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Abstract

Bisphenol A (BPA) is noted for its adversative effects by inducing oxidative stress,

carcinogenicity, neurotoxicity, inflammation, etc. However, the likely act of BPA in

inducing neurodegenerative phenotypes remains elusive in the available literature.

Hence, the present study was conducted to decipher the neurodegenerative po-

tential of BPA in inducing Parkinson's disease like phenotypes in zebrafish. Zebrafish

were subjected to chronic waterborne exposure to BPA for 56 days. Locomotor

activities and neurobehavioral response were assessed by the NTDT (novel tank

diving test), OFT (open field test), and LDPT (light‐dark preference test). The oxi-

dative stress markers and histopathological observation for pyknosis and chromatin

condensation were carried out. Immunohistochemistry for activated caspase‐3 and

targeted proteins expression study was performed. The basic findings reveal that

chronic BPA exposure significantly induces locomotor dysfunction through a sig-

nificant decline in mean velocity and total distance traveled. As a measure of py-

knosis and chromatin condensation, pyknotic and Hoechst positive neurons in

telencephalon and diencephalon significantly increased by BPA exposure. A higher

concentration of BPA adversely affects the neurobehavioral response, antioxidant

status, and neuromorphology in zebrafish. Parkinson‐relevant targeted protein ex-

pression viz. alpha‐synuclein and LRRK2, were significantly upregulated, whereas

tyrosine hydroxylase, NeuN, and Nurr1 were significantly downregulated in the

zebrafish brain. As an indicator of cell death by apoptosis, the expression of acti-

vated caspase‐3 was significantly increased in the BPA‐exposed zebrafish brain.

These basic results of the current study indicate that chronic waterborne exposure

to BPA induces neuropathological manifestation leading to the development of

motor dysfunction and Parkinsonism‐like neurodegenerative phenotypes in

zebrafish.
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1 | INTRODUCTION

Human‐caused activities have significantly augmented the level of gen-

otoxic compounds in the soil, water, and ambient atmosphere, thus ex-

erting the potential threat of serious health maladies, including

neurodegenerative diseases. Bisphenol A (BPA) is a man‐made xenoes-

trogen that is primarily utilized in huge quantities to yield polymers such

as epoxy resins, polycarbonate plastics, and polyesters.[1] Its concentra-

tions are generally lower than 1µg/L in the aquatic environment; how-

ever, in industrial effluents, BPA concentration rises two to three folds.[2]

BPA has been reported to induce oxidative stress, carcinogenicity, neu-

rotoxicity, neuroinflammation, and neurobehavioral alterations.[3–10]

However, the pathological manifestation involving downstream signaling

is not well characterized. Earlier reports also showed the presence of BPA

in humans and animals, providing conclusive evidence for potential health

hazards of BPA.[11–15] Few reports also advocated that BPA has the

potential to cross the blood‐brain barrier (BBB) effortlessly and is ac-

counted to have an adverse effect on the central nervous system.[16,17]

BPA is also well known as an anthropogenic endocrine‐disrupting che-

mical.[18] However, the literature on the neurotoxic potential of BPA in

inducing neurodegenerative diseases is limited.

With the rising load of anthropogenic toxicants like BPA in ambient

air, soil, and water, an actual risk towards development of grave health

hazards may arise. The aquatic ecosystem may act as a delicate target for

pollution with this xenoestrogen upsetting equally the aquatic fauna and

human beings. Zebrafish (Danio rerio) is a perfect experimental animal

presenting similar adaptive responses to toxicity tests and therapeutic

approaches as that of mammals.[19,20] Currently, zebrafish is considered as

a vertebrate experimental animal model to study various neurodegen-

erative diseases.[21] Alternatively, zebrafish are also provided with vital

antioxidant enzymes at relatively higher levels than higher vertebrates.[22]

Several studies have also depicted that zebrafish is retorting to mood

influencing compounds in behavioral screening tests in an expected

manner.[23–26] The brain, in contrast, is awfully susceptible to neurotoxi-

city leading to development of neurodegenerative diseases due to its

weak antioxidant defense, augmented oxygen consumption rate, and high

lipid content.[27,28] Consequently, a rising load of BPA potentially devel-

ops susceptibility towards development of neurodegenerative diseases in

human beings. The oxidative stress induction potential of BPA might

impact the brain as a soft target. Therefore, the current experimental

paradigm was set to elucidate the possible role of BPA in inducing

Parkinsonism‐like phenotypes in zebrafish.

