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female populations in hormonal treatments. Further-
more, the gonads of fish exposed to the estrogens 
were smaller and less developed, without any sig-
nificant difference between E2 and EE2. Variation in 
the exposure time (one to 4 weeks) of Nile tilapia to 
estrogens (160 µg·L−1) resulted in the appearance of 
intersex individuals and the development of morpho-
logical anomalies, regardless of the exposure time.
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1  Introduction

Emerging micropollutants (EM), such as pharmaceu-
ticals, hormones, and personal care products, among 
others, are being constantly released into the environ-
ment, affecting ecosystems and public health (Harb 
et al. 2019; Proctor et al. 2021). Among the main EM, 
antibiotics have received particular attention due to 
the possibility of the development of resistant path-
ogenic bacteria in the environment, as well as endo-
crine disrupters, such as the xenoestrogen bisphenol 
A, synthetic hormones (e.g., 17α-ethinylestradiol), 
and natural hormones (estrone and 17β-estradiol), as 
they can cause disorders in the reproductive systems 
of animals and humans (Adeel et al. 2017; Khanzada 
et al. 2019; Américo-Pinheiro et al. 2020).

Abstract  This study aimed to investigate the 
effects of endocrine disruptors 17β-estradiol (E2) 
and 17α-ethinylestradiol (EE2) on Nile tilapia (Oreo-
chromis niloticus) development, focusing on gonadal 
histological factors. Concentrations of estrogens E2 
and EE2 ranging from 250 to 1000 ng·L−1 can pro-
duce intersex individuals, significantly decreasing 
the condition factor as the concentrations increased. 
These concentrations could also induce the develop-
ment of morphological anomalies. Increasing the 
concentration of estrogens by one order of magnitude 
(µg·L−1) was lethal for Nile tilapia larvae, with no 
effect on the incubation time and percentage of larvae 
hatching. Additionally, morphological anomalies and 
developmental problems were observed. Estrogens 
applied at a concentration of 160 µg·L−1 for 28 days 
caused the birth of a small number of intersex indi-
viduals in Nile tilapia, but generated almost entirely 
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The European Union (EU), through the Directive 
2013/39/EU, recently listed 45 priority substances, 
including polycyclic aromatic hydrocarbons (PAHs), 
phthalates, pesticides, metals, and endocrine-dis-
rupting chemicals (EDCs) (Ribeiro et  al., 2015). 
Seventeen compounds of emerging concern (CEC) 
were later included in EU‒Decision 2015/495/EU. 
However, pharmaceuticals, personal care products, 
and steroid hormones have not yet been included 
(Goswami et al. 2018).

The main EM sources are sewage, pharmaceutical 
and industrial treatment plants, livestock, and agri-
cultural wastewater. However, the occurrence, per-
sistence, and adverse effects of EM are highly asso-
ciated with wastewater treatment plants (WWTPs), 
which are the primary sources of EM in water bodies 
(Solaun et al. 2021; Proctor et al. 2021). EM are com-
monly found in concentrations ranging from a few 
nanograms to several micrograms per liter (Zhang 
et al. 2021; Ofrydopoulou et al. 2022), which depends 
on the water matrix being evaluated (Proctor et  al. 
2021). Studies conducted in some states in Brazil 
demonstrated that such concentrations can reach the 
order of µg·L−1 in surface waters close to large urban 
centers (Vidal et al. 2020; Coelho et al. 2020), espe-
cially due to the low sanitation coverage and WWTPs 
that are not designed to remove EDCs and other 
micropollutants.

In addition to the development of female charac-
teristics in male individuals, which causes abnormal 
vitellogenin production, low sperm count, and the 
appearance of intersex fish, EDCs can also negatively 
affect the nervous and immune systems, cause behav-
ioral disorders, and generally affect the homeostasis 
of organisms (Czarny et al. 2017). Therefore, studies 
in this area must be conducted to support discussions 
that may result in future public policies on water 
quality concerning these emerging pollutants.

The feminizing action of EDCs with estrogenic 
action has been observed in fish that live in rivers 
close to large urban centers worldwide (Meijide et al. 
2016). Additionally, laboratory tests have confirmed 
that considerably low doses of hormones, in the order 
of µg·L−1 and ng·L−1, can negatively affect the devel-
opment of several fish species (Vishnu Priyan et  al. 
2021; Adeel et al. 2017).

