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Accumulating evidences support that amino acids direct the fate decision of immune cells. Glycine is a simple structural amino acid acting as an inhibitory neurotransmitter. Besides, glycine receptors as well as glycine transporters are found in macrophages, indicating that glycine alters the functions of macrophages besides as an inhibitory neurotransmitter. Mechanistically, glycine shapes macrophage polarization via cellular signaling pathways (e.g., NF-κB, NRF2, and Akt) and microRNAs. Moreover, glycine has beneficial effects in preventing and/or treating macrophage-associated diseases such as colitis, NAFLD and ischemia-reperfusion injury. Collectively, this review highlights the conceivable role of glycinergic signaling for macrophage polarization and indicates the potential application of glycine supplementation as an adjuvant therapy in macrophage-associated diseases.
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Introduction

Macrophages are found in almost all tissues such as Kupffer cells in hepatocyte (1) and microglia in central nervous system (2). These macrophages engulf cellular debris, microbes, death cells and foreign substances by stretching filopodia (3, 4). Although the polarizations of macrophages are multiple, they are roughly polarized to two distinct subsets: classically activated (M1) phenotype and alternatively activated (M2) phenotype (5, 6). Macrophages polarize into M1 phenotype to perform their pathogen-scavenging function when exposed to T-helper 1 (Th 1) type cytokines or inflammatory mediators, such as interferon gamma (IFN-γ) and lipopolysaccharide (LPS) (7), or M2 phenotype to perform their anti-inflammatory effects, including wound healing and anti-tumor ability under conditions of exposure to Th 2 cytokines like IL-4 and IL-10 (8). Indeed, various contributors are related to the fate of macrophages. Notably, metabolism pathways and metabolites are the best examples for directing macrophage growth and survival by providing energy and substrates, and instructing functions of macrophages (9, 10). For example, altered amino acid metabolism [e.g., arginine metabolism (11)] is a well-accepted character to define macrophage polarization.

Traditionally, amino acids are simply divided into two categories: essential amino acids and non-essential amino acids (12). However, many traditionally considered non-essential amino acids are not only used as substrates for protein and peptide synthesis, but also involved in regulating metabolism, signal transduction and immune responses (13). Glycine consists of one carbon (C) atom, two hydrogen (H) atom, one carboxyl-group (COOH) and one amino-group (NH2) (14). Of note, recent studies have shown that glycine affects functions of macrophage (15, 16). In this review, we will summarize glycinergic system in macrophages, discuss how glycine contributes to the polarization of macrophages, and list some examples that glycine mediates macrophage-associated diseases.



Glycinergic System in Macrophages


Glycine Receptors in Macrophages

Glycine is an inhibitory neurotransmitter (17), which exerts inhibitory effect by binding to glycine receptors (GlyRs) (18–20). GlyRs consist of α subunits (48kDa), β subunits (58kDa) and a 93 kDa subunit anchoring protein gephyrin (21). GlyRs also present in non-neuron cell membrane, such as macrophages (20, 22). For example, the subunits of GlyRs are found in rat Kupffer cells, splenic macrophages and alveolar macrophages, and the sequences of the cloned fragment for the GlyRs β subunit in macrophages are more than 95% homologous with the GlyRs from the spinal cord (22). It should be noted that the GlyRs subunits differ in various types of macrophages. For example, Kupffer cells have α1-subunit, α4-subunit and β-subunit, while α2-subunit, α4-subunit and β-subunit are found in splenic and alveolar macrophages, as well as only α1 subunit in the peritoneal macrophages in rats (22, 23). The reasons for these differences might result from the origins of macrophages (24) (embryonic origin and monocyte derivation), species of animals and even culture condition of isolated macrophages. It is also intriguing to know whether such difference presents in mouse or human macrophages. Although GlyRs have been identified on macrophages, no studies have investigated the effects of GlyRs subunits in macrophage fate decision. Notably, blocking the receptor with strychnine (25, 26) alleviates glycine-induced intracellular Ca2+ decrease in LPS-stimulated macrophages (25, 27, 28), suggesting the receptor highly shapes the fate decision of macrophages. To fully illustrate the function of GlyRs in macrophages, the comparative analysis towards expression and location of GlyRs in macrophages from different tissues and subsets (e.g., resting macrophages vs. M1 phenotype or M2 phenotype) should be performed. Then the function of GlyRs subunits in macrophage fate decision can be explored with chemical ablation or genetic manipulation.



Glycine Transporters in Macrophages

In the central nervous system (CNS), glycine is transported into cells by neutral-amino-acid transporters (NAATs, Table 1) (29, 30); however, the presence of NAATs in macrophages remains to fully explore. Interestingly, rat M1 macrophages are sensitive to NAATs substrate 2-aminoisobutyric acid (AIB) (23) and the application of methylamino-AIB inhibits glycine-induced inward currents in microglia (31), suggesting that NAATs might be expressed in macrophages. As expected, it has been demonstrated that rat peritoneal macrophages express at least one of NAATs, especially glycine transporter-1 (GlyT1) (23). Further investigations are needed to examine the expression of NAATs in mice and human macrophages.


Table 1 | Neutral-amino-acid transporters which transport glycine.






Glycine Metabolism in Macrophages

In mammals, glycine can be synthesized from serine, choline, threonine and hydroxyproline by different metabolic pathways (32). Since serine and glycine are biosynthetically linked (33), serine and its precursors can generate glycine. The conversion of serine to glycine catalyzed by serine hydroxymethyltransferase (SHMT) is the main way for glycine synthesis (34, 35). When glycine deficiency occurs, such as intrinsic glycine uptake capacity limitation or environmental glycine deprivation, SHMT can support glycine synthesis (36).

In addition to participating in protein synthesis, glycine is a precursor of peptides, nucleic acids as well as methyl donors. Upon LPS stimulation, the levels of intracellular glycine and glycine metabolites such as glutathione (GSH) and S-adenosylmethionine (SAM) increased (37–39). Interestingly, adding glycine to the serine-deprived medium failed to rescue IL-1β secretion in macrophages upon LPS stimulation (38). Besides this, lack of glycine cannot affect the polarization of macrophages (39). Thus, extracellular glycine may not influence macrophage metabolism. U-[13C]-labeling shows that glycine is mainly converted from glucose and serine, and it can be subsequently converted to ADP, ATP, GSH and SAM (38). Strikingly, U-[13C]-glycine revealed a remarkable attenuation of extracellular glycine-derived GSH compared to serine (synthesis from glycine)-derived GSH (38). Moreover, supplementary glycine in serine deprived medium failed to rescue intracellular GSH in macrophage. These phenomena indicate that glycine utilization in macrophages is mainly through intracellular conversion of serine, not via exogenous glycine supply.



Glycine Regulates Signaling Pathways in Macrophages

The functions of macrophages are highly responsive to their micro-environmental stimuli. Upon the activation of Toll-like receptor (TLR) or interferon signaling, M1 macrophages arise in inflammatory to eliminate pathogens (40–42). Whereas M2 macrophages, usually found in Th2-dominated responses, can mediate helminth immunity, asthma, and allergy (43).

Among various signaling pathways regulating macrophage inflammation, NF-κB is a main contributor to orchestrate macrophage polarization (44). Glycine can prevent the activation of nuclear factor-κB (NF-κB) by inhibiting the degradation of inhibitor of NF-κB (IκB) in pro-inflammatory macrophages (Figure 1A) (45). Additionally, glycine affects inflammasome assembly in pro-inflammatory macrophages (46). However, given glycine treatment could induce IκB degradation in resting macrophages (45), we still could not exclude the possibility that glycine causes stress responses in resting macrophages. In addition, in the context of glycine treatment, the decreased phosphorylation of IκB kinase-α (IKK-α) and IκB kinase-β (IKK-β) is also observed (45, 46) (Figure 1B). Glycine reduces LPS-induced upregulation of nucleotide binding domain like receptor protein 3 (NLRP3) (47). This process can be achieved by up-regulating the expression of NRF2 and its down-stream signaling pathways to eliminate reactive oxygen species (ROS) (47) (Figure 1C).




Figure 1 | Probable cellular pathways that glycine influences M1 macrophages polarization. (A) Glycine inhibits the degradation of IκB in M1-macrophages. (B) Glycine inhibits M1-macrophages polarization via inhibiting IKK phosphorylation. (C) Glycine up-regulates NRF-2/HO-1 to blunt NLRP3 in inflammasome in M1-macrophages. (D) Glycine inhibits NF-κB by blocking PTEN to up-regulate Akt in M1-macrophages. LPS, lipopolysaccharide; TLR4, toll-like receptor 4; MyD88, myeloid differentiation primary response gene 88; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; IκB, inhibitor of NF-κB; IKK, IκB kinase; TNF-α, tumor necrosis alpha; TNFR, TNF-α receptor; TRAF, TNFR associated factor; PTEN, phosphatase and tensin homolog deleted on chromosome ten; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; Akt, protein kinase B.



PI3K (phosphatidylinositol 3-kinase) and Akt (protein kinase B) pathways regulate tremendous signaling pathways, including NF-κB and mitogen-activated protein kinase (MAPK) signaling (48) related to macrophage polarization (49). Glycine can up-regulate Akt by blocking phosphatase and tensin homolog deleted on chromosome ten (PTEN), then inhibit NF-κB and hypoxia induced factor-1 α (HIF1-α) in microglia (50) in the context of ischemia-reperfusion injury. Except for macrophages, glycine also inhibits PTEN and activates Akt in other tissues or cells (51, 52) (Figure 1D). Unfortunately, there is still no direct evidence showing whether glycine can affect proinflammatory macrophage polarization induced by canonical stimuli (e.g., LPS and/or IFN-γ) through PTEN-Akt pathway. Notably, Akt kinases have distinct effects in macrophage polarization, with Akt1 ablation leading to an M1 phenotype and Akt2 ablation resulting in an M2 phenotype (53). It has not been studied which subunit of Akt is regulated by glycine. Therefore, it is necessary to further explore the connection between glycine and the Akt signaling pathway in guiding macrophages polarization.



Glycine Alters microRNAs in Macrophages

MicroRNAs (miRNAs) play vital roles in a great deal of biological processes (54) and could function as crucial regulators that support macrophage polarization (54, 55). It has been reported that some miRNAs which associated with macrophages are related with glycine. For example, glycine alleviates subarachnoid-hemorrhage (SAH) induced neuron inflammation, which is mediated by miRNA-26b/PTEN/Akt signaling pathway in microglia (56) (Figure 2A). Inhibition of miRNA-26b or activation of PTEN expression suppressed the protective function of glycine (56). MiR-301a is abundantly expressed in hypoxic pancreatic cancer cell-derived exosomes (57, 58), which can promote M2 macrophage polarization through activating PTEN/PI3K signaling pathway (57). Interestingly, glycine has been reported to enhance the expression of miR-301a in the cortical neurons (59). Thus, miR-301a might be a potential target for glycine to regulate M2 macrophage functions (Figure 2B).




Figure 2 | Glycine shapes macrophage polarization through micro-RNAs. (A) Glycine up-regulates miR-26b to blunt M1-microglia polarization by suppressing PTEN and activating Akt. (B) Glycine possibly up-regulates miR-301a to promote M2-macrophages polarization via activating PI3K/Akt. (C, D) Glycine down-regulates miR-19a-3p. (C) MiR-19a-3p negatively control STAT1 and AMPK to blunt M1-macrophages polarization. (D) MiR-19a-3p negatively control STAT3 to inhibit M2 macrophage polarization. (E) MiR-96 and miR-137 negatively regulate GlyT1. PTEN, phosphatase and tensin homolog deleted on chromosome ten; Akt, protein kinase B; STAT, signal transducer and activator of transcription; GlyT, glycine transporter.



MiR-19a-3p can suppress LPS/IFN-γ-induced M1 macrophage polarization via inhibiting STAT1 (signal transducer and activator of transcription-1) (60). In addition, glycine regulates miR-19a-3p/AMPK pathway to alleviate ischemic stroke injury (61). Therefore, glycine may promote M1 macrophage polarization by regulating miR-19a-3p (Figure 2C). Besides influencing M1 macrophages polarization, miR-19a-3p is capable of suppressing M2 macrophage polarization by inhibiting STAT3 when overexpressed (62) (Figure 2D).

Notably, miRNAs can regulate GlyTs function. Human GlyT1 possesses several miRNAs targeting sites within the 3’UTR (miR-7, miR-30, miR-96, miR-137, miR-141). Among them, miR-96 and miR-137 negatively regulate GlyT1 under physiological conditions (63) (Figure 2E). It is intriguing to investigate whether microRNAs mediate the regulation of glycinergic system in macrophage polarization.



Application of Glycine in Macrophage-Related Diseases


Obesity and Associated Metabolic Diseases

The white adipose tissue can produce many adipokines such as leptin, TNF-α, and interleukins, due to the accumulation of macrophages (64–66). In adipocytes differentiated 3T3-L1 cells, applying 10 mM glycine in the medium decreases the expression of IL-6, resistin and TNF-α (67). Similarly, in glutamate-induced obese mice, the application of glycine reprograms fat metabolism and decreases the expression level of TNF-α and IL-6 (68). Serum and liver glycine levels in obese rats are lower than thin rats (69) and dietary supplementation with glycine lowers circulating triglycerides in Zucker fatty rats (70). These phenomena were also found in humans. The plasma glycine level is lower in obese and diabetic patients (71, 72) in comparison to healthy donor. In clinical application, dietary supplementation of glycine can improve insulin response and glucose tolerance (73, 74). Impaired glycine metabolism may play a causative role in NAFLD, glycine-based treatment stimulating hepatic GSH synthesis in experimental NFLD (75). These results show that glycine could be helpful for alleviating inflammatory state in obesity.

Non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty liver disease (NAFLD) are stubborn illnesses because of their prevalence, difficulties in diagnosis, complex pathogenesis, and lack of approved therapies (76). Macrophages are involved in the development of steatosis, inflammation and fibrosis in NASH (77). Furthermore, an increase of M1 macrophages in adipose tissue contribute to NASH due to its secretion of various proinflammatory signals, and these inflammatory factors move to hepatic and trigger local macrophages polarization (78). It has been found that glycine alleviates NASH index in high fat and high sucrose induced NASH in rats (79). Like obesity patients, plasma glycine levels are lower in NAFLD patients (80). Moreover, in a metabolic steatohepatitis mice model, glycine decreases cytokines level and increases M2/M1 macrophages ratio (81). These results indicate that glycine may have potential to treat non-alcoholic hepatic diseases.

Glycine could regulate the intestinal flora and decrease intestine macrophage infiltration in mice under LPS stimulation (82). Interestingly, pro-inflammatory macrophage accumulation was found in obesity humans (83). Besides this, increased pro-inflammatory macrophages were found in the gut of high fat diet (HFD) fed mice (84). Thus, glycine may potential to decrease intestinal pro-inflammatory macrophages infiltration to help alleviating obesity and obesity associated metabolic diseases. Whether glycine can affect intestinal macrophage by affecting intestinal flora needs to be further investigation.



Ischemia-Reperfusion Injury

Ischemia-reperfusion injury is a serious problem after visceral transplantation (85, 86). Glycine significantly increases the survival rate after ischemia-reperfusion and alleviates the inflammatory injury from ischemia-reperfusion. Local perfusion with glycine can alleviate warm ischemia-reperfusion injury in small intestine of rats (87, 88) and liver of mice (89–91), as well as renal ischemia reperfusion injury caused by renal hypothermic (92). Interestingly, there exists a solid connection between ischemia-reperfusion injury and macrophages. The activation and migration of macrophages can aggravate inflammation, apoptosis or other stress in apparatus (93, 94). Fortunately, the researchers found that glycine inhibited the activation of Kupffer cells and their interleukins production during liver ischemia-reperfusion (89, 90, 95). In short, glycine is helpful for postoperative recovery after ischemia-reperfusion.



Cancer/Tumor

Tumor associated macrophages (TAMs) are highly prevalent in many solid tumors (96, 97). Disrupting the malignant interaction between TAMs and cancer cells may greatly contribute to the survival of cancer patient. However, current targeted therapies of TAMs still fail to give a satisfied effect in tumor control because it is truly difficult to completely clear tumor and simultaneously avoid the high toxicity to patients. Thus, it is urgent to find effective and safe targeted TAM therapies.

Regulating TAMs is one of the targets for cancer treatment. Because of its infinite proliferation ability, cancer cells are highly dependent on glycine and serine uptake for nucleotide synthesis and one-carbon metabolism. Silencing SHMT2 and/or depriving extracellular glycine halts the rapid proliferation of cancer cells, but is not capable of blocking their proliferation completely (97). This phenomenon can rescue by the addition of glycine in the medium (97). Strikingly, glycine is generally consumed by highly proliferative cancer cells, but released by slow-proliferating cells (97). Thus, the demands of glycine may be distinct in different types or different proliferation states of cancer cells. Furthermore, high glycine concentration in tumor microenvironment can be consider as a clinical indicator of poor prognosis of tumor (98). Regulating glycine level in the tumor microenvironment may be an effective treatment for inhibiting the proliferation of cancer cells.



Colitis

Colitis is an idiopathic intestinal inflammatory disease involving the colon, the clinical manifestations are diarrhea, abdominal pain, and even bloody stools (99, 100). Glycine altered colon microbiota and serum amino acids concentration, as well as colon interleukin level in 5% acetic acid induced colitis in mice (101). Similarly, dietary supplementation of 5% glycine alleviates colitis induced by 2,4,6-trinitrobenzene sulphonic acid (TNBS) and dextran sulfate sodium (DSS) in rats (102). Besides this, glycine supplementation ameliorates C. redentium- induced colitis and enhancing the abundance of Lactobacillus (103). In summary, glycine supplementation may a nutritional strategy to alleviate colitis.

Taken together, these findings suggest that glycine has a certain preventive effect on macrophage-related diseases which are summarized in Table 2. However, the beneficial effects of glycine in other macrophage-associated diseases and the underlying mechanisms still need further investigation.


Table 2 | Beneficial effects of glycine in other macrophage-associated diseases.






Concluding Remarks

In this review, we introduced glycinergic system in macrophages, and summarized how glycine shapes macrophages polarization. For glycinergic system, GlyRs could be found in macrophages, and the subunits of GlyRs are varied in macrophages with different origins. Though it has been already noted that NAATs exist in macrophages, it is not clear which type of NAATs is expressed in macrophages. Glycine is supposed to affect macrophage through different contributors. Mechanistically, glycine alters macrophage signaling pathways (e.g., NF-κB, NRF2, and Akt) and miRNAs. Interestingly, other signaling pathways [e.g., ERK (109)] might also mediate the functions of glycine. Therefore, it is not surprising that glycine could influence the progresses of several macrophage-associated diseases (e.g., colitis and NAFLD).

Indeed, the influences of glycine in macrophage activation are still worth further investigation. Firstly, it is not clear whether glycine can affect methylation reaction in macrophages. In one-carbon metabolism, glycine partly provides the carbon backbones required for the generation of SAM (110), which is the main methyl donor for cellular methylation reaction (39, 111). Recent studies have shown that the methylation of histone (39), DNA (112) or mRNA (113, 114) is closely related to macrophage polarization. Therefore, glycine is likely to affect macrophage polarization through methylation modification. Secondly, there are few studies on the effect of glycine on the metabolism of macrophages. Macrophage metabolism is highly related with the function output of macrophages (54). Considering glycine could impact HIF-1α and mTORC1 that are related to cellular metabolism (e.g., glycolysis), thus studying the effect of glycine on macrophage metabolism is meaningful to reveal the working mechanism of glycine on macrophages function. Finally, studying the effect of glycine on macrophages in the tumor microenvironment may reveal a potential target for cancer therapy. Therefore, it is necessary to find out the relationship between glycine, macrophage function and cancer progression.
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Background

Impaired intestinal barrier integrity plays a crucial role in the development of many diseases such as obesity, inflammatory bowel disease, and type 2 diabetes. Thus, protecting the intestinal barrier from pathological disruption is of great significance. Tryptophan can increase gut barrier integrity, enhance intestinal absorption, and decrease intestinal inflammation. However, the mechanism of tryptophan in decreasing intestinal barrier damage and inflammatory response remains largely unknown. The objective of this study was to test the hypothesis that tryptophan can enhance intestinal epithelial barrier integrity and decrease inflammatory response mediated by the calcium-sensing receptor (CaSR)/Ras-related C3 botulinum toxin substrate 1 (Rac1)/phospholipase Cγ1 (PLC-γ1) signaling pathway.



Methods

IPEC-J2 cells were treated with or without enterotoxigenic Escherichia coli (ETEC) K88 in the absence or presence of tryptophan, CaSR inhibitor (NPS-2143), wild-type CaSR overexpression (pcDNA3.1-CaSR-WT), Rac1-siRNA, and PLC-γ1-siRNA.



Results

The results showed that ETEC K88 decreased the protein concentration of occludin, zonula occludens-1 (ZO-1), claudin-1, CaSR, total Rac1, Rho family member 1 of porcine GTP-binding protein (GTP-rac1), phosphorylated phospholipase Cγ1 (p-PLC-γ1), and inositol triphosphate (IP3); suppressed the transepithelial electrical resistance (TEER); and enhanced the permeability of FITC-dextran compared with the control group. Compared with the control group, 0.7 mM tryptophan increased the protein concentration of CaSR, total Rac1, GTP-rac1, p-PLC-γ1, ZO-1, claudin-1, occludin, and IP3; elevated the TEER; and decreased the permeability of FITC-dextran and contents of interleukin-8 (IL-8) and TNF-α. However, 0.7 mM tryptophan+ETEC K88 reversed the effects induced by 0.7 mM tryptophan alone. Rac1-siRNA+tryptophan+ETEC K88 or PLC-γ1-siRNA+tryptophan+ETEC K88 reduced the TEER, increased the permeability of FITC-dextran, and improved the contents of IL-8 and TNF-α compared with tryptophan+ETEC K88. NPS2143+tryptophan+ETEC K88 decreased the TEER and the protein concentration of CaSR, total Rac1, GTP-rac1, p-PLC-γ1, ZO-1, claudin-1, occludin, and IP3; increased the permeability of FITC-dextran; and improved the contents of IL-8 and TNF-α compared with tryptophan+ETEC K88. pcDNA3.1-CaSR-WT+Rac1-siRNA+ETEC K88 and pcDNA3.1-CaSR-WT+PLC-γ1-siRNA+ETEC K88 decreased the TEER and enhanced the permeability in porcine intestine epithelial cells compared with pcDNA3.1-CaSR-WT+ETEC K88.



Conclusion

Tryptophan can improve intestinal epithelial barrier integrity and decrease inflammatory response through the CaSR/Rac1/PLC-γ1 signaling pathway.





Keywords: tryptophan, inflammatory response, intestinal tight junctions, intestinal permeability, CaSR/Rac1/PLC-γ1 signaling pathway



Introduction

Enterotoxigenic Escherichia coli (ETEC) invasion causes intestinal damage and diarrhea in children and young animals. Piglets are inclined to ETEC K88-induced diarrhea because the bacteria can produce enterotoxins. These substances destroy the intestinal mucosal layer and tight junction (TJ) structure, which increases the permeability of the intestine, ultimately causing intestinal inflammation (1–4). ETEC K88-induced diarrhea can lead to great economic loss in the pig industry (1–4). ETEC K88 can modulate epithelium barrier function by inducing cellular signals such as the toll-like receptors (TLR) and p38/mitogen-activated protein kinase (MAPK) signaling pathway in intestinal epithelial cells (5, 6). Pathogenic ETEC K88 can activate innate immunity and induce inflammatory reactions through the nuclear factor kappa-B (NF-κB), TLR4, and MAPK signaling pathways (7–9).

Tryptophan, one of the functional amino acids, has been reported to improve the growth, decrease stress-induced injury, improve appetite and mitochondrial function, enhance antioxidant status, increase immunity, enhance the diversity of the intestinal microbiome, change anabolism, and improve intestinal wound restitution in animals (10–16). In particular, tryptophan plays a vital role in protecting intestinal integrity by regulating the expression of TJ proteins (17–19). The transepithelial electrical resistance (TEER) and permeability reflect the integrity and function of the intestinal epithelium layer and are utilized to evaluate pathogenic microorganisms’ challenges (18). Nevertheless, the effects of tryptophan supplementation on intestinal TEER and permeability in ETEC K88-induced intestinal epithelial cells have not been investigated. Lack of tryptophan can change the gut microbial ecosystem and lead to intestinal inflammation (20). Additionally, tryptophan supplementation reduces the mRNA levels of proinflammatory cytokines interleukin-8 (IL-8) and IL-1β in the gut (21). However, the exact molecular mechanisms by which tryptophan contributes to intestinal barrier integrity and inflammation response of intestinal epithelial cells remain unknown.

The calcium-sensing receptor (CaSR) plays critical roles in the regulation of intestinal inflammation, intestinal epithelium restitution, and intestinal TJ protein expression (21–24). Tryptophan induces the activation of CaSR, which decreases the mRNA levels of proinflammatory cytokines IL-8 and IL-1β in piglets, suggesting that the CaSR signaling pathway may be involved in intestinal inflammatory response (21, 25). A research in mice reported that the suppression of CaSR could improve FITC-conjugated dextran and decrease the TEER in the intestine (26). CaSR overexpression can enhance IPEC-J2 cell migration (24). CaSR stimulation increased zonula occludens-1 (ZO-1) and F-actin-binding protein interaction in Madin–Darby canine kidney (MDCK) cells (27). However, whether tryptophan influences intestinal barrier permeability and TJ proteins through CaSR signaling remains unknown. The activation of CaSR results in the activation of Ras-related C3 botulinum toxin substrate 1 (Rac1) and phosphorylation of phospholipase Cγ1 (PLC-γ1), which are involved in inflammatory response and intestinal epithelial cell migration (24, 28–30).

Rac is a key target that modulates the permeability of paracellular pathways (31). Rac1 is required for TJ barrier during epithelial junction assembly and intestinal inflammatory response (28). In mouse studies, CaSR inhibition prevents the protein expression of Rac/Cdc42 and claudin-1, claudin-4, and claudin-5 (32). Compared with pcDNA3.1(+)-pCaSR, pcDNA3.1(+)-pCaSR+Rac1-siRNA significantly decreased cell migration (24). However, whether the CaSR/Rac1 signaling pathway is involved in tryptophan-influenced inflammatory response, intestinal TJ expression, TEER, and permeability of intestinal cells remains unknown. PLC-γ1 is involved in regulating intestinal inflammation, epithelial TJ, and permeability (33, 34). Compared with pcDNA3.1(+)-pCaSR, pcDNA3.1(+)-pCaSR+PLC-γ1-siRNA significantly decreased cell migration (24). However, whether PLC-γ1 is involved in the mechanism of tryptophan in modulating intestinal inflammation, TJ, and permeability via CaSR signaling in intestinal cells is unclear. Our previous reports showed that tryptophan increased intestinal epithelial cell migration though the CaSR/Rac1/PLC-γ1 signaling pathway (24). However, whether tryptophan modulates intestinal inflammation, TJ, and permeability though the CaSR/Rac1/PLC-γ1 signaling pathway after challenge with ETEC K88 remains unknown. This study aimed to test the hypothesis that tryptophan can enhance intestinal epithelial barrier integrity and reduce inflammatory response mediated by the CaSR/Rac1/PLC-γ1 signaling pathway.



Materials and Methods


Materials

Tryptophan (≥99%, #T8941) and FITC-dextran 4kDa (FD4, #BCCC6414) were purchased from the Sigma-Aldrich (MO, USA). Dulbecco’s Modified Eagle Medium : Nutrient Mixture F-12 (DMEM/F12, #C11330500BT), fetal bovine serum (FBS, #10099141C), penicillin/streptomycin (S/P, #15140122), and trypsin (#25200-056) were purchased from Gibco (USA). CaSR inhibitor NPS2143 (#S2633) was purchased from Selleck (Houston, USA). LipofectAMINE 3000 (#2304049) was purchased from Invitrogen (Carlbad, CA, USA). Escherichia coli K88 (ETEC: serotype O149:K91: K88ac) was purchased from the China Institute of Veterinary Drugs Control (Beijing, China). IPEC-J2 cells was preserved in our lab.



Bacterial Strains and Culture

Escherichia coli K88 was cultured in 10 mL of sterilized (121°C, 0.11 MPa for 20 min) Luria–Bertani (LB) medium (peptone, 1 g; NaCl, 1 g; yeast extract, 0.5 g; double-distilled water, 100 mL) overnight under shaking at a speed of 200 rpm at 37°C. About 100 μL of the bacterial solution was resuspended with 5 mL of sterilized LB medium and shaken at a speed of 250 rpm at 37°C for 2 h (35). Bacterial concentrations were determined from standard curves generated by multiplicity of infection. IPEC-J2 cells were washed with sterile phosphate buffered saline (PBS), which was replaced with 2% FBS medium without antibiotics. Then, the cells were incubated with ETEC K88 (1 × 108 CFU/mL) for 2 h. The selection of this serotype of ETEC K88 was based on previous study (35).



Cell Culture

IPEC-J2 cells were cultured in DMEM/F12 supplemented with 10% FBS and 100 IU/mL penicillin/100 μg/mL streptomycin at 37°C with 5% CO2 atmosphere.



Small Interfering RNA (siRNA) and Plasmid Transfection

The siRNAs directed specifically against PLC-γ1 and Rac1 were designed on the basis of the sequence of PLC-γ1 (GenBank accession no. NM_021078391.1) and Rac1 (GenBank accession no. NM_001243585.1). The sequences of siRNAs [PLC-γ1-siRNA, Rac1-siRNA, and negative control siRNA (NC-siRNA)] are listed in Table 1. NC-siRNA was used as the control. siRNAs were synthesized and obtained from Gene Pharma (Shanghai, China). siRNAs were dissolved in DPEC water to obtain the final concentration of 50 nM. CaSR overexpression plasmids (pcDNA3.1-CaSR) and pcDNA3.1+ were synthesized and purchased from Youbio Biotechnology Co., Ltd. (Changsha, China). Lipofectamine 3000 was used to transfect IPEC-J2 cells according to the manufacturer’s instructions.


Table 1 | Sequence of siRNA.





Cell Treatment

The IPEC-J2 cells (1 × 106 cells/mL) were seeded in 6-well Costar plates (Corning, New York, USA) and incubated with 10% FBS medium. The cells were treated as follows: (1) When the cells reached approximately 70% confluence, they were incubated in FBS-free medium for 6 h. Then, they were treated with 0.3 or 0.7 mM tryptophan in 2% FBS medium for 48 h, followed by ETEC K88 for 2 h in 2% FBS medium without antibiotics. (2) The cells were pre-incubated with NPS2143 for 1 h, followed by 0.7 mM tryptophan for 48 h, and then they were treated with ETEC K88 for 2 h in 2% FBS medium without antibiotics. (3) The IPEC-J2 cells were transfected with 1.25 μg/mL of pcDNA3.1-CaSR and 50 nM NC-siRNA, Rac1-siRNA, or PLC-γ1-siRNA for 48 h in a 10% FBS medium, and then treated with ETEC K88 for 2 h in 2% FBS medium without antibiotics. (4) The cells were pre-incubated with 50 nM NC-siRNA, Rac1-siRNA, or PLC-γ1-siRNA for 12 h, followed by 0.7 mM tryptophan for 48 h, and then they were treated with ETEC K88 for 2 h in 2% FBS medium without antibiotics.



TEER and Permeability Assay

The TEER and FD4 flux of porcine intestinal epithelial cells were detected according to the method of a previous study (36). Briefly, the IPEC-J2 cells (5 × 105/mL) were seeded in 12-well transwell insert (1.12 cm2, 0.4 μm) with collagen-coated PTFE membrane (Corning Inc., NY, USA) with 0.5 mL of 10% FBS medium in transwell inserts and 1.5 mL of 10% FBS medium in the plate well. The medium was replaced daily. When the TEER values reached a plateau, the IPEC-J2 cells were considered to form a monolayer. Then, cells were washed with PBS and treated with different reagents. IPEC-J2 cells in each transwell insert membrane were incubated with different reagents at 37°C for the indicated time and treated with 10 μL of FITC-dextran 4 kDa (10 mg/mL) for 2 h. About 200 μL of the basal medium was utilized for fluorescence analysis in a microplate fluorescence reader (emission, 528 nm; excitation, 485 nm, SpectraMax M2, Molecular Devices, China). The concentrations of FITC-dextran were determined via standard curves generated using serial dilution of FITC-dextran.



Real-Time PCR

The PCR experimental procedure was carried out as previously described (37). Briefly, total RNA from IPEC-J2 cells was extracted by TRIzol reagents (TaKaRa, Chengdu, China). One microliter of total RNA was reverse transcribed to cDNA using the PrimeScript RT reagent Kit (TaKaRa, Chengdu, China) with gDNA Eraser (TaKaRa, Chengdu, China). Samples were run on a real-time PCR system (ABI 7900HT, Applied Biosystems) using SYBR Premix Ex Taq II (TaKaRa, Dalian, China), and the total volume of the system was 10 μL. Samples were thermocycled using the program (41 cycles of 95°C for 10 s, 58°C for 35 s), followed by a melting curve program (65°C for 5 s, 95°C for 15 s), and all PCR reactions were run in triplicate. The gene primers used are listed in Table S1. The relative mRNA expression of Rac1, PLC-γ1, and CaSR was calculated using the 2−ΔΔCt method.



Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was performed as previously described (37). Briefly, cells were dissolved in RIPA buffer containing 1 mM phenylmethylsulfonyl fluoride (PMSF), and then were sonicated and centrifuged at 4°C. The protein concentration of occludin, zonula occludens 1 (ZO-1), claudin-1, CaSR, total Rac1, Rho family member 1 of porcine GTP binding protein (GTP-rac1), phosphorylated phospholipase Cγ1 (p-PLC-γ1), inositol triphosphate (IP3), IL-8 and tumor necrosis factor-alpha (TNF-α) were determined using ELISA kit (Mlbio, Shanghai, China).



Statistical Analysis

All data was analyzed by one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test using SPSS 21.0 software (SPSS Inc., Chicago, IL, USA). The homogeneity of variances was evaluated by Levene’s test. All results were represented as mean ± standard error of mean (SEM). The significance of differences among treatments were identified at P-value <0.05.




Results


Tryptophan Improved TEER and Decreased Permeability in Porcine Intestinal Epithelial Cells Challenged With ETEC K88

The IPEC-J2 cell monolayer was investigated for epithelial barrier function in response to ETEC K88 infection in the absence or presence of different doses of tryptophan (0.3 and 0.7 mM). Compared with the control group, IPEC-J2 cells treated with ETEC K88 alone showed a spontaneous decrease in TEER value and a significant increase in permeability of FITC-dextran (P < 0.05, Figures 1A, B). Pretreatment with tryptophan (0.3 and 0.7 mM) reversed the ETEC K88-induced reduction of TER value (compared with 0.3 and 0.7 mM tryptophan-treated cells) (P < 0.05, Figures 1A, B). Moreover, treatment with 0.3 and 0.7 mM tryptophan significantly increased the TEER and significantly decreased the permeability of FITC-dextran in IPEC-J2 cell monolayers after 48 h (compared with untreated cells) (P < 0.05, Figures 1A, B). The best protective effect of tryptophan on TEER and permeability was obtained at 0.7 mM concentration. Therefore, we used 0.7 mM tryptophan in subsequent research.




Figure 1 | Effect of ETEC K88 and tryptophan (0.3 and 0.7 mM) on the transepithelial electrical resistance and permeability in IPEC-J2 cells. (A) Effect of ETEC K88 and tryptophan on the transepithelial electrical resistance value. (B) Effect of ETEC K88 and tryptophan on the permeability of FITC-dextran. IPEC-J2 cells were cultured in fetal bovine serum-free medium for 6 h The serum-starved IPEC-J2 cells were pre-treated or not with tryptophan (0.3, 0.7 mM) for 48 h, before challenging or not with ETEC K88 (K88) for 2 h (2% fetal bovine serum DMEM/F12 medium without antibiotic, 1×108 CFU/mL). The TEER value and the permeability of all treatments were normalized to control. Data values are indicated as mean ± SEM (n = 3). Values with different letters indicate significant difference (P < 0.05).





Rac1/PLC-γ1 Signaling Pathway Contributes to Tryptophan-Induced Upregulation of TEER and Downregulation of Permeability and Inflammatory Response in Porcine Intestinal Epithelial Cells

To explore the molecular mechanism by which tryptophan regulates intestinal barrier integrity, IPEC-J2 cells were transfected with Rac1-siRNA or PLC-γ1-siRNA for 24 h before the addition of tryptophan (0.7 mM). Then, the cells were challenged with ETEC K88 for 2 h. The results showed that Rac1-siRNA and PLC-γ1-siRNA significantly decreased Rac1 and PLC-γ1 mRNA expression, respectively (P < 0.05, Figures S1A, B). Treatment with 0.7 mM tryptophan significantly increased the TEER and significantly decreased the permeability of FITC-dextran and contents of IL-8 and TNF-α in IPEC-J2 cell monolayers compared with untreated cells (P < 0.05, Figures 2A–D). Compared with the control group, ETEC K88 suppressed the TEER, enhanced the permeability of FITC-dextran, and improved the contents of IL-8 and TNF-α (P < 0.05, Figures 2A–D). Compared with cells treated with 0.7 mM tryptophan alone, cells treated with 0.7 mM tryptophan + ETEC K88 showed decreased TEER, increased permeability of FITC-dextran, and enhanced contents of IL-8 and TNF-α (P < 0.05, Figures 2A–D). In addition, compared with treatment with 0.7 mM tryptophan + ETEC K88, Rac1-siRNA or PLC-γ1-siRNA inhibited the tryptophan-induced upregulation of TEER and downregulation of FITC-dextran permeability and IL-8 and TNF-α contents in IPEC-J2 cells challenged with ETEC K88 (P < 0.05, Figures 2A–D). Taken together, the results suggest that the regulation of TEER, permeability, and inflammatory response by tryptophan is dependent on the Rac1/PLC-γ1 signaling pathway.




Figure 2 | Rac1-siRNA, PLC-γ1-siRNA attenuated the effect of tryptophan (0.7mM) on transepithelial electrical resistance, permeability, and proinflammation cytokines (IL-8 and TNF-α) in ETEC K88-stimulated IPEC-J2 cells. About 70% confluent, IPEC-J2 cells were cultured in fetal bovine serum-free medium for 6 h and then transfected with 50 nM of NC-siRNA, Rac1-siRNA or PLCγ1-siRNA for 24 h, followed by treatment with tryptophan (0.7mM) for 48 h, and then treatment with ETEC K88 for 2h (2% FBS-medium without antibiotic, 1×108 CFU/mL). (A) Effect of ETEC K88 and Rac1-siRNA, PLC-γ1-siRNA on the transepithelial electrical resistance value. (B) Effect of ETEC K88 and Rac1-siRNA, PLC-γ1-siRNA on the permeability of FITC-dextran. (C) Effect of ETEC K88 and Rac1-siRNA, PLC-γ1-siRNA on the contents of IL-8. (D) Effect of ETEC K88 and Rac1-siRNA, PLC-γ1-siRNA on the contents of TNF-α. NC-siRNA was added to control, tryptophan and ETEC K88 groups. The TEER value and the permeability of all treatments were normalized to control. Data values are indicated as mean ± SEM (n = 3). Values with different letters indicate significant difference (P < 0.05).





Inhibition of CaSR by NPS2143 Disrupts the Effect of Tryptophan on TJ, Inflammatory Response, TEER, and Permeability in ETEC K88-Challenged IPEC-J2 Cells

Compared with ETEC K88, ETEC K88+tryptophan increased the protein concentrations of occludin, ZO-1, claudin-1, and CaSR, but this effect was inhibited by NPS2143 (P < 0.05, Figures 3A–D). Tryptophan+ETEC K88+NPS2143 significantly reduced the protein concentrations of occludin, ZO-1, claudin-1, and CaSR compared with tryptophan+ETEC K88 (P < 0.05, Figures 3A–D). Treatment with 0.7 mM tryptophan significantly increased the TEER and significantly decreased the permeability of FITC-dextran in IPEC-J2 cell monolayers compared with untreated cells (P < 0.05, Figures 4A, B). Compared with the control group, treatment with ETEC K88 significantly decreased the TEER and increased the permeability of FITC-dextran in IPEC-J2 cells (P < 0.05, Figures 4A, B). Moreover, treatment with 0.7 mM tryptophan+ETEC K88 significantly decreased the TEER and increased the permeability of FITC-dextran compared with 0.7 mM tryptophan alone (P < 0.05, Figures 4A, B). In the tryptophan+ETEC K88+NPS2143 group, the TEER was significantly reduced, and the permeability of FITC-dextran was significantly increased compared with the tryptophan+ETEC K88 group (P < 0.05, Figures 4A, B).




Figure 3 | NPS2143 attenuated the effect of tryptophan (0.7mM) on the protein concentration of occludin, ZO-1, claudin-1 and CaSR in ETEC K88-stimulated IPEC-J2 cells. About 70% confluent, IPEC-J2 cells were cultured in fetal bovine serum-free medium for 6 h, and pre-treated with 6μM NSP 2143 or 0.1% of DMSO and for 1 hour, followed by treatment with 0.7 mM tryptophan for 48 h, and then challenged or not with ETEC K88 for 2 h (2% fetal bovine serum-medium without antibiotic, 1×108 CFU/mL). (A) CaSR inhibitor NPS2143 attenuated the effect of tryptophan on the protein concentration of claudin-1 in ETEC K88-stimulated IPEC-J2 cells. (B) NPS2143 attenuated the effect of tryptophan on the protein concentration of ZO-1 in ETEC K88-stimulated IPEC-J2 cells. (C) NPS2143 attenuated the effect of tryptophan on the protein concentration of occludin in ETEC K88-stimulated IPEC-J2 cells. (D) NPS2143 attenuated the effect of tryptophan on the protein concentration of CaSR in ETEC K88-stimulated IPEC-J2 cells. Data values are expressed as mean ± SEM from four independent experiments (n = 4). Values with different letters indicate significant difference (P < 0.05).






Figure 4 | Effect of NPS2143 inhibiting the tryptophan (0.7mM) on the transepithelial electrical resistance and permeability in ETEC K88-stimulated IPEC-J2 cells. The cells were seeded on (5×105/ml) collagen-coated 12-well transwell insert, and after reaching confluence, IPEC-J2 cells were cultured in fetal bovine serum-free medium for 6 h, and pre-treated with 6μM NSP 2143 or 0.1% of DMSO and for 1 hour, followed by treatment with 0.7 mM tryptophan for 48 h, and then challenged or not with ETEC K88 for 2 h (2% fetal bovine serum-medium without antibiotic, 1×108 CFU/mL). (A) Effect of NPS2143 and tryptophan on the transepithelial electrical resistance value after stimulation with ETEC K88. (B) Effect of NPS2143 and tryptophan on the permeability of FITC-dextran after stimulation with ETEC K88. The TEER value and the permeability of all treatments were normalized to control. Data values are expressed as mean ± SEM (n = 3). Values with different letters indicate significant difference (P < 0.05).



As shown in Figures 5A, B, ETEC K88 significantly decreased the contents of IL-8 and TNF-α in IPEC-J2 cells compared with the control group. Compared with the control group, cells treated with tryptophan had decreased IL-8 and TNF-α contents. Compared with cells treated with tryptophan alone, cells treated with tryptophan+ETEC K88 showed increased contents of IL-8 and TNF-α. However, the incubation of IPEC-J2 cells with NPS2143 reversed the effects of tryptophan on IL-8 and TNF-α contents.




Figure 5 | Effect of NPS2143 and tryptophan (0.7mM) on the contents of IL-8 and TNF-α in ETEC K88-stimulated IPEC-J2 cells. IPEC-J2 cells were treated as described in Figure 3. (A) Effect of NPS2143 and tryptophan on the IL-8 contents in ETEC K88-stimulated IPEC-J2 cells. (B) Effect of NPS2143 and tryptophan on the TNF-α contents in ETEC K88-stimulated IPEC-J2 cells. Data values are expressed as mean ± SEM (n = 3). Values with different letters indicate significant difference (P < 0.05).





CaSR Is Required for Tryptophan-Induced Rac1/PLC-γ1 Signaling Activation

The protein concentrations of total Rac1, Rho family member 1 of porcine GTP-binding protein (GTP-rac1), and phosphorylated phospholipase Cγ1 (p-PLC-γ1) and the contents of inositol triphosphate (IP3) were increased by 0.7 mM tryptophan compared with the control group (P < 0.05, Figures 6A–D). Compared with the control group, ETEC K88 decreased the protein concentrations of total Rac1, GTP-rac1, and p-PLC-γ1 and the contents of IP3 (P < 0.05, Figures 6A–D). Compared with tryptophan+ETEC K88, NPS2143+tryptophan+ETEC K88 inhibited the increase in protein concentrations of total Rac1, GTP-rac1, and p-PLC-γ1 and IP3 contents induced by tryptophan, indicating that the CaSR inhibitor attenuated tryptophan-induced Rac1/PLC-γ1 signaling activation (P < 0.05, Figures 6A–D). Compared with pcDNA3.1(+), pcDNA3.1(+)-CaSR-WT significantly increased CaSR mRNA expression (P < 0.05, Figure S2). Moreover, compared with the control group, ETEC K88+NC-siRNA+pcDNA3.1(+) treatment significantly reduced the TEER value and enhanced the permeability of FITC-dextran in IPEC-J2 cells. However, pcDNA3.1-CaSR-WT+NC-siRNA treatment significantly increased the TEER value and decreased the permeability of FITC-dextran (P < 0.05, Figures 7A, B). Compared with ETEC K88-treated cells, pcDNA3.1-CaSR-WT increased the TEER value and reduced the permeability of FITC-dextran in ETEC K88-treated cells (P < 0.05, Figures 7A, B). Compared with pcDNA3.1-CaSR-WT+NC-siRNA+ETEC K88, pcDNA3.1-CaSR-WT+Rac1-siRNA+ETEC K88 and pcDNA3.1-CaSR-WT+PLC-γ1-siRNA+ETEC K88 decreased the TEER value and enhanced the permeability of FITC-dextran in IPEC-J2 cells (P < 0.05, Figures 7A, B).




