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Cadmium Toxicity in Freshwater Fish: Physiological, Ecological and Health Implications – A Comprehensive Review





ABSTRACT 

	Cadmium (Cd), a highly poisonous and non-essential heavy metal, is a severe danger to freshwater ecosystems because of its persistence and bioaccumulation. Cd enters aquatic systems by industrial effluents, agricultural discharge, and urban runoff, accumulating in fish organs such as the gills, kidneys, liver and gonads. Its toxicological effects manifest as physiological, behavioural, biochemical, haematological, histopathological, and genotoxic changes. Behavioural signs such as irregular swimming, increased mucus production, and respiratory distress are prevalent. Necrosis, cellular degeneration and vacuolization are among the histological alterations observed in major organs. Furthermore, cadmium exposure causes chromosomal abnormalities and DNA damage, showing a high genotoxic potential. This review underlines cadmium contamination's ecological and toxicological significance, as well as the need for tougher environmental controls and additional study into species-specific effects and long-term effects on freshwater fish fitness and biodiversity. In aquatic species, behavioural alterations are a sensitive signal of chemically induced stress. At similar waterborne Cd concentrations, it has been reported that Cd can change dominance behaviours in young rainbow trout. Signs of stress, such as irregular fin movement, hyperactivity, trouble breathing, and surface attachment of fish followed by death, along with excessive mucous secretion on the body surface, were seen in the higher concentration during 72 and 96 hours of cadmium exposure. Changes in haematological indices, such as haemoglobin content, haematocrit, and the number of erythrocytes, can be used to track stress brought on by pollutants such as heavy metals since fish blood is susceptible to pressure from pollution. Moreover, histopathological changes due to cadmium have been studied in different freshwater fish, and the changes have been traced to various organs, gills, kidneys, liver, ovaries, testis and brain, etc. The conclusions of this analysis underscore the critical necessity for strict regulatory limits on industrial discharge and constant monitoring of aquatic ecosystems. Future research ought to investigate species-specific responses, long-term exposure consequences, and potential mitigation techniques such as bioremediation and governmental interventions. In recent years, experts have concentrated on the environmental concerns of microplastics, and microplastics promote cadmium transport in the food chain, which should be seriously regarded.
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1. INTRODUCTION

[bookmark: _Hlk201854134][bookmark: _Hlk201853327]Water is a vital component of the life support system, second only to air, and its purity is crucial for maintaining health. It serves a variety of functions as a valuable natural resource, particularly in aquaculture, industry, irrigation, and household requirements. We have an abundant supply of water in our nation (Kumar and Singh, 2010). Water is one of the only natural resources that is easily contaminated and eventually becomes a reservoir for pollutants created by humans. When contaminants from man-made sources are introduced, they change the physical, chemical, and biological characteristics of water, making it unfit for the purpose it was created. Freshwater bodies, including lakes, ponds, and rivers, are being contaminated at an increasing rate. In addition to being contaminated, these reservoirs currently serve as dumping locations for household and commercial trash due to recent developments in urbanisation, industrialisation, agriculture, and other developmental projects. These operations have resulted in ecotoxicological impacts from the release of metals into the aquatic environment (Singh and Saxena, 2020). Water pollution impacts the majority of India's 14 major rivers, with the Ganga and Yamuna becoming the most affected (Ajmal et al., 1985; Singh, 2001; Jain and Sharma, 2001; Kaushik et al., 2003; Sharma, 2003; and Kumar et al., 2007, 2008). The problem of water contamination has unfavorably increased several times as a result of rapid growth in industrialisation, rapid expansion of populations, and careless exploitation of natural resources (Kumar and Singh, 2010). Heavy metal contamination is a major issue in aquatic environments because of the metals' toxicity and capacity to build up in fish and other aquatic life (Jayakumar and Subburaj, 2017). Each aquatic habitat can tolerate a certain level of heavy metal concentration without experiencing any negative effects because of its inherent biological cycles and ability for self-purification (Singh and Saxena, 2020). Harmful heavy metals such as cadmium, mercury, copper, zinc and arsenic are among the many contaminants that are said to be widely found in wastewater that is typically released into aquatic ecological systems (Kumar et al., 2009). These metals are primarily emissions by wastewater treatment plants, industries, and drainage from agricultural and urban areas (Karbassi et al., 2006). When exposure levels of heavy metals beyond acceptable thresholds, they become harmful to both humans and animals.
[bookmark: _Hlk201851399]       Cadmium (Cd), a non-essential, non-corrosive, and extremely toxic metal, is a significant danger to organisms that are common in aquatic environments and is identified as the most common pollutant in waters worldwide. It travels up the food network as a result, Cd becomes a health risk to individuals as well as to animals (Liu et al., 2022). The normal state of cadmium, a silvery grey metallic soft solid with an atomic number of 48, is exceedingly uncommon. It is always found as a combination with another element, such as cadmium oxide, cadmium sulphide, cadmium nitrate, cadmium cyanide, cadmium chloride, and cadmium carbonate, and it is never found in nature in its elemental form (A.C.T. Per et al., 2015). The European community has placed cadmium on its "Black-list" (Mason, 1996). Cadmium amounts in uncontaminated freshwater usually fall to less than 0.001 mg/l (Fleischer et al., 1974; Friberg et al., 1974; Hiatt & Huff, 1975), and saltwater has an average level of 0.00015 mg/l of cadmium (Fleischer et al., 1974; Hiatt & Huff, 1975).  According to several studies (ASTDR, 1999; Lippmann, 2000; and Risso-de Faverney, 2001), cadmium has harmful consequences that include nephrotoxicity, cytotoxicity, genotoxicity, immunotoxicity, and carcinogenesis.  The metal cadmium is most often utilised in the manufacturing of nickel-cadmium batteries and as a corrosion-resistant coating material in the electrical, electronic, and aerospace sectors, as well as in alkaline and marine environments. As the top consumer of water, fish are impacted by heavy metals that accumulate in freshwater, indirectly enter the food system, and are directly poisoned by the water (Afshan et al., 2014; Lacerda et al., 2020). Fish are important to people’s diet because it is high in protein, low in saturated fat, and provide enough omega fatty acids (Mohanty et al., 2019). Fish live in very intimate contact with their environment and are therefore very susceptible to many physical and chemical changes which may be detected in their blood components (Isiyaku & Mohammed, 2021). Therefore, it is crucial to conduct a study on the heavy metal contamination of different fish species.  Between 2002 and 2003, India produced 6.2 million metric tons of fish overall (Dwivedi et al., 2004). Throughout the nation, fish is a delicacy and a highly healthy dish (Kumar et al., 2007). However, the aquatic ecology is impacted, and fish health is negatively impacted when contaminants are added to the water. As fish are among the most important sources of food protein for human beings, it is highly likely that Cd can be enriched in fish and transferred into the human body through the food chain. Cd accumulation causes damage to the cardiovascular, immune, reproductive, and nervous systems in the body (Liu et al., 2022). Consequently, the production of fish is typically hindered, and fish farmers suffer significant financial losses. When treated to lower amounts of Cd over an extended period of time or to abruptly high concentrations of Cd, fish are especially vulnerable to toxicity (Abalaka et al., 2022). The way metals influence fish is determined by several factors, including the size of the fish, the temperature of the water, the variety of animals present, and the hardness of the water being tested. Fish can directly absorb Cd via eating food that contains the metal or by being exposed to a polluted medium (USEPA, 2002). Fish mostly absorb cadmium from the water in the form of free ions (Cd2+) (Okocha and Adedeji, 2011). Dissolved metals enter freshwater fish mainly through the gills.  In freshwater fish, cadmium builds up in the kidney, liver, and gills (Chowdhury et al., 2004; Dallinger et al., 1997). The existence of metallothioneins, which are cadmium-binding molecules, appears to be linked to cadmium accumulation in these organs (Dallinger et al., 1997). Fish from freshwater, like common carp, according to Liu et al. (2022), the liver and kidney are the principal organs in fish that store and purify cadmium, whereas the gills are thought to be the main location for the absorption of waterborne cadmium. According to earlier studies, cadmium inhibits the electron transfer chain in mitochondria, increases the production of reactive oxygen species, damages DNA, and causes haematological changes and histopathological damage to the kidney, liver, gills, and blood cells (Verbost et al., 1987; Gill & Epple, 1993; Wang et al., 2004; Cavas et al., 2005; Jia et al., 2011; Omer et al., 2012). Cadmium is regarded as an endocrine disruptor, and it has been found to affect fish and other species' vitellogenesis, gonad function, sexual maturity, deformities, and lower embryonic survival rate (Vetillard and Bailhache, 2005; Das and Mukherjee, 2013; Witeska et al., 2014).

