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Abstract

:

Simple Summary


In intensive farming, due to economic and management reasons, piglets have been progressively weaned earlier at 3 to 4 weeks of age. Early weaning usually leads to low feed intake and weight loss, which causes undernutrition and energy deficits. However, the effects of early weaning on hepatic glucose metabolism in piglets remain unclear. The objective of this study was to evaluate the dynamic changes in the hepatic glucose metabolism of 60 piglets at 14 days postweaning. We found that early weaning remodeled the content of metabolites related to glycometabolism and enhanced gluconeogenesis to produce more hepatic glucose. Further study showed that early weaning reduced the content of oxaloacetate and succinate, which suppressed ATP (adenosine triphosphate) production. Our findings enrich weaning stress theory and might provide a reference for dietary intervention.




Abstract


This study aimed to investigate the dynamic changes in hepatic glucose metabolism in response to early weaning. A total of 60 piglets were randomly selected and weaned at 21 days old. Six piglets were slaughtered on the weaning day (d0) and at 1 (d1), 4 (d4), 7 (d7), and 14 (d14) days postweaning. The results illustrated that body weight significantly increased from d4 to d14 (p < 0.001). Serum glucose fell sharply after weaning and then remained at a low level from d1 to d14 (p < 0.001). Serum insulin decreased from d4 (p < 0.001), which caused hepatic glycogen to be broken down (p = 0.007). The glucose-6-phosphatase activity increased from d0 to d4 and then decreased from d4 to d14 (p = 0.039). The pyruvate carboxylase activity presented a significant sustained increase from d0 to d14 (p < 0.001). The succinate (p = 0.006) and oxaloacetate (p = 0.003) content on d4 was lower than that on d0. The succinate dehydrogenase activity (p = 0.008) and ATP (p = 0.016) production decreased significantly on d4 compared to that on d0. Taken together, these findings reveal the dynamic changes of metabolites and enzymes related to hepatic glycometabolism and the TCA (tricarboxylic acid) cycle in piglets after weaning. Our findings enrich weaning stress theory and might provide a reference for dietary intervention.
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1. Introduction


Under natural conditions, weaning is a gradual process in pigs and is completed at 13 to 17 weeks of life, on average [1]. In intensive farming, due to economic and management reasons, piglets have been weaned progressively earlier at 3 to 4 weeks of age [2]. Early weaning is an abrupt event involving separation from sows and litter mates, transportation, dietary transition, and environment adaptation, which contribute significantly to weaning stress [3]. It has been reported that weaning stress results in high susceptibility to enteric disease, disturbed antioxidant capacity, poor growth performance, and increased mortality [4,5,6], causing huge economic losses in the pig industry.



Weaning stress is usually accompanied by low food intake due to the abrupt adaptation from the consumption of breast milk to a dry and solid diet (which is less digestible and palatable for the piglet), which can result in acute malnutrition and a reduced growth rate [7,8,9]. Glucose is an important source of energy and the liver plays a pivotal role in glucose homeostasis by controlling various pathways of glucose metabolism, including glycogenolysis, gluconeogenesis, and glycolysis [10,11]. In the fasted state, glucose from hepatic glycogenolysis and gluconeogenesis accounts for a substantial fraction of the total glucose production [12,13]. It is demonstrated that the gluconeogenesis rate in pigs declines after feeding and reaches the highest during energy deficit [14]. Evidence shows that weaning reduces blood glucose, which makes hepatic gluconeogenesis more important in weaning piglets [15]. The related intermediate content and enzyme activity can reflect the state of glucose metabolism [11]. It is reported that early weaning significantly affects glucose metabolism-related gene expression and enzyme activity in the liver [9,16]. However, further study is still required in terms of the importance of hepatic glucose metabolism in early weaned piglets.



