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			Abstract | Fasting-refeeding cycles represent a critical adaptive strategy that influences metabolism, physiology, and stress resistance. Fish exhibit remarkable tolerance to fasting compared with other vertebrates, maintaining homeostasis through coordinated metabolic, endocrine, and oxidative mechanisms. During fasting, carbohydrate reserves are rapidly mobilized, followed by lipid oxidation and eventually protein catabolism under prolonged deprivation. These shifts are regulated by hormones such as insulin, glucagon, and cortisol, which orchestrate energy redistribution. Short-term fasting often enhances glucose efficiency, stress resistance, and antioxidant protection, whereas extended starvation can impair tissue integrity, weaken defenses, and disrupt metabolic balance. Refeeding restores biochemical parameters and supports recovery, highlighting the interplay between energy metabolism, osmotic regulation, and adaptive resilience. This review synthesizes findings across diverse fish species and experimental conditions to evaluate the physiological responses to fasting-refeeding, with emphasis on metabolic and stress-related adaptations. The insights presented have direct implications for optimizing feeding strategies, improving fish welfare, and enhancing sustainability in aquaculture, while also contributing to a broader understanding of evolutionary physiological plasticity in fish. The single most important aquaculture implication is that short, controlled fasting before handling or transport can reduce stress and mortality while preserving growth performance, offering farmers a practical strategy to improve welfare and production outcomes. 
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			Introduction 

			Fasting in fish challenges metabolism and physiology, yet fish exhibit extraordinary resilience to food deprivation compared with other animals (Bar, 2014; McCue, 2010). Adaptive mechanisms preserve homeostasis, redistribute energy, and sustain vital functions. Understanding metabolic and oxidative responses is essential for aquaculture. Fish survive starvation by regulating biochemical and physiological mechanisms, which reflect fish condition and are influenced by biotic and abiotic factors such as age, sex, water temperature, seasonal variation, and diet (Řehulka et al., 2004). 

			Energy metabolism in fish is sequential and coordinated. Carbohydrate reserves are mobilized first through glycogenolysis, gluconeogenesis, and glycolysis, controlled by insulin and glucagon (Polakof et al., 2012; Weber et al., 2016). Short-term fasting enhances glucose efficiency and stress resistance (Peng et al., 2026; Qosimah et al., 2025), whereas prolonged starvation depletes glycogen, leading to hypoglycemia or fluctuations in glucose levels (Karatas et al., 2021; Liu et al., 2022; Porto et al., 2024). Once carbohydrate reserves are exhausted, lipids become the primary energy source. Triglycerides fuel β-oxidation and gluconeogenesis, usually lowering plasma levels (Cui et al., 2024; Liu et al., 2022), though some species show increases (Norouzi et al., 2020). Protein reserves are preserved initially but are mobilized during extended fasting, causing plasma protein decline; refeeding restores these levels, aided by glycogen sparing (Nebo et al., 2017; Porto et al., 2024). Together, carbohydrate, lipid, and protein metabolism interact to maintain osmotic balance and support recovery.

			Cortisol orchestrates metabolic shifts, promoting gluconeogenesis and immune modulation (Fatima et al., 2017; Sadoul and Geffroy, 2019). Its response varies rising (Liu et al., 2022), falling (Peng et al., 2026), or stable (Pottinger et al., 2003). Chronic elevation may impair tissues (Pfalzgraff et al., 2022), showing both adaptive and harmful effects (Wang et al., 2019).

			Fasting also alters oxidative balance. Short-term fasting activates antioxidant defences, including key enzymes such as superoxide dismutase (SOD) and catalase (CAT), enhancing protection against reactive oxygen species (ROS) (Cheng et al., 2024; Su et al., 2022). In contrast, prolonged deprivation may lead to oxidative damage (Liu et al., 2020). 

			The indicators discussed (e.g. plasma glucose and glycogen reserves, cortisol levels, and antioxidant enzyme activity) are widely applicable across species, integrative of multiple physiological systems (metabolic, endocrine, oxidative), and sensitive to both short-term fasting and prolonged deprivation and can be used to assess the impact of fasting-refeeding strategies. Accordingly, it is useful to study the physiological changes that occur in fish under fasting-refeeding strategies. This review aims to evaluate the physiological responses of fish to fasting-refeeding cycles, with emphasis on metabolic, and stress-related adaptations. By synthesizing findings across diverse species, it highlights the impact of fasting-refeeding strategies on plasma metabolites, enzyme activity, and antioxidant defences. While numerous studies have experimentally investigated specific aspects of fasting or refeeding in individual fish species, there is currently no comprehensive review that integrates these findings across multiple species. By addressing this gap, the present review synthesizes systemic and molecular evidence and highlights the effects of fasting–refeeding strategies on plasma metabolites, enzyme activity, and antioxidant defences. Figure 1 illustrates the key physiological responses involved in metabolic adaptation to fasting, as discussed in the text.

			Energy metabolism

			Energy metabolism in fish is coordinated through tightly regulated pathways that ensure adequate ATP supply during both fed and fasting states. These metabolic processes rely on the dynamic utilization of carbohydrates, lipids, and proteins, which collectively maintain cellularenergy balance and support vital physiological functions.  
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			Figure 1: Physiological responses of metabolic adaptation to fasting in fish.

			Fasting phases in fish can be classified based on physiological indicators rather than arbitrary durations. Short-term fasting corresponds to periods in which glycogen stores are partially depleted, plasma metabolites remain within homeostatic range, and cortisol elevation is moderate, reflecting adaptive metabolic adjustments (Assis et al., 2020; Ntantali et al., 2023). In contrast, long-term fasting involves extensive glycogen depletion, significant lipid and protein mobilization, and pronounced endocrine and oxidative stress responses (Karatas et al., 2021; Porto et al., 2024). This physiology-based classification facilitates interspecies comparisons and provides a reproducible framework for linking metabolic and hormonal changes to defined fasting phases. Table 1 summarizes the impacts of different fasting-refeeding on metabolic and stress parameters of fish. 

