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This study aimed to evaluate the impacts of dietary pyrroloquinoline quinone (PQQ) supplement on growth performance, serum biochemical parameters, antioxidant status, and growth-related genes expressions in juvenile yellow catfish, Pelteobagrus fulvidraco. Triplicate groups of fish (n = 40) with an average weight of 5 g were fed with five gradient levels PQQ-incorporated diets (0 (basal), 1.5 mg/kg; 3.0 mg/kg; 4.5 mg/kg, 6.0 mg/kg) for 56 days. Our findings revealed that fish fed with the diets containing PQQ at the level of 3.0-6.0 mg/kg showed significantly higher final body weight, weight gain rate, and specific growth rate than those of that in the control group (P < 0.05). The activities of protease were observed significantly increased in fish fed with diets containing 4.5 mg/kg and 6 mg/kg PQQ (P < 0.05). Meanwhile, fish in 4.5 mg/kg PQQ group showed significantly lower levels of serum total cholesterol, triglycerides, and low-density lipoprotein cholesterol, and significantly higher level of the high-density lipoprotein cholesterol (P < 0.05). The antioxidant-related parameters of superoxide dismutase and total antioxidant capacity were markedly elevated (P < 0.05), while malondialdehyde content was significantly reduced in 3.0-6.0 mg/kg PQQ group (P < 0.05). Meanwhile, the mRNA expression levels of growth-related genes (growth hormone, insulin-like growth factor 1, and insulin-like growth factor 2) were dramatically up-regulated in the liver of fish fed with the diets containing 3-6 mg/kg PQQ in comparison with the control group (P < 0.05). In conclusion, dietary PQQ could improve the growth performance, serum biochemical parameters, antioxidant status, and growth-related genes expressions in juvenile yellow catfish, and the optimal dietary PQQ level was evaluated to be 4.92 mg/kg of dry diet for juvenile yellow catfish.
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Introduction

Yellow catfish, Pelteobagrus fulvidraco is an important aquaculture species in China and its production has greatly improved over the past 10 years due to its suitability for aquaculture, marketability, good taste, and high nutritional value (Shi et al., 2021). Unsurprisingly, this kind of fish has been largely cultured to meet the increasing market demands. As a result, lots of outbreaks of infectious diseases that caused by microorganisms (such as viruses, bacteria fungi, or parasites) are commonly seen and which usually leads to large economic losses (Zhang et al., 2014; Jiang et al., 2018). Antibiotics have been commonly used as a traditional strategy to control the outbreak of various infectious disease (Ramesh and Souissi, 2018). However, the over and continuous application of antibiotics may cause the emergence of antimicrobial resistance, environmental hazards, and food safety problems (Hollis and Ahmed, 2014). Meanwhile, the interest in the safety and quality of aquatic products of customers is obviously increasing with the growing problems of contaminants, antibiotics, and carcinogens in aquatic industry (Rama and Manjabhat, 2014). Therefore, antibiotics have been banned or restricted for utilization in aquaculture and which has encouraged researchers to develop alternative strategies. Thus far, many research teams in this field have devoted themselves to evaluating the positive effects of eco-friendly bio-active components as functional feed supplements on the growth, feed utilization, and enzymatic profiles in different fish including yellow catfish (Gabriel et al., 2017; Safari et al., 2020; Park et al., 2021; Fu et al., 2022).

