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Abstract: (1) Background: The water quality of the River Mahananda has continuously deteriorated, due to in- 11 
creased exposure of untreated wastewater from the urban areas, increasing the concentration of anthropogenic tox- 12 
icants in aquatic environments that might enhance the cellular oxidative stress induced physiological imbalance on 13 
the aquatic biota; (2) Methods: In the present study, we have assessed the water quality of the River Mahananda 14 
and evaluate its detrimental effects on the oxidative stress parameters and neurotoxic biomarker of Cirrhinus reba; 15 
(3) Results: The principal component analysis revealed significant impact of zinc, copper, fluoride, and ammonia 16 
on the pollution status of the River Mahananda. A significant decrease in the activity of superoxide dismutase, 17 
catalase and glutathione reductase was observed in the liver, while significantly increased (p<0.001) concentrations 18 
of TBARS in the liver, kidney, brain and gill of C. reba were found at the polluted sites. An organ-specific signifi- 19 
cant decrease (p<0.001) in the acetylcholinesterase activity was noted in the brain tissue of C. reba at the polluted 20 
sites (S2<S3<S4) compared to the control; (4) Conclusions: The result of our study indicates the noxious impact of 21 
anthropogenic pollutants on the physiological metabolisms of Cirrhinus reba, an alternative model for ecotoxico- 22 
logical study. 23 
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 31 

1. INTRODUCTION 32 

Freshwater pollution is a major global concern, contributed by rapid industrialization, agricultural activi- 33 
ties, population growth, and urbanization (Qin et al. 2020). Anthropogenic pollution significantly contributes to 34 
the degradation of river water quality, particularly in urban regions where water quality monitoring is severely 35 
hindered by inadequate testing facilities and capabilities (Chen et al. 2022). Nowadays, the issue of 36 
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anthropogenic pollution and its effects on the aquatic ecosystem has gained immense attention. Anthropo-genic 37 
pollutants viz., heavy metals, pesticides, microplastics etc. affect aquatic animals by generating oxidative stress 38 
mediated by reactive oxygen species (ROS) like superoxide radicals (O2

•-) in their cells and hampers cellular 39 
metabolism (Melegari et al. 2013; Rahman et al., 2024). The gradual accumulation of these ROS collapses the 40 
antioxidant machinery, which in turn, generates a number of free radicals viz. NO2

•, OH•, ONOO− and others 41 
(Tharmalingam et al. 2017). The over accumulation of these free radicals causes lipid peroxidation, protein 42 
denaturation, DNA damage, alteration in the tis-sue architectures and neurotoxicity via modulation of the en- 43 
zyme acetylcholinesterase (AChE) (Hore et al. 2023; Sharma et al., 2023). The alteration in AChE activity is 44 
responsible for several essential physiological functions in fishes including locomotion, prey detection and con- 45 
sumption, social communication and others. The modulation in AChE activity may be attributed to several 46 
anthropogenic activities, viz. agricultural runoff, gardening, and biomedical waste, etc. (Massei et al. 2023).  47 

The River Mahananda, a transboundary Himalayan River, flowing through the Malda district of West Ben- 48 
gal, India, is presently suffering from anthropogenic crisis and its water quality along with-it biota is continu- 49 
ously deteriorating (Hore et al. 2023). As the population along the river bed continues to grow, untreated 50 
wastewater as well as agricultural runoff are discharged increasingly into the river (Mondal & Sinha 2020). 51 
Some regions of the river bed are utilized as dumping sites, where all the sewages from urban areas and farms 52 
cause the water flow to cease. These anthropogenic disturbances not only deteriorate the physico-chemical qual- 53 
ities of the river water but also have deleterious effects on its aquatic biota, and due to which numerous indige- 54 
nous fish species have declined in this river, causing a major economical seatback to the local fishermen. 55 

