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Fish are among the best-studied aquatic animals due to their economic and ecological values. Fish meat is the most affordable protein source for the economically weaker section of people. The environment of almost all aquatic ecosystems has a specific influential role on or by fishes. Therefore, studying their stress biology, especially oxidative stress, is vital because it can influence their growth, production, reproduction, etc. To review the above topic, peer-reviewed electronic databases, including Web of Science, science direct, PubMed, Google Scholar, Scopus, and AGRICOLA, were searched with specific keywords associated with fish, oxidative stress, diseases, etc. The influence of abiotic stress, such as the effects of water dissolved oxygen, temperature, salinity, water hardness, alkalinity, pH, pollutants, heavy metals, and anthropogenic activities, was reviewed in the current article to draw a conclusion on the updated relation that exists between fish physiology, disease, and abiotic stressors. Oxidative stress and redox regulatory levels under the above parameters were reviewed as the stress or anti-stress responses differ in various fish models. Undoubtedly, the reviewed abiotic factors modulate fish oxidative health status to a greater extent, and therefore, these factors must be considered on a priority basis to improve the general health and immunity status of fish. The statement above remains valid in both saline and freshwater habitats.
Keywords: abiotic factors, disease, economic value, fish health, oxidative stress, physiology, redox regulation, water physicochemical factors
1 INTRODUCTION
Environmental fluctuations occur in the aquatic environment, mainly due to abiotic stress generated by extremities in pH, salinity, temperature, dissolved oxygen (DO), acidity, pollution load, etc. (Masson et al., 2002; Moon et al., 2003; Wu et al., 2018; Bernhardt et al., 2020; Song and Choi, 2021; Booth et al., 2023). The primary causes of abiotic stress in aquatic organisms are anthropogenic activities, including metal pollution, petrochemicals, domestic wastes, and other contaminants (Bal et al., 2022; Bal and Paital, 2023). Different bioindicators are commonly used in detecting stress caused by pollutants and physicochemical factors in water. Numerous studies have been conducted to investigate and comprehend the impact of external environmental elements on livestock and aquatic animals, specifically focusing on the abiotic stress phenomena (Howden et al., 2008; Tripathi and Sindhi, 2020; Mansou et al., 2023). Fish are prone to stress under climatic changing conditions. And fish are largely affected due to abiotic stress conditions in the aquatic environment. Due to this, globally, fish production is predicted to decline by 10% in 2050 (Boraiah et al., 2021). Various strategies and methods must be employed to combat the abiotic stress-inducing factors because these factors can generate internal cellular stress, including oxidative stress caused by over-produced reactive oxygen species (ROS) in fish and other organisms (Paital, 2013, 2014).
Variations in environmental factors, use of certain medicines, electromagnetic spectrum involving UV, visible rays, etc., can indeed contribute to the production of free radicals (Biller and Takahashi, 2018). Oxidative stress mainly occurs due to the accumulation of ROS in cells and tissues of organisms; hence it is ubiquitous in nature. In aquatic animals, there are different cellular strategies adapted by which they show defence against oxidative stress. Mainly it is with the scavenging effect of small antioxidants and antioxidant enzymes (Diler et al., 2022). But due to anthropogenic activities and increased environmental factors such as pH, temperature, and chemical pollutants, damage incurred to the cellular antioxidant system (Valavanidis et al., 2006). Various pollutants, such as pesticides, organochlorines, organophosphates, etc., are hazardous to organisms, including fish as well as to the environment. Some of the effects of these pollutants on fish are alteration in DNA, antioxidant enzyme inhibition, altered gene expression, and the generation of heat shock proteins (Arantes et al., 2016; Biller and Takahashi, 2018). It leads to hampering the normal physiology of fish. The analysis of these fish phenomena is of utmost importance due to their significant contribution to the economies of various countries, particularly developing nations such as India, China, Brazil, and others.
The annual economic outcome from oceanic sectors is around $1.5 trillion, and it is predicted that the value may reach (OECD, 2021). As a major contributor to the above sector, aquaculture sectors produced 178 tonnes in 2020, of which captured fisheries contributed 90 million tonnes, with a “first sale” with a total estimated cost of US$ 406 billion. The total cost constitutes US$ 141 billion from captured fisheries sector and US$ 265 billion from the global aquaculture sector in 2021. And the later value has been raised to US$ 289.6 billion in 2022. According to the Food and Agriculture Organization of the United Nations (FAO) data, marine water capture was 63% while 37% in inland waters (FAO, 2020, 2021). The aquatic ecosystem (blue carbon) is of paramount importance for fostering economic growth and ensuring food security. Moreover, these ecosystems play a crucial role in mitigating climate change by effectively regulating carbon balance, surpassing even the carbon sequestration capacity of forests (World Bank, 2021). Reduction in the balance of aquatic ecosystems is mainly due to the accumulation of various pollutants, leading to stress induction in the animals living in the water. Oxidative stress is extensively studied in aquatic species, especially in fish. Variations in physicochemical parameters such as pH, temperature, etc., and pollutants such as crude oil, pesticides, and other contaminants cause severe abiotic stress, including oxidative stress in aquatic species. Affected inhabitants in highly polluted habitats can be considered bio-indicators, especially the infected fish population, to evaluate the state and health of an ecosystem. Monitoring variations in the antioxidant enzymes and small antioxidants can be useful in predicting environmental contamination (Regoli et al., 2011). So, the study of oxidative stress in hydrobionts was already performed decades back (Lushchak, 2010, 2011), and reports have already highlighted the development, pathology, and aging perspective in aquatic organisms under the changing water physicochemical conditions (Zang et al., 2011; Paital, 2014; Zhou et al., 2019; Xing et al., 2022).
Oxidative stress is an important physiological response in all animals that influence their reproduction, growth, quality, and production quantity in farmed/cultured animals, including fishes (Paital, 2013). These phenomena are influenced by abiotic factors in fishes both under artisanal and open sea/river culture systems. Therefore, it was hypothesized that oxidative stress must be emphatically contributing in fish to manage their health and economic value. The results of this review will be useful in managing the physiological role of oxidative stress in aquatic organisms in general and fish in particular. All major databases are searched with different terminology to establish any relation between oxidative stress and fishes in relation to abiotic stress.
2 MATERIALS AND METHODS
For an updated review on the topic “oxidative stress in fish in relation to abiotic stress”, key terms such as fish, oxidative stress, abiotic stress, salinity, pH, temperature, pollution, etc., were searched alone or in combination with terms such as redox regulation, antioxidants, “physiology”, “stress”, “biochemical”, “molecular mechanism”, environmental response, etc., in the key databases such as Web of Science, Scopus, PubMed, AGRICOLA, Google scholar, etc. Only peer-reviewed published articles were included in this review using traditional manual methods. Literature published in English was only included in the study, whereas any other local manuals, articles, books, etc., obtained as a search result were excluded from this study.
2.1 Sources of data and strategy for search
PubMed/MEDLINE, AGRICOLA, Scopus, Web of Science, science direct, and Google Scholar are a few of the largest databases for peer-reviewed published literature. Google Scholar, a large database in all fields of science, may not contain peer-reviewed articles. So, care was taken to check manually before including any articles from this database. PubMed contains peer-reviewed articles in biomedicine, while both peer-reviewed and non-peer-reviewed articles are eventually stored in the Google search engine. The literature (about 6 million) in AGRICOLA pertains to the field of agriculture and allied sciences. It is necessary to emphasize that fishes are exclusively included in this database as they are available in cultivated as well as in natural saline, brackish, and freshwater bodies. Scopus is a database that evaluates journals on certain criteria. Therefore, articles were also searched from this database. Similarly, the Web of Science includes journals with their articles based on quite highly stringent peer-review criteria. The aforementioned factors were considered crucially in choosing the above databases for searching the related articles. The peer-reviewed English papers on fish published from the above-cited databases related to oxidative stress physiology were screened. Search terms such as abiotic and biotic stressors, antioxidant enzymes, oxidative stress in special relation to dissolved oxygen, temperature, salinity, hardness and alkalinity, pH, heavy metals pollutants and anthropogenic activity in relation to in fish health were explored in the above databases electronically.
2.2 Study selection
Besides the published peer-reviewed articles in the above databases in the form of books, journals, periodicals, and various authentic reputed webpages such as https://www.fao.org/home/en and various other authentic databases that are published till February of 2023 were also included in this study. Articles without any terms mentioned in Section 2.1 were excluded. Articles matching within the subject area of the fish and oxidative stress physiology were included in the review, whereas any axillary articles in which the above term(s) were merely mentioned were excluded from the review. Out of 4,294 articles found in PubMed, 1,970 articles in AGRICOLA on the search term fish oxidative stress antioxidants and 20,500 articles from Google Scholar were filtered manually to fix the search in relation to DO, temperature, salinity, hardness and alkalinity, pH, heavy metals pollutants and anthropogenic activity. All the data from the published papers were extracted independently and unbiasedly, irrespective of the geographical region, institution, or person.
2.3 Data extraction
In order to streamline the entire review process securely and to ensure reliability and consistency, we have covered various causes and effects (such as disease) of oxidative stress in fish. Studies on antioxidant enzymes such as superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase, and glutaredoxin system, small antioxidants such as the reduced glutathione, oxidised glutathione, ascorbic acid, total antioxidant capacity, reactive oxygen species scavenging activity, oxidative stress markers such as lipid peroxidation, protein carbonylation and reactive oxygen species markers such as hydrogen peroxide, superoxide radicals, hydroxyl radicals, hydroperoxides in fish under abiotic factors were manually selected and included in this review.
2.4 Synthesis and analyses
Once the authors were convinced about the peer-review and authenticity of the website in the electronic sources, a total of <280 articles were included avoiding duplications among all databases. The content under the subject of each article was extracted and categorized under 1) dissolved oxygen, 2) temperature, 3) salinity, 4) hardness and alkalinity, 5) pH, 6) pollutants including heavy metals, and 7) anthropogenic activity in relation to oxidative stress physiology parameters in fish. As previously indicated, the review did not include articles that only referenced the aforementioned category phrases or search terms.
