal 
tubules (RT). D) Kidney exposed group 
(29.4 ng. g-1). Necrotic foci (NF). E) Kidney of 
exposed group (2.94 ng. g-1). Hemorrhage (H). 
F) Kidney of exposed group (2.94 ng. g-1). 
Melanomacrophages centers (�MMC), adipose 
tissue (*) and pycnotic nuclei (▸). Scale bars 
= 100 µm.   

J. Leão-Buchir et al.                                                                                                                                                                                                                            



Environmental Toxicology and Pharmacology 97 (2023) 104034

13

current study confirms that a multibiomarkers approach represents a 
robust and accurate strategy to fully assess the environmental effects of 
pollutants on fish health. 

Funding 

This work was supported by the Coordination for the Improvement of 
Higher Education Personnel (CAPES, finance code 001) and Brazilian 
Conseils for Science and Technology – CNPq (Finance code 303118/ 
2017-2). 

CRediT authorship contribution statement 

All authors worked equally and contributed to the final manuscript: 
BDE-99 (2,2′,4,4′,5 – pentain polybrominated diphenyl ether) induces 
toxic effects in Oreochromis niloticus: an emerging and dangerous 
contaminant. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

Acknowledgments and funding 

The authors are grateful to Professor Marco Randi, Yuri Gonçalves, 
Roberta Pozzan, Aliciane Roque, Jessica Luz, Tobias Moraes and Luiza 
Barreto for assistance with fish maintenance and technical support 
during the experiments. We thank the Program for Technological 
Development in Tools for Health-PDTIS-FIOCRUZ for the use of the core 
facilities for microscopy (RPT07C). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.etap.2022.104034. 

References 

Adeogun, A.O., Onibonoje, K., Ibor, O.R., Omiwole, R.A., Chukwuka, A.V., Ugwumba, A. 
O., Ugwumba, A.A.A., Arukwe, A., 2016. Endocrine-disruptor molecular responses, 
occurrence of intersex and gonado-histopathological changes in tilapia species from 
a tropical freshwater dam (Awba Dam) in Ibadan, Nigeria. Aquat. Toxicol. 174, 
10–21. https://doi.org/10.1016/j.aquatox.2016.02.002. 

Aebi, H., 1984. [13] catalase in vitro. Methods Enzymol. 105 (C), 121–126. https://doi. 
org/10.1016/S0076-6879(84)05016-3. 

Alonso, V., Linares, V., Bellés, M., Albina, M.L., Pujol, A., Domingo, J.L., Sánchez, D.J., 
2010. Effects of BDE-99 on hormone homeostasis and biochemical parameters in 
adult male rats. Food Chem. Toxicol. 48, 2206–2211. https://doi.org/10.1016/j. 
fct.2010.05.048. 

Ameur, W.Ben, El Megdiche, Y., de Lapuente, J., Barhoumi, B., Trabelsi, S., Ennaceur, S., 
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