
[Type here] 
 

UNIVERSIDADE SANTA CECÍLIA 

PROGRAMA DE PÓS-GRADUAÇÃO EM SUSTENTABILIDADE DE 

ECOSSISTEMAS COSTEIROS E MARINHOS 

 

 

 

 

JUAN MARTINS DE CAMPOS 

 

 

 

 

 

 

Biochemical and physiological responses of the 

neotropical fish species, Astyanax lacustris, exposed to 

microplastic and polycyclic aromatic hydrocarbons (PAH) 

 

 

 

 

 

 

 

 

 

 

 

SANTOS 

2022 

 



[Type here] 
 

 

JUAN MARTINS DE CAMPOS 

 

 

 

 

Biochemical and physiological responses of the 

neotropical fish species, Astyanax lacustris, exposed to 

microplastic and polycyclic aromatic hydrocarbons (PAH) 

 

 

 

Dissertação apresentada a Universidade 

Santa Cecília como parte dos requisitos para 

obtenção de título de mestre no Programa de 

Pós-Graduação em Sustentabilidade de 

Ecossistemas Costeiros e Marinhos, sob a 

orientação da Profa. Dra. Helen Sadauskas-

Henrique e coorientação do Profa. Dra. 

Luciana Rodrigues de Souza-Bastos. 

 

 

 

 

 

 

 

 

 

SANTOS 

2022 

 



[Type here] 
 

 

DEDICATÓRIA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedico este trabalho aos meus avós (José Paulo e Elza), meus pais e 

familiares que me incentivaram e apoiaram nesse grande processo pelo qual 

eu tive que passar na minha vida. 

 



[Type here] 
 

 

AGRADECIMENTOS 

 

A CAPES pela concessão de bolsa de mestrado. O presente trabalho foi 

realizado com o apoio da Coordenação de Aperfeiçoamento de Pessoal de Nível 

Superior – Brasil (CAPES) – Código de Financiamento 001 – Bolsa CAPES/PROSUP. 

A Universidade Santa Cecília, instituição que me deu diversas oportunidades, 

graduação, estágio e por fim o mestrado. 

A Universidade Federal do Paraná, instituição que permitiu a possibilidade de 

realizar diversas ações dentro do projeto pela sua estrutura e equipe presente. 

A minha orientadora, Profa. Dra. Helen Sadauskas Henrique, meus 

agradecimentos. Me instruiu de maneira profissional e me apoiou nas diversas 

dificuldades apresentadas ao longo do trabalho tanto presencial quanto de forma 

remota em todas as etapas do projeto. 

A Dra. Luciana Rodrigues de Souza-Bastos (Lactec, Curitiba-PR), não seria 

possível a realização deste trabalho sem você. Obrigado pela paciência, compreensão 

e por compartilhar seu conhecimento. 

Ao Dr. Giorgi Dal Pont (GIA, UFPR, Curitiba-PR) que auxiliou, instruiu e me 

conduziu durante os experimentos no complexo da UFPR.  

Ao Prof.Dr. Antonio Ostrensky Neto (GIA, UFPR, Curitiba-PR) que tornou 

possível a realização o projeto nas instalações da UFPR. 

A minha colega Larissa Wintruff, que dividiu o peso de todas as tarefas 

executadas em todo o mestrado.  

Aos demais professores e doutores e colegas da UFPR, profa. Dra. Gisela 

Geraldine Castilho Westphal (pelo apoio vital em determinadas partes do projeto), 

prof. Dr. Marco Tadeu Grassi e prof. Dr. Rafael Garrett Dolatto no importante auxílio 

das análises químicas do projeto e do colega Tiago Mateus Leal, que auxiliou em 

grande parte do projeto com ênfase na divisão experimental. 

 

 

 

 

 

 



[Type here] 
 

ABSTRACT 

 

The materials of plastic origin are widely used, it has multiple utilities and forms 

with low cost, with brings practicality and consequent abundance of this material 

around the world. Plastic can reach the aquatic ecosystem through industrial and 

domestic discharges, where, due the weathering, can became microplastics (MP), or 

be discharged as MP. The MP have the capacity to carry adsorbed toxic compounds, 

such as polycyclic aromatic hydrocarbons (PAH), which are the most toxic portion of 

the crude oil. To evaluate the possible toxic effects of the virgin MP, PAH and virgin 

MP and PAH in association, we performed experiments with the Astyanax lacustris, 

widely used as a fish model. Environmental relevant concentration of MP (10 mg L-1) 

and 20% of the LC50-96 h of the crude oil for the A. lacustris (2.28 µg L-1) were used 

along 96 h of exposure. Fish were exposed to virgin MP; PAH; MPC (MP loaded with 

PAH); PAH+MP (virgin MP in association with PAH) and the control without (CT) and 

with handling (CH). After the 96 h, blood was removed for erythrocytic nuclear 

abnormalities (ENA) analysis and osmoregulation parameter (plasma osmolality; Na+, 

K+, Cl-2, Mg+2; glycose and lactate); gills for analysis of histopathological and the 

osmoregulation enzymes Na+, K+ ATPase and carbonic anhydrase; and muscle 

samples were used to evaluate the glycogen as energetic substrate. Virgin MP was 

able to cause ENA and depletion of muscle glycogen, which indicates that changes in 

the metabolism was caused by the virgin MP. However, the MP loaded with PAH and 

the virgin MP in association with PAH were more toxic than the PAH and virgin MP 

alone, with no differences between the treatments MPC and PAH+MP. However, there 

were no differences in the toxicity of the MP loaded with PAH and the virgin MP in 

association with PAH. 

 

Keywords: Microplastic. PAH. Tetra cardinal. Biochemical. Physiological. Alteration. 
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RESUMO 

 

Respostas bioquímicas e fisiológicas da espécie de peixes neotropicais, 

Astyanax lacustris, expostas a hidrocarbonetos aromáticos microplásticos e 

policíclicos (PAH) 

 

Os materiais de origem plástica são amplamente utilizados, possui múltiplas 

utilidades e formas de baixo custo, com traz praticidade e consequente abundância 

desse material em todo o mundo. O plástico pode chegar ao ecossistema aquático 

através de descargas industriais e domésticas, onde, devido ao intemperismo, pode 

se tornar microplástico (MP), ou ser descarregado como MP. A MP tem a capacidade 

de transportar compostos tóxicos adsorvidos como hidrocarbonetos aromáticos 

policíclicos (HPA), que são a porção mais tóxica do petróleo bruto. Para avaliar os 

possíveis efeitos tóxicos da MP virgem, HPA e virgem MP e HPA em associação, 

realizamos experimentos com os Astyanax lacustris, amplamente utilizados como 

modelo de peixe. Foram utilizadas concentrações ambientais relevantes de MP (10 

mg L-1) e 20% do LC50-96 h do petróleo bruto para o A. lacustris (2,28 μg L-1) ao longo 

de 96 horas de exposição. Os peixes foram expostos à MP virgem; HPA; MPC (MP 

carregado com HPA); HPA+MP (MP virgem em associação com HPA) e o controle 

sem (TC) e com manuseio (CH). Após as 96 h, o sangue foi removido para análise de 

anormalidades nucleares eritrocíticas (ENA) e parâmetro de osmorregulação 

(osmolaridade plasmática; Na+, K+, Cl-2, Mg+2; glicose e lactato); brânquias para análise 

das enzimas histopatológicas e osmorreguladoras Na+, K+ ATPase e anidrase 

carbônica; e amostras musculares foram utilizadas para avaliar o glicogênio como 

substrato energético. A Virgem MP foi capaz de causar ENA e esgotamento do 

glicogênio muscular, o que indica que as alterações no metabolismo foram causadas 

pela MP virgem. No entanto, o MP carregado com HPA e a MP virgem em associação 

com o HPA foram mais tóxicos do que o HPA e a MP virgem sozinho, sem diferenças 

entre os tratamentos MPC e HPA+MP. No entanto, não houve diferenças na 

toxicidade do MP carregado com HPA e da MP virgem em associação com o HPA. 

 

Palavras-chave: Microplástico. HPA. Tetra Cardinal. Bioquímico. Fisiológico. 