2. ACUTE TOXICITY OF CADMIUM TO FRESHWATER FISH
According to Alkahemal-Balawi et al. (2011), a metal that is extremely hazardous to one species at low concentrations may be less or non-toxic to other species at the same or even greater concentrations. Any toxicant's toxicity to fish is contingent upon a number of factors, including species of organisms, sex, age, weight, exposure duration, dosage or concentration, organic or inorganic form, and more (Tiwari and Prakash, 2021). The effect of metals on fish is also determined by the animal's size, the hardness of the test water, the temperature, and the type of animal exposed (Fatmi et al., 2023).. Acute toxicity induced by various toxicants on freshwater fish may be assessed using quantitative measures such as test animal survival and mortality rates, as well as the susceptibility of different fish species to metal toxicity (Kausar and Javed, 2012; Azmat et al., 2012; Ebrahimpour et al., 2010). Estimating the median lethal concentration or dose (LC50 or LD50) is crucial for determining population resistance to metals (Bakr et al., 2010). The United States Environmental Protection Agency proposes a Cd content limit of 5 μg/l in water. Ali et al. (2018) discovered that the 96-hour LC50 for cadmium in C. carpio koi was 925 ppm. Dhara et al. (2014) found that Clarias batrachus had a 96-hour LC50 of 82.66 mg/L. Singh and Saxena (2020) found that the 96-hour LC50 value of cadmium chloride for Channa punctatus was 80.62 mg/L. According to Chandra and Verma's (2021) study, Channa punctata has a 96-hour LC50 value of 9.908 mg/L for cadmium chloride, making it more susceptible to poisoning.  Das and Banerjee (1980) found that Cadmium had a 96-hour LC50 of 300.0 and 175.0 ml/l for Labeo rohita and Heteropneustes fossilis, respectively. The LC50 values for freshwater catfish, Heteropneustes fossilis, at temperature (24–28 °C) were 434.74, 409.88, 401.31, and 392.92 mg/l, respectively, according to Kasherwani et al. (2009). Many fish species were found to have 96-hour LC50 values of Cd, including Garra mullya (5.4 mg/l; Wani and Latey, 1983); Oreochromis mossambicus (16.71 mg/l; James et al., 1991); Rita rita (173.78 mg/l; Ghosh and Mukhopadhyay, 2000); and Cyprinus carpio (121.8 mg/l; Muley et al., 2000). Cadmium chloride has a 96-hour LC50 value of 74.65 mg/L in Cyprinus carpio at 24 - 28 °C (Ambiya et al., 2024). In a static bioassay test setup, the 96-hour LC50 value for Poecilia reticulata was (30.4 mg/l) at 21 - 23 °C (Yilmaz et al., 2004). Ramesh and Ramachandra's (2021) study found that cadmium toxicity in Channa punctatus was 0.559 mg/l, but Amin et al. (2013) found 30 mg/l. The 96 hrs LC50 values of cadmium to freshwater fish species are summarised in Table 1.

