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Carbohydrates are a common and economical energy source in animal feeds. However, most fish show a persistent postprandial hyperglycemia after intake of a high-carbohydrate diet. Unfortunately, the mechanism of glucose metabolism in fish is still unclear. In the present study, tiger puffer (Takifugu rubripes) and turbot (Scophthalmus maximus) were intraperitoneally injected or orally administered with glucose or fructose (500 mg/kg body weight) to evaluate the ability of fish to utilize carbohydrates. Afterwards, serum glucose, fructose, pyruvate, insulin levels, and acute hypoxia tolerance were measured. Our results showed increased serum glucose level and then decreased post intraperitoneal injection with glucose, and reached a peak after 0.5 hours in turbot and 1 hour in tiger puffer. Tiger puffer had significantly lower liver glycogen, serum glucose, fructose, pyruvate, and insulin contents than turbot. Glucose and fructose only induced insulin secretion in turbot, but did not change serum insulin level in tiger puffer. Glucose was a stronger stimulator of insulin than fructose in the two marine species. Both intraperitoneal injection and oral fructose intake increased serum glucose level, while intraperitoneal or oral glucose also increased serum fructose level. Intraperitoneal injection of glucose promoted absorption and utilization of glucose in the blood more effectively than oral glucose intake. In addition, turbot and tiger puffer were intolerant to acute hypoxia, whereas supplementation with glucose or fructose improved hypoxia tolerance in the two marine fishes by activating anaerobic glycolysis. Taken together, our results provide important scientific information for understanding the mechanism for glucose and fructose utilization and improving hypoxia tolerance in fish.
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1 Introduction

Carbohydrates, such as starch and glucose, are a common and digestible energy source in food for mammals. Appropriate levels of carbohydrates in animal feeds promote growth and reduce the use of fat and protein ingredients (Ren et al., 2011; Kamalam et al., 2017; Zhang et al., 2019). However, many fish species show persistent postprandial hyperglycemia after a glucose tolerance test (GTT) or intake of high-carbohydrate feed, generally considered as glucose intolerance (Moon, 2001; Stone, 2003). GTT, including intraperitoneal glucose tolerance test (IPGTT) and oral glucose tolerance test (OGTT), are accepted methods used to evaluate glucose utilization capacity in humans and animals (Hemre and Hansen, 1998; Tuomilehto et al., 2001). However, carbohydrates utilization and GTT in fish are affected by various factors including insulin secretion, insulin receptor content, perception and transporter ability of glucose, glycolysis and gluconeogenesis-related enzymes activities, intestinal digestive enzymes activities, dietary carbohydrate sources, fish size, water temperature and hypoxia stress (Panserat et al., 2000; Blasco et al., 2001; Moon, 2001; Hemre et al., 2002; Alexander et al., 2011; Caruso and Sheridan, 2011). Accordingly, IPGTT and OGTT have been used in various cultured fish species to evaluate carbohydrate utilization.

Previous studies on IPGTT and OGTT revealed different peaks in measured parameters for various fish species. In carnivorous fish, such as Japanese flounder (Paralichthys olivaceus), serum glucose content reached the peak after 5 hours and returned to normal level until 48 hours post intraperitoneal glucose injection at 1000 mg glucose/kg body weight (Liu et al., 2018). However, serum insulin content decreased to the lowest level at 3 hours and returned to normal level until 48 hours after IPGTT (Liu et al., 2018). In largemouth bass (Micropterus salmoides), intraperitoneal glucose injection at 500 mg glucose/kg body weight increased serum glucose level that reached the peak after 3 hours and returned to normal level after 12 hours following IPGTT, but IPGTT did not affect the gene expression of insulin receptors (Li et al., 2021). In omnivorous fish, such as zebrafish (Danio rerio) GTT at 1000 mg glucose/kg body weight caused a peak serum glucose level after 0.5 hour and returned to normal level after 6 hour post injection (Eames et al., 2010). In Nile tilapia (Oreochromis niloticus), another omnivorous fish species GTT at 1000 mg glucose/kg body weight caused a glucose level peak in the plasma after 1 hour, which returned to normal level after 3 hour post injection (Chen et al., 2020). These results suggest that omnivorous fish have a greater ability to utilize glucose than carnivorous fish. Currently, the mechanism for glucose metabolism and carbohydrate utilization in fish are still unclear.

