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Oxidized Palm Oil Diet Affects Fatty Acid Profiles, Apparent Digestibility Coefficients and Liver of Hybrid Grouper Juvenile (Epinephelus fuscoguttatus × Epinephelus lanceolatus)
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Vegetable oil is progressively replacing fish oil (FO) in aquafeed production. However, the effect of oxidized vegetable oil is less reported. This study was done to investigate the effects of oxidized refined palm oil (RPO) on the growth performance, feed utilization, proximate and fatty acid profiles, apparent digestibility coefficients and oxidative stress of hybrid grouper juvenile (Epinephelus fuscoguttatus × E. lanceolatus). RPO was force-oxidized and introduced into diets at three oxidative levels to replace 50% of FO. Diets with FO and fresh RPO were served as controls. The peroxide value of the oxidized diets was measured as 14.73, 24.50, and 36.10 meq/kg for diets OxL, OxM, and OxH, respectively. These diets were fed to triplicate groups of hybrid grouper (initial body weight 9.91 ± 0.01 g) for 8 weeks. There was no significant difference in terms of growth performance, survival, feed utilization, and whole-body protein proximate composition in all treatments (p > 0.05). However, different dietary treatments affected the body fatty acids profile and fish-fed OxM diet achieved the highest body weight gain without significant difference (p > 0.05). In terms of hepaticsomatic index (HSI), fish-fed OxH showed a significantly lower value compared to other treatments. Similarly, the lowest apparent digestibility coefficients (ADC) of nutrients were observed in fish fed OxH diet. The oxidized diets caused significant lower blood cholesterol and high-density lipoprotein cholesterol (HDL) (p < 0.05). The oxidative stress in the liver as indicated by the significantly higher thiobarbituric acid-reactive substance (TBARS) value in fish fed all the oxidized diets while no significant changes on the muscle TBARS values. In conclusion, the oxidized RPO diets significantly affected the liver, the nutrient digestibility, and the blood total cholesterol and HDL. Furthermore, hybrid grouper can tolerate up to 20 meq/kg of oxidized RPO in the diet without compromising the growth.
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INTRODUCTION

In aquafeed production, conventionally fish oil (FO) is used as the source of the main lipid [National Research Council (NRC), 2011]. However, over the last few decades, the limited production and the increased prices of FO had surged the effort to find alternative lipid sources to replace or reduce the use of FO in aquafeeds. There has been an increasing trend to use vegetable oil or edible oil extracted from plants such as soybean oil, corn oil, canola oil, and palm oil in aquafeed. Studies had shown that vegetable oils can replace FO partially or even up to 100% replacement (Peng et al., 2008; Mozanzadeh et al., 2016; Li et al., 2019; Gudid et al., 2020). The use of the vegetable oils is evident in maintaining a good growth performance, feed utilization, and feed digestibility, although in general the fatty acids profile of the fish is affected by the level and type of vegetable oils (Lin and Shiau, 2007; Peng et al., 2008; Shapawi et al., 2008; Ng et al., 2013; Mozanzadeh et al., 2016).

Palm oil is among the cheapest and largest production vegetable oil in the world. In recent years, palm oil products had been successfully used as a substitution for FO in diets for several marine fish species such as Japanese sea bass Lateolabrax japonicas (Gao et al., 2012); barramundi, Lates calcarifer (Wan Ahmad et al., 2013); humpback grouper, Cromileptis altivelis (Shapawi et al., 2008) and hybrid grouper Epinephelus fuscoguttatus × E. lanceolatus (Yong et al., 2019b; Gudid et al., 2020). Hybrid grouper is a cross breeding between brown-marbled grouper (E. fuscoguttatus, ♀) × giant grouper (E. lanceolatus, ♂). The hybrid grouper is an economically important aquaculture fish in the Southeast Asian region, Taiwan and China. The fish can accept a dietary lipid in the range of 12–16% for optimum growth (Yong et al., 2019a). Studies also showed that palm oil products can be used to replace 50–100% of FO without compromising the growth of hybrid grouper (Yong et al., 2019b; Gudid et al., 2020).