To assess the effects of anthropogenic toxicants, fishes have been considered as potential bio-indicators 56 
(Ali et al. 2020). Cirrhinus reba is one of the most popular Gangetic edible fish species in this region with high 57 
nutritional values that play a significant role in the local economy. In recent years, a notable decline has observed 58 
in C. reba population in the River Mahananda, which may be attributed to overfishing, habitat degradation, and 59 
other man-made ecological disturbances. Therefore, the present study was aimed to investigate the effects of 60 
the anthropogenic pollutants on (a) the water physico-chemical properties of the River Mahananda, and (b) to 61 
evaluate its detrimental effects on the enzymatic- (superoxide dismutase, catalase, glutathione peroxidase and 62 
glutathione reductase) and non-enzymatic (reduced and oxidized glutathione) antioxidants, cellular lipid perox- 63 
idation, and acetylcholinesterase activity. 64 

2. MATERIALS AND METHODS 65 

2.1. Description of the sampling sites 66 

The study area was divided into four sampling sites, S1, S2, S3 and S4 (Fig. 1). S1, the upstream sampling 67 
site (25°03'39.1"N, 88°07'50.5"E to 25°03'00.2"N, 88°08'01.6"E) exhibits low population density and minimal 68 
anthropogenic activities, followed by the S2 (25°01'01.8"N, 88°08'24.6"E to 25°00'28.7"N, 88°09'12.9"E) and 69 
S3 (24°59'43.2"N, 88°08'59.3"E to 24°58'57.1"N, 88°09'05.4"E) sampling sites, characterized by high popula- 70 
tion density and potential anthropogenic activities. The S4 sampling site of the river is the downstream region 71 
(24°58'21.7"N, 88°09'46.7"E to 24°57'51.0"N, 88°10'28.1"E), exhibited lower anthropogenic activity compare 72 
to the S2 and S3 sampling sites. 73 

 74 

2.2. Collection of samples (water and fish) 75 
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Samples (water and Cirrhinus reba) were collected from different sampling sites twice a month in March, 76 
April, May and June, 2024, as per the standard method (Central Pollution Control Board, 2007). Cirrhinus reba 77 
(six in number) (body weight: 80±15 g, each) were sampled from each site using fish nets, and brought alive 78 
into the laboratory for further evaluation.  79 

Fig. 1: Location map of the study area in the River Mahananda, Malda. 80 

2.3. Experimental methods 81 

2.3.1. Estimation of the water physico-chemical parameters and evaluation of the water pollution load 82 

In order to assess the physico-chemical quality of the River Mahananda, physical parameters, including tem- 83 
perature, total dissolved solids (TDS) and electrical conductivity (EC); and chemical parameters such as pH, 84 
dissolved carbon dioxide, dissolved oxygen, total alkalinity, total hardness, calcium hardness, ammonia, free 85 
chlorine, chloride, nitrate, nitrite and fluoride were measured. Fe(total), Zn2+, Cu2+ were also estimated to de- 86 
termine the load of heavy metals in the sampled water. Quantification of all the physico-chemical parameters 87 
was performed using “HANNA instruments” and "HIMEDIA AQUA CheckTM water analysis system". 88 

To evaluate the pollution load in the river, Water Pollution Index (WPI) was computed as per the standard 89 
method developed by Hossain & Patra (2020), considering the combined effect of all estimated water physico- 90 
chemical parameters including heavy metals, based on their upper permissible limits (Bureau of Indian Stand- 91 
ards, 2012). According to the authors, it is an alternative approach that disregards the issues of opacity, 92 
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weighting, and aggregation related to the other conventional methods and easy to compute, flexible and allows 93 
incorporation of several parameters as per requirement. WPI is considered as a precise comprehensive method 94 
for illustrating surface water quality in relation to pollution. The result of WPI scores were categorized into 95 
“excellent” (WPI <0.5), “good” (WPI 0.5–0.75), “moderately polluted” (WPI = 0.75–1), and “highly polluted” 96 
(WPI >1) to classify the water quality or pollution load.  97 

