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Abstract: To assess the impact of 4-tert-Butylphenol (4-tBP), an endocrine-disrupting chemical
(EDC), on the reproductive cycle of the fish model, Heteropneustes fossilis, biochemical assays and
gene expression studies were employed. The median lethal concentration (LC,,) of 4-tBP was
estimated before subjecting the fishes to antioxidant enzyme assay (catalase: CAT; superoxide
dismutase: SOD) and gene (cypl9ala: ovarian aromatase; vig: liver vitellogenin) expression
studies. After following a standardized set of protocols, the LC,, (96 hours) value for the exposure
of the compound in fish was found to be 27.8 mg/L.. The SOD and CAT antioxidant enzyme
activity, at one-tenth of the LC,, (96 hours) value of 4-tBP, was found to be disrupted; thereby,
suggesting an increase in the oxidative stress in the fish. Lastly, the same fish tissue samples were
taken for gene expression studies, which revealed the upregulation and downregulation of vtg and
cypl9ala genes, respectively. The upregulation of the vig gene expression and the enhanced
synthesis of associated (vtg) protein can be attributed to the structural similarity of 4-tBP with that
of the natural estrogens to bind to the receptor, which leads to the downstream protein synthesis
mechanism. In contrast, the downregulated cyp19aia gene can be associated with impairments in
ovarian development that can alter the reproductive physiology. Therefore, these results suggest
the endocrine-disrupting nature of the compound 4-t-BP in H. fossilis.
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INTRODUCTION
Alkylphenols, termed EDCs, are environmental

contaminants sourced from natural or
anthropogenic activities (Tripathi and Chaube,
2024). These contaminants pollute the water
bodies heavily, leading to lipophilic alkylphenols

(APs) accumulation and toxicity in aquatic
animals (Selvaraj et al.,, 2014). The APs are
reported to alter the normal endocrine functions
in the bodies of fish, humans, and other animal
species by interfering with the effects of
endogenous sex hormones, thereby adversely
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affecting the reproduction and developmental
processes (Gautam and Chaube, 2021). The need
for research on the effects of EDCs (such as 4-tBP)
becomes more significant, as these chemicals can
lead to the loss ofbiodiversity in thelong term.

The compound 4-tert-Butylphenol (Fig. 1a and 1b)
is an endocrine-disrupting chemical (with its
hazard classification, as shown in Fig. 1c) that is
derived from phenol and is characterized by the
presence of a tert-butyl group on its aromatic ring
(Hoang and Park, 2024). Recent research studies
have suggested the hepato-toxic nature of this
compound along with disrupting the metabolic
pathways in fishes, such as zebrafish (Wang et al.,
2024), common carp (Cui et al., 2025) and others.
Apart from the liver toxicity, the 4-tBP has also
been reported to exhibit an endocrine-disrupting
property in male Cyprinus carpio as the fish
reportedly produced vitellogenin, a female-specific
egg volk protein, when exposed to 4-tBP
(structurally and functionally similar to many
natural estrogenic hormones); thereby, making
vitellogenin as a key biomarker for EDC exposure
in fish ecotoxicological studies (Kime et al., 1999;
Barse et al., 2006). Despite several research studies
having been conducted in the domain of EDC
toxicity, the effect and underlying mechanism of 4-
tBP toxicity in the hypothalamic-pituitary-gonadal
(HPG) axis of the fish model, Heteropneustes
fossilis (Bloch, 1794), is still unreported.

Fig. 1: The structure: (a) 2D and (b) 3D; and GHS
(Globally Harmonized System) pictograms (c) of
4-tert-Butylphenol (PubChem [accessed on
14/12/2024]).

Heteropneustes fossilis (Bloch, 1794), commonly
known as the stinging catfish, is a freshwater fish
speciesnative to South and Southeast Asia,
including countries like India, Bangladesh, and
Sri Lanka (Ratmuangkhwang et al., 2014; Verma,
2017). This fish (as shown in Fig. 2, along with its
key descriptors in Table 1) is well-adapted to
diverse aquatic environments such as ponds,
swamps, and ditches andcan even tolerate
slightly brackish water (Verma and Prakash,
2016; Loganathan et al., 2024). This fish species is
a vital food source and holds cultural and
medicinal significance in the regions where it is
found (Verma, 2016; Prakash and Verma, 2016;
Nasreen and Borah, 2023; Shukla and Prakash,
2024).

