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Abstract: Aim: Paracetamol (PCM), or acetaminophen, is one of the most used drugs for human
treatment of pain and fever. Since it has often been found in the aquatic environment, the aim of this
study was to investigate the effects of PCM on the reproductive axis of male Rhamdia quelen catfish.
Methods: Different biomarkers were evaluated in hypothalamus, liver and gonads, as well as the plasma
sexual hormone quantification. The fish were exposed to three PCM concentrations: 0.25, 2.5 and 25 pg.L'!
and to a control group (solvent acetone 0.0003%). After 14 days of exposure, fish were anesthetized, for
blood sampling and biometrics, and after euthanasia, the tissues were sampled. Plasma was used for 11- keto
testosterone and 17 - estradiol quantification. The hypothalamus was collected for brain aromatase
(eyp19a1b) gene expression; the liver for the vitellogenin (vzg) gene expression and biochemical biomarkers;
and gonad for the biochemical and histological biomarkers analyses. Results: No alterations were observed
in the hormone’s levels, sexual maturation level or in ¢ypl941b and vtg gene expression. In the liver the
non-protein thiols concentration increased at 2.5 pg.L"' of PCM, and the superoxide dismutase (SOD)
activity was reduced at 0.25 pg.L'! of PCM. In gonads, glutathione S-transferase (GST) activity decreased and
SOD activity increased at 25 pg. L' of PCM, while the glutathione peroxidase (GPx) activity reduced after
exposure to both PCM concentrations. Conclusion: The results showed that environmental concentrations
of PCM can cause alterations in the antioxidant system, mainly in the gonads of R. quelen males. However,
without significant change in the hormones levels or in the expression of genes related to the reproduction
axis. These alterations occurred at concentrations already found in aquatic environment, including in Brazil.
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Resumo: Objetivo: O paracetamol (PCM), ou acetaminofeno, é um dos medicamentos mais
utilizados no tratamento humano da dor e da febre. Por ser frequentemente encontrado no ambiente
aqudtico, o objetivo deste estudo foi investigar os efeitos do PCM no eixo reprodutivo de machos
do bagre Rhamdia quelen. Métodos: Diferentes biomarcadores foram avaliados no hipotdlamo,
figado e gonadas, bem como a quantificagio de hormdnios sexuais. Os peixes foram expostos a trés
concentragoes de PCM: 0,25, 2,5 e 25 pg.L" e ao grupo controle (solvente acetona 0,0003%) e apds
14 dias foram anestesiados para coleta de sangue e biometria, e a eutandsia foi feita para coleta de
tecidos. Do sangue foi obtido plasma para quantificacao de 11- keto testosterona e 17§ - estradiol.
O hipotdlamo foi coletado para a expressao do gene da aromatase cerebral (cyp19a1b); o figado para a
expresso do gene da vitelogenina (vzg) e biomarcadores bioquimicos; e gdnadas para os biomarcadores
bioquimicos e histolégicos. Resultados: Nao foram observadas alteragoes nos niveis hormonais, no
nivel de maturagdo sexual ou na expressio dos genes cypl9a1b e vrg. No figado, a concentragio de
tidis ndo protéicos aumentou em 2,5 pg.L! de PCM, e a atividade da superéxido dismutase (SOD) foi
reduzida em 0,25 pg.L"' de PCM. Nas gonadas, a atividade da glutationa S-transferase (GST) diminuiu
caatividade da SOD aumentou em 25 pg.L' de PCM, enquanto a atividade da glutationa peroxidase
(GPx) diminuiu apds a exposicdo a ambas as concentra¢des de PCM. Conclusées: Esses resultados
mostraram que concentragdes ambientais de PCM podem causar alteracoes no sistema antioxidante,
principalmente nas gonadas de machos de R. quelen, porém sem alterar significativamente os niveis
hormonais ou a expressio de genes relacionados ao eixo reprodutivo. Essas alteragées podem ocorrer
em concentragdes jd encontradas em ambientes aqudticos, inclusive no Brasil.

