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Abstract
2,4,6-Trichlorophenol (2,4,6-TCP) is a common waste among the resulting chlorophenols generated in the production of 
common products classified as an extremely toxic, mutagenic, carcinogenic and highly persistent xenobiotic in the environ-
ment. To evaluate the impact of 2,4,6-TCP in aquatic systems, the catfish species Clarias batrachus has been selected to 
test its toxicity due to its high market value and consumption in India. Here is presented the impact of this compound on 
different physiological parameters of fish: haematological parameters (haemoglobin, total erythrocyte count, total leucocyte 
count and mean corpuscular haemoglobin), biochemical parameters (total serum protein and total serum glucose), growth 
and reproductive parameters (condition factor, hepatosomatic index, maturity index, specific growth rate, growth hormone, 
17β-estradiol and testosterone), exposed to two concentrations of 2,4,6-TCP (0.5 mg/L and 1 mg/L — 1/10th and 1/20th of 
the  LC50) for a period of 15, 30 and 45 days. The results showed that C. batrachus even when exposed to the lower concen-
tration (0.5 mg/L) for the shortest time (15 days) negatively impacted the organism in all the assessed parameters. This was 
highlighted by the Integrated Biomarker Response index (IBR), showing worse scores for the treatments (up to 20 × worse 
than the control). This work highlights the importance of continued research on the impact of 2,4,6-TCP, on an important 
commercial, supported by the high environmental persistence of this compound that can reach the same range of tested 
concentrations.
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Introduction

The increased discharge of various chlorophenolic com-
pounds is a significant cause of concern for the environ-
ment (U.S.EPA 2017). One example of products included 

in this group is 2,4,6-trichlorophenol (2,4,6-TCP). This 
chlorinated phenol is widely used as an antiseptic, glue, 
leather and wood preservative, antimildew agent, water 
chlorinator, organic solvent and the synthesis of various 
agricultural chemicals (Olaniran and Igbinosa 2011). 
2,4,6-TCP has been classified as an extremely toxic, muta-
genic and carcinogenic compound due to the C–CL bond 
position relative to the − OH group. This makes it recal-
citrant to biodegradation and leads to its interference in 
mitochondrial oxidative phosphorylation through the inhi-
bition of cytochrome P450-dependent mixed-function oxi-
dases (NCBI 2021). The recalcitrant nature of 2,4,6-TCP 
results in high toxicity for a considerable period (Ben-
bachir et al. 2017). This chemical enters the environment 
through several routes like industrial waste, insecticides 
or by degradation of complex chlorinated hydrocarbons. 
It can bioaccumulate, for example, in fish, as observed in 
the studies of Igbinosa et al. (2013) and Muir and Servos 
(2020). In the environment, 2,4,6-TCP has been quantified 
in groundwater (91.3 ppb), in surface waters in Canada 
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(up to 30 ppb), in sediments of Canadian streams (up to 
10 mg/kg) and in drinking waters of the USA, Finland and 
Canada (0.014–0.7 ppb, NTP-DHHS 2016). Its occurrence 
has also been extensively recorded, in China, and 54.4% 
of the 600 sampled sites in seven major watersheds and 
three drainage areas showed contamination by 2,4,6-TCP 
(Jin et al. 2012). Thus, this chemical poses a significant 
risk to various target and non-target organisms linked by 
the food chain in the aquatic ecosystem (Wang et al. 2021).

In chronic toxicity studies on fish, chlorophenols have 
been reported to cause a wide range of negative impacts such 
as oxidative stress, carcinogenesis and reproductive toxic-
ity (Fang et al. 2014; Ge et al. 2017); alterations in plasma 
steroids, liver size, sexual maturity, fish growth and survival 
(Sepúlveda et al. 2003; Van Der Kraak et al. 1992) and vari-
ous condition indices (e.g. condition factor, hepatosomatic 
and gonadosomatic index, Ussery et al. 2021). Since bio-
markers can act as indicators of environmental pollutants, 
their use to evaluate the toxicity of 2,4,6-TCP will provide 
key information (Jemec et al. 2016). The primary signal 
indicative of potential damage inflicted by xenobiotics to 
various cellular and subcellular tissues/organs of an organ-
ism are elicited by multiple sets of biomarkers (Ferreira et al. 
2015b). In this sense, the use of the Integrated Biomarker 
Response (IBR), a comprehensive and popular tool that aids 
in the analysis between levels of pollution and multiple bio-
markers, biomonitoring of stress and graphical interpretation 
of the various biological effects of xenobiotics will greatly 
increase the data analysis (Beliaeff and Burgeot 2002, Devin 
et al. 2014; Zheng et al. 2013). Thus, the combined use of 
biomarkers in IBR can be a useful tool in ecotoxicological 
assays, providing data that cannot be so easily observed.

Although pentachlorophenols have been widely studied, 
scarce information is available on the chronic toxic effects 
of 2,4,6-TCP on fish. To help fill this gap, the air breathing 
catfish Clarias batrachus was chosen as the test species for 
this study. C. batrachus is a species that easily acclimate to 
laboratory conditions, is easy to maintain and is used in eco-
toxicological tests (Mohindra et al. 2012). In addition, it is 
commonly distributed in freshwater ecosystems throughout 
India. This species serves as a food and medicinal source 
with high market value to local populations, thus also pre-
senting itself as a possible route for the ingestion of chemi-
cals (Agarwal et al. 2017; Sahoo et al. 2015).

The present study aims to determine the following: (1) 
the chronic toxic effects of 2,4,6-TCP on haematological 
parameters (haemoglobin, total erythrocyte count, total 
leucocyte count and mean corpuscular haemoglobin), bio-
chemical parameters (total serum protein and total serum 
glucose), growth and reproductive parameters (condition 
factor, hepatosomatic index, maturity index, specific growth 
rate, growth hormone, 17β-estradiol and testosterone) of air 
breathing catfish, Clarias batrachus; and (2) the use of IBR 

as a tool to determine the deleterious effects of this chemical 
not always evident.

Materials and methods

Experimental animal

Adult specimens of the air breathing catfish, Clarias 
batrachus (n = 120), were collected from a local fish farm 
at Naihati (District North 24 Parganas, West Bengal) and 
transported to the Aquatic Toxicology laboratory (Bara-
sat Government College, West Bengal). Fish (weight 
106.3 ± 2.2 g; length 17.8 ± 0.8 cm) were acclimated to labo-
ratory conditions for 2 weeks in flow-through outdoor tanks 
(6000 L capacity) with dechlorinated water (pH 7.4–7.9) 
under natural photoperiod (12:12 h light–dark) and ambi-
ent temperature. A constant supply of oxygen to the tanks 
was ensured through air pumps (Aquaspeed AP-446). They 
were fed ad libitum with dried organic fish mini sinking 
pellet (CPF India Pvt. Ltd.). After acclimation, fish were 
divided into two sets in separate aquaria of 6000 L (males 
and females). The water quality was maintained by partial 
renewal (25–30%) every 2 days.

Experimental design

Experimental design: chronic exposure

The chronic toxicity tests were carried out using 
2,4,6-Trichlorophenol (CAS No. 88–06-02, Sigma Aldrich, 
St. Louis, USA, 98% purity). The stock solution was pre-
pared in dechlorinated water with 1% dimethyl sulfoxide that 
was then added to the 1000-L tanks (please see description 
below), making the final solvent concentration neglectable 
(0.0004%). As a result, the inclusion of a solvent treatment 
was not required. A control and two treatments (0.5 mg/L 
and 1.0 mg/L), corresponding to 1/20th (0.5 mg/L) and 
1/10th (1 mg/L) of the 96-h  LC50 determined for C. batra-
chus exposed to 2,4,6-TCP as reported in a previous study 
for 45 days (9.95 mg/L, Mukherjee 2015) were used in this 
study. The duration of the experiment was also of 45 days, 
with sampling being done after 15, 30 and 45 days of expo-
sure. 2,4,6-TCP was measured using Gas Chromatography/
Mass Spectrometry (GC–MS — EPA 3510 and EPA 8270). 
Since differences between nominal and measured values 
were lower than 10%, nominal concentrations were used 
throughout the manuscript. Adult fish (four male and four 
female — each corresponding to one replicate) were added 
to the experimental tanks (1000 L capacity) for the meas-
urement of the haematological, biochemical, growth and 
reproductive parameters in a randomised design (Gomez 
and Gomez 1984). The medium in all the replicates was 
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entirely renewed every 5 days with a fresh-made solution 
of 2,4,6-TCP to maintain water quality and concentration 
(physico-chemical parameters of water are summarised in 
Table S1 Supplementary Data). The fish were fed three times 
a day until they were visually satiated.

Collection of blood, serum and assay 
of haematological profiles and indices

The fish were first anaesthetised using clove oil (60 µl/L 
water) to avoid stress. Blood and serum were collected on 
day 15th, 30th and at the end of the exposure period (45th 
day). Blood was taken by puncturing the fish’s caudal vessels 
using a 4-ml 23G Dispovan syringe previously rinsed with 
3% EDTA solution. The blood was immediately transferred 
to vacutainer EDTA coated tubes (Becton Dickinson, USA) 
and mixed well to avoid blood clotting. Another fraction of 
blood was collected without EDTA and spun in a cooling 
centrifuge at 3000 rpm for 20 min at 4 °C. The yellow col-
oured serum was collected with a micropipette, transferred 
to microtubes and stored at − 20 °C for further analysis of 
total serum protein (TSP), total serum glucose (TSG), tes-
tosterone (T), 17β-estradiol  (E2) and growth hormone (GH) 
that took place no longer than 2 days.

