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induced stress. Increased catalase (CAT) activity was 
also observed, which indicated increased abundance 
of reactive hydroxyl species and therefore a possible 
oxidative stress in fishes. It is further suggested to 
understand and examine the biotransformation char-
acteristics and degradation pathways of polybromi-
nated diphenyl ether (PBDE)s, which would be useful 
to comprehend their environmental fate.

Keywords Persistent organic pollutants 
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Introduction

Fishes have been widely used as a representative to 
estimate the health of aquatic ecosystem and toxicol-
ogy of associated biota whereof enzymatic activities 
such as lactate dehydrogenase (LDH), succinic dehy-
drogenase (SDH), creatine kinase (CK), and alkaline 
phosphatase (ALP) activity act as the biomarkers for 
water pollution (Hook et  al., 2014). In general, bio-
marker indicates any particular stress which affects 
the normal functioning of an organism such as repro-
duction, physiological developments, and adaptability 
in a given environment. Therefore, any change in the 
normal mechanisms of the organism reflects the pres-
ence of contamination in environment. The measure-
ment mainly occurs in body fluids, cells, or tissues 
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indicating biochemical or cellular modifications due 
to the presence and magnitude of toxicants, and due 
to host response (Parente & Hauser-Davis,  2013). In 
water pollution monitoring program, measuring bio-
markers in aquatic bioindicator animals can be used as 
reliable tool for designing environmental monitoring, 
surveillance, and hazard assessment or for planning 
further remediation measures for the water bodies 
(Kumari & Khare, 2018). Biomarkers have recently 
become an integral component of environmental 
monitoring programmes in several countries, having 
an advantage over chemical analysis in demonstrat-
ing whether or not an organism has been meaning-
fully exposed. For some classes of chemicals listed 
as persistent organic pollutants, the detection limit is 
very low but still they bring deleterious physiologi-
cal changes and in such cases, biomarkers can play an 
important role by determining whether the physiol-
ogy of the exposed organism is significantly different 
from normal or not (Kumari & Khare, 2018). In one 
of the studies, it was inferred that the mammalian and 
fishery systems show same toxicology and adaptive 
responses to oxidative stress (Prieto et al., 2006). Con-
clusively, fishery models in addition to mammalian 
models can be further useful for knowing the different 
mechanisms of oxidative stress. Biochemical altera-
tions in aquatic organisms in cellular structures and 
tissue organisation are commonly used to indicate the 
potential hazards in response to contamination (Zhao 
et al., 2018). Industrial wastewaters are a major source 
of water contamination as it contains variety of pollut-
ants such as suspended solids, chlorides, heavy metals, 
and pesticides. Surface discharge of such wastewaters 
without treatment contaminates the water bodies and 
is exposed to aquatic biota and therefore has a signifi-
cant impact on fish biochemical activity and metabo-
lism (Marathe et al., 2021). There have been numerous 
studies on different organic pollutants including pes-
ticide toxicology of fishes, indicating diverse effects 
including inhibition of AChE (acetylcholinesterase) 
activity, oxidative damage, mutagenesis and carci-
nogenicity, and histopathological and developmental 
changes (Kumari et  al., 2011; Kumari et  al., 2014; 
Topal et al., 2017; Khare et al., 2019). Similarly, per-
sistent organic pollutants (POPs) are a group of chemi-
cals of very high environmental concern and therefore 
need special attention as they are categorised as persis-
tent and bio-accumulative and have very high poten-
tials to bio-magnify in food chain and have long-range 

transport potentials (Guo et al., 2019). POPs are also 
reported to have several health effects in humans like 
cancers, birth defects, dysfunctional immunity and 
reproductive systems and are now becoming a major 
global issue (Ashraf, 2017). Likewise, polybrominated 
diphenyl ethers (PBDEs) are considered as  the pol-
lutants of high concern and are listed in Annex A by 
Stockholm Convention which suggests total elimina-
tion of the chemical from the environment. Presently, 
there are 209 congeners of PBDEs, which are widely 
used as flame retardants in various polymer-based 
commercial and household products, such as electri-
cal, electronic equipment, paint, textiles, plastics in 
casings of televisions, personal computer, and toys 
(Sindiku et al., 2015). India has recently banned in the 
year 2020, the trade, use, import, and export of seven 
chemicals including commercial Penta-BDE (tetra-
bromodiphenyl ether and pentabromodiphenyl ether), 
and commercial Octa-BDE (hexabromodiphenyl ether 
and heptabromodiphenylether) and has established 
concentration limits for all PBDEs in certain electri-
cal goods (Sharkey et  al., 2020). Currently, there is 
no production or stockpile information available on 
PBDEs in India (Chetry, 2018).

