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Introduction


This study investigated the effects of a high-fat diet (HFD) on hepatic steatosis and the protective role of quercetin (3,3′,4′,5,7-pentahydroxyflavon) in juvenile female rainbow trout (Oncorhynchus mykiss).







Methods


A total of 270 fish were randomly divided into three dietary groups and fed for 8 weeks: low-fat diet (LFD; 11.38% crude fat, 0 g/kg quercetin), high-fat diet (HFD; 22.53% crude fat, 0 g/kg quercetin), and high-fat diet supplemented with quercetin (HFD+Q; 22.33% crude fat, 0.20 g/kg quercetin). Growth performance, serum biochemical parameters, hepatic histomorphology, antioxidant enzyme gene expressions, and lipid metabolism-related gene expressions were evaluated.







Results


HFD and HFD+Q diets positively supported fish growth with a protein-sparing effect. However, it increased organosomatic indices, but this increase was limited to HFD+Q supplemented with quercetin. In this study, a high-fat diet (HFD) induced hepatic steatosis characterized by significant lipid accumulation, elevated non-esterified free fatty acid (NEFA) levels in liver tissue (p<0.05), increased serum levels of low-density lipoprotein (LDL), cholesterol, and triglycerides (TG), structural alterations in liver histomorphology such as hepatocyte vacuolization, nuclear degeneration, and sinusoidal dilation, enhanced activities of hepatic enzymes including alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and lactate dehydrogenase (LDH), as well as upregulation of cysteine-aspartate-specific protease-3 (caspase-3) mRNA expression (p<0.05). Quercetin prevented and alleviated the main metabolic and pathological changes induced by the HFD. Quercetin supplementation significantly reduced serum lipid profiles, hepatic lipid accumulation, NEFA levels, ALT, AST, ALP, and LDH enzyme activities, and downregulated caspase-3 gene expression compared to the HFD group (p<0.05). Gene expression analysis revealed that quercetin upregulated lipolysis and β-oxidation-related genes including peroxisome proliferator-activated receptor alpha (ppar-α), carnitine palmitoyltransferase-1a (cpt-1a), and hormone-sensitive lipase (hsl), while downregulating lipogenesis-associated genes fatty acid synthase (fas) and lipoprotein lipase (lpl) (p<0.05). Regarding antioxidant defense, quercetin supplementation decreased superoxide dismutase (sod) and glutathione S-transferase (gst) mRNA levels, increased catalase (cat) expression, but the suppression of glutathione peroxidase (gpx) expression persisted (p<0.05).







Discussion


These findings suggest that the HFD diet disrupts oxidative balance by increasing oxidative stress and impairing antioxidant systems, while quercetin ameliorates oxidative imbalance and mitigates hepatic damage. In conclusion, quercetin exerts hepatoprotective effects against HFD-induced hepatic steatosis by targeting lipid accumulation, oxidative stress, and apoptosis pathways, supporting its potential as a dietary supplement to prevent hepatic steatosis in aquaculture.






Keywords: antioxidant status, gene expression, lipolysis, lipogenesis, liver histology







1 Introduction


Türkiye is the largest producer of Oncorhynchus mykiss in Europe and the second largest globally (Yıldırım and Çantaş, 2022). Oncorhynchus mykiss exceeding 3000 g, cultivated in Türkiye for fillet production, is marketed internationally under the brand name “Turkish Salmon” (Çakmak et al., 2024). In aquaculture practices in Türkiye, an all-female population is preferred to optimize growth and feed costs, with fish being reared in sea or freshwater cages for 12–16 months and fed high-fat diets (minimum 20–22%). A dietary lipid level of at least 22.8% is necessary to maintain better organoleptic properties and nutritional quality in triploid rainbow trout (Meng et al., 2023). Since protein supplementation in fish feeds is an expensive resource, it is not cost-effective to use protein as an energy source. Instead, high-fat diets are commonly utilized in aquaculture due to their cost efficiency and energy benefits (Zou et al., 2022). Replacing fish oil with specific levels of dietary and vegetable oils has been shown to promote rapid fish growth while reducing feed costs. In the diets of many carnivorous fish species, including Oncorhynchus mykiss, Salmo salar, Salvelinus fontinalis, Sparus aurata, and Dicentrarchus labrax, vegetable oils can be incorporated in specific proportions as fish oil substitute (Shahrooz et al., 2018; Xu et al., 2022) However, long-term use of high-fat diets can lead to excessive fat accumulation in the liver, adipose tissue, and other organs of cultured fish, resulting in impaired lipid metabolism and the development of fatty liver syndrome (steatosis) (Jin et al., 2019; Liu et al., 2022; Tao et al., 2018).


Steatosis, provokes pathological changes in the liver, being a significant threat to aquaculture (Zou et al., 2021). Fatty liver disease encompasses a spectrum of hepatic histological changes, ranging from simple hepatic steatosis to steatohepatitis, which is characterized by cell death and fibrosis. This condition results from the excessive accumulation of triglycerides (TG) in the liver (Ahmed et al., 2015; Pagliassotti, 2012). Hepatic steatosis arises due to an imbalance between lipogenesis and lipolysis, leading to increased production of reactive oxygen species (ROS), oxidative stress, inflammation, and apoptosis (Jia et al., 2020; Li et al., 2020). Lipolysis involves the hydrolysis of TG, releasing fatty acids and glycerol into circulation, while lipogenesis consists of a series of processes that facilitate TG biosynthesis and lipid droplet expansion within adipose tissue (Saponaro et al., 2015). In fish, hepatic lipid accumulation and metabolism are significantly influenced by dietary protein, lipid, and carbohydrate levels (N. Xie et al., 2021). High-fat diets (HFDs) adversely affect fish health by directly impacting TG and cholesterol levels in the liver (Xu et al., 2022). Recent studies have demonstrated that HFDs negatively affect cultured fish species, such as Oreochromis niloticus and Ctenopharyngodon idella, decreasing growth performance, affecting hematological parameters, impairing lipid metabolism and suppressing immune responses (Ma et al., 2018; Tang et al., 2019).


In Oncorhynchus mykiss growth, various plants such as Taraxacum officinale (Köse et al., 2024) and Camellia sinensis (Boran et al., 2015), as well as plant-derived bioactive compounds silymarin (Abdel-Latif et al., 2023) and quercetin (Sukhovskaya et al., 2023) have been successfully used as alternatives to chemical drugs. Quercetin exhibits antioxidant (Rajesh et al., 2015), anti-inflammatory, antiapoptotic, hepatoprotective, renoprotective, neuroprotective (Maalik et al., 2014), antibacterial, antiproliferative (Ruiz et al., 2015), anti-allergic (Chirumbolo, 2010), antiviral and immunomodulatory (Park et al., 2003) properties. Additionally, it modulates the expression of catalase (CAT) and superoxide dismutase (SOD), increases intracellular glutathione (GSH) levels (Ruiz et al., 2015), inhibits lipoprotein oxidation and cytotoxicity (Miean and Mohamed, 2001), and regulates the cell cycle (Rajesh et al., 2015). In cases of liver damage, quercetin effectively inhibits lipid peroxidation and mitigates oxidative stress-related consequences. It stabilizes malondialdehyde (MDA) levels, which contribute to toxic stress in cells, and reduces lipid peroxidation, thereby protecting hepatic tissue from further damage (Farmer and Davoine, 2007).


In this study, the effects of dietary quercetin supplementation (3,3′,4′,5,7-pentahydroxyflavone) on hepatic steatosis, growth performance, and antioxidant defense in high-fat diet-fed rainbow trout (Oncorhynchus mykiss) were investigated. The study assessed physiological and biochemical alterations induced by a high-fat diet and examined histological changes in the liver. Furthermore, gene expressions related to lipid metabolism, lipogenesis, and lipolysis was analyzed, including fatty acid synthase (fas), sterol regulatory element-binding protein-1 (serbp-1), peroxisome proliferator-activated receptor alpha (ppar-α), carnitine palmitoiltransferase-1 (cpt-1), hormone-sensitive lipase (hsl), and lipoprotein lipase (lpl). Antioxidant-related genes including catalase (cat), superoxide dismutase (sod), glutathione peroxidase (gpx), and glutathione-S-transferase (gst), as well as the apoptosis-related gene caspase-3, were also investigated. To date, no studies have specifically explored the effects of quercetin on high-fat diet-induced hepatic steatosis in juvenile female Oncorhynchus mykiss. While the antioxidant and hepatoprotective roles of quercetin are well-documented in other animal models, its effects on diet-induced lipid metabolic disorders and associated gene expression in Oncorhynchus mykiss remain unexamined. Therefore, this study aims to fill a critical gap in the aquaculture and fish physiology literature by evaluating the potential of this natural plant-derived compound as a preventive strategy against diet-induced hepatic lipid accumulation a growing concern in intensive aquaculture systems.






