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a b s t r a c t

The widespread use of bisphenol A (BPA) has led to its ubiquity in the natural environment. It is exten-
sively incorporated into different industrial products and is associated with deleterious health effects on
both public and wildlife. The current trial was conducted to determine the toxic potential of bisphenol A
using various parameters viz haematological, biochemical, and cytological in freshwater fish Channa
punctatus. For this purpose, fish were exposed to 1.81 mg/l (1/4 of LC50) and 3.81 mg/l (1/2 of LC50) of
BPA along with positive (acetone) and negative controls (water) for 96 h. The blood samples were col-
lected at 24, 48, 72, and 96 h post-exposure. Compared to the control group, fish after acute exposure
to BPA showed a significant decrease in HB content, number of red blood cells, PCV values whereas a sig-
nificant increase in WBCs count was recorded with an increase in the exposure period. Besides, oxidative
stress (determined as malondialdehyde content) increased as BPA concentration increased. Further, the
activity of different antioxidant enzymes like catalase, and superoxide dismutase decreased significantly
after treatment. Results also showed significantly increased frequency of morphological alterations,
nuclear changes, and increased DNA damage potential of BPA in red blood cells. Further structural anal-
ysis of erythrocytes in maximally damaged group using Scanning Electron Microscopy was performed.
The study concludes that BPA exhibits genotoxic activity and oxidative stress could be one of the mech-
anisms leading to genetic toxicity.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Throughout the world, attention towards the monitoring of
potentially harmful effects of environmental contaminants includ-
ing pesticides, herbicides, and industrial effluents has dramatically
increased (Ghaffar, 2020). Industrial effluents from different
industries such as textile mills, chemical manufacturing, pharma-
ceuticals, plastic industry, paper industry, etc usually add several
contaminants like pesticides/insecticides, heavy metals, flame
retardants, plasticizers, etc to the water bodies.

Many of these synthetic compounds are endocrine disruptive
(Scarano et al., 2019; Xu et al., 2018; Zhou et al., 2019) and cause
multiple organ dysfunctions in animals including fish (Ghaffar
et al., 2018; Naz et al., 2020). These endocrine disruptors tend to
bioaccumulate and thus alter the hormone system of both humans
as well as wild animals and can be hazardous even at very low con-
centrations (Vieira et al., 2020). EDCs are potential mimics of some
naturally occurring hormones like androgens and estrogens. They
exert their toxicity by interferingwithhormonal homeostaticmech-
anisms that are involved in the growth and development of various
tissues (Cargnelutti et al., 2020). Among different endocrine-
disrupting chemicals (EDCs), bisphenol A is a well-known
endocrine-disrupting compound that is reported to induce adverse
effects on the pituitary (Chen et al., 2017), gonads (Wang et al.,
2019), and brain (Cano-Nicolau et al., 2016; Molina et al., 2018).

Bisphenol A, an endocrine-disrupting organic and synthetic
compound, is widely used in various dietary consumer products,
canned food products, and plastic food packaging due to its ability
to protect against corrosion. Not only this, but it has also found its
importance in the packaging of food items such as baking powder,
cereals, and yeast (Bowes and Halden, 2019). BPA has been used as
an additive in polycarbonate plastics and epoxy resins to harden
the products for their usage as water bottles and food storage con-
tainers, due to its cross-linking properties (Darbre, 2020). It’s
important properties include low vapor pressure, moderate water
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solubility, and low volatility. It is solid at room temperature (TSAI,
2006). It contains two functional phenol groups that allow the
chemical to interact with estrogen and androgen receptors as both
an agonist and antagonist (Michałowicz, 2014).

According to recent reports by the environment protection
agency (EPA) more than one billion pounds of BPA leaks into the
environment every year, thus illustrating the extent of potential
exposure problems that can be faced (Shafei et al., 2018a).
(Porreca et al., 2016) reported that BPA exposure can be associated
with an increased risk of carcinogenesis and an increase in the sen-
sitivity of certain cell types. Recently, BPA has also been shown to
cause genotoxicity either directly or indirectly in various in vitro
systems (Jalal et al., 2018).

Bisphenol A is suspected to be related to many health implica-
tions such as uterine cancer, low sex-specific neurodevelopment,
neurotoxicity, immune toxicity, and interference of cellular path-
ways (Shafei et al., 2018b; Watkins et al., 2017). BPA has
aromatase-like activity and can convert testosterone to estrogen
to activate the aryl hydrocarbon receptor which is involved in
the synthesis and degradation of steroid hormones (Bonefeld-
Jørgensen et al., 2007). Generally, BPA could impair the normal
reproductive function by disturbing the sex hormone excretion
and activity, and also induce the occurrence of infertility. These
BPA–estrogen receptor interactions have been considered as possi-
ble explanations underlying few epidemiological associations
between estrogen activity and asthma (Bonds and Midoro-
Horiuti, 2013; Thornton et al., 2012). BPA can exert detrimental
effects on the male reproductive system and is also reported to
cause prostate cancer (Cariati et al., 2020). Sperm quality in the
men was also reported to be affected by BPA exposure (Li et al.,
2011).

