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Abstract 

Mercury (Hg) can contaminate aquatic environments as a result of anthropogenic activity. Hg 

accumulates quickly in the tissues of fish and has the potential to affect their blood gas and 

electrolyte contents. Therefore, this study aimed to examine the impacts of sublethal mercury 

concentrations on blood gas and electrolyte levels of tilapia (Oreochromis niloticus) at various 

times. Fish were administered to sublethal concentrations of Hg (0.06 and 0.6 mg/L) for 4 and 15 

days. At the end of the experiment, fish were collected from each treatment to examine the levels 

of Hg and carbonic anhydrase (CA) in the gills, plasma osmolality, ions, blood pH, pCO2, pO2, 

and hematological parameters. Only fish exposed to 0.6 mg/L Hg for 15 days had the greater Hg 

concentration than in the control gills.  Hg inhibited respiration by generating metabolic acidosis, 

decreasing gill CA, reducing pO2, plasma osmolality, Cl-, Na+, and K+ only at 0.6 mg/L for for 15 

days. Similarly, red blood cell, hemoglobin, and hematocrit levels decreased only at 0.6 mg/L for 

for 15 days.  All of these impairments can limit a fish's ability to provide appropriate oxygen to its 

cells, hence diminishing its physical activity and productivity.  

 

Keywords: water pollution; mercury, osmoregulation; acid-base balance; blood, fish 
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1. Introduction 

Mercury is among the most hazardous pollutants that threaten aquatic ecosystems, as it is 

a strong neurotoxin for fish, wildlife, and humans [1]. Mercury (Hg) is released into the 

environment as a consequence of the natural weathering of rock or the activity of volcanoes. 

However, human activity is the principal source of mercury in the environment. This occurs 

through the combustion of coal to produce electricity and the discharge of waste from industrial 

processes [2]. Mercury is mostly deposited from the atmosphere in the majority of aquatic 

environments. The United States Environmental Protection Agency (USEPA) has determined that 

emissions from coal-fired power plants are the primary contributor to the presence of mercury in 

the atmosphere [3]. 

Mercury occurs naturally at very low concentrations in water. Commonly, uncontaminated 

freshwaters have 5 to 20 ng/L of total Hg, while contaminated waters can contain up to 0.5 µg/L 

[4]. Hg concentrations in river water near unregulated gold mining are between 12.7 and 13.6 µg/L 

[5]. In the vast majority of surface waters, the levels of Hg are typically much too low to have any 

direct adverse effects on either adult fish or the more sensitive early life stages of fish [6]. Acute 

toxicity of Hg to fish species varied, with 30 µg/L for a guppy Lebistes reticulatus [7], 580 µg/L 

for Mozambique tilapia Orechromis mossambicus   [8], 327 µg/L for perch Percocypris pingi   [9], 

220 - 1220 µg/L for Nile tilapia Oreochromis niloticus  [10, 11], 606 µg/L for fresh water climbing 

perch Anabas testudineus [12], and 900 µg/L for common carp Cyprinus carpio [13]. 

The bioavailability of Hg in teleost fish is dependent on the overall chemical concentration 

of the surrounding environment, which includes pH, salinity, hardness, hydrophobicity, and 

metals' interactions with biotic and abiotic ligands, as well as the fish's ability to absorb the various 

Hg forms at the gill, skin, and digestive system [14]. Hg accumulation may impair fish's immune 
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system [15, 16], respiratory and cardiovascular systems [17, 18], reproductive organs [19, 20], 

digestive system and excretory system [21], blood system [22], and enzymatic activity [23]. 

To our knowledge, relatively few researches have examined how Hg affects the acid-base 

parameters of fish. Prior research has shown that various metals such as zinc, copper, and lead 

alter the acid-base parameters of several fish species [24, 25, 26]. Metals and other contaminants 

may destroy gills, causing hypoxia and acid-base imbalance [27, 28]. 

Acid-base regulation in fish is linked to ionic regulation since it is primarily dependent on 

the continual exchange of H+ and HCO3
- for Na+ and Cl- through the gills. Carbonic anhydrase 

regulates CO2 release, ion regulation, and acid-base balance [29]. Metals inhibit fish carbonic 

anhydrase in vitro [30, 31]. Nevertheless, in vivo studies on metals' impact on carbonic anhydrase 

in fish is lacking. Therefore, the effects of Hg on carbonic anhydrase in fish will be investigated 

in this study.   

Oreochromis niloticus is a commercially significant species of fish, notably in Indonesia. 

Typically, this species reacts quickly to environmental changes [11]. Due to the fact that tilapia is 

often reared in freshwater that is continually polluted by metals from human activities, the effects 

of Hg on tilapia are of great concern. In this study, we evaluated the effects of sub-lethal Hg 

exposure on acid-base, osmoregulatory, blood parametrs, and gill CA in O. niloticus over four and 

fifteen days. 

 

2. Materials and methods 

2.1. Protocol for sample collection and laboratory acclimation 

This research used tilapia O. niloticus from a fish farm in Pasuruan, East Java that measured 

15.5 ± 0.6 cm in length and weighed 68.6 ± 1.2 g. A plastic bag containing oxygenated fresh water 
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was used to bring them to the laboratory. The animals were then acclimated at least for two weeks 

in laboratory acclimation tanks (250 L) using dechlorinated tap water at 28-29°C and 12-hour 

light/12-hour dark photoperiods. A biofilter made up of gravel, sand, and sponge filters, 

maintained water quality by recirculating the water continuously. Pellet fish meal equal to 1% of 

the fishes' daily estimated body weight was given to them [11]. To preserve the water quality at an 

adequate level for fish, excrement, uneaten food scraps, and other undesired things were removed 

daily. During acclimation and testing, daily measurements showed that the optimal ranges for 

temperature (28.6 ± 0.5 °C), pH (7.8 ± 0.3), and dissolved oxygen (7.3 ± 0.5 mg/L).   

 

2.2. Experiment solution preparation 

By dissolving 1.3539 grams of HgCl2 (Merck, Darmstadt, Germany) in one liter of 

deionized water, a 1000 mg/L Hg stock solution was made. Our previous study demonstrated that 

the lethal concentration (96 h LC50) of Hg to O. niloticus was 1.22 mg/L [11]. Based on this LC50 

value the nominal concentrations of Hg used in this experiment were: 0.06 mg/L (5 % of LC50, 

corresponding to 0.044 mg/L measured level), 0.6 mg/L (50% of LC50, equivalent to 0.49 mg/L 

measured level), and control (equivalent to 0.001 mg/L measured level, does not contain Hg). Our 

experiments were conducted across two distinct time periods: 4 days (short term) and 15 days 

(long term). 

 

2.3. Investigation of the effects of Hg on fish 

Following the acclimation period 50 physically active fish were randomly picked from the 

acclimatized holding tank and put into 10 separate tanks, each containing 5 fish. Each tank had a 

capacity of 40 liters and was filled with testing medium: 0.06 mg/L of Hg for 4 days and 15 days, 
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0.6 mg/L of Hg for 4 days and 15 days, and the control. For each concentration, two tanks were 

used. Half of the test medium was replaced every 48 hours to keep the Hg content constant. At the 

end of experiment, 5 randomly selected fish were taken from each treatment to collect blood and 

gill tissue samples. Hg-containing experimental water was collected and kept in a metal waste 

water storage tank when the experiment was completed. Any operations that necessitated the use 

of animals were conducted in compliance with the Animal Care and Use Policy of Airlangga 

University. 

 

2.4. Hg measurement in gills 

Candra et al. [32] method was utilized to quantify Hg in the gills of tilapia. To achieve a 

consistent weight, tilapia gills were removed and oven-dried at 60°C for 48 hours. The dried gills 

were then ground into a powder. In a Mars 6 microwave digester, 0.5 g of powdered gills were 

subjected to acid solutions containing 2 mL of HNO3 - HClO4 (1:1) and 5 mL H2SO4 for 3 hours 

at 80 °C. After cooling, 0.1 mL of KMnO4 and 0.5 mL of SnCl2 were added to stabilize the purple 

hue of the solution. As a preservative, sufficient NH₂ OH-HCl solution was introduced to 

neutralize the KMnO4 excess. A determination of mercury utilizing a flameless atomic absorption 

spectrophotometer (Mercury-Hydride System Analitik Jena, HS 60) was performed on a sample 

aliquot. Sample Hg concentrations were given as mg/g wet weight. The mercury detection limit 

was 0.001 mg/kg. Measuring mercury in standard reference material (DORM-4) from the National 

Research Council of Canada confirmed the analytical procedure. The validation of the analytical 

method revealed a Hg recovery of 93% of the DORM-4 certificate. 
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2.5. Evaluation of blood chemistry and physiological variables 

Before blood was drawn from the fish, a 200 mg/L clove solution was used to sedate them 

[33]. With a 1 mm plastic syringe, blood was swiftly collected for every fish through the caudal 

aorta [26]. The blood was then deposited in vacutainer tubes with tripotassium-ethylene 

diaminetetraacetic acid (EDTA), an anticoagulant. A SFRI Blood Cell Counter 33 (Jean d'Illac, 

France) was used to measure red blood cell (RBC) numbers, hematocrit (Ht), and hemoglobin (Hb) 

concentrations [11].  Blood pH, pCO2, and pO2 were determined using a GASTAT-Navi analyzer 

(Japan). pCO2 and pO2 were both given in mmHg. Blood plasma was obtained from blood sample 

after 10 minutes of centrifugation at 5000 rpm and 4 oC. An osmometer (Fiske® 210, Norwood, 

MA, USA) was used to test the osmolality of 20 µL of blood plasma. The result was given in 

mOsm/kg. To measure the concentrations of plasma electrolytes (Cl-, Na+ and K+) were carried 

out using a SpotChem EL SE-1520 (Kyoto, Japan). The results were given in mmol/L [11].   

CA plays a crucial role in the control of the acid-base balance in fish, which primarily 

happens through the gills [34]. Hence, CA level in gills exposed to Hg were measured in this study.  

Using an enzyme-linked immunosorbent assay (ELISA) kit (Catalog Number E0123Fi) and in 

accordance with the manufacturer's instructions (Bioassay Technology Laboratory Biotech Co. 

Ltd.), CA levels were determined.  

 

2.6. Analyses of statistical data 

All data was provided as mean and standard deviation and tested for normality. The results 

were then analyzed using two-way ANOVA and Tukey's HSD. When p < 0.05, the statistically 

significant difference existed. All statistical analyses used IBM® SPSS® Statistics version 25. 

12



8 
 

 

3. Results 

None animals perished during testing. Fish exposed to 0.06 mg/L Hg for 4 days and 15 

days, as well as 0.6 mg/L Hg for 4 days, did not differ significantly from the control group. Only 

fish exposed to 0.6 mg/L Hg for 15 days had the greatest Hg concentration in their gills (Fig. 1). 

 

Fig. 1. Hg concentration in fish gills subjected to varying Hg medium concentrations. Lower case 

letters represent significant differences (p < 0.05, a > b). 

 

 At 0.6 mg/L for 15 days, Hg had a significant impact on pH, pCO2, pO2, and CA, but other 

treatments did not differ from the control. Fish subjected to 0.6 mg/L Hg for 15 days had the lowest 

blood pH, pO2 and CA levels, but the highest blood pCO2 levels. (Fig. 2). 
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Fig. 2. Blood pH, pCO2, pO2, and CA levels in fish subjected to varying Hg medium 

concentrations. Significant differences are denoted with lowercase letters (p < 0.05, a > b).  

 

Fish exposed to 0.6 mg/L Hg for 4 days and 15 days had reduced plasma osmolality, with 

15 days exhibiting the lowest level of osmolality. Fish treated with 0.6 mg/L Hg for 15 days had 

the lowest concentrations of Cl-, Na+, and K+ while other treatments did not significantly differ 

from the control (Fig. 3). 
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Fig. 3. Osmolality and ion levels in fish subjected to Hg exposure. Lower case letters show 

significant differences (p < 0.05, a > b > c). 

 

Only fish exposed with 0.6 mg/L Hg for 15 days had reduced RBC, Hb, and Ht levels 

compared to the control, but the other treatments did not significantly differ from the control (Fig. 

4).  
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Fig. 4. Red blood cells, hemoglobin and hematocrit in Hg-treated fish. Lower case letters show 

significant differences (p < 0.05, a > b). 
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4. Discussion 

This research utilized a relatively high concentration of Hg since O. niloticus has a 

significant tolerance to Hg [6]. In this investigation, sub-lethal concentrations of 0.06 and 0.6 mg/L 

of Hg were used. These concentrations may be higher than those present in the natural environment 

[4], but it is expected that examinations into the effects of Hg on the parameters of the fish blood 

will be able to be carried out at this concentration, and that the effects will be able to be clearly 

detected. Variable exposure times and Hg concentrations resulted in varying gill Hg levels in the 

tilapia used in this investigation, with 15 days of exposure to 0.6 mg/L Hg causing the highest 

level. Acidosis was noted at fish exposed to 0.6 mg/L Hg for 15 days. This ultimately results in an 

increase in pCO2 followed by a decrease in pO2, most likely due to gill disruption by Hg. The gill 

plays a vital role in fish respiratory gas transfer as the major site of CO2 sensing and the known 

site of O2 chemoreception [34, 35, 36], therefore this function may be disturbed in gill exposed to 

pollutants including Hg. In the hemolymph of crabs Chasmagnathus granulatus subjected to 

ammonia, increases in pCO2 and significant decreases in pO2 were also identified. These changes 

suggest that the documented histological impairment to the gills impeded gas exchange [37]. 

According to the results of our study, at 0.6 mg/L Hg for 15 days the decrease concentration of 

CA in the gills of tilapia was occurred. This decline is believed due to the result of gill cells losing 

their ability to convert CO2 into HCO3
-, which was also found by Larsen et al. [25] and Shandro 

and Casey [38].   

Maintaining ionic and osmotic equilibrium in fish is dependent on the regulation of NaCl 

transport across the gills [29]. The uptake of the necessary ion (Na+ or Cl-) from the surrounding 

environment is associated with the transfer of acid–base relevant ions to the water. Clearly, these 

acid–base exchanges have a direct influence on the ion-regulatory needs of the animal [39]. 
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Freshwater fish can maintain ion and osmoregulatory homeostasis by taking in Na+ or Cl- in 

exchange for their internal H+ or HCO3-. This allows the fish to make changes to its acid-base 

balance and keep its ions in balance [29, 39]. Heavy metals alter monovalent ion (Na+ or Cl-) 

regulation, leading ion outflow in freshwater fish [40, 41, 42]. After 15 days of exposure to 0.6 

mg/L Hg, plasma Na+ and Cl- concentrations in tilapia decreased. At this treatment concentration, 

Cl-/HCO3
- exchange and Na+/H+ exchange may occur in the gills during hypercarbia. After being 

exposed to hypercapnia in freshwater for 96 hours, Atlantic salmon (Salmo salar) develop a 

respiratory acidosis. To combat this, the fish decrease their plasma concentrations of Cl- and Na+, 

likely by branchial Cl-/HCO3
- and Na+/H+ exchange, and increase their ion difference   [43]. These 

adjustments occur during acidosis adjustment and may be indicative of a more general gill function 

impairment [43]. In our study, 0.6 mg/L Hg for 15 days resulted in a decrease in plasma Cl- and 

Na+ which is followed by a decrease in osmolality, most likely due to injury to gill cells.  Larsen 

et al. [27] suggested that another possible explanation for the decrease in Cl- and Na+ is that heavy 

metal exposure may modify the Na+/K+-ATPase activity in chloride cells, thereby disrupting the 

branchial ion exchanger. Copper exposure decreased the osmolality and ion content of hemolymph 

of shore crab (Carcinus maenas). This may be due to increased osmoregulating Na+/K+-ATPase 

activity [44]. This study demonstrated that after 15 days of 0.6 mg/L Hg exposure, ionic and 

osmotic regulations substantially diminishes. Without a doubt, when prolonged exposure is carried 

out, it will result in mortality; nevertheless, this will require further investigation. 

A decrease in K+ levels was noted in fish exposed to 0.6 mg/L Hg for 15 days. This lower 

level of K+ may be due to the damaged gill epithelium and Na+/K+-ATPase activity, causing 

changes passive fluxes. Since fish gills can let K+ through, efflux is greater than influx. A decrease 

in K+ uptake, as proposed by Patridge and Lymbery [45], is more significant than an increase in 
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K+ loss. Meanwhile, Nussey et al. [46] suggested that the adaptation of fish to decreased osmolality 

is responsible for the decrease in serum K+. The considerable alterations in Na+/K+-ATPase 

activity may explain why the blue mussel (Mytilus edulis) is unable to compete against the 

enhanced passive K+ efflux that occurs when it is exposed to the antifouling chemical 

chlorothalonil [47]. 