			Carbohydrate metabolism

			Carbohydrate metabolism provides rapid and readily accessible energy through glucose oxidation and gluconeogenic pathways. Glucose serves as the primaryenergy source for cellular function, and during Table 1: Metabolic responses to fasting-refeeding cycles. 
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							A. Hypoglycaemic responders

						
							
							
					

					
							
							1, 2, 3, 4 weeks

						
							
							Refed to end of experiment (13 weeks total)

						
							
							Nile tilapia (O. niloticus)

						
							
							Fasted fish exhibited reduced plasma glucose.

							After refeeding, glucose in 1–3-week fasted fish matched controls.

							4-week fasted group had lower glucose even after prolonged refeeding.

						
							
							Severe, prolonged fasting (4 weeks) impairs glucose homeostasis recovery

						
							
							(Abdel-Tawwab et al., 2006)

						
					

					
							
							31, 42, 58 days

						
							
							Not specified

						
							
							European eel (Anguilla anguilla)

						
							
							Increase in glucose levels found by 42 days of starvation.

						
							
							Initial hypoglycaemia may be followed by gluconeogenic mobilization in a long-term fasted, lipid-dependent species.

						
							
							(Caruso et al., 2010)

						
					

					
							
							5 weeks

						
							
							3 weeks

						
							
							D. dentex

						
							
							Plasma glucose significantly reduced by starvation.

						
							
							Carnivorous species showing classic starvation-induced hypoglycaemia.

						
							
							(Pérez Jiménez et al., 2012)

						
					

					
							
							1, 3, 5, 7 days

						
							
							7-day refeed in recurring cycle for 60 days

						
							
							Nile tilapia (O. niloticus)

						
							
							Glucose levels decreased at 3 days fasting and returned upon refeeding.

						
							
							Short, cyclical fasting triggers reversible hypoglycaemia.

						
							
							(Mishra et al., 2024)

						
					

					
							
							B. Glucose conservers / homeostatic maintainers

						
							
							
					

					
							
							14 days

						
							
							7 and 15 days

						
							
							Red porgy (Pagrus pagrus)

						
							
							Serum glucose levels unaffected by fasting or refeeding.

						
							
							Demonstrates high metabolic flexibility and effective gluconeogenesis to maintain glycaemia.

						
							
							(Caruso et al., 2012)

						
					

					
							
							1, 2, 3 weeks

						
							
							10 weeks

						
							
							Nile tilapia (O. niloticus)

						
							
							No significant changes in glucose, protein, and cholesterol levels during fasting.

						
							
							Suggests efficient use of alternative energy stores to spare glucose.

						
							
							(Nebo et al., 2017)

						
					

					
							
							5, 10, or 14 days

						
							
							4 weeks

						
							
							Leopard mandarin (Siniperca scherzeri)

						
							
							Significant higher glucose and lower cholesterol after 2 weeks of fasting.

						
							
							Elevated glucose may be a stress response; species-specific strategy to maintain energy substrate.

						
							
							(Kim et al., 2022)

						
					

					
							
							C. Lipid-dependent responders (TG/cholesterol focus)

						
							
							
					

					
							
							2, 4, or 8 days

						
							
							8, 16, or 32 days refeed (80-day trial)

						
							
							Siberian sturgeon (Acipenser baerii)

						
							
							Levels of total plasma protein and TG were significantly higher after refeeding.

						
							
							Shows strong compensatory lipogenesis and protein synthesis upon refeeding.

						
							
							(Morshedi et al., 2017)

						
					

					
							
							3 or 7 days

						
							
							Followed by infection challenge

						
							
							Nile tilapia (O. niloticus)

						
							
							TG and total cholesterol decreased significantly after 7 days of fasting.

						
							
							Lipid mobilization for energy during fasting, potentially linked to immune modulation.

						
							
							(Wang et al., 2019)

						
					

					
							
							45 days

						
							
							14 days

						
							
							Tambaqui (Colossoma macropomum)

						
							
							TG rose to match fed group after 7 days refeeding. No significant cholesterol fluctuations. Mesenteric fat index declined.

						
							
							Utilizes mesenteric fat stores during fast; TG restoration is a priority during refeeding.

						
							
							(Porto et al., 2024)

						
					

					
							
							D. Compensatory growth and refeeding efficiency

						
							
							
					

					
							
							72 days

						
							
							60 days

						
							
							Sturgeon & Rainbow trout

						
							
							Increased levels of total protein and TG after refeeding.

						
							
							Prolonged fasting followed by refeeding induces strong anabolic rebound.

						
							
							(Furné et al., 2012)

						
					

					
							
							5 days feed/ 2 days fast OR 2 days feed/ 4 days fast

						
							
							Cyclical for 60-65 days

						
							
							Tambaqui (C. macropomum)

						
							
							Fasted fish used TG as energy, maintaining blood glucose. TG levels equalled controls after daily feeding.

						
							
							Demonstrates metabolic flexibility; energy substrate choice depends on fasting duration within a cycle.

						
							
							(Roa et al., 2019)

						
					

					
							
							6 days feed / 1 day fast OR 5 days feed / 2 days fast

						
							
							Cyclical for 56 days

						
							
							Tambaqui (C. macropomum)

						
							
							1-day fast/week-maintained body reserves. TG decreased at 28 days in 2-day fast/week group.

						
							
							Short, frequent fasting cycles are less disruptive than longer weekly cycles.

						
							
							(Assis et al., 2020)

						
					

					
							
							
							
							
							
							Table continues on next page.............
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							E. Fasting-modulated disease resistance

						
							
							
					

					
							
							1, 3, 7 days

						
							
							Followed by S. agalactiae infection

						
							
							Nile tilapia (O. niloticus)

						
							
							3-day fasting enhanced resistance in non-vaccinated fish.