Gascon et al. (2015) reported that prenatal BPA exposure might
also affect the normal respiratory function and also showed a
marked effect on the increased level of asthma symptoms and a
high incidence rate of respiratory infections occurring throughout
childhood. BPA exposures were also shown to be negatively asso-
ciated with the general immune response while studying a strong
cross-sectional study of adults and children (age 6 and above). BPA
has proved to be a potent chemical that can disrupt the immune
function and also promote the occurrence of some of the known
allergy-related diseases such as bronchial hyper-responsiveness,
asthma, diabetes mellitus type 1 (T1D), and autoimmune diseases
(Donohue et al., 2013; Zhou et al., 2017). BPA has been known to
play a significant role in the development of diabetes, cardiovascu-
lar disease (CVD), and obesity also. The structure of BPA is similar
to 17b- estradiol and thus show binding to estrogen-related (ER)
receptors such as ERa, ERb, ERc, peroxisome proliferator-
activated receptor gamma (PPAR-c) and G-protein coupled estro-
gen receptor GPR30 (Fenichel et al., 2013; Delfosse et al., 2014).

Because of human health and ecotoxicology risk, numbers of
countries have forbidden the use of various products with BPA
addition. It is frequently being detected in the environment and
has become a serious health issue due to its presence in food
organisms and drinking water (Buha Djordjevic et al., 2020; Pal
and Reddy, 2018).

Fish have been considered as an efficient and effective model to
evaluate the toxic, mutagenic, and carcinogenic potential of pollu-
tants (Monteiro et al., 2010). They are the extreme inhabitants of
all zones of aquatic habitat, respond to mutagens at low concentra-
tion, bioaccumulate the environmental pollutants, and provide
early warning for pollution-induced environmental changes.

In vivo toxicity reports due to bisphenol A exposure is very lim-
ited. So the present investigation was undertaken to determine the
LC50 value of BPA for freshwater fish C. punctatus. Further, the
effect of sublethal concentration was studied on behaviour, haema-
tological, biochemical as well as cytological parameters.
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2. Materials and methods

2.1. Experimental organism and chemicals

Freshwater air-breathing food fish C. punctatus were purchased
from the local market with average weight (25–30 g) and length
(11–13 cm). Fishes were transported to the animal house to big
glass aquaria (dimensions: 60 � 60 � 60 cm). 0.2% potassium per-
manganate (KMNO4) was used as a prophylactic measure for any
kind of dermal infection. Fish were acclimatized for two weeks.
They were fed with boiled Chicken eggs. Water was changed on
alternate days and any kind of debris was removed daily to remove
unutilized feed and to reduce ammonia content. Only healthy and
active fishes were used for the experiment after acclimatization.
The weight and length of fishes were noted.

BPA used in the present study was obtained from Sigma Aldrich
(CAS 80-05-7 and purity 99%). The stock solution of BPA was pre-
pared in acetone as BPA is less soluble in water. For this 1 mg
BPA was dissolved in 10 ml of acetone.
2.2. Water parameters

Water parameters were analyzed by a water analysis kit. The
values of different water parameters analyzed during the experi-
ment are: temperature 27.5 �C, pH 7.6; dissolved oxygen (DO)
6.3 mg/l, total dissolved solids (TDS) 0.29 g/l, hardness 244 mg/l,
and conductivity 502 ms/cm.
2.3. LC50 determination and behavioural studies

The percentage mortality of fish in different concentrations of
BPA was determined at 96 h of exposure. A range-finding test
was conducted and then the appropriate concentration range
was selected. Further, the experimental fishes were apportioned
into batches of 10 each and were subjected to discrete concentra-
tions of BPA ranging from 4 mg/l to 12 mg/l. Mortality of fish was
recorded at 24, 48, 72, and 96 h of exposure with BPA. The test
chemical was renewed daily during the experimental period to
maintain the dissolved oxygen concentration at an optimum level.
The experiment was implemented in duplicates and repeated three
times to validate the results. The median lethal concentration was
calculated by using computer software Probit Analysis (Finney,
1971). The percentage mortality of C. punctatus was observed to
be 0% and 100% at 4 mg/l and 12 mg/l concentration of BPA respec-
tively and LC50 value was calculated. During LC50 determination
behaviour alterations were also noted.
2.4. Exposure to sublethal concentrations and experimental setup

After determining LC50, 2 sub-lethal doses were selected, i.e.
1.81 mg/l (one-fourth of LC50) and 3.81 mg/l (one-half of LC50).
Two controls were taken: one was maintained in tap water (nega-
tive control) and another (positive control) was treated with ace-
tone in equal amount (ml/l) to that delivered in the experimental
tanks tested. The experiments were carried out for 96 h duration
to reveal acute effects. Haematological parameters were assessed
to evaluate alterations in erythrocytes. Oxidative damage was
noticed by estimating malondialdehyde (MDA) levels and activities
of antioxidant enzymes like catalase (CAT) and superoxide dismu-
tase (SOD). Genotoxicity was determined using micronuclei assay
and comet assay. Morphological alterations in RBCs were studied
by SEM.
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2.5. Haematological parameters