The tricarboxylic acid (TCA) cycle is closely related to glycometabolism. The pyruvate derived from glucose metabolism enters the TCA cycle and is metabolized for energy. The TCA cycle not only serves as a main source of cellular energy, but also provides precursors for biosynthetic pathways. Some enzymes, including α-ketoglutarate dehydrogenase (α-KGDH), succinate dehydrogenase (SDH), and malate dehydrogenase (MDH), are essential in the TCA cycle, whose deficiency elicits profound metabolic disorders [17]. As metabolic signaling molecules, α-ketoglutaric acid has been found to decrease blood glucose and hepatic gluconeogenesis in mice with diet-induced obesity [18]. Circulating succinate can protect against diet-induced obesity and improve glucose tolerance via controlling the activation of adipose tissue thermogenesis [19]. In recent years, studies have found that intermediates derived from the TCA cycle can also act as nonmetabolic signaling mediators in proinflammatory and anti-inflammatory activity [20]. Some intermediates from the TCA cycle have been used as feed additives applied in the pig industry [21,22]. However, the effects of early weaning on the intermediates and enzymes in the TCA cycle remain unclear.



Therefore, the present study investigated the dynamic changes in the metabolites and enzymes related to hepatic glucose metabolism and the TCA cycle in weaning piglets. This study might provide a new perspective for understanding the effects of weaning stress on liver metabolism and contribute to the development of nutritional interventions.




2. Materials and Methods


2.1. Experimental Design and Feeding Management


A total of 60 piglets (Landrace × Yorkshire × Duroc) from 6 litters (10 of each) were randomly selected and weaned at 21 days old. Six piglets (1 piglet per litter, 3 males and 3 females) were randomly selected and slaughtered on the weaning day (d0) and at 1 (d1), 4 (d4), 7 (d7), and 14 (d14) days postweaning. The experimental diets were formulated according to the swine nutrition requirements recommended by the NRC (National Research Council) [23]. The dietary composition and nutrient levels are shown in Table 1. The piglets were housed in plastic-floored pens, where the temperature and humidity were controlled at around 25 °C and 60%, respectively. Each pen was equipped with a feeder and nipple drinker, and the piglets had ad libitum access to feed and water during the experimental period.




2.2. Sample Collection


At the selected time points postweaning, six piglets were randomly selected and euthanized via the intramuscular injection of 4% sodium pentobarbital solution (40 mg/kg body weight). All piglets were fasted for 12 h before sampling. Body weight was recorded on the day that the piglets were sacrificed. Blood samples were collected from the pigs’ precaval vein and then centrifuged (3000× g, 10 min, 4 °C) to obtain serum. Livers were rinsed thoroughly with ice-cold PBS to remove blood. The serum and liver samples were frozen immediately at −80 °C for further analysis.




2.3. Serum Glucose and Hepatic Glycogen Content


The serum glucose was detected according to the glucose oxidase/peroxidase method [24]. A total of 75 µL serum was added into the same volume of distilled water with sufficient mix. The mixture was placed into a boiling water bath for 10 min and then cooled to room temperature. The 20 µL supernatant was taken for analysis after centrifugation (8000× g, 10 min, 25 °C). The absorbance was read at a wavelength of 505 nm. The hepatic glycogen content was detected using the anthrone–sulfuric acid method [25]. Briefly, glycogen was extracted using an alkaline solution and then reacted with anthrone in the presence of concentrated sulfuric acid. The reaction mixture was centrifuged (8000× g, 10 min, 25 °C), and then the supernatant was taken for further analysis. The absorbance was read at a wavelength of 620 nm. A Blood Glucose Content Assay Kit and Glycogen Content Assay Kit were used according to the manufacturer’s instructions (Solarbio Life Science, Beijing, China). The absorbance was detected using a microplate reader (Synergy 2, BioTek, Winooski, VT, USA).




2.4. ATP Detection


The ATP content was measured with firefly luciferase according to the manufacturer’s instructions (Beyotime Biotechnology, Shanghai, China). The kits are based on the principle that firefly luciferase catalyzes luciferin to produce fluorescence, which requires ATP to provide energy. Briefly, the liver samples were homogenized and then the supernatant was taken for detection after being centrifuged (8000× g, 5 min, 4 °C). Black 96-well plates were used to minimize background fluorescence and light scattering. Working solution was added into the plates first to remove background ATP and then the samples were tested. The luminescence intensity was detected using a microplate reader (Synergy 2, BioTek, Winooski, VT, USA).