Nile tilapia (Oreochromis niloticus) is currently 
produced in more than 80 countries (FAO (Roma) 
2020). As it is a very robust and prolific species, it 

can be found easily in the environment, such as in 
Brazil. Studies of this species indicated that the bio-
transformation of the herbicide diuron into active 
metabolites alters signaling pathways in the central 
nervous system, which may impact androgen and the 
stress response, as well as the behavior necessary for 
social dominance, growth, and reproduction (Boscolo 
et al. 2017).

Luzio et al. (2016) evaluated the endocrine effects 
of an estrogen (EE2-17-ethinylestradiol, 4  ng·L), 
an inhibitor of estrogen synthesis (Fad-fadrozole, 
50  µg·L), or their binary mixture (Mix-EE2 + Fad, 
4 ng·L + 50 µg·L) in zebrafish (Danio rerio) develop-
ment. They found that fadrozole, alone or in combi-
nation with EE2, permanently disrupts sexual devel-
opment, induces masculinization, and causes severe 
alterations in the testis, such as the formation of 
intersex characteristics associated with sperm duct 
enlargement, interstitial changes, asynchronous devel-
opment, and basal membrane detachment. After the 
exposure, gonad histopathology revealed intersti-
tial proteinaceous fluid deposits and, in the ovaries, 
atretic oocytes and presumably degenerative mineral-
ization were observed. However, the gonadal changes 
induced by EE2 alone were partially reversible when 
the compounds were removed.

Tirado et al. (2017) evaluated the performance of 
17β-estradiol (E2) and vitellogenin (Vtg) levels in 
plasma and prostaglandins in oocytes (PGE 2) during 
the reproductive period of Nile tilapia (Oreochromis 
niloticus) in a commercial farm in Ecuador. Adult 
female fish were treated with E2 and tilapia pituitary 
extract (TP) for 25  days, and E2 supplementation 
affected the levels of Vtg per treatment (p < 0.05), 
impacting gonadal growth. Moreover, the ovaries 
showed asynchronous development, and the propor-
tions of mature oocytes were higher with E2 and TP 
than in the control. The PGE 2 concentrations dif-
fered between the treatments (p < 0.05).

Alcántar-Vázquez (2018) conducted a study to 
evaluate the effects of different combinations of 
E2, EE2, and diethylstilbestrol (DES) on sex pro-
portion, growth, and gonadal development of Nile 
tilapia. No significant differences in growth were 
observed between the groups. However, the propor-
tion of deformed gonads was higher in the groups fed 
E2-DES and E2-DES-EE2.

Therefore, studies that evaluate the effects of 
EDCs in Nile tilapia (Oreochromis niloticus), a 
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known fish species resistant to adverse water envi-
ronments, under controlled conditions are necessary, 
particularly for concentrations exceeding those found 
under normal conditions, but reported in the effluents 
of some treatment plants. Additionally, owing to the 
low dilution capacity of many surface waters, this 
problem may be potentialized. This study aimed to 
investigate the effects of endocrine disruptors E2 and 
EE2 on the development of Nile tilapia (O. niloticus), 
focusing on gonadal histological factors.

2 � Materials and Methods

2.1 � Research Location

This research was developed through a joint study 
between the Aquatic Resources Laboratory of the 
Department of Fisheries Engineering (LARAq/DEP), 
Sanitation Laboratory of the Department of Hydrau-
lic and Environmental Engineering, and Department 
of Biology, located on the campus of Pici, of the Fed-
eral University of Ceará (UFC), Fortaleza, Ceará, 
Brazil. Nile tilapia eggs (O. niloticus) were obtained 
from the Aquaculture Station of the Department of 
Fisheries Engineering, UFC.

2.2 � Experimental Design

Four experiments were conducted, each aiming 
to evaluate the effects of E2 and EE2 on Nile tila-
pia cultivation. The hormones were purchased from 
Sigma-Aldrich and used without any purification. 
Experiments 1 and 2 aimed to evaluate the effects of 
the estrogens on the sexual differentiation of Nile tila-
pia at concentrations ranging from ng·L−1 to µg·L−1 
(Table 1). In experiment 3, the effect of hormones on 
the sexual differentiation of Nile tilapia was assessed 
after 28 days. Finally, in experiment 4, we aimed to 
further our understanding of the effects of hormones 
in weekly evaluations over a 28-day cycle (Table 1). 
All treatments were tested in quadruplicate.