Haematological parameters were assessed by the standard
technique suggested by Jain (1986). Present analysis manifests
the correspondence of blood parameters like Haemoglobin (Hb),
red blood cells (RBĆs) count, white blood cells (WBĆs) count, and
packed cell volume (PCV). Blood was taken in EDTA-coated Eppen-
dorf tubes by puncturing the heart of the fish. Estimation of hae-
moglobin was deciphered by using Sahlís haemoglobinometer.
Neubauer haemocytometer is used for red blood cell counting.
Hayems fluid is used in 1:200 proportions to dilute the blood. Total
number of erythrocytes was counted per 106 mm3. Hematocrit
levels (PCV) were ascertained by siphoning fresh blood into micro-
haematocrit tubes and then allowed to centrifuge (Microcen-
trifuge, Remi motors, Bombay, India) for 5 min at 9000g.

2.6. Lipid peroxidation

Malondialdehyde (MDA) activity was estimated according to
Ohkawa et al. (1979) with slight modifications. Blood sample of
around two milliliters was allowed to clot for 2 h at room temper-
ature and then centrifuged for 10 min at 3000 rpm. 1 ml of thiobar-
bituric acid (0.6%) and 1 ml of trichloroacetic acid (17.5%) were
added to 1 ml of serum, this preparation was then put in a boiling
water bath for 30 min. 1 ml of n-butyl alcohol was annexed to test
tubes after cooling, and then again centrifuged for 10 min at
3000 rpm. Sample absorbance was computed at 532 nm.

2.7. Antioxidant enzymes

Catalase (CAT) activity was measured according to the method
of Aebi (1984) with some modifications. The reaction mixture con-
taining 0.8 ml phosphate buffer (50 mM, pH 7.0), 0.l ml sample and
0.1 ml Triton X-100 (0.2%) then incubated at room temperature for
10 min. The reaction was initiated by the addition of 2.0 ml H2O2

(0.03 M prepared in potassium phosphate buffer, pH 7.0), and
absorbance change per min was recorded at 240 nm. Superoxide
dismutase was estimated according to the method given by Kono
(1978). The enzyme extract (0.5 ml) was added to 1.3 ml of
50 mM Sodium carbonate buffer (pH10.0), 0.5 ml of NBT, 0.1 ml
of 0.6% Triton X-100 and 0.1 ml of 20 mM Hydroxylamine
hydrochloride (pH 6.0) in a cuvette. The change in absorbance
was observed at 540 nm for 5 min at 25◦C- 27◦C room
temperature.

2.8. Micronuclei assay

Blood samples were collected, and slides were prepared by
smearing one drop of blood on a clean microscopic slide. For the
fixation of smear, methanol was used, slides were kept in methanol
for 10–15 min and then left to air dry at room temperature. Slides
were stained with 6% Giemsa for 20 min. For each group (treated as
well as control) 1000 erythrocytes were examined for the presence
of micronucleated (MNC) and aberrant cells (AC) under a binocular
microscope (Olympus), using oil immersion lens 100 X. All the
nuclear and cytoplasmic abnormalities are collectively considered
as AC (Kumar et al., 2010). Nuclear abnormalities include notched,
lobed, deformed, blebbed, and elongated nuclei, Cytoplasmic
abnormalities include: Karyolysis, vacuolated cytoplasm, and
swelled cells.

2.9. Single-cell gel electrophoresis (Comet assay)

Alkaline version of Comet assay was performed using blood
samples (Ahuja and Saran, 1999) by puncturing the heart, 10 ml
of blood is immediately diluted in 1 ml of phosphate buffer saline.
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Microscope slides were coated with 1% of normal melting point
agarose (NMPA), and then the slides were incubated at 37 �C, over-
night. 0.5% of low melting point agarose (LMPA) mixed with 20 ml
of blood was added to the coated slides. The slides were then kept
in the refrigerator at 4�C for 10–15 min. Third layer of 0.5% LMPA
was poured on the slides and returned to the refrigerator at 4 �C
for another 10 min. Slides were then placed in lysis buffer for about
3 h in the refrigerator. After the lysing step the slides were incu-
bated in electrophoretic buffer followed by electrophoresis for
20 min at 300 mA and 24 V. Neutralization buffer was used to neu-
tralize the slides for 15 min. Slides were kept for drying. Ethidium
bromide was used to stain the slides. Blotting paper was used to
remove an excess of stain, Fluorescent microscope with 40X mag-
nification, excitation filter of 515–560 nm, 590 nm barrier filters
was used for scoring of slides. CASP LAB image analysis software
was used for examining the comets.

