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Melatonin attenuates bisphenol A-induced circadian disruption, gut
barrier damage, and ovarian dysfunction in zebrafish
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Bisphenol A (BPA) is a well-known endocrine disruptor that negatively impacts reproductive physiology, barrier
function, and overall metabolic health in aquatic organisms. Melatonin, a hormone secreted by the pineal gland,
possesses antioxidant and chronobiotic properties and has been proposed as a potential protective agent against
BPA-induced toxicity. However, evidence supporting efficacy in teleost models remains limited. In this study,
zebrafish (Danio rerio) were exposed to BPA and melatonin for 21 days to assess alterations in circadian rhythm-
associated genes (Clockla, Cry3a, Perlb, MtI), tight junction proteins (Claudin, Occludin), inflammatory cytokines
(Interleukin-6, Tumor Necrosis Factor-alpha), antioxidant enzymes, and histopathological changes in the gut
and ovary. BPA exposure resulted in significant downregulation of circadian genes and tight junction markers,
accompanied by elevated levels of inflammatory mediators and oxidative stress. In contrast, melatonin administration
alone enhanced gene expression, antioxidant capacity, and tissue integrity. Moreover, co-treatment with melatonin
effectively mitigated the adverse effects of BPA, restoring gene expression and reducing inflammation and oxidative
damage. These findings highlight the role of melatonin in counteracting BPA-induced toxicity and support its
potential application as a therapeutic agent in aquatic toxicology.

1. INTRODUCTION

Bisphenol A (BPA) is extensively used in polycarbonate plastic and
epoxy resin production [1,2]. Prevalent usage of BPA in consumer
materials has resulted in widespread environmental contamination
and consequent chronic exposure to humans and animals. BPA is an
endocrine-disrupting compound (EDC) with the capability of interfering
with hormonal signaling pathways and impairing reproductive
function, homeostatic disruption of metabolism, and developmental
abnormalities [3]. Reproductive toxicity, oxidative stress, inflammatory
reactions, and gut microbiota dysbiosis have been recognized in aquatic
animals, including zebrafish (Danio rerio), due to BPA exposure [4,5].

Melatonin, which is an indoleamine produced mainly by the pineal
gland, has multiple physiological roles, such as circadian rhythm
regulation, antioxidant defense, and modulation of the immune
response [6,7]. As an amphiphilic molecule, melatonin easily
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permeates cell membranes and the blood—brain barrier and thus easily
scavenges reactive nitrogen and oxygen species and upregulates
endogenous antioxidant enzymes [8]. When melatonin was recently
shown to reduce inflammatory cascades and protect mitochondria
under toxicological stress, a potential EDC-protecting agent was
identified [9].

Despite abundant documentation of BPA’s toxicity and the protectant
effects of melatonin, there are very few studies exploring the role of
melatonin among aquatic vertebrates. Zebrafish is a favorable model
system for endocrine disruption research due to the conserved nature
of its hormonal pathways, translucent embryonic development, and
the convenience of exposure assessment [10]. In this study, the focus
is on exploring the capability of melatonin in mitigating the impact
of BPA exposure to restore zebrafish ovarian-circadian homeostasis,
alongside maintaining gut integrity. Melatonin supplementation has
been efficacious in offsetting BPA-caused endocrine, inflammatory,
and gut microbiota disruptions.

2. MATERIALS AND METHODS

2.1. Experimental Design and Husbandry of Animals

Adult wild-type female zebrafish (n = 20 in a 20 L tank) were procured
from an accredited breeder and acclimatized under regular lab conditions
for 2 weeks before experimentation commenced. Fish were maintained in
aerated freshwater at 28 + 1°C under a 14:10 h light-dark cycle and with
constant filtration and water quality checks. They were fed a commercial
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Figure 1: Experimental design.

dried worm diet twice a day, as shown in Figure 1. All experimental
procedures were conducted in accordance with the guidelines of the
Institutional Ethics Committee and followed all the guidelines of
ARRIVE 2.0. The experimental set was carried out in triplicate.

2.1.1. Experimental groups

Following acclimatization, fish were randomized using a computer-

generated sequence (Excel RAND), blocked by body weight (BW)

(+£10%), and distributed across the three replicate tanks per group to

avoid tank effects, then allocated to one of four experimental groups

(n =20 per group):

e Group 1 (Control): Maintained in clean system water without any
additives

e Group 2 (BPA): Exposed to BPA at a concentration of 5 ug/mL

e Group 3 (Melatonin): Treated with melatonin at a concentration
of 100 ng/mL

e Group 4 (BPA + Melatonin): Co-exposed to BPA (5 ug/mL) and
melatonin (100 ng/mL) simultaneously.