2 Materials and methods


This study was approved by the Recep Tayyip Erdoğan University Experimental Animals Ethics Committee (Decision No: 2023/30, Date: 13.06.2023) and conducted in accordance with its guidelines.





2.1 Experimental fish, acclimation, and rearing conditions


A total of 540 female rainbow trout (Oncorhynchus mykiss) were obtained from a local fish farm (Biberoglu Kardesler Trout Production Farm, Rize/Pazar, Türkiye) and transported to the Recep Tayyip Erdoğan University Iyidere R&D Unit. Upon arrival at the facility, the fish (mean: 37.12 ± 3.50 g) were fasted for 24 hours to acclimate to the experimental conditions. Following this acclimation period, they were fed once daily to apparent satiation for 14 consecutive days using a commercial diet containing 45% crude protein and 20% crude lipid.


At the end of the acclimation period, all fish were fasted for 48 hours and weighed. From the total of 540 fish, 270 individuals were randomly selected and distributed equally into three experimental groups: Low-Fat Diet (LFD), High-Fat Diet (HFD), and High-Fat Diet supplemented with Quercetin (HFD+Q). Each group consisted of three replicate tanks (n = 30 fish per tank), and the initial body weights were 38.40 ± 0.15 g, 38.36 ± 0.11 g, and 38.36 ± 0.17 g for the LFD, HFD, and HFD+Q groups, respectively.


The feeding trial began on March 1, 2024, and lasted for 8 weeks. Fish were maintained in 100 L fiberglass tanks supplied with aeration and a water flow rate of 0.2 L/sec. Natural daylight was used. Fish were fed daily at 2% of their body weight, divided into three meals (9:00 AM, 1:00 PM, and 5:00 PM). Environmental parameters were recorded daily as follows: temperature 14.12 ± 1.78°C, pH 7.74 ± 0.18, conductivity 140.34 ± 9.35 µS/cm, total dissolved solids (TDS) 70.2 ± 4.69 mg/L, and dissolved oxygen 7.72 ± 0.62 mg/L. Biometric measurements (total length and body weight) were taken every 15 days and expressed as mean ± standard deviation (± SD) using the International System of Units (SI).






2.2 Diet formulation and preparation


The formulation and proximate composition of the trial diets are shown in 
Table 1
. The three experimental diets were formulated based on their lipid content: Low-Fat Diet (LFD) containing 11.38% lipid, High-Fat Diet (HFD) with 22.53% lipid, and High-Fat Diet supplemented with Quercetin (>95% purity, Sigma Chemical Co., USA) (HFD+Q) containing 22.33% lipid. The protein levels of these diets were 45.91%, 45.96%, and 45.94%, respectively. Additionally, the HFD+Q diet was supplemented with 0.20 g kg1 quercetin (3,3′,4′,5,7-pentahydroxyflavone). Since no previous study has investigated the effects of quercetin-supplemented diets on steatosis in Oncorhynchus mykiss, the quercetin level used in this study was selected based on the effective dose range (150–600 mg/kg) reported in Channa argus (Kong et al., 2022) and Cyprinus carpio (Armobin et al., 2023), as well as studies in mice indicating that dietary supplementation with 250 mg/kg quercetin posed no toxicity risk (Cunningham et al., 2022).



Table 1 | 
Formulation and proximate compositions of experimental diets (g kg-1).





	Dietary ingredients

	LFD (g/kg) (11.38% lipid)

	HFD (g/kg) (22.53% lipid)

	HFD+Q (g/kg) (22.33% lipid)






	Fish meal
1


	270
	270
	270



	Soy Protein
1


	310
	310
	310



	Corn Gluten Meal
1


	100
	100
	100



	Potato Starch
1


	195
	84.6
	84.6



	Quercetin
	0.00
	0.00
	0.20



	Soy oil
	32.5
	87.7
	87.7



	Fish oil
	32.5
	87.7
	87.7



	Vitamin and Mineral mix
2


	15
	15
	15



	Calcium Propionate
	15
	15
	15



	Fumaric Acid
	15
	15
	15



	Melas (Binding)
	15
	15
	14.8



	Total
	1000
	1000
	1000



	Proximate analysis (n=3, dry matter)




	Crude Protein (CP) (%)
	45.91
	45.96
	45.94



	Ether Extract (EE) (%)
	11.38
	22.53
	22.33



	Moisture (%)
	9.89
	9.54
	9.27



	Ash (%)
	7.69
	7.87
	7.94



	Crude fiber (CF) (%)
	1.79
	1.82
	1.83



	NFE
3


	23.34
	12.28
	12.69



	Gross energy (Mj) (kg-1 diet)
4


	19.69
	22.21
	22.19



	P÷E (Mj/kg-1)
5


	23.32
	20.69
	20.70







1Fish meal= CP 74.21%, EE 15.63%; Soya Protein: CP 57.17%, EE 0.35%; Corn Gluten Meal: CP 61.36%, EE 1.17% and Potato Starch: CP 1.03%, EE 0.37%

2Vitamin (kg/diet) and Mineral mix (mg/kg diet): Vitamin A, 50.000.000 IU; Vitamin D3 2.000.000 IU; Vitamin E 30.000 mg; Vitamin K3 10.000mg; Vitamin B1 20.000 mg; Vitamin B3 25.000 mg; Vitamin B4 10.000 mg; Vitamin B12–200 mg; Vitamin C 300.000 mg; Pantothenic acid 50. 000 mg, Niacin 150.000 mg; Folic acid 5.000 mg; Biotin 1.000 mg; Copper 5.000 mg; Iodine 1.500 mg; Cobalt 500 mg; Manganese 30.000 mg; Zinc 30.000 mg; Lysine 700 mg; Methionine 4.950 mg; DCP (phosphate additives) 27.000 mg.

3NFE (Nitrogen-free extract content) =100 – (Moisture + CP + EE +Ash + CF)

4Gross energy (MJ/kg) = (protein ×23.6 kJ/g) + (fat ×39.5 kJ/g) + (carbohydrate ×17.2 kJ/g) + (crude fiber ×19,2) (NRC, 2011).

5P÷E= Crude protein/Gross energy ×10




The dietary protein sources included fish meal, soy protein, and corn gluten meal, while lipids were provided by fish oil and soybean oil, and carbohydrates by potato starch. Diets were prepared at the Recep Tayyip Erdoğan University Iyidere R&D Unit Feed Laboratory following previously reported protocols (Köse et al., 2024; Köse et al., 2021; Kose and Karabulut, 2022), with minor modifications to ensure quercetin stability and uniformity. These modifications involved first preparing quercetin as a premix using an oil-based carrier to achieve stable and uniform incorporation within the diet. Specifically, an equal mixture (1:1) of fish oil and soybean oil, as utilized in the feed formulation, was employed as the carrier oil, into which 0.20 g/kg quercetin powder was gradually dispersed to form a homogeneous liquid premix. During feed production, this premix was gradually and evenly incorporated into the main feed mixture and mixed at high speed to guarantee uniform distribution of quercetin throughout the diet.