	Table 1: 96 hours LC50 value of cadmium for different freshwater fish species 

	S. No.
	Freshwater fishes
	96 h LC50 value 
	Stage 
	References 

	1.
	Tautogolabrus adspersus
(Order: Labriformes)
	26 µg/ml
	-
	Robohm, 1986

	2.
	Clarias gariepinus
(Order: Siluriformes)
	10.85 mg/L
	Juvenile
	Annune et al., 1994

	3.
	Poecilia reticulata
(Order: Cyprinodontiformes)
	30.4 mg/L
	-
	Yılmaz et al., 2004

	4.
	Oreochromis niloticus
(Order: Cichliformes)
	14.8 mg/L
	Adult
	Garcia‐Santos et al., 2006

	5.
	Heteropneustes fossilis
(Order: Siluriformes)
	392.92 mg/L
	Adult
	Kasherwani et al. (2009)

	6.
	Heteropneusts fossilis
(Order: Siluriformes)
	50.51 mg/L
	Adult
	Singh et al., 2010

	7.
	Clarias batrachus  
(Order: Siluriformes)
	103 mg/L
	Adult
	Ahmad et al., 2011

	8.
	Cyprinus carpio
(Order: Cypriniformes)
	84.8 mg/L
	Juvenile
	Abedi et al., 2012

	9.
	Oreochromis mossambicus
(Order: Cichliformes)
	96.41 mg/L
	-
	Benjamin and Thatheyus, 2012

	10.
	Rutilus frisii
(Order: Cypriniformes)
	12.22 mg/L
	Fingerlings
	Zahedi et al., 2012

	11
	Silurus soldatovi 
(Order: Siluriformes)
	2.74 mg/L
	-
	Zhang et al., 2012

	12.
	Catla catla
(Order: Cypriniformes)
	5.36 mg/L
	Adult
	Reddy and Reddy, 2013

	13.
	Rasbora sumatrana
(Order: Cypriniformes)
	0.1 mg/L
	Adult
	Shuhaimi-Othman et al., 2015

	14.
	Poecilia reticulata
(Order: Cyprinodontiformes)
	0.17 mg/L
	Adult
	Shuhaimi-Othman et al., 2015

	15.
	Gambusia holbrooki
(Order: Cyprinodontiformes)
	37.2 
	Adult
	Ali et al., 2016

	16.
	Labio rohita
(Order: Cypriniformes)
	24 mg/L
	-
	Ullah et al., 2016

	17.
	Ophiocephalus striatus
(Order: Anabantiformes)
	0.58 mg/L
	Adult
	Bais and Lokhande, 2017

	18.
	Heteropneustes fossilis
(Order: Siluriformes)
	392.92 mg/L
	Adult
	Ahmad et al., 2017

	19.
	Danio rerio 
(Order: Cypriniformes)
	25 µg/L
	Adult
	Renieri et al., 2017

	20.
	Wallago attu  
(Order: Siluriformes)
	32.96 mg/L
	-
	Batool et al., 2021

	21.
	Channa marulius  
(Order: Anabantiformes)
	75.7 mg/L
	-
	Batool et al., 2021

	22.
	Silurus meridionalis
(Order: Siluriformes)
	6.85 mg/L
	Juvenile
	Liu et al., 2021

	23.
	Trichogaster fasciata
(Order: Anabantiformes)
	49.5 mg/L
	Adult 
	Roy et al., 2022






3. BIOACCUMULATION OF CADMIUM IN FRESHWATER FISH

[bookmark: _Hlk201851098]According to Roux (1994), bioaccumulation measurements are research methods used to track the uptake and retention of pollutants, such as metals or chemicals, in the tissues and organs of organisms like fish.  Most important supplements, especially vitamins, trace minerals, essential fats, and amino acids, are bioaccumulated by fish on a day. Through absorption along the gill surface and gastrointestinal tract wall, fish can collect toxic substances in their tissues to levels greater than the lethal concentrations in their surroundings (Chevreuil et al., 1995). There is increasing evidence that the accumulation of Cd in fish tissues is affected by a variety of variables. The amount of concentration of metals in the environment and the period during exposure are two of these variables (Annabi & Said, 2013). When humans eat fish, cadmium can build up through the food chain process and eventually endanger their health (A.C.T. Per et al., 2015).   It seems likely that the main entry site of waterborne Cd is the skin and, particularly, the gills. It is consistent with the lack of lesions in the digestive tract, which is known to affect fish exposed to the metal through food (Berntssen et al., 2001). Handy (1992) discovered that the epidermis of trout had less Cd bioaccumulation than the liver, kidney, and particularly the gills, which had the greatest amounts of the metal. However, the gills were determined to be their best organ for filtering the metal (Costa et al., 2013). The quantity of Cadmium in fish gonadal tissues can reach 1000 times that of the outside water-based environment, making it particularly detrimental to reproduction (Kime et al., 1996). Furthermore, Cd exposure in fish sperm can occur through bioaccumulation in the testis (Kime, 1995). Following exposure to Cd, Ovarian Cd accumulation was identical to that occurring in the kidneys, intestines, and liver (Cattani et al., 1996; Wu et al., 2012). Cd was shown to accumulate in rainbow trout's olfactory rosettes, nerves, and bulbs during waterborne exposure, but not in the brain (Scott et al., 2003; Vetillard and Bailhache, 2005). After two or three months, plateaus in Cd accumulation have been noted in the liver and kidney of zebrafish (Danio rerio) (Rehwoldt and Karimian-Teherani, 1976), as well as in one-year-old carp (Cyprinus carpio) exposed to Cd (De Conto Cinier et al., 1997). According to Reynders et al. (2008), the kidneys of carp (Cyprinus carpio) and roach (Rutilus Rutilus) had the greatest Cd concentrations at the tissue level, followed by the gills, gut, and liver. On the other hand, the carcass and muscle had the lowest values. Additionally, cadmium builds up in significant amounts in various fish organs (Sindayigaya et al., 1994; Kumar et al., 2006; Kumar et al., 2008). Muscle and the brain seem to be protected tissues, collecting very little new and total cadmium from waterborne and food exposures (Chowdhury et al. 2004). In both acute and long-term exposures, waterborne calcium concentrations guard against waterborne Cd absorption and toxicity (A.C.T. Per et al., 2015). In their studies on Cd bioaccumulation, Ciardullo et al. (2008), Farkas et al. (2003), and Giguere et al. (2004) demonstrate that the age of the fish might be a complicating variable due to the concentration of Cd in the kidney and liver rising with age.