2.2. Chemical Preparation, Exposure Protocol, and Sample
Collection

BPA (Sigma-Aldrich, Mumbai, India. >99% purity) was diluted in
absolute ethanol and added to water. To note that ethanol was used
at a minimal concentration of 2-3 drops of ethanol per 20 L of tank

water, resulting in a final solvent concentration of approximately
0.0006% v/v, which accounts for final dilution <1:10000, while
melatonin (Sigma-Aldrich, Mumbai, India) was prepared similarly
to a working concentration of 100 ng/mL and administered via
water. The selection of these doses was based on earlier reports
demonstrating that BPA at environmentally relevant concentrations
in the low ug/mL range can induce measurable biochemical and
molecular alterations in zebrafish, while melatonin at nanogram levels
has been shown to exert protective and modulatory effects against
oxidative and endocrine disruption [4,11]. Zebrafish were exposed for
21 days under static immersion with daily partial renewal of water,
alongside routine feeding. Water quality parameters were monitored
daily. At the end of exposure, fish were anesthetized with buffered
tricaine methane sulfonate (MS-222, 150 mg/L; pH 7.0) until loss of
reflex, and samples were collected for biochemical, histological, and
gene expression studies, with tissues preserved in TRIzol™ Reagent
(Himedia, Mumbai, India) at —80°C (for gene expression) and fixed in
4% paraformaldehyde (for histology).

2.3. Growth Performance and Survival Rate (SR)

Growth performance of zebrafish was assessed at the end of the
experimental period by calculating weight gain (WQ), specific growth
rate (SGR), standard length (SL), and SR. Individual BWs and SLs
were recorded at the beginning and conclusion of the 21-day feeding
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trial. WG (g) was determined as the difference between final and initial
BWs, while SGR (%) was calculated according to the formula:

Final body weight — Initial body weight)

SGR(%):( x100

Feeding days

SL (cm) was calculated by subtracting the initial body length from the
final measurement.

The SR% was calculated as:

Final fishnumber o

Initial fishnumber

100

Survival rate (SR%) =

Allcalculations wereperformed following established protocols[12,13],
and results were expressed as mean =+ standard error (SE).

2.4. Gonadosomatic Index (GSI)

GSI was calculated to evaluate reproductive status. The GSI was
calculated by relating gonad weight to total BW [14]. Following
cuthanasia, individual fish were blotted dry, and total BW was
recorded. Gonads were carefully excised, weighed (GW), and the GSI
was calculated using the formula:

Gonad weight “

GSI (%) = 100

Body weight
Values were expressed as percentages for statistical analysis.

2.5. Lipid Peroxidation (LPO)

LPO was estimated by quantifying malondialdehyde (MDA), a stable end
product of LPO, using the thiobarbituric acid reactive substances method
with a commercial kit (EZAssay™ CCK023, Himedia, India). Tissue
homogenates (100 mg) were prepared in phosphate-buffered saline (PBS),
and 25 pL of homogenate was mixed with 500 uL of color development
reagent. Samples were incubated in a boiling water bath for 60 min,
cooled on ice, and centrifuged at 3,000 rpm for 10 min. The supernatant
(150 puL) was transferred to a 96-well plate, and absorbance was measured
at 530-540 nm. MDA concentrations were determined from a standard
curve (2-10 uM) and expressed as mmol/g tissue, normalized to total
protein content determined by Bradford’s method [15].

2.6. Superoxide Dismutase (SOD)

SOD activity was determined by its ability to inhibit the reduction of
nitro blue tetrazolium (NBT) in the presence of superoxide radicals,
following the method based on phenazine methosulfate (PMS)-NADH—
NBT reaction [16]. Tissue homogenates (100 mg) were prepared in
PBS, and the assay mixture contained sodium pyrophosphate buffer
(0.052 mM, pH 8.3), PMS (186 uM), NADH (780 uM), and NBT
(300 uM). The reaction was initiated by NADH addition, incubated at
37°C for 90 s, and terminated with acetic acid, followed by extraction
in n-butanol. Absorbance was measured at 560 nm, and activity was
expressed as units per gram of tissue, where one unit corresponds to
50% inhibition of NBT reduction. Results were normalized to total
protein content determined by Bradford’s method [15].

2.7. Catalase (CAT)

CAT activity was measured by monitoring the rate of hydrogen
peroxide (H,0,) decomposition at 240 nm [17]. Tissue homogenates

(10% w/v) were prepared in PBS (0.1 M, pH 7.4) and centrifuged at
1,000 rpm to remove debris. The supernatant was treated with ethanol
and incubated in an ice water bath for 30 min, followed by the addition
of Triton X-100 (10%) and phosphate buffer immediately before the
assay. The reaction mixture contained phosphate buffer (50 mM,
pH 7.0) and freshly prepared H,0, (30 mM), and the reaction was
initiated by enzyme addition. The decrease in absorbance at 240 nm
was recorded at 5-s intervals for 15 s. CAT activity was calculated
using the formula:

log [El) x Dilution factor

CAT activity = 2.303 x
dT

Expressed as mmol H,0, decomposed per second per gram of tissue.
Results were normalized to total protein content determined by
Bradford’s method [15].