Palavras-chave: acetaminofeno; desregulador endécrino; contaminante emergente; peixe.
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1. Introduction

The population growth leads to the increased use
of pharmaceutical products to improve life quality.
They are emerging contaminants due to the presence
in water in low concentrations and not included in
legislation related to water quality. Therefore, they
are an environmental issue once they can reach
the water bodies, by the sewage containing human
and animal excreta, industrial waste or by incorrect
disposal (Ebele et al., 2017).

The analgesic and antipyretic drug, such as
paracetamol (PCM), also called acetaminophen is
one of the most therapeutic molecules used, and
can consequently contaminate aquatic ecosystems
(Parolini, 2020). In Brazil, for example, it has already
been considered one of the drugs with the highest
prevalence in use by children (Pizzol et al., 2016).
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However, it is a drug responsible for the poisoning
of many adults in the country, whether intentional
or not (Okuyama et al., 2022). PCM is being found
in water bodies worldwide (Phong Vo et al., 2019;
Wilkinson et al., 2022). The global average detected
in surface waters is around 0.161 pg.L', with a
maximum of 230 pg.L". In the Latin America and
Caribbean region, the average is 0.74 pg.L" with a
maximum of 37 pg.L" (Aus der Beek et al., 2016).
In Brazil, concentrations of 3 and up to 42 pg.L"
were found (Veras et al., 2019).

Adverse effects have already been found in aquatic
biota, either in invertebrates and/or in vertebrates,
such as oxidative stress in the microcrustacean
Daphnia magna Straus, 1960 (Liu et al., 2019),
neurotoxicity in the estuarine polychaeta Hediste
diversicolor O.F. Miiller, 1776 (Barbosa et al., 2020),
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nephrotoxicity in the catfish Rhamdia quelen
Quoy & Gaimard, 1824 (Perussolo et al., 2019)
and alterations in embryonic development in the
fish Cyprinus carpio Linnaeus, 1758 (Gutiérrez-
Noya et al., 2021). Besides these effects, there
is a concern related to its potential action as an
endocrine disruptor (Ebele et al., 2017). It has
been demonstrated that PCM is able to alter
sex hormones levels (Cohen et al., 2018) and
estrogen/androgen receptor (Kar et al., 2021). In
a 21-day subchronic water exposure, for example,
2.5 pg.L'! of PCM was able to reduce testosterone
and increase estradiol levels in catfish Rhamdia
quelen, in addition to reducing spermatogenesis
(Guiloski et al., 2017).

To evaluate the endocrine disrupting action of
contaminants in fish, in addition to hormones and
their receptors quantification, other parameters
can be measured, including the expression of
genes related to reproductive cycle. In most studies
and in OECD guidelines, vitellogenin is used
as a biomarker of endocrine disruption in fish.
However, impairment of the liver, for example, the
organ that produces this protein, can also lead to
changes in its expression or production in some
cases (Baumann et al., 2020). Thus, other organs
and parameters that may result in indirect changes
in these deregulation parameters must be evaluated.
In this way, hypothalamus, pituitary, liver and
gonad are the targeted tissues for composing the
HPLG axis also known as the reproductive axis
(Hachfi et al., 2012).

The native Neotropical species Rhamdia quelen
can be used to evaluate the endocrine effects of drugs
(Guiloski et al., 2017; Vicentini et al., 2022). This
catfish is one of the favorites of local aquaculture due
to its commercial value and its growing conditions
(Montanha et al., 2011). It has distribution
from the south of South America to the south of
Mexico, being distributed in the regions of Brazil
(Gomes et al., 2000). There are reports of these
animals in the state of Goids (Aratjo & Tejerina-
Garro, 2007), Rio de Janeiro (Venancio et al.,
2010), Minas Gerais (Casatti & Castro, 2006), Sao
Paulo (Negrelli et al., 2019), Parand (Carvalho et al.,
2022), Santa Catarina (Guerini et al., 2014) and
Rio Grande do Sul (Corréa et al., 2010), for
example. It is an omnivorous species, whose sexual
maturity is reached in the first year of life and
has two reproductive peaks (spring and summer)
(Montanha et al., 2011).

The present study aimed to investigate the PCM
potential effect as an endocrine disruptor in males
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of the Neotropical fish Rhamdia quelen, assessing
biochemical and molecular biomarkers such as
vitellogenin and brain aromatase in the HPLG axis.