2.3 Verification of quercetin incorporation via HPLC


To confirm the actual concentration and assess the homogeneity of quercetin distribution in the HFD+Q diet, a high-performance liquid chromatography (HPLC-UV) method was applied. The analysis was carried out using a reverse-phase HPLC system (Agilent 1260 Infinity, Agilent Technologies, USA) equipped with a C18 column (250 mm × 4.6 mm, 5 μm). The column temperature was maintained at 30 °C, and the flow rate was set to 1.0 mL/min. The mobile phase consisted of solvent A (0.1% formic acid in water) and solvent B (acetonitrile), and was applied with the following gradient program: 25% B (0–2 min), linear increase to 60% B (2–10 min), held at 60% B (10–15 min), return to 25% B (15–17 min), and re-equilibration at 25% B (17–20 min). The injection volume was 20 µL, and detection was performed at 370 nm. Considering the target dietary quercetin concentration of approximately 200 mg/kg, the calibration curve was extended to a range of 0.1–5.0 µg/mL. Standard solutions were prepared from a 1 mg/mL quercetin stock solution in methanol, and the linearity of the curve was confirmed (R² > 0.989). Feed samples (n = 5) were collected from different locations of the HFD+Q batch. Each sample (1.0 g) was finely ground and extracted with 25 mL of 80% methanol (acidified with 0.1% formic acid) using ultrasonic-assisted extraction for 30 minutes at room temperature. The extracts were centrifuged at 3075 × g for 10 minutes, and the supernatants were filtered through a 0.45 µm PTFE syringe filter. To ensure accurate quantification and prevent detector saturation, the final extracts were diluted 1:10 with mobile phase before injection. The results indicated that quercetin concentrations ranged from 198.24 mg/kg to 200.42 mg/kg among the samples, with a mean value of 199.36 ± 0.86 mg/kg and a coefficient of variation (CV) of 0.46%. These findings confirm the successful and homogeneous incorporation of quercetin into the feed.






2.4 Sampling procedures


When the feeding trial was completed, the fish were fasted for 24 hours. Then, 10 fish were randomly selected from each tank and anesthetized with clove oil at a dose of 2–5 mg/L. All analyses conducted in the present study were performed using samples obtained exclusively from these individuals.






2.5 Serum biochemistry analysis


Blood samples were taken from the caudal vein of the fish and collected in gel tubes with Klot Activator and coagulant, kept for 1 hour and centrifuged (1180 × g, 10 min) to separate serum. Serum was collected into 2-mL cryotubes and stored at -18°C for later analysis. Serum parameters alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma-glutamyl transferase (GGT), lactate dehydrogenase (LDH), low density lipoprotein (LDL), high density lipoprotein (HDL), cholesterol, and triglyceride (TG)) were determined in the Biochemistry Laboratory of Recep Tayyip Erdogan University Training and Research Hospital using the same method and device (Beckman Coulter AU5800, Beckman Coulter Inc. Brea, California, USA) as described in our previous study (Köse et al., 2024).






2.6 Non-esterified free fatty acid and liver histology


Non-esterified free fatty acid (NEFA) of liver was determined according to commercial kit instructions (Non-esterified Free Fatty Acids (NEFA/FFA) Colorimetric Assay Kit, Cat no: EEA017, İnvitrogen Thermo Fisher Scientific, USA). Briefly, 1 g of liver tissue was washed with homogenization medium at +4°C, blood cells were removed, dried with filter paper and homogenized with extraction solution at a 12:1 ratio. Then oscillate at +4°C for 2 hours to extract the NEFA, centrifuged (10000×g 10 min at +4°C) and the supernatant was removed. The assay procedure was performed, and the samples were read with a microtiter plate reader (Varioskan LUX, Thermo Fisher Scientific, USA) at 715nm wavelength.


For histological investigations, liver tissue was fixed with 10% Neutral Buffered Formalin (NBF). Tissue tracking was performed with LEICA-TP 1020, tissue blocking with LEICA HistoCore Arcadia H, tissue cutting with LEICA RM2125RT (Leica Microsystems Limited, Switzerlan), and Hematoxylin and Eosin staining with MLT FS-16 Combo Automated Slide Stainer (MLT Limited Liability Company, Moscow, Dubna, Russia). Briefly, the tissues were treated with alcohol and xylene, paraffinized at 65°C, embedded in blocks, sliced with a 5 μm, stained with hematoxylin & Eosin, and coated with entellene. Electronic imaging was obtained with a high-resolution video camera (TaupCam YW3609EH, CMOS 4k UHD) integrated into a light microscope (Leica DM 500) and TaupTek ToupView software version 4.11 (ToupTek, Hangzhou, Zhejiang, P.R Cihna). The liver was morphologically evaluated for hepatocyte status, vacuolization, hepatocyte nucleus diameter, hepatocyte cell diameter, necrotic areas, hepatocellular degeneration and apoptotic hepatocyte nuclei (Aydın and Gümüş, 2020; Caballero et al., 2004; Köse et al., 2024; Martínez-Llorens et al., 2012). Histopathological evaluation of liver tissues was performed using a semi-quantitative relative scoring system, conceptually like the Non-Alcoholic Fatty Liver Disease Activity Score (NAS) commonly applied in mammalian models. Although fish liver histology differs in some aspects from mammals, steatosis-related pathological changes such as vacuolization and hepatocyte degeneration are shared features, allowing conceptual adaptation of the NAS system for fish models. The assessment was carried out by two independent observers who were blinded to the group assignments and not directly involved in the study. Each liver sample was evaluated for four key histological parameters: glycogen-type hepatocellular vacuolization, lipid-type vacuolization, hepatocellular degeneration, and alterations in sinusoidal structures. These features were scored using the following scale: (−) none, (+) very little, (++) little, (+++) moderate, (++++) much, and (+++++) very much. This scoring method has been previously applied in Oncorhynchus mykiss by Boran et al. (2010); Köse et al. (2024), and in chronic viral hepatitis by (Tuncel and Alpaslan Duman, 2021), supporting its validity for structured and comparative liver histopathology analysis in fish.






2.7 Proximate composition analysis


Proximate analysis of each feed ingredient, experimental feeds, and fish liver were performed in triplicate according to the procedures of the Association of Official Analytical Chemists (AOAC, 2005). Crude Protein was determined by the Kjeldahl method (method 978.04). N×5.58, N×5.50, N×5.62, and N×5.60 were applied as conversion factors for fish and fish derivatives, soybean and soybean derivatives, corn and corn derivatives, and potato starch, respectively (Mariotti et al., 2008). Ether extract was determined by Soxhlet method (method 930.09), and Crude fiber was determined by Weende method (method 978.10). Dry matter was determined by drying the samples at 105°C to constant weight. Ash content was determined by burning the samples in porcelain crucibles at 550°C for 5 hours (method 930.05).






2.8 Gene expression analysis by qRT-PCR


For gene expression tests, fish liver samples were placed in cryotubes containing Hibrigen RNA Stabilization Solution (Cat. No: MG-STBL-01, Hibrigen Biyoteknoloji R&D San. and Tic. A.Ş. Gebze, Kocaeli, Türkiye) and stored in a refrigerator at +4°C. Cryotubes were kept in the refrigerator for 8 hours by turning upside and down every hour and then frozen at -20°C. Samples were analyzed in the laboratory of Sugenomics Biotechnology (OSTIM Technical University, Ankara, Türkiye).


Total RNA was extracted from the liver tissue using a commercial kit (Genomics RNA Isolation Reagent, Cat: NA08A100, Su Genomics Biotechnology OSTIM Technical University, Ankara, Türkiye). Isolated RNAs were precipitated with lithium chloride (LiCl). Vazyme DNAse I RNAse-free (Cat: EN401-01, Red Maple Hi-tech Industry Park, Nanjing, PRC) was used to remove DNA from LiCl precipitated RNA samples. RNA quality and quantity were assessed using agarose gel electrophoresis (2%, M:100bp). RNA was reverse transcribed into cDNA using the SuScript cDNA Synthesis Kit (Cat: RT01A025, Sugenomics Biotechnology OSTIM Technical University, Ankara, Türkiye).


The used primer sequences of the gene region to determine gene expression levels are presented in 
Table 2
. The relative abundance of mRNA was normalized by β-actin expression. qRT-PCR was performed using the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Inc, Hercules CA, USA). The reaction mix contained 10 µl 2×SuYBRGreen qPCR Mastermix, 10 µM forward and reverse primer, 2 µl cDNA, 6 µl nuclease-free water. Thermal cycling was initiated with a 5-minute incubation at 95°C using hot-start activation. 45 cycles were performed, each consisting of 15 s heating at 95°C and 30 s at each specific annealing temperature (
Table 2
). Ct values were obtained using Bio-Rad CFX Maestro software (Bio-Rad Laboratories, Inc, CA, USA). The standard 2-ΔΔCt method was used to measure gene expression levels (Schmittgen and Livak, 2008).



Table 2 | 
Nucleotide sequences of the PCR primers used to evaluate mRNA abundance by qRT-PCR.