2.8. Gene Expression

Total RNA was extracted from the gut and ovary using TRIzol™
Reagent (Himedia, Mumbai, India) following the manufacturer’s
protocol [18]. RNA concentration and purity were assessed using
NanoDrop™ 2000 spectrophotometer (Thermo Scientific) at
260/280 nm, and samples with ratios between 1.8 and 2.0 were further
considered for expression studies. Complementary DNA (cDNA) was
synthesized from 1 ug of total RNA using the High-Capacity cDNA
Reverse Transcription Kit (ThermoFisher Scientific) with random
hexamer primers.

Quantitative real-time polymerase chain reaction (QRT-PCR) was carried
out using SYBR Green PCR Master Mix (ThermoFisher Scientific)
on a StepOne Real-Time PCR System (Thermofisher) to quantify the
expression of targeted genes related to circadian rhythm (Clockla,
Cry3a, Perlb), melatonin signaling (MT1), intestinal barrier integrity
(occludin, claudin), and inflammatory cytokines (Interleukin-6 [/L-6],
tumor necrosis factor-alpha [TNF-a]). The housekeeping gene fS-actin
was used for normalization. Primer sequences were designed using
NCBI Primer-BLAST to produce amplicons of 50—-150 bp and verified
for their specificity. All reactions were performed in triplicate to ensure
reproducibility, and a no-template control was included for each primer
set to monitor contamination or primer-dimer formation. PCR cycling
conditions included an initial denaturation at 95°C for 2 min, followed
by 40 cycles of 95°C for 15 s, 57-60°C for 15 s, and 72°C for 1 min,
with melt curve analysis to confirm amplification specificity. Relative
expression was calculated using the 222 method [19]. qRT-PCR plates
were prepared and analyzed using anonymized sample codes; group
identities were revealed only after statistical analysis was completed.
The list of primers is stated in Table 1.

2.9. Digestive Enzyme Activities

2.9.1. a-amylase activity

a-Amylase activity in intestinal tissue was measured using a
commercial assay kit (Reckon Diagnostic, India) following the
manufacturer’s instructions. Briefly, 10% tissue homogenate was
prepared in ice-cold distilled water, incubated at room temperature for
15 min, and centrifuged at 3,000 % g for 10 min. The supernatant was
then incubated with the substrate, and reducing sugars produced were
detected by reaction with 3,5-dinitrosalicylic acid, yielding a brown-
red complex that was measured at 540 nm using a microplate reader.
Enzyme activity was calculated from a standard curve and expressed
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Table 1: Primer list.

Gene name Accession No. (NCBI) Sequence
p-actin NM 181601.5 Forward Primer (5" — 3')
Reverse Primer (5’ — 3')
Clockla XM _073932134.1 Forward Primer (5" — 3')
Reverse Primer (5’ — 3')
Perlb NM 212439.3 Forward Primer (5" — 3')
Reverse Primer (5' — 3')
Cry3a NM_001313822.1 Forward Primer (5" — 3')
Reverse Primer (5' — 3')
Ocln NM_001008618.1 Forward Primer (5" — 3')
Reverse Primer (5' — 3')
Caln NM_131764.1 Forward Primer (5’ — 3')
Reverse Primer (5" — 3)
IL-6 NM_001261449.1 Forward Primer (5’ — 3')
Reverse Primer (5" — 3')
TNF-o. NM 212859.2 Forward Primer (5" — 3')
Reverse Primer (5" — 3')
MTI1 NM_131393.1 Forward Primer (5" — 3')

Reverse Primer (5" — 3')

Tm (°C) Amplicon length

ACAGGGAAAAGATGACACAGATCA 68 72
CAGCCTGGATGGCAACGTA 60
CATCCTACAGAAGAGCATCGACTT 70 73
GATTTCACTCGACTCCGACTGT 66
ATCCAGACCCCAATACAAC 56 99
GGGAGACTCTGCTCCTTCT 60
GGACCAATACACCAGCACCAG 62 245
CAGCAAGTGTCCTGCCATGTC 62
CAAAATCAGGCAAAGGCTTC 56 176
AACAATAGTGGCGATGAGCA 60
GTACCCTCCGCAAAGTCGTA 60 130
CTTTCAAGGAAAGACTGACAGC 62
TCAACTTCTCCAGCGTGATG 58 73
TCTTTCCCTCTTTTCCTCCTG 62
GCTGGATCTTCAAAGTCGGGTGTA 72 138
TGTGAGTCTCAGCACACTTCCATC 72
AAAAGCAAACCTTCCCCACT 58 185
TTGCTTCGATTGTGTTGAGG 57

as U/g tissue, where one unit represents the production of 1 mg of
reducing sugar per minute. Values were normalized to total protein
content determined by the Bradford method [15].

