

[image: image1]
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Aims: Small peptides are more energy-saving and efficiently absorbed compared to amino acids. Our study aimed to evaluate the effect of the Lys-Lys dipeptide on the improvement of growth performance, amino acid metabolism, and gut development in suckling piglets.

Methods and Results: Twenty-eight newborn suckling piglets were orally administrated with 0.1%, 1%, and 5% Lys-Lys dipeptide for 21 days. Our results showed that the Lys-Lys dipeptide has no significant effect on growth performance and intestinal morphology compared with the control group. We also found that the 1% Lys-Lys dipeptide significantly increased the concentrations of serum Lys, Thr, Phe, and Pro while decreasing Cys compared to the control group. Similarly, the 5% Lys-Lys dipeptide markedly increased the concentrations of serum Lys, Iso, Thr, Asp, Glu, and Pro compared to the control group. Moreover, the Lys-Lys dipeptide downregulated the expression of jejunal Slc7a1, Slc7a2, and Slc15a1 and ileal Slc7a2. Additionally, the Lys-Lys dipeptide decreased the microbiota richness indices and relative abundance of Bacteroidales.

Conclusion: In this study, we found that the Lys-Lys dipeptide contributes to the metabolism of amino acids but failed to affect the growth performance of piglets. Additionally, the Lys-Lys dipeptide decreased the relative abundance of Bacteroidales. These results provide a theoretical for the future application and research of Lys-Lys dipeptide in intestinal development of suckling piglets.
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INTRODUCTION

Amino acids play a key role in regulating various metabolic pathways such as the synthesis of proteins and peptides, glucose metabolism, and lipid metabolism, which are essential for the development and health of animals (1–6). Among these amino acids, lysine (Lys) is the first limiting amino acid for piglets. Previous studies have suggested that Lys restriction affected inflammatory status, muscle biochemical characteristics, and intestinal microbiota in piglets (7–9). Meanwhile, we also found that dietary Lys influenced the intestinal morphology and absorption of amino acids in piglets and mice (10, 11).

Small peptides, such as di- and tripeptides, are absorbed by the peptide transporter family (12). The transmembrane transport of short-chain peptides occurs in all living organisms and provides an efficient and energy-saving route for the uptake of bulk quantities of amino acids in the peptide form while providing an efficient and energy-saving source of their corresponding amino acids (13). Recently, several studies have been conducted to estimate the advantages of using small peptides (14). For example, administration of the alanyl-glutamine dipeptide increased weight gain in calves (15). Phenylalanine-cysteine exerted antioxidative effects (16), and lysine-glutamate displayed antitumor activity (17). Alanyl-glutamine increased glutamine levels in plasma and muscles and had anti-inflammatory effects (18). The glycyl-glutamine dipeptide has been reported to improve glutamine catabolism and jejunal cell proliferation and inhibit jejunal cell apoptosis (19). Glycyl-glutamine had beneficial effects on the composition of gut microbiota of piglets by increased bacterial loading, elevated alpha diversity, and increased proportions of anaerobes and fiber-degrading bacteria (20).

In our previous study, we have found that the Lys-Lys dipeptide increased cellular Pept1 abundance and affected the expression of amino acid transporters (such as Slc7a1, Slc3a1, and Slc7a9) and Lys concentration in IPEC-J2 (10). Meanwhile, the Lys-Lys dipeptide had an influence on the metabolism of amino acids and alleviated Lys deficiency-induced jejunal and ileal apoptosis in mice (10). Thus, we supposed that dietary supplementation with the Lys-Lys dipeptide may exert a beneficial effect on growth performance in suckling piglets. Here, we determined the potential effects of the Lys-Lys dipeptide on growth performance, intestinal development, and microbiota in suckling piglets.



MATERIALS AND METHODS


Animals and Experimental Design

This study was conducted in accordance with the guidelines of the Institute of Subtropical Agriculture, Chinese Academy of Sciences. All experimental protocols were approved by the animal ethical committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences. Twenty-eight piglets were randomly divided into 4 groups after birth (n = 7/group): a) the control group in which piglets received 5 ml drinking water; b) the 0.1% Lys-Lys dipeptide group in which piglets received 5 ml Lys-Lys dipeptide solution (0.1 g dissolved in a final volume of 99.9 ml, oral administration); c) the 1% Lys-Lys dipeptide group in which piglets received 5 ml Lys-Lys dipeptide solution (1 g dissolved in a final volume of 99 ml, oral administration); d) the 5% Lys-Lys dipeptide group in which piglets received 5 ml Lys-Lys dipeptide solution (5 g dissolved in a final volume of 95 ml, oral administration). The piglets were housed with sows, free to breast milk, and received water or the Lys-Lys dipeptide on days 3, 5, 7, 14, and 21 after birth.



