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Abstract

:

This experiment aimed to evaluate the effects of dietary starch-to-fat ratio on reproductive performance and lipid metabolism of sows and newborn piglets. A total of 75 Landrace × Yorkshire multiparous sows at d 84 of gestation were selected and randomly divided into three groups based on body weight. From d 85 of gestation to farrowing, sows were fed one of three dietary starch-to-fat ratios (20:1, 10:1, and 5:1). Dietary high starch-to-fat ratio increased the birth weight of piglets (p < 0.05). The apparent total digestibility of dry matter, organic matter, and gross energy of sows was improved by an increasing starch-to-fat ratio during gestation (p < 0.05). Decreased dietary starch-to-fat ratio increased the concentration of plasma triglycerides, total cholesterol, and GSH-Px in sows (p < 0.05). During parturition, sows had increased plasma interleukin (IL) -1β, IL-6, and tumor necrosis factor α in the low ratio group (p < 0.05). The relative abundance of Streptococcaceae in the low ratio group was significantly higher (p < 0.05). The medium dietary starch-to-fat ratio significantly increased the concentrations of short chain fatty acids. In conclusion, this study suggested that for sows a diet with ahigh starch to fat ratio could ameliorate lipid metabolism disorder and maternal inflammation during late gestation.
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1. Introduction


The fetus grows fast during late gestation indicating an active exchange of nutrients between the fetus and placenta [1]. Fat and starch are common sources of energy in diets, although starch possesses a lower caloric density than fat [2]. To satisfy the rapid growth of the fetus, sows undergo many physiological changes [3], such as an increased circulating concentration of hormones [4]. Increased estrogen levels in late pregnancy reduce insulin sensitivity and insulin receptor expression in insulin-dependent tissues, leading to insulin resistance that significantly affects lipoprotein lipase (LPL) activity [5,6]. Decreased LPL activity results in increased triglyceride and low density lipoprotein (LDL-C) concentration [7]. Maternal blood lipid levels in late pregnancy are thus higher than those in early pregnancy [8]. These dynamic changes in the lipids profile promote fetal growth [9]. The active metabolic state during pregnancy increases the production of reactive oxygen species which attack linoleates of LDL-C, leading to lipid peroxidation [10,11]. Thus, even normal pregnancy is considered as a state of oxidative stress [12].



During gestation, the mother switches between anti-inflammatory and pro-inflammatory states [13]. In late gestation, the immune response is not exaggerated, the fetus grows rapidly, and the mother is in an anti-inflammatory state [14]. Pro-inflammation plays a significant role in parturition [15]. Inflammation can lead to metabolic syndrome, including insulin resistance and lipid metabolism disorder [14]. Excessive energy intake-induced obesity can lead to an increased inflammatory response by secreting inflammatory factors such as TNF-α [16]. Dietary fat supplementation improves milk fat and yield [17], promoting the development of sucking piglets [18]. On the other hand, high dietary fat exacerbates oxidative stress and increases inflammatory signaling [19].



Gut microbiota play a significant role in nutrient metabolism, antimicrobial protection, immunomodulation, and integrity of the gut barrier [20]. Changes in inflammation and immune status during pregnancy alters the composition and function of gut microbiota [21]. Body weight during the physiological stages of pregnancy affects gut microbiota composition [22]. The composition of gut microbiota changes with the different stages of gestation, lactation, and the empty phase in Landrace sows [23]. Microbial changes are also related to maternal diet during pregnancy. A high-fat diet during pregnancy increases the abundance of bacteria species associated with fatty acid, ketone body, and bile acid metabolism [24].



For the same amount of energy intake, a dietary low starch-to-fat ratio increases weight loss, resulting in nitrogen imbalance [25]. Dietary fat supplementation is associated with oxidative stress and inflammation [17]. In this study, sows during late gestation were fed diets with three ratios of starch to fat and the daily energy intake of the sows in different treatments was consistent. We hypothesized that maternal intake of high starch rather than high fat during late gestation could enhance body weight and blood lipid, alleviating oxidative stress. The goal of this study was to investigate how the maternal diet affected oxidative stress, inflammation, and microbial flora of sows and newborn piglets.




2. Materials and Methods


The experiment was carried out at the FengNing Swine Research Unit of China Agricultural University (Academician Workstation in Chengdejiuyun Agricultural and Livestock Co., Ltd., Hebei, China). The experimental protocol used in the present study was approved by the Institutional Animal Care and Use Committee at China Agricultural University, No. AW12211202-1-2.



2.1. Animals, Diets, and Experimental Design


A total of 75 Landrace × Yorkshire multiparous sows (body weight: 259.7 ± 2.68 kg, parity: 4.5 ± 0.07) were used for the experiment. Based on body weight, sows were divided into three groups and fed one of three dietary treatments on d 84 of gestation. These diets were designed according to starch-to-fat ratio: High (20:1), Medium (10:1), and Low (5:1) [26]. The experiment was carried out from d 85 of gestation to farrowing. Ingredient and chemical composition of the experimental diets are shown in Table 1. Sows were fed three times a day at 0500, 1130, and 1630 h from d 85 of gestation until parturition and had free access to water. The feed was offered at 3.0 kg/day per treatment, and one third of the daily feed was given at each meal. The sows were brought into the farrowing house and put in separate farrowing crates about 7 days before their expected farrowing date.