2.9.2. Alkaline phosphatase (ALP)

ALP activity was quantified using a commercial ELISA kit specific for
fish ALP (MyBioSource), following the manufacturer’s instructions.
Tissue homogenates were prepared in PBS (0.1 M, pH 7.4) and
centrifuged at 3000 rpm for 20 min. The clear supernatant was
collected for analysis.

For each assay, 50 uL of sample or standard was added to wells of a pre-
coated 96-well plate, followed by 100 uL of Horseradish Peroxidase-
conjugate reagent. Plates were incubated at 37°C for 60 min, washed
4 times, and sequentially treated with 50 uL of Chromogen Solution
A and 50 uL of Chromogen Solution B. After a 15-min incubation at
37°C in the dark, 50 uL of stop solution was added, and absorbance
was measured at 450 nm using a microplate reader.

A standard curve was generated from serial dilutions of the
provided standards, and ALP activity in samples was calculated
in accordance. Assays were run in triplicate, and enzyme activity
was expressed as U/L, normalized to protein content estimated by
Bradford’s method [15].

2.10. Histology

Histological examination was performed to assess the structural
organization and cytoarchitecture of the gut and ovary [20,21].
Dissected tissues were rinsed in cold (PBS, pH 7.4) to remove blood and
debris, and immersion-fixed in 4% paraformaldehyde at 4°C for 24—
48 h. Following fixation, samples were dehydrated in graded ethanol,
cleared in xylene, and embedded in paraffin wax. Sections of 4 um
thickness were prepared using a rotary microtome, mounted on poly-L-
lysine-coated slides, and stained with hematoxylin and eosin following
standard protocols [22]. The slides were examined under a bright-field
inverted microscope (12818065, Axio Vert Al; Zeiss, Oberkochen,

Baden-Wiirttemberg, Germany) for morphological changes, and
representative images were captured. Structural alterations, including
disruption of gut and ovarian architecture, were also observed.

2.11. Statistical Analysis

The statistical analysis was done using two-way analysis of variance
(ANOVA) with Dunnett’s test for comparison of mean values for
gene expression studies, and the antioxidant assay analysis was done
using one-way ANOVA with Tukey’s post hoc test. The histological
quantification data were analyzed using one-way ANOVA using
GraphPad Prism 8.4.2. All the experimental data were carried out
in triplicate, where *P < 0.05, **P < 0.01, and ns represents non-
significant values.

3. RESULTS

3.1. Growth Performance, Survival, and Somatic Indices

Growth performance and GSI varied significantly among all
experimental groups [Table 2]. BPA exposure significantly reduced
WG, SL, SGR, and survival compared to its control (P < 0.05). In
contrast, melatonin supplementation alone slightly enhanced growth
and survival relative to control. Simultaneous administration of
melatonin with BPA led to partial recovery of growth indices, with
values intermediate between the BPA and control groups.

Similarly, BPA markedly suppressed GSI relative to control (P < 0.05),
while melatonin alone maintained values comparable to its control.
Melatonin improved GSI when given simultaneously to BPA.

3.2. Antioxidant Parameters

3.2.1. Lipid peroxidase (LPO)

LPO, expressed as MDA equivalents, showed clear tissue-specific
differences across treatment groups [Figure 2a-c]. In the ovary,
BPA exposure significantly increased LPO compared to control
(P < 0.001), while melatonin supplementation markedly reduced
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Table 2: Growth performances, survival, and somatic indices of the experimental study.

Parameters ‘Weight gain (g) Standard length (cm)
Control 0.052+0.004 0.166+0.010
BPA 0.033+0.005* 0.124+0.011*
Melatonin 0.056+0.003 0.173+0.009*
BPA+Melatonin 0.046+0.004 0.154+0.010

SGR (%) SR (%) GSI (%)
0.242+0.016 96.66+1.66 0.343+0.004
0.1680.017* 83.3342.88* 0.253+0.004
0.25140.015 98.33+1.66 0.348+0.005
0.216+0.016 91.66+2.88 0.4120.005

SGR: Specific growth rate, SR: Survival rate, GSI: Gonadosomatic index. Statistical significance compared with the control is denoted as *P < 0.05

LPO OVARY LPO BRAIN LPO GUT
15 15 15
* kK wids itk
=3 ns =3 =
£ £ £
Z 10 Z 10— Z
H H
= & = 5 15
= - -
0 0
> 4 S > S
& & & s & & &
¢ @y & ¢ @y v\y
X X
\2 2
a § A §
SOD OVARY SOD BRAIN
0.5+ % 0.4 *kk 0.5 Hokk
. z 03 s ™
Z i Z
% 0.3 E 2 03 *
§' E 0.2 §
& 0z s 5 02
B 5 o1 5
0.14 0.1
0.0 0.0 0.0~
S & & & ey & & & & &
o o & o a» o o o o
S e & (S e S S o S
ad E 2
EI & < . &
CAT OVARY CAT BRAIN CAT GUT
0.025 p— 0.03 ek 0.03
- kK
0.020
= = z x
Z 2 0.02- £ 002 -
2 00154 2 2
H E. H
§ § 5
& 0010 8 &
= = 0.01 = 0.01
] ] z
=] =] =l
0.005—
0.000 0.00 0.00
o“& s & s & 3 @ & & o“e\ s & &
o & & N & & N & &
[ & B S, & & <) & =
d \d \d
g| ¢ M | ¢