The nomenclature used to designate the differ-
ent treatments evaluated in this study was composed 
of three elements: (1) Arabic numerals indicat-
ing which experiment the treatment belongs to (1, 
2, 3, or 4); (2) identification of the hormone used, 
i.e., E2 (17β-estradiol), EE2 (17α-ethinylestradiol), 
C + (positive control), and C- (negative control); and 
(3) the hormonal concentration evaluated, i.e., 250, 
500, and 1000  ng·L−1 (experiment 1), 250, 500 and 
1000 µg·L−1 (experiment 2), and 160 µg·L−1 (experi-
ments 3 and 4). In experiment 4, a fourth element was 

Table 1   Chronological order of the experiments developed in this research

Estrogens: 17β-estradiol (E2) and 17α-ethinylestradiol (EE2)

Experiments Estrogen concentration Unit Period (days) Treatments

Experiment 1 1.C + 
  Hormonal exposure of fish 250, 500, and 1000 ng·L−1 28

60
1.E2-250 1.EE2-250

  Growth period 1.E2-500 1.EE2-500
1.E2-1,000 1.EE2-1,000

Experiment 2 2.C + 
  Concentration test 250, 500, and 1000 µg·L−1 7

7
28

2.EE2-250 2.EE2-250
  Egg incubation period 2.EE2-500 2.EE2-500
  Hormonal exposure of fish 2.EE2-1,000 2.EE2-1,000

Experiment 3 3.C-
  Concentration test 160 µg·L−1 7

28
122

3.C + 
  Hormonal exposure of fish 3.E2-160
  Growth period 3.EE2-160
  Experiment 4 4.E2-160–1 4.EE2-160–1
  Hormonal exposure of fish 160 µg·L−1 7, 14, 21, and 28

217
4.E2-160–2 4.EE2-160–2

Growth period 4.E2-160–3 4.EE2-160–3
4.E2-160–4 4.EE2-160–4
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added related to the period of hormonal exposure in 
weeks (1, 2, 3, or 4).

Table  2 presents a schematic representation 
of the experimental design and hormonal dose 
administration.

2.3 � Procedures Common to All Experiments

2.3.1 � Preparation of the Stock Solution 
and Administration of the Hormonal Dose

To prepare the stock solution, the hormones E2 and 
EE2 were diluted in ethyl alcohol PA in a 250-mL 
conical flask and processed in a 42-kHz ultrasonic 
processor for 120  s. Purified water (Milli-Q) was 
then added to each flask. The mixture was processed 
in an ultrasonic processor for 240  s, and a volume 
of this stock solution was carefully added to each 
experimental unit. The amounts of E2 and EE2, and 
volumes of ethyl alcohol PA, purified water (Milli-
Q), and aliquots of the stock solution added to each 
experimental unit varied according to the experiment 
and desired final concentrations, as shown in Table 3.

To ensure that the positive control (C +) was sub-
jected to the same conditions as the other treatments, 
without the presence of the hormone, ethyl alcohol 
PA was processed in an ultrasonic processor for 120 s 

in an Erlenmeyer flask; purified water was then added 
and processed for 240  s. A variable volume of this 
solution was added to each replicate. The experimen-
tal units for the negative control (C-) were prepared 
using water without adding any chemical substances.

2.3.2 � Feeding and Maintaining Water Quality

During the period of exposure to the estrogens, which 
varied from one to 4 weeks, the individuals were kept 
in aquariums with a volume of 40 L (experimen-
tal unit). The photoperiod was artificially controlled 
(10 h of light and 14 h of darkness), and constant aer-
ation was provided using an air compressor (nominal 
flow of 120 L·min−1) connected to several air stones. 
The aquariums were supplied with dechlorinated tap 
water.

The fish were fed four times a day (9 h, 12 h, 14 h, 
and 16  h 30  min) with powdered food for tilapia 
according to the manufacturer’s recommendations. 
This amount was adjusted during the individuals’ 
development. The dissolved oxygen (DO) content and 
temperature were monitored daily, and the pH, total 
ammoniacal nitrogen (NH3/NH4

+; TAN), and nitrite 
(NO2

−) were measured every 5 days using colorimet-
ric tests. Beginning from the TAN values and cross-
ing the pH and temperature data, the concentration of 

Table 2   Experimental 
design and hormonal dose 
administration in the four 
developed experiments