Figure 6 | Effect of tryptophan (0.7mM) and NPS2143 on the protein concentration of total Rac1, GTP-rac1, p-PLC-γ1 and contents of IP3 in ETEC K88-stimulated IPEC-J2 cells. IPEC-J2 cells were treated as described in Figure 3. (A) The protein concentration of total Rac1, (B) GTP-rac1, (C) p-PLC-γ1 and (D) the contents of IP3 were determined by ELISA kit. Data values are expressed as mean ± SEM from four independent experiments (n = 4). Values with different letters indicate significant difference (P < 0.05).






Figure 7 | Effect of pcDNA3.1-p(CaSR), Rac1-siRNA, PLC-γ1-siRNA and ETEC-K88 on transepithelial electrical resistance and permeability in IPEC-J2 cells. The IPEC-J2 cells were transfected with pcDNA3.1-p(CaSR), NC-siRNA, Rac1siRNA or PLC-γ1 siRNA for 48 h, followed by ETEC K88 (2% fetal bovine serum DMEM/F12 medium without antibiotic, 1×108 CFU/mL) for 2h. In control and ETEC K88 groups, cells were transfected with NC-siRNA and pcDNA3.1(+). In pcDNA3.1-CaSR-WT+ ETEC K88 groups, cells were transfected with NC-siRNA. (A) Effect of ETEC K88, pcDNA3.1-p(CaSR), Rac1siRNA and PLC-γ1 siRNA on the transepithelial electrical resistance value after stimulation with ETEC K88. (B) Effect of ETEC K88, pcDNA3.1-p(CaSR), Rac1-siRNA and PLC-γ1-siRNA on the permeability of FITC-dextran after stimulation with ETEC K88. The TEER value and the permeability of FITC-dextran of all treatments were normalized to control. Data values are expressed as mean ± SEM (n = 3). Values with different letters indicate significant difference (P < 0.05).






Discussion

Different cytokines can modify the junctional complex. The proinflammatory roles of TNF-α and IL-8 were linked with ETEC and increased intestinal permeability (38). Thus, TNF-α and IL-8 parameters were selected in this study. We found that ETEC K88 enhanced the contents of TNF-α and IL-8, which is in agreement with a previous article that ETEC K88 induced intestinal proinflammatory response in pigs (8). The TEER and flux of FITC-dextran indirectly reflect the TJs of intestinal epithelial cells and the paracellular permeability of the intestinal epithelium, respectively. Consistent with the above-mentioned finding, ETEC K88 significantly decreased the TEER values and increased the permeability of FITC-dextran in ETEC K88-challenged IPEC-J2 cells, which suggests that the cell damage model was successfully constructed. In this study, tryptophan significantly decreased the contents of TNF-α and IL-8 in ETEC K88-challenged IPEC-J2 cells, suggesting that tryptophan can attenuate ETEC K88-induced proinflammatory response. This finding is in line with that of a previous study, which showed that tryptophan reduced the gene expression of IL-8 and IL-1β in the gut (21). Proinflammatory cytokines have been related to pathogen-induced alteration of TJ proteins (39). Here, tryptophan (0.7 mM) increased the protein concentrations of occludin, ZO-1, and claudin-1 in ETEC K88-challenged and non-challenged IPEC-J2 cells. These findings were consistent with previous studies on pigs (40), Caco-2 cells, and IPEC-1 cells (18, 19). The current study also demonstrated that tryptophan (0.3 and 0.7 mM) significantly increased the TEER values and decreased the permeability of FITC-dextran in ETEC K88-challenged IPEC-J2 cells. Taken together, our results suggested that tryptophan can improve intestinal barrier integrity and decrease proinflammatory response.

The regulation of intestinal barrier integrity and proinflammatory response is complex, involving numerous intracellular molecular signaling and kinases, such as CaSR, PLC signaling, and RHO kinase. These molecules regulate TJ protein expression, TJ assembly, and redistribution by phosphorylation (41–44). CaSR signaling regulates the TEER in the intestine of mice, TJ protein expression, and proinflammatory immune response (21, 26). We found that NPS2143 reversed the enhancement effect of tryptophan on the protein concentrations of ZO-1, occludin, claudin-1, and CaSR and the TEER and decrease of permeability and IL-8 and TNF-α contents. The overexpression of pcDNA3.1-p(CaSR) markedly increased the TEER and decreased the permeability of FITC-dextran. Taken together, these results suggested that tryptophan protects intestinal epithelial barrier integrity and alleviates intestinal inflammation though CaSR signaling. The Rho family of small guanosine triphosphatases, such as Rho, Cdc42, and Rac1, has been reported to regulate the composition and function of TJs (45–48). The PLC-dependent pathway has been demonstrated in the assembly of TJs in MDCK cells (49, 50). In this study, we found that Rac1-siRNA+tryptophan+ETEC K88 or PLC-γ1-siRNA+tryptophan+ETEC K88 reduced the TEER, increased the permeability of FITC-dextran, and enhanced the contents of IL-8 and TNF-α compared with tryptophan+ETEC K88. Collectively, these results suggested that tryptophan can improve intestinal barrier integrity and decrease proinflammatory response at least partly through Rac1/PLC-γ1 signaling in intestinal epithelial cells. The effects of CaSR on the mRNA expression of inflammatory cytokines and intestinal barrier integrity are associated with two downstream effectors Rac1 and PLC-γ1 (28, 30). In the present study, our results showed that tryptophan+ETEC K88+NPS2143 decreased the protein concentrations of GTP-rac1, total Rac1, and p-PLC-γ1 and contents of IP3 compared with tryptophan+ETEC K88. Furthermore, we found that the inhibition of Rac1 or PLC-γ1 by Rac1-siRNA and PLC-γ1-siRNA significantly reduced the TEER and increased the permeability of FITC-dextran in cells treated with pcDNA3.1-p(CaSR) and ETEC K88. These results were consistent with those of previous reports, indicating that tryptophan can enhance IPEC-J2 cell migration through the CaSR/Rac1/PLC-γ1 signaling pathway (24). Taken together, these results suggest that CaSR is required for tryptophan-induced activation of Rac1/PLC-γ1 signaling, which increases intestinal epithelial TJ and decreases intestinal epithelial permeability and inflammatory response in IPEC-J2 cells after ETEC K88 challenge.

Collectively, the results suggest that tryptophan can improve intestinal epithelial barrier integrity and decrease inflammatory response through the CaSR/Rac1/PLC-γ1 signaling pathway. This study not only offers new insights into the function of tryptophan, but also indicates the necessity for further investigating the effect of tryptophan on intestinal health in vivo.
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Nutrition appears to be an important environmental factor involved in the onset of inflammatory bowel diseases (IBD) through yet poorly understood biological mechanisms. Most studies focused on fat content in high caloric diets, while refined sugars represent up to 40% of caloric intake within industrialized countries and contribute to the growing epidemics of inflammatory diseases. Herein we aim to better understand the impact of a high-fat-high-sucrose diet on intestinal homeostasis in healthy conditions and the subsequent colitis risk. We investigated the early events and the potential reversibility of high caloric diet-induced damage in mice before experimental colitis. C57BL/6 mice were fed with a high-fat or high-fat high-sucrose or control diet before experimental colitis. In healthy mice, a high-fat high-sucrose diet induces a pre-IBD state characterized by gut microbiota dysbiosis with a total depletion of bacteria belonging to Barnesiella that is associated with subclinical endoscopic lesions. An overall down-regulation of the colonic transcriptome converged with broadly decreased immune cell populations in the mesenteric lymph nodes leading to the inability to respond to tissue injury. Such in-vivo effects on microbiome and transcriptome were partially restored when returning to normal chow. Long-term consumption of diet enriched in sucrose and fat predisposes mice to colitis. This enhanced risk is preceded by gut microbiota dysbiosis and transcriptional reprogramming of colonic genes related to IBD. Importantly, diet-induced transcriptome and microbiome disturbances are partially reversible after switching back to normal chow with persistent sequelae that may contribute to IBD predisposition in the general population.

Keywords: diet-induced, IBD-inflammatory bowel diseases, colitis, gut homeostasis, high-fat high-sucrose diet
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GRAPHICAL ABSTRACT. Overview of high-fat high-sucrose-mediated predisposition to colitis and aggravating effects during established colitis. IBD, Inflammatory Bowel Disease; LT, lymphocyte T; LB, lymphocyte B; HSP, heat shock proteins; MLN, mesenteric lymph node; ROS, reactive oxygen species; UPR, unfolded protein response; SCFAs, Short Chain Fatty Acids.


INTRODUCTION

Inflammatory Bowel Diseases (IBD) are chronic inflammatory diseases of the gastrointestinal tract with increasing incidence worldwide (1). Dietary patterns in industrialized countries are characterized by overconsumption of fats and sugars in the total caloric availability (2), the so-called Western Diet (WD). This consumption has increased by about 10-fold over the last century in industrialized countries (3–5). Many epidemiological studies concluded that WD is associated with an increased risk of developing several human diseases, including inflammatory conditions such as IBD (2, 6). Recent international recommendations expressed concerns about sugar consumption in Westernized societies as they represent quantities with no precedent during hominin evolution (3, 4). In both adults and children, the World Health Organization (WHO) strongly recommends reducing the intake of free sugars to less than 10% of total energy intake and suggests a further reduction to below 5% (3–5).

Animal studies have shown that WD is responsible for deleterious effects on intestinal permeability, gut microbiota, risk of infection, and experimental colitis (7–9). While the consequences of high-fat (HF) diets on gut microbiota dysbiosis are well studied, few studies focused on sugar's specific role on intestinal homeostasis (10). A landmark study showed that experimental type 2 diabetes drives intestinal barrier dysfunction by transcriptional reprogramming of intestinal epithelial cells and alteration of tight and adherens junctions integrity (11). A high sucrose diet (enriched with 55% sucrose) was shown to enhance the susceptibility to experimental colitis, but experiments were performed over a very short period (only a few days) and at a very high dose (12). More recently, investigated sugar-induced exacerbation of colitis when adding 10% glucose or fructose in drinking water (mimicking sugar-sweetened beverages), dietary sugars quickly altered gut microbial ecology (13). In agreement with these findings, rectal insulin instillation inhibited inflammation in chemically-induced colitis in mice (14). Although growing evidence underpins the pro-inflammatory effect of sugars (15, 16), the long-term impact of combined excessive intake of dietary sugar and fat due to ultra-processed food overconsumption (enriched in added sugars) on healthy intestine and the underlying molecular mechanisms remain poorly described (9). Also, the potential reversibility of high caloric diet-induced damage is unknown. Here we investigated the effects of long-term exposure to both dietary sugar and fat at a moderate dose (30% sucrose, 25% fat) on the healthy intestine. We showed that combined sugar and fat in diet induces a pre-IBD state characterized by decreased immune cell population in the mesenteric lymph nodes (MLNs) and associated with a gut microbiota dysbiosis, with total depletion of bacteria belonging to Barnesiella [a genus hinted to be protective against colitis (17)] associated with subclinical endoscopic lesions.

Furthermore, disease risk was heightened in Germ-Free (GF)-mice that were colonized with microbiota from high-fat high-sucrose (HFHS)-fed mice, demonstrating that gut microbiota dysbiosis played a critical role in the diet-induced colitis predisposition. This pre-IBD state is also associated with an overall down-regulation of the colonic transcriptome characterized by differential expression of stress and autophagy-related genes. Both transcriptome and microbiome alterations induced by HFHS were partially reversible, with persistent sequelae when mice were refeeding with the normal chow diet.

Our results are in line with the beneficial effect of reducing dietary sugars (10, 18–22). These findings support WHO recommendations about the urgent need to reduce sugar consumption in the general population, e.g., by limiting processed food consumption (23).



RESULTS


High-Fat High-Sucrose Diet Causes a Pre-inflammatory Bowel Disease State

Mice were fed with a Normal Chow diet (NC), High Fat (HF, 25% fat) or High-Fat High-Sucrose diet (HFHS, 25% fat, 30% sucrose) for 8 weeks (Figure 1A). No differences were observed in food and water consumption, but weight gain were increased in HFHS-fed mice and blood glucose were increased in both HFHS and HF-fed compared to NC-fed mice (Figures 1B–D). Dietary intake was quite stable (2–4 g/day) under ad libitum conditions, whereas energy intake was higher after HFHS (4,775.7 kcal/kg) and HF (4,649 kcal/kg) than NC (3,339 kcal/kg), as expected. Consequently, body weight over the 8-week dietary intervention was significantly higher in HFHS-fed mice than NC-fed mice or the HF (Figure 1B). Blood glucose levels were measured after eight weeks of diets and 12-h fasting (Figure 1C), and metabolic tests (oGTT and ITT) confirmed that only HFHS diet induced prediabetes characterized by reduced impaired glucose tolerance by insulin resistance (Figures 1D,E).


[image: Figure 1]
FIGURE 1. Additive effects of sucrose and fat in healthy mice. (A) Experimental design. Mice were fed 8 weeks with normal chow diet (NC) or High-Fat (HF) diet or High-Fat High-Sucrose (HFHS). (B) Body weight of HSHF-fed mice (N = 40) was higher than HF-fed mice (N = 10) or NC-fed mice (N = 36). (C) Fasting blood glucose levels in HFHS, HF and NC-fed mice (N = 10 /group). (D) Insulin tolerance test (ITT) after 8 weeks of diet (0.75 U/kg insulin, ip). (E) Oral glucose tolerance test (oGGT) after 8 weeks of diet (2 g/kg per os) for HFHS, HF and NC-fed mice (N = 5/group). (F) Representative colonoscopy images (G) Ulcerative colitis endoscopic index of severity (UCEIS) (H) Representative sections of colon, arrows show epithelial dystrophies. Scale bars, 0.10 mm. (I) Histological scores. (J) Gross pictures of spleens, scale bars: 10 mm. (K) Spleen weight to body weight ratio. (L) Gross pictures of colons. Scale bars, 10 mm. (M) Colon lengths. Data are given as means +/- SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA (two-way for B, D and E) for parametric data or Kruskal-Wallis if not.


Unexpectedly, endoscopic lesions were observed in the colonic mucosa of HFHS-fed and HF-fed mice not treated with Dextran-sulfate sodium (DSS) (Figure 1F), and the endoscopic score (Figure 1G, Supplementary Table 1) was significantly higher (1.4-fold increase; p = 0.0089) than in NC-fed mice not treated with DSS. These endoscopic lesions were associated with a thinning and shortening of the colon length (-10.9 mm; p = 0.012) (Figures 1L,M). At the histological level (Figures 1H,I, Supplementary Table 2), some HFHS-fed animals showed a chronic inflammatory cell infiltrate (lymphoplasmacytic, Supplementary Table 3), with no significant increase in the global score (Figure 1I).

Then we used DSS colitis as a control and we confirmed that clinical manifestations of colitis appeared earlier in HFHS-fed mice (day 3) and that the colitis was more severe, as reflected by decreased body weight (Supplementary Figure 1A) and the higher Disease Activity Index (DAI) in the HFHS DSS+ group compared with NC DSS+ animals (3.8 vs. 2.7 at day 10, respectively; p < 0.0001) (Supplementary Figure 1B). Likewise, the endoscopic score indicated a severe colonic inflammation (Supplementary Figures C,D) that was also confirmed histologically (Supplementary Figures 1E,F, Supplementary Table 1). This was further supported by the thinning and shortening of the colon length (Supplementary Figures 1G,H). In agreement with these findings, an enlarged spleen was observed in either HFHS DSS+ mice (about larger 3-fold maximum size compared to NC DSS+; p = 0.0001) (Supplementary Figures 1K,L) or HFHS DSS− mice (1.5-fold on average compared to NC DSS−; p = 0.11; Figures 1J,K). In contrast, no significant decrease of colon length was observed in HF-fed mice, even with colitis (Supplementary Figures 1I,J). On day 5 of DSS-treatment, intestinal permeability was measured by FITC-Dextran, showing that only HFHS-fed mice treated with DSS had increased permeability compared to both NC or HF DSS+ group (Supplementary Figure 1D). Furthermore, HFHS increased early mortality during DSS-colitis whereas HF-fed mice have similar mortality to NC-fed (30% of HFHS-fed mice from the 3rd day; p = 0.0066 vs. 20% of NC or HF-fed mice died after 7 days; Supplementary Figure 1C).

Altogether, these data showed that sucrose added to fat (rather than fat alone) aggravates the severity of DSS-induced colitis clinically, endoscopically, and histologically. Under physiological conditions, such diet induces a pre-IBD state characterized by endoscopic lesions, reduced colon length, and inflammatory cell infiltration in the colonic mucosa.



Specific Effects of Sucrose on the Intestinal and Systemic Immune Homeostasis of Healthy Mice

To determine the respective impact of fat vs. sugar on the immune system, we first performed cytometry analysis on the spleen and MLNs of mice. Interestingly, we observed that all studied immune cells population were decreased in MLNs of HFHS-fed mice, whereas they were increased in HF-fed mice compared to NC-fed mice (Figures 2A–F). Specifically, numbers of leukocytes, myeloid cells, and lymphocytes, including B and T cells, were decreased in HFHS-fed mice, whereas they were increased in HF-fed mice compared to NC-fed mice (Figures 2A–F). However, these cells were not significantly disturbed in the spleen (Figures 2G–K) except myeloid cells representing 8.5% of leukocytes in HFHS-fed mice, while they only represented 2.1% in NC-fed mice (Figure 2H, Supplementary Figure 2A). Likewise, T-cells represented 25.9% of lymphocytes in HFHS-fed mice vs. 31.9% in control animals (Figure 2J, Supplementary Figure 2A). Among the lymphocytes in the MLNs, while NK cells amounted to an average of 18.7% CD45+CD3- cells in NC-fed mice, they expanded to 24.6% in HFHS-fed mice and 45.8% in HFD-fed mice (Supplementary Figure 2A). Likewise, T-cell subpopulations, including CD4+ and CD8+ cells, were strongly decreased in HFHS-fed mice MLNs but not significantly in the spleen, compared to control animals (Figures 2L–O). Significantly, Th17 cells were strongly decreased in MLNs of HFHS-mice and slightly increased in the spleen than NC-fed animals (Figures 2P,U).
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FIGURE 2. Sucrose repressed immune cell levels in mesenteric lymph nodes and spleen. (A) Representative flow cytometry recording mesenteric lymph nodes (MLNs) and spleen. (B–U) Relative abundance of indicated immune cell populations MLNs or spleen for mice fed with normal chow diet (NC, N = 5), high-fat diet (HF, N = 5), or high-fat high-sucrose (HFHS, N = 5). Means +/- SEM are plotted. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA for parametric data or Kruskal-Wallis if not.


We next focused on HFHS-fed mice, and to further dissect the local and systemic immune response, we measured cytokine levels in plasma and colonic tissues. As expected, cytokines levels in plasma (Supplementary Figures 2B–D) were significantly increased in DSS-treated mice fed with NC compared to untreated animals (IL-1β: +25.39 pg/mL, p = 0.0212; IL-6: +77.34 pg/mL, p = 0.0005; TNF-α: +108.8 pg/mL, p = 0.0351). Unexpectedly, these cytokines were not increased in plasma of colitic HFHS-fed mice compared to not-treated HFHS-fed animals excepted for IL-6 (+75.56 pg/mL, p = 0.0002; Supplementary Figure 2C). Then we measured levels of several chemokines in the colonic tissues of HFHS-fed mice. In contrast to plasma, chemokine levels were higher in colonic tissues of HFHS-fed colitic mice compared to DSS-untreated animals (RANTES: +295.0 pg/mL, p = 0.015; Eotaxins: +760.7 pg/mL, p = 0.037 and KC: +55.67 pg/mL, p = 0.026; Supplementary Figures 2E–G).

In summary, these findings indicate that fat and sugar induced similar intestinal lesions but have a differential effect on the immune system. In contrast to HF that increased immune cells, sucrose enrichment decreases the number of immune cells in both MLNs and the spleen. While HFHS causes impaired systemic cytokine response, chemokines recruitment is maintained in the colon of these animals.



High-Fat High-Sucrose Diet Induces an Overall Down-Regulation of the Colonic Transcriptome of Healthy Mice

To better understand how HFHS may predispose to disease risk in later life, transcriptomic analyses were performed on colonic tissues of DSS-untreated mice. Interestingly, in healthy mice, HFHS caused a strong gene down-regulation compared to NC-fed mice (Figure 3A). Statistical analyses identified 154 differentially expressed genes, 86% (132) being under-expressed in HFHS-fed mice (FDR <0.05; fold change > 30%) (Supplementary Dataset 1). These genes were predominantly involved in response to diverse cellular stresses such as HSF1-mediated heat-shock, external stimuli, unfolded protein stress via HSP90 chaperone complex, and to a lesser extent in the regulation of transcription and translation, as well as in Class I MHC mediated antigen processing and presentation (Figure 3B). Functional annotations with OpenTargets confirmed an association between the HFHS gene signature and nutritional and metabolic diseases such as diabetes (62 targets), abnormalities of the immune system (75 targets), and infectious diseases (104 targets). Interestingly, they also unraveled an association between HFHS and “colitis” (37 targets) or IBD (47 targets) despite the absence of DSS treatment, which is consistent with the pre-IBD state observed at the endoscopic and histologic levels (all p-values < 0.001) (Supplementary Table 4). Among the upregulated genes in HFHS-fed mice, we observed Shisa5, which encodes an endoplasmic reticulum protein involved in the apoptotic process (+1.5-fold; FDR = 0.029) and Slamf7, involved in cell-cell interactions by modulating the activation and differentiation of a wide variety of immune cells and in response to anti-TNF therapy in IBD (24, 25) (+1.6-fold; FDR = 0.046). Conversely, Rgs1, which encodes for a protein inhibiting B cells chemotaxis, was strongly under-expressed (−2.22-fold; FDR = 0.033) in HFHS-fed mice (Figure 3C), while being overexpressed in active IBD (26). Stress-related genes were under-expressed in HFHS-fed mice: Hsph1, which encodes a member of the heat shock protein 70 family (−3-fold; FDR = 0.036), Hspa8 (−2.5-fold; FDR = 0.024), Hspa5 (−2.1-fold; FDR = 0.013), and Rb1cc, indirectly implicated in autophagy via Atg16L1 interaction (−1.9-fold; FDR = 0.025), all coding for heat shock proteins (HSP) involved in autophagy and endoplasmic reticulum stress. Moreover, chaperones associated with these HSP were also downregulated in HFHS-fed mice: Dnajb1 (−1.8-fold; FDR = 0.0002) and Dnaja1 (−2.1-fold; FDR = 0.0005), both implicated in the regulation of heat shock proteins, or Chordc1, encoding a protein proposed to act as co-chaperone for HSP90 (−2.2-fold; FDR = 0.003) and Ahsa2, a pseudogene proposed as an HSP90 stimulating co-chaperone (−2.2-fold; FDR = 0.003) (Figure 3D). Overall, HFHS modulated several molecular pathways involved in cellular stress-related pathways in the healthy intestine of mice.
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FIGURE 3. High-fat high-sucrose diet triggers multiple cellular stress responses on the colonic transcriptome. (A) Volcano plot and (B) Top Reactome pathways of dysregulated genes for HFHS-fed mice (N = 5) vs. NC-fed (N = 5). Statistical analyses identified 154 differentially expressed genes, 86% (132) being under-expressed in HFHS-fed compared to NC-fed mice (FDR < 0.05; fold change > 30%). (C, D) Top dysregulated genes in mice fed a HFHS diet compared with NC diet. Mean expression values (log2) are plotted with standard deviations for up- and down-regulated genes. FDR * ≤ 0.05, ** < 0.01, *** < 0.001.




High-Fat High-Sucrose Induces Dramatic Changes in Gut Microbiota and Its Derived Metabolites in Healthy Mice

Prior to colitis, we investigated the impact of diet on the fecal microbiota by comparing its diversity and composition before starting the different diets (baseline or B) and after eight weeks of dietary intervention (day zero or D0). We observed that HFHS-fed mice had a lower α-diversity at baseline for the Chao (Figure 4A) and Shannon (Supplementary Figure 3A) indices because of the acclimatization period (diet was not the same throughout the acclimatization period and the experiment). To evaluate the diet's impact beyond the initial founder effect, we calculated a fold change of the α-diversity indices at D0 relative to baseline. We observed no significant difference between each diet group's fold changes, both for Chao (Figure 4B) and Shannon indices (Supplementary Figure 3B). These results indicated that the dietary intervention did not strongly influence the α-diversity of the intestinal microbiota. Considering β-diversity, we observed a strong association with the diet for each time point (Supplementary Table 5), and for both Bray-Curtis and Jaccard indices (Figure 4C, Supplementary Figure 3C), with explained variance >42%. However, within diet groups, a significant difference between time points was observed only for HFHS-fed mice, with explained variance >25% for Jaccard index and >71% for Bray-Curtis index (Supplementary Table 5). These results indicate that despite the initial difference between animal groups, the HFHS-fed mice had an essential change in the composition of their fecal microbiota, strongly affecting core abundant bacteria, and to a lesser extent, the prevalence of less abundant species. Consistently, we identified five Operational Taxonomic Units (OTUs) indicators for diet, with OTUs defined as follows: i) abundance/prevalence is significantly associated with diet at D0 but not at baseline, and ii) fold change between D0 and B is significantly associated with diet (Supplementary Figure 7). Precisely, two OTUs belonging to the order Clostridiales (Otu036, Otu044) showed an apparent decrease in their relative abundance in HFHS-fed mice while remaining at a similar abundance in NC-fed mice (Figures 4D,E, Supplementary Figure 3). Two OTUs belonging to the family Lachnospiraceae (Otu052, Otu146) showed a strong increase of their relative abundance and prevalence in HFHS-fed mice (Figures 4F,G, Supplementary Figure 3, Supplementary Table 5). One OTU belonging to the genus Barnesiella (OTU194) was not found at baseline but was ubiquitous at D0 in NC-fed mice, while present in only one HFHS-fed animal, in lower abundance (Figure 4H, Supplementary Figures 3P–U). These results suggest that HFHS can significantly impact individual bacteria, most of them belonging to Firmicutes, known to produce short-chain fatty acids (SCFAs) (27) (Supplementary Figure 7). These biomarkers represent together more than 90% of the OTUs, while Firmicutes represent ~50% of the entire community, indicating that bacteria belonging to this phylum might be significantly impacted by the dietary intervention.
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FIGURE 4. High-fat high-sucrose diet induces gut microbiota dysbiosis. (A) α-diversity measured by Chao index at baseline B for mice fed with normal chow (NC, N = 10) vs. high-fat high-sucrose diet (HFHS, N = 9). (B) Evolution of species richness measured by a fold change of Chao index at D0 relative to B. (C) PCoA of Bray-Curtis β-diversity index showing no NC-fed vs. HFHS-fed mice, at B and at D0. (D–H) Fold change of indicator OTU's abundances at D0 relative to B. (I, J) Short Chain Fatty Acids concentrations in μmol/g of caecal content or feces of NC-fed or HFHS-fed mice. Means +/– SEM are plotted. *p < 0.05, **p < 0.01 by ANOVA for parametric data or Kruskal-Wallis if not when more than 2 groups are compared, Mann-Whitney test or t-test for 2 groups comparison.


We next measured SCFAs concentration in caecal contents and feces of mice, and showed that microbial changes induced by HFHS were followed by a significant decrease in caecal and fecal SCFAs concentrations (Figures 4I,J). Indeed, caecal propionate and butyrate concentrations were decreased, whereas isovalerate concentration increased in HFHS-fed mice compared to control animals (p < 0,05) (Figure 4I). Likewise, fecal acetate, propionate, and especially butyrate concentrations were profoundly reduced in HFHS-fed mice compared to control animals (p < 0,05) (Figure 4J).

To highlight the role of the gut microbiota in this experimental context, we performed fecal microbiota transplantation (FMT) in germ-free (GF) mice before inducing DSS-colitis (Supplementary Figure 4A). Despite the initial difference in GF-mice bodyweight before FMT, those who received microbiota from HFHS-fed mice recovered their initial weight after transplantation, contrary to NC-fed mice transplanted (Supplementary Figure 4B). Then, GF-mice that received microbiota from HFHS or HF-fed mice developed higher colitis than mice transplanted with fecal microbiota from control mice, as illustrated by higher bodyweight loss (Supplementary Figure 4D), survival rate (Supplementary Figure 4C). Importantly, at day 8, GF-mice that received HFHS-fed microbiota had an increased DAI (Supplementary Figure 4E).



Incomplete Recovery of High-Fat High-Sucrose-Induced Damage Upon Cessation of Overconsumption

To assess whether the changes induced by HFHS could be restored, we analyzed the gut microbiome and transcriptome of mice fed eight weeks with NC after eight weeks of HFHS (Figure 5A). Colonic transcriptome reprogramming detected in HFHS-fed mice was only partially reversible in HFHS+NC-fed mice (Figure 5B). Detailed results are described in Supplementary Material. Briefly, further hierarchical clustering identified six dysregulated signatures in HFHS+NC-fed mice, predominantly involved in unfolded protein response (UPR), autophagy, heat shock protein response, and metabolic pathways that play a crucial role in intestinal homeostasis (Figure 5B, Supplementary Table 6). Among upregulated genes in HFHS, many genes involved in p53/TP53-dependent apoptosis returned to regular expression levels (as observed in NC-fed mice) after switching diet while many HSP-related genes were down-regulated in HFHS-fed mice failed to recover their baseline expression in HFHS+NC-fed mice (Figures 5C–E). Regarding disease-associated targets, genes from clusters 2 and 5 were still associated with immune system diseases (75 targets) and gastrointestinal diseases (60 targets) including IBD (27 targets), ulcerative colitis (20 targets), Crohn's disease (15), “colitis” (22 targets), and digestive system infectious diseases (44 targets) (all p-values < 0.09; Supplementary Table 7).
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FIGURE 5. Partially reversible effects of high-fat high-sucrose diet on the colonic transcriptome. (A) Experimental design. Mice were fed with a normal chow diet (NC, N = 10) or a high-fat high-sucrose diet (HFHS, N = 10) for 16 weeks or 8 weeks and then switched back to NC for 8 weeks (HFHS+NC, N = 10). (B) Hierarchical clustering heatmap of the most variable genes in NC vs. HFHS vs. HFHS+NC fed mice. (C–E) Expression levels of relevant genes in clusters C1 to C6 for groups of mice fed with NC, HFHS or HFHS+NC, mean expression values (log2) are plotted with standard deviations for up- and down-regulated genes. FDR * ≤ 0.05, ** < 0.01, *** < 0.001, **** < 0.001.


Similar observations were made on the composition of the gut microbiota. Detailed results are described in Supplementary Material. Briefly, NC-fed mice did not vary in α-diversity, while HFHS-fed mice had a lower diversity at D0 compared to baseline, and the HFHS+NC-fed group had a higher diversity at D0 compared to baseline only for the Chao index (Figures 6A,B). Regarding β-diversity, all groups were significantly different from each other at D0, but the HFHS-fed mice showed the highest distance to the other groups (Figure 6C). Among the indicators identified in the eight-week protocol, Otu036, Otu052, and Otu194 showed an interesting pattern, where the HFHS+NC-fed mice were in line with NC-fed mice and opposed to HFHS-fed mice, despite an initial difference according to diet group (Figures 6D–I, Supplementary Figure 7).
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FIGURE 6. Incomplete recovery of microbiota dysbiosis. (A) α-diversity measured by Chao index of NC-fed, HFHS-fed, or HFHS+NC-fed (N = 10 per group) mice at baseline B. (B) Evolution of species richness measured by a fold change of Chao index at day zero (D0) relative to B. (C) Principal coordinate analysis (PCoA) of Jaccard β-diversity index showing NC-fed, HFHS-fed, or HFHS+NC-fed mice, at B and D0. (D–H) Fold change of abundances at D0 relative to B of the five operational taxonomic units (OTUs) identified as an indicator for diet in the 8-weeks experiment (see Supplementary Figure 6 and EV8). (I) Prevalence of indicated OTUs at D0 after 16 weeks of NC, HFHS, or NC following HFHS.


These results indicate that (i) HFHS has a consistent effect on microbial composition, given that four out of five biomarkers showed a similar pattern in both protocols, and (ii) a return to NC diet after eight weeks of HFHS can restore microbial abundances for four out of five diet-specific species identified in the eight-week protocol. Consistently, colitis severity was improved in HFHS-fed mice (Supplementary Figure 6).

Taken together, these results suggest that the long-term harmful effects of HFHS on gut microbiota and transcriptome can be partially corrected even after the return to a normal chow: some transcriptomic imprints lasted, and some effects persisted after exposure to HFHS on the gut microbiota.




DISCUSSION

Dietary patterns are important environmental triggers in IBD (6, 28). Overconsumption of dietary sugar has been linked to a rise of several non-communicable diseases (2–5). Recently, hyperglycemia was shown to disrupt the intestinal barrier and promote risk for enteric infections (11), while a high-sugar diet (at very high dose 55% sucrose) was reported to enhance the susceptibility to colitis by depletion of SCFAs after only two days of dietary intervention (12). Likewise, short-term intake (seven days) of a low dose of sugar (10% glucose or fructose in drinking water) did not trigger inflammatory responses in a healthy gut but markedly altered gut microbiota composition, leading to a predisposition to colitis (13). Here, we first confirmed that moderate doses of sucrose and fat (30% sucrose 25% fat) aggravates experimental colitis (12, 13). The DSS-colitis model induced profound intestinal damage and immunological disruption (29). Despite the growing interest of the scientific and medical community, the direct effects of long-term high-fat-high-sugar intake on healthy individuals' gut and the potential reversibility of those effects remain poorly described.

Therefore, we explored the long-term impact of additive effects of fat and sugar on intestinal homeostasis and focused on the specific effects of such diet on healthy mice intestine. Thaiss et al. demonstrated that glucose induced barrier alterations in vitro and increased permeability in diabetic mice (11). Unexpectedly, we showed that endoscopic lesions were observed in long-term HFHS-fed mice not treated with DSS (Figures 1F,G), whereas Khan et al. reported that short-term exposure to sugar minimally affected gut physiology (13). In our model, we can explain the lack of impact of HFHS on gut permeability (assessed by FITC-dextran, Supplementary Figure 1D) by the moderate hyperglycemia in mice (blood glucose average 2.5 g/L (Figure 1C); which is in agreement with glycemia observed in overweight C57BL/6 mice) while in diabetic models blood glucose exceeds 4.5 g/L (30).

To clarify the contribution of fats in our model, we used a HF diet with moderate dose. Indeed, HF is known to promote inflammation and exacerbates colitis severity at a very high dose (60% kcal from fats) (31). In our study, fats represented 25% of the regimen and, as expected, did not significantly influence the bodyweight or insulin/glucose sensitivity (Figures 1D,E) (32). More importantly, a 25%-HF did not influence colitis severity in our model so we can conclude that it's the addition of 30% sucrose in the HFHS diet that is responsible for the effects observed.

Overweight-induced hyperglycemia has been shown to impair immune defenses, as illustrated by diabetes-induced immunodepression that increases susceptibility to infections (33, 34). The relationships between hyperglycemia and pathological inflammation have been extensively studied (35). Our flow cytometry data showed (Figure 2, Supplementary Figure 2) a differential effect of fat vs. sugar on immune cell populations of MLNs and spleen. While HF increased the whole immune cell population in MLNs of mice, HFHS caused the opposite effect and especially strongly decreased the number of T cells in both spleen and MLNs of mice. Consistently, we observed a broadly depressed cytokine profile of HFHS-fed mice (Supplementary Figure 2), which may explain the susceptibility to enteric infection observed in hyperglycemic mice (8, 11). It would have been intersting to determine cytokine profile in HF-fed mice compared to HFHS-mice it is one of the limitations of our study. However, it can be assumed from other studies that HF diet increased pro-inflammatory cytokines secretion (36). Considering that such impaired immune defenses are a hallmark of IBD, this strengthens the link between sugar homeostasis and intestinal inflammation (37).

Furthermore, enlarged spleen and increased splenic myeloid and Th17 cells were observed in HFHS-fed mice, whereas they were decreased in MLNs, suggesting that immune cells may be mobilized on the inflammation site, i.e., the colon, similar to what has been observed with HF-induced colonic dysbiosis (38). It would have been necessary to explore this hypothesis by performing IHC stainings of flow cytometry on colons samples, it is one of the limitations of our study. Consistently, at the histological level, we observed immune cell infiltration in the colon of HFHS-fed mice (Supplementary Tables 2, 3). A recent study underpins a pro-inflammatory role for dietary sugar in LPS-stimulated mononuclear phagocytes, which occurs at the expense of metabolic flexibility (15), but further studies are needed to understand how metabolic reprogramming of several immune cell types can influence the functionality of immune cells (39).

Transcriptomics changes induced by sugar overconsumption in a healthy intestine were unknown. Our transcriptomic results showed that HFHS might predispose intestinal mucosa to IBD state. An overall down-regulation of the transcriptome was observed in HFHS-fed mice (Figure 3). Functional annotations reported in HFHS-fed mice not subjected to DSS treatment were significantly associated with IBD (Crohn's disease, ulcerative colitis, and “colitis”), confirming the observed endoscopic pre-IBD state. Immune reactivity to heat-shock-protein (HSP) resulted from inflammation in various disease animal and human inflammatory conditions such as diabetes (40). This is in line with previous reports looking at small bowel in a cancer mice model (41). In the colonic mucosa of HFHS-fed mice, Hsph1, Hspa8, and Hspa5, involved in autophagy and endoplasmic reticulum stress, were strongly under-expressed. The same observation was made for some chaperones implicated in HSP regulation, such as Dnajb1, Chordc1, and Ahsa2. However, among the limitations of our study, it would have been interesting to further explored (and to confirmed transcriptional observations) the potential mechanism for increased susceptibility to DSS-induced inflammation in HFHS-fed mice by IHC stainings and/or Western-blotting analysis on colonic samples.

Particularly, many of these HSP are ubiquitous and involved in cellular homeostasis maintenance under stress conditions (e.g., ATP hydrolysis, protein folding) (40). Importantly, we explored the reversibility of HFHS-induced alterations by switching mice back to NC diet after eight weeks of HFHS (Figure 5). We showed that only a small part of the transcriptome could be restored, leaving an entire pan of the program dysregulated. This could predispose or lower the tolerance of the intestinal mucosa to injury. For example, concerning HSP-related genes, only 3 genes (Ccng1, Hspa8, and C1galt1) recovered the same expression level in HFHS+NC-fed mice (i.e., the expression level of NC-fed mice) and were decreased in HFHS-fed mice (Figure 5). Furthermore, small gene clusters were enriched with CEBPB targets (CCAAT/enhancer-binding proteins, essential for adipogenesis and gluconeogenesis and highly expressed in adipose tissue) in HFHS-fed mice, which regulate the main functions of the inflammatory response, intrinsically linking the stress response to carbohydrate homeostasis (42). Since HFHS decreases energy needs, the increase in endoplasmic reticulum stress should be viewed as a way to counterbalance the downregulation of these transcription factors related to HSP (43), further contributing to the pre-IBD state. In addition to the diet-induced damage and disturbances described in this study, we observed the dysregulation of carcinogenesis-related genes in the colonic mucosa of HFHS-fed mice. This observation aligns with increasing evidence that dietary sugars are involved in colorectal carcinogenesis, both in humans and animals (16, 37, 44). However, this was outside the scope of our study, and the links between HFHS, colitis, and colorectal cancer will require further investigation.

Finally, given the growing body of evidence linking microbial dysbiosis to IBD (45), we investigated the extent to whether intestinal bacteria may contribute to the effects described here. A previous report using short-time exposure to sugar (12) suggested that long-term diet exposure does not condition the DSS-related changes in α-diversity. However, we could observe a great difference in community composition between the diet groups (Figure 4). As expected, dietary intervention caused significant changes in animals' microbiota composition, both qualitatively and quantitatively (7, 46, 47), findings which were further supported by FMT experiments. In line with previous reports (12, 13), our results indicate that HFHS strongly impacts some bacterial taxa, most of them belonging to Firmicutes that are known to produce SCFAs and may enhance the epithelial permeability in response to high caloric diet (48, 49). This phylum is composed of gram-positive bacteria and includes the gut commensal Clostridia, which was shown to be a key player of intestinal homeostasis (50). Some members of the Clostridiales family were present in lower abundance in HFHS-fed mice not subjected to DSS-treatment while some Lachnospiraceae species increased, changes that were not observed with short-term exposure to sucrose (12). In addition to previous studies (12, 13) showing that a few days of sugar decreased only fecal and caecal acetate concentrations, we showed that 8-week overconsumption of sugar profoundly decreased both acetate, propionate, and butyrate concentrations. Our observations indicate that long-term overconsumption of sugar has a strong impact on intestinal microflora and their metabolites. SCFAs are known to play a key role in health maintenance by promoting both lipid, glucose, and immune homeostasis (51), so their decrease may also contribute to the observed pre-IBD state.

Even if additional work is needed to demonstrate that this may contribute to the pre-IBD state, it is noteworthy that the depletion of bacteria belonging to Barnesiella (Otu194) was observed in HFHS-fed mice while it was ubiquitously present in control animals (i.e., NC-fed mice). This may contribute both to the pre-IBD state, and the severity of DSS-induced colitis observed in this study. Indeed, given that an increase of Barnesiella spp. after oligosaccharide treatment was shown to decrease susceptibility to DSS-induced colitis in mice (17). Of interest, returning to the NC diet after 8-weeks of HFHS does not allow full recovery of this bacterial species (Figure 6). Similarly, the increase in Lachnospiraceae was only partially reversible, as Otu146 was absent in NC-fed mice but remained high in HFHS+NC-fed mice. Previous experiments (12, 13) demonstrated that sucrose induces very rapid changes in the microbiota composition. Our findings suggest that these modifications are persistent and difficult to reverse after long-term overconsumption of fat and sugar, even after returning to the NC diet for several weeks. Therefore, long-term sucrose and fat overconsumption induce some irreversible intestinal damage.

In summary, long-term overconsumption of fat and sugar induces a pre-IBD state under healthy conditions. This infraclinical state is characterized by decreased immune cell populations in MLNs and dysregulation of stress-related genes in the colonic mucosa leading to (i) gut microbiota dysbiosis, (ii) spontaneous endoscopic lesions, and (iii) global transcriptome alterations that were partially reversible. Overall, our results support observations in IBD patients that suggest a beneficial effect of reduced sugar consumption (10, 18, 22, 52). However, to ensure that the results observed in this study are translaTable to humans, intervention trials need to be initiated. In this regard, the increased consumption of sugars in the general population is alarming (53), highlighting the urgent need to follow WHO recommendations (3–5).



MATERIALS AND METHODS


Animals and Diets

Male C57BL/6J mice were purchased from Janvier Labs (Le Genest-Saint-Isle, France). All procedures were performed following guidelines established by the European Convention for the protection of Laboratory Animals (54) and with a project approval (authorization N°APAFIS#16630) delivered by the French ministry of research. The animals were maintained on a strict 12-h light-dark cycle and were housed at 22–23°C, in cages containing a maximum of 5 animals, with ad libitum access to food and water. All animal experiments were repeated at least two times on two separate occasions. Before dietary interventions, mice were randomized to ensure that no incidental pre-diet differences in body weight existed between the different groups. Mice were fed with a High-fat high-sucrose Diet (HFHS; U8960 v5, Safe Diets, Augy, France), High Fat diet (HF U8960 v143, Safe Diets, Augy, France), or Normal Chow diet (NC; A04, Safe Diets, Augy, France) for 8 or 16 weeks (Figure 1A).



Induction of Colitis

For each dietary regimen (NC, HFHS, or HF), half of the animals were treated with DSS to induce colitis after eight weeks of diet (Figure 1A). Mice were continued on the same diet during colitis, induced by administration of 3% dextran sulfate sodium (DSS, molecular weight 36 000–50 000, MP Biomedicals, Strasbourg, France) dissolved in drinking water for five days. DSS solution was replaced thereafter by normal drinking water for another five days as previously described (55). Mice were sacrificed on the 10th day or upon reached the endpoint (i. e. > 20% weight loss).



Fecal Microbiota Transplantation

Germ-Free (GF) C57BL/6J mice were housed at gnotobiotic facilities at the Hannover Medical School (Hannover, Germany), and Fecal Microbiota Transplantation (FMT) experiments were performed at Technical University Dresden (Dresden, Germany). For microbial reconstitution of GF mice, 8-week-old GF C57BL/6J mice received fecal material obtained from individually WT C57BL/6J HFHS-fed or HF-fed or NC-fed mice. Stool pellets were freshly dissolved in PBS with 0.05% L-cysteine hydrochloride (Sigma-Aldrich; 4 pellets per 5 ml of PBS), and mice received 100 μl solution by gavage. After one week, colitis was induced by administration of 2% DSS dissolved in drinking water for five days. DSS solution was replaced thereafter by normal drinking water for another three days.