2.5. Determination of Enzyme Activity


The liver samples stored at −80 °C were used to measure the enzyme activity. Briefly, the liver samples were homogenized in PBS, and then the supernatant was taken for detection after being centrifuged (8000× g, 10 min, 4 °C). The enzyme activity of glucose-6-phosphatase (G6PC), phosphoenolpyruvate carboxykinase (PEPCK), pyruvate kinase (PK), phosphofructokinase (PFK), hexokinase (HK), α-ketoglutarate dehydrogenase (α-KGDH), and malate dehydrogenase (MDH) were measured using a microplate reader at 340 nm in 96-well UV microplates according to the kits’ instructions (Solarbio Life Science, Beijing, China). In particular, for the activity of pyruvate carboxylase (PC) and succinate dehydrogenase (SDH), the mitochondria were extracted via centrifugation (11,000× g, 15 min, 4 °C), and then disrupted using ultrasonication (SCIENTZ08-III, SCIENTZ, Ningbo, China). The main procedures were as follows: 12 cycles of ultrasonication for 5 s and an interval of 10 s at 20% power at 4 °C.




2.6. Enzyme-Linked Immunosorbent Assay (ELISA)


The serum samples were directly detected and the liver samples were homogenized in PBS. Then, the supernatant was taken for detection after centrifugation (4500× g, 10 min, 4 °C). Briefly, the samples and standard were added to plates pre-coated with antibodies, followed by incubation with horseradish-peroxidase-conjugated substrate at 37 °C for 60 min. The reaction mixture was removed and then washed thoroughly. The chromogen solutions A and B were added into each well. The mixture was incubated for 15 min at 37 °C away from light. After adding stop solution, the color of the reaction mixture turned yellow. The optical density was measured spectrophotometrically at a 450 nm wavelength. The concentrations were calculated according to the standard curve. The kits used for detecting serum insulin and glucagon were obtained from Gaining Biotech (Shanghai, China), and hepatic glycogen synthase 2 (GYS2) and glycogen phosphorylase (PYGL) were obtained from JYMbio (Wuhan, China).




2.7. Targeted Liver Metabolomics


Simply, the frozen samples (10 mg) were homogenized for 3 min with 10 beads and deionized water (20 µL). Then, 120 µL methanol was added to the mixture (including internal standard) for automated homogenization. The supernatant was collected using high-speed centrifugation (18,000× g, 4 °C, 15 min). The supernatant (20 µL), 3-nitrophenylhydrazine (200 mM, 20 µL), and EDC (120 mM, 20 µL) were sequentially added to each well of the 96-well plate, and then centrifuged (500× g, 30 °C, 60 min). The reaction mixture was diluted with 350 µL pre-chilled methanol. Then, 150 µL of the supernatant was taken for analysis after centrifugation (4000× g, 4 °C, 20 min). The analysis was performed by the Metabo-Profile R&D Laboratory (Shanghai, China) with UPLC-MS/MS (ACQUITY UPLC-Xevo TQ-S, Waters Corp., Milford, MA, USA).




2.8. Statistical Analysis


The normal distribution and homogeneity of variance were checked using the Shapiro–Wilk test and Levene’s test, respectively. If the conditions were met, one-way ANOVA and Tukey’s HSD post hoc tests were employed for multiple comparisons. If not, the Kruskal–Wallis test was used, followed by Dunn’s post hoc test. All data were presented as mean ± SEM and differences were considered statistically significant when p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.01). Analyses were performed using SPSS 20.0 (IBM Corporation, Armonk, NY, USA). All figures were graphed using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA).





3. Results


3.1. Body Weight, Serum Biochemical, and Glycogen Metabolism Indicators


As shown in Table 2, body weight showed no obvious increase from d0 to d4 and continued to elevate from d4 to d14 (p < 0.001). In response to early weaning, serum glucose fell sharply after weaning and then remained at a low level from d1 to d14 (p < 0.001). The insulin secretion decreased significantly from d4 (p < 0.001) and remained at a low level until d14. The glucagon level showed no significant changes from d0 to d7 and then increased significantly on d14 (p < 0.001). To provide more glucose, hepatic glycogen was broken down and reached its lowest point on d4 (p = 0.007). The GYS2 content generally showed a rising trend, but no statistical difference was observed during the experimental period (p = 0.322). The PYGL content showed a significant increase on d1 compared to that on d0 (p = 0.049).