Pyrroloquinoline quinone (PQQ), a water-soluble thermo-stable triglyceride-quinone (Zhang et al., 2006), is initially identified in methylotrophic bacteria and characterized as a redox cofactor of bacterial dehydrogenases, such as alcohol and glucose dehydrogenases (Killgore et al., 1989). PQQ is an essential nutrient for animals, and intake of PQQ-deficient diet usually leads to multifarious illnesses (Akagawa et al., 2016). PQQ has caused considerable attention, as it is exactly important for mammalian growth, development, reproduction, and immune function (Steinberg et al., 2003; Ikemoto et al., 2017). PQQ is also an effective antioxidant that can protect mitochondria from oxidative stress-induced lipid peroxidation, protein carbonyl formation, and mitochondrial respiratory chain inactivation (Hwang and Willoughby, 2018). On a molar basis, PQQ exhibited 15-fold effects than ascorbic acid in reducing chemiluminescence from xanthine-xanthine oxidase reaction and 7-fold effects than alpha-tocopherol in preventing lipid peroxidation in rat brain preparations (Hamagishi et al., 1990). In addition, PQQ inhibits the apoptosis of cardiomyocytes under conditions of oxygen/glucose deprivation (Xu et al., 2014). Because of its versatile functions, PQQ-containing products have been certified by authorities in Canada as a Natural Health Product (Health Canada, 2012) and have also been authorized as a new type of food for use in food supplement by the European Commission in 2018. Until now, no published studies concerning the physiological responses to PQQ-supplemented diets has been reported in yellow catfish. Meanwhile, it is also unclear whether PQQ can be used as a supplement in aquaculture. According to studies in broilers (Samuel et al., 2015; Liu et al., 2020; Zheng et al., 2020) and pigs (Zhang et al., 2019; Yin et al., 2019), we hypothesized that PQQ may benefit aquaculture by affecting growth, plasma parameters, and antioxidant status of fish. To verify this hypothesis, the present study evaluate the effects of PQQ supplementary diets on the growth performance, serum biochemical parameters, antioxidant status, and growth-related gene expression such as growth hormone (GH), insulin-like growth factor 1 (IGF-1), and insulin-like growth factor 2 (IGF-2) in juvenile yellow catfish.



Materials and methods


Experimental diets and feeding trials

PQQ (purity, ≥98 mg/kg; Shanxi Boke Biological Technology Co., Ltd., Xian, China) was diluted with wheat flour to a concentration of 1 g/kg mixture before being mixed into the diet. Five experiment diets containing 0 (control), 1.5, 3.0, 4.5, and 6 mg per kg of PQQ in this experiment were produced at Neijiang Normal University, Neijiang, China, as described by Shi et al. (2021). The amount of cellulose was reduced in compensation. The dried experimental diets were stored at −20 °C for further use. The composition of the experimental diets was shown in Table 1.


Table 1 | Diet formulation and proximate analysis.



The current study was performed in polyvinyl chloride round aquarium (Diameter × High: 100 × 120 cm) located at Neijiang Normal University (Sichuan, China). Fish provided by a private fishery farm (Meishan, China) were transported to the rearing facilities with air pumps, acclimated for two weeks and fed with the basal diet during this period. After two weeks of acclimatization to aquarium conditions, a total of 600 fish (average body weight of 5 g) were randomly divided into five treatment groups with three replicates (40 fish per replicate). During the feeding period, fish were fed with the designed diet twice daily (7:30 and 18:30) for 56 days. Daily feeding rates were 4-6% of the total body weight for each aquarium. The detailed food intake was recorded. Uneaten pellets were collected at 30 min after feeding, gathered, dried, and weighted in turn, and the data were used to calculate the actual food intake. This trial was carried out under natural photoperiod. About 25-30% of the water in the aquarium was replaced per day and the water temperature, dissolved oxygen, and pH were maintained at 25.0 ± 2.5°C, 7.3 ± 0.2 mg/L, and 7.6 ± 0.2, respectively. Furthermore, the level of ammonia was kept below 0.3 mg/L.



Samples collection

At the end of the feeding trial, fish were fasted for 24 h, weighed and counted to calculate their growth performance. Blood samples (9 fish per replicate) were drawn from the caudal vein, separated by centrifugation after clotting (10 min at 4000 rpm). The supernatant was stored at −80°C for plasma biochemical and antioxidant enzyme activity analysis. After that, the liver and intestine (6 fish per replicate) were removed immediately using sterile forceps, frozen rapidly by dipping in liquid nitrogen, and then stored at −80 °C until for analysis.