Alteração. 
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1. Introduction 

Plastic products are materials widely used all over the world. They have several 

formats and utilities, and are low cost, but it cannot be denied that this practicality 

generates an abundance of this material, making its management more difficult. 

According to The United Nations Environment Programme (UNEP) only 9% of all 

plastic waste ever produced has been recycled in the world Worldwide. (PARKER, 

2018). While in Brazil only a small portion (less than 20%)  are reused (GOMES et al., 

2008).This material is of industrial and domestic origin, most of these plastic wastes 

are used and disposed of on land and in environments close to rivers, lakes and 

lagoons, subjecting these freshwater environments to contamination by plastic 

materials (HORTON, ALICE A.; WALTON, ALEXANDER; SPURGEON, DAVID J.; 

LAHIVE, ELMA; SVENDSEN, 2017). Fishing activities are also responsible for the 

plastic wastes, such as the use of nylon. Through the freshwater environment, these 

residues can reach the estuarine and marine environments through the discharge of 

effluents and later through rainy seasons that allow the transportation of these plastic 

materials to other environments (DANTAS; BARLETTA; DA COSTA, 2012). 

Microplastics can have  several compositions such as polyethylene, polystyrene, 

polypropylene, polycarbonate, polyamide and polychloroprene (HORTON, ALICE A.; 

WALTON, ALEXANDER; SPURGEON, DAVID J.; LAHIVE, ELMA; SVENDSEN, 

2017). These materials are available for a wide chain of organisms such as fish, 

aquatic mammals, birds and are able to induce several effects including physical 

damage (COLE, MATTHEW; LINDEQUE, PK; HALSBAND, 2016), having high 

persistence in the environments, and capacity to carry adsorbed toxic compounds 

(GEYER; JAMBECK; LAW, 2017; ZHANG et al., 2018) such as polycyclic aromatic 

hydrocarbons (PAHs). 

The PAHs are a subgroup of persistent organic pollutants (POPs) (RODRIGO 

ORNELLAS MEIRE; ANTÔNIO AZEREDO ; MARCIA DE SOUZA PEREIRA ; JOÃO 

PAULO MACHADO TORRES, 2007). They present two or more condensed aromatic 

rings, and can have nitrates and oxygenates in their composition, in accordance with 

their organic origin. The PAHs can have natural or anthropogenic origin, where the last 

one can be a consequence of its extraction,   industrial activities and petroleum refining 

(YUNKER et al., 2002). The PAHs have several origins such as the processes of 

combustion of organic material, the burning of coal, cigarette smoke and industrial 
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processes such as aluminum production (PEREIRA NETTO et al., 2000). Also, the 

increases of PAHs in the aquatic environment can impair the health of the aquatic 

organisms due to the mutagenic and carcinogenic properties of this class of 

xenobiotics (YU. V. PASHIN AND L. M. BAKHITOVA, 1979). Alterations on behavior 

(BROWN et al., 2016; GUVEN et al., 2018; PULSTER et al., 2020), immunotoxicity 

(COLLIER et al., 2013; JIANG; YANG; FANG, 2020; MARYAM KHANIYAN, NEGIN 

SALAMAT, ALIREZA SAFAHIEH; DEPARTMENT, 2014), oxidative stress (JIANG; 

YANG; FANG, 2020; PRITSOS et al., 2017; SOLTANI et al., 2019) and 

histopathological alterations like neoplasia were already reported for aquatic 

organisms exposed to these (KAMMANN et al., 2017; MATSCHE et al., 2020; 

SNYDER et al., 2015).  

In this sense, biomarkers act as a tool to diagnose chemical exposure and their 

effects to the aquatic organisms (CORMIER; DANIEL, 1994). Changes can be 

measured at low levels of the biological organization, like biochemical, physiological, 

histological and behavioral  levels (PARVEZ; RAISUDDIN, 2005), generating 

information that may predict the effects of the contaminants in the high levels of the 

biological organization, like population and communities (WENDELAAR BONGA, 

1997).  

Several are the effects caused by exposure to contaminants, these begin with 

the contact of the gills with the aquatic environment. The gills are an important 

respiratory organ that presents high permeability and vascularity, also the gills present 

a central function in the processes of ionic and osmotic homeostasis responding 

directly to any type of alteration in the aquatic environment where this animal is located 

(RODRIGUES; BASTOS, 2011). The changes that may occur in the gills due 

environmental stressor can be morphological (primary) and physiological (secondary). 

Some specific effects to be highlighted are variations in the morphology and number 

of mitochondria rich cells, damages such as hyperplasia, lamellar fusion, and 

hypertrophy. Metabolic changes such as glucose concentration, lactate and glycogen 

are also consequences of stress, acting as secondary response, hormones released 

after being exposed to stressors generate metabolic changes to meet the animal’s 

energy demand. Changes of this nature was already described for fish species 

exposed to PAHs (GROSELL; PASPARAKIS, 2021; HONDA; SUZUKI, 2020; 

ROCHMAN et al., 2013a). 
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Astyanax lacustris, popularly known as tetra cardinal, is a fish species present 

in southern Brazil (GARUTTI; BRITSKI, 2000). These animals have been widely used 

for studies evaluating the aquatic contamination, as well as, as a model fish species 

for laboratory studies (DESTRO et al., 2021; MUÑOZ-PEÑUELA et al., 2021; 

OSTRENSKY; PEDRAZZANI, 2016; TINCANI et al., 2019). This fish species also have 

ecological relevance for their omnivorous habit (SHIBATTA et al., 2002) and for being 

predated by different species of predators (GIORGI DAL PONT, 2018). 

In this sense, the present study aimed to understand the toxicity of the PAHs 

and MPs, separated and in association, to the neotropical fish species Astyanax 

lacustris through the analysis of the biochemical, physiological, and histological 

responses. 

 

Specific objectives: 

• Evaluate the toxicity of virgin microplastics; PAH; MP loaded with PAHs and 

PAH and virgin MP in association, through the measurement of the 

osmoregulatory parameters in plasma (concentration of ions Na+, K+, Cl-, Mg+; 

and osmolality) and gills (Na+, K+ ATPase and carbonic anhydrase activities). 

• Evaluate the toxicity of virgin microplastics; PAH; MP loaded with PAHs and 

PAH and virgin MP in association, through the measurement of the energetic 

substrates (lactate and glycogen concentrations in muscle and plasma glucose 

concentration). 

• Evaluate the toxicity of virgin microplastics; PAH; MP loaded with PAHs and 

PAH and virgin MP in association, through the measurement of the presence of 

erythrocytic nuclear abnormalities.  

• Evaluate the toxicity of virgin microplastics; PAH; MP loaded with PAHs and 

PAH and virgin MP in association, through the measurement of the gill 

histological damage. 

 

2. Material and methods 

The experiments were performed in the Grupo Integrado de Aquicultura e 

Estudos Ambientais (GIA) located in the Universidade Federal do Paraná (UFPR) 

(Curitiba, Paraná, Brasil). Astyanax lacustris specimens (9.08 ± 0.35 grams; mean 

14.51 ± 0.73 centimeters) were acclimated in 20 L tanks for one week inside the 

experimentation room (controlled air temperature 25°C). The animals were fed daily 
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with commercial food pellets during the acclimatization process (Kowalski®, Brazil, 

crude protein = 47%). 

 

2.1. Experimental design 

After one week of acclimatization, the animals were divided into 6 semi-static 

experimental treatments (n=12) according to Figure 1. The experimental groups were, 

CT: control without handling; CH: control with handling; MP: virgin microplastic; PAH: 

polycyclic aromatic hydrocarbons; MPC: virgin MP loaded with PAH and PAH+MP: 

PAH and virgin MP in association. The animals were individually exposed in glass 

aquariums (5 L) wrapped in black plastic and with constant aeration supply. During the 

96 h of the experiment, daily exchanges of experimental solutions were performed, 

according to item 3.1.3. Fish feeding was suspended one day before the beginning of 

the experiments. 

 

 
Figure 01. Scheme of experimental treatments and number of subjects (n) used in each treatment. 

