
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Yafei Duan,
South China Sea Fisheries Research Institute,
China

REVIEWED BY

Rodolfo Rondon,
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Environmentally relevant
concentrations of triclosan
modulate the brain proteome
profile of Labeo catla
Basanta Kumar Das*, Hirak Jyoti Chakraborty,
Subhrajyoti Ghosh, Satabdi Ganguly, Anupam Adhikari ,
Vikash Kumar and Subir Kumar Nag

ICAR-Central Inland Fisheries Research Institute (CIFRI), Barrackpore, India
Introduction: The presence and effect of triclosan (TCS), a non-antibiotic

antimicrobial biocide mostly used in personal, household, and healthcare

products, on aquatic life is alarming nowadays. Although several studies have

addressed TCS toxicity in aquatic organisms, its effects on brain tissues remain

poorly explored.

Methods: In our study, label-free proteomics liquid chromatography- tandem

mass spectrometry (LC–MS/MS) was used to analyze the long-term effects of

TCS on the brain tissues of Labeo catla. Catla fingerlings (mean weight 12 ± 1.76

g; mean length 12 ± 2.14 cm) were exposed to TCS at 0.073 mg/L, a sublethal

concentration corresponding to 1/10th of LC50 and within reported

environmental hotspots, for 30 days in 50-L glass tanks with predefined

laboratory conditions. After TCS exposure, fish brain tissue samples were

collected and used for LC-MS/MS analysis.

Results: The proteomic analysis suggested that TCS treatment of Catla brain

tissues upregulated the proteins related to motor activity, neuron development,

and semaphorin complex. In contrast, proteins related to myotube development,

meiotic chromosome separation, myosin complex, and plasma membrane were

downregulated. Principal component analysis (PCA) revealed significant

proteomic alterations. ECT2 and Zcchc11 proteins showed marked

upregulation, while EIF4G3B and PBRM1 were significantly downregulated.

These results indicate that exposure to triclosan alters critical cellular growth

pathways, RNA processing, and translation.

Discussion: Our findings provide valuable insights into the molecular impact of

environmental contaminants on aquatic species. Altered proteins (e.g., actin

alpha1a/1b, myosin heavy chain fast skeletal muscle, camsap1b, and plexin B1)

were consistently identified as potential candidate biomarkers of TCS

neurotoxicity, pending further validation. Overall, our findings highlight the

eco-physiological risks of TCS exposure, suggesting that proteomic disruptions

in neuronal and muscular processes may translate into impaired fish fitness in

contaminated habitats.
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GRAPHICAL ABSTRACT
Introduction

Triclosan [TCS; 5-chloro-2-(2,4-dichlorophenoxy)phenol] is a

widely used non-antibiotic antimicrobial biocide that is frequently

present for many years in personal, household, and healthcare

products like soaps, sanitizers, toothpaste, deodorants,

mouthwashes, kitchen utensils, textiles, plastics, and medical

devices (Yueh and Tukey, 2016; Lu et al., 2018). TCS has a

perceptible aromatic odor and low solubility in water but good

solubility in organic solvents, including ethanol, methanol, and

dimethyl sulfoxide (Montville and Schaffner, 2011). The widespread

presence of TCS in aquatic environments worldwide is increasingly

alarming. The entry of TCS into aquatic environments and land is

due to wastewater and biosolids discharge from different sources

(Dann and Hontela, 2011). The extensive use of TCS containing

sanitizers and antiseptics during the time of the COVID-19

pandemic has raised concerns about the environment as well as

public health (Lu and Guo, 2021). Due to the high bioaccumulation

factor, the possibility of the accumulation of TCS in non-target

aquatic animals is high (Dhillon et al., 2015; Yao et al., 2018).

Recently, it was observed that non-ionic detergents like Tween 20

can inhibit TCS activity in vivo, most probably due to micelle

formation (Alfhili and Lee, 2019). Previous studies have suggested

that TCS causes toxicity to various aquatic organisms (Weatherly

and Gosse, 2017), like fish (Dar et al., 2019), arthropods (Peng et al.,

2013), molluscs (Geiß et al., 2016), nematodes (Vingskes and

Spann, 2018), algae (Bi et al., 2018), and plants (Prosser et al.,

2014). Different studies have demonstrated that fish were very
Frontiers in Marine Science 02
sensitive to TCS toxicity, which has LC50 values ranging from