	Gene names

	
	Nucleotide sequences (5’-3’)

	Annealing temperature (°C)

	Accession No






	
caspase-3

	F
R
	TTTGGGAGTAGATTGCAGGG
TGCACATCCACGATTTGATT
	57
	TC139042



	
srebp-1

	F
R
	AGCCAGACACAAGAGGAAAG
AAGAGGGCCGTGTCAATATC
	54
	JF502069.1



	
lpl

	F
R
	TAATTGGCTGCAGAAAACAC
CGTCAGCAAACTCAAAGGT
	59
	AJ224693



	
fas

	F
R
	GAGACCTAGTGGAGGCTGTC
TCTTGTTGATGGTGAGCTGT
	54
	tcaa0001c.m.06_5.1.om.4



	
ppar-α

	F
R
	CTGGAGCTGGATGACAGTGA
GGCAAGTTTTTGCAGCAGAT
	54
	AY494835



	
hsl

	F
R
	AGGGTCATGGTCATCGTCTC
CTTGACGGAGGGACAGCTAC
	58
	TC172767



	
cpt 1

	F
R
	TCGATTTTCAAGGGTCTTCG
CACAACGATCAGCAAACTGG
	54
	AF327058



	
β-actin

	F
R
	GAAATCGCCGCACTGGTT
CTCTTGCTCTGAGCCTCGTCT
	54
	AJ438158



	
sod

	F
R
	TGGTCCTGTGAAGCTGATTG
TTGTCAGCTCCTGCAGTCAC
	54
	AF469663



	
cat

	F
R
	GAGGGCAACTGGGACCTTACT
GGACGAAGGACGGGAACAG
	57
	BE669040.1



	
gpx

	F
R
	CGAGCTCCATGAACGGTACG
TGCTTCCCGTTCACATCCAC
	57
	TC126469



	
gst

	F
R
	CAGAGGACAGCTCCCTGCTT
CTGAACCGGCTCTCCAGGTA
	57
	NM_001160559.1







caspase-3, cysteine dependent aspartate proteases-3; srebp-1, sterol-regulatory element binding protein-1; lpl, lipoprotein lipase; fas, fatty acid synthase; ppar-α, peroxisome proliferators activate receptor-α; hsl, hormone sensitive lipase; cpt, carnitine palmitoyl transferase 1; β-actin, beta actin; sod, Superoxide dismutase; cat, Catalase; gpx, Glutathione peroxidase; gst, Glutathione-S-transferase








2.9 Growth performance and somatic indices calculations
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2.10 Statistical analysis


Data are expressed as mean ± SD. Normality of the data was assessed using the Shapiro–Wilk test, and homogeneity of variances was tested using the Brown–Forsythe test. One-way analysis of variance (ANOVA) followed by the Holm–Sidak post hoc test was performed to identify significant differences among groups. Statistical significance was set at p< 0.05. All statistical analyses were conducted using SigmaPlot 14.0 (Systat Software Inc., USA).







3 Results





3.1 Growth, feed utilization and organosomatic indices


The mean values of feed utilization and organosomatic index data calculated after the 8-week feeding trial are presented in 
Table 3
. Results showed that the high fat diet groups (HFD and HFD+Q) had significantly higher body weight (FBW), weight gain ratio (WGR), and feed intake (FI) compared to the low-fat diet (LFD) group (p<0.05). For the same parameters, the HFD+Q values were higher than those of the HFD group, but not statistically significant. FCR value was significantly higher in the LFD group compared to HFD and HFD+Q groups (p<0.05). Quercetin supplementation in the HFD+Q group significantly prevented the increase in HSI and IPF values observed in the HFD group (p < 0.05). There was no significant difference between the LFD and HFD+Q groups, but the LFD group was significantly different from the HFD group (p<0.05).



Table 3 | 
Feed intake, growth, feed conversion ratio, and organosomatic indices of Oncorhynchus mykiss fed low fat, high fat and quercetin supplemented high fat diets for eight weeks.





	Parameters

	LFD

	HFD

	HFD+Q

	F-value

	
p







	
IBW (g)

	38.40 ± 0.15
	38.36 ± 0.11
	38.36 ± 0.17
	0.076
	0.928



	
FBW (g)

	101.88 ± 3.70b

	125.91 ± 1.68a

	129.32 ± 1.07a

	113.57
	<0.001



	


F

I

M
B
W
 


 

(

g
 
k

g

−
0.8


 
d
a

y

−
1



)





	15.60 ± 0.19b

	16.17 ± 0.12a

	16.27 ± 0.12a

	72.24
	<0.001



	
WGR (%)

	165.29 ± 9.45b

	228.24 ± 5.19a

	237.11 ± 1.53a

	116.20
	<0.001



	
FCR

	1.10 ± 0.17a

	0.86 ± 0.11b

	0.82 ± 0.10b

	13.52
	<0.001



	
CF (g/cm3)

	1.17 ± 0.03
	1.22 ± 0.05
	1.24 ± 0.01
	3.53
	0.097



	
VSI (%)

	9.55 ± 0.49b

	11.62 ± 0.69a

	10.53 ± 0.75ab

	7.481
	0.023



	
HSI (%)

	0.97 ± 0.15b

	1.12 ± 0.10a

	0.98 ± 0.16b

	4.148
	0.027



	
IPF (%)

	1.35 ± 0.10b

	1.92 ± 0.18a

	1.53 ± 0.10b

	14.964
	0.005







Values are presented as mean ± SD (n=10). Values with different lower-case superscripts within the same row are significantly different as determined by one-way ANOVA (p<0.05, Holm-Sidak post-hoc). IBW, Initial body weight; FBW, Final body weight; FI, Feed intake; WGR, Weight gain rate; FCR, Feed conversion ratio; CF, Condition factor; VSI, Viscerosomatic index; HSI, Hepatosomatic index; IPF, Intraperitoneal fat; LFD, Low-fat diet; HFD, High-fat diet; and HFD+Q, Quercetin-supplemented high-fat diet, which are experimental groups and contain 11.38% crude fat and 0 mg/kg quercetin, 22.53% crude fat and 0 mg/kg quercetin, and 22.33% crude fat and 0.20 g/kg quercetin, respectively.








3.2 Serum lipid profile, proximate composition of fish muscle and liver, and non-esterified fatty acids content


To investigate the effects of the LFD, HFD, and HFD+Q diets on the lipid profile of Oncorhynchus mykiss, LDL, HDL, cholesterol, and TG levels in serum were measured (
Table 4
). High dietary fat in the HFD and HFD+Q groups resulted in significantly higher serum lipid profile values compared to the LFD group (p<0.05). In the HFD+Q group, LDL, cholesterol, and TG levels were significantly lower than those in the HFD group due to the protective effect of quercetin (p < 0.05). Additionally, HDL levels were significantly higher in the HFD+Q group compared to the HFD group (p < 0.05), indicating that quercetin exerted a beneficial regulatory effect on HDL metabolism.



Table 4 | 
Serum lipid profile of Oncorhynchus mykiss fed low-fat, high-fat, and quercetin-supplemented high-fat diets for eight weeks.





	Parameters

	LFD

	HFD

	HFD+Q

	F-value

	
p







	LDL (mmol/L)
	2.38 ± 0.24c

	3.74 ± 0.21a

	2.82 ± 0.16b

	45.55
	<0.001



	HDL (mmol/L)
	6.82 ± 0.90b

	7.26 ± 0.60ab

	8.59 ± 0.86a

	5.35
	0.029



	Cholesterol (mmol/L)
	7.54 ± 0.82c

	12.89 ± 0.39a

	9.31 ± 0.55b

	79.97
	<0.001



	TG (mmol/L)
	5.19 ± 0.23c

	9.92 ± 0.55a

	7.39 ± 0.25b

	162.98
	<0.001







Values are presented as mean ± SD (n=10). Values in the same row with different lowercase letters indicate significant differences as determined by one-way ANOVA (p<0.05, Holm-Sidak post-hoc). LDL, Low density lipoprotein; HDL, High density lipoprotein; TG, Triglyceride; LFD, Low-fat diet; HFD, High-fat diet; and HFD+Q, Quercetin-supplemented high-fat diet, which are the experimental groups and contain 11.38% crude fat and 0 mg/kg quercetin, 22.53% crude fat and 0 mg/kg quercetin, and 22.33% crude fat and 0.20 g/kg quercetin, respectively.