3.2. Weaning Remodeled Metabolites Related to Glycometabolism


Considering the importance of glucose in maintaining normal physiological functions, the related metabolites in the liver were further detected. The content of glucose (p = 0.003) and fructose (p = 0.010) maintained a high level during the experimental period and both increased significantly on d1 compared to d0 (Figure 1A,B). The glucose-1-phosphate (G1P, p = 0.013) showed a similar trend with glucose-6-phosphate (G6P, p = 0.002), whose content on d0 was significantly lower than the other four time points (Figure 1C,D). The content of fructose-1-phosphate (F1P, p < 0.001) and fructose-6-phosphate (F6P, p < 0.001) on d4, d7, and d14 were significantly higher than that on d0 (Figure 1E,F). There was no significant difference in lactic acid (LA, p = 0.456) or pyruvic acid (PA, p = 0.348) content in the statistics from d0 to d14 (Figure 1G,H). The hepatic content of dihydroxyacetone phosphate (DHAP, p = 0.017) on d14 was significantly higher than that on d0 and d1 (Figure 1I). The hepatic 3-phosphoglyceric acid (3PG, p = 0.007) content on d14 was significantly higher than that on d0, d1, and d4 (Figure 1J). There was no statistically significant difference in hepatic content of 6-phosphogluconic acid (6PGA, p = 0.136) and ribulose-5-phosphate (R5P, p = 0.206) during the 14 days postweaning (Figure 1K,L).




3.3. Weaning Enhanced Activity of Enzymes in Gluconeogenesis


The liver is the major site of glycolysis and gluconeogenesis. Glucose-6-phosphatase (G6PC), phosphoenolpyruvate carboxykinase (PEPCK), and pyruvate carboxylase (PC) are the key rate-limiting enzymes in gluconeogenesis. Hexokinase (HK), pyruvate kinase (PK), and phosphofructokinase (PFK) are the key rate-limiting enzymes in glycolysis. The activity of G6PC (p = 0.039) significantly increased on d4 compared to that on d0 (Figure 2A). The activity of PC (p < 0.001) and PEPCK (p < 0.001) generally showed an uptrend and downtrend after weaning, respectively (Figure 2B,C). No significant difference in PFK (p = 0.312), HK (p = 0.770), or PK (p = 0.068) activity was observed between the different time points after weaning (Figure 2D–F).




3.4. Weaning Decreased Content of Succinate in the TCA Cycle


The TCA cycle is a metabolic pathway used to generate energy and intermediates for biosynthetic pathways. As the first intermediate of the TCA cycle, the content of citric acid (CA, p = 0.010) significantly increased on d14 compared to that on d0, d1, and d4 (Figure 3A). The content of succinic acid (SA, p = 0.006) on d4 was significantly lower than on d0, d7, and d14 (Figure 3D). D4 and d14 showed a lower oxalacetic acid (OAA, p = 0.003) content compared with d0 (Figure 3G). Overall, the content of acetyl-CoA (p = 0.005) exhibited a rising tendency during the experimental period, and d14 showed a significantly higher acetyl-CoA content than d1 and d0 (Figure 3H). There was no difference in isocitric acid (ICA, p = 0.652), α-ketoglutarate (α-KG, p = 0.412), fumaric acid (FA, p = 0.084), or malic acid (MA, p = 0.104) content in the statistics during the experiment (Figure 3B,C,E,F).




3.5. Weaning Reduced SDH Activity and ATP Production


The enzymes related to the TCA cycle play a pivotal role in maintaining the cycle’s function. The activity of α-ketoglutarate dehydrogenase (α-KGDH, p < 0.001) on d0 and d1 was lower than that on d7 and d14 (Figure 4A). There was a significant difference in malate dehydrogenase (MDH, p = 0.035) activity between d14 and d0 (Figure 4C). The activity of succinate dehydrogenase (SDH, p = 0.008) showed a similar trend as the SA content, which reduced to the minimum on d4 and then increased to the maximum on d7 (Figure 4B). The adenosine triphosphate (ATP, p = 0.016) production first decreased from d0 to d4 and then increased from d4 to d14, with statistical significance between d0 and d4 being observed (Figure 4D).