0.26 to 0.45 mg/L (Orvos et al., 2002). The effects of TCS in the

form of biochemical alteration include endocrine disruption and

delay in embryonic development in different fish species like

Japanese medaka Oryzias latipes (Ishibashi et al., 2004), zebrafish

Danio rerio (Oliveira et al., 2009), and major carps like Labeo rohita,

Cirrhinus mrigala, Ctenopharyngodon idella, and Cyprinus carpio

(Dar et al., 2019; Dar et al., 2020). Loss of equilibrium, fish jaw

locked open, erratic swimming, spinal curvature, and quiescence

were observed in rainbow trout fish due to the TCS effect (Orvos

et al., 2002). Increased lysosomal membrane destabilization,

phosphorylation of PKCa and PKCbII isoforms, and phagocytic

activity were induced by TCS both in vitro and in vivo (Canesi et al.,

2007). Pharmacokinetic studies in humans have suggested that TCS

can reach the systemic circulation by the process of rapid

absorption through skin and mucous membranes of the oral

cavity and gastrointestinal tract and also affect the rate of urinary

excretion (Queckenberg et al., 2010; Sandborgh-Englund et al.,

2006). The data related to environmental and human toxicology

suggest that acute toxicity was seen in aquatic organisms and

humans in the form of potential carcinogenicity, endocrine

disruption, antimicrobial resistance, and mild genotoxicity

(Huang et al., 2014; Li, 2021).

The use of TCS in over-the-counter antiseptics like soap, foam,

and liquid wash has been banned by the United States Food and

Drug Administration (USFDA) since 2016, although other TCS-

containing products like hand sanitizers and wipes are not regulated

by the FDA (Food and Drug Administration, 2016). TCS works like
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a biocide, and food contact products were banned by the European

Union, but its use in personal care products is still allowed (EC,

2016). In the modern era, when a pandemic like COVID-19 has

shaken mankind, the use of antimicrobial and disinfectant agents

like TCS is very relevant (Dhama et al., 2021). However, the

excessive and unnecessary use of TCS in daily life products

should be restricted to mitigate the health hazards to human

beings and negative effects on the environment and ecology

(Mukherjee et al., 2021).

Previously, several proteomic studies have been performed to

observe the effect of TCS, and they identified affected biological

processes and potential proteins or groups of proteins that were

altered due to the TCS treatment of different organisms, including

aquatic organisms. A proteomic study using Two-Dimensional

Difference Gel Electrophoresis (2D DIGE) of TCS-treated 7-day

post-fertilization larvae found that the proteins involved in the

cytoskeleton, stress response, eye, and neural development were

affected. An enzyme study also supported this result, which

indicated an impairment of glutathione metabolism and acute

neurotoxicity (Falisse and Voisin, 2017). Using the Two-

Dimensional Electrophoresis (2DE) system, proteomic analysis of

freshwater mussel Dreissena polymorpha treated with TCS for 7

days revealed the altered protein profile of biological processes like

calcium binding and stress response (Riva et al., 2012). The

proteomic approach is a useful tool for analyzing the upregulated

and downregulated proteins in the different body samples of aquatic

animals. Proteomic analysis with the help of bioinformatics tools is

very useful in experiments like 2D DIGE, Isobaric tag for relative

and absolute quantitation (iTRAQ), and label-free proteomics

(Fernandez et al., 2024). Label-free proteomic techniques are very

rapid, low-cost, and accurate techniques that can produce altered

protein profiles of aquatic organisms regardless of sample

complexity (Gajahin Gamage et al., 2022).

Labeo catla is the most important and preferred carp among the

three Indian major carps. Catla is the most edible major carp,

contributing half of the total production from composite fish

culture. It is highly demanded due to its faster growth, quality

yield, and good size, and it contributes to the livelihood of fish

farmers around South Asia (Sahoo et al., 2020). Earlier works were

mainly focused on the effect of TCS on mammals and aquarium fish,

but the data related to edible fish have not been explored extensively.

To obtain detailed information about the effects of TCS and the

mode of operation in the brain tissues of Catla, we used a modern

proteomic approach with detailed analysis by advanced bioinformatics

tools. Proteomic data related to TCS-treated fish brain tissues are very

limited. To obtain elaborate and comprehensive data related to the

mode of action of TCS and its toxicity in the brain tissues of Catla, we

used label-free proteomics and advanced bioinformatics analysis. To

our knowledge, this is the first study applying label-free proteomics to

evaluate TCS effects on the brain tissues of the commercially

important carp L. catla. Recent studies have further highlighted the

ecotoxicological relevance of TCS (Sharma et al., 2022a, Sharma et al.,

2022b; Dar et al., 2024, Dar et al., 2025), reinforcing the need to

investigate its molecular impacts in food fish species.
Frontiers in Marine Science 03
Materials and methods