Growth Performance and Blood Biochemical Parameters

The body weights of the piglets were monitored daily during the whole experimental period. Blood samples from overnight-fasted piglets were collected in plastic uncoated tubes, and serum was obtained by centrifugation at 3, 000 rpm for 10 min at 4°C and stored at −20°C until analysis according to previous studies (2, 21, 22). After blood sampling, the piglets were anesthetized with Zoletil 50 and killed for sample collection. Then, relative organ weights were calculated: organ/body weight.



Intestinal Morphology Examination

Middle ileal sections were fixed with 4% paraformaldehyde-PBS overnight, and then dehydrated and embedded in paraffin blocks. After that, sections of 5 μm were cut and mounted on slides. The sections were further deparaffinized and hydrated and then stained with hematoxylin and eosin (H&E). Villus length and crypt depth were determined using the Image J software.



Amino Acid Determination

A total of 0.5 ml of serum was centrifuged at 3,000 rpm for 5 min, and then supernatants were mixed with equivalent 10% sulfosalicylic acid for 1 h at 4°C. The mixtures were further centrifuged at 10,000 rpm for 15 min. After that, the supernatants were used to analyze amino acid contents with high-speed amino acid analyzer L-8900 (Japan).



Real-Time Quantitative PCR

Total RNA from the jejunum and ileum samples was isolated from liquid nitrogen using the TRIZOL reagent (Invitrogen, United States). RNA concentration was measured with the Nanodrop one (Thermo Fisher, United States) and then treated with DNase I (Invitrogen, United States) according to the instruction of the manufacturer. Synthesis of first-strand cDNA was performed using PrimeScript Enzyme Mix 1, RT Primer Mix, and 5 × PrimerScript Buffer 2. Reverse transcription was conducted at 37°C for 15 min and at 85°C for 5 s. The primers (Table 1) used in this study were presented in the previous study (7). β-actin was chosen as a housekeeping gene to normalize target gene transcript levels. Real-time PCR was performed according to the manufacturer's instruction (LightCyclerR480II, Roche, Switzerland). Briefly, 1-μl of cDNA template was added to a total volume of 10 μl containing 5 μl of SYBR Premix Ex Taq II, 0.4 μl of PCR forward primer, 0.4 μl of PCR reverse primer, 0.2 μl of ROX reference dye, and 3 μl of ddH2O. We used the following protocol: (i) pre-denaturation programmer (30 s at 95°C); (ii) an amplification and quantification program consisting of repeated 40 cycles (5 s at 95°C and 31 s at 60°C); (iii) a melting curve program (15 s at 95°C, 1 min at 60 °C, and 15 s at 95 °C). Relative expression was expressed as a ratio of the target gene to the control gene using the formula 2−(ΔΔCt), where ΔΔCt = (CtTarget-Ctβ−actin) treatment-(CtTarget-Ctβ−actin) control. Relative expression was normalized and expressed relative to the expression in the control group.


Table 1. Primers used for quantitative reverse transcription PCR.
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Intestinal Microbiome Analysis

Total genome DNA was extracted from colonic contents, and the bacterial 16S rRNA gene was amplified using the 341F/806R primer set targeting the V3-V4 region (341F, 5′-CCTAYGGGRBGCASCAG-3′; 806R, 5′-GGACTACNNGGGTATCTAAT-3′). Amplicons were extracted from 2% agarose gel and purified using a GeneJET gel extraction kit (Thermo Scientific) according to the manufacturer's instruction. Then, fragment libraries were prepared using the Ion Plus Fragment Library Kit 48 rxns (Thermo Fisher). After quantification and purification, the amplicons were sequenced.

The sequences were analyzed and assigned to operational taxonomic units (OTUs; 97% identity). Then, the representative sequences were selected using the Uparse software package. Chao 1, ACE, Shannon, and Simpson indices were calculated to analyze alpha-diversity, while principal component analysis (PCA) and principal coordinate analysis (PCoA) were performed to analyze beta-diversity. Raw reads were deposited in the NCBI Sequence Read Archive (SRA) database (accession number: PRJNA813170).