Collection of Samples

For gut microbiota analysis, fresh stool samples from isolated mice were collected in tubes, immediately frozen in liquid nitrogen upon collection, and stored at −80°C until DNA isolation. Blood was collected by submandibular bleeding (56) in heparinized tubes (Microtainer® BD medical, Franklin Lakes, NJ), and the plasma was obtained by centrifugation at 2000 xg > 3min at room temperature. The entire colon was removed from the caecum to the anus. The colon length was measured, then washed with phosphate-buffered saline PBS 1X to remove the remaining content. The spleen was removed and weighed as previously described (57). Samples from the colon were taken, divided into 0.5 cm long pieces, snap-frozen in liquid nitrogen, and stored at −80°C until use.



In vivo Metabolic Tests

Metabolic tests were performed with 10 mice per group using standard procedures (58). Oral glucose tolerance tests (OGTT) were performed with mice fasted overnight for 6 h. Blood glucose concentrations were determined before and after administering glucose solution orally via gavage (2g glucose/kg). Blood glucose levels were determined at defined post-gavage time points by analyzing blood obtained from the tail vein with a portable glucometer (Glucometer OneTouch® Verio Reflect, LifeScan Europe GmbH, Zug, Switzerland). For insulin tolerance tests (ITT), mice were fasted for 3 h and then injected with human insulin (0.75 U/kg i.p.; NovoRapid®, NovoNordisk A/S, Denmark). Blood glucose levels were monitored as described for the OGTT assay.



Measurement of the Colonic Epithelial Barrier Permeability by FITC-Dextran

On the day of the assay (day 5 of DSS-treatment), 4 kDa fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, St. Louis, MO) was dissolved in PBS 1X to obtain a stock solution of 80 mg/mL. Mice fasted for 4 h before gavage with 60 mg/100g. Blood was collected 3 h following gavage on heparinized tubes (Microtainer® BD medical, Franklin Lakes, NJ). FITC-Dextran was quantified in plasma by fluorescence (γ Ex/Em 485 nm/535 nm, ID3, Molecular devices) as previously described (11).



Assessment of Disease Activity Index

Mice were daily weighed and evaluated for clinical symptoms. The Disease Activity Index (DAI) was determined on a scale from 0 to 4 and calculated as the mean of three individual subscores (body weight loss, stool consistency, and blood in the stool) as previously described (59).



Endoscopic Assessment and Scoring

Coloscopy was performed on the last day of the study (day 10), just before the mice were sacrificed. Mice were anesthetized by isoflurane inhalation. Distal colon and rectum were examined using a rigid Storz Hopkins II mini-endoscope (Storz, Tuttlingen, Germany) coupled to a basic Coloview system (with a xenon 175 light source and an Endovision SLB Telecam; Storz). All images were displayed on a computer monitor and recorded with video capture software (Studio Movie Board Plus from Pinnacle, Menlo Park, CA). Three independent trained-readers performed a blind determination of endoscopic scores. Ulcerative colitis endoscopic index of severity (UCEIS) was calculated as the sum of three subscores (vascular pattern, bleeding, and erosions/ulcers), as previously described (60). The final grade was defined as the mean of the three independent assessments.



Histological Assessment and Scoring

Colon samples were extensively washed and fixed with 4% paraformaldehyde for 24 h under agitation. Samples were washed, paraffin-embedded, and sectioned. Colitis was histologically assessed on 5 μm sections stained with hematoxylin-eosin-saffron (HES) stain. The histological colitis score was calculated blindly by expert pathologists, as previously described (61). Briefly, disease scoring based on six histological features: acute inflammatory cell infiltrate (polymorphonuclear cells in the lamina propria), crypt abscesses, mucin depletion, surface epithelial integrity, chronic inflammatory cell infiltrate (round cells in the lamina propria), and crypt architectural irregularities. Each feature was graded on a 4-point scale corresponding to none, mild, moderate, or severe. The final grade was defined as the mean of the two independent assessments.



Flow Cytometry

Mesenteric lymph nodes and spleen samples were washed and conserved in complete RPMI (10 % FCS). Samples were first grinded on a nylon mesh (40 μm cell strainer, Greiner), and large debris was removed. Cell suspensions were filtered through a 70 μm mesh (Miltenyi Biotec) and centrifuged at 4 °C, 600 xg, for 5 min. Cell suspensions were then washed and resuspended in phosphate-buffered saline (PBS) supplemented with 2% bovine serum albumin (BSA) for counting on an automated cell before direct cell surface staining. For intracellular staining, cells were fixed and permeabilized with a commercially available fixation/permeabilization kit (eBioscience). Single-cell suspensions were stained with antibodies to the following markers: CD45-BV421, CD3-APC/Fire750, CD4-FITC, CD25-BV510, CD8a-BV711, CD335-PECy7, CD19-BV605, CD11b-PERcpCY5.5, RORγt-APC, and Foxp3-PE in presence of FCBlock CD16/32; all antibodies were obtained from Biolegend. The gating strategy is detailed in Supplementary Figure 8. Gallios cytometer (Beckman) was used for cell acquisition, and the flow cytometry data were analyzed with Kaluza software.



Cytokine Bead Assay

Total protein was extracted from colonic tissue by lysing homogenized tissue with Bio-plex Cell lysis kit (Bio-rad #171304011, Bio-Rad Laboratories Inc, USA) and quantified by using the bicinchoninic acid assay method. All samples were normalized to 900 μg/mL for the assay. Cytokine levels in plasma and colonic lysates were measured using Bio-Plex Pro mouse cytokines 23-plex assay group I assay (Bio-Rad #M60009RDPD, Bio-Rad Laboratories Inc, USA), a BioPlex 200 instrument, and Milliplex Analyst software. Each biological replicate was assayed in technical duplicate. According to the manufacturer's instructions, protein concentrations were determined based on a standard curve described by the manufacturer-provided protocol and values for Lot #64212941.



RNA Extraction and Microarray Experiment

Total RNA was extracted from 20 mg of colon sample using Trizol (Invitrogen, Carlsbad, California, USA) according to the manufacturer's recommendations. RNA was further digested with TurboTM DNase (Thermo Fisher, Waltham, Massachusetts, USA) and phenol-chloroform extracted. The quality of total RNAs was attested by O.D. 260 nm/O.D. 280 nm and O.D. 260 nm/O.D. 230 nm determination by spectrophotometry using a Nanodrop ND-1000 (NanoDrop Technologies; Wilmington, DE, USA) and using a 2,100 Bioanalyzer (Agilent Technologies; Massy, France). Samples with RNA integrity number > 8 were selected. RNA samples were aliquoted and stored at −80 °C, and later amplified and biotinylated using the Affymetrix GeneChip® WT PLUS reagent kit, then hybridized to Affymetrix Mouse Clariom S cartridges following the manufacturer's instructions. The arrays were washed and scanned according to the protocol GeneChip® Expression Wash, Stain and Scan for Cartridge Arrays.



Transcriptomics

Fluorescence values corresponding to raw expression data for every 37 samples were extracted from CEL files using the R oligo package (https://bioconductor.org/) with the corresponding platform definitions (pd.clariom.s.mouse). Positive and negative control probes were removed, which left 21.881 probes, each corresponding to a unique and well-annotated gene. Quality control steps, data normalization, and unsupervised explorations were conducted as described previously (62). Corrections for batch effects between microarrays were performed with Combat (package sva from Bioconductor). Statistical analyses were achieved using linear modeling with empirical Bayes, p.values were computed by applying a moderated two-way t-test and adjusted for false discovery rate (FDR) following the Benjamini–Hochberg procedure. Hierarchical clustering heat maps were obtained on gene-median-centered data with uncentered correlation as a similarity metric. Volcano plots were rendered using EnhancedVolcano (Bioconductor). Functional annotations were performed with the OpenTargets platform (63) for disease associations and gene ontology enrichments and ReactomePA (64) for pathway analyses in mice. For all experiments, p.values < 0.001 or FDR < 0.05 indicated statistical significance, depending on the test availability and/or relevance.



Microbiota Analysis

Bacterial profiling using 16S amplicon sequencing was performed as described previously (65). Briefly, DNA from fecal pellets was isolated using the PowerSoil DNA Isolation Kit (MoBio) according to the manufacturer's directions. Individual amplicons were tagged with specific multiplex identifier (MID) barcodes and pooled for library construction before sequencing. The 16S rRNA gene variable region V3-V4 was amplified and sequenced on an Illumina MiSeq with 2 × 250 bp. Raw sequences were first trimmed to remove bad quality tails and filtered for size using CUTADAPT (66) v1.1.4. Then USEARCH (67, 68) v10.0.240 was used to merge forward and reverse reads. Merged reads were filtered for size and expected error rate before dereplication and denoising, simultaneously removing chimeras. Reads present in less than two copies were filtered out as they likely represent PCR or sequencing errors. A custom R (69) script was used to transfer sequences into MOTHUR (70) v1.39.5, with which further processing was done according to the MiSeq SOP (71). Briefly, sequences were aligned to the SILVA (72) v132 reference database, classified against the RDP release 11 (trainset 16) (73) database, binned into operational taxonomic units (OTUs) at the species-level 97% identity threshold, and rarefied to 12,000 sequences per sample. A detailed account of the procedure is available in Supplementary Dataset 2. This procedure filtered 4 763 346 sequences for 147 samples, and lead 3 152 719 sequenced to be retained (66%) before subsampling (Supplementary Dataset 3). Additional formatting scripts are available in Dataset S4. The OTU Table obtained from MOTHUR was imported in R (69) for statistical analysis. Alpha diversity indices (Chao and Shannon) were calculated with vegan (74) package version 2.5–6. Fold changes between time points were calculated as: log2 (target value/reference value). Correlations between α-diversity indices or fold change and experimental parameters were tested using the Wilcoxon rank sum test. Beta diversity was evaluated with the vegan (74) package version 2.5–6, using the Bray-Curtis and Jaccard distances to build principal coordinate analysis (PCoA). Fold changes of OTU abundances between time points were calculated as: log2 [(target value+0.1)/ (reference value+0.1)]. The addition of 0.1 to both values avoids infinite values due to zero abundances, while keeping the ratios in the same trend. Correlations with experimental parameters were assessed with multivariate analysis of variance using package pairwiseAdonis (75). Biomarkers were found by correlating individual OTUs with experimental parameters with four complementary tests: Kruskal-Wallis rank sum test was done on OTU abundances and fold changes (i) or non-zero OTU abundances (ii); Pearson's chi-square test was performed on OTU prevalence (iii); indicator species analysis (iv) was conducted with package indicspecies (76). To evaluate the strength of association, Eta was calculated for Kruskal-Wallis tests and Cramer's V for chi-square tests. Where applicable, p-values were adjusted for multiple testing using the false discovery rate (“FDR”) correction. All necessary data and scripts for analysis are available in Supplementary Dataset 5.



Evaluation of the Fermentative Activity of the Microbiota

The concentrations of short-chain fattyacids (SCFAs; i.e. acetate, propionate, butyrate, valerate, caproate, isobutyrate, isovalerate, and isocaproate) were measured in the cecal contents and stool samples of mice. Analyses were performed as previously described (77). Samples were water-extracted, and proteins were precipitated with phosphotungstic acid. Analyzes were performed by gas chromatography using a system (Autosystem; Perkin-Elmer, St. Quentin en Yvelines, France) equipped with a split/splitless injector, a flame ionization detector, and a capillary column (length, 15 m; inside diameter, 0.53 mm; film thickness, 0.5m) impregnated with SP100 (Nukol; Supelco, Saint-Quentin-Fallavier, France). The internal standard used was 2-ethylbutyrate. All samples were analyzed in duplicate. Data were collected, and peaks were integrated using Turbochrom software (Perkin-Elmer, Courtaboeuf, France).



Statistical Analysis

All data are expressed as means ± SEM. Two-group comparisons were performed using Mann-Whitney U-test for non-parametric data or t-test for parametric data. ANOVA with Tukey's post-hoc test for parametric data or Kruskal Wallis with Dunn's correction for non-parametric data were used to compare more than two groups. p values < 0.05 were considered significant. Statistical details and the exact value of “N” can be found in the Figure legends. Statistical analyses were performed with GraphPad Prism 6 software (GraphPad Software, Inc, La Jolla, CA). All authors had access to the all data and have reviewed and approved the final manuscript.
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As the precursor of vitamin A, β-carotene has a positive effect on reproductive performance. Our previous study has shown that β-carotene can increase antioxidant enzyme activity potentially through regulating gut microbiota in pregnant sows. This study aimed to clarify the effect of β-carotene on reproductive performance and postpartum uterine recovery from the aspect of inflammation and gut microbiota by using a mouse model. Twenty-seven 6 weeks old female Kunming mice were randomly assigned into 3 groups (n=9), and fed with a diet containing 0, 30 or 90 mg/kg β-carotene, respectively. The results showed that dietary supplementation of β-carotene reduced postpartum uterine hyperemia and uterine mass index (P<0.05), improved intestinal villus height and villus height to crypt depth ratio, decreased serum TNF-α and IL-4 concentration (P<0.05), while no differences were observed in litter size and litter weight among three treatments. Characterization of gut microbiota revealed that β-carotene up-regulated the relative abundance of genera Akkermansia, Candidatus Stoquefichus and Faecalibaculum, but down-regulated the relative abundance of Alloprevotella and Helicobacter. Correlation analysis revealed that Akkermansia was negatively correlated with the IL-4 concentration, while Candidatus Stoquefichus and Faecalibaculum had a negative linear correlation with both TNF-α and IL-4 concentration. On the other hand, Alloprevotella was positively correlated with the TNF-α, and Helicobacter had a positive correlation with both TNF-α and IL-4 concentration. These data demonstrated that dietary supplementation of β-carotene contributes to postpartum uterine recovery by decreasing postpartum uterine hemorrhage and inhibiting the production of inflammatory cytokines potentially through modulating gut microbiota.
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Introduction

Regular consumption of fruits and vegetables are believed to decrease the incidence of chronic disease (1), and the beneficial health effects may attribute to secondary plant compounds such as carotenoids (2, 3). β-carotene is one of the main dietary carotenoids, and it can be converted to vitamin A in cells of intestinal mucosa, liver, uterus, and ovaries (4), although the mechanisms are not clear (5). β-carotene metabolism plays an important role during mammalian embryonic development (6). Recent studies have suggested that dietary β-carotene supplementation during late pregnancy has benefit to the birth weight of offspring in sows (7, 8), and injection of β-carotene can increase the litter size (9). Moreover, β-carotene has been reported to suppress inflammatory responses in macrophages by inhibiting NF-κB translocation (10), which can induce the expression of pro-inflammatory genes (11) and promote inflammatory diseases (12). The uterus is an important reproductive organ with fibromuscular characteristics (13). During childbirth, sustain stretching muscle tissue, resulting tissue damage and adverse outcomes (14), promote postpartum recovery of uterus, which is beneficial to the mother. A previous study has shown that β-carotene can reduce the incidence of retained placenta and metritis in cats (15), and uterine involution may have been more complete and that uterine inflammation may have been reduced in cows which received the β-carotene (16). The above results suggested that β-carotene may contribute to postpartum recovery.

The diverse collection of microorganisms that inhabit the gastrointestinal tract, collectively called the gut microbiota, profoundly influences many aspects of host physiology, including nutrient metabolism, resistance to infection and immune system development (17). Previous studies have suggested that pregnancy is associated with a significant alteration of the gut microbiota, which can affect the physiological state and metabolism of host (18). As a “metabolic organ,” gut microbiota undergo adaptive changes during pregnancy, especially in the third trimester (19). Gut microbiota can influence intestinal permeability, thereby promoting translocation of bacterial products to induce inflammation (20), which occurs throughout pregnancy (21). Our previous studies have also revealed that gut microbiota is closely correlated with inflammation and intestinal mucosal barrier function (22), and dietary supplementation of β-carotene can regulate host gut microbiota (8).

On the basis of previous studies, this study aimed to investigate the effect of β-carotene on the reproductive performance and postpartum uterine recovery, and challenged to elucidate the possible mechanism from the perspective of gut microbiota by using a mouse model.



Materials and Methods


Animals, Diets and Experimental Design

All animal protocols were performed in accordance with guidelines of the Animal Care and Use Committee of Hunan Agricultural University (Permission No. 2020041). Twenty-seven female and twenty-seven male Kunming mice aged 6 weeks were purchased from Hunan SJA Laboratory Animal Co, Ltd. (Changsha, Hunan, China). Each mouse was housed individually in cages with wood shavings bedding under controlled light (12-h light/day) and temperature (23°C), and free access to water and feed. After acclimatization for 1 week, female mice were randomly assigned to 3 groups (n=9), and fed with a basal diet (control group, CLT), a diet containing 30 mg/kg of β-carotene (β-carotene low dose group, CARL), or a diet containing 90 mg/kg of β-carotene (β-carotene high dose group, CARH), based on our previous study, respectively. Male mice were put in female cages from 8:00 PM to 8:00 AM until the copulatory plug was observed, and recorded the date.



Parturition Record and Sample Collection

Food intake was recorded every three days during pregnancy. On the day of delivery, the mice were anesthetized and sacrificed, and the date, uterine mass, as well as the number of mice pups born live and the birth weight were recorded. Ileum and uterine samples were fixed in 4% para-formaldehyde solution immediately, liver, the rest of ileum and uterine organs and sample of cecum contents were collected, immediately put them in liquid nitrogen for quick freezing, and collected blood samples, after standing for 30 minutes, centrifuged at 1500 g for 10 minutes to obtain serum and store at -80°C.



Histology

For hematoxylin and eosin (H&E): Ileum and uterine tissues were fixed in formalin overnight, dehydrated by titrating in ethanol (50%), and submitted to Wuhan Servicebio Technology Co., Ltd (Wuhan, Hubei, China) for paraffin embedding, sectioning, then put the slices into xylene I for 20 min, xylene II for 20 min, absolute ethanol I for 5 min, absolute ethanol II for 5min, 75% alcohol for 5 min, and wash with tap water. The slices were stained with hematoxylin dye solution for 3-5 min, washed with tap water, differentiated with differentiation solution, washed with tap water, hematoxylin-eosin stain returned to blue, and rinsed with running water. The slices were dehydrated with 85% and 95% gradient alcohol for 5 min, and stained with eosin for 5 min. Put absolute ethanol I for 5 min, absolute ethanol II for 5 min, absolute ethanol III for 5 min, dimethyl I for 5 min, xylene II for 5 min, transparent and sealed with neutral gum. The microscopes, image acquisition and length measurement were performed using MShot biological microscope ML31.



Measurement of Antioxidant Indexes of Liver

Liver samples were accurately weighed, normal saline was added according to mass: volume = 1:9 and homogenized, then centrifuged at 4000 rpm for 10 min at 4°C. Total antioxidant capacity (T-AOC) and the level of MDA reflected by thiobarbituric acid reactive substances (TBARS) were measured using respective assay kits (Nanjing jiancheng Bioengineering Institute, Nanjing, China). Protein content was determined by using a BCA protein assay kit (Nanjing jiancheng Bioengineering Institute, Nanjing, China). All values were normalized by the protein content of the same sample.



Measurement of Inflammatory Cytokines

Serum tumor necrosis factor-α (TNF-α) and interleukin-4 (IL-4) concentration were detected using ELISA kits (Nanjing jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s manual.



Characterization of Gut Microbiota

Gut microbiota was characterized by 16S rRNA gene sequencing as described previously (8). Briefly, Total DNA was extracted from cecum contents by using a DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) following the manufacturer’ s manual. The V3–4 hypervariable region of the bacterial 16S rRNA gene was amplified with the primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR was carried out on a Mastercycler Gradient (Eppendorf, Germany) using 25 µL reaction volumes, containing 12.5 µL KAPA 2G Robust Hot Start Ready Mix, 1 µL Forward Primer (5 µmol/L), 1 µL Reverse Primer (5 µmol/L), 5 µL DNA (total template quantity is 30 ng), and 5.5 µL H2O. Cycling parameters were 95°C for 5min, followed by 28 cycles of 95°C for 45 s, 55°C for 50 s, and 72°C for 45 s with a final extension at 72°C for 10min. The PCR products were purified using a QIAquick Gel Extraction Kit (QIAGEN, Germany), and quantified using Real Time PCR, and sequenced on Miseq platform at Allwegene Technology Inc., Beijing, China. Qualified reads were separated using the sample-specific barcode sequences and trimmed with Illumina Analysis Pipeline Version 2.6, and then the dataset was analyzed using QIIME (Version 1.8.0).



Statistical Analysis

Results were expressed as means ± SD. The significant differences between groups were analyzed by one-way ANOVA tests, followed by Fisher’ s least significant difference (LSD) tests with the SPSS statistical software (IBM SPSS Statistics, version 19). Probabilities that were <0.05 were regarded as significant. Bivariate associations between serum TNF-α concentration and the abundance of microbiota, bivariate associations between serum IL-4 concentration and the abundance of microbiota were assessed by Spearman rank correlations, respectively. Then the linear relationship between the abundance of genus regulated significantly by β-carotene and inflammatory factors were analyzed using linear regression method. Principal component analysis (PCA) can reflect the difference and distance between samples by analyzing the composition of OUT (97% similarity) of different samples. Variance decomposition is used to reflect the difference of multiple groups of data on the two-dimensional coordinate map, and the coordinate axis takes two eigenvalues that can reflect the maximum variance value. If the sample composition is more similar, the closer the distance reflected in the PCA diagram.




Results


The Effect of β-Carotene on Litter Performance of Mice

As shown in Table 1, there was no significant difference in average daily food intake during pregnancy in mice, and no significant difference in litter size, weight and offspring average weight between CTL, CARL and CARH group.


Table 1 | Effect of β-carotene on litter performance of mice.





The Effect of β-Carotene on Uterine Morphology and Inflammation

As shown in Figure 1, there is more intrauterine blood stasis in CTL group than that in the CARL and CARH group (A). Meanwhile, β-carotene significantly decreased the uterine mass index (P<0.05) (B), serum TNF-α (P<0.05) (C) and IL-4 concentration (P<0.05) (D), as compared with CTL group. However, there was no difference on T-AOC (E) and MDA level (F) in liver among the three groups.




Figure 1 | Effect of β-carotene on uterine morphology and serum biomarkers. Representative images of hematoxylin and eosin (H&E) stained uterine section (A), uterine mass index=uterine mass/body weight (B), serum TNF-α (C), IL-4 (D) concentration, total antioxidant capacity of liver (E), MDA content (F). CTL, a basal diet; CARL, a basal diet containing 30 mg/kg β-carotene; CARH, a basal diet containing 90 mg/kg β-carotene. Data were shown as means ± SD (n = 9). *P < 0.05.





The Effect of β-Carotene on Mucosal Morphology

Mucosal crypt-villus axis affects the metabolic and inflammatory response (23), and the damage of intestinal cause to increase the intestinal permeability and inflammatory responses (24), thus the mucosal morphology of mice was observed. As shown in Figure 2, dietary supplementation of β-carotene improved the integrity of mucosa (A), and significantly increased villus height (P<0.05) (B) and ratio of villus height to crypt depth (P<0.05) (C).




Figure 2 | The effect of β-carotene on gut morphology. Representative images of ileum mucosa section stained by hematoxylin and eosin (H&E) (A), villus height and crypt depth of ileum (B), ratio of villus height to crypt depth (C) were analyzed. CTL, a basal diet; CARL, a basal diet containing 30 mg/kg β-carotene; CARH, a basal diet containing 90 mg/kg β-carotene. Data were shown as means ± SD (n = 9). *P < 0.05.





The Effect of β-Carotene on Gut Microbiota

The result of principal component analysis (PCA) of gut microbiota has been shown in Figure 3A, β-carotene had a significant effect on the structure of gut microbiota (Anosim: R=0.135, P=0.049). β-carotene had limited effect on the Shannon index (Figure 3B), however, the Chao 1 index (Figure 3C), Observed species index (Figure 3D) and PD whole tree index (Figure 3E) of CARH group were significantly higher than that of CTL group (P<0.05).




Figure 3 | Effects of β -carotene on microbiota diversity. Effect of β-carotene on genus-based (n=6) PCA (A), Shannon index (B), Chao 1 index (C), Observed species index (D) and PD whole tree index (E). CTL, a basal diet; CARL, a basal diet containing 30 mg/kg β-carotene; CARH, a basal diet containing 90 mg/kg β-carotene. Data were shown as means ± SD (n = 6). Anosim: R = 0.135, P= 0.049, *P < 0.05.



The analysis of gut microbiota at the phyla level showed that β-carotene significantly down-regulated the relative abundance of Proteobacteria (P<0.05) (Figures 4A, B), while β-carotene significantly decreased the relative abundances of Helico-bacteraceae (Figure 4C) and Peptococcaceae (Figure 4D) at the family level (P<0.05), as compared with CTL group. At the genus level, β-carotene up-regulated the relative abundance of Akkermansia, Candidatus Stoquefichus and Faecalibaculum, and down-regulated the relative abundances of Alloprevotella and Helicobacter (P<0.05), which were selected from top 40 genera that affected by β-carotene (Figure 4E).




Figure 4 | Modulation of gut microbiota by β-carotene. Effect of β-carotene on the relative abundance of main microbes at the phylum level (A), proteobacteria phylum (B), Helicobacteraceae family (C) and Peptococcaceae family (D), and main microbial genera (E) were analyzed by 16S rRNA gene sequencing. CTL, a basal diet; CARL, a basal diet containing 30 mg/kg β-carotene; CARH, a basal diet containing 90 mg/kg β-carotene. Data were shown as means ± SD (n = 6). *P < 0.05.





Correlation Analysis of Gut Microbiota and Serum Inflammatory Cytokines

The correlation between the abundance of the top 40 genera and serum inflammatory cytokines concentration were presented in Figure 5A. Serum TNF-α concentration had a significantly positive correlation with the relative abundances of Alloprevotella (P<0.05), Candidatus Arthromitus (P<0.05), Helicobacter (P<0.05) and Lachnospiraceae UCG 006 (P<0.05), but had a negative correlation with the relative abundance of Candidatus Stoquefichus (P<0.05) and Faecalibaculum (P<0.05). Moreover, there was a significant positive correlation between serum IL-4 concentration and the relative abundance of Helicobacter (P<0.05), while serum IL-4 concentration was negatively associated with the relative abundances of Akkermansia (P<0.05), Candidatus Stoquefichus (P<0.05) and Faecalibaculum (P<0.05). The linear association of these microbial genera with serum inflammatory cytokines was shown in Figures 5B-F.




Figure 5 | Correlation analysis of gut microbiota and serum inflammatory cytokines. The correlation analysis between the abundance of top 40 microbial genera and serum inflammatory cytokines concentration (A), and the linear correlation analysis between relative abundance of main microbial genera and inflammatory cytokines that significantly regulated by β-carotene (B-F) were analyzed by Spearman’s correlation analysis. CTL, a basal diet; CARL, a basal diet containing 30 mg/kg β-carotene; CARH, a basal diet containing 90 mg/kg β-carotene. (*P < 0.05).






Discussion

Multiple studies have focused on the effect of β-carotene on offspring, however, the impact of β-carotene on maternal and postpartum recovery is not clear. Our recent study has shown that dietary supplementation of β-carotene had a positive effect on the reproductive performance of sows (8), and in vitro inhibitory effect of β-carotene on cytokines was revealed by Lin et al. (25). Delivery or the release of the placenta often causes damage to the epithelium of the endometrium (26), and postpartum uterine hemorrhage is a common phenomenon (27). The present study showed that β-carotene could contribute to uterine recovery through reducing intrauterine blood stasis, with decreased uterine mass index and inflammation. Mild increase in inflammation has been considered as a normative part of healthy pregnancy, but abnormally elevated level of inflammation during pregnancy is associated with adverse birth outcomes (28). In this study, dietary supplementation of β-carotene decreased serum TNF-α and IL-4 concentration in mice after delivery. TNF-α plays a role in the mechanism of inflammation-induced preterm labor through increasing uterine smooth muscle cell collagen contractility (29, 30). TNF-α may directly promote tissue damage in pregnancy, as suggested by in vitro studies where TNF-α activated maternal monocytes bound to LFA-1 on placental syncytiotrophoblast and induced apoptosis (31). Immune regulation at the maternal-fetal interface is complex due to conflicting immunological objectives: protection of the fetus from maternal pathogens and prevention of immune-mediated rejection of the semi-allogeneic fetus and placenta (32). As an anti-inflammatory factor, IL-4 exerts immuno-suppressive effect by stimulating B-cells and T-cells (33). IL-4 is one of the pleiotropic anti-inflammatory cytokines that function mainly by suppressing the proinflammatory milieu (34). In this study, β-carotene decreased serum IL-4 concentration, but it has been reported that IL-4-knockout mice have normal pregnancies with respect to fetal growth and development, this would suggest that the role of an individual cytokine may not be crucial to the success of pregnancy (35). Oxidative stress can activate inflammatory cytokines (36), and our previous study demonstrated that improving antioxidant capacity can alleviate inflammation (37). Based on the relationship between inflammation and oxidation, we detected the antioxidant capacity of mice liver, but the results showed that β-carotene had no significant effect on the T-AOC and MDA content. Therefore, β-carotene exerted the anti-inflammatory effect in mice independent its antioxidant capacity. Inflammation is closely related to intestinal barrier function (38), β-carotene is mainly absorbed in the intestine, it has affinity with intestinal epithelial cells, enters the cytoplasm through the brush edge membrane, and then plays role after being catalyzed by enzymes (39). β-carotene robusts modulator of mucosal barriers (40), it improves villus height and villus height to crypt depth ratio and microbiota composition in this study, which has positive effect on the barrier function.

The microbiota play a critical role in maintaining health (41), including nutrient acquisition, immune programming, and protection from pathogens. Our previous studies have revealed that β-carotene possess an effect on gut microbiota (8), which are closely related to inflammation (22). The maternal gut microbiota undergoes dramatic changes throughout the gestation period, in which α-diversity will gradually increase throughout the lactation period (42). During pregnancy, the natural homeostasis of the gut microbiota changes toward a more inflammatory state (43), which may associate with the maternal low-grade inflammation caused by reduced fetal immune rejection. Results of the present study showed that β-carotene can significantly increase chao 1 index, observed species index and PD whole tree index, which are often used to estimate the total number of species. Specifically, β-carotene down-regulated the relative abundance of Proteobacteria, the microbial phylum that has been reported to be associated with increased susceptibility to colitis (44). Moreover, dietary supplementation of β-carotene improves intestinal integrity with decreased serum IL-4 concentration, which was negatively associated with the relative abundances of Akkermansia, a microbe genus that has been reported to increase the number of goblet cells and augment barrier integrity (45), which suggesting that the decrease of IL-4 may be related to the occurrence of low-grade inflammation in normal pregnancy. Additionally, β-carotene increased the relative abundance of genus Candidatus Stoquefichus, which was negatively correlated with serum TNF-α and IL-4 concentration in the present study and results by Lu et al. (46). Supplementation of β-carotene also enriched the genus Faecalibaculum, which contributes to butyrate production along with a shift from lactate metabolism to increased short chain fatty acids (SCFAs) production and carbohydrate metabolism (47). SCFAs mediate the transmission of signals between the microbiome and the immune system and are responsible for maintaining balance in the anti-inflammatory reaction (48). On the other hand, β-carotene reduced the relative abundance of microbial genera including Alloprevotella and Helicobacter. Correlation analysis revealed that there was a significant positive correlation between the abundance of Alloprevotella and serum TNF-α level, while the abundance of Helicobacter was positively correlated with serum levels of TNF-α and IL-4. Alloprevotella has been reported as producing SCFAs, and has a potential negative correlation with obesity, diabetes and metabolic syndrome (49). Helicobacter has a potential correlation with enteritis (50), and is considered as the majority of colonized individuals developing chronic inflammation (51). Therefore, the beneficial effects of β-carotene on inflammation may depend on a combined impact on the gut microbiota.



Conclusions

In conclusion, dietary supplementation of β-carotene showed a positive effect on reproductive performance and postpartum recovery, with reduced postpartum hemorrhage and uterine mass index, improved villus height and villus height to crypt depth ratio, potentially by regulating inflammation-related gut microbiota. Analysis on gut microbiota revealed that β-carotene up-regulated the relative abundance of Akkermansia, Candidatus Stoquefichus and Faecalibaculum at the genus level, but down-regulated the relative abundance of Proteobacteria at the phylum level, Helicobacteraceae and Peptococcaceae at the family level, Alloprevotella and Helicobacter at the genus level. And there was a significant correlation between microbiota and serum levels of inflammatory factors.
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Intestinal inflammation is a major threat to the health and growth of young animals such as piglets. As a next-generation probiotics, limited studies have shown that Akkermansia muciniphila could alleviate inflammation of intestinal epithelial cells (IECs). In this study, a TNF-α-induced inflammatory model of IPEC-J2 cells, the intestinal porcine enterocytes, was built to evaluate the effects of active or inactive A. muciniphila on the inflammation of IECs. The viability of IPEC-J2 cells was the highest when treated with active (108 copies/mL) or inactive (109 copies/mL) A. muciniphila for 7.5 h (P < 0.01). Treated with 20 ng/mL of TNF-α and followed by a treatment of A. muciniphila, the mRNA level of proinflammatory cytokines (IL-8, IL-1β, IL-6 and TNF-α) was remarkably reduced (P < 0.05) along with the increased mRNA level of tight junction proteins (ZO-1 and Occludin, P < 0.05). Flow cytometry analysis showed that active or inactive A. muciniphila significantly suppressed the rate of the early and total apoptotic of the inflammatory IPEC-J2 cells (P < 0.05). According to results of transcriptome sequencing, active and inactive A. muciniphila may decline cell apoptosis by down-regulating the expression of key genes in calcium signaling pathway, or up-regulating the expression of key genes in cell cycle signaling pathway. And the bacterium may alleviate the inflammation of IECs by down-regulating the expression of PI3K upstream receptor genes. Our results indicate that A. muciniphila may be a promising NGP targeting intestinal inflammation.




Keywords: Akkermansia muciniphila, inflammation, intestinal epithelial cells, TNF-α, apoptosis



Introduction

The gastrointestinal epithelium represents the direct contact surface between the body and external environment. Its selective permeability allows the appropriate absorption of nutrients and water, while prevents the invasion of noxious molecules and microorganisms in the lumen (1). The cellular architecture of the intestines features a continuous monolayer of intestinal epithelial cells (IECs) that represent the first defensive barrier against environmental and microbial attacks by carrying out several critical innate immune functions, and many factors such as pathogens can cause the inflammation or apoptosis of IECs (2). Normal intestinal functions are closely linked to the balance of proliferation and apoptosis of IECs. An obvious example for the dysfunction of IECs is the intestinal inflammation caused by social, environmental or dietary stress in young animals, which leads to a growth defect (3). Antibiotics, used as growth promoters, are also recognized as effective anti-inflammatory additives for animals (4). However, the increasing number of antibiotic-resistant bacterial strains in animal gut accelerates research to develop alternative methods for the prevention and therapy of intestinal inflammation in young animals. Amongst those alternatives, probiotics, could modulate inflammation, by regulating for instance the production of cytokines and IgA (5, 6).

Compared with the first-generation probiotics (FGPs), the next-generation probiotics (NGPs) which are anaerobic gut commensal microbes that have been shown to suppress mucosal inflammation (7, 8). Of all NGPs, Akkermansia muciniphila, a newly isolated Gram-negative bacterium (9), has been shown to have beneficial effect on type II diabetes, obesity and colorectal cancer (10–14). It is also reported that A. muciniphila enhances the thickness of the mucus layer in obese mice induced by high-fat diet and the integrity of IECs in several in vitro studies (10, 15), and may contribute to the epithelial homeostasis and cell fate (16). Today, these beneficial effects were mainly observed using active A. muciniphila. Some special structures of A. muciniphila, such as a specific protein Amuc_1100 isolated from the outer membrane or A. muciniphila-derived extracellular vesicles (AmEVs), can also modulate the intestinal barrier and immune responses of host (17, 18). These limited results indicate that A. muciniphila compounds may alleviate the inflammation, suggesting that having active cells might not be necessary to obtain an effect on inflammation.

The aim of the current study was to assess the effects of active or inactive A. muciniphila in an in vitro inflammatory model based on IPEC-J2 cells which is closed to human physiology and has been widely used as an in vitro model in physiological, pathological and nutritional studies (19). A specific focus was put on monitoring the expression of inflammatory cytokines and apoptosis, as well as the transcriptome of the cells. These data were then discussed to provide new thoughts about the application of A. muciniphila as a NGP in animal feed or human food.



Materials and Methods


Bacterium Preparation and Growth Curve

A. muciniphila (strain DSM 22959) was cultured in brain heart infusion broth (BHI) (Qingdao Rishui Bio·Technology Co., Ltd, Qingdao, China) (9). The medium was prepared with double distilled water (ddH2O) under a complete anaerobic condition with high-purity carbon dioxide. Then each of 10 mL medium was allocated in a 20 mL tubes and immediately sealed with butyl rubber stopper and aluminum crimp cap followed by an autoclave at 121°C for 20 min. All tubes inoculated with A. muciniphila were incubated at 37°C. To establish the growth curve of A. muciniphila, each of 500 µL culture was firstly collected at 6, 12, 18, 24, 30, 36, 42 and 48 h and then centrifuged at 10,000 × g for 15 min, respectively. Bacterial growth was measured by qPCR. Genomic DNA was extracted using a described method (20). Specific primers, AM1 (5’-CAGCACGTGAAGGTGGGGAC-3’) and AM2 (5’-CCTTGCGGTTGGCTTCAGAT-3’) (21), were used to amplify partial 16s rRNA gene of A. muciniphila. The real-time PCR was performed on a CFX96TM Real-Time System (Bio-Rad, USA) in triplicate, and the 10 µL reaction solution included 5 µL SYBR Premix EX Taq (TaKaRa, Dalian, China), 1 µL each of the primers (10 µM), 1 µL DNA template and 3 µL ddH2O. The PCR reaction was performed as follows: a pre-denaturation at 95°C for 10min, a total of 40 cycles of 95°C for 15 s, 60°C for 40 s and 72°C for 30 s, as well as a final extension at 72°C for 5 min.



The Preparation of Active and Inactive A. muciniphila

The process for the preparation of active and inactive A. muciniphila cells is shown in Figure 1. In detail, 108 copies/mL was collected and centrifuged at 5,000 × g for 5 min. The pellet containing the cells of A. muciniphila was washed with 1 × anaerobic phosphate-buffered saline (PBS) (Solarbio, Beijing, China) and centrifuged for three times and then resuspended into 1 mL cell culture medium (descripted below) to obtain the concentrated active A. muciniphila (different concentrations from 106 to 109 copies/mL). Aliquots of those diluted cells were then autoclaved at 120°C for 30 min to obtain inactive A. muciniphila cells. For the following survival test, active or inactive A. muciniphila was inoculated and cultured in BHI medium, respectively. Then, the OD600 value of culture containing the two types of bacteria were tested at 3 h, 6 h, 18 h. To investigate whether autoclave caused damage to the integrity of the bacterium, the prepared cells (active and inactive) of A. muciniphila were collected and fixed for 2 h in a solution with 4% glutaraldehyde away from light. The specimens were dehydrated in absolute alcohol and critical-point dried with carbon dioxide. Finally, each sample were glued onto a sample holder using a carbon adhesive tab and sputter-coated with 10 nm platinum, and observed with a field emission scanning electron microscope (JEOL 7500 F) at 15 kV.




Figure 1 | Flow chart of the preparation of active and autoclaved inactive A. muciniphila.





Cell Culture and TNF-α-Induced Inflammation Model

To investigate the role of A. muciniphila on inflammatory IECs, we used tumor necrosis factor-α (TNF-α) as an inducer of inflammatory response on IPEC-J2 cells, the intestinal porcine enterocytes isolated from the jejunum of a neonatal, as described previously (22).

IPEC-J2 cells used in the current study were donated by Dr. Per Torp Sangild from University of Copenhagen (Denmark) and cultured in a complete medium containing Dulbecco’s Modified Eagle Medium: F-12 (DMEM-F12) (HyClone, USA), 10% (v/v) fetal bovine serum (FBS) (HyClone, USA) which is more suitable in this experiment (19, 23, 24) and 1% (v/v) Penicillin-Streptomycin (Solarbio, Beijing, China). 1×105 cells/well were seeded and grown at 37°C in a CO2 incubator (5% v/v). When the cell fusion rate reaches 80%, the IPEC-J2 cells were treated with DMEM-F12 and starved for 12 h. To construct an inflammatory response model, the prepared IPEC-J2 cells were treated with 0, 10, 20, 40, 80 and 120 ng/mL of Recombinant Susscrofa TNF-α (Raybiotech, Inc Cat.# 230-00875) for 48 hours, respectively. Next, the mRNA level of Interleukin-1β (IL-1β), Interleukin-6 (IL-6) and TNF-α was determined using real-time PCR to assess whether the inflammatory model was built successfully, combining observed morphology of the cells with an inverted microscope (NiKon Ts100, C-W 10× (F.O.V. 22mm), Japan).



Determination of Optimal Concentrations of A. muciniphila and Experimental Design

To determine the cell viability of IPEC-J2 cells, an Enhanced Cell Counting Kit-8 (CCK-8) (Biyuntian, Shanghai, China) was used. In brief, the activated IPEC-J2 cells were seeded in a 96-well plate (Corning, New York City, USA) at a concentration of 1×105 cells per well for 48 h. The prepared living (active) and inactive A. muciniphila at 106, 107, 108 and 109 copies/mL were then inoculated into the cells in triplicate and incubated at 37°C for 2.5, 5, 7.5 and 10 h, respectively. At the end of the incubation, 10 µL CCK-8 solution was added to each well and continuously incubated for 2 h. The absorbance for each well was then measured at a wavelength of 450 nm using the Absorbance Microplate Reader (Molecular Devices, SpectraMax 190, USA). The optimum concentration of A. muciniphila to apply on IPEC was then confirmed via the results of cell viability of IPEC-J2 cells (results are shown below).

To investigate the protection of active and inactive A. muciniphila on IPEC-J2 cells, a total of 6 treatments were included. IPEC-J2 Cells in the negative control (CON) were treated with PBS, while cells in the positive control (TNF) were challenged with Recombinant Susscrofa TNF-α. The remaining 4 treatments included the following: IPEC-J2 cells with the optimum concentration (determined as described above) of active A. muciniphila (A), IPEC-J2 cells with the optimum concentration (determined as described above) of inactive A. muciniphila (IA), IPEC-J2 cells challenged with TNF-α and then incubated with active A. muciniphila (TNF+A), IPEC-J2 cells challenged with TNF-α and then incubated with inactive A. muciniphila (TNF+IA). Of these treatments, A and IA were designed to investigate the effect of both active and inactive A. muciniphila on normal IECs, TNF+A and TNF+IA aimed to assess the possible remission of inflammatory IECs by A. muciniphila.



Real-Time PCR to Quantify Inflammatory Response and Barrier Function Related Genes in IPEC-J2 Cells

In this study, the relative expression of four genes encoding inflammation related cytokines and two tight junction proteins were selected as the markers of inflammation. The specific primers for IL-1β, IL-6 and TNF-α were designed with Primer Primer5 software, while the primers for IL-8 (22), zonula occludens-1 (ZO-1) (25), Occludin (26) and the three house-keeping genes, β-actin (27), GAPDH (28) and TBP (29) were referred to existing researches (Table 1). The total RNA of the collected IPEC-J2 cells was extracted using a TRIzol reagent (Invitrogen, Carlsbad, California, USA). Then, each RNA sample was reverse-transcribed into cDNA using PrimeScript RT reagent kit (TaKaRa, Dalian, China) after detection of RNA purity and integrity by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA) and 1.5% agarose gel electrophoresis. Real-time PCR was also performed on a CFX96TM Real-Time System (Bio-Rad, USA) in triplicate. The 25 μL reaction solution consisted of 12.5 μL SYBR Premix EX Taq (TaKaRa, Dalian, China), 0.5 μL of each primer (10 μM), 2 μL cDNA template and 9.5 μL ddH2O. Procedures of the PCR reaction included a pre-denaturation at 95°C for 30 s followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. The data of targeting genes were then normalized with house-keeping genes, and the relative expression of each gene was calculated using the 2-△△Ct method (30).


Table 1 | Primers for genes quantified with real-time PCR in the current study.





Detection of Apoptosis of the Cells

The apoptosis of IPEC-J2 cells was detected using an Annexin V-Fluorescein isothiocyanate isomer/Propidium Iodide (Annexin V-FITC/PI) kit (Beyotime, Shanghai, China) according to the manufacturer’s instructions. Shortly, the medium and cells in each well were collected at the end of the incubation, and then treated with 2 mL 0.25% ethylenediaminetetraacetic acid (EDTA)-free pancreatin (Beyotime, China) for 2 min. The solution was then collected into a 10 mL centrifugal tube and centrifuged at 1,000 × g for 5 min. Cells were then resuspended in 100 μL 1 × Binding Buffer to reach a final concentration of 1 × 105 cells/mL. Next, 5 μL FITC Annexin V and 5 μL PI were added into the tube respectively, and the mixture was incubated at room temperature for 15 min away from light. Finally, 400 μL 1 × Binding Buffer was added to each tube and cell apoptosis was analyzed using a flow cytometry (FACSVerse, BD, USANIK) within 1 h.