2. Material and Methods
2.1. Animal acclimation and experimental design

The adult males of Rhamdia quelen fish
(13.89 £ 2.10 cm, 24.73 + 1.85 g) obtained in
the pisciculture of the Universidade Estadual do
Oeste do Parand (UNIOESTE) were acclimatized
for 30 days in laboratory, under controlled
conditions (constant aeration, temperature of
25 + 2 °C, photoperiod of 12h and daily feed).
After this period, the animals were separated
into four different groups of exposure: three test
groups (0.25, 2.5 and 25 pg.L'! of PCM) and one
control (acetone 0.0003%), in three replicates per
group. During the experiment, 50% of water was
daily exchanged, containing 10% of the initial
paracetamol/acetone concentration, according to
degradation data found by Perussolo et al. (2019).
The experimental conditions were the same as the
acclimation period (constant aeration, temperature
of 25 £ 2 °C, photoperiod of 12h and daily feed).
After 14 days of exposure, each fish was individually
exposed immersed for 1-3 minutes in a glass
container with benzocaine in a concentration of
0.1 pg.L". The blood was taken from the caudal
vein and centrifuged (2000xg for 5 minutes).
The plasma obtained was used for hormonal
quantification. The fish was immersed again in
benzocaine bath and euthanasia was performed by
medullary section. After this, hypothalamus, liver
and gonad were taken and frozen at -80 °C for
molecular and biochemical biomarkers. A portion
of each gonad was prepared for the histological
analysis. This experiment was approved by the
Ethics Committee for the Use of Animals of the
Universidade Federal do Parand (UFPR) under the
number 995. The PCM concentration during the
exposure and water physico-chemical parameters
are described in Perussolo et al. (2019).

This study was carried out following the rules
and approved by the Ethics Committee on Animal
Use of the Universidade Federal do Paran4 (UFPR)
under number 995.

2.2. Gonado and hepatosomatic index

The gonadosomatic (GSI) and hepatosomatic
(HSI) indexes were calculated by the following
Equation 1:

GSI or HSI = (gonad or liver weight | body weight)x 100 (1)
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2.3. Hormone quantification

To determine 17f- estradiol and 11- keto
testosterone levels, 25 pL and 50 pL of plasma
were used, respectively. The method applied
was enzyme-linked Immunosorbent assay
(ELISA) by the use of commercially available kits
(17B- Estradiol from IBL International and 11- Keto
Testosterone from Cayman Chemical). Analyzes were
performed as described by the manufacturers and
concentrations were expressed in pg.mL™.

2.4. Molecular biomarkers

Hypothalamus and liver were used to cyp19a1b
and vig expression, respectively. The total RNA was
extracted with the RNeasy minikit (QIAGEN),
following the manufacturer’s instructions. After
extraction, 1 pg of RNA from hypothalamus and
2 pg from the liver was treated with DNAse I
(Invitrogen). With Reverse Transcription System
(Promega), the treated RNA was retrotranscribed
into complementary DNA (cDNA). This material
was submitted to a quantitative PCR (qPCR).

For ¢yp19a1b,80 ngof cDNA, 12.75 pL of Master
Mix (Promega), 0.8 pM of each primer (cyp1 921 bFw:
5'-GCAGAAGTTACCGTTGATGGA-3" and
oypl9albRv: 5'-TTG GCTTTAGGGAAGAAC-3',
Silva de Assis et al., 2018) and RNAse free water
to a final volume of 25 pL were added at each
reaction. For vrg, 40 ng of cDNA, 10.2 pL of
Master Mix (Promega), 1.2 pM of each primers
(vtgfw: 5- CATCATTGCTCGTGCTGTCA- 3’;
vtgRv: 5°- AGAGGCAACCACAACCTGTA-3,
Fernandes et al. (2021) and RNAse free water for
a final volume of 20 pL were used. The beta actin
gene was applied as reference gene for the both
cyp19alb and vig genes expression analysis (BacFw:
5'-CACTGGTATTGTGATGGACTC-3" and
BacRv: 5'-TCATGAGGTAGTCAGTCAGGTC-3/,
Silva de Assis et al., 2018). For each treatment was
used RNA of all the group samples and for each
plate was used a control of reaction. The qPCR
was carried in two replicates for each sample in
96-well plates (MicroAmp®) in a StepOnePlus
Real Time PCR System device. For ¢yp19a1b and
beta actin, the cycling parameters were 2 minutes
at 95 °C and 40 cycles of 15 seconds at 95 °C, 15
seconds at 59 °C and 30 seconds at 72 °C. For vzg,
the parameters were 2 minutes at 95 °C and 40
cycles of 15 seconds at 95 °C, 15 seconds at 59 °C,
40 seconds at 72 °C. For all these genes, controls of
no reverse transcription of samples and control of
the plate reaction was carried out to ensure that no
genomic DNA was present. The relative expression
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of ¢cyp19a1b and vig was calculated following Livak
& Schmittgen (2001).