4. CADMIUM-INDUCED BEHAVIOURAL CHANGES IN FRESHWATER FISH

In aquatic species, behavioural alterations are a sensitive signal of chemically induced stress (Suedel et al. 1997; Remyla et al. 2008). Behaviour, which is the outcome of biochemical, physiological, and ecological processes, is undoubtedly a very significant individual-level response (Scott and Sloman, 2004; Weis, 2005). When exposure to hazardous substances causes behavioural changes, these alterations are good markers of central nervous system injury (Sloman et al., 2003). According to Atif et al. (2005), Laovitthayanggoon (2006), Kumar et al. (2007), and Srivastav and Srivastav (1998), fish swimming, eating, water quality, delayed hatching, and maturation can all be impacted by hazardous pollution. Laovitthayanggoon (2006) and Maruthanayagam et al. (2002) observed that freshwater air-breathing snake-headed fish C. punctatus exhibited a variety of behavioural reactions and morphological alterations as the concentration of cadmium compounds increased. At similar waterborne Cd concentrations, it has been reported that Cd can change dominance behaviours in young rainbow trout (Sloman et al., 2003) and affect olfaction-mediated migratory behaviours in banded kokopu (Galaxias fasciatus; Baker and Montgomery, 2001). Reddy and Reddy (2013) reported that the main behavioural changes seen throughout the studies included restlessness, muscular spasm, fin flickering, excessive mucus production, erratic swimming, S-jerk and burst swimming, integument discolouration, and an increase in opercular strikes in treated fish Catla catla, and almost similar alterations were observed by Kasherwani et al. (2009) in Heteropneustes fossilis.

[bookmark: _Hlk206422399]         According to M. Yılmaz et al. (2004), the fish's altered behaviour included swimming unbalancedly, capsizing, attaching to the surface, moving slowly, sinking to the bottom, and having trouble breathing and congregating near the ventilation filter. Additionally, swimming, intraspecific relations, predator/prey communication, escape behaviour, and avoidance reactions are all altered by cadmium exposure (Scott et al., 2003; Sloman et al., 2003). When the toxicant concentration rose, so did the amount of mucus secreted, the beginning of scale depletion, skin lesions on the dorsal and lateral sides of the body, and gill clumping (Rastogi et al., 2018).  To attempt to get out of the hypoxic state, the fish increased their opercular movement and their bottom-to-upward movement on the fifth and seventh days after being exposed to cadmium chloride (Choudhury et al., 2024). H. fossilis displayed morphological changes, including increased motility of the opercula, atypical swimming, decreased buoyancy, and fading of body colour (Shukla & Arya, 2017). Signs of stress, such as irregular fin movement, hyperactivity, trouble breathing, and surface attachment of fish followed by death, along with excessive mucous secretion on the body surface, were seen in the higher concentration during 72 and 96 hours of cadmium exposure (Dhara et al., 2014). When assessing fish behavioural changes, optomotor responses are extremely useful (Richmonds and Dutta, 1992).

5. CADMIUM INDUCED CHANGES IN CHROMATOPHORES IN FRESHWATER FISH

Chromatophores, which translate to "colour-bearers," are cells that have a specialisation in the production and/or storage of light-reflecting or light-absorbing pigments. The dermal chromatophores are in charge of creating and modifying an organism's overall pigmentation and colour intensity (Fujii, 1993). In poikilotherms, pigmentation is a crucial characteristic that helps with visual communication, courtship, mimicry, and survival (Fujii, 1993). When exposed to toxicants, the number, location, type, and structure of chromatophores change. Exposure length and toxicant concentration also have an impact on these alterations (Ahmad et al., 2018). Acute and sub-acute exposures cause chromatophores to shrink in size and density (Ahmad et al., 2018). Later phases of sub-acute exposure may cause progressive apoptosis, which involves phagocytosis, cell fragmentation, and loss of cell function (Sugimoto, 2002). As shown with other metals such as Cu, Hg, Co, Cr, and so on (Rajan and Banerjee, 1991 on H. fossilis; Banerjee and Mukharjee, 1994 on H. fossilis and Radhakrishnan et al., 2000 on Channa striatus and Dwivedi et al., 2017), cadmium may also directly cytotoxically affect melanophores. According to Radhakrishnan et al. (2000), the epidermis of the Channa striatus treated for 45 days exhibits a significant increase in darkness compared to the control and other exposure phases. Bagnara and Hardley (1973) point out that the primary determinant of a species' final pigmentation pattern is the distribution pattern of chromatophores.