Owing to the multiple significances of H. fossilis,
it becomes crucial to study the effects of EDCs on
its HPG axis-associated genes, proteins, and
metabolites. This understanding will aid in the
conservation ofthis fish species along with
human needs. Therefore, this research study is
focused on assessing gene (cypi19ala, vtg)
expression, along with other biochemical
parameters, against the 4-tBP exposure of the
fish. Different multidisciplinary approaches,
including bioinformatics tools such as molecular
docking (Huang et al., 2024; Srivastava et al.,
2021), molecular dynamics simulations
(Salahshoori et al., 2024) and multi-omics (Fabbri
et al., 2023) are required to understand the
behaviour of EDCs.

The ovarian aromatase (cyp19ala) gene plays a
pivotal role in fish reproduction and sex
differentiation. It encodes an enzyme, cyp19aia,
responsible for converting androgens into
estrogens, which are crucial for ovarian
development and maintenance. This gene is
predominantly expressed in the ovaries and is
essential for female sex differentiation in many
fish species. Therefore, any disruption or
mutation in the cyp19ala gene can impair
ovarian development (Chaube et al., 2015). On
the other hand, the liver vitellogenin (vtg) gene
codes for the vig protein, whose synthesis is
induced by the binding of liver estrogenic
receptors with estrogen hormones in the blood.
These proteins are then released into the
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bloodstream and transported to the ovaries,
transforming them to enrich the yolk and aid in
oocyte maturation and ovarian development
(Hara et al., 2016). This study was conducted in
Varanasi, one of the highly urbanized cities of
Uttar Pradesh, India. As discussed earlier, it
aimed to understand the toxicological impacts of
4-tBP on the reproductive health of the fish model

Fig. 2: Heteropneustes fossilis (Bloch, 1794).

Table 1: Key description of the fish model-H.
fossilis.

Local name Singhi

Scientific name Heteropneustes fossilis

(Bloch, 1794)

Family Heteropneustidae
Habitat Freshwater
Feeding habit Benthopelagic

Native geography India, Bangladesh, and

Sri Lanka
Conservation status | Least concern (LC)
(IUCN)
MATERIALS AND METHODS
Chemicals

The chemicals like 4-tert-Butylphenol (CAS No:
98-54-4; S-3829950/312) and HPLC-grade
acetone were procured from Merck, USA;
whereas, 50uM EDTA (pH 8), L-Methionine, 0.1M
NaOH, Griess reagent (1% Sulphanilamide +
0.1% NED), 10mM Riboflavin, 1%Triton-X,

10mM Hydroxylamine hydrochloride, 0.8%
Butyl-hydroxy-toluene, 8% SDS, 20% Acetic
acid, 0.8% TBA, Glacial acetic acid, H,0O,, 5%
K,Cr,O, (for enzymes Superoxide dismutase and
Catalase), and clove oil (average Eugenol
concentration- 80%) were procured from
respective local vendors.

Fish collection and acclimatization
The fish (H. fossilis) were collected with the help

of local fishermen, in their resting phase
(December), from different ponds near the Ganga
River. A standardized protocol was used to collect
the fish (Prakash and Verma, 2015; Kumar et al.,
2022) while considering their characteristic
features- weight: 30- 35g, snout-to-tail length: 14-
16cm, age: 1-1.5 yrs. The collected fish were then
transported to the laboratory in water-filled
containers, acclimatized in the 20 litre tank
containing fresh water for two weeks, and feda
commercial (fat-free) diet. The external stressors
were carefully reduced during the collection of
fish samples and their acclimation process. The
handling of fish, from their natural habitat to the
dissecting tray, was performed under the
approved animal care standards, as outlined by
the Institutional Animal Ethical Committee
(IAEC), BHU, Varanasi.