2.2. Sow Performance


Multiparous sows’ body weight and backfat thickness were measured on d 84 and d 107 of gestation, as well as within 24 h after parturition. The thickness of backfat was measured using an ultrasound scanner (Mylab Touch Vet, ESANTE, Florence, Italy) at the P2 position (65 mm right of the midline at last rib). At farrowing, the total number of piglets born, born alive, and stillborn were counted. The weight of piglets was recorded at birth.




2.3. Sample Collection


On d 110 of gestation, a total of 36 sows (12 sows per treatment) were used for blood sampling by jugular venipuncture. A total of 36 neonatal piglets (12 piglets per treatment) were used for blood sampling by jugular venipuncture after parturition. The blood samples were collected into vacuum tubes containing sodium heparin and centrifuged at 3000 rpm at 4 °C for 15 min. Plasma was aliquoted and stored at −20 °C for further analysis.



On d 114 of gestation, a backfat biopsy was performed on each sow using an auto-percutaneous needle (CR Bard Inc., Murray Hill, NJ, USA). Sows were anesthetized with an intramuscular injection of lidocaine hydrochloride (does as 2 mL, China Agricultural University, Beijing, China). A backfat sample was taken at the right P2 point and immediately frozen in liquid nitrogen before being stored at −80 °C for further analysis.



Colostrum was collected (20 mL) from the first teat to the last teat on the left of each sow just after the birth of the first piglet. Colostrum samples were gently mixed, frozen immediately, and stored at −20 °C until analysis.



To determine the digestibility of nutrients in sows, the above three dietaries with different starch-to-fat ratios were formulated with 0.3% chromium trioxide as an inert marker. Then the fresh fecal samples were collected from 18 sows on d 107 of gestation. Additionally, the fresh feces of piglets from 18 sows were collected after birth. Feces were immediately frozen in liquid nitrogen and stored at −80 °C for further analysis.




2.4. Diets and Feces Nutrients Analysis


Before analysis, these dried feces and feed samples were ground so they would pass through a 1-mm sieve, and then they were analyzed for dry matter, crude protein, ash, and ether extract [27]. Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined using a fiber analyzer (Ankom Technology, Macedon, NY, USA) [28]. The gross energy in feed and fecal samples was measured using an automatic isoperibolic oxygen bomb calorimeter (Parr1281, Automatic Energy Analyzer; Moline, IL, USA) assay. Organic matter (OM) was calculated using the following equation: OM = DM − ash. The chromium contents of diets and feces were measured by wet digestion flame atomic absorption spectrophotometry (SpectraAA 220FS/220Z, Varian Medical Systems Inc., Palo Alto, CA, 3100 Hansen Way US). The apparent total tract digestibility (ATTD) of nutrients were determined using the indicator method as follows: ATTD (%) = [1 − (DC × FN)/(FC × DN)] × 100 [29], where ATTD is the apparent total tract digestibility of the target nutrient, DC is the content of chromium in the diets, FN is the content of the target nutrient in the feces, FC is the content of chromium in the feces, and DN is the content of the target nutrient in the diets.




2.5. Metabolic Biomarkers Analysis


The TG, TC, HDL-C, LDL-C, nonestesterified fatty acid (NEFA), and glucose of plasma were measured by an automatic biochemical analyzer (Hitachi 7020, Tokyo, Japan). Insulin, leptin, adiponectin, and inflammatory cytokines were measured using specific commercially available enzymatic assays (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Indirect methods were used to evaluate insulin sensitivity using the homeostasis model assessment, HOMA-IR = [(fasting insulin, mIU/L)] × (fasting glucose, mmol/L)]/22.5 [30]. The colostrum samples were analyzed for protein, fat, and lactose composition, which were estimated by a milk analyzer at Beijing Dairy Cow Center (Beijing, China).



The contents of SCFAs in the feces were detected. Samples of about 0.5 g of fresh feces were mixed with 1.0 mL of 0.10 mol/L HCL sterile water, placed in ice for 30 min, and then centrifuged at 15,000× g at 0 °C for 15 min. Additionally, 1.0 mL of the supernatant was passed through a 0.22 mm Nylon Membrane Filter (Millipore, Bed-ford, OH, USA) to a gas chromatograph sample bottle. The SCFAs were measured by the Gas Chromatographic System (Agilent HP 6890 Series, Santa Clara, CA, USA).




2.6. Fecal Microbiota Analysis


DNA extraction kits (Omega Biotech Co., Ltd., Beijing, China) were used to extract the total genomic DNA of microorganisms in feces. The contents of DNA were quantified by Nanodrop (Thermo Scientific, 81 Wyman Street, Waltham, MA, USA), and the quality of DNA was checked using 1.2% agarose gel electrophoresis. PCR amplification was performed on the V3-V4 region of 16S rRNA. The PCR amplified product was quantified using the Quant-iT PicoGreen dsDNA Assay Kit by Microplate reader. Sequencing libraries were prepared using the TruSeq Nano DNA LT Library Prep Kit. The illumina platform was used for paired-end sequencing of community DNA fragments (Personal Biotechnology, Shanghai, China). Microbiome bioinformatics analysis was performed according to the QIIME 2 (2019.4) process. Sequences were quality filtered, denoised, merged, and chimera re-moved using the DADA2 plugin. The data were analyzed through the free online platform of the Personal Cloud Platform (https://www.genescloud.cn/home, accessed on 7 May 2021). The 16S rRNA gene sequence data were deposited in the National Centre for Bio-technology Information (NCBI) Sequence Read Archive (SRA) under the accession number PRJNA791467.