6. CADMIUM-INDUCED HAEMATOLOGICAL CHANGES IN FRESHWATER FISH
[bookmark: _Hlk206422417]Changes in haematological indices, such as haemoglobin content, haematocrit, and the number of erythrocytes, can be used to track stress brought on by pollutants such as heavy metals since fish blood is susceptible to pressure from pollution (Romani et al., 2003; Barcellos et al., 2004). The impact of cadmium on catfish Clarias batrachus was investigated by Joshp et al. (2002). Their findings indicated that cadmium decreased haemoglobin and erythrocyte count.  Following 30 days of being exposed to 92.5 ppm Cd, Cyprinus carpio showed a considerable rise in WBC and MCV values, but haematological variables, including RBC, Hb, PCV, MCH, MCHC, and PLT, were dramatically reduced, according to Ali et al. (2018). When compared to the control, O. niloticus treated with Cd showed a substantial decrease in RBCs, Hb, and Hct, according to Al-Asgah et al. (2015). Similar outcomes were seen by Shalaby (2007) for O. niloticus treated to 10 ppm Cd for 15 and 45 days. Gill and Epple (1993) discovered that exposure to 150 μg Cd/l significantly decreased the RBCs, Hb, and Hct in the air-breathing fish, Channa punctatus, and the American eel, Anguilla rostrata. Mekkawy et al. (2011) found that O. niloticus treated to 4.64 mg/l cadmium for 15 and 30 days showed a substantial reduction in their Hb, Hct, RBCs, MCH, MCHC and MCV. In Channa punctatus, Karuppasamy et al. (2005) observed that following exposure to a cadmium concentration of 29 mg/l, the WBC count, MCV, and MCH considerably increased, whereas the total erythrocyte count, Hb content, PCV, and MCHC reduced. The African snakehead, Parachanna africana, showed haematological changes following exposure to 0.0, 0.1, 1.0, and 10.0 mg/L of cadmium for 21 days. The RBC count, haemoglobin (Hb) concentration, hematocrit (Hct), mean corpuscular haemoglobin (MCH), and mean corpuscular volume (MCV) levels decreased as exposure concentration increased, but the mean corpuscular haemoglobin concentration (MCHC) increased. The exposure to cadmium also resulted in considerable reductions in the white blood cell (WBC) count (KORI-SAKPERE & IKOMI, 2011). Kori-Siakpere et al. (2006) and Debasmita et al. (2016) found similar findings for Clarias gariepinus, indicating that exposure to cadmium increased Hb and thrombocytes while decreasing MCV and eosinophils. L & Mohan (2021) report that following 48 and 96 hours of exposure to cadmium chloride in Channa punctatus, there was a significant decrease in hemoglobin (Hb), red blood cells (RBC), packed cell volume (PCV), mean corpuscular hemoglobin (MCHC), mean corpuscular hemoglobin concentration (MCHC), and platelets count (PLT), while there was a significant increase in white blood cells (MCC) and mean corpuscular volume (MCV) in relation to exposure and concentration. Cadmium's toxicity to freshwater fish has been well documented in Oreochromis mossambicus, where exposure to varying doses of the metal has been shown to cause anemia (Karuppasamy et al. 2005, Wu and Deng 2006). Cyprinus carpio exposed to sub-lethal concentrations of Cd showed increased leucocytes, neutrophils, and eosinophils (Schuwerack et al. 2003). When exposed to 0.5 mg/L Cd, Nile tilapia, Oreochromis niloticus, showed a substantial drop in RBCs, Ht, and Hb, according to Abdel-Tawwab and Wafeek (2017). Similar findings in O. niloticus treated to 10 mg/L Cd were reported by Kaoud et al. (2011) and Deen et al. (2009). Major carp, Catla catla, subjected to 1.35 and 1.8 mg/L Cd showed a substantial reduction in RBCs, Ht, and Hb, according to Naz et al. (2021). Wang et al. (2019) found that exposing them to 1 and 2 mg/L Cd substantially reduced the RBC, Ht, and Hb of gibel carp, Carassius auratus gibelio. According to El-Boshy et al. (2014), catfish, Clarias gariepinus, exposed to 5 and 10 mg/L Cd showed a substantial reduction in RBCs and Hb. Samuel et al. (2021) likewise reported all of these findings in C. gariepinus exposed to 12 mg/L Cd. Pereira et al. (2016) observed that after 0.1 mg/L Cd, silver catfish, Rhamdia quelen, had considerably lower RBCs and Hb. In gigantic river-catfish, Mystus seenghala, exposed to 17 mg/L Cd, Fazio et al. (2021) found a large rise in MCV and MCH but a significant decrease in Ht, Hb, and MCHC. MCV and MCH considerably increased after 0.12 and 0.36 mg/L Cd, but MCHC dramatically decreased after 0.36 mg/L Cd in O. niloticus, according to Ibrahim et al. (2021).  When the fish Catla catla were exposed to sublethal concentrations of cadmium, their haemoglobin (Hb) content, total red blood cells (TRBC), and packed cell volume (PCV/Hct) significantly decreased at the completion of the 30th day. In contrast, as exposure times increased, the total amount of white blood cells (TWBC) significantly increased (Reddy and Reddy 2013). In Oreochromis niloticus, after exposure to cadmium chloride, RBC and PCV were decreased, while MCV, MCH, MCHC and Platelet counts were increased (Isiyaku and Mohammed, 2021).