Lipid in fish feed is prone to oxidation when the feed is stored under aerobic and high temperature conditions. Dietary lipids are known to be susceptible to lipid peroxidation, which leads to the development of undesirable influences on the fish. Lower growth and survival, changes in whole-body composition, and liver damage were reported in several fish species when fed a diet with oxidized FO (Peng et al., 2008; Zhong et al., 2008; Chen et al., 2012; Gao et al., 2012; Long et al., 2022a). This is evidenced by the physiological changes in tested animals such as decreased antioxidant enzymes, changes in the transcriptome profiles, and increased byproducts of lipid peroxidation (Gao et al., 2012; Long et al., 2021, 2022a,b,c). With the increasing usage and different fatty acids profile of vegetable oils, there is a concern about the effect of oxidized vegetable oils on the performance of the fish (Liang et al., 2019). The effect of oxidized FO in aquaculture fish is well-reported, however, there is less information on the oxidized vegetable oils in aquaculture. The severe effects of oxidized vegetable oils on the animals can be different from FO due to the different fatty acid profiles (Liang et al., 2019). Therefore, the present study investigated the effects of oxidized palm oil diets on the growth, survival, feed efficiency, whole-body proximate composition, liver, and muscle fatty acids profile, apparent digestibility coefficient of nutrients, and blood serum as well as liver and muscle oxidative status of hybrid grouper juvenile.



MATERIALS AND METHODS


Experimental Diets and Preparation

Five isoproteic (50%) and isolipidic (12%) experimental diets were formulated. Experimental diets were prepared by substituting 50% of FO with three levels of oxidized refined palm oil (RPO). Diets with 100% FO and 50% fresh RPO were served as control diets (Table 1). The RPO was force-oxidized by heating at 100°C under vigorous aeration (Mourente et al., 2002) and the three levels of oxidized RPO were achieved at every 48 h intervals. The degrees of oxidation was then determined according to the method of AOCS (1991). The different levels of oxidized oils were added to the test diets to replace 50% of the FO.


Table 1. Experimental diet formulation, proximate composition and peroxide value.
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The experimental diets were prepared by mixing all the ingredients until a homogenous mixture, then 40% water was added to form moist dough before passing the dough through a kitchen meat mincer and then dried in the oven at 40°C until dry. All experimental diets were stored in air-tight plastic containers at 4°C until used. All diets were subjected to proximate analysis, peroxide value determination, and fatty acid analysis before use in the feeding trial. All diets contained ~50% crude protein and 12% crude lipid corresponded to the formulated protein and lipid content (Table 1). The peroxide value of the experimental diets FO, RPO, OxL, OxM, and OxH was estimated at 10.12, 8.36, 14.73, 24.50, and 36.10 meq/kg, respectively.



Feeding Trial and Sampling

The feeding trial was conducted in the hatchery of Borneo Marine Research Institute, Universiti Malaysia Sabah, Malaysia. The hybrid grouper juveniles were procured from a local hatchery and acclimatized for 1 week in two 800 L tanks upon arrival. The fish were then acclimatized to experimental conditions for another week while feeding with a commercial diet (Leong Hup Feedmill, 44 % crude protein, 8 % crude lipid) before the feeding trial.

The feeding trial was conducted in a triplicate tank for each dietary treatment. In each tank, 20 hybrid grouper juveniles with an average body weight (BW) 9.87 ± 0.3 g and total length (TL) 8.32 ± 0.05 cm were randomly distributed to each tank with a 150 L volume. The experimental system was a flow-through sea water system where the water flow rate to each tank was ~1 L/min. During the feeding trial, the fish were hand-fed to apparent satiation daily at 0800 and 1,500 h for 8 weeks. The feed intake and uneaten feed if any were recorded daily for estimation of feed consumption. The water salinity, temperature, pH and dissolved oxygen were recorded as 30–32 ppt, 29–31°C, 6.0–7.0, and 5.8–6.8 mg/L, respectively.

During the feeding trial, fish feces were collected to determine the apparent digestibility coefficient. Inert marker chromic oxide was added to the test diets for the apparent digestibility coefficient estimation. After 2 h of feeding, the bottom of the tank was cleaned by siphoning out the uneaten feed. Then fresh intact strands of feces were collected, rinsed with distilled water, and dried using filter paper before keeping it in a zip-lock bag and stored at −20°C until further analysis.

