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ARTICLE INFO ABSTRACT

Handling Editor: Lawrence Lash Fluoxetine (FLX) is an antidepressant that is increasingly being detected in aquatic environments. However, this

contaminated FLX can affect aquatic organisms. Therefore, the aim of this study was to evaluate the genotoxic,

Keywords: mutagenic, and cytotoxic potential of FLX on erythrocytes in Nile tilapia (Oreochromis niloticus) after acute
Fluoxeturng exposure. Fish were exposed to different concentrations of FLX (10, 100 and 1000 pg/L) for 96 h. Then, the
S[ertotom'c l.t ty condition factor (K value) was used to assess the general fish condition. The genotoxicity was investigated using a
C;oatii?;ic:yy comet assay, and the mutagenicity was examined using micronucleus (MN) and erythrocytic nuclear abnor-
Erythrocyte malities (ENAs) assays. In addition, the cytotoxicity was analyzed by erythrocyte morphometry and erythrocyte

maturity index (EMI). The results showed that FLX did not affect the fish’s health. Nevertheless, 100 and 1000
ug/L FLX significantly increased DNA damage. Furthermore, a higher concentration of FLX presented a signif-
icantly increased frequency of MNs and ENAs, also leading to changes in some erythrocyte morphometric indices
and significantly decreased mature erythrocytes. In conclusion, our results indicate that FLX induces genotoxic,
mutagenic, and cytotoxic effects in erythrocytes of O. niloticus.

Oreochromis niloticus

1. Introduction

Currently, pharmaceutical drugs are continuously being released
into the aquatic environment through sewage from hospitals and
wastewater treatment plants, including pharmaceutical manufacturing,
to the point that the natural sources of water are toxic [1]. Most of these
drugs are detected in effluents at various concentrations that range from
ng/L to pg/L [2]. Concentrations greater than mg/L have also been
detected in surface water [3]. Recently, antidepressants have been
detected in various environments, such as ground surfaces and sur-
rounding wastewater treatment plants, potentially including residues of
these drugs in water resources [4]. One of the antidepressants found in
water bodies is fluoxetine (FLX), an antidepressant in the class of se-
lective serotonin reuptake inhibitors (SSRIs) [5]. FLX is considered a
widespread drug used to treat patients with psychiatric disorders such as
depression, obsessive compulsive disorder, and panic disorder [6]. In the
past few years, a wastewater treatment plant near the Great Lakes,
Canada, has reportedly detected FLX at concentrations of 0.013-0.099
ug/L in sewage [7]. In addition, FLX concentrations ranging from 0.012
to 0.929 pg/L were found in surface waters of the United States of
America [8]. The distribution or residue of FLX in the aquatic
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environment can possibly be caused by humans who continue to use FLX
[9]. In addition, ineffective wastewater treatment can lead to the
continuous release of low concentrations of fluoxetine in the environ-
ment, resulting in high levels of FLX residues in the aquatic environment
and potentially affecting aquatic organisms [10].

The environmental risks of FLX contaminants are now reported to be
found in many nontarget aquatic organisms, such as invertebrates and
vertebrates. In zebrafish (Danio rerio), FLX deleteriously affected embryo
development and can interfere with egg production, concomitantly with
changes in antioxidant activity of superoxide dismutase (SOD) and
catalase (CAT) [8,11]. Some studies have reported that FLX significantly
reduces the aggressive behavior of Siamese fighting fish (Betta splendens)
and Arabian killifish (Aphanius dispar) [12,13]. Chen et al. [14] reported
that topmouth gudgeon (Pseudorasbora parva) after FLX exposure
increased acetylcholinesterase (AChE) activity. FLX caused hepatic
biotransformation enzymes in common goby (Pomatoschistus microps),
but no significant oxidative stress responses were observed [4]. In
addition, FLX affected mRNA expression of genes involved in neuro-
transmitter in European bass (Dicentrarchus labrax) [15]. In a recent
investigation, FLX significantly accumulated in tissues of Japanese
medaka (Oryzias latipes) [16]. Moreover, FLX has been resulted in
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decreased food intake in goldfish (Carassius auratus) [17].

To assess the impact of waterborne contaminants, fish are considered
a good choice for use in biomonitoring because they are susceptible to
environmental changes [18,19]. Currently, the ability of fish is not only
used for the assessment of the impacts of water contaminants but can
also be used as a biological indicator for the investigation of genotoxic,
mutagenic, and carcinogenic effects in aquatic organisms, as well as to
prevent these effects from entering the food chain [20]. Nile tilapia
(Oreochromis niloticus) is one of the fish commonly used in toxicity
testing because of its ability to adapt and tolerate environmental
pollution very well [21]. Therefore, O. niloticus is considered a good
biomarker for assessing toxic substances in aquatic habitats [22]. In
addition, it is noted that O. niloticus is a widely distributed freshwater
fish and is economically important in terms of consumption. For these
reasons, we chose to conduct our study on this species to determine the
possible deleterious effects of FLX exposure on fish health [23].