Construction of RNA Library and Bioinformatics Analysis

Total RNA of each sample was extracted using TRIzol (Invitrogen, USA), and the quality of extracted RNA was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Approximate 1μg RNA of each sample was used for the preparation of library. The clustering of the index-coded samples was performed on a cBot Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia). Then, the prepared RNA samples were sequenced on an Illumina Novaseq platform and 150 bp paired-end reads were generated. All the downstream analyses were based on the clean data with high quality. FeatureCounts v1.5.0-p3 was used to count the reads numbers mapped to each gene. The FPKM (Fragments per Kilobase Million) of each gene was calculated based on the length of the gene and reads count mapped to this gene. Principal component analysis (PCA) was performed and visualized using the DESeq (2012) R package.

Differential expression genes (DEGs) were filtered according to the following parameters: P value < 0.05, and log2 fold change > 1 or < –1 in each pairwise comparison. The differential expression genes in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were annotated using KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/kobas3/genelist/) and visualized using the ggplot2 R package. The DEGs were annotated using STRING (https://cn.stringdb.org) and the protein interaction network was visualized using Cytoscape (3.7.1). All sequences were uploaded to NCBI database with an accession number (PRJNA752872).



Statistical Analysis

Data were analyzed using a one-way ANOVA with Holm-Sidak’s multiple comparison (e.g., the optimum concentration of Recombinant Susscrofa TNF-α) or Tukey’s multiple comparison (e.g., the mRNA level of genes and the rate of apoptosis). The multiple t-test was used when comparing only two groups (e.g., the bacteria viability test and the processing time of TNF-α on the IPEC-J2 cells). The viability of IPEC-J2 cells to active or inactive A. muciniphila was analyzed using a two-way ANOVA with Sidak’s multiple comparison. Data were shown as mean ± standard error of the mean (SEM). Differences were considered to be significant when P < 0.05. Statistical analysis was performed using a GraphPad Prism 8 software (GraphPad Software, La Jolla, USA).




Results


The Inflammatory Response of IPEC-J2 Cells Induced by Recombinant Susscrofa TNF-α

First, the appropriate concentration of Recombinant Susscrofa TNF-α to be applied on IPEC-J2 was determined. Cells were treated with TNF-α at 10, 20, 40, 80 and 120 ng/mL after 48 h, the expression of IL-1β, IL-6 and TNF-α were measured. The highest response of IL-1β and TNF-α was obtained with the concentration of 20 ng/mL of TNF-α (P < 0.001, Figures 2A, C). IL-6 was only increased with the concentration of 80 ng/mL TNF-α (Figure 2B). Taking these data together, the dose of 20 ng/mL TNF-α was chosen for further studies. To confirm the optimal processing time, the IPEC-J2 cells were then treated with 20 ng/mL TNF-α for 12, 24, 36, and 48 h. In the TNF-α-treated cells, the expression of the cytokines was increased when compared to the control at 48h for IL-1β (P < 0.05, Figure 2D), 12 and 24 h for IL-6 (P < 0.01 or 0.05, Figure 2E), as well as 12, 24, 36 and 48h for TNF-α (P < 0.01 or 0.05, Figure 2F). Meanwhile, the bright-field images (Figure 2G) of inverted microscope showed that the integrity of those TNF-α-challenged cells was destroyed with obviously increased gap and the volume of nucleus compared to the control. Particularly, the IPEC-J2 cells treated with 20 ng/mL for 48 h showed the highest degree of cell destruction and the most cellular fragments, which are typical characteristics of apoptosis. Taking these data together, the incubation of 48 h with 20 ng/mL TNF-α was chosen to test the effects of A. muciniphila on stressed IPEC-J2 cells.




Figure 2 | Expression of genes encoding inflammatory cytokines and the representative morphology of IPEC-J2 cells in different groups. (A) The mRNA level of IL-1β of cells challenged with Recombinant Susscrofa TNF-α with different concentrations (0, 10, 20, 40, 80, 120 ng/mL) for 48 h. (B) The mRNA level of IL-6 of cells challenged with TNF-α with different concentrations (0, 10, 20, 40, 80, 120 ng/mL) for 48 h. (C) The mRNA level of TNF-α of cells challenged with TNF-α with different concentrations (0, 10, 20, 40, 80, 120 ng/mL) for 48 h. (D) The mRNA level of IL-1β of cells challenged with 20 ng/mL TNF-α for 12, 24, 36 and 48 h. (E) The mRNA level of IL-6 of cells challenged with 20 ng/mL TNF-α for 12, 24, 36 and 48 h. (F) The mRNA level of TNF-α of cells challenged with 20-ng/mL TNF-α for 12, 24, 36 and 48 h. Data are represented as mean ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. CON, cells without TNF-α treatment. Results represented one of the three independent experiments. (G) The representative images of IPEC-J2 cells challenged with 20 ng/mL Recombinant Susscrofa TNF-α photographed by an inverted microscope under bright field at 12, 24, 36 and 48 h, respectively. The scale bar is 100 μm.





The Cell Viability of IPEC-J2 Cells With Active or Inactive A. muciniphila

According to the growth curve based on copy numbers (Figure 3A), the growth of A. muciniphila in BHI medium reached a plateau at 48 h. To verify whether A. muciniphila was effectively inactivated by the autoclave treatment, we detected the OD value of the bacterium (pure cells without medium) during 18 hours. The non-autoclaved A. muciniphila showed a growth at 6 and 18 h (P < 0.001, Figure 3B), whereas the autoclaved cells did not grow during the same period (P > 0.05, Figure 3B).




Figure 3 | The growth curve and cellular morphology of A. muciniphila. (A) The growth curve of A. muciniphila cultured in BHI medium. (B) The growth curve of A. muciniphila with (Autoclaved) or without (Control) autoclaving in BHI medium within 18 hours. OD600 value. (C) SEM images of active A. muciniphila. (i) Bar, 10 µm. magnification times, × 5,000. (ii) Bar, 5 µm. magnification times, × 10,000. (iii) Bar, 3 µm. magnification times, × 20,000. (D) SEM images of inactive A. muciniphila. (i) Bar, 10 µm. magnification times, × 5,000. (ii) Bar, 5 µm. magnification times, × 10,000. (iii) Bar, 3 µm. magnification times, × 20,000. Data are expressed as mean ± SEM (n = 3). *P < 0.05, ***P < 0.001. Results represented one of the two independent experiments.



According to the profiles of scanning electron microscope (Figures 3C, D), the cellular morphology of active and inactive A. muciniphila showed less different. Specifically, the cells of active A. muciniphila were oval-shaped, owned complete and smooth cell walls, and the typical cell of autoclaved A. muciniphila showed irregular shape, sticked together, partially collapsed, accidented and even broken.

To determine the viability of IPEC-J2 cells in presence of A. muciniphila, the IPEC-J2 cells were co-cultured with active or autoclaved A. muciniphila applied at 106 to 109 copies/mL for 2.5, 5, 7.5 and 10 hours. Compared to non-treated IPEC-J2 cells, the viability of IPEC-J2 cells co-cultured with active A. muciniphila was increased for all times and all concentrations of the bacteria (P < 0.05 or 0.01 or 0.001, Figure 4A), except for the concentration of 109 of active A. muciniphila for 7.5 and 10 h which led to a significant decrease in viability of IPEC-J2 cells (P < 0.001, Figure 4A). When treated with inactive A. muciniphila, IPEC-J2 showed an increased viability for a concentration of 109 of inactive A. muciniphila for 7.5 and 10 h (P < 0.05, Figure 4B). From these results, the optimum concentration of active and inactive A. muciniphila should be 108 and 109 copies/mL respectively, and the incubation time with IPEC-J2 cells should be 7.5 h.




Figure 4 | The cell viability of IPEC-J2 cells treated with active or inactive A. muciniphila. and mRNA level of inflammation related cytokines and tight junctions of the IPEC-J2 cells in different groups. (A) The viability of IPEC-J2 cells co-cultured with living (active) A. muciniphila at 0, 106, 107, 108 and 109 copies/mL for 2.5, 5, 7.5 and 10 h, respectively. (B) The viability of IPEC-J2cells co-cultured with inactive (autoclaved) A. muciniphila at 0, 106, 107, 108 and 109 copies/mL for 2.5, 5, 7.5 and 10 h, respectively. (C) The mRNA level of TNF-α of IPEC-J2 cells in different groups. (D) The mRNA level of IL-1β of IPEC-J2 cells in different groups. (E) The mRNA level of IL-6 of cells in different groups. (F) The mRNA level of IL-8 of IPEC-J2 cells in different groups. (G) The mRNA level of Occludin of IPEC-J2 cells in different groups. (H) The mRNA level of Occludin of IPEC-J2 cells in different groups. CON, cells treated with PBS for 48 h. TNF, cells challenged with 20 ng/mL Recombinant Susscrofa TNF-α for 48 hours. A, cells co-cultured with 108 copies/mL active  A. muciniphila for 48 h. IA, cells co-cultured with109 copies/mL inactive A. muciniphila for 48 h. TNF+A, cells challenged with 20 ng/mL TNF-α for 40.5 h and then co-cultured with 108 copies/mL active A. muciniphila for 7.5 h. TNF+IA, cells challenged with 20 ng/mL TNF-α for 40.5 h and then co-cultured with 109 copies/mL inactive A. muciniphila for 7.5 h. *P < 0.05, **P < 0.01, ***P < 0.001. Data are expressed as mean ± SEM (n = 3). Results represented one of the three independent experiments.





The Gene Expression of Cytokines and Tight Junction Proteins (TJs) in IPEC-J2 Cells

In order to assess the effects of A. muciniphila on IECs, the normal or TNF-α challenged IPEC-J2 cells were co-cultured with active or inactive A. muciniphila. According to the results of real-time PCR, the expression of TNF-α (P < 0.001, Figure 4C), IL-1β (P < 0.001, Figure 4D), IL-6 (P < 0.05, Figure 4E) and IL-8 (P < 0.001, Figure 4F) showed increased in the cells in group TNF, while the expression of ZO-1 (Figure 4G) and Occludin (Figure 4H) in these cells was decreased compared to CON group (P < 0.01 or 0.001). Comparing with cells in group TNF, the mRNA levels of TNF-α (Figure 4C), IL-1β (Figure 4D) and IL-8 (Figure 4F) of the cells in groups A, IA, TNF+A and TNF+IA, as well as the mRNA level of IL-6 (Figure 4E) of cells in groups A, IA and TNF+A were reduced (P < 0.05 or 0.01 or 0.001). The expression of ZO-1 (Figure 4G) and Occludin (Figure 4H) of the cells co-cultured with both active and inactive A. muciniphila was higher than cells in TNF group (P < 0.05 or 0.01 or 0.001).



The Apoptosis Rate of the IPEC-J2 Cells With Different Treatment

The degree of cellular damage can be reflected by the rate of apoptosis. In the current study, an annexin V-FITC/PI assay with flow cytometry was performed to investigate whether A. muciniphila could attenuate the apoptosis induced by TNF-α in IPEC-J2 cells. Results showed that compared with CON cells, the early-stage apoptosis (Figures 5A, B) of the cells in groups TNF (P < 0.001) was increased (Figures 5A, B). While the early-stage apoptosis of the cells in groups A, IA, TNF+A and TNF+IA was decreased compared to those cells in TNF group (P < 0.01 or 0.001).




Figure 5 | The apoptosis of IPEC-J2cells in different groups. (A) The profile of flow cytometry with an annexin V-FITC/PI kit of the IPEC-J2 cells in different groups. Each of the frames is divided into four quadrants: Q1, necrotic cells. Q2, cells in the late-stage of apoptosis. Q3, cells in the early-stage of apoptosis. Q4, normal cells. (B) The rate of IPEC-J2 cells in the early stage of apoptosis in different groups. (C) The rate of IPEC-J2 cells in the late stage of apoptosis in different groups. (D) The rate of total apoptosis of IPEC-J2 cells in different groups. Data are represented as mean± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. CON, cells treated with PBS for 48 h. TNF, cells challenged with 20 ng/mL Recombinant Susscrofa TNF-α for 48 hours. A, cells co-cultured with 108 copies/mL active A. muciniphila for 48 h. IA, cells co-cultured with 109 copies/mL inactive A. muciniphila for 48 h. TNF+A, cells challenged with 20 ng/mL TNF-α for 40.5 h and then co-cultured with 108 copies/mL active A. muciniphila for 7.5 h. TNF+IA, cells challenged with 20 ng/mL TNF-α for 40.5 h and then co-cultured with 109 copies/mL inactive A. muciniphila for 7.5 h.



Comparing with cells in CON group, the treatment of TNF-α increased the total apoptosis rate of the IPEC-J2 cells (P < 0.001, Figure 5). However, the treatment of active (TNF+A) A. muciniphila and group A and IA was found to reduce the total apoptosis rate of the TNF-challenged cells compared to TNF group (P < 0.01 or 0.001, Figure 5D). Meanwhile, the late-stage apoptosis of cells in group IA and TNF+IA was higher than those in other group (P < 0.05 or 0.01, Figures 5A, C).



Expression of Genes in the Cells With Different Treatment Revealed by Transcriptome Analysis

As shown above, we found that both live and inactive A. muciniphila probably alleviated the inflammatory injury of IPEC-J2 induced by TNF-α, but the underlying pathway remains unclear. In order to find possible mechanism, a transcriptome analysis was performed. After removing low-quality reads, the average number of reads in each library was over 45 million. All filtered reads were aligned with the reference genome of Sus scrofa by Hisat2 software, and the transcripts identified in each sample (FPKM) were analyzed. The PCA targeting the top 20,000 genes with the highest expression level from the total 9 samples from the three groups revealed three corresponding independent clusters (Figure 6A). Further, a total of 197 DEGs were unique in TNF+A vs TNF, and 151 DEGs were only found in TNF+IA vs TNF (Figure 6B). The KEGG function of the filtered DEGs was then annotated using a KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/kobas3/genelist/), and the first 20 paths with the lowest p-value were selected to generate bubble chart (Figures 6C, D). When comparing groups TNF+A and TNF, the different pathways involved in inflammatory response were identified as calcium signaling pathway and PI3K-Akt signaling pathway that also showed different between groups TNF+IA and TNF. The cell cycle pathway associated with cell proliferation and cycle also showed different between TNF+IA and TNF. According to the visualized protein interaction network (Figure 7A, B), the expression of proteins CACNA1S (Calcium channel, voltage-dependent, L type, alpha 1S subunit), CACNA1G (Calcium channel, voltage-dependent, T type, alpha 1G subunit), P2RX1 (Purinergic Receptor P2X 1) and P2RX2 (Purinergic Receptor P2X 2) in calcium signaling pathway, as well as the expression of proteins IL2RA (Interleukin-2 receptor subunit alpha), EPOR (Erythropoietin receptor) and PRLR (Prolactin Receptor) in PI3K-Akt signaling pathway were decreased (P < 0.05), and only the expression of ATP2B2 (ATPase plasma membrane calcium transporter) showed increased (P < 0.05) in TNF+A group compared to group TNF. Comparing with group TNF, the expression of proteins EPOR and IL2R (Interleukin-2 receptor) in PI3K-Akt signaling pathway and CDKN1C (Cyclin-dependent kinase inhibitor 1c) in cell cycle pathway showed decreased (P < 0.05), while the expression of proteins PCNA (Proliferating Cell Nuclear Antigen), CCNE2 (Cyclin E2), CDC23 (Cell division cycle 23), ORC1 (Origin Recognition Complex 1) and MCM3 (Mini-chromosome maintenance 3) in cell cycle pathway showed raised (P < 0.05).




Figure 6 | Comparison of gene expression abundance and KEGG enrichment in T, and TNF+A and TNF+IA groups. (A) The principal component analysis based on the RNA-Seq data. (B) Venn diagrams of differentially expressed transcripts. (C) The top 20 KEGG pathways enriched in TNF+A group compared to group TNF. (D) The top 20 KEGG pathways enriched in TNF+IA group compared to group TNF. TNF, cells challenged with 20 ng/mL Recombinant Susscrofa TNF-α for 48 hours. TNF+A, cells challenged with 20 ng/mL TNF-α for 40.5 h and then co-cultured with 108 copies/mL active A. muciniphila for 7.5 h. TNF+IA, cells challenged with 20 ng/mL TNF-α for 40.5 h and then co-cultured with 109 copies/mL inactive A. muciniphila for 7.5 h.






Figure 7 | The protein-protein interaction network based on the KEGG annotation. (A) Change of protein abundance in TNF+A group compared to group TNF. (B) Change of protein abundance in TNF+IA group compared to group TNF. TNF, cells challenged with 20 ng/mL Recombinant Susscrofa TNF-α for 48 hours. TNF+A, cells challenged with 20 ng/mL TNF-α for 40.5 h and then co-cultured with 108 copies/mL active A. muciniphila for 7.5 h. TNF+IA, cells challenged with 20 ng/mL TNF-α for 40.5 h and then co-cultured with 109 copies/mL inactive A. muciniphila for 7.5 h.






Discussion

Besides human beings, A. muciniphila is also found in the gut of other mammals such as guinea pigs, swines and rabbits (31–33). The effects of A. muciniphila on obesity and metabolic disorders have been widely discussed. However, its effect on the intestinal inflammation is controversial. In the gut of patients with inflammatory bowel disease (IBD) (34) or those with Crohn’s disease below 16 years of age (35), the abundant of A. muciniphila is reported to be reduced, indicating a positive role of this bacterium on gut health. But in two other studies, commensal A. muciniphila is observed to exacerbate the gut inflammation in Salmonella typhimurium-infected gnotobiotic mice (36) and was sufficient for promoting intestinal inflammation in germ-free Il10-/-mice (37). Another particularity of this bacterium is that some of its affects have been attributed to cellular components, such as proteins, which led us to think that similar effect could also be observed with inactivated cells. In the present study, we investigated the effect of A. muciniphila as alive or inactivated cultures on the IPEC-J2 cells with inflammation induced by Recombinant Susscrofa TNF-α to explore whether A. muciniphila benefit the health of IECs. To the best of our knowledge, the current study is the first to evaluate the role of both active and inactive A. muciniphila in an inflammatory model of IPEC-J2 cells.

Inflammatory response of IECs generally results in the occurrence of proinflammatory cytokines such as IL-1β, IL-6 and TNF-α (38, 39). The level of these cytokines is also widely used in clinical diagnosis as typical biomarkers of inflammation (40). In the current study, the mRNA level of TNF-α and IL-1β was remarkably increased in those cells treated with 20 ng/mL of Recombinant Susscrofa TNF-α for 48 hours, accompanied by visible lesion of cells under microscope. These results show that an inflammatory model of IPEC-J2 cells had been successfully induced by the recombinant TNF-α.

The potential to prevent or cure a certain disease is the main characteristic of NGPs different from FGPs, which makes most of the NGPs be classified to live biotherapeutics products (LBPs) (41). A. muciniphila is regarded as one of the most promising LBPs against metabolic diseases like obesity and diabetes. On the other hand, A. muciniphila may also play a role in the maintenance of intestinal homeostasis and improvement of intestinal inflammation. In patients with IBD, the relative abundance of A. muciniphila in the intestinal mucosa is decreased (42). Oral gavage of A. muciniphila is increases the level of 2-arachidonoylglycerol and in turn reduces the inflammatory responses in mice receiving a high-fat diet (10) and relieve dextran sulfate sodium (DSS)-induced colitis via its extracellular vesicles (43). In the current study, we not only showed the prevention of A. muciniphila as a LBP on the inflammation of IECs, but also showed that inactive A. muciniphila cells could be an available candidate against the inflammation of IECs. Whether firstly treated with 20 ng/mL of TNF-α for 40.5 h and followed by a treatment of active or inactive A. muciniphila for 7.5 h the mRNA level of proinflammatory cytokines was remarkably reduced along with the increased mRNA level of TJs. The epithelial permeability largely depends on adherin junctions and TJs. An increased intestinal permeability always contributes to the severity of some diseases, such as IBD and irritable bowel syndrome (44). The expression of genes encoding TJs is usually decreased when the function of IECs is impaired in case of inflammation (45–47). As a negative correlation has been found between TJs and the permeability of IPEC-J2 cells treated with TNF-α (45), the relative expression of TJs genes can be regarded as a marker for the damage of IECs. Our results thus showed a probable repair of A. muciniphila to the inflammatory damage of IECs, which was confirmed by the following analysis of flow cytometry. Apoptosis is a classical program of cell death, regulated by many factors such as TNF-α, IL-1β and caspase-2 (48–52). TNF-α has previously been reported to increase the apoptosis of IECs and cause the injury of intestinal barrier, which give rise to the occurrence of IBD. It was well grounded to hypothesize that A. muciniphila protecting the IECs from TNF-α-induced inflammation might be associated with the suppression of apoptosis. According to our results, the supplement of both active and inactive A. muciniphila after the treatment of TNF-α indeed reduced the early and total apoptosis of the IPEC-J2 cells. Similar results were also found in mice that the intestinal colonization of A. muciniphila strongly altered the expression of genes involved in the death of IECs at transcriptional level (16) and decreased the apoptosis of hepatocytes (53).

Limited to the descriptive results of the current study, the underlying mechanism of the positive effect of inactive A. muciniphila on the inflammatory IECs cannot be explained in detail. It has been shown that some cellular components, such as AmEVs, could increase the expression of TJs in Caco-2 cells and ultimately improve the integrity of intestinal barrier in mice with high-fat diet-induced diabetes (17). But this hypothesis cannot explain our results, as we used only cells but not total culture (and thus not extracellular metabolites) which were then autoclaved. The effects of A. muciniphila we observed is therefore might be due to a cellular component which is resistant to autoclave treatment. Although the profiles of scanning electron microscope showed that the integrity of inactive A. muciniphila cells were partially destroyed, some components of cell wall or membrane might still be biologically active, for instance, autoclave may not affect the structure of polysaccharides. Similarly, the specific membrane protein of A. muciniphila (Amuc_1100) has previously been reported to improve the intestinal barrier and can blunt colitis in mice (54, 55) even when the protein is pasteurized. Another clinical study shows that pasteurized 1010 of A. muciniphila is safe for human and can reduce the level of multiple inflammatory markers in serum (56), which proves the positive effect of inactive A. muciniphila on the systemic inflammation.

We further used transcriptome analysis to scan the potential signaling pathway of A. muciniphila in alleviating the TNF-α induced inflammation of IECs. We found that the treatment of active A. muciniphila down-regulated the expression of some key genes in calcium signaling pathway, such as CACNA1S, P2RX1 and P2RX2. It has been reported that under oxidative stress and other conditions, the increase of intracellular Ca2+ concentration can induce cell apoptosis and autophagy (57–59), while its decrease is associated with the remission of inflammation (60). Therefore, our results suggest that the apoptosis of TNF-α-challenged IECs may be inhibited by active A. muciniphila by reducing the influx of Ca2+ and increasing the outflow of Ca2+. In addition, although the treatment of inactive A. muciniphila was also found to reduce apoptosis of TNF-α-challenged IECs, the underlying mechanism may be different from that of active bacterium. We found that the expression of key genes involved in cell cycle, such as PCNA, CCNE2, CDC23, ORC1 and MCM3 in TNF-α-challenged IECs was up-regulated by the treatment of inactive A. muciniphila. All these genes play an important role in maintaining the growth and survival, the stability of genome and the life span of cells (61–70). At the same time, the expression of CDKN1C was down-regulated by inactive A. muciniphila, which may normalize the cell cycle (71–73). Another noteworthy path was PI3K-Akt signaling pathway. Studies have shown that PI3K-Akt signaling pathway is involved in the occurrence of ulcerative colitis and can be activated by intestinal inflammation (74, 75), and its inhibition can down-regulate the expression of nuclear transcription factors-κB (NF-κB) to reduce the expression of proinflammatory cytokines (76, 77). We found that the treatment of both active and inactive A. muciniphila down-regulated the expression of upstream receptors (IL2RA, EPOR, PRLR and/or PIK3R5) in PI3K-Akt signaling pathway, which may directly decline the expression of cytokines like TNF- α, IL-8, IL-1β and IL-6 in these TNF-α-challenged cells.



Conclusions

Our study suggests that active and autoclaved inactive A. muciniphila improved the TNF-α-induced inflammation of IECs by reducing the expression of pro-inflammatory cytokines and increasing the expression of TJs, which might be associated with the decreased apoptosis. Although both active and inactive A. muciniphila showed significant remission of inflammation and apoptosis of TNF-α-challenged IECs, the underlying mechanism may be different. Active A. muciniphila may decline cell apoptosis by down-regulating the expression of key genes in calcium signaling pathway, while inactive A. muciniphila may reduce cell apoptosis by up-regulating the expression of key genes in cell cycle signaling pathway. Both live and inactive A. muciniphila may alleviate the inflammation of IECs by down-regulating the expression of PI3K upstream receptor genes. The specific effect of A. muciniphila on inflammatory IECs indicates that it may be a promising candidate of NGP for piglets or other animals with similar physiology and anatomy to cure inflammatory. However, further in vivo researches are still needed to explore the underlying mechanism of active and inactive A. muciniphila on the inflammation of IECs.
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Intestinal diseases, such as inflammatory bowel diseases (IBDs) and colorectal cancer (CRC) generally characterized by clinical symptoms, including malabsorption, intestinal dysfunction, injury, and microbiome imbalance, as well as certain secondary intestinal disease complications, continue to be serious public health problems worldwide. The role of vitamin K (VK) on intestinal health has drawn growing interest in recent years. In addition to its role in blood coagulation and bone health, several investigations continue to explore the role of VK as an emerging novel biological compound with the potential function of improving intestinal health. This study aims to present a thorough review on the bacterial sources, intestinal absorption, uptake of VK, and VK deficiency in patients with intestinal diseases, with emphasis on the effect of VK supplementation on immunity, anti-inflammation, intestinal microbes and its metabolites, antioxidation, and coagulation, and promoting epithelial development. Besides, VK-dependent proteins (VKDPs) are another crucial mechanism for VK to exert a gastroprotection role for their functions of anti-inflammation, immunomodulation, and anti-tumorigenesis. In summary, published studies preliminarily show that VK presents a beneficial effect on intestinal health and may be used as a therapeutic drug to prevent/treat intestinal diseases, but the specific mechanism of VK in intestinal health has yet to be elucidated.
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Introduction

Vitamin K (VK), a fat-soluble factor, is a generic term for a series of structurally related compounds (1), which shares a common ring structure of 2-methyl-1,4-naphthoquinone. However, forms of VK differ in the degree of saturation and the varying lengths of the aliphatic side chain attached to the 3-position (Figure 1). VK is an essential lipid-soluble vitamin that functions as a cofactor for γ-glutamyl carboxylase (GGCX) which is an integral membrane protein and catalyzes the conversion of glutamate (Glu) residues into γ-carboxyglutamate (Gla) essentially and enables VKDPs to perform their biological functions (2). This biological process is inhibited by warfarin (Figure 2). In addition to the well-known biological function of blood coagulation and bone metabolism, emerging studies support VK involved in multiple cellular and physiological processes such as oxidative stress (3, 4), immune response and anti-inflammation (5, 6), and cancer progression (7, 8) and associated with protective and promoting roles in diverse organs or tissues, such as testis (9), brain (10–14), intestine (15–17), muscle (18, 19), bone (20–22), liver (7, 23), kidney (24, 25), pancreas (26, 27), fat tissues (28–30), and cardiovascular system (31–34) (Figure 3).




Figure 1 | Chemical structures of VK compounds: (A) 2-methyl-1,4-naphthoquinone (menadione, K3), (B) 2-methyl-3-phytyl-1,4-naphthoquinone (phylloquinone, K1), and (C) when n = 4 and 7, 2-methyl-3-geranyl-geranyl-1,4-naphthoquinone (menaquinone-4, MK-4) and 2-methyl-3-all-trans-farnesyldigeranyl-1,4-naphthoquinone (menaquinone-7, MK-7) are the two common forms of menaquinones (VK2). The figure is in non-editable format.






Figure 2 | VK is essential for the formation of Gla. Gla, a unique amino acid, is produced by a VK-dependent posttranslational modification of Glu in all Gla-containing proteins. This carboxylation process can be inhibited by warfarin.






Figure 3 | Functions of VK in multiple-organ systems, such as testis (9), brain (10–14), intestine (15–17), muscle (18, 19), bone (20–22), liver (7, 23), kidney (24, 25), pancreas (26, 27), fat tissues (28–30), and cardiovascular system (31–34), and biological processes involved in anti-oxidation (3, 4), immune response and anti-inflammation (5, 6), and cancer progression (7, 8), and associated with protective and promoting roles in diverse organs or tissues throughout the human body are summarized above. The figure is in a non-editable format.



The intestinal tract is the primary organ responsible for the digestion and absorption of nutrients. Also, the intestinal system combats invasive compounds with the help of defense mechanisms such as detoxification activities and the immune system. Factors, such as nutrition, gut environment, physiological status, and the microbial compositions, are likely to modulate the functionalities of the intestine. Therefore, any impairment in gut integrity may lead to enteritis, for example, inflammatory bowel diseases (IBDs). IBDs, comprising both ulcerative colitis (UC) and Crohn’s disease (CD), are lifelong, chronic, immunologically inflammatory disorders of the gastrointestinal tract. It occurs as a result of altered interactions between the mucosal immune system and gut bacteria (35). The incidence of IBDs is about 1-3 in 1,000 individuals (36). Typical symptoms of IBDs include diarrhea, abdominal pain, and rectal bleeding (37), which are common worldwide, especially in western countries (38). Besides, IBDs can increase the risk of colorectal cancer (CRC), which is the third leading cause of malignant tumors (39). The aberrant immune response to gut microbes is thought to result in IBDs in genetically susceptible individuals. The host is susceptible to colonization by pathobionts resulting from functional and compositional dysbiosis of the gut microbiome. In addition, oxidative stress exerts a critical effect on the initiation and occurrence of relapses in UC (40). Therapeutic approaches, such as the regulation of interactions between the gut bacteria and the immune system, are used to restore intestinal homeostasis or reduce inflammation. In addition, when UC is in the active stage and on remission of the disease, malnutrition accounts for about 85% of patients with IBD (41). Micronutrient deficiencies, such as deficiency in VK, vitamin D, iron, selenium, zinc, folic acid, and vitamin B1, B6, or B12, have also been recorded in more than half of patients with IBD (41). Administration of micronutrients therefore seems to be a novel therapeutic approach to alleviate intestinal diseases, particularly those that can relieve inflammation, reduce oxidation, and inhibit invasion of pathogenic bacteria. As a micronutrient, emerging evidence on the immunoregulatory effect of VK in intestinal health suggests novel roles for VK in gut disease health and beyond the VK typical function in hemostasis (13, 32, 42, 43).

Previous studies demonstrated that VK reduced interleukin (IL)-6 in a murine model of colitis (44); improved the antioxidant capabilities (45); improved intestinal bacteria flora (15); improved intestinal alkaline phosphatase (IAP) (46), and adiponectin (ADPN), the nuclear receptor vitamin D receptor (VDR), and the adenosine 5′-monophosphate (AMP)-activated protein kinase (AMPK) activity (15); contributed to blood coagulation in gastrointestinal bleeding (GIB) (47); and alleviated IBD (16, 44) and CRC (15). Thus, gathering and summarizing the latest findings on VK actions in the intestine other than coagulation is important and should be summarized and elucidated by studies from laboratories. The present study focuses on the relationship between VK, intestinal health, and the mechanisms through which VK modulates intestinal microbes, exerts anti-inflammatory and antioxidant effects, and improves intestinal function.



Various Sources of VK

VK comes from natural sources and chemical synthesis (menadione, also known as VK3). Natural VK exists mainly in two biologically active forms: vitamin K1 (phylloquinone, also called K1) is present in plant margarine and vegetables (48) which is the major dietary source of VK in the US diet (49). Vitamin K2 (K2) consists of a group of menaquinones (MK-n, varies from MK-4 to MK-13) is present in natto, egg yolk, meat, liver, cheese, curd cheese, and butter (48) and biosynthesized by gut bacteria (50). Among all menaquinones, MK-4 and MK-7 are the most well-studied. Information on a detailed content and adequate intake of VK in natural sources was provided in a recent review (51, 52). The total VK dietary intake comprises K1, MK-4, and MK-7 (more than 60%, 24%, and 7%, respectively) (53). In animals and human beings, MK-4 is catabolized from K1 with K3 as an intermediate with UbiA prenyltransferase domain-containing 1 (UBIAD1) (54), and partially from long-chain MKs in extrahepatic tissues, for example, salivary gland, brain, pancreas, reproductive organs, kidney, and fat (1). However, when K1 isoprenoids are derived from mevalonate, merely 5%–25% of K1 intake is converted into MK-4, followed by the synthesis of other MKs in some but not all tissues via prenylation (55). The prenylation process seems to happen independently from intestinal bacteria (56, 57).

Apart from the dietary intake sources, MKs are mainly synthesized by gut microbiota, predominantly in the ileum (58). MKs are abundant in the human gut, and the concentrations of different MK forms within the intestine show considerable intraindividual and interindividual variations related to heterogeneity in the intestinal microbiome composition (59). Bacteria can release MKs in lipid-soluble (60) or other forms of complexes, such as short-chain quinones (61). The major forms of MK-6 are synthesized by Eubacterium lentum, MK-7 by Veillonella, MK-8 by Escherichia coli, and MK-10 and MK-11 by Bacteroides species (50, 62). However, the disparity in fecal VK content is not owing to differences in the principal dietary VK forms (i.e., K1 and MK-4), but it is based on discrepancies in the fecal content of some bacterially derived MKs (63). The intestinal bacteria are capable of producing MKs, yet information on the bioavailability of this intestinal MK supply is limited. Majority of these MKs are bound to bacterial membranes present in the gut (1). Previous studies showed that bioactivity and bioavailability differed across vitamers (64–66), with evidence approving superior bioavailability, higher bioactivity, and probably unique functions of some bacterially synthesized MK forms rather than K1 (67–69). Even though gut bacteria synthesize a great deal of MKs, the bioavailability of bacterial menaquinone is bad in general, and diet is the principal source of functionally available K2 (55, 70). There are studies showing that a short-term decrease in dietary VK intake is not compensated by gut bacteria synthesized MKs (71, 72). Actually, inadequate dietary intake (73), restorative proctocolectomy (74), IBD (75), liver dysfunction (76). chronic kidney disease (CKD) (77, 78), and antibiotic administration (79) could cause a VK-deficient state.



Intestinal Absorption and Metabolism of VK

Intestinal absorption of VK involves bile salt- and pancreatic-dependent solubilization. Once the dietary VK reaches the intestinal lumen, it is absorbed into a mixture of bile salts, pancreatic lipolysis products, and other dietary lipids (80). Mixed micelles are absorbed by small-intestinal enterocytes and incorporated into nascent chylomicron (CM). At the same time, they are secreted from gut villi by exocytosis into the lymphatic capillaries (lacteals) through the proximal intestine (81) and then join the larger lymphatic vessels where they are released through the thoracic duct into the bloodstream (80). CM enters the capillary layer of peripheral tissues in the bloodstream, where it loses much of its triglyceride (TG)-producing chylomicron remnant (CR) through the action of lipoprotein lipase. The formed CR has a centralized lipid core, and only a small quantity eventually reenters the circulatory system (80) (Figure 4).




Figure 4 | Absorption, distribution, and catabolism of VK. Once the dietary VK reaches the intestinal lumen, it is absorbed into mixed micelles through the NPCIL1 protein, SR-BI, and CD 36. Mixed micelles are absorbed by small-intestinal enterocytes, incorporated into CM, and secreted from gut villi into lacteals. Then, they join the larger lymphatic vessels where they are released through the thoracic duct into the bloodstream. K1 is converted into K3 in the gut, delivered to tissues, and subsequently converted into MK-4 with UBIAD1. K1 is retained in the liver, while K2 is redistributed to the circulation and (extra-)hepatic tissues (51). VK epoxide cycle involving GGCX and VKOR, which is responsible for VK regeneration by converting into VK, VKH2, and VKO. In humans, the polyisoprenoid side chain of VK is catabolized into two major carboxylic acid metabolites of 7- and 5-carbon side chains. Then, after glucuronic acid conjugation, it is finally excreted as glucuronides in the bile and urine primarily. The figure is in a non-editable format.



The Niemann–Pick C1-like 1 (NPCIL1) protein, the scavenger receptor class B-type I (SR-BI), and the cluster-determinant 36 (CD 36) are thought important for intestinal VK absorption (82). NPCIL1 is a primary importer for K1 in the gut, while the physiological role and significance of SR-BI and CD 36 as importers for K1 in the small bowel need further studies (82). The absorption of dietary VK is slower than that of pure K1 due to different matrices (serum peak values at 6 vs. 4 h after ingestion) (83). Different forms of VK are transported by different carriers. TG-rich lipoproteins transport K1 predominantly, while low-density lipoproteins transport long-chain MKs primarily in the postprandial state (55). In terms of K2, MK-4, MK-5, and MK-6 may be most effective in nature (65). MK-7 to MK-13, which are synthesized by gut bacteria, are not efficiently absorbed with relatively increasing longer isoprene units (65).

The distribution of VK in the body organ tissue is inconsistent; K1 was found mainly distributed in the liver, while K2 was present in the extrahepatic tissues at higher levels (84). Besides, the concentrations of K1, MK-4, and some long-chain MKs presented sex-specific differences in rat tissues (liver, kidney, brain, mesenteric adipose tissue, and pancreas) in response to the dietary K1 levels (85).

The dietary K1 was converted into K3 in the gut, delivered to tissues, and subsequently converted into MK-4 with UBIAD1 (54, 86). In vitro, both K1 and K2 were rapidly metabolized into a mixture of quinone, hydroquinone, and epoxide (87). In humans, K1 and MKs are catabolized in the liver and excreted sharing a common degradative pathway. Initially, the polyisoprenoid side chain of VK is catabolized into two major carboxylic acid metabolites of 7-carbon [2-methyl-3-(5-carboxy-3′-methyl-2′-pentenyl)-1,4-naphthoquinone] and 5-carbon side chains [2-methyl-3-(3′-3′-carboxymethylpropyl)-1,4-naphthoquinone]. Then, after glucuronic acid conjugation, it is finally excreted as glucuronides in the bile and urine primarily (55, 88, 89).

The metabolism of VK, also known as the VK epoxide cycle, occurs in a cellular pathway, involving GGCX and VK epoxide reductase (VKOR) (55, 90). In addition, the metabolism time of different forms of VK is different. Schurgers et al. (64) found that the half-life of MK-7 was 68 h longer than 1–2 h of K1, leading to a higher steady serum concentration and storage of MK-7 (sevenfold to eightfold) during long-term intake. The change in the carboxylated osteocalcin/undercarboxylated osteocalcin ratio (cOC/ucOC) for MK-7 was three times greater than that for K1, suggesting that the higher serum concentrations of MK-7 indicated higher tissue concentrations and better utilization of MK-7 (64). As a potent antidote of oral anticoagulation, MK-7 is three to four times more effective than K1 (64).



VK in Intestinal Health and Disease


Gastrointestinal Disease Results in VK Deficiency and Will Be Further Exacerbated by VK Deficiency

VK deficiency happens in patients with fat malabsorption of any cause, attributable to intestinal injury (75), cholestatic liver disease (91), or genetic disorders (92), and the use of antibiotics (79) and anticoagulants (93). VK deficiency in the appearance of abnormal prothrombin, deficient in gamma-carboxyglutamic acid (94), may lead to serious bleeding and death (95–97). In IBD patients, VK deficiency occurs for the malabsorption resulting from intestinal damage (98). VK deficiency has also been reported in chronic gastrointestinal disorders (94), including IBDs (98–100) and short bowel syndrome (101). Actually, the levels of fat-soluble vitamins including A, D, E, and K are generally lower in patients with IBD (102). The prevalence of VK deficiency was 43.7% in UC and 54.0% in CD (75). UC and CD, as the major forms of idiopathic IBDs, are chronic inflammatory disorders of the gastrointestinal tract (103) caused by altered interactions between gut microbiome and the mucosal immune system (35). Compared with normal controls, serum VK levels of CD patients were significantly decreased (104). VK deficiency was more common in patients with higher CD activity, in CD patients with higher mass Z-scores, and less common among children with CD treated with infliximab (75). In murine models of colitis, mice fed a K-deficient diet showed more severe body weight loss, shorter colon length, and higher histological scores than those patients with IBDs fed a K-supplemented diet often exhibit VK deficiency (16). In another rat model, VK deficiency also resulted in exacerbation of murine dextran sulfate sodium (DSS)-induced colitis by IL-6 production from B cells (44). There is adequate evidence to support that VK may play a key role in the progression of CD (14), and lack of VK will exacerbate inflammatory disease.

Osteoporosis is one complication resulting from the chronic character of IBD, manifested by low bone mineral density, which leads to an increased risk of fractures (105). Malabsorption of VK is one possible factor that contributes to decreased bone mineral density (BMD), a frequent complication in gastrointestinal disease (106, 107). There is an association between VK deficiency with bone metabolism and clinical disease activity in IBD, showing that VK status and bone mineral density (BMD) are low in CD and UC patients (104). VK deficiency and decreased BMD are highly prevalent in IBD-induced osteoporosis patients, especially CD (98). VK status in patients with CD was lower than that of healthy controls, which might be an etiological factor for CD-related osteopenia (13). Lower plasma VK (K1 or MK-7) levels correlate with lower BMD in patients with CD and those with UC (98). Modulating the VK status may have implications for the prevention and treatment of osteoporosis in IBD (104).



VK Has Anti-Inflammation and Immunosuppressive Function in the Intestine

The observation that high VK status was associated with lower concentrations of inflammatory markers suggests that a possible protective role by VK in inflammation merits further investigation (108). VK deficiency is seen in gut diseases, and VK-deficient conditions exacerbate gastrointestinal diseases (16, 44). Supplementation of VK showed different efficacy levels of immunosuppressive and anti-inflammation effects in in vitro and in vivo experiments of different patients and animals. On top of that, according to several safety assessments of K2 and K1 on animals and clinical and non-clinical studies together with the results of investigations conducted by reputable bodies (i.e., the EFSA, WHO the UK EVM, and the IOM), no negative effects of high-dose VK (K1 and K2) intake on animals and human beings have been found yet according to the current studies (109–113). In 2006, Ohsaki et al. (114) revealed that VK inhibited the production of IL-6 in human macrophagic THP-1 cells and that dietary supplementation of K1 inhibited the lipopolysaccharide (LPS)-induced inflammatory process in rats. In another in vivo and in vitro study, Ohsaki et al. further demonstrated that MK-4 exerts its effect of anti-inflammation via inhibiting the activation of NFκB by repressing IKKα/β phosphorylation (115). In 2016, Shiraishi et al. (16) reported that VK-deficient conditions exacerbated murine DSS colitis and that supplementation of MK-4 played an immunosuppressive role by inhibiting inflammatory cytokine production in CD19 (+) cells, for example, IL-6 and IL-10, ameliorating shorter colon length, body weight loss, and histological scores. On the other hand, a recent in vitro study revealed that synthetic VK (K3 and K4) rather than K1 and K2 inhibits NLRP3 inflammasome activation induced by LPS independent of the coenzyme activity and targets to block interaction between NLRP3 and ASC, hence inhibiting inflammation (116). However, the role of synthetic VK as NLRP3 inhibitor had not been verified in vivo, and questions on how VK blocks the NLRPS-ASC interaction and why K2 which could be converted from K3 showed no effect on activation NLRP3 inflammasome need further investigation. Although these results preliminarily demonstrated that VK had anti-inflammatory properties, huge knowledge gaps remain regarding the immunopathological effect of VK in IBD.

In vitro and in vivo experiments revealed that VK inhibited the production of pro-inflammatory cytokines, especially IL-6 and tumor necrosis factor-alpha (TNF-α) (114, 117). Administration of MK-7 showed preventive effects by suppressing CRC-risk microorganisms and metabolites (short-chain fatty acids, SCFAs), promoting serum adiponectin level, stimulating the VDR expression to trigger different anti-inflammatory and anti-tumorigenic pathways (15). K3, rather than K1 and K2, was reported to induce DNA damage in HT-29 human CRC cells (118). Another report showed that K2, K3, and K5 had efficient antitumor roles in CRC in vivo and in vitro by causing caspase-dependent apoptotic death of tumor cells (17). Supplemented VK played a safeguarding role against DSS-induced colitis and improved gut injury by suppressing inflammatory cytokine production, which could be a promising treatment target for IBDs (16). VK, as described earlier, was found to repress CRC in intensive preclinical studies. VK supplementation or deficiency, and even different sources of VK, deeply affects the intestinal status in humans and animals in vivo and in vitro (Table 1). Nevertheless, further studies are still required, for example, to elucidate the most effective form of VK and verify the clinical antitumor function of VK.


Table 1 | Effects of different sources of VK on intestinal homeostasis (without bacteria information) of patients or animals in vivo and in vitro.