3 CURRENT UPDATES ON FISH PRODUCTION
One should have a brief idea of the current status of fish and fisheries sectors and why this aspect must be studied emphatically. China tops the list among fish-producing nations (Table 1). The fish production world also increased in a steady state. The total fish production increased from 33,643,331 metric tonnes in 1960 to 212,766,144 in 2022 (World Bank, 2023a). Among the most developing countries, such as India, has steadily increased its fish output (Tractor junction, 2023). In 2019–2020, India produced approximately 14 million metric tonnes making it the second largest producer. The country encompasses ocean, freshwater, and brackish aquaculture. The Indian government has encouraged aquaculture, fish farming infrastructure, and the fishing sector in recent years. It has increased fish output, mostly through aquaculture, and can be an example for other countries for fresh and marine water aquaculture (Jellyman et al., 2003; Jellyman, 2007). Overfishing, habitat damage, disease outbreaks, and climate change threaten fish-producing businesses in most developing countries (DOF, 2023d); therefore, sustainable fish farming is needed by adapting various modern technologies (Banan et al., 2020a).
TABLE 1 | Major fish producer countries.
[image: Table 1]It is worth noting that these figures are subject to change and that the ranking of countries in fish production may differ depending on the source and the year. Nevertheless, these countries collectively account for a large portion of global fish production, highlighting the importance of the fishing industry in these countries and the need for sustainable management of fish populations and aquatic ecosystems (World Bank, 2023a). Cultured aquatic organisms are needed to be farmed in an organised fashion. The cultivated organism must be predetermined to be an aquatic species by its very nature. It is comprised of finfish, such as Tilapia, carp, trout, milkfish, bait minnow, yellowtail, mullet, and catfish, etc., captured from the sea or cultivated in human-made set-ups (Worldfishcenter, 2023). Shrimp, prawns, oysters, mussels, pearl oysters, etc., are the second group known as shellfish (Table 2). Water chestnuts (Trapa natans), Japanese red alga, or Norie (Porphyra), Filipino and American red algae (Eucheuma), Japans brown alga called Wakame (Undaria) are plants products of aquaculture (FAO, 1987).
TABLE 2 | Different aquaculture crops.
[image: Table 2]Considering the international status of aquaculture crops (Table 2), the Japanese Resource Council, Science and Technology Agency has defined aquaculture as follows: Aquaculture is the industrial process of raising aquatic organisms to final commercial production within properly partitioned aquatic areas, controlling the environmental factors and administering the life history of the organism, and it has to be considered as a separate industry from the fisheries hitherto. The largest fish producer is Asia, contributing to about 84% of the world’s total aquaculture production.
Fish are essential components of aquatic ecosystems; they not only play an essential part in the food web but also ensure that these ecosystems remain in a state of delicate equilibrium to provide a stress-free environment for fish (Craig et al., 2016). Therefore, understanding the impact of the changing water physicochemical factors on (oxidative) stress in fish is crucial for several reasons, including for their aquaculture and judicious Exploitation (Sotoudeh et al., 2019). To understand, for example, fish health and survival under stress (Chowdhury and Saikia, 2020; Sharifi-Rad et al., 2020), for the balance of the aquatic ecosystem (Allgeier et al., 2013; Layman et al., 2013), for judicious consumption to maintain human health and nutrition (Mozaffarian et al., 2005), and to use them as a model organism for oxidative stress and other stress studies (for example, Danio rerio, Martos-Sitcha et al., 2020), it is necessary to have a thorough perspective on the subject matter.
Besides the above, the economic and social importance of fish with special reference to developing countries is very important in developing countries, including India (DOF, 2023a; 2023c), and it contributed to US$ 6,957 million export values only by marine fisheries in 2021–22 only in India (PIB, 2023). Keeping the export values and internal demand and use, countries have already proposed various programs for the judicious culture, production, and consumption of fish and fisheries products (DOF, 2023a, 2023b; DOF, 2023b; Eparlib, 2023; NFDB, 2023; Pmmsy, 2023; Reogma, 2023; Sinha, 2023; Tractorjunction, 2023). The increased consumption of fish and fisheries products in various fields, including biotechnology, research models in genetics, etc., also demanded studies on their habitat’s effects (Conley and Barden, 2016). For example, use of Atlantic salmon AquAdvantage salmon eggs with a growth hormone gene and an ocean pout antifreeze protein promoter, genetically modified farmed Tilapia, carps, Barramundi, Trout production, production of Fish oil and Omega-3 supplements, production of Surimi, etc. (Hicks, 2016; Munshi and Sharma, 2018; Jerry et al., 2022; MPEDA, 2023; ODS, 2023). Owing to the importance of fish in both ecosystems and society, the route of their decline in production needs to be studied. It has been noticed that stress and disease management are two key components that contribute to the quality and quantity of products in fisheries sectors.
4 STRESSORS AND DISEASES BEHIND LOSS OF FISH AND FISHERIES PRODUCT
It is noteworthy to mention that pisciculture is dependent on multiple abiotic and biotic factors, which may impart their role alone or in combination to control fish physiology. Finally, it may lead to exert (oxidative) stress in fish that can be a marker for improper growth and production in fish (Paital and Chainy, 2012). When such factors combine with disease(s) as a cause or effect, it greatly impairs fish physiology (Bal et al., 2021a; 2021b). Bacterial and viral infections in fish can cause huge losses in fisheries sectors, which might vary depending on the species, habitat, and illness, making it difficult to precisely assess fish losses. Nevertheless, bacterial and viral illnesses can decimate fish populations and the fishing sector. These losses can diminish productivity, fish yields, and economic losses (Sindermann, 1984; Plumb and Hanson, 2010). Many such diseases, such as ichthyophthiriasis which is also known as Ich (Ekanem et al., 2004), columnaris disease caused by Flavobacterium columnare (LaFrentz et al., 2022), septicaemia, skin and fin rot, and systemic infections caused by Aeromonas hydrophila (Toranzo et al., 2005), viral diseases that may influence molecular signalling (Sun et al., 2020), feeding and, swimming behaviour (Crane and Hyatt, 2011), inflammation and hematopoiesis (Crane and Hyatt, 2011), necrosis (Crane and Hyatt, 2011) are noted. Similarly, parasitic diseases caused by Dactylogyrus, Gyrodactylus, tapeworms, such as Lernaea and Dicrocoelium (Iyaji and Eyo, 2009), an epizootic ulcerative syndrome caused by Aphanomyces invadans and A. hydrophila, (Mishra, 2017), catfish nervous necrosis virus disease (Mishra, 2017), white spot disease caused by white spot syndrome virus (WSSV) (Mishra, 2017), etc., can ultimately influence the stress factor in fishes.
Therefore, pisciculture more or less relies on fish microbiology, which studies fish microbes in natural and cultivated habitats (Noble and Summerfelt, 1996). It is to be noted that the infection and mode of action of the pathogens in fish are more regulated by (oxidative) stress and environmental factors. So, besides diseases, various abiotic and biotic stress factors are also responsible for generating internal cellular stress, including oxidative stress in fish that lead to economic loss in fish aquaculture (Bal et al., 2022). Experiencing oxidative stress due to environmental insults is one of the examples for which the production of fish and other aquaculture animals is proven to be reduced (Lackner, 1998; Paital and Chainy, 2012; Castro et al., 2020; Dong et al., 2022).
5 OXIDATIVE STRESS PHYSIOLOGY AND FISH
Fish oxidative stress genes and their environmental connections can be discovered using molecular biology markers. Oxidative stress harms fish health and industrial output. Fish genes expressed during experiencing oxidative stress can disclose reasons and lead to novel therapies. Transcriptomics, proteomics, and genomes are revealing fish oxidative stress genes and pathways and developing new management strategies.
A few of the following genes are examples; Expression of genes that eliminate free radicals are controlled by erythroid 2-related factor 2 (Nrf2). Tripeptide glutathione (GSH) and other associated enzymes remove ROS and other toxins (Srikanth et al., 2013; Branco et al., 2014). Glutathione peroxidase (GPx) antioxidant family enzymes neutralise ROS and protect cells from oxidative damage (Do et al., 2019). Thioredoxin (Trx) proteins eliminate ROS and other reactive chemicals to minimise oxidative damage (Branco et al., 2012). Adaptor protein-14-3-3 regulates cellular signalling pathways, including oxidative stress responses (Pennington et al., 2018). PTEN-induced putative kinase (PINK1) gene is associated with oxidative stress pathology in Zebrafish (Priyadarshini et al., 2013).
Oxidative stress is a major factor affecting healthy fish longevity (Paital et al., 2016). It happens when there is a difference between how much ROS are produced, accumulated and how well the fish can get rid of them by antioxidants or fix the damage they do. Studying oxidative stress in fish is important because it can give clues about the causes and effects of oxidative stress in aquatic ecosystems and how fish have adapted to it. Oxidative stress can alter respiratory chain enzyme function and reduce energy generation. Oxidative stress can alter glucose metabolism genes and impair energy generation and storage. Oxidative stress alters fish gene expression for energy metabolism, maturation, reproduction, immunological and antioxidant enzymes, and other cellular defence proteins (Jomova et al., 2023). If oxidative stress levels are too high, DNA, proteins, and lipids can be damaged, leading to cellular malfunction and even death (Sharifi-Rad et al., 2020). Oxidative stress-based altered expression of genes for glucose metabolism, fatty acid metabolism, and the citric acid cycle could result in a change in the energy balance of the fish. This can have deleterious effects on fish development, reproduction, and survival; understanding the complicated oxidative stress physiology and gene expression relationship is essential for aquaculture.
5.1 Oxidative stress has negative effects on fish immunity
Immunity is one of the important defences in fish to protect against diseases that indirectly influence their growth, production, and reproduction. When fish are stressed by factors like high levels of contaminants or low levels of DO, their natural defence system, the immune system, can become overwhelmed (Bols et al., 2001). Due to stress, their weakened immune system makes them more vulnerable to sickness and infection (Lushchak, 2011). Also, the accumulation of ROS in the fish can damage lipids, proteins, and DNA through oxidation (Marcos-López et al., 2010; Giefing-Kröll et al., 2015). This can further weaken their immune system and make them more likely to get sick. As a result, it is essential to uphold favourable environmental circumstances, such as ideal water quality and temperature, in order to lessen the effects of oxidative stress and boost fish immunity.
Oxidative stress research on fish can lead to new feed additives, biotechnology products, and ways to raise healthier and more productive fish. Studying oxidative stress in fish helps in learning about the ecology, biology, and physiology of aquatic species to come up with new tools and ways to protect them and their habitats. Such information can also be used to control and protect fish populations and their habitats.