2.10. Scanning electron microscopy

Blood was collected from both control and exposed fish. Three
to four drops of blood were immediately fixed in 2.5% glutaralde-
hyde prepared in 0.1 M phosphate buffer (pH 7.4) for 2–3 h and
the sample was centrifuged at 1500 rpm for 5 min. After discarding
the supernatant, the erythrocyte pellet was washed 2–3 times with
phosphate buffer. The pellet was then suspended in a small volume
of distilled water and dehydrated with increasing concentrations of
ethanol. A small drop of erythrocyte suspension was applied to a
coverslip (circular, 10 mm). Air-dried samples were sputter-
coated with gold and examined under a scanning electron micro-
scope at an accelerating voltage of 15–20 kV.

2.11. Statistical analysis

Statistical analysis was performed using a software program
(SPSS 16.0 for windows). All data were presented as mean ± SE.
One-way ANOVA followed by posthoc Tukey’s test was used to
assess the significance of the difference between control and treat-
ment groups. P values less or equal to 0.05 were considered statis-
tically significant.
3. Results

The 96 h LC50 value of BPA was determined to be 7.625 mg/l for
Channa punctatus (Table 1). The disparities in behaviour of C. punc-
tatus after the treatment of BPA are presented in Table 2. At the
start of the exposure, fishes showed vigilance and ceased swim-
ming, hyperexcitability, and erratic movements were observed
with increasing concentrations. Copious amount of mucus is
secreted from the whole body. High pigmentation, loss in the equi-
librium, darting movements, and loss of Schooling behavior were
also noted. Fishes were seen engulfing air through the mouth
and high opercular activity was observed. Eventually fish died
and a change in color of the gill lamellae and coagulation of mucus
was seen in dead fishes. The behaviour alterations were found to
be more pronounced after administration with higher concentra-
tions than lesser concentrations as depicted in Fig. 1.

The toxic effect of BPA was perceived by studying hematological
parameters, oxidative stress, and DNA damage in blood cells of fish
at different time durations for both concentrations. Acute effects
were examined up to 96 h. Results are put forth in Figs. 2–7. In
the present study sublethal exposure of BPA for 96 h effectuated
notable alterations in haematological parameters Fig. (2a-d). After
96 h of exposure Hb content (gm), RBC count (106/mm3), and
packed cell volume (%) showed a significant declining trend in
comparison with negative as well as a positive control. Hb content



Table 1
Determination of LC50 value of BPA in C. punctatus for 96 h.

Chemical Fish Upper limit Lower limit LC50

BPA C. punctatus 9.138 6.267 7.625 mg/l

Table 2
Impact of BPA on behaviour of fish Channa punctatus after treatment for 96 h.

Parameters Control 4 mg/l 5 mg/l 7 mg/l 9 mg/l 10 mg/l 12 mg/l

Hyperactivity – + ++ ++ +++ +++ +++
Loss of balance – + ++ ++ +++ +++ +++
Rate of Swimming + + + ++ ++ +++ +++
Rate of Operculum activity + ++ ++ ++ ++ +++ +++
Pigmentation – ++ ++ +++ +++ +++ +++
Mucus secretion – + ++ ++ +++ +++ +++

(–) None, (+) mild, (++) Moderate, (+++) Strong.

Fig. 1. Pigmentation in fish C. punctatus exposed to different concentrations of BPA.
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explicates dose-dependent significant decline with an increase in
time duration. The lowest levels of Hb were found at 96 h of expo-
sure with the highest concentration (3.81 mg/l). The value
decreases from 10.46 ± 0.12 (control) to 6.43 ± 0.23, which is
38.53% less than the control value. Similarly, a significant decrease
was perceived in RBC and PCV levels. RBC count decreased from
2.23 ± 0.04 (Control) to 1.27 ± 0.02 after 96 h of exposure. PCV level
decreases from 42.15% (control) to 27.19% (3.81 mg/l). THE highest
WBC count (103/mm3) was observed at 96 h of exposure and the
increase was significant with BPA treatments along with time
duration. Values of WBC count showed a significant hike which
is 1.31 folds as compared to the control group.

Fig. 3a displays the effect of BPA on MDA levels in blood of fish
C. punctatus. For acute exposure, results were found to be signifi-
cantly different in comparison with the controls for 24 h, 48 h,
72 h, 96 h, of exposure for both the concentrations of BPA. MDA
levels showed a significant hike at 96 h which was found to be
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4.20 and 3.10 folds higher than negative control after administra-
tion of 1.81 mg/l and 3.81 mg/l BPA respectively. CAT activity
was significantly (p < 0.05) decreased in a concentration and
time-dependent manner in blood after exposure of sub-lethal con-
centrations when compared to the control group (Fig. 3b). The
exposure of fish to BPA resulted in the reduction of SOD activity
as compared to that of the control specimen and the results are
shown in Fig. 3c. A significant (p < 0.05) decrease in SOD activity
was observed after 24, 48, 72, and 96 h exposure in blood at both
concentrations as compared to control. The maximum decrease in
CAT and SOD activity was observed after 96 h with the highest
concentration.