2 | MATERIALS AND METHODS

2.1 | Reagents and chemicals

All reagents and chemicals utilized were obtained from SRL, Sigma‐

Aldrich, Himedia, Bio‐Rad, Invitrogen unless otherwise mentioned. The

reagents used for the present study comprise BPA (#239658), Tricaine

(#E10521), Glutathione (#PHR1359), DNPH (#D199303), GHCL

(#G3272), TBA (#T5500) & CV (#1052350025) from Sigma‐Aldrich;

GSSG (#22151), NADPH (#99197), DTNB (#32363) and BHT (#82010)

from SRL. The reagents used for immunoblotting and immuno-

fluorescence studies were purchased from Bio‐Rad (#1620112,

#1620115, #1610737, #1610394) and Invitrogen (Hoechst #H3570,

#P36935, #WP20005). The primary and secondary antibodies used for

the study include α‐Syn (SY SY #128002), NeuN (Abcam #Ab177487),

TH (Abcam #ab229333), LRRK2 (MBS #MBS9604182), Nurr‐1 (Labome

#ARP38753), cleaved caspase‐3 (Abcam #ab13847), actin (Abcam

#ab170325), anti‐mouse (Promega #W4021), anti‐rabbit (Promega

#W4011), goat anti‐rabbit (Invitrogen # A‐11036), etc.

2.2 | Experimental animals

All experiments mentioned were approved and performed as per the

appropriate guidelines of the institutional animal ethics committee

(IAEC) of Siksha ‘O’ Anusandhan (Deemed to be University), Odisha,

India (IAEC No: IAEC/SPS/SOA/09/2020). Adult zebrafish

(4–6 months old; both sexes in equal proportion) were obtained from

the Central Institute of Freshwater Aquaculture (CIFA), Odisha, India,

and were kept in a 40‐L capacity stock aquarium and maintained as

per the zebrafish standard of care.

2.3 | Acute toxicity test and dose standardization
of BPA

A dose‐response curve acute toxicity test for BPA was per-

formed.[29] An acute toxicity test was conducted in zebrafish (seven

no/group) by considering different concentrations of BPA (mg/L).

Zebrafish were subjected to waterborne BPA exposure (96 h) and

mortalities were recorded at 24, 48, 72, and 96 h. The waterborne

acute toxicity test of BPA was conducted on zebrafish to determine

LC50. The normal laboratory condition was maintained during the test

as per the acute toxicity test guideline. Different concentrations of

BPA were prepared by dilution of a stock solution (0, 0.25, 0.5, 1, 2, 4,

8, 16, and 32mg/L). BPA solution was prepared by dissolving in

100% ethanol.

The dose‐response study showed 100% death at a con-

centration of 8 mg/L (35.0431 µM) and is considered as LC100[
30]

and the LC50 for BPA was found to be 6 mg/L (26.2824 µM). The

LC50 was measured with increasing concentration of BPA and the

mortality of zebrafish was recorded after 96 h followed by Finney's

probit analysis.[31] The behavioral study (by novel tank diving test

[NTDT])[32] conducted 96 h after the test, showed that behavioral

paradigm‐shifting (time spent in the upper zone of NTDT) started

at 0.5 mg/L of BPA and continued exponentially up to 4 mg/L

(17.52 µM). For the present study, two different concentrations of

BPA (1 mg/L [4.38 µM] and 4 mg/L [17.52 µM]) were used to study

the neurodegenerative potential of BPA in zebrafish (Please see

Supporting Information data). Each of the experiments was per-

formed as three biological repeats and the results were statistically

significant.
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Adult zebrafish were assigned into four groups such as naïve,

control, BPA 1.0 mg/L (BPA1.0), and BPA 4.0mg/L (BPA4.0). Forty‐

two zebrafish/groups were considered and kept in a 10‐L aquarium.

The naïve group of zebrafish was not subjected to treatment with the

vehicle or solvent carrier. In the present study, the main objective for

inclusion of the naïve group was to negate any possible impact of the

solvent carrier or vehicle (i.e., ethanol) on the neurobehavioral re-

sponse, biochemical parameters, and neuromorphology in zebrafish

brain in contrast with the control group (vehicle control).

2.4 | Behavioral tests

2.4.1 | Assessment of scototaxis behavior by light/
dark preference test (LDPT)

LDPT is used to study the scototaxis behavior (preference for dark-

ness) of zebrafish.[33,34] In the current study, LDPT was carried out

after 56 days of BPA exposure (n = 18/group). The neurobehavioral

response of individual zebrafish was video recorded and analyzed for

5 min by an ANYmaze video tracking system (Stoelting Co.).

2.4.2 | Evaluation of explorative and locomotory
behavior by NTDT

NTDT is primarily used to evaluate exploratory and locomotory

behavior in zebrafish.[32] Zebrafish preferentially showed bottom‐

dwelling behavior. After exposure to the stipulated time period of

BPA exposure, individual zebrafish of the respective experimental

group were subjected to neurobehavioral testing and analysis for

5 min with the help of an ANYmaze video tracking system (n = 18/

group). NTDT was also used to study the motor dysfunction with

the help of the ANYmaze system through assessment of total dis-

tance traveled, mean velocity, and the number of transitions to the

top zone.

2.4.3 | Open field arena test (OFT)

The motor function study was performed as per the procedure re-

commended previously with a minor amendment.[35] The locomotor

activity (motor dysfunction) of adult zebrafish was evaluated by

OFT and the apparatus is a 5‐L rectangular tank (L ×W ×H:21 ×

21 × 15 cm) filled with 3‐L aquarium water. As per the usual beha-

vior, zebrafish swim to and fro along the length of the open field

arena and thus this common observation was considered to ascer-

tain the locomotor movement of zebrafish. The OFT was virtually

divided into nine equal zones (the length of each zone was 7 cm) by

three vertical and horizontal lines. The locomotor activity was re-

corded for 5 min by the ANYmaze system by analyzing the time

taken to cross all zones, total distance traveled, and mean velocity in

OFT (n = 18/group).