5.2 Abiotic stress, oxidative stress and fish health
Abiotic stress refers to the negative effects of physical and chemical factors in the environment on aquatic organisms. In the context of aquaculture, abiotic stress marks noteworthy effects on the health, survival, and growth of farmed fish, as well as on the productivity and sustainability of the aquaculture industry. Some of the most common abiotic stress factors in aquaculture include water temperature, salinity, pH, DO, etc. It has been noticed that water temperature (Kozak, 2005; Brander, 2007; Dalvi et al., 2009; Anttila et al., 2013; Claësson et al., 2016), pollution (Austin, 1998), salinity (Dominguez et al., 2004; Abou Anni et al., 2016; Vargas-Chacoff et al., 2018; Bal et al., 2021a), pH (Randall and Tsui, 2002), light availability (Villamizar et al., 2014; Tian et al., 2015; Martínez-Chávez et al., 2021) influence the (oxidative) stress physiology in fish. Therefore, these factors need special attention for pisciculture management.
The influence of light intensity and photoperiod on fish behaviour, physiology, and health has been observed (Bani et al., 2009). It was also observed that the colour of the tank affects fish physiology and stress pattern, as studied in the fish Huso huso (Banan et al., 2011). Fish nutrition, circadian rhythm, eating behaviour, metabolism, reproduction, and development can be affected by light intensity (Tian et al., 2015). In some fish, the higher light intensity can cause phototoxicity, oxidative stress, fish cell damage, and influence development, while too little light might slow development by impairing nutrition and metabolism (Martínez-Chávez et al., 2021). Light intensity regulates fish circadian rhythms, which regulate digestion and metabolism. Hence, optimum light intensity in aquaculture systems is essential for fish health. Aquaculture systems need adequate light intensity to keep fish healthy and maximum yield (Villamizar et al., 2014; Tian et al., 2015; Martínez-Chávez et al., 2021).
In addition to environmental factors, the spread of disease, the accumulation of waste, and the presence of predators can also cause stress to farmed fish and negatively impact the health of the fish population. Maintaining adequate water quality, temperature, and other environmental variables in aquaculture operations reduces abiotic stress. This may require proper water management, aeration, water quality monitoring, and disease control to avoid disease spread. Reduced stress in farmed fish improves production, growth, and survival and promotes aquaculture sustainability. Most fish prefer a pH of 7, while 6.5 to 8.5 is optimum. Most fish require water temperatures between 15°C and 25°C. At a minimum, fish require 5 mg/L of dissolved oxygen; however, 7 mg/L is optimal. As warmer water holds less dissolved oxygen, species and water temperature affect the exact needed levels.
Water parameters must be monitored periodically and maintained at appropriate levels for the type of fish produced to avoid substantial health risks and economic losses to the aquaculture business. The scale and location of the fish business in India, the kinds of fish being grown, and the reason for the loss makes it difficult to calculate the sector’s economic losses. The industry’s financial success can be affected by disease outbreaks, environmental circumstances, and changes in market demand. Diversifying portfolios and capitalising on the rising demand for fish and seafood may be done by investing in the fish market. The advent of technology has undeniably facilitated the aquaculture industry, which serves as a prominent source of fish production. This technological advancement has brought about certain conveniences and enhanced ecological sustainability to a certain extent. However, it is imperative to recognize the significance of comprehending the impact of distinct environmental factors on the oxidative stress biology of aquatic organisms at the cellular level. Such understanding holds immense value in guiding future research endeavors within this domain.
5.2.1 Dissolved oxygen, oxidative stress and fish health
Aquaculture requires a precise dissolved oxygen (DO) level (Rajwa et al., 2014). DO is affected by aeration, temperature, photosynthesis, organic waste decomposition, respiration, salinity, pressure, and other factors. Consequently, studying and implementing oxygen production and introduction have been a crucial focus in current research (Yadav et al., 2023). Aquatic hypoxia and hyperoxia affect fish physiology due to several variables. DO affect freshwater fish physiology. It can impart stress on various behavioural and physiological changes in fish, such as swimming, eating, respiration, growth, reproduction, disease management, survival, health parameters, and immunity. Additionally, DO is essential for the survival and health of fish. Fish obtain the oxygen they need to breathe from the water they swim in, and if DO levels in the water are insufficient; it can have detrimental effects on their health. Swingle (1969) developed a DO scale for warm-water fish (Table 3).
TABLE 3 | Dissolved oxygen scale for warm water fish.
[image: Table 3]Carlson and Siefert (1974) examined the effects of low oxygen on lake trout (Salvelinus namaycush) and largemouth bass (Micropterus salmoides) eggs and larvae. The capacity of fish to tolerate hypoxia and swim under conditions of chronic hypoxia is enhanced by certain remodelling of the gill, heart, and swim muscles. Furthermore, increased hematocrit, higher oxygen binding affinity of haemoglobin, augmented anaerobic capacity, and increased cardiac output (Wilson and Egginton, 1994; Chippari-Gomes et al., 2005; Svendsen et al., 2010) are remaining factors affecting the hypoxia tolerance in fish.
The flocculating oxygen level, especially hypoxia, along with temperature, can also influence the lives of a few inhabitants. At 7 and 10°C, lake trout development from fertilisation to first feeding commenced at all decreased oxygen saturations (≤50% lower level), but survival was negatively impacted at all concentrations except at 50% saturation at 7°C. Largemouth bass survived with 35% oxygen saturation at 20 and 23°C habitat water temperatures. Fish growth was inhibited at 70% oxygen saturation; at 50% and lower, hatching was premature, and first feeding was delayed. DO was also found to hamper the growth of fish in different ways (Table 4).
TABLE 4 | Low dissolved oxygen levels and fish growth.
[image: Table 4]Similarly, atmospheric pressure along with DO was also found to affect the life of fish as observed in black barbel catfish Pelteobagrus vachelli (Fu et al., 2009), common carp Cyprinus carpio (Zhang et al., 2010), and Crucian carp (Zhang et al., 2012). Adult salmonids migrate upstream with low dissolved oxygen (Ali and Mishra, 2022). Lack of dissolved oxygen can stress, stunt, or kill fish. Chemical oxygen demand (COD) and biological oxygen demand (BOD) are typical approaches to assessing water quality and its impact on aquatic life. The parameters of COD and BOD are utilized to quantify the amount of oxygen that aquatic species necessitate for respiration. Organic pollutants lead to COD, and BOD can reduce water’s dissolved oxygen (APHA, 1992). Total Dissolved Solids (TDS) may also impair farmed fish health. The TDS in a particular volume of water includes salts, minerals, and other inorganic substances. Fish can die from osmotic stress produced by high TDS levels. Temperature, salinity, air pressure, and other dissolved substances all impact water’s ability to hold DO (APHA, 1992).
Zebrafish of any life stage are a highly suitable model for studying the impacts of oxidative stress in vertebrates due to several factors (Villamizar et al., 2014). These include their transparent embryos, cost-effectiveness, genomic similarity to humans, straightforward developmental processes, high number of offspring per spawning, and other advantageous characteristics (Chowdhury and Saikia, 2022). So, it is also a valuable model organism for studying oxidative stress and its impacts on health and behaviour. Their small size, rapid development, and genetic tractability make them ideal organisms for investigating the underlying mechanisms of oxidative stress and developing new treatments to mitigate its negative climatic impacts (Villamizar et al., 2014; Chowdhury and Saikia, 2022). Studies on zebrafish have shown that DO levels can significantly impact their physiology and behaviour. For example, exposure to low DO levels can cause oxidative stress and impair the immune system, increasing disease susceptibility. Conversely, exposure to high DO levels can result in oxidative stress by higher accumulation of ROS. Fish require oxygen in order to metabolize food and convert it into energy. Consequently, insufficient amounts of DO in their environment can potentially lead to starvation. This can cause slow development, impaired immunity, and death in fish. Low DO stresses fish, weakening their immune systems and making them more susceptible to illnesses. Stressed fish may slow down, cease eating, or swim towards water having high dissolved oxygen (Zhou et al., 2019; Ali and Mishra, 2022).
Low DO levels affect fish reproduction. In several species, low DO levels impair egg production or quality. Low DO levels make fish waste-produced ammonia more toxic. Maintaining enough DO, organic contaminant reduction, and water quality monitoring may improve farm cultivation. Fish generally show high hypoxia tolerance due to decreased oxygen demand and environmental oxygen tension. In nature, quick swimming is probably more common than continuous swimming at maximum sustainable speeds and depends on DO (Ali and Mishra, 2022). When exposed to low DO levels, fish exhibit reduced swimming abilities but typically swim at moderate rates under normal DO conditions (Zhou et al., 2019). At normal DO concentrations, fish can continue to swim at a modest speed. Nevertheless, in specific atypical circumstances, ingesting insufficient oxygen can result in the generation of ROS and the onset of oxidative stress in fish. These situations may arise from either aberrant health conditions of the inhabitants or diminished O2 content in the aquatic environment (Paital et al., 2016). Oxidative stress refers to a state of imbalance between the generations of ROS and the ability of biological systems to eliminate the reactive by-products or restore the consequent damage to proteins, lipids, and DNA.
According to Wedemeyer et al. (1976), the condition of hypoxia has the potential to inflict harm upon the immune systems of fish, thereby rendering them more susceptible to contracting diseases. According to Mellergaard and Nielsen (1995), the presence of hypoxia exacerbates the pathogenicity of specific endemic diseases. The sensitivity of fish to low concentrations of DO is subject to variation based on a multitude of factors, including but not limited to species, life stage (such as eggs, larvae, and adults), life processes (such as feeding, growth, and reproduction), and types of activity (such as resting, swimming, and digesting). Oxidative stress and immunological function are closely related in fish. Fish incur oxidative stress when ROS production exceeds antioxidant defences. Nevertheless, ROS from high DO concentrations may cause oxidative stress (with high levels of ROS) in fish. ROS can cause cellular damage, leading to various health issues, including impaired immune function. ROS destroys lipids, proteins, and DNA, causing cellular dysfunction leading to contracting diseases or death. ROS formation rises with high DO level, temperatures, pollution, or metabolic stress. Oxidative stress can cause several cellular and physiological changes that endanger fish. It stunts growth, weakens the immune system, increases sickness risk, and oxidises tissues and organs (Chainy et al., 2016).