The presence of PBDEs has also been detected in 
water bodies and other matrices such as fishes, human 
milk, and aquatic birds in different parts of the world 
indicating its ubiquitous presence and therefore the 
degree of threat (Kumari et al., 2014). Previous stud-
ies conducted in foreign countries have also shown 
the presence of different PBDE congeners in fishes, 
wild chinook salmon (Oncorhynchus tshawytscha), 
and wild common carp (Cyprinus carpio) wherein 
congeners such as 47, 49, and 99 showed higher per-
centage (Browne et  al., 2009; Montory et  al., 2010; 
Noyes et  al., 2010; Sloan et  al., 2010). The fishes 
showed higher level of debrominations for the con-
geners. In addition, decabromodiphenyl ether, BDE-
209, also showed the removal of meta-substituted 
bromine atoms in common wild carp (Stapleton 
et al., 2004; 2006). Apart from this, a higher level of 
debromination was also observed for the congeners, 
namely BDEs 99, 153, 183, 203, 208, and 209 in 
three fish species viz., rainbow trout (Oncorhynchus 
mykiss), common carp (Cyprinus carpio), and Chi-
nook salmon (O. tschwatcha in the study of Roberts 
et al. (2011). There are numerous studies examining 
the effect of different pollutants on fish biomarkers. 
For instance, serum glutamine pyruvate transaminase 
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(SGPT), serum glutamate oxaloacetate transaminase 
(SGOT), acetylcholinesterase, superoxide dismutase 
(SOD), SDH-, and LDH-based biomarker studies 
have been conducted against variety of pollutants 
such as pesticides, heavy metals, and pharmaceuti-
cals (Chen et al., 2012; Khare et al., 2019; Monteiro 
et  al., 2013). Very few studies have also examined 
the effect of different PBDE congeners on different 
enzymatic biomarkers such as AChE, glutathione-S-
transferase (GST), SOD,and catalase and observed 
significant alterations in fishes like goldfish (Caras-
sius auratus) (Feng et al., 2013a, b). Still, the data is 
very limited on the impact of co-existing PBDEs on 
fishes, and as per our knowledge, no studies involv-
ing the use of enzymatic biomarkers of fishes are 
available in Indian context. L. rohita is one of the 
most important commercial and cultivable India’s 
major carps and extremely sensitive to the presence 
of organic pollutants which may significantly dam-
age certain physiological and biochemical processes. 
Therefore, the present study assesses the ecological 
risks of PBDEs (BDE-209) for fish using various bio-
metric and enzymatic biomarkers. The present study 
shall provide biologically relevant data for different 
toxicological and risk assessment studies on various 
enzymatic alterations in fishes via PBDE exposure in 
Indian context.

Methods and materials

Selection of experimental fish

Labeo rohita, weight 34.4 ± 09.87 g; length 13.4 cm ± 1.30  
collected from College of Fishery Science, Telankhedi, 
Nagpur, were selected for the experiment. The fishes were 
later acclimatised under lab conditions for 14 days before 
the start of experiment according to the methodology of 
Kumari et  al. (2011). Three replications were made for 
both control fish tank and experimental fish tank and 
each tank contained 5 fishes. The fish species is selected 
because it is one of the major Indian carps and important 
sources of food in India (Bais, 2018).

Polybrominated diphenyl ether‑ BDE 209

Analytical grade and certified PBDE-209, a deca-
PBDE with 98% purity, CAS number 1163–19-5 
(Sigma-Aldrich) was purchased and used in the study.

Rationale for selection of cod liver oil for dietary 
exposure of BDE‑209

The PBDE compounds have very low solubility in water, 
i.e. < 0.0001 to 0.0005 mg/L at room temperatures (at 25 °C)  
and therefore limit its redistribution (US EPA, 2010; Al-
Omran, 2018; Wang et  al., 2021). Harmon (2015) also 
stated that the most relevant approach to study the effects 
of PBDEs on fish and biota is the exposure through con-
taminated food since they are not particularly soluble in 
water. Therefore, cod liver oil was used in our study to 
ensure homogeneous distribution of BDE-209  in feed 
used for experiment. Noyes et al. (2011) and Sarkar et al. 
(2015) also exposed PBDE to fishes by mixing in cod 
liver oil. Rochman et al. (2014) and Xie et al. (2014) also 
adopted the similar mode of experimentation to deter- 
mine the adverse effects of PBDE on fish metabolism.  
Cod liver oils are extracted from fishes only and are con-
sidered to be the rich source of vitamin D and to supply 
fat and additional vitamins. The purity of the product is 
maintained at extremely high levels (Case et  al., 2011) 
and product with similar range of purity was used in the 
present study showing negligible chances of any sort of 
contamination.