Non-esterified free fatty acids (NEFA) in liver tissue and the proximate levels of crude fat (ether extract) in fish muscle and liver tissues were also determined (
Figure 1A–C
). High dietary fat was manifested by increased levels of NEFA in the liver and an upward trend in crude fat levels of both liver and fish muscle. The HFD group exhibited significantly higher NEFA, and liver crude fat ratios compared to the HFD+Q and LFD groups, while the higher muscle crude fat ratio was significant only when compared to LFD (p<0.05). Quercetin supplementation in the HFD+Q group prevented excessive accumulation, resulting in lower levels of NEFA, liver crude fat, and muscle crude fat compared to the HFD group.


[image: Bar charts (A, B, C) compare liver and muscle ether extracts (% dry basis) and NEFA (micromol/g) among LFD, HFD, and HFD+Q groups. In chart A, HFD shows the highest liver ether extract, while HFD+Q is lower. Chart B reveals HFD and HFD+Q have similar muscle ether extracts, both higher than LFD. Chart C shows the highest NEFA in HFD, followed by HFD+Q, with LFD being the lowest. Error bars and letter notations (a, b, c) indicate statistical significance.]
Figure 1 | 
Crude fat and NEFA levels in Oncorhynchus mykiss fed low-fat (LFD), high-fat (HFD) and quercetin-supplemented high-fat (HFD+Q) diets for eight weeks. (A) Crude liver fat (ether extract, dry basis), (B) Fish-muscle crude fat (ether extract, dry basis), (C) Non-esterified free fatty acids (NEFA, µmol/g) in liver tissue. Values are presented as mean ± SD (n=10). Different letters above the columns indicate significant differences as determined by one-way ANOVA (p<0.05, Holm-Sidak post-hoc).








3.3 Liver histology, serum liver enzymes, and caspase-3 gene expression level


To investigate the effects of low-fat (LFD), high-fat (HFD), and quercetin-supplemented high-fat diets (HFD+Q), liver sections of Oncorhynchus mykiss were stained with H&E (
Figure 2
). The liver was scored for hepatocellular vacuolization (glycogen type and lipid type), hepatocytes and hepatocyte nuclei, hepatocellular degeneration zone, and sinusoidal spaces (
Table 5
). Levels of ALT, AST, ALP, GGT, and LDH were analyzed in serum; the apoptosis-related caspase-3 gene and apoptotic expression were determined in liver tissue (
Figure 3
).


[image: Microscopic images of liver tissue sections in a grid layout, labeled A-1 to C-4. Each panel shows varying magnifications and annotations using colored arrows, stars, and shapes indicating different cellular structures and characteristics. The color-coded annotations appear to highlight specific areas or features within the tissue, such as nuclei and cellular boundaries.]
Figure 2 | 
Representative liver histological sections (H&E staining) of Oncorhynchus mykiss fed different diets: low-fat diet (LFD), high-fat diet (HFD), and quercetin-supplemented high-fat diet (HFD+Q). (A1–A4) LFD (11.38% fat); (B1–B4) HFD (22.53% fat); (C1–C4) HFD+Q (22.33% fat + 0.20 g/kg quercetin). Images at 40× (A1, A2, B1, B2, C1, C2) and 100× (A3, A4, B3, B4, C3, C4) magnification. Pv – Portal vein; Red Asterisk – Blood vessel sinusoids; Black-Framed White Arrow – Kupffer cells; Red Square – Healthy hepatocytes with visible nuclei; White-Framed Green Arrow – Healthy hepatocyte nuclei; White-Framed Orange Arrow – Epithelial cells surrounding the portal vein; Black Arrow – Erythrocytes; Yellow Circle – Regular polygonal hepatocyte arrangements, Black-Framed Yellow Arrows – Lipid droplets; Black-Framed Blue Arrows – Swollen hepatocytes; White Arrowheads – Degenerative hepatocyte nuclei; White-Framed Red Arrows – Glycogen-type hepatocellular vacuolization; Black Hexagons – Degenerative hepatocyte zones.





Table 5 | 
Post-trial liver histological changes in the liver of Oncorhynchus mykiss fed low fat, high fat, and quercetin supplemented high fat diets for eight weeks.





	Parameters

	LFD

	HFD

	HFD+Q

	F-value

	p






	Hepatocyte nucleus diameter (µm)
	5.47 ± 0.71ab

	5.60 ± 0.54a

	5.17 ± 0.91b

	2.34
	0.041



	Hepatocyte cell diameter (µm)
	10.06 ± 1.47b

	11.41 ± 1.86a

	10.21 ± 1.52b

	7.055
	0.001



	Glycogen-type hepatocellular vacuolization
1


	–
	+ + + +
	- 
	 
	 



	Lipid -type vaculization
1


	–
	++
	- 
	 
	 



	Hepatocellular degeneration
1


	–
	+ + + +
	–
	 
	 



	Sinusoids
1


	+ +
	+ + + +
	+ +
	 
	 







1Relative scoring by two independent observers. The symbols defined are none (-), very little (+), little (++), moderate (+++), much (++++), and very much (+++++). Hepatocyte nuclei and diameters are presented as mean ± SD (n=10). Values with different superscript lowercase letters in the same row are significantly different as determined by one-way ANOVA (p<0.05, Holm-Sidak post-hoc). LFD, Low-fat diet; HFD, High-fat diet; and HFD+Q, Quercetin-supplemented high-fat diet, which are the experimental groups and contain 11.38% crude fat and 0 mg/kg quercetin, 22.53% crude fat and 0 mg/kg quercetin, and 22.33% crude fat and 0.20 g/kg quercetin, respectively.




[image: Box and bar plots illustrating enzyme levels and mRNA levels in different dietary groups. Panels A to E display ALT, AST, ALP, LDH, and GGT enzyme activities, respectively, comparing low-fat diet (LFD), high-fat diet (HFD), and high-fat diet with a supplement (HFD+Q). Panel F shows caspase-3 mRNA levels in these groups. Significant differences are marked by letters a, b, and c.]
Figure 3 | 
Serum liver enzyme levels and mRNA levels of the apoptosis-related caspase-3 gene in liver tissue of Oncorhynchus mykiss fed a low-fat diet (LFD), high-fat diet (HFD) and quercetin-supplemented high-fat diet (HFD+Q) for eight weeks. (A) Alanine aminotransferase (ALT), (B) Aspartate aminotransferase (AST), (C) Alkaline phosphatase (ALP), (D) Lactate dehydrogenase (LDH), (E) Gamma glutamyl transferase (GGT), (F) Cysteine-aspartate-specific protease-3 (caspase-3). Values are expressed as mean ± SD (n=10). Different letters above the columns indicate significant differences as determined by one-way ANOVA (p<0.05, Holm-Sidak post-hoc).




Histological examination revealed that the LFD group exhibited a normal liver architecture. Hepatocyte cords were well-organized, nuclear integrity was preserved, and no signs of steatosis or degeneration were observed (
Figures 2A1-A4
). In contrast, the HFD group displayed marked histopathological alterations in liver tissue. These included both glycogen-type and lipid-type vacuolization, hepatocyte swelling, nuclear degeneration, displaced nuclei, expanded sinusoidal spaces, and the presence of apoptotic cells. These structural abnormalities were accompanied by a pronounced disruption of the polygonal hepatocellular organization, indicating severe hepatic damage (
Figures 2B1-B4
). In the HFD+Q group, the histological structure appeared preserved. No vacuolization was observed, the sinusoidal architecture remained well-organized, and hepatocyte morphology and nuclear integrity were clearly maintained (
Figures 2C1-C4
). Furthermore, while significant increases in hepatocyte and nuclear diameters were observed in the HFD group, quercetin supplementation in the HFD+Q group prevented these increases, resulting in significantly lower values for both parameters compared to the HFD group, suggesting a protective effect against cellular hypertrophy (
Table 5
). At the molecular level, caspase-3 gene expression in liver tissue was significantly upregulated in the HFD group. However, this upregulation was markedly suppressed in the HFD+Q group, which showed significantly lower expression levels of the apoptosis-related caspase-3 gene compared to both HFD and LFD groups (p<0.05) (
Figure 3F
).


Serum liver enzymes were found to be higher in HFD and HFD+Q diet groups compared to LFD diet groups. The histological changes observed in the HFD group were consistent with the significant increase in serum ALT, AST, ALP, LDH, and GGT values (p<0.05). Quercetin supplementation in the HFD+Q group prevented the elevation of these enzymes, resulting in lower ALT, AST, ALP, and LDH levels compared to the HFD group (p<0.05).






