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Abstract

:

Aquaculture feed containing olive oil (OO) instead of fish oil (FO) can cause oxidative stress and impair gonad development in fish. We determined the effect of dietary OO-induced oxidative stress on ovarian development, and explored whether vitamin E (VE) could mitigate negative effects. Female Nile tilapia (Oreochromis niloticus) were fed for 10 weeks with four diets: 5% OO + 70 mg/kg VE, 5% OO + 200 mg/kg VE, 5% FO + 70 mg/kg VE, or 5% FO + 200 mg/kg VE. Dietary OO reduced the specific growth rate and gonadosomatic index, inhibited superoxide dismutase and catalase, delayed ovarian development, decreased serum sex hormone levels, and reduced ovarian triglyceride and n-3 highly unsaturated fatty acid contents. The transcript levels of genes encoding sex hormone receptors (erα, fshr, lhr) and components of the lipid metabolism pathway (pparα, pparγ, hsl, accα, elovl6), the nrf2 signaling pathway (nrf2, keap1), and the nf-κb signaling pathway (nf-κb, tnfα, infγ, il1β) differed between the 70VE/OO and 70VE/FO groups. Supplementation with 200 mg/kg VE mitigated the adverse effects of OO by improving antioxidant capacity and alleviating inflammation and abnormal lipid metabolism. This may be because VE is an antioxidant and it can regulate the nrf2-nf-κb signaling pathway.
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1. Introduction


Traditionally, fish oil (FO) has been used as an important component of aquatic feed. However, because of the strong demand and insufficient supply, the price of FO has continued to rise [1]. Vegetable oil is regarded as a favorable alternative to FO because of its cost-effectiveness and wide availability [2]. Oleic acid (OA, C18:1n-9) is a prominent fatty acid found in vegetable oils, particularly in olive oil (OO) and rapeseed oil (RO). Studies on large yellow croaker (Larichthys crocea) [3] and golden pompano (Trachinotus ovatus) [4] have shown that OO or RO can replace FO to some extent without affecting growth performance. Fatty acids are an important component of the cell phospholipid bilayer, and imbalanced fatty acid intake can make this bilayer prone to peroxidation. This can cause damage to cell structure and function, resulting in abnormal secretion of cytokines, increased production of reactive oxygen species (ROS), disordered lipid metabolism, and oxidative stress damage. Research has shown that excessive replacement of FO with OO or RO can lead to abnormal lipid deposition and decreased antioxidant capacity in fish [3,5]. For example, Li et al. [3] showed that total replacement of FO with OO activated the p38 MAPK and JNK pathways. These changes resulted in increased hepatic lipid deposition, an inflammatory response, and oxidative stress damage, which ultimately weakened the growth performance of those fish. However, the underlying mechanisms of oxidative damage and aberrant lipid metabolism triggered by excessive OA in fish have not been thoroughly elucidated.



The type of dietary lipids, especially the composition and proportion of long chain polyunsaturated fatty acids (LC-PUFA) in oil, strongly affect gonad development and the reproductive performance of fish. Fish oil is an excellent lipid source for broodstock of fishes, including pearl gourami (Trichogaster leeri) [6] and gilthead seabream (Sparus aurata) [7], because of its high LC-PUFA content. Studies have shown that partial replacement of FO with OO or RO can promote the reproductive performance of tongue sole (Cynoglossus semilaevis) [8], Atlantic salmon (Salmo salar) [9], and sterlet sturgeon (Acipenser ruthenus) [10], although excessive replacement of FO was reported to decrease the reproductive performance of sterlet sturgeon [10]. However, little is known about the effects of dietary OO on the gonad development and reproduction of tilapia.



As a fat-soluble vitamin, vitamin E (VE) is involved in many processes in fish, such as growth, breeding, the antioxidant system, and intracellular signal transmission [11]. Firstly, VE functions as a nonenzymatic antioxidant to scavenge free radicals by combining with oxides. It can also inhibit the lipid peroxidation, thus reducing oxidative stress damage in fish [12]. Research has shown that an appropriate dietary VE level can enhance the antioxidant capacity in hybrid grouper (♀ Epinephelus fuscoguttatus × ♂ Epenephelus lanceolatus) [13] and Caspian trout (Salmo caspius) [14]. A deficiency of dietary VE in grass carp (Ctenopharyngodon idella) was shown to induce oxidative damage, which is closely associated with reduced activities of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase [15]. The addition of dietary VE can also positively affect animal reproduction. For example, dietary VE was shown to promote ovarian development, improve the spawning rate, and increase larval quality in red swordtail (Xiphophorus helleri) [16] and Black Sea trout (Salmo labrax) [17]. In addition, VE plays a vital role in the regulation of lipid metabolism and a deficiency of VE in the diet has been found to result in abnormal lipid deposition in fish [13,18]. For instance, Liang et al. [13] found that an optimal dietary level of VE alleviated lipid accumulation by upregulating the gene encoding hormone-sensitive triglyceride lipase (HSL) and downregulating the gene-encoding fatty acid synthase (FAS) in the liver of hybrid grouper. Dietary VE has been shown to be beneficial to alleviate oxidative damage caused by metal pollution [19], oxidized fish oil [20] and high-fat feed [21]. However, few studies have explored whether VE can alleviate the stress response to excess dietary OA.



Tilapia is the main freshwater aquaculture fish in the southern provinces of China. China’s tilapia yield in 2021 exceeded 1,650,000 tons, ranking first in the world [22]. However, in recent years, the tilapia aquaculture industry in China has encountered significant degradation of germplasm resources. This has been manifested as a decline of fertility, slow growth, and more severe diseases [23]. Therefore, it is crucial to assess the potential of nutrients to enhance the ovarian development and reproductive performance of tilapia. Both FO and OO are now widely used as lipid components of tilapia feed. However, prolonged intake of OA-enriched diet (e.g., OO diet) can lead to aberrant lipid metabolism and low antioxidant status in tilapia [24,25]. Therefore, it is imperative to conduct a comprehensive investigation into the metabolic response of tilapia to OO in their diet. Previous investigations have demonstrated that VE supplied at a dose of 50–100 mg/kg is sufficient to satisfy the growth demand of Nile tilapia when the dietary lipid level is set at 50 g/kg [26]. Notably, higher doses of dietary VE have been reported to enhance the immune response [18] and stimulate ovarian development [27,28] in tilapia. Based on these findings, the objective of this study was to elucidate the mechanisms underlying the effects of dietary OO on lipid metabolism, antioxidant capacity, and ovarian development in Nile tilapia (Oreochromis niloticus). We also aimed to investigate the potential mitigating effects of vitamin E (VE). The findings of this study will serve as a valuable reference for the application and development of OO-based feed for use in tilapia aquaculture.




2. Materials and Methods


2.1. Experimental Animals


Female tilapia were acquired from the YangZhong Pilot Research Station located in YangZhong, China. Upon acquisition, the fish were acclimated in polyethylene tanks equipped with a recirculating system (temperature 27–29 °C; dissolved oxygen > 5 mg/L; pH 7.2–7.6) for 1 week. The fish were fed with a commercial feed containing 33% protein and 6% lipid twice per day.




2.2. Experimental Diet Preparation


Two VE levels, 70 mg/kg and 200 mg/kg, were selected as experimental variables in this study. Four experimental diets were formulated, incorporating two levels of fat sources and VE, namely: 5% FO with 70 mg/kg VE (hereinafter referred to as 70VE/FO), 5% FO with 200 mg/kg VE (200VE/FO), 5% OO with 70 mg/kg VE (70VE/OO), and 5% OO with 200 mg/kg VE (200VE/OO). The formulation of the experimental diets is listed in Table 1. The dry ingredients were pulverized and sifted through a 60-mesh sieve. A thorough mixing process was carried out using the progressive enlargement principle. Two levels of VE were completely dissolved in experimental oil and then combined with the dry ingredients. To achieve a moist dough, the mixture was supplemented with 8% water content. The dough was processed through a laboratory pelletizer to form pellets with a diameter of 2.5 mm. These pellets were air dried at room temperature and stored at −20 °C until use.




2.3. Feeding Trial and Sample Collection


Female Nile tilapia with an initial total weight averaging 162.7 ± 3.8 g were used in this study. After acclimation, the fish were randomly allocated into four dietary groups, which were kept in polyethylene tanks with dimensions of 2080 mm (diameter) × 1200 mm (height). Each tank contained 20 fish. Fish were fed to apparent satiation twice daily (7.30 and 16.30) with the same rearing conditions as those used during the acclimation phase.