Dietary exposure

The fishes were exposed to BDE-209 in all the three tanks 
through dietary exposure (ingestion) of 9.8 ± 0.16 μg of 
BDE-209/g wet weight (ww) of food at 5% of their body 
weight per day. The BDE-209 was mixed in a mixture 
of 25 g of blood worm and 25 g of fish food in cod liver 
oil (20 ml). For control fishes, a control diet (fish food, 
blood worm, and cod liver oil) containing no BDE-209 
was given. Dietary exposure was made on the basis of the 
study of Noyes et al. (2011) where 9.8 ± 0.16 μg of BDE-
209/g wet weight (ww) of food was the actual concentra-
tion of PBDE 209 to which the fishes were exposed. Since 
the study of Noyes et al. (2011) showed bioaccumulation 
of BDE-209 in the fish body along with debromination 
to other by products such as BDE-179, BDE-188, BDE-
201, and BDE-202 and nona BDE congeners (BDE-
206, BDE-207, and BDE-208) based on GC/ECNI-MS 
analysis at a concentration of 9.8 ± 0.16 μg/g ww of food 
at 5% of their body weight per day; it was assumed that 
BDE-209 readily bioaccumulates in fish body and also 
debrominates to lower congeners. Therefore, our study 
primarily focussed on determining the effect of BDE-209 
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exposure to the enzymatic activity in the fish body and 
traces out the immediate response.

Experimental design

After the acclimatisation, a short-term (up to 96  h) 
toxicity test was performed. The conditions of the 
treated fishes were monitored regularly up to 96  h. 
The fish’s serum and tissue samples were analysed 
after 24, 48, 72, and 96 h of exposure to BDE-209. 
The blood samples were collected with cardiac punc-
ture method. After dissection, different tissues such 
as muscles, gills, liver, and brain were collected and 
weighed carefully. The tissue was homogenised at 
10% w/v concentration in 0.65  M phosphate buffer 
(PBS). Later, spectrophotometric analysis was per-
formed for different assays using UV spectropho-
tometer (Shimadzu; Model- UV-1800) equipped with 
temperature control system (Khare et al., 2019).

Biometric and enzymatic parameters

Biometric parameter, i.e. condition factor (Ponderal 
Index) and hepato-somatic index, was calculated by 
the formula mentioned in the methodology of Salam 
and Davies (1994) and Kumari (2006) as follows:

Measurement of enzymatic parameters included 
acetylcholinesterase activity (AchE), lactate dehydro-
genase activity (LDH), succinic dehydrogenase activ- 
ity (SDH), alkaline phosphatase activity (ALP), serum 
glutamic pyruvic transaminase (SGPT), serum glutamic  
oxaloacetic transaminase (SGOT) and catalase activity 
in serum except for LDH and SDH which was meas-
ured in the muscle and liver respectively.

• AchE activity was measured as per the meth-
odology of Ellman et  al. (1961). Ten microlit-
ers of sample (serum, homogenate from gills, 
brain, and liver) was mixed with 1.5 ml of work-
ing agent and optical density was measured at 
405 nm for 1.5 min at every 30  s of interval in 
UV–visible spectrophotometer.

���������������(�) =
���������������(��)

��������������3(��)
× 100

��� =
�������������(��)

��������������(��)
× 100

• LDH activity  was measured as mentioned in the 
method of Young and Koplovitz (1995) and Elliot and 
Wilkinson (1961). The muscle tissue was homoge-
nised in phosphate buffer (pH 7.4) then centrifuged for 
10 min at 10,000 rpm. The supernatant was pooled for 
further analysis. Twenty-five-microliter sample was 
mixed with 1  ml of working reagent and incubated  
for 1  min at 37  °C. Optical density was measured  
for the next 2 min at the interval of 1 min.

• SDH activity  was evaluated based on the method of 
Khare et  al. (2019) where the known weight of liver 
was homogenised in the known amount of phosphate 
buffer. A total of 0.5 ml of 5% tissue homogenate was 
mixed with 0.25 ml of 0.1 M sodium succinate, 0.25 ml 
of 0.065 M potassium phosphate buffer (pH-7.4), and 
0.25 ml of 0.3% aqueous triphenyl tetrazolium chloride 
(TTC). This mixture was incubated at 33 °C for 1 h. A 
blank without homogenate and a control without sub-
strate was also run simultaneously. The extraction of 
red coloured formazan was performed with 5 ml of ace-
tone followed by the measurement of optical density at 
485 nm via UV–visible spectrophotometer.