Fructose is an isomer of glucose, both with the molecular formula of C6H12O6. The two are the most common monosaccharides in most foods. In mammals, fructose is metabolized mainly in the liver and intestine by the fructose-1-phosphate pathway and the fructose-6-phosphate pathway, where solute carrier family 2 member 5 (SLC2A5/GLUT5) and ketohexokinase (KHK) enzymes play important roles (Havel, 2005; Tolan, 2007). Dietary excessive fructose cause nonalcoholic fatty liver, diabetes, insulin resistance, hyperuricemia, dyslipidemia, and obesity (Tesz and Bence, 2020). However, few studies exist on fructose metabolism in fish. In the fruit-eating fish Piaractus mesopotamicus, oral fructose at 2000 mg/kg body weight caused lower blood glucose levels than oral glucose and starch treatments (Takahashi et al., 2018). Moreover, feeding diets containing 22% and 15% fructose decreased growth performance and hepatic health in Amur sturgeon (Acipenser schrenckii) and Nile tilapia (Jiang et al., 2014; Zhou et al., 2022). The existence of limited studies, calls for more research to explain the effects of fructose on cultured fish species.

Ocean warming, eutrophication, diurnal alternation, extreme weather in nature and high-density culture, long-distance transportation, and power interruption in aquaculture all cause water environment hypoxia, which affect the growth performance and health of aquatic animals (Wu et al., 2003; Ma et al., 2023a). Acute hypoxia cause mass death of cultured fishes within a short time resulting in severe economic losses (Landman et al., 2005). Therefore, it is crucial to improve the tolerance of fish to acute hypoxia for sustainable aquaculture production. In mammals and fish, acute hypoxia activates hypoxia-inducible factor (HIF) and anaerobic glycolysis pathway and promotes the breakdown of glycogen into glucose and the production of lactic acid (Koukourakis et al., 2001; Li et al., 2018a). Accordingly, a naked mole-rat (Heterocephalus glaber) survived for 18 minutes in a zero oxygen environment without significant damage because it utilizes only fructose for anaerobic glycolysis and produces lactic acid in hypoxia condition (Park et al., 2017). This study indicated that not only glucose but also fructose improved hypoxia tolerance in animals. However, the effects of glucose and fructose on acute hypoxia tolerance and metabolism in fish have not been evaluated.

Marine fish farming is an important part of world aquaculture due to the rapid development of deep-sea net pens, large-scale aquaculture vessels, and land-based factory recirculating aquaculture. Tiger puffer (Takifugu rubripes) and turbot (Scophthalmus maximus) are important farmed marine fish species in northern China with annual outputs of around 16,000 tons and 50,000 tons, respectively, which are famous for their tasty meat and high economic value (Ma et al., 2023b). However, the effects of glucose and fructose on insulin secretion and hypoxia tolerance of the two marine fishes have not been studied. Therefore, tiger puffer and turbot were intraperitoneally injected or orally administered with glucose or fructose solution at 500 mg/kg body weight. Afterward, glucose, fructose, pyruvate, and insulin levels in the serum and the survival rate of eight fish species under acute hypoxia were measured. Our study compares the ability of tiger puffer and turbot to utilize glucose and fructose and assesses the effects of glucose and fructose on acute hypoxia tolerance in the two-marine fish species.




2 Materials and methods



2.1 Ethics approval

All experimental procedures and animal care were conducted under a protocol approved by experimental animal care, ethics, and safety inspection from the Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences.