The duration of the feeding trial was 10 weeks. Prior to sampling, the fish underwent a 24 h fasting period. Subsequently, the number of experimental fish per tank was recorded, and then all the fish were weighed. From each tank, three fish were randomly chosen and subjected to anesthesia with 100 mg/L MS-222. Blood samples were initially obtained from the caudal vein and promptly centrifuged (3000× g, 15 min, 4 °C). The serum samples were collected and stored at −20 °C until serum biochemical analysis. Simultaneously, ovarian tissues were carefully collected and divided into two portions. The first portion was stored at −80 °C for analyses of enzyme activities and mRNA levels. The second portion was stored at −20 °C until determination of fatty acid composition and VE content. Finally, one fish from each tank was chosen to obtain ovarian tissues for histological analyses.




2.4. Proximate Composition and VE Content Analysis


The experimental diets and whole fish bodies were analyzed to detect their moisture, crude protein, fat, and ash contents. The analyses followed the procedures outlined by the AOAC [29].



The vitamin E contents in the diet and fish tissues were analyzed as described in our previous study [18]. Briefly, approximately 0.1 g sample was homogenized in physiological saline, with a weight-to-volume ratio of 1:9. The mixture was centrifuged at 2500× g for 10 min and the supernatant was used for VE content determination by high-performance liquid chromatography (JY/T 024–1996).




2.5. Histological Analysis


The collected ovarian tissues were fixed in 4% paraformaldehyde for 24 h, dehydrated using an ethanol gradient, and then embedded in paraffin. The samples were sectioned into 4 μm slices, followed by staining with hematoxylin and eosin. Pathological changes within the ovarian tissues were visualized and examined under a light microscope (Leica UB203I, Nussloch, Germany).




2.6. Serum Hormone Contents and Inflammatory Parameters


The levels of follicle stimulating hormone (FSH), luteinizing hormone (LH), and estradiol (E2) in the serum samples were determined using ELISA methods [30]. The ELISA kits for these analyses were obtained from Shanghai Langdon Biotechnology Co., Ltd. (Shanghai, China), and the manufacturer’s instructions were followed. The activities of serum alanine aminotransferase (ALT) and aspartate transaminase (AST) were measured using an automatic biochemical analyzer (bs-400, MINDRAY, Shenzhen, China). The reagents for these measurements were obtained from Shenzhen Mindray Bio-Medical Electronics Co., Ltd. (Shenzhen, China).




2.7. Antioxidant Parameters


The activities of superoxide dismutase (SOD) and catalase (CAT) as well as the malondialdehyde (MDA) content in both serum and ovarian samples were assessed using established methods [31,32]. The kits used for these measurements were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).




2.8. Lipid Extraction and Analysis


Total lipids were extracted from ovarian tissues following Folch’s method [33]. The levels of ovarian triglycerides (TG) and total cholesterol (TC) were determined using kits obtained from the Nanjing Jiancheng Bioengineering Institute.



Fatty acid composition was analyzed as described elsewhere [34]. Briefly, all lipids were initially separated using a chloroform/methanol mixture (2:1). Subsequently, the lipids were methylated in a 1:99 sulfuric acid:methanol solution at 70 °C for 3 h to generate fatty acid methyl esters (FAMEs). The FAMEs were then extracted using heptane and subjected to gas chromatography analysis utilizing a GC-2010 instrument (Shimadzu, Kyoto, Japan). Fatty acids were identified by comparison with known standards obtained from Sigma (St Louis, MO, USA) and quantified using the CLASS-GC10 GC workstation (Shimadzu). The fatty acid composition of the experimental diets is presented in Table 2.




2.9. RNA Extraction and qRT-PCR Analysis


Total RNA was extracted from ovarian tissues using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA). The cDNA was synthesized with PrimeScript RT Master Mix (Takara, Dalian, China). Quantitative real-time PCR (qPCR) was conducted on an ABI QuantStudio 5 instrument (ABI, Foster City, CA, USA) utilizing the SYBR® Premix Ex Taq kit (Takara). All reactions were performed in triplicate. Elongation factor 1α (ef1α) and β-actin were utilized as reference genes. The relative transcript levels of the target genes were calculated using the 2^(-∆∆Ct) method, where ∆Ct = Ct target − (Ct EF1α + Ct β-actin)/2. The sequences of primers used for qPCR analyses are listed in Table S1.




2.10. Calculations and Statistical Analysis


The weight gain rate (WGR), specific growth rate (SGR), survival rate (SR), hepatosomatic index (HSI), and GSI were calculated using standard formulae [16].



All results shown in figures and tables are mean ± standard error. The data were tested for normality and homogeneity of variance using the Shapiro–Wilk’s test and Levene’s test, respectively. Factorial (two-way) analysis of variance (ANOVA) was employed to assess the effects of dietary lipid source, VE levels, and their interactions on growth performance, lipid metabolism, and the antioxidant response. Significance was determined at p < 0.05. If significant differences were found, further analyses were conducted using one-way ANOVA to assess the effects of the dietary lipid source and VE level for each respective factor.





3. Results


3.1. Growth Performance and Whole-Body Composition


The growth performance of fish fed with the different diets is shown in Figure 1. The FBW, WGR, SGR, HSI, and GSI were significantly influenced by the dietary lipid level (p < 0.05), and GSI was significantly affected by the interaction between dietary lipid and VE levels (p < 0.05). Specifically, FBW, WGR, SGR, and GSI were significantly lower in the 70VE/OO treatment than in the 70VE/FO treatment (p < 0.05), while HSI was significantly higher in the 70VE/OO treatment than in the 70VE/FO treatment (p < 0.05). For fish fed with OO-containing diets, GSI significantly increased with increasing dietary VE levels (p < 0.05).



The proximate composition of whole fish and the VE content in tilapia fed with the different experimental diets are shown in Table 3. Ovarian VE contents were significantly higher in the 200VE groups than in the 70VE groups (p < 0.05). However, moisture, crude protein, crude lipid, and ash contents of whole fish bodies were not significantly affected by the dietary lipid or VE levels (p > 0.05).




3.2. Ovary Morphology


Figure 2 shows various stages of oocyte development in female tilapia fed with different diets. In the 70VE/OO group, the majority of oocytes were at stage II and III, and atretic follicles were present. Conversely, in the 70VE/FO group, some oocytes had progressed to stage V, although a certain number of oocytes were still at stages II and III. The oocytes in the 200VE group reached a more advanced stage of maturity than did those in the 70VE group. There were more stage III and IV oocytes in the 200VE/OO group than in the 70VE/OO group and more stage V oocytes in the 200VE/FO group than in the 70VE/FO group.




3.3. Serum Hormone Contents and Inflammatory Parameters


The serum hormone contents and inflammatory parameters of female tilapia fed with different diets are shown in Figure 3. The serum E2, FSH, LH, and AST contents were significantly affected by the dietary lipid level (p < 0.05), and the serum E2, LH, AST, and ALT contents were significantly affected by the dietary VE level (p < 0.05). The serum AST content was also significantly influenced by the interaction between dietary lipid and VE levels (p < 0.05). In the 70VE groups, compared with dietary FO, dietary OO resulted in significantly decreased serum E2, FSH, and LH levels and significantly increased serum AST and ALT levels (p < 0.05). In the fish fed with OO diets, serum E2 and LH levels significantly increased, while AST and ALT levels significantly decreased with increasing dietary VE levels (p < 0.05). In the 200VE groups, compared with dietary FO, dietary OO significantly increased serum AST levels (p < 0.05).




3.4. Serum and Ovary Antioxidant Parameters


The effects of the different diets on serum and ovarian antioxidant parameters are shown in Figure 4. The serum and ovarian antioxidant parameters were significantly influenced by the dietary lipid level (p < 0.05), and the serum and ovarian MDA contents were significantly affected by the dietary VE level (p < 0.05). In the 70VE groups, compared with dietary FO, dietary OO resulted in a significant decrease in the activities of SOD and CAT, and significant increases in the contents of MDA in both serum and ovarian tissues (p < 0.05). Furthermore, in the fish fed with OO diets, the serum SOD activity and ovarian SOD and CAT activities significantly increased and the serum and ovarian MDA contents significantly decreased with increasing dietary VE levels (p < 0.05). Conversely, in the 200VE groups, compared with dietary FO, dietary OO resulted in significantly lower serum SOD activity (p < 0.05).




3.5. Lipid Content and Fatty Acid Composition in the Ovary


The TG and TC contents in the ovary were significantly affected by dietary lipid levels (p < 0.05), and the TG content in the ovary was also significantly affected by the dietary VE levels (p < 0.05) (Figure 5A,B). In the 70VE groups, compared with dietary FO, dietary OO significantly decreased ovarian TG and TC contents (p < 0.05). In the fish fed with OO-containing diets, the ovarian TG content significantly increased with increasing dietary VE levels (p < 0.05).