2.4.4 | Oxidative stress parameters

After the conclusion of BPA exposure and neurobehavioral study,

zebrafish were sacrificed and brains were dissected out at 4°C

(n = 18/group). For the biochemical assay, a cluster of six whole

brains was used for each experimental sample. Then, the brains

were softly ground in ice‐cold radioimmunoprecipitation buffer

(RIPA) in a glass homogenizer, and then the mixture was incubated

for 25 min at 4°C to collect the supernatant for further use in

biochemical assays.[36]

2.4.5 | Protein carbonylation study to evaluate
protein oxidation rate

Protein carbonylation is the quantification of protein‐bound car-

bonyls following protein oxidation.[37] Briefly, 10% of homogenate

of zebrafish brain in RIPA buffer was centrifuged at 12,000 rpm/

20min and then the supernatant was separated. Subsequently,

0.5 ml of the collected supernatant was treated with 0.5 ml 10 mM

DNPH (2,4‐dinitrophenylhydrazine) in 2M HCl for 1 h at room

temperature (RT) and was subjected to vortex at 15 min intervals.

Later, 0.5 ml of 20% TCA (trichloroacetic acid) were mixed and

centrifuged at 11,000g at 4°C for 10 min. The pellet obtained was

washed three times with 1 ml of ethanol–ethyl acetate (in the ratio

1:1) to eliminate the unreactive reagent. Subsequently, the pellet

protein was dissolved in 400 µl of 6M guanidine and then cen-

trifuged at 10,000 g at 4°C for 10 min to remove any residues; fi-

nally, the carbonyls were measured at 366 nm with the help of a

spectrophotometer. A blank control was taken by incubation with

2M HCl without DNPH. The carbonyl content was measured using

the molar extinction coefficient of aliphatic hydrazone and the re-

sults were expressed as nMole carbonyl per mg of protein.

2.4.6 | Lipid peroxidation as a measure of
thiobarbituric acid reactive substance (TBARS)

The formation of TBARS is considered the measure of lipid perox-

idation.[34] Briefly, 100 µl of the aliquoted brain supernatant was

mixed with 3.8 ml of thiobarbituric acid reagent and incubated at

95°C for approximately 60min in a water bath, and then, it was

centrifuged at 10,000g for 10min. At that point, a pink chromogen

was produced; it was analyzed at 532 nm with the help of a spec-

trophotometer. This experimental test evaluates malondialdehyde

(MDA), which is a breakdown fraction of an endoperoxide of un-

saturated fatty acids resultant from lipid component oxidation.[38]

The MDA and thiobarbituric acid (TBA) underwent condensation

reaction to form a pink color pigment (pink chromogen) and spec-

trophotometric analysis of pink chromogen delivered an outcome

towards the rate of lipid peroxidation. In conclusion, the TBARS

concentration was determined from its extinction coefficient and the

results were expressed as nMole TBARS formed/mg of protein.
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2.4.7 | Reduced glutathione (GSH)

The level of reduced GSH in the tissue can be considered the direct

measure of the low level of cytosolic oxidative stress. In this study,

the GSH level of tissue homogenate of zebrafish brain was de-

termined according to the protocol described earlier.[39] In a nutshell,

approximately 200 µl of brain supernatant was added up to the

identical capacity of phosphoric acid and subsequently, the mixture

solution was subjected to centrifugation at 4000 g at 4°C for 15min.

Then the supernatants were collected and used for the measurement

of GSH by 30min incubation at RT with 5,5ʹ‐dithiobis‐2‐nitrobenzoic

acid (DTNB). Finally, the mixture solution was subjected to spectro-

photometric analysis taken at 412 nm and the amount of GSH was

interpreted using a standard curve and expressed in µmole/g of

tissue.

2.4.8 | Glutathione reductase (GR) assay

The GR activity assay in zebrafish brain was quantified according to

the protocol defined earlier.[40] The degree of change of GSSG to

GSH was calculated by studying the NADPH oxidation spectro-

photometrically at 340 nm. The glutathione reductase activity was

determined using the molar extinction coefficient of NADPH and

represented as nMole NADPH oxidized/min/mg protein.

2.4.9 | Neuromorphological study by Cresyl violet
staining (CVS)

To study neuronal pyknosis, CVS was conducted according to a

previously reported protocol.[41] Shortly after the completion of re-

quisite exposure and behavioral tests, the complete zebrafish brain

was removed at 4°C individually and then treated with 30% sucrose

solution (n = 6/group). Cryosectioning was performed with the help

of a cryostat (Leica Biosystems), 10 µm thick sections were collected

in ice‐cold phosphate‐buffered saline (PBS) and CVS was performed.