2.2 Experimental animals

Juvenile tiger puffer (Takifugu rubripes), turbot (Scophthalmus maximus), half-smooth tongue sole (Cynoglossus semilaevis), goby (Acanthogobius ommaturus), Japanese sea bass (Lateolabrax japonicas), grey mullet (Mugil cephalus Linnaeus), yunlong grouper (Epinephelus moara♀ × Epinephelus lanceolatus♂), and pearl gentian grouper (Epinephelus fuscoguttatus♀ × Epinephelus lanceolatus♂) were provided by Huanghai Aquaculture Co. Ltd. (Yantai, China). The initial weights of the fish species ranged from 30 to 125 g. All fish were acclimatized in a flow-through seawater system and fed with the same commercial marine fish feed (protein 46%, lipid 10%, ash 11%, moisture 10%, Shengsuo fishery culture feed research center, Shangdong, China) for two weeks. Salinity, water temperature, dissolved oxygen (DO), pH, and total ammonia nitrogen were kept at 26 to 30‰, 20 to 23°C, 6 to 7 mg/L, 7 to 8, and < 0.02 mg/L, respectively.




2.3 Intraperitoneal injection or oral administration of glucose or fructose

One hundred and eight tiger puffer (113.5 ± 10.9 g) and the same number of turbot (105.2 ± 15.6 g) were randomly distributed into 36 tanks (6 fish of each species per tank, 200 L). Before intraperitoneal injection or oral gavage, tiger puffer and turbot were fasted for 12 h to empty residual food in the digestive tract. Glucose and fructose powder (purity ≥ 99%) were purchased from China National Pharmaceutical Group Corporation (Sinopharm). Glucose and fructose were weighed and dissolved in normal saline solution (NS) to obtain glucose and fructose solutions at concentrations of 100 mg/mL. The injection or oral doses were all 5 μL/g body weight (500 mg/kg body weight).

Six tiger puffer or turbot were anaesthetized with MS-222 (10 mg/L) and injected with normal saline solution as a zero hour treatment. Forty-eight tiger puffer and the same number of turbot were injected with glucose or fructose solution. Blood was collected from six fish per tank (n = 6) after 0.5, 1, 3, and 7 hours post intraperitoneal glucose or fructose injection. In the same way, six tiger puffer or turbot were fed with normal saline solution orally as a zero hour treatment. Forty-eight tiger puffer and the same number of turbot were fed with glucose or fructose solution orally. Afterward, blood was collected from six fish per tank (n = 6) after 0.5, 1, 3, and 7 hours post oral glucose or fructose. The blood was placed at 4°C for two hours, centrifuged at 3000 rpm for 10 minutes, and then serum was collected. The design and sampling of the experiment are shown in Figure 1.




Figure 1 | Design and sampling of the experiment. Tiger puffer and turbot were fasted for 12 h and then given 500 mg/kg body weight glucose solution or fructose solution via intraperitoneal injection or oral gavage, respectively. Serum biochemical indicators and survival rate during acute hypoxia were measured.






2.4 Acute hypoxia tolerance test

After two weeks of acclimatization, eight marine fish species (n = 20, two replicates per species, 10 fish per species per tank) were fasted for 12 h and transferred to customized hypoxic equipment (patent number: ZL202020482406.9) to evaluate the tolerance to acute hypoxia. The initial DO was 7.0 mg/L, the aquarium air pump was turned off, and then DO was decreased continuously to 0.1 mg/L with the prolonging of hypoxic time. The fish mortality was recorded every 0.5 hours. A fish was regarded dead when the gill stopped breathing. All the fish died after 12 h acute hypoxia. The survival rate was calculated by using the following formula: Survival rate (%) = alive fish number/initial fish number × 100.

Moreover, one hundred tiger puffer or turbot were randomly distributed into five treatments: normal saline (NS), intraperitoneal glucose (IG), intraperitoneal fructose (IF), oral glucose (OG), and oral fructose (OF), respectively. Each treatment had 20 tiger puffer or turbot (two replicates, 10 fish for each species per tank). Then, the tiger puffer or turbot were intraperitoneal injected or orally fed with glucose or fructose solution and studied for acute hypoxia stress. The fish died after the DO level in the water decreased. After 2 hours of hypoxia stress, the number of dead fish was counted and the survival rate after hypoxia was calculated. Afterward, the fish that survived were anesthetized with MS-222, and blood was collected for further analysis.