Such conditions have been reported in intensive aquaculture systems, which are known to maintain high fish populations (Akoll and Mwanja, 2012). Fish experience stress due to reduced DO levels, which can be caused by overcrowding or exposure to chemical pollutants. The available evidence suggests that the circumstances are conducive to the proliferation of endemic illnesses in the aquatic environment, as documented by Hershberger et al. (1999) and Carls et al. (1998). The significance of DO levels in pond water lies in its correlation with disease outbreaks, as evidenced by studies conducted by Null et al. (2017), Domenici et al. (2017), and Gallage et al. (2016, 2017). The occurrence of hypoxia-induced disease outbreaks has been found to have a negative impact on fish development and productivity, as reported by Abdel-Tawwab et al. (2019) and Shoemaker et al. (2000).
Oxygen is an essential component for the survival of all living organisms. However, the quantity of oxygen required by different organs may vary. Oxidative stress induced by O2 metabolites can cause additional damage to cellular biomolecules. As seen in Zebrafish, that exhibit oxidative stress resulting from exposure to a range of environmental stressors, including but not limited to chemicals, radiation, nanoparticles, pesticides, and heavy metals. According to Chowdhury and Saikia (2022), this animal model presents a higher degree of realism and reliability for exploring oxidative mechanisms in the domains of medicine, ecology, and the environment.
Avoiding oxidative stress and reducing ROS generation helps farm-raised fish thrive. When freshwater DO drops below 5–6 mg/L, aquatic organisms enter hypoxia (Dong et al., 2011). Anoxia and hypoxia, which promote stress, poor appetite, sluggish development, sickness susceptibility, and death (Abdel-Tawwab et al., 2019), reduce fish quantity, variety, and catch (Breitburg, 2002). Moderate hypoxia reduced blood oxygen saturation and pO2. At all times, acute and chronic moderate and extreme hypoxia decreased blood pH, pO2, total oxygen content, plasma Na+, and Cl− (Aboagye and Allen, 2018).
Several genes are involved in oxidative stress responses in fish. Due to its negative effects on fish health and production, oxidative stress poses a significant concern for the fishing industry (Isaak et al., 2012). Investigating genes implicated in oxidative stress in fish is a significant area of scholarly inquiry, as it can provide insight into the fundamental mechanisms of oxidative stress and stimulate innovative strategies for its mitigation. The antioxidant enzymes, Superoxide dismutase (SOD), Catalase (CAT), GPx, and glutathione reductase (GR) play a crucial role in the neutralisation of ROS and safeguarding cells against oxidative stress, as reported by Zhang et al. (2018).
Haemoglobin, an erythrocyte protein, is crucial in transporting oxygen throughout the circulatory system. Haemoglobin in fish has been observed to exhibit a potential function in scavenging ROS and safeguarding cells against oxidative stress. Heat shock proteins (HSPs) are a group of molecular chaperones that play a crucial role in the cellular stress response by safeguarding cells against damage during periods of stress, such as oxidative stress. The HSPs are known to have a crucial function in the process of refolding proteins that have been damaged or misfolded, particularly in response to oxidative stress (Szyller and Bil-Lula, 2021). Molecular biology methods allow researchers to uncover fish oxidative stress-reducing genes and their interactions with each other and the environment. Researchers currently employ transcriptomics, proteomics, and genomes to uncover fish oxidative stress genes and pathways and develop new management measures. Researchers are leveraging molecular biology to develop novel medications, technologies, and nutritional and environmental measures to minimize oxidative stress in fish.
5.2.3 Temperature, oxidative stress and fish health
In aquatic environments, the temperature is one of the abiotic factors that are crucial for maintaining fish growth, reproduction, behaviour, and health (Pereira et al., 2021, Table 5; Figure 1). The temperature has an impact on metabolic rates and biochemical reactions as well. Fish experience oxidative stress by changes in the temperature of the water, which may eventually lead to a disease outbreak.
TABLE 5 | Fish Species and their optimum habitat temperature.
[image: Table 5][image: Figure 1]FIGURE 1 | Effect of temperature on oxidative stress in fishes. In both salt and fresh water, temperature induces oxidative stress by increasing the rate of O2 consumption, electron leakage in electron transport chain in mitochondria that leads to increase in reactive oxygen (ROS) generation, the reduced redox state (lowing the activities of antioxidant enzymes such as superoxide dismutase, i.e., SOD, glutathione peroxidase, i.e., GPx and catalase and elevated lipid oxidation (LPx)or malondialdehyde (MDA) level, protein carbonylation (PC) and oxidative stress (OS).
Extremely high or low water temperatures influence the physiological processes of fish, like feeding habits, swimming, and immunity, and ultimately affect fish health and metabolism. In some species, continuous pathophysiological disturbances may cause the death of fish and cause significant economic losses in the aquaculture industry (Kozak, 2005). Abiotic stress, such as temperature extremes, can disrupt normal physiological processes in fish, leading to reduced growth, decreased survival, and even death (Dalvi et al., 2009). The high mortality rates and decreased production resulting from temperature-related stress can have a major impact on the profitability of fish farms and can cause significant losses for the aquaculture industry. Additionally, temperature extremes can also make fish more susceptible to disease, further exacerbating the economic losses in the industry. It is, therefore, important for fish farmers to monitor and regulate water temperatures to maintain optimal conditions for fish health and to prevent economic losses in the aquaculture industry (Brander, 2007; Dalvi et al., 2009; Anttila et al., 2013; Claësson et al., 2016).
It has been discovered that the temperature of the water and its DO content are sprightly correlated. It is well known that warm water has less DO than cold water. The rate of fish growth and feeding will be hampered because of low DO contents. The level of DO in water is indirectly proportional to the water temperature (Chakraborty and Krishnani, 2022). Temperature changes can cause the generation of ROS, impairing the immunity and antioxidant capability of the Tambaqui fish species from the Amazon (Pereira et al., 2021). The phenomenon in question has been postulated to occur through the modulation of mitochondrial O2 consumption rates in aquatic organisms (Paital and Chainy, 2014). According to a study on Dicentrarchus labrax fish to relate DO and temperature, Vinagre et al. (2012) found that CAT activity and lipid peroxidation (LPx) levels are tremendously complex to environmental temperature, especially at temperatures outside the optimal range of fish species. At 24 °C, also considered as the thermal optimum temperature of the species, CAT enzyme activity, and malondialdehyde (MDA) concentrations were at their low levels. The maximum levels of CAT activity and MDA concentration were noted in the fishes directed to temperatures above or below their optimum temperature, indicating that the heat stress influences how young D. labrax respond to ROS in their cells (Vinagre et al., 2012). Fish at temperatures above or below their thermal optimum had been seen to have more MDA levels than normal and enzymatic (CAT) activity, demonstrating a relationship between the stressors related to temperature, ROS, and the cells of D. labrax.
Major antioxidant enzymes SOD and CAT were tremendously upregulated in response to an elevated temperature. Other parameters, such as lysozyme and phagocytosis, were upregulated in response to the 18 °C temperature (Kim et al., 2017). A study by Kim et al. (2017) revealed that the temperature has an impact on the ability of young sablefish (A. fimbria) to grow and that extreme temperature can compromise the immune and antioxidant system in the same (Kim et al., 2017). The oxidative damage leading to LPx has been linked to long-term temperature stress. Long-term temperature exposures of fish result in upregulated antioxidants such as SOD, CAT, GPx, GR, and glutathione-S-transferase (GST), which are more apparent under heat stress than cold stress. This suggests that physiological pathways are being triggered to scavenge the ROS formed during heat-expedited stress levels (Madeira et al., 2013; Topal et al., 2021).
In Carassius auratus L. (also called goldfish), activities of glucose-6-phosphate dehydrogenase (G6PDH), SOD, CAT, GPx, GST, and GR were recorded depending on the exposure of temperature, i.e., high temperature (35°C) for 1–12 h and low temperature (21°C). The enzyme activity level of SOD was found to be increased at 35°C in all types of tissues (brain, liver, kidney), though it did not follow the pattern at repossession. After an hour of heat shock exposure, the SOD, CAT, GPx, and G6PDH activities in some tissues drastically dropped, supporting the theory that heat likely inactivated those enzymes. In several instances, enzyme activities are seen after 4 hours of exposure. Further same study from Lushchak and Bagnyukova (2006) correlated SOD and LPx. This indicated that these parameters might be up-scaled and help in antioxidant defence (Lushchak and Bagnyukova, 2006).
A study by Pereira et al. (2021) suggested that immunological function, the antioxidant system, and oxidative stress are all affected by the relationship between photoperiod and temperature in the fish Tambaqui bernacchii. The development of species is observed to be impeded when subjected to prolonged photoperiods or when such conditions are coupled with elevated temperatures, as these circumstances potentiate cellular damage and potentially compromise the immune system. The outcomes of this study, therefore, suggest that the cultivation of T. bernacchii ought to be conducted under photoperiods shorter than 18L:6D and within the temperature range of 29°C–32°C (Pereira et al., 2021). According to a study by Enzor and Place (2014), antioxidant enzymes (SOD, CAT) can be correlated for sea fishes using different parameters like treatments and tissues. The low pH and higher temperature of the seawater pushed ROS significantly high for a shorter duration. Interestingly, long-term acclimatisation made no visible changes in antioxidant levels in T. bernacchii, though there were no cellular damages seen. Their findings indicated that notothenioid fish counteract ocean conditions using their antioxidant system (Enzor and Place, 2014).
Temperature and DO have a significant part in acclimatisation adjustments during vigorous exercise. The ability of marine species in Antarctica to adapt to temperature fluctuation is thought to be quite constrained (Paital et al., 2016). Robinson and Davison (2008) demonstrated that this theory does not apply to the Antarctic notothenioid fish Pagothenia borchgrevinki. With a 5°C temperature increase, P. borchgrevinki was able to adapt its resting metabolic rate and resting breathing frequency. The pattern of oxygen use was not seen as significant either in cold- or warm-acclimated fish (Robinson and Davison, 2008). The oxygen-utilizing patterns were found similar in cold or warm acclimated fishes.
Dormancy, or reduced activity and fasting, is observed in temperate fish during cold temperatures or overwintering (Figure 1). This is similar to what is seen in many centrarchid sunfishes, such as cunner, American eel, and brown bullhead (Ameiurus nebulosus) (Reeve et al., 2022). The hormone level of orexin, also a regulator of feeding behaviours, is seen increasing at higher temperatures in Carassius auratus and Gadus morhua. The study also indicated that water temperature directly affects fish-feeding hormones. In brain CART and leptin, PYY hormone in the intestine also gets influenced by the decrease in temperature.