Micronucleated (MNC) and aberrant cell (AC) frequency in
peripheral blood circulation is given in Fig. 4(a-b). The present
study discloses the significant increase in MNC and AC frequency
after treatment with BPA as compared to the control groups. In
the negative control group, MNC and AC frequency was very less



Fig. 2. (a-d):- Haemoglobin concentration (gram), Red blood cell count (X 106/mm3), White blood cell count (X 103/mm3), and Packed cell volume (PCV %) in fish C. punctatus
exposed to different concentrations of BPA for different hours. Different letters a, b, c, d signify the effect of treatment at the same time interval, and p, q, r, s signify the effect
of duration of exposure.
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whereas in the positive control slight non-significant increase was
noticed. A significant dose-dependent increase was observed for
both concentrations. When exposed to 3.81 mg/l BPA, the percent-
age of micronucleated cell raised from 0.1 ± 0.05 to 0.81 ± 0.01, and
the percentage of aberrant cells increased from 7.68 ± 0.17 to
43.89 ± 1.24 (Mean ± S.E.). Thus significant effects (P < 0.05) of con-
centrations and time of exposure were revealed in the results.

Further DNA damage was assessed using comet assay by inves-
tigating tail length and tail moment as parameters. The impact of
treatment of BPA on the tail length and tail moment on blood cells
of C. punctatus is given in Fig. 5(a-b). The negative control group
exhibited the lowest DNA damage. A slight hike in the value was
perceived in the acetone-treated control groups but the increase
was non-significant. Treatment with both the concentrations of
BPA actuated significant change for both the parameters as com-
pared to both the control groups (Tukey’s test). Maximum damage
was observed at 24 h of exposure with the highest concentration of
BPA (3.81 mg/l) where tail length increases 2.07 times and tail
moment increases 3.45 times in comparison with control. At
48 h there was a decrease in the value for both the parameters
and at 72 and 96 h again an increase in the value was observed.
The effect of duration of exposure was also found to be significant
(One way ANOVA, p < 0.05).

Fig. 8 depicts scanning electron micrographs of blood cells of
control as well as exposed group. RBCs of the control group were
elliptical whereas erythrocytes from the exposed group showed
various abnormalities such as irregular shaped, cytoplasmic bleb,
notched, elongated cells, and fused cells.
4. Discussion

Bisphenol-A is one of the most studied endocrine-chemicals,
which is widely used all over the world in plastic manufacture.
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Because of its extensive use and continuous discharge from indus-
tries, it has become the most important and deleterious health
threat for both terrestrial and aquatic life (Andújar et al., 2019;
Yang et al., 2019).

In the present study, the LC50 value for BPA was calculated to be
7.625 mg/l (Table 1). The LC50 value of BPA for freshwater fish is
scarcely explored. LC50 of BPA previously determined for Daphnia
magna and Oryzias latipes was found to be 11.7 mg/l and 5.0 mg/l
respectively (Li et al., 2017). While 96 h LC50 for Cichlid fish, Etro-
plus maculatius exposed to BPA was found to be 6.48 mg/l (Asifa
and Chitra, 2015). LC50 values determined for different animals
were found to be varied due to the variations in tolerance levels
among different organisms.

An organism’s first response to environmental change is fre-
quent alterations in its behavior (Nagelkerken and Munday,
2016). Behaviour is the result of several complex processes of
development and physiology (Wong and Candolin, 2015) and
therefore provides a comprehensive measure of exposure to multi-
ple stressors. Behavior is the result of adaptation to a changing
environment and allows the organism to adjust internal and exter-
nal stimuli to cope with the variable environment (Sharma et al.,
2019). It is a sensitive measure of an organism’s response to stress
including environmental contaminants.

In our trial results exhibited different clinical and behavioral ail-
ments like hypersecretion of mucus from gills, mouth, loss of equi-
librium, erratic movement, gulping of air, loss of coordination, and
lying on one side in fish at low concentrations. Similar to our find-
ings, (Akram et al., 2021) also observed loss of equilibrium, erratic
movement, secretion of mucus, etc in Aristichthys nobils exposed to
BPA. Previously, jerky movement and erratic swimming due to BPA
at low concentrations in Labeo rohita (Faheem et al., 2017) and loss
of balance, erratic swimming, and altered swimming pattern in
Ctenopharyngodon (Kaliappan Krishnapriya et al., 2017) have been
observed. (Saili et al., 2012) observed BPA-induced hyperactivity in



Fig. 3. Effect of different concentrations of BPA on (a) MDA level, (b) CAT and (c) SOD activity in the blood of C. punctatus at different hours of exposure. Error bars represent
standard errors (SE). Different letters a, b, c, d signify the effect of treatment at the same time interval, and p, q, r, s signify the effect of duration of exposure.
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larval fish and learning deficits in adult zebrafish. (Wang et al.,
2013) reported that BPA exposure had altered spontaneous move-
ment, decreased tactile response, and swimming speed in response
to light stimulation by inducing axial muscle damage in larval
zebrafish.