3.4 Expressions of genes related to antioxidant function in the liver


The mRNA levels of antioxidant genes in the liver are shown in 
Figure 4
. In the HFD group, sod mRNA and gst mRNA levels were high, and the sod mRNA level was significantly different from the LFD and HFD+Q groups (p<0.05). On the contrary, cat mRNA and gpx mRNA levels showed a decreasing trend in the HFD group, and this trend was significantly different from the LFD group (p<0.05). HFD+Q group was lower than LFD for sod mRNA and cat mRNA. There was no significant difference, but gpx mRNA and gst mRNA levels were significantly lower than LFD (p>0.05).


[image: Bar graphs showing mRNA levels of different enzymes: sod, cat, gpx, and gst, measured as fold change. Each graph compares levels across three dietary groups: low-fat diet (LFD), high-fat diet (HFD), and high-fat diet plus quercetin (HFD+Q). Significant differences are indicated by different letters (a, b, ab), revealing variations in mRNA expression among the diets. Error bars indicate standard deviations.]
Figure 4 | 
The mRNA levels of antioxidant function-related genes in the liver of Oncorhynchus mykiss fed low-fat (LFD), high-fat (HFD) and quercetin-supplemented high-fat diets (HFD+Q) for eight weeks. (A) superoxide dismutase (sod), (B) catalase (cat), (C) glutathione peroxidase (gpx) and (D) Glutathione-S-transferase (gst). Values are expressed as mean ± SD (n=10). Different letters above the columns indicate significant differences as determined by one-way ANOVA (p<0.05, Holm-Sidak post-hoc).








3.5 Expression of liver genes linked to lipid metabolism and regulatory factors


The relative mRNA levels of selected genes related to lipid metabolism in the liver are presented in 
Figure 5
. The ppar-α mRNA level did not show a significant change in the LFD and HFD+Q diets, while the HFD diet group was significantly down-regulated (p<0.05). The srebp-1 mRNA levels showed opposite changes in the HFD and HFD+Q diet groups compared to the LFD group. While it was down-regulated in the HFD diet group, it was up-regulated in the HFD+Q diet group, and all groups were significantly different from each other (p<0.05). The lpl mRNA and fas mRNA levels were significantly up-regulated in the HFD diet group (p<0.05), while there was no significant change in the HFD+Q and LFD diet groups (p>0.05). The mRNA levels of hsl and cpt-1a were significantly down-regulated in the HFD diet group (p<0.05), while there was no significant change between HFD+Q and LFD (p>0.05).


[image: Bar graphs displaying the fold change of mRNA levels for six genes: ppar-α, srebp-1, lpl, cpt-1α, fas, and hsl. Each graph compares the effects of three diets: Low-Fat Diet (LFD), High-Fat Diet (HFD), and High-Fat Diet with Quercetin (HFD+Q). LFD generally shows higher or equal expression compared to HFD, with variable changes when quercetin is added. Statistical significance is indicated by different letters above bars.]
Figure 5 | 
Expression of lipogenesis (srebp-1, lpl and fas) and lipolysis (ppar-α, cpt-1a and hsl) pathway genes in liver tissue of Oncorhynchus mykiss fed low-fat (LFD), high-fat (HFD) and quercetin-supplemented high-fat diets for 8 weeks. (A) peroxisome proliferator activated receptors-α (ppaR- α), (B) sterol regulatory element binding protein (srebp-1), (C) lipoprotein lipase (lpl), (D) carnitine palmitoyltransferase-1a (cpt-1a), (E) fatty acid synthase (fas), (F) Hormone sensitive lipase (hsl). Values are expressed as mean ± SD (n=10). Different letters in the columns indicate significant differences as determined by one-way ANOVA (p<0.05, Holm-Sidak post-hoc).









4 Discussion


The HFD induced fatty liver is common worldwide, and the primary pathological symptoms are hepatic lipid accumulation and steatosis. Nowadays, excessive addition of fat to fish feed causes frequently fatty liver in fish, which has a negative impact on their growth and development (S. Xie et al., 2021). Therefore, alternative medications or bioactive chemicals that can improve fish livers are extremely important. This study determined that HFD induced degenerative consequences in Oncorhynchus mykiss liver, and quercetin administration prevented the development of these pathological changes. The effect of quercetin on genes associated with lipid metabolism and liver antioxidant status in liver cells was investigated in response to a high fat diet. The effects of a quercetin-supplemented and a low-fat diet on fish development were compared with the high fat diet.





4.1 Growth, feed utilization, and organosomatic indices


Dietary lipid levels have sensitive effects on protein conservation and growth. It was reported that the high dietary lipids reduce growth in some fish without a protein conservation effect (Akpınar et al., 2012; Du et al., 2005; Sevgili et al., 2014) or increasing dietary lipid levels may not have a significant effect on growth (McGoogan and Gatlin, 1999; Wang et al., 2015). On the other hand, the dietary lipid content has improved the growth performance of semi-adult triploid rainbow trout (Meng et al., 2019). Similarly, there were positive effects on Salmo gairdneri (Beamish and Medland, 1986), Salmo salar (Hillestad and Johnsen, 1994), and Oncorhynchus mykiss (Meng et al., 2019). Quercetin-supplemented feeds promoted the growth of Paralichthys olivaceus and Channa argus and reduce the FCR (Kong et al., 2022; Shin et al., 2010a). Fish avoid low-energy or unbalanced diets, and their feed intake decreases (Meng et al., 2019). Carnivorous fish convert protein to energy more efficiently than lipids and carbohydrates, and can adjust their feed intake to meet their digestible energy requirements (Du et al., 2005). Even though there are variation of dietary lipid levels’ effect on growth, the current study has shown that HFD and HFD+Q diets support growth effect that provides protein savings with better FBW, WGR, FCR, FI, and CF values compared to the LFD diet. Moreover, the protein levels of all diets were equal, the growth of fish in the HFD and HFD+Q diets was better than the LFD diet. The low FBW, WGR, CF, and high FCR values in the LFD diet group can be explained by the fish’s low FI due to not preferring the feed or by using protein as an energy source for growth because of insufficient dietary fat.


It was reported that VSI, HSI and IPF levels increased on the HFD diet, but this increase was limited with quercetin treatment on Megalobrama amblycephala (Abasubong et al., 2023), Ictalurus punctatus (Desouky et al., 2020), and Oxyeleotris marmorata (Yong et al., 2015) fish. The present results support the previous studies. High lipids in the diet reduce growth performance due to lipid accumulation in internal organs (Desouky et al., 2020; Han et al., 2014); however, in this study, the growth did not negatively affect although HFD and HFD+Q diets increased the organosomatic indices. Studies on Oncorhynchus mykiss with varying dietary lipid ratios (Liu et al., 2021; Meng et al., 2019) are also consistent with the current findings. The effects of dietary lipid levels on fish growth are complex, and the findings showed variation; thus, it may be related to fish species, dietary components, dietary protein and lipid levels, feeding regimes, and environmental conditions.






4.2 Serum lipid profile, proximate composition of fish muscle and liver, and non-esterified fatty acids content


Endogenous and exogenous variables change the proximate composition of farmed fish. Protein and ash content are mostly determined by the size of the fish (endogenous factors), while fat content is influenced by exogenous factors such as diet (Shearer, 1994). High dietary lipid can cause excessive fat accumulation in the visceral cavity and tissues (López et al., 2006). NEFA is the primary reason of liver lipotoxicity (Brent, 2010), and quercetin may weaken its effects by reducing the level of lipotoxicity Lateolabrax maculatus (Xia et al., 2024), Rachycentron canadum (Wang et al., 2005), Epinephelus coioides (Luo et al., 2005), and Oncorhynchus mykiss (Jobling et al., 1998). In this study, lipid accumulation in fish muscle and liver was increased in the HFD and HFD+Q diets compared to the LFD diet. It also increased in liver NEFA. These increases were more limited in the HFD+Q supplemented with quercetin, and they are consistent with the previous studies.