2.3.2. Preparation of tissue homogenate and biochemical analysis of oxidative stress parameters 98 

Liver, kidney, brain and gill tissues were isolated from C. reba immediately after sampling to prepare tissue 99 
homogenate. Tissue homogenates were prepared using 0.1M Na/K phosphate buffer; pH 8, 0.1% Triton X-100 100 
and 0.6% sulfosalicylic acid in potassium phosphate buffer and 1% Triton X-100 (1:9, w/v) and centrifuged at 101 
3500g at 4ºC for 30 min. Following centrifugation, the supernatant was collected and stored at -20 ºC for further 102 
assessment. 103 

2.3.3. Estimation of intracellular enzymatic- and non-enzymatic antioxidants 104 

The relative enzymatic activity of superoxide dismutase (SOD) has been measured using a standard protocol 105 
with slight modifications and defined as U/mg protein, where a single unit (U) signifies 50% inhibition of the 106 
formation of the tetrazolium salt (Kumari et al. 2014). Briefly, 0.025 ml of liver homogenate was mixed subse- 107 
quently with 0.975 ml phosphate buffer (0.1 M, pH 7.5), followed by 24 µM riboflavin, 840 µM nitro blue 108 
tetrazolium (NBT), 1.2 mM Na2-EDTA, and 150 mM methionine. Following an incubation period of half an 109 
hour, the absorbance change in the reaction mixture was measured at 560 nm. The CAT activity was determined 110 
according to the conventional method which measures the decreasing concentration rate of H2O2, spectropho- 111 
tometrically at 240 nm and expressed by k/ml where, k is the rate constant of first-order reaction  (Aebi, 1984). 112 
GPx activity was measured based on the Box-Behnken design (BBD) (Ahmed et al. 2021). The enzyme activity 113 
was determined via spectrophotometrically measuring the rate of reduction of Cu (II)-neocuproine complex (Cu 114 
(Nc)2

2+) to strongly colored Cu(I)-neocuproine complex (Cu (Nc)2
+) at 450 nm. GR activity was measured ac- 115 

cording to a standard method, which involved spectrophotometric analysis of NADPH oxidation at 340 nm, 116 
coupled with the reduction of GSSG (Mannervik, 1999). Briefly, 0.2 M EDTA-Phosphate buffer (pH 7.0) was 117 
mixed with 20 mM oxidized glutathione followed by 2 mM NADPH solution and tissue homogenate in a ratio 118 
of 10:1:1:0.2, well mixed and then measured at 340 nm. Intracellular GSH and GSSG concentration was deter- 119 
mined spectrophotometrically, where the absorbance of yellow-colored 5′-thio-2-nitrobenzoic acid was meas- 120 
ured at 412 nm (Rahman et al. 2006). 121 

2.3.4. Estimation of cellular lipid peroxidation 122 

Cellular lipid peroxidation level was determined spectrophotometrically by quantifying the level of thiobarbi- 123 
turic acid reactive substances (TBARS) at 535 nm and expressed as nmoles per mg protein (extinction coeffi- 124 
cient, 1.56×10-5 M−1cm−1) (Dubovskiy et al., 2008). Briefly, the liver, kidney, gill and brain tissue homogenates 125 
were mixed with 20% trichloroacetic acid (TCA) and 0.8% thiobarbituric acid (TBA) followed by an incubation 126 
period of 1 hour in a boiling water bath. After the incubation, the reaction mixtures were cooled, and centrifuged 127 
at 15000g for 10 min and the supernatant was separated to measure the concentration of TBARS. 128 

2.3.5. Estimation of acetylcholinesterase activity 129 

The activity of acetylcholinesterase (AChE) was determined according to a standard method (Ellman et al., 130 
1961). Briefly, the reaction mixtures of tissue homogenate (liver and brain) and phosphate buffer (pH 8, 0.1M) 131 
were mixed with 25 µl DTNB (0.01M) and measured the absorbance at 412nm till the OD was stabilized. After 132 
that, acetylthiocholine iodide was added to the reaction mixture. The rate of change of absorbance was measured 133 
at 412 nm in a plate reader (Bio-Rad, Hercules, USA). 134 