• For ALP, 0.02 ml of sample was mixed with 1 ml of 
working reagent and optical density was measured 
taking distilled water as a blank at 405 nm for 3 min 
at the interval of 1 min (Bowers and McComb 1975).

• For, SGPT and SGOT, 0.l ml of serum sample was 
mixed with 0.8 ml and 0.2 ml of working reagents 
1 and 2 respectively. This mixture was incubated at 
37 °C for 1 min. Optical density was measured at 
340 nm for 3 min at an interval of 1 min (Reitman 
& Franckel, 1957).

• Catalase activity was determined according to 
the method of Khare et  al. (2019). The known 
quantity of various tissues, namely gills, brain, 
liver, and muscle, was homogenised in phos-
phate buffer. Later, 0.1 ml of hydrogen peroxide, 
1.95 ml phosphate buffer, and 0.05 ml were added 
to the tissue extract followed by measurement of 
absorbance at 240 nm. The activity was expressed 
as  mmol−1H2O2  min−1  mg−1 protein.

QC/QA

The sampled organs were washed with distilled water 
and the apparatus was cleaned with ethanol to avoid 
the risk of contamination. Due care was taken to avoid 
any delay while tissue sampling and processing. The 
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samples and the kit were maintained at room tem-
perature prior to analysis to ensure accurate results. 
During the analysis, the temperatures prescribed by 
the test kit were maintained with the help of tempera-
ture control system attached to UV–visible spectro-
photometer (Shimadzu; Model-UV-1800). The QC/
QA included analysis of sample in triplicates as well 
as running of blank. All the necessary precautions 
were taken to reduce the risk of contamination at all 
stages of sample collection, processing, and analysis 
by maintaining consistent QC/QA techniques.

Statistical analysis

The statistical analysis was performed using Minitab 
2017. All the data were expressed as mean ± standard 
deviation (mean ± SD). The graphs were made using 
MS Excel 2016. Significant differences between con-
trol and experimental groups were determined and 
compared using one-way ANOVA followed by Tukey 
HSD test at 95% confidence level (alpha = 0.05).

Result and discussion

In this study, various enzymatic parameters were selected 
to be studied along with biometric and behavioural 
changes as a function of BDE-209. A suit of different 
enzymatic biomarkers, aminotransaminase - biomarkers 
of liver and heart, cholinesterase - biomarker of neuron 
function, lactic and succinic dehydrogenases - biomarker 
of oxygen stress, alkaline phosphatase and creatine phos-
phokinase - biomarker of tissue damage, and catalase - 
biomarker of oxidative stress were selected; considering 
the responses obtained, these biomarkers may be used 
as a tool in bio-monitoring program to monitor ecotox-
icity risk of PBDE group of chemicals which has not 
been studied in detail and there is no study related to this 
aspect in Indian conditions till date.

Behavioural changes in the exposed fishes

The behavioural study indicated a preliminary response 
to BDE-209 exposure. Fish exposed to BDE-209 
showed significant behavioural abnormalities initially 
such as mucus secretions, lethargic movements, and 
accumulation near aerators in fish tanks. The efficiency 
of oxygen intake was significantly reduced in such set-
tings, which was indicated by increased breathing rate 
and more frequent gathering of fish near the aerators 

gulping fresh air. Due to respiratory incumbency, there 
was a  gradual weariness, lethargy, and a loss of bal-
ance. They soon became sedentary at the bottom of the 
tank, and their bellies began to rise after a while. Simi-
lar behavioural responses were reported in C. puncta‑
tus while exposed to mercuric chloride, malathion, 
and organophosphate (Pandey et  al., 2005; Pandey 
et al., 2011). The alteration in swimming activity of fish 
is often assessed as a response to toxicity; this indicates 
significant damage to nervous system. Later, as the dura-
tion of the exposure increased, more evident changes 
were observed, such as redness over the fins and blood 
patches on the anus parts. At the time of dissection, 
pulpy liver, almost in dissolved form, was also observed. 
Similar observations were also made in the studies of 
Sivaperumal and Sankar (2011), Kumari et  al. (2014), 
and Khare et al. (2019) in L. rohita and Catla catla in 
response to the exposure of different xenobiotics.