						
							
							Optimal fasting window exists for immunomodulation, potentially via lipid mobilization.

						
							
							(Wang et al., 2019)

						
					

					
							
							1 or 2 days

						
							
							Followed by A. hydrophila infection

						
							
							Common carp (Cyprinus carpio)

						
							
							2-day fasting enhanced disease resistance by modulating glucose metabolism. Glucose remained physiological.

						
							
							Short-term fasting primes metabolic-immune crosstalk without severe energy deficit.

						
							
							(Qosimah et al., 2025)

						
					

					
							
							F. Hepatic and enzymatic regulators

						
							
							
					

					
							
							7 days

						
							
							7 days

						
							
							Golden pompano (Trachinotus ovatus)

						
							
							Hypoglycaemia, reduced TG, and reduced glycolysis enzyme activity (GK, PK). Enzymes returned to baseline after refeeding.

						
							
							Reversible suppression of glycolytic pathway during short-term fasting.

						
							
							(Liu et al., 2022)

						
					

					
							
							5, 10, 20 days

						
							
							Not specified

						
							
							Rainbow trout (Oncorhynchus mykiss)

						
							
							Fasting triggered hepatic gluconeogenesis, suppressed glycolysis. Lactate dehydrogenase and glycogen phosphorylase activity increased.

						
							
							Progressive shift from glycolysis to gluconeogenesis and glycogenolysis as fasting continues.

						
							
							(Fernández-Muela et al., 2023)

						
					

					
							
							2-3 days

						
							
							Not specified

						
							
							Blunt snout bream (Megalobrama amblycephala)

						
							
							Fasting stimulated glycolysis and redirected amino acid catabolism toward energy production. Alleviated ammonia nitrogen stress.

						
							
							Unique short-term response where glycolysis is activated, possibly for rapid energy from remaining glycogen.

						
							
							(Peng et al., 2026)

						
					

				
			

			fasting, its demand is efficiently met through glycogenolysis to maintain blood glucose homeostasis (Dai et al., 2024; Polakof et al., 2012). In fish, glycaemia is tightly regulated by the pancreatic hormones’ insulin and glucagon (Weber et al., 2016). Insulin promotes hepatic glycogen storage, while glucagon facilitates the release of glucose from the liver when plasma levels decline. Additionally, hepatic gluconeogenesis (Furné et al., 2012) and reduced glycolytic activity (Kirchner et al., 2005) may also contribute to glucose regulation. 

			Glucose responses to starvation vary notably among fish. For instance, multiple studies have demonstrated that fasting followed by refeeding had no significant impact on glycaemia (Barcellos et al., 2010; Caruso et al., 2011; Messina et al., 2023). This indicates that some species maintain glucose homeostasis during short-term fasting. While other studies reported declines in glucose levels (Liu et al., 2022; Mishra et al., 2024; Qosimah et al., 2025). Suggesting downregulation of gluconeogenesis and glycogenolysis in response to limited nutrient availability. Similarly, Peng et al. (2026) reported that fasting stimulated glycolysis and redirected amino acid catabolism toward energy production, thereby improving resistance to transport-induced ammonia stress. In contrast, fasting increased glucose levels in S. scherzeri (Kim et al., 2022). These observations emphasize the importance of distinguishing between adaptive responses during short-term fasting and potential metabolic disruptions during prolonged fasting.

			At the molecular level, Ntantali et al. (2023) demonstrated that fasting in sea bass altered the expression of key glycolytic genes, suggesting that metabolic responses extend beyond systemic blood parameters. In crustaceans, Tian et al. (2024) showed that alternate-day fasting elevated uridine diphosphate N-acetylglucosamine levels a marker of nucleotide sugar metabolism, indicating the presence of adaptive hyperglycemia under metabolic stress. These molecular adaptations underscore the complexity of fasting responses. While temporary glucose suppression may offer protective benefits during infections, extended fasting can ultimately disrupt metabolic stability.

			During starvation, fish regulate glucose metabolism by suppressing the activity of enzymes involved in glycolysis (pyruvate kinase, PK and phosphofructokinase) and the pentose phosphate pathway, while enhancing those linked to gluconeogenesis to maintain blood glucose homeostasis (Liu et al., 2022). Interestingly, glucokinase (GK) activity increased significantly during starvation, a pattern that contrasts with observations in Oncorhynchus mykiss (Kirchner et al., 2005), Sparus aurata (Metón et al., 2004), and hybrid grouper (Chen et al., 2022). The elevated GK activity during fasting may be attributed to its role as the initial rate-limiting enzyme in the glycolytic pathway, the upregulation of GK during fasting as a preparative adaptation for refeeding, ensuring that the liver can efficiently handle the postprandial surge in glucose. GK induction during fasting does not necessarily indicate active glycolysis but rather reflects anticipatory regulation of hepatic glucose metabolism.

			As a key substrate for glycogen synthesis, glucose is essential for sustaining physiological functions. While glycolysis facilitates glucose breakdown and utilization, gluconeogenesis supports its synthesis and helps elevate blood glucose levels, indicating that glucose is not entirely depleted during short-term fasting.

			Lipid metabolism

			Lipid metabolism plays a vital role in maintaining energy balance and physiological stability, particularly under nutritional conditions. During fasting, lipid stores in adipose tissue, liver, and muscle serve as the primary energy source, compensating for reduced carbohydrate. Key processes such as lipolysis, the release of free fatty acids, and β-oxidation are upregulated to produce ATP, while glycerol from triglyceride breakdown contributes to gluconeogenesis. Once refeeding begins, lipogenesis and lipid assimilation pathways are reactivated to replenish energy and restore metabolic equilibrium. These dynamic shifts in lipid mobilization, transport, and storage are essential for promoting growth, osmotic balance, and enhancing resilience to nutritional stress (Cui et al., 2024; Porto et al., 2024).