Test chemical and experimental fish

TCS of analytical grade (purity >98%; CAS Number: 3380-34-5)

was purchased from Sigma-Aldrich, Burlington, Massachusetts,

USA. The required test solutions for TCS were made by

performing a series of dilutions. The first step involved making a

1 g/L stock by dissolving the required quantity of the test substance

in methanol. Catla fingerlings (mean weight 12 ± 1.76 g; mean

length 12 ± 2.14 cm) were acquired from a privately owned fish

farm in Palta, West Bengal, India, and then raised within the

hatcheries and breeding facilities division of the institute. The fish

were housed in perpetually aerated 50-L glass tanks with predefined

laboratory conditions, including dechlorinated water (pH 7.2 ± 0.1)

at 24.0 °C ± 1.75 °C and a constant photoperiod with alternate

cycles comprising 12 h of light and dark for acclimatization. The

fish were fed with commercial feed twice a day, and one-third of the

water, together with the leftover feed and the carp excrement, was

regularly siphoned off. The specifications set by the Institute Animal

Ethics Committee (No. CIFRI/IAEC-23-24/06) were adhered to in

all the cases regarding the usage of the experimental carps,

collection of biological samples, and experimental procedures.
Experimental exposure

The 96-h LC50 value for TCS in Catla was determined to be 0.73

mg/L in our earlier investigations on acute toxicity (Adhikari et al.,

2023). The fish were randomly chosen irrespective of gender and

then assigned to distinct exposure groups for a time period of 30

days. The dosage at which the fish were exposed to the

aforementioned test had 1/10th (0.073 mg/L) concentrations of

the 96-h LC50 value previously derived for the test substance. Each

treatment was conducted in triplicate tanks (n = 3), with 15 fish per

tank. Tanks, rather than individual fish, were considered biological

replicates to avoid pseudoreplication and were maintained in the

same conditions as those maintained during the acclimatization

period. Following the experimental exposure, the fish were

anesthetized using tricaine (150 mg/L) and thereafter dissected

with immediate removal of their brains stored in Phosphate

Buffered Saline (PBS) for proteomic analysis.
Proteomic analysis via LC–MS/MS

An ACQUITY UPLC system (Waters Corporation, Milford,

Massachusetts, USA) was employed to perform liquid

chromatography. The trypsinized peptide solutions were separated

using a Waters-made ACQUITY UPLC BEH C18 column (150 mm ×

2.1 mm × 1.7 µm). To accomplish the chromatographic separation, a

gradient elution program was employed with mobile phases A and B

(0.1% formic acid in water and acetonitrile, respectively). The flow rate

was adjusted to 0.30 mL/min, and 1 µL from each of the individual
frontiersin.org
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samples (n = 3) was taken for injection into the system. Mass

spectrometry was performed using a SYNAPT G2 QTOF (Waters,

USA) outfitted with an electrospray ionization (ESI) source. The

sampling cone, extraction cone, capillary energy, and trap collision

energy were set at 45.0, 4.50, 3.50 kV, and 6.0 V, respectively. During

the increased energy scan, the trap collision energy was scaled up from

20 to 45 V. ProteinLynx Global Server (PLGS) 3.0.2, a program that is

utilized for database searches, was used to process the raw mass

spectrometry data. The mass spectrometry proteomic data have been

deposited in the ProteomeXchange Consortium via PRIDE.

Differentially expressed proteins were identified using R/

Bioconductor (DEP) packages, followed by principal component

analysis (PCA) to visualize proteomic variations.

Enriched Gene Ontology, protein–protein
interaction, pathway analysis, and
statistical proteomics

To identify and analyze the biological processes and their pathways

of upregulated and downregulated proteins induced due to the TCS

treatment of Catla and to find their molecular functions and cellular

components, the ClueGO v2.5.10 plugin of the Cytoscape 3.9.1 tool was

used, and the zebrafish D. rerio protein database was taken as a

reference list or background list for this analysis. Protein–protein

interactions of upregulated and downregulated proteins of TCS-

treated brain tissues of Catla were performed using the Cytoscape

3.9.1 tool, and results were shown in radial network topology format.

Kyoto Encyclopedia of Genes and Genomes (KEGG) and

WiKiPathways enrichment analyses were performed using the

FishEnrichr tool, which used upregulated and downregulated

proteomic data. The top observed ratio (control vs. treatment) of

each up- and downregulated protein was used for PCA using the

R package.
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Results

The protein expression patterns of the brain tissues of L. catla

exposed to TCS were compared with their control counterpart.