Figure 2: Antioxidant enzyme activities and lipid peroxidation in zebrafish tissues following BPA and melatonin treatments. Lipid peroxidation (a-c),

superoxide dismutase (d-f), and catalase (g-1) levels were measured in the ovary, brain, and gut tissues of zebrafish across experimental groups: Control, BPA,

Melatonin, and BPA + Melatonin. Data are presented as mean + standard error mean (n = 9). Statistical significance compared with control is denoted as
*P <0.05, **P <0.01, and ***P < 0.001; ns = non-significant.

levels (P < 0.001). Melatonin restored values close to control when
administered alongside BPA. A similar pattern was observed in the
brain, where BPA enhanced oxidative stress (P < 0.001), melatonin
alone suppressed peroxidation (P < 0.001), and the combined group
showed intermediate values. In the gut, BPA again elevated LPO (P
< 0.001), whereas melatonin reduced it (P < 0.01); BPA+Melatonin
produced values comparable to control.

3.2.2. SOD
SOD activity was significantly altered by BPA and melatonin
treatments in all examined tissues [Figure 2b-f]. In the brain, BPA

exposure reduced SOD activity compared with control (P < 0.05),
whereas melatonin markedly enhanced activity (P < 0.001). Melatonin
resulted in partial restoration, with values higher than BPA alone but
not fully reaching control when given simultaneously to BPA.

A similar trend was observed in the gut, where BPA significantly
suppressed SOD activity (P < 0.05). Melatonin supplementation
strongly increased activity (P < 0.001), and co-treatment again
produced intermediate values.

In the ovary, BPA exposure reduced SOD activity relative to control,
while melatonin treatment elevated it significantly (P < 0.001). The
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combined group suggested moderate recovery compared with BPA
alone but did not reach control levels.

3.2.3. cCAT

CAT activity showed distinct responses across tissues [Figure 2g-i]. In
the ovary, BPA exposure produced only minor changes compared with
control, whereas melatonin treatment significantly increased activity
(P <0.001). Simultaneous treatment with BPA and melatonin resulted
in a modest elevation above BPA alone.

In the brain, CAT activity remained unchanged by BPA but was
strongly enhanced by melatonin supplementation (P < 0.001). The
BPA + melatonin group displayed intermediate levels, higher than BPA
alone but lower than melatonin treatment.

In the gut, BPA slightly reduced CAT activity (P < 0.05), while
melatonin markedly increased it (P < 0.001). Combined treatment
partially restored activity, yielding values closer to control.

3.3 o-amylase activity

o-Amylase activity varied significantly across treatment groups
[Figure 3a]. BPA exposure caused a pronounced reduction compared
with the control (P < 0.001), indicating impaired digestive function.
In contrast, melatonin supplementation markedly enhanced enzyme
activity relative to control (P < 0.001). Combined with BPA and
melatonin, it partially restored activity.

3.4.ALP

ALP activity showed clear treatment-dependent variations
[Figure 3b]. BPA exposure significantly suppressed enzyme activity
compared with the control group (P < 0.001), indicating a marked
sensitivity of ALP to xenobiotic stress. Melatonin supplementation
alone, in contrast, produced a strong stimulatory effect, with activity
values exceeding control levels (P < 0.001). In the combined group,
ALP activity was partially restored, approaching control levels
and supporting melatonin’s capacity to counteract BPA-induced
inhibition.
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3.5. Gene Expression

Gene expression analysis revealed significant disruptions in
circadian regulation, barrier integrity, and inflammatory signaling
following BPA exposure, while melatonin supplementation exhibited
both protective and restorative effects. Among circadian rhythm—
associated genes, BPA markedly suppressed Clockla, Cry3a, MTI,
and Perlb expression relative to controls (P < 0.001) [Figure 4a-d].
Melatonin supplementation, in contrast, significantly upregulated
these transcripts, suggesting a stimulatory influence on circadian
regulation. Combined treatment with BPA and melatonin partially
restored expression, with values higher than BPA alone but lower than
melatonin-only treatment, indicating an intermediate protective effect.

For intestinal barrier markers, BPA exposure significantly
downregulated Claudin and Occludin (P < 0.001), reflecting
impaired epithelial integrity. Melatonin supplementation enhanced
the expression of both genes, while combined treatment indicated
significant recovery, though expression levels did not fully return to
control values [Figure 5a and b].

With respect to inflammatory mediators, BPA markedly upregulated
IL-6 and TNF-0,, indicating a pronounced pro-inflammatory response.
Melatonin supplementation counteracted these effects, significantly
reducing expression of both cytokines. Importantly, BPA + melatonin
substantially attenuated the BPA-induced elevation, with transcript
levels approaching those observed in control [Figure 5c and d].