Digestive enzyme activity

The intestine samples were removed onto the ice, homogenized in a 1:9 (m/v) ratio of physiological saline solution, and then centrifuged with 3000 rpm at 4 °C for 10 min. After that, the supernatant comprising enzymes was stored at −80 °C until further utilization. The amylase and lipase activities were determined in triplicate using commercial assay kits supplied by Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The protease activity of each sample were analyzed in triplicate was detected using Folin method with reference to the professional standards of People’ s Republic of China to determine protease activity SB/T 10317-1999 (SB/T 10317-1999 (1999)). The total amount of protein in the intestine was determined by using the Bradford method (Bradford, 1976). All enzyme activities were measured as the change in absorbance using a Microplate Reader (UV-2802S; Unico, Shanghai, China).



Serum biochemical parameters

The serum biochemical parameters, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and blood urea nitrogen (BUN) were measured with commercial kits producted by Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to the manufacturer’s instructions.



Antioxidant parameters

The antioxidant parameters including superoxide dismutase (SOD), catalase (CAT), total antioxidant capacity (T-AOC), glutathione peroxidase (GPX), and malondialdehyde (MDA) were all determined using kits from the same manufacturer as described by an our previous study (Shi et al., 2019).



RNA isolation and gene expression

The RNA isolation and detection process were performed according to the method described by Shi et al. (2019). In brief, the total RNA was extracted from liver sample (approximately for 50 mg) using 1 mL Trizol reagent (Invitrogen, USA) according to the manufacturer’s instructions. Thereafter, RNA quality and purity were verified by agarose gel (1 mg/kg) electrophoresis and UV-spectroscopic analysis. A fixed concentration of RNA (2 μg) was used for cDNA synthesis using Prime Script II 1st Strand cDNA Synthesis Kit (Tiangen, Beijing, China) based on the manufacturer’s protocol. For qRT-PCR, specific primers for GH, IGF-1, and IGF-2 genes were designed with online Primer 5 software (PREMIER Biosoft International, San Francisco, CA, USA), based on an our transcriptome data of yellow catfish (Table 2). The SYBR Green qPCR Master Mix Kit (Glpbio, USA) was used for qRT-PCR analysis on a Bio-Rad CFX Connect System (Bio-Rad, Hercules, CA, USA). The qRT-PCR program was designed as follows: 95°C for 5 min, followed by 95°C for 15 s, annealing at specific temperatures (Table 1) for each gene for 30 s, a total of 40 cycles, and 72°C for 30 s. The reaction volume was 20 μL. Each transcript was analyzed in triplicate (3 fish for each replicate). The 2−ΔΔCT method was used to calculate the relative gene expression levels of selected genes.


Table 2 | The oligonucleotide sequences of primers for quantitative real-time PCR analysis in this study.





Statistical analysis

The weight gain rate (WGR), the specific growth rate (SGR), the feed conversion ratio (FCR), the survival rate (SR), hepatosomatic index (HSI), and condition factor (CF) were calculated as follows according to the report by Park et al. (2021):
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All data were presented as the mean ± standard error, analyzed by one-way analysis of variance (ANOVA) followed by Duncan’s multiple range tests using SPSS 22.0 software (IBM Corp., Armonk, NY, USA). Data in different groups was considered to be significant if P < 0.05.




Results


Growth performance

The effect of PQQ-supplemented diets on growth parameters of juvenile yellow catfish is displayed in Table 3. Compared with the control group, dietary PQQ supplementation at 3-6 mg/kg significantly increased the growth parameters such as FBW, WGR, and SGR of the juvenile yellow catfish (P < 0.05), and the maximum values of these parameters were appeared at 4.5 mg/kg group. On the contrary, FCR was decreased significantly with the administration of 3-6 mg/kg PQQ to the diet and the minimum value was observed in the 4.5 mg/kg group (P < 0.05). No significant change was detected in SR, HSI, and CF in all groups (P > 0.05). The relationship between FBW and dietary PQQ levels for yellow catfish juveniles can be well expressed by the following secondary curve equation: y = − 0.30286 x2 + 2.98381 x + 27.01114 (R2 = 0.83237) (Figure 1).