2.5. Biochemical biomarkers

Liver and gonad were homogenized in
potassium phosphate buffer 0.1 M pH 7, in
proportion 1:10 (weight/volume). The samples
were centrifuged at 15.000 x g for 30 minutes at
4 °C. Supernatant aliquots for all analyzes were
kept at -80 °C.

The total proteins were quantified following
the method of Bradford (1976). Ethoxyresorufin-
O-deethylase (EROD) activity was measured
based on Burke & Mayer (1974) using 2.6 pM
of nicotinamide adenine dinucleotide phosphate
(NADPH) and 2.6 pM of 7-ethoxyresorufin
solution. The activity of the glutathione
S-transferase (GST) enzyme was measured using
3 mM of 1-chloro-2,4-nitrobenzene (CDNB)
and L-Glutathione reduced, based on Keen et al.
(1976). Superoxide dismutase (SOD) activity was
measured according to Gao et al. (1998), using
15 mM of pyrogallol. The activity of catalase
(CAT) was based on Aebi (1984), in which the
consumption of the 20 mM hydrogen peroxide
reaction is measured. Glutathione peroxidase
(GPx) activity was measured by the method of
Hafeman et al. (1974), in which the consumption
of the 1.5 mM hydrogen peroxide present in
a solution is measured. The non-protein thiols
concentration (GSH) was measured based on
Sedlak & Lindsay (1968) and for lipoperoxidation
(LPO) level measurement was used the FOX
method (Ferrous Oxidation), proposed by
Jiang et al. (1992).

2.6. Histological biomarker

Gonadal fragments were fixed in ALFAC
solution (alcohol 80%, formaldehyde 40% and
acetic acid 100%) for 20 h. After this, they were
dehydrated in alcoholic series (70%, 80%, 90%
and 100%), diaphanized in xylol and included in
Paraplast®. Seven pm thick sections were stained
with hematoxylin-eosin (HE) and the slides were
analyzed under light microscopy for evaluation of
the gonadal stage.

2.7. Data analysis

The biomarkers results were submitted to
generalized linear model (GLM) analysis, suggested
for ecotoxicological data (Szdcs & Schifer, 2015),
after an outlier analysis. The models were adjusted
through Gamma, Gamma (identity), Gaussian,
Inverse Gaussian and quasipoisson error distributions.



A multibiomarker approach to investigate paracetamol effects...

One-way analysis of variance (ANOVA) was
performed, with Ismeans contrasts (p < 0.05).
Non-metric multidimensional scaling (nMDS)
was performed for the integrated comparison of
all biomarkers, using MASS and vegan libraries
(Oksanen et al., 2015). The statistical analyses were
made in R (3.2.2. version).

3. Results
3.1. Gonado and hepatosomatic index

The gonadosomatic (GSI) and hepatosomatic
(HSI) indexes did not present significant alterations
compared to control (Figure 1). However, fish
exposed to 25 pg.L! of PCM have presented higher
HSI than those exposed to 0.25 pg.L'! (p = 0.031;
Figure 1B).

3.2. Hormone quantification

Plasma 17-estradiol and 11- keto testosterone
levels did not present significant alterations in fish
exposed to PCM, but fish exposed t0 2.5 and 25 pg.L"!
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of PCM showed a reduction of approximately 66%
in 17pB-estradiol level comparing to control group
(Figure 2).