The toxicological studies in this study focused mainly on erythro-
cytes because they can respond to environmental pollution and reflect
on the overall pathophysiological condition of the organism [24,25].
However, studies on the genotoxic, mutagenic, and cytotoxic potential
of FLX on fish erythrocytes are limited. For example, DNA damage has
previously been assessed in the meager (Argyrosomus regius) [3] and
Javanese medaka (Oryzias javanicus) [26] exposed to fluoxetine. Thus,
we conducted this research to highlight the damage of FLX to erythro-
cytes. There are several methods for assessing the toxicity of FLX on
erythrocytes in fish. One method is the comet assay, which is a suitable
method for evaluating genotoxic effects and detecting DNA strand
breaks in individual cells [27]. This assay can determine the DNA strand
breaks before the occurrence of DNA repair mechanisms [28]. In addi-
tion, micronucleus (MN) and erythrocyte nuclear abnormalities (ENAs)
assays can indicate chromosome damage and mutagenic effects [29].
MNs and ENAs may occur from either mitotic spindle dysfunction or
chromosomal breakage [30]. Importantly, the comet assay and MN and
ENA assays can be used to assess environmental toxicity [31]. This in-
formation may not be sufficient to determine environmental toxicity, so
we decided to use erythrocyte morphometry and erythrocyte maturity
determination to assess the cytotoxicity of pollution-sensing organisms
that are sensitive enough to detect environmental pollution [32-34].
Several studies have suggested that these techniques are considered
effective for the assessment of genotoxicity, mutagenicity and cytotox-
icity, particularly in aquatic organisms [35,36].

Given this background, the objectives of the present study were to
verify the genotoxic and mutagenic effects of FLX on erythrocytes of
O. niloticus using the comet assay, MN induction and other nuclear al-
terations, as well as to examine the cytotoxicity of O. niloticus after FLX
exposure by measuring erythrocyte morphometry and considering the
erythrocyte maturity index (EMI).

2. Materials and methods
2.1. Chemicals

Fluoxetine (FLX, CAS 56296-78-7) and colchicine (CAS 64-86-8)
were purchased from Tokyo Chemical Industry Co., Ltd. (TCI), Japan.
dimethyl sulfoxide (DMSO, CAS 67-68-5) was purchased from Loba
Chemie Pvt. Ltd.

2.2. Animals and experimental design

Nile tilapia (Oreochromis niloticus) were obtained from Suphanburi
Inland Fisheries Research and Development Center. Two weeks before
the experiment, the fish were acclimated under The Central Laboratory
for Aquaculture Research, Department of Zoology, Faculty of Science,
Kasetsart University. In addition, fish were fed commercial fish food
pellets twice a day, and three-fourths of the water was renewed every 2
days. After acclimation for 2 weeks, the fish were randomly divided into
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6 groups (10 fish per group) and placed in glass aquariums (50 L) for the
experiment. During the experiment, they were controlled in oxygenated
water under a natural photoperiod (12:12 h light-dark cycle). In addi-
tion, the physical and chemical parameters of water were measured
every day by a Multi-Probe System (YSI 556MPS), such as dissolved
oxygen (7.06 + 0.37 mg/L), pH (7.51 + 0.17), conductivity (455.40 +
17.86 pS/cm), total dissolved solids (0.28 + 0.01 mg/L) and tempera-
ture (27.89 + 0.26 °C).

Before exposure, FLX was dissolved in DMSO so that the final con-
centration of DMSO did not exceed 0.02%. The experimental design
consisted of a negative control group (dechlorinated tap water); a sol-
vent control group (DMSO, 0.02%); a positive control group (colchicine,
1 mg/kg, i.p.); and three groups of FLX (10, 100 and 1000 pg/L). The
concentrations of fluoxetine used in this study were chosen from other
previously published studies [26,37,38]. All these fish were exposed for
96 h. After 96 h exposure, the fish were anaesthetized with tricaine
methanesulfonate (MS-222), and tissue papers were used to mop the
water and slime of the fish’s body. Then, a heparinized syringe was
inserted in the cardiac region of the fish for blood drawing and blood
samples were collected from all treatment groups for assessment of
erythrocyte integrity, such as genetic damage, maturity stage and
morphometry of the erythrocyte. In addition, the somatic condition of
the fish was also examined.

The animal use experiment followed the Organization for Economic
Co-operation and Development (OECD) [39] for the guidelines for the
acute toxicity test of fish. This research was approved by the Institu-
tional Animal Care and Use Committee, Faculty of Science, Kasetsart
University, Thailand under permit number ACKU64-SCI-001.

2.3. Condition factor

Individual fish from each group were measured for weight (g) and
total length (cm) after 96 h of exposure. Then, Futon’s condition factor
(K) was calculated according to Omar et al. [40], as shown in this
formula:

K =Ww/L3

where W and L denote weight (g) and total length (cm), respectively.