Some hematological changes were also associated to acidosis. Our results demonstrated 

that fish exposed to 0.6 mg/L Hg for 15 days experienced acidosis and ionic imbalance. Under this 

extreme condition, when the energy requirement surpasses the capacity of aerobic energy 

production, anaerobic glycolysis is activated to produce extra ATP. As the final product of 

anaerobic glycolysis, lactic acid causes fatigue and decreases blood plasma pH [48].  Kurbel [49] 

suggested that low plasma pH may have caused Cl- to move into red blood cells causing decreased 

levels of Cl- in plasma, or Cl- may have moved into the intracellular layer to restrict lactate efflux. 

Furthermore, Turner et al. [50] reported a rise in blood lactate and a reduction in plasma Cl- in 

highly trained trout, and they hypothesized that these alterations were the result of this exchange. 

The decline in Ht correlated with erythrocyte shrinkage. In addition to this, there was a correlation 

between the drop in Ht and the shrinking of the erythrocytes. As shown by tinier carp (Cyprinus 

carpio) red cells, a considerable reduction in blood O2-affinity may have resulted from a reduction 

in the size of large red cells in fish exposed to high Hg level and for longer durations. This was 

observed because larger red cells are more oxygen-binding [51]. There is a potential that the O2 

transport in the blood would become impeded. 

Exposure to 0.6 mg/L Hg for 15 days caused in decreases in all blood parameters tested in 

this study. A disruption in the erythrocytes or erythropoietic function is indicated [52]. Diverse 
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fish species that were exposed to varying concentrations of heavy metals exhibited lowered red 

blood cells, hemoglobin, and hematocrit levels [11, 53, 54, 55]. 

A significant decrease in RBC amount showed that Hg might destroy RBC during 

erythrocyte circulation. Heath [56] identified a similar phenomenon in fish exposed to heavy 

metals. Al-Rudainy [57] found that heavy metals impede the enzymatic pathway that produces Hb 

in fish. The decreases in RBC, Hb, and Ht indicate that tilapia exposed to 0.6 mg/L Hg for 15 days 

developed anemia or hemodilution. This is consistent with our study's pO2 testing, that shows that 

Hg-treated fish exhibit a considerable drop in pO2.  Wepener et al. [58] and Nussey et al. [46] 

proves that when fish are in this state, they can't get enough oxygen to their tissues, which makes 

them less active and productive. 

 

5. Conclusion and implication 

Hg can enter and contaminate aquatic ecosystems as a result of human activities, and once 

there, it can be stored and accumulated in the aquatic ecosystem or directly absorbed by aquatic 

organisms. Tilapia O. niloticus is a commercially valuable species that provides protein. Due to 

the fact that tilapia is frequently farmed in freshwater that is continuously contaminated by metals 

resulting from human activities, the effects of Hg on tilapia require considerable attention.  As our 

study demonstrated that Hg would have an effect on the reduction of ionic and osmotic regulation, 

acid-base balance, blood O2-affinity, blood O2 delivery, and the fish's ability to provide adequate 

oxygen to cells, it is recommended that during fish production, source streams that may be 

contaminated with Hg and other metals be treated before to entry into fish ponds or tanks. 
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The impacts of sublethal mercury concentrations on the osmoregulatory and 

acid-base parameters of tilapia (Oreochromis niloticus) at various times 
 
 

Reviewer #1:  

1) The first thing to point out is that the title of this article does not attract 

readers' interest.  

I found that the author has studied many indicators in this research, but not all 

indicators must appear in the title: Initial title: “The impacts of sublethal 

mercury concentrations on the osmoregulatory and acid-base parameters 

of tilapia (Oreochromis niloticus) at various times”  

 

Answer:  
The title was modified to become: “The impact of various periods of 

mercury exposure on the osmoregulatory and blood gas parameters of 

tilapia (Oreochromis niloticus)” 
 

2) The abstract section should briefly introduce the research background and 

research significance and clarify the research methods, then introduce the 

main research results, and finally, give the corresponding conclusions. The 

abstract of this article looks ok, but some descriptions are redundant, and I 

hope to make a comprehensive modification. 

Answer:  

We have added the research background and research significance in 

Abstract so that it is more meaningful to carry out this research 

“Mercury (Hg) poses a significant risk to aquatic ecosystems and living 

organisms as a result of human activities. Hg found in fish can be 

detrimental to human health when consumed, causing harmful effects. 

The potential impact of Hg on fish physiology is a significant concern, 

given its presence in fish. The rapid accumulation of Hg in fish tissues 

has the potential to impact their blood gas and electrolyte compositions. 

The objective of this investigation was to analyze the effects of sublethal 

concentrations of Hg on the blood gas and electrolyte levels of tilapia 

(Oreochromis niloticus) over different periods of exposure. This research 

was conducted through laboratory experiments. The study involved 

subjecting fish to sublethal concentrations of Hg at levels of 0.06 and 0.6 

mg/L for a duration of 4 and 15 days. Upon completion of the toxicity 

test, fish specimens were taken from each testing group for the purpose 

of analyzing the Hg and carbonic anhydrase (CA) concentrations present 

in the gills, as well as osmoregulatory, acid-base, and hematological 

parameters. The results indicate that solely the fish that were subjected 

to a concentration of 0.6 mg/L Hg for a duration of 15 days exhibited a 

higher concentration of Hg in their gills compared to the control group.  
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The inhibition of respiration by Hg was observed to be a result of the 

generation of metabolic acidosis, reduction in gill CA, decrease in pO2, 

as well as a decrease in plasma osmolality, Cl-, Na+, and K+. The levels 

of red blood cells, hemoglobin, and hematocrit exhibited a decrease solely 

at the concentration of 0.6 mg/L over a period of 15 days.  The previously 

mentioned impairments have the potential to restrict the capacity of fish 

to adequately supply oxygen to their cells, thereby reducing overall 

performance.” 

 

3) The material and method section need to be re-integrated and checked to 

avoid repetition and confusion. All experimental protocols should be better 

explained. 

Answer:  

We have refined materials and methods by integrating and reviewing 

them to avoid repetition and confusion. We have described the 

experimental protocol better in the revised manuscript. 

 

 

4) Did you adapt the fish to the lab conditions before the trial?  

No information about the feeding regime and type of fish during adaptation. 

How did you feed the fish during the trial? What type of food? 

 

Answer:  

Yes. The fish underwent a period of no less than 14 days for acclimating 

to the dechlorinated tap water, maintained at a temperature range of 28-

29 oC, and subjected to a photoperiod of 12-hour light and 12-hour dark 

in the 250 L acclimated tanks located within the testing facility (line 121 

- 124).  

 

Throughout the trial, the fish were provided with pellet fish meal at a 

concentration that corresponded to one percent of their daily estimated 

body weight (line 167 – 169) 

The pellet fish meal consisted of 30% proteins, 3% fat, and 4% fibers 

(Takari, Indonesia) (Line 126 – 127). 

 

5) How did the authors verify the mercury levels in the water?  

Answer:  

The process for determining the concentration of Hg in the experimental 

media was performed according to the methodology outlined in reference 

[36]. The experimental media were subjected to filtration using a 0.45 μm 

membrane filter and was subsequently acidified to a pH of less than 2 

through the addition of HNO3. A volume of 100 mL of the specimen was 

transferred into a sample container that has a capacity of 300 mL. 

Subsequently, a volume of 5 mL H2SO4 and 2.5 mL HNO3 were 

introduced and homogenized.  Subsequently, 15 mL of potassium 

permanganate solution were introduced into each sample container, 

agitated, and supplemented with potassium permanganate as required 

until the persistence of the purple hue for a minimum of 15 minutes. 
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Subsequently, 8 mL of potassium persulfate were introduced into each 

vessel and subjected to heating in a water bath maintained at 90 ± 5 °C 

for 2 hours. Following the cooling process, a 6 mL solution of sodium 

chloride-hydroxylamine sulfate was introduced into each container and 

subjected to analysis using a flameless atomic absorption 

spectrophotometer, specifically the Mercury-Hydride System Analitik 

Jena HS 60. (Line 144 - 157). 

 

 Did you change the water or keep it as it was throughout the trial? 

Answer:  

To maintain a constant concentration of Hg, 50% of the experimental 

medium was renewed at intervals of 48 hours (Line 166 – 167) 
 

6) The number of samples used for biochemical testing is not clear. The 

number of samples given in all figures are not listed. 

Answer:  

Each treatment test contained 5 fish and was duplicated. For each 

biochemistry test was used 5 randomly selected fish were taken from each 

treatment to collect and analyze the blood and gill tissue samples. 

“Blood and gill tissue samples were obtained from five fish selected at 

random from each treatment group following 4 and 15 days of exposure” 

(Line 169 – 170) 

 

We have added the number of samples in all figures (Please check the 

revised figures) 

 

7) On the first mention of a species in the text, give both the common (trivial) 

and formal name, and make sure that the presentation is correct and 

consistent. 

Answer:  

The present manuscript includes the common and scientific names of all 

species mentioned. 

 

8) Make sure that symbols, sub-, and super-scripts, upper- and lower-case are 

presented correctly and that there is correct and consistent use of italics, 

brackets and punctuation etc. 

Answer:  

All symbols, subscripts, and superscripts, as well as upper- and lower-

case letters, italics, brackets, and punctuation, have been improved and 

accurately displayed throughout the manuscript. 

 

 

Reviewer #2:  

1) I tried to make an assessment for the manuscript but I found that it is short 

communication with very limited data. Please make in deep research even 

though you have limited data, you can write good results section and make a 

very good interpretation. I can't accept in the current form.  
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We appreciate the reviewer's insightful comments on our manuscript. 

Our entire manuscript, including the title, abstract, research methods, 

results, discussion, conclusions, and suggestions, as well as the references, 

has been refined and expanded. We are expecting that the revisions we 

have made to our manuscript will meet the Emerging Contaminants 

journal's requirements for publication. 
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Abstract 24 

Mercury (Hg) poses a significant risk to aquatic ecosystems and living organisms as a result of 25 

human activities. Hg found in fish can be detrimental to human health when consumed, causing 26 

harmful effects. The potential impact of Hg on fish physiology is a significant concern, given its 27 

presence in fish. The rapid accumulation of Hg in fish tissues has the potential to impact their 28 

blood gas and electrolyte compositions. The objective of this investigation was to analyze the 29 

effects of sublethal concentrations of Hg on the blood gas and electrolyte levels of tilapia 30 

(Oreochromis niloticus) over different periods of exposure. This research was conducted through 31 

laboratory experiments. The study involved subjecting fish to sublethal concentrations of Hg at 32 

levels of 0.06 and 0.6 mg/L for a duration of 4 and 15 days. Upon completion of the toxicity test, 33 

fish specimens were taken from each testing group for the purpose of analyzing the Hg and 34 

carbonic anhydrase (CA) concentrations present in the gills, as well as osmoregulatory, acid-base, 35 

and hematological parameters. The results indicate that solely the fish that were subjected to a 36 

concentration of 0.6 mg/L Hg for a duration of 15 days exhibited a higher concentration of Hg in 37 

their gills compared to the control group.  The inhibition of respiration by Hg was observed to be 38 

a result of the generation of metabolic acidosis, reduction in gill CA, decrease in pO2, as well as a 39 

decrease in plasma osmolality, Cl-, Na+, and K+. The levels of red blood cells, hemoglobin, and 40 

hematocrit exhibited a decrease solely at the concentration of 0.6 mg/L over a period of 15 days.  41 

The previously mentioned impairments have the potential to restrict the capacity of fish to 42 

adequately supply oxygen to their cells, thereby reducing overall performance. 43 

 44 

Keywords: water pollution; mercury, osmoregulation; acid-base balance; blood, fish 45 

 46 
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1. Introduction 47 

Mercury (Hg) is considered to be one of the most perilous pollutants that pose a threat to 48 

aquatic ecosystems. This is due to its potent neurotoxicity towards fish, wildlife, and humans [1]. 49 

Hg is emitted into the environment as a result of natural rock weathering or volcanic activity. 50 

Nevertheless, it is human activity that serves as the primary contributor of mercury in the 51 

environment. The aforementioned phenomenon is a result of the process of coal combustion for 52 

the generation of electricity and the subsequent release of industrial waste [2]. In the majority of 53 

aquatic environments, Hg is primarily deposited from the atmosphere. According to the United 54 

States Environmental Protection Agency (USEPA), the biggest source of mercury in the 55 

atmosphere is emissions from coal-fired power plants [3]. Hg occurs naturally at very low 56 

concentrations in water. Commonly, uncontaminated freshwaters have 5 to 20 ng/L of total Hg, 57 

while contaminated waters can contain up to 0.5 µg/L [4]. Hg concentrations in river water near 58 

unregulated gold mining are between 12.7 and 13.6 µg/L [5]. In the vast majority of surface waters, 59 

the levels of Hg are typically much too low to have any direct adverse effects on either adult fish 60 

or the more sensitive early life stages of fish [6]. Acute toxicity of Hg to fish species varied, with 61 

30 µg/L for a guppy Lebistes reticulatus [7], 580 µg/L for Mozambique tilapia Orechromis 62 

mossambicus   [8], 327 µg/L for perch Percocypris pingi   [9], 220 - 1220 µg/L for Nile tilapia 63 

Oreochromis niloticus  [10, 11], 606 µg/L for fresh water climbing perch Anabas testudineus [12], 64 

and 900 µg/L for common carp Cyprinus carpio [13]. 65 

The bioavailability of Hg in teleost fish is dependent on the overall chemical concentration 66 

of the surrounding environment, which includes pH, salinity, hardness, hydrophobicity, and 67 

metals' interactions with biotic and abiotic ligands, as well as the fish's ability to absorb the various 68 

Hg forms at the gill, skin, and digestive system [14]. Hg accumulation may impair fish's immune 69 
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system [15, 16], respiratory and cardiovascular systems [17, 18], reproductive organs [19, 20], 70 

digestive system and excretory system [21], blood system [22], and enzymatic activity [23]. 71 

As far as current knowledge is concerned, there exists a paucity of scientific study on the 72 

impact of Hg on the state of acid-base equilibrium in fish.  Prior research has indicated that certain 73 

heavy metals, including Zn, Cu, Pb, and Cd, have the potential to impact the acid-base parameters 74 

of various species of fish, for instance rainbow trout (Salmo gairdneri) [24], cod (Gadus morhua) 75 

[25], groovy mullet (Liza dumerili) [26], and tilapia O. niloticus [27]. Huang and Chen [28] 76 

observed that various types of inorganic pollution, including nitrite, led to an increase of nitrite 77 

levels in the bloodstream, methemoglobin, as well as partial pressure of oxygen (pO2) in Anguilla 78 

Anguilla, commonly known as European eels. Additionally, a negative correlation was observed 79 

between nitrite concentrations in media and blood pH, pCO2, and HCO3. Chen and Lee [29] 80 

observed that the giant prawn Macrobrachium rosenbergii exhibited elevated haemolymph pO2 81 

and ammonia excretion, along with a decrease in haemolymph pH, subsequent to exposure to 82 

nitrite. The exposure to heavy metals and other pollutants has been observed to cause alterations 83 

in acid-base balances and various hematological parameters. This phenomenon is characterized by 84 

a rapid sequence of events, wherein gill damage is expected to be the cause of hypoxemia, leading 85 

to tissue hypoxia and a resultant combined acidosis, ultimately proving to be fatal [30].  86 

It can be observed that animals produce a comparable amount of carbon dioxide to the 87 

oxygen they consume during metabolic processes. Blood serves the function of conveying oxygen 88 

from the external milieu to the body’s tissues, whilst the tissues discharge carbon dioxide, which 89 

is subsequently transported by the blood back into the external environment.  Hemoglobin (Hb) is 90 

an essential component of the red blood cell (RBC) and facilitates the transportation of O2 and 91 

CO2 in the blood of all vertebrates [30]. The process of acid-base compensating in fish is primarily 92 
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dependent on the direct transfer of H+ and HCO3
- via the gill as a substitute for Na+ and Cl-. As a 93 

result, the acid-base regulation in fish is closely associated with the regulation of ions. 94 

Consequently, the maintenance of ionic and osmotic equilibrium in fish necessitates regulating the 95 

flow of NaCl transportation across the gills. Carbonic anhydrase (CA) is responsible for regulating 96 

CO2 excretion, ionic regulation, and acid-base balance [31]. Numerous in vitro investigations have 97 

suggested that fish CA activity is inhibited by heavy metals [32, 33]. Nonetheless, there exists a 98 

scarcity of in vivo investigations concerning the impact of Hg on CA of fish. As a result, the 99 

impacts of Hg on the enzyme carbonic anhydrase found in fish will be the focus of this study.   100 