			Cholesterol, is a key structural lipid, plays an essential role in the synthesis of steroid hormones such as cortisol, which governs various physiological functions including energy metabolism (Mommsen et al., 1999). Cholesterol may be synthesized or mobilized during fasting depending on species-specific metabolic responses. Variation in cholesterol response as reflecting a balance between endocrine precursor functions and structural/functional demands, with the relative importance of each pathway differing by species.

			Several studies reported a decline in cholesterol levels under fasting (Kim et al., 2020, 2021, 2022). Messina et al. (2023) similarly found that fasted fish maintained lower cholesterol levels that returned to baseline only after 14-days of refeeding, in agreement with extended fasting–refeeding trials in trout and sturgeon (Furné et al., 2012). Conversely, fasting increases cholesterol levels in climbing perch (A. testudineus) (Godavarthy et al., 2012) and fat and lean pacu (P. mesopotamicus) (Favero et al., 2018) due to higher energetic and stress-related demands. Supporting this, elevated cortisol was observed in fasted pacu, experimentally infected with bacteria, suggesting a role for cortisol in promoting gluconeogenesis Gimbo et al. (2015). 

			In contrast, several species show stable cholesterol concentrations during fasting (Assis et al., 2020; Favero et al., 2021; Silva et al., 2019). Likewise, no significant changes were detected during fasting–refeeding cycles in (Nebo et al., 2017; Porto et al., 2024). Collectively, these findings highlight marked species-specific variability yet emphasize that cholesterol is tightly linked to dietary intake rather than solely to lipid mobilization (Furné et al., 2012). Moreover, as a precursor for cortisol, cholesterol plays a critical role in supporting gluconeogenesis and enhancing stress resilience, linking its metabolic changes directly to physiological adaptation during nutritional deprivation (Godavarthy et al., 2012). The observed variability in cholesterol responses across fish species may reflect differences in ecological and physiological traits. Benthic versus pelagic lifestyles, temperate versus tropical habitats, dietary lipid composition, and acclimation temperature all influence lipid metabolism and cortisol regulation. Metabolic flexibility, including the capacity to switch between carbohydrate, lipid, and protein catabolism, further modulates these responses. Recognizing these factors provides a predictive framework for interpreting species-specific outcomes and highlights critical gaps in understanding the mechanisms underlying fasting-induced lipid adjustments.

			During periods of starvation, triglycerides (TG) serve as the principal lipid reserves mobilized to fulfill energy requirements. The breakdown of TG releases glycerol, which acts as a substrate for gluconeogenesis, thereby sustaining glucose availability for essential physiological functions (Grigorakis and Alexis, 2005). 

			During fasting, fish shift toward lipid catabolism. Triacylglycerols are mobilized by adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL), releasing free fatty acids (FFAs) (Schweiger et al., 2006) that enter mitochondria via the carnitine palmitoyl transferase (CPT) system (CPT1/CPT2) for β-oxidation, with peroxisomal acyl-CoA oxidase (ACOX) supporting long-chain fatty-acid breakdown (Morash and McClelland, 2011). Lipoprotein lipase (LPL) regulates uptake of circulating lipids, while lipogenic enzymes (ACC, FAS, DGAT) are suppressed. Lipophagy further contributes to lipid-droplet mobilization (Kloska et al., 2020; Ranganathan et al., 2006). Overall, fasting upregulates lipolysis and fatty-acid oxidation while downregulating lipogenesis to maximize ATP production from stored lipids.

			The response of circulating TG to fasting varies across fish species and experimental conditions. Numerous studies have documented significant declines in TG and lipoprotein concentrations in fast fish, underscoring the critical role of lipid catabolism in energy metabolism during nutrient deprivation (Liu et al., 2022; Messina et al., 2023). These observations suggest that lipids function as a primary energy buffer, enabling fish to endure fasting periods before resorting to protein catabolism. In contrast, Norouzi et al. (2020) observed elevated plasma TG concentrations after fasting, possibly reflecting increased lipid mobilization to meet heightened energy demands.

			Protein metabolism

			Although protein catabolism is often described as a tertiary response to fasting, evidence indicates that energy substrate utilization in fish is not strictly sequential. Glycogenolysis, lipolysis, and proteolysis may occur concurrently, with their relative contribution depending on species-specific metabolism, nutritional condition, and environmental context (McCue, 2010; Mommsen et al., 1999). Species with limited lipid reserves or high metabolic rates may initiate protein catabolism early, whereas lipid-rich species rely longer on fat oxidation, thereby sparing proteins (Furné et al., 2012; Peragón et al., 1999).

			During fasting, fish enhance proteolysis to supply amino acids for energy metabolism. Proteases such as cathepsins and components of the ubiquitin–proteasome system increase to mobilize tissue proteins (Peragón et al., 1999). Concurrently, amino acid–catabolizing enzymes including alanine aminotransferase (ALT) and aspartate aminotransferase (AST) rise to support transamination and gluconeogenic substrate production (Yarmohammadi et al., 2015). Together, these adjustments reflect a metabolic shift toward protein catabolism when other energy reserves decline.

			Extended fasting for 45-days did not lead to significant changes in total protein, except for a marked decline at the 30-day point compared to fed group (Porto et al., 2024). This temporary reduction suggests a threshold beyond which protein catabolism may begin to impact systemic reserves. Importantly, refeeding facilitated a recovery of protein levels, indicating that protein stores can be replenished effectively and return to levels comparable to those in continuously fed fish. While, Nebo et al. (2017) reported no significant changes during fasting, which may be attributed to the mobilization of liver glycogen, a key mechanism for maintaining blood glucose and stabilizing other serum parameters. However, refeeding restored liver glycogen, underscoring its role in metabolic recovery. Similar patterns have been observed in traira Hoplias malabaricus (Rios et al., 2006), and sunshine bass Morone chrysops × Morone saxatilis (Davis and Gaylord, 2011), where liver glycogen stores declined during fasting. 