The haemoglobin level in blood was estimated by Sahli’s 
method using 0.1 N HCl (Briggs and Bain 2017). The total 
erythrocyte count (TEC,  106/mm3) and total leucocyte count 
(TLC,  103/mm3) were estimated following standard proce-
dures (Briggs and Bain 2017). The TEC  (106/mm3), TLC 
 (103/mm3) and Mean Corpuscular Haemoglobin (MCH, pg) 
were calculated using the formulas described as follows:

TEC  (106/mm3) = [Total number of cells counted in Neu-
bauer Haemocytometer × dilution factor (200)] / [1/5 × vol-
ume factor (0.1)].

TLC  (103/mm3) = [Total number of cells counted in Neu-
bauer Haemocytometer × dilution factor (50)] / [4 × volume 
factor (0.1)].

MCH (pg) = [Haemoglobin (g/dL) × 10] / TEC  (106/
mm3).

Analyses on growth and reproductive endpoints

Condition Factor (K), Hepatosomatic Index (HSI), Maturity 
Index (MI) and Specific Growth Rate (SGR) were measured 
at 15 days intervals for the entire exposure period of 45 days. 
For K, HSI and MI, at the end of every 15 days, the length 
and weight of each fish from the tank were recorded using a 
meter rule and portable weighing scale. For SGR, the weight 
of each fish was measured at each sampling period. The vari-
ous formulae used for measuring the above parameters are 
described by Kaviraj et al. (2004) and Saha et al. (2021) as 
follows:

Condition Factor (K, g/cm3) = (W/L3) × 100 [W = Body 
weight of fish (g), L = Body length of fish (cm)].

Hepatosomatic Index (HSI) = [Liver weight of fish (g) / 
Body weight of fish (g)] × 100.

Maturity Index (MI) = [Gonad weight of fish (g) / Body 
weight of fish (g)] × 100.

Specific Growth Rate (SGR, %/day) = [(Natural logarithm 
of final body weight of fish − Natural logarithm of initial 
body weight of fish) / Time interval] × 100.

Analyses on total serum protein (TSP), total serum 
glucose (TSG) and hormones

The total serum protein (TSP) was measured following the 
method of Lowry et al. (1951). The total serum glucose 
(TSG) was estimated using One Touch Ultra Easy Glucom-
eter (Johnson and Johnson). The analysis of testosterone (T) 
and 17β-estradiol  (E2) was carried out using highly sensi-
tive commercial ELISA kits (MyBiosource, Inc. San Diego, 
CA, USA; testosterone-MBS9424420 and 17β-estradiol-
MBS1601666) following the company’s protocol. Growth 
hormone (GH) assay was done using the quantitative sand-
wich ELISA kit (MyBiosource, Inc. San Diego, CA, USA, 
MBS044656).

Calculation of IBR

The Integrated Biomarker Response was calculated using the 
methodology described by Beliaeff and Burgeot (2002). IBR 
index was calculated using all the above-described param-
eters except MI, T and 17β-E. The non-inclusion of these 
parameters is related to the fact that both male and female 
data would benefit or penalise twice the same parameter. The 
full details can be found in the Supplementary Data.

Statistical analyses

The statistical package SigmaPlot v12.5 was employed for 
data analysis. The differences in the test concentrations and 
control were subjected to one-way ANOVA followed by 
Dunnett’s Comparison Test to determine significant differ-
ences among the means (p < 0.05, Gomez and Gomez 1984). 
When possible, data transformation was used to achieve nor-
mality. When data did not show a normal distribution or 
homoscedasticity, the non-parametric test Kruskal–Wallis 
One Way Analysis of Variance on Ranks was used.

Data values higher or lower than the mean value, plus or 
minus two times the standard deviation, were considered 
outliers and withdrawn from analysis (Rousseeuw and Croux 
1993). A two-way analysis of variance (two-way ANOVA) 
was performed to check for interactions between time and 
concentration.
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Results

Haematological profiles and indices

The changes in different haematological parameters on 
chronic exposure to 2,4,6-TCP are presented in Fig. 1. A 
gradual increase pattern was observed for TEC, Hb and 
TLC for the two 2,4,6-TCP concentrations compared to the 
control (CTR), in opposition to MCH, where a decreasing 
pattern was observed. For TEC, a significant increase was 
observed for both concentrations after 15 and 45 days of 
exposure, whereas for 30 days, a significant increase was 
observed only for the higher concentration (1.0 mg/L). For 
Hb, a significant increase was observed for both concentra-
tions after 15 and 30 days of exposure and for the higher 
concentration (1.0  mg/L) only after 45  days of expo-
sure. For TLC, when compared to the control, significant 

increases were observed for both concentrations in all 
exposure times. On the other hand, when compared to the 
control, significant decreases for all concentrations and 
exposure times were observed for MCH. Due to the lack of 
homoscedasticity or normality, a two-way ANOVA could 
only be performed for TEC and MCH. On both parameters, 
a significant interaction was observed between time and 
concentration.

Growth, reproductive endpoints and associated 
hormone assays

The changes associated with the various growth and repro-
ductive endpoints are summarised in Fig. 2.

The measured parameters (K, MI and SGR) showed a 
decreasing pattern. As for HSI, no differences were observed 
when treatments were compared to the control. For K, a 

Fig. 1  Mean and SD values (n = 4) of haematological profiles and 
indices of Clarias batrachus exposed to different concentrations of 
2,4,6-TCP (0.5 and 1.0 mg/L) for different exposure times (15, 30 and 
45 days). *denotes significant differences to control within the same 

exposure time (p < 0.05); TEC, total erythrocyte count; Hb, haemo-
globin; TLC, total leucocyte count; MCH, mean corpuscular haemo-
globin
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Fig. 2  Mean and SD values (n = 4) of growth and reproductive end-
points of male and female Clarias batrachus exposed to different 
concentrations of 2,4,6-TCP (0.5 and 1.0 mg/L) for different exposure 

times (15, 30 and 45 days). *denotes significant differences to control 
within the same exposure time (p < 0.05); K, condition factor; HSI, 
hepatosomatic index; MI, maturity index; SGR, specific growth rate
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significant decrease was observed for both concentrations 
compared to control during all the exposure time. No sig-
nificant differences to control were found in HSI for both 
concentrations at different exposure times. A significant 
decrease in MI was observed for both male and female fish 
between the control and treatments for all the exposure 
periods, except for the lower concentration (0.5 mg/L) in 
male fish after 15 days of exposure. As for SGR, signifi-
cant decreases to control were observed only for the highest 
concentration (1.0 mg/L) in all the exposure periods. The 
two-way ANOVA could only be performed for HSI, showing 
no significant interactions between time and concentrations.

The sublethal effects of 2,4,6-TCP on GH, T and 17β-E 
for male and female in C. batrachus serum are presented 
in Fig. 3. For GH, a significant decrease was observed for 
both concentrations compared to control at all the expo-
sure periods. For 17β-E in males, no significant differences 

were observed for both concentrations in all the sampling 
periods compared to the control. However, when reporting 
to 17β-E in females, a significant decrease was observed 
for the higher treatment (1.0 mg/L) at all sampling periods. 
As for the lowest concentration (0.5 mg/L) a significant 
decrease was observed only on the first 15 days of expo-
sure. A two-way ANOVA could only be performed for 
17β-E (males) and did not show any significant interaction 
between time and concentration.

Total serum protein (TSP) and total serum glucose 
(TSG)

The changes associated with TSP and TSG levels are sum-
marised in Fig. 4.

For TSP, a significant decrease to the control was observed 
for all the treatments during all the exposure periods. On the 

Fig. 3  Mean and SD values (n = 4) of different hormones of Clarias 
batrachus exposed to different concentrations of 2,4,6-TCP (0.5 
and 1.0  mg/L) for different exposure times (15, 30 and 45  days). 

*denotes significant differences to control within the same expo-
sure time (p < 0.05); GH, growth hormone; T, testosterone; 17β-E, 
17β-Estradiol
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other hand, in the case of TSG, significant increases to the 
control were noted for both the treatments during all the sam-
pling times. A two-way ANOVA could only be performed for 
TSP, showing no interaction between time and concentration.

Integrated biomarkers response (IBR)

In Fig. 5 is presented the star plots for the IBR analyses. When 
looking to the different analysed parameters at the different 
sampling times, it is possible to observe an increasing pattern 
in the IBR score with the increase of 2,4,6-TCP concentrations. 
This increase is also reflected in the IBR scores over time. It is 
noteworthy that control scores are always zero or very close to 
it, whereas the treatments are much higher. This is even more 
evident for the IBR time scores, where the lower (0.5 mg/L) 
and higher (1 mg/L) concentration is 10 × and 20 × higher, 
respectively, than the control. The only score where the con-
trol had worse scores than the 2,4,6-TCP treatments was for 
the HSI parameter after 45 days of exposure.

Discussion

The present research highlights the urgent need to address 
the uncontrolled generation of 2,4,6-TCP by various indus-
tries and its release and further accumulation in the aquatic 
ecosystems since it severely impacts freshwater organisms. 
The toxicity of 2,4,6-TCP acts as a potential hazard to the 
overall fish’s health by influencing haematological, growth, 
reproductive and biochemical endpoints, and associated hor-
mones. This toxicity will eventually lead to an overall impact 
on the fish’s population.