Oreochromis niloticus is a economic value species of fish, particularly in Indonesia. Tilapia 101 

is extensively cultivated in ponds which obtain their water from nearby rivers. In the meantime, 102 

there are numerous agricultural, industrial, and residential activities along the river. [34]. Thus, the 103 

aquaculture species that depend on river water as their primary resource supply are impacted by 104 

the waste, which includes heavy metals, that flows into the rivers from these activities. Typically, 105 

this species reacts quickly to environmental changes [11], and it can accumulate Hg from the 106 

environment [35].   The potential impact of Hg on tilapia is a significant concern, as the species is 107 

commonly cultivated in freshwater environments that are persistently polluted by metals 108 

originating from anthropogenic sources. The present investigation aimed to analyze the impact of 109 

sub-lethal Hg exposition on the osmoregulation, blood gas contents, hematological characteristics, 110 

as well as CA of gills of O. niloticus for a duration of four and fifteen days. 111 

 112 

 113 

 114 

 115 
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2. Materials and methods 116 

2.1. Laboratory acclimatization of experimental animals  117 

The study used O. niloticus tilapia specimens that measured 15.5 ± 0.6 cm in length and 118 

weighed 68.6 ± 1.2 g. The piscine specimens were procured from a pisciculture establishment 119 

located in Pasuruan, East Java. They were transported to the laboratory in a plastic bag containing 120 

fresh water with oxygenation. Subsequently, the fish underwent a period of no less than 14 days 121 

for acclimating to the dechlorinated tap water, maintained at a temperature range of 28-29 oC, and 122 

subjected to a photoperiod of 12-hour light and 12-hour dark in the 250 L acclimated tanks located 123 

within the testing facility. A biofiltration system comprising of gravel, sand, and sponge filters was 124 

employed to facilitate the continuous recirculation of water during the acclimating process, thereby 125 

ensuring the preservation of water quality.  The fish were administered pellet fish meal that 126 

consisted of 30% proteins, 3% fat, and 4% fibers (Takari, Indonesia) at a dosage equivalent to one 127 

percent of their daily estimated body weight [11]. On a daily basis, the removal of excrement, 128 

discarded food scraps, and other undesired materials was carried out to maintain an adequate 129 

standard of water quality for the fish. The optimal values for temperature, pH, and dissolved 130 

oxygen were established through regular measurements taken during the acclimation and 131 

experimentation phases. These values were determined to be 28.6 ± 0.5 °C, 7.8 ± 0.3, and 7.3 ± 132 

0.5 mg/L, respectively.   133 

 134 

2.2. Preparing a Hg Solution 135 

A 1000 mg/L Hg stock solution was prepared by dissolving 1.3539 grams of HgCl2 (Merck, 136 

Darmstadt, Germany) in one liter of deionized water. As per the findings of our prior research, the 137 

lethal concentration (96-h LC50) of Hg for O. niloticus was determined to be 1.22 mg/L [11]. The 138 
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nominal concentrations of Hg utilized in this experiment were determined based on the LC50 value, 139 

and were as follows: 0.06 mg/L (equivalent to 5% of LC50), 0.6 mg/L (equivalent to 50% of LC50), 140 

and a control group that did not contain Hg. The experiment media were subjected to concentration 141 

measurements, resulting values of 0.044 ± 0.07 mg/L, 0.49 ± 0.04 mg/L, and <0.001 – 0.001 mg/L 142 

(control), respectively.  The study involved conducting experiments across two distinct time 143 

frames, namely a short-term period of four days and a long-term period of 15 days. The process 144 

for determining the concentration of Hg in the experimental media was performed according to 145 

the methodology outlined in reference [36]. The experimental media were subjected to filtration 146 

using a 0.45 μm membrane filter and was subsequently acidified to a pH of less than 2 through the 147 

addition of HNO3. A volume of 100 mL of the specimen was transferred into a sample container 148 

that has a capacity of 300 mL. Subsequently, a volume of 5 mL H2SO4 and 2.5 mL HNO3 were 149 

introduced and homogenized.  Subsequently, 15 mL of potassium permanganate solution were 150 

introduced into each sample container, agitated, and supplemented with potassium permanganate 151 

as required until the persistence of the purple hue for a minimum of 15 minutes. Subsequently, 8 152 

mL of potassium persulfate were introduced into each vessel and subjected to heating in a water 153 

bath maintained at 90 ± 5 °C for 2 hours. Following the cooling process, a 6 mL solution of sodium 154 

chloride-hydroxylamine sulfate was introduced into each container and subjected to analysis using 155 

a flameless atomic absorption spectrophotometer, specifically the Mercury-Hydride System 156 

Analitik Jena HS 60. 157 

 158 

2.3. Sublethal toxicity test of Hg on O. niloticus  159 

Following a period of acclimation, a sample of 50 fish in good health was randomly chosen 160 

from a holding tank and subsequently allocated to 10 separate tanks, each containing five fish. The 161 
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experimental setup involved tanks with a volume of 40 L each, which were filled with a testing 162 

medium comprising of varying concentrations of Hg for different durations. Specifically, the 163 

concentrations of Hg were 0.06 mg/L and 0.6 mg/L, and the exposure periods were 4 and 15 days. 164 

Additionally, a control group was included in the study, which did not contain any Hg. Each 165 

concentration was tested using two sets of tanks. To maintain a constant concentration of Hg, 50% 166 

of the experimental medium was renewed at intervals of 48 hours. Throughout the trial, the fish 167 

were provided with pellet fish meal at a concentration that corresponded to one percent of their 168 

daily estimated body weight. Blood and gill tissue samples were obtained from five fish selected 169 

at random from each treatment group following 4 and 15 days of exposure. Upon completion of 170 

the experiment, the experimental water containing Hg was collected and subsequently stored in a 171 

metallic tank designed for the storage of wastewater. The experimental procedures that utilized 172 

animals were conducted in compliance to the Animal Care and Use Regulations of Airlangga 173 

University. 174 

 175 

2.4. The measurement of Hg levels in the gills. 176 

The concentration of Hg in tilapia gills was determined using a procedure proposed by 177 

Candra et al. [37]. The gills of tilapia were extracted and subjected to a drying process in an oven 178 

maintained at 60°C for 48 hours until a consistent weight was achieved. Following desiccation, 179 

the gills were pulverized into a fine particulate form. A quantity of 0.5 grams of pulverized gills 180 

underwent a heating process in acid solutions consisting of 2 mL of HNO3 - HClO4 (1:1) and 5 181 

mL of H2SO4. The heating process was carried out in a Mars 6 microwave digester for 3 hours at 182 

80 oC. Upon cooling of the solution, 0.1 mL of KMnO4 and 0.5 mL of SnCl2 were introduced to 183 

preserve the violet coloration. Sufficient NH2OH-HCl solution was added to neutralize the excess 184 
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KMnO4, which functioned as a preservative. A singular portion of the specimen was subjected to 185 

analysis for the presence of Hg utilizing a flameless atomic absorption spectrophotometer, 186 

specifically the Mercury-Hydride System Analitik Jena, HS 60. The concentrations of Hg in the 187 

analyzed samples were reported in units of mg/kg of wet weight. The limit of detection for Hg was 188 

0.001 mg/kg. The validation of the analytical approach was carried out through the measurement 189 

of Hg in the DORM-4 standard reference material of the National Research Council of Canada. In 190 

the course of validating the analytical procedure, it was ascertained that the recovery of Hg for the 191 

DORM-4 certificate was 93%. 192 

 193 

2.5. The measurement of blood chemistry and physiological parameters  194 

The fish were subjected to anesthesia using a clove solution of 200 mg/L prior to the 195 

collection of their blood samples. This particular anesthesia was selected due to its minimal impact 196 

on physiological parameters [38]. Approximately 1 mL of blood from each fish was extracted 197 

through the caudal aorta using a plastic syringe that was not heparinized [27]. The blood sample 198 

was collected and preserved using vacutainer plastic tubes containing EDTA as a means of 199 

preventing coagulation. Subsequently, the blood samples were promptly collected into an 200 

automatic blood analyzer (SFRI Blood Cell Counter 33, Jean d'Illac, France) for the evaluation of 201 

hematological parameters, including red blood cell (RBC) counts, hematocrit (Ht) levels, and 202 

hemoglobin (Hb) concentrations [11, 39].  In order to measure the blood pH, pCO2, and pO2 levels, 203 

a blood sample was immediately administered onto a sensor card (Techno Medica 091, Japan), 204 

and subsequently inserted into an automatic blood gas analyzer (GASTAT-Navi, Japan). The pCO2 205 

and pO2 were denoted in mmHg [27]. Blood plasma was isolated from blood cells through 206 

centrifugation of a small amount of the blood specimen at 5000 rpm and 4 oC for 10 minutes, 207 
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before measuring the plasma's osmolality, as well as the concentrations of Na+, Cl-, and K+. The 208 

plasma's osmolality was assessed through the introduction of a 20 µL plasma sample into a tube, 209 

followed by measurement using a micro-sample osmometer (Fiske® 210, Norwood, MA, USA) 210 

and reported in mOsm/kg units. The plasma's Na+, Cl–, and K+ concentrations were assessed by 211 

transferring a 22 µL plasma sample into a specialized tube and subsequently analyzing it with an 212 

electrolyte analyzer (SpotChem EL SE-1520, Kyoto, Japan), and reported in mmol/L [11, 39]. The 213 

manufacturer of each instrument utilized for measurement supplied the requisite chemicals and 214 

components for the determination of hematological, acid-base parameters, osmolality, and ion 215 

levels. 216 

CA is a crucial factor in regulating the acid-base equilibrium in fish, predominantly taking 217 

place in the gills [40]. The present study employed an ELISA kit (Catalog Number E0123Fi) to 218 

determine the concentration of CA in gills that were subjected to Hg exposure. The experimental 219 

protocol was carried out in accordance with the guidelines provided by the manufacturer (Bioassay 220 

Technology Laboratory Biotech Co. Ltd.). The extracted gills were thoroughly rinsed with 221 

phosphate-buffered saline (PBS, pH 7.4) to eliminate any remaining blood and weighed. The 222 

microtiter plate was pre-coated with Anti-CA antibody before its utilization. In order to ascertain 223 

the concentration of CA, standardized samples of 50 µL, blank samples, and 40 µL samples were 224 

introduced into every well. Ten microliters of anti-CA antibody and 50 µL of streptavidin-225 

horseradish peroxidase were promptly added to every well, with the exception of the control blank. 226 

The contents were homogenized, sealed with a plate cover, and subjected to incubation at 37°C 227 

for a duration of 60 minutes. Following the removal of the sealer, the plate underwent automated 228 

aspiration and was subsequently rinsed five times with wash buffer. The tissue paper was utilized 229 

for the purpose of cleaning the plate. The plates were securely closed with a sealant and 230 
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subsequently subjected to incubation at a temperature of 37°C in the absence of light for 231 

approximately 10 minutes. During this incubation period, 50 µL of solution A and 50 µL of 232 

solution B were added to every well. Stop solution of 50 µL was added to each well to terminate 233 

the enzymatic activity. The sample was assessed at a wavelength of 450 nm using an automatic 234 

microplate reader (Model iMark by Bio-Rad, Japan) within a time frame of 10 minutes of the 235 

administration of the stop solution. The concentration of CA was expressed in units of ng/ml. 236 

 237 

2.6. Statistical analysis 238 

The data was presented in terms of mean and standard deviation, and was subjected to 239 

normality testing. The data was subjected to statistical analysis through the application of two-way 240 

analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) test. A 241 

significant statistical difference was observed when the p-value was less than 0.05. The statistical 242 

analyses were conducted utilizing IBM® SPSS® Statistics version 25. 243 

 244 

3. Results 245 

The findings of the mercury toxicity assessment conducted on tilapia indicate that no 246 

mortalities were observed throughout the testing period. The accumulation of Hg in the gills of 247 

fish was observed following exposure to Hg-contaminated water. Specifically, Hg levels of 0.0052 248 

and 0.006 mg/kg were recorded after 4 and 15 days of exposure to 0.06 mg/L Hg, respectively. 249 

Additionally, a Hg level of 0.0072 mg/kg was observed in fish gills after 4 days of exposure to 0.6 250 

mg/L Hg. However, the concentrations of Hg in the gills did not exhibit a statistically significant 251 

difference when compared to the control group (0.0028 mg/kg). The results indicate that the 252 

highest concentration of Hg in the gills (0.015 mg/kg Hg) was observed solely in fish that were 253 
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subjected to a 0.6 mg/L Hg exposure for 15 days (Fig. 1). The concentration treatment of 0.06 254 

mg/L seems to be statistically insignificant in terms of Hg accumulation in fish gills when 255 

compared to the control group after 4 and 15 days of exposure. Similarly, when subjected to 256 

treatment involving elevated concentrations of Hg (0.6 mg/L), the accumulation rate in the gills of 257 

fish was observed to be greater than that of the control group. However, the difference was 258 

considered statistically insignificant when the fish were exposed for a duration of only 4 days. The 259 

findings indicate that, in addition to concentration, the duration of exposure is a significant factor 260 

in the increase of Hg accumulation in the gills of fish. Upon increasing the duration of exposure 261 

to a concentration of 0.6 mg/L of Hg by nearly four-fold (over a period of 15 days), a significant 262 

(p<0.05) six-fold increase in the accumulation of Hg in fish gills was observed when compared to 263 

the control group of fish (Fig. 1). 264 

 265 

 266 

Fig. 1. Hg concentration in fish gills subjected to varying Hg medium concentrations. Lower case 267 

characters indicate significant differences (p < 0.05, a > b), Number of samples (N) = 5 individual. 268 
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 269 

 Under a high treatment concentration of 0.6 mg/L for a duration of 15 days, the presence 270 

of Hg had a significant impact on pH, pCO2, pO2, and CA. However, no significant differences 271 

were observed in other treatments as compared to the control. The results of the study indicate that 272 

fish exposed to a concentration of 0.6 mg/L Hg for a period of 15 days exhibited a decrease in 273 

blood pH (7.1), pO2 (59.1 mmHg) and CA (15.6 ng/ml) levels, while displaying an increase in 274 

blood pCO2 (34.7 mmHg) levels (Fig. 2). The observed values displayed a statistically significant 275 

difference (p<0.05) when compared to the control group. The results indicate that the sublethal 276 

concentration of 0.06 mg Hg/L had a negligible impact on the blood composition of tilapia. 277 

Specifically, the exposure duration ranging from 4 to 15 days did not significantly alter the pH, 278 

pCO2, pO2, and CA levels in the fish blood. 279 

 280 

 281 
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 282 

Fig. 2. Blood pH, pCO2, pO2, and CA levels in fish exposed to varying Hg levels. Significant 283 

differences are denoted with lowercase letters (p < 0.05, a > b), N = 5 individual.  284 

 285 

The blood parameters (osmolality, Cl-, Na+ and K+) of fish subjected to 0.6 mg/L Hg for 4 286 

and 15 days exhibited a significant decline (p<0.05) in comparison to the control value. A 287 

statistically significant reduction (p<0.05) in plasma osmolality was observed, with values of 351.8 288 

mOsm/kg and 327.4 mOsm/kg in comparison to the control group (368.4 mOsm/kg), respectively. 289 

The lowest level was observed after 15 days of exposure. The results of the study indicate that fish 290 

exposed to a concentration of 0.6 mg/L of Hg for a period of 15 days experienced a notable 291 

reduction (p<0.05) in their blood mineral compositions, particularly in the levels of Cl-, Na+, and 292 
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K+. These concentrations were found to be the lowest among all treatments, while other treatments 293 

did not exhibit any significant differences when compared to the control group (Fig. 3).  294 

 295 

Fig. 3. Osmolality and ion concentrations in mercury-exposed fish. Lowercase characters show 296 

significant statistical differences (p < 0.05, a > b > c), N = 5 individual. 297 

 298 

The results of the study indicate that only fish that were subjected to a concentration of 0.6 299 

mg/L Hg for a period of 15 days exhibited a significant reduction (p<0.05) in their RBC (0.87 300 

106/µL), Hb (3.46 g/dL), and Ht (18.36 %) levels in comparison to the control group. However, 301 

the other treatments did not demonstrate any significant differences from the control group (Fig. 302 

4). 303 
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 304 

Fig. 4. The levels of red blood cells, hemoglobin, and hematocrit in fish exposed with Hg. Lower 305 

case characters indicate significant statistical differences (p < 0.05, a > b), N = 5 individual. 306 
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4. Discussion 307 

The study employed a comparatively elevated concentration of Hg due to the notable 308 

tolerance of O. niloticus towards Hg, as previously reported [6]. The present study employed sub-309 

lethal concentrations of Hg at 0.06 and 0.6 mg/L. Although the concentrations of Hg in concern 310 

may exceed those typically found in the natural environment [4], it is anticipated that investigations 311 

into the impact of Hg on various parameters of fish blood can be conducted at this level of 312 

concentration, and that any resulting effects can be readily observed. The gill Hg levels in the 313 

tilapia under investigation were found to vary depending on the exposure time and Hg 314 

concentrations. The highest level of Hg was observed in the group exposed to 0.6 mg/L Hg for a 315 

duration of 15 days. The study observed the occurrence of acidosis in fish that were subjected to 316 