For growth monitoring, the BW of the fish was measured in bulk once every 2 weeks. Prior to each measurement, the fish were starved for 24 h. A commercial anesthetic (Transmore, Nika Trading) was used at ~200 ppm to anesthetize the fish (Noor et al., 2019) before taking the measurements to minimize the handling stress.

At the end of the feeding trial, the BW and TL of the fish were measured individually to estimate the growth performance. The final number of fish was recorded to calculate survival. Fish from each treatment was sampled for whole body proximate analysis (n = 3) and body indices estimation (n = 3). The muscle and liver from another fish were sacrificed for fatty acids (n = 3) and thiobarbituric acid-reactive substance (TBARS) analysis (n = 3). Blood samples were collected from the caudal vein using syringe (23 G) and quickly placed into vacutainer tubes for analysis.



Analysis Methods

The peroxide value analysis of the oils and experimental diets were conducted using the acetic acid-iso-octane method, AOCS Cd 8b-90 (AOCS, 1991). The proximate analysis included crude protein, ash, and moisture were analyzed following the method from AOAC (1999). While the crude lipid content was extracted using chloroform and methanol method (Folch et al., 1957). Transmethylation of fatty acids to fatty acids methyl esters was performed using sodium hydroxide (NaOH-methanol) and hydrogen chloride in methanol (HCl-methanol, Sigma) (Yoshikara and Satoh, 1989). The fatty acids methyl esters were analyzed using gas chromatography (Shimadzu GC-2010, Shimadzu Corporation, Kyoto, Japan) and separated using a capillary column (60 m × 0.25 mm ID; BPX70 column, SGE, Australia). The temperature program ranged from 80°C to 230°C (4°C min−1 from 80°C to 180°C and 2°C min−1 from 181°C to 230°C (Mohd Faudzi et al., 2018). The peaks obtained were identified by comparing the retention times of each peak with known standards Supelco™37 Component fatty acids methyl esters mix (Supelco Inc. Bellefonte, USA).

For the blood biochemical analysis, serum was obtained after centrifugation for 10 min at 30,000 rpm. The biochemical analysis was performed using commercial Roche reagent kits to determine cholesterol (cat. 03039773), triglycerides (cat. 20767107), and total protein (cat. 03183734) (Gudid et al., 2020). The TBRAS analysis was performed following the methods described by Uchiyama and Mihara (1978). For apparent digestibility coefficients (ADC), the feed and feces were digested with nitric and perchloric acids following the method of Furukawa and Tsukahara (1966). The apparent digestibility was calculated using the following formula:

ADC of nutrient = 100 × [1 – (% feces nutrient/% dietary nutrient) × (% dietary chromic oxide/feces chromic oxide)].



Statistical Analysis

The percentage data obtained in the study were arcsine-transformed before the statistical analysis. All data were analyzed using the software Statistical Package for the Social Science (SPSS 20.0). Normality of the data was analyzed using Shapiro–Wilk's test and homogeneity of variance was analyzed using Levene statistical test. One-way analysis of variance (ANOVA) and Tukey's multiple comparison tests were used to determine the significant differences among the means of the treatments at p < 0.05. Each of the data was the means of three replicates. For data on growth, feed efficiency, body composition, apparent digestibility co-efficient, blood biochemical, and TBRAS analysis, a polynomial contrast analysis was conducted. A second-order polynomial analysis of the percentage of body weight gain was conducted to determine the dietary oxidized oil that can be tolerated by hybrid grouper.




RESULTS


Fatty Acid Composition of Experimental Diet

The fatty acids analysis showed that diets added with RPO contained higher levels of saturated and significantly lower levels of polyunsaturated fatty acids (PUFA) compared to the FO diet (Table 2). The addition of RPO also decreased the total n-3 PUFA and increased the total n-6 PUFA, due to the high percentage of fatty acid C18:2n6. Among the RPO diets, the addition of a higher level of oxidized RPO led to the increase of total monounsaturated fatty acids (MUFA) and decreased the total PUFA.