3.6. Ovarian Histology

Histological examination of the ovaries demonstrated clear group-
dependent alterations in follicular dynamics and overall tissue
architecture as per Figure 6a-d. In the control group, ovaries exhibited
a moderate but balanced representation of all follicular stages,
including primary follicles, cortical alveoli, vitellogenic, and mature
oocytes, consistent with normal asynchronous oogenesis. Occasional
atretic oocytes were observed, though their incidence remained low,
reflecting physiological turnover.
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Figure 3: Effects of bisphenol A (BPA) and melatonin on digestive enzyme activities in zebrafish. (a) o-Amylase activity (IU/L) across control, BPA, melatonin,

and BPA + melatonin groups. BPA exposure significantly reduced amylase activity compared with control, while melatonin markedly enhanced it. Co-treatment

with BPA + melatonin partially restored enzyme activity. (b) Alkaline phosphatase (ALP) activity (U/L) across experimental groups. BPA exposure decreased

ALP activity, melatonin significantly increased it, and BPA + melatonin co-treatment restored values closer to control. Data are presented as mean =+ standard error

mean (n =9 per group). Statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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Figure 4: Relative gene expression analysis of circadian rhythm—associated and tight junction genes in zebrafish exposed to different treatments. (a) Claudin,

(b) Cry3a, (c) MT1, and (d) Perlb expression levels were quantified by quantitative polymerase chain reaction across Control, bisphenol A (BPA), Melatonin,

and BPA + Melatonin groups. BPA exposure significantly downregulated Claudin, MT1, and Per1b, while melatonin supplementation upregulated these genes

compared to control. Co-treatment with BPA + melatonin partially restored expression toward control levels. Cry3a expression showed a non-significant trend

across groups. Data are presented as mean + standard error mean (n = 9 per group). Statistical analysis was performed using one-way analysis of variance followed
by Tukey’s post hoc test. ***P < 0.001, **P < (.01, ns = not significant.

In contrast, ovaries from BPA-exposed fish displayed a striking
disruption in follicular progression. These samples contained a
disproportionately high number of primary and vitellogenic follicles,
while the frequency of mature oocytes was markedly reduced. The
relative paucity of atretic oocytes suggested that follicular degeneration
was not the predominant pathology; rather, BPA exposure appeared to
impose an arrest in folliculogenesis, with follicles unable to progress
efficiently to later developmental stages. This pattern underscores the
inhibitory impact of BPA on ovarian maturation.

Ovaries from melatonin-treated fish, however, presented a distinctly
different profile. Follicles across all developmental stages were more
abundant, with an especially notable increase in vitellogenic and
mature oocytes, alongside the presence of well-developed cortical
alveoli. Atretic oocytes were comparatively rare. These findings
indicate that melatonin promotes follicular recruitment and maturation,
highlighting its supportive role in maintaining ovarian function.

When BPA and melatonin were administered together, it largely
restored ovarian architecture toward that of the controls. The

distribution of primary, vitellogenic, and mature follicles, as well
as cortical alveoli, resembled the control profile, and the incidence
of atretic oocytes remained low. This restorative effect strongly
suggests that melatonin mitigates the deleterious consequences of
BPA exposure on folliculogenesis, thereby preserving the integrity of
ovarian morphology and supporting normal reproductive physiology.

3.7. Intestinal Histology

Histological evaluation of the zebrafish gut revealed distinct alterations
across the treatment groups. In the control group, the intestine
exhibited normal architecture, characterized by well-preserved and
elongated villi, intact epithelial lining, and a clearly defined lamina
propria without signs of structural disruption. Enterocytes were orderly
arranged with intact brush borders, and goblet cells were present in
moderate numbers, indicative of healthy mucosal function [Figure 7a].

In contrast, the BPA-exposed group displayed marked histopathological
damage as shown in Figure 7b. The intestinal villi were shortened
and blunted, with evident epithelial disruption and vacuolation. The
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Figure 5: Effects of bisphenol A (BPA) and melatonin on the expression of intestinal barrier markers and inflammatory cytokines in zebrafish. (a) Occludin

and (b) Claudin mRNA expression were significantly downregulated in the BPA group compared to the control, whereas melatonin treatment restored

expression levels. Co-treatment (BPA + melatonin) partially ameliorated the suppression. (¢) Tumour Necrosis Factor-alpha o and (d) Interleukin-6

expression levels were markedly upregulated in the BPA group, indicating a pro-inflammatory response. Melatonin alone reduced cytokine expression,

while co-treatment significantly attenuated BPA-induced elevation. Data are represented as mean = standard error mean (n = 9). Statistical significance:
P <0.05,P<0.01, P<0.001, ns = not significant.

lamina propria exhibited widened intercellular gaps, suggestive
of compromised barrier integrity, and the overall tissue structure
appeared disorganized. These features are consistent with BPA-
induced impairment of epithelial homeostasis and disruption of
mucosal defense.