Table 3 | Effects of PQQ on growth performance of yellow catfish.






Figure 1 | The relationship between the final body weight (FBW) of juvenile yellow catfish and different levels of PQQ supplemented diet after feeding for 8 weeks.





Digestive enzyme activity

As shown in Table 4. Dietary PQQ supplementation had no significant effect on the amylase and lipase activities in the intestine of yellow catfish (P > 0.05). However, significantly higher protease activities were observed in fish fed with 4.5 mg/kg and 6 mg/kg PQQ groups compared with those of that in the control group (P < 0.05).


Table 4 | Effects of PQQ on digestive enzyme activity in the intestine of yellow catfish.





Serum biochemical parameters

Table 5 presents the effect of dietary PQQ supplementation on serum biochemical parameters in juvenile yellow catfish. The activity of AST in the 3 mg/kg PQQ group and the level of LDL-C in the 4.5 mg/kg PQQ group were all significantly lower than those of that in the control group (P < 0.05). Except for 6 mg/kg group, HDL-C level was significantly higher than the control group (P < 0.05), and the highest value was recorded in the 3 mg/kg PQQ group. Besides, the levels of TG and TC in the 4.5 mg/kg PQQ and 6 mg/kg PQQ groups were significantly lower in comparison with the control group (P < 0.05). However, dietary PQQ supplementation did not cause significant changes in the serum ALT and BUN contents (P > 0.05).


Table 5 | Effects of PQQ on serum biochemical parameters of yellow catfish.





Serum antioxidant status

As displayed in Table 6, the activities of SOD in the serum significantly increased in fish fed with PQQ diets than that of those in the control group (P < 0.05), of which in 1.5 mg/kg PQQ group was highest among various groups (P < 0.05). The levels of T-AOC in fish fed with PQQ diets (except 1.5 mg/kg) were significantly increased (P < 0.05), but no significant difference was observed among the various PQQ diets (P > 0.05). Unlike SOD and T-AOC, remarkable decrease of MDA contents was found in yellow catfish fed with 3 mg/kg, 4.5 mg/kg, and 6 mg/kg of PQQ compared to the fish from the control group. However, no significant difference was observed regarding the serum GPX and CAT activities in the PQQ supplementation groups and the control group (P > 0.05).


Table 6 | Effects of PQQ on antioxidant capacity in the serum of yellow catfish.





Gene expression

Relative gene expression levels of growth-related genes GH, IGF-1, and IGF-2 were shown in Figure 2. The mRNA expression levels of GH in the liver of fish fed with higher concentration of PQQ in diets (4.5 mg/kg and 6 mg/kg) were significantly increased than that of those fed with the lower concentration (1.5 mg/kg and 3 mg/kg) and control diet (P < 0.05). Except for 1.5 mg/kg group, relative mRNA levels of live IGF-1 in various PQQ groups were significantly higher than that of those in the control group (P < 0.05). Dietary PQQ supplementation significantly increased the mRNA expressions of the IGF-2 in the liver of yellow catfish (P < 0.05), especially in the 4.5 mg/kg PQQ group, with representing 12.06-fold higher in comparison with the control group.




Figure 2 | Effects of PQQ on the gene expression of growth-related genes GH, IGF-1, and IGF-2 in the liver of yellow catfish. Bars with different letters in the same gene indicate significant difference between the corresponding treatment (P < 0.05) (n = 3).