3.3. Molecular biomarkers

The hypothalamic ¢yp 19416 and the hepatic vzg
expression did not change significatively by PCM
exposure (Figure 3).

3.4. Biochemical biomarkers

In the liver, EROD and GST activities, enzymes
related to the biotransformation process, were
not significantly altered in the PCM presence.
Although, GSH concentration (p < 0.001) presented
a significant increase in fish at 2.5 pg.L"! group
compared to the fish from control and 0.25 pg.L!
groups. Regarding the antioxidant system, CAT and
GPx enzymes activities were not significantly affected
in fish PCM exposed groups. However, SOD activity
was lower in fish at 0.25 pg. L' group when compared
to control and 25 pg.L"! groups (p < 0.001).
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Figure 1. Gonado (A) and hepatosomatic index (B) of Rhamdia quelen males exposed to paracetamol. The results are
expressed as mean + standard error. Different letters indicate significant differences (p < 0.05).
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Figure 2. 17f- estradiol (A) and 11- keto testosterone (B) of Rhamdia quelen males exposed to paracetamol. The
results are expressed as mean + standard error. Different letters indicate significant differences (p < 0.05).
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The fish at 0.25 pg.L! group presented lower LPO
levels than those observed in the fish from other
groups, including control (p < 0.001; (Figure 4).
In gonads, GST activity decreased in fish
from 25 pg.L' group compared to control
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(p = 0.029). SOD had its activity increased by
75% in fish from 0.25 pg.L'! group compared to
those from 25 pg.L" (p < 0.01). Fish from groups
exposed to PCM showed a reduction in GPx
activity when compared to control (p < 0.001).
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Figure 3. Hypothalamic ¢yp19416 and hepatic vig expression in Rhamdia quelen males exposed to paracetamol. The
results are expressed as mean + standard error. Different letters indicate significant differences (p < 0.05).
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letters indicate significant differences (p < 0.05).
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Figure 6. Frequency of different gonadal maturation
stage in Rhamdia quelen males exposed to paracetamol.

LPO levels showed no difference between treatments

(Figure 5).
3.5. Histological biomarker

Most of the gonads were in development stage,
with no sperm formation (Figure 6). Some animals,
both in control and PCM treatments groups, were
either able to sperm (seminiferous tubules full of
sperm, Figure 7) or had already sperm (seminiferous
tubules were not so full of sperm, especially in the
center of the gonad).

3.6. Multivariate analysis

The nMDS presented a stress of 0.2248. The
PCM groups that were most spatially distant from
the control group, focusing on the right quadrants
(Figure 8).
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Figure 7. Developing testis of Rhamdia quelen male, few
seminiferous tubules containing sperm (yellow arrow).
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Figure 8. Multivariate analysis (nMDS) of Rhamdia
quelen males exposed to paracetamol, with the biomarkers
(except histological biomarker) represented in two axis.
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3. Discussion

In our study, paracetamol was able to change
biochemical biomarkers in tissues related to
reproduction. During the PCM metabolism, the
cell produces N-acetyl-p-benzoquinoneamine
(NAPQI), a toxic bioactive metabolite that must be
excreted for not causing oxidative stress (Santos etal.,
2020). One way for this neutralization is through
conjugation with glutathione that significantly
increased in fish exposed to 2.5 pg.L' PCM after
14 days. In the presence of high concentrations of
PCM, cofactors such as sulfate, glucuronic acid
and glutathione are eventually depleted and the
metabolite can accumulate, causing damage for
the cells (Masteling et al., 2016). However, at the
highest tested concentration an increase in GSH
was not observed as well as lipid-type cell damage.
The GSH induction occurred at the median
concentration. The increase in GSH indicates the
reduction of paracetamol-induced liver damage
(drug-induced liver damage) in these conditions.
This prevents damage caused by NAPQI, such as
oxidative stress, nuclear DNA fragmentation and
mitochondrial dysfunction (Saide et al., 2019).
Acting on the electron transport chain in the
mitochondria, NAPQI can influence the body’s
energy metabolism and lead to tissue necrosis
that is being avoided, in this case, by neutralizing
the paracetamol metabolite (Ramachandran &
Jaeschke, 2019).