After analyzing the LC–MS/MS data of L. catla brain tissue samples,

we identified nearly 342 upregulated and 272 downregulated

proteins due to TCS treatment. With these upregulated and

downregulated proteins, enrichment analysis, protein–protein

network analysis, and pathway analysis were performed using

Gene Ontology (GO), network analysis, and KEGG and WIKI

analyses, respectively and we found that various biological

processes, cellular components, and molecular functions were

affected by some individual proteins and as well as associated

proteins, which will be analyzed and discussed elaborately in

this section.
GO analysis

GO enrichment analysis identified 23 biological processes, four

cellular components, and seven molecular functions significantly

upregulated by TCS treatment (False Discovery Rate (FDR) < 0.05)

due to triclosan treatment of L. catla brain tissues (Figure 1). The

maximum number of identified upregulated proteins induced by

TCS treatment in the biological processes was four. The proteins are

related to the fin regeneration process (proteins: chd4a, hspa9,

inhbaa, and ttk) and sister chromatid segregation processes

(proteins: ncapd3, pds5b, smc3, and top2b). The microtubule

cellular components possess the highest number of eight

(camsap1b, cep162, ckap5, clasp1a, gas8, kif13bb, kif15, and

map4l) upregulated proteins. Out of seven molecular functions,

tubulin binding had the maximum number of upregulated proteins,

and the 10 upregulated proteins were agtpbp1, camsap1b, ccdc88c,
FIGURE 1

Gene ontology (GO) enrichment analysis of significantly upregulated proteins (adjusted p < 0.05, FDR < 0.05) using ClueGO v2.5.10 plugin of
Cytoscape 3.9.1. Terms grouped by biological processes, cellular components, and molecular functions.
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ckap5, clasp1a, gas8, kif13bb, kif15, macf1b, and map4l. Although

among the upregulated proteins the maximum proportion of

proteins was related to the motor activity (34.29%) term,

semaphorin receptor complex (25.71%) term, and myosin

complex (11.43%) term (Figure 2), in upregulated proteins,

kinesin-like protein (kif13bb), microtubule-associated protein

(map41), CLIP-associated protein (clasp1a), sister chromatid

cohesion proteins (pds5b), cytoskeleton-associated protein

(ckap5), calmodulin-regulated spectrin-associated protein

(camsap1b), and plexin proteins (plexinb1 and plexinc1) were

well overexpressed in Catla brain due to TCS exposure.

The GO process enrichment analysis identified 30 biological

processes, four cellular components, and two molecular functions in

downregulated proteins caused by triclosan treatment of L. catla

(Figure 3). Three biological processes that had the maximum

number of downregulated proteins were myotube differentiation

(six proteins: acta1a, acta1b, dock5, mybpc1, myo18ab, and ripor2),

skeletal muscle organ development (six proteins: acta1a, acta1b,

lamb2, mybpc1, myo18ab, and ripor2), and muscle fiber

development (six proteins: acta1a, acta1b, mybpc1, mybpha,

myo18ab, and ripor2). The actin cytoskeleton cellular

components possess the highest number of fourteen

(LOC100329748, LOC100329813, inhbaa, mybpc1, mybpha,

myh14, myh6, myh7ba, myh9a, myha, myhc4, myo18ab, myo5ab,

and si:ch 211-94l19.4) downregulated proteins after TCS treatment.

Out of the two molecular functions in motor activity, one has the

maximum number of downregulated proteins. Approximately

fourteen proteins (LOC100329748, LOC100329813, kif13ba, kif13,

kif4, myh14, myh6, myh7ba, myh9a, myha, myhc4, myo18ab,

myo5ab, and si:ch211-94l19.4) were downregulated in motor

activity. However, the maximum proportion of proteins that were

downregulated by TCS exposure was as follows: myotube

differentiation (36.11%), meiotic chromosome separation

(22.22%), myosin complex (11.11%), and protein localization to

the plasma membrane (11.11%) (Figure 4). In our proteomic

analysis, we found that myosin heavy chain fast skeletal muscle

protein (myha), myosin binding protein c (mybpc1), myosin heavy
Frontiers in Marine Science 05
chain 7B (myh7ba), actin alpha 1 (acta1a and acta1b), lamanin

subunit beta 2 (lamb2), and rho family interacting cell polarization

regulator 2 (ripo2) were well downregulated in Catla brain tissues as

a result of TCS treatment.
Network analysis

The protein–protein interaction network analysis showed that

most upregulated proteins clustered in two main GO categories,

“actin filament binding” and “positive regulation of axonogenesis”,

which were interconnected to a maximum number of other related

biological processes (Figure 5). The actin filament binding term was

associated with twelve other related terms or processes, and the

positive regulation of axonogenesis was associated with eight other

terms or processes. The proteins upregulated in the kinesin complex

did not show association with other terms or processes.