2.5 Biochemical parameters assays

The concentrations of glucose (F006-1-1), fructose (A085-1-1), lactate (A019-2-1), and pyruvate (A081-1-1) in the serum were measured by using specific commercial kits (Nanjing Jiancheng Bioengineering Institute, China). Insulin content was determined by using a fish insulin enzyme-linked immune sorbent assay (ELISA) kit (HB407-QT, Shanghai Hengyuan Biological Technology Co., LTD, China). All the results were read by using a microplate reader (Tecan Infinite M200, Switzerland).




2.6 Statistical analyses

All data were tested for normality and homogeneity of variances by using Shapiro-Wilk and Levene’s tests, respectively. One-way analysis of variance (ANOVA, Duncan) was performed to evaluate significant differences among different sampling times (0, 0.5, 1, 3, and 7 hours). An independent-sample t-test was applied to determine the significant difference between tiger puffer and turbot, glucose and fructose, or between intraperitoneal injection and oral gavage. Significant differences were set at P < 0.05 and graphs were made by GraphPad Prism 8.0 software. All data were analyzed by using the SPSS Statistics 21.0 software (IBM company, USA). The results are reported as means ± standard error of means (SEM).





3 Results



3.1 The differences in glucose or fructose utilization between tiger puffer and turbot

The fish intraperitoneal injected with glucose increased in serum glucose level and then decreased with the extension of sampling time compared with zero hour treatment (normal saline injection). The serum glucose level reached a peak after 0.5 hours in turbot and at 1 hour in tiger puffer (Figure 2A). The serum fructose and pyruvate levels also showed a similar trend in turbot (Figures 2B) and tiger puffer (Figures 2C) after glucose intraperitoneal injection. As the sampling time was extended, the serum insulin level showed an increasing trend in the turbot, but there was no significant effect on insulin level in the tiger puffer (Figure 2D). In oral glucose treatments, the two marine fishes showed a continuously increasing trend in serum glucose level, but the increase of glucose level in tiger puffer was more rapid than that in turbot (Figure 2E). The serum fructose level increased and then decreased with the extension of sampling time, and reached a peak after 1 hour in both turbot and tiger puffer (Figure 2F). The serum pyruvate and insulin levels separately showed a decreasing and an increasing trend in turbot as the sampling time was extended (Figure 2G), but the trend was reversed in the tiger puffer (Figure 2H). These data illustrate that intraperitoneal injection and oral glucose increased serum glucose and fructose contents in both tiger puffer and turbot, but only increased serum insulin content in the turbot.




Figure 2 | Comparison of differences in glucose or fructose utilization between tiger puffer and turbot. (A, E, I, M) glucose content. (B, F, J, N) fructose content. (C, G, K, O) pyruvate content. (D, H, L, P) insulin content. All values are means ± SEM (n=6). Different letters (A–C) with the same color indicate significant differences in the same fish species with different sampling times. *(p < 0.05), **(p < 0.01), and ***(p < 0.001) indicate significant differences at the same sampling time among different fish species.



Both turbot and tiger puffer intraperitoneal injected with fructose increased the serum glucose and pyruvate levels compared to the zero hour treatments and the significances were found in the tiger puffer (Figures 2I, K). Meanwhile, the fructose and insulin contents also showed an increasing trend in turbot (Figure 2J), but showed an increasing and then decreasing trend in tiger puffer (Figure 2L). In oral fructose treatments, the serum glucose level increased first and then decreased in tiger puffer with the extension of sampling time and reached the peak at 3 hours (Figure 2M). The turbot orally treated with fructose had a significant difference in serum glucose level after 7 hours (Figure 2M). The serum fructose and pyruvate levels showed an increasing and decreasing trend in the both turbot and tiger puffer after oral administration of fructose (Figure 2N). The fructose content reached a peak after 3 hours, and pyruvate content reached a peak after 0.5 hours (Figures 2N, O). Oral fructose did not affect the serum insulin content in turbot, but decreased the serum insulin content in tiger puffer (Figure 2P). In particular, the serum glucose level of tiger puffer was higher than that of turbot after 1 and 3 hours of oral administration of glucose or fructose. These data demonstrate that both intraperitoneal injection and oral fructose increased serum fructose and pyruvate contents in both tiger puffer and turbot, but only significantly increased serum glucose content in the tiger puffer. In general, the serum glucose, fructose, pyruvate, and insulin contents in turbot fish were all significantly higher than those in tiger puffer fish.