4. Discussion


Weaning stress is a bottleneck problem that restricts the healthy development of pigs in the pig industry. Previous studies reported that early weaning causes disorders related to redox homeostasis and triggers cell apoptosis, which indicates liver function injury in piglets [26,27]. A comparative analysis revealed that the hepatic glucogenesis capacity is gradually weakened in suckling piglets and glucose catabolism is significantly suppressed by early weaning [16]. The liver plays a crucial role in glucose homeostasis by regulating hepatic glycogen storage and glucose production. When blood glucose falls, hepatic glycogen breaks down to provide glucose. In the fasted state, insulin secretion ceases and glucagon secretion is enhanced, leading to the inhibition of GYS2 and the activation of PYGL [28,29]. Early weaning usually causes an energy deficiency, which makes glucose metabolism particularly important for piglets [9]. In this study, we found that even hepatic glucose production doubled after weaning, the blood glucose still decreased sharply and then maintained at low levels though. The reason for this may be that the liver provides glucose to fuel obligate glucose-consuming cell types, such as neurons, red blood cells, and renal medullary cells, as a priority when glucose is in shortage [30,31]. To satisfy the demand for glucose, the circulating insulin declined from d1, which made the hepatic glycogen break down. These data indicate that the demand for glucose increases in piglets, especially at the early stage after weaning.



The liver produces glucose mainly via two biological processes: glycogenolysis and gluconeogenesis. In the fasted state, glucose from hepatic glycogenolysis and gluconeogenesis accounts for a substantial fraction of the total glucose production [12,13]. In this study, glucose and fructose, as well as their metabolites G1P, G6P, F1P, and F6P, generally showed an increasing trend after weaning, indicating that the carbohydrate metabolism was more active. G6PC, PC, and PEPCK are the key rate-limiting enzymes in gluconeogenesis. G6PC catalyzes G6P to form glucose at the terminal step of gluconeogenesis and glycogenolysis, and PC converts PA to OAA [32]. Here, we found that G6PC and PC both showed a considerable increase on d4 compared to on d0, suggesting that weaning enhances the gluconeogenesis process. Low hepatic PEPCK expression can lead to hypoglycemia, especially during fasting [33]. PEPCK activity was found to gradually decrease after weaning in this study, which was consistent with a previous study [16]. No statistically significant changes in HK, PK, or PFK activity were detected, which suggests that early weaning has a slight impact on glycolysis during the first 2 weeks postweaning. The reason for this may be that glycolysis is less efficient than oxidative phosphorylation in ATP yield; glucose is used to sustain normal brain function and cardiac rhythm rather than generating energy when glucose is undersupplied [30,31].



The TCA cycle is closely related to glycometabolism. Through the breakdown of carbohydrates through glycolysis, acetyl-CoA enters the TCA cycle by combining with OAA to form CA. The TCA cycle is an important metabolic pathway that connects carbohydrate, lipid, and protein metabolism and produces usable chemical energy in the form of ATP. In recent years, the metabolites and derivatives from the TCA cycle have drawn extensive attention for their metabolic and nonmetabolic signaling functions [34,35]. SA plays a pivotal role in metabolism as the only direct link between the TCA cycle and the mitochondrial respiratory chain. SDH, also named respiratory complex II, catalyzes the oxidation of SA to FA. It is reported that SA accumulation in ischemia and anoxia causes inflammation by regulating succinate receptor and ROS production [36,37,38,39]. Research shows that SA stimulates insulin secretion and proinsulin biosynthesis [39]. Microbiota-produced succinate can improve glucose homeostasis via intestinal gluconeogenesis [40]. Dietary SA stimulates beige adipogenesis by promoting mitochondrial complex II activity, thus combating obesity [41]. These studies indicate that SA plays an important role in the inflammatory response and energy metabolism. In this study, the content of SA and ATP, together with SDH activity, were found to be lower on d4 than on d0. These data suggest that early weaning reduces ATP generation, possibly by decreasing the SA content. The metabolites derived from the TCA cycle have been used as feed additives in animal husbandry for enhancing animal health and growth performance [21,42,43,44]. It is reported that dietary SA supplementation protects the integrity of the small intestinal epithelium in growing pigs [21]. Dietary SA affects intestinal bile acid transport and promotes hepatic bile acid synthesis and secretion in pigs [45]. The SA accumulation induced by early weaning increases fluid secretion in the epithelium and the immune response in macrophages, which causes severe diarrhea [46]. Of note, these studies indicate that SA supplementation may have different functions in pigs at different growth periods or under different physiological conditions. The liver is a crucial metabolic organ, but more research is required on the effects of SA on the liver in weaning piglets. Our findings provide a reference for the use of metabolites (especially SA) from the TCA cycle as feed additives in weaning piglets.