CT: control without handling; CH: control with handling; MP: virgin microplastic; PAH: polycyclic 
aromatic hydrocarbons; MPC: virgin MP loaded with PAHs and PAH+MP: PAH and virgin MP in 

association. 
Source: Elaborated by the author. 

 

The experiments were conducted in a room with controlled temperature (25°C). 

The aquariums were all disposed into a water bath to maintain the temperature at 25°C 

using thermostats. The water physicochemical parameters of the aquariums (pH, 

temperature, dissolved oxygen) were measured daily and adjusted, if necessary, for 

pH 7.0; temperature of 25 °C; and dissolved oxygen 80-100% saturation. Daily, 

immediately after the water change in the fish tank, water and MP samples were 

collected for PAHs measurements after 24 h of exposure. Water samples from labeled 
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PAH and MP solutions that were prepared daily were also collected for PAH analyses. 

Water and MP from the experiment were collected from each treatment (CT, CH, MP, 

PAH, MPC and PAH+MP) before the water exchange. Due to financial and logistical 

issues, only one aquarium was analyzed of each treatment. 

After 96 h of exposure, the animals were anesthetized for collecting blood and 

tissue samples (plasma, gills, kidney, and muscle), the animals were euthanized (via 

medullary section). The tissue samples were collected and stored in a freezer -80°C 

where they were kept until the analysis was conducted for biological analysis that were 

described item 2.2. 

 

2.1.2. Choice of MP and PAHs concentration used in the present study and 

preparation of experimental solutions. 

The MP utilized in the present study were donated by the Brasquen®. The MP 

are composed by low density polyethylen (LDPE). Before its utilization in the 

experiments, the MP were passed through a sieve of 74 µm. The MP have rough 

surface and measures between 100-200 µm (Figure 2). It is known that the MP has 

the capacity of carrying compounds in its own surface (GEYER; JAMBECK; LAW, 

2017; ZHANG et al., 2018) in addition to this information, an electronic microscopy of 

the MP was performed so that it was possible to look at the structure of this material 

provided by the Brasquen®. 
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Figure 02. Photomicrographs captured by scanning electron microscopy (SEM) of the microplastics 

used in the present study. A) SEM HV: 15.0 Kv, SEM MAG: 200 x, View Field: 1.04mm, WD 9.98 mm, 
Det: BSE + SE, Date (m/d/y): 12/12/19; B) SEM HV: 15.0 Kv, SEM MAG: 400 x, View Field: 519 mm, 

WD 10.04 mm, Det: BSE + SE, Date (m/d/y): 12/12/19; C) SEM HV: 15.0 Kv, SEM MAG: 3.50 kx, 
View Field: 59.3 µm, WD 10.11 mm, Det: BSE + SE, Date (m/d/y): 12/12/19; D) SEM HV: 15.0 Kv, 
SEM MAG: 1.00 kx, View Field: 208 µm, WD 10.08 mm, Det: BSE + SE, Date (m/d/y): 12/12/19. All 

images made by MIRA3 TESCAN, Lactec- LAME. 
Source: Elaborated by the author. 

 

The concentration of MP chosen in the present study was 10 mg L-1, this 

concentration was chosen because it is a concentration environmentally relevant, 

found for freshwater environments (WAGNER M, LAMBERT S, 2018). The 

concentration of PAHs chosen was based on the values of the 20% of the LC50-96 h 

of crude oil found for A. lacustris (2.28 μg L-1) (GIORGI DAL PONT, 2018). In the 

present study, we chose to use the Sulpeco standard® which contain the 16 priority 

PAHs of the EPA, since all PAHs are in the same concentrations, it was possible to 

verify which PAHs become most bioavailable for fish when in the presence of MP. The 

PAHs stock solution was stored in amber bottle sealed in -20°C to prevent the loss of 

light PAHs. For the treatment of MP previously contaminated with PAH, a technique 

called "spiking" were performed according to (ANNIKA BATEL,* FREDERIC LINTI, 
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MARTINA SCHERER, LOTHAR ERDINGER, 2016). Spiking consists of a technique 

of contamination/marking of the MP by PAH, for this reason, MP (at a concentration of 

10 mg L-1) were added in Erlenmeyer containing a solution of PAHs at a concentration 

of 2.28 ug L-1 (prepared in Milliq® water). For controls, virgin MP passed through the 

same process with Milliq® water only. After 24 hours in magnetic rotation, the MPs 

were dried in desicquer for 24 h (ANNIKA BATEL,* FREDERIC LINTI, MARTINA 

SCHERER, LOTHAR ERDINGER, 2016). Samples of the virgin MP and the marked 

MP were collected for analysis of PAHs. After drying, the virgin and the marked MP 

were used in the experiments. These procedures were performed daily throughout the 

96-h experiment. 

 

2.1.3. Exchange of experimental solutions: 

Daily, during the 96 h experiment, the solutions of PAHs, virgin MP and MP 

marked with PAHs were renewed. For methodological reasons, it was decided to 

change all the contents of the aquariums (water and MP), so the renewal of the 

solutions was 100%. To this end, the fish were carefully transferred from one aquarium 

to another (containing new experimental solutions). This procedure was repeated for 

all treatments (including control). In addition, a control without handling were performed 

to isolate the effects of handling during the experimental solutions exchange. 

 

2.1.4. Analysis of PAHs in water and microplastic 

2.1.5. Protocol for the extraction of PAHs in water 

The scheme of the procedure developed by vortex-assisted dispersive liquid-

liquid extraction (VA-DLLME) and used in this work for PAHs extraction is presented 

in Figure 3. 
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Figure 03. Schematic diagram of the procedure using vortex-assisted dispersive liquid-liquid 

microextraction (VA-DLLME). 
Source: Elaborated by the author. 

 

As illustrated in Figure 3 in VA-DLLME, tapered tubes are used in centrifugation 

glass, where an aliquot of 5.00 ml of standard solution or sample containing PAHs is 

transferred. This solution is made rapid injection, by means of micropipette, of 1.00 ml 

of chloroform solution or extractor (75 L) solubilized in 925 L acetone (disperser 

solvent). Rapid injection allows the formation of chloroform microgotes in the medium, 

immiscible with the aqueous phase. Subsequently, to increase the extraction 

efficiency, everything is stirring in vortex for 1.00 min, subsequent centrifugation for 10 

min, favoring the formation of a sedimented phase (drop), which is removed 

quantitatively (50 L) and finally transferred to a chromatographic insert containing 1 L 

solution mix of internal patterns of deuterate PAH. The concentration of the 16 PAHs 

considered priority by the EPA were determined by liquid-liquid extraction (EPA, 

1996c). 

 

2.1.6. Protocol for the extraction of PAHs in microplastic 

Thirteen milligrams (13 mg) of MP were transferred to 8 ml glass tubes, along 

with 3.00 ml acetonitrile. These tubes were sonicated for 10 min, centrifuged for 5 min 

at 2800 rpm and a 2.50 ml supernatant aliquot were transferred to another glass tube 

and dried in a vacuum rotary evaporator. Complete evaporation of acetonitrile was 

performed in 20 min at 60 ºC. After evaporation, the samples were resolubilized in 250 

μL hexane, transferred to 300 μL glass inserts and quantified in the gas 



9 
 

chromatography coupled to mass spectrometry (GC-MS). The determination of the 

concentration of the PAHs adsorbed in MP were performed in of MP samples 

contaminated with PAHs before entering the experiments. 

 

2.1.7. Identification and quantification of PAHs extracted from water and MP. 

After the extraction procedures, the PAHs were identified and quantified by GC-

MS (EPA, 1996b). The identification of each compound was performed by comparison 

with standard solution injection, containing a mixture of the 16 PAHs, and consults the 

NIST mass spectra library of the equipment. The quantification was performed by 

analytical curve constructed in the concentration range of 5 to 1000 ng/ml, using as 

internal standard a solution containing five deuterate PAH (naphthalene-d8, 

acenaphthene-d10, fenantrene-d10, criseno-d12, perileno-d12) at a concentration of 

100 ng/ml. As quality control, solutions were injected daily for curve verification, 

accepting maximum deviations of 10%. 