2.7. Statistical Analyses


Data generated in the present experiment were analyzed by SPSS Statistics 20 program (IBM Corporation. Somers, NY, USA). The individual sow and piglet were used as the experimental unit for all response variables in the model. One-way ANOVA was used to analyze the performance of sows and piglets. Tukey’s test was performed for multiple comparisons. The results were expressed as mean ± SEM. Kruskal-Wallis was applied for the analysis of microbial differences. Differences were considered statistically significant at p < 0.05, with a trend toward significance at 0.05 ≤ p ≤ 0.10.





3. Results


3.1. Sow Performance


Table 2 indicates the effects of dietary starch-to-fat ratio on sow performance. The body weight and backfat thickness of sows did not differ significantly from d 85 of gestation to postpartum (p > 0.05). The total numbers of piglets born, born alive, stillbirths, and mummy did not differ significantly (p > 0.05). The high dietary starch-to-fat ratio significantly improved mean birth weight and litter weight of piglets compared with medium ratio (p < 0.05). Dietary high starch-to-fat ratio significantly increased lactose content in colostrum and decreased the fat content compared to medium ratio (p < 0.05, Table 3). Dietary high starch-to-fat ratio increased (p < 0.05) the ATTD of dry matter, organic, gross energy, neutral detergent fiber, and acid detergent fiber matter of sows during late gestation (Table 4).




3.2. Parameters Related to Glucolipid Metabolism


The consequences of plasma parameters related to the glucolipid metabolism of sows are displayed in Table 5. On d 107 of gestation, the plasma concentrations of TC, TG, glucose, and HOMA-IR were significantly higher for sows fed a low starch-to-fat ratio diet (p < 0.05). During parturition, sows fed a low starch-to-fat ratio diet significantly enhanced plasma LDL-C and leptin levels, and decreased NEFA and adiponectin levels (p < 0.05). The three different diets did not have an effect on sow backfat, leptin, and adiponectin. (p > 0.05, Table 6). Table 6 shows the plasma parameters of newborn piglets. The plasma lipids were not different (p > 0.05). Sows fed a low starch-to-fat ratio diet had increased contents of insulin, leptin, and HOMA-IR, alongside decreased adiponectin content of their newborn piglets (p < 0.05, Table 7).




3.3. Antioxidant Enzymes and Inflammatory Cytokines


Table 8 indicates the effects of dietary starch-to-fat ratio on antioxidant enzymes in the plasma of sows and newborn piglets. On d 107 of gestation, sows fed a low starch-to-fat ratio had significantly increased GSH-Px levels in plasma samples (p < 0.05). The levels of T-AOC, SOD, GSH-PX, and MDA did not differ in the plasma of sows during parturition (p > 0.05). Similarly, these indexes of newborn piglets were not affected by maternal dietary starch-to-fat ratio (p > 0.05).



The consequence of inflammatory cytokines in the plasma of sows and newborn piglets affected by the dietary starch-to-fat ratio are shown in Table 9. On d 107 of gestation, the plasma inflammatory cytokines of sows were not significantly different (p > 0.05). During parturition, sows fed a low starch-to-fat ratio diet had significantly increased IL-1β, IL-6, and TNF-α contents in plasma samples (p < 0.05). Furthermore, maternal dietary low starch-to-fat ratio had increased the plasma IL-1β and IL-6 contents of newborn piglets (p < 0.05). The inflammatory cytokines of the backfat of sows did not differ among the three treatments (p > 0.05, Table 10).




3.4. SCFAs in Feces of Sows


On d 107 of gestation, the medium starch-to-fat ratio diet significantly increased the acetate, butyrate, and total SCFAs of feces (p < 0.05, Figure 1).




3.5. Microbial Flora of Sows and Newborn Piglets


The differences in the compositions of bacterial communities in the three groups of sows were studied. An amount of 1,352,108 high-quality sequences were gained in 18 samples. Based on 100% sequence similarity, 4030 amplicon sequence variants (ASVs) were identified and then allocated to 10 phylum, 18 classes, 25 orders, 39 families, 52 genus, and 34 species. An amount of 1,565,181 high-quality sequences were gained in 18 piglets. Based on 100% sequence similarity, 1101 ASVs were detected and then assigned to 14 phyla, 25 classes, 39 orders, 67 families, 99 genus, and 64 species.