Statistical Analysis

All data were analyzed between two groups by using Student's t-test (SPSS 22.0 software). The data are expressed as the mean ± SEM. Differences of P < 0.05 were considered significant.




RESULTS


Effect of the Lys-Lys Dipeptide on Growth Performance

Compared with the control group, the 1% Lys-Lys dipeptide tended to increase weight gain and the 5% Lys-Lys dipeptide tended to decrease the weight gain of the piglets, but the effects were insignificant (Figure 1A). Meanwhile, the Lys-Lys dipeptide had little effect on the weights of the liver, kidney, and spleen, and heart relative weight (Figures 1B–E).


[image: Figure 1]
FIGURE 1. Effect of the Lys-Lys dipeptide on growth performance in piglets. (A) Weight gain and (B–E) organ relative weight were calculated according to the formula organ/body weight. Data were expressed as the mean ± SEM (n = 7).




Effect of the Lys-Lys Dipeptide on Intestinal Morphology

As shown in Figure 2, Lys-Lys dipeptide supplementation tended to increase villous height and villous width, resulting in increased villous surface area, compared to the control group (P > 0.05). The 0.1% (P < 0.05), 1% (P < 0.01), and 5% (P < 0.01) Lys-Lys dipeptide treatments significantly increased crypt depth compared with the control group. Meanwhile, the 0.1% (P < 0.05), 1% (P < 0.05), and 5% (P < 0.01) dipeptide supplementations markedly decreased the ratio of villous height to crypt depth.


[image: Figure 2]
FIGURE 2. Effect of the Lys-Lys dipeptide on morphological characteristic of the ileum in piglets. (A) Villous height, (B) villous width, (C) crypt depth, and (D) villous height/crypt depth. (E) H&E staining of the ileum in piglets. Scale bar = 100 μm. Data were expressed as the mean ± SEM (n = 7). *Different from control, P < 0.05; **different from control, P < 0.01.




Effect of the Lys-Lys Dipeptide on Blood Biochemical Parameters

We detected the content of serum-related enzyme, immune indices, and metabolic by-products in piglets serum. The results showed that the Lys-Lys dipeptide had little effect on serum-related enzymes (ALP, ACP, γ-GT, α-AMS, and Amy-p) and immune indexes (TP, ALB, IgG, and IgM) of the piglets (Table 2). However, the serum concentrations of LDL and CHOL in the 1% Lys-Lys and 5% Lys-Lys groups were significantly lower than those in the control group (P < 0.01). Also, compared to the control group, the 1% Lys-Lys dipeptide significantly decreased the serum concentration of Mg (P < 0.05). The 0.1% Lys-Lys dipeptide had no significant effects on serum biochemical parameters.


Table 2. Effect of Lys-Lys on blood biochemical parameters of pigletsa.
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Effect of the Lys-Lys Dipeptide on Serum Amino Acids

The 1% Lys-Lys dipeptide treatment significantly increased serum concentrations of Lys (P < 0.05), threonine (P < 0.05), phenylalanine (P < 0.05), and proline (P < 0.01) but markedly decreased that of cysteine (P < 0.01) compared to the control group (Table 3). Meanwhile, the serum concentrations of Lys (P < 0.05), isoleucine (P < 0.05), threonine (P < 0.01), aspartate (P < 0.05), glutamate (P < 0.05), and proline (P < 0.05) were markedly higher in the 5% Lys-Lys dipeptide group compared with the control group. The 0.1% Lys-Lys dipeptide had no significant effects on serum amino acids (Table 3).


Table 3. Effect of the Lys-Lys dipeptide on serum amino acids in pigletsa.
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Effect of the Lys-Lys Dipeptide on Amino Acid Transporters in the Intestine

In the jejunum, Slc7a1 was significantly lower in the 0.1% and 1% Lys-Lys dipeptide groups (P < 0.05), and Slc7a2 was markedly lower in all the Lys-Lys dipeptide-treated groups (P < 0.05) compared to the control group (Figures 3A,B). Meanwhile, 0.1% Lys-Lys dipeptide significantly inhibited the expression of Slc15a1 (P < 0.05) (Figure 3C). 0.1%, 1% and 5% Lys-Lys dipeptide group Slc7a1 had no significant difference (P > 0.05) compared to the control group (Figure 3D). In the ileum, the 5% Lys-Lys dipeptide markedly inhibited the expression of Slc7a2 (P < 0.05) compared to the control group (Figure 3E). 0.1%, 1% and 5% Lys-Lys dipeptide group Slc15a1 had no significant difference (P > 0.05) compared to the control group (Figure 3F).