Interaction Between VK and Intestinal Microbiota as well as Microbial Metabolites

Accumulating evidence links the altered microbiota composition with the pathophysiology of IBDs (123, 124). Bacteria exert critical effects on the onset and perpetuation of gut inflammation in IBDs (125). The intestinal microorganism or bacteria present in food may produce bacterially synthesized menaquinones which contribute to K2 requirements in human (126). Small-intestinal bacterial overgrowth (SIBO), associated with low circulating levels of K2 (127), is involved in increased plasma levels of inactive MGP and results in alteration of K2 metabolism (128). SIBO may not increase bacterial K2 biosynthesis in the intestine but enhance dietary K1 absorption through the potentially damaged intestinal mucosa (127).The diversity of the gut microbiota was notably lower, and Lachnospiraceae and Ruminococcaceae greatly reduced in the VK-deficient group compared with the VK-normal group in a previous study (129). Compared with the VK-deficient group, supplemented with MK-4 and MK-9, reduced the relative abundance of cecal Bacteroides and Ruminococcus_1 while increased that of Lactobacillus at the genus level (130). Warfarin induced intestinal dysbiosis involving VK-expressing bacteria, which was related to the expression of VKOR (131). Lactobacilli exerted a pivotal part in modulating microorganisms and maintaining a microecological balance in the intestine, producing bacteriocin-like substances to suppress the overgrowth of potentially pathogenic bacteria (132). E. coli in the gut was known as a pathogenic bacterium with the possibility of causing enteric infection (133), while another pathogenic bacterium Aeromonas was associated with gastroenteritis (134). In fish, increasing levels of VK up to 3.02 mg/kg diet could enhance Lactobacillus (LB) but decrease Aeromonas and E. coli replications (45). The potency of VK has been proven to optimize the gut microorganisms by increasing the numbers of LB and lowering the number of Aeromonas and E. coli. In another study on rat gut, a low K1 level reduced the counts of health-promoting bacteria, such as Bacteroides fragilis and B. vulgatus, and enhanced the counts of pathogenic bacteria, such as Fusobacterium, Bifidobacterium, and Enterococci, in rat feces (121). In vitro, VK ameliorated the growth of the probiotics, for example, Bifidobacterium (135). Previous studies demonstrated that MK-7 (50 mg/kg diet) supplementation alleviated colon cancer in mice by reducing representative colonic polyps and the number of large colon tumors. The VK supplementation was effective in the enrichment of Proteobacteria counts, such as promoting the relative abundance of C. lanceolatus, P. phenylpyruvicus, and Parasutterella excrementihominis and reducing CRC-risk microbes, such as H. mesocricetorum and H. apodemus (15). Nonetheless, debates on whether all types of VK have the same beneficial effect on intestinal microbiota are ongoing (Table 2). Regarding the beneficial effect of VK on intestinal microflora, Ponziani et al. (128) proposed that K2 intake could be prescribed in clinical practice as additional preventive measures for screening SIBO and intestinal decontamination.


Table 2 | Profile of gut microbiota after supplementation or deficiency of VK in vivo and effect of VK on microflora in vitro.



Gut microbe has a variety of intestinal functions such as improving the mucosal immune system, defending against pathogens, synthesizing amino acids/vitamins, and absorbing complex macromolecules (136). Speculation on the possible underlying mechanism by which VK affects the intestinal microbiome is based on the fact that anaerobically growing bacteria, the facultatively aerobic bacteria, and most Gram-positive bacteria use MK as the sole quinone in their oxidative and photosynthetic electron transport system (137). MK inhibitors showed selective toxicity to these bacteria without any side effects due to its exclusiveness. Although VK has a toxic effect on some bacteria unrelated to the gut, the underlying mechanism of VK in the gut microflora has not been elucidated. Hence, further in vitro and in vivo investigations in the intestine are essential.

What is more, VK can alleviate IBDs by regulating microbial metabolite (SCFA) production. Microbial MK-7 could enhance the secretion of cecum acetic acid and butyric acid (15). With the increase in the K1 level in diet, concentrations of butyrate are enhanced and propionate, isobutyrate, and isovalerate are reduced (121). Except being used preferentially as an energy source by the enterocytes (138), microbial butyrate has the potential function to the restoration of the barrier function in IBD (139), imprint an antimicrobial program of macrophages (140), attenuate pathobiont-induced hyperinflammation (141). Propionate, capable of histone deacetylase (HDAC) inhibition, can potentiate de novo Treg-cell generation in the periphery (142). Acetate could promote intestinal IgA responses (143). Alterations in SCFA metabolism, particularly butyrate, occur in IBD (144). UC patients and healthy individuals have different compositions of the fecal microbiota, showing that butyrate-producing bacteria, R hominis and F prausnitzii, are reduced in UC (145). Moreover, UC has less obvious reduced butyrate-synthetic capacity of the microbiota than UC (144), while the clear relationship among VK, butyrate-producing bacteria, and butyrate remains unknown. Also, further studies trying to explain this detailed mechanism will be necessary and interesting.



VK Against Oxidation

IBDs are associated with a disequilibrium between reactive oxygen species (ROS) and antioxidant response, giving rise to oxidative stress (146). Oxidative stress is a crucial cause in the pathophysiological process of certain chronic diseases, resulting from an imbalance between pro- and antioxidant substances (147), resulting in potential cellular damage and dysfunction (148). Several studies demonstrated oxidative stress as an important factor in the pathogenesis, progression, and severity of IBDs (146) and showed that the use of prophylactics to inhibit oxidative stress improved the health status of patients (149, 150). VK showed its ability to alleviate intestinal oxidative stress via regulating the expression of pro-oxidant and antioxidant enzymes (45, 151, 152).

Yuan et al. (45) conducted in vivo studies using dietary VK (3.13 mg/kg diet) to improve the antioxidant capabilities of digestive organs by decreasing the contents of protein carbonyl and malondialdehyde (MDA) and improving anti-hydroxyl radical (AHR), anti-superoxide anion (ASA), superoxide dismutase (SOD), glutathione (GSH), glutathione peroxidase (GSH-Px), glutathione-S-transferase (GST), catalase (CAT), and glutathione reductase (GR) activities and contents in the intestine. Nevertheless, this was a study conducted on the carp, which could not be simply extrapolated to mammals. More investigations in mammals should be performed in the future to verify the effect and mechanism of VK on related oxidoreductase activity in the intestine.

In in vitro studies, VK has antecedently been reported to possess free radical-scavenging activity when assayed in non-aqueous solvents (153). Studies of cell lines outside of the intestinal cells showed that the biological activity of MK-4 dose-dependently suppressed the upregulation in the expression of iNOS, COX-2, p38 activation, NF-κB, ROS, and caspase-1 activation (4) and prevented ROS from inducing oxidative damage via inactivating the p38 MAP kinase pathway (3, 154, 155). The disproportionate accumulation of ROS might, however, alter several cellular proteins and upregulate pro-inflammatory cytokines, further downregulating the expression of TJ proteins and triggering the deterioration of the intestinal permeability (156). It was speculated that VK might exert the same ability to prevent oxidative damage in intestinal cells in vivo, which needs empirical studies for validation. However, the mechanism underlying the VK protective function remains unclear to date. Thus, further analysis of its antioxidant functions in the intestine is necessary.



VK Contributes to Blood Coagulation in Gastrointestinal Disease

GIB, due to peptic ulcer, colitis, hemorrhoids, cancer, malignancy, esophageal varices, or other conditions, occurs from upper and lower GIB (157). VK deficiency in newborns also results in massive GIB (158). Besides, GIB is a frequent and potentially serious complication of oral anticoagulant (159). The risk of GIB and subsequent complications is considerably lower for patients on non-VK antagonist oral anticoagulants (NOACs) than for patients on warfarin (160). The case fatality proportion is nearly 10% and 3% for hemorrhage of the upper and lower gastrointestinal tracts, respectively (161, 162). The rapid onset of VK deficiency in patients occurs may be due to a combination of major abdominal surgery in patients who are receiving antibiotics and poor food intake (163). GIB due to VK deficiency in patients on antibiotics usually stopped by timely injections of VK (47).



VK and Gut Epithelial Development

Nutrient availability is closely involved in digestive and absorptive ability, which depends on the growth and development of the pancreas and intestine, and the activities of digestive enzymes such as amylase, lipase, and protease, and gut enzymes, such as IAP and sucrase-isomaltase (SI) (164). IAP, a brush-border protein, is a defense factor in the gut mucosa (165) and an intestinal crypt-villus differentiation marker at the brush border of gut epithelial cells that can detoxify LPS by dephosphorylation (46, 166). SI is a brush border enzyme of small bowel to metabolize sucrose, whose deficient condition causes symptoms of maldigestion syndromes including diarrhea, bloating, abdominal pain, and gas (167). In vitro, K2 enhances IAP and the expression of SI and may enhance the cellular differentiation and functions of Caco-2 cells (46). In vivo, dietary K1 or K2 (3 mg/kg mouse) supplementation enhances the activity and mRNA expression of IAP in rats and mice (119, 120). Both K1 and K2 (600 mg/kg diet) exhibited increased IAP activity in each segment of the small intestine when the small intestine of Sprague-Dawley rats was divided into five segments (119). A study proved that VK increased the IAP activity (119) by the steroid and xenobiotic receptor (SXR) in a rat model (168). MK-4 is a ligand for SXR (known as its murine ortholog, pregnane X receptor, PXR) (168–170), and PXR is abundantly expressed in the intestine and liver in mammals (171); its activation suppresses the NFκB signal pathway and relieves the severity of IBD, indicating the fundamental role for PXR in IBD treatment (172, 173). It could be speculated that VK may exert a positive role in gut via PXR.

VDR, regulating 1α, 25-dihydroxy vitamin D3 [1,25(OH)2D3], is richly expressed in the small bowel and colon (174), while its expression decreases in both UC and CD patients (175) and downregulated by TNF-α associated with IBD (176). VDR deficiency in the gut leads to abnormal paneth cells and impaired autophagy function, imbalance of autophagy and apoptosis in the intestinal epithelium (177), change in the function of microbiome (178), enhancement of Wnt/β-catenin signaling, and tumor burden (179). Gut VDR exerts significantly regulatory effects on immunity, anti-inflammation, cell proliferation, autophagy activation, differentiation, barrier function and permeability, and host-microbial interactions (180, 181). VK deficiency significantly increases the VDR binding to DNA and that binding was sharply reduced when gut endogenous containing VDR undergo VK-dependent gamma-carboxylation (182). In the presence of K1, VDR can undergo γ-carboxylation in vitro and that 15%-25% of Glu residues in the VDR are carboxylated in vivo (183). AMPK is also known to improve epithelial differentiation and barrier function, integrity, and ultrastructure of tight junction in the gut (184, 185). Vitamin D3 and the AMPK agonist metformin were observed to play synergistic preventive roles against colon cancer (186). MK-7 was found to stimulate VDR and AMPK expression effectively (15). MK-7 may have indirect potential clinical application in preventing and treating IBD by vitamin D/VDR and AMPK signaling.

ADPN is an adipocytokine, exerting anti-carcinogenic roles in colon tumorigenesis (187, 188), confirmed as a potential and promising target for CRC therapy for its anti-tumorigenic effects (189, 190). However, MK-7 interventions can elevate the expression of ADPN in rats with CRC (15). To date, emerging studies suggested substantial beneficial effects of VK on intestinal growth and function by mediating the activity and mRNA expression of IAP, ADPN, VDR, and AMPK signaling.

Even though a few studies showed promoting roles of gut epithelial development of VK, indicating potential preventive and therapeutic effects of CRC, a body of animal experiments and cell tests is in urgent need.



VK Exerts Gastroprotection Role via Related VKDPs

VK is an essential cofactor of GGCX for the posttranslational conversion of peptide-bound Glu to Gla (54). VKDPs are known to be a functional protein family with Gla residues, which result from a γ-carboxylation of Glu residues and a posttranslation modification dependent of VK, and catalyzed by γ-glutamylcarboxylase (191–193) (Figure 4). After carboxylation, the propeptide which is essential for Gla proteins binding to the vitamin-K-dependent carboxylase is removed and the mature protein is secreted (42, 194). Among 17 kinds of recognized γ-carboxylated proteins, the biofunction of VKDPs in the intestine, such as protein C (195), protein S (196), Gas 6 (197), and MGP (198), is another speculated mechanism through which VK might relieve symptoms of gastrointestinal disease.

Thromboembolism is caused by an imbalance of procoagulant, anticoagulant, and fibrinolytic factors (199). It is an extra-intestinal manifestation and a crucial cause of morbidity and mortality in IBD (200). IBD in hypercoagulability is mainly manifested as microthrombus formation and microcirculation disorder (201), and the thrombus formation rate is between 1.2% and 7.1% (202). Protein C (PC), synthesized by the liver, is a vitamin-K-dependent glycoprotein and a natural anticoagulant protein. The PC system, playing crucial roles in anticoagulation and inflammation, is a novel participant in the pathogenesis of acute and chronic inflammatory diseases, such as IBDs (203). The defective PC pathway in both inactive and non-active diseases may result in hypercoagulability in IBD, which is associated with both the inflammatory process and disturbances in the anticoagulant system (204). In the UC mouse, the PC system is inhibited via the secretion of cytokines from macrophages, subsequently influencing the function of endothelial cells (195), while it could be reversed by blocking CXCR4 (205). In addition to its anticoagulant activity, the PC pathway, acting on the endothelial compartment and controlling gut homeostasis by reducing cytokine production and inhibiting leukocyte adhesion (206, 207), exerts cytoprotective effects in the gut (207, 208). Consequently, activated PC treatment can diminish weight loss (206, 207), reduce the disease activity index (207), relieve the pathological lesions (206), and reduce histological colitis scores (207). However, functionally inactive molecules of VKDPs are produced at their site of synthesis and released into the bloodstream when the supply of VK is deficient or abnormal (209). VK supplementation therapy might become a new direction in the pathogenesis and treatment of IBD via the activated PC pathway, and this speculation needs scientific experimental verification.

Protein S, a well-defined VK-dependent cofactor for activated protein C, exists in a free anticoagulantly active form and in an inactive form complexed to C4b-binding protein in normal adult plasma (210). Protein S can activate TAM receptors (Tyro3, Axl, and Mer) which have important effects on hemostasis and inflammation (211). It is found that the impairment of the protein S/protein C/thrombomodulin system in CD patients contributes to coagulation and might be vital for both the development of CD and its thromboembolic complications (196), while CD is mediated by multifocal gastrointestinal infarction (212) which is due to thrombosis in small vessels (196). Free plasma protein S levels are slightly but significantly decreased in IBD patients (213). Consequently, low Protein S levels are considered as a potential etiologic factor in patients with IBD and recurrent deep venous thrombosis (DVT) (214).

Gas 6 is a γ-carboxyglutamic acid domain-containing protein and a VK-dependent growth factor for mesangial and epithelial cells (215), which shares 43% amino acid identity with protein S. Gas6 is another VKDP activator of TAM receptors (211). It suppresses the production of TNF-α which is an inflammatory cytokine induced by TLR 3, 4, and 9 via activating TAM receptors (216). In patients with advanced colorectal cancer, the immunoreactivity of Gas6 in cancer tissues was positively associated with prognosis (197). Gas6 suppresses the progression of intestinal tumors induced by DSS correlated with inhibition of stromal immune reactions in vivo (197). In a great scale of human gastric cancer tissue and cell lines, there is a high expression of mRNA and protein of Gas6 (217). With recombinant Gas6 and a decoy receptor of Axl in vitro, the Gas6-Axl signaling pathway improved invasion and inhibited apoptosis via the Akt signaling pathway (217).

MGP is a kind of secreted protein, also a small Gla VKDP, and acts as a powerful naturally occurring inhibitor of calcification and has strong affinity for calcium ions (218). Its inactive form, dephosphorylated-uncarboxylated MGP (dp-ucMGP), has been regarded as one of the best markers representing low K2 status (219). MGP has to undergo VK-dependent carboxylation and phosphorylation to become biologically active (220). Consequently, VK deficiency leads to the inactive dp-ucMGP (220). Experimental data of a cross-sectional study in UC and CD patients support the immunomodulatory effect of MGP in IBD and involvement in the pathophysiology of the disease (221). Compared to the healthy control group, plasma levels of dp-ucMGP were significantly higher in IBD patients and positively correlated with high sensitivity C-reactive protein (hsCRP) levels (221). The expression of MGP, which can be upregulated by a conserved binding site for Egr-1 in the upstream region of the human MGP gene, was positively correlated with disease severity of UC patients and DSS-induced colitis rats (222). MGP was upregulated in different stages of colon cancer and associated with a worse prognosis (223). Endogenous MGP promotes the growth and proliferation of colon cancer cells by increasing the intracellular calcium level and activating the NF-κB pathway (223), while supplementation of exogenous mesenchymal stromal cell (MSC)-derived MGP might be a novel important mediator of MSC-mediated immunomodulation in treating CD by alleviating the clinical and histopathological severity of colonic inflammation in mouse experimental colitis models to a remarkable degree (198). Moreover, MSC-derived MGP alleviated the clinical and histopathological severity of colonic inflammation in mouse experimental colitis models to a remarkable degree (198). In another report, SIBO is associated with reduced matrix Gla-protein activation (128). In vitro, MSC-derived MGP was observed to suppress cell proliferation and cytokine production in T cells obviously (198), and it could serve as a potential prognostic biomarker in colon cancer patients (223).

Studies analyzed above examining the association between related VKDPs and intestinal diseases do not differentiate between the total and undercarboxylated forms or take into consideration VK intake. Consequently, a great deal of studies need to investigate the relationship between VK and the responding effects of VKDPs on the intestine.




Conclusions and Future Perspective

Coagulation has been the canonical function of VK since its discovery in 1936. The research and development studies during an over 80-year span further enhanced the benefits derived from VK. In recent years, VK has been well recognized in health and disease conditions such as type 2 diabetes mellitus, osteoporosis, CKD, cardiovascular disease, and certain cancers. Based on the present studies and publications, the direct and indirect gastrointestinal protection effects of vitamin are summarized in Figure 5. Novel direct functions of VK are associated with alleviating intestinal inflammation and oxidation, improving intestinal microbiota, regulating microbial metabolites, and improving epithelial development in the intestine. Indirect roles of VK are involved in anti-inflammation, immunomodulation, and anti-tumorigenesis in the gut based on the presence of certain related VKDPs. In summary, the role of VK in the improvement of gut integrity has made it a potentially useful prophylactic compound for the prevention and clinical treatment of intestinal diseases, especially for IBD. Although VK may be a potential and promising treatment target for IBD, the mechanism underlying the influence of VK on the microbial community, immunity, intestinal barrier, and antioxidation remains unknown. Scientific research on the dose–response effects of VK may be a way forward, and long-term clinical trials are necessary for confirmation in future studies.




Figure 5 | Mechanism underlying IBD and role of VK. IBD occurs as a result of altered interactions between the mucosal immune system and gut bacteria, resulting in bleeding, an imbalance between pro- and antioxidant substances, and barrier dysfunction. Toxins released by pathogenic bacteria; oxidative stress caused by oxidizers, that is, MDA, PC, and ROS; and pro-inflammatory factors induce barrier dysfunction. (A) VK in the body, coming from dietary resources and bacterial sources, is absorbed into the intestinal lumen; it is absorbed by small-intestinal enterocytes through the NPCIL1 protein, SR-BI, and CD 36. VK exerts a gut-protective role by alleviating intestinal inflammation and oxidation, optimizing intestinal microflora, and improving key biological enzymes in the intestine. (B) It may achieve an immunosuppressive function by inhibiting NLRP3 activation, thereby decreasing the inflammatory cytokine production, for example, IL-6, IL-10, and TNF-α. (C) VK modulates the profile of gut bacteria by inhibiting pathogenic bacteria and upregulating beneficial bacteria, thus reducing the production of toxins and regulating microbial metabolites. (D) VK is reported to alleviate oxidative stress and cellular damage by decreasing the levels of MDA and PC and increasing the levels of SOD, GSH, AHR, CAT, ASA, GST, GR, and GSH-Px in vivo, while studies of preventing ROS, iNOS, COX-2, and caspase-1 in vitro of cell lines outside of the intestinal cells need verification in enterocytes. (E) VK deficiency results in GIB and VK administration can stop GIB. (F) VK enhances the biological function of the intestinal epithelial cells by increasing the expression of AMPK and VDR, and intestinal enzymes, such as IAP, SI, and ADPN. (G) VK is essential for the activation of VKDPs and exerts indirect roles of immunomodulation, anti-inflammation, and anti-carcinogenic effects via VKDPs. The figure is in a non-editable format.
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Liver injury is a common complication of inflammatory bowel disease (IBD). However, the mechanisms of liver injury development are not clear in IBD patients. Gut microbiota is thought to be engaged in IBD pathogenesis. Here, by an integrated analysis of host transcriptome and colonic microbiome, we have attempted to reveal the mechanism of liver injury in colitis mice. In this study, dextran sulfate sodium (DSS) -induced mice colitis model was constructed. Liver transcriptome showed significant up- and down-regulation of pathways linked to immune response and lipid metabolism, respectively. Whilst the colon transcriptome exhibited dramatic alterations in immune response and pathways associated with cell growth and death. The microbiota of DSS-treated mice underwent strong transitions. Correlation analyses identified genes associated with liver and colon injury, whose expression was associated with the abundance of liver and gut health-related bacteria. Collectively, the results indicate that the liver injury in colitis mice may be related to the intestinal dysbiosis and host-microbiota interactions. These findings may provide new insights for identifying potential targets for the treatment of IBD and its induced liver injury.




Keywords: IBD, liver injury, gene regulation, gut microbiota, host-microbe interactions



Introduction

Inflammatory bowel disease (IBD) including ulcerative colitis (UC) and Crohn’s disease (CD) is a chronic intestine inflammatory disease characterized by low mortality and intractable cure (1). Nowadays, IBD has become a worldwide epidemic due to the persistent rise in its incidence, and the burden of IBD poses a challenge to health care systems (2). Of even greater concern is that IBD increases the risk of multiple complications (3, 4). Therefore, reducing the occurrence of IBD will provide a positive effect on human and animal health as well as social development. The onset of IBD is mediated by a variety of factors such as microbes (5), genetics (6), and the external environment (7), etc., however, the exact mechanisms are not yet thoroughly elucidated.

As research on IBD continues, some researchers have observed that patients with IBD frequently suffer from liver disease (8). The development of complications may further aggravate the treatment difficulty and health risk, and yet the underlying molecular mechanisms and therapeutic targets of IBD-induced liver disease are still inadequately characterized. The development of multiple diseases is always closely linked to abnormal gene expression (9). Transcriptomic technologies are widely used in the fields of clinical diagnosis and drug development due to their usefulness in revealing the molecular mechanisms of specific biological processes and disease development through understanding gene function and gene structure (10, 11). Therefore, transcriptome sequencing analysis of liver at risk from colitis is beneficial to uncover the underlying mechanisms of its pathogenesis.

Intestinal dysbiosis often exists in patients with IBD, and the immune response of the intestinal mucosa to dysbiosis exacerbates the dysregulation of intestinal homeostasis (12). The communication of cytokines and inflammatory mediators between the gut and the liver means that dysregulation of gut homeostasis inevitably affects liver health (13, 14). The gut microbiota performs an essential role in maintaining intestinal homeostasis and regulates host gene expression (15–17). Nevertheless, the role of intestinal dysbiosis in gene expression and injury of colon and liver under the context of colitis has not been systematically reported to date.

Herein, Dextran Sulfate Sodium (DSS) -induced colitis model was employed in this study. Comparison of the colonic microbiome (16S rRNA sequencing) and differential gene expression in the colon and liver (RNA-sequencing) of the colitis and healthy group was used to discern the relevant signaling pathways and potential molecular mechanisms that lead to tissue injury. Furthermore, correlations between gut microbes and colonic and liver gene expression were identified. The aim of this study is to unravel the potential mechanisms underlying the development of colitis and its induced liver injury through exploring the potential link between microbes and host genes. These findings will not only expand our knowledge of IBD, but may also provide new avenues for finding potential therapeutic targets for the treatment of IBD and its complications such as liver disease.



Materials and Methods


Animal Studies

All animal experiments were approved by the Animal Care and Use Committee and the Animal Experimentation Ethics Committee of Zhejiang University (Hangzhou, China). Twelve 6-week-old C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal Co. Ltd, and the mice were housed in a specific-pathogen-free (SPF) environment with a temperature of 18- 22°C, 55± 5% humidity, and a 12-hour cycle of light/dark. After one week of acclimatization, the mice were used for the experiment. Each mouse was weighed on day 0 of the experiment and randomly divided into control (CON group) and DSS groups (6 per group). The mice in the DSS group drank sterilized water containing 3% DSS (36- 50 kDa; MP Biomedicals, California, USA) ad libitum for 7 consecutive days, and the control group drank sterilized distilled water. All mice were allowed to feed ad libitum throughout the study. The status of the mice including mental status, diarrhea and stool bleeding were recorded during the experiment and samples were collected at day 8 (Figure 1A).




Figure 1 | DSS-induced acute colitis, systemic inflammatory response and lipid metabolism disorders in mice. (A) Schedule of the experiment treatment; (B) Body weight loss; (C) Disease activity index score; (D) Morphological observations of colon; (E) Colon length; (F–H) The concentrations of IL-6, IL-1β and TNF-α in serum; (I–K) the content of LDL, Tchol and TG in serum. Data were expressed as means ± SEM (n = 5-6/group). *P < 0.05, **P < 0.01.





Disease Activity Index (DAI)

Mice in the CON and DSS groups were scored daily using the DAI. The DAI was assessed in accordance with the standard scoring system previously defined by Wang et al. and Chen et al. (18, 19), which included body weight loss (0 = no loss, 1 = 0.1- 5%, 2 = 5- 10%,3 => 10%), stool consistency (0 = normal, 1 = regular shape but wet, 2 =mild diarrhea, 3 =diarrhea), stool bleeding (0 = no blood, 1 = little blood in stool, 2 =gross blood in the stool, 3 = blood in all stool) and mice condition (0 = normal, 1 = slightly poor condition, 2 =moderate poor condition, 3 = poor condition).



Histologic Analysis and Histological Evaluation

After the mice were sacrificed, the length of the colon was measured. Approximately 0.5 cm of colon was fixed in 4% formaldehyde for more than 24h and embedded in paraffin, followed by slicing and staining with hematoxylin and eosin. Images of the sections were acquired using a Leica DM3000 microscope (LEICA, Wetzlar, Germany) and the crypt depth were measured using the Image J Software (NIH Image, Bethesda, MD). Histological evaluation was performed as described in previous report (20). Histological score was assessed according to the degree of inflammatory cell infiltration (0-3, from few inflammatory cells in the lamina propria to transmural extension of inflammatory cell infiltration) and tissue damage (0-3, from no mucosal damage to profound structural damage of the intestinal wall).



Serum Cytokine Levels Analysis

The levels of serum cytokines IL-6, IL-1β and TNF-α were performed as described by the manufacturer’s instructions (Jiangsu Meibiao Biological Technology Co. Ltd., Jiangsu, China) and measured at 450 nm with a MultiskanSky Microplate Reader (Thermo Fisher Scientific, Waltham, USA).



Detection of Serum Biochemical Parameters

The serum lipid profiles including triglyceride (TG), total cholesterol (TChol) and low-density lipoprotein (LDL) were determined using a Hitachi 7600-020 automatic clinical chemistry analyzer (Hitachi, Tokyo, Japan).



Transmission Electron Microscopy (TEM)

The tight junctions (TJs) and microvilli in colon were observed by TEM as previously described (21). The colon was first fixed with 2.5% glutaraldehyde in phosphate buffer (0.1 M, pH 7.0) for 24 h and then rinsed 3 times in the phosphate buffer (0.1M, pH7.0) for 15 min each, then postfixed with 1% OsO4 in phosphate buffer for 1h followed by three washes in 0.1 M phosphate buffer (pH 7.0) for 15min at each step. After double fixation, samples were firstly dehydrated by a graded series of ethanol (30%, 50%, 70%, 80%) for about 15min at each step, and then with acetone graded (90%, 95%) for about 15 min each step. Finally, the samples were dehydrated twice with absolute acetone for 20 min each. The specimens were then placed in a 1:1 mixture of absolute acetone and final Spur resin mixture for 1 hour at room temperature, then transferred to a 1:3 mixtures of absolute acetone and final resin mixture for 3h and to final Spur resin mixture overnight. The specimens were heated (70°C) in Spurr resin for more than 9h. Specimens were sectioned in LEICA EM UC7 ultratome (LEICA, Wetzlar, Germany) and then stained with uranyl acetate and basic lead citrate for 5-10 minutes, respectively, and observed in Hitachi H-7650 (Hitachi, Tokyo, Japan).



RNA Isolation and Quantitative Real Time PCR (qRT-PCR)

The qRT-PCR was performed as described by Zong et al. (22). Total RNA of colon was extracted with Trizol reagent (Invitrogen, CA, USA). The quality of the extracted RNA was evaluated using NanoDrop2000 (Thermo Fisher Scientific, Waltham) and the absorbance rates (260/280 nm) of all samples ranged from 1.8 to 2.0. The first-strand cDNA was obtained by reverse transcription reaction of 1 µg RNA using random primers with a reverse transcription kit (Invitrogen, CA, USA) following the manufacturer’s instructions. Subsequent qRT-PCR was performed on StepOnePlus Real Time PCR system (Applied Biosystems, Foster City, USA) with SYBR Green dye (Roche, Mannheim, Germany) and gene-specific primers (Supplementary Table 1). The target genes relative mRNA expression was analyzed by the 2-ΔΔCT method. β-actin housekeeping gene was used as normalization control.



16S rRNA Sequencing and Bioinformatics Analyses

The obtained colon contents were snap frozen in liquid nitrogen and stored at -80°C until 16s rRNA sequencing was performed. For 16s rRNA sequencing, first, genomic DNA was extracted from the gut contents according to the QIAamp DNA stool Mini Kit (Qiagen, Hilden, Germany) instructions and then assayed the DNA purity and integrity by NanoDrop2000 (Thermo Fisher Scientific, Waltham) and agarose gel electrophoresis, respectively. Subsequently, the V3-V4 region of 16S rDNA (338F: ACTCCTACGGGAGGCAGCA, 806R: GGACTACHVGGGT-WTCTAAT) was amplified through PCR, and the amplified products were detected by 2% gel electrophoresis and recovered by axyprep DNA gel extraction kit (Axygen, USA). Miseq libraries were then generated on the Illumina MiSeq platform (Illumina, Madison, USA) for pyrosequencing. Clean sequences with ≥97% resemblance were assigned to the same operational taxonomic units (OTUs). The free online cloud platform (https://cloud.majorbio.com/) of Majorbio (Shanghai, China) was used to analyze the data. Briefly, alpha-diversity indices including coverage index, numbers of OUT and Shannon index were analyzed by student’s t-test at OTU level. PCoA analysis was based on weighted unifrac distance algorithm (23). Significant differences in relative abundance at the phylum and genus levels were examined by Kruskal-Wallis rank-sum test. Linear discriminant analysis (LDA) effect size (LEfSe) (24) analysis was performed using the non-parametric factoria Kruskal-Wallis sum-rank test to obtain significantly different species between two groups, followed by Wilcoxon rank sum test between two groups to detect between-group differences, and finally LDA was applied to estimate the effect of each species abundance on the differences. PICRUSt2 (25) was applied to predict the function of the gut microbiota.



RNA Sequencing and Data Analysis

RNA sequencing analysis was performed on pertaining samples as described by Kong et al. (26). Total amount and integrity of RNA extracted from mouse liver and colon tissues were accurately detected with an Agilent RNA 6000 Nano Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). For library preparation, double-stranded cDNA derived from total RNA as template was used for PCR amplification, then PCR products were purified using the AMPure XP system and library quality was assessed on the Agilent Bioanalyzer 2100 system. The qualified library preparations were sequenced on an Illumina Novaseq platform. PCA analysis based on gene expression (FPKM) of all samples. Differential expression analysis between the two groups was performed using the DESeq2 (27). To ensure accurate differentially expressed genes (DEGs) results, as previously reported noted (28, 29), genes with an adjusted P-value < 0.05 obtained using the method of Benjamini and Hochberg screened by DESeq2 and Fold change ≥ 2 were considered to be differentially expressed. The clusterProfiler R package was used to perform the DEGs in the KEGG pathway for statistical enrichment. We screened for genes enriched in immune response and lipid metabolism-related pathways by KEGG pathways enrichment analyses for the top 250 DEGs in the colon and liver. Correlations between the colonic microbiota and the screened genes were then revealed by Spearman correlation analysis.



Statistical Analysis

All outcomes were assessed using a two-tailed Student’s t-test of SPSS version 26.0 (SPSS, Inc., Chicago, IL, USA), P < 0.05 was defined as the significance level, all data are expressed as mean ± SEM. The GraphPad Prism version 8.0 (GraphPad Prism, San Diego, California, USA) and R version 4.0.5 were applied to visualize the data.




Results


DSS-Induced Acute Colitis, Systemic Inflammatory Response and Lipid Metabolism Disorders in Mice

DSS is typically applied to elicit the mouse model of colitis because of the strengths of simplicity, reproducibility of induced colonic lesions, and the ability to simulate the clinical and histological features of IBD, especially ulcerative colitis (30, 31). Therefore, to investigate the potential mechanisms of the occurrence of colitis and its adverse effects on the organism, a mouse model of acute colitis was established by supplying mice with sterilized water containing 3% DSS for one week (Figure 1A). As shown in Figures 1B–E, DSS treated mice exhibited significant body weight loss, dramatic increase in DAI and remarkable shortening of colonic length in comparison with the CON group. Furthermore, serum levels of cytokines as IL-6, IL-1β and TNF-α were significantly heightened in the DSS group (Figures 1F–H). Interestingly, serum biochemical parameters results indicated that DSS treatment significantly elevated serum TChol and LDL levels (Figures 1I, J), while serum TG showed an ascending trend (Figure 1K). Overall, the above results suggested that DSS provoked a gross inflammatory response and lipid metabolism disorders in mice.



DSS Treatment Induced Liver Injury and Altered Gene Expression in Mice

IBD is considered to be one of the factors affecting liver homeostasis, patients with IBD often present with symptoms of liver injury (8, 32). In this study, increased serum levels of cytokines and lipid metabolism-related indicators in the DSS group indicated impaired liver function (33, 34). Histological analysis of the liver showed swollen hepatocytes, larger nuclei, narrower hepatic sinusoids, and infiltration of inflammatory cells between the hepatic sinusoids and lobules in the DSS group (Figure 2A). Thus, liver transcriptome analysis was performed to further elucidate the molecular mechanisms underlying the occurrence of liver injury in a DSS-induced colitis model. The PCA plot revealed a significant difference in the abundance of liver transcripts between the CON and DSS groups, with one sample in the DSS group being somewhat distant from the other two samples (Figure 2B). As shown in the volcano plot results in Figure 2C, when adjusted P-value < 0.05, Fold change ≥ 2 was used as the screening criterion, 166 genes were significantly down-regulated and 558 genes were significantly up-regulated in the DSS group compared with the CON group. KEGG functional clustering analysis of DEGs revealed that DSS treatment led to a significant increase in immune response-related pathways such as “Leukocyte transendothelial migration”, “NOD-like receptor signaling pathway”, “Toll-like receptor signaling pathway” and “IL-17 signaling pathway” compared to the CON group (Figure 2D and Supplementary File 1). While significant reductions were observed in the pathways involved in lipid metabolism, including “Fatty acid elongation”, “Fatty acid degradation” and “PPAR signaling pathway” (Supplementary Figure 1A and Supplementary File 1). The heatmaps displayed DEGs enriched in 4 immune response pathways (Figures 2E–H) and 3 lipid metabolism-related pathways (Supplementary Figures 1B–D). To validate the findings of RNA-seq analysis, a total of 11 DEGs in these pathways were selected for qRT-PCR analysis to further investigate their expression profiles. The expression of 11 genes in the heatmap measured by qRT-PCR demonstrated similar alterations to RNA-Seq analysis, including 7 genes (Itgb2, Mapk13, Tnfaip3, Cxcl1, Cxcl2, IL1b and Tnf) with up-regulated expression (Figure 2I) and 4 genes (Cyp4a12b, Fabp2, Elovl3 and Elovl5) with down-regulated expression (Supplementary Figure 1E). Of these genes, Cxcl2 manifested the greatest upregulation and Elovl3 presented the greatest downregulation. Cxcl2 has been shown to pose as a gene involved in the immune response (35). Elovl3 is engaged in maintaining lipid homeostasis by replenishing the intracellular triacylglycerol pool (36).




Figure 2 | Differentially expressed genes in the liver of healthy (CON) and acute colitis (DSS) mice. (A) H&E staining of liver, the bars represent 100μm; (B) PCA plot colored by DSS group samples in green and CON groups samples in red; (C) Volcano plot showing the changes of liver genes (fold change ≥ 2); (D) KEGG functional analysis reveals the biological functions that are enriched in the significantly up-regulated expressed genes; (E–H) Heatmap of 4 immune-related pathways enriched in the significantly up-regulated expressed genes; (I) qRT-PCR(n=6). confirmations of DEGs screened based on RNA-seq analysis (n=3).





Dysbiosis of Gut Microbiota Induced by DSS Treatment

Liver is a major organ exposed to gut-derived substances, numerous studies have proven that liver health strongly associated with the gut homeostasis (14, 37). The gut microbiota plays a vital role in maintaining gut homeostasis to shield us from diseases related to dysbiosis, such as IBD (38). In light of these studies, we further explored the role of gut microbiota in the risk of liver injury in DSS-induced colitis. Figure 3A showed that the Coverage index was greater than 0.999 in both the CON and DSS groups, indicating that the sequencing depth reached the requirements for subsequent analysis. A trend of decrease in the number of OTUs was observed in the DSS group compared with the CON group (Figure 3B) and there was no significant difference in the diversity of intestinal bacteria as indicated by the Shannon index (Figure 3C). The β diversity analysis is shown in Figures 3D, E. The hierarchical clustering tree outcomes on OTU level revealed that the bacterial structure exhibited significant clustering in both groups (Figure 3D). Additionally, the results of principal coordinates analysis (PCoA) based on weighted unifrac metrics (Figure 3E) showed that bacterial community structure was distinctly different between the CON and DSS groups, indicating a clear separation between the microbiota groups. Subsequently, the relative abundance of bacteria was further assessed at the phylum and genus levels, respectively (Figures 3F, G). At the phylum level, 10 bacteria had a relative abundance of over 1% in at least one group, of which the highest abundance in the CON and DSS groups were Firmicutes and Bacteroidota, respectively, while there were 31 bacteria with relative abundances above 1% at the genus level. Furthermore, significant differences in microbiota structure between the two groups were revealed by cladogram plots of LEfSe analysis (LDA>4) (Figure 3H). As shown in Figures 3I, J, at the phylum level, the relative abundance of Firmicutes and Patescibacteria was significantly lower in the CON group than in the DSS group based on the Kruskal-Wallis rank sum test, while the relative abundance of Bacteroidota, Proteobacteria, Campilobacterota and Desulfobacterota had significantly higher relative abundance than the DSS group. At the genus level, 17 bacteria were significantly different among those with relative abundance greater than 1%, the relative abundance of harmful bacteria such as Helicobacter, Escherichia-Shigella and Coriobacteriaceae_UCG-002 was notably elevated in the DSS group, while the relative abundance of beneficial bacteria as Faecalibaculum, norank_f:Lachnospiraceae and Lactobacillus were significantly decreased. These data supported that DSS treatment gives rise to disorders of the gut microbiota. The function of the intestinal microbiota depends on its composition and abundance. Therefore, PICRUST 2 was employed for metabolic functions prediction of the gut microbiota. The findings revealed that there were significant variations in 5 of the 6 pathways of KEGG level 1, except for no differences in genetic information processing (Supplementary Figure 2A). In addition, 24 pathways at KEGG level 2 differed considerably between the two groups (Supplementary Figure 2B). At KEGG level 3, we focused on the pathways related to immune response and lipid metabolism. As shown in Figure 3K, immune response-related pathways such as MAPK signaling pathway, IL-17 signaling pathway and Th17 cell differentiation were dramatically up-regulated in the DSS group. Pathways related to lipid metabolism like Glycerophospholipid metabolism, Fatty acid biosynthsis were significantly up-regulated in the DSS group, while Glycerolipid metabolism, Secondary bile acid biosynthesis, Synthesis and degradation of ketone bodies were markedly down-regulated (Figure 3L). The above results indicated that DSS treatment induced obvious compositional and structural shifts in the colonic microbiota of mice, as well as further influenced the metabolic functions of gut microbiota.




Figure 3 | Alterations in the gut microbiota of mice with DSS-induced colitis. (A) Coverage index of OUT level; (B) Number of OTUs; (C) Shannon index of OUT level; (D, E) β-diversity was estimated by the hierarchical clustering tree (D) and PCOA (E) on OUT level; (F, G) The relative abundance of bacteria at the phylum (F) and genus (G) levels; (H) Cladogram of LEfSe multi-level species difference discriminant analysis (LDA > 4), different color nodes indicate microbial communities that are significantly enriched in the corresponding groups and significantly different between groups; (I, J) Comparative analysis of the relative abundance of bacteria at the phylum (I) and genus (J) levels; (K, L) The different abundances of gut microbiota at immune response (K) and lipid metabolism (L) pathways. Data were expressed as means ± SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001.





DSS Treatment Induced Colon Histopathology and Gene Expression Alterations in Mice

As the site of direct exposure to the colonic microbiota, dysbiosis of the gut bacteria is one of the factors contributing to colitis (39). To further investigate the functions of colonic microbiota in the specific biological processes and molecular mechanisms involved in the colitis development, we also performed histological analysis and RNA sequencing of colonic tissues. As illustrated in Figure 4A, H & E staining displayed striking evidences of colonic crypt loss and inflammatory cell infiltration in the DSS group, the further statistical findings also indicated shallow colonic crypt depth in mice (Figure 4B), and the histological scoring results suggested the colon was grossly damaged (Figure 4C). The intestinal microvilli morphology and TJs were observed using TEM (Figure 4D). Compared with the CON group, the microvilli length in the DSS group was significantly shorter (Figure 4E). TJs are the foremost component in building the intestinal barrier. Figure 4 demonstrated that TJs got less and disorganized, and the cell borders were blurred. These findings implied that intestinal function was disrupted in DSS-challenged mice and triggered an intestinal inflammatory response. Based on the RNA sequencing from the colon, PCA analysis showed segregation of colonic transcripts abundance in the CON and DSS groups (Figure 5A). In terms of gene expression changes, 744 genes were markedly down-regulated and 1660 genes were significantly up-regulated in the DSS group compared with the CON group when adjusted P-value < 0.05 and fold change ≥ 2 was used as a screening criterion (Figure 5B). Subsequently, KEGG functional clustering analysis of DEGs revealed that treatment with DSS resulted in up-regulation of some pathways associated with immune responses in the colon (Figure 5C and Supplementary File 2). The heatmap displayed DEGs enriched in four up-regulated immune response pathways such as “Cytokine-cytokine receptor interaction”, “MAPK signaling pathway”, “Inflammatory mediator regulation of TRP channels” and “IL-17 signaling pathway” (Figures 5D–G). Notably, pathways down-regulated in the colon were mainly involved in cell growth and death and DNA damage repair (Supplementary Figures 3A–C and Supplementary File 2). Furthermore, to evaluate the results of RNA-seq analysis, a total of 10 DEGs involved in the pathways were selected for qRT-PCR analysis. qRT-PCR expression findings of these genes were consistent with RNA-Seq analysis (Figure 5H and Supplementary Figure 3D), including 7 genes with increased expression (Mapk10, Tnf, Cxcl1, Cxcl2, Cxcl3, Cxcl5 and IL6) and 3 genes with decreased expression (Mcm6, Mcm5 and Fads2). Among these genes, Cxcl2 as a gene with known involvement in the immune response exhibited the greatest up-regulation (35). Fads2, a gene reported to be mutation-prone in IBD patients, showed the greatest downregulation in our study (40).




Figure 4 | DSS-induced colonic histological changes and barrier dysfunction in mice. (A) The representative H&E staining of the colonic sections, the bars represent 200μm; (B) The colonic crypt depth; (C) histological scores; (D) Ultrastructural changes of TJs and microvilli under transmission electron microscopy (12,000× and 40,000×); (E) Average microvillus length. Data were expressed as means ± SEM (n = 3).






Figure 5 | Differentially expressed genes in the colon of healthy (CON) and acute colitis (DSS) mice. (A) PCA plot colored by DSS group samples in green and CON groups samples in red; (B) Volcano plot showing the changes of liver genes (fold change ≥2); (C) KEGG functional analysis reveals the top 30 biological functions that are enriched in the significantly up-regulated expressed genes; (D–G) Heatmap of 4 immune-related pathways enriched in the up-regulated expressed genes; (H) qRT-PCR (n=6) confirmations of DEGs screened based on RNA-seq analysis (n=3).