 

2.2. Biological analyses in Astyanax lacustris 

2.2.1. Physiological parameters 

2.2.2. Erythrocytic nuclear abnormalities (ENA)  

Blood collection was performed with heparinized syringes (to avoid tissue 

coagulation), by caudal puncture or cardiac puncture, using heparinized hematocrits. 

A drop of the blood sample was used on a new blade, cleaned with alcohol, and 

previously identified; where a blood smear was performed, with the aid of another 

blade. After performing the smear and leaving them drying overnight and at room 

temperature, the blades were fixed in 96% alcohol or P.A. for 15 minutes and allowed 

to dry again at room temperature. After that, it was used a Giemsa Conventional 

Coloring Method. 

With the slides fixed and cored, the analyses are initiated, using optical 

microscope with an increase of 1000 times in the immersion lens, accounting for 3000 

erythrocytes/lamina/per animal, as described in the procedures of Schmid (1975) and 

Carrasco et al. (1990). 

In the optical microscope, the ideal imaging field containing the cells well apart 

from each other, with membrane and nucleus well visible for counting. In each image 

field, all the cells present in the field of view with the counter were counted. After 

counting the cells of this field of view, the abnormalities present in these cells (if they 
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have them) were counted and the field of view was later changed, and the counting 

process was restarted until reaching a total of 3000 cells/lamina. The abnormalities 

found were noted in a spreadsheet for statistical analysis. 

 

2.2.3. Plasma osmolality, ions (Na+, K+, Cl- e Mg+), glucose and lactate  

Plasma osmolality was determined in undiluted samples read in the vapor 

pressure microosmometer (WescorR 5520 VAPRO). 

The determination of chloride (Cl-) and magnesium (Mg2+) ions was performed 

in plasma samples without dilution. These ions were determined through commercial 

colorimetric kits (Labtest®) with absorbance reading at 470 and 505 nm, respectively, 

in spectrophotometer (ULTROSPEC 2100 pro – Amersham Pharmacia Biotech). The 

ions Cl-, when reacting with mercury thiocyanate in the presence of ferric nitrate, 

produce ferric thiocyanate of orange color proportional to the amount of chloride ions 

of the sample. Mg2+ ions react in alkaline medium with blue magon sulfonated, resulting 

in a pinkish complex proportional to the total concentration of magnesium ions in the 

sample. Sodium (Na+) and potassium (K+) ions were determined in diluted plasma 

samples (1:100) in ultra-pure water (Mili-Q) using a flame photometer (CELM FC - 

180). 

Glucose concentration was obtained through a commercial colorimetric kit 

(Labtest®) in undiluted plasma samples with absorbance reading at 505 nm (Molecular 

Devices® SpectraMax M2e). With the oxidation of glucose, through the action of 

glucose oxidase, hydrogen peroxide is formed which when reacting with 4- amino 

antipyrine and phenol forms the antipylquinonimine of red color proportional to the 

glucose concentration of the sample. The results were expressed as mg dL-1. 

Lactate concentration was determined through commercial colorimetric kit 

(Labtest®) in undiluted plasma samples with absorbance reading at 550 nm (Molecular 

Devices® SpectraMax M2e). The results were expressed as mg dL-1. 

 

2.2.4. Muscle glycogen 

Glycogen content was measured in the muscle according to (PM BIDINOTTO, 

G MORAES, 1997). Samples (100 ± 10 mg) were degraded in 1 mL of KOH 6N in 

boiling water for a period of 4 minutes. After cleaning the samples with 95% ethanol, 

K2SO4 10%, and centrifugation (3000 rpm; 3 minutes), the colorimetric reaction was 

performed with phenol 3% and H2SO4 and read in 480nm. 
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2.2.5. Total proteins 

The total protein of the homogenized was measured according to Bradford, 

(1976) using a spectrophotometer and albumin patterns. The readings were performed 

at a wavelength of 595 nm. 

 

2.3. Statistical analyses 

The data were represented as mean ± standard error of the mean. Variance 

analysis (ANOVA) was used to determine differences between the means. The Holm-

Sidack Pos-hoc test was applied to identify the differences between the means of the 

analyzed biological variables, when existing. The programs used were SigmaStat 3.5 

for statistical analysis and the SigmaPlot 11.0 program for the preparation of graphs. 

 

3. Results 

3.1. PAH in water and in MP particles 

It can be observed in Table 1 the PAH concentrations of the working solution 

(µg L-1) and in the MP (µg L-1) before and after 24 h of the MP spiking procedure. The 

PAH with low molecular weight (naphthalene until the chrysene, with exception of 

benzo[a]anthracene) had their concentrations decreased after the virgin MP spike 

procedure (Table 1). The virgin MP, after 24 h of the spinking procedure, had PAH 

concentrations bellow the quantification limits. After 24 h of PAH spiking procedure, 

the MP had values of the low molecular weight PAH, naphthalene; acenaphthylene; 

acenaphthene and fluorene below the quantification limit, while the other PAH 

presented higher values than the virgin MP (Table 1). 
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Table 1. PAH concentrations in the working PAH water solution (µg L-1) and in the MP (µg g-1) before 
and after the MP spiking procedure. Values with “<” symbol means that were below of the 

quantification limits. 

 
PAH 

Working PAH water solution (µg L-1) MP (µg g-1) 

Before virgin MP 
spiking 

After virgin MP 
spiking 

Virgin Spiked 
 

Naphthalene 1.55 0.45 <0.04 <0.04  

Acenaphthylene 3.08 <0.12 <0.04 <0.04  

Acenaphthene 2.69 <0.10 <0.04 <0.04  

Fluorene 1.82 0.28 <0.04 <0.04  

Phenanthrene 1.97 0.36 <0.10 1.09  

Anthracene 8.34 <0.20 <0.04 3.11  

Fluoranthene 2.04 0.25 <0.04 27.4  

Pyrene 2.52 0.28 <0.04 32.84  

Benz[a] 
anthracene 

3.25 2.45 <0.04 98.97  

Chrysene 1.77 1.98 <0.04 88.5  

Benzo[b] 
fluoranthene 

1.83 7.38 <0.04 90.63  

Benzo[k] 
fluoranthene 

1.86 8.41 <0.04 85.42  

Benzo[a]pyrene <0.20 <0.20 <0.04 104.22  

Indeno[1,2,3-cd] 
pyrene 

3.5 3.09 <0.04 78.26  

Dibenzo[a,h] 
anthracene 

2.95 4.07 <0.04 83.24  

Benzo[ghi] 
perylene 

2.79 2.46 <0.04 77.77  

∑PAH 41.96 31.46  771.45  

Source: Elaborated by the author. 

 

In Table 2 is showed the PAH concentration in the water of the treatments after 

24 h, prior water exchange. It can be observed that in CT; CWH; MP and PAH, all the 

PAH were below the quantification limits. Also, for the PAH+MP and MPC, only the 

high molecular weight PAH were detected in the water after 24 h of exposure, they 

were, benzo[a]anthracene; benzo[k]fluoranthene; indene[1,2,3,cd]pyrene; 

dibenzo[a,h]anthracene and benzo[ghi]perylene. The benzo[a]anthracene was below 

the detection limit for all treatments (Table 2). 
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Table 2. PAH concentration in the water of the treatments, Control (CT); Control with handling (CH); 
Polycyclic aromatic hydrocarbons (PAH); PAH and virgin MP (PAH+MP) and MP previously 

contaminated with PAH (MPC) after 24 h of exposure. Values with “<” symbol means that were below 
of the quantification limits. 