			Plasma osmolarity remained stable during 14-days of fasting but increased following acute stress, consistent with observations in fasted gilthead seabream (Polakof et al., 2006), underscoring the prioritization of homeostasis. A moderate decline in blood glucose was noted during fasting, while hyperglycemia is a classical secondary stress response, reflecting glucose mobilization triggered by cortisol release (Pottinger, 2008). The concurrent rise in plasma cortisol, elevated osmolarity, and hyperglycemia in confined fish collectively indicated a mild but typical physiological stress response.

			The pronounced interspecific variability in metabolic and hormonal responses to fasting–refeeding likely arises from a combination of phylogenetic constraints and ecological adaptation. Species occupying distinct ecological niches, such as ambush predators versus continuous foragers, or those inhabiting environments with strong seasonal fluctuations in food availability, may differ in baseline metabolic rate, energy storage strategies, and reliance on cortisol-mediated energy mobilization. Furthermore, evolutionary exposure to natural fasting periods may confer enhanced metabolic flexibility and stress tolerance. Future studies should adopt comparative frameworks that integrate phylogeny, ecological traits, and standardized experimental conditions to disentangle these interacting drivers of physiological variability

			Beyond changes in enzyme activity, fasting-induced metabolic adjustments in fish are regulated by conserved nutrient-sensing and transcriptional pathways. AMP-activated protein kinase (AMPK) functions as a central cellular energy sensor, promoting catabolic processes such as fatty-acid oxidation while suppressing anabolic pathways through inhibition of mTOR signaling during nutrient deprivation (Polakof et al., 2012; Ross et al., 2016). In parallel, peroxisome proliferator-activated receptors (PPARs) play a key role in lipid mobilization and β-oxidation, thereby supporting energy supply during prolonged fasting (Conde-Sieira and Soengas, 2016; Leaver et al., 2007). Fasting also activates FOXO transcription factors, which enhance gluconeogenesis, antioxidant defenses, and cellular stress resistance (Gross et al., 2009). Although these signaling pathways appear broadly conserved across teleosts, their relative contribution and sensitivity vary among species, likely reflecting differences in metabolic rate, ecological niche, and evolutionary history. Emerging evidence further suggests that epigenetic mechanisms, including DNA methylation and histone modifications, may contribute to fasting memory and long-term metabolic plasticity in fish, representing an important avenue for future research (Lu et al., 2025).

			Stress response 

			Cortisol regulation

			Cortisol is the major corticosteroid in teleosts and a key catabolic hormone that increases under stress (Won and Borski, 2013). It plays a vital role in maintaining physiological homeostasis and its plasma concentration is widely used as stress biomarker (Fatima et al., 2017). Activation of the hypothalamic–pituitary–interrenal (HPI) axis during stress leads to the release of neuroendocrine hormones, including cortisol, through a cascade initiated by corticotropin-releasing hormone and followed by the secretion of adrenocorticotropic hormone (Dar et al., 2019). The activation of the HPI axis during fasting is tightly linked to the energetic state of the fish. Individuals with sufficient lipid reserves may rely primarily on lipid mobilization, resulting in attenuated or delayed cortisol responses, whereas fish with depleted energy stores exhibit heightened HPI axis sensitivity and elevated cortisol secretion (Mommsen et al., 1999; Sadoul and Geffroy, 2019). In this context, cortisol functions not only as an energy-mobilizing hormone that promotes gluconeogenesis and lipolysis, but also as a mediator of stress when food deprivation is combined with social competition, confinement, or high stocking density (Schreck, 2010; Tort, 2011). Experimental studies have shown that fasting under socially or environmentally constrained conditions elicits stronger cortisol responses than fasting alone, indicating that endocrine activation reflects both metabolic demand and perceived stress (Barcellos et al., 2010; Pottinger, 2008). Therefore, cortisol elevation during fasting should be interpreted as an integrated physiological response shaped by internal energy status and external environmental pressures, rather than a purely metabolic signal.

			Cortisol regulates diverse physiological and biochemical processes, including growth, metabolism, and immunity (Sadoul and Geffroy, 2019). During starvation, known stressor, cortisol secretion increases as part of an adaptive response aimed at mobilizing energy reserves and inducing protective proteins against oxidative stress (OS) (Arjona et al., 2009). The rapid elevation of cortisol represents a fundamental stress response that promotes energy utilization and supports the re-establishment of internal homeostasis (Barcellos et al., 2010). 

			In response to environmental or metabolic challenges, cortisol stimulates hepatic gluconeogenesis to elevate blood glucose levels, thereby meeting increased energy demands (Alzaid et al., 2016). Supporting this, Wang et al. (2019) found that phosphoenolpyruvate carboxykinase activity increased significantly after 7-days of fasting, while hexokinase and pyruvate kinase activities decreased. These results suggest that during starvation, Nile tilapia sustain energy balance by enhancing gluconeogenic enzyme activity while downregulating key glycolytic enzymes, reflecting a metabolic shift directed by cortisol-mediated adaptation.

			Previous studies have reported variable cortisol responses to fasting across fish species, suggesting that both the duration of fasting and experimental conditions influence endocrine regulation. Peng et al. (2026) found that cortisol levels in the fasting group were decreased, and accompanied by downregulation of isoproterenol, suggesting a reduced sympathetic response. Wang et al. (2019) observed that serum cortisol levels initially decreased and then increased as fasting duration extended, indicating that short-term fasting might transiently suppress cortisol production. Conversely, Liu et al. (2022) reported that cortisol levels increased after 7-days of starvation, consistent with previous observations in several fish species, including Garra gotyla (Sharma et al., 2017) and Salmo salar (Waagbø et al., 2017). Notably, refeeding for 7-days restored cortisol concentrations to normal, demonstrating that cortisol elevation during fasting is a reversible adaptive response. Also, marine species such as gilthead sea bream (Sparus auratus) starved for 14-days (Polakof et al., 2006) and Senegalese sole (Solea senegalensis) starved for 21-days (Costas et al., 2012) showed pronounced cortisol elevation, reflecting enhanced gluconeogenic and amino acid metabolism for energy supply. In contrast, Pottinger et al. (2003) observed no significant changes in plasma cortisol during long-term fasting of rainbow trout, indicating that energy mobilization may occur without endocrine involvement of cortisol, growth hormone, or somatolactin. Similarly, Mørkøre et al. (2008) found improved resistance to acute stress in long-term starved fish. These differences indicate that species, age, and condition modulate endocrine regulation during fasting, with well-conditioned cold-water fish being less reliant on cortisol-driven energy mobilization. 