Fig. 4  Mean and SD values (n = 4) of total serum protein (TSP) and 
total serum glucose (TSG) of male and female Clarias batrachus 
exposed to different concentrations of 2,4,6-TCP (0.5 and 1.0 mg/L) 

for different exposure times (15, 30 and 45 days). *denotes significant 
differences to control within the same exposure time (p < 0.05)

Haematological profiles and indices

The use of haematological endpoints is an important bio-
marker that can show the impact on fish by various toxic 
substances (Seibel et al. 2021). The exposure of C. batra-
chus to sublethal concentrations of 2,4,6-TCP changed the 
haematological profiles and indices of fish as showed by an 
increase in Hb, TEC and TLC and a decrease in MCH val-
ues. The observed increase in TEC values can be related to 
the increase of erythropoietin synthesis, related to the high 
demand for  O2 transport, thus resulting in an enhanced meta-
bolic rate (Modra et al. 2020). Similar studies on the effect of 
ten common pesticides on the African catfish, Clarias garie-
pinus, point out that the structural impairment of erythro-
cyte membrane leading to haemolysis drives the production 
of replacement erythrocytes to reduce the risk of anaemia 
(Amaeze et al. 2020). The spike in TEC may also be attrib-
uted to blood cell reserve coupled with cell shrinkage due 
to osmotic changes of blood caused by xenobiotics (Singh 
and Srivastava 2010). Another possible explanation for the 
observed results may be the damage to the gill membranes. 
This damage will impact gas exchange that will be reflected 
in TEC values (Hedayati and Tarkhani 2014).

Hb is another important endpoint since Hb is responsi-
ble for the oxygen-carrying capacity of blood (Rummer and 
Brauner 2015). The oxidative stress resulting from the expo-
sure to contaminants may result in the formation of oxidised 
denatured Hb. As a result, the rise of Hb content may reflect 
the fish’s compensatory mechanism to replace the denatured 
Hb (de Moraes et al. 2018). The increase in Hb in the present 
study may also be related to the release of additional eryth-
rocytes into the bloodstream to compensate for the oxygen 
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saturation in the blood (Modra et al. 2020; Senthil Kumaran 
et al. 2011). Hypoxia may pose another explanation for the 
observed results, as it stimulates oxygen transport, increas-
ing Hb content. Our results align with the works of Pimpão 
et al. (2007) and de Moraes et al. (2018), where an increase 
in Hb was also observed in the Brazilian fish, Ancistrus mul-
tispinis, and the neotropical fish, Brycon amazonicus, when 
exposed to deltamethrin and cypermethrin, respectively. 
When challenged by chemicals, an increase in nonspecific 
immunity is a primary response to maintain internal homeo-
stasis (Netea et al. 2020).

TLC plays a significant role in the body’s defence against 
invasion by foreign bodies and infections and in producing, 
transporting and distributing antibodies involved in immune 
response (Ajima et al. 2015). The rise in TLC when exposed 
to 2,4,6-TCP may be a reflection of this phenomenon. A sim-
ilar trend in TLC of the fish species Oncorhynchus mykiss 

exposed to phenol has also been reported by Louei Monfared 
and Salati (2013), supporting our results.

MCH indicates the content of Hb per red blood corpus-
cle (Javed et al. 2016). A decrease in MCH of C. batrachus 
exposed to 2,4,6-TCP observed in our study is corroborated 
by similar findings of Nte et al. (2011) in Sarotherodon mel-
anotheron where a higher percentage of immature replace-
ment erythrocytes in circulation has resulted in the develop-
ment of hypochromic microcytic anaemia on exposure to 
industrial effluents. The obtained results in this study are 
also supported by the study of Oluah et al. (2020), where 
the African catfish, Clarias gariepinus, was exposed to the 
herbicide Ronstar.

Fig. 5  Integrated biomarker response by biomarker and time of 
Clarias batrachus exposed to different concentrations of 2,4,6-TCP 
(0.5 and 1.0 mg/L) for different exposure times (15, 30 and 45 days). 
TEC, total erythrocyte count; TLC, total leucocyte count; Hb, haemo-

globin; MCH, mean corpuscular haemoglobin; K, condition factor; 
HSI, hepatosomatic index; SGR, specific growth rate; GH, growth 
hormone; TSG, total serum glucose; TSP, total serum protein
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Growth, reproductive endpoints and associated 
hormone assays

Aquatic organisms are prone to growth inhibition on expo-
sure to pulp and paper mill effluents (Hansson et al. 2014). 
The condition factor is a vital indicator for assessing fish’s 
health regarding internal energy reserve and food availabil-
ity (Gandar et al. 2016). It also helps determine the toxic 
impact of various contaminants (Gandar et al. 2016). Hepa-
tosomatic index (HSI) is considered a sensitive indicator 
of fish’s health status compared to the condition factor as it 
manifests changes at the tissue level (Gonino et al. 2019). 
Maturity index (MI) is also a common biomarker used to 
examine the deleterious effects of chemicals on gonadal tis-
sues (Naderi et al. 2014). In the present study, the sublethal 
exposure of C. batrachus to 2,4,6-TCP resulted in an overall 
increase of HSI and a decrease of K, SGR and MI (male and 
female). The observed decrease in the K may be related to 
the exhaustion consumption of energy reserves of the mus-
cle and simultaneous reduction in fat stored to meet up the 
energetic cost of homeostasis (Jamwal et al. 2018). Also, the 
fish’s energy requirement may increase to cope with detoxifi-
cation processes (Osswald et al. 2013). Another mechanism 
behind the decrease in condition factor may involve damage 
to the olfactory system, thus resulting in disturbed feeding, 
change in metabolism, and energy allocation to maintain 
the growth of the fish species (Besson et al. 2020; Tierney 
et al. 2010). Chlorophenolic compounds, particularly penta-
chlorophenol, have been shown to cause toxic effects on the 
nervous system (Cheng et al. 2015). Additionally, impacts in 
K have been observed for several other stressors, for exam-
ple, as presented in the study of Jamwal et al. (2018) that 
observed a similar decrease in fish condition factor exposed 
to dietary cadmium.

The liver is an important seat of metabolic activity in 
living organisms. The enhanced estrogenic activity in fish 
resulting in increased vitellogenin (VTG) production in the 
liver is a primary effect caused by the endocrine disrupting 
chemicals (EDCs, Tran et al. 2019). As the chlorophenolic 
compounds are a group of EDCs, it is expected that 2,4,6-
TCP will increase VTG production in the liver. Although 
this study has not determined VTG levels, further research 
with 2,4,6-TCP should also consider this biomarker. This 
increase in VTG may be also associated to a rise in HSI 
(Zahran et al. 2020). A similar increasing trend in HSI was 
observed for other species, like Oreochromis niloticus and 
Clarias gariepinus exposed to paraquat and raw sewage, 
respectively (Figueiredo-Fernandes et al. 2006; Mdegela 
et al. 2010), or the species Oryzias latipes and Takifugu 
fasciatus exposed to octocrylene and copper, respectively 
(Wang et al. 2021; Yan et al. 2020). In their experiments, 
hepatosomatic index of males of O. niloticus exposed to 
paraquat was significantly higher at higher temperatures. 

On the other hand, the liver somatic index of C. gariepi-
nus exposed to wastewater from sewage ponds exhibited a 
2–threefold rise compared to the reference site (Figueiredo-
Fernandes et al. 2006; Mdegela et al. 2010).

In our study, the reduction of MI of both sexes of C. batra-
chus subjected to chlorophenolic compounds may reflect the 
reduction of the gonad mass. Although a direct comparison 
to the MI values cannot be performed, it is still possible to 
compare the decreased percentage of values between con-
trol and treatments. Here, it is possible to observe similar 
decreases for both sexes. For the lowest exposure concen-
tration (0.5 mg/L), the decrease was approximately 30%, 
whereas for the highest concentration (1.0 mg/L), it was 
approximately 85%, highlighting a similar impact in both 
sexes. The reallocation of energy reserves from gonad to 
other tissues or even the detoxification processes may have 
decreased the relative gonad size (Amat-Trigo et al. 2021; 
Sun et al. 2011). The decrease in male’s MI exposed to sub-
lethal concentration of 2,4,6-TCP was probably due to a fall 
in testicular cell proliferation and spermatogenesis inhibition 
(Dong et al. 2018). As for females, ovarian maturation prob-
ably got disrupted due to decreased follicle and egg number 
indicative of suppressing oogenesis (Ji et al. 2013; Zhang 
et al. 2007). A similar MI trend was observed in Cyprinus 
carpio when subjected to 4-tert-butylphenol and dichlorvos, 
respectively (Barse et al. 2006; Mir et al. 2013), and for 
Danio reriro when exposed to tributyltin (Xiao et al. 2018).