Biometric parameter

Condition factor indicates about the fish well-being. 
The exposure of PBDE  (BDE-209) has significantly 
affected the optimum metabolism of L. rohita which 
resulted in decreased physiological condition as rep-
resented from the calculated values of condition factor 
(p < 0.0001) in comparison to control fishes (Fig. 1). 
There was a slight decrease in the condition factor in 
the present study; however, the values were very low 
(about 1.0) as compared with the study of Kumari 
et al. (2014) in which the fishes exposed to chromium 
(VI) has CF above 1.2 at 48, 72, and 96 h. The reason 
could be the selection of different pollutants. Contra-
rily, increased HSI (p < 0.0001) was also observed in 
the present study up to 48 h of exposure as compared 
to controls which may be due to the increased capac-
ity of liver to bio-transform xenobiotics and therefore 
the enhanced the metabolism in liver. However, after 
72  h, the HSI started decreasing which may be due 
to the biotransformation of BDE-209 inside the fish 
body into the hydrophilic compounds (for example, 
less brominated PBDEs) which showed negligible 
impact and got excreted out of body; as a result, the 
species was adapted to the existing environment and 
therefore recovered normal metabolism of the body 
(Fig. 1). In many studies, biometric parameters have 
been used as stress monitoring biomarkers to assess 
the presence of various pollutants (Huuskonen & 
Lindström-Seppä, 1995; Kumari et al., 2014). Noyes 
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et  al. (2011) also showed altered histopathological 
effects such as increased hypertrophy and liver phe-
notypic alterations in the fishes (fathead minnows) in 
the presence of BDE-209.

Enzymatic parameters

Cholinesterase is one of the essential enzymes for the 
proper functioning of the nervous system. AChE enzyme 
breaks the substrate acetylcholine into acetic acid and 
choline and mediates the transmission of the impulses. 
There was a slight decrease in AChE activity up to  
24 h. However, after 24 h, the activity decreased nearly 
by twofold indicating severe impact of BDE-209 on  

neurotransmission activity of brain (Fig. 2). The observed 
inhibition in AChE activity is due to the accumulation 
of acetylcholine (AChE), a neurotransmitter at synaptic 
junction. The suppression of AChE activity is very well 
reflected through reduced locomotory motion of the 
fishes which is a major behavioural change (Rao et al., 
2005). It was therefore inferred that BDE-209 has an 
affinity for fish AChE thereby affecting its secretion and 
locomotory behaviour in fishes. Reduced AChE levels 
are also reported to cause enhanced activation of cholin-
ergic neurons, which can cause tremors, convulsions, and 
irregular or lethargic swimming (Almeida et  al., 2010; 
Fernández-Vega et al., 2002). Similar observations with 
respect to lethargic movements were also observed in the 

Fig. 1  Effect of PBDE on 
Condition Factor (K) and 
Hepato-somatic Index (HSI) 
of liver of Labeo rohita 
(p < 0.0001)
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Fig. 2  Effect of PBDE 
on AChE activity in serum 
of Labeo rohita (p < 0.0001)
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present study. It is also stated that, when AChE activity 
declines, it causes the termination of acetylcholine recep-
tor functioning and nerve membranous posterior func-
tioning, putting organisms in an excited state for a long 
time and causing maladjustments and mortality as well 
in most cases (Han et al., 2010). Xie et al. (2014) also 
showed decreased AChE activity with increased dose of 
BDE-209 in gold fishes. He further stated that the mix-
ture of different congeners had more pronounced inhibi-
tory effect on AChE activity in comparison to individual 
compound exposure. Significant decrease in AChE activ-
ity was also reported by Khare et al. (2019) while inves-
tigating the synergistic effect of pesticide, carbayl, and 
methyl parathion on Catla catla. Similar observations 
were also made by Nephale et al. (2021) in fish Clarias 
gariepinus in the presence of various organic pollutants. 
Lu et al. (2013) assessed the effects of PBDE compounds 
(BDE-47 and BDE-99) on Carassius auratus (gold 
fish) and found altered AChE and catalase activity after 
24–48 h. He further stated that AChE activity in brains 
tends to decrease with time and is also dose-dependent. 
It was also observed that after 48 h, the AChE activity 
began to increase slightly in the present study indicating 
the recovery of normal metabolism in exposed fishes and 
short-term effect of PBDE-exposure on AChE activity.

LDH activity acts as an indicator of anaerobio-
sis, which might be beneficial for the fishes to toler-
ate hypoxia under stressed condition due to toxicant 
exposure. LDH activity was significantly increased 
in exposed fishes (Fig.  3) indicating anaerobic mode 
of metabolism and impairment of aerobic pyruvate 