Table 2. Major fatty acid compositions (% of fatty acids/total fatty acids) of the experimental diets.
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Growth Performance, Survival, and Feed Utilization

The effects of oxidized RPO on growth, survival, and feed utilization on the hybrid grouper juveniles are shown in Table 3. There was no significant difference in the growth performance, survival and feed utilization among the treatments (p > 0.05) and the polynomial contrast analysis did not show any linear or quadratic effects of the oxidized oil on the all the parameters observed. However, hybrid grouper juveniles fed with the OxM diet showed the highest weight gain, specific growth rate, and higher protein efficiency ratio while fish fed with the OxH diet resulted in the lowest growth and highest feed conversion ratio without significant difference (p > 0.05). Yet, we attempted to estimate a threshold level of dietary peroxide values using a second-order polynomial regression analysis based on the percentage of body weight gain. The model estimated 20 meq/kg as a value that can be acceptable by the hybrid grouper juvenile (Figure 1). A further increase in dietary oxidized levels decreased the growth of the fish.


Table 3. Growth performances, survival and feed utilization of hybrid grouper juvenile fed control diets and treatment diets with oxidized RPO at the end of feeding trial.
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FIGURE 1. A second-order polynomial regression based on the percentage body weight gain (%) with increasing level of dietary peroxide values showed that 20 meq/kg is the estimated threshold peroxide value in the diet that can be tolerated by hybrid grouper juvenile.




Body Indices, Whole Body Proximate Composition, and Apparent Digestibility Coefficient (ADC)

The different degrees of oxidized RPO did not significantly affect the viscerosomatic index (VSI), intraperitoneal fat (IPF), and intesto-somatic index (ISI) of the fish (p > 0.05, Table 4). However, the increasing oxidized RPO levels inversely reduced the HSI and showed highly significant linear and quadratic effects on the HSI (p < 0.001).


Table 4. The body indices, whole body proximate composition (dry weight basis), and apparent digestibility coefficient of hybrid grouper juvenile fed control and treatment diets with oxidized RPO at the end of feeding trial.
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The body proximate analysis showed that there were no significant differences in the whole-body protein and moisture contents of the fish among the different treatments (p > 0.05). However, the increased level of oxidized RPO decreased the body lipid and significantly lower body lipid content was shown in fish fed OxH (p = 0.042) compared to other oxidized level diets. The polynomial contrast analysis showed a significant inverse linear effect of the oxidized RPO on the body lipid (p = 0.006).

In terms of ADC of nutrients, fish-fed OxH showed significantly lower values of ADC protein, lipid, and dry matter levels compared to other treatments (p < 0.05). The increasing oxidized RPO levels from OxL to OxH gradually decreased the ADC of protein (p < 0.001). Similarly, the increased levels of oxidized RPO in the diets decreased the ADC of lipid (p = 0.014) and the dry matter (p < 0.001) of the fish body. The oxidized RPO also showed significant linear and quadratic effects on the ADC of crude protein and dry matter (p < 0.001).



Fatty Acids Profile

The major fatty acids profile of the fish liver (Table 5) and muscle (Table 6) reflected the fatty acids profile of the respective experimental diets.


Table 5. Major fatty acid compositions (% fatty acids/ total fatty acids) of liver tissue of hybrid grouper juvenile fed control diets and treatment diets with oxidized RPO at the end of feeding trial.
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Table 6. Major fatty acid compositions (% fatty acids/ total fatty acids) of muscle tissue of hybrid grouper juvenile fed control diets and treatment diets with oxidized RPO at the end of the feeding trial.

[image: Table 6]

The increased level of oxidized RPO in the diets resulted in a lower level of C16:0 fatty acid, total saturated fatty acids (SFA), and total MUFA in the liver (p < 0.05) among the RPO diets. While the total PUFA, especially the n-3 PUFA in the liver, increased with the oxidized RPO levels compared to those fed a fresh RPO diet (p < 0.05). The oxidized RPO diets linearly affected most of the fatty acids in the liver (p < 0.05). On the other hand, the fish fed oxidized diets showed a decreasing trend in the liver lipid content with the lowest liver lipid observed in fish fed OxH diet without significant difference among the treatments (p > 0.05).