A comparative study between Gadus morhua and Amphiprion ocellaris shows that food intake decreases if water temperature drops. Whereas change in A. ocellaris feeding behaviours was noticed at 32°C (higher) than fish reared at 28°C. The red-spotted grouper and other fish species exhibited a commensurate response, whereby food consumption was elevated within the temperature range of 15°C–20°C (Volkoff and Ronnestad, 2020). Intestinal cholecystokinin (CCK) expression and temperature are correlated in fish species. Vertebrate digestive physiology depends heavily on CCK, which is produced and secreted by enteroendocrine cells in response to food in the gastrointestinal tract. An increase in CCK level was noticed with increasing temperature. Their study was comparable to the findings of Butt et al. (2019). Their group also indicated that the increase in temperature can be correlated with the food eating pattern. The same was noticed in black tetra for intestinal CCK expression (Butt et al., 2019).
Additionally, studies indicate that thermal pollution significantly increased the total copies of the Vibrio gene and the proportion of the marine fish pathogen Photobacterium damselae in the P. sexlineatus hindgut microbiome. These findings support the hypothesis that increased water temperature causes estuarine fish gut dysbiosis. P. damselae damselae is supposed to engage in unscrupulous proliferation in estuarine fish guts under stress induced by temperature changes, but there was never any P. damselae damselae in seawater through the learning and thermal pollution ought to not affect the microbial communities or copiousness of the Vibrionaceae linked with the water sample obtained from an ocean (Suzzi et al., 2023). Research on the impact of temperature on fish sensory systems caused by the human state high temperatures change how the central nervous system processes sensory information, speeds up neuron signalling, and produces more ROS.
Temperature also affects the pH of water, and low pH disrupts otolith growth, impairs vision and smell, and interferes with central nervous system operation are well studied (Lefevre et al., 2021). In their studies, Lu et al. (2005) indicated that the high temperatures speed up neuron signalling, change how the central nervous system processes sensory information, and increase ROS levels. Low oxygen inhibits the synthesis of energy, slows down nerve conduction, impairs eyesight, and induces apoptosis in the brain indicated previously by Rummer et al. (2013) and Damsgaard et al. (2020).
5.2.4 Hardness, oxidative stress and fish health
Hardness is the total concentration of mainly Ca2+ and Mg2+, i.e., divalent cations. It is commonly advocated for aquaculture to have some water hardness (25–100 mg/L as Ca2+) because of the fundamental functions and effects of Ca2+ ions. It is a crucial factor that influences the absorption and elimination of metals within aquatic systems. The bioavailability of metals and, as a result, their toxicity in aquatic species is significantly influenced by hardness. According to Romano et al. (2020), the bioavailability of metals rises in soft water, making them more hazardous than in hard water. There was a notable augmentation in hardness, which correspondingly signified a reduction in the activity of Na+/K+-ATPase in fish (Romano et al., 2020). The enzyme in question experienced a significant decrease in activity primarily as a result of Cd exposure, thereby leading to a notable decline in major hardness. Though Mg and Na ions were found to have significantly changed, infecting the ion exposure in various water conditions, such as hard and soft, also affected Na+/K+-ATPase activities in gills. Interestingly, increased fish mortality in soft water indicated its direct impact on hard water conditions (Saglam et al., 2013).
An exceptional study by Romano et al. (2020) established that water hardness is not required for Micropterus salmoides juveniles. Those studies’ benefits were yet to be confirmed, which may lead to exemplary fewer feeding costs (Romano et al., 2020). At 900 ppm water hardness, Poecilia reticulata significantly increased in size (p = 0.005). The fertility and gonadosomatic index of P. reticulata were both considerably greater. Water hardness is understood to harm breeding in Betta splendens species. The study demonstrated varied effects of water hardness on the test species P. reticulata and B. splendens intern, significantly improving larval growth (Krishnakumar et al., 2020).
In a study, the regulation of caspase-3 and metallothionein activity, activity of NO, and overall antioxidant activities were noticed as stress indicators in goldfish (C. auratus) exposed to various Zn concentrations and hardness of water for 14 days. Results from the TUNEL assay indicate that high water hardness can inhibit apoptosis and accumulation of Zn. The authors concluded that high water hardness can affect how much zinc is absorbed, and lowering the hardness can lessen the toxic stress that zinc causes (Choi et al., 2022). According to research, even though channel catfish grow poorly in water hardness up to 1,250 mg/L CaCO3, it can counteract the growth-inhibiting effects of high environmental ammonia (HEA). This was partially attributed to 1,250 mg/L CaCO3 shielding the gills and reducing HEA-induced disruption of the ion- and ammonia-regulatory systems. Elevated hardness, however, might be less effective at reducing catfish (Ictalurus punctatus) salinity stress (Sinha et al., 2022). Oppositely, water hardness of nearly 1000 ppm may be considered as protective factor in the cat fish Heteropneustes fossilis against low salinity (3 to 9 ppt) induced stress (Bal et al., 2021b).
According to research on the fish Ictalurus punctatus, when exposed to high hardness levels, fish diminish their ability to absorb calcium through their gills (Ca2+-ATPase and Na+/K+-ATPase activity). An unexpected rise in muscle water in fish subjected to 4,000 mg/L CaCO3 showed that the osmoregulatory capacity was substantially impaired. The same was true for blood levels between 3,000 and 4,000 mg/L, which resulted in an iron deficit and a corresponding reduction in haematological indices of respiratory dysfunction (HCt and Hb value) (Limbaugh et al., 2021). Under very hard water, Capoeta fusca is protected from the toxicity of Co and Ni, whereas the fish are more vulnerable to it in hard water (Pourkhabbaz et al., 2011). According to a study, increasing or cumulative H2O hardness stays an effective way to lessen the stress retort in goldfish (Carassius auratus) brought on by Zn (Li Z. et al., 2022). Research on Danio rerio embryos states that adding humic substances below lower hardness/alkalinity states can support plummeting toxicity and is hazardous to the fish (Liu et al., 2021).
Investigations were also conducted on fish treated with ethoxylate and the impact of cations on ethoxylate toxicity. Compared to soft water (SW), ethoxylate is slightly less harmful in hard water (HW). The evidence suggests that the toxicity of ethoxylate is independent of the cation composition of a particular hardness. The vulnerability of fishes to non-ionic ethoxylate detergents is unaffected by their capacity to adjust to different water hardness (Tovell et al., 1974). The number of hazardous effects that anionic detergents in solution have on fish mostly depends on how hard the water is that the fish are being treated in. The HW absorbs detergent more quickly than SW, and salmon and goldfish are more sensitive to sodium lauryl sulphate in HW than in SW. It has been established that the toxicity of sodium lauryl sulphate is directly influenced by the concentration of bivalent cations. Acclimatization studies have shown that the hardness of the water used to treat the fish, as well as the hardness of the water used to acclimate the fish in the first place, both affect the toxicity of sodium lauryl sulphate (Tovell et al., 1974).
Abiotic variables in freshwater and ocean environments are rapidly changing due to human activities. Along with oxidative stress, salinity, and hardness-induced stress are key stress factors in aquatic species that eventually affect normal physiology. As a result, ecological studies are greatly influenced by oxidative stress and the physiology it generates. Both the production of ROS and the functions of the enzymes depend on the species and tissue. Osmotic stress caused by salinity accelerates physiological procedures such as preserving ionic and osmotic equilibrium in the specialised regions of distinct excretory organs. The control of ions depends on gills in addition to gas exchange. The organism-level reflexes to cellular responses, such as the ability to survive and reproduce, altered transcriptional levels of various enzymes, and altered gene expression, are connected to the salinity shift-induced altered physiology.
5.2.5 Alkalinity, oxidative stress and fish health
Another important characteristic regularly evaluated to gauge water quality is total alkalinity, which includes all acidimetric titratable species down to pH 4. Importantly, the bicarbonate/carbonate concentrations have been identified as the main contributors to total alkalinity. This factor enables a crucial environmental context for comprehending phenomena like acidification, the spread of organisms, and the water quality suitable for ingestion by humans (Wiorek et al., 2021). Carbonate alkalinity, a significant environmental stressor that can swiftly cause oxidative stress and hypo immunity in fish, substantially impacts the structure of aquatic feed. In addition to exerting effects on the growth, immunity, and disease resistance of aquatic organisms, prolonged exposure to carbonate alkalinity stress can also influence the in-vivo nutrition metabolism of fish (Fan et al., 2021, 2022).
When water carbonate alkalinity increases significantly, it decreases SOD and T-AOC activities in the intestine and significantly increases MDA contents in fish. In contrast to carbonate alkalinity of 0 mmol/L, carbonate alkalinity of 15 mmol/L can significantly reduce SOD and T-AOC activities while increasing the MDA content (Fan et al., 2021, 2022). A study on the combined effects of alkalinity and salinity on Luciobarbus capito found that an elevation in alkalinity with different concentrations from 15 mM to 60 mM significantly increased plasma potassium ions and urea nitrogen concentrations but had no impact on both plasma osmotic pressure and gill filament ATPase activity. In conclusion, salinity was found to be the factor that had the greatest impact on osmotic pressure, followed by alkalinity (Geng et al., 2016).
The alkalinity-induced stress for longer periods shows that metabolic profiles are significantly impacted by alkalinity exposure. In fish exposed to alkalinity, metabolites related to amino acid metabolism pathways such as serine, phenylalanine, glycine, tyrosine, threonine, methionine, cysteine, and also pyruvate, butanoate metabolism were found to have differentially expressed levels. Seven different metabolite structures were found to be significant indicators of exposure to alkalinity (Sun et al., 2018). When the pesticide -trifluoromethyl-4-nitrophenol (TFM) was used to control Petromyzon marinus (invasive sea lamprey) populations in the Laurentian Great Lakes, TFM caused non-target mortality of lake sturgeon (Acipenser fulvescens). The study found that as alkalinity increased from a low concentration of 50 mg/L to a medium concentration of 150 mg/L, TFM uptake decreased before reaching a concentration of 250 mg/L as CaCO3. 3–6 h after TFM exposure, all fish at low alkalinity perished. TFM-exposed fishes with only medium alkalinity had slower death.