PAH (µg L-1) 
Experimental treatments 

CT CH MP PAH MPC PAH+MP 

Naphthalene  <0.05 <0.05 <0.05 <0,05 <0.05 <0.05 

Acenaphthylene  <0.05 <0.05 <0.05 <0,05 <0.05 <0.05 

Acenaphthene  <0.05 <0.05 <0.05 <0,05 <0.05 <0.05 

Fluorene  <0.05 <0.05 <0.05 <0,05 <0.05 <0.05 

Phenanthrene  <0.05 <0.05 <0.05 <0,05 <0.05 <0.05 

Anthracene  <0.05 <0.05 <0.05 <0,05 <0.05 <0.05 

Fluoranthene  <0.05 <0.05 <0.05 <0,05 <0.05 <0.05 

Pyrene  <0.05 <0.05 <0.05 <0,05 <0.05 <0.05 

Chrysene  <0.20 <0.20 <0.20 <0,20 <0.20 <0.20 

Benz[a]anthracene  <0.20 <0.20 <0.20 <0,20 1.74 0.28 

Benzo[b]fluoranthene  <0.20 <0.20 <0.20 <0,20 10.96 9.07 

Benzo[k]fluoranthene  <0.20 <0.20 <0.20 <0,20 10.80 9.14 

Benzo[a]pyrene  <0.05 <0.05 <0.05 <0,05 <0.05 <0.05 

Indeno[1,2,3-cd]pyrene  <1.00 <1.00 <1.00 <1,00 3.41 3.74 

Dibenz[a,h]anthracene  <1.00 <1.00 <1.00 <1,00 4.36 4.17 

Benzo[ghi]perylene  <1.00 <1.00 <1.00 <1,00 7.18 7.94 

∑HPA (ng/L) - - - - 38.45 34.34 

Source: Elaborated by the author. 

 

3.2. Physiological parameters 

3.2.1. Erythrocytic abnormalities (ENA) 

The ENA values were higher for fish exposed to PAH, MPC and PAH+MP 

(0.013% for PAH and 0.011% for MPC and PAH+MPC), and the lowest values for fish 

under the controls CT and CH (0.003% and 0.005%, respectively) and MP (0.008%), 

without any significant differences between the treatments (Table 03).  

The micro-nucleus was absent in controls (CT and CH) and had low percentage 

in MP, however the micro-nucleus percentage was higher in PAH in relation to controls 

(CT and CH) and MP, while the MPC and PAH+MP were higher than PAH (Figure 04). 
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Figure 04. Mean ± standard deviation of the erythrocytic micro-nucleus of Astyanax altiparanae 
exposed to the distinct groups: control (CT); control with handling (CH); inert microplastic (MP); 

polycyclic aromatic hydrocarbons (PAH); microplastic contaminated with PAH (MPC); and PAH and 
inert MP (PAH+MP). Different letters indicate significant differences among the groups (P < 0,05). 

Source: Elaborated by the author. 

 

3.2.2. Plasma osmolality, ions (Na+, K+, Cl- e Mg+), glucose and lactate  

The osmolality concentration varies from 305 to 315 mOsm kg H2O-1 without 

significant differences between the treatments. The lowest and the highest values was 

obtained for fish exposed to PAH+MP, and PAH and MPC treatments, respectively 

(Table 03). 

The plasma Na+ concentrations vary from 126 to 137 mMol L-1. Fish exposed to 

MPC had lower plasma Na+ concentration in relation to CT, CH, and MP (Table 03).  

The K+ concentrations vary from 2.1 to 2.9 mMol L-1 without significant 

differences between the treatments. The lowest and the highest values was obtained 

for fish exposed to PAH+MP and PAH, respectively (Table 03). 

The Cl- concentrations vary from 97 to 106 mMol L-1 without significant 

differences between the treatments. The lowest and the highest values was obtained 

for fish exposed to CT and PAH+MP, respectively (Table 03). 
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The Mg+ concentrations vary from 1.98 to 2.01 mMol L-1 without significant 

differences between the treatments. The lowest and the highest values was obtained 

for fish exposed to CT and PAH+MP, respectively (Table 03). 

The glucose and lactate concentrations vary from 98.6 to 103.7 mg dL-1, and 

39.4 to 48.2 mg dL-1, respectively, without significant differences between the 

treatments. The lowest values for glucose and lactate were found for fish exposed to 

MPC and the highest values for glucose and lactate was found for fish under the control 

conditions CT and CH, respectively (Table 03). 

 

Table 3. Mean ± standard deviation of the total blood ENA; and plasma glucose; lactate; Na+; K+; 
Mg2+; Cl2- concentrations and osmolality of Astyanax altiparanae exposed to the distinct groups: 

control (CT); control with handling (CH); inert microplastic (MP); polycyclic aromatic hydrocarbons 
(PAH); microplastic contaminated with PAH (MPC); and PAH and inert MP (PAH+MP). Different 

superscript letters indicate significant differences among the groups (P<0,05). 

 

ENA (%) 

Gluc Lact Na+ K+ Mg+ Cl - Osm 

  (mg dL-1) (mMol L-1) 
(mOsm kg 

H2O-1) 

CT 
0.005 ± 

0.005 

103.71 ± 

4.34 

39.63 ± 

3.98 

136.61 ± 

2.09a 

2.25 ± 

0.166 

1.98 ± 

0.06 

97.98 ± 

4.13 

312 ±  

4.12 

CH 
0.003 ± 

0.003 

99.78 ± 

4.47 

48.23 ± 

9.98 

136.88 ± 

1.88a 

2.55 ± 

0.304 

2.02 ± 

0.08 

104.63 ± 

11.80 

308 ±  

4.21 

MP 
0.008 ± 

0.006 

101.52 ± 

3 .00 

40.09 ± 

2.92 

135.15 ± 

1.06a 

2.42 ± 

0.204 

2.00 ± 

0.07 

99.79 ± 

8.87 

311 ±  

2.22 

PAH 
0.013 ± 

0.010 

101.03 ± 

5.23 

44.16 ± 

6.42 

132.18 ± 

1.55ab 

2.88 ± 

0.25 

1.99 ± 

0.06 

105.53 ± 

9.36 

315 ± 

 4.52 

MPC 
0.011 ± 

0.009 

98.59 ± 

5.13 

39.44 ± 

4.41 

129.54 ± 

1.94b 

2.44 ± 

0.44 

2.00 ± 

0.04 

103.28 ± 

11.43 

315 ±  

5.43 

PAH+

MP 

0.011 ± 

0.011 

101.31 ± 

4.74 

43.67 ± 

6.30 

125.60 ± 

2.08ab 

2.15 ± 

0.132 

2.01 ± 

0.03 

106.56 ± 

6.52 

305 ±  

3.25 

Note. ENA= erythrocytic abnormalities; Gluc= glucose; Lact= lactate; Osm= osmolality.  

 

3.2.3. Muscle glycogen 

The muscle glycogen concentrations vary from 1 to 40 ng dL-1. Decreases in 

muscle glycogen were observed in fish exposed to PAH, MPC and PAH+MPC in 

relation to controls (CT and CH) (Figure 05). 
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Figure 05. Mean ± standard deviation of the muscle glycogen of Astyanax altiparanae exposed to the 
distinct groups: control (CT); control with handling (CH); inert microplastic (MP); polycyclic aromatic 

hydrocarbons (PAH); microplastic contaminated with PAH (MPC); and PAH and inert MP (PAH+MP). 
Different letters indicate significant differences among the groups (P < 0,05). 

Source: Elaborated by the author. 

 
4. Discussion 

In the present work, the PAH concentration, even corresponding to only 20% of 

the LC50-96 h for A. lacustris, caused biochemical (ANE) and physiological effects 

(plasma Na+ concentration and muscle glycogen), especially in the treatments where 

the PAH was in association with MP. The MP marked with PAH (MPC) presented 

similar biochemical and physiological effects of when the virgin MP was used in 

association with PAH (PAH+MP), once no differences was observed in the biochemical 

and physiological parameters between these groups. The virgin MP, used in 

freshwater relevant environment concentrations (WAGNER M, LAMBERT S, 2018), 

was also able to cause some disturbance, like increasing ENA formation and 

decreasing the energetic subtract in the muscle (glycogen). These and other results 

are discussed in the topics bellow. 