7. CADMIUM-INDUCED BIOCHEMICAL CHANGES IN FRESHWATER FISH
Fish's haematological system is vulnerable to a variety of environmental toxins found in the water, which have an immediate impact on plasma biochemical parameters (Bakhshalizadeh et al., 2022). Understanding ionic balance, metabolic regulation, and organ function requires knowledge of plasma biochemical parameters, such as calcium, magnesium, glucose, cholesterol, total protein, and liver enzymes like aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP), particularly in fish exposed to Cd (Yu et al., 2024). Inorganic components like calcium and magnesium serve as vital markers that determine the harmful impact on ion homeostasis in fish exposed to metals (Genchi et al., 2020). Choong et al. (2014) found that Cd impairs the regulation of both calcium and magnesium by inhibiting the activity of calcium/magnesium-ATPase. According to Lee et al. (2022), exposure to Cd causes several negative effects in fish, including decreased insulin receptor function due to thiol protein alterations, increased lipid peroxidation, excessive oxidative damage, inhibition of energy metabolism, stimulation of gluconeogenesis enzymes, and metalloenzyme interference. Hyperglycemia is often caused by increased carbohydrate metabolism and disruptions in glucose homeostasis in fish under environmental stress (Kim and Kang, 2017). Following 0.12 and 0.36 mg/L Cd, Ibrahim et al. (2021) found that plasma glucose, AST, and ALT considerably rose while ALP, total plasma protein reduced. According to Wang et al. (2019), being exposed to 1 and 2 mg/L of Cd led to a substantial drop in the plasma calcium and magnesium of C. gibelio and an increase in AST and ALT activity. C. gariepinus fingerlings exposed to 0.41, 0.81, and 1.62 mg/L Cd showed a substantial rise in plasma glucose, whereas juveniles treated to 2.03 mg/L Cd showed an increase in plasma cholesterol, according to Tabat et al. (2021), and when exposed to 2, 5, and 10 mg/L Cd showed a substantial rise in plasma glucose, according to El-Boshy et al. (2014). This suggested that elevated glycogen was the cause of hyperglycemia. In fish Clarias gariepinus, Asagba et al. (2008) found that SOD rose in the kidney and gills, while catfish treated with 0.2 and 0.4 ppm of Cd for seven days showed a substantial reduction in SOD. After 21 days of exposure to it, the activity of SOD decreased substantially in the kidney with a corresponding increase in lipid peroxidation (LPO), and after treatments of identical duration, it was found that the levels of SOD in the liver, brain, and muscle were remarkably similar across all treatments. Heydarnejad et al. (2013) proposed that exposure to 0.001 and 0.003 mg/L Cd increased plasma glucose levels, AST, ALT, and ALP in rainbow trout (Oncorhynchus mykiss). They also concluded that treatment with 0.003 mg/L Cd for 1 and 15 days significantly reduced plasma cholesterol, but exposure to 0.003 mg/L Cd for 30 days increased it. Similarly, Fazio et al. (2021) found that M. seenghala exposed to 17 mg/L Cd had considerably higher plasma glucose levels and lower total protein. In O. niloticus, 4.64 mg/L Cd exposure dramatically raised plasma glucose, AST, and ALT activity while lowering plasma total protein levels, according to Mekkawy et al. (2011).  Al-Asgah et al. (2015) also found that exposure to 1.68, 3.36, and 5.04 mg/L Cd causes O. niloticus to exhibit a substantial increase in AST and ALT activity along with a decrease in plasma glucose and total protein.  Zhai et al. (2017) found that O. niloticus exposed to 1 mg/L Cd experienced substantial alterations in plasma cholesterol, elevated ALT and AST activity, and dramatically reduced total protein. Additionally, Wang et al. (2019) found that exposure to 1 and 2 mg/L Cd substantially raised the plasma glucose, plasma total protein, AST, and ALT of C. auratus gibelio, while decreasing ALP activity. Kaoud et al. (2011) also noted that O. niloticus AST and ALT activity were markedly elevated by 10 mg/L Cd exposure, which was caused by deterioration or injury to the liver, spleen, or muscle tissue. After being exposed to varying dosages of cadmium chloride, lipid peroxidation product (LPO) significantly increased, and reduced glutathione (GSH) significantly decreased in tilapia fish (Abdel-Aziz et al., 2022). As the amount of cadmium in fish diets increased, serum creatinine, glutamic-pyruvic transaminase (GPT), and aspartate aminotransferase (AST) significantly increased, while urea-N concentration was negligible, according to a study on Nile tilapia. Albumin concentrations and serum total protein were also significantly reduced (Nogami et al., 2000).  Parachanna africana plasma glucose and total protein levels significantly decreased when the concentrations of 0.1, 1, and 10 mg/L Cd exposure increased, according to (KORI-SAKPERE & IKOMI, 2011). Renal LPO was elevated in fish species exposed to Cd, such as Clarias batrachus, which was treated to 5 mg/L for 45 days and 10 mg/L for 15 to 45 days (Kumar et al., 2009). Shalaby (2007) discovered that after 15 and 45 days of cadmium exposure, O. niloticus AST and ALT significantly increased in response to sub-lethal doses of Cd. After 20 days of continuous exposure to sub-lethal cadmium concentrations, Oreochromis niloticus subjected to 0.05 mg/l Cd showed markedly increased levels of both AST and ALT activity (Oner et al.,2008). Oreochromis mossambicus tissues treated with cadmium chloride exhibited elevated levels of AST and ALT activity, according to Thirumavalavan (2010).