Determination of median lethal concentration

(LC,,96hrs)
Determining the LC,,96 hrs value is an important

parameter that signifies the lethal concentration
of a test compound in the air or water to 50% of a
test population exposed to it. For this purpose,
different glass aquaria were established as test
environments to determine the LC,,96 hrs value
in a controlled experimental setup. These aquaria
were filled with dechlorinated water, where
varying concentrations of 4-tBP were introduced,
as specified in Table 2, ensuring a gradient of
exposure levels. The exposure period spanned 96
hours, during which the fish were observed
under standardized conditions. To minimize
environmental contamination and ensure clean
conditions, essential measures were taken into
account — the fish were fed daily with their
regular fat-free diet, and the water was changed
every 24 hours (Barse et al., 2006).
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Table 2: 4-tBP exposure concentration for the
determination of the LC,,96 hrsvalue.

Group 4-tBP Conc. Number of
(mg/L) Fish/tank

1 25.0 10

2 30.0 10

3 35.0 10

4 40.0 10

5 45.0 10

After the 96-hour exposure period, the mortality
in each concentration group was recorded, the
respective net mortality rates were calculated,
and the LC,96 hrs value was determined by
Finney's probit analysis method (Ghosh and
Saha, 2022).

Exposure treatment of 4-tBP in the fish model
Following acclimatization, the experimental fish
were segregated into two groups and housed in
separate 10-liter aquaria, designated as the
control and treatment groups. The treatment
group was subjected to daily exposure to 4-tBP at
a concentration of 2.8 mg/L (equivalent to one-
tenth of the determined LC,96 hrs value); the
control group remained untreated and served as
the baseline for comparison. Both groups were
fed ad libitum using commercially available fish
feed (Taiyo, Malaysia), and the water in both the
tanks was replaced daily to maintain optimal
water quality with reduced contamination. This
process included the removal of excess feed and
residual 4-tBP from the treatment tank to prevent
interference with the experimental conditions
(Srivastavetal., 2025).

The duration of exposure was 28 days, during
which the fish were monitored under controlled
and standardized environmental settings. This
experimental setup facilitated a systematic
evaluation of 4-tBP's sub-lethal effects on the test
subjects while adhering to best practices in
aquatic toxicology research.

Tissue sampling
A total of ten fish (from each group) were

euthanized promptly using a moderate dose of
clove oil to ensure humane treatment. Following

euthanasia, the ovary and liver tissues were
rapidly excised and collected for downstream
analyses.

a) For enzymatic analyses and oxidative stress

assays:
The liver tissues were directly stored at -20°C

until further processing. This protocol ensured
the preservation of tissue quality for both
molecular and biochemical analyses (Gautam
and Chaube, 2021).

b) For gene expression studies:

The collected ovary and liver tissues were
immediately preserved in RNA later and were
then stored overnight at 4°C to ensure thorough
stabilizationwhile maintaining the RNA
integrity. If intended for long-term storage, the
sample can also be preserved at -20°C (Chaube et
al., 2015).

Sample preparation for the antioxidant enzyme
assay

The activities of oxidative stress biomarkers, such
as superoxide dismutase (SOD) and catalase (CAT),
were measured using a spectro-photometric
approach (Gautam and Chaube, 2021). For this
purpose, the target tissue was carefully excised and
subsequently weighed to determine the required
volume of processing buffer. Therefore, a 10% w/v
homogenate of the tissue sample was prepared in
1% phosphate-buffered saline (PBS) to provide an
optimal environment for enzymatic stability and
activity. To remove cellular debris and obtain a
clear supernatant for analysis, the prepared tissue
homogenates were subjected to centrifugation at a
high speed of 12,000xg under refrigerated
conditions (4°C) for 30 minutes. The cooling was
crucial to maintain the structural and functional
integrity of the enzymes during the process. The
supernatant containing the homogenate's soluble
components, including the enzymes of interest,
was carefully collected following centrifugation.
This clear solution was used for the subsequent
spectrophotometric estimation of enzymatic
activities, ensuring precise and reproducible
measurements.