Egg/Aq, number of eggs 
per aquarium; Larvae/
Aq, number of larvae per 
aquarium

Variable Experiment

1 2 3 4

Egg/Aq - 20 - -
Larvae/Aq 10 10 12 12
Estrogen concen-

tration
250, 500, and 

1000 ng·L−1
250, 500, and 

1000 µg·L−1
160 µg·L−1 160 µg·L−1

Table 3   Amounts of estrogen (E2 or EE2), ethyl alcohol PA 
(Al), and purified water (Milli-Q) used to prepare the stock 
solutions in experiments 1, 2, 3, and 4. V/Aq is the volume of 

stock solution added in each 40-L experimental unit and (estro-
gen) is the final target estrogen concentration in each experi-
mental unit

Experiment Estrogen (mg) Al (mL) Milli-Q (mL) V/Aq (mL) (Estrogen)

1 2
4
8

10 90 0.5 250 ng·L−1

500 ng·L−1

1,000 ng·L−1

2 30
60
120

10 200 70 250 µg·L−1

500 µg·L−1

1,000 µg·L−1

3 and 4 25.6 10 230 60 160 µg·L−1
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non-ionized ammonia (NH3) was obtained. The water 
quality was maintained daily by siphoning the feces 
and food remains before the first feeding. This man-
agement was divided into two stages: (1) water qual-
ity maintenance during hormonal exposure, and (2) 
water quality maintenance after hormonal exposure.

During hormonal exposure, the siphoned water, 
containing feces and uneaten feed, was filtered 
with an acrylic blanket and returned to its respec-
tive aquarium. The siphoning time was sufficient to 
remove debris with no control over the drained vol-
ume. Once per week, all of the water in the aquar-
ium was renewed, and the hormonal dosage was 
readministered.

After hormone exposure, fish were transferred 
to 250-L circular tanks to assess their development 
(external morphological characteristics) and histolog-
ical changes in the gonads. The fish remained under 
this condition until they reached an adequate size to 
allow the removal of the gonads for histological anal-
ysis, according to the needs of each experiment devel-
oped. The siphoned volume was replaced daily with 
fresh tap water to maintain the water quality, equiva-
lent to 10% of the total volume.

2.3.3 � Histological Studies

After reaching the appropriate size, the fish were 
euthanized by desensitization on ice. The gonads 

were removed (Fig.  1), stored in histological micro-
cassettes, labeled, submerged in 10% formalin solu-
tion for 24 h, transferred to 70% alcohol for preserva-
tion, and later analyzed.

The gonads were dehydrated, diaphanized, embed-
ded in paraffin, subjected to microtomy, and stained. 
Hematoxylin and Gomori’s trichrome were used to 
differentiate the gonadal components better, thereby 
facilitating the identification of the sexual cells’ mat-
uration stages. The routine histological protocol was 
adapted from Tolosa et  al. (2003) and is shown in 
Supplementary Material.

2.4 � Estrogen Measurement Methodology

The samples (500 mL) were initially filtered through 
a glass fiber filter with a diameter and porosity of 
47  mm and 0.45  µm, respectively, using a vacuum 
pump (MFS, VP-24). The filtrate was transferred to a 
flat-bottomed volumetric flask for the next stage.

Strata-X cartridges were used for solid-phase 
extraction (SPE), which were coupled to a vacuum 
manifold manual processor (Applied Separations, 
Speed Mate 12) connected to a vacuum pump. Ini-
tially, the cartridges were conditioned with metha-
nol (10  mL). The hormones were then extracted 
from the filtrate through the cartridges with a flow 
rate of 1.5–2.0  mL·min−1. The compounds pre-
sent in the eluate were identified and quantified 

Fig. 1   Sequence of 
incisions and removal of 
the viscera to access the 
gonads of Nile tilapia 
(Oreochromis niloticus) 
exposed to the hormones 
17β-estradiol (E2) and 
17α-ethinylestradiol (EE2). 
A Intact fish. B Incision 
in the posterior region. C 
Incisions in the ventral and 
anterior regions. D Removal 
of the musculature and 
viscera
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by high-performance liquid chromatography (20A 
Prominence, Shimadzu) equipped with a UV–vis 
detector (SPD-20A; 215  nm) and a C18 column 
(15 cm × 4.6 mm DI, 0.4 μm, Shimadzu). The gra-
dient elution cycle applied was as follows (ace-
tonitrile/HCl 0.1%): increase from 15 to 80% ace-
tonitrile in 10 min and return to 15% in 4 min. The 
initial flow rate was 1.0 mL·min−1, and after 5 min, 
the flow was increased to 2.0  mL·min−1. The fur-
nace temperature was maintained at 35 °C, and the 
injection volume was 20 μL.