Almost similar results can be observed in the muscle of the fish fed the experimental diets. However, in the muscle, the C18 fatty acid and total MUFA increased with the increasing level of oxidized RPO in diets. The SFA in the muscle decreased significantly with the increase of the oxidized RPO (p < 0.05). The total PUFA and total n-3 PUFA in the muscle of fish fed oxidized diets were maintained at an almost similar level with fish RPO, while the total n-6 PUFA showed decreasing level with the increased level of oxidized diets. The polynomial contrast analysis showed highly significant linear and quadratic effects on most of the fatty acids in the muscle (p < 0.05).



Blood Biochemical Constituents and Thiobarbituric Acid Reactive Substances (TBARS)

The blood biochemical constituents and TBARS in the liver and muscle of hybrid grouper juvenile at the end of the feeding trial are presented in Table 7. The total cholesterol and high-density lipoprotein (HDL) cholesterol were significantly decreased with the increasing level of dietary oxidized RPO levels in the diets (p < 0.05). The oxidized levels also showed significant linear and quadratic effects on the total cholesterol and HDL in the hybrid grouper (p < 0.05). However, no significant differences were observed in the triglycerides and total protein among the oxidized diets with the control diets except that fish-fed OxH showed higher triglycerides and lower protein (p > 0.05).


Table 7. Blood biochemical and TBARS in liver and muscle of hybrid grouper juvenile fed control diets and treatment diets with oxidized RPO at the end of the feeding trial.
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The TBARS in the liver increased correspondingly to the increasing level of the oxidized degree of the diets and the TBARS levels were significantly higher in all oxidized diets compared to fish-fed FO and RPO diets (p < 0.05). Significant linear and quadratic effect of oxidized levels were also observed on the TBARS value in the liver (p < 0.001). However, no significant differences were observed in the TBARS value in the fish muscle among all treatments. Overall, fish-fed fresh RPO diets exhibited the lowest TBARS values among the treatments without significant difference (p > 0.05).




DISCUSSION

In the present study, the oxidized RPO at different oxidation levels in the diets did not significantly affect the growth, feed utilization, survival, and overall body indices of the fish. However, the lowest growth was recorded in fish fed OxH diet with a peroxides value of 36.1 meq/kg. In a study testing oxidized FO in diets on a slightly bigger size of hybrid grouper (initial body weight 30 g) showed that feeding the fish with oxidized FO diets with peroxide value at more than 2.26 mmol/kg or 17.8 mg/kg malondialdehyde (MDA) significantly reduced the growth of the fish compared to the lower peroxide values diets (Long et al., 2021, 2022b). Besides, feeding the hybrid grouper with 9% of oxidized FO (FO oxidized level of 122 mmol/kg) decreased the mRNA expression of fraction growth factors in the muscle of the hybrid grouper (Yan et al., 2022). In channel catfish, Ictalurus punctatus, the inclusion of oxidized FO and soybean oil with a peroxide value of 350 meq/kg at 40 g/kg and 60 g/kg diet has significantly reduced the growth of the fish in an 8-week trial (Liang et al., 2019). The study also showed that at a similar inclusion level of 40 g/kg of oxidized oils, the oxidized FO caused more negative effects on the growth and oxidative stress than those fed oxidized soybean oil (Liang et al., 2019). Besides, a feeding trial on large yellow croaker, Larmichthys crocea reported that feeding the fish with oxidized FO diets with peroxides values from 28.3 to 104.2 meq/kg resulted in a significantly lower specific growth rate compared to the control group that fed fresh FO diet for 10 weeks (Wang et al., 2016). However, feeding largemouth bass Micropterus salmoides with oxidized FO diets with peroxides values from 132 to 555 meq/kg had led to a significant increase in body weight gain and specific growth rate compared with fish fed fresh FO at the end of the 12-week trial (p < 0.05) (Chen et al., 2012). These studies suggest that the growth responses of fish are markedly influenced by the type of oxidized oils (FO, vegetable oils) and the level of oxidized oil that can be tolerated by the fish is species specific. Based on the second-order polynomial regression analysis on the percentage of body weight gain and the dietary oxidized levels in the diets in the present study, 20 meq/kg is estimated to be the peroxide value of an oxidized diet with RPO that can be tolerated by hybrid grouper without comprising the growth. A further increase in oxidized RPO levels led to a reduction in growth performances.