Unlike the hepatic tissue, the gonadal tissue
showed alterations of the enzyme activity of
the biotransformation system (GST) and the
antioxidant system (SOD and GPx) after 14 days
of exposure. These results are differently than
expected, since the enzyme activities changes in
this tissue are more difficult to detect than in the
liver (Hamed et al., 2016). In this case, there was a
reduction in GST and GPx activities at 25 pg.L".
"This could mean a lack of the substrate such as GSH,
a cofactor for these enzymes. Although it was not
measured in this tissue, it can be induced to prevent
the effects of NAPQI, the bioactive metabolite.
As PCM was able to alter the biotransformation
and antioxidant system in gonads after 14 days
of exposure, it was sufficient to prevent damage
to macromolecules such as lipids. Therefore, all
the alterations can alter the gonads homeostasis
and cause some effect in the reproduction such
as the disruption of gonad development and sex
differentiation, affecting the number of germ cells,
leading to episodes of sterility, mainly at a long-term
exposure (Delbes et al., 2022).
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About sex hormone levels of Rhamdia quelen
males, 17f-estradiol and 11-keto testosterone did
not show significant changes. Despite estrogen
showing a reduction in the highest concentrations
tested, this difference was not significant. No
alterations for estradiol and 11-keto testosterone
levels was observed in Danio rerio Hamilton,
1822 exposed to 0.5 and 10 pg L' of PCM for
6 weeks (Galus et al., 2013). However, for the
same species used in this study, Rhamdia quelen,
exposed to 0.25 pg.L" and 2.5 pg.L'! of PCM for
21 days, a reduction in 11- keto testosterone levels
and an increase in estradiol levels were observed
(Guiloski et al., 2017). Comparing the results it
seems that exposure time plays a role in the potential
of PCM as endocrine disruptor, at least in male
fish. These results may influence other parameters,
such as the expression of some genes related to
reproduction.

In this study, important genes for the fish
reproductive process in the hypothalamus and
liver were evaluated. Based on the literature we
expected a change in the hypothalamic ¢yp19416
and the hepatic vig expression, as it has already
been observed in other fish species (Dang, 2014;
Lin etal., 2018). It has been reported that exposure
to PCM for 90 days resulted in concentration-
dependent increase of the vitellogenin protein
concentration in liver of male medaka fish
(Oryzias latipes Temminck & Schlegel, 1846), from
0.095 t0 950 pg.L! (Kim et al., 2012). Therefore,
these gene expressions were not significantly affected
by PCM after 14 days of exposure. Generally,
the alterations are observed in some fish species
after longer-term exposure. The tested conditions
in this study such as exposure time and PCM
concentration were not able to induce vitellogenin
and brain aromatase expression. The vzg induction
is expected, since this protein is not normally
expressed in males, only in cases of estrogen
induction (Dang et al., 2011; Dang, 2014). The
same was expected for the ¢yp19a1b, responsible for
converting estradiol into testosterone, with estradiol
being the signaling hormone for the production of
vitellogenin (Silva de Assis et al., 2018).

Vitellogenin induction can also be indirectly
visualized by histology, through the yolk present
in reproductive cells in females (Juin et al., 2017).
However, if vitellogenin is somehow being induced
in males, other changes should be seen, such as a
reduction in male gametes, developmental delay
or the presence of female germ cells (Forner-
Piquer et al., 2020; Mushirobira et al., 2021).
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Therefore, in the present study no alterations were
observed in the histology of the gonads, being
possible to visualize all stages of gametogenesis.
This results is are the same observed for males
of Danio rerio after 6 weeks of PCM exposure at
0.5 and 10 pg.L!, that showed all spermatogenesis
stages, including spermatozoa, with no observable
effect on testis morphology (Galus et al., 2013).
For the same species of this study, Rhamdia
quelen, exposed for 21 days at 0.25 pg.L!, males
showed similar conditions with cells at different
stages of development. However, at exposure to
2.5 pg.L, spermatogenesis inhibition was observed,
emphasizing that, PCM can become estrogenic in a
longer-term exposure (Guiloski et al., 2017). In the
present study, the non-visualization of alterations in
the gonads can means that the biotransformation
and antioxidant system altered were not able to
cause histological damage.