In fish (A. ful and P. marinus), survival was approximately 75% between 4.5 and 7.0 h after exposure, then it decreased to slightly more than 50% after 15 h, and there was no further mortality after that. But because alkalinity typically rises with water pH, the correlation between TFM toxicity and alkalinity is more complex. Nonetheless, the association between TFM tolerance of sea lamprey larvae and alkalinity is overdone when connected with pH (Hepditch et al., 2019). In many cellular responses to various environmental stressors, HSPs play a crucial role. Concerning gill alkalinity stress and salinity shift, it was found that the coordinated expression of LmHsps in Lateolabrax maculatus (spotted sea bass) occurred. The results showed that under various regulatory situations, the effects of alkalinity stress might be triggered by the LmHsp40-70–90 recruitment of co-chaperons adaptively, as HSPs are expressed in a variety of ways in L. maculatus (Li et al., 2022b). The current data in hardness imply that there is an additional grey area that needs to be studied concerning ROS. The osmoregulatory patterns must be evaluated using a variety of ecologically relevant concentrations of the examined substances, like ion concentrations, with a type of water.
5.2.6 Salinity, oxidative stress and fish health
Aquatic species may undergo physiological changes and experience stress when their natural habitat is impacted by several variables, including temperature fluctuations, oxygen levels, pH levels, pollution, salinity, and other environmental stressors. It generally triggers them to fight these stress responses by adapting to changes (Chainy et al., 2016; Paital et al., 2016; Fras-Espericueta et al., 2022). When there is a change in the amount of dissolved salts or ions in the surrounding water, fish endure salinity stress, and when salinity is combined with other factors, it can be manifested changes at biochemical and histopathological levels in fish (Banan et al., 2020b, 2022). This can happen naturally, like when the tides change or in an estuary, or it can be caused by people, like when runoff from farms or land-salted water gets into the river, ponds, or other freshwater sources (Xing et al., 2022).
Fish that are regularly exposed to a certain range of salinity levels endure stress if the salinity levels alter significantly in a sudden manner (Li et al., 2022c, Figure 2). For example, a fish that normally lives in freshwater may experience salinity stress if it is suddenly exposed to salt water. Long-term exposure to high or low salinity levels can cause electrolyte imbalances and associated difficulties. Similarly, polluted water or having certain diseases can also cause salinity stress. Understanding these causative factors and adopting adequate measures to counteract the salinity stress, either to stop or lessen it, can help ensure that fish in aquatic environments are healthy and happy, which in turn will avoid economic loss (Moniruzzaman et al., 2022).
[image: Figure 2]FIGURE 2 | The marker protein and mRNA expression in liver and blood serum under salt stress conditions. Under short term or long term salinity stress, molecular markers such as transcript and translation level of Hsp70, Igf1 are found to be differentially regulated as shown in the figure in fish hepatic tissues. Thus they can be used as biomarkers of salt stress in fish.
Salt stress can cause changes in osmotic pressure, problems with a fish’s metabolism, stunted growth, and fewer offspring, all of which hurt the profitability of fish farming in the long run. Nile tilapia can handle less-than-ideal growing conditions like low oxygen and high salt levels better than other finfish (Dawod et al., 2021; Worldfishcenter, 2023). They examined Nile tilapia in the laboratory for 4 weeks under 0, 10, or 20% salt, and findings represented that Nile tilapia grows slower in high salinity. The salinity also causes inflammation in the gills, intestines, and liver tissue, which causes less functioning of organs. Conversely, in normoxia, Nile tilapia could endure 10% salinity, but in hypoxia, 20% of salinity produced oxidative stress, apoptosis, and inflammation in the intestines, gills, and livers. Furthermore, the detection of inflammatory gene transcription, IL-8, IL-1, pro-inflammatory genes (IFN-γ, TNF-α), and the caspase-3 gene for apoptosis, highlighted the effect of high salinity on functionality and reduced Nile tilapia productivity, resulting in significant economic loss.
A change in temperature and pH may lead to the salinity of the water. Abnormal changes in salinity levels can impact the osmoregulatory system of fish, leading to stress and reduced growth. Water salinity is a major abiotic element affecting fish’s humoral defense and survival. The fish’s development, reproduction, and health might suffer if the water’s salinity is too high. In extreme cases, high or low salinity can lead to mortality. Salinity variations in aquaculture can alter the microbial ecology, increasing disease risk and water quality. High salinity also increases heavy metals and other hazardous compounds in the water, harming fish. Hence, salt levels in fish production systems must be monitored and controlled to reduce the possibility of negative effects on fish health and aquaculture economics (Dominguez et al., 2004; Abou Anni et al., 2016; Vargas-Chacoff et al., 2018).
Salinity is one of the important factors that, alone or with multiple stressors, influence redox regulation, like the superoxide dismutase activity in aquatic animals (Paital and Chainy, 2013). An increase in water salinity affects oxidative stress and allied physiology in the survival of freshwater fish species. The feed conversation ratio and specific growth factors are found to be elevated and alleviated in the freshwater fish when exposed to higher salinity of 9 ppt than its natural freshwater (Bal et al., 2021b). Besides the above, gain in body weight, increase in total body length, standard length, length of snout to pectoral fin, caudal fin length, length of caudal peduncle, dorsal to ventral body height are also decreases when the fish was exposed to a gradual increase in salinity from 0 to, 6 and 9 ppt. The total basophil, haemoglobin, and RBC content were also alleviated with the rise in salinity. All these changes were found to be accompanied by histological damage in the fish at the liver, gills, and muscle levels. Finally, the tissues were also found to have a gradual hike in lipid peroxidation levels as a function of salinity (Bal et al., 2021b).
Hormones released by the organs are responsible for feeling more (orexigenic) or less (anorexigenic) hunger. Their release is controlled by a complex network that uses signals from the brain and other organs (Conde-Sieira et al., 2018). Some of the most important hormones for controlling hunger are neuropeptide Y (Npy), cholecystokinin (Cck), peptide YY (Pyy), and cocaine and amphetamine-regulated transcription factor (Cart) (Rønnestad et al., 2017). Martins et al. (2022) showed that under the influence of high or low salinity, the expression of genes for hunger is changed. This change and other adaptive responses could have led to a drop in body mass index (BMI), specific growth rate (SGR), and final weight. Blood cells were also found to be damaged by oxidation when there was much salt in the body.
Salinity stress is a major environmental factor that declines the health and growth of fish, damaging the aquaculture economy. Scientific investigation to determine the signals of stressors due to global warming at the earliest is essential; thus, expression of stress-associated biomarkers was evaluated by Eissa et al. (2017) in yellow perch, who quantified the serum and hepatic protein levels Hsp 70, IGF-1, GPx, SOD1, and Gsr and their mRNA levels in the liver tissues. Exposure of yellow perch with salt caused a temporary reverse effect on the biomarkers chosen for the study. The expression level of Igf1 is upregulated and hsp70 is downregulated under salinity stress up to 3 days and the results are reversed under long term salinity stress (Eissa et al., 2017, Figure 2). These enzyme levels in fish samples thus could be potential biomarkers for the diagnosis of early signs of salt stress that negatively impacts fish survival in aquaculture, which may enable us to address the stress and enhance the economic profitability of fisheries.
5.2.7 pH, oxidative stress and fish health
Farmed fish need acceptable water quality, comprising appropriate pH, dissolved O2, CO2, NH3, and nitrogen compounds within species-specific limitations. High pollution, dissolved oxygen, and toxin levels can stress and harm fish. Unionized ammonia passes through most cellular membranes but not ionised ammonium. Similarly, fish gills retain endogenous ammonia or passively diffuse it depending on pH (Evans et al., 2005). Concentration and pH determine ammonia toxicity leads to a toxic pH level that can damage fish gills and induce respiratory distress. Abrupt pH changes can stress fish and decrease their capacity to resist diseases. A maximum number of fish species prefer pH between 6.5 and 9.0; others can tolerate a greater range. Low pH can injure fish gills, skin, and eyes by disrupting their sensitive ion balance. Yet, a pH level too high (basic) might prevent fish from absorbing oxygen and induce stress or death. It was found that acute ammonia intoxication causes neurological disorders in fish (Yavuzcan Yildiz et al., 2017).
Acidification in the freshwater environment has become a global issue due to increased CO2 levels, acid rain, soil acid leaching, pollution, and anthropogenic activities in oceans (Schindler, 1988; Harding, 2012). Changes in pH induce oxidative stress in aquatic species and affect development and growth, physiological processes, immune system, and changes at the molecular level in fishes, which can lead to oxidative stress accumulation (Figure 3). Hydrogen ion concentration present in water makes water acidic, alkaline, or neutral; this is an important parameter in quality assessment of water (Boyd et al., 2011) for fish growth. The decrease in pH level is primarily caused by the change of ionized NH4+ to NH3+ after excretion from animals, and the reason for the increase in pH level is mainly by carbon dioxide release (Duarte et al., 2013). A change in pH has a negative effect on larval health and early development in Fishes (Kikkawa et al., 2003; Baumann et al., 2012). Some of the attributes, such as larval deformities, nonviability of eggs, prolonged incubation time, etc., have already been reported in many studies (Ferreira et al., 2001; Reynalte-Tataje et al., 2020).
[image: Figure 3]FIGURE 3 | Effect of altered pH inducing oxidative stress in fish.
The alteration of carbon chemistry and the increase in anthropogenic CO2 emissions have caused 30% of CO2 to be released into the atmosphere and subsequently absorbed by aquatic environments (Doney et al., 2009), resulting in the acidification of oceans and adversely affecting fish physiology. Specifically, the influx of H+ ions through the gills has led to a decrease in the ability of haemoglobin to effectively bind with oxygen (Fromm, 1980a). Consequently, this has resulted in haematological disorders and disrupted levels of magnesium, glucose, haematocrit, glutamic-oxaloacetic transaminase, and glutamic pyruvic transaminase in fish (Ultsch et al., 1981; Scott et al., 2003; Das et al., 2006). The current oceanic water pH is 8.2 and is anticipated to further decrease to 7.7–7.8 by 2,100 and 7.4–7.5 by 2,300 due to acidification (Caldeira and Wickett, 2003), which in turn could affect physiological homeostasis in fish as changes in ocean pH cause increase in reactive oxygen species and induces oxidative stress among the fish population (Lee et al., 2022). High pH also causes deleterious effects on fish health as it hinders oxygen transport to tissues (Aride et al., 2007). The pH above 9.5 causes increased ammonia concentration in plasma, followed by mortality (Ghanbari et al., 2012). The activity of superoxide dismutase and glutathione–S-transferase, two key enzymes involved in oxidative stress, are reported to be altered with changes in pH (Kim et al., 2019; Kim et al., 2023).