2.4. Statistical analysis 135 
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Shapiro-Wilk test was performed to determine the normality of the data set. Differences in mean ± SD (n = 136 
6) between the groups [comparing S2, S3, S4 with S1 (as control)] were evaluated employing one-way ANOVA, 137 
followed by Dunnett's test.  p < 0.05 was considered as the level of significance. Standardized Principal Com- 138 
ponent Analysis (PCA) was performed to identify the predominant contributors of the water quality deteriora- 139 
tion in the river. Pearson's correlation (r) test was also performed to assess the correlations between the contrib- 140 
utors of water pollution and oxidative stress biomarkers. All statistical analyses were performed using XLSTAT 141 
2016 and KyPlot 6.0. 142 

3. RESULTS  143 

3.1. Determination of water pollution level and identification of the major contributors of pollution 144 

The general physico-chemical nature and quality of the river water are depicted in Fig. 2, which clearly 145 
demonstrates that the sampling sites S2, S3 and S4 of the River Mahananda possess a varying degree of pollution 146 
load. In our present study. It was noted that, among the physical parameters, TDS was significantly increased 147 
(p≤0.01) at the S2, S3 and S4 sampling sites of the River Mahananda, when compared to control site S1. The 148 
highest value of dissolved oxygen was recorded at S1 while, an average value of 6.61±0.17 at the downstream 149 
sites, very close to the lower permissible limit (Bureau of Indian Standards, 2012). Total hardness, calcium 150 
hardness and total alkalinity were found to be significantly higher at S2 sampling sites followed by S3>S4>S1 151 
(control site) respectively. The highest concentration of ammonia was recorded at the S2 and S3 (0.35±0.11 152 
mg/L) sampling sites, approximately three times higher than the S1 (0.13±0.04 mg/L) sampling site along with 153 
the measured anionic concentrations sequenced in order of Cl−>NO3

−>NO2
− at the polluted sites compare to 154 

control. Zn2+ and Cu2+ were both found to be significantly higher at S2 site with the highest value of 11.44±1.10 155 

mg/L and 0.95±0.62 mg/L respectively, exceeding the value of the upper permissible limit (Bureau of Indian 156 
Standards, 2012). The sampling site S1 showed “Excellent” water quality as indicated by WPI (0.309), maybe 157 
due to low population density and fewer anthropogenic disturbances. In contrast, the WPI of the S2 and S3 were 158 
found to be 1.3 and 1.5, respectively, representing “highly polluted” water quality, mainly attributed to the 159 
exposure and overaccumulation of anthropogenic toxicants in these regions of the River Mahananda. The S4 160 
sampling site exhibited a WPI of 0.76. Although the population load and anthropogenic disturbances around the 161 
S4 sampling site were negligible, the pollutants from the upstream region (S2 and S3) tend to accumulate in this 162 
region making it “moderately polluted”.  163 
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  Fig. 2: Water physico-chemical parameters of different sampling sites in the River Mahananda, Malda. 164 

To reduce the dimensionality of the dataset and define the principal contributors to water pollution, princi- 165 
pal component analysis (PCA) was performed using the physico-chemical parameters of the water. In the prin- 166 
cipal component analysis of the physicochemical properties of water, the principal components PC1, PC2, and 167 
PC3 can account for 100% of the variation in the data set; of these, PC1 and PC2 explain 76.87% and 13.88% 168 
of the total variance (Fig. 3). From the outcomes of PCA, it was confirmed that heavy metals like zinc and 169 
copper, fluoride, and ammonia, were the principal contributors to polluted water quality, in association with pH, 170 
electric conductivity, TDS, total hardness, calcium hardness, total alkalinity and chloride were the principal 171 
descriptors that had a great impact on the water quality of the River Mahananda, determining the pollution 172 
levels. 173 

 174 

 175 

Fig. 3: (a) The PCA biplot and (b) factor loading of water physico-chemical parameters of the River Mahananda, Malda. 176 