The liver synthesizes cholesterol, which is transferred to other tissues via LDL. The HDL transports cholesterol from peripheral tissues to the liver, where it is processed and excreted with the bile regulating blood cholesterol levels (Asgary et al., 2000). Cholesterol levels can indicate disorders of lipid and lipoprotein metabolism, and liver diseases (Mensinger et al., 2005). In mammals, the increase in plasma/liver LDL, TG, cholesterol levels, and the decrease in HDL levels are significant risk factors for steatosis (Desouky et al., 2020). Quercetin inhibits cholesterol biosynthesis by blocking fatty acid synthesis activity (Yamamoto and Oue, 2006). Quercetin lower TG levels by inhibiting the enzymes involved in TG biosynthesis and fat adipogenesis (Jia et al., 2019; Kuipers et al., 2018). Moreover, it can also lower cholesterol levels by reducing cholesterol absorption in the intestines and affecting lipoprotein biosynthesis (Jia et al., 2019). In this study, LDL, HDL, TG, and cholesterol levels increased with the HFD diet. Quercetin prevented the elevation of LDL, TG, and cholesterol levels, while positively regulating HDL levels. In a study on Pseudosciaena crocea with high dietary lipids (Wang et al., 2015), the reported TG and cholesterol levels were similar, but the changes in LDL and HDL were different. Another study in Oreochromis niloticus found that the addition of quercetin reduced serum LDL and TG levels (Abdo et al., 2024). In contrast, another study in Oreochromis niloticus found that HDL and cholesterol levels increased while LDL and TG levels decreased (Zhai and Liu, 2013). Total cholesterol levels of Paralichthys olivaceus fed supplemental diets containing 0.25% or 0.50% quercetin were reported to be significantly lower than those fed diets without quercetin (Shin et al., 2010b). Studies conducted on mice (Nakamura et al., 2000; Yugarani et al., 1992) have reported different results from the present study. Differences in animal species, dietary quercetin levels, dietary contents and study duration may explain the differences between studies. As a result, quercetin may reduce TG and LDL levels, increase HDL levels, control liver NEFA content, cholesterol levels and liver crude fat content. Quercetin may also be beneficial in avoiding pathological changes in fatty liver (steatosis).






4.3 Liver histology, serum liver enzymes, and caspase-3 gene expression


Long-term consumption of a high-fat diet (HFD) disrupts the balance between catabolism and anabolism, leading to the accumulation of lipids and fatty acids. This imbalance can result in impaired lipid homeostasis and contribute to the development of pathological conditions characterized by excessive lipid accumulation in organs such as the liver (Du et al., 2013; Li et al., 2014; Yan et al., 2015; Zhang et al., 2021; Zhou et al., 2022). Hepatocyte surface area, hepatocyte nucleus diameter, hepatocyte count, cytoplasmic lipid, and glycogen content are commonly used parameters to assess metabolic activity in the liver (Strüssmann and Takashima, 1990). Previous studies have shown that HFD increases liver volume in Oreochromis niloticus and Lateolabrax maculatus, leading to structural disruptions in liver tissue, the formation of prominent vacuoles between lipid droplets and cells, and these adverse effects were mitigated by quercetin treatment (Xia et al., 2024). In this study, fish fed with an HFD exhibited hepatocellular glycogen and lipid-type vacuolization, hepatocyte nucleus degeneration, swollen hepatocytes, nuclear displacement, increased nucleus diameter, and expanded sinusoidal spaces. However, quercetin prevented these pathological changes, supporting findings from previous studies.


An enzymatic approach to liver disease aids in diagnosis, monitoring disease progression, and identifying subclinical manifestations. Five key serum enzymes-ALT, AST, ALP, LDH, and GGT-are commonly utilized in the assessment of liver function (Choi, 2003). However, rather than serving as direct indicators of liver function, serum levels of these enzymes primarily reflect hepatobiliary damage, ranging from inflammation to necrosis (Bayraktar and Coşar, 2019). AST and ALT are intracellular enzymes released into the bloodstream due to hepatocyte injury, whereas ALP plays a role in fundamental physiological processes and is considered an indicator of fish health status (Zhou et al., 2015). To differentiate liver-derived ALP elevation, it is more informative to evaluate it in conjunction with GGT levels (Ersoy, 2012). LDH, a cytoplasmic enzyme, serves as a marker of cellular damage, while GGT functions as an indicator of cellular antioxidant deficiency and liver disease (Morovvati and Armand, 2019). The elevation of GGT alongside other liver enzymes strongly suggests hepatic origin (Ersoy, 2012). In the present study, high-fat diet (HFD) consumption led to increased serum levels of ALT, AST, ALP, LDH, and GGT, indicating hepatocellular damage. Quercetin supplementation prevented the elevation of ALT, AST, ALP, and LDH levels in the HFD+Q group compared to the HFD group; however, it had limited impact on GGT levels. This finding may reflect GGT’s more complex regulation or delayed responsiveness to intervention. The elevation of liver enzymes indicates hepatocellular damage and impaired liver function at the cellular level and can be interpreted as a biochemical manifestation of steatosis (fatty liver) in fish. In this study, the histopathological changes observed in the liver of the HFD group—including hepatocellular glycogen and lipid-type vacuolization, hepatocyte nuclear degeneration, swollen hepatocytes, nuclear displacement, increased nuclear diameter, and expanded sinusoidal spaces—support this interpretation. These structural alterations suggest that a high-fat diet may induce metabolic stress and morphological disruption in the liver, thereby promoting the development of steatosis. A clear correlation can therefore be established between the elevated serum liver enzyme levels and the histological findings. Previous studies have reported that quercetin administration following acute cyclophosphamide exposure in rats significantly reduced ALT, AST, and ALP levels (Khalaf and Salih, 2023). Similarly, quercetin treatment has been shown to lower ALT and AST levels in Cyprinus carpio (Ghafarifarsani et al., 2022a, 2022b). In Oreochromis niloticus exposed to Abamectin (ABM), quercetin supplementation mitigated the elevation of ALT and AST levels, demonstrating a strong hepatoprotective effect (Mansour et al., 2022). Furthermore, in patients with non-alcoholic fatty liver disease (NAFLD), quercetin treatment for two weeks significantly decreased elevated ALT, AST, and GGT levels (Prysyazhnyuk and Voloshyn, 2017). Collectively, these findings align with the present study, suggesting that quercetin may exert a potential therapeutic effect on liver health.



Caspase-3 is recognized as a critical regulator of apoptosis. It is frequently activated through proteolytic cleavage within apoptotic cells, triggering apoptosis via both extrinsic and intrinsic pathways (Earnshaw et al., 1999; McArthur and Kile, 2018). The inactivation of caspase-3 has been reported to provide protection against hepatic cell death and fibrogenesis (Thapaliya et al., 2014). Studies have demonstrated a significant upregulation of caspase-3 in the liver tissue of mice fed with an HFD (Gadallah and Almasari, 2023). Conversely, quercetin has been reported to induce apoptosis due to its toxic effects and upregulate caspase-3 expression3 (Lee et al., 2015). In addition to its role in apoptosis, caspase-3 also participates in non-apoptotic cellular processes, including cell differentiation, cell cycle regulation, and cell migration (Schwerk and Schulze-Osthoff, 2003; Zhao et al., 2006). The involvement of caspase-3 in these processes is attributed to its proteolytic activity, which facilitates the controlled degradation of specific intracellular proteins, thereby regulating various cellular functions (Du et al., 2004). In this study, HFD consumption led to a significant upregulation of caspase-3 gene expression, while quercetin supplementation prevented this upregulation. Normal hepatic histoarchitecture was preserved in the LFD and HFD+Q groups, whereas the HFD group exhibited marked histological abnormalities. The unchanged caspase-3 levels and preserved histological structure in the LFD group, the significant upregulation of caspase-3 expression accompanied by disrupted histoarchitecture in the HFD group, and the significant downregulation of caspase-3 along with the preservation of histoarchitecture in the HFD+Q group collectively indicate that caspase-3 exerts apoptotic activity in the liver and that quercetin exhibits a hepatoprotective effect against this process.