0.6 mg/L Hg for 15 days. The ultimate outcome of this phenomenon is an elevation in pCO2 317 

accompanied by a reduction in pO2, plausibly attributable to the disruption of gill function by Hg. 318 

Exposure to Hg resulted in respiratory failure, leading to a reduction in oxygen uptake, 319 

accumulation of carbon dioxide in the bloodstream, and an elevation in pCO2. The respiratory gas 320 

transfer process in fish is significantly dependent on the gill, which serves as the primary site for 321 

CO2 sensing and O2 chemoreception [40, 41, 42]. Consequently, exposure of the gill to pollutants 322 

such as Hg may potentially disrupt this crucial function. 323 

The respiration of shrimp larvae was found to be impacted by varying levels of Hg and 324 

exposure durations, resulting in a reduction in their oxygen consumption rate (RO2). Following a 325 

10-h exposure to 160 ppb of Hg, there was a reduction of 43% and 49% in the RO2 levels in zoeae 326 

III and zoeae V stages, respectively. A duration of 27 hours of exposure to 80 ppb of Hg or more 327 

resulted in paralytic weakness in almost all of the larvae [43]. The impediment of RO2 may be 328 

elucidated by the diffusion of heavy metal across the permeable surfaces, namely gills and 329 
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teguments [44]. According to Hassaninezhad et al. [45], the presence of HgCl2 at concentrations 330 

of 0.01 and 0.02 mg/L may result in a reduction of gas exchange ability in yellowfin seabream 331 

(Acanthopagrus latus) due to fish gill respiration deficiency caused by Hg contamination. 332 

Elevated levels of pCO2 and notable reductions in pO2 were observed in the hemolymph 333 

of Chasmagnathus granulatus crabs exposed to ammonia. The alterations proposed in the study 334 

indicate that the histological damage observed in the gills hindered the process of gas exchange 335 

[46]. The study findings indicate that a reduction in the CA level in the tilapia gills was observed 336 

after 15 days of exposure to 0.6 mg/L Hg. The decrease is thought to be attributable to the gill 337 

cells' incapacity to transform CO2 into HCO3
-. This finding is consistent with the findings showed 338 

by Larsen et al. [25] and Shandro and Casey [47]. 339 

  The regulation of NaCl transport across the gills is crucial for maintaining ionic and 340 

osmotic equilibrium in fish [31]. The process of acquiring the essential ion (either Na+ or Cl-) from 341 

the adjacent milieu is linked to the transference of ions that are pertinent to acid-base equilibrium 342 

into the water. The acid-base interactions mentioned possess a direct impact on the ion-regulatory 343 

necessities of the organism [48]. Freshwater fish are capable of achieving ion and osmoregulatory 344 

homeostasis through the process of exchanging Na+ or Cl- for their internal H+ or HCO3
-. The 345 

aforementioned mechanism enables the fish to regulate its acid-base equilibrium and maintain 346 

homeostasis of its ions [31, 48]. The regulation of monovalent ions (Na+ or Cl-) in freshwater fish 347 

is altered by heavy metals, resulting in ion outflow [49, 50, 51]. The study found that tilapia 348 

exposed to 0.6 mg/L Hg for a period of 15 days experienced a decrease in plasma Na+ and Cl- 349 

concentrations. At the given concentration of treatment, it is possible for Cl-/HCO3
- exchange and 350 

Na+/H+ exchange to take place in the gills while experiencing hypercarbia. Following a 96-hour 351 

exposure to hypercapnia in freshwater, Atlantic salmon (Salmo salar) exhibit the development of 352 
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respiratory acidosis. In response to this situation, the fish employ a mechanism involving the 353 

exchange of Cl-/HCO3
- and Na+/H+ at the branchial level to reduce their plasma levels of Cl- and 354 

Na+. This leads to an increase in their ion difference [52]. The aforementioned modifications take 355 

place during the process of acidosis regulation and could potentially suggest a broader dysfunction 356 

in gill functionality [52]. The findings of our investigation indicate that exposure to 0.6 mg/L Hg 357 

over a period of 15 days elicited a reduction in plasma Cl- and Na+ levels, subsequently leading to 358 

a decrease in osmolality. This outcome is likely attributable to damage incurred by gill cells.  359 

According to Larsen et al. [25], a plausible reason for the reduction in Cl- and Na+ levels could be 360 

the alteration of Na+/K+-ATPase activity in chloride cells due to exposure to heavy metals, which 361 

could potentially disturb the branchial ion exchanger. The hemolymph of shore crab (Carcinus 362 

maenas) experienced a reduction in osmolality and ion content as a result of exposure to copper. 363 

The observed phenomenon could potentially be attributed to an elevation in osmoregulatory 364 

Na+/K+-ATPase activity [53]. The gills of fish seem to experience a disturbance in Na regulation 365 

as a result of exposure to inorganic Hg, which is attributed to a reduction in the activity of Na+/K+-366 

ATPases in the gills [54, 55]. Previous studies have reported a robust inverse relationship between 367 

the concentration of pollutants and the activity of Na+/K+-ATPase in the gills of the European 368 

flounder (Platichthys flesus) inhabiting a region contaminated with mercury [56]. Additionally, a 369 

comparable inhibition of Na+/K+-ATPase activity has been observed in mrigal carp (Cirrhinus 370 

mrigala) following acute exposure to HgCl2 at concentrations of 0.068 and 0.034 mg/L [57]. 371 

According to Macirella and Brunelli [58], short exposure to two low concentrations of mercury 372 

chloride led to changes in gill morphology and alterations in Na+/K+-ATPase. The enhancement 373 

was elucidated as a period of adaptation that relies on the sustained metallic impact or maintaining 374 

of the ion flow [59]. The findings of this research indicate that the exposure to 0.6 mg/L Hg for a 375 
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period of 15 days resulted in a significant reduction in both ionic and osmotic regulations. 376 

Undoubtedly, extended exposure may lead to death; however, additional research is necessary to 377 

confirm this assertion. 378 

The findings indicate that the exposure of fish to 0.6 mg/L Hg for a duration of 15 days 379 

resulted in a reduction in K+ levels. The potential cause of the reduced level of K+ ions could be 380 

attributed to the impaired gill epithelium and the subsequent impact on the activity of the Na+/K+-381 

ATPase, leading to alterations in the passive fluxes. Due to the permeability of fish gills to K+, the 382 

efflux of K+ is greater than its influx. According to Partridge and Lymbery [60], a reduction in the 383 

uptake of K+ is comparatively more important than an elevation in K+ loss. Alternately, the 384 

reduction in serum K+ can be attributed to the adjustment of fish to lower osmolality [61]. 385 

According to Oliveira-Ribeiro et al. [62], the gill epithelium can be disrupted by exposure to 386 

dissolved Hg, which may have an impact on gas exchange and the ability of cell membranes to 387 

allow cations to pass through. The observed changes in Na+/K+-ATPase activity could potentially 388 

account for the competitive disadvantage experienced by the blue mussel species Mytilus edulis in 389 

the presence of the antifouling agent chlorothalonil, which induces an increased passive K+ efflux 390 

[63]. The study conducted by Prasad et al. [64] revealed that alterations in the levels of Na+ and 391 

K+ ions could potentially signify a stress-induced response that arises due to extended exposure of 392 

fish to harmful substances. The aforementioned exposure possibly initiated distinct physiological 393 

and metabolic mechanisms that have the potential to enhance the efflux of ions. 394 

The findings of the study indicate that a reduction in RBC, Hb and Ht levels were observed 395 

in tilapia that were subjected to 0.6 mg/L Hg for a duration of 15 days. The values of RBC, Hb, 396 

and Ht of Tench (Tinca tinca) decreased significantly in response to acute lethal (1.0 mg/L Hg for 397 

48 h) and sublethal (0.25 mg/L Hg for 3 weeks) treatments, whereas at lower sublethal (0.1 mg/L 398 
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Hg for 24 h) treatments, RBC and Ht values increased significantly while Hb levels remained 399 

stable [65].  Walking catfish (Clarias batrachus) exposed for 14 days to varying concentrations of 400 

mercuric chloride (HgCl2) exhibited a decline in RBC and Hb levels [66]. A decrease in RBC, Hb 401 

and Ht in Silver carp (Hypophthalmichthys molitrix) were recorded after exposure to both low 402 

(10% LC50) and high (50% LC50) concentrations of HgCl2 for 4 days [67]. Tinca tinca exhibited a 403 

significant decrease in their RBC, Hb, and Ht levels following exposure to three distinct mercury 404 

treatments [68]. Ishikawa et al. [69] reported that there was no significant difference in the levels 405 

of RBC, Hb, and Hct in Oreochromis niloticus when exposed to varying concentrations of Hg 406 

(0.02, 0.002, 0.0002 mg/L). 407 

Hematological alterations have been confirmed in association with acidosis. Our findings 408 

indicate that fish subjected to 0.6 mg/L Hg over a period of 15 days exhibit a reduction in RBC, 409 

Hb, and Ht concentrations, along with acidosis and ion imbalance. Under these critical 410 

circumstances, when the heightened energy demand exceeded the capacity of aerobic energy 411 

production, the organism initiates anaerobic glycolysis as a means of generating additional ATP. 412 

Lactic acid, which is the end result of anaerobic glycolysis, is known to induce fatigue and reduce 413 

the pH of blood plasma [70]. The reduction in Cl- levels in plasma could be attributed to the 414 

movement of Cl- into red blood cells, potentially due to low plasma pH. Otherwise, Cl- could have 415 

been transported into the intracellular membrane, thereby limiting lactic efflux [71]. Moreover, 416 

Turner et al. [72] found that highly trained trout experienced an increase in lactate levels in their 417 

blood and a decline in blood plasma Cl-. They suggested that this exchange could be the reason for 418 

these changes. The reduction in Ht level may be associated with the diminution of erythrocyte size.  419 

The findings suggest that prolonged exposure to high levels of Hg in tilapia may lead to a 420 

significant decrease in blood O2-affinity, possibly due to a reduction in the size of red blood cells. 421 

67



22 
 

This is evidenced by the observation of smaller red cells in carp (Cyprinus carpio) that were 422 

exposed to high levels of toxicant [73]. The increased size of red blood cells may potentially 423 

increase their ability to bind with oxygen [74]. As a result, it is likely that the presence of Hg could 424 

impede the transportation of oxygen through the bloodstream of fish. 425 

The study findings indicate that a 15-day exposure to 0.6 mg/L Hg resulted in a reduction 426 

of all blood parameters that were examined. Hence, an indication of a disturbance in the 427 

erythrocytes or erythropoietic function is present [75]. Several studies have reported that different 428 

fish species subjected to different levels of heavy metals experienced a reduction in their red blood 429 

cell count, hemoglobin levels, and hematocrit levels [11, 27, 76, 77, 78]. 430 

The observed reduction in red blood cell count suggests that Hg may have a detrimental 431 

effect on erythrocytes during circulation. A comparable occurrence was observed by Heath [79] 432 

in fish that were subjected to high levels of metallic substances. According to Al-Rudainy's 433 

research [80], the enzymatic pathway responsible for the production of Hb in fish is inhibited by 434 

heavy metals. The findings suggest that the tilapia that were subjected to 0.6 mg/L Hg for a 435 

duration of 15 days exhibited a state of anemia or hemodilution, as evidenced by the observed 436 

reductions in RBC, Hb, and Ht levels. The findings align with the results of our study's pO2 437 

examination, which indicates a significant decrease in pO2 levels among fish treated with Hg.  Fish 438 

with such a condition experience insufficient oxygen supply to their tissues, leading to reduced 439 

levels of activity and productivity [61, 81]. 440 

 441 

5. Conclusions and recommendations 442 

Mercury (Hg) has the potential to infiltrate and pollute aquatic ecosystems due to 443 

anthropogenic actions. Once present, it has the capacity to be sequestered and concentrated within 444 
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the aquatic ecosystem or assimilated by aquatic organisms. Ultimately, the substance will enter the 445 

food chain through both water and food sources, resulting in adverse health effects for both animals 446 

and humans. Oreochromis niloticus, is a species of significant commercial importance due to its 447 

high protein content. The potential impact of Hg on O. niloticus is an issue of significant concern, 448 

as the species is often cultivated in freshwater environments that are vulnerable to contamination 449 

by metallic substances originating from anthropogenic sources.  The study findings indicate that 450 

the presence of Hg can lead to a decrease in the levels of electrolyte, osmoregulation, acid-base 451 

equilibrium, hematological parameters, and the capacity of tilapia to supply sufficient oxygen to 452 

the cells. Hence, the prevention of pollution by heavy metals including Hg in aquatic environments 453 

is considered one of the greatest crucial strategies to tackle this issue. The unregulated discharge 454 

of sewage and industrial effluents has significantly impaired the overall aquatic environment and 455 

water quality, thereby impacting the biochemical and physiological well-being of aquatic 456 

organisms, including fish. To preserve ecological equilibrium, it is recommended that industrialists 457 

refrain from disposing of their waste without prior treatment. In the long run, the reduction of 458 

pollution emanating from these specific sources would result in a corresponding decrease in the 459 

concentration of toxic metals in fish, as the level of pollutants in their natural environment 460 

diminishes. To address this issue, it is imperative to devise strategies or measures that can offer a 461 

viable solution. Consequently, it is imperative to take action at present to guarantee that 462 

forthcoming pollution and discharges of heavy metals in aquatic ecosystems are reduced to the 463 

greatest possible degree to avert contamination of aquatic ecosystems on a global scale and to 464 

avoid harmful effects on fish and humans. 465 

 466 

 467 
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A B S T R A C T

Mercury (Hg) poses a significant risk to aquatic ecosystems and living organisms as a result of human activities.
Hg found in fish can be detrimental to human health when consumed, causing harmful effects. The potential im-
pact of Hg on fish physiology is a significant concern, given its presence in fish. The rapid accumulation of Hg in
fish tissues has the potential to impact their blood gas and electrolyte compositions. The objective of this investi-
gation was to analyze the effects of sublethal concentrations of Hg on the blood gas and electrolyte levels of
tilapia (Oreochromis niloticus) over different periods of exposure. This research was conducted through laboratory
experiments. The study involved subjecting fish to sublethal concentrations of Hg at levels of 0.06 and 0.6 mg/L
for a duration of 4 and 15 days. Upon completion of the toxicity test, fish specimens were taken from each testing
group for the purpose of analyzing the Hg and carbonic anhydrase (CA) concentrations present in the gills, as
well as osmoregulatory, acid-base, and hematological parameters. The results indicate that solely the fish that
were subjected to a concentration of 0.6 mg/L Hg for a duration of 15 days exhibited a higher concentration of
Hg in their gills compared to the control group. The inhibition of respiration by Hg was observed to be a result of
the generation of metabolic acidosis, reduction in gill CA, decrease in pO2, as well as a decrease in plasma osmo-
lality, Cl−, Na+, and K+. The levels of red blood cells, hemoglobin, and hematocrit exhibited a decrease solely at
the concentration of 0.6 mg/L over a period of 15 days. The previously mentioned impairments have the poten-
tial to restrict the capacity of fish to adequately supply oxygen to their cells, thereby reducing overall perfor-
mance.

© 20XX

1. Introduction

Mercury (Hg) is considered to be one of the most perilous pollutants
that pose a threat to aquatic ecosystems. This is due to its potent neuro-
toxicity towards fish, wildlife, and humans [1]. Hg is emitted into the
environment as a result of natural rock weathering or volcanic activity.
Nevertheless, it is human activity that serves as the primary contributor
of mercury in the environment. The aforementioned phenomenon is a
result of the process of coal combustion for the generation of electricity
and the subsequent release of industrial waste [2]. In the majority of
aquatic environments, Hg is primarily deposited from the atmosphere.
According to the United States Environmental Protection Agency
(USEPA), the biggest source of mercury in the atmosphere is emissions
from coal-fired power plants [3]. Hg occurs naturally at very low con-
centrations in water. Commonly, uncontaminated freshwaters have
5–20 ng/L of total Hg, while contaminated waters can contain up to
0.5 μg/L [4]. Hg concentrations in river water near unregulated gold
mining are between 12.7 and 13.6 μg/L [5]. In the vast majority of sur-

face waters, the levels of Hg are typically much too low to have any di-
rect adverse effects on either adult fish or the more sensitive early life
stages of fish [6]. Acute toxicity of Hg to fish species varied, with 30 μg/
L for a guppy Lebistes reticulatus [7], 580 μg/L for Mozambique tilapia
Orechromis mossambicus [8], 327 μg/L for perch Percocypris pingi [9],
220–1220 μg/L for Nile tilapia Oreochromis niloticus [10,11], 606 μg/L
for fresh water climbing perch Anabas testudineus [12], and 900 μg/L
for common carp Cyprinus carpio [13].