Though antioxidant enzymes such as SOD and CAT scavenge the ROS, under stressful environment activity of these enzymes is decreased/inhibited, which may result in DNA destruction, activation of caspases, and impaired protein functions in aquatic animals (Lesser, 2003). The pH change can also cause oxidative stress in fish (Figure 3). Sudden change in pH values of water also affects immune response by altering cellular and humoral response among fishes due to susceptibility to acidification and/or alkalization of their surroundings (Zhao et al., 2010). IgM is considered a critical immune biomarker to evaluate toxic effects due to pH and other environmental changes (Li and Chen, 2008; Kim J. H. and Kang J. C., 2016, Kim N. and Kang, S. W. 2016). Other parameters such as glucose levels and count of WBC (white blood cells) and RBC (Red blood cells) have also been evaluated to have fluctuated with changes in the pH of water in Danio rerio (Zahangir, 2015).
Significant increase in ROS affects DNA, Proteins, and lipids and causes hereditary diseases in aquatic animals (Wang et al., 2002; Kim et al., 2019) due to increased Calcium ion influx from the extracellular environment into the cell, as ROS also acts as sensors which activate the Ca2+ influx inside the cell leading to chromatin damage and subsequent cell death. Acidification has also been reported to induce P53-mediated Apoptosis in tilapia (Ermak and Davies, 2002; Mai et al., 2010).
5.2.8 Heavy metals, OS, and fish health
Many populations worldwide rely on fish for daily meals because fish and seafood are beneficial components of human nutrition and provide necessary nutrients like proteins, vitamins and minerals, and polyunsaturated omega-3 fatty acids (FAO, 2023). In some places, fish can serve as a primary food source and contribute considerably to food security (FAO, 2023). Yet, fish and other marine animals are impacted by the ecology in which they live. Living beings can take in both useful and harmful environmental minerals and metals through the water, sediment, and food they ingest (Ebdon et al., 2001). Although eating fish and shellfish has many health benefits, it can potentially drastically jeopardise consumer health due to the pollutants. Metals and metalloids are the most frequently accumulated toxins in fish and shellfish that could result in health issues when taken in amounts over the advised safe quantity (Llobet et al., 2003; Falcó et al., 2006).
The existence of heavy metals in aquatic environments is a subject of significant concern due to their propensity to deposit in aquatic organisms, for example, in the fish Aplocheilus panchax (Rath et al., 2021; Paital et al., 2022). It is noted that the accumulation of heavy metals has a negative impact on aquatic life. The accumulation of heavy metals leads to several adverse consequences, such as oxidative stress, inflammation, histological damage, and genetic anomalies (Amoatey and Baawain, 2019; Qi et al., 2022). The toxic levels rise as heavy metals enter the body through permeable membranes (such as the gills) and inhibit several activities, such as by substituting the native required metal ions of the metabolic enzymes, disrupting protein structures, and creating DNA-crosslinks which ultimately affects the cell cycle (Garai et al., 2021; Dey et al., 2023). Seafood is becoming more popular despite its toxicity, and consuming heavy metals containing aquatic organisms can have similar effects on people, including cardiovascular and peripheral vascular diseases and harm to the brain system, the liver, the kidneys, and reproduction (Engwa et al., 2019). Since the spread of HMs in the food chain cannot be stopped, effective methods must be found to remove heavy metals from aquatic species before consumption. Metals in the aquatic environment can be found in dissolved, particulate, or chelated/combined forms in water, sediment, or aquatic creatures (Naggar et al., 2018; Amankwaa et al., 2021).
5.2.9 Water pollutants, OS, and fish health
According to Alrumman et al. (2016), water pollution happens when undesirable pollutants enter bodies of water, change the water’s quality, and impact ecosystems and human health (Briggs, 2003). Water is a precious natural resource used for drinking and other purposes related to development. Moreover, it is vital to the recycling of nutrients. Normally, sewage and hazardous waste are disposed of, recycled, and any overflow is drained into the ocean via aquatic systems. The abuse of water resources for various anthropogenic activities such as agriculture, industrial processes, and thermal generating plants to fulfill the needs of the enormous population results in much less of its assimilative volume due to the rise in pollution levels. The dual strain placed on the water bodies eventually causes the existing biological populations to perish.
Water pollution can harm fish, causing the fish business to lose money (Figure 4). Polluted water can include dangerous chemicals, poisonous compounds, and infections that can kill fish, decrease growth, and cause sickness. Water quality degradation reduces dissolved oxygen, which fish need to survive. Hence, water contamination can affect fish growth, yields, and industrial expenses. Severe water pollution may wipe off fish populations, hurting the fish industry. Wastewater treatment, agriculture best practices, and plastic waste minimization boost profit in the fish business by reducing disease risk and improving fish health and production by safeguarding aquaculture water quality (Austin, 1998).
[image: Figure 4]FIGURE 4 | Effects of pollutants on fish health.
One of the most important aquatic populations for people often includes fish species. Any inadvertent alteration to an ecosystem’s natural characteristics brought on by adjustments to its physical, chemical, and biological components is referred to as “pollution” (Subhendu, 2000). Aquatic ecosystems are vulnerable and at great risk as a result of a large number of pollutants coming from home, urban, and industrial sources, as well as various farming practices that leak contaminants into the river system (Byrne et al., 2015; Kaur and Dua, 2015; Pinto et al., 2015).
Heavy metals and insecticides are the most prevalent pollutants, especially in aquatic ecosystems (Khoshnood, 2016). The main ways pesticides used in agricultural activities are directly released into the open environment are drift spray, volatilization, and wind erosion of soil (Qiu et al., 2004). Certain pesticides that are present in aquatic ecosystems may have an impact on the life cycles of aquatic organisms (Ventura et al., 2008). It has been discovered that some aquatic organisms can concentrate the hazardous solutes from their surroundings without visible harm to themselves, acting as pollution amplifiers and giving access to predators to dangerously high concentrations of the toxic substances. Environmental pollutants’ harmful impacts on fish health and consumers have been discussed in a few specific contexts. As a result of the heavy toll that increased human activity is taking on the aquatic ecosystem, there is an urgent need for research into the harmful impacts of water pollution and the potential risks they pose to aquatic organisms and their ecosystems. Several scientific investigations have shown that different types of water pollution negatively affect the aquatic populations that inhabit water bodies. The aquatic ecosystem is expected to undergo significant changes due to diminishing fish numbers and a partial stop to commercial fishing (Hinton and Lauren, 1990).
The fish population is one of the most sought-after sources of high-quality protein for humans. The aquatic organism’s altered shape, tissues, and metabolic profile highlight the numerous types of stress and adjustments to the surrounding ecology. For instance, some fish species respond swiftly and cause several alterations in various body parts and organs, primarily the gills, kidneys, and liver (Bukola et al., 2015). Several histological changes in different fish species have been noticed and validated as biomarkers to gauge the extent of pollution. Due to a variety of factors, including expanding human populations, industrialization, urbanisation, the clearing of forests, a lack of environmental awareness among society, the failure to put policies, rules, and regulations into place, and the discharge of effluent from various industries, aquatic ecosystem pollution ultimately leads to the loss of aquatic organisms. The contaminants from various industrial discharges and sewage sink into the earth, contaminating groundwater supplies and damaging rivers and reservoirs’ surface waters.
Aquatic habitats are burdened by pollution due to rising urbanisation and an increased rate of population (Edokpayi and Nkwoji, 2000; Nkwoji et al., 2010). The pollutants affect physicochemical, flora, and hydrological characteristics and pose major risks to aquatic ecosystems (Nkwoji et al., 2010). The most serious issue facing developing nations is the improper treatment of the enormous amounts of waste materials created by various anthropogenic activities. Their main challenge is the hazardous discharge of these effluents into freshwater bodies, like rivers and reservoirs, which can no longer be used as primary or secondary natural resources. Pollutants have an impact on aquatic organisms’ behaviour both directly and indirectly (Zala and Penn, 2004; Saaristo et al., 2018), particularly fish species (Robinson, 2009; Sloman and McNeil, 2012). Various pollutants, encompassing both inorganic and organic substances, exert an influence on a diverse array of behavioral patterns, including but not limited to feeding habits, reproductive activities, and social interactions, encompassing both amicable and aggressive behaviors. Certain pollutants may have caused changes in the neurotransmitter, hormone, and cholinesterase activities of several fish species (Brodin et al., 2014; Vindas et al., 2017).
Pollution-induced alterations in fish behaviour have the potential to increase pollutant exposure even further and produce positive feedback loops that point to the detrimental impacts of pollution on fish health. Water contamination has a consistent impact on a variety of spatial behaviour patterns, including activity, exploration, and avoidance. Aquatic creatures that spent most of their lives in environments with significant metal contamination (such as lead and cadmium) had reduced exploratory inclinations (Grunst et al., 2019). The diminished exploratory tendencies of fish have adversely affected their ability to assess the quality of their habitat. Exploration plays a crucial role in enabling people to gather data and indicators pertaining to their activities. Water contamination consistently affects various spatial behavior patterns, such as curiosity and avoidance, among others.
Aquatic animals that lived most of their lives in habitats with heavy metal contamination (such as lead and cadmium) had a decreased propensity for exploration (Grunst et al., 2019). Such contaminations have affected the ability of fish to judge the quality of their habitat because exploration is the main trait that enables individuals to receive information and clues about their surrounding ecosystem (Reader, 2015). Moreover, these pollutants frequently change community interactions that reduce social learning and information gathering from their conspecifics (Brown and Laland, 2003). The capacity for learning and spatial memory is both significantly impacted by pollutants. For instance, aluminium pollution in Atlantic salmon affected their ability to learn in a labyrinth test as well as how they processed information and responded to unfamiliar situations (Grassie et al., 2013). Moreover, pesticides have some effects on the spatial memory of Gobiocypris rarus and Danio rerio.