Among sows, Firmicutes and Bacteroidetes were the most dominant phyla in the column chart of microbiota composition (Figure 2A). At the genus level, Bacteroides and Lactobacillus were the dominate microbiota in the high and medium treatment groups, whereas Bacteroides and Oscillospira were the dominate microbiota in the low treatment group (Figure 2B). Firmicutes and Proteobacteria were the most dominant phyla in piglets (Figure 3A). At the genus level, Shigella and Clostridium were the dominated microbiota in the medium and low treatment groups, whereas Shigella and Veillonella were the dominate microbiota in the high treatment group (Figure 3B).



As to the alpha-diversity of sow bacteria (Table 11), Simpson indexes had a tendency to be increased in the medium treatment group compared to the high treatment group (p = 0.08), whereas there were no differences in Chao index, Observed species index, and Simpson index. As for newborn piglets, alpha-diversity was not significantly different among the three groups. For the β diversity of sow bacteria, the Bray-Curtis distance showed a significant difference between the high treatment group and the low treatment group (Figure 3C, Adonis, p = 0.03), which indicated that each group hosted its own distinct bacterial community microbiota.



LEfSe analysis (LDA > 2, p < 0.05) can simultaneously identify the specific taxa across the phylum, class, order, family, and genus levels. There were nine discriminative features of the sows in the high treatment group. The top five species with the most considerable differences were Sarcina, Chloroplast, Streptophyta, Methylotenera, and Methylococcales. The relative abundance of Verrucomicrobiales, Verrucomicrobiae, Verrucomicrobiaceae, Akkermansia, Olsenella, and Succiniclasticum was significantly higher in the medium treatment group. The top five species with the most considerable differences in the low treatment group were Streptococcaceae, Streptococcus Veillonellaceae, Prevotella, and Butyricicoccus (Figure 2D). The top four species of piglet bacteria with the most significant differences in the high treatment group were Methylophilales, Methylophilaceae, ph2, and Acetobacteraceae. The relative abundance of Clostridiaceae, Clostridium, and Sulfuricurvum was significantly higher in the medium treatment group, while Dialister and Pseudoxanthomonas were significantly higher in the low treatment group (Figure 3D). Sows fed a low dietary starch-to-fat ratio diet had a considerably higher relative abundance of Streptococcus in their feces (p < 0.05, Figure 4).





4. Discussion


4.1. Sow Performance


Dietary energy intake affects the reproductive performance of sows. Fat and starch are common sources of energy in diets [23]. Fat is usually used as an energy substance to study the effects of different energy intakes on the reproductive performance of sows [31,32]. The aim of this study was to investigate the influence of starch and fat on energy metabolism, under the condition of the same energy intake but different starch-to-fat ratios. In the present study, starch provided 8.7, 3.8, and 2.1 times as much energy as fat, respectively. After parturition, a dietary low starch-to-fat ratio tended to reduce the backfat thickness of sows. The low ATTD of gross energy indicated that a low starch-to-fat ratio led to lower energy utilization. A low carbohydrate-to-fat ratio could increase fat oxidation and body fat loss [25]. Low carbohydrate intake can alter metabolic fuel selection and increase fat oxidation, thereby reducing body fat deposition [33]. Starch is more efficient than fat in energy generation [34]. In the present investigations, piglet birth weight was significantly increased by dietary high starch-to-fat ratio, which indicated that piglets tend to use starch as energy for development [35].




4.2. Glucolipid Metabolism


A blood biochemical index can reflect the nutritional metabolism of sows. With the decrease of starch content and the increase of fat content, the lipid content in the plasma of sows was increased. Sows with a low starch-to-fat ratio diet increased the contents of total cholesterol and triglyceride in serum [36]. The synthesis of triglycerides and cholesterol, and the oxidation of fatty acids, affect the accumulation of animal fat. The plasma insulin concentration and HOMA-IR of sows fed a low starch-to-fat ratio diet were increased compared to the high and medium treatment groups. Elevated circulating lipid concentrations decrease insulin sensitivity and induce glucose intolerance [37]. Supplementing additional energy from starch for gestating sows improved their glucose tolerance [38]. If women gain too much weight during pregnancy and this is accompanied by dyslipidemia, they might eventually have gestational diabetes [39]. On the other hand, fat supplementation of sows in late gestation significantly increased fat composition in colostrum. This is beneficial to improve the survival rate and growth performance of piglets [40]. In addition to insulin resistance, leptin resistance is also predisposed to occur late in pregnancy [41]. Leptin, secreted by adipose tissue, plays a major role in regulating energy balance [42]. The placenta also secretes leptin during gestation; thus, increased plasma leptin content in sows with high fat intake might be explained by how leptin facilitates nutrient transport to the fetus [43]. In our study, a high fat intake for sows reduced the adiponectin content of plasma during parturition, suggesting the presence of glucose metabolism disorders. This is because adiponectin can regulate energy balance and glycolipid metabolism, such as insulin resistance [44,45].