Correlation of DSS-Induced Gut Microbiota Dysbiosis With DEGs in the Liver and Colon

With the purpose to investigate the microbe-host gene expression relationships and their potential mechanisms in DSS-induced colitis and liver injury in mice. First, we screened 41 and 17 genes associated with immune response and lipid metabolism, respectively, from the top 250 DEGs in liver tissues, and the top 250 DEGs in colon tissue with 24 and 13 genes related to immune response and cancerogenesis, respectively. Then, 17 bacteria with relative abundance greater than 1% at the genus level and with significant differences were selected (Figure 3J). On this basis, we performed a Spearman correlation analysis and visualized the correlation between the relative abundance of bacteria and gene expression of liver and colon in Figures 6A, D, respectively. Particularly, we observed some significant positive gene-bacterial correlations between Helicobacter, Escherichia-Shigella, Coriobacteriaceae_UCG-002, etc. with immune response-related genes and some significant negative gene-bacterial correlations with lipid metabolism-related genes in liver tissues. However, Faecalibaculum, norank_f:Lachnospiraceae, Lactobacillus, etc. showed opposite trends of association with these genes (Figure 6A). In the colon, the correlation between bacterial and immune response-related genes was similar to that in the liver. Interestingly, only a subset of genes related to cancerogenesis showed positive correlations with Helicobacter, Escherichia-Shigella, Coriobacteriaceae_UCG-002, etc. while Faecalibaculum, norank_f:Lachnospiraceae, Lactobacillus, etc. presented negative correlations with these genes (Figure 6D). Furthermore, we visualized the results of strong correlations with P < 0.05 and R > 0.85 or R < -0.85 using Cytoscape software. As shown in Figures 6B, C, Escherichia_Shigella was the main microbiota that presented positive correlations with immune response-related genes in the liver, which showing the highest correlation with Lepr. norank_f:Lachnospiraceae, Faecalibaculum and norank_f:Peptococcaceae were the main microbiota exhibiting positive correlations with genes linked to lipid metabolism, and the highest positive correlation was found between norank_f:Lachnospiraceae and Elovl3, Faecalibaculum and Etnppl. However, the correlation between Escherichia_Shigella and Cyp4a12b showed the highest negative correlation (Supplementary File 3). In the colon, the main microbiota showed positive correlations with immune response-related genes were Escherichia_Shigella and Parasutterella, of which, Escherichia_Shigella had the highest correlation with Cntnap2. Moreover, Escherichia_Shigella and g:norank_f:Peptococcaceae were the main microbiota associated to cancerogenesis -related genes, and Escherichia_Shigella was the most negatively associated with Myb (Figures 6E, F and Supplementary File 4). Thus, it was evident that among these representative correlations, changes in the gut microbiota of DSS-treated mice were closely related to the expression of host genes, where the increase of the pathogenic bacterium Escherichia_Shigella in the DSS-induced colitis mouse might be an important factor in causing alterations in host gene expression and disease development.




Figure 6 | Interaction between gut microbiota and DEGs in the colon and liver in healthy (CON) and acute colitis (DSS). (A, D) Correlation of gut microbiota with genes enriched for immune response and lipid metabolism or cancerogenesis-related functions among the top 250 DEGs in the liver (A) and colon (D) (*P < 0.05, **P < 0.01, ***P < 0.001). (B, C) Network visualization of significant gene-microbe correlations in the liver associated with immune response (B) and lipid metabolism(C) (P < 0.05). (E, F) Network visualization of significant gene-microbe correlations in the colon associated with immune response (E) and cancerogenesis (F) (P < 0.05). Blue and red edges represent negative (R < -0.85) and positive (R > 0.85) correlations, respectively, respectively. Edge thickness indicates the strength of the correlation.






Discussion

With the global trend of increasing incidence and prevalence of IBD, it demonstrates that IBD has become a global disease (41, 42). DSS is commonly used to induce colitis to study intestinal diseases (43). In this study, after drinking sterilized water containing 3% DSS for one week, mice exhibited visible colitis phenotypes including decreased body weight, increased DAI and shortened colon length, which were consistent with the previous reports (44, 45). Elevated serum levels of cytokines are one of the hallmark features of mice and patients with colitis (46, 47). Similar to previous reports, the elevated serum levels of IL-6, IL-1β and TNF-α in the DSS-treated group indicated the appearance of severe inflammation. Disruption of the intestinal epithelial barrier including histological damage (48) and breakdown of TJ structures (49) is another characteristic of colitis. Our results also showed severe intestinal histological damage and disruption of the structural integrity of TJ in the DSS group, which further indicated that DSS successfully induced colitis. Interestingly, we observed significant variations in serum TChol and LDL, which were consistent with the findings of Rtibi et al. (50) and Zheng et al. (51). In addition, the TJ structural damage could be one of the reasons of elevated serum lipid levels. Nevertheless, it was reported that Tchol and LDL levels were lower in IBD patients compared to healthy subjects, which is contrary to the findings of this study. For TG levels, there were no significant changes in both IBD patients and mice with colitis (52). These results implied that although there were differences in the lipid profiles of DSS-induced colitis mice and IBD patients, colitis was closely associated with disturbed lipid metabolism. It is well known that the liver is a major handler of lipid metabolism (53), and the disturbances in lipid metabolism are one of the signals of liver injury (54). Not surprisingly, hepatocyte necrosis and inflammatory cell infiltration were observed in the liver tissue of the DSS group in this study, which was also reported by Duan et al. (34). Overall, these results further suggested that both the colon and liver are impaired to varying degrees in DSS-induced colitis, such as inflammatory responses and lipid metabolism disorders. Meanwhile, these results revealed differences between DSS-induced colitis and human colitis, implying that this model could only provide valuable information for human colitis study in some aspects such as preliminary mechanistic exploration and as a vehicle for potential biomarker identification.

Liver injury is proven to be a common extra intestinal manifestation of IBD, however, the precise mechanism of its evolution is still unknown (55, 56). Numerous studies have demonstrated the role of host gene regulation in multiple disease pathogenesis (9, 57). To the best of our knowledge, our work is the first comprehensive transcriptome analysis focused on the liver of colitis mice. In this study, the variation in the DSS group as demonstrated by the PCA plot might be related to biological variability such as differences in the sensitivity of mice to DSS, which could not be eliminated by sequencing technology (58). Conesa et al. (28) reported that the statistical power could reach 87% when sequenced at 30 million mapped reads (an average of 41 million mapped reads in current study) and a sample size of 3 with fold change = 2 in a human blood RNA-seq. Therefore, to ensure the reliability of the screened DEGs, fold change = 2 was used for DEGs screening. Next, we observed enrichment of liver DEGs in immune response related pathways such as “Leukocyte transendothelial migration”, “NOD-like receptor signaling pathway”, “Toll-like receptor signaling pathway” and “IL-17 signaling pathway”, which have been proven to play important roles in immune response (59–62). Additionally, our analysis showed that chemokines Cxcl1 and Cxcl2 were differentially regulated in the liver of the DSS group. Cxcl1 and Cxcl2 play critical roles in a variety of diseases by mediating the inflammatory response, and their expression rise significantly during this process, which was in accordance with our results (63, 64). Except for the enrichment of liver DEGs in immune response-related pathways, the downregulation was observed in lipid metabolism pathways, including “Fatty acid degradation”, “Fatty acid elongation” and “PPAR signaling pathway”, as well as the upregulation of “Regulation of lipolysis in adipocytes” signaling pathway (Supplementary File 1). The changes in these pathways suggested a reduced ability of the liver to utilize lipids and an increased lipolysis, which would cause lipid accumulation in the serum (65). In brief, The dysfunctional lipid metabolism associated with DSS-induced colitis might be due to an overall breakdown of metabolic function (51, 66). Elovl3 is a gene involved in the synthesis of saturated and monounsaturated long-chain fatty acids, its down-regulated expression in the DSS group suggested that lipid synthesis in the liver was impaired, which also indicated a certain degree of liver injury (67). In the colon, the immune response-related pathways like were significantly enriched. Among them, MAPK signaling pathway is reported to be involved in various physiological processes including inflammation, apoptosis, stress, cell proliferation and differentiation (68). Activation of MAPK signaling pathway was also observed in DSS mice (69). Interestingly, consistent with the liver results, Cxcl1 and Cxcl2 gene expression, which were enriched in the IL-17 signaling pathway, were significantly up-regulated. Kong et al. (26) reported that DEGs in the colon of DSS-treated mice were involved in inflammatory response, immune response, etc. These results further supported that severe inflammation occurred in the intestine of DSS-treated mice. Intestinal damage was also intimately linked to the downregulation of “DNA replication” and “Cell cycle” pathways. The downregulation of these two pathways often lead to cell damage, tumors, cancer and other diseases (70, 71). Based on these results, we hypothesized that DSS-induced colitis and secondary liver injury could be mainly mediated through modulation of immune response and lipid metabolism pathways, while intestinal damage could also be associated with DNA damage repair and cell growth and death. These results also suggested that the alleviation of lipid metabolism disorders might be one of the entry points for the future treatment of colitis, which provides new insights for the subsequent development of novel therapeutic agents. However, the precise mechanism of DSS-induced disruption of lipid metabolism in mice with colitis needs to be further explored.

Apart from host gene regulation, several studies have shown that the gut microbiota plays an important role in maintaining gut homeostasis and in liver health through the liver-microbiome axis (15, 72). The gut microbiota of patients with IBD is different from that of healthy individuals (73). DSS-induced colitis is also accompanied by strong microbiome shifts, such as dysbiosis expansion of the harmful bacteria Escherichia-Shigella (74), and it has been reported that the abundance of Escherichia-Shigella is significantly increased in the stool of colitis patients (75, 76). Consistently, in our study, the structure and composition of the colonic microbiome after DSS treatment was distinctly different from that of the CON group, with a notably elevated relative abundance of harmful bacteria and a significantly decreased relative abundance of beneficial bacteria in the DSS group, which indicated that DSS-induced gut microbiota dysbiosis might be one of the causes of exacerbating intestinal and liver injury.

As previously reported, the intestinal microbiome is strongly interacting with host gene expression (77). Therefore, its superficial mechanisms were further parsed in this work from the perspective of gut microbe -host gene interactions. In our study, we observed some correlations between intestinal microbes and DEGs in liver and colon. Consistent with previous reports, the relative abundance of Escherichia_Shigella and Butyricimonas was higher in colitis mice and lower in Faecalibaculum and Eisenbergiella, which favor intestinal health (78, 79). Escherichia_Shigella had the highest correlation with Lepr, which has been reported to be involved in the process of liver injury and inflammatory response (80, 81). The highest positive correlation with Faecalibaculum was found with Etnppl, a gene downregulated in hepatocellular carcinoma and lipid metabolism disorders (82). Cyp4a12b, a gene belonging to the cytochrome P450 system that was highly negatively associated with Escherichia_Shigella, has been reported to be downregulated in the liver and intestine of DSS-induced mice (83). Interestingly, Escherichia_Shigella played a primary role in both the immune response and lipid metabolism pathways in the colon. This finding was also supported by previous studies that the abundance of Escherichia_Shigella is higher in mice with DSS-induced colitis and patients with ulcerative colitis than in healthy individuals (84, 85). This suggested that Escherichia_Shigella might be one of the key strains causing colitis. Cntnap2 was the gene with the most positive relevance to Escherichia_Shigella, and although this gene has not been studied in colitis, Buffington et al. (86) reported that Cntnap2 interacts with the gut microbiota. Myb has been reported to be downregulated in patients with ulcerative colitis (87). Therefore, we speculated that the gut microbiota might be involved in regulating the expression of genes like Lepr, Etnppl, and Myb through their metabolites, which in turn drive further intestinal and liver injury. However, the precise mechanism needs to be investigated in depth to explore the role of gut microbe -host gene interactions in DSS-induced colitis and secondary liver injury.

In summary, the results obtained in this study indicated the risk of liver injury in DSS-induced colitis. This may be related to changes in the composition and structure of the gut microbiota during the development of colitis, especially the increased relative abundance of harmful bacteria such as Escherichia_Shigella, which led to dysbiosis of the gut bacteria and the production of harmful metabolites. Subsequently, the dysregulated gut bacteria further impaired intestinal and liver health via affecting the expression of genes (e.g., Lepr, Cxcl1, Elovl3, Cyp4a12b, Myb) enriched in the immune response, lipid metabolism and damage repair pathways. As for how gut bacteria affect gene expression in the host, it needs to be further explored. In addition, our data furnish candidate interactions between colonic microbiota of colitis mice and genes in the colon and liver, revealing the effects of host-microbiota interactions and their correlation with liver injury and colitis in DSS-induce mice. Nevertheless, this study mainly focused on the correlations of colonic microbiota and host gene expression profiles to investigate the liver injury and its underlying mechanisms caused by DSS-induced colitis, the exact causality and precise mechanisms still need to be clarified by more detailed and comprehensive studies. It should also be pointed out that the DSS-induced colitis model is unable to realistically reproduce the features of real human colitis. The limitations should consistently be taken into account when applying laboratory data directly to the human disease.
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Inflammatory bowel disease (namely, colitis) severely impairs human health. Isoleucine is reported to regulate immune function (such as the production of immunoreactive substances). The aim of this study was to investigate whether l-isoleucine administration might alleviate dextran sulfate sodium (DSS)-induced colitis in rats. In the in vitro trial, IEC-18 cells were treated by 4 mmol/L l-isoleucine for 12 h, which relieved the decrease of cell viability that was induced by TNF-α (10 ng/ml) challenge for 24 h (P <0.05). Then, in the in vivo experiment, a total of 44 Wistar rats were allotted into 2 groups that were fed l-isoleucine-supplemented diet and control diet for 35 d. From 15 to 35 d, half of the rats in the 2 groups drank the 4% DSS-adding water. Average daily gain, average daily feed intake and feed conversion of rats were impaired by DSS challenge (P <0.05). Drinking the DSS-supplementing water also increased disease activity index (DAI) and serum urea nitrogen level (P <0.05), shortened colonic length (P <0.05), impaired colonic enterocyte apoptosis, cell cycle, and the ZO-1 mRNA expression (P <0.05), increased the ratio of CD11c-, CD64-, and CD169-positive cells in colon (P <0.05), and induced extensive ulcer, infiltration of inflammatory cells, and collagenous fiber hyperplasia in colon. However, dietary l-isoleucine supplementation attenuated the negative effect of DSS challenge on growth performance (P <0.05), DAI (P <0.05), colonic length and enterocyte apoptosis (P <0.05), and dysfunction of colonic histology, and downregulated the ratio of CD11c-, CD64-, and CD169-positive cells, pro-inflammation cytokines and the mRNA expression of TLR4, MyD88, and NF-κB in the colon of rats (P <0.05). These results suggest that supplementing l-isoleucine in diet improved the DSS-induced growth stunting and colonic damage in rats, which could be associated with the downregulation of inflammation via regulating TLR4/MyD88/NF-κB pathway in colon.




Keywords: isoleucine, inflammation, DSS-induced colitis, TLR4/MyD88/NF-κB pathway, rats



Introduction

Gut functions and integrity play a vital role for health and growth in humans and animals (1). Inflammatory bowel disease (IBD), especially colitis, is a kind of chronic non-specific disease, which is derived from intestinal epithelium erosion and inflammatory invasion. However, with recurrent and persistent features, IBD impairs the life quality of patients (2). Researchers have already obtained some IBD models, namely, cell models (i.e., tumor necrosis factor (TNF)-α induction), and rodent models [i.e., oral gavage of dextran sulfate sodium (DSS)] (3, 4). Recent studies have illustrated that some nutritional ways (such as essential oils, probiotics) may improve the inflammation in IBD models (5–7).

Isoleucine, known as one of branched chain amino acids, is important for some physiological functions of humans and animals (8–11). Through reviewing the previous studies, it is found that isoleucine is important to maintain immunity in the in vivo and in vitro trials, which is involved into the regulation of immune organs, immune cells, and immunoreactive substances (such as immunoglobulins, cytokines, and host defense peptides) (12). Our recent study also showed that l-isoleucine administration could relieve rotavirus infection via affecting immune response, namely, the mRNA expression and concentration of inflammation-related cytokines in the ileal mucosa of weaned piglets (13). Thus, l-isoleucine administration could regulate the inflammatory response, and be used to control and cure DSS-induced colitis. However, there were no related studies.

Toll-like receptor 4/myeloid differentiation primary response gene 88/nuclear factor-kappa B (TLR4/MyD88/NF-κB) pathway would be stimulated in IBD models, which could further increase the generation of pro-inflammatory cytokines in colon (14, 15). In our recent study, l-isoleucine administration could regulate the mRNA expression of TLR3, NF-κB, and inflammatory cytokines in the ileal mucosa of rotavirus-infected piglets (13). Thus, the aim of this study was to verify the hypothesis that dietary l-isoleucine supplementation might alleviate gut damage and inflammation in the rats with DSS-induced colitis, and preliminarily analyze the possible mechanism in this process.



Materials and Methods


Cell Culture Experiment


Cell Culture

The IEC-18 cell line (rat ileal epithelial cells) was purchased from iCell Bioscience Inc. (Shanghai, China). IEC-18 cells were cultured with DMEM medium (Gibco Laboratories Life Technologies Inc., Grand Island, NY) with 10% fetal bovine serum (Gibco Laboratories Life Technologies Inc., Grand Island, NY), 0.1 U/ml insulin (iCell Bioscience Inc., Shanghai, China), and 1% antibiotics (Penicillin-Streptomycin Solution; Gibco Laboratories Life Technologies Inc., Grand Island, NY) at 37°C in 5% CO2.




Cell Viability Assay

The viability of IEC-18 cells was measured with the Cell Counting Kit-8 (CCK8; Beyotime, Jiangmen, China) according to the manufacturer’s instructions. In brief, IEC-18 cells were seeded in 96-well plates at 1.0 × 104 cells/well. Following 20 h culture, the varying concentrations (0, 2, 4, 8, and 16 mmol/L) of l-isoleucine or the varying concentrations (0, 5, 10, and 20 ng/ml) of TNF-α were added to the cells (n = 10 or 12). At 12 and/or 24 h after l-isoleucine and TNF-α treatment, CCK8 solution was added and incubated for 2 h. Cell viability was determined with BioTek Synergy HT microplate reader (BioTek Instruments, Winooski, VT) at an absorbance of 450 nm. Through these, the suitable treating-dose and -time of l-isoleucine or TNF-α were obtained.

Then, we measured whether l-isoleucine treatment could influence the effect of TNF-α on cell viability. Briefly, IEC-18 cells were seeded in 96-well plates at 1.0 × 104 cells/well. Following 20 h culture, 0 or suitable dose of l-isoleucine were supplemented to the cells for suitable treating-time (n = 16). The media were removed. Cells were washed three times with PBS and incubated with free-serum and free-antibiotics media containing 0 or suitable dose of TNF-α for 24 h (n = 8). CCK8 solution was added and incubated for 2 h. Cell viability was measured with BioTek Synergy HT microplate reader (BioTek Instruments, Winooski, VT) at an absorbance of 450 nm.



Animal Experiment


Animals, Diets, and Experimental Design

The trial protocol was approved by the Animal Care Advisory Committee of Sichuan Agricultural University. All operations were carried out at the Experimental Farm of Sichuan Agricultural University with Regulations on Animal Welfare and Animal Testing. A total of 44 male Wistar rats weaned at 21 d were from Chengdu Dashuo Experimental Animal Co., Ltd. (Chengdu, China). All rats were individually housed in a temperature-controlled room (21–23°C) on a 12L:12D photoperiod, and had food and water ad libitum.

A non-purified rodent diet based on maize, soybean meal, wheat flour, and fishmeal was purchased from Chengdu Dashuo Experimental Animal Co., Ltd. (Chengdu, China), which met the Chinese National Standard (GB14924.3-2010). Either 1.00% (w/w) l-isoleucine or 0.68% (w/w) l-alanine (isonitrogenous control) was supplemented to the non-purified rodent diet. Feed mixture was executed by the Chengdu Dashuo Experimental Animal Co., Ltd. (Chengdu, China). In this non-purified rodent diet, the nutritional levels were crude protein (20%, w/w), Ca (1.36%, w/w), and total P (1.02%, w/w).

After 3 d of acclimatization, according to body weight, 44 Wistar rats were allotted into 2 groups: one fed with the l-isoleucine-supplemented diet or one fed with the l-alanine-supplemented (isonitrogenous control) diet (n = 22) for 35 d. From 15 to 35 d, half of the rats in the 2 groups drank the ultrapure water with 4.0% (w/v) DSS (40,000 mol wt; Herbon International Co., Ltd., Heyuan, China) while the others drank the ultrapure water. Via measuring feed intake in each day and body weight per 3 days, average daily gain (ADG), average daily feed intake (ADFI), and feed conversion (F/G) of all rats were calculated.




Evaluation of Colitis

The colitis of rats was evaluated as described previously (16). Briefly, body weight per 3 days, daily hemoccult or presence of gross blood, and daily stool consistency were measured in all rats, and then the disease activity index (DAI) was determined by an investigator blinded to the protocol by scoring changes in weight, hemoccult positivity or gross bleeding, and stool consistency. The method of scoring is shown in Supplemental Table 1.



Sample Collection

On the 36th day, after weighing, all rats were anesthetized with sodium pentobarbital, and the abdomen was exposed. Blood of all rats were collected from abdominal aorta. Serum samples were made by centrifuging blood at 3,500×g for 10 min, and stored at −20°C. Then, the colons of all the rats were quickly isolated, and its length was measured. Four rats were randomly chosen in each group, and segments of colon (about 5 cm) were collected, placed into ice-cold PBS solution, and used to determine cell cycle and apoptosis. In the other rats, segments of colon (about 1 cm) were fixed in 4% paraformaldehyde. The residual colons of all the rats were immediately frozen in liquid nitrogen and stored at −80°C until measurement.



The Analysis of Serum Urea Nitrogen and Free Amino Acids

Serum urea nitrogen level was measured with an assay kit from the Nanjing Jiancheng Biochemistry Institute (Nanjing, China) according to the manufacturer’s instructions. The concentrations of serum free amino acids were analyzed by ion-exchange chromatography with physiological fluid analysis conditions (L-8900 AA Analyzer, Hitachi, Japan) as described previously.



Colonic Enterocyte Apoptosis Assay

Colonic epithelial cells were immediately separated from colons of each rats, and ground to form the cell suspension that was filtered through a 300-mesh nylon screen. After washing cells twice with ice-cold PBS, cells were suspended in PBS at 1 × 106 cells/ml. Then, 100 µl cell suspension were transferred into 5 ml culture tubes, and 5 µl Annexin V-FITC (Invitrogen Life Technologies, Inc., Carlsbad, CA) and 10 µl propidium iodide (PI; Invitrogen Life Technologies, Inc., Carlsbad, CA) were added. The cell suspension was gently vortexed and incubated at room temperature for 15 min in the dark. Lastly, 400 µl of Annexin V binding buffer (Invitrogen Life Technologies, Inc., Carlsbad, CA) was added in each tube, and the apoptotic cells were determined with CytoFlex flow cytometer (Beckman Coulter, Inc., Brea, CA).



Colonic Enterocyte Cell Cycle Assay

After cell suspension was made in colon, 1 ml cell suspension was transferred into 5 ml culture tubes, and 1 ml PBS was added. The cell suspension was centrifuged at 300×g for 5 min. Cells were re-suspended with 2 ml ice-cold ethanol (70%), and incubated at 4°C for 15 min. Following centrifuging at 300×g for 5 min, the supernatant was abandoned, and 400 µl PBS was added. Then, 50 µl PI (BD Pharmingen, San Jose, CA) and 50 µl RNase (BD Pharmingen, San Jose, CA) were added into cell suspension, and the cell suspension was incubated at 4°C for 30 min. Finally, cell cycle distributions were analyzed with CytoFlex flow cytometer (Beckman Coulter, Inc., Brea, CA).



Histopathology of Colon

In histopathological assay, colon segments fixed in 4% paraformaldehyde were embedded in paraffin. The consecutive sections (5 µm) were stained by using Masson’s trichrome (MT) and hematoxylin–eosin (H&E). Then, the histopathological changes in colon were observed at 40× magnification with an Olympus CK 40 microscope.



Colonic Immunohistochemistry Analysis

After being fixed in 4% paraformaldehyde, colon segments were embedded in paraffin. The sections (2 µm) were deparaffinized and hydrated, and pre-treated with 3% H2O2 at room temperature for 15 min, and then heated in 10 mmol/L citrate buffer (pH 6.0) for 3 min. After washing with PBST three times, the sections were blocked with 10% goat serum at room temperature for 60 min. Then, the sections were incubated overnight at 4°C with 1:200 dilution of rabbit anti-CD11c antibody (Biorbyt, Cambridge, UK), anti-CD64 antibody (Abcam, Cambridge, MA) or anti-CD169 antibody (Biorbyt, Cambridge, UK). Then, the sections were rinsed with PBST three times, and incubated with biotinylated goat anti-rabbit IgG secondary antibody (Beijing Zhongshan Golden Bridge Biotechnology CO., Ltd., Beijing, China) at room temperature for 30 min. After rinsing three times with PBST, the sections were incubated with avidin-HRP at room temperature for 30 min. The sections were washed 5 times with PBST, and immunodetected by using 3,3’-diaminobenzidine (DAB). Finally, all sections were counterstained with hematoxylin and mounted in neutral resin, and observed at 40× magnification with an Olympus CK 40 microscope. The ratio of positive cells containing CD11c, CD64, and CD169 was analyzed by using Image-Pro® Plus (v 6.0, Media Cybemetics Inc., MD).



Analysis of Cytokine Concentrations in Colon

The colons (about 100 mg) were added into ice-cold PBS, shattered at 4°C, and centrifuged at 5,000×g for 15 min at 4°C. Then, the supernatants were collected. The levels of interleukin-1β (IL-1β), IL-4, IL-10, IL-17, and IL-35 in colon were measured with ELISA kits from Shanghai Xinle Co., Ltd. (Shanghai, China).



The mRNA Expression of Some Genes in Colon

Total RNA in colon was extracted with TRIZOL reagent [TaKaRa Biotechnology (Dalian) Co., Ltd, Dalian, China] according to the manufacturer’s instructions. The RNA level was determined with DU 640 UV spectrophotometer detection (Beckman Coulter Inc., Fullerton, CA), and OD260:OD280 ratio was 1.8–2.0. The RNA quality in colonic samples was evaluated with 1% agarose gel electrophoresis. Then, in all samples, the cDNA was synthesized by using RT Reagents [TaKaRa Biotechnology (Dalian) Co., Ltd, Dalian, China] according to the manufacturer’s instructions. The gene primers of this study, listed in Supplemental Table 2, were purchased from TaKaRa Biotechnology (Dalian) Co., Ltd (Dalian, China). The mRNA expression of zonula occluden 1 (ZO-1), mucin 2 (MUC2), Claudin-1, TLR4, MyD88, and NF-κB in colon was determined by real-time quantitative PCR with SYBR Premix Ex Taq reagents (TaKaRa Biotechnology (Dalian) Co., Ltd, Dalian, China) and CFX-96 Real-Time PCR Detection System (Bio-Rad Laboratories, Richmond, CA) as described previously (17). To correct the variance in the amount of RNA input of reaction, β-actin was used as the reference gene. Then, the relative mRNA expression of target genes was acquired with the previous method (18).



Statistical Analysis

Statistical analyses were performed with SPSS 20.0 (Statistical Product and Service Solutions, Inc., USA). (i) Cell-culture trial. Data were analyzed by using one-way ANOVA, followed by Duncan’s Multiple Range test. (ii) Animal trial. The growth performance data of rats before DSS challenge, and the DAI data were analyzed with the unpaired t-test. The other data were analyzed as a 2 × 2 factorial with the general linear model procedures. The model factors included the effect of l-isoleucine administration, DSS challenge and their interaction. All data were indicated as means with their SEs. The P-value less than 0.05 was considered statistical significance while the P-value less than 0.10 was deemed a statistical tendency.




Results


The Effect of l-Isoleucine and/or TNF-α on Cell Viability in IEC-18 Cells

IEC-18 cells were exposed to different levels (0, 2, 4, 8, and 16 mmol/L) of l-isoleucine for 12 and 24 h, and exposed to different concentrations (0, 5, 10, and 20 ng/ml) of TNF-α for 24 h. During 12 h, the IEC-18 cell viability was increased by 4 and 8 mmol/L of l-isoleucine, and 4 mmol/L l-isoleucine treatment improved 26.17% viability (P <0.05, Figure 1A). After 24 h incubation, 2, 4, and 16 mmol/L l-isoleucine decreased the IEC-18 cell viability (P <0.05, Figure 1A). The dose and duration of l-isoleucine exposure were 4 mmol/L and 12 h, respectively. Following 24 h exposure, 5, 10, and 20 ng/ml of TNF-α reduced the IEC-18 cell viability (P <0.05, Figure 1B). The dose of TNF-α exposure was 10 ng/ml. As shown in Figure 1C, the viability of IEC-18 cells was also decreased by TNF-α exposure, but after 4 mmol/L l-isoleucine treatment for 12 h, the reduction of IEC-18 cell viability induced by TNF-α challenge was relieved (P <0.05).




Figure 1 | The effect of l-isoleucine and/or TNF-α on cell viability in IEC-18 cells. (A) The dosage and duration of l-isoleucine treatment in IEC-18 cells (n = 10 or 12). (B) The dosage of TNF-α treatment in IEC-18 cells (n = 12). (C) L-isoleucine treatment relieved the negative effect of TNF-α on cell viability in IEC-18 cells (n = 8). Values are means ± SE. Values with different letters are significantly different (P <0.05), #, * Compared with 0 mmol/L i isoleucine or 0 ng/mL TNF-a in the
same duration, values mean significant difference (P < 0.05).





Growth Performance and DAI in Rats

During the first two weeks, dietary l-isoleucine supplementation increased ADG (P <0.05), and decreased F/G (P <0.05), but did not affect ADFI and DAI (P >0.05) in rats (Table 1 and Figure 2). From 15 to 35 d, DSS challenge impaired growth performance (P <0.05) and increased DAI (P <0.05), and supplementing l-isoleucine in diet improved ADG (P <0.05), ADFI (P = 0.07) and F/G (P <0.05) in rats (Table 1 and Figure 2). Additionally, in the DSS-challenge rats, l-isoleucine administration alleviated the negative effect of DSS infusion on growth performance (Table 1), and delayed the DSS-induced DAI (Figure 2).


Table 1 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on growth performance of rats.






Figure 2 | The effect of l-isoleucine administration on disease activity index (DAI) in the normal and DSS-challenge rats. DSS−, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, l-isoleucine-supplemented diet. Values are means ± SE (n = 11). *Compared with the group of CON DSS−, values mean significant difference (P < 0.05). #Compared with the group of ILE DSS+, values mean significant difference (P < 0.05).





The Serum Levels of Free Amino Acids and Urea Nitrogen in Rats

DSS challenge increased serum levels of serine (P <0.05), glutamate (P <0.05), glycine (P <0.05), alanine (P <0.05), arginine (P <0.05), and urea nitrogen (P = 0.08), and decreased serum valine level (P <0.05) in rats (Table 2). Dietary l-isoleucine supplementation enhanced serum concentrations of threonine (P <0.05), isoleucine (P <0.05), lysine (P = 0.06) and arginine (P <0.05), and reduced serum glutamate (P <0.05), valine (P <0.05), and urea nitrogen (P <0.05) levels in rats (Table 2). Moreover, in the DSS-challenge rats, l-isoleucine administration attenuated the effect of DSS challenge on serum glutamate and urea nitrogen levels, and further enhanced serum arginine concentration (P <0.05, Table 2).


Table 2 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS Challenge on serum levels of free amino acids and urea nitrogen in rats.





Colonic Length and Histopathology

Colonic length in rats was shortened by DSS challenge (P <0.05, Table 3, Figure 3). Dietary l-isoleucine supplementation relieved the negative effect of DSS challenge on colonic length in the DSS-challenge rats (P <0.05, Table 3 and Figure 3). There were no pathological changes in the non-challenge rats (Figure 4). In the colon of DSS-challenge rats fed l-alanine-supplemented diet, epithelial structure was damaged, mucous layer had the extensive ulcer and sizable infiltration of lymphocytes and neutrophilic granulocytes, muscular layer also had infiltration of lymphocytes and neutrophilic granulocytes, and there were the extensive hyperplasia of collagenous fiber (Figure 4). In the colon of DSS-challenge rats fed with l-isoleucine-supplemented diet, epithelial structure was normal, mucous layer was basically integral, but mucous layer had infiltration of some lymphocytes and neutrophilic granulocytes, and there was the weak hyperplasia of collagenous fiber (Figure 4).


Table 3 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on colon length and the mRNA expression of barrier-related genes of colon in rats.






Figure 3 | The effect of l-isoleucine administration on colon length in the normal and DSS-challenge rats. DSS, drinking the ultrapure water with DSS; isoleucine, l-isoleucine-supplemented diet.






Figure 4 | The colonic histopathology in the normal and DSS-challenge rats. (A) Colon stained with hematoxylin–eosin (H&E); (B) Colon stained with Masson’s trichrome (MT). DSS, drinking the ultrapure water with DSS; isoleucine, l-isoleucine-supplemented diet.





The mRNA Expression of Barrier-Related Genes in Colon

As shown in Table 3, the mRNA expression of ZO-1 was decreased by DSS challenge (P <0.05), but dietary l-isoleucine supplementation increased the ZO-1 mRNA expression in the colon of rats (P <0.05). In the DSS-challenge rats, l-isoleucine administration could improve the ZO-1 and Claudin-1 mRNA expression of colon (P <0.05, Table 3).



Enterocyte Apoptosis and Cell Cycle in Colon

DSS challenge increased the early-stage, late-stage and total apoptotic cell percentages, enhanced the ratio of G0/G1 phase cells, and decreased the proportion of S phase cells in the colonic epithelium of rats (P <0.05, Tables 4, 5, and Supplementary Figures 1, 2). Dietary l-isoleucine supplementation reduced late-stage and total apoptotic cell percentages, and the proportion of G0/G1 phase cells, but elevated the ratio of S phase cells in the colonic epithelium of rats (P <0.05, Tables 4, 5, and Supplementary Figures 1 and 2). Furthermore, in the DSS-challenge rats, supplementing l-isoleucine in diet relieved the effect of DSS challenge on the late-stage and total apoptotic cell percentages in the colonic epithelium of rats (P <0.05, Table 4 and Supplementary Figure 1).


Table 4 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on enterocyte apoptosis in colon of rats (%).




Table 5 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on cell cycle in colon of rats (%).





Inflammation-Related Markers in Colon

DSS challenge elevated the ratio of positive cells containing CD11c, CD64, and CD169 (P <0.05), but l-isoleucine administration reduced the ratio of positive cells containing CD11c (P <0.05), CD64 (P <0.05), and CD169 (P = 0.08) in the colonic mucosa of rats (Table 6 and Figure 5). Moreover, in the DSS-challenge rats, supplementing l-isoleucine in diet relieved the DSS-induced enhancement of the ratio of CD11c-, CD64-, and CD169-positive cells in the colonic mucosa of rats (P <0.05, Table 6 and Figure 5).


Table 6 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on the ratio of positive cells containing CD11c, CD64 and CD169 in the colon of rats.






Figure 5 | The effect of l-isoleucine administration on the positive cells containing CD11c (A), CD64 (B), and CD169 (C) in the colonic mucosa of normal and DSS-challenge rats. DSS, drinking the ultrapure water with DSS; isoleucine, l-isoleucine-supplemented diet.





The Level of Cytokines in Colon

The effect of DSS challenge and/or l-isoleucine administration on the level of cytokines in the colon of rats is shown in Table 7. DSS challenge increased the levels of IL-1β and IL-17, and decreased the IL-35 concentration in the colon of rats (P <0.05). L-isoleucine administration reduced the IL-1β and IL-17 concentrations, and enhanced the level of IL-4 in the colon of rats (P <0.05). In addition, the effect of DSS challenge on the levels of IL-1β, IL-4, and IL-17 in the colon of rats could be alleviated by dietary l-isoleucine supplementation (P <0.05).


Table 7 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on cytokine levels in colon of rats (ng/mg protein).





The mRNA Expression of TLR4, MyD88, and NF-κB in Colon

DSS challenge stimulated the mRNA expression of TLR4, MyD88, and NF-κB in the colon of rats (P <0.05, Table 8). Dietary l-isoleucine supplementation inhibited the mRNA expression of TLR4, MyD88, and NF-κB in the colon of rats (P <0.05, Table 8). In the colon of DSS-challenge rats, the upregulation of TLR4, MyD88, and NF-κB mRNA expression was also relieved by l-isoleucine administration (P <0.05, Table 8).


Table 8 | Effects of dietary 1.00% l-isoleucine supplementation and/or DSS challenge on the relative expression of inflammation-related genes in colon of rats.






Discussion

Isoleucine, known as one of branched chain amino acids, has many physiological functions, especially immunity (8, 9, 12). Many previous studies have also shown that isoleucine administration may regulate the generation of immunoreactive substances (such as cytokines) (12). We also found that l-isoleucine administration could influence the mRNA expression and concentration of inflammation-related cytokines of ileal mucosa in weaned piglets (13). In this study, l-isoleucine treatment alleviated the negative effect of TNF-α on cell viability in IEC-18 cells, and then dietary l-isoleucine supplementation also improved growth performance, and decreased DAI, colon damage and inflammation in the DSS-challenge rats. This was the main finding of our study.

IBD, especially colitis, is one of typical digestive-tract diseases that influence human health (2). This makes IBD be a focus of clinical researches. Oral infusion of DSS in rodent models may establish colitis, which leads to the decrease of growth, the increase of DAI (namely, diarrhea and stool containing blood), the damage of colon, the dysfunction of colonic morphology, and inflammation in colon (3, 4, 16). In the present study, drinking the DSS-supplemented (4%) water also induced the similar symptom, and upregulated some inflammatory markers in rats. Therefore, it is proposed that DSS-induced colitis model was successfully set up.

Supplementing l-isoleucine in diet may increase growth performance of some livestock and fish (such as pigs, laying hens, and juvenile Jian carp) (19–23). Our recent study also showed that l-isoleucine administration improved growth in the normal and RV-infected piglets (13). In the current study, dietary l-isoleucine supplementation ameliorated ADG and F/G ratio of rats before DSS challenge, and also attenuated the negative effect on ADFI, ADG and F/G ratio under the condition of DSS challenge. Besides, l-isoleucine administration assuaged the increasing serum urea nitrogen level that was induced by drinking the DSS-supplemented water. Urea nitrogen in blood is usually considered as an indirect marker for protein metabolism in the whole body (24, 25). These illustrated that DSS challenge impaired protein metabolism in rats, which could be improved by dietary l-isoleucine supplementation. Thus, supplementing l-isoleucine in diet increasing growth performance of rats was potentially associated with the enhancement of protein metabolism in whole body.

Amino acids, especially some functional amino acids, play an important role in maintaining physiological functions. Glutamate may be the energy source of gut epithelial cells, which maintains the gut health (26). Arginine can relieve the inflammation in the whole body (27). In our study, l-isoleucine administration decreased serum glutamate level, and increased serum arginine level in the DSS-challenge rats. These illustrated that dietary l-isoleucine supplementation could promote the energy consumption of gut and the generation of anti-inflammatory substance, and then improve gut health and inflammatory reaction.

The colitis embodies colonic damage, which is the main reason that DSS challenge induces the decrease of growth and health (2). In this study, l-isoleucine administration, to some extent, alleviated the DSS-induced dysfunction in colon, namely, the increase of colon length, the increasing integration of epithelial structure and mucous layer, the reducing infiltration of some lymphocytes and neutrophilic granulocytes in mucous layer, and the weak hyperplasia of collagenous fiber. Moreover, we also found that supplementing l-isoleucine in diet could improve the ZO-1 and Claudin-1 mRNA expression in the colon of DSS-challenge rats, which is similar with the results of piglets in our previous study (28). Therefore, dietary l-isoleucine supplementation improving growth of DSS-challenge rats could be also derived from the decrease of colonic damage.

The cell death from apoptosis and cell proliferation play an important role for the integration of intestinal mucosa structure (29, 30). To further analyze the possible mechanism of l-isoleucine regulating colonic mucosa structure, we measured cell apoptosis and cell cycle in the colonic mucosa of rats. In this study, drinking the DSS-supplemented water aggravated the percentage of apoptotic cells (namely, early-stage, late-stage and total apoptotic cells) and impaired the ratio of G0/G1 and S phase cells in the colonic mucosa of rats, while l-isoleucine administration only assuaged the increasing percentage of late-stage and total apoptotic cells, and did not affect the percentage of early-stage apoptotic cells and cell cycle in the colonic mucosa of DSS-challenge rats. These illustrated that dietary l-isoleucine supplementation improving DSS-induced colonic damage could mainly be related to the relief of upregulating late-stage apoptosis in the colonic mucosa of rats.

Inflammation is one of the reasons that affect cell death (such as apoptosis) (31, 32). Thus, dietary l-isoleucine supplementation relieving cell apoptosis could be due to the decrease of DSS-induced inflammation.

CD11c, known as the specific marker in dendritic cells, is a transmembrane glycoprotein, and is relative with some immune reaction (namely, inflammation) (33). CD64 is the receptor of immunoglobulin G in dendritic cells, monocytes and macrophages, and plays an important role for the production of inflammatory cytokines (34). CD169 exists in the surface of some specific macrophage subgroups, and is beneficial for macrophage recognition, and then regulates inflammatory reaction (35). In this study, l-isoleucine administration downregulated the increasing ratio of positive cells containing CD11c, CD64, and CD169 in the colon of DSS-challenge rats, which was consistent with the results of histopathology in colon.

T helper cells (Th cells, namely, Th1, Th2, and Th17 cells) and regulatory T cells (Treg cells) are the special subset of T cells, and the balance of Th1/Th2 and Th17/Treg plays a critical role for regulating inflammation (36). Their imbalance will be induced in colitis. The subset of T cells can generate pro-inflammatory cytokines (i.e., IL-1β, and IL-17) and anti-inflammatory cytokines (i.e., IL-4, IL-10, and IL-35) (36). In this study, l-isoleucine administration alleviated the effect of DSS challenge on IL-1β, IL-4, and IL-17 levels in the colon of rats. Our recent study has also shown that supplementing l-isoleucine in diet could regulate the production of some inflammation-related cytokines (such as IL-1β, IL-10, and TNF-α) in the ileum of RV-infected piglets (13). There was the different efficiency of l-isoleucine regulating cytokines between the results of two experiments, which could be due to the difference of trial models. Based on the above analysis of inflammatory markers and cytokines, it was proposed that dietary l-isoleucine supplementation might inhibit the DSS-induced inflammation, and then improve cell apoptosis in the colon of rats.

There is the close relationship between the DSS-induced IBD models and the stimulation of TLR4/MyD88/NF-κB pathway that increases the generation of pro-inflammatory cytokines, and the downregulation of this pathway through the different methods which can effectively be used to cure or attenuate the IBD (14, 15). The treatment of l-isoleucine could regulate the NF-κB mRNA expression of tissues and cells (13, 37). Our present study also reported that DSS challenge upregulated the mRNA expression of TLR4, MyD88, and NF-κB in the colon of rats while dietary l-isoleucine supplementation effectively inhibited the increasing related-gene mRNA expression that was induced by drinking the DSS-supplementing water. Thus, it was possible that l-isoleucine administration relieving inflammation should be associated with the downregulation of TLR4/MyD88/NF-κB pathway.

In summary, on the basis of l-isoleucine treatment effectively ameliorating the TNF-α-induced inhibition of cell viability in IEC-18 cells, l-isoleucine administration assuaged the negative effect of drinking the DSS-supplementing water on growth performance and colonic health, and reduced, to some extent, the DSS-induced colitis in rats, which could be on account of l-isoleucine treatment relieving the inflammation via regulating the TLR4/MyD88/NF-κB pathway. However, the further mechanisms of isoleucine regulating inflammation also needed to be researched in the future. This current study suggests that l-isoleucine might be utilized as the prevention and/or adjuvant therapy of IBD (especially colitis).
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Supplementary Figure 2 | DNA histogram of the cell cycle in the colonic epithelium cells of normal and DSS-challenge rats. The DNA histogram shows the colonic epithelium cell cycle in the G0/G1 phase (first peak), the G2 + M phase (second peak), and the S phase (region between the first and second peak). DSS -, drinking the ultrapure water; DSS +, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, l-isoleucine-supplemented diet.
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The ileum is mainly responsible for food absorption and nutrients transportation. The microbes in its intestinal lumen play an essential role in the growth and health of the host. However, it is still unknown how the ileal microbes affect the body weight of the host. In this study, we used Muscovy ducks as an animal model to investigate the relationship between the ileal microbes and body weight and further explore the potential mechanism. The ileum tissue and ileal contents of 200 Muscovy ducks were collected for mRNA extraction and real-time quantitative PCR, as well as DNA separation and 16S rRNA gene sequencing. With body weight being ranked, the bottom 20% (n = 40) and top 20% (n = 40) were set as the low and high groups, respectively. Our results showed that in the ileum of Muscovy ducks, the Bacteroides, Firmicutes, and Proteobacteria were the predominant phyla with the 10 most abundant genera, namely Candidatus Arthromitus, Bacteroides, Streptococcus, Vibrio, Romboutsia, Cetobacterium, Clostridium sensu stricto 1, Terrisporobacter, Escherichia-Shigella, and Lactobacillus. We identified Streptococcus, Escherichia-Shigella, Candidatus Arthromitus, Bacteroides, Faecalibacterium, and Oscillospira were closely correlated to the growth of Muscovy ducks. Streptococcus and Escherichia-Shigella were negatively related to body weight (BW), while Candidatus Arthromitus, Bacteroides, Faecalibacterium, and Oscillospira were positively associated with BW. In addition, we found that the relative expression levels of tight junction proteins (Claudin 1, Claudin 2, ZO-1 and ZO-2) in the high group showed an upward trend, although this trend was not significant (P > 0.05). The expression of pro-inflammatory factors (IL-1β, IL-2 and TNF-α) decreased in the high group, while the anti-inflammatory factor IL-10 increased. Of course, except IL-2, these differences were not significant (P > 0.05). Finally, the correlation analysis showed that Escherichia-Shigella was significantly positively correlated with IL-1β (P < 0.05). These findings may provide fundamental data for the development of next-generation probiotics and assist the development of strategies for changing the gut microbiota to promote the growth performance in the duck industry.
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Introduction

It is widely predicted that the world’s population will increase to nine billion by 2050, resulting in an increased require milk, meat, and other animal products (1). Poultry meat will become the most consumed animal meat globally (2). In the past 50 years, animal genetics and animal nutrition have made tremendous progress in meeting the increasing demand, particularly in poultry. As a kind of common farm animals in the world, ducks are a powerful experimental model for basic and applied research. It is commonly used in duck-derived disease research (3) and virus research for human (4, 5). Muscovy ducks (Cairina moschata) have been domesticated for hundreds of years after being introduced into China. They are trendy among consumers because of their strong-tasting meat with tenderness and leanness (6). Furthermore, Muscovy ducks are high-quality meat ducks, which not only have a high lean meat rate and low subcutaneous fat content but are also rich in nutritional value. The meat from Muscovy ducks contains various amino acids, unsaturated fatty acids, exhibiting high content of vitamin B, vitamin E, and trace elements such as zinc, copper, iron, etc (7). Therefore, Muscovy ducks have a high commercial value in addition to the general characteristics of ducks.