3.2 The differences between glucose and fructose utilization in fish

The intraperitoneal glucose treatments had significantly higher glucose content in the serum from 0.5 to 3 hours compared with the intraperitoneal fructose treatments (Figures 3A, I). However, both turbot and tiger puffer had lower fructose content in the serum (Figures 3B, J). In tiger puffer, the fish intraperitoneal injected with fructose had higher pyruvate levels than the fish intraperitoneal injected with glucose (Figure 3C). However, there was no significant effect on serum insulin content between fructose and glucose injections (Figure 3D). In turbot, the fish intraperitoneal injected with glucose had higher pyruvate and insulin levels in the serum than those injected intraperitoneal with fructose, and the significance was found in insulin content at 1 and 3 hours (Figures 3K, L).




Figure 3 |     The differences between glucose and fructose utilization in fish. (A, E, I, M) glucose content. (B, F, J, N) fructose content. (C, G, K, O) pyruvate content. (D, H, L, P) insulin content. All values are means ± SEM (n=6). *(p < 0.05), **(p < 0.01), and ***(p < 0.001) indicate significant differences between glucose and fructose at the same sampling time (compared to the same data in Figure 2 in different ways).



In both tiger puffer and turbot, the oral glucose treatments had lower glucose content in the serum from 0.5 to 3 hours, but had significantly higher glucose content than the oral fructose after 7 hours (Figures 3E, M). In tiger puffer, the fish treated with oral fructose had significantly higher fructose content in the serum after 3 hours than the oral glucose treatment (Figure 3F). However, there was no significant effect on pyruvate levels between oral fructose and glucose treatments (Figure 3G). In turbot, the oral fructose treatment had significantly higher fructose and pyruvate contents in the serum than those treated with oral glucose treatment (Figures 3N, O). The oral glucose treatments had higher serum insulin content in both tiger puffer and turbot compared with oral fructose treatments (Figures 3H, P). All these results indicate that glucose and fructose may be converted to each other in fish. Glucose is a stronger stimulator of insulin secretion than fructose in the two marine fishes.




3.3 Effects of intraperitoneal injection and oral gavage on glucose or fructose utilization

The intraperitoneal glucose treatments had significantly higher serum glucose content from 0.5 to 3 hours in the both tiger puffer and turbot compared with oral glucose treatments (Figures 4A, I). In turbot, intraperitoneal glucose treatment had higher fructose, pyruvate, and insulin contents in the serum than that in the oral glucose treatment (Figures 4J–L). However, these indicators did not change between intraperitoneal glucose and oral glucose treatments in tiger puffer (Figures 4B–D). In tiger puffer, the intraperitoneal fructose treatment had significantly higher serum fructose content at 0, 0.5, 1, and 7 hours (Figure 4F). Moreover, the intraperitoneal fructose treatment had higher insulin levels after 0.5, 1, and 3 hours than the oral fructose treatment (Figure 4H). However, the two administration methods did not affect glucose and pyruvate levels in the serum (Figures 4E, G). In turbot, the intraperitoneal fructose treatment had significantly higher serum glucose, fructose, and insulin contents only after 7 hours than the oral fructose treatment (Figures 4M, N, P). However, the intraperitoneal fructose treatment had a significantly lower fructose level after 3 hours and pyruvate level after 0.5 hour than the oral fructose treatment in the serum (Figures 4N, O). These data prove that intraperitoneal injection can promote the absorption and utilization of glucose compared with oral administration.




Figure 4 | Effects of intraperitoneal injection and oral gavage on glucose or fructose utilization. (A, E, I, M) glucose content. (B, F, J, N) fructose content. (C, G, K, O) pyruvate content. (D, H, L, P) insulin content. All values are means ± SEM (n=6). *(p < 0.05), **(p < 0.01), and ***(p < 0.001) indicate significant differences between intraperitoneal injection and oral gavage at the same sampling time (compared to the same data of Figure 2 in different ways).