3.2. Estimation of oxidative stress biomarkers 177 

Oxidative stress biomarkers, including intracellular antioxidant enzymes (SOD, CAT, GPx, and GR), non-en- 178 
zymatic antioxidants (GSH and GSSG), lipid peroxidation, and acetylcholinesterase activity, are widely utilized 179 
biomarkers to assess the vulnerability and adverse effects of aquatic pollution on fish (Varó et al., 2002). The 180 
results of estimated oxidative stress biomarkers in C. reba are shown in Table 1, which demonstrates the signif- 181 
icant alterations in antioxidant enzymes and other oxidative parameters attributed to anthropogenic stresses. 182 
 183 
Table 1. Oxidative stress biomarkers of Cirrhinus reba collected from the River Mahananda 184 
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 185 
¶ all values are mean ± SD of six observations. 186 
*p < 0.05 when compared with S1 (control) (significantly different). 187 
**p < 0.01 when compared with S1 (control) (significantly different). 188 
***p < 0.001 when compared with S1 (control) (significantly different). 189 

In our present study, it was clearly observed that among the intracellular antioxidant enzymes, only the 190 
activity of SOD and CAT were significantly decreased (p<0.001) in the liver tiver tissue of C. reba collected 191 
from the polluted sites (S2 and S3), and S4 of river Mahananda, compared to control S1 site. A significant 192 
decrease (p<0.001) in the AChE activity was noted only in the brain tissue of C. reba at the polluted sites 193 
(S2<S3<S4) compared to the control (Fig. 4). On the other hand, the concentration of reduced glutathione 194 
(GSH) was found to be significantly lower (p<0.001 and p<0.01), while higher (p<0.01 and p<0.05) concentra- 195 
tion of GSSG was found in the liver of C. reba in the polluted sites, compared to control. Notable alterations in 196 
the amount of TBARS concentrations were observed in the case of all organs (liver, kidney, brain and gill) of 197 
C. reba which depicted increased levels of cellular lipid peroxidation in the organism. 198 

Fig. 4: The activity of acetylcholinesterase of Cirrhinus reba collected from the River Mahananda, Malda. 199 

4. DISCUSSION 200 

The health of aquatic ecosystems is significantly influenced by water quality, which is determined by 201 
various physico-chemical and biochemical parameters. Consistent evaluation of these water quality parameters 202 
is becoming a more crucial component in managing and protecting aquatic ecosystems (Boussaha et al., 2024). 203 
In our present study, we have observed a higher degree of pollution load of the River Mahananda in the regions 204 
which are in proximity to the densely populated area, attributed to the deteriorating water quality. The 205 