In protein–protein interaction network analysis, we found that

most of the proteins were associated with two main GO categories,

“muscle organ morphogenesis” and “meiotic chromosome

separation” terms, which were interconnected to a maximum

number of other related biological processes (Figure 6). The

muscle organ morphogenesis was associated with twelve other

terms related to biological processes or terms, and meiotic

chromosome separation was associated with seven other terms

related to biological processes or terms. The downregulated

proteins in kinesin complex, intermediate filament cytoskeleton

organizations, and endoderm development terms did not show any

association with any other group of proteins or terms.
KEGG pathway and WiKiPathways analysis

KEGG pathway enrichment analysis using FishEnrichr

identified 41 pathways for upregulated proteins and 29 pathways

for downregulated proteins. According to KEGG pathway

enrichment analysis, it was clear that the maximum number of
FIGURE 2

Relative proportion of upregulated proteins across major Gene Ontology (GO) terms identified by ClueGO v2.5.10.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1672496
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672496
upregulated proteins (Figure 7) was mainly associated with

endocytosis (fam21c, gbf1, asap2b, and eea1), RNA transport

(casc3 , nup160, and srrm1), adrenergic s ignal ing in

cardiomyocytes (myh7l, atp2b1a, and atp1a3b), the regulation of

actin cytoskeleton (nckap1, itga3b, and spata13) pathways;

downregulated proteins (Figure 8) were associated with tight

junction (magi1b, msna, arhgef1a, myh9a, and tj), RNA transport

(gemin5, eif4g3b, and eif4g1a), cell cycle (espl1 and anapc1), and

cell adhesion molecule (nrxn1a and nrxn3a). WiKiPathways

enrichment analysis using FishEnrichr identified 14 pathways for

upregulated proteins and 10 pathways for downregulated proteins.

According to WiKiPathways analysis, the maximum number of

proteins was downregulated (Figure 9) in the glycolysis and

gluconeogenesis pathway (eno3 and eno2) and upregulated

(Figure 10) in the mRNA processing (prpf6, dhx15, and srrm1)

and striated muscle contraction (mybpc2b and mybpc1) pathways.
Frontiers in Marine Science 06
Statistical proteomics

PCA revealed a distinct separation between the control and

triclosan-treated groups, highlighting significant proteomic shifts

(Figure 11). ECT2 and Zcchc11 were highly upregulated in the

treated group, suggesting their involvement in cellular growth and

division. Conversely, EIF4G3B and PBRM1 were downregulated,

indicating a suppression of mRNA translation initiation and

chromatin remodeling. These expression patterns suggest a

disruption of critical cellular processes.
Discussions

One of the challenges in designing experiments with

ecotoxicological subjects was selecting the optimum TCS
FIGURE 3

Gene Ontology (GO) enrichment analysis of significantly downregulated proteins (adjusted p < 0.05, FDR < 0.05) using ClueGO v2.5.10. Terms
grouped by biological processes, cellular components, and molecular functions.
FIGURE 4

Relative proportion of downregulated proteins across major Gene Ontology (GO) terms identified by ClueGO.
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concentration for treatment, which can induce biological processes

without causing mortality. The TCS concentration we used for

treatment to obtain proteomic data was 0.073 mg/L, which was 1/10

of the 96-h LC50 value for Catla (Adhikari et al., 2023). While lower

concentrations (50–100 µg/L) also caused neurodevelopmental

changes in zebrafish (Falisse et al., 2017), our chosen sublethal

concentration ensured measurable proteomic alterations

without mortality.

Several in vitro and in vivo antibiotic exposure studies have been

conducted in aquatic animals, and the effects were identified at

various cellular and molecular levels, with varying concentrations of

antibiotics and exposure time (Fernandez et al., 2021). However, the

information related to the effect of TCS on brain tissue is still very

scarce. Our main focus of this study was to detail the investigation

of the effects of TCS on the brain tissues of L. catla at the cellular

and molecular levels using a proteomic approach with the help of

bioinformatics analysis. TCS is lipophilic in nature, accumulating in

fat-rich tissues like the brain, liver, and muscle tissues (Dar

et al., 2022).

The LC–MS/MS data of TCS-treated brain samples suggested

that various proteins were upregulated and some proteins were

downregulated with respect to their control counterparts. The GO

analysis suggested that the maximum number of upregulated

proteins involved in fin regeneration and sister chromatid,
Frontiers in Marine Science 07
microtubule cellular component, and tubulin-binding molecular

function, through the maximum proportion of upregulated

proteins, was involved in motor activities (34.29%), semaphorin

receptor complex (25.71%), and myosin complex (11.43%). Among

upregulated proteins, kinesin-like protein (kif13bb), microtubule-

associated protein (map41), CLIP-associated protein (clasp1a),

sister chromatid cohesion proteins (pds5b), cytoskeleton-

associated protein (ckap5), calmodulin-regulated spectrin-

associated protein (camsap1b), and plexin proteins (plexinb1 and

plexinc1) were well overexpressed in Catla brain tissues due to

TCS treatment.

The GO analysis of the LC–MS/MS data of TCS-exposed Catla

brain tissue samples identified downregulated proteins, which were

mainly associated with myotube differentiation (36.11%), meiotic

chromosome separation (22.22%), myosin complex (11.11%), and

protein localization to the plasma membrane (11.11%) processes. We

found some well downregulated proteins due to TCS exposure in

Catla in the aforementioned biological processes, and these proteins

were myosin heavy chain fast skeletal muscle protein (myha), myosin

binding protein c (mybpc1), myosin heavy chain 7B (myh7ba), actin

alpha 1 (acta1a and acta1b), lamanin subunit beta 2 (lamb2), and rho

family interacting cell polarization regulator 2 (ripo2).