The mounted slides with the stained sections were analyzed with the

help of a microscope (Olympus, CX31) and the respective images of

the sections were captured with necessary magnification for further

analysis. The neurons displaying the staining pattern of pyknosis

were enumerated by stereo Investigator software (MBF Bioscience).

The results thus obtained were denoted as a percent of control

(control values considered as 100%).

2.4.10 | Chromatin condensation study by Hoechst
staining

The incidence of chromatin condensation, which is a marker of

apoptotic cell death, was examined by Hoechst staining.[42] In the

present study, chromatin condensation by Hoechst 33342 dye was

carried out separately for all experimental groups (n = 6/group). The

zebrafish brain sections obtained after cryosectioning were per-

meabilized with 0.1% triton and subjected to staining with Hoechst

33342 (1.5 μg/ml) for 5–7min in the dark at room temperature. Then,

the cryosection was subjected to gentle washing with 0.1M PBS and

finally mounted through glycerol. The stained brain sections were

analyzed by using a blue filter (DAPI [4′,6‐diamidino‐2‐phenylindole])

in a microscope (Olympus‐CX31) and the chromatin compression

with nuclear injury was recorded by scoring the quantity of Hoechst

positive cells in four arbitrary non‐overlying arenas of 0.1 mm2 pro-

ducing positive blue fluorescence at ×40 magnification. The mean

results thus found for each experimental group were transformed to

a percentage by considering control results as 100%.

2.4.11 | Immunohistochemistry for cleaved
(activated) caspase‐3 expression

The immunohistochemistry was performed as per the protocol de-

scribed previously with minor modification.[43,44] For immunolabeling

of diencephalic and telencephalic neurons in zebrafish brain, the re-

quisite brain sections were first subjected to an antigen recovery step

by incubation in 10mM sodium citrate buffer at 95°C in a water‐bath

for 15min (n = 6/group). Then the slides were cool down at room

temperature and washed twice with 1× PBS. Subsequently, the

sections were permeabilized by incubation in 1× PBS containing 0.3%

Triton‐X‐100 buffer for 30min. Sections were washed three times

with wash buffer (1× PBS holding 0.1% Triton‐X‐100) for 10min each

and later the sections were incubated in 5% normal Goat serum in 1×

PBS containing 0.1% Triton‐x 100 at RT for 60min followed by

overnight incubation at 4°C with cleaved (activated) caspase‐3 pri-

mary antibody (1:200).[45] The excess primary antibody was cast off

from sections by washing three times with wash buffer for 10min

each at RT. Then the sections were incubated in secondary antibody

(1:500, goat anti‐Rabbit IgG [H+L]; Alexa Flour 568) for 2 h at RT.

Sections were washed three times with wash buffer for 10min each.

Then the sections were counterstained with DAPI and washed three

times in distilled H2O for 5min each. Sectioned were shielded by

coverslip after incorporation of anti‐fade reagent.

2.4.12 | Immunoblotting for targeted protein
expression

A protein expression study by western blot was carried out.[41,43]

The whole brains were surgically dissected out and homogenized in

lysis buffer (20 mM Tris, pH 8.0; 1mM, EDTA; 0.5 mM, EGTA; 0.1%

sodium deoxycholate; 150mM NaCl; 1% IGEPAL; 10% glycerol)

supplemented with protease inhibitor cocktail (Roche) and 1mM

PMSF. Protein lysates were subjected to sodium dodecyl sulfate

polyacrylamide gel electrophoresis and after transfer into ni-

trocellulose membrane (NCM), the membranes were blocked with 5%

skimmed milk for 1 h and then washed away with 0.01M PBS, PBST,

and PBS. After that, NCMs were subjected to incubation in desired
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primary antibodies for 8–10 h at 4°C, then washed three times (PBS/

PBST/PBS). Horseradish peroxidase‐conjugated secondary antibody

was used for the final step in immunoblotting. At last, the NCMs were

again subjected to a similar final step of washing and the signal was

captured by using a chemiluminescent peroxidase substrate kit. Im-

ageJ software was used for densitometric analysis of capture signal

blot and then the values were expressed as a percent of control.

2.4.13 | Statistical analysis

The statistical results of all experimental groups and parameters were

represented as mean ± SEM (standard error of the mean). The sta-

tistical findings were compared using a one‐way analysis of variance

and posthoc analysis by Newman–Keuls posthoc test. Altogether,

the significance level was considered as p < 0.05.

3 | RESULTS

3.1 | BPA altered the scototaxis behavior of
zebrafish

The representative track plot of LDPT of all experimental groups

showed that there was a substantial transformation in scototaxis

behavior of zebrafish following chronic exposure to BPA (Figure 1A).

In LDPT, the light zone time spent [F3,68 = 16.02, p < 0.05] and la-

tency to enter dark zone [F3,68 = 10.4, p < 0.05] were significantly

higher in BPA‐treated groups (BPA1.0 and BPA4.0) in comparison

with naïve and control (Figure 1C,D). BPA treated groups also

showed a significant increase in the number of transitions/entries

into the light zone in LDPT when compared with the control group

[F3,68 = 20.06, p < 0.05] (Figure 1B). No substantial alteration in be-

havioral parameters was recorded between the naïve and control

groups. A higher concentration of BPA (BPA4.0) showed significant

alteration in the scototaxis behavior of zebrafish as compared to

BPA1.0 [F3,68 = 16.02, p < 0.05] (Figure 1B–D).