3.4 Effects of glucose and fructose utilization on acute hypoxia tolerance

The hypoxic survival rate of the eight fish species is shown in Figure 5. Turbot (Scophthalmus maximus) was the most intolerant to hypoxia, while pearl gentian grouper (Epinephelus fuscoguttatus♀ × Epinephelus lanceolatus♂) was the most tolerant to hypoxia (Figures 5A). The hypoxia tolerance ability of the eight species was in the order: turbot (Scophthalmus maximus) < tiger puffer (Takifugu rubripes) < half-smooth tongue sole (Cynoglossus semilaevis) < goby (Acanthogobius ommaturus) < Japanese sea bass (Lateolabrax japonicas) < grey mullet (Mugil cephalus Linnaeus) < yunlong grouper (Epinephelus moara ♀× Epinephelus lanceolatus♂) < pearl gentian grouper (Epinephelus fuscoguttatus♀ × Epinephelus lanceolatus♂). Both turbot and tiger puffer were intolerant to hypoxia. However, there were distinct physiological differences between the two fish species. Tiger puffer had a significantly higher liver fat level than turbot (Figure 5B). However, liver glycogen content was significantly lower in tiger puffer than turbot (Figure 5C). Intraperitoneal glucose (IG), intraperitoneal fructose (IF), oral glucose (OG), and oral fructose (OF) treatments all increased hypoxic survival rate compared with the normal saline (NS) treatment, and the significances were found in the OG treatment in tiger puffer and in the IG and IF treatments in turbot (Figures 5D, F). Meanwhile, the fish treated with OG, IG, OF, and IF all had significantly higher serum lactate levels than the NS treatment both in turbot and tiger puffer (Figures 5E, G). These data suggest that supplementation with glucose or fructose can improve hypoxia tolerance in the two fish species.




Figure 5 | Effects of glucose and fructose utilization on acute hypoxia tolerance. (A) The survival rates of 8 marine fish species under acute hypoxia (values are means of two replications, n=20). (B) Liver lipid content in the tiger puffer and turbot. (C) Liver glycogen content in the tiger puffer and turbot. (D) Survival rate of tiger puffer with intraperitoneal and oral glucose or fructose after 2 h acute hypoxia stress. (E) Serum lactate content of tiger puffer after 2 h acute hypoxia. (F) Survival rate of turbot with intraperitoneal and oral glucose or fructose after 2 h acute hypoxia stress. (G) Serum lactate content of turbot after 2 h acute hypoxia (values are means ± SEM, n=4). *(p < 0.05) and **(p < 0.01) indicate significant differences between OG (oral glucose), IG (intraperitoneal glucose), OF (oral fructose), IF (intraperitoneal fructose) group, and NS (normal saline) group. ***(p < 0.001) indicates significant differences between tiger puffer and turbot.