a) Determination of superoxide dismutase
(SOD) activity:
For the assessment of superoxide dismutase
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(SOD) activity, the sample supernatants were
incubated with a reaction mixture containing
riboflavin and the Griess reagent (Gautam and
Chaube, 2021). During incubation, the riboflavin
absorbed photons and transitioned to an excited
state, interacting with electron donors such as
NADH to form reactive riboflavin radicals. These
radicals transferred electrons to oxygen
molecules, producing superoxide ions, which
subsequently reacted with hydroxylamine
hydrochloride to produce nitrite ions. These
nitrite ions interacted with the Griess reagent—
composed of sulphanilamide and N-(1-naphthyl)
ethylenediamine dihydrochloride in an acidic
medium- through a diazotization reaction,
yielding ared azo dye. The absorbance of this dye
was measured spectrophotometrically at 540 nm
after the incubation period to provide a
quantitative estimate of superoxide ion levels. In
the presence of SOD, superoxide ions get
converted into hydrogen peroxide, leading to a
reduction in nitrite formation and, thus, a
measurable change in absorbance values, which
reflects the enzyme activity.

b) Determination of catalase (CAT) activity:
To determine catalase (CAT) activity, the sample

supernatants were incubated with a freshly
prepared hydrogen peroxide solution (H,O,) as a
substrate for the enzyme to exhibit its activity.
The reaction was conducted at room temperature
to maintain the optimal enzyme activity, whereas
the incubation period was standardized for one
minute to ensure reproducibility and prevent
excessive decomposition of H,0O, (Gautam and

Chaube, 2021). Following the incubation, the
reaction mixture was treated with a coloring
reagent that contained potassium dichromate
(K,Cr,0,) dissolved in glacial acetic acid. This
reagent reacts with the residual H,O, to form
chromic acetate, which imparts a distinct color to
the solution, allowing the quantification of
catalase activity. The reaction was terminated by
heating the mixture in a boiling water bath at
100°C for 10 minutes. This step ensured the
complete reaction of the residual H,O, with the
coloring reagent, stabilizing the colored product.
The resulting solution was then subjected to
spectrophotometric analysis, with the
absorbance measured at the wavelength of 240
nm to determine the catalase activity based on the
amount of H,0O, decomposed during the initial
reaction phase. This method provides a reliable
and reproducible approach for quantifying
catalase activity in biological samples.

Gene expression analysis
The expression study of ovarian aromatase

(cyp19ala) and liver vitellogenin (vtg) genes was
carried out, per the standardized protocols, on H.
fossilis (Chaubeet al., 2015).

a) Primer designing and validation:
The cyp19ala (ovarian aromatase) and vig (liver

vitellogenin) gene-specific primers (listed in
Table 3) were designed and validated for use with
a SYBR Green-based qPCR kit (G2P, India), which
employs a fluorescence-based dye to monitor
DNA amplification in real-time (Chaube et al.,
2015).

Table 3: List of primers used in the gene expression study.

Accession No. | Gene Primers Amplicon
(Forward—>FP; Reverse~>RP)

KJ619628.1 cypl9ala FP — CCATTTGGCTGTGGGCCAC 172
RP — ATGGTGCTGACGGTGCAACC

GQ385192.1 vig FP — AGAGTTTGCTGCGGGTAAGA 105
RP - TTGCAGCTGACTTTGACACC

a) Extraction of RNA and determination of its
integrity:

The RNA samples were derived from the fish
ovaries and liver from both the control and

treatment (exposed to one-tenth of the LC,,96 hrs
value of 4-tBP) groups. The ovarian and liver
tissues (0.1 g) were homogenized in 1 mL of
TRIzol reagent (Thermo Fischer Scientific, USA)
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while ensuring thorough disruption of the tissue
to release nucleic acids. Subsequently, the
nucleic acids were separated through an organic
phase separation process, a critical step for
isolating high-purity RNA. Isopropanol was used
in the RNA precipitation, followed by washing
with ethanol to remove residual impurities. The
precipitated RNA was air-dried to remove traces
of solvents and was then dissolved in RNase-free
water (Sigma, USA) to maintain RNA integrity
(Chaube et al., 2015). Lastly, the quality and
concentration of the RNA samples were assessed
using spectrophotometric methods (A260/280
ratio).