Discussion

In the present study, dietary with PQQ (3-6 mg/kg) supplementation resulted in significantly higher FBW, WGR, and SGR, as well as significantly lower FCR. Thus, dietary SHE was advantageous for the growth of yellow catfish. Similarly, growth was enhanced by adding PQQ to the basal diet in mice (Steinberg et al., 2003). Meanwhile, PQQ was a feed additive that can effectively promote the utilization of nutrients and stimulate the development of breast muscle in broiler chicks (Samuel et al., 2015; Liu et al., 2020), and improved the growth of weaned pigs, feed efficiency, and reduces the incidence of diarrhea in weaned pigs (Yin et al., 2019). The promotion of growth by dietary PQQ might be attributed to the modulation of mitochondrial function (Bauerly et al., 2006). PQQ was found to stimulate mitochondrial biogenesis through promoting the phosphorylation of cAMP response element-binding protein and increasing the expression of peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α) (Chowanadisai et al., 2010). PQQ could also improve intestinal health to promote the growth of yellow catfish. Yin et al. (2019) revealed that PQQ can enhance intestinal morphology, promote intestinal barrier integrity, and improve the antioxidant status of the intestine. Wang et al. (2020) indicated that PQQ can alter the composition or metabolism of intestine microbiota, especially to increase the abundance of Firmicutes and decrease the levels of Actinobacillus and Escherichia, resulting in a more balanced bacterial structure. Moreover, the promotion of growth by PQQ supplementation could be also due to the increase of digestive enzyme activity. The digestive enzymes, such as protease, lipase, and amylase, etc., play a major role in food digestion and assimilation (Duan et al., 2017). An increase in the production of these enzymes is usually associated with an improvement in overall body metabolism (Midhun et al., 2019). In the present study, fish fed with 4.5 mg/kg and 6 mg/kg PQQ increased significantly the activities of protease. This observation indicated that PQQ in the diet might benefit for protein digestion and absorption in yellow catfish intestine, and thus improve growth performance in yellow catfish. The potential mechanism is that PQQ may have synergistic action along the intestinal tract and promote the development of intestinal tissue (Zheng et al., 2020), modulate intestinal microbial status (Wang et al., 2020), and ultimately stimulate enzyme expression.

Blood analysis plays a key role in the nutrition and physiology of fish, which can indirectly reflect the health status of fish (Hossain et al., 2016). AST and ALT are two of the most important aminotransferases in fish and are usually considered sensitive tools for indications of liver tissue damage. The decline of serum enzymes mentioned above in response to the nutritional agent is usually thought to improve liver function (Wang et al., 2016). In this study, the AST decreased significantly in fish fed with 3 mg/kg PQQ, suggesting that PQQ had a beneficial effect on liver health. Consistently, a previous study reported that PQQ showed a better hepatoprotective effect against oxidative stress by reducing the elevated AST activity in the serum caused by oxidized sunflower oil (Zhao et al., 2014). Serum TG and TC, are two important indicators of lipid levels in fish, which reflect the metabolism, and increase energy storage of lipids in fish, and high contents of TG and TC in the serum are believed to be involved in cardiovascular diseases (Castro et al., 2015). The present study revealed that PQQ could reduce the levels of serum TC and TG, suggesting that PQQ possessed a hypolipidemic effect in yellow catfish. Similar to our results, Zhao et al. (2014) demonstrated that PQQ can significantly inhibit the elevation of triglyceride and total cholesterol in the liver of laying hens induced by high-energy and low-protein diets. One possible mechanism that might explain these observations could be due to PQQ can protect the integrity of mitochondria in hepatocytes, promote β-oxidation of fatty acids, regulate the level of lipid metabolism in the body, increase the uptake and reduce the accumulation of TG in the liver tissues, and thus decrease serum and/or liver cholesterol levels (Chowanadisai et al., 2010; Bauerly et al., 2011). However, the exact mechanisms are still needed to be further investigated. Our results also revealed that PQQ significantly reduced serum LDL-C and increased serum HDL-C levels in yellow catfish. Similarly, Zhang et al. (2015) showed that PQQ can significantly increase HDL-C levels in the serum of broilers after 21 days of feeding. The decline of LDL-C is especially linked with HDL-C. Several researchers have reported that HDL plays antioxidant roles due to its antioxidant proteins and enzymes (Mackness and Mackness, 2012; Soran et al., 2015; Islam et al., 2018). Apolipoprotein-AI, the major structural protein of HDL, is considered the main antioxidant factor in HDL, and which is capable of removing LDL lipid hydroperoxides (Islam et al., 2018). The increased concentration of serum HDL in our study was accompanied by decreased levels of LDL and MDA.