Vitellogenin and gonadal histology have been
showing sensitive endpoints for fathead minnow,
medaka and zebrafish in 21-day assays for most
endocrine disruptors (Dang et al., 2011). These
endpoints can be different for different organisms.
For crustaceans, for example, the young number
per adult or per brood were used as disruption
biomarker. For Moina macrocopa Straus, 1820, after
7 days of exposure to PCM, adults had no change in
the offspring number, but between concentrations
0950 and 8580 pg.L* (Kim etal., 2012). For fish,
concentration and exposure time were important
for the biochemical responses of detoxification and
the antioxidant system in the liver of Oncorhynchus
mykiss Walbaum, 1792, an important reproductive
organ for producing vitellogenin (Ramos et al.,
2014). For Rhamdia quelen, vitellogenin and
gonadal histology were not sensitive for PCM
exposure for 14 days exposure. The present study
demonstrated that parameters normally indicated
for endocrine disruption studies may not always be
used in a general way. These parameters related to
reproductive axis may be affected in the long-term
exposure, making the exposure time an important
factor to be evaluated.

Many factors can affect an endocrine disruptor
effect. Some modulating factors must be considered,
such as temperature, photoperiod, water quality,
feeding rate, feed composition, population density,
population sex ratio and individual genetics (Wang,
2018). For example, differences of 48 h EC50
results from PCM to Daphnia magna have already
been described. One of the possible justification
for such results is the nutrition. This can affect
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glutathione metabolism, which is a metabolic
pathway used for PCM metabolism and excretion,
and feed composition is something that may vary
among studies (Nunes et al., 2014). For PCM,
other factors can also be considered, such as size
and exposure time, are important factors for PCM
toxicity. For example, in the study of Guiloski et al.
(2017) males’ fish of R. quelen heavier and bigger
than the fish of this study, were exposed to PCM for
21 days. They presented a reduction in the hepatic
activity of enzymes in the biotransformation system
and an increase in enzymes in the antioxidant
system, unlike what was found in the present
study. This information is important for studies for
studies related to endocrine disruption and for the
evaluation of tissues linked to reproduction.

In this study, by the univariate and multivariate
analyses, the most biochemical changes were
observed at 2.5 and 25 pg.L". These concentrations
have already been found in surface waters in Brazil.
Concentrations of 18 pg.L"! of PCM were found
in human environments close to the Amazon Basin
(Rico etal., 2021). In Pernambuco, concentrations
of 3 to 42 pg.L'! were found (Veras et al., 2019).
Concentrations close to those tested in this study,
from 3.4 to 30.4 pg.L", were detected in rivers
in Sdo Paulo, a region where Rhamdia quelen
has already been found (Starling et al., 2019).
In Curitiba, in the state of Parand, concentrations of
up to 0.37 pg.L'! were found, with 0.26 pg.L"!
in one of the most polluted rivers in the city
(Kyamer et al., 2015). In the same region, in a
public water supply reservoir, 0.69 pg.L! of PCM
was found (Calado et al., 2019). The concentrations
used in this study are environmentally relevant,
making studies with endocrine physiology of
Rhamdia quelen exposed to emerging contaminants
of great importance, mainly due to its commercial
value and its presence in different aquatic
environment of the country.

4. Conclusion

Paracetamol can cause sublethal effects to males
of Rhamdia quelen exposed to low concentrations
for 14 days. Effects were found mainly in relation
to biochemical biomarkers in the gonads. However,
these exposure conditions are not sufficient to
cause changes in hormones levels or genes related
to the reproductive axis expression. The results
compared with the literature, showed that factors
such as fish weight and size, gonad maturation and
exposure time are important to assess the effects
of an endocrine disruptor such as paracetamol.
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The present study demonstrated that paracetamol
concentrations already found in aquatic environments,
including Brazil, can cause sublethal effects in tissues
related to the reproductive system. At a long-term
exposure can lead reproductive changes due to the
alteration of homeostasis, such as biochemical,
genetic and histological changes of this important
axis in an important specie for South America
aquiculture and biodiversity.
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