[image: Figure 3]
FIGURE 3. Effect of the Lys-Lys dipeptide on intestinal lysine and dipeptide transporters in piglets. (A) Jejunal Slc7a1. (B) Jejunal Slc7a2. (C) Jejunal Slc15a1. (D) Ileal Slc7a1. (E) Ileal Slc7a2. (F) Ileal Slc15a1. Data were expressed as the mean ± SEM (n = 7). *Different from control, P < 0.05; **different from control, P < 0.01.




Effect of the Lys-Lys Dipeptide on Intestinal Microbiota

We tested the indexes of Chao 1, Shannon, Simpson, and PD whole tree. Chao 1 accounted for microbial community richness while Shannon and Simpson accounted for microbial community diversity. However, there were no differences in the index of Chao 1, Shannon, Simpson, and PD whole tree between the control group and the Lys-Lys dipeptide-supplemented groups (Figures 4A–D).


[image: Figure 4]
FIGURE 4. Effect of the Lys-Lys dipeptide on intestinal microbiota in piglets. Data were expressed as the mean ± SEM (n = 7). *Different from control, P < 0.05. (A) Chao1. (B) Shannon. (C) Simpson. (D) PD whole tree.


The Venn diagram showed that the control piglets and piglets fed with the Lys-Lys dipeptide contained 771 same OTUs (Figure 5A). The control and the 0.1%, 1%, and 5% Lys-Lys dipeptide groups contained 119, 114, 71, and 127 unique OTUs, respectively.


[image: Figure 5]
FIGURE 5. Effect of the Lys-Lys dipeptide on intestinal microbiota in piglets. (A) Venn diagram illustrating the overlap of operational taxonomic units (OTUs) in the intestinal microbiota of piglets. (B) Principal coordinate analysis (PCoA) of unweighted UniFrac distance. (C) PCoA of weighted UniFrac distance. (D) Relative abundance of the top 10 phyla in each sample. (E) Relative abundance of the top 10 families in each sample. Data were expressed as the mean ± SEM (n = 7). *Different from control, P < 0.05.


A principal coordinate analysis was used to analyze the clustering of microbiota within groups. In this study, PCoA of both unweighted and weighted UniFrac distances showed no clear separation between the control group and the Lys-Lys dipeptide-supplemented groups (Figures 5B,C).

At the phylum level, the relative abundance of Bacteroidetes was lower in the 1% Lys-Lys group than that in the control group (0.2 ± 0.04 vs. 0.14 ± 0.04), but the difference was insignificant (P > 0.05) (Table 4, Figure 5D). At the family level, we selected 10 microbiological families with relatively large differences for analysis. The 1% Lys-Lys dipeptide significantly decreased the relative abundance of Bacteroidales (0.13 ± 0.03 vs. 0.06 ± 0.02, P < 0.05) (Table 4, Figure 5E).


Table 4. Effect of Lys-Lys on bacteria at the phylum and family levels in pigletsa.
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DISCUSSION

Dipeptides can be uptaken by the intestine and are involved in various molecular pathways including those for immune function, proliferation, apoptosis, and oxidative stress (16–19). In our current study, we found that the Lys-Lys dipeptide had no effect on the growth performance of suckling piglets, which is consistent with the research conducted by Nosworthy et al. (23). Meanwhile, previous studies have shown that lysine restriction increased intramuscular fat contents (9). This may be related to the growth performance of piglets, and the specific mechanism needs to be further studied. We suspect that Lys from sow milk was enough for suckling piglets to maintain growth. Moreover, sucking piglets might not have absorbed and utilized the Lys-Lys dipeptide. It is evident that the small intestine plays an important role in nutrition transport and absorption. Morphology structures of the small intestine are also regarded as indicators of reflecting intestinal development. For example, intestinal crypts host epithelial stem cells, which can differentiate into mature intestinal epithelial cells as they migrate up the villus (24, 25). Villous surface implies the intestinal absorptive capacity of nutrients (26). Our previous study has shown that Lys was involved in enhancing intestinal crypt height and villus depth and differentially affected intestinal cationic amino acid transporter expression (11, 27). However, our present results showed that Lys-Lys had no effect on villous height, indicating that Lys-Lys does not affect the intestinal absorptive capacity of suckling piglets. The results suggested that Lys-Lys may be involved in increasing the turnover rate of intestinal mucosal cells (28) and that it had little effect on the nutrition absorption of suckling piglets.