4 Discussion

Fish especially carnivorous fish, have a limited ability to utilize carbohydrates in their diet and commonly show postprandial hyperglycemia for extended periods. GTT is an important tool to evaluate the ability of fish to utilize glucose, which can be performed orally or intraperitoneally (Enes et al., 2009; Liu et al., 2018). In omnivorous fishes such as hybrid Amazon catfish (Pseudoplatystoma fasciatum × Leiarius marmoratus) and traíra (Hoplias malabaricus), the serum glucose content rose to the highest point from 2 to 4 hours and declined to baseline after 16 hours post-IPGTT at 1000 mg glucose/kg body weight (De Souza et al., 2021). However, intraperitoneal fructose injection did not affect serum glucose level (De Souza et al., 2021). In omnivorous fishes such as Nile tilapia and piau (Leporinus elongatus), serum glucose content rose to the highest point from 0.5 to 1 hour and declined to baseline at 8 hours post-IPGTT at 1000 mg glucose/kg body weight (De Souza et al., 2021). In grass carp (Ctenopharyngodon idellus), serum glucose content peaked after 1 hour and returned to normal level after 12 hours post intraperitoneal glucose at 300 mg glucose/kg body weight (Li et al., 2018b). In the fruit-eating fish Piaractus mesopotamicus, oral admission with three types of carbohydrates (glucose, fructose, and starch at 2000 mg/kg body weight) all resulted in raised blood glucose content (Takahashi et al., 2018). The highest blood glucose content was reached after 2 hours post oral fructose and 4 hours post oral glucose or starch, respectively, and glucose content recovered to baseline level within 12 hours after carbohydrates gavage (Takahashi et al., 2018). In grass carp, the high-carbohydrate treatment (60% corn starch) had increased glucose tolerance, glycogen content, and glucokinase (Gk, key enzyme of glycolysis) activity in the liver compared to the low-carbohydrate treatment (20% corn starch). However, the liver had lower phosphoenolpyruvate carboxykinase (Pepck, key enzyme of gluconeogenesis) activity than the low-carbohydrate treatment (Li et al., 2018b). In Nile tilapia, a high-carbohydrate diet (32.3% corn starch) lowered weight gain and condition factor versus the low-carbohydrate treatment (13.1% corn starch) (Chen et al., 2020). However, increased hepatosomatic index, intraperitoneal fat ratio, glucose and triglyceride contents in the serum, glycogen content, phosphofructokinase (Pfk) activity, and mRNA expression of glucose transporter (glut2/4) and pfk in the liver and white muscle (Chen et al., 2020). These results confirm that omnivorous fish have the ability to clear glucose more quickly than carnivorous fish. In the present study, we found that intraperitoneal glucose injected fish first increased and then decreased the serum glucose level with the extension of sampling time, and reached the peak after 0.5 hours in turbot and after 1 hour in tiger puffer, which proved that, the two marine fishes had the ability to clear excessive glucose. However, the time for blood glucose to return to normal level was slower than in some omnivorous freshwater fishes.

In mammals, insulin is one of the key anabolic hormones for maintaining glucose homeostasis by stimulating postprandial glucose uptake in peripheral tissues, promoting glycogen and lipid synthesis, and inhibiting gluconeogenesis in the liver (Saltiel and Kahn, 2001). Intraperitoneal glucose at 1000 mg glucose/kg body weight increased serum glucose concentration that reached the peak after 2 to 6 hours and returned to normal level after 12 hours post-IPGTT (Conde-Sieira et al., 2015). However, it did not change the serum insulin content in European sea bass (Dicentrarchus labrax) (Conde-Sieira et al., 2015). In white sea bream (Diplodus sargus), serum glucose and insulin contents were increased and reached the peak after 2 hours and returned to normal levels after 9 hours post intraperitoneal glucose at 1000 mg glucose/kg body weight (Enes et al., 2012). On the contrary, IPGTT reduced the insulin content of serum in Japanese flounder (Liu et al., 2018). In the present study, we found that intraperitoneal glucose, oral glucose, and intraperitoneal fructose all increased the serum insulin content in turbot, but did not change the serum insulin level in the tiger puffer, while oral fructose even decreased the serum insulin content in the tiger puffer. The above data suggest that glucose and fructose only induce insulin secretion in turbot, but not in tiger puffer. The decrease of serum glucose after GTT in tiger puffer may not be insulin-dependent. Meanwhile, intraperitoneal or oral glucose treatments had higher serum insulin content than the intraperitoneal or oral fructose treatments, which indicated that glucose is a stronger stimulator of insulin than fructose in fish. In rainbow trout (Oncorhynchus mykiss), dietary glucose increased gk gene expression in the liver, but dietary fructose did not affect the expression of the gk gene (Panserat et al., 2001). In omnivorous fish species, intraperitoneal fructose at 1000 mg glucose/kg body weight did not affect serum glucose level in Nile tilapia and piau, but increased serum glucose level in tambaqui (Colossoma macropomum) (De Souza et al., 2021). In the present study, we found that intraperitoneal or oral fructose all increased serum glucose levels, and intraperitoneal or oral glucose also increased serum fructose levels. These results indicate that glucose and fructose may be converted to each other in fish. However, the mechanism of the interconversion of the two monosaccharides is still unclear. In addition, the serum glucose, fructose, pyruvate, and insulin contents in turbot were all higher than those in the tiger puffer. Tiger puffer is a fish that stores fat mainly in the liver, and has significantly higher liver fat content than turbot. However, turbot has significantly higher liver glycogen content than tiger puffer. These physiological differences suggest that turbot may have better glucose utilization than tiger puffer. In Senegalese sole (Solea senegalensis) intraperitoneal glucose at 600 mg glucose/kg body weight, increased first and then decreased serum glucose level with the extension of sampling time, and reached a peak after 4 hours and returned to normal level after 24 hours post IPGTT. However, oral glucose feeding at 1000 mg glucose/kg body weight increased serum glucose level that reached a peak after 1 hour and returned to normal level after 10 hours post OGTT (Conde-Sieira et al., 2015). In the present study, we found that in oral glucose treatments, the serum glucose level showed a continuously increasing trend in the two marine fishes. Indeed, the glucose absorption and metabolism rates in intraperitoneal glucose treatments were faster than in oral glucose treatments. These data prove that compared with oral administration (into the intestine), intraperitoneal injection can promote the absorption and utilization of glucose, which indicates slow intestinal digestion and absorption of carbohydrates may be responsible for persistent postprandial hyperglycemia in marine carnivorous fish.