3.2 | BPA transformed the explorative and
locomotory behavior of zebrafish

The representative track plot of NTDT of all investigational groups

displayed significant alteration in explorative behavior of zebrafish

following exposure to BPA (Figure 2A). In NTDT, the total distance

traveled [F3,68 = 5.411, p < 0.05] and mean velocity [F3,68 = 14.24,

p < 0.05] in the diving tank following chronic BPA exposure was

significantly decreased in comparison to naïve and control

(Figure 2B,C). The top zone transitions [F3,68 = 12.85, p < 0.05] were

also significantly increased in BPA groups when compared with naïve

and control (Figure 2D). Chronic waterborne exposure to a higher

concentration of BPA (BPA4.0) significantly altered the total distance

traveled and mean velocity in NTDT when compared with the

BPA1.0 group. These findings showed that chronic waterborne ex-

posure to BPA induces locomotor dysfunction in zebrafish, possibly

leading to Parkinsonism‐like phenotypes.

3.3 | Chronic waterborne exposure to BPA induces
locomotor dysfunction in zebrafish

The locomotor dysfunction study following exposure to BPA was

further corroborated by the OFT and the representative track

plots depicted considerable alteration in the locomotory activity

F IGURE 1 Light/dark preference test (LDPT). Representative track sheets of LDPT (A). Graphs showing significant variation in the number of
transitions to light zone (B), time spent in the light zone (C), and latency to enter dark zone (D) for a 5‐min session in LDPT following chronic
waterborne BPA exposure. Values are expressed as mean ± SEM. “a” denotes p < 0.05 when compared to a naive group, “b” denotes p < 0.05
when compared to the control group, and “c” denotes p < 0.05 when compared to the BPA1.0 group
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of zebrafish (Figure 3A). The basic observation in OFT implied a

significant reduction in total distance traveled [F3,68 = 12.47,

p < 0.05] and mean velocity [F3,68 = 23.27, p < 0.05] in BPA trea-

ted groups as compared to naïve and control (Figure 3B,C). Our

alternate observation with respect to the average time taken to

cross all zones in OFT [F3,68 = 19.77, p < 0.05] was significantly

reduced in the BPA4.0 group as compared to BPA1.0, naïve

and control groups (Figure 3D). The general observation of the

study inferred that chronic exposure to BPA significantly

impaired motor function and thus induces PD‐like phenotypes in

zebrafish.

3.4 | BPA exposure induces oxidative stress in the
brain

Exposure to BPA for 56 days significantly decrease the reduced GSH

level [F3,68 = 20.58, p < 0.05] and GR activity [F3,68 = 66.19, p < 0.05]

in zebrafish brain as compared to naive and control (Figure 4A,B).

Additionally, lipid peroxidation [F3,68 = 55.26, p < 0.05] and protein

carbonylation [F3,68 = 85.92, p < 0.05] were found to be considerably

augmented in BPA groups (BPA1.0 and BPA4.0) when compared with

naïve and control (Figure 4C,D). Higher concentrations of BPA ad-

versely altered the level of antioxidant, protein carbonylation, and

F IGURE 2 Novel tank diving test (NTDT). Representative track sheets of NTDT (A). Graphs showing alteration in the total distance traveled
(B), mean velocity (C), and number of transitions to top zone (D) in novel tank diving test following waterborne exposure to BPA. Values are
expressed as mean ± SEM. “a” denotes p < 0.05 when compared to the naive group, “b” denotes p < 0.05 when compared to the control group
and “c” denotes p < 0.05 when compared to the BPA1.0 group

F IGURE 3 Open field arena test (OFT). Representative track plots of OFT (A). Graphs displaying variations in the total distance traveled (B),
mean velocity (C), and time taken to cover all zones (D) in OFT following waterborne exposure to BPA. Values are expressed as mean ± SEM. “a”
denotes p < 0.05 when compared to the naive group, “b” denotes p < 0.05 when compared to the control group and “c” denotes p < 0.05 when
compared to the BPA1.0 group. BPA, bisphenol A
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lipid peroxidation in the zebrafish brain. The findings of the present

study show that BPA induces oxidative stress leading to a change in

the antioxidant level (GSH) in the zebrafish brain as compared to

naïve and control.

3.5 | Augmented neuronal pyknosis in zebrafish
brain following chronic BPA exposure

Neuromorphological observation of the diencephalon [F3,20 = 33.05,

p < 0.05] and telencephalon [F3,20 = 27.38, p< 0.05] regions of zebrafish

brain by cresyl violet staining show a substantial upsurge in pyknotic

neuronal counts in BPA treated groups in comparison to naïve and

control (Figure 5A,B). Furthermore, increasing the concentration of

waterborne BPA (BPA4.0) exposure significantly augmented the py-

knotic cell count as compared to the BPA1.0 group. No substantial

alteration in the pyknotic neuronal count was recorded in zebrafish of

naive and control groups (Figure 5A,B). These observations provide the

basic ideas that the sensitive brain regions of zebrafish which regulate

the locomotor activity through the availability of dopaminergic neurons,

might be affected by chronic waterborne exposure to BPA.