b) cDNA synthesis:

High-quality cDNA was synthesized to serve as
the template for quantitative Polymerase Chain
Reaction (qPCR) analysis (Chaube et al., 2015).
The extracted RNA samples were reverse-
transcribed for this, following the manufacturer's
protocol of a commercially available reverse
transcription kit (G2P, India).

c)Real-time PCR:

The reaction setup and thermal cycling
parameters followed the kit manufacturer's
recommendations to ensure optimal
amplification efficiency and specificity. Thermal
cycling conditions typically included initial
denaturation, annealing, and extension steps in
the Quant Studio™ 5 Real-Time PCR System
(Thermo Fischer Scientific, USA). Gene
expression patterns were recorded and analyzed
based on fluorescence data collected during the
reaction, with particular attention paid to the

Catalase Activity

cycle threshold (Ct) values for each gene of
interest. Melt curve analysis was conducted post-
amplification to confirm the specificity of the
PCR products. This methodological approach
enabled the robust quantification of gene
expression and facilitated comparisons between
control and treatment groups (Chaube et al.,
2015).

RESULTS AND DISCUSSION

Median Lethal Concentration (LC,,96 hrs)

The median lethal concentration (LC,,96 hrs) of
4-tBP was determined to be 27.8 mg/L in H.
fossilis (Bloch, 1794) after a prolonged 96-hour
exposure. The LC, 96 hrs value of 4-tBP-exposed
fish (H. fossilis) was comparatively higher than
that of the 4-tBP-exposed Cyprinus carpio, which
exhibited an LC, 96 hrs value of 6.9 mg/L (Barse et
al., 2006), highlighting the stress-resistant
capabilities of thefish model-H. fossilis.

On the other hand, the octylphenol- and
nonylphenol-exposed H. fossilis (Bloch, 1794),
respectively, exhibited comparatively lower
LC,,96 hrs values of 0.9 mg/L. (Srivastav et al.,
2025) and 1.6 mg/L (Gautam et al., 2015). Based
on this, it can be stated that 4-tBP exhibits lesser
toxicity in the fish model (H. fossilis), whereas
nonylphenol and octylphenol can exhibit
increasingly higher toxicities.

Effect of 4-tBP on antioxidant enzyme activity

The activity of the enzymes, superoxide
dismutase and catalase, was significantly
decreased (as shown in Fig. 3A and 3B) in the H.
fossilis (Bloch, 1794) exposed to a 2.8 mg/l

S0D Activity

7

Fig. 3: Representation of antioxidant enzyme assay in H. fossilis (Bloch, 1794), against 4-tBP exposure:
(A) Change in the SOD activity (U/mg protein);(B) Change in the Catalase activity (mmol/min/mg
protein). Control: Untreated group; 4-tBP: Treated group with 4-tBP. Data are expressed as mean * SD.
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Based on the result, 4-tBP induces oxidative
stress in fish, demonstrating increased
production of reactive oxygen species (ROS).
These ROS tend to overwhelm the fish's
antioxidant defense system, which could have
led to the reduction in the activity of these
antioxidant enzymes (SOD and CAT). This
reduction in antioxidant enzyme activity can
disrupt the fish's ability to neutralize ROS,
causing oxidative damage to vital organs such as
the liver, kidneys, and gills. Additionally,
phenols can interfere with DNA integrity and
other cellular structures, further exacerbating the
toxic effects. Similar trends in the reduction of
SOD and CAT activity have also been reported in
another study on the fish model- H. fossilis
(Gautam and Chaube, 2021) along with Salmo
caspius (Shirdel et al., 2020) and Silurus asotus
(Park, 2015), when exposed to 4-nonylphenol;
whereas, in case of Labeo rohita, the activity of
these enzymes reportedly decreased on the
exposure of bisphenol (Ahmad et al., 2025).