4.3. Antioxidant Enzymes and Inflammatory Cytokines


Pregnancy is considered a state of oxidative stress [10]. High fat diets result in fat deposits in the placenta and liver, exacerbating oxidative stress [46]. In the present study, by contrast, the T-AOC, SOD, GSH-Px, and MDA levels in the plasma of the sows were not significantly different among the three groups. Metabolic disorder may lead to oxidative stress [47]. In the present study, a high fat diet induced inflammation in sows through elevated blood lipid levels. Previous studies have found that fat deposition caused immune-related genes to be upregulated, leading to an inflammatory response in fat tissue [48]. Starch, as the main energy source of sows, is divided into amylose and amylopectin [49]. The amylose of common yellow corn is about 25% [50], and it is an excellent source of resistant starch [51]. The supplementation of resistant starch reduced the pro-inflammatory factors [52]. Inflammation is also associated with energy intake. Excessive intake of energy in the body leads to obesity, which increases the secretion of inflammatory factors in adipose tissue and exacerbates the inflammatory response [46]. In this experiment, the energy intake was consistent, and the starch and fat intake was different. Fat rich in unsaturated fatty acids is prone to oxidation, which intensifies oxidative stress and increases inflammatory signal transduction.



The composition of gut microbiota changes with different stages of sow gestation, lactation, and the empty phase [21]. An increase in maternal plasma total cholesterol levels during late gestation affected some bacteria from the Coriobacteriaceae family [53]. Gut microbes play a role in pregnancy, short-chain fatty acids, inflammation, and obesity [20]. Resistant starch could modulate the microbiota composition of pigs, resulting in the production of SCFAs [54]. In the present study, high fat intake reduced the SCFAs in the feces of sows, which is usually associated with decreased relative abundances of SCFA producing genera [55]. SCFAs-producing bacteria mainly include Bacteroides, Bifidobacterium, Eubacteria, Streptococcus, and Lactobacillus [56]. Although low dietary starch-to-fat ratio diets considerably increased the relative abundance of Streptococcaceae in feces, the changes in SCFAs content were not consistent with microbial changes. In this experiment, the dietary fiber content was similar among the treatment groups, which was the energy substance of the microbiota. Starch and fat were highly absorbed in the small intestine and had little influence on microbiota in the colon.





5. Conclusions


In conclusion, dietary high starch-to-fat ratio during late gestation increased the birth weight of piglets. Compared with a low starch-to-fat ratio diet, a high starch-to-fat ratio diet increased the ATTD of the nutrients of sows during late gestation, and decreased the concentration of lipid metabolites, inflammatory cytokines, and HOMA-IR. Dietary high starch intake could ameliorate lipid metabolism disorders, inflammation, and insulin resistance of sows and improve the birth weight of piglets.
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Figure 1. Effects of dietary starch-to-fat ratio on the fecal SCFAs concentrations of sows (n = 6). a,b means without common letters differ at p < 0.05. 
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Figure 2. Changes of bacterial community in the feces of sows. (A). Microbial composition at phylum level. (B) Microbial composition at genus level. (C). Differences in bacterial community structures. (D). Linear discriminant analysis coupled with effect size (LEfSe). n = 6 per group. * means the high treatment group is significant different with the low treatment group at p < 0.05. 
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Figure 3. Changes of bacterial community in the feces of newborn piglets. (A). Microbial composition at phylum level. (B) Microbial composition at genus level. (C). Differences in bacterial community structures. (D). Linear discriminant analysis coupled with effect size (LEfSe). n = 6 per group. 
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Figure 4. The differences of microbiota at family level. (A). The top 10 microbial composition at family level. (B). the relative abundance of Streptococcaceae among three treatments. 
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Table 1. Composition and nutrient content of experimental diets (%, as-fed basis).
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Item

	
Starch-to-Fat Ratio




	
20:1

	
10:1

	
5:1






	
Ingredients

	

	

	




	
 Corn

	
43.20

	
53.00

	
53.20




	
 Soybean meal

	
13.10

	
17.00

	
14.10




	
 Wheat bran

	
10.00

	
13.00

	
21.30




	
 Fish meal

	
4.60

	
0.00

	
0.00




	
 Soybean oil

	
0.00

	
2.00

	
5.60




	
 Corn starch

	
25.00

	
9.00

	
0.00




	
 Oil powder

	
1.00

	
2.30

	
1.30




	
 Limestone

	
1.00

	
1.30

	
1.50




	
 Dicalcium phosphate

	
1.10

	
1.40

	
1.00




	
 Salt

	
0.30

	
0.30

	
0.30




	
 Vitamin and mineral premix 1

	
0.50

	
0.50

	
0.50




	
 Choline chloride

	
0.20

	
0.20

	
0.20




	
 L-Lysine HCL

	
0.00

	
0.00

	
1.00




	
Total

	
100.00

	
100.00

	
100.00




	
Analyzed levels

	

	

	




	
 ME, MJ/kg2

	
13.90

	
13.92

	
13.91




	
 Gross energy, MJ/kg

	
15.54

	
15.88

	
16.80




	
 Crude protein

	
14.68

	
14.65

	
14.97




	
 Ether extract

	
2.86

	
6.41

	
9.16




	
 Starch

	
57.45

	
50.21

	
42.53




	
 Neutral detergent fiber

	
16.14

	
16.61

	
16.98




	
 Acid detergent fiber

	
3.72

	
5.42

	
5.37




	
 Calcium

	
0.89

	
0.87

	
0.85




	
 Total phosphorus

	
0.64

	
0.63

	
0.73




	
 Amino acids 2

	

	

	