4.4 Expressions of genes related to antioxidant function in the liver


Under conditions of physiological homeostasis, animal cells produce reactive oxygen species (ROS) and maintain a balance of various antioxidant defenses through several opposing mechanisms. The disruption of the balance between these two processes can lead to oxidative stress. Although it is clear that antioxidant defense mechanisms are directly related to the dietary base, there is very little information on how the level and type of dietary nutrients affect oxidative status in fish (Azaza et al., 2020). Superoxide dismutases (SODs) are enzymes primarily responsible for maintaining the oxidation-reduction balance. The SODs use the superoxide anion in a dismutation reaction to produce hydrogen peroxide (H2O2), which is converted to oxygen and water by catalase (CAT) and glutathione peroxidase (GPx) (Gottfredsen et al., 2014). A study in Danio rerio found that quercetin supplementation dramatically increased liver SOD levels (Wang et al., 2020). Similarly, higher SOD activity and upregulation of sod mRNA expression were reported in the liver of Oncorhynchus mykiss fed a high-fat diet (HFD) (26.06%) (Liu et al., 2021). The CAT is mainly found in peroxisomes and is responsible for reducing H2O2 produced by peroxisomal fatty acid metabolism, GPx reduces both hydrogen and lipid peroxides (Li et al., 2010). Low levels of cat mRNA and gpx mRNA despite high levels of sod mRNA may indicate dysregulation H2O2 detoxification in the SOD dismutation reaction. The decrease in CAT and GPx activity may increase H2O2 levels in fish liver hepatocytes, thereby increasing the peroxidation of biomacromolecules and oxidative damage (Shadegan and Banaee, 2018). Glutathione S-transferase (GST) is thought to form glutathione conjugates with peroxyradicals, although this function has not been confirmed in fish (Tocher et al., 2002). The 5.3 mg kg-1 dose of mycotoxin was reported to increase the GST value in carp liver (Matejova et al., 2017). Increased levels of SOD, CAT, GPx and GST have been reported in the literature with quercetin treatment (Ghafarifarsani et al., 2022b; Jia et al., 2019; Kim et al., 2012; Nasirin et al., 2023; Wang et al., 2020; Xu et al., 2019). In this study, enzymatic antioxidant activities (SOD, CAT, GPx, GST) were not directly assessed; however, the gene expression levels of antioxidant-related genes were determined in the liver in response to HFD and quercetin-supplemented HFD diets. The results revealed that a high-fat diet significantly upregulated sod mRNA expression in liver tissue while markedly downregulating cat mRNA and gpx mRNA levels. The upregulation of sod mRNA in response to oxidative stress induced by HFD may be associated with an increased need for the liver to detoxify superoxide radicals. However, despite this upregulation, the downregulation of cat mRNA and gpx mRNA suggests an insufficient detoxification of H2O2, potentially exacerbating oxidative stress. The suppression of cat mRNA and gpx mRNA in the HFD group indicates that a high-fat diet may exert an inhibitory effect on the antioxidant system, possibly depleting the glutathione system. The significant downregulation of gpx mRNA in the HFD+Q group suggests that the effect of quercetin supplementation on this pathway warrants further investigation. Although the HFD group exhibited an upward trend in gst mRNA levels compared to the LFD group, this increase was not statistically significant, potentially representing an adaptive response aimed at enhancing the detoxification of lipid peroxidation products due to elevated H2O2 levels. Conversely, the reduction in gst mRNA levels observed in the HFD+Q group suggests that quercetin may mitigate oxidative stress without exerting a pro-oxidant effect. In conclusion, a high-fat diet may disrupt oxidative balance by increasing oxidative stress burden and suppressing cat mRNA and gpx mRNA expression, thereby impairing the maintenance of redox homeostasis. Quercetin supplementation may exert a hepatoprotective effect either by directly reducing oxidative stress or by modulating antioxidant defense mechanisms through alternative pathways. Future studies integrating enzymatic activity assessments with gene expression analyses are essential to achieve a more comprehensive understanding of oxidative stress and antioxidant defense mechanisms.






4.5 Expression of liver genes linked to lipid metabolism and regulatory factors


Quercetin has a regulatory effect on the expression of lipid metabolism-related genes in hepatic mRNA in obese individuals (Jung et al., 2013; Wang et al., 2008). Quercetin treatment has been shown to promote fat hydrolysis by stimulating lipolysis through increased expression of hsl mRNA (Seo et al., 2015). The expression of lpl varies in a tissue-specific manner (Li et al., 2013). The expression level of lpl mRNA is influenced by dietary lipid levels (Liu et al., 2021), and while hepatic lpl has been reported to prevent diet-induced obesity and hepatic steatosis, liver-specific overexpression of lpl mRNA paradoxically leads to hepatic steatosis (Chiu et al., 2010). Furthermore, increased dietary intake and fatty acid levels have been associated with elevated lpl mRNA expression (Kleveland et al., 2006; Liang et al., 2002; Zheng et al., 2010). One of the causes of steatosis is reduced free fatty acid β-oxidation. The expression of cpt-1a and ppar-α mRNA, which play a rate-limiting role in β-oxidation, has been reported to be downregulated in Oryzias latipes and Megalobrama amblycephala (Lu et al., 2017, 2014; Matsumoto et al., 2010), whereas contrasting findings have been reported in zebrafish (Dai et al., 2015) and Ctenopharyngodon idellus (Li et al., 2016). The srebp-1 is a transcription factor that regulates the expression of genes involved in lipogenesis. Several genes responsible for fatty acid desaturation are regulated by this transcription factor (Kawakami et al., 2005; Shimano, 2001). The fas serves as a key marker of fat formation in the lipogenesis process, whereas hsl is another important marker involved in fat lipolysis (Moseti et al., 2016; Sekar and Thirumurugan, 2022). In this study, to investigate the mechanism behind the lipid-lowering effect of quercetin and its hepatoprotective properties, the relative expression of some selected genes involved in the lipogenesis (srepb-1, fas, lpl) and lipolysis (ppar-α, cpt-1a and hsl) pathways were analyzed. Interestingly, contrary to expectations, hepatic srebp-1 mRNA expression was downregulated in the HFD group. Although srebp-1 is an important transcription factor that promotes lipogenesis, this downregulation may be related to feedback inhibition mechanisms triggered by excessive hepatic lipid accumulation. In steatotic hepatocytes, the cellular overload of triglycerides and free fatty acids may have suppressed srebp-1 transcription to limit further fat synthesis. In the HFD+Q group, srebp-1 mRNA expression increased to levels comparable to or slightly higher than the LFD group. However, the expression of downstream target genes such as fas remained low, suggesting that the increase in srebp-1 did not translate into enhanced lipogenesis. This indicates that quercetin may exert a regulatory rebalancing effect on metabolic signaling pathways without promoting lipid accumulation. These findings emphasize that the effect of quercetin is not merely a simple suppression of lipid synthesis but rather a normalization of disrupted transcriptional networks under metabolic stress. The HFD diet was found to increase lpl mRNA expression. This may contribute to steatosis by promoting the uptake of free fatty acids generated through lpl-mediated hydrolysis of triacylglycerol in the liver by extrahepatic tissues. The decreased expression of cpt-1α and ppar-α mRNA suggests a reduction in β-oxidation, which may accelerate lipid accumulation and explain the abnormal histoarchitecture observed in the liver of Oncorhynchus mykiss fed an HFD diet. On the other hand, the upregulation of cpt-1α and ppar-α mRNA in the HFD+Q group suggests an adaptive response against hepatotoxicity by enhancing β-oxidation. HFD treatment induced fat formation by upregulating fas mRNA, while the downregulation of hsl mRNA prevented the breakdown of dietary fatty acids, leading to abnormal liver architecture. In conclusion, quercetin treatment may exert its hepatoprotective effect by modulating lipid metabolism through the regulation of lipogenesis and lipolysis pathways.







5 Conclusion


his study demonstrated that feeding female Oncorhynchus mykiss a high-fat diet (HFD) induced significant metabolic and pathological alterations, including hepatic steatosis, dysregulated lipid metabolism, oxidative stress, hepatocellular damage, and impaired serum biochemical parameters such as elevated ALT, AST, and TG levels. Quercetin supplementation prevented fat accumulation in the liver, preserved its normal microscopic structure, limited cell death (apoptosis) by downregulating casp3 gene expression, modulated antioxidant gene expression to improve oxidative balance, and maintained serum biochemical parameters at normal levels. Additionally, quercetin suppressed the expression of lipogenesis-related genes (fas and lpl), while upregulating genes involved in fat breakdown and energy production (ppar-α, cpt-1α, and hsl). These findings suggest that quercetin may effectively prevent liver damage caused by a high-fat diet through modulation of key molecular mechanisms. In conclusion, quercetin alleviated metabolic and pathological disturbances induced by high-fat feeding and demonstrated potential as a natural feed additive to support liver health in aquaculture. Future studies should evaluate dose–response relationships, long-term safety, and potential synergistic effects with other plant-derived bioactive compounds. Furthermore, to gain a more comprehensive and mechanistic understanding of these biological processes, advanced studies incorporating additional molecular markers and protein-level analyses related to oxidative stress signaling pathways, cellular redox regulation, and apoptotic mechanisms are needed.
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