 

4.1. PAH in water and in MP particles 
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The PAHs with a high molecular weight have higher octanol–water partition 

coefficients (Kow) and, as a consequence, they are highly lipophilic, tending to adsorb 

to particulate matter (BARRON et al., 1999; HYLLAND, 2006). This may explain the 

fact that the low molecular weight PAH naphthalene, acenaphthylene, acenaphthene 

and fluorene were not detected in MP water after the spiking procedure, neither in the 

spiked MP. In fact, these PAH had their concentrations decreased after 24 h of spiking 

procedure. Due to their low molecular weight, i.e. low Kow, these PAH rapidly are lost 

from the aquatic environment due its high volatility (SADAUSKAS-HENRIQUE; 

SOUZA-BASTOS; SILVA, 2021) even in the presence of MP, this PAH was not 

detected in MPC and PAH+MP. Interesting to note that, in the PAH treatment, after 24 

h of exposure, no one of the 16 PAH were detected in the water. This phenomenon 

could also be explained by the volatility of the PAH, when in the absence of MP, the 

PAH probably volatilized and/or adsorb to organic material (i.e., fish), making these 

PAH undetectable in the water. Anyway, in the present study, water exchange was 

performed each 24 h of exposure. Also, even the PAH been below to the detection 

limits, the fish exposed to PAH treatment experience disturbances in the measure 

parameters.  

Generally, low density polyethylene plastics are expected to be rubbery plastics 

(ROCHMAN et al., 2013b). According to Zuo et al. (2019), the higher the rubber 

component of MPs, the stronger the sorption capacity for organic compounds. This is 

mainly due to the disordered arrangement of molecular chain segments in the rubbery 

MPs, and the existence of a large amount of free volume between the molecular 

chains, thus facilitating the sorption of hydrophobic organic compounds, like PAH 

(GUO et al., 2012). In the present study, the SEM imagens of the MP (Figure 02) 

demonstrate particles with irregular surface, which also increases the PAH absorption 

(GUO et al., 2012). In fact, the spiked MP presented a high concentration of PAH 

(771.45 µg g-1) adsorbed. This is a high value when compared with other studies like 

in Sharma et. al. (2020), which had an absorption of 110 µg g-1 for small polymers 

particles (> 0.1 µm) and 43 µg g-1 for bigger polymers particles (1-5 mm) for the PAH 

congeners- chrysene, benzo[a]pyrene and indeno[1,2,3-cd] pyrene. However, when 

we compared the leaching of the PAH from the MP, our study had lower values (38.45 

µg L-1 for MPC and 34.34 µg L-1 for PAH+MP) when compared with the same study 

that have a leaching of 3170,00 µg L-1 (3.17 mg L-1). Anyway, the leaching of PAH from 
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MP depends on several factor like, pH, water temperature, salinity, and Kow values 

(MEI et al., 2020). 

 

4.2. Erythrocytic abnormalities (ENA) 

The presence of abnormal cells in blood smears of fish are useful to detect 

chromosomic damage produced by a wide range of toxic compounds, specifically by 

detecting binucleated or polynucleated cells containing micro-nucleus (AYANDA et al., 

2018). The micro-nucleus is extranuclear bodies that contain damaged chromosome 

fragments and/or whole chromosomes that were not incorporated into the nucleus after 

cell division. For instance, micro-nucleus is useful tool for evaluating the effects of 

genotoxic and mutagenic contaminants in fish species. In the present study, the virgin 

MP, at 10 mg L-1, was not able to cause erythrocytic DNA damage in A. lacustris. On 

the other hand, Hamed et al. (2021) found dose-dependent (1; 10 and 100 mg L-1) 

increases in nuclear abnormalities of the red cells of Oreochromis niloticus. The same 

way, Araújo et al. (2022) found that the erythrocyte DNA damage (comet assay) and 

the ENA in Danio rerio exposed to polyethylene MP alone were as pronounced as 

those observed in animals exposed to the mix of pollutant (alone or in combination with 

MP). According to Hamed et al. (2019) the MP additives may interact with erythrocytes 

and induce the interruption of plasma membranes, producing abnormally shaped blood 

cells. Despite this, in the present study, the virgin MP alone did not induce ENA in A. 

lacustris, the treatments with MP spiked with PAH and virgin MP in association with 

PAH caused increases in ENA, higher than those of fish exposed to the PAH alone. A 

reasonable explanation for this phenomenon, is that the higher production of reactive 

oxygen species (ROS) in erythrocytes could be caused by the direct interaction 

between MPs and erythrocyte plasma membranes (COSTA ARAÚLO et al., 2020a) 

and by the PAH biotransformation process and consequent ROS production 

(SADAUSKAS-HENRIQUE et al., 2017). 

 

4.3. Plasma osmolality, ions (Na+, K+, Cl- e Mg2+), glucose and lactate  

The gills are the main sites for gas exchange as well as acid–base and ionic 

regulation and are the first organs to contact the contaminants. Due to their very thin 

epithelia and large surface area that is in contact with water, the gills are the major 

route of uptake of waterborne pollutants by aquatic organisms (EVANS; PIERMARINI; 

CHOE, 2005). Pollutants, as PAH, have been shown to promote structural damage in 
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the branchial respiratory epithelium (EVANS; PIERMARINI; CHOE, 2005), affecting 

important gills functions, as osmoregulation (DAL PONT et al., 2019; DUARTE; 

HONDA; VAL, 2010; RODRIGUES; BASTOS, 2011). Osmoregulation maintains the 

osmo-ionic concentration of the extracellular fluid, or internal environment of the animal 

as part of homeostasis and normal cellular functioning (AL-KINDI; BROWN; WARING, 

2000). Hydromineral imbalance is an effect commonly caused by oils and byproducts 

on different species of marine or freshwater fish (AL-KINDI et al., 1996; AL-KINDI; 

BROWN; WARING, 2000; BRAUNER et al., 1999; DUARTE; HONDA; VAL, 2010; 

SOUZA-BASTOS; FREIRE, 2011; THERON et al., 2014). In the present study, the 

hydromineral balance was not affected by the PAH and MP alone and in association, 

except for the Na+ plasma concentration that was depleted in MPC in relation to CT, 

CH, and MP. Colossoma macropomum also experience decreases in Na+ plasma 

concentration with was related with increases in the passive losses of Na+ by the gills, 

indicating strong effects of the crude oil on gill ion permeability (DUARTE; HONDA; 

VAL, 2010). 

 

4.4. Muscle glycogen 

During the metabolization of contaminants, there is an increases of the basal 

metabolism (metabolic rate) due to the increases of the metabolic vias for homeostasis 

maintenance (WENDELAAR BONGA, 1997). In the present work, fish exposed to MP, 

PAH, MPC and HPA+MP had depletion of the muscle glycogen concentration in 

relation to CT e CH. The same way, Karami et al. (2016) found a significantly dose-

dependent reduction in the muscle and liver glycogen contents of the catfish Clarias 

garieoinus exposed to the water soluble fraction petrol indicated that metabolism of 

carbohydrates was impaired. Fish usually increase their metabolic rates to metabolize 

and excrete aromatic hydrocarbons to allocate greater amount of energy to 

homeostatic maintenance than its storage, leading to a reduction in stored energy food 

reserves. Also, behavior changes during the exposure to environmental stressors, like 

PAH and MP, can increases the glycolysis and the cortisol release to the blood stream. 

In fish, high intensity exercise results in a near total depletion of white muscle glycogen 

stores. In fact, A. lacustris during the experiment presented changes of the behavior, 

in relation to CT e CH, where fish were restless. The increases of the natatory activity 

together with the stress of been exposed to the contaminants, with could increases the 

circulating cortisol, could be a feasible explanation for the depletion of the muscle 
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glycogen in MP, PAH, MPC and HPA+MP, in relation to CT e CH. In fact, according to 

Milligan (2003), the elevated plasma cortisol level appears to be inhibitory to 

glycogenesis, as there is no evidence of net muscle glycogen synthesis until cortisol 

levels begin to decline. Moreover, the inhibition of regulatory enzymes of glycogen 

synthesis might be responsible for the depleted glycogen content when fish are 

exposed to contaminants (RADHAIAH; JAYANTHA RAO, 1990). 

 

5. Conclusion 

In the present work, the virgin MP was able to cause ENA and depletion of 

muscle glycogen, which indicates that changes in the metabolism was caused by the 

virgin MP. However, the MP loaded with PAH and the virgin MP in association with 

PAH were more toxic than the PAH and MP alone, with no differences between the 

treatments with the MPC and PAH+MP. In this sense, with our results we can infer that 

there are no differences in the toxicity of the MP previously contaminated with the PAH 

and the virgin MP in association with PAH. 