The limit of detection (LOD) and limit of quan-
tification (LOQ) for E2 were 0.3 and 1.2  µg·L−1, 
respectively, while those for EE2 were 1.8 and 
6.0 µg·L−1, respectively (Vidal et al., 2020).

3 � Results and Discussion

3.1 � Water Quality Parameters

The water quality parameters did not vary greatly 
between the treatments (Table  4). Dissolved oxygen 
(OD) is considered the main water quality parameter 
that should be observed to maintain aquatic organ-
isms in captivity. The cultivation values for DO 
exceeded 6.0 mg·L−1, indicating a good aerobic envi-
ronment for fish culture. In all the experiments con-
ducted, the pH remained at an average value close to 
7.5, which is also adequate for Nile tilapia culture.

For all the experiments, the water quality param-
eters were always within the comfort range of Nile 
tilapia. Thus, it can be inferred that any losses caused 
to the individuals’ development were due to the hor-
mone exposure.

3.2 � Gonadal Histology

The gonads of fish obtained in experiment 1 are pre-
sented in Table  5. Intersex individuals subjected 
to EE2 treatment were observed, even at the lowest 
concentrations, 250  ng·L−1. In treatment 1.E2-500, 
one intersex individual was found, while none were 
observed in the other treatments. However, the gonads 
of a considerable number of individuals in treatments 
1.E2-250 and 1.E2-1.000 could not be removed due 
to their small size and fragility (seven and five indi-
viduals, respectively).

In experiment 2, increasing the concentration of 
estrogens by one order of magnitude (µg·L−1) was 

Table 4   Dissolved oxygen (DO), temperature (Temp.), pH, 
nitrite (NO2

−), total ammoniacal nitrogen (TAN), and non-ion-
ized ammonia (NH3) content of the water used in juvenile Nile 
tilapia culturing (Oreochromis niloticus)

Parameter Range

OD (mg·L−1) 6.4–7.8
Temp. (°C) 26–28
pH 7–8
NO2

− (mg·L−1) 0.2–0.5
NAT (mg·L−1) 0.2–1.2
NH3 (mg·L−1)  < 0.03

Table 5   Classification of Nile tilapia (Oreochromis niloti-
cus) from experiment 1 regarding their gonadal characteristics 
(male, female, and intersex). The individuals were exposed to 

concentrations of 250, 500, and 1,000 ng·L−1 of the hormones 
17β-estradiol and 17α-ethinylestradiol during the hatching 
phase

Legend: Experiment compound concentration in ng·L−1; C, control

Treatment Gonadal characteristics Total (n)

Male (n) Female (n) Intersex (n) Lost (n)

1.C 8 5 0 3 16
1.E2-250 1 2 0 7 10
1.E2-500 2 4 1 2 9
1.E2-1.000 1 7 0 5 13
1.EE2-250 2 2 2 3 9
1.EE2-500 0 6 4 4 14
1.EE2-1.000 1 6 2 1 10
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lethal for Nile tilapia larvae, with no effect on the 
incubation time and percentage of larvae hatching. 
Additionally, morphological anomalies and develop-
mental problems were observed.

In experiment 3, with 122  days of growth after 
the end of hormonal exposure, the number of gonads 
lost during the extraction process was considerably 
reduced: one gonad was lost in treatment 3.E2-160 
and two were lost in treatment 3.EE2-160. No gonads 
were lost in treatments 3.C- and 3.C + , and no inter-
sex individuals were observed. Only one intersex 
fish was observed among all survivors, which was 
observed in treatment 3.E2-160 (Table 6).

In treatments 3.C- and 3.C + , approximately equal 
numbers of males and females were observed. How-
ever, in the hormonal treatments, females were almost 
absolutely predominant. In treatment 3.E2-160, only 
two males and 27 females were observed of 31 sur-
viving fish. In treatment 3.EE2-160, of the 15 survi-
vors, there were 13 females and no males.