	
  Lys

	
0.79

	
0.73

	
0.71




	
  Met

	
0.26

	
0.23

	
0.23




	
  Thr

	
0.53

	
0.53

	
0.52




	
  Trp

	
0.15

	
0.16

	
0.16








1 Vitamin-mineral premix supplied the following nutrients per kilogram of diet: vitamin A, 12,500 IU; vitamin D3, 1500 IU; vitamin E, 15 IU; vitamin K3, 2.0 mg; thiamine 1.0 mg, ribofla-vin 3.0 mg, pyridoxine 1.5 mg, VB12 0.015 mg, pantothenic acid 15 mg, nicotinic acid 30 mg, bi-otin 0.2 mg, folic acid 1.5 mg, Zn (ZnO) 70 mg, Fe (FeSO4·H2O) 55 mg, Mn (MnO) 12 mg, Cu (CuSO4·5H2O) 10 mg, I (KI) 0.5 mg, Se (Na2SeO3) 0.4 mg. 2 ME and AA content of the diets were calculated.
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Table 2. Effects of dietary starch-to-fat ratio on performance of sows.
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Item

	
Starch-to-Fat Ratio

	
SEM

	
p Value




	
20:1

	
10:1

	
5:1






	
Number of sows

	
25

	
25

	
25

	

	




	
Average of parity

	
4.5

	
4.3

	
4.6

	

	




	
Body weight, kg

	

	

	

	

	




	
 D 85 of gestation

	
249.1

	
247.2

	
251.4

	
2.68

	
0.819




	
 D 107 of gestation

	
277.8

	
276.4

	
282.7

	
2.74

	
0.623




	
 Gain during gestation

	
28.7

	
29.2

	
31.3

	
1.11

	
0.605




	
 Postpartum

	
261.2

	
258.8

	
254.4

	
2.58

	
0.986




	
Backfat thickness, mm

	

	

	

	

	




	
 D85 of gestation

	
19.11

	
18.05

	
18.73

	
0.66

	
0.807




	
 D107 of gestation

	
19.17

	
19.30

	
19.22

	
0.63

	
0.996




	
 Gain during gestation

	
0.06

	
1.26

	
0.49

	
0.38

	
0.439




	
 Postpartum

	
20.36

	
18.26

	
17.15

	
0.59

	
0.072




	
No. of pigs per litter

	

	

	

	

	




	
 Total piglets born

	
15.8

	
15.8

	
16.7

	
0.35

	
0.508




	
 Piglets born alive

	
14.6

	
15.1

	
14.4

	
0.30

	
0.569




	
 Stillbirth

	
0.9

	
0.6

	
1.1

	
0.11

	
0.221




	
 Mummy

	
0.3

	
0.1

	
0.2

	
0.06

	
0.399




	
Piglet birth weight

	
1.45 a

	
1.29 b

	
1.35 ab

	
0.02

	
0.010




	
Litter birth weight, kg

	
21.22 a

	
19.11 b

	
20.81 a

	
0.38

	
0.045








a,b means without common letters differ at p < 0.05.
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Table 3. Effects of dietary starch-to-fat ratio on colostrum ingredients of sows (n = 10).
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Item, %

	
Starch-to-Fat Ratio

	
SEM

	
p Value




	
20:1

	
10:1

	
5:1






	
 Fat

	
5.27 b

	
5.74 ab

	
6.46 a

	
0.20

	
0.046




	
 Protein

	
16.61

	
17.55

	
16.74

	
0.37

	
0.558




	
 Lactose

	
2.28 a

	
1.78 b

	
1.99 ab

	
0.08

	
0.027








a,b means without common letters differ at p < 0.05.
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Table 4. Effects of dietary starch-to-fat ratio on apparent total tract digestibility of nutrients in diets (n = 6).
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Item, %

	
Starch-to-Fat Ratio

	
SEM

	
p Value




	
20:1

	
10:1

	
5:1






	
 Dry matter

	
85.88 a

	
82.37 b

	
78.27 c

	
0.008

	
<0.001




	
 Crude protein

	
85.51

	
83.87

	
83.98

	
0.003

	
0.093




	
 Ether extracts

	
64.93

	
68.22

	
61.93

	
0.017

	
0.365




	
 Gross energy

	
86.88 a

	
83.61 b

	
79.58 c

	
0.008

	
<0.001




	
 Neutral detergent fiber

	
51.32 a

	
38.59 b

	
41.41 b

	
0.016

	
<0.001




	
 Acid detergent fiber

	
44.62 a

	
39.59 a

	
20.39 b

	
0.027

	
<0.001




	
 Organic matter

	
88.29 a

	
85.64 b

	
81.15 c

	
0.008

	
<0.001








a,b,c means without common letters differ at p < 0.05.
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Table 5. Effects of dietary starch-to-fat ratio on plasma parameters of sows (n = 12).
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Item, mmol/L

	
Starch-to-Fat Ratio

	
SEM

	
p Value




	
20:1

	
10:1

	
5:1






	
D 107 of gestation

	

	

	

	

	