Growth is an important index to measure the impact of 
various environmental stressors on fish (Poletto et al. 2018). 
In the present study, the sublethal exposure to 2,4,6-TCP 
significantly decreased the specific growth rate. For exam-
ple, channel catfish (Ictalurus punctatus) and Nile tilapia 
(Oreochromis niloticus) exposed to different stressors like 
hypoxic conditions and elevated cadmium concentration 
exhibited reduced food intake that can be associated with a 
lower growth (Abdel-Tawwab and Wafeek 2010). The com-
bination of a lower food intake and assimilation efficiency 
in the presence of stressor 2,4,6-TCP may even lead to ano-
rexia. These findings are similar for other contaminants (i.e. 
sodium fluoride) as reported by Camargo (2003) and Kumar 
et al. (2007), or for O. niloticus exposed to nonylphenol as 
reported by Ismail and Mahboub (2016). The catabolism of 
existing biomolecules meets up the energy requirement and 
metabolic demand in stressed organisms (Abdel-Tawwab 
and Wafeek, 2010). This is consistent with our study that 
shows a significant decrease of TSP in C. batrachus exposed 
to 2,4,6-TCP after 45 days, as discussed below.

Hormones regulate the coordination between food con-
sumption and somatic growth (Bertucci et al. 2019). GH 
and steroids play a crucial role in controlling the rate of 
voracity and fish growth (Canosa and Bertucci 2020; Kim 
et al. 2018). Insulin-like growth factor-I (IGF-I) stimulates 
growth on receiving a signal from GH, and their levels in the 
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blood of fish are positively correlated (Medeiros et al. 2020). 
The present findings indicate that the circulating levels of 
GH, 17β-E and T in C. batrachus remarkably decreased with 
the increase in concentrations of 2,4,6-TCP after 45 days. 
Testosterone is a crucial hormone in all life stages, and as a 
result, any observed changes in their levels can show pos-
sible negative impacts on an organism’s health (Lewis et al. 
2015). It is the main sex hormone for males responsible 
for growth, muscle mass, bone density and even cognition, 
whereas in females, its role is also related to cognition and 
bone metabolism, but mainly for ovarian and sexual func-
tion (Lewis et al. 2015). As for 17β-E, its hormonal role 
in females is related to the development of oocytes (Khara 
et al. 2014). 17β-E in male cannot be so strongly associated 
with reproduction as it is in females. Still, this hormone also 
interacts with adrenal glands, liver and fat, thus showing 
a possible impact in pathways not analysed in this study. 
The hypothalamus-pituitary–gonadal axis (HPG) regulates 
growth hormone and sex steroids (Acevedo-Rodriguez 
et al. 2018; Castañeda Cortés et al. 2014). 2,4,6-TCP might 
likely have inhibited GH secretion by acting at the level of 
hypothalamo-hypophysial axis. Moreover, brain amines also 
exert a control on the release of GH (Canosa et al. 2007), and 
toxicants affect the secretion of monoamine oxidase (Bridges 
et al. 2017). Thus, 2,4,6-TCP probably acts at the HPG level 
to inhibit GH secretion. 2,4-dichlorophenol and pentachloro-
phenol have been shown to lead to changes in 17β-E levels 
of zebrafish and T concentration in the serum of carps (Ma 
et al. 2012; Zhang et al. 2007) . Ma et al. (2012) reported 
that chlorophenols tend to disrupt the HPG axis affecting 
steroidogenesis and associated gene expression. Addition-
ally, the significant decline in GH, T, 17β-E in 2,4,6-TCP 
exposed catfish is in accordance with the K, MI and SGR 
data.

Proteins are the body’s major biomolecules, with the liver 
playing a significant role in its metabolism. In our study, 
2,4,6-TCP probably suppress TSP production in fish through 
the inhibition of protein synthesis and by preventing incor-
poration of amino acids in the polypeptide chain (Narra 
et al. 2017). Our finding is in accordance with the increased 
energy demand caused by chlorpyrifos and monocrotophos 
in C. batrachus, which resulted in a similar protein depletion 
pattern (Narra et al. 2017). Borges et al. (2007) and Öner 
et al. (2008) reported a similar decrease in serum protein of 
fish Rhamdia quelen and Oreochromis niloticus exposed to 
cypermethrin and copper, respectively. The rise in fish TSG 
levels may also be a secondary response in fish exposed to 
environmental stress (Narra et al. 2017). The increase in 
TSG levels observed in our study reflects a disturbance in 
carbohydrate metabolism due to the stimulation of the liver’s 
glucose 6-phosphatase activity. The rapid breakdown of liver 
glycogen or conversion of extrahepatic tissue proteins and 
amino acids to glucose has been previously reported (Narra 

2016; Qian et al. 2019). Along with this liver’s activity, the 
increase in adrenocorticotrophic and glucagon hormones, 
coupled with decreased insulin levels, may also contribute to 
liver glycogen’s enhanced breakdown (Alkaladi et al. 2020). 
Chronic exposure to distillery effluent was found to result 
in increased blood sugar levels in C. carpio (Ramakritinan 
et al. 2005) and petroleum effluent in Cirrhinus cirhossus 
(Hamidi et al. 2021).

As presented before, the use of the IBR index in our study 
can help integrate all of the parameters into the toxicological 
impact that these organisms are dealing with, thus showing 
changes that could not be so easily noticed (Beliaeff and 
Burgeot 2002, Ferreira et al. 2015a, 2015b; Morgado et al. 
2013). In our study, the treatments always showed worse 
scores than the control, and it was possible to observe a 
relation between the increase of 2,4,6-TCP’s concentration 
and the increase of scores. As for what reports to the IBR 
scores within the different sampling times, it is possible to 
observe the same pattern exposure to increasing 2,4,6-TCP’s 
concentrations leading to worse scores (10 × and 20 × higher 
than the control for 0.5 and 1.0 mg/L). It is also noteworthy 
to highlight that each given parameter may display certain 
scores that may not show control as always the best score. 
This is the case of HSI for the control after 45 days of expo-
sure and can be seen in many other studies (e.g. Ferreira 
et al. 2015a; Morgado et al. 2013). Despite the lack of IBR 
data for the impact of chlorophenols on fish, previous studies 
have already proven that IBR can be a useful tool to assess 
laboratory work (Madeira et al. 2016; Morgado et al. 2013).

Conclusions

The present research shows the effects of 2,4,6-TCP on the 
fish species Clarias batrachus. 2,4,6-TCP exposure resulted 
in altered haematological, biochemical, growth and repro-
ductive parameters using the IBR index to integrate all of 
the toxicological effects. This is the first study showing its 
effects on higher organisational levels, thus underlying the 
mechanism behind the changes in haematological, biochemi-
cal, growth and reproductive indices. Without exceptions, 
the results showed that 2,4,6-TCP had a deleterious impact 
in all of the tested parameters in the catfish C. batrachus. 
This impact occurred even at the lowest concentration 
(0.5 mg/L) for the shortest exposure time (15 days). These 
findings were further highlighted by the IBR index, which 
showed up to 20 × worse scores than the control for all treat-
ments and sampling times. The present data can then be used 
for regulatory policymakers to regulate better the industry 
and their illegal discharge of effluents that may be rich in 
2,4,6-TCP. This becomes even more important for local 
populations that directly use this catfish species as food and 
medicinal sources. They may see their population numbers 
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decrease or inadvertently ingest this type of pollutants. 
Nonetheless, future research is still needed, for example, 
on the fine structure of selected fish tissues to corroborate 
the present findings of 2,4,6-TCP toxicity and adopt specific 
biological methods to mitigate 2,4,6-TCP toxicity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 022- 19213-y.

Author contribution Dip Mukherjee: Conceptualisation, Investigation, 
Methodology, Data Curation, Formal Analysis, Visualisation, Writ-
ing—Reviewing and Editing, Writing-Original Draft.

Nuno G.C. Ferreira: Writing—Reviewing and Editing, Writing—
Original Draft, Methodology, Data Curation, Formal Analysis, Visu-
alisation, Resources, Supervision.

Nimai Chandra Saha: Conceptualisation, Resources, Supervision.

Funding Dip Mukherjee would like to thank the Principal and the 
Head, Department of Zoology, Barasat Government College and 
the University of Burdwan, West Bengal, India, for providing both 
financial and infrastructural facilities to carry out the present study. 
Nuno G. C. Ferreira was supported by a Marie Skłodowska Curie 
COFUND Fellowship (H2020-COFUND-SIRCIW > MINT-512202) 
through Cardiff University, Welsh Government and the European 
Union. It was also supported through FCT (Portuguese Foundation for 
the Science and Technology) within the scope of UIDB/04423/2020 
and UIDP/04423/2020, and through the Project GCRF Catalyst that is 
funded by Cardiff University through an institutional award from the 
Higher Education Funding Council for Wales (HEFCW) for the deliv-
ery of Global Challenges Research Fund (GCRF) activities.

Availability of data and materials The datasets used and/or analysed 
during the current study are available from the corresponding author 
on reasonable request.

Declarations 

Ethics approval All ethical considerations were maintained during the 
handling of the fish throughout the experimental procedures, according 
to the ethical approval obtained from the Institutional Biosafety Com-
mittee — The University of Burdwan (BU/IBSC/20/Zo/34).