Dipeptides are reported to be involved in immune response (15). Previous reports have confirmed that peptides possess a high affinity to metal ions and increase the absorption of metal ions (29). However, in this study, the Lys-Lys dipeptide had little effect on the serum-related immune index in piglets, and Mg ion level was lower in piglets treated with the 1% Lys-Lys dipeptide than in the control group, suggesting that Lys-Lys promotes the absorption of Mg in piglets. We also analyzed the effect of the Lys-Lys dipeptide on serum-related enzyme and metabolic by-products, which indicated that Lys-Lys had no effect on serum-related enzyme and immune indexes. Since LDL and CHOL are involved in lipid metabolism (30, 31), the results from this study showed that the 1% and 5% Lys-Lys dipeptide decreased the serum LDL and CHOL levels compared with the control group. The study found that Lys also significantly decreased lipid accumulation in the liver and increased weight loss in rats (20). We suggest that the Lys-Lys dipeptide may participate in lipid metabolism. However, the potential mechanism with which the Lys-Lys dipeptide exerts influence on lipid metabolism needs further investigation. Various studies have shown that a dipeptide mediates the metabolism of amino acids (32). Our previous study has also shown that the Lys-Lys dipeptide affects intracellular histidine, proline, threonine, and tyrosine abundances and extracellular asparagine, cysteine, glutamine, methionine, histidine, phenylalanine, proline, serine, tryptophan, and tyrosine abundances in IPEC-J2 cells (10). Moreover, the Lys-Lys dipeptide altered serum aspartic acid and tryptophan levels in mice (10). These are consistent with our current results showing that the Lys-Lys dipeptide influenced the serum concentrations of Lys, isoleucine, threonine, phenylalanine, aspartate, glutamate, proline, and cysteine in piglets. However, Lys content was decreased in the 5% Lys-Lys dipeptide compared with the 1% Lys-Lys dipeptide. This may be related to the intestinal amino acid transportability of piglets. The Lys-Lys dipeptide inhibited the expressions of jejunal Slc7a1 and Slc7a2 and ileal Slc7a2. However, the 0.1% Lys-Lys dipeptide decreased the expression of jejunal Slc15a1. These results suggested that absorption of the Lys-Lys dipeptide may upregulate Lys uptake, which further decreases Slc7a1 and Slc7a2 to maintain Lys balance. Slc15a1, known as PepT1, is mainly expressed in the small intestine and participates in intestinal absorption of di-and tripeptides (33). We also found that the Lys-Lys dipeptide upregulated the expression of Pept1 in IPEC-J2 and that it inhibited Lys transporters (Slc7a1 and Slc7a2) and increased the expression of Pept1 in mice (10). These results indicated that the Lys-Lys dipeptide affects the metabolism and transport of amino acids and that the effects vary according to different experimental models (cells, mice, and piglets).

Intestinal microbiota can be shaped by the consumption of various nutrients and modulate host health (34). Our previous study has shown that dietary Lys can affect intestinal microbiota. Once 100% dietary Lys changed to 70% Lys, intestinal microbial diversity was significantly increased. Long-term (6 weeks) dietary Lys restriction increased the abundances of Actinobacteria, Saccharibacteria, and Synergistetes. Bacteroidales have been shown to play a vital role in modulating host immune and intestinal functions (35, 36). In this study, we found that the Lys-Lys dipeptide decreased microbiota richness indices. The 0.1 and 5% Lys-Lys dipeptide has a significant effect on the relative abundance of bacteria compared to the control group. The 1% Lys-Lys dipeptide can decrease the relative abundance of the Bacteroidales family in piglets. However, Lys-Lys dipeptide had no significant difference at the level of microbial genus, and it had little effect on serum related immune indexes including TP, ALB, IgG, and IgM, suggesting that the Lys-Lys dipeptide did not induce an immune response in the piglets. Therefore, the mechanism of dipeptide-mediated intestinal microbiota on the intestinal barrier needs to be further explored.

In conclusion, we have found that the Lys-Lys dipeptide contributes to the metabolism of amino acids but failed to affect the growth performance of piglets. Additionally, the Lys-Lys dipeptide decreased the microbiota richness indices and relative abundance of Bacteroiditalics. The 1% Lys-Lys dipeptide was more forcefully effective than the other two doses. These results provide a theoretical basis for the intestinal development of suckling piglets, but the economic value of peptides in animal production needs further consideration.
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