The experimental diets were well-accepted by the hybrid grouper as the feed intake and other feed efficiency parameters were not significantly affected by the inclusion of fresh RPO and oxidized RPO. Long et al. (2021) reported that feed intake is also not affected by the different levels of oxidized FO diets (1.10–3.86 mg/kg MDA) in hybrid grouper, however, the FCR was significantly higher in fish fed the oxidized FO diets. A study on Japanese sea bass, L. japonicas also showed that the feed intake was not significantly affected by the oxidized FO diets (peroxide values 25.6–26.6 meq/kg) compared to fish fed FO and FO in combination with palm oil diets (peroxide value in diets 5.6–10.2 meq/kg) (Gao et al., 2012). However, the oxidized FO lowered the growth performance of the fish compared to fish-fed FO in combination with palm oil diets (Gao et al., 2012). While a study on largemouth bass (M. salmoides) showed that the feed intake was significantly higher in fish fed diet with a peroxide value 155 meq/kg and thus enhanced the growth of the fish compared to the control group that fed FO and other dietary treatments with higher peroxide values (Yin et al., 2019). The study also showed that the feed intake was higher in fish fed the all the oxidized diets compared to the fish fed FO (Yin et al., 2019). On the contrary, Atlantic salmon (Salmo salar) was shown to be able to discriminate against a diet with a higher oxidized diet with a TBRAS level 76 nmol/g compared to a diet with a TBARS level 34 nmol/g (Hamre et al., 2001).

The ADC of nutrients was significantly influenced by the oxidized diets. A decreasing trend of the ADC of protein, lipid and dry matter was observed with the increasing level of the oxidized RPO in the diets. A significant inverse linear effect of the oxidized RPO diets was noted on the ADC of protein and dry matter. The significantly lower ADC of nutrients had induced a lower growth performance in hybrid grouper fed the OxH diet. This finding is supported by a previous study on hybrid grouper that showed oxidized FO diets significantly induced oxidative stress in the intestine of hybrid grouper. The fish intestine is an important organ for digestion and absorption of nutrients (Le et al., 2019). The increasing level of oxidized FO in the diets (8.27–24.4 mg/kg MDA in diet) lowered the antioxidant enzyme activities while increasing the MDA level in the intestine (Long et al., 2022c). The oxidative stress was also clearly observed to disrupt the intestinal tissue structures (Long et al., 2022c). Thus, the oxidative stress and structure alteration observed in the intestine of hybrid grouper due to the inclusion of the oxidized FO (Long et al., 2022c) can lead to the reduction of digestion and absorption of nutrients in fish fed oxidized RPO diets and reduce the growth of hybrid grouper fed OxH in the present study.

The whole-body protein level of the hybrid grouper juvenile in the present study was not influenced by the experimental diets (p > 0.05). This is similar to the findings reported by Long et al. (2022b) and Yan et al. (2022) on hybrid grouper fed oxidized FO diets; the protein level in the muscle was not affected by the different levels of oxidized FO, and the feeding duration. A study of Chinese long snout catfish, L. longirostris also demonstrated that dietary oxidized FO diets did not affect the carcass composition of the fish (Dong et al., 2011). However, the whole-body lipid level was significantly lower in the hybrid grouper fed OxH diet in the present study (p < 0.05), and a significant decreasing linear effect of the body lipid was noted with the increasing level of oxidized RPO in the diets. This finding is also similar to the study by Long et al. (2022b) reported that the muscle lipid content in the hybrid grouper decreased with the increasing level of oxidized FO in the diets. Besides, the fatty acid profiles of experimental diets are well-reported to directly affect the fatty acid profiles of the fish (Li et al., 2019; Yong et al., 2019b; Yan et al., 2022). In the present study, the type of oils and the oxidized RPO in the diets significantly affected the fatty acids profile of the liver and muscle of hybrid grouper. This finding is similar to the liver and muscle fatty acid profiles of Japanese seabass L. japonicas fed different levels of palm oil and oxidized FO (Gao et al., 2012). In the present study, the RPO diets produced particularly higher levels of total MUFA and lower levels of total PUFA in both liver and muscle compared to fish fed control FM diet. On the other hand, the oxidized RPO diet decreased the total SFA in the liver and muscle compared to the RPO diet. Besides, the total PUFA level in the liver was higher in the higher oxidized diets compared to the RPO diet, while the total PUFA in the muscle was not significantly affected by the oxidized RPO diets. A slightly different fatty acid profile was reported in hybrid grouper fed oxidized FO, where higher total SFA and MUFA, and lower PUFA was reported in the muscle compared to fish fed a control diet (Yan et al., 2022). These findings showed that the alteration of fatty acid profiles in fish can be due to the different types and levels of oxidized oils and thus affect the quality and nutritional value of the fish for human consumption.