The bioavailability of Hg in teleost fish is dependent on the overall
chemical concentration of the surrounding environment, which in-
cludes pH, salinity, hardness, hydrophobicity, and metals' interactions
with biotic and abiotic ligands, as well as the fish's ability to absorb the
various Hg forms at the gill, skin, and digestive system [14]. Hg accu-
mulation may impair fish's immune system [15,16], respiratory and
cardiovascular systems [17,18], reproductive organs [19,20], digestive
system and excretory system [21], blood system [22], and enzymatic
activity [23].
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As far as current knowledge is concerned, there exists a paucity of
scientific study on the impact of Hg on the state of acid-base equilib-
rium in fish. Prior research has indicated that certain heavy metals, in-
cluding Zn, Cu, Pb, and Cd, have the potential to impact the acid-base
parameters of various species of fish, for instance rainbow trout (Salmo
gairdneri) [24], cod (Gadus morhua) [25], groovy mullet (Liza dumerili)
[26], and tilapia O. niloticus [27]. Huang and Chen [28] observed that
various types of inorganic pollution, including nitrite, led to an increase
of nitrite levels in the bloodstream, methemoglobin, as well as partial
pressure of oxygen (pO2) in Anguilla Anguilla, commonly known as Eu-
ropean eels. Additionally, a negative correlation was observed between
nitrite concentrations in media and blood pH, pCO2, and HCO3. Chen
and Lee [29] observed that the giant prawn Macrobrachium rosenbergii
exhibited elevated hemolymph pO2 and ammonia excretion, along with
a decrease in hemolymph pH, subsequent to exposure to nitrite. The ex-
posure to heavy metals and other pollutants has been observed to cause
alterations in acid-base balances and various hematological parame-
ters. This phenomenon is characterized by a rapid sequence of events,
wherein gill damage is expected to be the cause of hypoxemia, leading
to tissue hypoxia and a resultant combined acidosis, ultimately proving
to be fatal [30].

It can be observed that animals produce a comparable amount of
carbon dioxide to the oxygen they consume during metabolic processes.
Blood serves the function of conveying oxygen from the external milieu
to the body's tissues, whilst the tissues discharge carbon dioxide, which
is subsequently transported by the blood back into the external environ-
ment. Hemoglobin (Hb) is an essential component of the red blood cell
(RBC) and facilitates the transportation of O2 and CO2 in the blood of all
vertebrates [30]. The process of acid-base compensating in fish is pri-
marily dependent on the direct transfer of H+ and HCO3− via the gill as
a substitute for Na+ and Cl−. As a result, the acid-base regulation in fish
is closely associated with the regulation of ions. Consequently, the
maintenance of ionic and osmotic equilibrium in fish necessitates regu-
lating the flow of NaCl transportation across the gills. Carbonic anhy-
drase (CA) is responsible for regulating CO2 excretion, ionic regulation,
and acid-base balance [31]. Numerous in vitro investigations have sug-
gested that fish CA activity is inhibited by heavy metals [32,33].
Nonetheless, there exists a scarcity of in vivo investigations concerning
the impact of Hg on CA of fish. As a result, the impacts of Hg on the en-
zyme carbonic anhydrase found in fish will be the focus of this study.

Oreochromis niloticus is a economic value species of fish, particularly
in Indonesia. Tilapia is extensively cultivated in ponds which obtain
their water from nearby rivers. In the meantime, there are numerous
agricultural, industrial, and residential activities along the river [34].
Thus, the aquaculture species that depend on river water as their pri-
mary resource supply are impacted by the waste, which includes heavy
metals, that flows into the rivers from these activities. Typically, this
species reacts quickly to environmental changes [11], and it can accu-
mulate Hg from the environment [35]. The potential impact of Hg on
tilapia is a significant concern, as the species is commonly cultivated in
freshwater environments that are persistently polluted by metals origi-
nating from anthropogenic sources. The present investigation aimed to
analyze the impact of sub-lethal Hg exposition on the osmoregulation,
blood gas contents, hematological characteristics, as well as CA of gills
of O. niloticus for a duration of four and fifteen days.

2. Materials and methods

2.1. Laboratory accl im atio n of ex pe rime ntal anim al s

The study used O. niloticus tilapia specimens that measured
15.5 ± 0.6 cm in length and weighed 68.6 ± 1.2 g. The piscine speci-
mens were procured from a pisciculture establishment located in Pasu-
ruan, East Java. They were transported to the laboratory in a plastic bag
containing fresh water with oxygenation. Subsequently, the fish under-

went a period of no less than 14 days for acclimating to the dechlori-
nated tap water, maintained at a temperature range of 28–29 °C, and
subjected to a photoperiod of 12-h light and 12-h dark in the 250 L ac-
climated tanks located within the testing facility. A biofiltration system
comprising of gravel, sand, and sponge filters was employed to facili-
tate the continuous recirculation of water during the acclimating
process, thereby ensuring the preservation of water quality. The fish
were administered pellet fish meal that consisted of 30% proteins, 3%
fat, and 4% fibers (Takari, Indonesia) at a dosage equivalent to one per-
cent of their daily estimated body weight [11]. On a daily basis, the re-
moval of excrement, discarded food scraps, and other undesired materi-
als was carried out to maintain an adequate standard of water quality
for the fish. The optimal values for temperature, pH, and dissolved oxy-
gen were established through regular measurements taken during the
acclimation and experimentation phases. These values were deter-
mined to be 28.6 ± 0.5 °C, 7.8 ± 0.3, and 7.3 ± 0.5 mg/L, respec-
tively.

2.2. Preparing a Hg solution

A 1000 mg/L Hg stock solution was pr epa re d by dissolving
1.3539 g of HgCl2 (Mer ck , Darmstadt, Germany) in 1 L of deionized
water. As pe r the findings of our pr ior re search, the lethal conce n-
tration (96h LC 50) of Hg for O. ni lo ticus was determined to be
1.22 mg/L [11]. The nominal conce ntrations of Hg utilize d in this
expe riment were determined ba sed on the LC 50 va lue, and were as
follows: 0.06 mg/L (equivalent to 5% of LC 50), 0.6 mg/L (equiva-
lent to 50 % of LC 50), and a control group that did not contain Hg.
The expe riment media were subjected to conce ntration measure -
ments, re sulting va lues of 0.044 ± 0.07 mg/L, 0.49 ± 0.04 mg/L,
and <0.001–0.00 1 mg/L (control), re spec tive ly. The study in-
vo lved conduct ing expe riments ac ross two distinct time frames,
namely a short-term pe riod of four days and a long-term pe riod of
15 days. The pr ocess for determining the conce ntration of Hg in the
expe rimental media was pe rformed ac cording to the methodology
outlined in Ref. [36]. The expe rimental media were subjected to fil-
tration using a 0.45 μm membr ane filter and was subsequently ac idi-
fied to a pH of less than 2 through the addition of HNO3. A vo lume of
100 mL of the spec imen was transferr ed into a sample container
that has a ca pa city of 300 mL. Subsequently, a vo lume of
5 mL H2SO4 and 2.5 mL HNO3 were introduce d and homogenize d.
Subsequently, 15 mL of potassium pe rmanganate solution were in-
troduce d into each sample container , agitated, and supplemented
with potassium pe rmanganate as re quired until the pe rsistence of
the purple hue for a minimum of 15 min. Subsequently, 8 mL of
potassium pe rsulfate were introduce d into each ve ssel and sub-
jected to heating in a water ba th maintained at 90 ± 5 °C for 2 h.
Fo llowing the cooling pr ocess, a 6 mL solution of sodium chloride-
hydroxylamine sulfate was introduce d into each container and sub-
jected to analysis using a flameless atomic ab sorp tion spec tropho-
tometer, spec ifica lly the Mercury -Hydride Sy stem Analitik Jena HS
60 .

2.3. Subl ethal toxi ci ty test of Hg on O. ni lo ticus

Following a period of acclimation, a sample of 50 fish in good health
was randomly chosen from a holding tank and subsequently allocated
to 10 separate tanks, each containing five fish. The experimental setup
involved tanks with a volume of 40 L each, which were filled with a
testing medium comprising of varying concentrations of Hg for differ-
ent durations. Specifically, the concentrations of Hg were 0.06 mg/L
and 0.6 mg/L, and the exposure periods were 4 and 15 days. Addition-
ally, a control group was included in the study, which did not contain
any Hg. Each concentration was tested using two sets of tanks. To main-
tain a constant concentration of Hg, 50% of the experimental medium
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was renewed at intervals of 48 h. Throughout the trial, the fish were
provided with pellet fish meal at a concentration that corresponded to
one percent of their daily estimated body weight. Blood and gill tissue
samples were obtained from five fish selected at random from each
treatment group following 4 and 15 days of exposure. Upon completion
of the experiment, the experimental water containing Hg was collected
and subsequently stored in a metallic tank designed for the storage of
wastewater. The experimental procedures that utilized animals were
conducted in compliance to the Animal Care and Use Regulations of
Airlangga University.

2.4. The measurement of Hg levels in the gills

The concentration of Hg in tilapia gills was determined using a pro-
cedure proposed by Candra et al. [37]. The gills of tilapia were ex-
tracted and subjected to a drying process in an oven maintained at
60 °C for 48 h until a consistent weight was achieved. Following desic-
cation, the gills were pulverized into a fine particulate form. A quantity
of 0.5 g of pulverized gills underwent a heating process in acid solu-
tions consisting of 2 mL of HNO3 - HClO4 (1:1) and 5 mL of H2SO4. The
heating process was carried out in a Mars 6 microwave digester for 3 h
at 80 °C. Upon cooling of the solution, 0.1 mL of KMnO4 and 0.5 mL of
SnCl2 were introduced to preserve the violet coloration. Sufficient
NH2OH–HCl solution was added to neutralize the excess KMnO4, which
functioned as a preservative. A singular portion of the specimen was
subjected to analysis for the presence of Hg utilizing a flameless atomic
absorption spectrophotometer, specifically the Mercury-Hydride Sys-
tem Analitik Jena, HS 60. The concentrations of Hg in the analyzed
samples were reported in units of mg/kg of wet weight. The limit of de-
tection for Hg was 0.001 mg/kg. The validation of the analytical ap-
proach was carried out through the measurement of Hg in the DORM-4
standard reference material of the National Research Council of
Canada. In the course of validating the analytical procedure, it was as-
certained that the recovery of Hg for the DORM-4 certificate was 93%.

2.5. The measurement of blood chemistry and physiological parameters

The fish were subjected to anesthesia using a clove solution of
200 mg/L prior to the collection of their blood samples. This particular
anesthesia was selected due to its minimal impact on physiological pa-
rameters [38]. Approximately 1 mL of blood from each fish was ex-
tracted through the caudal aorta using a plastic syringe that was not he-
parinized [27]. The blood sample was collected and preserved using va-
cutainer plastic tubes containing EDTA as a means of preventing coagu-
lation. Subsequently, the blood samples were promptly collected into
an automatic blood analyzer (SFRI Blood Cell Counter 33, Jean d'Illac,
France) for the evaluation of hematological parameters, including red
blood cell (RBC) counts, hematocrit (Ht) levels, and hemoglobin (Hb)
concentrations [11,39]. In order to measure the blood pH, pCO2, and
pO2 levels, a blood sample was immediately administered onto a sensor
card (Techno Medica 091, Japan), and subsequently inserted into an
automatic blood gas analyzer (GASTAT-Navi, Japan). The pCO2 and
pO2 were denoted in mmHg [27]. Blood plasma was isolated from
blood cells through centrifugation of a small amount of the blood speci-
men at 5000 rpm and 4 °C for 10 min, before measuring the plasma's
osmolality, as well as the concentrations of Na+, Cl−, and K+. The plas-
ma's osmolality was assessed through the introduction of a 20 μL
plasma sample into a tube, followed by measurement using a micro-
sample osmometer (Fiske® 210, Norwood, MA, USA) and reported in
mOsm/kg units. The plasma's Na+, Cl−, and K+ concentrations were as-
sessed by transferring a 22 μL plasma sample into a specialized tube
and subsequently analyzing it with an electrolyte analyzer (SpotChem
EL SE-1520, Kyoto, Japan), and reported in mmol/L [11,39]. The man-
ufacturer of each instrument utilized for measurement supplied the req-

uisite chemicals and components for the determination of hematologi-
cal, acid-base parameters, osmolality, and ion levels.

CA is a crucial factor in regulating the acid-base equilibrium in fish,
predominantly taking place in the gills [40]. The present study em-
ployed an ELISA kit (Catalog Number E0123Fi) to determine the con-
centration of CA in gills that were subjected to Hg exposure. The experi-
mental protocol was carried out in accordance with the guidelines pro-
vided by the manufacturer (Bioassay Technology Laboratory Biotech
Co. Ltd.). The extracted gills were thoroughly rinsed with phosphate-
buffered saline (PBS, pH 7.4) to eliminate any remaining blood and
weighed. The microtiter plate was pre-coated with Anti-CA antibody
before its utilization. In order to ascertain the concentration of CA, stan-
dardized samples of 50 μL, blank samples, and 40 μL samples were in-
troduced into every well. Ten microliters of anti-CA antibody and 50 μL
of streptavidin-horseradish peroxidase were promptly added to every
well, with the exception of the control blank. The contents were homog-
enized, sealed with a plate cover, and subjected to incubation at 37 °C
for a duration of 60 min. Following the removal of the sealer, the plate
underwent automated aspiration and was subsequently rinsed five
times with wash buffer. The tissue paper was utilized for the purpose of
cleaning the plate. The plates were securely closed with a sealant and
subsequently subjected to incubation at a temperature of 37 °C in the
absence of light for approximately 10 min. During this incubation pe-
riod, 50 μL of solution A and 50 μL of solution B were added to every
well. Stop solution of 50 μL was added to each well to terminate the en-
zymatic activity. The sample was assessed at a wavelength of 450 nm
using an automatic microplate reader (Model iMark by Bio-Rad, Japan)
within a time frame of 10 min of the administration of the stop solution.
The concentration of CA was expressed in units of ng/ml.

2.6. Statistical analysis

The data was presented in terms of mean and standard deviation,
and was subjected to normality testing. The data was subjected to statis-
tical analysis through the application of two-way analysis of variance
(ANOVA) and Tukey's honestly significant difference (HSD) test. A sig-
nificant statistical difference was observed when the p-value was less
than 0.05. The statistical analyses were conducted utilizing IBM®
SPSS® Statistics version 25.

3. Results

The findings of the mercury toxicity assessment conducted on
tilapia indicate that no mortalities were observed throughout the test-
ing period. The accumulation of Hg in the gills of fish was observed fol-
lowing exposure to Hg-contaminated water. Specifically, Hg levels of
0.0052 and 0.006 mg/kg were recorded after 4 and 15 days of exposure
to 0.06 mg/L Hg, respectively. Additionally, a Hg level of 0.0072 mg/
kg was observed in fish gills after 4 days of exposure to 0.6 mg/L Hg.
However, the concentrations of Hg in the gills did not exhibit a statisti-
cally significant difference when compared to the control group
(0.0028 mg/kg). The results indicate that the highest concentration of
Hg in the gills (0.015 mg/kg Hg) was observed solely in fish that were
subjected to a 0.6 mg/L Hg exposure for 15 days (Fig. 1). The concen-
tration treatment of 0.06 mg/L seems to be statistically insignificant in
terms of Hg accumulation in fish gills when compared to the control
group after 4 and 15 days of exposure. Similarly, when subjected to
treatment involving elevated concentrations of Hg (0.6 mg/L), the ac-
cumulation rate in the gills of fish was observed to be greater than that
of the control group. However, the difference was considered statisti-
cally insignificant when the fish were exposed for a duration of only 4
days. The findings indicate that, in addition to concentration, the dura-
tion of exposure is a significant factor in the increase of Hg accumula-
tion in the gills of fish. Upon increasing the duration of exposure to a
concentration of 0.6 mg/L of Hg by nearly four-fold (over a period of 15
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Fig. 1. Hg concentration in fish gills subjected to varying Hg medium concen-
trations. Lower case characters indicate significant differences (p < 0.05, a >
b), Number of samples (N) = 5 individual.

days), a significant (p < 0.05) six-fold increase in the accumulation of
Hg in fish gills was observed when compared to the control group of
fish (Fig. 1).

Under a high treatment concentration of 0.6 mg/L for a duration of
15 days, the presence of Hg had a significant impact on pH, pCO2, pO2,
and CA. However, no significant differences were observed in other
treatments as compared to the control. The results of the study indicate
that fish exposed to a concentration of 0.6 mg/L Hg for a period of 15
days exhibited a decrease in blood pH (7.1), pO2 (59.1 mmHg) and CA
(15.6 ng/ml) levels, while displaying an increase in blood pCO2
(34.7 mmHg) levels (Fig. 2). The observed values displayed a statisti-
cally significant difference (p < 0.05) when compared to the control
group. The results indicate that the sublethal concentration of 0.06 mg
Hg/L had a negligible impact on the blood composition of tilapia.
Specifically, the exposure duration ranging from 4 to 15 days did not
significantly alter the pH, pCO2, pO2, and CA levels in the fish blood.