The melatonin-treated group demonstrated a protective morphological
profile. The intestinal villi were long and slender, with intact epithelial
continuity and well-defined lamina propria. Goblet cells were maintained
in higher numbers compared to controls, contributing to enhanced

mucosal barrier function. The overall tissue architecture appeared to
be preserved, with minimal evidence of degeneration or inflammation,
highlighting melatonin’s barrier-protective effects, as shown in Figure 7c.

Finally, the BPA + melatonin combined group exhibited a near-
complete restoration of intestinal architecture, as shown in Figure 7d.
The villi appeared elongated and structurally organized, with epithelial
continuity largely re-established. The lamina propria was compact,
showing reduced widening of intercellular spaces compared to BPA
alone. Goblet cell distribution and epithelial organization approached
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Figure 6: Histological analysis of zebrafish ovary sections under different treatments (Hematoxylin and Eosin staining, 10x magnification, scale bar = 40 um). (a) Control
group showing normal ovarian architecture with a balanced distribution of primary follicles, vitellogenic oocytes, mature oocytes (Marked arrows-black), and atretic oocytes.
(b) bisphenol A (BPA)-exposed group displaying disrupted folliculogenesis with an increased proportion of primary and vitellogenic oocytes, fewer atretic oocytes, and
limited mature follicle formation, indicative of follicular arrest. (c) Melatonin-treated group demonstrating enhanced follicular development with abundant vitellogenic and
mature oocytes, along with a higher frequency of atretic oocytes, suggesting stimulation of folliculogenesis. (d) BPA + melatonin co-treated group showing near-normal
ovarian morphology with follicular distribution resembling control levels, indicating a restorative effect of melatonin against BPA-induced disruption.

C ¥

Figure 7: Representative histological sections of zebrafish gut (Hematoxylin and Eosin staining, 10x magnification; scale bar = 40 um) across experimental
groups. (muscularis layer [ML]; Lamina propria [LP], black arrows- Goblet cells; yellow arrows- Enterocytes; red arrows- Widened Lamina propria), (a) Control
gut showing intact and well-organized villi with narrow inter-villus spaces, regular epithelial lining, and a compact LP. (b) bisphenol A (BPA)-exposed gut
exhibiting disrupted architecture with shortened and damaged villi, widened inter-villus gaps, epithelial cell disorganization, and vacuolization within the lamina
propria, indicating structural injury. (c) Melatonin-treated gut demonstrates preserved histoarchitecture, with elongated villi, intact epithelium, and a well-defined
lamina propria, reflecting enhanced tissue integrity. (d) BPA + Melatonin co-treated gut showing near-normal morphology with partially restored villus length,
reduced gaps at the lamina propria, and improved epithelial continuity compared to BPA-exposed samples, indicating a restorative effect of melatonin.
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control levels, reflecting the restorative influence of melatonin against
BPA-induced intestinal injury.

4. DISCUSSION

The present study provides a comprehensive evaluation of the adverse
effects of BPA on zebrafish, spanning molecular gene expression,
histopathology, and organismal performance, while also highlighting
the protective and modulatory roles of melatonin.

4.1. Growth Performance and Survival Outcomes

Growth performance indicators demonstrated clear evidence of BPA
toxicity. Zebrafish exposed to BPA exhibited significant reduced weight
gain, SL, and SGR, together with decreased survival. These findings
corroborate earlier reports linking BPA exposure to growth retardation
and reduced survivability in fish models due to endocrine disruption and
metabolic dysregulation [4,23,24]. In contrast, melatonin supplementation
alone marginally enhanced growth and survival compared to controls,
consistent with its antioxidant and metabolic regulatory properties [9].
Importantly, simultaneous melatonin treatment partially restored growth
parameters and survival in BPA-exposed groups, underscoring its role as
a mitigator of endocrine and oxidative stress—mediated damage.

4.2. Oxidative Stress and Antioxidant Responses

BPA exposure perturbs redox balance in zebrafish tissues, as indicated
by elevated LPO and reduced efficiency of enzymatic antioxidants, such
as SOD and CAT. This pattern is consistent with previous findings that
bisphenols generate reactive oxygen species (ROS), impair antioxidant
defense systems, and thereby promote oxidative injury in teleosts [25,26].
In our study, the brain and gut exhibited marked increases in LPO under
BPA, paralleled by villus damage and pro-inflammatory gene expression,
suggesting that oxidative stress is a key driver of tissue pathology.

Simultaneous administration of melatonin with BPA markedly reduced
LPO and enhanced SOD and CAT activities across tissues. These
outcomes align well with the established evidence of melatonin’s
antioxidant properties, both as a direct free radical scavenger and as
an inducer of antioxidant enzymes via Nrf2-dependent signaling [27].
In mammals, melatonin has been shown to counteract BPA-induced
oxidative damage, and our results extend these protective effects to
fish, particularly in reproductive and gut tissues, where structural
restoration paralleled improvements in redox balance [9].