The abnormal behaviors observed in the fish may be caused by
the neurotoxic effects and also by the irritation to the perceptive
system of the body. Toxicants may damage nerve cell bodies,
axons, and myelin sheaths. At the biochemical level, they can alter
the synthesis and release of neurotransmitters, which may be asso-
ciated with behavioral changes (Sharma et al., 2019).

With an increase in the amount of dose, the hyperventilation,
hyperexcitability, and loss of equilibrium can be seen in fishes. It
may occur due to the effect of BPA on fish’s central nervous system.
Many authors have suggested that hyperexcitability in fishes is due
to the hindrance in the activity of the enzyme acetylcholine
4743
esterase (AChE) (Mckenzie et al., 2009). Under the influence of
BPA fish demonstrated surfacing phenomenon and loss of equilib-
rium. Similar results were elicited by (Mishra and Mohanty, 2008)
in fish C. punctatus subjected to chromium. After the exposure, a
plenteous amount of mucus exudates from the body of C. puncta-
tus. The secretion of excessive mucus is probably due to irritation
of the skin due to direct contact with the toxicant. Mucus forms
a layer between the body and toxicant to minimize irritating effect
(Rao, 2006) and also inhibits the diffusion of oxygen during the
gaseous exchange (KUmar et al., 2015). Similar outcomes were
reported in Orechromis niloticus (Benli and Koksal, 2005) larvae
and fingerlings exposed to ammonia, and in Clarias gariepinus
(Adedeji et al., 2008) subjected to diazinon.

Blood is a pathophysiological reflector of the body because it is
highly susceptible to internal and external environmental fluctua-
tions. Blood parameters are contemplated as a sensitive measure of



Fig. 4. Effect of different concentrations of BPA on (a) micronuclei cell frequency and (b) aberrant cell frequency in blood cells of C. punctatus at different durations of
exposure. Error bars represent standard errors (SE). Different letters a, b, c, signify the effect of treatment at the same time interval, and p, q, r, s signify the effect of duration of
exposure.

Fig. 5. Effect of different concentrations of BPA on (a) tail length and (b) tail moment in blood at different durations of exposure. Error bars represent standard errors (SE).
Different letters a, b, c, signify the effect of treatment at the same time interval, and p, q, r, s signify the effect of duration of exposure.
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stress in fish exposed to different water pollutants and toxicants
like industrial effluents, metals, pesticides, chemicals, biocides,
etc. The current study divulges that exposure to sublethal concen-
trations of BPA up to 96 h inflicts significant changes in haemato-
logical parameters in fish C. punctatus. Diminution in hemoglobin
content, RBC count, Packed cell volume was discerned in the out-
going study Alleviation in WBC count was also perceived.
(Sharma and Chadha, 2015) asserted similar outcomes in C. punc-
tatus subjected to sublethal concentrations of nonylphenol. Similar
results were observed by (Parveen et al., 2017) in C. punctatus
exposed to tannery effluent. Exposure to BPA resulted in decreased
Hb content, RBCs count, and increased WBCs count in Hetrerop-
neustes fossilis (Aiswarya and James, 2016). Lower RBC count and
Hb levels were also examined in grass carp Ctenopharynodon idellus
injected with ammonium acetate (Xing et al., 2016). Attenuation in
erythrocyte number may be due to the fragmentation of erythro-
cytes cell membrane or due to the disarray in hemopoiesis due
to disruption in spleen and kidney by toxicants (Banaee, 2013).
The prime purpose of WBC count or total leukocyte count (TLC)
is to contend against infections, shield the body against incursions
by extraneous substances, and induce as well as disseminate anti-
bodies (Ajima et al., 2015). The increase in WBCs count observed in
the present study could be attributed to a stimulation of the
immune system in response to tissue damage caused by BPA.
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Role played by ROS in cell survival, apoptosis, and death has
been depicted by (Franklin, 2011). In the experimental studies by
(Abdollahi et al., 2004; Abhilash and Singh, 2009) it was concluded
that oxidative stress in biological systems instigates as a conse-
quence of a discrepancy between the production of oxidizing spe-
cies and cellular antioxidant defenses. Measurement of alterations
in the levels of GST, CAT, and SOD has been considered effective to
assess the overall antioxidant status of an organism. It depicts the
overall health of an organism, as any decrease in their activity indi-
cates poor detoxification capacity.

The present study shows that there is a significant difference
between controls and treatment groups regarding the MDA con-
tent, CAT, and SOD activities after acute exposure. After treatment
with BPA, the highest MDA content was seen in the 96 h exposure
group in the blood where the value increased 4.63 folds. The
assault of lipid peroxides on polyunsaturated fatty acids of cell
membranes can be a potential explanation for the rise in MDA
due to BPA intoxication. This affects the biophysical properties
because of the cross-linking of membrane components. As a conse-
quence, it contributes to decreased membrane stability, increased
membrane permeability, inactivation of enzyme activity, and loss
of essential fatty acids. Lipid hydroperoxides generated during
lipid peroxidation also cause DNA damage by inducing single and
double-strand breaks in DNA (Ayala et al., 2014).