Consent for publication Not applicable in this work.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abdel-Tawwab M, Wafeek M (2010) Response of Nile tilapia, Oreo-
chromis niloticus (L.) to environmental cadmium toxicity during 
organic selenium supplementation. J World Aquac Soc 41:106–
114. https:// doi. org/ 10. 1111/j. 1749- 7345. 2009. 00317.x

Acevedo-Rodriguez A, Kauffman AS, Cherrington BD, Borges CS, 
Roepke TA, Laconi M (2018) Emerging insights into hypotha-
lamic-pituitary-gonadal axis regulation and interaction with stress 
signalling. J Neuroendocrinol 30:e12590. https:// doi. org/ 10. 1111/ 
jne. 12590

Agarwal S, Nagpure NS, Srivastava P, Kumar R, Pandey M, Sriv-
astava S, Jena JK, Das P, Kushwaha B (2017) In silico mining 
of conserved miRNAs of Indian catfish Clarias batrachus (Lin-
naeus, 1758) from the Contigs, ESTs, and BAC end sequences. 
Appl Biochem Biotechnol 182:956–966. https:// doi. org/ 10. 1007/ 
s12010- 016- 2373-4

Ajima MNO, Ogo OA, Akpa LE, Ajaero I (2015) Biochemical and 
haematological responses in African catfish Clarias gariepinus-
following chronic exposure to NPK (15:15:15) fertiliser. African. J 
Fish Aquat Sci 40:73–79. https:// doi. org/ 10. 2989/ 16085 914. 2015. 
10200 46

Alkaladi A, Afifi M, Ali H, Saddick S (2020) Hormonal and molecular 
alterations induced by sub-lethal toxicity of zinc oxide nanopar-
ticles on Oreochromis niloticus. Saudi J Biol Sci 27:1296–1301. 
https:// doi. org/ 10. 1016/j. sjbs. 2020. 01. 010

Amaeze NH, Komolafe BO, Salako AF, Akagha KK, Briggs T-MD, 
Olatinwo OO, Femi MA (2020) Comparative assessment of the 
acute toxicity, haematological and genotoxic effects of ten com-
monly used pesticides on the African Catfish, Clarias gariepinus 
Burchell 1822. Heliyon 6:e04768. https:// doi. org/ 10. 1016/j. heliy 
on. 2020. e04768

Amat-Trigo F, Torralva M, González-Silvera D, Martínez-López FJ, 
Oliva-Paterna FJ (2021) Plasticity in reproductive traits, condition 
and energy allocation of the non-native pyrenean gudgeon Gobio 
lozanoi in a highly regulated mediterranean river basin. Water 
13:387. https:// doi. org/ 10. 3390/ w1303 0387

Barse AV, Chakrabarti T, Ghosh TK, Pal AK, Jadhao SB (2006) One-
tenth dose of LC50 of 4-tert-butylphenol causes endocrine disrup-
tion and metabolic changes in Cyprinus carpio. Pestic Biochem 
Physiol 86:172–179. https:// doi. org/ 10. 1016/j. pestbp. 2006. 03. 006

Beliaeff B, Burgeot T (2002) Integrated biomarker response: a use-
ful tool for ecological risk assessment. Environ Toxicol Chem 
21:1316–1322. https:// doi. org/ 10. 1002/ etc. 56202 10629

Benbachir H, Gaffour H, Mokhtari M (2017) Photodegradation of 
2,4,6-trichlorophenol using natural hematite modified with chlo-
ride of zirconium oxide. React Kinet Mech Catal 122:635–653. 
https:// doi. org/ 10. 1007/ s11144- 017- 1248-1

Bertucci JI, Blanco AM, Sundarrajan L, Rajeswari JJ, Velasco C, 
Unniappan S (2019) Nutrient regulation of endocrine factors influ-
encing feeding and growth in fish. Front Endocrinol (Lausanne) 
10:83. https:// doi. org/ 10. 3389/ fendo. 2019. 00083

Besson M, Feeney WE, Moniz I, François L, Brooker RM, Holzer G, 
Metian M, Roux N, Laudet V, Lecchini D (2020) Anthropogenic 
stressors impact fish sensory development and survival via thy-
roid disruption. Nat Commun 11:3614. https:// doi. org/ 10. 1038/ 
s41467- 020- 17450-8

Borges A, Scotti LV, Siqueira DR, Zanini R, Amaral Fd, Jurinitz DF, 
Wassermann GF (2007) Changes in hematological and serum 
biochemical values in jundiá Rhamdia quelen due to sub-lethal 
toxicity of cypermethrin. Chemosphere 69:920–926. https:// doi. 
org/ 10. 1016/j. chemo sphere. 2007. 05. 068

Bridges K, Venables B, Roberts A (2017) Effects of dietary methyl-
mercury on the dopaminergic system of adult fathead minnows 

https://doi.org/10.1007/s11356-022-19213-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1749-7345.2009.00317.x
https://doi.org/10.1111/jne.12590
https://doi.org/10.1111/jne.12590
https://doi.org/10.1007/s12010-016-2373-4
https://doi.org/10.1007/s12010-016-2373-4
https://doi.org/10.2989/16085914.2015.1020046
https://doi.org/10.2989/16085914.2015.1020046
https://doi.org/10.1016/j.sjbs.2020.01.010
https://doi.org/10.1016/j.heliyon.2020.e04768
https://doi.org/10.1016/j.heliyon.2020.e04768
https://doi.org/10.3390/w13030387
https://doi.org/10.1016/j.pestbp.2006.03.006
https://doi.org/10.1002/etc.5620210629
https://doi.org/10.1007/s11144-017-1248-1
https://doi.org/10.3389/fendo.2019.00083
https://doi.org/10.1038/s41467-020-17450-8
https://doi.org/10.1038/s41467-020-17450-8
https://doi.org/10.1016/j.chemosphere.2007.05.068
https://doi.org/10.1016/j.chemosphere.2007.05.068


 Environmental Science and Pollution Research

1 3

and their offspring. Environ Toxicol Chem 36:1077–1084. https:// 
doi. org/ 10. 1002/ etc. 3630

Briggs C, Bain BJ (2017) 3 - Basic haematological techniques. In: Bain 
BJ, Bates I, Laffan MA (eds) Dacie and Lewis Practical Haematol-
ogy (Twelfth Edition). Elsevier, pp 18–49

Camargo JA (2003) Fluoride toxicity to aquatic organisms: a review. 
Chemosphere 50:251–264. https:// doi. org/ 10. 1016/ S0045- 
6535(02) 00498-8

Canosa LF, Chang JP, Peter RE (2007) Neuroendocrine control of 
growth hormone in fish. Gen Comp Endocrinol 151:1–26. https:// 
doi. org/ 10. 1016/j. ygcen. 2006. 12. 010

Canosa LF, Bertucci JI (2020) Nutrient regulation of somatic growth 
in teleost fish. The interaction between somatic growth, feeding 
and metabolism. Mol Cell Endocrinol 518:111029. https:// doi. 
org/ 10. 1016/j. mce. 2020. 111029

Castañeda Cortés DC, Langlois VS, Fernandino JI (2014) Crosso-
ver of the hypothalamic pituitary–adrenal/interrenal, –thyroid, 
and –gonadal axes in testicular development. Front Endocrinol 
(Lausanne) 5:139. https:// doi. org/ 10. 3389/ fendo. 2014. 00139

Cheng Y, Ekker M, Chan HM (2015) Relative developmental toxici-
ties of pentachloroanisole and pentachlorophenol in a zebrafish 
model (Danio rerio). Ecotoxicol Environ Saf 112:7–14. https:// 
doi. org/ 10. 1016/j. ecoenv. 2014. 10. 004

de Moraes FD, Venturini FP, Rossi PA, Avilezda Silva de Souza 
IMNE, Moraes G (2018) Assessment of biomarkers in the neo-
tropical fish Brycon amazonicus exposed to cypermethrin-based 
insecticide. Ecotoxicology 27:188–197. https:// doi. org/ 10. 1007/ 
s10646- 017- 1884-2

Devin S, Burgeot T, Giambérini L, Minguez L, Pain-Devin S (2014) 
The integrated biomarker response revisited: optimization to 
avoid misuse. Environ Sci Pollut Res 21:2448–2454. https:// 
doi. org/ 10. 1007/ s11356- 013- 2169-9

Dong X, Zhang L, Chen M, Yang Z, Zuo Z, Wang C (2018) Exposure 
to difenoconazole inhibits reproductive ability in male marine 
medaka (Oryzias melastigma). J Environ Sci 63:126–132. 
https:// doi. org/ 10. 1016/j. jes. 2017. 05. 030

Fang Y, Gao X, Zhao F, Zhang H, Zhang W, Yang H, Lin B, Xi Z 
(2014) Comparative proteomic analysis of ovary for Chinese 
rare minnow (Gobiocypris rarus) exposed to chlorophenol 
chemicals. J Proteomics 110:172–182. https:// doi. org/ 10. 1016/j. 
jprot. 2014. 07. 026

Ferreira NGC, Cardoso DN, Morgado R, Soares AMVM, Loureiro S 
(2015a) Long-term exposure of the isopod Porcellionides prui-
nosus to nickel: costs in the energy budget and detoxification 
enzymes. Chemosphere 135:354–362. https:// doi. org/ 10. 1016/j. 
chemo sphere. 2015. 04. 025

Ferreira NGC, Morgado R, Santos MJG, Soares AMVM, Loureiro 
S (2015b) Biomarkers and energy reserves in the isopod Por-
cellionides pruinosus: the effects of long-term exposure to 
dimethoate. Sci Total Environ 502:91–102. https:// doi. org/ 10. 
1016/j. scito tenv. 2014. 08. 062

Figueiredo-Fernandes A, Fontaínhas-Fernandes A, Peixoto F, Rocha 
E, Reis-Henriques MA (2006) Effects of gender and temperature 
on oxidative stress enzymes in Nile tilapia Oreochromis niloti-
cus exposed to paraquat. Pestic Biochem Physiol 85:97–103. 
https:// doi. org/ 10. 1016/j. pestbp. 2005. 11. 001