Owing to the advanced stage of development of the 
individuals in experiment 4 (217 days of growth after 
the end of hormonal exposure for the last group), in 
most cases, the external sex of each specimen could 
be evaluated based on the general characteristics 
and anatomy of the urogenital papilla. The stages of 
gametogenesis in male and female germ cells could 
also be visualized in greater detail in the histological 
sections. External sex was classified as undefined in 
one, one, and two individuals from treatments 4.E2-
160–2, 4.EE2-160–1, and 4.EE2-160–2, respectively. 
An individual with a male urogenital papilla was only 

observed in treatment 4.E2-160–2. In this case, the 
histology of the gonad confirmed that it was a male 
individual with mature testicles.

In treatments 4.E2-160–1, 4.E2-160–3, 4.E2-
160–4, 4.EE2-160–3, and 4.EE2-160–4, all indi-
viduals were classified as females, according to their 
external characteristics. However, for all five treat-
ments mentioned above, the histology of the gonads 
showed that, among the possible females, there were 
intersex and male individuals (Table 7).

Intersex fish were observed in treatments 4.E2-
160–1 (one individual), 4.E2-160–3 (one individual), 
4.EE2-160–2 (one individual), 4.EE2-160–2 (three 
individuals), and 4.EE2-160–4 (two individuals), 
while no intersex individuals were observed in treat-
ments 4.E2-160–2, 4.E2-160–4, and 4.EE2-160–1.

Although the gonads shown in Figs.  2 to 4 were 
from fish from experiment 4, they illustrate the clas-
sic characteristics of the gonads of male, female, and 
intersex individuals, regardless of which experiment 
the fish underwent. Figure 2 shows histological sec-
tions of the normal mature testicle of Nile tilapia in 
the fit phase to release sperm. The lumen of dilated 
seminiferous tubules in the presence of sperm, dis-
continuous germinal epithelium, and blood cells 
(erythrocytes) could be observed. Figure 3 shows the 
histological sections of the normal mature gonad of 
a female Nile tilapia in the phase suitable for spawn-
ing. Primary and fully developed oocytes could be 
observed in the presence of cortical alveoli, calf gran-
ules, and nuclei peripheral to the nucleus.

The gonads of intersex individuals, which have 
both male and female characteristics, are shown in 
Fig.  4. For male characteristics, this gonad can be 
classified as in the development phase, initial devel-
opment subphase, with a predominant presence of 
spermatocytes, and imperceptible lumens of seminif-
erous tubules. For female characteristics, the gonad 
can be classified as immature, with the presence of 
previtellogenic oocytes in primary growth.

In all of the experiments conducted during this 
study, a delay in the gonadal development of the Nile 
tilapia was observed, which resulted in difficulty in 
removing the gonads in very young individuals, such 
as those in experiments 1 and 2 and, to a lesser extent, 
experiment 3. For this reason, the development times 
after hormonal exposure were gradually increased 
until they culminated in 217  days in experiment 4. 
In this way, it was possible to not only remove the 

Table 6   Classification of Nile tilapia (Oreochromis niloti-
cus) from experiment 3 regarding their gonadal character-
istics (male, female, and intersex). The individuals were 
exposed 160  µg·L−1 of the hormones 17β-estradiol and 
17α-ethinylestradiol during the hatching phase

C-, negative control; C + , positive control; experimental com-
pound concentration in µg·L−1

Treat-
ment

Gonadal characteristics Total (n)

Male (n) Female 
(n)

Intersex 
(n)

Lost (n)

3.C- 11 10 0 0 21
3.C +  7 9 0 0 16
3.E2-160 2 27 1 1 31
3.EE2-

160
0 13 0 2 15
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gonads more successfully but also determine the 
external sex and compare the results with the results 
obtained from the histological sections of the gonads.

In fish, exposures to EDCs during critical devel-
opmental life stages can alter sex phenotypes, impair 

gonad development, and disturb the progress of the 
reproductive process (Luzio et al. 2016). Hamid et al. 
(2021) reported that EDC mixtures caused severe 
malformations, including epididymal or gubernacu-
lar lesions, and deciduous spermatids in the testis, 

Table 7   Classification of Nile tilapia (Oreochromis niloticus) 
in experiment 4 regarding their external (male, female, and 
undefined) and gonadal (male, female, and intersex) charac-

teristics. The individuals were exposed to 160  µg·L−1 of the 
hormones 17β-estradiol and 17α-ethinylestradiol for periods of 
one, two, three, and 4 weeks

Legend: Experiment compound-concentration in µg L−1-weeks of exposure

Treatment External sex Gonadal Total
(n)