3.6 | Chronic waterborne exposure to BPA leads to
chromatin condensation

Chromatin condensation in the diencephalic and telencephalic regions

was counted by Hoechst 33342 staining following waterborne exposure

to different concentrations of BPA (Figure 6A,B). Percentage of Hoechst‐

positive neurons in diencephalon [F3,20 = 12.38, p<0.05] and tele-

ncephalon [F3,20 = 34.24, p<0.05] of zebrafish brain gradually increased

in BPA1.0 and BPA4.0 groups (Figure 6C,D) in comparison to naïve and

control.

3.7 | BPA exposure significantly augment the
expression of cleaved caspase‐3 in brain regions of
zebrafish

To validate the involvement of caspase‐mediated apoptotic cell death in

BPA‐induced neurodegeneration in the diencephalic and telencephalic

regions of zebrafish brain, we performed an immunohistochemical study

for determining the change in the expression pattern of activated

(cleaved) caspase‐3 (Figure 7A,B). The results demonstrate that there was

F IGURE 4 Oxidative stress parameter assay. Graphs representing changes in the concentration of GSH (µMole/gram of tissue) (A) and GR (nM of
NADPH oxidized/min/mg protein) (B) in the whole brain of zebrafish following chronic waterborne BPA exposure. Graphs representing changes in
nMoles TBARS formed/mg protein as a measure of lipid peroxidation (C) and nMoles protein carbonyl formed/mg protein as a measure of protein
carbonylation (D) in the whole brain of zebrafish following chronic waterborne BPA exposure. Values are expressed as mean ±SEM. “a” denotes p<0.05
when compared to the naive group, “b” denotes p<0.05 when compared to the control group, and “c” denotes p<0.05 when compared to the BPA1.0
group. BPA, bisphenol A; GSH, reduced glutathione; GR, glutathione reductase; TBARS, thiobarbituric acid reactive substance
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a substantial upsurge in the expression of cleaved caspase‐3 in dience-

phalon [F3,20 = 18.53, p<0.05] and telencephalon [F3,20 = 16.17, p<0.05]

of zebrafish brain following chronic waterborne exposure to BPA when

compared with naïve and control (Figure 7C,D).

3.8 | Alterations in the expression pattern of
marker proteins of Parkinson's disease (PD) following
chronic BPA exposure

Whole‐brain neuronal nuclei (NeuN) expression by immunoblotting

showed to be downregulated following chronic waterborne exposure

to BPA [F3,68 = 9.52, p < 0.05] (Figure 8B). Dopaminergic neuronal

loss is considered an important factor for the development of PD like

phenotypes. Our findings showed that tyrosine hydroxylase (TH: a

marker of dopaminergic neurons) was suggestively downregulated in

BPA1.0 and BPA4.0 groups when compared with the control

[F3,68 = 11.95, p < 0.05] (Figure 8E). Additionally, nurr1 (nuclear

receptor‐related 1: an activator of TH expression was expressively

downregulated in BPA treated groups when compared to naïve and

control [F3,68 = 12.56, p < 0.05] (Figure 8D). Alpha‐synuclein (α‐Syn)

[F3,68 = 12.69, p < 0.05] and LRRK2 [F3,68 = 9.912, p < 0.05] expres-

sion of whole‐brain was found to be upregulated in the presence of

BPA (Figure 8C,F). Our result also demonstrates that there was a

significant augmentation in cleaved caspase‐3 expression in BPA

groups in comparison with naïve and control [F3,68 = 21.70, p < 0.05]

(Figure 8G).

4 | DISCUSSION

Due to anthropogenic activities, the load of neurotoxicants is in-

creasing in inhabiting soil, air, and water which poses a plausible risk

in the form of the development of serious neurological diseases. BPA

is typically anthropogenic in origin and ubiquitous in modern‐day life.

The mode of human exposure to BPA involves the digestive system,

respiration, and dermal contact.[46] Earlier reports have shown that

BPA exposure causes an increase in anxiety, oxidative stress, carci-

nogenicity, impairs spatial memory, neuroinflammation, and neuro-

behavioral alterations.[3–7]

The current experimental paradigm was set to elucidate the

potent role of BPA towards the progression of PD‐like features in

F IGURE 5 Neuromorphological study of zebrafish brain by cresyl violet staining. (i) Representative image of whole‐brain cross‐sectional
view following cresyl violet staining of diencephalon (A) and telencephalon (B) of the zebrafish brain. Arrowheads depict pyknotic cells.
Magnification and scale bar: ×40 corresponds to 10 µm of different experimental groups. Graph showing percentage change in pyknotic
neuronal counts in the diencephalon (C) and telencephalon (D) of zebrafish brain following chronic waterborne exposure to BPA. Values are
expressed as mean ± SEM. “a” denotes p < 0.05 when compared to the naive group, “b” denotes p < 0.05 when compared to the control group,
and “c” denotes p < 0.05 when compared to the BPA1.0 group
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zebrafish. Two different concentrations of BPA were selected