Gandar A, Jean S, Canal J, Marty-Gasset N, Gilbert F, Laffaille 
P (2016) Multistress effects on goldfish (Carassius auratus) 
behavior and metabolism. Environ Sci Pollut Res 23:3184–
3194. https:// doi. org/ 10. 1007/ s11356- 015- 5147-6

Ge T, Han J, Qi Y, Gu X, Ma L, Zhang C, Naeem S, Huang D (2017) 
The toxic effects of chlorophenols and associated mechanisms 
in fish. Aquat Toxicol 184:78–93. https:// doi. org/ 10. 1016/j. 
aquat ox. 2017. 01. 005

Gomez KA, Gomez AA (1984) Statistical procedures for agricultural 
research. Wiley, New York

Gonino G, Branco P, Benedito E, Ferreira MT, Santos JM (2019) 
Short-term effects of wildfire ash exposure on behaviour and 
hepatosomatic condition of a potamodromous cyprinid fish, the 
Iberian barbel Luciobarbus bocagei (Steindachner, 1864). Sci 
Total Environ 665:226–234. https:// doi. org/ 10. 1016/j. scito tenv. 
2019. 02. 108

Hamidi S, Banaee M, Pourkhabbaz HR, Sureda A, Khodadoust S, 
Pourkhabbaz AR (2021) Effect of petroleum wastewater treated 
with gravity separation and magnetite nanoparticles adsorption 
methods on the blood biochemical response of mrigal fish (Cir-
rhinus cirrhosus). Environ Sci Pollut Res. https:// doi. org/ 10. 
1007/ s11356- 021- 15106-8

Hansson T, Hansen W, Tjärnlund U, Balk L, Bengtsson B-E (2014) 
Biomarker investigations in adult female perch (Perca fluvia-
tilis) from industrialised areas in northern Sweden in 2003. 
Arch Environ Contam Toxicol 66:237–247. https:// doi. org/ 10. 
1007/ s00244- 013- 9974-5

Hedayati A, Tarkhani R (2014) Hematological and gill histopatho-
logical changes in iridescent shark, Pangasius hypophthalmus 
(Sauvage, 1878) exposed to sublethal diazinon and deltamethrin 
concentrations. Fish Physiol Biochem 40:715–720. https:// doi. 
org/ 10. 1007/ s10695- 013- 9878-3

Igbinosa EO, Odjadjare EE, Chigor VN, Igbinosa IH, Emoghene AO, 
Ekhaise FO, Igiehon NO, Idemudia OG (2013) Toxicological 
profile of chlorophenols and their derivatives in the environ-
ment: the public health perspective. Scientific World Journal 
2013:460215. https:// doi. org/ 10. 1155/ 2013/ 460215

Ismail HTH, Mahboub HHH (2016) Effect of acute exposure to 
nonylphenol on biochemical, hormonal, and hematological 
parameters and muscle tissues residues of Nile tilapia; Oreo-
chromis niloticus. Veterinary World 9:616–625. https:// doi. org/ 
10. 14202/ vetwo rld. 2016. 616- 625

Jamwal A, Lemire D, Driessnack M, Naderi M, Niyogi S (2018) 
Interactive effects of chronic dietary selenomethionine and 
cadmium exposure in rainbow trout (Oncorhynchus mykiss): a 
preliminary study. Chemosphere 197:550–559. https:// doi. org/ 
10. 1016/j. chemo sphere. 2018. 01. 087

Javed M, Ahmad I, Ahmad A, Usmani N, Ahmad M (2016) Stud-
ies on the alterations in haematological indices, micronuclei 
induction and pathological marker enzyme activities in Channa 
punctatus (spotted snakehead) perciformes, channidae exposed 
to thermal power plant effluent. Springerplus 5:761. https:// doi. 
org/ 10. 1186/ s40064- 016- 2478-9

Jemec A, Kos M, Drobne D, Koponen IK, Vukic J, Ferreira NG, 
Loureiro S, McShane HV (2016) In field conditions, commer-
cial pigment grade TiO2 was not harmful to terrestrial iso-
pods but reduced leaf litter fragmentation. Sci Total Environ 
571:1128–1135. https:// doi. org/ 10. 1016/j. scito tenv. 2016. 07. 107

Ji K, Hong S, Kho Y, Choi K (2013) Effects of bisphenol S exposure 
on endocrine functions and reproduction of zebrafish. Environ 
Sci Technol 47:8793–8800. https:// doi. org/ 10. 1021/ es400 329t

Jin X, Zha J, Xu Y, Giesy JP, Richardson KL, Wang Z (2012) 
Derivation of predicted no effect concentrations (PNEC) for 
2,4,6-trichlorophenol based on Chinese resident species. Che-
mosphere 86:17–23. https:// doi. org/ 10. 1016/j. chemo sphere. 
2011. 08. 040

Kaviraj A, Bhunia F, Saha NC (2004) Toxicity of methanol to fish, 
crustacean, oligochaete worm, and aquatic ecosystem. Int J 
Toxicol 23:55–63. https:// doi. org/ 10. 1080/ 10915 81049 02654 69

Khara H, Maghsoodloo E, Ahmadnezhad M, Yalghi S, Rahbar M 
(2014) Comparative analysis of steroid levels in blood serum 
of female Persian sturgeon, Acipenser persicus, induced by hor-
monal treatment. Comp Clin Path 23:983–987. https:// doi. org/ 
10. 1007/ s00580- 013- 1729-1

Kim J-H, Chatchaiphan S, Crown MT, White SL, Devlin RH (2018) 
Effect of growth hormone overexpression on gastric evacuation 

https://doi.org/10.1002/etc.3630
https://doi.org/10.1002/etc.3630
https://doi.org/10.1016/S0045-6535(02)00498-8
https://doi.org/10.1016/S0045-6535(02)00498-8
https://doi.org/10.1016/j.ygcen.2006.12.010
https://doi.org/10.1016/j.ygcen.2006.12.010
https://doi.org/10.1016/j.mce.2020.111029
https://doi.org/10.1016/j.mce.2020.111029
https://doi.org/10.3389/fendo.2014.00139
https://doi.org/10.1016/j.ecoenv.2014.10.004
https://doi.org/10.1016/j.ecoenv.2014.10.004
https://doi.org/10.1007/s10646-017-1884-2
https://doi.org/10.1007/s10646-017-1884-2
https://doi.org/10.1007/s11356-013-2169-9
https://doi.org/10.1007/s11356-013-2169-9
https://doi.org/10.1016/j.jes.2017.05.030
https://doi.org/10.1016/j.jprot.2014.07.026
https://doi.org/10.1016/j.jprot.2014.07.026
https://doi.org/10.1016/j.chemosphere.2015.04.025
https://doi.org/10.1016/j.chemosphere.2015.04.025
https://doi.org/10.1016/j.scitotenv.2014.08.062
https://doi.org/10.1016/j.scitotenv.2014.08.062
https://doi.org/10.1016/j.pestbp.2005.11.001
https://doi.org/10.1007/s11356-015-5147-6
https://doi.org/10.1016/j.aquatox.2017.01.005
https://doi.org/10.1016/j.aquatox.2017.01.005
https://doi.org/10.1016/j.scitotenv.2019.02.108
https://doi.org/10.1016/j.scitotenv.2019.02.108
https://doi.org/10.1007/s11356-021-15106-8
https://doi.org/10.1007/s11356-021-15106-8
https://doi.org/10.1007/s00244-013-9974-5
https://doi.org/10.1007/s00244-013-9974-5
https://doi.org/10.1007/s10695-013-9878-3
https://doi.org/10.1007/s10695-013-9878-3
https://doi.org/10.1155/2013/460215
https://doi.org/10.14202/vetworld.2016.616-625
https://doi.org/10.14202/vetworld.2016.616-625
https://doi.org/10.1016/j.chemosphere.2018.01.087
https://doi.org/10.1016/j.chemosphere.2018.01.087
https://doi.org/10.1186/s40064-016-2478-9
https://doi.org/10.1186/s40064-016-2478-9
https://doi.org/10.1016/j.scitotenv.2016.07.107
https://doi.org/10.1021/es400329t
https://doi.org/10.1016/j.chemosphere.2011.08.040
https://doi.org/10.1016/j.chemosphere.2011.08.040
https://doi.org/10.1080/10915810490265469
https://doi.org/10.1007/s00580-013-1729-1
https://doi.org/10.1007/s00580-013-1729-1


Environmental Science and Pollution Research 

1 3

rate in coho salmon. Fish Physiol Biochem 44:119–135. https:// 
doi. org/ 10. 1007/ s10695- 017- 0418-4

Kumar A, Tripathi N, Tripathi M (2007) Fluoride-induced biochemi-
cal changes in fresh water catfish (Clarias batrachus, Linn.). 
Fluoride 40:37–41

Lewis RC, Johns LE, Meeker JD (2015) Serum biomarkers of expo-
sure to perfluoroalkyl substances in relation to serum testoster-
one and measures of thyroid function among adults and ado-
lescents from NHANES 2011–2012. Int J Environ Res Public 
Health 12:6098–6114. https:// doi. org/ 10. 3390/ ijerp h1206 06098

Louei Monfared A, Salati AP (2013) Hematological alterations induced 
by phenol exposure in Oncorhynchus mykiss. Comp Clin Path 
22:851–853. https:// doi. org/ 10. 1007/ s00580- 012- 1488-4