The ovarian fatty acid composition in fish fed with the four experimental groups is shown in Table S2 and Figure 5C. The contents of SFA, MUFA, PUFA, n-3 PUFA, C20:4 (ARA), C20:5 (EPA), and C22:6 (DHA) in the ovary were significantly affected by the dietary lipid level (p < 0.05), and the contents of MUFA, PUFA, n-3 PUFA, n-6 PUFA, C20:4, C20:5, and C22:6 in the ovary were significantly affected by the dietary VE level (p < 0.05). The C20:4 content in the ovary was significantly affected by the interaction between dietary lipid and VE levels (p < 0.05) (Figure 5D–K). Compared with the 70VE groups, the 200VE groups showed significantly increased ovarian SFA, PUFA, n-3 PUFA C20:4, C20:5, and C22:6 contents, and decreased hepatic MUFA content (p < 0.05). In the fish fed with OO-containing diets, the hepatic PUFA, n-6 PUFA, C20:4, and C22:6 contents significantly increased with increasing dietary VE levels (p < 0.05).




3.6. Expression Levels of Genes Encoding Hormone Receptors in the Ovary


The transcript levels of erα, fshr, and lhr in the ovary were significantly affected by both dietary lipid levels and VE levels (p < 0.05), and the transcript level of lhr in the ovary was also significantly affected by the interaction between dietary lipid and VE levels (p < 0.05) (Figure 6). In the 70VE groups, compared with dietary FO, dietary OO significantly decreased the transcript levels of erα, fshr, and lhr in the ovary (p < 0.05). In the fish fed with OO diets, the transcript levels of ovarian erα, erβ, fshr and lhr significantly increased with increasing dietary VE levels (p < 0.05). In the 200VE groups, compared with dietary FO, dietary OO significantly decreased the transcript levels of fshr and lhr in the ovary (p < 0.05).




3.7. Expression Levels of Genes Related to Lipid Metabolism in the Ovary


The transcript levels of pparγ, hsl, accα, and elovl6 in the ovary were significantly affected by the dietary lipid level (p < 0.05), and that of pparα was significantly affected by the dietary VE level (p < 0.05). The transcript levels of pparα, accα, and elovl6 were significantly affected by the interaction between dietary lipid and VE levels (p < 0.05) (Figure 7). In the 70VE groups, compared with dietary FO, dietary OO significantly decreased the transcript levels of pparα, accα, elovl6, and hsl, and significantly increased the transcript level of pparγ in the ovary (p < 0.05). In the fish fed with OO-containing diets, the transcript levels of pparα, accα and elovl6 in the ovary significantly increased with increasing dietary VE levels (p < 0.05). In the 200VE groups, compared with dietary FO, dietary OO significantly decreased the transcript levels of accα and elovl6 in the ovary (p < 0.05).




3.8. Transcript Levels of Genes Related to the nrf2 Signaling Pathway in the Ovary


The transcript levels of nrf2 and keap1 in the ovary were significantly affected by the dietary lipid level (p < 0.05), and that of keap1 was significantly affected by the dietary VE level (p < 0.05) (Figure 8). In the 70VE groups, compared with dietary FO, dietary OO significantly decreased the transcript level of nrf2 and decreased that of keap1 in the ovary (p < 0.05). In the fish fed with OO-containing diets, the transcript levels nrf2 increased and those of keap1 decreased with increasing dietary VE levels (p < 0.05).




3.9. Expression Levels of Genes Related to nf-κb Signaling Pathway in the Ovary


The transcript levels of four nf-κb signaling pathway-related genes were significantly affected by the dietary lipid level (p < 0.05), the transcript level of il1β was significantly affected by the dietary VE levels (p < 0.05), and the transcript levels of nf-κb tnfα, and il1β were also significantly affected by the interaction between dietary lipid and VE levels (p < 0.05) (Figure 9). In the 70VE groups, compared with dietary FO, dietary OO significantly increased the transcript levels of nf-κb, infγ, tnfα, and il1β in the ovary (p < 0.05). In the fish fed with OO-containing diets, the transcript levels of nf-κb and il1β in the ovary significantly decreased with increasing dietary VE levels (p < 0.05). In the 200VE groups, compared with dietary FO, dietary OO significantly increased the transcript level il1β in the ovary (p < 0.05).





4. Discussion


Traditionally, FO has been the main lipid source used in aquafeeds. However, the aquaculture industry is facing a shortage of FO due to its increasing price and limited production. Vegetable oil is considered an excellent substitute for FO because of its cost-effectiveness and wide availability [2]. OA-rich OO has been used successfully as a substitute for FO in feed for some aquatic animals [4,35]. Notably, excessive replacement of dietary FO with OO can result in lipid metabolism disorders and decreased antioxidant capacity, which can adversely affect fish growth and overall health. For example, Li et al. [3] reported that complete replacement of FO with OO in the diet led to decreases in the values of growth indicators such as FBW and SGR in large yellow croaker. Similarly, juvenile Nile tilapia fed with an OO-containing diet showed poorer growth performance than that of those fed with a FO-containing diet [25]. In the present study, the values of FBW, WGR, and SGR were lower in fish fed with an OO-containing diet than in those fed with a FO-containing diet, indicating that excessive replacement of dietary FO with OO adversely affected the growth of female tilapia. Furthermore, the HSI was higher in the OO groups than in the FO groups, similar to large yellow croaker fed with an OO-containing diet [3]. Our results suggest that excessive replacement of dietary FO by OO disrupts lipid metabolism, resulting in hepatic lipid accumulation and elevated HSI.



In the present study, the dietary VE level did not significantly affect the growth performance of female tilapia. In studies on spotted seabass (Lateolabrax macroatus) [36], golden pompano [37], and blunt snout bream (Megalobrama ambycephala) [38], appropriate VE supplementation was found to have a growth-promoting effect, although high doses of VE did not further increase fish growth. Previous studies have shown that 50–100 mg/kg VE can meet the growth demands for Nile tilapia at a dietary lipid level of 50 g/kg [18]. Our results show that 70 mg/kg VE in the diet was able to meet the growth demands of female tilapia, while VE supplementation at a high dose (200 mg/kg) did not further enhance growth performance.



Gonad development in fish is mainly influenced by environmental conditions and feed nutrition. Research has shown that high-quality protein and lipid sources, as well as appropriate vitamin levels, can improve reproductive performance and accelerate oocyte development in fish [37,39]. Studies on tongue sole [8], Atlantic Salmon [9], and sterlet sturgeon [10] have shown that partially replacing FO with OA-enriched OO or RO can improve the egg quality and reproductive performance of broodstock. In this study, the majority of the oocytes in fish fed with an OO-containing diet were at developmental stages II and III, consistent with the lower GSI. The GSI serves as a dependable indicator of the gonads’ developmental status [40]. Our results show that an OO-containing diet inhibited ovarian development in female tilapia to a certain extent, but VE supplementation at 200 mg/kg in the OO-containing diet increased the GSI and the number of stage III and IV oocytes. In other studies, appropriate VE supplementation was shown to promote the reproductive performance of red swordtail (Xiphophorus helleri) [16] and Black Sea trout (Salmo labrax) [17]. The results of our study suggest that VE at 70 mg/kg in the OO-containing diet was sufficient to meet the growth requirements of female tilapia, but insufficient to meet the demands for ovarian development. Extra VE supplementation (at 200 mg/kg) promoted the maturation of oocytes and improved the gonad development of female tilapia fed with an OO-containing diet. A study conducted on Nile tilapia revealed that the most favorable reproductive performance was observed in fish fed a diet containing soybean oil supplemented with 120 mg/kg of VE [27]. Another study demonstrated that a VE supplementation of 400 mg/kg effectively met the reproduction requirements for female Nile tilapia when the dietary lipid level was set at 100 g/kg [28]. The variation in VE requirements for gonad development and reproduction among above studies may be attributed to factors such as tilapia size, age, lipid levels, and types of lipids used.