The blood parameters (osmolality, Cl−, Na+ and K+) of fish sub-
jected to 0.6 mg/L Hg for 4 and 15 days exhibited a significant decline
(p < 0.05) in comparison to the control value. A statistically significant
reduction (p < 0.05) in plasma osmolality was observed, with values of

351.8 mOsm/kg and 327.4 mOsm/kg in comparison to the control
group (368.4 mOsm/kg), respectively. The lowest level was observed
after 15 days of exposure. The results of the study indicate that fish ex-
posed to a concentration of 0.6 mg/L of Hg for a period of 15 days expe-
rienced a notable reduction (p < 0.05) in their blood mineral composi-
tions, particularly in the levels of Cl−, Na+, and K+. These concentra-
tions were found to be the lowest among all treatments, while other
treatments did not exhibit any significant differences when compared
to the control group (Fig. 3).

The re sults of the study indica te that only fish that were sub-
jected to a conce ntration of 0.6 mg/L Hg for a pe riod of 15 days ex -
hibited a significa nt re duction (p < 0.05 ) in their RBC
(0.87 106/μL) , Hb (3.46 g/dL), and Ht (18.36%) levels in compa ri-
son to the control group. Howev er , the other trea tments did not
demonstra te any significa nt difference s from the control group (Fig.
4).

4. Discussion

The study employed a comparatively elevated concentration of Hg
due to the notable tolerance of O. niloticus towards Hg, as previously re-
ported [6]. The present study employed sub-lethal concentrations of Hg
at 0.06 and 0.6 mg/L. Although the concentrations of Hg in concern
may exceed those typically found in the natural environment [4], it is
anticipated that investigations into the impact of Hg on various para-
meters of fish blood can be conducted at this level of concentration, and
that any resulting effects can be readily observed. The gill Hg levels in
the tilapia under investigation were found to vary depending on the ex-
posure time and Hg concentrations. The highest level of Hg was ob-
served in the group exposed to 0.6 mg/L Hg for a duration of 15 days.
The study observed the occurrence of acidosis in fish that were sub-
jected to 0.6 mg/L Hg for 15 days. The ultimate outcome of this phe-
nomenon is an elevation in pCO2 accompanied by a reduction in pO2,
plausibly attributable to the disruption of gill function by Hg. Exposure
to Hg resulted in respiratory failure, leading to a reduction in oxygen
uptake, accumulation of carbon dioxide in the bloodstream, and an ele-
vation in pCO2. The respiratory gas transfer process in fish is signifi-
cantly dependent on the gill, which serves as the primary site for CO2
sensing and O2 chemoreception [40–42]. Consequently, exposure of the

Fig. 2. Blood pH, pCO2, pO2, and CA levels in fish exposed to varying Hg levels. Significant differences are denoted with lowercase letters (p < 0.05, a > b), N = 5
individual.
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Fig. 3. Osmolality and ion concentrations in mercury-exposed fish. Lowercase characters show significant statistical differences (p < 0.05, a > b > c), N = 5 indi-
vidual.

gill to pollutants such as Hg may potentially disrupt this crucial func-
tion.

The re spira tion of shrimp larva e was found to be impa cted by
va ry ing levels of Hg and exposure dura tions, re sulting in a re duction
in their oxygen consumption ra te (RO2). Fo llowing a 10h exposure
to 160 pp b of Hg, ther e was a re duction of 43% and 49% in the RO2
levels in zoeae III and zoeae V stages, re spec tive ly. A dura tion of
27 h of exposure to 80 pp b of Hg or more re sulted in pa ralytic
weakness in almost all of the larva e [43]. The impe diment of RO2
may be elucidated by the diffusion of heav y metal ac ross the pe r-
meab le surface s, namely gills and teguments [44]. According to Has-
saninezhad et al. [45], the pr esence of HgCl2 at conce ntrations of
0.01 and 0.02 mg/L may re sult in a re duction of gas exchange ab il-
ity in ye llowfin seab re am (Acanthopagrus la tus) due to fish gill re spi-
ra tion deficiency ca used by Hg contamination.

Elevated levels of pCO2 and notable reductions in pO2 were ob-
served in the hemolymph of Chasmagnathus granulatus crabs exposed to
ammonia. The alterations proposed in the study indicate that the histo-
logical damage observed in the gills hindered the process of gas ex-
change [46]. The study findings indicate that a reduction in the CA
level in the tilapia gills was observed after 15 days of exposure to
0.6 mg/L Hg. The decrease is thought to be attributable to the gill cells'
incapacity to transform CO2 into HCO3−. This finding is consistent with
the findings showed by Larsen et al. [25] and Shandro and Casey [47].

The regulation of NaCl transport across the gills is crucial for main-
taining ionic and osmotic equilibrium in fish [31]. The process of ac-
quiring the essential ion (either Na+ or Cl−) from the adjacent milieu is
linked to the transference of ions that are pertinent to acid-base equilib-
rium into the water. The acid-base interactions mentioned possess a di-
rect impact on the ion-regulatory necessities of the organism [48].
Freshwater fish are capable of achieving ion and osmoregulatory home-
ostasis through the process of exchanging Na+ or Cl− for their internal
H+ or HCO3−. The aforementioned mechanism enables the fish to regu-
late its acid-base equilibrium and maintain homeostasis of its ions
[31,48]. The regulation of monovalent ions (Na+ or Cl−) in freshwater
fish is altered by heavy metals, resulting in ion outflow [49–51]. The
study found that tilapia exposed to 0.6 mg/L Hg for a period of 15 days

experienced a decrease in plasma Na+ and Cl− concentrations. At the
given concentration of treatment, it is possible for Cl−/HCO3− exchange
and Na+/H+ exchange to take place in the gills while experiencing hy-
percarbia. Following a 96-h exposure to hypercapnia in freshwater, At-
lantic salmon (Salmo salar) exhibit the development of respiratory aci-
dosis. In response to this situation, the fish employ a mechanism involv-
ing the exchange of Cl−/HCO3− and Na+/H+ at the branchial level to
reduce their plasma levels of Cl− and Na+. This leads to an increase in
their ion difference [52]. The aforementioned modifications take place
during the process of acidosis regulation and could potentially suggest a
broader dysfunction in gill functionality [52]. The findings of our inves-
tigation indicate that exposure to 0.6 mg/L Hg over a period of 15 days
elicited a reduction in plasma Cl− and Na+ levels, subsequently leading
to a decrease in osmolality. This outcome is likely attributable to dam-
age incurred by gill cells. According to Larsen et al. [25], a plausible
reason for the reduction in Cl− and Na+ levels could be the alteration of
Na+/K+-ATPase activity in chloride cells due to exposure to heavy met-
als, which could potentially disturb the branchial ion exchanger. The
hemolymph of shore crab (Carcinus maenas) experienced a reduction in
osmolality and ion content as a result of exposure to copper. The ob-
served phenomenon could potentially be attributed to an elevation in
osmoregulatory Na+/K+-ATPase activity [53]. The gills of fish seem to
experience a disturbance in Na regulation as a result of exposure to in-
organic Hg, which is attributed to a reduction in the activity of
Na+/K+-ATPases in the gills [54,55]. Previous studies have reported a
robust inverse relationship between the concentration of pollutants and
the activity of Na+/K+-ATPase in the gills of the European flounder
(Platichthys flesus) inhabiting a region contaminated with mercury [56].
Additionally, a comparable inhibition of Na+/K+-ATPase activity has
been observed in mrigal carp (Cirrhinus mrigala) following acute expo-
sure to HgCl2 at concentrations of 0.068 and 0.034 mg/L [57]. Accord-
ing to Macirella and Brunelli [58], short exposure to two low concentra-
tions of mercury chloride led to changes in gill morphology and alter-
ations in Na+/K+-ATPase. The enhancement was elucidated as a period
of adaptation that relies on the sustained metallic impact or maintain-
ing of the ion flow [59]. The findings of this research indicate that the
exposure to 0.6 mg/L Hg for a period of 15 days resulted in a significant
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Fig. 4. The levels of red blood cells, hemoglobin, and hematocrit in fish exposed
with Hg. Lower case characters indicate significant statistical differences
(p < 0.05, a > b), N = 5 individual.

reduction in both ionic and osmotic regulations. Undoubtedly, ex-
tended exposure may lead to death; however, additional research is
necessary to confirm this assertion.

The findings indicate that the exposure of fish to 0.6 mg/L Hg for a
duration of 15 days resulted in a reduction in K+ levels. The potential
cause of the reduced level of K+ ions could be attributed to the im-
paired gill epithelium and the subsequent impact on the activity of the
Na+/K+-ATPase, leading to alterations in the passive fluxes. Due to the
permeability of fish gills to K+, the efflux of K+ is greater than its in-
flux. According to Partridge and Lymbery [60], a reduction in the up-
take of K+ is comparatively more important than an elevation in K+

loss. Alternately, the reduction in serum K+ can be attributed to the ad-
justment of fish to lower osmolality [61]. According to Oliveira-Ribeiro
et al. [62], the gill epithelium can be disrupted by exposure to dissolved
Hg, which may have an impact on gas exchange and the ability of cell
membranes to allow cations to pass through. The observed changes in
Na+/K+-ATPase activity could potentially account for the competitive
disadvantage experienced by the blue mussel species Mytilus edulis in
the presence of the antifouling agent chlorothalonil, which induces an

increased passive K+ efflux [63]. The study conducted by Prasad et al.
[64] revealed that alterations in the levels of Na+ and K+ ions could po-
tentially signify a stress-induced response that arises due to extended
exposure of fish to harmful substances. The aforementioned exposure
possibly initiated distinct physiological and metabolic mechanisms that
have the potential to enhance the efflux of ions.

The findings of the study indica te that a re duction in RBC, Hb
and Ht levels were observ ed in tilapia that were subjected to
0.6 mg/L Hg for a dura tion of 15 days. The va lues of RBC, Hb, and
Ht of Te nch (Tinca tinca) decr eased significa ntly in re sponse to
ac ute lethal (1.0 mg/L Hg for 48 h) and sublethal (0.25 mg/L Hg for
3 weeks) trea tments, wher eas at lower sublethal (0.1 mg/L Hg for
24 h) trea tments, RBC and Ht va lues incr eased significa ntly while
Hb levels re mained stable [65 ]. Walking ca tfish (Claria s batrachus )
exposed for 14 days to va ry ing conce ntrations of mercuric chloride
(HgC l2) exhibited a decline in RBC and Hb levels [66 ]. A decr ease in
RBC, Hb and Ht in Silve r ca rp (Hypophthal mi chthys moli trix ) were
re corded after exposure to both low (10% LC 50) and high (50%
LC 50) conce ntrations of HgCl2 for 4 days [67]. Tinca tinca exhibited
a significa nt decr ease in their RBC, Hb, and Ht levels following ex-
posure to thre e distinct mercury trea tments [68 ]. Ishikawa et al.
[69 ] re ported that ther e was no significa nt difference in the levels
of RBC, Hb, and Ht in Oreochromis ni lo ticus when exposed to va ry -
ing conce ntrations of Hg (0.02, 0.00 2, 0.00 02 mg/L) .

Hematological alterations have been confirmed in association with
acidosis. Our findings indicate that fish subjected to 0.6 mg/L Hg over a
period of 15 days exhibit a reduction in RBC, Hb, and Ht concentra-
tions, along with acidosis and ion imbalance. Under these critical cir-
cumstances, when the heightened energy demand exceeded the capac-
ity of aerobic energy production, the organism initiates anaerobic gly-
colysis as a means of generating additional ATP. Lactic acid, which is
the end result of anaerobic glycolysis, is known to induce fatigue and
reduce the pH of blood plasma [70]. The reduction in Cl− levels in
plasma could be attributed to the movement of Cl− into red blood cells,
potentially due to low plasma pH. Otherwise, Cl− could have been
transported into the intracellular membrane, thereby limiting lactic ef-
flux [71]. Moreover, Turner et al. [72] found that highly trained trout
experienced an increase in lactate levels in their blood and a decline in
blood plasma Cl−. They suggested that this exchange could be the rea-
son for these changes. The reduction in Ht level may be associated with
the diminution of erythrocyte size. The findings suggest that prolonged
exposure to high levels of Hg in tilapia may lead to a significant de-
crease in blood O2-affinity, possibly due to a reduction in the size of red
blood cells. This is evidenced by the observation of smaller red cells in
carp (Cyprinus carpio) that were exposed to high levels of toxicant [73].
The increased size of red blood cells may potentially increase their abil-
ity to bind with oxygen [74]. As a result, it is likely that the presence of
Hg could impede the transportation of oxygen through the bloodstream
of fish.

The study findings indica te that a 15day exposure to 0.6 mg/L
Hg re sulted in a re duction of all blood pa rameters that were exam-
ined. Hence, an indica tion of a disturba nce in the er y throcy tes or
er y thropoiet ic function is pr esent [75]. Sever al studies have re -
ported that different fish spec ies subjected to different levels of
heav y metals expe rience d a re duction in their re d blood ce ll count,
hemoglobin levels, and hematocrit levels [11,27,76–78].

The observed reduction in red blood cell count suggests that Hg may
have a detrimental effect on erythrocytes during circulation. A compa-
rable occurrence was observed by Heath [79] in fish that were sub-
jected to high levels of metallic substances. According to Al-Rudainy's
research [80], the enzymatic pathway responsible for the production of
Hb in fish is inhibited by heavy metals. The findings suggest that the
tilapia that were subjected to 0.6 mg/L Hg for a duration of 15 days ex-
hibited a state of anemia or hemodilution, as evidenced by the observed
reductions in RBC, Hb, and Ht levels. The findings align with the results
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of our study's pO2 examination, which indicates a significant decrease
in pO2 levels among fish treated with Hg. Fish with such a condition ex-
perience insufficient oxygen supply to their tissues, leading to reduced
levels of activity and productivity [61,81].

5. Conclusions and recommendations

Mercury (Hg) has the potential to infiltrate and pollute aquatic
ecosystems due to anthropogenic actions. Once present, it has the ca-
pacity to be sequestered and concentrated within the aquatic ecosystem
or assimilated by aquatic organisms. Ultimately, the substance will en-
ter the food chain through both water and food sources, resulting in ad-
verse health effects for both animals and humans. Oreochromis niloticus,
is a species of significant commercial importance due to its high protein
content. The potential impact of Hg on O. niloticus is an issue of signifi-
cant concern, as the species is often cultivated in freshwater environ-
ments that are vulnerable to contamination by metallic substances orig-
inating from anthropogenic sources. The study findings indicate that
the presence of Hg can lead to a decrease in the levels of electrolyte, os-
moregulation, acid-base equilibrium, hematological parameters, and
the capacity of tilapia to supply sufficient oxygen to the cells. Hence,
the prevention of pollution by heavy metals including Hg in aquatic en-
vironments is considered one of the greatest crucial strategies to tackle
this issue. The unregulated discharge of sewage and industrial effluents
has significantly impaired the overall aquatic environment and water
quality, thereby impacting the biochemical and physiological well-
being of aquatic organisms, including fish. To preserve ecological equi-
librium, it is recommended that industrialists refrain from disposing of
their waste without prior treatment. In the long run, the reduction of
pollution emanating from these specific sources would result in a corre-
sponding decrease in the concentration of toxic metals in fish, as the
level of pollutants in their natural environment diminishes. To address
this issue, it is imperative to devise strategies or measures that can offer
a viable solution. Consequently, it is imperative to take action at pre-
sent to guarantee that forthcoming pollution and discharges of heavy
metals in aquatic ecosystems are reduced to the greatest possible degree
to avert contamination of aquatic ecosystems on a global scale and to
avoid harmful effects on fish and humans.
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a b s t r a c t

Mercury (Hg) poses a significant risk to aquatic ecosystems and living organisms as a result of human
activities. Hg found in fish can be detrimental to human health when consumed, causing harmful effects.
The potential impact of Hg on fish physiology is a significant concern, given its presence in fish. The rapid
accumulation of Hg in fish tissues has the potential to impact their blood gas and electrolyte composi-
tions. The objective of this investigation was to analyze the effects of sublethal concentrations of Hg on
the blood gas and electrolyte levels of tilapia (Oreochromis niloticus) over different periods of exposure.
This research was conducted through laboratory experiments. The study involved subjecting fish to
sublethal concentrations of Hg at levels of 0.06 and 0.6 mg/L for a duration of 4 and 15 days. Upon
completion of the toxicity test, fish specimens were taken from each testing group for the purpose of
analyzing the Hg and carbonic anhydrase (CA) concentrations present in the gills, as well as osmoreg-
ulatory, acid-base, and hematological parameters. The results indicate that solely the fish that were
subjected to a concentration of 0.6 mg/L Hg for a duration of 15 days exhibited a higher concentration of
Hg in their gills compared to the control group. The inhibition of respiration by Hg was observed to be a
result of the generation of metabolic acidosis, reduction in gill CA, decrease in pO2, as well as a decrease
in plasma osmolality, Cl�, Naþ, and Kþ. The levels of red blood cells, hemoglobin, and hematocrit
exhibited a decrease solely at the concentration of 0.6 mg/L over a period of 15 days. The previously
mentioned impairments have the potential to restrict the capacity of fish to adequately supply oxygen to
their cells, thereby reducing overall performance.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

Mercury (Hg) is considered to be one of the most perilous pol-
lutants that pose a threat to aquatic ecosystems. This is due to its
potent neurotoxicity towards fish, wildlife, and humans [1]. Hg is
emitted into the environment as a result of natural rock weathering
or volcanic activity. Nevertheless, it is human activity that serves as

the primary contributor of mercury in the environment. The
aforementioned phenomenon is a result of the process of coal
combustion for the generation of electricity and the subsequent
release of industrial waste [2]. In the majority of aquatic environ-
ments, Hg is primarily deposited from the atmosphere. According
to the United States Environmental Protection Agency (USEPA), the
biggest source of mercury in the atmosphere is emissions from
coal-fired power plants [3]. Hg occurs naturally at very low con-
centrations inwater. Commonly, uncontaminated freshwaters have
5e20 ng/L of total Hg, while contaminated waters can contain up to
0.5 mg/L [4]. Hg concentrations in river water near unregulated gold
mining are between 12.7 and 13.6 mg/L [5]. In the vast majority of
surface waters, the levels of Hg are typically much too low to have
any direct adverse effects on either adult fish or the more sensitive
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early life stages of fish [6]. Acute toxicity of Hg to fish species varied,
with 30 mg/L for a guppy Lebistes reticulatus [7], 580 mg/L for
Mozambique tilapia Orechromis mossambicus [8], 327 mg/L for perch
Percocypris pingi [9], 220e1220 mg/L for Nile tilapia Oreochromis
niloticus [10,11], 606 mg/L for fresh water climbing perch Anabas
testudineus [12], and 900 mg/L for common carp Cyprinus carpio
[13].