8. CADMIUM-INDUCED HISTOPATHOLOGICAL CHANGES IN FRESHWATER FISH
[bookmark: _Hlk206422443]Histopathological changes due to cadmium have been studied in different freshwater fish, and the changes have been traced to various organs, gills, kidneys, liver, ovaries, testis and brain, etc.  It is commonly acknowledged that histopathological analyses are accurate markers of fish stress (Ruiz-Picos et al. 2015). Begum and Vijayaraghavan (2001) examined the histological alterations in Clarius batrachus gills subjected to the heavy metal cadmium. In Anabas testudineus (Padhy et al. 2018), Cyprinus carpio (Ghiasi et al. 2017), Clarias batrachus (Pundir 2020), and Oreochromis niloticus (Gulzar et al. 2023), gill histopathology damage was also noted following exposure to cadmium chloride. In Labeo rohita fingerlings exposed to 1 ppm of waterborne Cd, Azad et al. (2022) also noted significant vacuolation, cirrhosis, necrosis, and karyolysis of hepatocytes, as well as degeneration in liver tissues. In the interstitial fluid of common carp exposed to 2.8 mg/L cadmium chloride, Yalappa and Asiya Nuzhat (2016) documented adverse kidney effects, including glomerular expansion, severe damage in the proximal and distal convoluted tubules, renal corpuscle damage, haemorrhage, Bowman's space expansion, and erythrocyte infiltration. The kidney of H. fossilis treated to 4.41 and 17.64 mg/L cadmium showed histological alterations, including vacuolation, melanomacrophage centres, increased peritubular space, loss of cytoplasm, and deteriorated and shrunken glomeruli (Jayakumar & Subburaj, 2017). They also noticed histological changes in the liver and gills. When Anabas testudineus kidney tissue was exposed to a concentration of 2 mg/L of CdCl2, Ahmed et al. (2014) discovered degenerative kidney tubules, necrosis of hematopoietic cells, haemorrhage, and lymphocytic infiltration. Similarly, significant alterations were noted in the gills, including epithelial lifting, focal proliferation of primary and secondary lamellae epithelial cells, fusion of secondary lamellae, hypertrophy of mucous cells, and necrosis of epithelial cells. Shalaby (2000) also discovered that common carp, Cyprinus carpio, and grass carp, Ctenopharyngodon idella, had liver necrosis as a result of Cd exposure. Bais and Lokhande (2012) noted blood congestion, gill lamellae malfunction, and lamellar epithelium hypertrophy. Additionally, they observed degenerative alterations in the freshwater fish, Ophiocephalus striatus, subjected to cadmium chloride, including hepatocellular dissociation, necrosis, and hypertrophy. The histopathological analysis of Cirrhunus mrigala exposed to cadmium showed cell necrosis, disintegrated pillar cells, atrophy of secondary gill lamellae, shrinkage of epithelial cells and collapsed blood capillaries in the primary gill lamellae, and bulging of the gill lamellae tip (Prabhahar et al., 2012). Histological changes such as hyperplasia of chloride cells, pillar cells and epithelial cell disintegration, and oedema of epithelial cells were documented by Pantung et al. (2008) in hybrid walking catfish (Clarias macrocephalus x Clarias gariepinus) exposed to cadmium in water. Zebrafish exposed to Cd were shown to exhibit hypertrophy and hyperplasia of the lamellar epithelial cells (Karlsson-Norrggren and Runn 1985). There were histological alterations in the liver of the catfish Clarias batrachus exposed to Cd, including hepatocyte degeneration, vacuolization, hepatic tissue congestion, subcapsular vacuolization, necrosis, distorted cell borders, and pyknotic nuclei (Selvanathan et al., 2013). Cadmium exposure caused more degenerative alterations in the liver histology of common carp (Cyprinus carpio) (Dalela et al., 1984). Similar reported by Radhakrishnan and Hemalatha (2010), Channa striatus showed comparable alterations to cadmium chloride. Channa punctatus exposed to cadmium chloride showed histological changes such as loosening, clustering and lumping in haemotopoietic tissue, uriniferous tubule deshaping, tubular lumen narrowing, cell vacuolization and degeneration, increased space in renal corpuscles, and glomeruli shrinkage (Amin et al., 2013). Following chronic exposure to Cd, histological studies of Gambusia affinis showed more alterations in the gills, kidney, and liver tissues than those observed following acute exposure (Annabi et al., 2011). The histological changes in catfish, Heteropneustes fossilis, were documented by Jayakumar et al. (2016). The liver of fish exposed to Cd showed signs of cellular necrosis, localised necrosis, perforated hepatic tissue and nucleus, and enlarged Kupfer cells and pycnotic nucleus. Similarly, the kidney of fish treated with Cd showed vacuolation, enlarged periglomerular and peritubular space, smaller glomerulus, melanomacrophages, and loss of cytoplasm. Following exposure to cadmium sulphate, Jalaludeen et al. (2012) observed several notable changes in the hepatic tissue of Tilapia mossambica, including significant damage, considerable proliferation of ducted cells, and the transformation of liver tissue into a sponge mass and huge vacuoles. Dar et al. (2011) found that cadmium chloride caused histological alterations in the liver of freshwater catfish, Clarias batrachus, at all dosages. These changes included enucleation, eccentric nuclei, vacuolated cell cytoplasm, and loosening of hepatic tissue. In the kidney, similar symptoms include vacuolated cytoplasm, degeneration of the renal tubule's epithelial cells, narrowing of the tubular lumen, damaged glomeruli, loosening of hemopoietic tissue, and uriniferous tubules that have lost their original look. Working on the intestinal tract of Rasbora daniconius, Kale (2015) found that exposure to 110 ppm of cadmium chloride caused histopathological changes over the course of 24 hours. These changes included mucosal disruption at the tips of folds, the emergence of gaps between the mucosal and submucosal layers, intracellular vacuolation in the submucosa, destruction of the columnar epithelium lining, damage to the absorptive and mucous-secreting cells, and a rupture of the free striated border.


9. CADMIUM-INDUCED GENOTOXICITY AND CYTOTOXICITY IN FRESHWATER FISH
Fish serve as valuable indices for evaluating the mutagenic and genotoxic effects of physical agents and xenobiotics (Al-Sabti, 1986). In fish, Cd is known to produce genotoxic (Al-Sabti, 1986), neurotoxic (Atchison et al., 1987), and endocrinological (Crump and Trudeau, 2009) effects. It was previously reported that Cd can cause apoptosis and DNA strand breaks (Risso-de Faverney et al., 2001), and it can also promote the establishment of DNA mutations (Cambier et al., 2010). Reactive oxygen species, which can serve as signalling molecules in the stimulation of gene expression and death, are responsible for the toxicity of Cd (Waisberg et al., 2003). The sensitivity of the comet test to detect low levels of DNA damage with a small number of cells and its ability to provide data at the individual cell level are two important characteristics that make it appropriate for evaluating DNA damage.
The comet test has been used as a quick way to track genotoxicity in carp and bullheads (Monteith and Vanstone, 1995) and to identify the effects of carcinogens, including aflatoxins, in trout and channel catfish (Abd-Allah et al., 1999). It is also helpful for assessing genetic changes. Numerous fish species have been subjected to sister chromatid exchange (SCE) studies (Vigfusson et al., 1983), and it has been shown that carcinogenic-mutagenic substances have clastogenic effects on Cyprinius carpio kidney cells (Al-Sabti, 1986). In Oreochromis mossambicus, Chandra and Khuda-Bukhsh (2004) discovered a favourable dose-response relationship between DNA aberrations and cadmium chloride concentration. In freshwater climbing perch Anabas testudineus (Bloch), the percentage of DNA in comet tails and comet heads in the tissue of fish specimens exposed to 0.1, 1.0, and 2.0 mg L−1 concentrations of CdCl2 was used to quantify the amount of DNA damage in the gill, kidney, and liver tissues (Ahmed et al., 2010). The epidermal epithelial cells of carp (Iger et al., 1994) and trout (Lyons-Alcantara et al., 1998) exposed to cadmium have been shown to undergo apoptosis. Genotoxic data revealed that, in comparison to the control, erythrocytes of O. niloticus exposed to Cd had a much higher number of micronuclei, de-shaped, and notched nuclei (Marium et al., 2024). Normal alterations in nuclear morphology, such as abnormalities in erythrocyte nuclei brought on by cell death or failure to divide, are also believed to be indicators of genotoxic damage (Furnus et al. 2014). Deformed nuclei in C. carpio erythrocytes increased significantly as a result of Cd, according to Witeska et al. (2011). Jindal and Verma (2015) noted that RBCs of L. rohita treated with CdCl2 developed notched nuclei. Increased production of micronuclei and NAs in RBCs was observed in O. niloticus exposed to Cd (Bakar et al. 2014; Ozkan et al. 2011). Channa punctatus sublethally exposed to cadmium showed enhanced fragility, erythrocyte membrane rupture, and hemolysis, according to Karuppasamy et al. (2005). The main focus of cadmium's harmful effects on fish erythrocytes seems to be the nucleus, according to Gill and Pant (1986). They documented nuclear puff development, chromatin leaking to the cytoplasm, and chromatin condensation at the nucleus's perimeter. Carassius auratus intoxicated with 0.018-0.445 mg/l of cadmium for 14 days, likewise showed abnormal chromatin distribution and condensation (Houston and Keen 1984). Nuclear abnormalities such as binuclei, vacuolated nuclei, nuclear buds, irregular nucleus shape, and micronuclei are frequently regarded as markers of genotoxicity (Ergene et al., 2007; Strunjak-Perovic et al., 2009). Garofano and Hirshfield (1982) found that the hemopoietic head kidney tissue of Ictalurus nebulosus eliminated hemoblasts and immature erythroblasts when exposed to a high concentration of Cd (61 mg/l). Studies on fish are showing how sensitive these species are to cytotoxicity and genotoxicity. 