(Kumari & Sinha, 2010;  Kumari, 2006). There was 
a significant difference between the LDH activity 
(p < 0.0001) of control fish and fish that were exposed 
for 24 h, and after 72 h, the activity increased drasti-
cally; this could be justified with the fact of debromina-
tion of PBDE to lower congeners after 72 h of expo-
sure posing significant threat (Roberts et  al., 2011). 
Similar trend in LDH activity was reported by Khare 
et al. (2019), when Catla catla were exposed to methyl 
parathion and carbayl. Similarly, increased LDH activ-
ity was also reported by Nephale et  al. (2021) when 
specific biomarker study was conducted in fish Clarias 
gariepinus. Therefore, studies suggest that LDH can 
be used as the biomarker for biotransformation activity 
of various pollutants. Increased LDH activity was also 
shown by Kodavanti et al. (2005) in rat neuron cultures 
in response to exposure to PBDE compound (BDE-
47). On the contrary, the SDH activity (p < 0.0001) 
decreased tremendously after 24 h of exposure and the 
decrease in the activity continued till 96 h, contrary to 
the increase in LDH activity due to anaerobic mode 
of respiration because of toxicant (BDE-209)-induced 
stress condition (Fig. 3). Similarly, the decrease in SDH 
activity was also observed in spotted seabass (Lateo‑
labrax maculatus) and Cyprinus carpio; however, the 
changes were monitored in response to abiotic param-
eters such as water temperatures and dietary protein/
energy ration (Lu et  al., 2019; Vodianitskyi et  al., 
2021). One study investigated the effect of Bisphenol 
S in fresh water fish, Oreochromis Mossambicus, and 
they found a decreased SDH activity like in this present 

Fig. 3  Effect of PBDE on 
LDH in muscle and SDH 
activity in liver of Labeo 
rohita (p < 0.0001)
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study (Anjali et al., 2021). SDH is the only mitochon-
drial metabolic enzyme. The decreased SDH activity 
indicates its inhibition at mitochondrial level which, 
as an alternative, enhances the other pathways for car-
bohydrate metabolism (Anjali et  al., 2021; Kumari & 
Sinha, 2010; Srivastava et al., 2016).

ALP is hydrolase enzyme responsible for remov-
ing phosphate group from various types of mol-
ecules like protein, nucleotides, and alkaloids. In the 
present study, ALP activity (p < 0.0001) in serum 
was decreased by many folds as compared to control 
samples (Fig. 4). However, after 72 h, slight reversal 
in the activity was observed which could be due to 
the release of enzymes directly into the bloodstream. 
The results were analogous to the pronouncement 
of Kumari et  al. (2015) wherein authors studied the 
effect in the presence of heavy metals. One of the most 
recent studies also showed the effect of bisphenol A, 
naphthalene, and butachlor on metabolic and anti-
oxidant enzymes of goldfish and found altered ALP 
activity like in this present study (Ebrahimzadeh et al., 
2021). Significantly higher alterations were observed 
in the ALP activity of exposed fishes in comparison 
to controls. Similar response was also observed by 
Alonso et  al. (2010) wherein BDE-99 exposure sig-
nificantly altered the ALP activity in adult male rats. 
Likewise, the enzyme CK catalyses the conversion 
of creatine and consumes adenosine triphosphate 
(ATP) to create phosphocreatine (PCr) and adeno-
sine diphosphate (ADP). CK is an enzyme assayed in 
blood as a marker of myocardial infraction or severe 

muscular breakdown (Silverman et al., 1976). Induced 
CK activity (p < 0.0001) was observed in just 24 h of 
exposure; after 48 h, a marked increase in activity was 
observed indicating significant muscular damage due 
to toxicity induced by BDE-209 (Fig.  4). Oxidative 
stress along with renal dysfunction was also reported 
by Milovanovic et al. (2018) in Wistar rats after suba-
cute exposure to BDE-209 and various alterations in 
biochemical parameters by Banaee et al. (2014) which 
was associated with the reduction in fish muscles 
(Alburnus mossulensis) exposed to sub-lethal concen-
trations of fenpropathrin.

SGOT and SGPT play important role in the pro-
tein metabolism. It is well-known that the increase 
in SGPT activity is an index to liver damage (Hsu 
et  al.,  2003). Significant alteration was observed in 
SGOT (p < 0.0001) and SGPT (p < 0.0001) in serum 
(Fig. 5). The SGOT and SGPT activity decreased in 
comparison to controls; however, it increased after 
72  h showing delayed response of this chemical on 
these biomarkers. Similar trends were also reported in 
the study of Ebrahimzadeh et al. (2021) in which the 
evaluation of toxicity was based on 21 days of expo-
sure of bisphenol A, naphthalene, and butachlor to 
gold fish. Studies have confirmed that the decreased 
SGOT and SGPT activity is due to cell injury 
(Gabriel et  al., 2012; Muralidharan, 2014). On the 
contrary, in liver and muscles, the SGOT and SGPT 
activity was found to be increased in the presence 
of polyaromatic hydrocarbons in Ramnogaster arcu‑
ate and Pangasianodon (Kumar et  al., 2020; Ronda 