Fig. 6. Showing different cytoplasmic abnormalities in blood cells of C. punctatus after exposure to BPA (a) normal erythrocytes (b) lysed cell (c) binucleated cell (d)
micronuclei (e) karyolised cell (f) notched nucleus (g) fused cell (h) abnormal shaped cell (i) lobed nuclei.
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Besides lipid peroxidation, the activities of CAT and SOD were
also assessed in the blood of C. punctatus. In the BPA-treated group,
CAT and SOD activity decreased in the blood and the decrease was
30.51% and 54.73% with 3.81 mg/l concentration as compared to
control. Similar results were reported by other studies. Decreased
activities of CAT and SOD are in line with the studies of (Chitra
et al., 2003). Increased lipid peroxidation in human bone mes-
enchymal stem cells was also revealed by (Leem et al., 2017). In
another study, (Abdel-Wahab, 2014) reported that BPA induced
lipid peroxidation and decreased the activity of the antioxidant
defense system in rat hepatocytes. (Aboul Ezz et al., 2015) noticed
BPA induced increased MDA level, depleted GSh level, and
decreased CAT and AchE activities in heart of male rats. (Eid
et al., 2015) found that hepatic tissue of female rat offspring
exposed to BPA resulted in significantly increased MDA content
while the activities of CAT, SOD, and GPx decreased significantly
in the treated group. (Park and Choi, 2009) studied the effect of
nonylphenol and bisphenol A on Daphnia magna and Chironomus
riparius and observed increased MDA content and decreased
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activity of CAT in both chemical exposed groups. (Anet et al.,
2019) observed increased lipid peroxidation and decreased SOD,
CAT, GSH, and GST activities in Drosophila melanogaster treated
with BPA. (Tiwari and Vanage, 2017) demonstrated bisphenol A-
induced lipid peroxidation and decrease in the activity of various
enzymatic and non-enzymatic antioxidants in bone marrow cells,
blood lymphocytes, and testicular and epidermal tissues of male
rats.

To date, it is the first report about the investigation of different
antioxidant enzymes in the blood of C. punctatus after bisphenol A
exposure. The lower values of these antioxidant enzymes might be
due to increase oxidative stress and depletion of antioxidant
enzymes (Ghazanfar et al., 2018; Latif et al., 2020). Our results
demonstrated that BPA exposure can affect oxidative stress,
including an increase in MDA levels and a decrease in CAT and
SOD activity. To counteract the effects of reactive oxygen species
(ROS), organisms are equipped with antioxidant defense systems
that prevent cellular damage. The decreased SOD activity observed
in our study may be due to the inability of the cells to generate



Fig. 7. Photomicrographs showing different level of DNA damage (a) control (b) mild damage (c) moderate damage (d-f) severe damage.

Fig. 8. Scanning electron micrographs of erythrocytes of Channa punctatus (a) control; (b-e) exposed to 3.81 mg/L BPA; (IR) irregular shape; (NC) notched cell; (EL) elongated
cell; (BC) blebed cell; (FC) fused cells.
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enough SOD, which may arise from severe cellular damage or
greater functioning in combating oxidative stress.

Further, the exposure of BPA is also found to affect theDNA integ-
rity as revealed by micronucleus and comet assays. For micronuclei
assay % micronucleated cells and % aberrant cells are considered as
parameters. In the present study, both duration and dose-
dependent increase is observed. Significant level (p ‹0.01) of
micronucleated cell frequencyandaberrant cell frequency is noticed
after every exposure period.Maximum%micronucleated frequency
(0.81 ± 0.01) and % aberrant cell frequency (43.89 ± 1.24) was
observed for the highest concentration at 96 h of exposure. The Pre-
sent study is corroborated by the work of (Yadav and Trivedi, 2009).
They noticed a duration-dependent increase in micronucleus fre-
quency in fish C. punctatus exposed to heavymetals. Several nuclear
abnormalities (lobed nuclei, blebbed nuclei, notched nuclei,
micronuclei) in erythrocytes of fish Orechromis niloticus
(Matsumoto et al., 2006) was observed in response to heavymetals.
Nuclear abnormalities like lobed nucleus, nuclear buds, elongated
nucleus were may be due to the consequence of inimical effects
engendered by clastogenic pollutants. All these changes occlude
the chromosomal attachment due to gene amplification and leads
to the emergence of notched, budded, binucleated, and other dis-
torted nuclei (Bolognesi et al., 2006; Ergene et al., 2007).

The comet assay or the single-cell gel electrophoresis (SCGE)
technique is amethod formeasuringDNAstrandbreaks in individual
cells and is used to evaluate genotoxicity, DNA repair, and genome
instability. The SCGE is a well-established assay for the assessment
and estimation of DNA damage both in vitro and in vivo, at the indi-
vidual cell level due to its capability of detecting very low-level
oxidative damage induced in DNA (Bolognesi et al., 2019).