The intestine is an organ responsible for nutrient digestion and absorption and plays a crucial role in immune response, microorganism defense and hormone secretion (8). Trillions of microbes inhabit the intestines of humans and complex metazoans. Their function is to harvest, store and expend the energy obtained from diets for the host as an additional organ (9). Due to participating in the development of the intestinal epithelium and the regulation of physiological functions to maintain the homeostasis of nutrients, digestion, intestinal barrier function, and immunity, the structure and functionality of the gut microbiota are indispensable to the health of thehost (10). Immunity is one of the essential factors affecting host body weight. Many studies have proved that the intestinal microbial disorder can cause the host’s pro-inflammatory response, leading to various intestinal diseases, and the final intuitive manifestation is the host’s weight loss (11, 12). Therefore, the intervention of intestinal microbes might help to optimize the structure of the host flora, enhance the body’s immunity, increase the efficiency of food absorption and energy consumption, and thereby promote weight (13). In fact, many studies have proved that the addition of probiotics in diets can improve the structure of intestinal microbes, enhance immunity and increase the growth performance of the host (14–16). Alternatively, early colonization of probiotics (17, 18) and fecal microbiota transplantation (19) can accelerate the maturation of the intestinal microbes and improve the growth performance of the host. To date, most investigations on the ileal microbiota in poultry is about chickens (20–23). However, little is known about the bacteria in the ileum of Muscovy ducks. To identify the specific bacteria, which might potentially regulate the growth performance and immunity. In the present study, we detected the bacterial composition of the ileum of 200 Muscovy ducks, and compared the ileal microbiota and immune-related factors between the ducks with the highest and lowest body weight (BW). This study would provide basic data to promote the development of next-generation probiotics, and supply insights into the ileal microbial community and the association of ileal microbiota with the growth performance in Muscovy ducks.



Materials and Methods


Compliance With Ethical Standards

The experiments were authorized by the Animal Care and Use Committee of the Zhejiang Academy of Agricultural Sciences (2019ZAASLA37).



Ducks and Sample Collection

A population of newly-hatched 5000 Muscovy (C. moschata) ducks (Lanxi Hewang Breeding Duck Co., Ltd., Jinhua, China) were fed with a commercial diet and water ad libitum under standardized conditions for 70 days. The diet composition was as previously described (24). Two hundred ducks were randomly selected from a 5000 population. After being weighed, ducks were euthanized by cervical dislocation. The ileal segment and content of each duck were gathered immediately, frozen in liquid nitrogen, and stored at -80°C until the mRNA and DNA were separated.



DNA Isolation and Sequencing

Host genomic DNA was separated from each ileum sample using a QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA) following the manufacturers’ instructions. Use 1% agarose gel electrophoresis and NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA) to evaluate the quality and concentration of the DNA extract. Use next-generation sequencing to sequence high-quality DNA (25). In detail, the V4-V5 region of the bacterial 16S rRNA gene was amplified by the barcode-fusion forward primer 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and the reverse primer 907R (5’- CCGTCAATTCMTTTRAGTTT -3’). The conditions of PCR were as previously described (26). After PCR, the 2% (w/v) agarose gel was used to separate and qualify the amplicons and then purified using a GeneJET Gel Extraction Kit (Thermo Scientific). An Illumina TruSeq DNA PCR-Free Library Preparation Kit (Illumina) was appropriated for sequencing library generation. An Agilent Bioanalyzer 2100 System and a Qubit 2.0 Fluorometer (Thermo Scientific) were used to evaluate the quality of the generated library. The qualified library was sequenced commercially using Mingke Biotechnology (Hangzhou) on an Illumina NovaSeq platform, producing a 250 bp paired-end read.



Bioinformatics Analysis of Ileum

The Illumina paired-end reads were demultiplexed and filtered in Quantitative Insights into Microbial Ecology (QIIME) quality filters (27) to remove low-quality reads, merged into tags by FLASH (28), and assorted each sample according to a unique barcode. Analyze the label of each sample after removing redundancy, and the UPARSE and UCHIME were used to assign unique tags with ≥ 97% sequence similarity to the same operational taxonomic units (OTUs).

The RDP classifier was used to annotate the classification information of the selected OUT (29). Alpha-diversity (Observed Species, Chao 1 estimator, ACE, Shannon, and Simpson indices) was calculated and visualized using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). The rooted phylogenetic tree was visualized in the Interactive Tree of Life (iTOL, https://itol.embl.de/; version 5.5).



Real-Time Quantitative PCR (RT-qPCR)

Total RNA in the ileal tissue was extracted by Trizol® Plus RNA Purification Kit (Thermo Fisher) in accordance with the manufacturer’s instructions. Briefly, 50-100 mg tissue samples were ground into a powder with a tissue homogenizer, and then transferred to a tube with 1 ml of Trizol and incubated at room temperature for 5 mins. Added 0.2 ml chloroform and shook the tube vigorously by hand for 15 s, then incubated at room temperature for 2-3 mins. After being centrifuged at 12000 × g for 15 mins at 4°C, the supernatant was transferred to a new tube, then RNA was precipitated with an equal volume of 70% ethanol. The quantity and quality of RNA were evaluated by a spectrophotometer (NanoDrop-2000, Thermo Fisher Scientific, MA, USA). cDNA was synthesized by SuperScript™ III First-Strand Synthesis SuperMix (Thermo Fisher). RT-qPCR was performed on an ABI prism 7700 Sequence Detector System (Applied Biosystems, Foster City, CA, USA). The reaction scheme was as follows: pre-incubation at 95°C for 1 min, then performing 40 cycles of denaturation at 95°C for 15 s and annealing at 60°C for 25 s. Then, a melting curve analysis was conducted to affirm the specificity and reliability of the PCR products. Using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the internal reference gene, the relative expression of mRNA was calculated by the2−ΔΔCt method (30). The primers designed in this study are listed in Table 1.


Table 1 | Primers for gene expression analysis using RT-Qpcr.





Identify the Relationship Between Growth-Related Microbiota and Immunity

To determine the relationship between growth-related microbiota and immunity. First, we precluded the taxa present in <30% of Muscovy duck ileum samples to detect which microorganisms were significantly related to BW. All the samples were then successively ranked by host BW and the relative abundance of each microorganism. The highest 20% and lowest 20% of the sorted ducks were regarded as two different groups, and all traits between the two groups were statistically analyzed. Subsequently, in the characterization of body weight-related bacteria (detected in at least 30% of ileum samples), static analysis of the BW between the highest 20% and the lowest 20% relative abundance of common bacteria was performed. Finally, the growth-related microbiota and immune-related values were used for correlation heatmap analysis to explore the relationship between them.



Co-Occurrence Network and Correlation Heatmap Analysis

The correlation network analysis was performed based on Spearman’s correlation matrixes among the relative abundance of each genus. Networks were visualized by using Gephi v0.9.2 software (France) (31). The correlation heatmap analysis was performed based on the Pearson algorithm among the relative abundance of each genus and immunity value.



Data Analysis

Data are expressed as the mean ± SD. All data analyses were visualized using GraphPad Prism 8 software. Unpaired two-tailed Student’s t-test analyzed the difference between the two groups.t. When the P-value did not exceed 0.05, it was considered significant.



Accession Number

The original sequencing reads of this study have been deposited in NCBI with the deposit number of BioProject PRJNA762153.




Results


Microbiota Composition in the Ileum of Muscovy Ducks

A total of 8,360,552 high-quality reads were generated with an average of 41,803 reads in each sample, and were classified into 7035 bacterial OTUs based on 97% sequence similarity. Then these OTUs were assigned into 49 phyla, 136 classes, 332 orders, 572 families, 1323 genus, and 1989 species. We first characterized the bacterial composition in the ileum of Muscovy ducks that may be related to growth.

To reveal the bacterial composition in the ileum of Muscovy ducks, the relative abundance was calculated at both the phylum and genus levels. The top six dominant phyla were Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, Campilobacterota, and Planctomycetes, representing 69.84% to 99.95% of the total bacterial population, respectively. Among these phyla, Firmicutes accounted for 1.40% to 98.27% of the bacteria while Bacteroidetes amounted to 0.03% to 78.42% (Figure 1A). Planctomycetes was the minor phylum detected at an average of 1.53% in the ileum. Additionally, the minor phyla and unidentified bacteria were denoted as “Others”.




Figure 1 | The microbiota composition in the ileum of Muscovy ducks. Two hundred newly hatched ducklings were fed commercial feeds for 70 days before the ileal content samples were collected from each ileum segment. The relative abundance of OTUs was used to determine the bacterial composition at phylum (A) and genus (B) levels with 200 samples. Only the top six phyla and 10 genera are displayed, with unidentified and lowly abundant bacteria collectively denoted as “others”. The phylogenetic tree (C) and co-occurrence pattern (D) of 50% the common bacteria in the ileum of Muscovy ducks. In the phylogenetic tree, the colored strips and labels were colored by the phylum. In the co-occurrence network, the sold line indicated that Spearman’s rank correlation coefficient > 0.8 with P < 0.001; the size of the node was proportional to the abundance of the genus; the color of the nodes and lines were related to the phylum to which the genus belongs.



At genus level, ten most abundant genera were Candidatus Arthromitus, Bacteroides, Streptococcus, Vibrio, Romboutsia, Cetobacterium, Clostridium sensu stricto 1, Terrisporobacter, Escherichia-Shigella, and Lactobacillus (Figure 1B). Obviously, the ileal microbiota appeared to be very diverse, with the top 10 genera accounting for an average of 59.29%, ranging from 1.94% to 98.11%, in relative bacterial abundance in the ileum. Additionally, these genera had a similar relative abundance. The relative abundance of the top three genera was around 10%, while the abundance of the following seven genera was around 5%.

Next, to reveal the interaction among the common genera in the ileum of Muscovy ducks, we calculated the number of common bacteria genera presenting in 50% of the ileum samples, which accounted for 11.48% of all the genera in the ileum, and generated the phylogenetic tree and the co-occurrence network based on the Spearman’s correlation among the representative bacteria in the ileum. The result showed that among the phyla categorized from the 149 common genera, Firmicutes, Bacteroidetes and Proteobacteria were the top three phyla (Figures 1C, D). Meanwhile, among these positively related bacterial genera, most Firmicutes, Bacteroidetes and Proteobacteria formed an extensive co-occurrence network with other bacterial genera, and a few formed several independent, small and stable clusters. Some phyla with a small number of genera, such as Acidobacteria and Actinobacteria, were only associated with a few genera to form a small co-occurrence network. In contrast, Cyanobacteria and Planctomycetata were merely part of an extensive co-occurrence network and were related to multiple genera (Figure 1D). These results revealed that the relationship between ileal bacteria was diverse and complex.



The Growth Performance of Muscovy Ducks Differed Between the High Group and the Low Group

To determine the growth performance of Muscovy ducks, we weighed the ducks individually and collected ileal segment and content after dissection. We first tested whether the BW data fit a normal distribution before further data analysis. As expected, the BW gave a classical inverted-bell curve (Gauss Fit, P < 0.0001, Figure 2A). Next, we set the highest 20% (n = 40) and lowest 20% (n = 40) of the BW-ranked ducks as the high and low groups, respectively, and compared BW between these two groups. Not surprisingly, the result showed a significant difference in BW (3.05 vs. 2.49 kg) between the high and the low groups (Figure 2B, P < 0.0001).




Figure 2 | The phenotype of Muscovy Ducks. Two hundred newly hatched ducklings were fed commercial feeds for 70 days before being weighed individually and collected the ileal segment and contents after dissection. The highest 20% and the lowest 20% of the BW-ranked ducks were set as the high and low groups from the 200 Muscovy ducks, respectively. The test of a normal distribution on the BW (A) and the phenotype of BW (B) in high and low groups. Data were expressed as mean ± SD (n = 40) and analyzed by unpaired two-tailed Students’ t-test.





The Tight Junction Proteins and Cytokines of Muscovy Ducks No Difference Between the High Group and the Low Group

To detect the relative expression of tight junction proteins and cytokines in the high and low groups, we used RT-PCR to measure the gene expression level of tight junction (Claudin1, Claudin2, ZO-1, ZO-2) and cytokines (IL-1β, IL-2, IL- 10, TNF-α) in the ileum tissue. The results indicated that, compared with the low group, the tight junction proteins expression in the high group were higher, but the difference between them was not significant (Figure 3A, P > 0.05). Similarly, as shown in Figure 3B, the relative expression levels of the pro-inflammatory factors IL-1β, IL-2 and TNF-α were higher in the low group. In contrast, the expression of anti-inflammatory factor IL-10 was lower in the high group. Of note, the expression of cytokines other than IL-2 is not significantly different in the high and low groups.




Figure 3 | The immunity data of Muscovy Ducks. Two hundred newly hatched ducklings were fed commercial feeds for 70 days before being weighed individually and collected the ileal segment and contents after dissection. The highest 20% and the lowest 20% of the BW-ranked ducks were set as the high and low groups from the 200 Muscovy ducks, respectively. Real-time PCR was used to measure the relative expression of tight junctions (A) and cytokines (B) in the high and low groups with 40 ducks per group. Data were expressed as mean ± SD (n = 40) and analyzed by unpaired two-tailed Students’ t-test.





Gut Microbiota Differentially Distributed in the High and the Low Groups

To investigate whether gut microbiota contributed to the BW difference between the high and low groups, we collected ileum content from ducks of high and low groups. After isolating genomic DNA, 16S rRNA sequencing was performed to study the ileal microbiota diversity and structure. As shown in Figure 4A, the OTUs obtained from ileal microbiota in ducks of the high group with an average of 728.23 was similar to the reads of ileal microbiota in the low group ducks with an average of 735.01 (P > 0.05). The α-diversity was determined by the Chao, Shannon, and Simpson indexes (Figure 4). The Chao index, which accounts for the richness of a community, showed that ducks in the high group harbored a more prosperous microbial species than the low group (Figure 4B, P > 0.05). Nevertheless, considering the evenness, there was no significant difference in Shannon and Simpson indexes of ileal microbiota between the two groups (Figures 4C, D, P > 0.05).




Figure 4 | The α-diversity of the ileal microbiota of Muscovy ducks in the high and low groups. The OTUs (A), Chao (B), Shannon (C), and Simpson (D) were determined to elucidate the diversity and richness of the microbial community in the ileum of the Muscovy ducks in the high and low groups. Data were expressed as mean ± SD (n = 40) and analyzed by unpaired two-tailed Students’ t-test.



For ileal microbial composition, the top 6 phyla were Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, Campilobacterota, and Planctomycetes in both of the high and low groups, which was coincident with the bacterial composition in the whole population of 200 ducks (Figure S1). The relative abundance of the top three phyla, Firmicutes, Bacteroidetes, and Proteobacteria, were similar in the high and low groups, which accounted for 89.05% and 84.77%, respectively. However, Bacteroidetes phyla showed a relatively higher abundance in the high group (28.77%) than in the low group (24.60%). Additionally, ducks in the high group had a relatively lower abundance of Firmicutes, Proteobacteria and Fusobacteria than the low group. At genus level, 7 out of the top 10 abundant genera were shared in the two groups with a pretty different abundance, namely Candidatus Arthromitus, Fusobacterium, Vibrio, Streptococcus, Clostridium sensu stricto 1, Romboutsia, and Bergeyella (Figure S1). The other three genera in the high group were Bacteroides, Enterococcus, and Lactobacillus, while Escherichia-Shigella, Terrisporobacter, and Turicibacter were the other 3 of the top 10 genera in the low group.

To investigate the microbiota composition in the high and low groups, we calculated the relative abundance of each phylum and genus shown in a Sankey diagram (Figure 5). In the figure, the lines of different colors represent different bacterial genera, and the height of the rectangles indicates the relative abundance in the groups (left), phyla (middle), and genera (right). At the phylum level, three predominant phyla were Firmicutes, Bacteroidetes, and Proteobacteria, same with the results of 200 ducks. At the genus level, the top eight genera were Candidatus Arthromitus, Bacteroides, Clostridium sensu stricto 1, Lactobacillus, Streptococcus, Romboutsia, Vibrio, and Escherichia-Shigella. In the top 10 genera, Bacteroides and norank were from the phylum Bacteroides, Candidatus Arthromitus, Romboutsia, Streptococcus, Lactobacillus, Clostridium sensu stricto 1 and uncultured from the phylum Firmicutes, Escherichia-Shigella and Vibrio were from the phylum Proteobacteria. Interestingly, the relative abundance of Bacteroides and Candidatus Arthromitus (16.90% and 19.10%) in the high group of ducks were much higher than the low group (2.76% and 5.57%). In contrast, the relative abundance of Escherichia-Shigella, Romboutsia, Streptococcus, Clostridium sensu stricto 1, and Vibrio in the high group were lower than the low group (1.15% vs. 4.83%, 2.04% vs. 3.06%, 2.69% vs. 12.18%, 2.13% vs. 2.97% and 3.37% vs. 10.33%; Figure S1).




Figure 5 | The microbial composition of the ileum of Muscovy ducks in high and low groups. Two hundred newly hatched ducklings were fed commercial feeds for 70 days before the ileal content samples were collected from each ileum segment. The Sankey Diagram (A) was constructed with the relative abundance of OTUs to determine the bacteria composition of the ileum in the high and low groups with 40 ducks per group.





The Relationship Between BW-Related Bacteria and Immunity in the High and Low Groups

To determine the relationship between growth-related microbiota and immunity. Above all, we explored the specific bacteria correlated with BW and identified the taxa of which the abundance was significantly different between the high and low groups. The six BW-related genera were Candidatus Arthromitus, Bacteroides, Faecalibacterium, Streptococcus, Escherichia-Shigella, and Oscillospira (Figure 6A). Among these, we found that the abundance of streptococcus (2.69%) and Escherichia-Shigella (1.15%) in the high group was significantly lower than that in the low group (12.18%, 4.83%), indicating that these two genera were negatively correlated with BW. However, the situation with the bacterial genera Candidatus Arthromitus, Bacteroides, Faecalibacterium, and Oscillospira in high and low groups was opposite, which indicated a positive correlation with BW.




Figure 6 | The relationship between BW-related bacteria and immunity of Muscovy ducks in high and low groups. Two hundred newly hatched ducklings were fed commercial feeds for 70 days before the ileal content samples were collected from each ileum segment. (A)The indicated OTUs was identified from the genera with significantly different abundance between the high and low groups (n = 40). Data were expressed as mean ± SD (n = 40) and analyzed by unpaired two-tailed Students’ t-test. The correlation heatmap was based on the Pearson algorithm to analyze the correlation between BW-related bacteria and cytokines (B) as well as tight junctions (C) of Muscovy ducks in high and low groups (n = 40). *P < 0.05.



Next, we investigated whether the tight junctions and cytokines were associated with BW-related genera. The correlation heatmap was used to show the correlation between them, respectively. As shown in Figure 6B, Escherichia-Shigella was positively correlated with IL-1β (P<0.05). Other BW-related bacteria were related to cytokines, but there was no significant difference. Similarly, we found that BW-related bacteria are related to tight junctions and tend to differ even though they are not significant (Figure 6C, P<0.05). This result indicated that the bacteria in the ileum might be related to the intestinal barrier and immunity.




Discussion

The Muscovy duck, known for its strong adaptability, fertility, fast growth, and high meat yield (32), is native to tropical areas of Central and South America. The composition and functions of intestinal microorganisms play an essential role in the host’s immune homeostasis, especially the intestinal immunity, which will affect the digestion and absorption of nutrients for the host, therefore resulting in the modulation of the host growth (33, 34). This investigation aims to determine whether the bacteria in the ileum might impact the immune status of Muscovy ducks by using 16S rRNA sequencing and correlation analysis among the ileal microbiota, immunity, and growth phenotypes. Through the correlation analysis between BW-related bacteria and immunity, the mechanism of microbes affecting the growth performance of Muscovy ducks was explored.

In the present study, we analyzed the ileal microbiota composition in Muscovy ducks at 70-day old. Firmicutes, Proteobacteria, and Bacteroidetes were the top three predominant phyla in the ileum of Muscovy ducks (Figure 1). Accumulated studies have proved that ileal bacteria are primarily composed of the Firmicutes, Proteobacteria and Bacteroidetes in weaned rabbits (35) and weaned piglets (36), while Firmicutes and Proteobacteria are the main phyla in the ileum of yellow broilers (37), suggesting the similarity of microbial composition at the phylum level between Muscovy ducks and other vertebrates. In broiler chickens, the dominant bacteria phyla in the ileum were Firmicutes and Actinobacteria (38). Furthermore, the representative taxa in the three segments of the small intestine in Gaoyou ducks were Firmicutes, Proteobacteria and Bacteroides (39), which complies with our results. Therefore, the difference in ileal microbiota among different animals exists with similarity among different duck species due to different species having different dietary habits.

We hypothesized that the microbes in the ileum might be involved in regulating the growth of Muscovy ducks, leading us to investigate how microbes play an essential role in improving BW. Through correlation analysis in the taxa with significantly different abundances and tight junctions as well as cytokines between the high and low groups, we found that microbes could affect Muscovy ducks’ growth by altering the intestine’s immune status. The immune status of an individual host is defined as the ability of the host to produce an immune response or protect itself from diseases or foreign substances, including tight junction functions, expression of cytokines, and so on (40). Tight junctions, as an important part of the intestinal barrier, can effectively prevent harmful bacteria in the lumen from invading the intestinal epithelium and are an indispensable presence in intestinal immunity (41, 42). The expression level of cytokines can be used to assess the immune status of the intestinal tract, in which pro-inflammatory factors and anti-inflammatory factors are in a dynamic equilibrium state (34). Both tight junctions and cytokines can be adjusted by altering the structure of the intestinal flora. In the present study, we discovered that Escherichia-Shigella and Streptococcus were negatively correlated with BW, while Escherichia-Shigella was positively correlated with IL-1β (P < 0.05). With IL-1β and IL-10 being markers of inflammatory and pro-inflammatory in the intestine, respectively (43, 44), this result indicates that Escherichia-Shigella might decrease the BW of Muscovy ducks by increasing the expression of IL-1β and decreasing the IL-10 expression, which was coincident with the previous study (45). They found that the expression of IL-1β increased in Escherichia coli (ETEC) K88-induced diarrhea in weaned piglets, turning into the decreased BW with a decrease in IL-10 expression. Similarly, in a study of the relationship between intestinal bacteria and brain inflammation, it was found that IL-β in patients was positively correlated with Escherichia-Shigella, which was defined as inflammatory bacteria (46). Furthermore, Escherichia-Shigella was one of the potential pathogens in the intestinal tract. It could induce intestinal inflammation (47) when the intestinal flora is disturbed.

Other newly-identified microbes positively related to body weight were Candidatus Arthromitus, Bacteroides, Faecalibacterium, and Oscillospira. Candidatus Arthromitus are segmented filamentous bacterium (SFB) belonging to Clostridiaceae. These commensal bacteria could produce around papillary protrusion to colonize the epithelial cells of the vertebrate ileum without causing inflammation. They are believed to be beneficial to the immunity development, maturation of the host’s intestinal tract, and disease prevention (48, 49). Candidatus Arthromitus mainly induced naive CD4+ T cells changing into antigen-specific Th17 CD4+ cells (48), which would synthesize IL-17A. Combining with IL-22, IL-17A can promote the expression of antimicrobial peptides and tight junctions to promote the intestinal mucosal barrier (50). Many studies have proved that the immunity induced by Candidatus Arthromitus can effectively prevent the colonization of harmful bacteria, such as the intestinal pathogenic Escherichia coli O103 (51) and Salmonella typhimurium (52). However, in the present study, Candidatus Arthromitus did not significantly correlate with tight junctions and cytokines. It may limit the number of genes or samples tested in this study.

As a prominent genus within the Bacteroidetes phylum, the obligate anaerobic Bacteroides is widely found in the intestines of poultry (24). Bacteroides can effectively degrade long-chain polysaccharides, produce short-chain fatty acids (SCFAs) (53)and improve the intestinal environment of beneficial microorganisms (54). SCFAs can be produced by fermentation in most parts of the poultry intestines and positively affect the intestinal barrier, body immunity and promote animal growth (55). However, Bacteroides fragilis, as one species of Bacteroides, was part of the normal intestinal microbes, but it was considered an important pathogen in clinical practice (56). In the establishment of an intestinal inflammation model using lipopolysaccharide (LPS) and interferon-γ (IFN-γ) as exogenous stimulants of enteric glial cells (EGCs), Bacteroides fragilis up-regulated the expression of IL-1β to promote inflammation (57). Moreover, Bacteroides fragilis contains polysaccharide A, an immunomodulatory bacterial molecule regulating the immune system by inducing regulatory T cells and producing potent anti-inflammatory IL-10 (58). This was coincident with our results that the relative abundance of Bacteroides was positively correlated with the IL-10 expression and negatively correlated with the expression of IL-1β, IL-2, and TNF-α. It might be because the pathogenic Bacteroides species might contribute more to the detected Bacteroides genus in the present study. Therefore, the specific Bacteroides species will be studied in our further investigation.

In recent years, Faecalibacterium has attracted much attention as the most promising next-generation probiotics. Currently, the only known species in the genus Faecalibacterium is Faecalibacterium prausnitzii (F. prausnitzii) which is considered a biomarker of intestinal health (59). Newly emerging evidence suggests that F. prausnitzii has an important role in maintaining the health of metabolism, SCFAs production and the development of the immune (60). F. prausnitzii mainly protect the host by producing butyrate and inducing immune cells to produce IL-10, an anti-inflammatory factor (61). In diabetic mice, the active product of F. prausnitzii could repair the intestinal barrier and increase the expression of ZO-1 (62). Consequently, Faecalibacterium might be another taxon with the potential to improve the immunity of Muscovy ducks.

Oscillospira is a genus of anaerobic bacteria from Clostridial cluster IV and is considered a health-related bacteria (63). Although common, it is rarely cultivated (64). It has been reported that oral administration of Bifidobacterium longum strain BR-108 increased the abundance of Oscillospira in the ileum, which was positively correlated with the expression of IL-10 (65). In addition, in the study of the perinatal syndrome in sows, it was found that the abundance of Oscillospira decreased in the early lactation, which was positively correlated with IL-10 and negatively correlated with TNF-α, but the difference was not significant (66). This was consistent with our results (Figure 6). Accumulated evidence suggested that the abundance of Oscillospira was reduced when people had inflammatory diseases because Oscillospira probably benefited the host by producing butyrate (63, 67), and study has indicated that butyrate was positively correlated with IL-10 and negatively correlated with IL-1β (68). Similarly, another study showed that Oscillospira in the intestines of calves before weaning was positively correlated with single nucleotide polymorphisms involved in regulating host immunity (69). These might be other ways Oscillospira can enhance the host’s immunity, and the specific mechanism needs further study.

In summary, we identified Streptococcus and Escherichia-Shigella to be negatively related to body weight while Candidatus Arthromitus, Bacteroides, Faecalibacterium, and Oscillospira were found to be positively related to body weight of Muscovy ducks by 16S rDNA sequencing. There might be a correlation between BW-related bacteria and tight junctions as well as cytokines. However, this correlation is needed to be further confirmed. These findings could provide basic data for the ileal microbial community of ducks, and their relationship with growth performance, which is conducive to the development of the next generation of probiotics for livestock even for humans and contributes to the duck industry’s development.
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In clinical practice, fecal microbiota transplantation (FMT) has been used to treat inflammatory bowel disease (IBD), and has shown certain effects. However, the selection of FMT donors and the mechanism underlying the effect of FMT intervention in IBD require further exploration. In this study, dextran sodium sulfate (DSS)-induced colitis mice were used to determine the differences in the protection of colitis symptoms, inflammation, and intestinal barrier, by FMT from two donors. Intriguingly, pre-administration of healthy bacterial fluid significantly relieved the symptoms of colitis compared to the ulcerative colitis (UC) bacteria. In addition, healthy donor (HD) bacteria significantly reduced the levels of inflammatory markers Myeloperoxidase (MPO) and Eosinophil peroxidase (EPO), and various pro-inflammatory factors, in colitis mice, and increased the secretion of the anti-inflammatory factor IL-10. Metagenomic sequencing indicated higher species diversity and higher abundance of anti-inflammatory bacteria in the HD intervention group, including Alistipes putredinis, Akkermansia muciniphila, Bifidobacterium adolescentis, short-chain fatty acids (SCFAs)-producing bacterium Christensenella minuta, and secondary bile acids (SBAs)-producing bacterium Clostridium leptum. In the UC intervention group, the SCFA-producing bacterium Bacteroides stercoris, IBD-related bacterium Ruminococcus gnavus, Enterococcus faecalis, and the conditional pathogen Bacteroides caccae, were more abundant. Metabolomics analysis showed that the two types of FMT significantly modulated the metabolism of DSS-induced mice. Moreover, compared with the UC intervention group, indoleacetic acid and unsaturated fatty acids (DHA, DPA, and EPA) with anti-inflammatory effects were significantly enriched in the HD intervention group. In summary, these results indicate that FMT can alleviate the symptoms of colitis, and the effect of HD intervention is better than that of UC intervention. This study offers new insights into the mechanisms of FMT clinical intervention in IBD.




Keywords: fecal microbiota transplantation, inflammatory bowel disease, germ-free mice, metagenomic, metabolomics





Graphical Abstract | DSS, Dextran Sulfate Sodium; HD, Healthy donor; UC, Ulcerative colitis; AA, Amino acid; SCFA, Short chain fatty acid; SBA, Secondary bile acid; IAA, Indoleacetic acid; DHA, Docosahexaenoic acid; DPA, Docosapentaenoic acid; EPA, Eicosapentaenoic acid.




Introduction

Inflammatory bowel disease (IBD) is a complicated and chronic intestinal disease, consisting of Crohn’s disease (CD) and ulcerative colitis (UC) (
1
). IBD has been reported to be influenced by genetics, environment, and intestinal microbes (
2–4
), and is characterized by host immune response, destruction of the intestinal barrier, and changes in the intestinal microbial community, accompanied by intestinal bleeding, diarrhea, and weight loss (
5, 6
). In IBD patients, antigen invasion can activate the mucosal immune response, causing macrophages to release pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, and TNF-α, and thus aggravate inflammation (
7
). UC mainly affects the superficial layer of colonic mucosa, and histological analysis shows mucosal ulceration and a large amount of inflammatory cell infiltration, which is characterized by an increase in the numbers of CD4+ T lymphocytes, neutrophils, and eosinophils (
8, 9
). Unfortunately, IBD seriously affects the quality of life and increases the risk of colon cancer (
10
).

The intestinal microbiota is involved in immune system development and other processes, and imbalance in intestinal microecology is closely associated with the occurrence and development of a variety of human diseases (
11
), including IBD (
12
). The gut microbiota composition and metabolism of IBD patients are significantly different when compared with those of healthy people (
13, 14
), and is characterized by a decrease of Faecalibacterium prausnitzii and Roseburia hominis in patients with UC (
15
). In addition, the levels of short-chain fatty acids (SCFAs), secondary bile acids (SBAs), indole acetic acid (IAA), and other metabolites that have anti-inflammatory effects, are also significantly reduced in IBD (
16
). Therefore, methods that target intestinal microbes and their metabolites have potential applications in IBD treatment (
16
).

Fecal microbiota transplantation (FMT) refers to the transplantation of functional flora from healthy human feces into the intestinal tract of patients, rebuilding new intestinal flora, and thus treating diseases (
17
). Clinical trials have shown that FMT is effective for treating UC (
18, 19
). There were also animal experiments to investigate the therapeutic mechanism of FMT in the treatment of IBD. Marina Lleal et al. found that FMT reduced disease severity by increasing the relative abundance of probiotic microbes (
20
). Healthy human fecal samples rich in Firmicutes downregulated the TH17 pathway and reduced inflammation of colon tissues in mice (
21
). However, as yet, we do not understand the mechanism of action of FMT, and its causal relationship with the treatment of diseases (
21
). Further research is necessary to identify the microbes that are responsible for the therapeutic effect of FMT, in order to develop more effective microbiota based treatments for UC (
18, 22
).

As a model with a clear floral background, germ-free (GF) mice can be used to study the causal relationship between human intestinal flora and host health or disease by constructing humanized flora mice (HFA mice) (
23
). At present, there are a few studies using HFA mice to study the effect of human donor bacteria on the sensitivity of DSS-induced acute colitis. In this study, we hypothesized that GF mice hosting human flora can maintain cytokine homeostasis and improve the intestinal barrier through anti-inflammatory bacteria and their metabolites, thereby reducing the sensitivity of DSS-induced colitis. Given that the intestinal microbiota and its metabolites play a key role in relieving IBD, we first introduced the healthy donor (HD) and UC microbiota in GF mice, induced colitis using DSS, and analyzed mouse serum and colon immune homeostasis and intestinal epithelial barrier function, to understand the impact of the two different donor treatments on colitis. In addition, the differences in the intestinal microbial composition and metabolism between the two donor-treated groups of mice were compared, to provide targets and directions for clinical IBD treatment from the perspective of intestinal microecology.



Materials and Methods


FMT Preparation

Healthy donor fecal bacteria suspension comes from the Chinese fmtBank (Nanjing, China), UC donor stool comes from Shanghai Tenth People’s Hospital, fecal samples from 3 patients with active UC were mechanically homogenized in equal amounts under anaerobic condition, and the mixed feces were added into sterile normal saline and glycerol mixed solution (ratio of saline and glycerol = 85:15, Per 100 ml) at a ratio of 10%(w/v), roughly filtered through sterile gauze, and then filtered through a sterile 100μm filter to prepare fecal bacteria suspension (
24
).



Animals and Treatments

8-10 weeks GF BalB/c female mice were obtained from the GF animal platform of Huazhong Agricultural University. Mice were housed in a pathogen-free colony (temperature, 25 ± 2°C; relative humidity, 45%-60%; lighting cycle, 12 h/day; light hours 06:30-18:30) with free access to food and water. To investigate the effect of FMT with different donors on IBD, mice were split into the Control, DSS, Healthy Donor intervention group (HD+DSS) and Ulcerative Colitis intervention group (UC+DSS). Two FMT groups were first colonized with bacterial suspension for 7 days (100μL/d), and then mice were treated with 3% DSS solution for 7 days, while the bacterial solution continued to intervene, and then samples were taken. The experimental grouping and timeline are shown in Figure 1. The body weight was recorded daily during the experiment, and the difference between the body weight on the day of measurement and that on day 0 was calculated (25). All experimental methods in this study were carried out following the Guide for the Care and Use of Laboratory Animals at Huazhong Agricultural University. The animal experiment ethics number for this study is HZAUMO-2021-0183.




Figure 1 | Study design.





Disease Activity Index

The disease activity index (DAI) score includes weight loss, stool consistency, and stool bleeding. Refer to the Table 1 below for detailed scores (26, 27). In brief, DAI was determined by an investigator blinded to the protocol by scoring changes in weight (no change = 0; 1-5% = 1; 5-10% = 2; 10-15% = 3; >15% = 4), Bloody stool score (Normal colored stool = 0; Brown stool = 1; Reddish stool = 2; Bloody stool = 3; Gross bleeding = 4), and stool consistency (Normal stools, well-formed pellets = 0; loose stools,pasty stool that does not stick to the anus =1-2; and diarrhea, liquid stools that sticks to the anus =3-4).


Table 1 | Disease activity index.





Histologic Analysis of Mice Colon

The distal colon of the mouse was fixed with 4% paraformaldehyde, embedded in paraffin, and cut into 4 μm thick sections. The sections were stained with hematoxylin-eosin (HE), Periodic Acid-Schiff (PAS), Alcian Blue, and immunohistochemistry (IHC). Intestinal tissue damage was scored as previously described (Table 2) (28). According to the manufacturer’s instructions, the expressions of colonic tight junction proteins ZO-1(Proteintech Group, Inc. 21773-1-AP) and Occludin (Protein Tech Group, Inc. 27260-1-AP) were detected by IHC, and the average optical density (AOD) was statistically analyzed by Image Pro Plus 6.0 (Media Cytology, Inc.). Images were collected under a microscope (Nikon eclipse 80i, Japan) or high resolution slide scanning system (Pannoramic MIDI, Hungary 3DHISTECH Ltd).


Table 2 | Histological grading of colitis.





Enzyme-Linked Immunosorbent Assay

All measurements are performed in accordance with the manufacturer’s instructions. Concentrations of IL-1β (ml063132), IL-6 (ml002293), IL-8 (ml001856), IL-10 (ml002285), IL-12A (ml157145), TNF-α (ml002095), IL-17A (ml037864), Foxp3 (ml037859), myeloperoxidase (MPO) (ml002070), eosinophilic peroxidase (EPO) (ml769125) and diamine oxidase (DAO) (ml002199) were determined in the serum and (or) colon samples using ELISA kits (Shanghai Enzyme-linked Biotechnology, Shanghai, China), The absorbance (OD value) was measured with a microplate (BioTek Instruments, Inc) reader at 450nm, and the cytokine content in the sample was calculated from the standard curve. Serum D-lactic acid (D-LA) (ml158174) content was measured by D-Lactic acid detection kit (Shanghai Enzyme-linked Biotechnology, Shanghai, China).



Fecal Microbiota Analysis

Once the mouse feces samples were gathered in a clean cage inside the isolator, the samples were shipped with dry ice for DNA extraction (Cetyltrimethylammonium Ammonium Bromide, CTAB) and sequencing. A total amount of 1μg DNA per sample (OD value is between 1.8~2.0) was used as input material for the DNA sample preparations. Sequencing libraries were generated using NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB, USA) following manufacturer’s recommendations and index codes were added to attribute sequences to each sample. Briefly, the DNA sample was fragmented by sonication to a size of 350bp, then DNA fragments were end-polished, A-tailed, and ligated with the full-length adaptor for Illumina sequencing with further PCR amplification. At last, PCR products were purified (AMPure XP system) and libraries were analysed for size distribution by Agilent2100 Bioanalyzer and quantified using real-time PCR. The clustering of the index-coded samples was performed on a cBot Cluster Generation System according to the manufacturer’s instructions. After cluster generation, the library preparations were sequenced on an Illumina HiSeq platform and paired-end reads were generated. Utilizing MetaPhlAn3 (version3.0.7) software, the reads of the filtering host was compared with the Chocophlan (Version MPa _ V30 _ Chocophlan _ 201901) database to obtain the species abundance information for further analysis. The data were imported into Rstudio(4.1.1) and plotted using ggplot2(3.3.5) for the mapping of species composition, α diversity, principal coordinate analysis (PcoA), and LEfSe(LDA>2, light red for HD_DSS group, and light blue for UC_DSS group). Differential bacteria and phenotypic data were combined according to the groups and imported into Rstudio(4.1.1) to calculate the correlation coefficient R and P value using cor and RCC functions. The data were imported into Rstudio to draw the phenotypic correlation heat map using Phenmap package (1.0.12), where **p< 0.01, *p < 0.05.



Metabolome Analysis

Metabolomics analysis on fecal samples was conducted using the Q300 Metabolite Assay Kit (Human Metabolomics Institute, Inc., Shenzhen, Guangdong, China) based on the method previously published with modifications (
29
). Briefly, 10mg of each freeze-dried sample was accurately weighed, homogenized by 50ul of water, and extracted by 240ul of methanol. The sample mixture was then centrifugation for 20min. An aliquot of 5ul supernatant was added to a 96-well plate and derivatized according to the manufacturer’s instruction. After sample preparation, the plate was sealed for analysis. An ultra-performance liquid chromatography (UPLC, Agilent 1290 Infinity, USA) coupled to tandem mass spectrometry (MS, Agilent 6460 Triple Quad, USA) was used to quantitatively measure the metabolites. The raw data files generated by UPLC-MS/MS were processed using the TMBQ software (v1.0, Human Metabolomics Institute, Inc., Shenzhen, Guangdong, China) to perform peak integration, calibration, and quantitation for each metabolite. The differential metabolites can be obtained using univariate statistical analysis (Anova or Kruskal-Wallis test, depending on the normality of data and homogeneity of variance). In this project, threshold value for differential metabolites selection is: P < 0.05. For the potential biomarkers of the DSS group, HD+DSS group and UC+DSS group, screening criteria are as follows: P < 0.05 and |log2FC| >= 0 in univariate statistics analysis and Variable importance in projection (VIP) > 1 in multi-dimensional statistics.



The Co-Occurrence Analysis

The co-occurrence among Bacteria, Immunity, Biomarker metabolite, Barrier was calculated on the basis of the relative abundance by Spearman’s rank correlation coefficient (P < 0.05) used R package Hmisc (version 4.5-0). The network layout was calculated and visualized using a circular layout by the Cytoscape software. Only edges with correlations greater than 0.5 were shown in the two nodes, and unconnected nodes were omitted. Correlation coefficients with a magnitude of 0.5 or above were selected for visualization in Cytoscape (version 3.8.2).



Statistical Methods

The data were analyzed using GraphPad Prism 6 (GraphPad Software, San Diego, CA). Student T Test or Mann-Whitney U Test was selected for statistical analysis between two groups depending on the normality of data and homogeneity of variance, Data from more than two groups were compared using one-way ANOVA followed by Tukey’s multiple comparison tests, All data were represented as means ± SEM. P ≤ 0.05 was considered statistically significant.




Results


HD Microbiota Alleviated DSS-Induced GF Mice Acute Colitis

To investigate the effect of FMT from the two donors on IBD, DSS-induced colitis mice were administered an HD bacterial solution, UC bacterial solution, or normal saline. Treatment with 3% DSS led to considerably reduced body weight in mice, and this loss was alleviated by HD bacterial solution to a greater extent than the UC bacterial solution (Figures 2A, B). High DAI induced by DSS was significantly decreased by HD and UC interventions, and the DAI in the HD+DSS group was significantly lower than that in the DSS and UC+DSS groups (Figures 2C, D). In addition, the length of the colon was restored by FMT (Figures 2E, I). Histological staining results showed that DSS treatment caused varying degrees of histological damage in each group of mice. Compared to the DSS only group, FMT reduced inflammatory cell infiltration, prevented mucosal damage of colon tissue, and decreased the histological score. Compared to the UC+DSS group, the HD+DSS group showed greater reduction of the damage to colon tissue caused by DSS (Figures 2F–H, J). In summary, these results indicated that bacteria derived from healthy people or UC patients could alleviate DSS-induced colitis, and the intervention efficacy of the HD bacterial solution was significantly better than that of the UC bacterial solution.




Figure 2 | Oral administration of human microbiota alleviated DSS-induced acute colitis symptoms of GF mice. (A) Body weight evolution; (B) Body weight change in the final day; (C) DAI score; (D) DAI score in the final day; (E) Representative colon; (F) Colon length; (G) HE staining of colon tissue (100×); (H) Histological score; (I) PAS staining (100μm, n = 3); (J) Alican blue staining (100μm, n = 3). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, data are represented as mean ± SEM.





Effects of FMT on Colonic Inflammatory Markers

We next evaluated the effect of FMT on colonic inflammatory markers MPO and EPO, using ELISA. As shown in (Figures 3A, B), compared to the DSS and UC+DSS groups, lower levels of MPO and EPO were observed in the colon tissues of HD+DSS group. And while MPO levels were not significantly different between the UC+DSS and DSS groups, UC intervention downregulated the EPO levels. These results indicated that HD intervention could better alleviate the inflammatory response to DSS compared to UC intervention.




Figure 3 | HD intervention significantly reduced the levels of two markers in DSS-induced colitis. (A) Colonic MPO; (B) Colonic EPO. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, data are represented as mean ± SEM.