Fig. 4  Effect of PBDE 
on CK and ALP activity 
in serum of Labeo rohita 
(p < 0.0001)
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et al., 2019). The increased expression is because of 
stress conditions in fishes or due to cell injury which 
demands high energy; as a result, aminotransferases 
mediated interconversion of carbohydrate and pro-
tein metabolism occurs, increasing the expression of 
SGPT and SGOT (Kumar et al., 2020; Ronda et al., 
2019). Thus, it can be concluded that such enzy-
matic activity can be successfully used as indicator 
of fish health. The decrease in catalase activity was 
also observed which is probably due to formation of 
highly reactive oxygen species (hydroxyl species) 
in the presence of toxicants which indicates the oxi-
dative stress in the fishes. CAT is a  H2O2 scavenger 
which prevents its formation and thus protects from 
the deleterious effect caused by oxidative damage 
(Lukaszewicz-Hussain,  2010; Talas et  al., 2008). In 
the present study, the catalytic activity increased in 
liver, gills, muscle, and brain after 24 h. After 48 h 
of exposure, increasing trends were noticed and then 
after 72  h, drastic increase in the CAT activity in 
brain (p < 0.0001) was observed. Whereas, in mus-
cle, the catalase activity (p < 0.0001) showed minor 
alterations till 48 h but increased significantly during 
72  h. Significant alteration in CAT activity in gills 
(p < 0.001) was observed during 24 and 48 h whereas 
consistent increasing trend was observed in the liver 
(p < 0.0001) in the present study (Fig.  6). Similar 
results were also observed by Kumari et al. (2014) in 
which catalase activity was tested against chromium 
(IV). Li et al. (2011) also observed a decrease in the 
activity in brain under the effect of different pollutants 

(carbamazepine) in rainbow trout. Slaninova et  al. 
(2014) also showed increased CAT activity in the 
liver, gills, and kidney in L. rohita in the presence of 
Malathion. One study specific to BDE-209 also indi-
cated significant alterations in CAT activity in the 
liver after BDE-209 exposure in gold fish (Xie et al., 
2014). On the contrary, the decreased CAT activity 
was observed in L. rohita in gill and liver; however, 
the comparison was made in between reference and 
water polluted with heavy metals wherein the cause 
of decreased activity in L. rohita was suggested to be 
the overproduction of SOD (Mahamood et al., 2021). 
Lu et al. (2013) also showed significantly altered CAT 
activity in gold fish exposed to BDE-47 and BDE-99; 
however, the alterations were highly significant at 
higher doses in comparison to lower doses and also, 
there was not any linearity in between the activity and 
the time (i.e. the time dependence was not apparent). 
The decreased CAT activity was also observed by 
Iglesias et al. (2021) in the brain of Gambusia affinis 
on exposure with BDE-209.

Raldúa et  al. (2008) also evaluated multiple bio-
chemical and histological indicators in field-exposed 
fish and discovered that PBDE concentrations were 
linked not only to high activity of phase I and II 
metabolic enzymes, oxidative stress in the liver, but 
also to neurotoxicity in the brain. Other than these, 
prominent effects on digestive enzyme (protease, 
amylase, and lipase) activities were also observed by 
Chang et  al. (2021) in fishes exposed to BDE 209. 
Furthermore, Table 1 shows numerous studies where 

Fig. 5  Effect of PBDE on 
SGPT and SGOT activity 
in serum of Labeo rohita 
(p < 0.0001)

0

10

20

30

40

50

60

0
20
40
60
80

100
120
140
160

control 24 hrs 48hrs 72hrs 96hrs

A
ct

iv
ity

 in
 U

/L

A
ct

iv
ity

 in
 U

/L

Exposure time 

SGOT SGPT

Environ Monit Assess (2022) 194: 499 Page 9 of 14    499



1 3
Vol:. (1234567890)

different fishes were exposed to BDE-209 and degra-
dation products were obtained in the long-term study. 
These studies further stated that fishes have the abil-
ity to absorb BDE-209 majorly from their diet which 
later leads to metabolism and debromination to lower 
congeners like hexa- and hepta-BDEs and meth-
oxylated and hydroxylated PBDEs as well. How-
ever, most of the studies are long-term study span-
ning 14 days–5 months and have mostly involved the 

findings on the level of debromination and its effects; 
therefore, direct comparisons were quite not feasible. 
Since, in the present study, exposure has been given 
from 24 to 96 h only and after every 24, a set of fishes 
was sacrificed to assess the immediate enzymatic bio-
markers of BDE-209 exposure, and therefore, measur-
ing the concentration in different parts of the fishes on 
long-term basis was out of the scope of the study at 
present.