Notably, the ovarian data link oxidative stress with reproductive
dysfunction. Elevated oxidative load under BPA coincided with
the arrest of folliculogenesis and reduced mature oocyte formation,
whereas melatonin improved antioxidant tone and partially restored
follicular progression. Similar associations between ROS burden
and reproductive impairment have been reported in fish exposed to
environmental estrogen [25,26,28-31].

However, the antioxidant responses were tissue-specific, and CAT
activity remained relatively unchanged under BPA in some organs.
This variability is consistent with prior reports showing that CAT
regulation under xenobiotic stress is context-dependent, possibly
reflecting compensatory involvement of glutathione peroxidase or
other antioxidant pathways [32].

4.3. Molecular Responses and Inflammatory Signaling

Expression analysis of circadian rhythm-related genes revealed
pronounced downregulation of Clockla, Cry3a, and Perlb in the BPA

group, aligning with evidence that BPA disrupts circadian regulation
and metabolic homeostasis [33]. Melatonin treatment alone enhanced
expression of these genes, while given simultaneously to BPA showed
partial restoration, suggesting that melatonin stabilizes circadian
rhythms even under sustained oxidative stress. Similarly, BPA
suppressed MT1 receptor and tight-junction gene (Claudin, Occludin)
expression, while pro-inflammatory mediators (/L-6, TNF-a) were
strongly upregulated. These molecular alterations are consistent
with barrier dysfunction and heightened inflammatory tone, both of
which have been reported in rodent and fish models of BPA exposure
studies [34-36]. Melatonin supplementation countered these effects
by upregulating barrier proteins and downregulating inflammatory
markers, in agreement with its known role as an anti-inflammatory
and gut barrier—protective agent [37,38].

4.4. Ovarian Histology and Reproductive Effects

Histological analysis of ovaries revealed significant impairments in
folliculogenesis in the BPA-exposed group. Specifically, a higher
prevalence of primary and vitellogenic follicles with reduced mature
follicles and corpus luteum suggests arrested follicular progression.
This pattern indicates an interference with normal ovarian maturation,
consistent with endocrine-disrupting effects of BPA reported in fish
and mammalian ovaries [31,39]. In contrast, melatonin-treated ovaries
displayed an abundance of follicles at all developmental stages,
alongside healthier atretic oocytes and cortical alveoli, indicative of
enhanced reproductive capacity [40]. Notably, combined treatment
with BPA and melatonin largely restored ovarian architecture to near-
control levels, suggesting melatonin’s ability to ameliorate BPA-
induced arrest in folliculogenesis.

4.5. Intestinal Histopathology and Barrier Function

Examination of gut histology further highlighted the deleterious impact
of BPA. Compared with the well-organized villi, intact mucosal layers,
and compact lamina propria observed in controls, BPA-treated fish
exhibited shorter and damaged villi, widened gaps within the lamina
propria, and compromised epithelial integrity. These disruptions are
characteristic of chemical-induced gut barrier dysfunction [29,30].
Melatonin alone maintained healthy villi morphology, whereas BPA
+ melatonin markedly ameliorated the structural damage, supporting
molecular findings of restored tight-junction protein expression.
Together, these results point toward melatonin’s ability to preserve
intestinal homeostasis under toxicant stress [9,28,41].

By integrating molecular, histological, and physiological data, this
study highlights the multifaceted toxicity of BPA, ranging from
impaired circadian regulation and inflammation to reproductive and
intestinal dysfunction, culminating in reduced growth and survival.
Importantly, melatonin exerted consistent protective effects across all
levels of biological organization. These findings extend previous work
on BPA’s endocrine-disrupting properties. They also provide novel
insights into melatonin’s potential as a therapeutic modulator against
environmental toxicants in aquatic organisms.

5. CONCLUSION

Our findings indicate that BPA disrupts zebrafish physiology at
molecular, histological, and organismal levels, impairing circadian
regulation, barrier integrity, growth, and reproductive outcomes.
Melatonin treatment consistently mitigated these alterations, restoring
gene expression, protecting ovarian and gut architecture, and improving
growth performance and survival. These results highlight melatonin’s
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protective role against endocrine-disrupting chemicals, with potential
applications in aquaculture and environmental toxicology. Melatonin
regulates circadian rhythms, gut-barrier integrity, and inflammation.
These properties support its potential application in aquaculture and
mammalian research. The study also indicates that a higher dose of
melatonin may serve to completely reverse the BPA-induced toxicity.
This study indicates that BPA exposure may disturb both gut and ovarian
physiology, and that melatonin treatment ameliorates these alterations,
suggesting a possible coordination between the two systems rather than
a direct mechanistic cross-talk. However, further studies on metabolite
signaling will provide intricate insights into the matter.
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