			During short-term fasting and transient cortisol elevation appear to be adaptive, promoting gluconeogenesis and mobilization of energy reserves while simultaneously supporting protective functions such as oxidative stress defense and osmoregulatory integrity (Arjona et al., 2009; Rosengren et al., 2018). In this context, cortisol may enhance resilience to acute stressors and maintain barrier function, thereby exerting a positive effect on disease resistance. Prolonged or intense cortisol elevation is often associated with sustained cortisol secretion that reallocates energy away from growth and immunity toward essential survival processes (Schreck, 2010; Tort, 2011). Chronic elevation has been linked to intestinal atrophy and reduced absorptive capacity (Pfalzgraff et al., 2022), which may compromise nutrient uptake and immune competence. This immunosuppressive effect can reduce disease resistance, particularly in species or conditions where prolonged cortisol signaling dominates metabolic regulation. Importantly, the balance between positive and negative outcomes is modulated by species, age, and physiological condition. 

			Oxidative stress and antioxidant responses

			Stress in fish triggers ROS production, leading to OS in tissues such as muscle and liver. In response, fish activate their antioxidant defense to scavenge oxygen-free radicals and maintain redox balance (Cong et al., 2019). Both SOD and CAT are recognized as key antioxidant enzymes in the fish antioxidant defense (Furné et al., 2009). SOD is considered the primary and major first-line defense against OS (Yu, 1994), as it catalyzes the conversion of the superoxide anion (O2−) into oxygen (O2) and hydrogen peroxide (H2O2), which is subsequently converted into water (H2O) by CAT and glutathione peroxidase (GPx) (Zheng et al., 2016). The activation of SOD requires coordination with the activation of cytosolic GPx and/or CAT activities to protect cells from OS. CAT eliminates the H2O2 produced by SOD, thereby helping to mitigate the effects of OS (Xu et al., 2018). Antioxidant enzyme, glutathione reductase (GR) catalyzes the reduction of glutathione disulfide to glutathione, and glutathione S-transferase (GST) facilitates detoxification by conjugating glutathione to target molecules (Pascual et al., 2003). To maintain homeostasis and protect fish from free radicals, the body’s antioxidant defenses neutralize ROS effects (Dar et al., 2019). The accumulation of ROS leads to excessive concentrations that increase OS (Nordberg and Arnér, 2001). Excessive ROS production may cause loss of cellular function and even trigger apoptosis or necrosis. When exposed to stress, fish regulate ROS production and activate antioxidant defenses to maintain proper ROS, thereby controlling OS (Xu et al., 2018).

			Fasting in fish consistently elevates ROS, which stimulates both enzymatic (SOD, CAT, GPx, GST, GR) and non-enzymatic antioxidant defenses to maintain redox balance and limit autophagy induction (Cheng et al., 2024; Fan et al., 2020). Multiple studies summarized in Table 2 demonstrate that fasting in fish generally elevates ROS production, which in turn stimulates antioxidant defenses. Short-term fasting enhances antioxidant activity and immune defense (Zhang et al., 2007), increased hepatic SOD activity was reported in sea bream (S. aurata) (Pascual et al., 2003) and in D. dentex, where CAT, SOD and GPx activities were elevated, while GR activity was significantly depressed (Morales et al., 2004). Similarly, L. rohita showed pronounced increases in SOD and CAT after 1 week, along with antioxidant gene overexpression (Dar et al., 2019), while mirror carp displayed enhanced intestinal SOD, CAT, and total antioxidant capacity (T-AOC) during short-term starvation (Zhao et al., 2022). In tilapia, SOD and CAT expression peaked after 14 days of fasting, highlighting the up-regulation of antioxidant defenses (Sakyi et al., 2020).

			However, prolonged starvation depletes antioxidant capacity, reduces T-AOC, and promotes oxidative damage. In carp, SOD, GPx, and CAT activities declined after 30 days (Liu et al., 2020), while long-term starvation in mirror carp reduced intestinal SOD, CAT, and T-AOC, leading to insufficient defense against lipid peroxidation (Zhao et al., 2017). Moreover, OS persisted even after 60 days of refeeding in trout and sturgeon (Furné et al., 2009).

			Refeeding generally lowers ROS and down-regulates antioxidant expression, restoring redox homeostasis, though recovery time varies by species and fasting duration. For instance, antioxidant enzyme activities declined after 1 week of refeeding in L. rohita (Dar et al., 2019), and in O. niloticus, SOD and CAT expression decreased after 21 days of refeeding (Sakyi et al., 2020). In A. latus, CAT, GR, and GST normalized only after 80 days of refeeding (Tamadoni et al., 2020), whereas in rainbow trout and sturgeon OS persisted despite extended refeeding (Furné et al., 2009). Collectively, these findings suggest that short-term fasting enhances antioxidant defenses, but prolonged deprivation leads to antioxidant depletion and OS, with recovery upon refeeding being species- and duration-dependent. 