With the rapid development of marine fish farming, acute hypoxia stress has been a common and harmful stress in aquaculture. In Norway and Chile, the high-density culture mode of salmon requires high dissolved oxygen levels, and uncontrollable ocean currents, which cause acute hypoxia, resulting in massive mortality and serious economic losses (Martínez et al., 2020). However, few studies have been conducted to improve hypoxia tolerance in marine fish. In the present study, we selected eight marine fish species to perform acute hypoxia stress simultaneously. We found that the hypoxia tolerance ability of the eight species was in the order: turbot < tiger puffer < half-smooth tongue sole < goby < Japanese sea bass < grey mullet < yunlong grouper < pearl gentian grouper, which proved that both turbot and tiger puffer are very intolerant to acute hypoxia. In a hypoxia environment, the naked mole-rat increased fructose concentration in the liver, kidney, and blood, while fructose but not glucose entered anaerobic glycolysis to produce energy and lactate by activating GLUT5 and KHK (Park et al., 2017). In zebrafish, feeding a high-carbohydrate diet increased the survival rate during acute hypoxia stress by activating the anaerobic glycolysis pathway (Ma et al., 2020). Crucian carp (Carassius auratus) are the most hypoxia-tolerant vertebrates and can survive for months in water without any oxygen. In hypoxia, glucose from the liver glycogen produces energy and lactate via an anaerobic glycolysis pathway, and lactate can be converted to ethanol that is excreted into water from the gills to avoid acidosis (Shoubridge Eric and Hochachka, 1980). In our study, intraperitoneal or oral glucose or fructose both increased survival rate and serum lactate level after acute hypoxia than the normal saline treatment in turbot and tiger puffer. Our study proved that supplementation with glucose or fructose improves hypoxia tolerance in the two marine fishes.




5 Conclusion

Turbot and tiger puffer are able to clear excessive glucose after GTT, but the time for serum glucose to return to normal level was slower than some omnivorous fishes. Tiger puffer has lower liver glycogen, serum glucose, fructose, pyruvate, and insulin contents than turbot. Glucose and fructose only induce insulin secretion in turbot, but did not change serum insulin level in tiger puffer. Glucose is a stronger stimulator of insulin than fructose, and glucose and fructose may be converted to each other in the two fish species. Intraperitoneal glucose promotes the absorption and utilization of glucose more than oral glucose. Turbot and tiger puffer are intolerant to acute hypoxia. However, supplementation with glucose or fructose improves hypoxia tolerance in the two marine fishes by activating anaerobic glycolysis. Our results help to understand the mechanism glucose and fructose utilization in fish and provide guidance to improve fish tolerance to acute hypoxia.
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