 

6. References 

AL-KINDI, A. Y. A. et al. Endocrine, osmoregulatory, respiratory and haematological 
parameters in flounder exposed to the water soluble fraction of crude oil. Journal of 
Fish Biology, v. 49, n. 6, p. 1291–1305, 1 dez. 1996.  

AL-KINDI, A. Y. A.; BROWN, J. A.; WARING, C. P. Endocrine, physiological and 
histopathological responses of fish and their larvae to stress with emphasis on 
exposure to crude oil and various petroleum hydrocarbons. Sultan Qaboos 
University Journal for Science [SQUJS], v. 5, p. 1, 2000.  

ANNIKA BATEL, FREDERIC LINTI, MARTINA SCHERER, LOTHAR ERDINGER,  
AND T. B. Plastic Debris in the Aquatic Environment FURTHER TO ZEBRAFISH VIA 
A TROPHIC FOOD WEB EXPERIMENT : CYP1A INDUCTION. v. 35, n. 7, p. 1656–
1666, 2016.  

ARAÚJO, A. P. DA C. et al. Toxicity evaluation of the combination of emerging 
pollutants with polyethylene microplastics in zebrafish: Perspective study of 
genotoxicity, mutagenicity, and redox unbalance. Journal of Hazardous Materials, 
v. 432, p. 128691, 2022.  

AYANDA, I. O. et al. Cytotoxic and genotoxic effects of perfluorododecanoic acid 
(PFDoA) in Japanese medaka. Knowl. Manag. Aquat. Ecosyst., n. 419, 2018.  

BARRON, M. . et al. Are aromatic hydrocarbons the primary determinant of 
petroleum toxicity to aquatic organisms? Aquatic Toxicology, v. 46, n. 3–4, p. 253–
268, 1 ago. 1999.  



21 
 

BRADFORD, M. M. A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Analytical 
Biochemistry, v. 72, n. 1–2, p. 248–254, 1976.  

BRAUNER, C. J. et al. Crude oil exposure affects air-breathing frequency, blood 
phosphate levels and ion regulation in an air-breathing teleost fish, Hoplosternum 
littorale. Comparative Biochemistry and Physiology - C Pharmacology 
Toxicology and Endocrinology, v. 123, n. 2, p. 127–134, 1999.  

BROWN, D. R. et al. Developmental exposure to a complex PAH mixture causes 
persistent behavioral effects in naive Fundulus heteroclitus (killifish) but not in a 
population of PAH-adapted killifish. Neurotoxicology and Teratology, v. 53, p. 55–
63, 2016.  

COLE, MATTHEW; LINDEQUE, PK; HALSBAND, C. ET AL. Microplastics as 
contaminants in the marine environment: a review. Marine Pollution Bulletin, v. 
691, p. 848–857, 2016.  

COLLIER, T. K. et al. Effects on Fish of Polycyclic Aromatic HydrocarbonS 
(PAHS) and Naphthenic Acid Exposures. [s.l: s.n.]. v. 33 

CORMIER, S. M.; DANIEL, F. B. Biomarkers: Taking the science 
forwardEnvironmental Toxicology and Chemistry, 1994.  

DAL PONT, G. et al. Acute exposure to the water-soluble fraction of gasoline 
(WSFG) affects oxygen consumption, nitrogenous-waste and Mg excretion, and 
activates anaerobic metabolism in the goldfish Carassius auratus. Comparative 
Biochemistry and Physiology Part C: Toxicology & Pharmacology, v. 226, p. 
108590, 2019.  

DANTAS, D. V.; BARLETTA, M.; DA COSTA, M. F. The seasonal and spatial 
patterns of ingestion of polyfilament nylon fragments by estuarine drums 
(Sciaenidae). Environmental Science and Pollution Research, v. 19, n. 2, p. 600–
606, 2012.  

DESTRO, A. L. F. et al. Effects of subchronic exposure to environmentally relevant 
concentrations of the herbicide atrazine in the Neotropical fish Astyanax altiparanae. 
Ecotoxicology and Environmental Safety, v. 208, n. November 2020, 2021.  

DUARTE, R. M.; HONDA, R. T.; VAL, A. L. Acute effects of chemically dispersed 
crude oil on gill ion regulation, plasma ion levels and haematological parameters in 
tambaqui (Colossoma macropomum). Aquatic Toxicology, v. 97, n. 2, p. 134–141, 
15 abr. 2010.  

EVANS, D. H.; PIERMARINI, P. M.; CHOE, K. P. The multifunctional fish gill: 
Dominant site of gas exchange, osmoregulation, acid-base regulation, and excretion 
of nitrogenous waste. Physiological Reviews, v. 85, n. 1, p. 97–177, 1 jan. 2005.  

GARUTTI, V.; BRITSKI, H. A. Descrição de uma espécie nova de Astyanax 
(Teleostei: Characidae) da bacia do alto rio Paraná e considerações sobre as 
demais espécies do gênero na bacia. Comunicações do Museu de Ciências da 
PUCRS (série zoologia), v. 13, p. 65–88, 2000.  



22 
 

GEYER, R.; JAMBECK, J. R.; LAW, K. L. Production, use, and fate of all plastics 
ever made - Supplementary Information. Science Advances, v. 3, n. 7, p. 19–24, 
2017.  

GIORGI DAL PONT. EFFECTS OF PETROLEUM HYDROCARBONS TO 
TROPICAL AND TEMPERATE FISH SPECIES: A TOXICITY AND 
MULTIBIOMARKER APPROACH FOR THE ASSESSMENT OF ENVIRONMENTAL 
CONTAMINATION. [s.l: s.n.]. 

GOMES, C. F. S. et al. Multicriteria decision making applied to waste recycling in 
Brazil. Omega, v. 36, n. 3, p. 395–404, 2008.  

GROSELL, M.; PASPARAKIS, C. Physiological Responses of Fish to Oil Spills. 
Annual Review of Marine Science, v. 13, p. 137–160, 2021.  

GUO, X. et al. Sorption of Four Hydrophobic Organic Compounds by Three 
Chemically Distinct Polymers: Role of Chemical and Physical Composition. 
Environmental Science & Technology, v. 46, n. 13, p. 7252–7259, 3 jul. 2012.  

GUVEN, O. et al. Microplastic does not magnify the acute effect of PAH pyrene on 
predatory performance of a tropical fish (Lates calcarifer). Aquatic Toxicology, v. 
198, n. April, p. 287–293, 2018.  

HAMED, M. et al. Microplastics-Induced Eryptosis and Poikilocytosis in Early-
Juvenile Nile Tilapia (Oreochromis niloticus). Frontiers in physiology, v. 12, p. 
742922, 28 set. 2021.  

HAMED, M.; SOLIMAN, H. A. M.; SAYED, A. E.-D. H. Ameliorative effect of Spirulina 
platensis against lead nitrate–induced cytotoxicity and genotoxicity in catfish Clarias 
gariepinus. Environmental Science and Pollution Research, v. 26, n. 20, p. 
20610–20618, 2019.  

HONDA, M.; SUZUKI, N. Toxicities of polycyclic aromatic hydrocarbons for aquatic 
animals. International Journal of Environmental Research and Public Health, v. 
17, n. 4, 2020.  

HORTON, ALICE A.; WALTON, ALEXANDER; SPURGEON, DAVID J.; LAHIVE, 
ELMA; SVENDSEN, C. Article ( refereed ) - postprint. 2017.  

HYLLAND, K. Polycyclic Aromatic Hydrocarbon (PAH) Ecotoxicology in Marine 
Ecosystems. Journal of Toxicology and Environmental Health, Part A, v. 69, n. 
1–2, p. 109–123, 1 jan. 2006.  

JIANG, S.; YANG, J.; FANG, D. Effects of 9,10-phenanthrenequione on antioxidant 
indices and metabolite profiles in Takifugu obscurus plasma: Effects of 9,10-
phenanthrenequione. Royal Society Open Science, v. 7, n. 7, 2020.  

KAMMANN, U. et al. PAH metabolites in fish bile: From the Seine estuary to Iceland. 
Marine Environmental Research, v. 124, n. March, p. 41–45, 2017.  

KARAMI, A. et al. Virgin microplastics cause toxicity and modulate the impacts of 
phenanthrene on biomarker responses in African catfish (Clarias gariepinus). 