			Although oxidative stress during fasting is often framed as a negative outcome, increasing evidence indicates that mild and transient oxidative stress may act as a hormetic signal, inducing adaptive upregulation of endogenous antioxidant defenses. In fish, short-term food deprivation is frequently associated with elevated ROS accompanied by increased activities of antioxidant enzymes such as SOD, GR, and GPx, reflecting an adaptive and reversible response rather than pathological damage (Dar et al., 2019; Sakyi et al., 2020; Zhao et al., 2022). Such early antioxidant activation suggests that fasting-induced oxidative challenges can enhance cellular protection mechanisms (Cheng et al., 2024; Fan et al., 2020). Moreover, fasting has been shown to increase tolerance to secondary stressors, supporting the concept of cross-tolerance; for example, moderate fasting improved resistance to acute cold stress in zebrafish, likely through coordinated metabolic and stress-response signaling pathways (Lu et al., 2019). Together, these findings support a hormetic framework in which short-term fasting induces beneficial redox adaptations, whereas prolonged fasting overwhelms antioxidant capacity, leading to oxidative damage and impaired physiological function.

			Implications for aquaculture

			The insights gained from this review provide a physiology-based framework that can guide species- and life stage-specific feeding protocols in aquaculture. Short-term fasting, defined by the depletion of hepatic glycogen, is often used tactically before transport or sampling to reduce stress and mortality, as reported in a range of cultured species (Assis et al., 2020; Ntantali et al., 2023). Prolonged fasting, characterized by lipid mobilization, underpins skip-feeding or alternate-day feeding protocols in juveniles and grow-out stages of species such as Nile tilapia, with evidence for improvements in feed conversion

			Table 2: Stress responses to fasting-refeeding cycles, categorized by antioxidant response pattern.

			
				
					
					
					
					
					
					
				
				
					
							
							Fasting duration

						
							
							Refeeding duration

						
							
							Species

						
							
							Specific findings during fasting and refeeding

						
							
							Key context / proposed explanation

						
							
							References

						
					

					
							
							A. Antioxidant up-regulators (adaptive response)

						
							
							
					

					
							
							46 days

						
							
							Not specified

						
							
							Sea bream (S. aurata)

						
							
							Increased hepatic SOD and MDA.

						
							
							Initial upregulation of SOD is compensatory, but prolonged fasting leads to oxidative damage (high MDA)

						
							
							(Pascual et al., 2003)

						
					

					
							
							3, 7, 14, 21, 28 days

						
							
							Not specified

						
							
							Sparus macrocephalus

						
							
							SOD increased from day 3. GPx increased after 3 days and remained high. MDA increased from day 21.

						
							
							Antioxidant enzymes upregulated early as protective measure.

						
							
							(Zhang et al., 2007)

						
					

					
							
							7 days

						
							
							7 days

						
							
							L. rohita

						
							
							SOD and CAT activities in liver/gills increased after fasting, with gene overexpression. Declined after refeeding.

						
							
							Clear, reversible oxidative challenge inducing a coordinated gene-expression and enzymatic response.

						
							
							(Dar et al., 2019)

						
					

					
							
							30 days

						
							
							30 days

						
							
							Hybrid grouper

						
							
							SOD, GPX, and CAT enhanced during first 15 days of starvation but declined after 30 days.

						
							
							Capacity for antioxidant upregulation may be time-limited; prolonged fasting depletes this capacity.

						
							
							(Liu et al., 2020)

						
					

					
							
							21 days

						
							
							21 days

						
							
							Nile tilapia (O. niloticus)

						
							
							SOD and CAT expression were upregulated during fasting and lower during refeeding.

						
							
							Gene-level confirmation of an inducible, reversible antioxidant defence.

						
							
							(Sakyi et al., 2020)

						
					

					
							
							3 or 7 days

						
							
							Not specified

						
							
							Rice flower carp (C. carpio)

						
							
							Fasting increased MDA, SOD, CAT, GST, GR, and GPX. Autophagy marker LC3B increased at 7 days.

						
							
							Short-term fasting induces a full-spectrum oxidative and autophagic response, likely a protective effect.

						
							
							(Cheng et al., 2024)

						
					

					
							
							B. Antioxidant suppressors

						
							
							
					

					
							
							72 days

						
							
							2 months

						
							
							Rainbow trout & Sturgeon

						
							
							Fasting decreased SOD, CAT, GPX and GR in both species. SOD recovered upon refeeding in both; CAT only in trout.

						
							
							Very prolonged fasting may suppress overall antioxidant machinery, indicating severe physiological stress. Recovery varies by enzyme and species.

						
							
							Furné et al. (2009)

						
					

					
							
							1, 2, 3, 4 weeks

						
							
							Not specified

						
							
							Songpu mirror carp

						
							
							SOD and CAT in intestines increased during short-term fasting (1-3 weeks) and decreased during 4-weeks fasting.

						
							
							Increased by short fasting but demonstrates subsequent suppression with extended fasting.

						
							
							(Zhao et al., 2022)

						
					

					
							
							C. Mixed/modulated response

						
							
							
					

					
							
							5 weeks

						
							
							3 weeks

						
							
							D. dentex

						
							
							Increased SOD, CAT, GPX but decreased GR activity after fasting. MDA increased.

						
							
							Complex enzyme-specific responses; decreased GR (regenerates glutathione) may limit the entire GPX system, contributing to damage.

						
							
							(Morales et al., 2004)

						
					

					
							
							2, 4, 8 days

						
							
							8, 16, 32 days refeed

						
							
							Yellowfin seabream (A. latus)

						
							
							2-day fast/8-day refeed group had higher CAT and GST. Levels returned to normal after 80 days refeeding. GR not changed.

						
							
							Short fasting can induce a mild oxidative stress that is resolved with adequate refeeding time.

						
							
							(Tamadoni et al., 2020)

						
					

					
							
							2 or 3 weeks

						
							
							5 weeks

						
							
							S. hasta & A. latus

						
							
							GST, GPx, SOD higher in 2-week fasted fish; 3-week group showed intermediate values. Thiobarbituric acid increased in liver.

						
							
							Non-linear response, antioxidant induction may peak and then wane as fasting severity increases, with damage accruing.

						
							
							(Torfi Mozanzadeh et al., 2021)

						
					

					
							
							2-3 days

						
							
							Not specified

						
							
							Blunt snout bream (M. amblycephala)

						
							
							Decrease in SOD level. Decreased cortisol level.