Sex hormones play crucial roles in gonad differentiation and development in teleosts [41]. The main estrogen subtype, E2, is involved in the regulation of reproductive physiology, ovarian differentiation, and oocyte development [42]. One study detected a positive correlation between the E2 level and yolk accumulation in oocytes [43]. In the current study, the elevated serum E2 level in female tilapia fed with the FO-containing diet appeared to be associated with accelerated yolk accumulation in oocytes. However, feeding with the OO-containing diet resulted in a significant decrease in serum E2 levels, which may have hindered oocyte development. The pituitary gland secretes the gonadotropins LH and FSH, which regulate gonad development and sex hormone synthesis [44]. Insufficient FSH secretion has been reported as the primary cause of follicular atresia [23]. In addition, Qiang et al. reported that the serum LH and FSH levels are closely related to gonad development in tilapia, and their levels gradually increase during ovarian development and peak when oocytes mature [30]. In this study, compared with the FO groups, the groups fed with the OA-enriched OO diet showed decreased levels of serum E2, LH, and FSH, as well as lower transcript levels of erα, fshr, and lhr, which encode hormone receptors, in the ovary. Supplementation with OA was shown to decrease the transcript levels of fshr and lhr and diminish steroid hormone production in bovine granulosa cells [45]. We speculate that a diet enriched with OA from OO may impede the synthesis and secretion of E2, LH, and FSH. Furthermore, it may decrease the sensitivity of the ovary to gonadotropins, resulting in the inhibition of ovarian development and accelerated onset of follicular atresia. Nevertheless, we found that VE supplementation at 200 mg/kg in the OO-containing diet increased the serum sex hormone levels and the transcript levels of genes encoding their receptors in the ovary. Similar results have been reported in aging breeder hens [46], indicating that VE supplementation may help to regulate follicular development by enhancing sex hormone biosynthesis.



Lipids are essential nutrients for fish gonad development, mating reproduction, parental fertility, and embryonic development [47]. As the ovaries develop, they gradually accumulate lipids, with lipid content peaking at ovary maturity [48,49]. In the current study, the TG and total cholesterol TC levels in the ovary were higher in the 70VE/FO group than in the 70VE/OO group. Similar results have been reported for spotted scat (Scatophagus argus) [50] and gilthead seabream [7]. Based on the changes in lipid indicators in this experiment, we speculate that the inclusion of OO in the diet may impede the transport of lipids from the liver to the ovaries. This, in turn, could result in elevated HSI and reduced lipid accumulation in the ovaries, conditions that are not conducive to successful oocyte maturation. In this experiment, dietary OO significantly increased the proportion of MUFA (especially C18:1), but significantly decreased the proportion of n-3 PUFA in the ovary. Similar findings were reported in the analysis of the body fatty acid composition of Nile tilapia [25]. This suggests that the composition of fatty acids in tilapia tissues maybe greatly affected by the type and quantity of lipids in the diet. Several studies have noted that the accumulation of n-3 PUFA, especially C20:5n-3 (EPA) and C22:6n-3 (DHA), improves the egg quality and reproductive performance of broodstock [51,52], while the overaccumulation of C18:1 is not conducive to sex hormone synthesis or the normal development of germ cells [45]. Our results suggest that dietary OO caused an imbalance in fatty acid composition and some essential fatty acids did not accumulate to sufficient levels in the ovary. This is one of the possible reasons why ovarian development was inhibited in female tilapia fed with an OO-containing diet. Our results also show that VE supplementation at 200 mg/kg in the OO-containing diet increased the TG content and the proportion of LC-PUFA out of total fatty acids in the ovary. Dietary VE supplementation was also shown to promote TG accumulation in the ovary of aging breeder hens [46]. In that study, it was considered that the accumulated TG may promote the production of yolk precursors in the ovary, thereby promoting the oocyte development. At the same time, VE can effectively reduce the peroxidation of unsaturated fatty acids because of its antioxidant properties [12]. Studies on blunt snout bream [38] and golden pompano [37] reported that n-3 PUFA, especially EPA and DHA, accumulated to higher levels in tissues with increasing dietary VE supplementation. Thus, the extra VE supplementation in the OO-containing diet may have contributed to lipid accumulation, regulation of the composition of fatty acids, and improvements in the lipid nutritional status for ovarian development in female tilapia.



As the main lipid in oocytes, TG can be hydrolyzed by lipases to generate fatty acids, which are further decomposed by β-oxidation to provide energy [53]. Thus, abnormal lipid metabolism can affect the development and maturation of oocytes. Generally, the regulation of lipid metabolism relies on multiple lipid metabolism-related enzymes and transcription factors [54]. The peroxisome proliferator-activated receptor family are ligand-dependent transcription factors. One of its members, encoded by pparα, plays an important role in regulating fatty acid β-oxidative metabolism, while another member, encoded by pparγ, is mainly involved in lipid biosynthesis [55]. HSL is a rate-limiting enzyme for TG decomposition [56]. The transcript levels of pparα and lpl were found to be upregulated during follicular development of spotted scat [57]. Wang et al. reported that the expression level of ovarian pparγ may be regulated by dietary n-3 PUFA levels, and a low expression level of pparγ was beneficial for oocyte maturation in spotted scat [50]. In this study, compared with the 70VE/FO group, the 70VE/OO group showed significantly lower transcript levels of pparα and hsl and significantly higher transcript levels of pparγ in the ovary, indicating that dietary OO inhibited TG, hydrolysis, and fatty acid β-oxidation, possibly resulting in insufficient energy for oocyte development in female tilapia. ACCα and ELOVL6 are key enzymes for de novo synthesis of fatty acids [58,59]. In this study, the transcript levels of ovarian accα and elovl6 were downregulated in fish fed with an OO-containing diet. This suggests that feed containing OO not only inhibits fatty acid β-oxidation but also hinders lipid synthesis, consistent with our histological observations. The dysregulation of lipid metabolism in the ovary may have contributed to the poor ovarian development. Previous studies have shown that VE can regulate lipid metabolism by modulating the expression of lipid metabolism-related genes (e.g., ppars, elovls, fas) in fish [37,38]. In this study, VE supplementation at 200 mg/kg in the OO-containing diet increased the transcript levels of pparα, hsl, accα and elovl6, indicating that extra VE supplementation may regulate fatty acid metabolism via activating the pparα signaling pathway, thereby enabling oocytes to obtain more energy for development.



Metabolic processes result in the production of ROS in the fish body. Environmental stress and nutrient imbalances in the diet can result in excess ROS, which cause oxidative damage to cells [60]. The nrf2 signaling pathway plays a crucial role in mitigating oxidative stress damage and has been extensively investigated in both mammals and fish [61]. Under oxidative challenge, nrf2 activates a cascade of downstream genes and enzymes related to antioxidant defense, such as SOD and CAT, which work together to reduce the detrimental effects of oxidative stress [62]. Severe oxidative stress can inhibit the nrf2 signaling pathway [63]. In this study, the transcript level of nrf2 and the activities of SOD and CAT were significantly downregulated, while the content of MDA was significantly upregulated, in the 70VE/OO group compared with the 70VE/FO group. These results suggest that dietary OO reduces the antioxidant capacity in female tilapia. Similar results were observed in tilapia [24], large yellow croaker [3], and Japanese sea bass (Lateolabrax japonicus) [64]. Aquatic organisms require a large amount of energy to activate and maintain antioxidant systems to cope with oxidative stress [65]. We speculate that dietary OO may inhibit fatty acid β-oxidation, thereby limiting the energy supply in the ovary, leading to the inactivation of the nrf2 signaling pathway and weakening of the antioxidant response. Ultimately, these changes aggravate oxidative damage to oocytes in female tilapia. Appropriate VE supplementation has been shown to improve the antioxidant capacity and immunity of fish [13,18]. For example, Qiang et al. found that moderate supplementation of dietary VE activated antioxidant genes in genetically improved farmed tilapia, leading to the enhancement of antioxidant capacity [18]. In this study, VE at 200 mg/kg in the OO diet upregulated nrf2, increased the activities of SOD and CAT, and reduced the MDA content in the ovary. This may be related to VE blocking the production of peroxides by participating in redox reactions with oxygen-containing groups of ROS [66]. Dietary supplementation with VE has been shown to have an ameliorating effect on oxidative stress in aquatic organisms caused by metal pollution [19], oxidized fish oil [20], and high-fat feed [21]. Our results suggest that VE supplementation in an OO-containing diet may improve the oxidative stress status of female tilapia by activating the nrf2 signaling pathway.



The nf-κb signaling pathway participates in the regulation of the inflammatory response in fish. Stimulation by exogenous or endogenous stresses activates the nf-κb signaling pathway in fish, and the resulting release of inflammatory cytokines leads to inflammation [67]. In this study, compared with the 70VE/FO group, the 70VE/OO group showed higher transcript levels of nf-κb and its downstream genes infγ, tnfα, il1β encoding inflammatory factors. Combined with the changes in serum AST and ALT levels, these findings suggest that dietary OO causes inflammation as well as oxidative stress in female tilapia. Studies on large yellow croaker showed that, compared with an FO group, an OO group showed increased expression of pro-inflammatory genes, cox-2, il-1β, and tnfα, which ultimately induced inflammation [3]. Similar findings have been reported in rats [68]. The occurrence of inflammation is closely related to ovarian dysplasia and follicular atresia [69]. In this experiment, dietary OO aggravated inflammation in the ovary, and this may be one of the reasons why ovarian dysplasia occurred. Dietary VE was shown to alleviate inflammation in olive flounder (Paralichthys olivaceus) [70]. In the present study, VE supplementation in the OO-containing diet reduced the transcript levels of nf-κb and il1β, suggesting that inflammation in the ovary was alleviated to some extent, and this may have been conducive to oocyte maturation in female tilapia.