2.4. Genotoxicity

The comet assay was performed according to the procedure of
Botelho et al. [41] with modification. First, blood samples were
collected from cardiac puncture, and 3 pL of blood samples were diluted
in phosphate buffered saline (1000 pL). Second, 5 uL of diluted blood
samples were mixed with 15 pL of phosphate buffered saline, 0.7% low
melting point agarose was added at 37 °C, and the samples were
embedded on 1% normal melting point agarose-coated slides. A cover-
slip was added to the slide, and the slide was placed on an ice pack for
10 min. After softly removing the coverslips, the slides were added to
low melting point agarose (85 pL) and covered with coverslips again.
Third, the slide was removed and immersed in lysis buffer (2.5 M NaCl,
100 mM NaEDTA, 10 mM Tris, 10% DMSO, 1% Triton X-100 and pH 10)
for 24 h. After lysis, the slides were transformed in electrophoresis buffer
(1 mM Na EDTA, 300 mM NaOH and pH 13) at 25 Vand 270 mV for 1 h,
and the slides were kept in the dark and neutralized in neutralization
buffer (0.4 M Tris and pH 13) for 10 min. Finally, the slides were stained
with propidium iodide (PI) and analyzed with a fluorescence microscope
(Olympus BX51) under 20 x magnification. One hundred cells were
randomly analyzed per blood sample for each fish, and the CaspLab
software program was used to measure the percentage of DNA damage
in the tail (%DNA damage), Olive tail moment (OTM) and tail length
(TL), as described by Guimaraes et al. [34]. Moreover, the percentage of
DNA damage in the tail (%) was classified into five levels according to
Trigueiro et al. [42]: minimal damage (0-10%), low damage (10-25%),
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mid damage (25-50%), high damage (50-75%) and extreme damage
(75-100%).

2.5. Mutagenicity

Micronucleus (MN) and erythrocytic nuclear abnormalities (ENAs)
assays were performed according to the methods of Kosai et al. [43] and
Pradhan et al. [44] with modification. Blood samples were obtained
from cardiac puncture. Next, blood was smeared on a slide and air-dried.
The smear was fixed with methanol for 1 min. Then, the slide was
stained with Wright-Giemsa for 5 min. Then, 2000 erythrocytes were
randomly analyzed per fish under a light microscope (Olympus BX51)
with immersion lenses (100 x magnification). The ENAs were classified
as follows: MN, lobed nucleus (LN), blebbed nucleus (BN), notched
nucleus (NN), binucleated cell (BC) and kidney-shaped nucleus (KN) as
described by Ossa-Lopez et al. [45] and Roda et al. [46] with adapta-
tions. Finally, the total ENA frequencies (MN, LN, BN, NN, BC and KN)
were calculated from the formula of Barreto et al. [31] as follows:

%ENAs = (Number of cells containing ENAs/Total number of cells counted)
x 100

2.6. Cytotoxicity

The cytotoxicity of erythrocytes was evaluated using both erythro-
cyte morphometry and erythrocyte maturity index determination
through the same slides used in the MN and ENA assays.

The erythrocyte morphometry was performed according to Ahmed
and Sheikh [47] with modification. One hundred erythrocyte mea-
surements were randomly processed using ImageJ 1.52av software [34]
per fish under a light microscope at a magnification of
100 x magnification (Olympus BX51). The morphometric indices of
erythrocytes in the fish were examined using indices as described by
Mofizur Rahman and Baek [33], such as the erythrocyte major axis (EL),
erythrocyte minor axis (EW), nucleus major axis (NL) and nucleus minor
axis (NW), as shown in Fig. 1. Erythrocyte size (ES) and nucleus size (NS)
were also analyzed using the following formulas: [(EL x EW x m)/4]
and [(NL x NW x =)/4], respectively [33,48]. In addition, erythrocyte
shapes and their nuclear shapes were evaluated with EL/EW and NL/NW
ratios, and the ratio between nuclear and erythrocyte area was assessed
with the NS/ES ratio [49].

The erythrocytic maturity index (EMI) determination was performed
according to Castro et al. [32] with modifications. From the same mi-
croscope fields used to screen erythrocyte morphometry, the EMI value
was calculated for 25 erythrocytes by dividing NW by EL values. The

EW
EL

NL NW

Fig. 1. The major axis and minor axis determination of erythrocytes and nu-
cleus in Oreochromis niloticus. erythrocyte major axis (EL), erythrocyte minor
axis (EW), nucleus major axis (NL), nucleus minor axis (NW).
Scale bars = 10 um.
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EMI values were divided into one of the 10 maturity classes as described
by Marques et al. [50]. Finally, each maturity class was calculated as the
frequency (%) of cells.

2.7. Statistical analysis

All data were checked using the StatPlus program for Windows
version 2017 (AnalystSoft Inc., Canada) by one-way analysis of variance
(ANOVA) and a post hoc test followed by the least significant difference
(LSD) test. All results are presented as the means + standard deviations.
The differences in the data were significant when the p value was less
than 0.05.

3. Results
3.1. Condition factor

The condition factor of O. niloticus was evaluated from the K value. In
this study, the K value of the fish exposed to 0.02% DMSO (solvent
control group) and different concentrations of FLX for 96 h, as well as
1 mg/kg colchicine (positive control group), was not significantly
different from that of the negative control group (Fig. 2), revealing that
the fish exposed to DMSO, FLX and colchicine were in somatic condi-
tions similar to those of the negative control group and had no effect on
fish health.