Effect of 4-tBP on ovarian aromatase (cyp19a1la)
gene expression

A significant reduction of the cyp19aia gene
expression (Fig. 4A) in the ovary of the fish
model- H. fossilis treated with 4-tBP was
observed. The decrease in cyp19ala expression
in the ovaries of fish exposed to 4-tBP can be
attributed to the endocrine-disrupting nature of
the chemical.

The aromatase enzyme is critical in converting
androgens into estrogens, essential for ovarian
development and function (Guo et al., 2024). The
exposure of fish to alkylphenols may either
inhibit the cyp19ai1a activity or alter its
transcriptional regulation, resulting in reduced
estrogen production. This disruption can have
cascading effects on ovarian physiology,
including impaired follicular development and
reduced reproductive capacity (Meier et al.,
2007). Alkylphenols, such as nonylphenol and
octylphenol, also interfere with fish's normal
hormonal signaling pathways (Lee et al., 2024).
These compounds can mimic or block the action
of endogenous hormones, especially estrogen
(E2), leading to disruptions in the synthesis and

regulation of key enzymes like aromatase, which
is encoded by the cyp19aia gene (Sun et al,
2021). The estrogen-mimicking effects of
alkylphenols in teleost fish are extensively
documented. Notable examples include the
interaction of 4-nonylphenol with Oncorhynchus
mykiss (Vetillard and Bailhache, 2006) and H.
fossilis (Gautam and Chaube, 2021).

Effect of 4-tBP on liver vitellogenin (vig) gene

expression
A significant increase in the vigmRNA expression

was observed in the liver of the fish model- H.
fossilis, treated with 4-tBP (Fig. 4B). The increase
in vig expression in the liver of fish exposed to 4-
tBP can also be attributed to the endocrine-
disrupting nature of the chemical. It is inferred
that the compound (4-tBP) is structurally similar
to that of natural estrogens, which can mimic how

they bind to the liver estrogen receptors in the
fish.

The upregulation of the vig gene can be associated
with higher concentrations of estrogen-
mimicking 4tBP in the fish body, leading to
higher synthesis of vig protein that plays a
significant role in oocyte maturation (Zhang et
al., 2011). Such a phenomenon has been reported
in the females of Cyprinus carpio fish when
exposed to nonylphenol (Amaninejad et al.,
2018). The vitellogenin biomarker upregulation
was also seen in several other cases, such as octyl
phenol-induced male Danio rerio (Lee et al.,
2024), nonylphenol-induced male Oreochromis
spilurus (Abdulla Bin-Dohaish, 2012), and
nonylphenol- and octylphenol-induced male
Oryzias latipes (Chikae et al., 2003).

CONCLUSION
The EDCs, undeniably, have been observed to

present a serious threat to both aquatic organisms
and human health. In fishes like Heteropneustes
fossilis (Bloch, 1794), these contaminants
interfere with normal hormonal functions,
leading to severe reproductive challenges,
developmental deformities, and eventually, a
decline in the population. Likewise, in humans,
exposure to EDCs has also been associated with
various health concerns, including disruptions in
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Fig. 4: Representation of gene expression profile in H. fossilis, against 4-tBP exposure: (A) Ovarian
aromatase (cyp19ala) gene; (B) Liver vitellogenin (vig) gene. Control: Untreated group; 4-tBP:
Treated group with 4-tBP. Data are expressed as mean * SD.

the proper endocrine system, which leads to
reproductive issues along with an increased risk
of metabolic and neurological disorders. The
widespread presence of EDCs in aquatic
environments and food chains, it is crucial to
implement effective strategies for their reduction.
Strengthening environmental regulations,
improving wastewater treatment processes, and
promoting public awareness are essential to
mitigating their impact. Additionally, advancing
research on safer chemical alternatives and
establishing long-term monitoring programs can
help minimize exposure risks. Different
collaborative and multidisciplinary approaches,
including bioinformatics tools such as molecular
docking, molecular dynamics simulations and
multi-omics are necessary in understanding the
behaviour of EDCs and thereby providing
solutions to protect both the aquatic ecosystems
and human well-being from the persistent
dangers of these chemicals.
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