5.2.10 Anthropogenic activity, OS and fish health
Various anthropogenic inputs leading to salinity fluctuations and a stressful aquatic environment have been reviewed (Bal et al., 2022). Major anthropogenic activities led to many insults, including oxidative stress in fish (Figure 5; Table 6). Ecotoxicological studies to assess the impact of contamination by human activities in aquatic environments worldwide–both marine and freshwater - used oxidative stress biomarkers in fish (Nwabueze et al., 2020; Makuvara et al., 2022; Filice et al., 2023; Hore et al., 2023). Exposure of haarder fish to tributyltin chloride (TBTC), a chemical contaminant, resulted in decreased antioxidant enzymatic activity and increased malondialdehyde (Zhao et al., 2022). Transcriptomic studies on Volatile organic compounds (VOCs) such as benzene in BTEX mixture from vehicle exhaust and industrial emissions it has been shown that 1 ppm benzene dysregulated genes of oxidative stress in zebrafish (Wu et al., 2022). Ferrocene exposure in rainbow trout exhibited lipid peroxidation and antioxidant enzyme activities inhibition; thus, increased iron levels as a result of mining and industrial activities in freshwater ecosystems need monitoring (Özgeriş et al., 2023). Pharmaceuticals - another anthropogenic contaminant - studied by Diclofenac exposure in Gasterosteus aculeatus through metabolomics-based approaches showed that the antioxidant system is impacted in male sticklebacks (Lebeau-Roche et al., 2023). Herbicides and OA group toxins - okadaic acid and dinophysis toxin-1 have been shown to affect the juvenile/larval forms of freshwater African catfish and medaka, respectively, by altering antioxidant systems (Anih et al., 2023; Figueroa et al., 2023).
[image: Figure 5]FIGURE 5 | Anthropogenic induced heavy metals and other pollutants for induction of ROS and oxidative stress in fish.
TABLE 6 | Effects of anthropogenic factors on fish.
[image: Table 6]Microplastics (polyethylene (PE), polystyrene (PS), polyvinyl chloride (PVC)) and microfibres represent another major anthropogenic contaminant in water bodies that can induce oxidative stress responses (Thakur et al., 2022; Subaramaniyam et al., 2023). Microfiber plastics released by cloth washing and wastewater treatment plants cause oxidative stress and cell damage in medaka fish exposed to 500 or 1,000 polyester fibres/L of for 21 days, evidenced by increased mRNA expression of SOD, CAT enzymes from day 10 and plasma malondialdehyde content from day 7 respectively (Kim et al., 2023). In another study, PE induced oxidative stress in carp gills and increased expression of NF-kappaB and NLRP3, causing apoptosis and inflammation (Cao et al., 2023). Interaction of microplastics with other environmental irritants also poses a serious threat to aquatic organisms. Zebrafish exposed to polystyrene nanoplastic particulates and nonylphenol for a period of 45 days induced oxidative stress by reducing CAT activity and GSH levels (Aliakbarzadeh et al., 2023). Antioxidant enzyme activity and lipid peroxidation levels in the liver of the PVC-diet-treated Clarias gariepinus decreased and elevated in a time-dependent manner, respectively (Iheanacho and Odo, 2020).
Oil pollution in marine bodies, especially mazut exposure, generated oxidative stress in developing embryos of fish (Rudneva, 2022; Rudneva, 2023). Increased enzymatic activities for catalase, rhodanese, and glutathione S-transferase enzymes in the liver, muscles, and gills of Nile tilapia and Mullet fish collected from some crude oil-polluted rivers in Nigeria again implicated oxidative stress (George et al., 2023).
Studies on cyanotoxins, mainly microcystins released from blooms as a result of human eutrophication, have been found to cause oxidative stress in fish (Falfushynska et al., 2023). Recent studies have shown that bioaccumulated silver nanoparticles (AgNPs) from sewage/wastewater treatment plants discharge can generate oxidative stress in fish (Zaheer Ud Din et al., 2023). Lower antioxidant responses were observed in Lusitanian toadfish males when exposed to boat noise, an in-situ study (Amorim et al., 2022).
Here we discussed multiple stressors directly or in combination with other factors that lead to increased oxidative stress and damage in fish species and the use of oxidative stress biomarkers to assess the impact of anthropogenic activities in aquatic environments globally (Panda et al., 2022). The aforementioned studies collectively and intriguingly illustrate the imperative nature of on-going surveillance of aquatic ecosystems in order to enhance the wellbeing of fish populations by means of assessing oxidative stress biomarkers, ultimately yielding advantages for human beings.
Every organism is susceptible to oxidative stress under various external and internal stresses in its natural environment (Figure 5). Accumulation of higher oxidative stress leads to hampering various economic and ecological values of an aquatic organism. The values include their growth, production, reproduction, immunity, disease susceptibility and resistance. Like all other aquatic organisms, fish also experience oxidative stress against various environmental insults generated in their natural environment. Higher generation of ROS and oxidative stress under the impaired function of their redox regulatory systems are prominent under environmental insults. The environmental insults include low oxygen levels, pollutants, chemicals, heavy metals, extreme temperature, salinity, pH, hardness, turbidity, etc. Such abiotic stress damages lipids, proteins, and DNA in many fish and, therefore, needs to be controlled as far as possible in their culture places, especially in artisanal fisheries.
Although antioxidant enzymes such as superoxide dismutase, catalase, and glutathione peroxidase and antioxidant helping enzymes such as glutathione reductase, glutathione-S-transferase, glutaredoxin system, etc., are expressed at variable levels, are found to be unable to counter the stress (ROS and oxidation of biomolecules) in fish. Although fish are found to develop various strategies to withhold the changing environments to challenge high ROS and oxidative stress, their production is greatly hampered under such stress. So, antioxidant-rich food supplements may be one of the options for handling environmentally induced oxidative stress in fish in artisanal fisheries.
The Pacific and Atlantic Oceans have been found to contain HMs, both dissolved and particulate, including Pb, Fe, Mn, Ni, Zn, and Cr (Benson et al., 2018). These chemicals have also been discovered in significant concentrations in freshwater bodies (such as rivers and lakes).
Owing to the importance of fish and fisheries products, the control of (oxidative) stress and diseases in fish has been given due importance (Paital, 2013, 2014; Mishra et al., 2020). Major challenges in the fisheries industry are solved using biotechnology (blue biotechnology). Some of the approaches are the development of vaccines, diagnostic tools, and treatments to prevent and control diseases in fish (Mugunthan et al., 2023). Genetic improvement techniques are useful for developing new and improved fish varieties that are faster-growing, disease-resistant, and better adapted to different environmental conditions (Nguyen, 2015). This significantly increases fish production and improves the quality of their products. Developing improved fish nutrition could enhance the growth, health, and productivity of fish. Molecular methods are improving the nutritional value of fish, making it more nutritious and appealing to consumers (Pradhan et al., 2019). Biotechnology can be used to develop more convenient and consumer-friendly methods for preserving fish, such as stress resistance can extend the shelf life of fish products. Strategic aquaculture management could be obtained using improved seed, water quality and controlling pests and diseases (Paital, 2018).
Several genetically modified (GM) fish species that have been developed and are under investigation for commercial purposes. Scientists and companies are using biotechnology to make vaccines and other things that can help fish fight diseases like vibriosis, furunculosis, and bacterial kidney disease, by making fish resistant to getting sick. Vaccinations and immune-boosters could help to increase fish production and the aquaculture’s population (Paital, 2018). Due to its significant value, there has been a notable increase in the presence of numerous commercial entities engaged in the manufacture and distribution of fish protein products (Table 7). Many other companies offer similar products, and the selection of available products can vary depending on the location and availability. The aquaculture industry in India is constantly growing and evolving, and new companies are being established every year to meet the demand at a very high rate for fish and fish-based products (Paital, 2018; Pradhan et al., 2019).
TABLE 7 | Use of biotechnology to reduce (oxidative) stress in fish.
[image: Table 7]It is worth noting that the commercialization of GM fish is controversial, and many people are concerned about the safety, environmental impact, and ethical implications of genetically modifying fish. Debate and research are continuing on GM fish; meanwhile, some of the most well-known GM fish are already approved by the Food, drug, and cosmetic act (FD & C Act) or other laws (FDA, 2023).
6 FUTURE PROSPECTIVE AND CONCLUSION
Studying oxidative stress health in fish is an emerging area of research as it has gained much interest in recent years. Being an aquatic organism, various environmental insults such as the changing pH, salinity, temperature, turbidity, dissolved oxygen, pollution, chemicals, and anthropogenic pressures are found to impose various cellular disturbances in fish. Many biochemical and molecular strategies, such as upregulated antioxidant genes and proteins and upregulation of antioxidant transcribing systems such as NRF2-Keap1 system, are adapted by fish to challenge the environmental stressors; they may not be sufficient under the high fluctuation of environmental factors. So, understanding the role and regulation or expression patterns of each redox regulating enzyme/molecule in fish under the changing earth’s climate may help to make suitable resilient strategies to save and increase fish population/growth. Understanding the exact role of supplementary antioxidants in fish physiology can help to develop strategies to improve fish (oxidative stress) health and reduce disease susceptibility. Such studies should be done in individual fish species under exposure to the individual or combined climatic or aquatic physicochemical factors to have common or individual strategies to improve fish oxidative stress health. Identifying individual biomarkers in fish under the above aquatic stress factors can be another scope of such studies. All such studies can lead to the application in aquaculture and fisheries management of fish on the one hand and in the conservation of aquatic habitats on the other hand.
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i Development of antioxidant Biotechnology based or natural antioxidants can be incorporated into fish feed
or supplements to help protect fish from oxidative damage (Hamre et al., 2010;
Herndndez et al,, 2014)

2 Sclection of genetically-resistant fish Biotechnology is used to identify and select fish that are naturally resistant to
oxidative stress. This can be achieved through genetic selection and breeding
programs (Torrecillas et al., 2017)

3 Gene editing Gene editing tools for fish can be used to reduce oxidative stress. For example,
scientists can use CRISPR/Cas9 technology to introduce new genes; MSTN gene
knockout techniques to improve muscle weight enhance the fish’s ability to cope
with oxidative stress (Karavolias et al., 2021; Lutz, 2023)

4 Development of functional feeds Biotechnology based functional feeds that are specifically containing
antioxidants, functional ingredients, and other components that help to reduce
oxidative damage in fish Hamre et al., 2010; Herndndez et al,, 2014

5 Water quality management Biotechnology based wastewater management could improve water quality in
aquaculture systems, canals and rivers which can help to reduce oxidative stress
in fish. It includes monitoring water quality, novel treatments for controlling
harmful algae bloom, etc., which can increase the levels of oxidative stress in fish
(Wang et al,, 2022)
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