3.2. Genotoxicity

DNA damage to erythrocytes in O. niloticus was evaluated by using
the comet assay, and the results are summarized in Fig. 3. This experi-
ment presented three parameters: the percentage of DNA damage in the
tail (%DNA damage; Fig. 3A), Olive tail moment (OTM; Fig. 3B) and tail
length (TL; Fig. 3C). The solvent control group showed no difference in
%DNA damage, OTM or TL compared with the negative control group.
%DNA damage and OTM of the group exposed to 10 pug/L FLX did not
differ from the negative control group. However, the TL of erythrocytes
in the group exposed to FLX at concentrations of 10 ug/L was signifi-
cantly higher than that in the negative control group. In addition, the
fish exposed to 100, 1000 pg/L FLX and injected with 1 mg/kg colchi-
cine demonstrated that all three DNA damage parameters were signifi-
cantly different from those of the negative control group (p < 0.05).

Some of the frequencies of DNA damage levels in the erythrocytes of
the fish are depicted in Table 1. DNA damage images after exposure to
FLX are shown in Fig. 4. Mostly, the negative control group, the solvent
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Fig. 2. Futon’s condition factor (K) of Oreochromis niloticus after exposure to
fluoxetine for 96 h. The results are expressed as the mean + standard deviation.
NC: negative control group; SC: solvent control group; PC: positive control
group; 10, 100, 1000: treatment groups exposed to 10 pg/L, 100 pug/L and
1000 pg/L of FLX, respectively.
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Fig. 3. DNA damage parameters of Oreochromis niloticus exposed to fluoxetine for 96 h: A) Percentage of DNA damage in the tail (DNA damage), B) Olive tail moment
(OTM) and C) Tail length (TL). The results are expressed as the mean + standard deviation. * Statistically significant differences compared to the negative control
group (p < 0.05). NC: negative control group; SC: solvent control group; PC: positive control group; 10, 100, 1000: treatment groups exposed to 10 ug/L, 100 ug/L

and 1000 pg/L of FLX, respectively.

Table 1
Frequency (%) of DNA damage in erythrocytes of Oreochromis niloticus at each
level during 96 h of treatment with fluoxetine.

Level of Treatment groups

DNA

damages NC SC 10 pg/ 100 ng/ 1000 ug/ PC

L L L

Minimal 45.20 45.90 42.30 26.20 11.30 1.00
+3.49 +2.81 +4.35 + 3.77* + 1.42* +0.53*

Low 46.80 44.10 47.70 59.50 35.70 11.50
+5.81 + 3.03 + 4.00 + 4.50* + 2.87* + 4.24*

Mid 7.90 9.90 9.80 13.20 47.60 56.25
+3.25 +0.88 +1.62 +1.81* + 3.72* + 4.77*

High 0.10 0.10 0.20 1.10 5.40 30.63
+0.32 +0.32 +0.42 +0.74 + 1.65* + 5.85*

The results expressed as mean + standard deviation. * Statistically significant
differences to the negative control group (p < 0.05). NC: negative control group;
SC: solvent control group; PC: positive control group; 10, 100, 1000: treatment
groups exposed to 10 pg/L, 100 ug/L and 1000 ug/L of FLX, respectively.

..

control group and the group obtained 10 pg/L FLX, demonstrating
minimal and low DNA damage levels. In contrast, the group exposed to
FLX at 100 pg/L showed a significantly higher mid DNA damage level
than the negative control group. Moreover, at 1000 pg/L FLX, the pos-
itive control group also displayed a significant increase in the level of
mid- and high DNA damage compared to the negative control group.
However, the level of extreme DNA damage after exposure to FLX and
colchicine was not detected during the experimental period, and thus,
the results are not presented in the table.

3.3. Mutagenicity

The results of the analysis of MNs and ENAs (LN, BN, NN, KN and BC)
in erythrocytes of O. niloticus induced by FLX are presented in Fig. 5 and
Table 2. There was a significant increase in the total erythrocytic nuclear
abnormalities frequency (%ENAs) in the fish exposed to 1000 pg/L FLX
and 1 mg/kg colchicine compared with the negative control group. The
frequency of MNs in erythrocytes of fish exposed to FLX and colchicine

Fig. 4. Representative images of DNA damage in erythrocytes of Oreochromis niloticus exposed to fluoxetine for 96 h: A) negative control group, B) solvent control
group, C) group exposed to 10 pg/L fluoxetine, D) group exposed to 100 pg/L fluoxetine, E) group exposed to 1000 pg/L fluoxetine, F) positive control group.
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Fig. 5. Representative photomicrographs of erythrocytic nuclear abnormalities in Oreochromis niloticus after exposure to fluoxetine for 96 h: micronucleus (MN),
lobed nucleus (LN), blebbed nucleus (BN), notched nucleus (NN), kidney-shaped nucleus (KN) and binucleated cell (BC). Scale bars = 10 pm.