In general, early weaning influences the content of metabolites and the activity of enzymes related to the TCA cycle, which results in a reduction in ATP generation. To maintain the glucose supply, gluconeogenesis and glycogenolysis are enhanced. Obviously, early weaning has a huge impact on the hepatic energy metabolism of piglets, but the mechanism behind this is still unclear. Moreover, the hepatic content of succinate significantly decreases after weaning, whose biological significance is worth in-depth study considering its regulatory roles on inflammation and metabolism in human diseases. Our study provides a reference for further research into animal and human health.




5. Conclusions


Taken together, early weaning remodeled the content of metabolites and the activity of enzymes related to the TCA cycle, which led to a decline in ATP generation and resulted in an energy deficit. In response to early weaning, the gluconeogenesis and glycogenolysis pathways were enhanced to satisfy the body’s demand for glucose. However, the influencing mechanism of early weaning on hepatic energy metabolism in piglets needs further study. Our findings enrich weaning stress theory and provide a reference for dietary intervention.
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Figure 1. Developmental changes in metabolites related to glycometabolism. (A–L) Hepatic glucose, fructose, G1P, G6P, F1P, F6P, LA, PA, DHAP, 3PG, 6PGA, and R5P content detected using UPLC-MS/MS. Glucose and fructose were analyzed using one-way ANOVA followed by Tukey’s HSD post hoc test, and the others were analyzed via Kruskal–Wallis test followed by Dunn’s post hoc test. Data presented as mean ± SEM (n = 6). The numbers 0, 1, 4, 7, and 14 represent the days after weaning in 21-day-old piglets. * p < 0.05, ** p < 0.01, *** p < 0.01. Glucose: D-glucose, fructose: D-fructose, G1P: glucose-1-phosphate, G6P: glucose-6-phosphate, F1P: fructose-1-phosphate, F6P: fructose-6-phosphate, LA: L-lactic acid, PA: pyruvic acid, DHPA: dihydroxyacetone phosphate, 3PG: 3-phosphoglyceric acid, 6PGA: 6-phosphogluconic acid, R5P: D-ribulose-5-phosphate. 
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Figure 2. Enzyme activity in glycolysis and gluconeogenesis. (A–F) Activity of G6PC, PC, PEPCK, PFK, HK, and PK. Data were analyzed using one-way ANOVA followed by Tukey’s HSD post hoc test and presented as mean ± SEM (n = 6). The numbers 0, 1, 4, 7, and 14 represent the days after weaning in 21-day-old piglets. * p < 0.05, ** p < 0.01. G6PC: glucose-6-phosphatase, PC: pyruvate carboxylase, PEPCK: phosphoenolpyruvate carboxykinase, PFK: phosphofructokinase, HK: hexokinase, PK: pyruvate kinase. 
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Figure 3. Intermediate metabolites in the TCA cycle. (A–H) Hepatic CA, ICA, α-KG, SA, FA, MA, OAA, and acetyl-CoA content detected using UPLC-MS/MS. ICA, FA, MA, OAA, and acetyl-CoA were analyzed using one-way ANOVA followed by Tukey’s HSD post hoc test and the others were analyzed using the Kruskal–Wallis test followed by Dunn’s post hoc test. Data presented as mean ± SEM (n = 6). The numbers 0, 1, 4, 7, and 14 represent the days after weaning in 21-day-old piglets. * p < 0.05, ** p < 0.01. CA: citric acid, ICA: isocitric acid, α-KG: alpha-keto