Ma Y, Han J, Guo Y, Lam PKS, Wu RSS, Giesy JP, Zhang X, Zhou B 
(2012) Disruption of endocrine function in in vitro H295R cell-
based and in in vivo assay in zebrafish by 2,4-dichlorophenol. 
Aquatic Toxicology 106–107:173–181

Madeira C, Madeira D, Diniz MS, Cabral HN, Vinagre C (2016) Ther-
mal acclimation in clownfish: an integrated biomarker response 
and multi-tissue experimental approach. Ecol Indic 71:280–292. 
https:// doi. org/ 10. 1016/j. ecoli nd. 2016. 07. 009

Mdegela RH, Braathen M, Mosha RD, Skaare JU, Sandvik M (2010) 
Assessment of pollution in sewage ponds using biomarker 
responses in wild African sharptooth catfish (Clarias gariepinus) 
in Tanzania. Ecotoxicology 19:722–734. https:// doi. org/ 10. 1007/ 
s10646- 009- 0449-4

Medeiros LR, Nagler JJ, Pierce AL (2020) Establishment of time-
resolved fluoroimmunoassays for detection of growth hormone 
and insulin-like growth factor I in rainbow trout plasma. Comp 
Biochem Physiol a: Mol Integr Physiol 248:110751. https:// doi. 
org/ 10. 1016/j. cbpa. 2020. 110751

Mir F, Shah G, Jan U, Mir JI (2013): Studies on influences of sublethal 
concentrations of organophosphate pesticide ; dichlorvos (DDVP) 
on gonadosomatic index (GSI) of female common carp , Cyprinus 
carpio communis

Modra H, Palikova M, Hyrsl P, Bartonkova J, Papezikova I, Svobodova 
Z, Blahova J, Mares J (2020) Effects of trichothecene mycotoxin 
T-2 toxin on haematological and immunological parameters of 
rainbow trout (Oncorhynchus mykiss). Mycotoxin Res 36:319–
326. https:// doi. org/ 10. 1007/ s12550- 020- 00396-7

Mohindra V, Singh A, Barman AS, Tripathi R, Sood N, Lal KK (2012) 
Development of EST derived SSRs and SNPs as a genomic 
resource in Indian catfish, Clarias batrachus. Mol Biol Rep 
39:5921–5931. https:// doi. org/ 10. 1007/ s11033- 011- 1404-z

Morgado R, Ferreira NG, Tourinho P, Ribeiro F, Soares AM, Loureiro 
S (2013) Environmental- and growth stage-related differences in 
the susceptibility of terrestrial isopods to UV radiation. J Pho-
tochem Photobiol B 126:60–71. https:// doi. org/ 10. 1016/j. jphot 
obiol. 2013. 07. 002

Muir DCG, Servos MR (2020) Bioaccumulation of bleached kraft 
organic chemicals by fish. In: Servos MR, Munkittrick KR, Carey 
JH, Van Der Kraak GJ (eds) Environmental fate and effects of 
pulp and paper mill effluents. CRC Press, Boca Raton, Florida, 
pp 283–296

Mukherjee D 2015: Ph.D. Thesis: Toxicity of pulp and paper mill efflu-
ents and some of their ingredients on fish, fish food organisms 
and aquatic ecosystem along with management of effluent quality, 
West Bengal State University

Muthulakshmi S, Maharajan K, Habibi HR, Kadirvelu K, Venkatara-
mana M (2018) Zearalenone induced embryo and neurotoxicity 
in zebrafish model (Danio rerio): role of oxidative stress revealed 
by a multi biomarker study. Chemosphere 198:111–121. https:// 
doi. org/ 10. 1016/j. chemo sphere. 2018. 01. 141

Naderi M, Wong MYL, Gholami F (2014) Developmental exposure 
of zebrafish (Danio rerio) to bisphenol-S impairs subsequent 

reproduction potential and hormonal balance in adults. Aquat Tox-
icol 148:195–203. https:// doi. org/ 10. 1016/j. aquat ox. 2014. 01. 009

Narra MR (2016) Single and cartel effect of pesticides on biochemi-
cal and haematological status of Clarias batrachus: a long-term 
monitoring. Chemosphere 144:966–974. https:// doi. org/ 10. 1016/j. 
chemo sphere. 2015. 09. 065

Narra MR, Rajender K, Reddy RR, Murty US, Begum G (2017) Insec-
ticides induced stress response and recuperation in fish: biomark-
ers in blood and tissues related to oxidative damage. Chemosphere 
168:350–357. https:// doi. org/ 10. 1016/j. chemo sphere. 2016. 10. 066

NCBI (2021): PubChem compound summary for CID 6914, 
2,4,6-Trichlorophenol.

Netea MG, Domínguez-Andrés J, Barreiro LB, Chavakis T, Divan-
gahi M, Fuchs E, Joosten LAB, van der Meer JWM, Mhlanga 
MM, Mulder WJM, Riksen NP, Schlitzer A, Schultze JL, Stabell 
Benn C, Sun JC, Xavier RJ, Latz E (2020) Defining trained 
immunity and its role in health and disease. Nat Rev Immunol 
20:375–388. https:// doi. org/ 10. 1038/ s41577- 020- 0285-6

Nte ME, Hart AE, Edun OM, Akinrotimi OA (2011) Effects of indus-
trial effluents on haematological parameters of black jaw tilapia 
Sarothedon melanotheron (Rupell, 1852). Continental Journal 
of Environmental Sciences 5:29–37. https:// doi. org/ 10. 3390/ 
app11 22109 02

NTP-DHHS (2016): Fourteenth report on carcinogens (https:// ntp. 
niehs. nih. gov/ ntp/ roc/ conte nt/ profi les/ trich lorop henol. pdf) . 
Last accessed on 14th August 2020

Olaniran AO, Igbinosa EO (2011) Chlorophenols and other related 
derivatives of environmental concern: properties, distribution 
and microbial degradation processes. Chemosphere 83:1297–
1306. https:// doi. org/ 10. 1016/j. chemo sphere. 2011. 04. 009

Oluah NS, Aguzie IO, Ekechukwu NE, Madu JC, Ngene CI, Oluah 
C (2020) Hematological and immunological responses in the 
African catfish Clarias gairepinus exposed to sublethal con-
centrations of herbicide Ronstar®. Ecotoxicol Environ Saf 
201:110824. https:// doi. org/ 10. 1016/j. ecoenv. 2020. 110824

Öner M, Atli G, Canli M (2008) Changes in serum biochemical 
parameters of freshwater fish Oreochromis niloticus follow-
ing prolonged metal (Ag, Cd, Cr, Cu, Zn) exposures. Environ 
Toxicol Chem 27:360–366. https:// doi. org/ 10. 1897/ 07- 281R.1

Osswald J, Carvalho AP, Guimarães L, Guilhermino L (2013) Toxic 
effects of pure anatoxin-a on biomarkers of rainbow trout, 
Oncorhynchus mykiss. Toxicon 70:162–169. https:// doi. org/ 
10. 1016/j. toxic on. 2013. 04. 014

Pimpão CT, Zampronio AR, Silva de Assis HC (2007) Effects of del-
tamethrin on hematological parameters and enzymatic activity in 
Ancistrus multispinis (Pisces, Teleostei). Pestic Biochem Physiol 
88:122–127. https:// doi. org/ 10. 1016/j. pestbp. 2006. 10. 002

Poletto JB, Martin B, Danner E, Baird SE, Cocherell DE, Hamda N, 
Cech J, Joseph J, Fangue NA (2018) Assessment of multiple 
stressors on the growth of larval green sturgeon Acipenser medi-
rostris: implications for recruitment of early life-history stages. J 
Fish Biol 93:952–960. https:// doi. org/ 10. 1111/ jfb. 13805

Qian L, Zhang J, Chen X, Qi S, Wu P, Wang C, Wang C (2019) Toxic 
effects of boscalid in adult zebrafish (Danio rerio) on carbohy-
drate and lipid metabolism. Environ Pollut 247:775–782. https:// 
doi. org/ 10. 1016/j. envpol. 2019. 01. 054

Ramakritinan CM, Kumaraguru AK, Balasubramanian MP (2005) 
Impact of distillery effluent on carbohydrate metabolism of fresh-
water fish, Cyprinus carpio. Ecotoxicology 14:693–707

Rousseeuw PJ, Croux C (1993) Alternatives to the median absolute 
deviation. J Am Stat Assoc 88:1273–1283. https:// doi. org/ 10. 
1080/ 01621 459. 1993. 10476 408