Table 2
Frequency (%) of erythrocytic nuclear abnormalities (ENAs) of Oreochromis
niloticus exposed to fluoxetine for 96 h.

Frequency Treatment groups
(%) of ENAs
NC sSC 10 pg/ 100 pg/ 1000 pg/ PC
L L L
MN 0.04 0.06 0.07 0.24 0.26 0.56
+0.04 +0.03 +0.04 +0.11* +0.11* +0.32*
LN 0.05 0.05 0.06 0.07 0.14 0.17
+0.04 +0.04 +0.05 +0.04 + 0.08* + 0.08*
BN 0.15 0.15 0.16 0.20 0.25 0.72
+0.06 +0.06 +0.06 +0.07 +0.14 + 0.29*
NN 0.20 0.20 0.21 0.26 0.37 0.84
+0.07 +0.06 +0.07 =+ 0.07 +0.14* + 0.35*
KN 0.33 0.34 0.36 0.41 0.60 0.95
+0.15 +0.14 +0.16 +0.15 +0.16* + 0.24*
BC 0.01 0.01 0.01 0.01 0.01 0.03
=+ 0.02 =+ 0.02 + 0.02 + 0.02 + 0.02 +0.05
Total ENAs 0.76 0.79 0.86 1.18 1.62 3.26
+0.20 +0.23 +0.27 + 0.20* +0.48* + 0.64*

The results expressed as mean + standard deviation. * Statistically significant
differences to the negative control group (p < 0.05). NC: negative control group;
SC: solvent control group; PC: positive control group; 10, 100, 1000: treatment
groups exposed to 10 pg/L, 100 ug/L and 1000 pg/L of FLX, respectively; MN:
micronucleus; LN: lobed nucleus; BN: blebbed nucleus; NN: notched nucleus; BC:
binucleated cell; KN: kidney-shaped nucleus.

showed a significant increase in MN frequency when compared to the
negative control group, except for the solvent control group and the
10 pg/L exposure group of FLX. Furthermore, this study showed that the
frequencies of LN, NN and KN of the fish exposed to 1000 pg/L FLX and
the positive control group were significantly higher than those of the
negative control group. In the positive control group, the frequency of
BN was significantly different from that in the negative control group.
However, the BC frequency of all groups did not differ significantly
when compared to the negative control group.

Table 3

3.4. Cytotoxicity

The morphological indices of erythrocytes and their nuclei in
O. niloticus after FLX exposure are presented in Table 3. The solvent
control group showed no difference in morphological indices compared
with the negative control group. The fish exposed to 100 and 1000 pg/L
FLX and the positive control group presented a significant decrease in
EL, EL/EW, NL/NW and ES compared to the negative control group. In
addition, there were significant differences in NL and NS/ES in the
groups exposed to 1000 pg/L FLX and the positive control group when
compared with the negative control group. Furthermore, only EW was
significantly lower in the positive control group than in the negative
control group. Nevertheless, no significant differences were found in the
NW and NS results of all groups when compared to the negative control
group.

The maturity stage of erythrocytes after FLX exposure was evaluated
using EMI determination. The EMI results in this study showed only class
1-6 erythrocytes, as shown in Table 4. The frequencies of erythrocytes in
classes 1, 2 and 6 were detected in all experimental groups, but these
classes were very rarely detected. The solvent control group showed no
difference in EMI value compared with the negative control group. The
erythrocytes in class 3 were noticed most frequently in the negative
control group, the solvent control group and the FLX 10 ug/L exposure
group. In addition, the frequency of class 4 was abundantly observed in
the groups exposed to 100 and 1000 ug/L FLX and the positive control
group, also showing a significant decrease in erythrocytes of class 3
when compared to the negative control group. Moreover, the FLX
1000 ug/L exposure group and the positive control group demonstrated
a significantly increased frequency of class 5 erythrocytes compared to
the negative control group.

4. Discussion

At the present time, pharmaceuticals and personal care products
(PPCPs) are found to be more widespread in aquatic ecosystems [38].
FLX, an antidepressant (selective serotonin reuptake inhibitors; SSRIs),
is most often detected as a residue on surface water and wastewater
[51]. Moreover, it is possible that FLX affects aquatic animals such as

Morphometric indices of erythrocytes and nuclei of Oreochromis niloticus exposed to fluoxetine for 96 h.