23 
 

Environmental Research, v. 151, p. 58–70, 2016.  

MARYAM KHANIYAN, NEGIN SALAMAT, ALIREZA SAFAHIEH, A. M.; 
DEPARTMENT. Detection of Benzo[a]pyrene-Induced Immunotoxicity in Orange 
Spotted Grouper (Epinephelus coioides) Maryam. Environmental Toxicology, 2014.  

MATSCHE, M. A. et al. High prevalence of biliary neoplasia in white perch Morone 
americana: Potential roles of bile duct parasites and environmental contaminants. 
Diseases of Aquatic Organisms, v. 141, n. 1, p. 195–224, 2020.  

MEI, W. et al. Interactions between microplastics and organic compounds in 
aquatic environments: A mini reviewScience of the Total Environment, 2020.  

MILLIGAN, C. L. A regulatory role for cortisol in muscle glycogen metabolism in 
rainbow trout Oncorhynchus mykiss Walbaum. Journal of Experimental Biology, v. 
206, n. 18, p. 3167–3173, 2003.  

MUÑOZ-PEÑUELA, M. et al. Diclofenac and caffeine inhibit hepatic antioxidant 
enzymes in the freshwater fish Astyanax altiparanae (Teleostei: Characiformes). 
Comparative Biochemistry and Physiology Part - C: Toxicology and 
Pharmacology, v. 240, n. October, p. 108910, 2021.  

OSTRENSKY, A.; PEDRAZZANI, A. S. Use of MS-222 ( tricaine methanesulfonate ) 
and propofol ( 2 , 6-diisopropylphenol ) as anaesthetics for the tetra Astyanax 
altiparanae ( Teleostei , Characidae ). v. 222, p. 3477–3488, 2016.  

PARKER, L. A whopping 91% of plastic isn’t recycled.  

PARVEZ, S.; RAISUDDIN, S. Protein carbonyls: Novel biomarkers of exposure to 
oxidative stress-inducing pesticides in freshwater fish Channa punctata (Bloch). 
Environmental Toxicology and Pharmacology, v. 20, n. 1, p. 112–117, 2005.  

PEREIRA NETTO, A. D. et al. Evaluation of human contamination with polycyclic 
aromatic hydrocarbons (PAHs) and their nitrated derivatives (NPAHs): A review of 
methodology. Quimica Nova, v. 23, n. 6, p. 765–773, dez. 2000.  

PM BIDINOTTO, G MORAES, R. S. Hepatic glycogen and glucose in eight tropical 
freshwater teleost fish: a procedure for field determinations of micro samples. 1997.  

PRITSOS, K. L. et al. Dietary intake of Deepwater Horizon oil-injected live food fish 
by double-crested cormorants resulted in oxidative stress. Ecotoxicology and 
Environmental Safety, v. 146, p. 62–67, 2017.  

PULSTER, E. L. et al. Chronic PAH exposures and associated declines in fish health 
indices observed for ten grouper species in the Gulf of Mexico. Science of The Total 
Environment, v. 703, p. 135551, 2020.  

RADHAIAH, V.; JAYANTHA RAO, K. Toxicity of the pyrethroid insecticide fenvalerate 
to a fresh water fish, Tilapia mossambica (Peters): Changes in glycogen metabolism 
of muscle. Ecotoxicology and Environmental Safety, v. 19, n. 1, p. 116–121, 1990.  

ROCHMAN, C. M. et al. Ingested plastic transfers hazardous chemicals to fish and 



24 
 

induces hepatic stress. Scientific Reports, v. 3, p. 1–7, 2013a.  

ROCHMAN, C. M. et al. Long-Term Field Measurement of Sorption of Organic 
Contaminants to Five Types of Plastic Pellets: Implications for Plastic Marine Debris. 
Environmental Science & Technology, v. 47, n. 3, p. 1646–1654, 5 fev. 2013b.  

RODRIGO ORNELLAS MEIRE; ANTÔNIO AZEREDO ; MARCIA DE SOUZA 
PEREIRA ; JOÃO PAULO MACHADO TORRES. Avaliação de hidrocarbonetos 
policíclicos aromáticos (HPAs) em Áreas de Proteção Permanente no Sudeste 
brasileiro. Ciência e Conservação na Serra dos Órgãos, p. 2–13, 2007.  

RODRIGUES, L.; BASTOS, D. S. Luciana Rodrigues de Souza Bastos Fisiologia de 
teleósteos expostos a contaminação e alterações nas concentrações de amônia , sal 
e oxigênio nas concentrações de amônia , sal e oxigênio. 2011.  

SADAUSKAS-HENRIQUE, H. et al. Validation of a suite of biomarkers of fish health 
in the tropical bioindicator species, tambaqui (Colossoma macropomum). Ecological 
Indicators, v. 73, p. 443–451, 2017.  

SADAUSKAS-HENRIQUE, H.; SOUZA-BASTOS, L. R.; SILVA, G. S. Chapter Seven 
- Oil and derivatives. In: KIBENGE, F. S. B.; BALDISSEROTTO, B.; CHONG, R. B. 
T.-A. T. (Eds.). . [s.l.] Academic Press, 2021. p. 133–187.  

SHARMA, M. D. et al. Assessment of cancer risk of microplastics enriched with 
polycyclic aromatic hydrocarbons. Journal of Hazardous Materials, v. 398, p. 
122994, 2020.  

SHIBATTA, O. A. et al. Diversidade e distribuição de peixes na bacia do rio Tibagi. n. 
March, 2002.  

SNYDER, S. M. et al. PAH Exposure in Gulf of Mexico Demersal Fishes, Post- 
Deepwater Horizon. Environmental Science and Technology, v. 49, n. 14, p. 
8786–8795, 2015.  

SOLTANI, T. et al. Interactions of oxidative DNA damage and CYP1A gene 
expression with the liver enzymes in Klunzinger’s mullet exposed to benzo[a]pyrene. 
Toxicology Reports, v. 6, n. August, p. 1097–1103, 2019.  

SOUZA-BASTOS, L. R.; FREIRE, C. A. Osmoregulation of the resident estuarine fish 
Atherinella brasiliensis was still affected by an oil spill (Vicuña tanker, Paranaguá 
Bay, Brazil), 7 months after the accident. Science of The Total Environment, v. 
409, n. 7, p. 1229–1234, 1 mar. 2011.  

THERON, M. et al. Chemical dispersion of crude oil: Assessment of physiological, 
immune, and antioxidant systems in juvenile turbot (Scophthalmus maximus). Water, 
Air, and Soil Pollution, v. 225, n. 3, 2014.  

TINCANI, F. H. et al. Climbing the taxonomic ladder: Could a genus be used as 
bioindicator? The ecotoxicological relationship between biomarkers of Astyanax 
altiparanae, Astyanax bifasciatus and Astyanax ribeirae. Ecological Indicators, v. 
106, n. December 2018, p. 105474, 2019.  



25 
 

WAGNER M, LAMBERT S, L. M. Freshwater microplastics. Springer International 
Publishing Cham, Switzerland; 2018. 2018.  

WENDELAAR BONGA, S. E. The stress response in fish. Physiological Reviews, v. 
77, n. 3, p. 591–625, 1 jul. 1997.  

YU. V. PASHIN* AND L. M. BAKHITOVA*. Mutagenic and carcinogenic action of 
some polycyclic aromatic hydrocarbons. Bulletin of Experimental Biology and 
Medicine, v. 88, n. 5, p. 1336–1339, nov. 1979.  

YUNKER, M. B. et al. <Yunker-2002-PAHs in the Fraser R.pdf>. Organic 
Geochemistry, v. 33, p. 489–515, 2002.  

ZHANG, H. et al. Enhanced adsorption of oxytetracycline to weathered microplastic 
polystyrene: Kinetics, isotherms and influencing factors. Environmental Pollution, v. 
243, p. 1550–1557, 2018.  

ZUO, L.-Z. et al. Sorption and desorption of phenanthrene on biodegradable 
poly(butylene adipate co-terephtalate) microplastics. Chemosphere, v. 215, p. 25–
32, 2019.  

 