5. Conclusions


Dietary OO negatively affected ovarian development and growth performance in female tilapia by reducing the contents of sex hormones, disrupting lipid metabolism, and increasing oxidative stress and inflammation (Figure 10). However, VE supplementation at a dose of 200 mg/kg in the OO-containing diet improved the antioxidant capacity of female tilapia and alleviated inflammation and the disruption of lipid metabolism (Figure 10). These effects may have been due to the antioxidant properties of VE and its ability to regulate the nrf2-nf-κb signaling pathway. Overall, the results of this study provide a reference for improving the utilization efficiency of OO in feed for farmed tilapia.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antiox12081524/s1, Table S1: Primer sequences used for qRT-PCR; Table S2: Fatty acid composition in the ovary tissues (% of total fatty acids).





Author Contributions


Conceptualization, Y.T. and J.Q.; methodology, Y.T., Y.P., S.L. and J.Q.; software, Y.L.; validation, Y.L. and W.L.; formal analysis, Y.P. and Q.W.; investigation, T.Z. and S.L.; resources, J.Q.; data curation, Y.T.; writing-original draft preparation, Y.T.; writing-review and editing, J.Q. and B.W.; visualization, Y.P.; supervision, J.Q. and P.X.; project administration, S.L.; funding acquisition, Y.T. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Special Fund of the National Natural Science Foundation of China (32002363).




Institutional Review Board Statement


The study was approved by the Bioethical Committee of the Freshwater Fisheries Research Center (FFRC), Chinese Academy of Fishery Sciences (2013863BCE).




Informed Consent Statement


Not applicable.




Data Availability Statement


All of the data is included in the article/Supplementary Material.




Acknowledgments


We thank Jennifer Smith for editing the English text of a draft of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ng, W.K.; Chong, C.Y.; Wang, Y.; Romano, N. Effects of dietary fish and vegetable oils on the growth, tissue fatty acid composition, oxidative stability and vitamin E content of red hybrid tilapia and efficacy of using fish oil finishing diets. Aquaculture 2013, 372–375, 97–110. [Google Scholar] [CrossRef]

	



Turchini, G.M.; Torstensen, B.E.; Ng, W.K. Fish oil replacement in finfish nutrition. Rev. Aquac. 2010, 1, 10–57. [Google Scholar] [CrossRef]

	



Li, X.S.; Cui, K.; Fang, W.; Chen, Q.; Xu, D.; Mai, K.S.; Zhang, Y.J.; Ai, Q.H. High level of dietary olive oil decreased growth, increased liver lipid deposition and induced inflammation by activating the p38 MAPK and JNK Cheek for pathways in large yellow croaker (Larimichthys crocea). Fish Shellfish. Immun. 2019, 94, 157–165. [Google Scholar] [CrossRef] [PubMed]

	



Guo, H.J.; Chen, C.Y.; Yan, X.; Li, Y.Y.; Wen, X.B.; You, C.H.; Monroig, O.; Tocher, D.R.; Wang, S.Q. Effects of different dietary oil sources on growth performance, antioxidant capacity and lipid deposition of juvenile golden pompano Trachinotus ovatus. Aquaculture 2021, 530, 735923. [Google Scholar] [CrossRef]

	



Alhazzaa, R.; Bridle, A.R.; Mori, T.A.; Barden, A.E.; Nichols, P.D.; Carter, C.G. Echium oil is better than rapeseed oil in improving the response of barramundi to a disease challenge. Food Chem. 2013, 141, 1424–1432. [Google Scholar] [CrossRef] [PubMed]

	



Mobaraki, M.; Kenari, A.A.; Gorji, S.B.; Esmaeili, M. Effect of dietary fish and vegetable oil on the growth performance, body composition, fatty acids profile, reproductive performance and larval resistance in pearl gourami (Trichogaster leeri). Aquac. Nutr. 2020, 26, 894–907. [Google Scholar] [CrossRef]

	



Wassef, E.A.; Shalaby, W.S.H. Effects of dietary vegetable oils on liver and gonad fatty acid metabolism and gonad maturation in gilthead seabream (Sparus aurata) males and females. Aquac. Int. 2012, 20, 255–281. [Google Scholar] [CrossRef]

	



Xu, H.G.; Lu, Q.K.; Liang, M.Q.; Zheng, K.K. Effects of Different Dietary Lipid Sources on Spawning Performance, Egg and Larval Quality, and Egg Fatty Acid Composition in Tongue Sole Cynoglossus semilaevis. Isr. J. Aquac.-Bamid. 2015, 67, 1091. [Google Scholar] [CrossRef]

	



Rennie, S.; Huntingford, F.A.; Loeland, A.L.; Rimbach, M. Long term partial replacement of dietary fish oil with rapeseed oil; effects on egg quality of Atlantic salmon Salmo salar. Aquaculture 2005, 248, 135–146. [Google Scholar] [CrossRef]

	



Sarameh, S.P.; Bahri, A.H.; Falahatkar, B.; Yarmohammadi, M.; Salarzadeh, A. The effect of fish and rapeseed oils on growth performance, egg fatty acid composition and offspring quality of sterlet sturgeon (Acipenser ruthenus). Aquac. Nutr. 2019, 25, 543–554. [Google Scholar] [CrossRef]

	



Hamre, K. Metabolism, interactions, requirements and functions of vitamin E in fish. Aquac. Nutr. 2011, 17, 98–115. [Google Scholar] [CrossRef]

	



Miyazawa, T.; Burdeos, G.C.; Itaya, M.; Nakagawa, K.; Miyazawa, T. Vitamin E: Regulatory Redox Interactions. IUBMB Life 2019, 71, 430–441. [Google Scholar] [CrossRef] [PubMed]

	



Liang, D.Z.; Zheng, Q.Z.; Yang, Q.H.; Tan, B.P.; Dong, X.H.; Chi, S.Y.; Liu, H.Y.; Zhang, S. Alterations on growth performance, antioxidant responses and lipid metabolism in liver for juvenile hybrid grouper (♀ Epinephelus fuscoguttatus × ♂ Epinephelus lanceolatus) fed dietary vitamin E. Aquac. Rep. 2021, 21, 100862. [Google Scholar] [CrossRef]

	



Saheli, M.; Rajabi Islami, H.; Mohseni, M.; Soltani, M. Effects of dietary vitamin E on growth performance, body composition, antioxidant capacity, and some immune responses in Caspian trout (Salmo caspius). Aquac. Rep. 2021, 21, 100857. [Google Scholar] [CrossRef]

	



Pan, J.H.; Feng, L.; Jiang, W.D.; Wu, P.; Kuang, S.Y.; Tang, L.; Zhang, Y.A.; Zhou, X.Q.; Liu, Y. Vitamin E deficiency depressed fish growth, disease resistance, and the immunity and structural integrity of immune organs in grass carp (Ctenopharyngodon idella): Referring to NF-κB, TOR and Nrf2 signaling. Fish Shellfish Immun. 2017, 60, 219–236. [Google Scholar] [CrossRef] [PubMed]

	



Nagarajan, R.; James, R.; Indira, S.P. Effect of Dietary Vitamin E on Growth, Gonad Weight and Embryo Development in Female Red Swordtail, Xiphophorus helleri (Poeciliidae). Isr. J. Aquac.-Bamid. 2011, 63, 640. [Google Scholar]

	



Serezli, R.; Akhan, S.; Sonay, F.D. The Effect of vitamin E on Black Sea trout (Salmo labrax) broodstock performance. Kafkas. Univ. Vet. Fak. 2010, 16, 219–222. [Google Scholar]

	



Qiang, J.; Wasipe, A.; He, J.; Tao, Y.F.; Xu, P.; Bao, J.W.; Chen, D.J.; Zhu, J.H. Dietary vitamin E deficiency inhibits fat metabolism, antioxidant capacity, and immune regulation of inflammatory response in genetically improved farmed tilapia (GIFT, Oreochromis niloticus) fingerlings following Streptococcus iniae infection. Fish Shellfish Immun. 2019, 92, 395–404. [Google Scholar] [CrossRef]

	



Salehi, I.; Karamian, R.; Komaki, A.; Tahmasebi, L.; Taheri, M.; Nazari, M.; Shahidi, S.; Sarihi, A. Effects of vitamin E on lead-induced impairments in hippocampal synaptic plasticity. Brain Res. 2015, 1629, 270–281. [Google Scholar] [CrossRef]

	



Mourente, G.; Diaz-Salvago, E.; Bell, J.G.; Tocher, D.R. Increased activities of hepatic antioxidant defence enzymes in juvenile gilthead sea bream (Sparus aurata L.) fed dietary oxidised oil: Attenuation by dietary vitamin E. Aquaculture 2002, 214, 343–361. [Google Scholar] [CrossRef]

	



Sun, C.X.; Shan, F.; Liu, M.Y.; Liu, B.; Zhou, Q.L.; Zheng, X.C.; Xu, X.D. High-Fat-Diet-Induced Oxidative Stress in Giant Freshwater Prawn (Macrobrachium rosenbergii) via NF-κB/NO Signal Pathway and the Amelioration of Vitamin E. Antioxidants 2022, 11, 228. [Google Scholar] [CrossRef]

	



National Bureau of Statistics in China. China Fishery Statistical Yearbook; China AgriculturePress: Beijing, China, 2022; pp. 1–180.