Morphometric indices Treatment groups

NC sc 10 pg/L 100 pg/L 1000 pg/L PC
EL (um) 10.59 + 0.38 10.54 + 0.27 10.52 + 0.32 9.83 + 0.30% 9.33 + 0.59* 9.06 + 0.23*
EW (um) 7.32 £ 0.34 7.47 £ 0.20 7.35 + 0.20 7.33 £ 0.22 7.18 £ 0.24 6.81 + 0.21*
EL/EW 1.46 + 0.09 1.42 +0.06 1.44 £ 0.06 1.35 + 0.06* 1.31 4 0.06* 1.34 & 0.06*
NL (um) 477 +£0.29 4.96 +0.11 4.97 +0.09 4.63 +0.12 4.51 £ 0.31% 4.27 + 0.30%
NW (um) 3.03 £0.11 3.04 + 0.04 3.08 + 0.05 3.12 £ 0.10 3.15 £ 0.27 3.11 + 0.20
NL/NW 1.60 + 0.10 1.64 + 0.04 1.62 + 0.05 1.50 + 0.04* 1.45 + 0.09% 1.38 & 0.07*
ES (um?) 60.92 + 3.66 61.74 + 2.12 60.69 + 2.16 56.63 & 2.50% 52.69 + 4.67* 48.49 + 2.04*
NS (um2) 11.39 + 0.93 11.88 + 0.37 12.03 + 0.29 11.36 + 0.57 11.21 + 1.56 10.50 + 1.34
NS/ES 0.19 £ 0.01 0.19 £ 0.01 0.20 + 0.01 0.20 + 0.01 0.21 + 0.02* 0.22 + 0.02*

The results expressed as mean + standard deviation. * Statistically significant differences to the negative control group (p < 0.05). NC: negative control group; SC:
solvent control group; PC: positive control group; 10, 100, 1000: treatment groups exposed to 10 ug/L, 100 ug/L and 1000 pg/L of FLX, respectively; EL: erythrocyte
major axis; EW: erythrocyte minor axis; NL: nucleus major axis; NW: nucleus minor axis; ES: erythrocyte size; NS: nucleus size.
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Table 4
Frequency (%) of erythrocytic maturity index (EMI) classes of Oreochromis
niloticus exposed to fluoxetine for 96 h.

Frequency Treatment groups

of EMI

classes NC SC 10 pg/ 100 pg/ 1000 ug/ PC

L L L

Class 1 0.40 0.40 0.40 0.57 0.40 0.50
+1.26 +1.26 +1.26 +1.51 +1.26 +1.41

Class 2 1.60 2.00 0.40 0.57 0.40 0.50
+2.80 +2.83 +1.26 +1.51 +1.26 +1.41

Class 3 67.60 67.60 66.40 37.14 26.80 21.50
+3.50 + 2.95 +3.37 + 3.02*% + 2.70* + 2.07*

Class 4 28.80 28.40 30.80 59.43 66.40 71.00
+3.16 +2.95 +2.70 +2.76* =+ 3.37* + 2.83*

Class 5 1.20 1.20 1.60 1.71 5.20 6.00
+1.93 +2.70 +2.80 +2.14 + 3.29*% + 3.02*

Class 6 0.40 0.40 0.40 0.57 0.80 0.50
+1.26 +1.26 +1.26 +1.51 + 1.69 +1.41

The results expressed as mean + standard deviation. * Statistically significant
differences to the negative control group (p < 0.05). NC: negative control group;
SC: solvent control group; PC: positive control group; 10, 100, 1000: treatment
groups exposed to 10 pg/L, 100 ug/L and 1000 pg/L of FLX, respectively.

microalgae, water fleas, plankton, and midges, including some fishes
[52]. Fish are often used as bioindicators to determine the genotoxic and
mutagenic effects of contaminants present in the aquatic environment
[53]. In the past decade, there have been limited reports of FLX geno-
toxicity in fish. Therefore, this research demonstrates the genotoxic
potential of FLX in O. niloticus, focusing mainly on its toxic effect on
erythrocytes. Erythrocytes are often used as a diagnostic tool for the
response of fish exposed to aquatic toxicants [54]. Furthermore, eryth-
rocytes also provide reliable, fast, simple, and accurate information
[32]. Importantly, they can indicate the physiological stress of organ-
isms caused by environmental factors [55].

In the present study, fish health was estimated by the condition
factor (K) value. The condition factor is an important tool for assessing
the condition or well-being of fish [56], which can indicate the animal’s
ability to tolerate stressful environments and can investigate the harmful
effects of exposure to toxic substances [35,40]. In this work, FLX had no
effect on K values in fish that were exposed to FLX. Consistent with
previous reports, Argyrosomus regius exposed to FLX, even at the highest
concentration (3 pg/L), did not have a statistically significant effect on
changes in the K value [3]. Therefore, O. niloticus exposed to FLX may
not have any harmful effects on general health.