The liver is an important organ in metabolizing products coming from the digestive tract, and changes in the liver indicate the nutritional condition of the fish (Najdegerami et al., 2016). In the present study, fish fed OxH diet showed significantly lower HSI value or smaller liver (p < 0.05) and lower lipid content compared to dietary treatments OxL and OxM. A similar trend was reported in juvenile largemouth bass, M. salmoides where the HSI was lower in the fish fed diet with oxidized FO (peroxide value 277 meq/kg) compared to those fed fresh FO (Chen et al., 2012). On the contrary, oxidized FO diets did not lower the HSI of large yellow croaker, L. crocea (Wang et al., 2016). The study reported that the HSI of large yellow croakers increased with the increase of oxidized level (peroxides values 28.29 to 104.21 meq/kg) in the diets. While a study on yellow catfish Pelteobagrus fulvidraco showed that feeding the fish with oxidized FO diets (peroxides values 4.62–63.37 meq/kg) did not cause significant changes in the HSI (Zhang et al., 2021). These studies suggest that the changes in the HSI value or liver may be due to species specific in responses to the different level and type of oxidized oil.

Despite the differences of HSI changes in response to the oxidized diets in previous studies, oxidized oil is evidently causing liver oxidative stress in fish. In the present study, the oxidized RPO diets significantly increased the hepatic TBARS values in a dose-dependent manner with the peroxide value of the diets. TBARS are used as an indicator to evaluate tissue damage from dietary oxidative stress (Hamre et al., 2001). The higher value of TBARS indicates higher lipid peroxidation and oxidative stress. The TBARS of fish fed OxH diet was significantly higher than other treatments. This suggests that the hepatic lipid peroxidation of hybrid grouper was accelerated by the increasing level of oxidized RPO in diets. This hepatic oxidative stress is also obvious from the increasing levels of PUFA in a dose-dependent response to the dietary oxidized levels in the diets due to the antioxidant and anti-inflammatory properties of PUFA particularly n-3 PUFA to reduce oxidative stress (Oppedisano et al., 2020). In largemouth bass, M. salmoides the oxidized FO diets were reported to increase the liver catalase, superoxide dismutase, glutathione peroxidase, glutathione reductase, and glutathione-S-transferase activities (Chen et al., 2012). Besides, in large yellow croaker, L. crocea increasing levels of MDA content in the liver were observed in fish fed the oxidized FO diets (Wang et al., 2016). In yellow catfish, P. fulvidraco, oxidized FO diets caused oxidative stress in the liver, increased lipogenesis and reduced lipolysis (Zhang et al., 2021). These findings are also consistent with the previous study on hybrid grouper reported that oxidized FO significantly decreased the antioxidant enzymes such as superoxide dismutase, glutathione peroxidase and catalase, and vitamin E content in the liver and muscle with the increased level of oxidized FO in the diets (Long et al., 2021, 2022b). These studies also showed that oxidized FO diets led to higher liver lipid content and suggested that oxidized FO impaired liver lipid metabolism and morphological abnormalities (Long et al., 2021, 2022a). While the present findings showed that oxidized RPO diets did not significantly affect the lipid content in the liver and the TBARS values in the fish muscle. These varied results could also be due to the level and type of oxidized oils that were tested on the fish.