	



Qiang, J.; Duan, X.J.; Zhu, H.J.; He, J.; Tao, Y.F.; Bao, J.W.; Zhu, X.W.; Xu, P. Some ‘white’ oocytes undergo atresia and fail to mature during the reproductive cycle in female genetically improved farmed tilapia (Oreochromis niloticus). Aquaculture 2021, 534, 736278. [Google Scholar] [CrossRef]

	



Peng, X.; Li, F.; Lin, S.; Chen, Y. Effects of total replacement of fish oil on growth performance, lipid metabolism and antioxidant capacity in tilapia (Oreochromis niloticus). Aquac. Int. 2016, 24, 145–156. [Google Scholar] [CrossRef]

	



Corrêa, C.F.; Nobrega, R.O.; Mattioni, B.; Block, J.M.; Fracalossi, D.M. Dietary lipid sources affect the performance of Nile tilapia at optimal and cold, suboptimal temperatures. Aquac. Nutr. 2017, 23, 1016–1026. [Google Scholar] [CrossRef]

	



Satoh, S.; Takeuchi, T.; Watanabe, T. Requirement of Tilapia for α-Tocopherol. Nsugaf 1987, 53, 119–124. [Google Scholar] [CrossRef]

	



Zhang, X.; Ma, Y.Q.; Xiao, J.; Zhong, H.; Guo, Z.B.; Zhou, C.; Li, M.Y.; Tang, Z.Y.; Huang, K.; Liu, T. Effects of vitamin E on the reproductive performance of female and male Nile tilapia (Oreochromis niloticus) at the physiological and molecular levels. Aquac. Res. 2021, 52, 3518–3531. [Google Scholar] [CrossRef]

	



Nascimento, T.S.R.; De Stéfani, M.V.; Malheiros, E.B.; Koberstein, T.C.R.D. High levels of dietary vitamin E improve the reproductive performance of female Oreochromis niloticus. Acta Sci. Biol. Sci. 2014, 36, 19–26. [Google Scholar] [CrossRef]

	



AOAC. Official Methods of Analysis of the Association of Official Analytical Chemists, 15th ed.; Association of Official Analytical Chemist: Washington, DC, USA, 2003. [Google Scholar]

	



Qiang, J.; Tao, Y.F.; Zhu, J.H.; Lu, S.Q.; Cao, Z.M.; Ma, J.L.; He, J.; Xu, P. Effects of heat stress on follicular development and atresia in Nile tilapia (Oreochromis niloticus) during one reproductive cycle and its potential regulation by autophagy and apoptosis. Aquaculture 2022, 555, 738171. [Google Scholar] [CrossRef]

	



Zhang, X.D.; Zhu, Y.F.; Cai, L.S.; Wu, T.X. Effects of fasting on the meat quality and antioxidant defenses of market-size farmed large yellow croaker (Pseudosciaena crocea). Aquaculture 2008, 280, 136–139. [Google Scholar] [CrossRef]

	



Aebi, H. Catalase in vitro. Method. Enzymol. 1984, 105, 121–126. [Google Scholar]

	



Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipides from animal tissues. J. Biol. Chem. 1957, 226, 497–509. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Qiang, J.; Yang, H.; Xu, P.; Zhu, Z.X.; Yang, R.Q. Changes in the fatty acid composition and regulation of antioxidant enzymes and physiology of juvenile genetically improved farmed tilapia Oreochromis niloticus (L.), subjected to short-term low temperature stress. J. Therm. Biol. 2015, 53, 90–97. [Google Scholar] [CrossRef] [PubMed]

	



Mourente, G.; Good, J.E.; Bell, J.G. Partial substitution of fish oil with rapeseed, linseed and olive oils in diets for European sea bass (Dicentrarchus labrax L.): Effects on flesh fatty acid composition, plasma prostaglandins E2 and F2α, immune function and effectiveness of a fish oil finishing diet. Aquac. Nutr. 2005, 11, 25–40. [Google Scholar]

	



Li, X.S.; Sun, J.C.; Wang, L.; Song, K.; Lu, K.L.; Zhang, L.; Ma, X.K.; Zhang, C.X. Effects of dietary vitamin E levels on growth, antioxidant capacity and immune response of spotted seabass (Lateolabrax maculatus) reared at different water temperatures. Aquaculture 2023, 565, 739141. [Google Scholar] [CrossRef]

	



Zhang, G.R.; Xu, C.; You, C.H.; Wang, S.Q.; Xie, D.Z.; Hasan, A.K.M.M.; Ma, Y.C.; Li, Y.Y. Effects of dietary vitamin E on growth performance, antioxidant capacity and lipid metabolism of juvenile golden pompano Trachinotus ovatus. Aquac. Nutr. 2021, 27, 2205–2217. [Google Scholar] [CrossRef]

	



Zhang, Y.; Li, Y.; Liang, X.; Gao, J. Effects of dietary vitamin E supplementation on growth performance, fatty acid composition, lipid peroxidation and peroxisome proliferator-activated receptors (PPAR) expressions in juvenile blunt snout bream Megalobrama amblycephala. Fish Physiol. Biochem. 2017, 43, 913–922. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, T.; Vassallo-Agius, R. Broodstock nutrition research on marine finfish in Japan. Aquaculture 2003, 227, 35–61. [Google Scholar] [CrossRef]

	



Næve, I.; Mommens, M.; Arukwe, A.; Virtanen, J.; Hoque, M.E.; Kjørsvik, E. Ultrasound as a noninvasive tool for monitoring reproductive physiology in male Atlantic salmon (Salmo salar). Physiol. Rep. 2019, 7, e14167. [Google Scholar] [CrossRef]

	



Taghizadeh, V.; Imanpoor, M.R.; Mehdinejad, N. Study the seasonal steroid hormones of common carp in Caspian Sea, Iran. Springerplus 2013, 2, 193. [Google Scholar] [CrossRef]

	



Orn, S.; Holbech, H.; Madsen, T.H.; Norrgren, L.; Petersen, G.I. Gonad development and vitellogenin production in zebrafish (Danio rerio) exposed to ethinylestradiol and methyltestosterone. Aquat. Toxicol. 2003, 65, 397–411. [Google Scholar] [CrossRef]

	



Mackenzie, D.S.; Thomas, P.; Farrar, S.M. Seasonal-changes in thyroid and reproductive steroid-hormones in female channel catfish (Ictalurus punctatus) in pond culture. Aquaculture 1989, 78, 63–80. [Google Scholar] [CrossRef]

	



Hollander-Cohen, L.; Golan, M.; Levavi-Sivan, B. Differential Regulation of Gonadotropins as Revealed by Transcriptomes of Distinct LH and FSH Cells of Fish Pituitary. Int. J. Mol. Sci. 2021, 22, 6478. [Google Scholar] [CrossRef] [PubMed]

	



Yenuganti, V.R.; Viergutz, T.; Vanselow, J. Oleic acid induces specific alterations in the morphology, gene expression and steroid hormone production of cultured bovine granulosa cells. Gen. Comp. Endocrinol. 2016, 232, 134–144. [Google Scholar] [CrossRef] [PubMed]

	



Amevor, F.K.; Cui, Z.F.; Du, X.X.; Ning, Z.F.; Shu, G.; Jin, N.N.; Deng, X.; Tian, Y.F.; Zhang, Z.C.; Kang, X.C.; et al. Combination of Quercetin and Vitamin E Supplementation Promotes Yolk Precursor Synthesis and Follicle Development in Aging Breeder Hens via Liver–Blood–Ovary Signal Axis. Animals 2021, 11, 1915. [Google Scholar] [CrossRef]

	