10. CADMIUM INDUCED REPRODUCTION, GROWTH, AND DEVELOPMENT IN FRESHWATER FISH
Fish with cadmium in aquaculture water have lower ultimate body weights, specific growth rates, and weight increase rates due to their bodies are less hungry and consume less feed (Khanh et al., 2022). In the limited bioassay-based investigations conducted with fish in this range of contamination, rainbow trout (Oncorhynchus Mykiss) exposed for 28 days showed developmental defects and hatching caused by Cd (Lizardo-Daudt and Kennedy, 2008). Excessive exposure to aqueous cadmium (Cd) has been shown to cause severe effects on fish embryos, including low hatchability, high mortality, delayed hatching, decreased length, weight, and head height, abnormalities in cardiac activity, and a variety of developmental impairments, including abnormalities of the yolk sac, spinal deformities, oedemata, cardiovascular disturbances, and lack of pigmentation (Jezierska et al., 2009). According to Luo et al. (2015) and Liu et al. (2021), cadmium not only damages the gonads' structural and functional integrity but also alters the expression and release, which impacts the fish's reproductive regulatory system. Vergilio et al. (2015) state that high concentrations of Cd can decrease sperm motility and number, and that it can harm the genesis and development of germ cells. Oncorhynchus mykiss gonads' expression of estrogen receptors was markedly suppressed by Cd exposure, leading to aberrant egg formation, defective yolk synthesis, and ultimately reproductive abortion (Guével et al., 2000; Amutha and Subramanian, 2013). Following exposure to Cd solution, zebrafish showed a substantial drop in the ovary and seminal gland gonad somatic index (GSI) (Zheng et al., 2021). Juvenile channel catfish (Ictalurus punctatus) development and survival are impacted by long-term exposure to ambient cadmium (Paul and Small, 2021). During fish's early development, exposure to Cd prevented the production of neural crest cells, leading to damage to motor neurons and impairments in behaviour (Monaco et al., 2016; Chow et al., 2008; Tian et al., 2021). A rise in Cd concentration causes the liver's tissue structure to be destroyed and its detoxification capacity to be drastically diminished. This has an irreversible effect on freshwater fish growth, reproduction, and survival (Noor et al., 2020; Li and Xie, 2018; Jabeen et al., 2022). According to Vinanthi Rajalakshmi et al. (2023), freshwater fish exposed to Cd either acutely or chronically may have a variety of negative consequences, including growth suppression, decreased reproductive potential, endocrine disturbance, and developmental abnormalities.


11. CONCLUSION 
Cadmium (Cd), a persistent and bioaccumulative heavy metal, is a serious hazard to the health and survival of freshwater fish. Anthropogenic activities allow cadmium to infiltrate the aquatic ecosystem, where it is subsequently bio-magnified in the food chain. This review discusses the many harmful consequences of cadmium exposure, which include physiological, behavioural, biochemical, haematological, histopathological, cytotoxic, genotoxic, and reproductive changes. The metal's tendency to bioaccumulate in essential organs such as gills, kidneys, liver, and gonads interferes with essential biological processes and affects fish health. Notably, cadmium exposure causes unpredictable behaviour, increased mucus production, and respiratory distress—all of which are early markers of neurotoxicity and environmental stress. Cd causes oxidative damage, DNA breakage, and chromosomal abnormalities in cells, which leads to death and reduced cell function. Haematological disturbances, such as decreased haemoglobin and RBC counts, are caused by systemic stress and reduced oxygen delivery. Cd affects enzyme function and impairs metabolic processes, such as glucose and ion control. Histopathological examinations typically show degenerative alterations in fish tissues, emphasising persistent poisoning. Furthermore, cadmium has a deleterious impact on fish growth, development, and reproduction, with observed abnormalities including delayed hatching, gonadal injury, and lower fecundity, threatening fish population sustainability and aquatic biodiversity. The research demonstrates that cadmium toxicity varies with species, concentrations, exposure times, and environmental factors (e.g., temperature, water hardness). Cadmium pollution is a major ecological problem due to its persistence in the environment and severe toxicity at even sublethal quantities. The conclusions of this analysis underscore the critical necessity for strict regulatory limits on industrial discharge and constant monitoring of aquatic ecosystems. Future research ought to investigate species-specific responses, long-term exposure consequences, and potential mitigation techniques such as bioremediation and governmental interventions. Protecting freshwater fish populations against cadmium toxicity is crucial not just for a healthy ecosystem but also for human health and food security. Anyway, the processes behind cadmium's harmful effects on fish, when coupled with other heavy metals, require additional investigation. In recent years, experts have concentrated on the environmental concerns of microplastics, and microplastics promote cadmium transport in the food chain, which should be seriously regarded.
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