Rummer JL, Brauner CJ (2015) Root effect haemoglobins in fish may 
greatly enhance general oxygen delivery relative to other verte-
brates. PLoS ONE 10:e0139477. https:// doi. org/ 10. 1371/ journ al. 
pone. 01394 77

https://doi.org/10.1007/s10695-017-0418-4
https://doi.org/10.1007/s10695-017-0418-4
https://doi.org/10.3390/ijerph120606098
https://doi.org/10.1007/s00580-012-1488-4
https://doi.org/10.1016/j.ecolind.2016.07.009
https://doi.org/10.1007/s10646-009-0449-4
https://doi.org/10.1007/s10646-009-0449-4
https://doi.org/10.1016/j.cbpa.2020.110751
https://doi.org/10.1016/j.cbpa.2020.110751
https://doi.org/10.1007/s12550-020-00396-7
https://doi.org/10.1007/s11033-011-1404-z
https://doi.org/10.1016/j.jphotobiol.2013.07.002
https://doi.org/10.1016/j.jphotobiol.2013.07.002
https://doi.org/10.1016/j.chemosphere.2018.01.141
https://doi.org/10.1016/j.chemosphere.2018.01.141
https://doi.org/10.1016/j.aquatox.2014.01.009
https://doi.org/10.1016/j.chemosphere.2015.09.065
https://doi.org/10.1016/j.chemosphere.2015.09.065
https://doi.org/10.1016/j.chemosphere.2016.10.066
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.3390/app112210902
https://doi.org/10.3390/app112210902
https://ntp.niehs.nih.gov/ntp/roc/content/profiles/trichlorophenol.pdf
https://ntp.niehs.nih.gov/ntp/roc/content/profiles/trichlorophenol.pdf
https://doi.org/10.1016/j.chemosphere.2011.04.009
https://doi.org/10.1016/j.ecoenv.2020.110824
https://doi.org/10.1897/07-281R.1
https://doi.org/10.1016/j.toxicon.2013.04.014
https://doi.org/10.1016/j.toxicon.2013.04.014
https://doi.org/10.1016/j.pestbp.2006.10.002
https://doi.org/10.1111/jfb.13805
https://doi.org/10.1016/j.envpol.2019.01.054
https://doi.org/10.1016/j.envpol.2019.01.054
https://doi.org/10.1080/01621459.1993.10476408
https://doi.org/10.1080/01621459.1993.10476408
https://doi.org/10.1371/journal.pone.0139477
https://doi.org/10.1371/journal.pone.0139477


 Environmental Science and Pollution Research

1 3

Saha S, Chukwuka AV, Mukherjee D, Patnaik L, Nayak S, Dhara K, 
Saha NC, Faggio C (2021) Chronic effects of Diazinon® expo-
sures using integrated biomarker responses in freshwater walking 
catfish. Clarias Batrachus Applied Sciences 11:10902

Sahoo SK, Giri SS, Paramanik M, Ferosekhan S (2015) Larval age at 
stocking, growth, and survival during fingerling production of the 
endangered sun catfish, Horabagrus brachysoma. J. Appl. Aquac 
27:144–149. https:// doi. org/ 10. 1080/ 10454 438. 2015. 10457 68

Seibel H, Baßmann B, Rebl A (2021) Blood will tell: what hematologi-
cal analyses can reveal about fish welfare. Front. vet. sci 8:616955. 
https:// doi. org/ 10. 3389/ fvets. 2021. 616955

Senthil Kumaran S, Kavitha C, Ramesh M, Grummt T (2011) Toxicity 
studies of nonylphenol and octylphenol: hormonal, hematologi-
cal and biochemical effects in Clarias gariepinus. J Appl Toxicol 
31:752–761. https:// doi. org/ 10. 1002/ jat. 1629

Sepúlveda MS, Quinn BP, Denslow ND, Holm SE, Gross TS (2003) 
Effects of pulp and paper mill effluents on reproductive success 
of largemouth bass. Environ Toxicol Chem 22:205–213. https:// 
doi. org/ 10. 1002/ etc. 56202 20127

Singh NN, Srivastava AK (2010) Haematological parameters as 
bioindicators of insecticide exposure in teleosts. Ecotoxicology 
19:838–854. https:// doi. org/ 10. 1007/ s10646- 010- 0465-4

Sun L, Zuo Z, Luo H, Chen M, Zhong Y, Chen Y, Wang C (2011) 
Chronic exposure to phenanthrene influences the spermatogenesis 
of male Sebastiscus marmoratus: U-shaped effects and the reason 
for them. Environ Sci Technol 45:10212–10218. https:// doi. org/ 
10. 1021/ es202 684w

Tierney KB, Baldwin DH, Hara TJ, Ross PS, Scholz NL, Kennedy CJ 
(2010) Olfactory toxicity in fishes. Aquat Toxicol 96:2–26. https:// 
doi. org/ 10. 1016/j. aquat ox. 2009. 09. 019

Tran TKA, Yu RMK, Islam R, Nguyen THT, Bui TLH, Kong RYC, 
O’Connor WA, Leusch FDL, Andrew-Priestley M, MacFarlane 
GR (2019) The utility of vitellogenin as a biomarker of estro-
genic endocrine disrupting chemicals in molluscs. Environ Pollut 
248:1067–1078. https:// doi. org/ 10. 1016/j. envpol. 2019. 02. 056

U.S.EPA (2017): TRI explorer, https:// chemv iew. epa. gov/ chemv iew/
Ussery EJ, McMaster ME, Servos MR, Miller DH, Munkittrick KR 

(2021) A 30-year study of impacts, recovery, and development of 
critical effect sizes for endocrine disruption in white sucker (Cato-
stomus commersonii) exposed to bleached-kraft pulp mill effluent 
at Jackfish Bay, Ontario, Canada. Front Endocrinol (Lausanne) 
12:664157. https:// doi. org/ 10. 3389/ fendo. 2021. 664157

Van Der Kraak GJ, Munkittrick KR, McMaster ME, Portt CB, Chang 
JP (1992) Exposure to bleached kraft pulp mill effluent disrupts 
the pituitary-gonadal axis of white sucker at multiple sites. Toxi-
col Appl Pharmacol 115:224–233. https:// doi. org/ 10. 1016/ 0041- 
008X(92) 90327-O

Wang Y, Liu H, Yang X, Wang L (2021) Aquatic toxicity and aquatic 
ecological risk assessment of wastewater-derived halogenated 
phenolic disinfection byproducts. Sci Total Environ 809:151089. 
https:// doi. org/ 10. 1016/j. scito tenv. 2021. 151089

Xiao W-Y, Li Y-W, Chen Q-L, Liu Z-H (2018) Tributyltin impaired 
reproductive success in female zebrafish through disrupting 
oogenesis, reproductive behaviors and serotonin synthesis. Aquat 
Toxicol 200:206–216. https:// doi. org/ 10. 1016/j. aquat ox. 2018. 05. 
009

Yan S, Liang M, Chen R, Hong X, Zha J (2020) Reproductive toxic-
ity and estrogen activity in Japanese medaka (Oryzias latipes) 
exposed to environmentally relevant concentrations of octo-
crylene. Environ Pollut 261:114104. https:// doi. org/ 10. 1016/j. 
envpol. 2020. 114104

Zahran E, Elmetwally M, Awadin W, El-Matbouli M (2020) Multiple 
xenosteroid pollutants biomarker changes in cultured Nile tilapia 
using wastewater effluents as their primary water source. Animals 
10:1475. https:// doi. org/ 10. 3390/ ani10 091475

Zhang J, Zuo Z, Chen Y, Zhao Y, Hu S, Wang C (2007) Effect of 
tributyltin on the development of ovary in female cuvier (Sebas-
tiscus marmoratus). Aquat Toxicol 83:174–179. https:// doi. org/ 
10. 1016/j. aquat ox. 2007. 03. 018

Zheng Q, Feng M, Dai Y (2013) Comparative antioxidant responses 
in liver of Carassius auratus exposed to phthalates: an integrated 
biomarker approach. Environ Toxicol Pharmacol 36:741–749. 
https:// doi. org/ 10. 1016/j. etap. 2013. 07. 008

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1080/10454438.2015.1045768
https://doi.org/10.3389/fvets.2021.616955
https://doi.org/10.1002/jat.1629
https://doi.org/10.1002/etc.5620220127
https://doi.org/10.1002/etc.5620220127
https://doi.org/10.1007/s10646-010-0465-4
https://doi.org/10.1021/es202684w
https://doi.org/10.1021/es202684w
https://doi.org/10.1016/j.aquatox.2009.09.019
https://doi.org/10.1016/j.aquatox.2009.09.019
https://doi.org/10.1016/j.envpol.2019.02.056
https://chemview.epa.gov/chemview/
https://doi.org/10.3389/fendo.2021.664157
https://doi.org/10.1016/0041-008X(92)90327-O
https://doi.org/10.1016/0041-008X(92)90327-O
https://doi.org/10.1016/j.scitotenv.2021.151089
https://doi.org/10.1016/j.aquatox.2018.05.009
https://doi.org/10.1016/j.aquatox.2018.05.009
https://doi.org/10.1016/j.envpol.2020.114104
https://doi.org/10.1016/j.envpol.2020.114104
https://doi.org/10.3390/ani10091475
https://doi.org/10.1016/j.aquatox.2007.03.018
https://doi.org/10.1016/j.aquatox.2007.03.018
https://doi.org/10.1016/j.etap.2013.07.008

	Effects of 2,4,6-Trichlorophenol on Clarias batrachus: a biomarkers approach
	Abstract
	Introduction
	Materials and methods
	Experimental animal
	Experimental design
	Experimental design: chronic exposure

	Collection of blood, serum and assay of haematological profiles and indices
	Analyses on growth and reproductive endpoints
	Analyses on total serum protein (TSP), total serum glucose (TSG) and hormones
	Calculation of IBR
	Statistical analyses

	Results
	Haematological profiles and indices
	Growth, reproductive endpoints and associated hormone assays
	Total serum protein (TSP) and total serum glucose (TSG)
	Integrated biomarkers response (IBR)

	Discussion
	Haematological profiles and indices
	Growth, reproductive endpoints and associated hormone assays

	Conclusions
	References