According to Cotelle and Férard [57], the MN assay detects the
breakage of unrepaired DNA strands, whereas the comet assay detects
DNA strand breaks that occur before the DNA repair process. Therefore,
the present study used a comet assay, including MN and ENA assays that
should be evaluated together, to assess genotoxic substances in fish
erythrocytes, as suggested by Barreto et al. [31] The comet assay is al-
ways used in biological monitoring or genotoxicity testing with a focus
on organisms, and this assay has been proven to be a method of rapidity
and sensitivity [57]. The comet assay was mostly used to examine
various types of damage caused by DNA strand breaks in individual cells,
such as double strand breaks, single strand breaks, alkali labile sites,
DNA cross-linking and incomplete excision repair sites [58]. In this
work, the comet assay was used to detect DNA damage after O. niloticus
were exposed to FLX for 96 h. FLX concentrations above 100 pg/L can
induce DNA damage in the erythrocytes of O. niloticus. Although few
studies have evaluated the genotoxic mechanism of fluoxetine, some
research has indicated that fluoxetine can affect DNA damage through
direct or indirect mechanisms. Normally, antidepressants have muta-
genic and carcinogenic potential that can cause DNA damage through
direct and indirect mechanisms. The direct mechanism is probably due
to the direct binding of antidepressants to DNA, leading to conforma-
tional or base pair changes in DNA [59]. According to Kashanian et al.
[60], FLX demonstrates a slight change in the binding of base pairs of
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DNA and DNA grooves, but FLX does not affect DNA conformational
changes. However, a higher concentration of FLX may also affect the
conformational changes of DNA. In addition, some components in the
chemical structure of antidepressants (aromatic rings, fluorobenzene
groups and nitro groups) may also cause genetic damage. The nitro
groups might be transformed into nitroso compounds and form alky-
lating molecules, leading to lesions such as DNA adducts, DNA strand
breaks and DNA cross-links [59]. In terms of indirect mechanisms, an-
tidepressants might influence organelles, such as mitochondria [20]. It is
mainly associated with oxidative stress caused by reactive oxygen spe-
cies (ROS), leading to DNA damage, such as base modification and
single- and double-strand breaks [61], as well as alterations in the
expression of genes associated with the DNA damage response, DNA
repair, cell proliferation and cell cycle control [20]. For example,
intracellular ROS production in haemocytes of Mytilus edulis was
increased after exposure to FLX at concentrations of 10 and 50 mg/L,
thus affecting haemocyte DNA damage [62]. Additionally, ROS can
disrupt DNA replication and transcription [46], as well as inhibit DNA
repair [53]. A previous study found that Carassius auratus had increased
malondialdehyde (MDA) content after exposure to FLX [63]. MDA is a
byproduct of lipid peroxidation (LPO) and affects DNA damage via DNA
adducts formed by the binding of MDA to DNA bases [64]. Importantly,
with a high MDA content, it can be inferred that the ROS level is also
high, and some antioxidant enzymes in fish, such as superoxide dis-
mutase (SOD), may not be sufficient to defend against the oxidative
stress of FLX [63], leading to DNA damage. In addition, Duarte et al. [3]
reported that Pomatoschistus microps exposed to 3 ug/L FLX, the highest
concentration at that time, demonstrated an increase in LPO levels and
DNA damage in their liver. Therefore, in this study, it is possible that
DNA damage in erythrocytes of O. niloticus after FLX exposure can be
caused by both direct and indirect mechanisms.

The MN assay is widely used in biomonitoring to assess the impact of
pollutants on aquatic organisms [65], and this assay is proposed as a
technique for the detection of mutagenicity (chromosomal damage)
[58]. In the current study, O. niloticus in the group exposed to 100 and
1000 pg/L FLX for 96 h showed an increased frequency of MN. MNs are
small and round nuclei that can occur due to several factors, such as age
and metabolism, including various environmental factors [66]. The
possible origins of MN can cause a variety of reasons, such as the
breakage of acentric chromosome fragments or whole chromosomes
during anaphase of dividing cells, and cannot be included in the main
nucleus during the telophase of the cell division process [67], including
defects in kinetochore proteins, mitotic spindles and anaphase check-
points, as described by Luzhna et al. [68]. Previous reports have shown
that the ENA assay can be a tool to investigate mutagenicity in fish
erythrocytes [18]. For example, guppy (Poecilia reticulata) [29], grass
carp (Ctenopharyngodon idella) [34], climbing perch (Anabas testudineus)
[27], streaked prochilod (Prochilodus lineatus) [46], Gilthead seabream
(Sparus aurata) [69], etc. The formation of nuclear buds (lobed, blebbed
and notched nucleus) originated from the dysfunction of tubulin, chro-
mosome segregation and chromosomal instability via the
breakage-fusion-bridge cycle [31,70]. Furthermore, nuclear buds can
contain genetic information with respect to oncogenes that may lead to
cancer cell formation [45]. The presence of binucleated cells is possibly
due to abnormalities in cell division during the M phase of the cell cycle
[70]. With respect to kidney-shaped nuclei, these may occur from
invagination of the nucleus [31], whereas some studies have identified
that they are caused by the same phenomena as micronuclei or binu-
cleated cells [71]. Moreover, Al-Obaidi and Al-Shawi [72] reported
findings similar to our results; they reported that FLX has genotoxic
potential and can induce MN in polychromatic erythrocytes in the bone
marrow of male rats. However, the origins of these morphological al-
terations of the nucleus have been found to arise from genotoxic events
caused by exposure to xenobiotic agents [73].