(1.0 mg/L [4.38 µM] and 4.0 mg/L [17.52 µM]) for chronic water-

borne exposure which were considerably higher than ecologically

related levels to create a condition to predict the substantial costs of

swelling pollution accumulation on aquatic animals. In the present

study, our findings demonstrated that chronic exposure to BPA for

56 days potentiates the development of locomotor dysfunction,

oxidative stress, transformed expression of PD‐relevant markers and

augmented neurodegeneration in the sensitive brain region of zeb-

rafish. Furthermore, the literature also depicted that BPA exposure

significantly downregulates the expression of TH following 7 weeks

of BPA exposure and is in line with our observations with 56 days of

BPA exposure.[47] Similarly, another study also reported performed a

long‐duration BPA exposure (6 months) to study its impact on loco-

motor activity and other behavioral parameters.[48] The current re-

sults displayed that chronic BPA exposure suggestively transformed

the usual behavioral responses, therefore endorsing an anxiety‐like

characteristic with an augmented visit to the light zone in LDPT.

Additionally, NTDT also showed a decreased time spent in the top

zone as compared to the bottom zone following BPA exposure, which

is unorthodoxy from the usual behavior of zebrafish.[49] To validate

the BPA‐induced locomotor dysfunction, we performed an alter-

native OPT and the basic observation shows that there was a sub-

stantial alteration in total distance traveled and mean velocity in OFT

in BPA treated group as compared to naïve and control. Furthermore,

the time taken to cross all assigned zones in OFT was substantially

increased in BPA exposed groups. These findings advocate the po-

tent role of BPA in inducing motor dysfunction in zebrafish leading to

development of PD‐like features. These basic conclusions advocate

that BPA exposure for a considerable time may aggravate the

chances towards development of locomotor impairment matching to

PD‐like features.

BPA has a straightforward role in shifting the brain's antioxidant

composition and antioxidant enzyme activity. The observation of the

current study correspondingly shows a substantial upsurge in protein

carbonylation and lipid peroxidation in the brain of BPA‐treated

groups, which could be through increased oxidative stress. The main

objective of the present study on zebrafish is to analyze the adverse

effect of increasing BPA load in water bodies and its association with

the development of Parkinsonism‐like phenotypes. Furthermore,

oxidative stress might be triggered by diverse reasons that decline

the level of antioxidants, such as reduced GSH with succeeding

F IGURE 6 Chromatin condensation study by Hoechst staining. (i) Representative image of requisite zebrafish brain regions after Hoechst
33342 staining of diencephalon (A) and telencephalon (B). Arrowheads depict Hoechst‐positive neurons. Magnification and scale bar: ×40
corresponds to 20 µm of different experimental groups. Graph showing percentage changes in Hoechst‐positive neurons in the diencephalon (C)
and telencephalon (D) of zebrafish brain following chronic waterborne exposure to BPA. Values are expressed as mean ± SEM. “a” denotes
p < 0.05 when compared to the naive group, “b” denotes p < 0.05 when compared to the control group, and “c” denotes p < 0.05 when compared
to the BPA1.0 group. BPA, bisphenol A
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upsurge in reactive oxygen species (ROS) production. Oxidative

stress also plays a vital part in the pathophysiology of various neu-

rological conditions.[50] The level of GSH in the brain can be aug-

mented securely by means of diverse treatment approaches and its

upsurge will be having neuroprotective benefits against serious

neurological disorders.[51] In addition, chronic waterborne exposure

to BPA induces a reduction in the GSH level and glutathione re-

ductase activity in the whole‐brain lysate of zebrafish. As cellular

GSH is available at a substantial level, it guards cells against free

radical generation.[52] Our findings showed that oxidative stress‐

persuaded reduction of antioxidant enzymes undertakes by the

augmented generation of ROS during chronic BPA exposure.

The neurotoxic ability of BPA has also been talked about in an-

imal models.[53] As BPA has a possible role in shifting neurobehavioral

response and rising oxidative stress displaying its potential negative

role, we postulated that chronic waterborne exposure to BPA may

develop PD‐like features in zebrafish. Hence, we performed the

neuromorphological study of the diencephalic and telencephalic re-

gions of the brain after chronic BPA treatment and the outcome of

the study presented a substantial upsurge in pyknotic neuronal

counts in these regions compared to those in naïve and control. A

higher concentration of water‐borne BPA exposure leads to aug-

mented neuronal pyknosis leading to neurodegeneration. Chromatin

condensation study was also performed by Hoechst 33342 staining

to validate that the BPA induced neurodegeneration in diencephalon

and telencephalon was an outcome of probable apoptotic neuronal

death in zebrafish. Our findings show that there was a substantial

increase in Hoechst‐positive neurons in the diencephalon and tele-

ncephalon of the zebrafish brain following exposure to BPA. To au-

thenticate the contribution of caspase facilitated apoptotic cell death

in BPA encouraged neurodegeneration in diencephalon and tele-

ncephalon, we performed immunostaining for shaping the alteration

in activated (cleaved) caspase‐3 expression. Our finding strongly

demonstrated a substantial upsurge in activated caspase‐3 expres-

sion in the diencephalic and telencephalic of the zebrafish brain fol-

lowing chronic exposure to BPA.