Male (n) Female (n) Undefined 
(n)

Male (n) Female (n) Intersex (n)

4.E2-160–1 0 9 0 0 8 1 9
4.E2-160–2 1 9 1 1 10 0 11
4.E2-160–3 0 8 0 0 7 1 8
4.E2-160–4 0 10 0 1 9 0 10
4.EE2-160–1 0 3 1 1 3 0 4
4.EE2-160–2 0 7 2 0 8 1 9
4.EE2-160–3 0 9 0 0 6 3 9
4.EE2-160–4 0 10 0 1 7 2 10

Fig. 2   Histological sections of the normal testis of sexually 
mature male Nile tilapia (Oreochromis niloticus) from wxperi-
ment 4. A–D Different enlargements and details of a testicle 
at the fit to release sperm stage. lu, lumen of the seminiferous 

tubule; sc, spermatocyte; sg, spermatogonia; sz, sperm; cs, 
blood cells; ↑, germline epithelium discontinuity;}, spermato-
cyte; staining, hematoxylin and Gomori trichrome
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and perturbed the androgen axis in a cumulative, dose 
additive manner when compared to single chemical 
exposure. As far we are concerned, there are very 
few studies on the estrogenic action of EDCs in sex-
ual differentiation in any of the tilapia species under 

laboratory conditions; the studies that have explored 
this subject involved the capture of wild specimens, 
together with water and soil analysis.

Studying two tilapia species (Sarotherodon mel-
anotheron and Tilapia guineensis) captured in the 

Fig. 3   Histological sections of a normal female Nile tilapia 
ovary (Oreochromis niloticus) from experiment 4. A–C Dif-
ferent enlargements and details of an ovary at a stage able to 

spawn. nu, nucleolus; ocp, primary oocyte; ocd, fully devel-
oped oocyte; ac, cortical socket; gv, calf granules; staining, 
hematoxylin and Gomori trichrome

Fig. 4   Histological section 
of the gonad of an intersex 
Nile tilapia (Oreochromis 
niloticus) from experiment 
4. ocp, primary oocyte; sc, 
spermatocyte. Staining, 
hematoxylin and Gomori 
trichrome
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Awba Dam, Nigeria, Adeogun et al. (2016) found an 
average frequency of 34.8% of intersex individuals 
between the two species evaluated. Researchers have 
reported the presence of heavy metals (As, Cd, Pb, 
Hg, and Ni) in the substrate of the dam, along with 
organochlorines (polychlorinated bisphenyl) and phe-
nolic compounds (4-iso-nonylphenol).

Woodling et  al. (2006) also reported atrophy in 
gonadal development in fish exposed to EDCs col-
lected downstream from a sewage treatment plant 
effluent discharge. They also reported difficulty in 
removing the gonads and visually identifying the 
individual’s sex. Dammann et  al. (2011) reported a 
decrease in the gonadosomatic index in Pimephales 
promelas as the concentrations of estrone and E2 
increased from 10 to 100 ng·L−1 and 5 to 50 ng·L−1, 
respectively. Lange et  al. (2001) also observed 
gonadal atrophy in P. promelas exposed to concentra-
tions of EE2 ranging from 0.2 to 64 ng·L−1.

Fish are significantly more sensitive to the action 
of EDCs during the early stages of development, par-
ticularly during the period of sexual differentiation, 
which occurs between fertilization and 25 days post-
hatching (Martinez-Bengochea et al. 2020; Song et al. 
2020). Pawlowski et al. (2004) found that a period of 
exposure of only 10 to 15  days to a low concentra-
tion of EE2 (10  ng·L−1) was sufficient to cause the 
feminization of P. promelas. In contrast, they did not 
observe a feminizing effect in P. promelas exposed 
to the same concentration of EE2 for 3  weeks after 
the natural period of sexual differentiation. Niemuth 
et al. (2014) exposed sexually differentiated P. prome-
las males to 40  µg·L−1 of the endocrine disruptor 
metformin and observed the production of plasma 
vitellogenin, but no occurrence of feminized fish. In 
another study involving the same species, chemical 
compound, and concentration, Niemuth and Klaper 
(2015) observed feminized individuals when exposed 
from the early stages of development.