	
 Total cholesterol

	
2.53 b

	
2.57 b

	
3.08 a

	
0.09

	
0.019




	
 Triglyceride

	
0.62 b

	
0.87 ab

	
1.36 a

	
0.10

	
0.017




	
 HDL-C

	
0.64

	
0.71

	
0.68

	
0.02

	
0.299




	
 LDL-C

	
1.62

	
1.58

	
1.70

	
0.04

	
0.371




	
 Glucose

	
4.05 b

	
4.18 ab

	
4.62 a

	
0.09

	
0.014




	
 NEFA, μmol/L

	
155.19

	
167.73

	
165.18

	
2.34

	
0.066




	
 Insulin, mIU/mL

	
24.31

	
33.41

	
33.53

	
1.90

	
0.072




	
 HOMA-IR

	
4.38 b

	
6.26 ab

	
7.02 a

	
0.53

	
0.044




	
 Leptin

	
1.88

	
2.04

	
2.04

	
0.03

	
0.101




	
 Adiponectin

	
1.63

	
1.68

	
1.70

	
0.03

	
0.544




	
Parturition

	

	

	

	

	




	
 Total cholesterol

	
1.97

	
1.95

	
2.23

	
0.06

	
0.079




	
 Triglyceride

	
0.32

	
0.36

	
0.37

	
0.02

	
0.708




	
 HDL-C

	
0.49

	
0.57

	
0.6

	
0.02

	
0.077




	
 LDL-C

	
1.17 b

	
1.22 b

	
1.41 a

	
0.03

	
0.004




	
 Glucose

	
5.11

	
5.37

	
5.35

	
0.16

	
0.782




	
 NEFA, μmol/L

	
236.22 a

	
232.72 a

	
165.92 b

	
6.48

	
0.001




	
 Insulin, mIU/mL

	
25.09

	
26.83

	
28.37

	
2.13

	
0.828




	
 HOMA-IR

	
5.63

	
6.06

	
6.71

	
0.46

	
0.638




	
 Leptin

	
1.78 b

	
1.84 b

	
1.99 a

	
0.03

	
0.008




	
 Adiponectin

	
2.05 a

	
2.08 a

	
1.78 b

	
0.04

	
0.012








a,b means without common letters differ at p < 0.05.













[image: Table] 





Table 6. Effects of dietary starch-to-fat ratio on parameters measured in the backfat of sows (n = 6).
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Item

	
Starch-to-Fat Ratio

	
SEM

	
p Value




	
20:1

	
10:1

	
5:1






	
 lipoprotein lipase (U/g)

	
42.70

	
48.80

	
47.03

	
2.49

	
0.619




	
 Leptin (ng/mg)

	
0.86

	
1.03

	
0.95

	
0.04

	
0.175




	
 Adiponectin (μg/mg)

	
0.77

	
0.94

	
0.88

	
0.04

	
0.133
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Table 7. Effects of dietary starch-to-fat ratio on plasma parameters of newborn piglets (n = 12).
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Item, mmol/L

	
Starch-to-Fat Ratio

	
SEM

	
p Value




	
20:1

	
10:1

	
5:1






	
 Total cholesterol

	
2.39

	
2.75

	
2.85

	
0.19

	
0.607




	
 Triglyceride

	
1.21

	
1.58

	
1.61

	
0.12

	
0.350




	
 HDL-C

	
0.44

	
0.54

	
0.62

	
0.05

	
0.349




	
 LDL-C

	
1.46

	
1.65

	
1.73

	
0.08

	
0.281




	
 Glucose

	
6.14

	
6.46

	
7.13

	
0.20

	
0.110




	
 NEFA, μmol/L

	
180.28

	
184.23

	
190.00

	
2.74

	
0.361




	
 Insulin, mIU/mL

	
47.91 ab

	
44.55 b

	
66.38 a

	
4.13

	
0.039




	
 HOMA-IR

	
13.14 b

	
13.36 b

	
21.23 a

	
1.61

	
0.042




	
 Leptin

	
1.43 b

	
1.50 ab

	
1.56 a

	
0.02

	
0.033




	
 Adiponectin

	
1.76 a

	
1.67 ab

	
1.61 b

	
0.02

	
0.014








a,b means without common letters differ at p < 0.05.
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Table 8. Effects of dietary starch-to-fat ratio on antioxidant enzymes in the plasma of sows and newborn piglets (n = 12).
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Item

	
Starch-to-Fat Ratio

	
SEM

	
p Value




	
20:1

	
10:1

	
5:1






	
D 107 of gestation

	

	

	

	

	




	
 T-AOC, U/mL

	
10.34

	
10.31

	
10.29

	
0.18

	
0.995




	
 SOD, U/mL

	
244.70

	
232.25

	
249.84

	
5.67

	
0.444




	
 GSH-Px, umol/L

	
21.51 b

	
25.61 a

	
27.40 a

	
0.61

	
0.001




	
 MDA, nmol/mL

	
1.49

	
1.53

	
1.65

	
0.05

	
0.392




	
Parturition

	

	

	

	

	




	
 T-AOC, U/mL

	
9.68

	
10.05

	
10.58

	
0.24

	
0.301




	
 SOD, U/mL

	
243.20

	
269.97

	
245.50

	
5.45

	
0.080




	
 GSH-Px, umol/L

	
26.94

	
25.06

	
26.81

	
0.53

	
0.282




	
 MDA, nmol/mL

	
1.43

	
1.63

	
1.52

	
0.05

	
0.208




	
Newborn piglets

	