The anti-oxidative enzymes CAT, SOD, and GPX are essential for the protection of important organelles and macromolecules in cells from oxidation-related damage by scavenging or neutralizing the pro-oxidants produced by normal animal metabolism (Rashidian et al., 2021). T-AOC directly reflected the antioxidant capacity of fish, which prevents reactive oxygen species’ negative effects (Tan et al., 2017). MDA, an end-product of lipid peroxidation, indirectly reflected the extent of lipid peroxidation in tissue cells from free radicals attack (Cai et al., 2016). Usually, higher levels of SOD, CAT, and GPX activities revealed an increased antioxidant defense in fish. In this study, although PQQ supplementation had no impact on CAT and GPX activity, the activity of SOD and level of T-AOC in the serum were significantly increased by 3-6 mg/kg PQQ supplementation, while the MDA levels were markedly decreased. These data revealed that PQQ may improve antioxidant capacity and reduce lipid oxidation damage in yellow catfish. Similar results were also observed in the previous studies in laying hens (Wang et al., 2016), weaned pigs (Ming et al., 2021), and broilers (Samuel et al., 2015). PQQ was reported to be a potent non-enzymatic antioxidant, and its reduced form (pyrroloquinoline quinol, PQQH2) can directly eliminate reactive oxygen species (superoxide anion, hydrogen peroxide, and lipid radicals), with PQQH2 having a scavenging capacity 7.4 times higher than that of vitamin C, which is the most active water-soluble antioxidant (Ouchi et al., 2009). On the other hand, PQQ seems to enhance the antioxidant defense system by inducing antioxidant enzymes (Misra et al., 2004), consistent with our previous finding. A recent study had shown that PQQ could increase antioxidant enzyme activity by stimulating the PGC-1α and Nrf2-ARE signaling pathways of the peroxisome proliferator-activated receptor (Chowanadisai et al., 2010).

It is well known that the GH/IGF axis plays an important role in the regulation of fish growth (Picha et al., 2008). GH can bind to the growth hormone receptor (GHR) in targeted tissues, then promote IGFs production and release in the liver and in most peripheral tissues, which mediates many of the growth-promoting effects of GH (Tan et al., 2017). There are two principle IGFs referred to as IGF-1 and IGF-2 (Gabillard et al., 2006). In particular, IGF-1 promotes growth in large part depending on nutrient availability (Fox et al., 2010). IGF-2 is indicated to show a high structural homology with IGF-1 and extensively expressed in juvenile and adult fish (Terova et al., 2007). IGFs stimulate strongly growth, inducing an anabolic effect on protein and carbohydrate metabolism (Perez-Sanchez and Le Bail, 1999; Amin et al., 2019). Previous studies had showed that the increase in the number of mRNA copies of GH and IGFs expression levels likely reflects the improved growth performance of teleosts under the same nutrition conditions (Picha et al., 2008; Asaduzzaman et al., 2017; El-Kassas et al., 2020). In the current study, fish fed with 4.5 mg/kg and 6 mg/kg PQQ increased significantly the expressions of GH, IGF-1, and IGF-2 in the liver of yellow catfish. This was in accordance with the result obtained in growth performance. We infer that PQQ could stimulate the growth of yellow catfish via its action on the GH/IGF axis. Currently, studies on the effects of dietary PQQ supplemented on the GH/IGF axis in fish are rarely reported. Hence, future studies are needed to better understand the underlying mechanisms of PQQ affecting GH/IGF axis. Moreover, the expressions of IGF-1 and IGF-2 in the liver were in parallel with that of GH in this study. This finding suggest that GH may directly promote the mitosis and differentiation of cells to indirectly trigger the production and release of IGF (Delgadin et al., 2015).

In conclusion, our study revealed that dietary PQQ supplementation had beneficial effects on growth performance, serum biochemical parameters, and antioxidant status of juvenile yellow catfish, and the optimum supplemental level of PQQ is 4.92 mg/kg.
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