The bioavailability of Hg in teleost fish is dependent on the
overall chemical concentration of the surrounding environment,
which includes pH, salinity, hardness, hydrophobicity, and metals'
interactions with biotic and abiotic ligands, as well as the fish's
ability to absorb the various Hg forms at the gill, skin, and digestive
system [14]. Hg accumulation may impair fish's immune system
[15,16], respiratory and cardiovascular systems [17,18], reproductive
organs [19,20], digestive system and excretory system [21], blood
system [22], and enzymatic activity [23].

As far as current knowledge is concerned, there exists a paucity
of scientific study on the impact of Hg on the state of acid-base
equilibrium in fish. Prior research has indicated that certain
heavy metals, including Zn, Cu, Pb, and Cd, have the potential to
impact the acid-base parameters of various species of fish, for
instance rainbow trout (Salmo gairdneri) [24], cod (Gadus morhua)
[25], groovy mullet (Liza dumerili) [26], and tilapia O. niloticus [27].
Huang and Chen [28] observed that various types of inorganic
pollution, including nitrite, led to an increase of nitrite levels in the
bloodstream, methemoglobin, as well as partial pressure of oxygen
(pO2) in Anguilla Anguilla, commonly known as European eels.
Additionally, a negative correlation was observed between nitrite
concentrations in media and blood pH, pCO2, and HCO3. Chen and
Lee [29] observed that the giant prawn Macrobrachium rosenbergii
exhibited elevated hemolymph pO2 and ammonia excretion, along
with a decrease in hemolymph pH, subsequent to exposure to ni-
trite. The exposure to heavy metals and other pollutants has been
observed to cause alterations in acid-base balances and various
hematological parameters. This phenomenon is characterized by a
rapid sequence of events, wherein gill damage is expected to be the
cause of hypoxemia, leading to tissue hypoxia and a resultant
combined acidosis, ultimately proving to be fatal [30].

It can be observed that animals produce a comparable amount
of carbon dioxide to the oxygen they consume during metabolic
processes. Blood serves the function of conveying oxygen from the
external milieu to the body's tissues, whilst the tissues discharge
carbon dioxide, which is subsequently transported by the blood
back into the external environment. Hemoglobin (Hb) is an
essential component of the red blood cell (RBC) and facilitates the
transportation of O2 and CO2 in the blood of all vertebrates [30]. The
process of acid-base compensating in fish is primarily dependent
on the direct transfer of Hþ and HCO3

� via the gill as a substitute for
Naþ and Cl�. As a result, the acid-base regulation in fish is closely
associated with the regulation of ions. Consequently, the mainte-
nance of ionic and osmotic equilibrium in fish necessitates regu-
lating the flow of NaCl transportation across the gills. Carbonic
anhydrase (CA) is responsible for regulating CO2 excretion, ionic
regulation, and acid-base balance [31]. Numerous in vitro in-
vestigations have suggested that fish CA activity is inhibited by
heavy metals [32,33]. Nonetheless, there exists a scarcity of in vivo
investigations concerning the impact of Hg on CA of fish. As a result,
the impacts of Hg on the enzyme carbonic anhydrase found in fish
will be the focus of this study.

Oreochromis niloticus is a economic value species of fish,
particularly in Indonesia. Tilapia is extensively cultivated in ponds
which obtain their water from nearby rivers. In the meantime,
there are numerous agricultural, industrial, and residential activ-
ities along the river [34]. Thus, the aquaculture species that depend
on river water as their primary resource supply are impacted by the

waste, which includes heavy metals, that flows into the rivers from
these activities. Typically, this species reacts quickly to environ-
mental changes [11], and it can accumulate Hg from the environ-
ment [35]. The potential impact of Hg on tilapia is a significant
concern, as the species is commonly cultivated in freshwater en-
vironments that are persistently polluted by metals originating
from anthropogenic sources. The present investigation aimed to
analyze the impact of sub-lethal Hg exposition on the osmoregu-
lation, blood gas contents, hematological characteristics, as well as
CA of gills of O. niloticus for a duration of four and fifteen days.

2. Materials and methods

2.1. Laboratory acclimation of experimental animals

The study used O. niloticus tilapia specimens that measured
15.5 ± 0.6 cm in length and weighed 68.6 ± 1.2 g. The piscine
specimens were procured from a pisciculture establishment
located in Pasuruan, East Java. They were transported to the labo-
ratory in a plastic bag containing fresh water with oxygenation.
Subsequently, the fish underwent a period of no less than 14 days
for acclimating to the dechlorinated tap water, maintained at a
temperature range of 28e29 �C, and subjected to a photoperiod of
12-h light and 12-h dark in the 250 L acclimated tanks located
within the testing facility. A biofiltration system comprising of
gravel, sand, and sponge filters was employed to facilitate the
continuous recirculation of water during the acclimating process,
thereby ensuring the preservation of water quality. The fish were
administered pellet fish meal that consisted of 30% proteins, 3% fat,
and 4% fibers (Takari, Indonesia) at a dosage equivalent to one
percent of their daily estimated body weight [11]. On a daily basis,
the removal of excrement, discarded food scraps, and other unde-
sired materials was carried out tomaintain an adequate standard of
water quality for the fish. The optimal values for temperature, pH,
and dissolved oxygen were established through regular measure-
ments taken during the acclimation and experimentation phases.
These values were determined to be 28.6 ± 0.5 �C, 7.8 ± 0.3, and
7.3 ± 0.5 mg/L, respectively.

2.2. Preparing a Hg solution

A 1000 mg/L Hg stock solution was prepared by dissolving
1.3539 g of HgCl2 (Merck, Darmstadt, Germany) in 1 L of deionized
water. As per the findings of our prior research, the lethal concen-
tration (96h LC50) of Hg for O. niloticus was determined to be
1.22 mg/L [11]. The nominal concentrations of Hg utilized in this
experiment were determined based on the LC50 value, and were as
follows: 0.06 mg/L (equivalent to 5% of LC50), 0.6 mg/L (equivalent to
50% of LC50), and a control group that did not contain Hg. The
experiment media were subjected to concentration measurements,
resulting values of 0.044 ± 0.07 mg/L, 0.49 ± 0.04 mg/L, and
<0.001e0.001 mg/L (control), respectively. The study involved con-
ducting experiments across two distinct time frames, namely a
short-termperiod of four days and a long-term period of 15 days. The
process for determining the concentration of Hg in the experimental
media was performed according to the methodology outlined in
Ref. [36]. The experimentalmediawere subjected to filtration using a
0.45 mm membrane filter and was subsequently acidified to a pH of
less than 2 through the addition of HNO3. A volume of 100 mL of the
specimenwas transferred into a sample container that has a capacity
of 300 mL. Subsequently, a volume of 5 mL H2SO4 and 2.5 mL HNO3
were introduced and homogenized. Subsequently, 15 mL of potas-
sium permanganate solution were introduced into each sample
container, agitated, and supplemented with potassium permanga-
nate as required until the persistence of the purple hue for a
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minimum of 15 min. Subsequently, 8 mL of potassium persulfate
were introduced into each vessel and subjected to heating in awater
bathmaintained at 90 ± 5 �C for 2 h. Following the cooling process, a
6 mL solution of sodium chloride-hydroxylamine sulfate was intro-
duced into each container and subjected to analysis using a flameless
atomic absorption spectrophotometer, specifically the Mercury-
Hydride System Analitik Jena HS 60.

2.3. Sublethal toxicity test of Hg on O. niloticus

Following a period of acclimation, a sample of 50 fish in good
health was randomly chosen from a holding tank and subsequently
allocated to 10 separate tanks, each containing five fish. The
experimental setup involved tanks with a volume of 40 L each,
which were filled with a testing medium comprising of varying
concentrations of Hg for different durations. Specifically, the con-
centrations of Hg were 0.06 mg/L and 0.6 mg/L, and the exposure
periods were 4 and 15 days. Additionally, a control group was
included in the study, which did not contain any Hg. Each con-
centration was tested using two sets of tanks. To maintain a con-
stant concentration of Hg, 50% of the experimental medium was
renewed at intervals of 48 h. Throughout the trial, the fish were
providedwith pellet fishmeal at a concentration that corresponded
to one percent of their daily estimated body weight. Blood and gill
tissue samples were obtained from five fish selected at random
from each treatment group following 4 and 15 days of exposure.
Upon completion of the experiment, the experimental water con-
taining Hg was collected and subsequently stored in a metallic tank
designed for the storage of wastewater. The experimental proced-
ures that utilized animals were conducted in compliance to the
Animal Care and Use Regulations of Airlangga University.

2.4. The measurement of Hg levels in the gills

The concentration of Hg in tilapia gills was determined using a
procedure proposed by Candra et al. [37]. The gills of tilapia were
extracted and subjected to a drying process in an oven maintained
at 60 �C for 48 h until a consistent weight was achieved. Following
desiccation, the gills were pulverized into a fine particulate form. A
quantity of 0.5 g of pulverized gills underwent a heating process in
acid solutions consisting of 2 mL of HNO3 - HClO4 (1:1) and 5 mL of
H2SO4. The heating process was carried out in a Mars 6 microwave
digester for 3 h at 80 �C. Upon cooling of the solution, 0.1 mL of
KMnO4 and 0.5 mL of SnCl2 were introduced to preserve the violet
coloration. Sufficient NH2OHeHCl solution was added to neutralize
the excess KMnO4, which functioned as a preservative. A singular
portion of the specimen was subjected to analysis for the presence
of Hg utilizing a flameless atomic absorption spectrophotometer,
specifically the Mercury-Hydride System Analitik Jena, HS 60. The
concentrations of Hg in the analyzed samples were reported in
units of mg/kg of wet weight. The limit of detection for Hg was
0.001 mg/kg. The validation of the analytical approach was carried
out through the measurement of Hg in the DORM-4 standard
reference material of the National Research Council of Canada. In
the course of validating the analytical procedure, it was ascertained
that the recovery of Hg for the DORM-4 certificate was 93%.

2.5. The measurement of blood chemistry and physiological
parameters

The fish were subjected to anesthesia using a clove solution of
200 mg/L prior to the collection of their blood samples. This
particular anesthesia was selected due to its minimal impact on
physiological parameters [38]. Approximately 1 mL of blood from
each fish was extracted through the caudal aorta using a plastic

syringe that was not heparinized [27]. The blood sample was
collected and preserved using vacutainer plastic tubes containing
EDTA as a means of preventing coagulation. Subsequently, the
blood samples were promptly collected into an automatic blood
analyzer (SFRI Blood Cell Counter 33, Jean d'Illac, France) for the
evaluation of hematological parameters, including red blood cell
(RBC) counts, hematocrit (Ht) levels, and hemoglobin (Hb) con-
centrations [11,39]. In order to measure the blood pH, pCO2, and
pO2 levels, a blood sample was immediately administered onto a
sensor card (Techno Medica 091, Japan), and subsequently inserted
into an automatic blood gas analyzer (GASTAT-Navi, Japan). The
pCO2 and pO2 were denoted in mmHg [27]. Blood plasma was
isolated from blood cells through centrifugation of a small amount
of the blood specimen at 5000 rpm and 4 �C for 10 min, before
measuring the plasma's osmolality, as well as the concentrations of
Naþ, Cl�, and Kþ. The plasma's osmolality was assessed through the
introduction of a 20 mL plasma sample into a tube, followed by
measurement using a micro-sample osmometer (Fiske® 210, Nor-
wood, MA, USA) and reported in mOsm/kg units. The plasma's Naþ,
Cl�, and Kþ concentrations were assessed by transferring a 22 mL
plasma sample into a specialized tube and subsequently analyzing
it with an electrolyte analyzer (SpotChem EL SE-1520, Kyoto,
Japan), and reported in mmol/L [11,39]. The manufacturer of each
instrument utilized for measurement supplied the requisite
chemicals and components for the determination of hematological,
acid-base parameters, osmolality, and ion levels.

CA is a crucial factor in regulating the acid-base equilibrium in
fish, predominantly taking place in the gills [40]. The present study
employed an ELISA kit (Catalog Number E0123Fi) to determine the
concentration of CA in gills that were subjected to Hg exposure. The
experimental protocol was carried out in accordance with the
guidelines provided by the manufacturer (Bioassay Technology
Laboratory Biotech Co. Ltd.). The extracted gills were thoroughly
rinsed with phosphate-buffered saline (PBS, pH 7.4) to eliminate
any remaining blood and weighed. The microtiter plate was pre-
coated with Anti-CA antibody before its utilization. In order to
ascertain the concentration of CA, standardized samples of 50 mL,
blank samples, and 40 mL samples were introduced into every well.
Ten microliters of anti-CA antibody and 50 mL of streptavidin-
horseradish peroxidase were promptly added to every well, with
the exception of the control blank. The contents were homoge-
nized, sealed with a plate cover, and subjected to incubation at
37 �C for a duration of 60 min. Following the removal of the sealer,
the plate underwent automated aspiration and was subsequently
rinsed five times with wash buffer. The tissue paper was utilized for
the purpose of cleaning the plate. The plates were securely closed
with a sealant and subsequently subjected to incubation at a tem-
perature of 37 �C in the absence of light for approximately 10 min.
During this incubation period, 50 mL of solution A and 50 mL of
solution B were added to every well. Stop solution of 50 mL was
added to each well to terminate the enzymatic activity. The sample
was assessed at a wavelength of 450 nm using an automatic
microplate reader (Model iMark by Bio-Rad, Japan) within a time
frame of 10 min of the administration of the stop solution. The
concentration of CA was expressed in units of ng/ml.

2.6. Statistical analysis

The data was presented in terms of mean and standard devia-
tion, and was subjected to normality testing. The data was sub-
jected to statistical analysis through the application of two-way
analysis of variance (ANOVA) and Tukey's honestly significant dif-
ference (HSD) test. A significant statistical difference was observed
when the p-value was less than 0.05. The statistical analyses were
conducted utilizing IBM® SPSS® Statistics version 25.
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3. Results

The findings of the mercury toxicity assessment conducted on
tilapia indicate that no mortalities were observed throughout the
testing period. The accumulation of Hg in the gills of fish was
observed following exposure to Hg-contaminated water. Specif-
ically, Hg levels of 0.0052 and 0.006 mg/kg were recorded after 4
and 15 days of exposure to 0.06 mg/L Hg, respectively. Additionally,
a Hg level of 0.0072 mg/kg was observed in fish gills after 4 days of
exposure to 0.6 mg/L Hg. However, the concentrations of Hg in the
gills did not exhibit a statistically significant difference when
compared to the control group (0.0028 mg/kg). The results indicate
that the highest concentration of Hg in the gills (0.015 mg/kg Hg)
was observed solely in fish that were subjected to a 0.6 mg/L Hg
exposure for 15 days (Fig. 1). The concentration treatment of
0.06 mg/L seems to be statistically insignificant in terms of Hg
accumulation in fish gills when compared to the control group after
4 and 15 days of exposure. Similarly, when subjected to treatment
involving elevated concentrations of Hg (0.6 mg/L), the accumula-
tion rate in the gills of fish was observed to be greater than that of
the control group. However, the difference was considered statis-
tically insignificant when the fish were exposed for a duration of
only 4 days. The findings indicate that, in addition to concentration,
the duration of exposure is a significant factor in the increase of Hg
accumulation in the gills of fish. Upon increasing the duration of
exposure to a concentration of 0.6 mg/L of Hg by nearly four-fold
(over a period of 15 days), a significant (p < 0.05) six-fold in-
crease in the accumulation of Hg in fish gills was observed when
compared to the control group of fish (Fig. 1).