Biomarkers S1 S2 S3 S4 
SOD (U/mg protein) 0.085±0.01 0.048±0.008*** 0.045±0.01*** 0.053±0.01*** 
CAT (k/ml) 8.017±1.19 1.678±0.55*** 1.783±0.73*** 2.378±0.32*** 
GPx (U/mg protein) 0.352±0.09 0.275±0.09 0.33±0.09 0.328±0.10 
GR (U/mg protein) 0.187±0.03 0.118±0.05* 0.127±0.05 0.125±0.04 
GSH (nM/mg protein) 16.778±1.56 11.208±2.27*** 9.623±2.04*** 12.665±2.26** 
GSSG (nM/mg protein) 9.377±1.31 11.482±0.91* 12.285±1.96** 10.647±0.72 
TBARS (L) (nmoles/l. min ×10-6 mg protein) 94.552±9.48 374.643±112.71*** 414.173±107.57*** 215.6±60.55 
TBARS (K) (nmoles/l. min ×10-6 mg protein) 76.240±14.30 360.258±44.33*** 374.502±80.15*** 204.460±55.77** 
TBARS (B) (nmoles/l. min ×10-6 mg protein) 67.038±4.22 377.9±74.08*** 313.973±57.33*** 233.347±68.27*** 
TBARS (G) (nmoles/l. min ×10-6 mg protein) 89.6±10.74 443.555±130.28*** 374.928±37.70*** 278.017±89.82** 
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anthropogenic interferences in and around these areas influence the amount, duration of exposure, and chemical 206 
composition of the contaminants that may hamper the water resources, all along the sedimentation process. 207 
Hence, it is reasonable to assume that the deterioration in water quality is a major issue that is influenced by 208 
urbanization and its noxious intervention with the water resources (Umwali et al., 2021). Dey (2022) found that 209 
the deterioration of these water quality mainly influenced by the increased population burden in an around the 210 
river bank of the River Mahananda, Malda.  As per our findings, notable alterations in DO, EC, TDS, hardness 211 
of the water, alkalinity, ammonia and presence of the heavy metals viz., zinc, copper, and iron may be respon- 212 
sible for deteriorating water quality. The concentration of dissolved oxygen at the polluted sites was found to 213 
be decreased by approximately 40% compared to the control, while the concentration of dissolved CO2 was 214 
increased by 50% (approx.) at the S3 sampling site. Decreased levels of dissolved oxygen are most frequent in 215 
surface water due to the deposition of untreated organic Wastewater and biogenic and humus fecal materials 216 
(Aristarkhova et al., 2021). Reduced concentrations of DO in river water can profoundly affect aquatic ecosys- 217 
tems, water quality, and environmental health (Rajesh & Rehana, 2022). Total hardness, calcium hardness 218 
and total alkalinity were found highest at S2 sampling sites in an order of S3>S4>S1 respectively. Calcium- 219 
based compounds can be found in a variety of solid wastes, including building and demolition waste, lime 220 
dewatering sludge, household garbage, and municipal solid waste incineration residue. The disposal of these 221 
untreated pollutant sources may increase water hardness and alkalinity (Li et al., 2021).  Increased concentration 222 
of TDS by several folds in the river water is also impacted by over-urbanization as the surface impermeability 223 
of urban areas allows several anthropogenic dissolved solids from buildings, construction sites, roads and other 224 
urban infrastructures to flow into rivers (Adjovu et al., 2023). Similar kind of results were also recorded in 225 
previous studies conducting the water quality of River Mahananda, Siliguri, West Bengal and it was found that 226 
electric conductivity, TDS, dissolved oxygen, and chloride were highly influenced by the dense population and 227 
associated anthropogenic activities in this area, altering the water quality (Parween et al. 2022; Shil et al. 2019). 228 
It was also found that the river flow was ceased in some downstream regions due to the accumulation and 229 
dumping of urban wastes. According to our previous study, the urban anthropogenic sources can alter the water 230 
physico-chemical parameters, affecting the water quality of the river (Hore et al., 2023). Similarly, the current 231 
pollution status of the Upper Awash River Basin, Ethiopia is an example of anthropogenic stressors induced 232 
riverine pollution, attributed to the presence of excessive amounts of heavy metals coming from various indus- 233 
trial sources (Dessie et al., 2022). In this present study, we have also detected heavy metals i.e., zinc, iron, 234 
copper and fluoride, exceeding the upper permissible limits, indicating metallic contamination in the river water. 235 
According to Shil & Singh (2019), this metalloid contamination in the River Mahananda may arise from house- 236 
hold and municipal wastes, not industrialization, an indication of anthropogenic pollution. This increased con- 237 
centration of Zn2+, Cu2+, Fe (total) and F− at the downstream sites of the River Mahananda may be due to the 238 
improper disposal of urban solid wastes viz., rubber garbage, battery trash, discarded electronic gadgets, and 239 
other e-wastes (Ishchenko, 2019).  240 
 241 

Pollutants may act as an exogenous factor that elevates the physiological and cellular oxidative stress via 242 
dysregulating ROS generation and the cellular protection mechanism against it (Song et al., 2023). An imbal- 243 
ance between the production and neutralization of reactive oxygen species (ROS) leads to oxidative stress. 244 
Excessive oxidative stress can hamper cells and tissues via DNA hydroxylation, protein denaturation, lipid 245 
peroxidation, and cell death. In the present study, it was noted that among the oxidative stress parameters, the 246 
highest fall in the enzymatic activity from the control was observed in the case of catalase (75.72%) followed 247 
by SOD (41.04%) in the liver, while, acetylcholinesterase (71.24%) in the brain of C. reba collected from the 248 
polluted sites. An excessive amount of O2