	

	

	

	




	
 T-AOC, U/mL

	
10.42

	
10.71

	
10.31

	
0.20

	
0.740




	
 SOD, U/mL

	
258.34

	
250.69

	
264.59

	
4.01

	
0.424




	
 GSH-Px, umol/L

	
13.02

	
13.48

	
14.86

	
0.68

	
0.441




	
 MDA, nmol/mL

	
1.51

	
1.48

	
1.37

	
0.04

	
0.355








a,b means without common letters differ at p < 0.05.
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Table 9. Effects of dietary starch-to-fat ratio on inflammatory cytokines in the plasma of sows and newborn piglets (n = 12).
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Item, ng/L

	
Starch-to-Fat Ratio

	
SEM

	
p Value




	
20:1

	
10:1

	
5:1






	
D 107 of gestation

	

	

	

	

	




	
 Interleukin-1β

	
87.12

	
93.00

	
88.65

	
1.64

	
0.326




	
 Interleukin-6

	
44.70

	
44.67

	
44.20

	
0.76

	
0.957




	
 Interleukin-10

	
21.38

	
21.32

	
21.94

	
0.33

	
0.718




	
 Tumor necrosis factor-α

	
47.39

	
49.72

	
50.79

	
0.79

	
0.201




	
Parturition

	

	

	

	

	




	
 Interleukin-1β

	
85.21 b

	
91.24 a

	
90.94 a

	
1.11

	
0.039




	
 Interleukin-6

	
41.41 b

	
42.29 b

	
45.10 a

	
0.58

	
0.022




	
 Interleukin-10

	
22.43

	
21.61

	
21.71

	
0.36

	
0.608




	
 Tumor necrosis factor-α

	
49.59 b

	
54.83 a

	
56.21 a

	
0.83

	
0.001




	
Newborn piglets

	

	

	

	

	




	
 Interleukin-1β

	
71.22 b

	
75.60 ab

	
78.04 a

	
1.05

	
0.022




	
 Interleukin-6

	
33.51 b

	
35.22 ab

	
36.18 a

	
0.34

	
0.003




	
 Interleukin-10

	
16.36

	
17.26

	
17.86

	
0.30

	
0.264




	
 Tumor necrosis factor-α

	
50.09

	
49.27

	
49.04

	
0.66

	
0.803








a,b means without common letters differ at p < 0.05.
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Table 10. Effects of dietary energy intake and starch-to-fat ratio on inflammatory cytokines in the backfat of sows (n = 6).






Table 10. Effects of dietary energy intake and starch-to-fat ratio on inflammatory cytokines in the backfat of sows (n = 6).





	
Item, ng/L

	
Starch-to-Fat Ratio

	
SEM

	
p Value




	
20:1

	
10:1

	
5:1






	
D 107 of gestation

	

	

	

	

	




	
 Interleukin-1β

	
35.86 b

	
41.08 ab

	
45.26 a

	
1.62

	
0.049




	
 Interleukin-6

	
16.10

	
19.24

	
18.40

	
0.69

	
0.162




	
 Interleukin-10

	
8.88

	
10.85

	
9.09

	
0.42

	
0.108




	
 Tumor necrosis factor-α

	
27.21

	
32.35

	
30.13

	
1.29

	
0.275








a,b means without common letters differ at p < 0.05.
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Table 11. Effects of dietary starch-to-fat ratio on α-diversity on fecal microbiota of sows and newborn piglets (n = 6).






Table 11. Effects of dietary starch-to-fat ratio on α-diversity on fecal microbiota of sows and newborn piglets (n = 6).





	
Item

	
Starch-to-Fat Ratio

	
p Value




	
20:1

	
10:1

	
5:1






	
Sow

	

	

	

	




	
 Chao1

	
4261.78

	
5347.26

	
4597.68

	
0.281




	
 Faith_pd

	
142.44

	
161.13

	
158.73

	
0.368




	
 Goods_coverage

	
0.96

	
0.95

	
0.96

	
0.343




	
 Observed_species

	
3733.48

	
4459.72

	
3913.87

	
0.182




	
 Pielou_e

	
0.83

	
0.84

	
0.83

	
0.423




	
 Shannon

	
9.81

	
10.20

	
9.86

	
0.082




	
 Simpson

	
0.99

	
0.99

	
0.99

	
0.653




	
Newborn piglets

	

	

	

	




	
 Chao1

	
1231.97

	
1513.94

	
1042.04

	
0.402




	
 Faith_pd

	
682.00

	
194.83

	
162.29

	
0.291




	
 Goods_coverage

	
0.99

	
0.99

	
0.99

	
0.135




	
 Observed_species

	
1114.27

	
1293.00

	
893.60

	
0.423




	
 Pielou_e

	
0.63

	
0.63

	
0.48

	
0.476




	
 Shannon

	
6.38

	
6.50

	
4.78

	
0.532




	
 Simpson

	
0.87

	
0.93

	
0.73

	
0.470
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