In our study, some proteins were highly downregulated, and

some proteins were highly upregulated due to TCS exposure to
FIGURE 5

Protein–protein interaction (PPI) network of significantly upregulated proteins (FDR < 0.05) constructed using Cytoscape 3.9.1. Node colors
represent Gene Ontology (GO) clusters, and edges represent significant associations.
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FIGURE 6

Protein–protein interaction (PPI) network of significantly downregulated proteins (FDR < 0.05). Node clusters represent enriched biological
processes. Edge weights indicate significance of associations.
FIGURE 7

Top 15 KEGG pathways enriched in significantly upregulated proteins (FDR < 0.05). Enrichment analysis performed using FishEnrichr.
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Catla brain tissues. Highly downregulated proteins were nuclear

receptor corepressor 1 isoform (ncor1), poly(ADP ribose)

polymerase, ATP-dependent RNA helicase (tdrd9), microtubule-

associated proteins (map2), CAP-Gly domain-containing linker

protein 2 isoform (clip2), and polybromo 1-like protein (pbrm1l).

Nuclear receptor corepressor 1 (ncor1) regulates the activity of

thyroid hormone in liver tissues and the hypothalamic pituitary–

thyroid axis both in vitro and in vivo (Ritter et al., 2021). ncor1 also

hampered lipid oxidation by suppressing PPARa activity. Previous

studies have explained that the thyroid axis was disturbed and that

oxidative stress was induced due to TCS exposure, which will

hamper growth and development as well as behavior and

reproduction (Oliveira et al., 2009). The CAP-Gly domain

impacts the initial interaction of motor microtubules as well as

growing mobility along microtubules (Fan and McKenney, 2023).

Two important microtubule-associated proteins, like tan and map2,

in vertebrates were closely associated with the nervous system. They
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mainly promote the assembly and stability of microtubules and may

be associated with neural polarity (Goedert et al., 1991). Chronic

TCS treatment caused critical impairment of motor neurons in

zebrafish (Muth-Kothnen et al., 2012). Similarly, we found that

highly downregulated proteins due to TCS exposure in the brain

tissues of Catla were related to cellular processes associated with

brain functions.

Highly upregulated proteins due to TCS exposure to brain

tissues of Catla were protein ECT2 isoform, aldehyde oxidase 6

(aox6), PHD finger protein isoform (phf3), tripeptidyl-peptidase 2

(tpp2), RNA uridylyl transferase (zcchc11), and CLIP-associated

protein 1 isoform (clasp1a). Epithelial cell transforming 2 (ECT2) is

an oncoprotein that functions as a signaling protein for cell division,

cell growth, and other cellular processes (Chen et al., 2015). Many

cell division, cell cycle, and apoptosis-related proteins were affected

due to TCS exposure (Kim et al., 2015). Enhanced glutathione

peroxidase 1 (gpx1) and aldehyde oxidase 1 (aox1) activities were
FIGURE 9

Top 10 WikiPathways enriched in significantly downregulated proteins (FDR < 0.05). Identified using FishEnrichr analysis.
FIGURE 8

Top 15 KEGG pathways enriched in significantly downregulated proteins (FDR < 0.05) identified by FishEnrichr. Combined score integrates
enrichment significance and fold-change impact.
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seen as a result of TCS exposure of C57BL/6 mice (Alfhili and Lee,

2019). CLIP-associating proteins (CLASPs) form an evolutionarily

conserved protein family that regulates microtubule dynamics and

the organizational networks of microtubules (Lawrence et al., 2020).

Highly overexpressed proteins in brain tissues due to TCS treatment

are mainly cell growth, cell cycle, and microtubule-related cellular

processes. The effects of other downregulated and upregulated

proteins, including those proteins induced by TCS exposure on

brain tissues of Catla, were discussed elaborately with the help of

different bioinformatics analyses in the latter part of the discussion.

In our study, slow myosin heavy chain proteins were

upregulated, and fast myosin heavy chain proteins were

downregulated. The slow myosin protein is associated with long-

term movement of muscle with longer interaction, while fast

myosin is associated with fast, rapid, and powerful movements

with shorter interaction with actin (Shchepkin et al., 2020). The
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proteomic analysis of zebrafish (D. rerio) and freshwater mussel D.

polymorpha suggested the alteration of cytoskeletal myosin protein

levels due to TCS treatment (Falisse and Voisin, 2017; Riva et al.,

2012). Our study observed that tubulin-binding proteins were

upregulated after the TCS treatment of Catla brain tissues.