Johnson, R.B.; Kroeger, E.L.; Reichert, W.L.; Carter, C.S.; Rust, M.B. Uptake and selective partitioning of dietary lipids to ovarian and muscle tissue of maturing female coho salmon, Oncorhynchus kisutch, during secondary oocyte growth. Comp. Biochem. Phys. B 2017, 208, 7–18. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.Q.; Fei, F.; Liu, Z.F.; Guan, C.T.; Huang, B.; Liu, B.L.; Jia, Y.D.; Guo, Z.L.; Wang, Y.H.; Hong, L. Lipid content and fatty acid composition in female American shad, Alosa sapidissima, at different stages of ovarian development under reared conditions. Aquac. Res. 2019, 50, 439–448. [Google Scholar] [CrossRef]

	



Shirai, N.; Suzuki, H.; Toukairin, S.; Wada, S. Spawning and season affect lipid content and fatty acid composition of ovary and liver in Japanese catfish (Silurus asotus). Comp. Biochem. Phys. B 2001, 129, 185–195. [Google Scholar] [CrossRef]

	



Wang, T.; Liu, Z.L.; Li, G.L.; Mustapha, U.F.; Ndandala, C.B.; Shi, H.J.; Zhu, C.H.; Chen, H.P.; Huang, Y.; Jiang, D.N. Ovary transcriptomic analysis reveals regulation effects of dietary fish oil on hormone, lipid, and glucose metabolism in female adult spotted scat (Scatophagus argus). Front. Mar. Sci. 2022, 9, 935968. [Google Scholar] [CrossRef]

	



Furuita, H.; Tanaka, H.; Yamamoto, T.; Shiraishi, M.; Takeuchi, T. Effects of n-3 HUFA levels in broodstock diet on the reproductive performance and egg and larval quality of the Japanese flounder, Paralichthys olivaceus. Aquaculture 2000, 187, 387–398. [Google Scholar] [CrossRef]

	



Luo, L.; Ai, L.C.; Liang, X.F.; Hu, H.X.; Xue, M.; Wu, X.F. n-3 Long-chain polyunsaturated fatty acids improve the sperm, egg, and offspring quality of Siberian sturgeon (Acipenser baerii). Aquaculture 2017, 473, 266–271. [Google Scholar] [CrossRef]

	



Qin, J.Y.; Ru, S.G.; Wang, W.W.; Hao, L.P.; Wei, S.H.; Zhang, J.; Xiong, J.Q.; Wang, J.; Zhang, X.N. Unraveling the mechanism of long-term bisphenol S exposure disrupted ovarian lipids metabolism, oocytes maturation, and offspring development of zebrafish. Chemosphere 2021, 277, 130304. [Google Scholar] [CrossRef] [PubMed]

	



Zhuo, M.Q.; Luo, Z.; Xu, Y.H.; Li, D.D.; Pan, Y.X.; Wu, K. Functional Analysis of Promoters from Three Subtypes of the PI3K Family and Their Roles in the Regulation of Lipid Metabolism by Insulin in Yellow Catfish Pelteobagrus fulvidraco. Int. J. Mol. Sci. 2018, 19, 265. [Google Scholar] [CrossRef] [PubMed]

	



Montaigne, D.; Butruille, L.; Staels, B. PPAR control of metabolism and cardiovascular functions. Nat. Rev. Cardiol. 2021, 18, 809–823. [Google Scholar] [CrossRef]

	



Han, S.L.; Liu, Y.; Limbu, S.M.; Chen, L.Q.; Zhang, M.L.; Du, Z.Y. The reduction of lipid-sourced energy production caused by ATGL inhibition cannot be compensated by activation of HSL, autophagy, and utilization of other nutrients in fish. Fish Physiol. Biochem. 2021, 47, 173–188. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, M.Y.; Zhou, Y.F.; Liu, H.; Peng, Y.X.; Huang, Y.Q.; Deng, S.P.; Huang, Y.; Shi, G.; Zhu, C.H.; Li, G.L.; et al. Transcriptomic analysis provides new insights into the secondary follicle growth in spotted scat (Scatophagus argus). Front. Mar. Sci. 2023, 10, 1114872. [Google Scholar] [CrossRef]

	



Lin, Z.D.; Qi, C.L.; Han, F.L.; Chen, X.F.; Qin, C.J.; Wang, C.L.; Wang, X.D.; Qin, J.G.; Chen, L.Q. Selecting suitable phospholipid source for female Eriocheir sinensis in pre-reproductive phase. Aquaculture 2020, 528, 735610. [Google Scholar] [CrossRef]

	



Jia, R.; Cao, L.P.; Du, J.L.; He, Q.; Gu, Z.Y.; Jeney, G.; Xu, P.; Yin, G.J. Effects of High-Fat Diet on Steatosis, Endoplasmic Reticulum Stress and Autophagy in Liver of Tilapia (Oreochromis niloticus). Front. Mar. Sci. 2020, 7, 363. [Google Scholar] [CrossRef]

	



Yang, S.P.; Liu, H.L.; Wang, C.G.; Yang, P.; Sun, C.B.; Chan, S.M. Effect of oxidized fish oil on growth performance and oxidative stress of Litopenaeus vannamei. Aquac. Nutr. 2015, 21, 121–127. [Google Scholar] [CrossRef]

	



Kobayashi, M.; Yamamoto, M. Molecular mechanisms activating the Nrf2-Keap1 pathway of antioxidant gene regulation. Antioxid. Redox Sign. 2005, 7, 385–394. [Google Scholar] [CrossRef]

	



Jaiswal, A.K. Nrf2 signaling in coordinated activation of antioxidant gene expression. Free Radic. Bio. Med. 2004, 36, 1199–1207. [Google Scholar] [CrossRef]

	



Narasimhan, M.; Riar, A.K.; Rathinam, M.L.; Vedpathak, D.; Henderson, G.; Mahimainathan, L. Hydrogen peroxide responsive miR153 targets Nrf2/ARE cytoprotection in paraquat induced dopaminergic neurotoxicity. Toxicol. Lett. 2014, 228, 179–191. [Google Scholar] [CrossRef]

	



Tan, P.; Dong, X.J.; Xu, H.L.; Mai, K.S.; Ai, Q.H. Dietary vegetable oil suppressed non-specific immunity and liver antioxidant capacity but induced inflammatory response in Japanese sea bass (Lateolabrax japonicus). Fish Shellfish Immun. 2017, 63, 139–146. [Google Scholar] [CrossRef] [PubMed]

	



Jia, R.; Cao, L.P.; Du, J.L.; He, Q.; Gu, Z.Y.; Jeney, G.; Xu, P.; Yin, G.J. Effects of high-fat diet on antioxidative status, apoptosis and inflammation in liver of tilapia (Oreochromis niloticus) via Nrf2, TLRs and JNK pathways. Fish Shellfish Immun. 2020, 104, 391–401. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, C.H.; Guo, Z.X.; Wang, A.L. Growth performance and protective effect of vitamin E on oxidative stress pufferfish (Takifugu obscurus) following by ammonia stress. Fish Physiol. Biochem. 2018, 44, 735–745. [Google Scholar] [CrossRef] [PubMed]

	



Dinarello, C.A. Overview of the IL-1 family in innate inflammation and acquired immunity. Immunol. Rev. 2018, 281, 8–27. [Google Scholar] [CrossRef]

	



Khedr, N.F. Fish oil and wheat-germ oil supplementation restores ovarian function in streptozotocin-diabetic rats. Reprod. Fertil. Dev. 2017, 29, 1689–1698. [Google Scholar] [CrossRef]

	



Hatzirodos, N.; Irving-Rodgers, H.F.; Hummitzsch, K.; Rodgers, R.J. Transcriptome Profiling of the Theca Interna from Bovine Ovarian Follicles during Atresia. PLoS ONE 2014, 9, e99706. [Google Scholar] [CrossRef]

	



Kim, M.S.; Hur, D.H.; Lee, S.M.; Jeoung, E.; Jeong, H.D.; Hong, S. Effects of Vitamin E with Different Levels or Sources of Dietary Lipid on the Growth and Expression of Inflammatory, Oxidative Stress, and Apoptotic Genes in the Head Kidney of Olive Flounder, Paralichthys olivaceus. J. World Aquac. Soc. 2017, 48, 518–530. [Google Scholar] [CrossRef]








[image: Antioxidants 12 01524 g001 550] 