Fig. 6  Effect of PBDE on 
Catalase activity in different 
tissues of Labeo rohita 
(p < 0.0001)
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Table 1  Experimental studies of BDE-209 exposure in fishes and biodegradation

S. no Experimental setup Species Test compound Comments Reference

1 Dietary exposure (1% 
bw/day for 5 days/
week) for 5 months

Rainbow trout (Oncorhynchus 
mykiss)

BDE-209 
(98.7% pure)

Degradation products: 
nonaBDEs (-206, -207, 
-208) (37%); 6 octaBDEs 
(incl, BDE-201 and -202) 
(32%); heptaBDEs (mostly 
BDE-188 and 3 others)

Stapleton et al., 
(2006)

2 Dietary exposure (0.1, 
1, 2 μg/g diet) for 
30 days

Lake whitefish (Coregonus 
clupeaformis)

BDE-209 
(Purity not 
given)

NonaBDEs (-206, -207, 
-208) were found as 
degradation products

Kuo et al., (2010)

3 Dietary exposure 
(8–10 μg/g of food 
at 5% bw/day) for 
28 days followed by 
14 days depuration

Fathead minnow (Pimephales 
promelas)

BDE-209 (98% 
pure)

Degraded to octaBDEs (-201, 
-202); heptaBDEs (-179, 
188); hexaBDEs (-154

Noyes et al., (2011)

4 Dietary exposure 
(150 μg/day/fish) 
over 20 days at 
22 °C

Common carp (Cyprinus 
carpio)

BDE-209 
(Purity not 
given)

Degraded to BDE-47, 
BDE-154, -155, -149, 
-188, -179, -201 and -202

Zeng et al., (2012)
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The comparison of control with exposed fishes in 
the present study showed very clear differences in 
various enzymatic levels because of direct exposure 
of fishes to BDE-209 via food; therefore, a clear asso-
ciation between exposure and enzymatic alterations 
was well identified in this study, and thus, the iden-
tified biomarkers can be used in future monitoring 
program of PBDEs-linked exposure assessment. In 
addition, no such study has been published in Indian 
context; therefore, this kind of study will be helpful 
in scientific domain to understand the ill effect of 
PBDEs either individual or in combination with dif-
ferent congeners on different biota especially fishes 
which would be beneficial to conduct the risk assess-
ment for environmental scenarios explaining the con-
cerns for top predators and humans.

Conclusion

The studies focusing on toxic effect of PBDE on 
fishes are limited in India, which is very important 
as Indian carps like L. rohita, Catla catla, and other 
fishes are an essential part of Indian diet and fresh 
water food chains. In this study, the PBDE (BDE-
209) had severely affected the optimum metabolism 
of L. rohita which resulted in decrease physiological 
condition such as condition factor. The LDH activ-
ity was significantly increased indicating hypoxic 
condition. Similarly, alterations in normal enzymatic 
activities of SDH, SGOT, SGPT, ALP, CK, and CAT 
were also observed indicating higher stress conditions 
in the surrounding water due to BDE-209 exposure; 
however, no mortality was observed. We can con-
clude that fishes may be considered as  a sensitive 
bio-indicator to the pollution in the water bodies and 
the enzymatic biomarkers can be remarkably used 
for monitoring of pollution in water. Moreover, it is 
important to understand the biotransformation  char-
acteristics of BDE-209 to comprehend its environ-
mental fate and get a clear picture of its deleterious 
effects, which will be further  useful for conduct-
ing  risk assessment and health hazards  studies. The 
application of biomarker is quite feasible in labora-
tory condition, but application to the field situation 
becomes quite challenging because of factors such as 
uptake, absorption, and chemical speciation and accu-
mulation in tissue through food chain. Hence, appli-
cation of biomarker at laboratory level becomes pri-
mary and the most important step towards succession 

of application of biomarker at field level. Extensive 
research is required to study the individual as well as 
synergistic effect of various pollutants in laboratory 
condition prior applying to the actual field.

Few important points should be considered while 
using the same strategy developed in lab conditions 
to diagnose the health of aquatic ecosystem in field 
condition. A suite of sensitive multiple biomarkers 
that encompasses specificity to different contami-
nant classes should be used detecting both short-term 
responses as well as long-term ecologically relevant 
endpoints to provide a weight-of-evidence approach 
for establishing relationships between environmen-
tal stressors and ecological effects. The experimental 
designs must focus in multiple biomarker approach 
with greater sample size, long-term biomonitoring, and 
knowledge about organisms’ ecological aspects which 
will enable a better data interpretation on the envi-
ronmental quality, as well as the interference of non-
polluting factors in the biomarker responses at a field 
level.
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