Previously, Riva et al. (2012) showed that Tubulin alpha-2/alpha-

4 chain, Tubulin beta-4 chain, and calcium-binding proteins were

upregulated due to the TCS treatment of freshwater mussel D.

polymorpha. Our data are positively correlated with previous data

related to TCS treatment.

Earlier studies have suggested that the TCS treatment of

zebrafish upregulated some neurodevelopment and neural

maturation genes (Kim et al., 2018; Liu et al., 2018). Chronic TCS

exposure led to the severe impairment of motor neurons in

zebrafish (Muth-Kothnen et al., 2012). In our study, we also

identified some upregulated proteins related to axonogenesis,
FIGURE 11

Principal component analysis (PCA) of significantly altered proteins. Clear separation observed between control and triclosan (TCS)-treated groups,
highlighting major proteomic shifts. Scree plot shows variance explained by principal components (PCs).
FIGURE 10

Top 10 WikiPathways enriched in significantly upregulated proteins (FDR < 0.05). Pathways related to mRNA processing, muscle contraction, and cell
cycle were prominent.
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semaphorin activity, and semaphorin-plexin pathways involved in

axon guidance, which was supported by previous studies performed

by Kim et al. (2018).

In a previous study, it was observed that actin a1a and

cytoplasmic 2 protein were downregulated by TCS exposure in

zebrafish (Alfhili and Lee, 2019). In our study, we also found that

actin a1 protein was downregulated by the TCS treatment of Catla.

Chromosomal stickiness decreased mitotic activity, and effects in

the ana-telophase bridge were seen in the bulb of Allium cepa after

TCS treatment (Herrero et al., 2012). In our experiment, we also

found proteins related to meiotic chromosome separation, which

were downregulated after TCS treatment. We found that actin

alpha1a and actin alpha 2b proteins were downregulated in brain

samples due to the TCS treatment of Catla. Our data were

supported by the previous experiments where Falisse and Voisin

(2017) and Riva et al. (2012) showed that actin alpha 1, skeletal

muscle, and actin cytoplasmic 2 protein were under-expressed due

to TCS exposure.

Previous studies have shown that the overexpression or

knockdown of ANXA13 can effectively inhibit the proliferation,

invasion, migration, and apoptosis of lung adenocarcinoma and

colorectal cancer cells (Jiang et al., 2017; You et al., 2019; Ni et al.,

2019; Xue et al., 2020). In several studies, it was found that TCS can

downregulate some genes, which will regulate apoptosis in different

animal cell lines. In our study, we also found that the ANXA13

protein was downregulated, which can induce apoptosis in fish. N-

Ethylmaleimide-sensitive factor (NSF), also known as vesicle-fusing

ATPase, is an enzyme of homohexameric AAA ATPase that plays

an important role in membrane fusion, transferring membrane

vesicles from one compartment to another inside eukaryotic cells.

Vesicle trafficking malfunction may cause diseases in the nervous

system, like dysregulation of synaptic vesicle fusion in the pre-

synapse, which leads to neurodegenerative disease (Cui et al., 2022).

We found that the vesicle-fusing ATPase protein was

downregulated due to TCS treatment, which can lead to

neurodegenerative diseases in Catla. Earlier studies have also

depicted that TCS can induce several neurodegenerative diseases

in animal systems (Kim et al., 2018; Liu et al., 2018).

Earlier studies have observed that TCS could alter biochemical

pathways to disrupt endocrine and delay embryonic development in

several fish species, including Japanese medaka O. latipes (Ishibashi

et al., 2004), zebrafish D. rerio (Oliveira et al., 2009), and major

carps like L. rohita, C. mrigala, and C. carpio (Dar et al., 2019, Dar

et al., 2020). In this study, it was observed that the proteins related

to endoderm development were downregulated (grna and msna)

after exposure to TCS.

In a recent study, it was observed that lipid metabolism was

disturbed in female zebrafish, while amino acid metabolism,

especially involving phenylalanine, alanine, aspartate, and

glutamate metabolism, was hindered in male zebrafish (Li et al.,

2024). In our study, we also found that proteins related to alanine,

aspartate, and glutamate metabolism were upregulated. The amino

acids like phenylalanine, alanine, aspartate, and glutamate
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metabolism were correlated with apoptosis (Feng et al., 2017).