To support the toxicological response information to the cytotoxicity
of erythrocytes in O. niloticus, this research uses morphometric analysis
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of erythrocytes and their nuclei along with EMI determination. Both
morphometric indices of erythrocytes and EMI assays have been
recognized as suitable techniques for the early detection of early
warning signs of environmental stress in fish, and these techniques are
also sensitive to environmental pollution [32,35]. Mofizur Rahman et al.
[33] previously explained that assessment of morphometric indices of
erythrocytes and their nucleus in fish can measure stress and be useful in
monitoring fish health and has also reported that changes in the struc-
ture of erythrocytes and their nucleus may be due to disruption of lipid
solubility in erythrocyte membranes, uneven hemoglobin distribution
and erythrocytic necrosis. Importantly, stress is one of the factors in the
welfare of fish that can affect morphological indices of erythrocytes
[74]. For these reasons, abnormal or distorted erythrocytes can interfere
with erythrocyte function and lead to tissue hypoxia, resulting from
reduced oxygen-carrying capacities of hemoglobin in red blood cells
[75]. This is consistent with the description of Zabotkina et al. [76] that
values of the nucleus/cytoplasmic ratio can indicate the relative eleva-
tion of the share of the hemoglobin-containing cytoplasm. In this study,
after exposure to FLX above 100 pg/L, O. niloticus showed changes in the
morphological indices of erythrocytes and their nuclei.

In addition, using the EMI determination in this work, we observed
that the stage of erythrocyte maturation decreased with increased
exposure to FLX concentrations. This may be due to the change in
erythrocyte shape from elongated to round resulting from the effects of a
decrease in erythrocyte major axis (EL) and nucleus minor axis (NW)
enlargement [33]. Interestingly, the EMI assay indicates the balance
between the production and elimination of erythrocytes, including an
elevated presence of degenerate erythrocytes and immature erythro-
cytes in the peripheral blood, which are associated with pollution in the
environment where the organisms live [50,77]. Therefore, it can detect
aquatic environments that may be contaminated with pollutants [32].
Consistent with the research of Osman et al. [78], pollution might have
stimulated an increase in the number of immature red blood cells in the
fish circulation. Furthermore, stress can also affect the release of
immature red blood cells [79]. Importantly, immature erythrocytes and
erythrocyte deformability can affect their inefficient functions, such as
inadequate blood flow and reduced oxygen transport to the tissues of
organs within the organism [75]. Ultimately, if the morphometric pa-
rameters and maturation of erythrocytes continue to be abnormal, it
leads to complete degeneration of red blood cells and destruction [80],
depending on fish species, size, age, health and environmental condi-
tions [33].

Furthermore, colchicine was used as a positive control group in this
study because colchicine is known as an aneugenic agent that can affect
tubulin inhibition and cause cell cycle arrest. Moreover, colchicine also
affects mitotic spindle damage and leads to the formation of micronuclei
within living cells [81,82]. Previous studies by Gustavino et al. [83] and
Melo et al. [84] showed that Cyprinus carpio and Oreochromis niloticus
demonstrated that the number of erythrocytes with micronuclei was
higher after colchicine exposure. In addition, colchicine induces DNA
damage and leads to cell death by apoptosis [85]. Our results indicated
that O. niloticus treated with 1 mg/kg colchicine showed effects on
erythrocytes in terms of DNA damage, nuclear alterations, morpholog-
ical changes and abnormal maturation, and our results are consistent
with previous research. Therefore, researchers chose to use colchicine as
a positive control in toxicity studies.

Overall, this research showed that the combined assessment of
comet, MN and ENA assays as well as erythrocyte morphometry and EMI
assays can be used as tools to support the evaluation of erythrocyte
toxicity in fish. In addition, the present study increases the knowledge
concerning the harmful effects of FLX on fish, but further investigation is
needed to provide a comprehensive assessment of FLX toxicity in fish,
such as enzyme assays and other organ pathological studies. Our results
showed that FLX had no effects on fish health. On the other hand, our
study demonstrated that FLX induced erythrocyte toxicity in fish in a
concentration-dependent manner. However, if FLX contamination
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persists in the aquatic environment, aquatic organisms may accumulate
these substances from the food or the water they ingest and can be
transferred in these substances between trophic levels through the food
chain [86], resulting in the higher trophic level organisms in the food
chain are at greater risk of toxic buildup in their body [87]. For this
reason, people who consume aquatic organisms (e.g. fishes) contami-
nated with FLX can unconsciously get FLX. Ultimately, if these sub-
stances accumulate in the body for a long time that can be harmful to
human health and increase the risk of severe illness. Thus, existing FLX
(including other pharmaceuticals) in the aquatic environment must be
managed to avoid exposure of fish and aquatic organisms to contami-
nated environments.

5. Conclusion

The findings of the present study indicated that after 96 h of expo-
sure to FLX at concentrations greater than 100 ug/L, Oreochromis nilo-
ticus were able to induce erythrocyte damage, such as genotoxicity (DNA
damage), mutagenicity (micronucleus formation and nuclear alter-
ations) and cytotoxicity (morphological changes and abnormal matu-
ration). Therefore, we should be aware of the treatment of wastewater
that may be contaminated with FLX before discharge into aquatic en-
vironments to avoid harming the livelihoods of aquatic organisms.
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