						
							
							Short-term fasting may reduce metabolic rate and baseline stress (cortisol), possibly explaining SOD decrease.

						
							
							(Peng et al., 2026)

						
					

				
			

			efficiency and water quality when matched to metabolic capacity and environmental conditions (Elbialy et al., 2022). Long-term fasting corresponds to pronounced protein catabolism and is associated with reduced growth performance and compromised welfare (Porto et al., 2024). For example, intermittent feeding regimes have been shown to enhance compensatory growth and feed efficiency in tilapia and seabream when applied during early life stages, whereas extended fasting can impair growth trajectories in fast-growing juveniles (Elbialy et al., 2022). 

			Importantly, potential long-term risks of repeated fasting cycles should be considered, as chronic or routine application may inadvertently select for undesirable traits such as reduced growth efficiency, altered stress reactivity, or leaner body composition in breeding nuclei and production stocks. To mitigate this risk, intermittent fasting should be used primarily as a management tool for logistical events (e.g., transport, handling) or temporary water quality challenges, while broodstock and seed production should be maintained on optimized daily rations, with multi-generation monitoring of growth performance, stress biomarkers, and body composition to detect correlated responses. Integrating these physiological indicators with practical feeding strategies will help optimize feeding regimes and minimize unintended selection pressures in aquaculture.

			Conclusion

			Fasting-refeeding cycles in fish reveal the remarkable physiological plasticity that underpins their survival in fluctuating environments. By coordinating metabolic, immune, and oxidative responses, fish are able to redistribute energy, preserve homeostasis, and sustain vital functions during periods of food deprivation. Short-term fasting enhances glucose utilization, stress tolerance, and antioxidant defenses. In contrast, prolonged starvation triggers glycogen depletion, lipid mobilization, protein catabolism, and variable cortisol responses, which may compromise tissue integrity. Refeeding restores metabolic balance, plasma proteins, and antioxidant capacity, showing fish resilience and recovery.

			 

			Understanding these adaptive mechanisms can inform aquaculture practices by guiding optimal fasting durations and feeding schedules to promote growth, health, and stress resistance while minimizing metabolic disruption. Ultimately, the study of fasting-refeeding cycles highlights the interplay between energy metabolism, endocrine regulation, and oxidative balance. This review also identifies opportunities for future research, including exploring molecular mechanisms and species-specific adaptations, providing a valuable framework for advancing both fundamental and applied fish physiology research. 

			The most significant gap identified in fasting–refeeding physiology is the most significant gap lies in connecting mechanistic insights from controlled laboratory studies with ecologically realistic and commercially relevant aquaculture systems. While molecular and endocrine pathways are relatively well characterized under controlled conditions, there is a shortage of studies linking these mechanisms to realistic environmental or aquaculture scenarios. Multi-omics approaches and long-term, multi-generation trials are particularly lacking, limiting translation to robust, evidence-based aquaculture practices. Addressing this gap through multi-omics and long-term, applied trials will be essential for translating fasting–refeeding physiology into sustainable aquaculture strategies.
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Abstract | Fasting-refeeding cycles represent a critical adaptive strategy that influences metabolism, physiology, and
stress resistance. Fish exhibit remarkable tolerance to fasting compared with other vertebrates, maintaining homeostasis
through coordinated metabolic, endocrine, and oxidative mechanisms. During fasting, carbohydrate reserves are rapidly
mobilized, followed by lipid oxidation and eventually protein catabolism under prolonged deprivation. These shifts are
regulated by hormones such as insulin, glucagon, and cortisol, which orchestrate energy redistribution. Short-term
fasting often enhances glucose efficiency, stress resistance, and antioxidant protection, whereas extended starvation can
impair tissue integrity, weaken defenses, and disrupt metabolic balance. Refeeding restores biochemical parameters and
supports recovery, highlighting the interplay between energy metabolism, osmotic regulation, and adaptive resilience.
This review synthesizes findings across diverse fish species and experimental conditions to evaluate the physiological
responses to fasting-refeeding, with emphasis on metabolic and stress-related adaptations. The insights presented
have direct implications for optimizing feeding strategies, improving fish welfare, and enhancing sustainability in
aquaculture, while also contributing to a broader understanding of evolutionary physiological plasticity in fish. The
single most important aquaculture implication is that short, controlled fasting before handling or transport can reduce
stress and mortality while preserving growth performance, offering farmers a practical strategy to improve welfare and
production outcomes.
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INTRODUCTION Energy metabolism in fish is sequential and coordinated.
Carbohydrate reserves are mobilized first through

asting in fish challenges metabolism and physiology, yet ~ glycogenolysis, gluconeogenesis, and glycolysis, controlled
fish exhibit extraordinary resilience to food deprivation by insulin and glucagon (Polakof et a/., 2012; Weber ez al.,
compared with other animals (Bar, 2014; McCue, 2010). 2016). Short-term fasting enhances glucose efficiency and
Adaptive mechanisms preserve homeostasis, redistribute ~stress resistance (Peng ¢ al., 2026; Qosimah e al., 2025),
energy,andsustainvital functions. Understanding metabolic ~ Whereas prolonged starvation depletes glycogen, leading to
and oxidative responses is essential for aquaculture. hypoglycemiaor fluctuationsin glucose levels (Karatas ezal.,
Fish survive starvation by regulating biochemical and 2021; Liu ez al.,2022; Porto et al.,2024). Once carbohydrate
physiological mechanisms, which reflect fish conditionand ~ reserves are exhausted, lipids become the primary energy
are influenced by biotic and abiotic factors such as age, sex, ~source. Triglycerides fuel B-oxidation and gluconeogenesis,
water temperature, seasonal variation, and diet (Rehulka ez usually lowering plasma levels (Cui ¢z al., 2024; Liu ez al.,
al.,2004). 2022), though some species show increases (Norouzi ef
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