In the present study tail length (TL) and tail moment (TM) were
used as parameters to assess the DNA damage. Exposed groups
were found to have a significantly higher value of these parameters
as compared to control showing the genotoxic effect of BPA. Previ-
ously DNA damage in spermatozoa of zebrafish (Lombó et al.,
2019) and gills and lymphocytes of C. punctatus fish (Ali et al.,
2020) due to bisphenol A has been reported.

Different researchers observed an increase in DNA damage in
different fish species after exposure to various organic compounds
(Rajan and Shamundeeswari. Anandan, 2017; Sharma and Chadha,
2017; Ullah et al., 2016) but the DNA damaging potential of BPA
has been mainly investigated in vitro studies. (Ramos et al., 2019)
studied the effect of Bisphenol A (BPA) on Hep-2 and MRC-5 cell
lines and found that BPA induced an increase in DNA damage in
the Hep-2 cell line and oxidative damage in the MRC-5 cell line.
(Kose et al., 2020) observed that RWPE-1 cells exposed to BPA,
bisphenol S (BPS), and bisphenol F (BPF) showed significantly
higher levels of DNA damage as compared to control. (Eid et al.,
2015) found a significant increase in DNA damage in the hepatic
tissue of female rat offspring exposed to BPA. (Anet et al., 2019)
observed significantly increased tail length and % tail intensity in
cells of Drosophila melanogaster after treatment with BPA.

In the present study, the highest effect was seen at 24 h of expo-
sure followed by a drop in the value but at later hours of exposure
value again increases. The decrease may be due to repair of dam-
aged DNA or replacement of highly damaged cells or both
(Miyamae et al., 1997; Saleha Banu et al., 2001). Another reason
may be gene activation like cytochrome p450 which activates the
metabolizing enzymes and provides a defensive mechanism
against genotoxicants (Wong et al., 2001). It may be due to the
removal of apoptotic cells with time, which contribute to the
comet in the early stages. Similar results were found by
(Cavalcante et al., 2008) who tested blood and gill cells of fish
and found high damage at 6 h of exposure, but at 24 h blood cells
showed decreased damage and in contrast to this gill cells showed
high damage at 24 h. Further (Gülsoy et al., 2015) reported the
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highest DNA damage at 24 h of exposure in zebrafish (D. rerio) trea-
ted with borax, and a decrease in values was observed at 48 h and
72 h and 96 h again the values increased. The effect of concentra-
tion was also found to be significant. The highest DNA damaging
effect was observed with the highest concentration.
Concentration-dependent DNA damage was found in human SK-
N-MC cells treated with BDE-47 and BDE-209 (Pellacani et al.,
2012). In a study, (Wang et al., 2020) exposed THP-1 cell lines to
BDE-47, HBCD, and TBBPA and observed a significant increase in
% tail DNA with increasing exposure concentration. (Park and
Choi, 2009) studied the effect of nonylphenol and bisphenol A on
Daphnia magna and Chironomus riparius and found a
concentration-dependent increase in OTM in both nonylphenol
and BPA exposed group. (Chen et al., 2019) found that the liver
of Chinese rare minnows exposed to Tris (1,3-dichloro-2-propyl)
phosphate resulted in a significant increase in DNA damage in a
concentration-dependent manner.

DNA damage in our study might be due to the overproduction
of free radicals related to oxidative stress. The underlying mecha-
nism of BPA-induced genotoxicity is not very clear but it has been
mainly associated with oxidative stress via ROS and lipid peroxida-
tion (Tiwari et al., 2012) which may cause direct DNA abnormali-
ties. DNA damage in different tissues of organisms induced by
the generation of free radicals and oxidative stress has been inves-
tigated by different researchers (Ali et al., 2020; Ghaffar, 2020;
Ghazanfar et al., 2018; Hussain et al., 2019)

SEM studies of erythrocytes revealed various abnormalities
such as irregular shape, notched, elongated cells, cytoplasmic bleb
in C. punctatus. Various researchers observed different abnormali-
ties in erythrocytes of fish exposed to different xenobiotics (Dey
et al., 2016; Kaur and Kaur, 2015; Mehra and Chadha, 2021).
Changes in the morphology of erythrocytes of fish exposed to
xenobiotics indicate the poor health status of the fish (Sawhney
and Johal, 2000).

5. Conclusion

In conclusion, the acute exposure to BPA swered the haemato-
logical parameters, increased lipid peroxidation, decreased the
activities of antioxidant enzymes, and caused DNA damage in
blood cells of C. punctatus. Oxidative stress could be one of the
mechanisms for the genotoxic activity of BPA as BPA-induced
DNA damage was associated with elevated levels of MDA and
decreased activities of CAT and SOD. Further, more study is needed
to explore the molecular mechanism of BPA induced oxidative-
DNA damage
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