Under a high treatment concentration of 0.6 mg/L for a duration
of 15 days, the presence of Hg had a significant impact on pH, pCO2,
pO2, and CA. However, no significant differences were observed in
other treatments as compared to the control. The results of the
study indicate that fish exposed to a concentration of 0.6 mg/L Hg
for a period of 15 days exhibited a decrease in blood pH (7.1), pO2
(59.1 mmHg) and CA (15.6 ng/ml) levels, while displaying an in-
crease in blood pCO2 (34.7 mmHg) levels (Fig. 2). The observed
values displayed a statistically significant difference (p < 0.05)
when compared to the control group. The results indicate that the
sublethal concentration of 0.06 mg Hg/L had a negligible impact on
the blood composition of tilapia. Specifically, the exposure duration
ranging from 4 to 15 days did not significantly alter the pH, pCO2,
pO2, and CA levels in the fish blood.

The blood parameters (osmolality, Cl�, Naþ and Kþ) of fish
subjected to 0.6 mg/L Hg for 4 and 15 days exhibited a significant
decline (p < 0.05) in comparison to the control value. A statistically

significant reduction (p < 0.05) in plasma osmolality was observed,
with values of 351.8 mOsm/kg and 327.4 mOsm/kg in comparison
to the control group (368.4 mOsm/kg), respectively. The lowest
level was observed after 15 days of exposure. The results of the
study indicate that fish exposed to a concentration of 0.6mg/L of Hg
for a period of 15 days experienced a notable reduction (p < 0.05) in
their blood mineral compositions, particularly in the levels of Cl�,
Naþ, and Kþ. These concentrations were found to be the lowest
among all treatments, while other treatments did not exhibit any
significant differences when compared to the control group (Fig. 3).

The results of the study indicate that only fish that were sub-
jected to a concentration of 0.6 mg/L Hg for a period of 15 days
exhibited a significant reduction (p < 0.05) in their RBC (0.87 106/
mL), Hb (3.46 g/dL), and Ht (18.36%) levels in comparison to the
control group. However, the other treatments did not demonstrate
any significant differences from the control group (Fig. 4).

4. Discussion

The study employed a comparatively elevated concentration of
Hg due to the notable tolerance of O. niloticus towards Hg, as pre-
viously reported [6]. The present study employed sub-lethal con-
centrations of Hg at 0.06 and 0.6 mg/L. Although the concentrations
of Hg in concern may exceed those typically found in the natural
environment [4], it is anticipated that investigations into the
impact of Hg on various parameters of fish blood can be conducted
at this level of concentration, and that any resulting effects can be
readily observed. The gill Hg levels in the tilapia under investiga-
tion were found to vary depending on the exposure time and Hg
concentrations. The highest level of Hg was observed in the group
exposed to 0.6 mg/L Hg for a duration of 15 days. The study
observed the occurrence of acidosis in fish that were subjected to
0.6 mg/L Hg for 15 days. The ultimate outcome of this phenomenon
is an elevation in pCO2 accompanied by a reduction in pO2, plau-
sibly attributable to the disruption of gill function by Hg. Exposure
to Hg resulted in respiratory failure, leading to a reduction in ox-
ygen uptake, accumulation of carbon dioxide in the bloodstream,
and an elevation in pCO2. The respiratory gas transfer process in fish
is significantly dependent on the gill, which serves as the primary
site for CO2 sensing and O2 chemoreception [40e42]. Consequently,
exposure of the gill to pollutants such as Hgmay potentially disrupt
this crucial function.

The respiration of shrimp larvae was found to be impacted by
varying levels of Hg and exposure durations, resulting in a reduc-
tion in their oxygen consumption rate (RO2). Following a 10h
exposure to 160 ppb of Hg, there was a reduction of 43% and 49% in
the RO2 levels in zoeae III and zoeae V stages, respectively. A
duration of 27 h of exposure to 80 ppb of Hg or more resulted in
paralytic weakness in almost all of the larvae [43]. The impediment
of RO2 may be elucidated by the diffusion of heavy metal across the
permeable surfaces, namely gills and teguments [44]. According to
Hassaninezhad et al. [45], the presence of HgCl2 at concentrations
of 0.01 and 0.02 mg/L may result in a reduction of gas exchange
ability in yellowfin seabream (Acanthopagrus latus) due to fish gill
respiration deficiency caused by Hg contamination.

Elevated levels of pCO2 and notable reductions in pO2 were
observed in the hemolymph of Chasmagnathus granulatus crabs
exposed to ammonia. The alterations proposed in the study indi-
cate that the histological damage observed in the gills hindered the
process of gas exchange [46]. The study findings indicate that a
reduction in the CA level in the tilapia gills was observed after 15
days of exposure to 0.6 mg/L Hg. The decrease is thought to be
attributable to the gill cells' incapacity to transform CO2 into HCO3

�.
This finding is consistent with the findings showed by Larsen et al.
[25] and Shandro and Casey [47].

Fig. 1. Hg concentration in fish gills subjected to varying Hg medium concentrations.
Lower case characters indicate significant differences (p < 0.05, a > b), Number of
samples (N) ¼ 5 individual.
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The regulation of NaCl transport across the gills is crucial for
maintaining ionic and osmotic equilibrium in fish [31]. The process
of acquiring the essential ion (either Naþ or Cl�) from the adjacent
milieu is linked to the transference of ions that are pertinent to
acid-base equilibrium into the water. The acid-base interactions
mentioned possess a direct impact on the ion-regulatory neces-
sities of the organism [48]. Freshwater fish are capable of achieving
ion and osmoregulatory homeostasis through the process of
exchanging Naþ or Cl� for their internal Hþ or HCO3

�. The afore-
mentioned mechanism enables the fish to regulate its acid-base

equilibrium and maintain homeostasis of its ions [31,48]. The
regulation of monovalent ions (Naþ or Cl�) in freshwater fish is
altered by heavy metals, resulting in ion outflow [49e51]. The
study found that tilapia exposed to 0.6 mg/L Hg for a period of 15
days experienced a decrease in plasma Naþ and Cl� concentrations.
At the given concentration of treatment, it is possible for Cl�/HCO3

�

exchange and Naþ/Hþ exchange to take place in the gills while
experiencing hypercarbia. Following a 96-h exposure to hyper-
capnia in freshwater, Atlantic salmon (Salmo salar) exhibit the
development of respiratory acidosis. In response to this situation,

Fig. 2. Blood pH, pCO2, pO2, and CA levels in fish exposed to varying Hg levels. Significant differences are denoted with lowercase letters (p < 0.05, a > b), N ¼ 5 individual.

Fig. 3. Osmolality and ion concentrations in mercury-exposed fish. Lowercase characters show significant statistical differences (p < 0.05, a > b > c), N ¼ 5 individual.
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the fish employ a mechanism involving the exchange of Cl�/HCO3
�

and Naþ/Hþ at the branchial level to reduce their plasma levels of
Cl� and Naþ. This leads to an increase in their ion difference [52].
The aforementioned modifications take place during the process of
acidosis regulation and could potentially suggest a broader
dysfunction in gill functionality [52]. The findings of our investi-
gation indicate that exposure to 0.6 mg/L Hg over a period of 15
days elicited a reduction in plasma Cl� and Naþ levels, subsequently
leading to a decrease in osmolality. This outcome is likely attrib-
utable to damage incurred by gill cells. According to Larsen et al.
[25], a plausible reason for the reduction in Cl� and Naþ levels could
be the alteration of Naþ/Kþ-ATPase activity in chloride cells due to
exposure to heavy metals, which could potentially disturb the
branchial ion exchanger. The hemolymph of shore crab (Carcinus
maenas) experienced a reduction in osmolality and ion content as a
result of exposure to copper. The observed phenomenon could
potentially be attributed to an elevation in osmoregulatory Naþ/Kþ-
ATPase activity [53]. The gills of fish seem to experience a

disturbance in Na regulation as a result of exposure to inorganic Hg,
which is attributed to a reduction in the activity of Naþ/Kþ-ATPases
in the gills [54,55]. Previous studies have reported a robust inverse
relationship between the concentration of pollutants and the ac-
tivity of Naþ/Kþ-ATPase in the gills of the European flounder
(Platichthys flesus) inhabiting a region contaminated with mercury
[56]. Additionally, a comparable inhibition of Naþ/Kþ-ATPase ac-
tivity has been observed in mrigal carp (Cirrhinus mrigala)
following acute exposure to HgCl2 at concentrations of 0.068 and
0.034 mg/L [57]. According to Macirella and Brunelli [58], short
exposure to two low concentrations of mercury chloride led to
changes in gill morphology and alterations in Naþ/Kþ-ATPase. The
enhancement was elucidated as a period of adaptation that relies
on the sustained metallic impact or maintaining of the ion flow
[59]. The findings of this research indicate that the exposure to
0.6 mg/L Hg for a period of 15 days resulted in a significant
reduction in both ionic and osmotic regulations. Undoubtedly,
extended exposure may lead to death; however, additional
research is necessary to confirm this assertion.

The findings indicate that the exposure of fish to 0.6 mg/L Hg for
a duration of 15 days resulted in a reduction in Kþ levels. The po-
tential cause of the reduced level of Kþ ions could be attributed to
the impaired gill epithelium and the subsequent impact on the
activity of the Naþ/Kþ-ATPase, leading to alterations in the passive
fluxes. Due to the permeability of fish gills to Kþ, the efflux of Kþ is
greater than its influx. According to Partridge and Lymbery [60], a
reduction in the uptake of Kþ is comparativelymore important than
an elevation in Kþ loss. Alternately, the reduction in serum Kþ can
be attributed to the adjustment of fish to lower osmolality [61].
According to Oliveira-Ribeiro et al. [62], the gill epithelium can be
disrupted by exposure to dissolved Hg, which may have an impact
on gas exchange and the ability of cell membranes to allow cations
to pass through. The observed changes in Naþ/Kþ-ATPase activity
could potentially account for the competitive disadvantage expe-
rienced by the blue mussel speciesMytilus edulis in the presence of
the antifouling agent chlorothalonil, which induces an increased
passive Kþ efflux [63]. The study conducted by Prasad et al. [64]
revealed that alterations in the levels of Naþ and Kþ ions could
potentially signify a stress-induced response that arises due to
extended exposure of fish to harmful substances. The aforemen-
tioned exposure possibly initiated distinct physiological and
metabolic mechanisms that have the potential to enhance the
efflux of ions.

The findings of the study indicate that a reduction in RBC, Hb
and Ht levels were observed in tilapia that were subjected to
0.6 mg/L Hg for a duration of 15 days. The values of RBC, Hb, and Ht
of Tench (Tinca tinca) decreased significantly in response to acute
lethal (1.0 mg/L Hg for 48 h) and sublethal (0.25 mg/L Hg for 3
weeks) treatments, whereas at lower sublethal (0.1 mg/L Hg for
24 h) treatments, RBC and Ht values increased significantly while
Hb levels remained stable [65]. Walking catfish (Clarias batrachus)
exposed for 14 days to varying concentrations of mercuric chloride
(HgCl2) exhibited a decline in RBC and Hb levels [66]. A decrease in
RBC, Hb and Ht in Silver carp (Hypophthalmichthys molitrix) were
recorded after exposure to both low (10% LC50) and high (50% LC50)
concentrations of HgCl2 for 4 days [67]. Tinca tinca exhibited a
significant decrease in their RBC, Hb, and Ht levels following
exposure to three distinct mercury treatments [68]. Ishikawa et al.
[69] reported that there was no significant difference in the levels
of RBC, Hb, and Ht inOreochromis niloticuswhen exposed to varying
concentrations of Hg (0.02, 0.002, 0.0002 mg/L).

Hematological alterations have been confirmed in association
with acidosis. Our findings indicate that fish subjected to 0.6 mg/L
Hg over a period of 15 days exhibit a reduction in RBC, Hb, and Ht
concentrations, along with acidosis and ion imbalance. Under these

Fig. 4. The levels of red blood cells, hemoglobin, and hematocrit in fish exposed with
Hg. Lower case characters indicate significant statistical differences (p < 0.05, a > b),
N ¼ 5 individual.
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critical circumstances, when the heightened energy demand
exceeded the capacity of aerobic energy production, the organism
initiates anaerobic glycolysis as a means of generating additional
ATP. Lactic acid, which is the end result of anaerobic glycolysis, is
known to induce fatigue and reduce the pH of blood plasma [70].
The reduction in Cl� levels in plasma could be attributed to the
movement of Cl� into red blood cells, potentially due to low plasma
pH. Otherwise, Cl� could have been transported into the intracel-
lular membrane, thereby limiting lactic efflux [71]. Moreover,
Turner et al. [72] found that highly trained trout experienced an
increase in lactate levels in their blood and a decline in blood
plasma Cl�. They suggested that this exchange could be the reason
for these changes. The reduction in Ht level may be associated with
the diminution of erythrocyte size. The findings suggest that pro-
longed exposure to high levels of Hg in tilapia may lead to a sig-
nificant decrease in blood O2-affinity, possibly due to a reduction in
the size of red blood cells. This is evidenced by the observation of
smaller red cells in carp (Cyprinus carpio) that were exposed to high
levels of toxicant [73]. The increased size of red blood cells may
potentially increase their ability to bind with oxygen [74]. As a
result, it is likely that the presence of Hg could impede the trans-
portation of oxygen through the bloodstream of fish.

The study findings indicate that a 15day exposure to 0.6mg/L Hg
resulted in a reduction of all blood parameters that were examined.
Hence, an indication of a disturbance in the erythrocytes or
erythropoietic function is present [75]. Several studies have re-
ported that different fish species subjected to different levels of
heavy metals experienced a reduction in their red blood cell count,
hemoglobin levels, and hematocrit levels [11,27,76e78].

The observed reduction in red blood cell count suggests that Hg
may have a detrimental effect on erythrocytes during circulation. A
comparable occurrence was observed by Heath [79] in fish that
were subjected to high levels of metallic substances. According to
Al-Rudainy's research [80], the enzymatic pathway responsible for
the production of Hb in fish is inhibited by heavy metals. The
findings suggest that the tilapia that were subjected to 0.6 mg/L Hg
for a duration of 15 days exhibited a state of anemia or hemodilu-
tion, as evidenced by the observed reductions in RBC, Hb, and Ht
levels. The findings align with the results of our study's pO2 ex-
amination, which indicates a significant decrease in pO2 levels
among fish treated with Hg. Fish with such a condition experience
insufficient oxygen supply to their tissues, leading to reduced levels
of activity and productivity [61,81].

5. Conclusions and recommendations

Mercury (Hg) has the potential to infiltrate and pollute aquatic
ecosystems due to anthropogenic actions. Once present, it has the
capacity to be sequestered and concentrated within the aquatic
ecosystem or assimilated by aquatic organisms. Ultimately, the
substance will enter the food chain through both water and food
sources, resulting in adverse health effects for both animals and
humans. Oreochromis niloticus, is a species of significant commer-
cial importance due to its high protein content. The potential
impact of Hg on O. niloticus is an issue of significant concern, as the
species is often cultivated in freshwater environments that are
vulnerable to contamination by metallic substances originating
from anthropogenic sources. The study findings indicate that the
presence of Hg can lead to a decrease in the levels of electrolyte,
osmoregulation, acid-base equilibrium, hematological parameters,
and the capacity of tilapia to supply sufficient oxygen to the cells.
Hence, the prevention of pollution by heavy metals including Hg in
aquatic environments is considered one of the greatest crucial
strategies to tackle this issue. The unregulated discharge of sewage
and industrial effluents has significantly impaired the overall

aquatic environment and water quality, thereby impacting the
biochemical and physiological well-being of aquatic organisms,
including fish. To preserve ecological equilibrium, it is recom-
mended that industrialists refrain from disposing of their waste
without prior treatment. In the long run, the reduction of pollution
emanating from these specific sources would result in a corre-
sponding decrease in the concentration of toxic metals in fish, as
the level of pollutants in their natural environment diminishes. To
address this issue, it is imperative to devise strategies or measures
that can offer a viable solution. Consequently, it is imperative to
take action at present to guarantee that forthcoming pollution and
discharges of heavymetals in aquatic ecosystems are reduced to the
greatest possible degree to avert contamination of aquatic ecosys-
tems on a global scale and to avoid harmful effects on fish and
humans.
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