•- may lower SOD activity, which could hasten the influx of O2
•- and 249 

cause the catalase enzyme to become inactive, which may activate certain redox-sensitive pathways  (Kono & 250 
Fridovich, 1982). The level of cellular lipid peroxidation was found to be increased almost six times (compared 251 
to the control) in the brain tissue followed by gill, kidney and liver C. reba collected from polluted sites of the 252 
River Mahananda. In our previous study, anthropogenic stress induced oxidative damage was noted in Puntius 253 
sarana collected from the River Mahananda, West Bengal (Hore et al., 2023). Other scientific evidences also 254 
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indicated that excessive cellular ROS generation can cease the activity of antioxidant enzymes like SOD and 255 
CAT in fishes (Azevedo et al., 2021; Carvalho et al., 2012; Naz et al., 2023). It was reported that heavy metals 256 
decrease enzymatic antioxidant activity while induce lipid peroxidation in several organs of Labio rohita, col- 257 
lected from the River Yamuna (Mahamood et al., 2021). A somewhat similar organ-specificity of AChE has 258 
been seen in Anabas testudineus, exposed to naphthalene (Nayak & Patnaik, 2021). Inhibition of acetylcholin- 259 
esterase activity in the brain tissue of fish exerts severe necrotic changes such as condensed chromatin and 260 
neuronal shrinkage along with altered biochemical parameters (Jindal & Sharma, 2019). The Pearson's correla- 261 
tion matrix revealed that zinc was positively correlated with TBARS (p<0.05), while negatively correlated with 262 
SOD (p<0.05, r=-0.979), CAT (p<0.05, r=0.947), GR (p<0.05, r=0.957), GSH (p<0.05, r=0.965) and AChE 263 
(p<0.01, r=0.991) (Fig. 5). A strong positive correlation (p<0.01) was found between concentration of copper 264 
and lipid peroxidation level. Similarly, a positive correlation was also recorded among copper, zinc and cellular 265 
lipid peroxidation levels of Leporinus obtusidens, previously studied by Gioda et al. (2007). Heavy metals are 266 
non-biodegradable and can harm aquatic biota at low concentrations. Prolonged exposure to these hazardous 267 
substances can cause oxidative stress in fish and alter cellular metabolism (Rani et al., 2022). According to 268 
Abdel-Tawwab et al. (2015), exposure to heavy metals can deteriorate the health status of fish. It has been 269 
demonstrated that elevated amounts of copper may seriously harm cells by generating an excessive amount of 270 
reactive oxygen species (Pourahmad & O’Brien, 2000). The bioaccumulation of copper and zinc in Pavlova 271 
viridis to varying concentrations resulted in increased cellular lipid peroxidation, indicating oxidative damage 272 
(M. Li et al., 2006). Exposure to 120 μg/L Cu for 48 h significantly increased the lipid peroxidation in the liver 273 
whereas significantly decreased the catalase activity in large yellow croaker (Pan et al., 2020). Waterborne Zinc 274 
at a dose of 8 mg/L for a week also considerably reduced the GSH levels in the liver and gill of Paralichthys 275 
olivaceus (Kim et al., 2019). Fluoride in urban waste comes from a variety of places, including industrial efflu- 276 
ents, agricultural runoff, domestic garbage, and sloppy trash disposal (Bahukhandi et al., 2020). Because of its 277 
high electronegativity, fluoride may inhibit enzyme activity through the generation of  278 

 279 
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Fig. 5: Heat map of the Pearson's correlation matrix between water physicochemical parameters and oxidative 280 
stress biomarkers of Cirrhinus reba. 281 