Blood biochemical parameters are an indicator of the nutritional status of fish (Tan et al., 2013). The total protein is an indicator of dietary protein status and is related to absorption in the animals (Wang et al., 2016). The present study, it showed that the total protein was not significantly affected by the oxidized diets. Similar to the total protein, triglycerides are not significantly influenced by the oxidized RPO or the oxidized level. However, the inclusion of oxidized RPO in the diets regardless of the oxidation level had markedly reduced the high-density lipoprotein cholesterol (HDL) and the total cholesterol content compared to the fish fed the control diets with FO and fresh RPO. This is in contrast with a previous study on hybrid grouper where an increase of oxidized FO did not alter the total cholesterol level but significantly increased the HDL in the serum of hybrid grouper (Long et al., 2021). The reduction of total cholesterol with the increased oxidized level of RPO oil could probably be due to the decrease of HDL in the fish and the presence of vitamin E in the palm oil (Ng et al., 2008). A study on Japanese flounder, Paralichtyhs olivaceus reported that the plasma total cholesterol increased when the fish were fed with an oxidized FO diet (Gao et al., 2014). However, lower total cholesterol was observed when the fish was fed with an oxidized FO diet supplemented with vitamin E and C (Gao et al., 2014). Replacement of FO with vegetable oil leads to a decrease in plasma cholesterol. It is attributed partially to the decreased content of cholesterol in vegetable oil compared to FO (Turchini et al., 2009). Kim et al. (2012) reported that the lower content of total cholesterol in fish fed with vegetable oil is likely related to the cholesterol lowering factor that is present in linseed and soybean oils. The various results showed that the effects of oxidized oil on the total cholesterol may be due to variation between species and probably due to the difference in heating treatment and type of lipid used (Ringseis and Eder, 2011).



CONCLUSION

The use of oxidized RPO in the diets caused oxidative stress in the hybrid grouper especially in fish fed the OxH diet demonstrated by a significantly lower value of ADC of nutrients, HSI, total cholesterol, and HDL and significantly high TBARS values in the liver. The present study also showed that the hybrid grouper can tolerate up to 20 meq/kg of RPO oxidized diet within a period of 8 weeks without compromising the growth.
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Fish ol (FO) 655 055 055 055 055
Fresh refined palm oil (RPO) - 600 - - -
Oxidized RPO = = 600 6.00 6.00
Alpha- starch 19.35 1935 19.35 19.35 1935
Vitamin premix® 3.00 3.00 300 300 3.00
Mineral premix® 2,00 2.00 2,00 200 2,00
Dicalcium phosphate 1.00 1.00 1.00 1.00 1.00
Carboxymethyl cellulose 1.50 1.50 1.50 1.50 1.50
Chromic oxide 050 050 050 050 050
Proximate composition (% of dry matter basis) and peroxide value (meq/kg)

Crude protein 50.84 51.07 50.76 50.91 5111
Crude lipid 12.35 12.24 12.15 12.18 1212
Ash 13.56 1337 12.98 12.94 1354
Moisture 10.25 10.24 10.26 10.50 1054
Peroxide value in diet (mec/kg) 1012 836 14.73 24.50 36.10

%Flsh meal, crude protein 78.36%; crude lipid 12.97%.
BVitamin mixture (g/kg mixture): Ascorbic acid, 45.0; Inositol, 5.0; Choline chioride, 75.0; Niacin, 4.5; Riboflavin, 1.0; Pyridoxide HCI, 1.0; Thiamine HCI, 0.92; D-calcium pantothenate,

3.0; Retinyl acetate, 0.60; Vitarin D3, 0.083; Menadione, 1.67; DL alpha tocopherol acetate, 8.0; D-biotin, 0.02; Folic acid, 0.09; Vitamin B12, 0.00135. All ingredients were diluted
with alpha cellulose to 1 kg.

CMineral mixture (g/kg mixture): Calcium phosphate monobasic, 270.98; Calcium lactate, 327.0; Ferrous sulfate, 25.0; Magnesium sulfate, 132.0; Potassium chioride, 50.0; Sodium
chloride, 60.0; Potassium iodide, 0.15; Copper sulfate, 0.785; Manganese oxide, 0.8; Cobalt carbonate, 1.0; Zinc oxide, 3.0; Sodium selenite, 0.011; Calcium carbonate, 129.274.
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