Due to TCS exposure, phenylalanine and tyrosine metabolism

were significantly altered in zebrafish. Phenylalanine and tyrosine

act as precursor molecules for dopamine (Costa and Schoenbaum,

2022), a neurotransmitter associated with reward signaling and

important for social and motor behaviors (Dai et al., 2022). Our

KEGG analysis found that tyrosine metabolism was hampered in

brain tissues due to TCS exposure. TCS exposure can hinder cell

cycle and proliferation by downregulating cell cycle-related genes in

the brain tissues of zebrafish, potentially disrupting reproductive

endocrine function. In KEGG analysis, we observed that cell cycle-

related proteins were downregulated in the brain tissues of Catla

treated with TCS. In KEGG pathway analysis, it was evident that

endocytosis pathways are primarily affected by TCS exposure, as

indicated by upregulated proteins. A previous experiment

performed by Li et al. (2020) showed that TCS can induce

endocytosis in human hepatoma HepG2 cells. In the pathway

analysis of upregulated proteins, we found that some proteins

were involved in the regulation of the actin cytoskeleton pathway,

which was supported by earlier experiments performed by Falisse

and Voisin (2017). In our KEGG studies, we found that proteins

related to the tight junction pathway were downregulated. Myosin-9

(myh9a), a tight junction-related protein, was associated with

thyroid-related pathways, which were downregulated due to TCS

treatment. In earlier studies, it has been established that TCS had a

negative association with thyroxin (Homburg et al., 2022).

In a recent study, it was observed that TCS treatment impaired

lipid and energy metabolism, including glycolipid metabolism, the

citrate cycle, and glycolysis (Li et al., 2024). In our study, according

to WiKiPathways analysis, we similarly found that the glycolysis,

gluconeogenesis, glycogen metabolism, and adipogenesis pathways

were affected due to TCS exposure. Adipogenesis plays a crucial role

in lipid metabolism by storing excess energy in lipid droplets.

Previously, Li et al. (2024) found that the MAPK signaling

pathway, calcium signaling pathway, and Wnt signaling pathways

were hindered due to TCS exposure in zebrafish. According to

WiKiPathways analysis, we also found that some cell signaling

pathways, like the G protein signaling pathway, the delta notch

signaling pathway, and the Wnt signaling pathway, were hampered

by the effect of TCS treatment.

In upregulated and downregulated protein–protein interaction

networks, nodes of the same color and interconnectedness

collectively represent major biological processes affected by TCS

exposure in Catla brain tissues. In our radial network topology

model of the protein–protein interaction network, downregulated

proteins were interconnected and clustered into three main

biological processes: muscle organ morphogenesis, meiotic

chromosome separation, and myosin complex. In the upregulated

protein–protein interaction network, upregulated proteins were

interconnected and clustered into two major biological processes,

including motor activity, especially actin filament binding and

axonogenesis. The upregulation of ECT2 and Zcchc11 suggests

that triclosan may induce a compensatory mechanism related to cell
frontiersin.org

https://doi.org/10.3389/fmars.2025.1672496
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Das et al. 10.3389/fmars.2025.1672496
cycle regulation and RNA stabilization in the brain tissue of L. catla.

ECT2 (known for its role in cytokinesis) and Zcchc11 (implicated in

RNA uridylation) could contribute to stress response mechanisms.

However, the downregulation of EIF4G3B and PBRM1 points to an

inhibition of protein synthesis and chromatin structure modulation.

These alterations may disrupt neuronal function and gene

expression regulation, reflecting the neurotoxic effects of triclosan.

Our proteomic data analysis of TCS-treated Catla brain tissues

showed a high degree of resemblance with previous data related to

TCS exposure experiments on several organisms (Falisse and

Voisin, 2017; Riva et al., 2012). However, there are a few

limitations of the present study. First, brains from five fish per

tank were pooled to generate sufficient protein yield, which may

have masked inter-individual variability. Second, protein

annotation was performed using D. rerio databases due to the

absence of a complete L. catla proteome reference, introducing

potential cross-species annotation bias. Third, while proteomics

provides valuable insights into pathways and candidate biomarkers,

functional validation (e.g., behavioral assays, histology, or

transcriptomic confirmation) is required to establish causality.

These limitations highlight the need for integrative approaches in

future studies to confirm the ecological and physiological

consequences of triclosan exposure. Detailed cellular, molecular,

genetic, histological, and long-term behavioral studies in the near

future will give a clear insight into the effect of TCS exposure on

aquatic life.
Conclusion

Our study generated the whole proteome profile of the brain

tissues of Catla using label-free proteomics (LC–MS/MS). Exposure

to sublethal, environmentally relevant concentrations of TCS

significantly altered neuronal and muscular pathways. From an

eco-physiological perspective, these proteomic alterations suggest

potential impairments in locomotion, feeding behavior, and overall

fitness, which could negatively affect aquaculture productivity and

ecological balance in contaminated habitats. Altered proteins (actin

alpha1a/1b, myosin heavy chain fast skeletal muscle, camsap1b, and

plexin B1) were consistently identified as potential candidate

biomarkers of TCS exposure, pending validation. Future research

integrating proteomics with behavioral and histological endpoints

will provide a more complete understanding of TCS neurotoxicity

in fish.
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