Figure 1. Growth performance and gonadal development of female tilapia fed with different dietary lipid and VE levels for 10 weeks. (A) FBW; (B) WGR; (C) SGR; (D) SR; (E) HSI; (F) GSI. **: p < 0.01, *: p < 0.05. 
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Figure 2. Hematoxylin and eosin-stained gonad tissue from female tilapia fed with different dietary lipid and VE levels for 10 weeks (magnification ×100, scale bar: 200 μm). (A) oocyte statue of fish fed with 70VE/OO diet; (B) oocyte statue of fish fed with 200VE/OO diet; (C) oocyte statue of fish fed with 70VE/FO diet; (D) oocyte statue of fish fed with 200VE/FO diet; II, III, IV, and V represent oocytes at stages II, III, IV, and V, respectively; FA: follicular atresia. 
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Figure 3. Serum hormone and inflammatory parameters of female tilapia fed with different dietary lipid and VE levels for 10 weeks (n = 9). (A) E2; (B) FSH; (C) LH; (D) AST; (E) ALT. **: p < 0.01, *: p < 0.05. 
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Figure 4. Serum and ovarian oxidative status of female tilapia fed with different dietary lipid and VE levels for 10 weeks (n = 9). (A) serum SOD; (B) serum CAT; (C) serum MDA; (D) ovarian SOD; (E) ovarian CAT; (F) ovarian MDA. **: p < 0.01, *: p < 0.05. 
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Figure 5. Ovarian triglyceride, and total cholesterol and fatty acid composition of female tilapia fed with different dietary lipid and VE levels for 10 weeks (n = 9). (A) TG; (B) TC; (C) expression profile of the top 10 fatty acids in the ovary; (D) SFA; (E) MUFA; (F) PUFA; (G) n-3 PUFA; (H) n-6 PUFA; (I) ARA; (J) EPA; (K) DHA. **: p < 0.01, *: p < 0.05. 
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Figure 6. Expression levels of genes related to hormone receptors in ovary of female tilapia fed with different dietary lipid and VE levels for 10 weeks (n = 9). (A) erα; (B) erβ; (C) fshr; (D) lhr. **: p < 0.01, *: p < 0.05. 
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Figure 7. Expression levels of genes related to lipid metabolism in ovary of female tilapia fed with different dietary lipid and VE levels for 10 weeks (n = 9). (A) pparα; (B) pparγ; (C) hsl; (D) accα; (E) elovl6. **: p < 0.01, *: p < 0.05. 
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Figure 8. Expression levels of genes related to nrf2 signaling pathway in ovary of female tilapia fed with different dietary lipid and VE levels for 10 weeks (n = 9). (A) nrf2; (B) keap1. **: p < 0.01, *: p < 0.05. 
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Figure 9. Expression levels of genes related to nf-κb signaling pathway in ovary of female tilapia fed with different dietary lipid and VE levels for 10 weeks (n = 9). (A) nf-κb; (B) tnfα; (C) infγ; (D) il1β. **: p < 0.01, *: p < 0.05. 
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Figure 10. Possible regulation mechanisms of ovarian development in female tilapia in response to dietary high fat and VE. 
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Table 1. Experimental feed formula and nutrient composition (g/1000 g).






Table 1. Experimental feed formula and nutrient composition (g/1000 g).












	
	70 OO
	200 OO
	70 FO
	200 FO





	Fish meal
	60.00
	60.00
	60.00
	60.00



	Wheat middling
	80.00
	80.00
	80.00
	80.00



	Wheat flour
	200.00
	200.00
	200.00
	200.00



	Olive oil
	50.00
	50.00
	
	



	Fish oil
	
	
	50.00
	50.00



	Soybean meal
	200.00
	200.00
	200.00
	200.00



	Cottonseed meal
	180.00
	180.00
	180.00
	180.00



	Rapeseed meal
	165.00
	165.00
	165.00
	165.00



	Ca(H2PO4)2
	15.00
	15.00
	15.00
	15.00



	α-cellulose
	32.93
	32.8
	32.93
	32.8



	Vitamin Premix (vitamin E free) ‡
	5.00
	5.00
	5.00
	5.00



	Mineral Premix §
	5.00
	5.00
	5.00
	5.00



	Vitamin C phosphate ester
	2.00
	2.00
	2.00
	2.00



	Choline chloride
	5.00
	5.00
	5.00
	5.00



	Vitamin E
	0.07
	0.20
	0.07
	0.20



	Total
	1000
	1000
	1000
	1000



	Proximate composition (% dry matter)
	
	
	
	



	Dry matter
	94.79
	94.81
	94.72
	94.93



	Crude protein
	33.82
	33.92
	33.94
	33.89



	Crude lipid
	6.64
	6.83
	6.75
	6.73



	Ash
	4.55
	4.51
	4.57
	4.49



	VE (mg/kg)
	70.75
	199.87
	70.32
	200.22







‡ Vitamin premix (mg/kg dry diet):VA 10, VD 0.05, VK 40, VB1 50, VB2 200, VB3 500, VB6 50, VB7 5, VB11 15, VB12 0.1, VC 1000, inositol 2000, choline 5000. § Mineral premix (mg/kg dry diet): FeSO4·7H2O 372, CuSO4·5H2O 25, ZnSO4·7H2O 120, MnSO4·H2O 5, MgSO4 2475, NaCl 1875, KH2PO4 1000, Ca (H2PO4)2 2500.
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Table 2. Fatty acid composition of the experimental diets (% of total fatty acids).
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	Fatty Acid
	70 OO
	200 OO
	70 FO
	200 FO





	C12:0
	0.61
	0.57
	0.12
	0.11



	C14:0
	0.65
	0.57
	2.99
	2.87



	C15:0
	0.06
	0.06
	0.36
	0.35



	C16:0
	14.17
	14.10
	16.74
	16.71



	C17:0
	0.12
	0.15
	0.27
	0.27



	C18:0
	3.76
	3.70
	3.66
	3.66



	C20:0
	0.42
	0.42
	0.71
	0.71



	C22:0
	0.21
	0.21
	0.44
	0.45



	C16:1
	0.81
	0.84
	2.70
	2.69



	C18:1
	56.07
	56.11
	18.16
	18.53



	C20:1
	0.33
	0.35
	3.00
	3.02



	C22:1
	0.19
	0.28
	10.77
	11.03



	C18:2n-6
	16.82
	16.68
	20.36
	20.40



	C18:3n-3
	1.38
	1.38
	3.49
	3.52



	C18:3n-6
	0.70
	0.71
	1.68
	1.47



	C20:2n-6
	0.08
	0.09
	0.22
	0.22



	C20:3n-6
	0.03
	0.03
	0.05
	0.05



	C20:3n-3
	0.05
	0.06
	0.12
	0.12



	C20:4n-6 (ARA)
	0.08
	0.10
	2.63
	2.58



	C20:5n-3 (EPA)
	0.54
	0.56
	4.09
	3.97



	C22:3
	1.67
	1.77
	0.19
	0.20



	C22:4n-6
	0.21
	0.20
	0.29
	0.30



	C22:5n-3
	0.14
	0.13
	0.65
	0.65



	C22:6n-3(DHA)
	0.90
	0.92
	6.31
	6.13



	ΣSFA
	20.00
	19.78
	25.29
	25.13



	ΣMUFA
	57.40
	57.58
	34.63
	35.27



	ΣPUFA
	22.60
	22.63
	40.08
	39.61



	Σn-3 PUFA
	3.01
	3.05
	14.66
	14.39



	Σn-6 PUFA
	17.92
	17.81
	25.23
	25.02
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Table 3. Proximate composition of whole fish and ovarian vitamin E content in female tilapia fed experimental diets for 10 weeks.
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Moisture (%)

	
Crude Protein (%)

	
Crude Lipid (%)

	
Ash (%)

	
Ovarian Vitamin E

(μg/g Wet Tissue)






	
70 OO

	
69.17 ± 0.39

	
15.57 ± 0.41

	
8.97 ± 0.39

	
3.19 ± 0.10

	
25.47 ± 1.64a




	
200 OO

	
68.92 ± 0.38

	
15.89 ± 0.36

	
8.85 ± 0.31

	
3.16 ± 0.06

	
41.90 ± 1.53 b




	
70 FO

	
69.74 ± 0.51

	
16.53 ± 0.44

	
8.60 ± 0.32

	
3.31 ± 0.12

	
23.78 ± 1.15 a




	
200 FO

	
69.92 ± 0.46

	
16.27 ± 0.33

	
8.21 ± 0.27

	
3.25 ± 0.07

	
44.31 ± 2.08 b




	
Two-way ANOVA:

	

	




	
lipid level

	
ns

	
ns

	
ns

	
ns

	
ns




	
VE level

	
ns

	
ns

	
ns

	
ns

	
**




	
Interactions

	
ns

	
ns

	
ns

	
ns

	
ns








Notes: Data are presented as mean ± SEM (n = 6). Means with different lowercases in the same dietary lipid with different VE level are significantly different from each other. **: p < 0.01; ns: p > 0.05.
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