Several other authors have observed that the pres-
ence of E2 in water causes the feminization of males, 
including Oryzias latipes Koger et  al. 2000), South 
American cichlid Cichlasoma dimerus (Meijide et al. 
2016), Poecillia reticulata (Toft and Baatrup 2003), 
and Fundulus heteroclitus (Urushitani et al. 2002).

Although the estrogenic potential of EE2 is usu-
ally reported to be lower than that of E2, in this study, 
there was no difference in the number of intersex 
individuals when comparing the same concentrations 

of both hormones. This may indicate that, for E2 and 
EE2, the minimum concentrations capable of gen-
erating a response were lower than the lowest tested 
concentration.

A serious ecological consequence of these sub-
stances in the environment is the development of phe-
notypic females (XY), also known as neo-females. 
Mating a normal male (XY) with a neo-female pro-
duces 25% normal females (XX), 50% normal males 
(XY), and 25% males with the YY genotype, which 
are called supermales. Mating a supermale with a 
normal female produces a 100% male population. In 
this context, Hassell et  al. (2016) and Huang et  al. 
(2016) stated that long-term exposure to estrogenic 
substances can destroy entire populations and cause 
subsequent species extinction.

Xie et al. (2021) investigated the potentially toxic 
effects of E2 exposure on little yellow croaker (Lar-
imichthys polyactis, L. poliactis), which have a 
unique gonadal development pattern in which males 
undergo a hermaphroditic stage. Fish were main-
tained in tanks and exposed to E2 concentrations of 
10 μg·L or not (ethanol and control groups) from 30 
to 90  days post-hatching (dph). After exposure, the 
E2 was withdrawn, and the fish continued to culture 
to 150 and 365 dph. Morphological and histological 
analyses were conducted to compare changes in fish. 
The results showed that E2 exposure caused three 
major phenotypes at 30 and 60  days after treatment 
(dat), including ovary, ovotestis, and gonadal devel-
opment retardation. The average ratios of these three 
phenotypes were 60.6%, 11.97%, and 27.43%, respec-
tively. The body length and weight of the E2 exposure 
groups were repressed during the E2 exposure period, 
while they recovered after E2 withdrawal. However, 
gonadal development (gonadosomatic index) of tes-
tis in the E2 exposure groups was retarded at 60 days 
and did not recover until 365 dph. The sex determi-
nation/differentiation-related genes erα, erβI, erβII, 
fshβ, and cyp11b2 were significantly decreased in 
male fish exposed to E2. Therefore, E2 exposure led 
to feminization and disrupted testis maturation and 
spermatogenesis, which persisted into the sexual 
maturity stage.

In addition to hormones, other chemical compounds, 
such as drugs, have shown to cause endocrine disorders 
in the sexual differentiation of fish. Niemuth and Klaper 
(2015) exposed Pimephales promelas to 40  µg·L−1 
of metformin, an oral antidiabetic medication, and 
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observed the development of intersex individuals with 
different degrees of feminization. The authors observed 
males with the occasional and dispersed presence of 
perinucleolar follicles to individuals with male external 
characteristics with 100% female gonads, with oocytes 
at different developmental stages.

4 � Conclusions

Concentrations of the hormones 17β-estradiol and 
17α-ethinylestradiol from 250 to 1,000 ng·L−1 can pro-
duce intersex individuals in Nile tilapia (O. niloticus), 
with a significant decrease in the condition factor as the 
concentrations increased. In addition, these concentra-
tions could also induce the development of morphologi-
cal anomalies without any significant difference between 
the concentrations evaluated. Increasing the hormone 
concentration by one order of magnitude (µg·L−1) was 
lethal for Nile tilapia fry, with no effect on the incuba-
tion time and the percentage of larvae hatching. Morpho-
logical anomalies and developmental problems were also 
observed in histological studies.

Hormones applied at a concentration of 160 µg·L−1 
for 28  days caused a small number of intersex Nile 
tilapia individuals to develop but generated almost 
entirely female populations in hormonal treat-
ments. Additionally, morphological anomalies were 
observed, in which the gonads of fish exposed to the 
estrogens were smaller and less developed, without 
any significant difference between E2 and EE2.

The variation in the exposure time (one to 
4 weeks) of Nile tilapia to the hormones (160 µg·L−1) 
resulted in the appearance of intersex individuals and 
the development of morphological anomalies, regard-
less of exposure time.

Funding  The authors would like to thank the National Coun-
cil for Scientific and Technological Development (CNPq), Pro-
cess nº 481985/2012–3, for the financial support.
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