ions (Barbier et al. 2010). In our study, it seemed that fluoride was negatively correlated with SOD (p<0.05, 282 
r=-0.978), CAT (p<0.05, r=-0.953), GSH (p<0.01, r=-0.998) and AChE (p<0.05, r=-0.965). Chronic exposure 283 
to sodium fluoride in zebrafish can significantly decrease the activity of acetylcholinesterase, superoxide dis- 284 
mutase and catalase (Dondossola et al., 2022). On the other hand, increased lipid peroxidation was recorded in 285 
the liver of Heteropneustis fossilis exposed to fluoride at 35 and 70 mg/L (Yadav et al., 2015). Although there 286 
was no statistically significant change in SOD levels, fluoride at the dose of dosages of 10-50 mg/L was able to 287 
fortify TBARS associated with lipid peroxidation while decreasing CAT activity in blood. Moreover, due to 288 
alterations in enzyme metabolism and disruption of redox equilibrium, high fluoride exposure is linked to harm 289 
to cellular functions in several tissue types (Miranda et al., 2018). In aquaculture environments, ammonia is the 290 
most prevalent stressor and pollutant, and it has the potential to result in significant fish mortality through the 291 
production of oxidative stress (Parvathy et al., 2023). The oxidative stress biomarkers such as reduced glutathi- 292 
one and TBARS were found significantly correlated (p<0.05 & p<0.01) with the ammonia concentration of the 293 
River Mahananda. Similar findings were observed in various studies, where ammonia exposure at different 294 
concentrations can increase cellular lipid peroxidation whereas GSH as well as some other antioxidants were 295 
decreased in freshwater fishes (Elshopakey et al., 2023; Long et al., 2023; Zhang et al., 2023). 296 

4. CONCLUSIONS 297 

The degradation of surface water in developing nations is mostly attributed to pollution associated with 298 
urban populations, along with agricultural and industrial sources. The water quality of the River Mahananda is 299 
deteriorating due to anthropogenic contamination; this condition can be made worse by the high intensity of the 300 
exposure of anthropogenic toxicants into the river bed without proper environmental management. As per our 301 
knowledge, this is the first study to evaluate the toxic effects of anthropogenic pollutants on the oxidative stress 302 
level and associated neurotoxicity in cirrhinus reba. Our findings showed that fluoride, copper, zinc, and am- 303 
monia were the principal toxicants, which not only influenced the quality of river water but also induced cellular 304 
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ROS generation that caused multiple physiological impacts in the fish. This may be due to the over-accumula- 305 
tion of heavy metals and other toxicants. Consequently, the activity of intracellular enzymes, including SOD, 306 
CAT, and GR, was significantly decreased at polluted sites of the river may also be due to the presence of heavy 307 
metals such as, zinc and copper. The level of lipid peroxidation in the organs of C. reba collected from the 308 
polluted sites was several folds higher than that of the control. The deteriorating water quality and the presence 309 
of heavy metals also modulate the acetylcholinesterase activity via inhibition of its active catalytic site. Addi- 310 
tionally, in this investigation, we tried to identify potential pathways within a single chain that may explain the 311 
mechanism of toxicant-induced oxidative stress in fish. Future research should focus on utilizing analytical 312 
techniques such as atomic absorption spectrophotometry (AAS) and inductively coupled plasma mass spec- 313 
trometry (ICP-MS) to accurately measure the concentration of heavy metals in the river water and confirm their 314 
bioaccumulation within the fish species. High-performance liquid chromatography (HPLC), Raman Spectros- 315 
copy, etc. should be also utilized to quantify the potential presence of other toxic substances viz., microplastics, 316 
pesticides, organic pollutants, etc. that could negatively impact the health of aquatic animals, particularly fish. 317 
In conclusion, monitoring of water quality is an essential metric for achieving the “Sustainable Development 318 
Goals” and “Namami Gange Programme” pertaining to clean river water and sanitation. Our study aims to offer 319 
critical insights for policy formulation and wastewater management development by monitoring and analyzing 320 
water quality data, thereby mitigating anthropogenic activities to address this issue and protect natural resources, 321 
ensuring universal access to safe drinking water for the local people and enhanced sanitation. In order to address 322 
the growing problem of urban run-off and its impact on water quality, our research suggests that local admin- 323 
istration should implement new strategies for wastewater collection and treatment. One possible approach 324 
should be the use of adsorption and phytoremediation technologies to recycle wastewater and effectively remove 325 
heavy metals. Other strategies include aeration, bio-film, and microbial preparation and microorganism dosing 326 
technique. Moreover, our research will facilitate the cultivation and propagation of this commercially significant 327 
fish species, as well as educate the local population regarding the hazards and impact of contaminants in the 328 
water.   329 
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