A marker‐based study to address the neurodegenerative poten-

tial of anthropogenic toxicants like BPA has been carried out in the

F IGURE 7 Immunohistochemistry for activated caspase‐3 expression in zebrafish brain. (i) Representative image depicting expression of
activated (cleaved) caspase‐3 following immunohistochemistry of diencephalon (A) and telencephalon (B) of zebrafish brain. Red channel depicts
cytoplasmic cleaved caspase‐3 and blue channel (DAPI) for nucleus staining. Magnification and scale bar: ×40 corresponds to 50 µm of different
experimental groups. Graph showing changes mean fluorescence intensity of activated caspase‐3 expression in the diencephalon (C) and
telencephalon (D) of zebrafish brain following chronic waterborne exposure to BPA. Values are expressed as mean ± SEM. “a” denotes p < 0.05
when compared to the naive group, “b” denotes p < 0.05 when compared to the control group, and “c” denotes p < 0.05 when compared to the
BPA1.0 group. BPA, bisphenol A; DAPI, 4′,6‐diamidino‐2‐phenylindole
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present study. TH is an enzyme playing a crucial role in the synthesis

of L‐DOPA. Consequently, PD can be termed a TH‐deficit disorder

pronounced towards a decrease in the DA level. A previous report

firmly suggested that the damage or loss of TH‐positive neurons

resultant from the decrease of the DA in PD is very common.[54]

Further reports proposed that Nurr1 plays a critical role in the

maintenance and survival of the dopaminergic system of

the brain.[55,56] The Nurr1 protein is supposed to play a pivotal role in

the development of the dopamine phenotype in the midbrain.[57]

Earlier reports also advocated that Nurr1 inducesTH expression, which

eventually differentiates into dopaminergic neurons.[58] Therefore,

downregulation of Nurr1 can lead to loss of dopaminergic neurons, a

vital symbol of PD symptoms. On the contrary, α‐Syn, is connected

neuropathologically and genetically with Parkinson's.[59] Reports also

advocated that α‐Syn limits the function of TH by hindering the rate of

TH phosphorylation.[60] Progressively, α‐Syn aggregates to produce

unsolvable fibrils in pathological conditions characterized by Lewy

bodies (LBs), a trademark of Parkinson's disease. [59,61]

To elucidate the likely role of BPA in persuading Parkinsonism‐

like phenotypes, we have studied the expression pattern of PD‐

specific marker proteins. The results of the current study validate

that the locomotor impairment resulting from chronic waterborne

exposure to BPA in zebrafish is rightly interrelated with reduction in

TH and Nurr1 in the brain leading to lessening in DA level. Ad-

ditionally, NeuN was expressively downregulated in BPA exposed

group. The level of α‐Syn was raised in the zebrafish brain following

exposure to BPA. As a marker of apoptotic cell death, the expression

of cleaved caspase‐3 was considerably augmented in BPA exposed

groups. A higher concentration of BPA significantly transformed the

alteration in marker proteins of PD in the brain. Hence, the current

study advocates the ground‐breaking finding revealing the straight-

forward connotation of BPA and neurodegenerative disease in zeb-

rafish. Tactical guidelines on the disposal of environmental

genotoxicants[62,63] like BPA into/nearby water bodies could lessen

the impact on aquatic fauna and human health.

5 | CONCLUSION

The current findings established the likely protagonist role of BPA‐

persuaded neurodegeneration leading to the progress of PD‐like

features in zebrafish. Additionally, the results of the study also gave

conclusive evidence that BPA is well competent in inducing loco-

motor impairment, oxidative damage leading to neurodegeneration,

and development of Parkinsonism‐like phenotypes. Nevertheless, the

gross observation of the current study also demonstrated the ad-

versative effect of chronic BPA exposure on neurobehavioral, bio-

chemical, and neuromorphology in zebrafish. Future studies leading

in the direction of understanding the downstream signaling cascades

of BPA‐induced neurodegeneration might deliver novel under-

standing into the development of prophylactic strategies to avert the

development of neurodegenerative diseases.

F IGURE 8 Protein expression study by western blot analysis. Representative immunoblots of targeted proteins (A). Graphs showing changes
in expression of NeuN (B), α‐synuclein (C), Nurr1 (D), tyrosine hydroxylase (E), LRRK2 (F), cleaved caspase‐3 (G), and β‐actin (H). Lanes from left
to right denote Naïve, Control, BPA1.0, and BPA4.0 (A). Corresponding graphs denote mean ± SEM. Values are expressed as mean ± SEM. “a”
denotes p < 0.05 when compared to the naive group, “b” denotes p < 0.05 when compared to the control group, and “c” denotes p < 0.05 when
compared to the BPA1.0 group. β‐Actin was used as the loading control
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