Effects of FMT on Serum and Colonic Cytokines

Since intestinal immune disorders have been observed in IBD patients, we next explored the effects of HD and UC intervention on the immune homeostasis of cytokines in mice. The levels of pro-inflammatory factors IL-1β, IL-6, IL-6, IL-8, IL-12A, TNF-α, and IL-17A, and anti-inflammatory factor IL-10 in colon tissue and (or) serum, were measured by ELISA. As shown in Figure 4, compared to the DSS group, HD+DSS group had significantly reduced the levels of pro-inflammatory factors (Figures 4A-K) and increased IL-10 (Figures 4L, M) levels in colon tissue and (or) serum. UC intervention only reduced IL-6 and IL-12A levels in the serum (Figures 4H, J). There were higher levels of IL-10 in the serum (Figure 4M) and no significant differences in colon tissue between the UC+DSS and DSS groups (Figure 4L). In addition, compared to the UC+DSS group, the levels of pro-inflammatory factors were lower and those of IL-10 were higher in the HD+DSS group (Figures 4A-M), both in serum and colon tissues. We also found that the levels of the transcription factor Foxp3, which controls regulatory T cell development, were significantly higher in the HD+DSS and UC+DSS groups compared to the DSS group, and were higher in the HD+DSS group than in the UC+DSS group (Figure 4N). Taken together, FMT was found to exert anti-inflammatory effects by maintaining the homeostasis of cytokines, and the effect of HD intervention was better than that of UC intervention.




Figure 4 | The levels of cytokines in the serum and colon groups. (A) Colonic IL-1β; (B) Colonic IL-6; (C) Colonic IL-8; (D) Colonic IL-12A; (E) Colonic TNF-α; (F) Colonic IL-17A; (G) Serum IL-1β; (H) Serum IL-6; (I) Serum IL-8; (J) Serum IL-12A; (K) Serum TNF-α; (L) Colonic IL-10; (M) Serum IL-10; (N) Colonic Foxp3. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, data are represented as mean ± SEM.





HD Intervention Improved Intestinal Barrier in DSS-Induced Colitis Mice

Since intestinal barrier dysfunction is involved in IBD, we hypothesized that FMT reduces DSS-induced damage by protecting the intestinal barrier. The expression of tight junction proteins ZO-1 and occludin in the four groups was observed by IHC. As shown in Figures 5A–D, the AOD of ZO-1 and occludin in the colon of the HD+DSS group was significantly higher than that of the DSS group. Meanwhile, the AOD of colon ZO-1 was significantly higher in the UC+DSS group than in the DSS group. However, the AOD of occludin was not significantly different between the UC+DSS and DSS groups. In addition, the AOD of ZO-1 and occludin in the colonic tissues of HD+DSS group was significantly higher than that in the UC+DSS group. To elucidate the barrier mechanism underlying the difference in the efficacy of FMT intervention in colitis, we measured the concentrations of DAO and D-LA, which are involved in intestinal permeability in serum, after FMT intervention. The results (Figures 5E, F) indicated lower levels of DAO and D-LA in the serum of HD+DSS mice. Taken together, these results indicate that HD intervention reduced DSS-induced damage to a greater extent compared to UC intervention, by ensuring the integrity of the intestinal barrier.




Figure 5 | FMT significantly enhances the intestinal barrier of mice. Immunohistochemistry for ZO-1 (A) and Occludin (B) in each group (100μm, n = 3); (C, D) Average optical density. The changes of levels of serum DAO (E) and D-lactate (F). a: Control, b: DSS, c: HD+DSS, d: UC+DSS. *p ≤ 0.05, **p ≤ 0.01, data are represented as mean ± SEM.





Microbiota were Significantly Different Between HD+DSS Group and UC+DSS Group

The gut microbiota is essential for the initiation and progression of IBD, and the two donor microbiota showed different efficacies in DSS-induced colitis. Therefore, we analyzed the differences in fecal microbiota between the two groups of recipient mice by metagenomic analysis. The results of microbial composition at the phylum and species levels are shown in Figure 6A, and Firmicutes and Bacteroides were found to be dominant in both groups. At the species level, the relative abundances of Bacteroides eggerthii, Parabacteroides merdae, and Akkermansia muciniphila (AKK), were higher in the HD+DSS group than in the UC+DSS group, while the relative abundances of Bacteroides intestinalis, Bacteroides vulgatus, and Bacteroides stercoris were higher in the UC+DSS group than in the HD+DSS group (Figure 6A). The relative abundance of Firmicutes was higher in the HD+DSS group than in the UC+DSS group, but the difference was not statistically significant, and Verrucomicrobia only existed in the HD+DSS group (Figure 6B). As expected, richness, Shannon index, and Simpson’s index, showed that the alpha diversity of intestinal microbes in the HD+DSS group was significantly higher than that in the UC+DSS group (Figure 6C). In addition, principal coordinate analysis (PCoA) based on Bray-Curtis metric distance showed that the fecal microbiota of the HD+DSS group was significantly different from that of the UC+DSS group (Figure 6D). Linear discriminant analysis effect size (LEfSe, p < 0.05, LDA > 2.0) was performed to determine the differences in species abundance between the two groups; B. intestinalis, B. vulgatus, Ruminococcus gnavus, and Enterococcus faecalis, were more abundant in the fecal microbiota of the UC+DSS group. However, B. eggerthii, Bacteroides ovatus, P. merdae, AKK, Clostridium leptum, and Bifidobacterium adolescentis were more abundant in the fecal microbiota of the HD+DSS group (Figure 6E). Heat map showed the correlation between the differential bacteria and cytokines (Figure 6F). A variety of bacteria enriched in the HD+DSS group were positively correlated with anti-inflammatory factors and/or Foxp3, and negatively correlated with inflammatory markers and/or pro-inflammatory factors and/or indicators of intestinal barrier damage, including Akk, B. eggerthii, C. leptum, P. distasonis, and P. merdae. In the UC+DSS group, B. massiliensis, R. gnavus, B. xylanisolvens, and B. vulgatus, were enriched and positively correlated with inflammatory markers, pro-inflammatory factors, and intestinal barrier damage indicators, and negatively correlated with anti-inflammatory factors and Foxp3. In summary, microbiota were markedly different between the HD+DSS and UC+DSS groups, and many kinds of bacteria were associated with anti-inflammatory effects in the HD+DSS group.




Figure 6 | Differences in feces microbes of recipient mice. (A) Microbial composition at phylum level and species level; (B) Abundance of Verrucomicrobia and Firmicutes; (C) Alpha diversity of species composition, Richness, Shannon index, Simpson; (D) PcoA; (E) LEfSe; (F) Heatmap of different microorganisms, cytokines, and intestinal barrier. * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001, data are represented as mean ± SEM.





FMT Modulates Metabolism in DSS-Induced Colitis and HD Intervention Is More Effective than UC Intervention

Given the prevalence of metabolic disorders in patients with IBD. We further studied the fecal metabolites of the four groups in order to elucidate the therapeutic mechanism of FMT, and identify the metabolic differences between FMT donors in the two groups with different effects. As shown in Figures 7A–C, intestinal bacteria metabolites SCFAs, SBAs, and indoles were significantly enriched in the two FMT groups, while amino acids, fructose, and other carbohydrates were significantly enriched in the control and DSS groups. Multi-dimensional statistics using principal component analysis (PCA), partial least-squares discrimination analysis (PLS-DA), orthogonal partial least-squares discrimination analysis (OPLS-DA) showed that the metabolic structure of HD+DSS group differed from that of the DSS group (Figure 7D and Figure S1A), and that of the DSS group differed from that of the UC+DSS group (Figure 7E and Supplementary Figure S1B). Based on the OPLS-DA model, volcano plot is helpful in selecting differential (statistically significantly changed) metabolites (Supplementary Figure S1C, DSS vs. HD_DSS; Supplementary Figure S1D, DSS vs. UC_DSS). In addition, differential metabolites between the DSS group and the HD+DSS group (Supplementary Figure S1E), and between the DSS group and the UC+DSS group (Supplementary Figure S1F), were screened using univariate statistical analysis and displayed using volcano plot. By obtaining union of the differential metabolites from univariate statistics and multi-dimensional statistics, potential biomarkers that may play critical roles in DSS-induced colitis were found in the three groups (Figure 7F), and anti-inflammatory SCFAs (e.g., butyric acid and acetic acid) and SBAs (e.g., LCA and DCA) were found to be abundant in both FMT groups.




Figure 7 | FMT significantly modulated the metabolism of DSS-induced colitis mice. (A) Overview of the composition of the metabolites in the four groups; (B) Overview of HD+DSS VS DSS metabolism; (C) Overview of UC+DSS VS DSS metabolism; (D) PCA of HD+DSS VS DSS; (E) PCA of UC+DSS VS DSS; (F) Biomarker heatmap of the DSS group, HD+DSS group and UC+DSS group (screening criteria are as follows: univariate statistics analysis P <0.05, |log2FC| >= 0 and multi-dimensional analysis VIP> 1); (G) Overview of metabolites in HD+DSS group and UC+DSS group; (H) PCA of HD+DSS VS UC+DSS; (I) Biomarker heatmap of HD+DSS group and UC+DSS group (screening criteria are as follows: single-dimensional analysis P <0.05, |log2FC| >= 0 and multi-dimensional analysis VIP> 1).



It is necessary to analyze the metabolic differences between the HD+DSS and UC+DSS groups with different efficacies. The classification of metabolites is shown in Figure 7G; indoles were significantly enriched in the HD+DSS group, while benzoic acid and pyridine compounds were significantly enriched in the UC+DSS group. And although there were no statistically significant differences in the levels of SCFAs and SBAs between the two groups, the levels of SCFAs and SBAs in the HD+DSS group were higher. Multi-dimensional statistics using PCA, PLS-DA, and OPLS-DA showed that the metabolic structure of HD+DSS group differed from that of the UC+DSS group (Figure 7H and Supplementary S1G), and volcano plot was helpful in identifying differential metabolites based on the OPLS-DA model (Supplementary Figure S1H). The volcano plot of univariate statistics is shown in Supplementary Figure S1I. By obtaining intersection of the differential metabolites from univariate and multi-dimensional statistics, 26 potential biomarkers (Supplementary Figure S1J) that may play critical roles in DSS-induced colitis were identified and shown in a heatmap (Figure 7I). Indoleacetic acid and SCFA metabolites (e.g., isovaleric acid, isobutyric acid, 2-Methylbutyric acid, ethylmethylacetic acid), SBAs metabolites HDCA and 6,7-DiketoLCA, Phenylacetic acid, and fatty acids metabolites (e.g., DHA, EPA, and DPA), were significantly enriched in the HD+DSS group, while amino acid metabolites asparagine and beta-alanine, pyridine metabolites nicotinic acid, SBAs metabolites 6,7-DiketoLCA and GDCA, fatty acid metabolite suberic acid, and pro-inflammatory n-6 PUFAs metabolite DPAn-6, were significantly enriched in the UC+DSS group. In summary, FMT significantly improved the metabolism in DSS-induced colitis, HD intervention was more effective than UC intervention, and the metabolisms of the two FMT groups were significantly different.



Bacteria, Metabolites, Inflammatory Factors, and Intestinal Barrier Synergistically Regulate the Sensitivity to Mouse Colitis

To explore the potential correlation between different intestinal bacteria, metabolites, and inflammatory indicators, we conducted a co-occurrence analysis. Overall, co-occurrence analysis revealed a strong co-occurrence relationship between bacteria, metabolites, and inflammatory factors, and intestinal barrier (Figure 8). In this co-expression network, bacteria, metabolites, inflammatory factors, and intestinal barrier, formed a total of 1197 robust correlations with themselves or with each other (Spearman correlation value > 0.5, p < 0.05). Among them, bacteria, metabolites, immunity, and intestinal barrier showed 517, 30, 29, and 1 correlations with themselves, respectively. In addition, there were 239, 30, and 269 correlations between bacteria and immunity, intestinal barrier, and metabolites, respectively. There were 5 and 72 correlations between immunity and intestinal barrier, and metabolites, respectively. And there were 5 correlations between metabolites and intestinal barrier. Therefore, these characteristic co-expression networks indicate that bacteria and metabolites are significantly related to inflammatory factors and the intestinal barrier, and the robust co-occurrence relationship regulates host sensitivity to colitis.




Figure 8 | The co-occurrence analysis of differential bacteria, metabolites, intestinal barrier and immunity. The color of the nodes represents the enrichment group, Red represents enrichment in the UC_DSS group, Blue represents enrichment in the HD_DSS group. Edges between nodes indicate Spearman’s negative (light grey) or positive (light red) correlation; edge thickness indicates range of P value (P < 0.05).






Discussion

In this study, the effect of FMT intervention on IBD was explored using a DSS-induced GF mouse colitis model. The research data indicated that HD intervention significantly alleviated DSS-induced colitis, as evidenced by the prevention of body weight loss, decreased DAI and histology score, downregulated the levels of colitis markers MPO (
30, 31
) and EPO (
32
), and regulated cytokine homeostasis by providing more types of anti-inflammatory bacteria and metabolites. In addition, our data demonstrated that the UC intervention partially alleviated these symptoms, with less efficacy than HD intervention. Moreover, our data indicated a very broad and strong association between intestinal bacteria, metabolites, inflammatory factors, and the intestinal barrier. This co-occurrence regulated the susceptibility of GF mice to DSS.

The functional imbalance and uncontrolled expression of pro-inflammatory factors in patients with IBD promote disease progression (
33
). In this study, HD intervention significantly inhibited the expression of DSS-induced pro-inflammatory factors and had a better anti-inflammatory effect, while UC exerted anti-inflammatory effects by decreasing the levels of IL-6 and IL-12A. In addition, the levels of “protective cytokine” IL-10 increased significantly in the HD+DSS group, while only the serum IL-10 levels increased in the UC+DSS group. Foxp3 is involved in the development of Treg cells that secrete IL-10 to inhibit inflammation, and DSS-induced colitis results in a decrease in Foxp3+Treg cells (
34
). Compared to the DSS group, the two FMT intervention groups had significantly higher Foxp3 levels, and the HD+DSS group had higher Foxp3 levels than the UC+DSS group, which also explains why the HD intervention group had higher IL-10 levels. Uncontrolled expression of inflammatory factors can damage the intestinal barrier (
35
), and its dysfunction is linked to IBD (
36
). The expression of ZO-1 was reduced in colon biopsy samples from patients with IBD (
37
), and occludin expression was impaired by intestinal inflammation (
38
). In this study, compared to the DSS group, the two intervention groups showed significantly higher expression of ZO-1 in the colon, and the HD+DSS group had the highest ZO-1 levels. There was no difference in occludin levels between the UC+DSS and DSS groups, while the HD+DSS group had significantly higher levels of occludin in the mouse colon. Measurements of D-LA and DAO, which represent intestinal permeability (
39, 40
), suggested that the HD+DSS group had lower intestinal permeability. In summary, compared to UC intervention, HD intervention could better regulate the homeostasis of cytokines to improve the intestinal barrier in DSS-induced colitis mice.

The gut microbiota plays a key role in the initiation and progression of IBD (
34
). In this study, compared to the UC+DSS group the α-diversity of the microbial species composition was found to be higher in the HD+DSS group. IBD-related and pro-inflammatory microorganisms such as Bacteroides vulgatus, Ruminococcus gnavus, Gordonibacter pamelaeae, Enterococcus faecalis, Bacteroides massiliensis, and Bacteroides xylanisolvens, were enriched in the UC+DSS group. The relative abundances of B. vulgatus has been found to be directly correlated with elastase activity, which was significantly increased in patients with UC (
41
). In this study, MPO and pro-inflammatory factors were directly correlated with the relative abundance of B. vulgatus. R. gnavus, G. pamelaeae, and E. faecalis. And these microorganisms were enriched in patients with IBD (
13, 42–46
). Similarly in this study, these microorganisms were significantly enriched in the UC+DSS group, and their relative abundances were significantly directly correlated with a variety of pro-inflammatory factors. The relative abundance of B. massiliensis, which has a pro-inflammatory effect (
47
) was significantly inversely correlated with IL-10 and Foxp3 levels, and significantly directly correlated with the levels of MPO, EPO, and a variety of pro-inflammatory factors such as IL-1β and TNF-α. It has been reported that colonization of GF mice with B. xylanisolvens could induce intestinal inflammation (
48
), and the relative abundance of B. xylanisolvens was directly correlated with the levels of MPO, EPO, and a variety of pro-inflammatory factors in this study. The phylum Proteobacteria is more abundant in patients with IBD (
49
). In this study, the abundance of Proteobacteria bacterium CAG 139, a taxonomic group of Proteobacteria, was directly correlated with the levels of MPO, EPO, DAO, D-LA, and a variety of pro-inflammatory factors, but significantly inversely correlated with IL-10 levels. In addition, some microorganisms that maintain intestinal health were enriched in the feces of the UC+DSS group, such as Parasutterella excrementihominis, Blautia coccoides, and SCFA-producing bacteria Bacteroides stercoris and Blautia coccoides (
50, 51
), which helped UC intervention reduce DSS-induced colitis sensitivity in mice. In addition, Bacteroides intestinalis and Enorma massiliensis were enriched in the UC+DSS group, and the mechanism of the enrichment needs to be explored.

Akkermansia muciniphila (AKK), Bacteroides eggerthii, Bacteroides plebeius, Bifidobacterium adolescentis, Bacteroides ovatus, and Parabacteroides goldsteinii, which have the potential to treat or alleviate IBD (
34, 52–54
), the SCFA-producing bacterium Christensenella minuta (
55
), and SBA-producing bacterium Clostridium leptum (
56
), were enriched in the HD+DSS group. It has been reported that probiotic AKK is potentially useful in the treatment of intestinal inflammatory diseases (
52
); in this study, a high relative abundance of AKK was significantly directly correlated with Foxp3, and inversely correlated with various pro-inflammatory factors. B. adolescentis improves DSS-induced colitis by stimulating protective Treg/Th2 responses (
34
). Moreover, B. eggerthi, B. plebeius, B. ovatus, and P. merdae, have been reported to be related to the remission of IBD symptoms (
53, 54, 57
). Consistently, these bacteria were significantly enriched in the HD+DSS group and negatively correlated with pro-inflammatory factors. The butyrate-producing bacterium C. minuta has strong immunoregulatory properties that can prevent intestinal damage in acute colitis (
55
). P. goldsteinii reduces intestinal inflammation by increasing the activity of mitochondria and ribosomes in colonic cells, and restoring amino acid metabolism (
58
). The SCFA-producing bacteria Butyricimonas virosa, Blautia hydrogenotrophica, and Butyricimonas synergistica, also showed a positive correlation with anti-inflammatory factors and a negative correlation with pro-inflammatory factors. C. leptum alleviates intestinal inflammation through a process that depends on the TGR5 bile acid receptor (
56
). In this study, the relative abundance of C. minuta, P. goldsteinii, and C. leptum were inversely correlated with a variety of pro-inflammatory factors and DAO and D-LA, which may contribute to the improved integrity of the intestinal barrier in the HD+DSS group. Parabacteroides distasonis is involved in the metabolism of bile acids, increases the level of host lithocholic acid (LCA) (
59
), and relieves the symptoms of IBD by regulating immune cells and reducing pro-inflammatory factors (
16
). P. distasonis was significantly enriched and negatively correlated with MPO, EPO, and a variety of pro-inflammatory factors in the HD+DSS group. We also found that Alistipes finegoldii and Alistipes putredinis, which represent the core characteristics of health status (
60
), were significantly enriched in the HD+DSS group, and negatively correlated with pro-inflammatory factors and intestinal injury indicators. Coprobacter fastidiosus and Lawsonibacter asaccharolyticus were positively correlated with IL-10, and their anti-inflammatory mechanism needs to be further explored.

In this study, the two FMT donors significantly altered the metabolism in colitis mice, and increased the levels of SCFAs, SBAs, and indole and its derivatives. SCFAs (mainly acetate, propionate, and butyrate) produced by intestinal bacteria, regulate protective immunity and reduce inflammation (
61, 62
). The SBAs enriched in the FMT group, such as LCA and UDCA, regulate immune cells and reduce the levels of pro-inflammatory factors, relieving IBD symptoms (
56
). Indoleacetic acid produced by tryptophan metabolism of intestinal bacteria can act as an agonist of AhR, which responds to numerous developmental and tissue-dependent effects on T cell immunity, and plays a protective and anti-inflammatory role in the intestinal tract through IL-22 (
63
). Card9-/- mice, which are more susceptible to colitis, have a reduced ability to activate AhR, which is associated with decreased indole acetic acid levels (
64
). In this study, FMT significantly increased the indoleacetic acid levels in mouse feces, and to a greater extent in the HD+DSS group than in the UC+DSS group, which helped the HD+DSS group exert a better effect. In addition, the unsaturated fatty acids DPA, EPA, and DHA, were significantly enriched in the HD+DSS group. It has been noted that EPA and DHA have anti-inflammatory effects in inflammation models (
65
). However, DPAn-6, with a significant pro-inflammatory effect, was enriched in the UC+DSS group (
66
). Nicotinuric acid was significantly enriched in the feces of mice in the UC+DSS group, and while it was found to be almost exclusively present in the feces of patients with IBD (
44
), the cause of nicotinic acid enrichment needs to be investigated. In summary, FMT modulated metabolism in DSS-induced colitis mice, and HD intervention was more effective than UC intervention.

The results of this study indicated that UC intervention could slightly alleviate the symptoms of colitis, as evidenced by the presence of anti-inflammatory microorganisms (P. excrementihominis, B. coccoides, B. stercoris, etc.) and metabolites (SCFAs, SBAs, indole, and its derivatives) in the feces of UC+DSS group mice. This explains why the UC bacteria have anti-inflammatory effects. Moreover, our data indicated that there were more kinds of beneficial microorganisms and metabolites in the HD+DSS group than in the UC+DSS group, which clearly explains the better efficacy of HD intervention in alleviating DSS-induced colitis from a microbiological perspective.

In conclusion, these results indicate that HD intervention can regulate cytokine homeostasis by providing more types of anti-inflammatory bacteria and metabolites, protecting the intestinal mucosal barrier, and significantly reducing the sensitivity to DSS-induced colitis, compared to the UC+DSS group. It is noteworthy that the UC bacteria considered to be “deteriorated” also reduced the sensitivity of GF mice to DSS to a certain extent. This suggests that the bacteria, metabolites, inflammatory factors, and intestinal barrier, can regulate the sensitivity of mice to DSS-induced colitis through a strong and extensive synergistic relationship. This study provides new insights into the microecological interventions for IBD.
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Supplementary Figure 1 | HD intervention significantly modulated the metabolism of DSS-induced colitis mice. (A) OPLS-DA and PLS-DA of HD+DSS VS DSS; (B) OPLS-DA and PLS-DA of UC+DSS VS DSS; (C) Differential metabolites between HD+DSS group and DSS group were obtained using Multi-Dimensional Statistics; (D) Differential metabolites between UC+DSS group and DSS group were obtained using Multi-Dimensional Statistics; (E) Differential metabolites between HD+DSS group and DSS group were obtained using univariate statistical analysis (student T-test or Mann-Whitney U test, depending on the normality of data and homogeneity of variance) (screening criteria are as follows: univariate statistics analysis P < 0.05, |log2FC| >= 0); (F) Differential metabolites between UC+DSS group and DSS group were obtained using univariate statistical analysis (student T-test or Mann-Whitney U test, depending on the normality of data and homogeneity of variance) (screening criteria are as follows: univariate statistics analysis P < 0.05, |log2FC| >= 0); (G) OPLS-DA and PLS-DA of HD+DSS VS UC+DSS; (H) Differential metabolites between HD+DSS group and UC+DSS group were obtained using Multi-Dimensional Statistics; (I) Differential metabolites between HD+DSS group and UC+DSS group were obtained using univariate statistical analysis (student T-test or Mann-Whitney U test, depending on the normality of data and homogeneity of variance) (screening criteria are as follows: univariate statistics analysis P < 0.05, |log2FC| >= 0); (J) Venn Plot of differential metabolites.
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Defects in gut barrier function are implicated in gastrointestinal (GI) disorders like inflammatory bowel disease (IBD), as well as in systemic inflammation. With the increasing incidence of IBD worldwide, more attention should be paid to dietary interventions and therapeutics with the potential to boost the natural defense mechanisms of gut epithelial cells. The current study aimed to investigate the protective effects of Limosilactobacillus reuteri ATCC PTA 4659 in a colitis mouse model and delineate the mechanisms behind it. Wild-type mice were allocated to the control group; or given 3% dextran sulfate sodium (DSS) in drinking water for 7 days to induce colitis; or administered L. reuteri for 7 days as pretreatment; or for 14 days starting 7 days before subjecting to the DSS. Peroral treatment with L. reuteri improved colitis severity clinically and morphologically and reduced the colonic levels of Tumor necrosis factor-α (TNF-α) (Tnf), Interleukin 1-β (Il1β), and nterferon-γ (Ifng), the crucial pro-inflammatory cytokines in colitis onset. It also prevented the CD11b+Ly6G+ neutrophil recruitment and the skewed immune responses in mesenteric lymph nodes (MLNs) of CD11b+CD11c+ dendritic cell (DC) expansion and Foxp3+CD4+ T-cell reduction. Using 16S rRNA gene amplicon sequencing and RT-qPCR, we demonstrated a colitis-driven bacterial translocation to MLNs and gut microbiota dysbiosis that were in part counterbalanced by L. reuteri treatment. Moreover, the expression of barrier-preserving tight junction (TJ) proteins and cytoprotective heat shock protein (HSP) 70 and HSP25 was reduced by colitis but boosted by L. reuteri treatment. A shift in expression pattern was also observed with HSP70 in response to the pretreatment and with HSP25 in response to L. reuteri-DSS. In addition, the changes of HSPs were found to be correlated to bacterial load and epithelial cell proliferation. In conclusion, our results demonstrate that the human-derived L. reuteri strain 4659 confers protection in experimental colitis in young mice, while intestinal HSPs may mediate the probiotic effects by providing a supportive protein–protein network for the epithelium in health and colitis.
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Introduction

Complex interactions between the gut microbiota, the epithelial barrier, and the host immune system determine intestinal homeostasis. A breakdown of regulatory pathways in any of these components may lead to chronic inflammatory conditions and inflammatory bowel disease (IBD) (1, 2). Manifestating as Crohn’s disease and ulcerative colitis, IBD affects millions of people worldwide, and the incidence is increasing, especially in the newly industrialized areas, such as Asia (1). Unfortunately, the precise etiology of IBD remains unclear (2). Despite multiple contributors to disease pathogenesis, one common feature of IBD is identified, i.e., the disruption of the intestinal barrier or the so-called leaky gut (3). Animal models (4–6) and clinical studies (2, 7, 8) have revealed that impaired gut barrier function may be an initial event of IBD, allowing bacteria to approach and leak through the mucosa. Consequently, it leads to defective microbial clearance and aberrant immunoregulation and provokes an uncontrollable inflammatory signal cascade in the gastrointestinal (GI) tract and the whole body.

The single layer of intestinal epithelial cells (IECs) represents the largest surface area of human body that is in contact with the external environment. Aside from physically excluding the vast number of luminal bacteria and other noxious agents, IECs also secrete antimicrobial peptides, sense and sample intestinal antigens, and induce immune responses (9). To fulfill such diverse functions, the epithelium forms a selective barrier through complex protein–protein networks (10). Consisting of the tight junction [zonula occludens (ZO)], adherens junction (zonula adherens), and desmosome from an apical to basal direction, it mechanically links adjacent cells, affects the cytoskeleton structure, and seals the intercellular space of IECs (11, 12). Recent studies have demonstrated that the tight junction (TJ) protein expression is altered in IBD patients, while its dysregulation further promotes disease relapse (13). Interestingly, TJ proteins including ZO-1 and occludin show altered expression upon reaction with pathogens (10), as well as with probiotics (4), suggesting bacterial regulatory functions of the intestinal barrier, or vice versa.

The TJ proteins also interact with the actin cytoskeleton and a variety of regulatory elements (14). One such important modulator is the activation of inducible heat shock proteins (HSPs), which protect the gut epithelium against oxidative stress and inflammation (15). As highly conserved molecular chaperones, HSPs carry out fundamental gatekeeping functions including import/translocation of proteins into appropriate cellular compartments, folding and refolding of misfolded proteins, degradation of unstable proteins, and control of regulatory proteins for maintenance of cell homeostasis (15, 16). More importantly, heat responses to cell injury and allelic polymorphisms in genes encoding HSP70 have been reported in IBD patients (17). While in aging people with compromised immunity, HSP70 is downregulated, concomitant with increased levels of pro-inflammatory cytokines in circulation (18). Furthermore, we and others have revealed an axial gradient of HSP25/27 and HSP70 expression in the mucosa, aligned with the microbiota density and diversity in the mammalian GI tract (15, 19). In contrast, antibiotic-treated mice exhibit a significant reduction of HSP25 and HSP70 expression in the colon (20), suggesting bacterial regulatory functions of epithelial HSPs, or vice versa.

Although no approved therapeutics that target the epithelial barrier are currently available, approaches specifically regulate the TJ, and unrestricted pathways are in progress, including probiotic treatment (12, 21). Members of the diverse Lactobacillus taxon have been rigorously tested as probiotics (live microorganisms when given in adequate amount confer health benefits on the host) in animal models of GI diseases (22). Oral administration of Lactobacillus rhamnosus GG is shown to reduce colitis and diarrhea (23). Our previous studies demonstrate that peroral treatment with Limosilactobacillus reuteri strengthens the intestinal barrier by upregulating TJ protein expression (4) and improves the gut microbiota–IgA interactions, thereby protecting against colitis in mice (24).

Nevertheless, to embody the scientific observations for clinical use, a deeper understanding of IBD pathogenesis and mechanisms of barrier regulation must be achieved. In the current study, we determined the role of major inducible HSP70 and HSP25 in the pathogenesis and probiotic treatment of IBD using a dextran sulfate sodium (DSS)-induced colitis model in young mice. We found that the expression of cytoprotective HSPs was reduced by colitis that also coincided with changes in TJ protein expression, inflammatory responses, and gut microbiota dysbiosis. This HSP-mediated effect was also regulated by peroral treatment with L. reuteri ATCC PTA 4659, a human-derived probiotic strain. We, therefore, propose that epithelial HSPs may make up a potential target for the treatment of IBD.



Materials and Methods


Mice and Dextran Sulfate Sodium-Induced Colitis Model

Male C57BL/6J wild-type mice were purchased from the Jiangsu Laboratory Animals Science Center and were housed at 22°C with 50% humidity on a 12/12-h light/dark cycle and allowed free access to water and a standard chow diet. The animals were subjected to experiments at 10 weeks old under guidelines of the Animal Care and Use Committee of the Yangzhou University (YZUDWSY 2017-09-06). Mice were randomly divided into four different groups (n = 6–8): control, pretreatment with L. reuteri (L. reuteri), DSS-treated (DSS), and the cotreatment with L. reuteri and DSS (L. reuteri-DSS). To induce colitis, 3% DSS in drinking water was administered to mice for 7 days, where the disease activity of colitis was examined daily and presented as a disease activity index (DAI) with a maximum score of 4 as described previously (4). In brief, DAI was calculated based on the percentage of weight loss from initial body weight, stool consistency (normal, loose, or diarrhea), and rectal bleeding using hemoccult test (25). For probiotic bacteria groups, L. reuteri ATCC PTA 4659 was freshly prepared and was given perorally at 108 CFU per mouse per day for 7 consecutive days (L. reuteri) or for 14 days starting 7 days prior to the DSS treatment (L. reuteri-DSS).



Collection of Samples

At the end of each experiment, the mice were anesthetized by intraperitoneal injection of 250 μl of 0.9% sodium pentobarbital solution, and blood was collected by cardiac puncture with Ethylenediaminetetraacetic acid (EDTA) collection tubes. The terminally anesthetized mice were then euthanized by cervical dislocation. Macroscopy analysis was performed upon dissection on changes of GI length and spleen and mesenteric lymph node (MLN) sizes. For bacterial analysis, luminal contents from the distal ileum and the distal colon and MLNs were collected, immediately frozen in liquid nitrogen, and stored at −80°C until DNA isolation. Mucosa samples from each location were taken and divided for RNA extraction, histological and immunohistochemical studies, and protein measurements. In addition, fresh MLN samples and the blood were immediately subjected to flow cytometry analysis.



Measurement of Cytokines and Barrier Proteins

The cytokine expression was measured in the distal colonic tissues including Il10, Il1β, Il6, Ifng, and TNF-α (Tnf). Total RNA was extracted using TRIzol reagent. The cDNA was prepared, amplified, and measured in the presence of SYBR Green (Thermo Fisher Scientific) as previously described (24). Briefly, the fluorescent values were collected, and a melting curve analysis was performed. Glyceraldehyde-3-Phosphate Dehydrogenase (Gapdh) was used as the internal reference for normalization. Relative expression of target genes was determined by 2−ΔΔCt method. The primer sequences are shown in Supplementary Table S1. Next, the production of pro-inflammatory cytokine TNF-α, important for IBD pathogenesis (26), was assessed by ELISA according to the manufacturer’s instructions (Mouse TNF-alpha Quantikine ELISA Kit, R&D Systems). Values were normalized to tissue protein contents measured by Bovine Serum Albumin (BCA) methods.



Flow Cytometry

Single-cell suspensions from MLNs were prepared by mashing organs through 40-µm cell strainers in Phosphate Buffered Saline (PBS) containing 0.05% Fetal Bovine Serum (FBS) and 2 mM EDTA (Fluorescence-activated cell sorting (FACS) buffer). Whole-blood samples were directly processed with a standardized protocol. Samples were incubated in a red blood cell lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) for 10 min at room temperature. The reaction was then stopped with an equal amount of PBS. After centrifugation, cells were resuspended in FACs buffer. Thereafter, single-cell suspensions were incubated with Fc blocker (2.4G2) from BD Biosciences. The cell-surface staining was then performed using the following antibodies: anti-CD11b (M1/70), Ly6G (1A8), CD3 (17A2), and CD4 (GK1.5) antibodies from BioLegend and anti-CD11c antibody (N418) from eBioscience. Dead cells were excluded from analysis using the Live/Dead Aqua Viability Kit (Thermo Fisher Scientific). For intracellular staining, cells were fixed and permeabilized with FoxP3 Staining Buffer Kit according to manufacturer’s instructions and then stained with anti-Foxp3 (FJK-16s) antibody from eBioscience. Data were acquired on an LSR Fortessa SORP flow cytometer (BD Biosciences) and analyzed with FlowJo version 10.0.8 (Tree Star, Inc.).



Histological Analysis and Immunohistochemistry

Tissues obtained from the ileum and distal colon were routinely fixed with 4% paraformaldehyde overnight, dehydrated in 70% ethanol, embedded in paraffin, sectioned (5 μm in thickness), and stained with H&E for histological analysis. Subsequently, the ileal villus height and crypt depth were assessed, where the ratio of the two parameters (V:C) was calculated. In the distal colon, the total mucosal thickness was measured (n = 5 per group, two slides per mouse) and imaged with a light microscope (Leica DFC 420C).

For immunohistochemistry, the intestinal tissues were placed in Tissue-Tek OCT and snap-frozen in liquid nitrogen. Thereafter, the samples were cryosectioned (15 µm) and stained for target proteins. Antibodies raised against the following mouse antigens were used: ZO-1 (ABIN602576, antibodies-online), occludin (ABIN1108503, antibodies-online), HSP70 (ADI-SPA-812, Enzo), HSP25 (ADI-SPA-801, Enzo), Ki67 (ab15580, Abcam), and Phalloidin-Alexa Fluor 555 (A34055, Thermo Fisher Scientific). Accordingly, secondary antibodies were used to amplify signals with Alexa Fluor 488 anti-rat, Alexa Fluor 647 anti-guinea pig, and Alexa Fluor 488 anti-rabbit IgG. Nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific). Two slides of each mouse (n = 6 per group) were imaged using a Zeiss confocal Laser Scanning Microscope 780. For HSP70 and HSP25, mean fluorescence intensity (MFI) was quantified in the distal colon as upper half of mucosal surface and lower half of crypt, respectively. And the number of Ki67+ cells per villi-crypt unit in the ileum and colon was counted using ImageJ software (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, MD, USA, https://imagej.nih.gov/ij/, 1997-2018).



Western Blotting

Western blot analysis of the distal colonic mucosal samples was performed by Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to membrane. For the detection, primary antibodies against HSP70 (ADI-SPA-812), HSP25 (ADI-SPA-801), and HSC70 (ADI-SPA-815, Enzo) and the corresponding secondary antibodies (goat anti-rabbit IgG HRP, sc-2004; or goat anti-rat IgG HRP, dv-2006, Santa Cruz Biotechnology) were used. Proteins were visualized using chemiluminescent detection reagent (Thermo Fisher Scientific, MA, USA) and analyzed using the FluorChem FC3 Chemiluminescent system (ProteinSimple Ltd., USA).



Extraction of DNA and Analysis of Gut Microbiota

DNA was extracted from the ileal and colonic luminal contents (180–220 mg) using QIAmp DNA Stool Mini kit and from MLNs using DNA Mini kit (Qiagen) according to the manufacturer’s instructions. The bacterial load was quantified by RT-qPCR with primers encoding the bacterial V3-V4 16S rRNA gene (Supplementary Table S1) and normalized with sample weight.

Thereafter, gut microbiota composition was characterized by 16S rRNA gene sequencing as described previously (24). Briefly, the bacterial V3-V4 16S rRNA gene regions were PCR amplified from each sample using a composite forward primer and a reverse primer containing a unique 8-base index primer, designed to tag PCR product from respective samples (Supplementary Table S1). PCR reactions consisted of a master mix [0.5 µl of each primer, 4 µl of Q5 reaction buffer, 0.2 µl (0.02 U/µl) Q5 HF DNA polymerase (New England Biolabs), 2 µl of dNTPs, 11.8 µl of Milli-Q water] and 1 µl of DNA template. Reaction conditions were 1 min at 98°C, followed by 20 cycles of 10 s at 98°C, 30 s at 58°C, 30 s at 72°C, and a final extension step at 72°C for 2 min on a Bio-Rad thermocycler. Duplicates were run in 20-μl reactions for each sample, combined, and purified with Agencourt Ampure magnetic purification beads (Beckman Coulter). Then, a second PCR was conducted using 1:10 dilutions of the first PCR product for attaching standard Illumina handles and index primers. The steps were the same as mentioned above with modifications (18 thermal cycles and the annealing temperature at 63°C). PCR products were quantified with Picogreen dsDNA assay according to the manufacturer’s instruction (Thermo Fisher Scientific) and sequenced on an Illumina HiSeq 2500 sequencer. The Illumina sequencing data output was processed according to the cutoffs and pipeline described previously (27). Sequences were assigned to operational taxonomic units (OTUs) by using a closed reference-based OTU picking method in QIIME v1.8. For every OTU, the sequence was checked as a query against the SILVAMOD database using the CREST software version 2.0. For comparative measurements of total bacterial load, a primer for total 16S rRNA primers was used. The data were normalized by sample weight.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism software v.9.0. Two-tailed Student’s t test was used for direct comparison of two groups and ANOVA with Tukey’s post-hoc test to compare all groups. Difference of body weight change was compared as area under the curve. Pearson correlations of the bacterial loads, parameters of immune responses, and the expression of HSPs in the colon within animal were conducted, and the Pearson correlation (r) of the means of each measurement was calculated. For microbial community composition analysis, bioinformatics was performed using the cumulative-sum scaling method (28). VEGAN package version 2.0-7 and the R statistical framework version 2.11 were used to perform multivariate analysis of microbiota; α-diversity is represented by Shannon index. Data were presented as mean ± SEM; p < 0.05 was considered significant. Statistical details and the exact value of “n” can be found in the Figure legends.




Results


Peroral Treatment with Limosilactobacillus reuteri Reduces Inflammatory Responses and Confers Protection Against Dextran Sulfate Sodium-Induced Colitis

Here, we studied the protective effects of L. reuteri ATCC PTA 4659 by employing a chemical model of colitis with 3% DSS administration in young mice. When compared to the DSS-only group, reduced weight loss (Figure 1A, left panel, p < 0.01), DAI (Figure 1A, right panel, p < 0.05), and colon shortening (Figure 1B, p < 0.05) were observed in the L. reuteri-DSS group. Furthermore, analyses of major cytokines revealed that DSS increased the expression of Il1β, Ifng, and TNF-α (Tnf) without affecting Il10 or Il6 levels in the distal colon of mice compared to the control (Figures 1C, D; p < 0.05). By contrast, the expression of Il1β, Ifng, and TNF-α (Tnf) was significantly decreased by L. reuteri treatment during DSS-induced colitis (p < 0.05) without affecting Il6 or Il10 levels (Figures 1C, D; p > 0.05). Notably, pretreatment with L. reuteri for 7 consecutive days did not induce any inflammatory responses with regard to cytokine expression when compared to the control group (p > 0.05). Finally, as the hallmark of acute colitis, the neutrophil recruitment was examined (4). Flow cytometry analysis showed that DSS promoted the expansion of CD11b+Ly6G+ neutrophils in blood with increased numbers and percentage compared to the control (Figure 1E, p < 0.01). The cell number increase was diminished by L. reuteri treatment during colitis (Figure 1E, p < 0.05), indicating less neutrophil recruitment to the effector sites. No significant difference was found between the pretreatment group and the control group (Figure 1E, p > 0.05).




Figure 1 | Peroral treatment with Limosilactobacillus reuteri reduces inflammatory responses in DSS-induced colitis in young mice. (A) Wild-type mice were administered 3% DSS in drinking water for 7 consecutive days (red band); L. reuteri ATCC PTA 4659 (108 CFU) was given daily for 7 days (green band) or 14 days starting 7 days prior to DSS treatment (L. reuteri-DSS, blue band) as illustrated. Body weight was recorded daily, and disease activity index (DAI) was calculated. (B) Representative images show changes of intestinal morphology and colon length (cm). (C) q-RT-PCR analysis of gene expression of cytokines (fold change) and (D) TNF-α production (pg/mg protein). (E) Flow cytometry analysis of neutrophil (live CD11b+Ly6G+) responses in blood. Data are presented as mean ± SEM (n = 6–8 mice per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using two-tailed Student’s t test and ANOVA with Tukey’s post-hoc test. DSS, dextran sulfate sodium. ns, non significant.



These observations prompted us to investigate the effects of probiotic bacteria on secondary lymphoid tissues in mice, especially the MLNs. Peroral administration of L. reuteri did not change the size of spleen in health or colitis (Figure 2A, p > 0.05). However, it preserved the enlargement of MLNs and the cell accumulation in MLNs caused by DSS (Figure 2B, p < 0.05). Flow cytometry analysis revealed that L. reuteri treatment restored the distribution of immune cells in MLNs during colitis into a similar profile as the control group (Figure 2C). In particular, L. reuteri treatment reduced the number of CD11b+CD11c+ dendritic cells (DCs) (Figure 2D, p < 0.05), a major source of pro-inflammatory cytokines during colitis, whereas the number of Foxp3+CD4+ T cells in MLNs was increased compared to the DSS-only group (Figure 2E, p < 0.001). Again, pretreatment with L. reuteri did not stimulate overt responses in MLNs with regard to immune cell populations when compared to that in the control group (p > 0.05). Together, these results demonstrate that L. reuteri treatment ameliorates inflammation and the associated immune reactions, conferring protection against DSS-induced colitis in mice.




Figure 2 | Effects of L. reuteri treatment on lymphoid tissues in DSS-induced colitis in young mice. (A, B) Macroscopic analysis of spleen and mesenteric lymph nodes (MLNs) measured for size, as well as the total cell number (number/g tissue) in MLNs. (C–E) The gating strategy of cell subsets isolated from MLNs in flow cytometry analysis (upper panel) and the relative proportion of immune cells in MLNs (lower panel, C). MLN accumulation of live CD3-CD11b+CD11c+ dendritic cells (D) and CD4+ T cells (E). Data are presented as mean ± SEM, n = 6 mice per group. *p < 0.05, **p < 0.01 using ANOVA with Tukey’s post-hoc test. DSS, dextran sulfate sodium. ns, non significant.





Limosilactobacillus reuteri Results in Important Changes in Gut Microbial Ecology During Colitis in Mice

Bacterial antigens are recognized and transported from the intestine by DCs to the MLNs, which may be deployed to exacerbate inflammation in colitis mice (5). Indeed, we found that DSS increased the bacterial translocation in MLNs using RT-qPCR of the 16S rRNA genes (Figure 1A, p < 0.05). L. reuteri treatment minimized the bacterial load in MLNs to a similar level as in the control group (Figure 3A, p = 0.05). The microbial load was also measured in the ileal and colonic luminal contents in mice. A trend of decrease was observed in the ileum in DSS-associated mice (Figure 3B, p > 0.05), whereas an opposite and significant response was found in the colon (Figure 3C, p < 0.05).




Figure 3 | Peroral treatment with L. reuteri reduces gut microbiota dysbiosis in DSS-induced colitis in young mice. (A–C) Microbial loads in MLNs and ileal and colonic luminal contents were quantified by q-RT-PCR on the 16S rRNA gene (normalized to sample weight). (D, E) Ileal and colonic microbiomes were assessed by 16S rRNA gene amplicon sequencing. The α-diversity of microbial community was calculated. (F, G) Taxonomic distributions of bacterial composition in the ileum and colon at phylum and family levels. (H) Relative abundance of Alistipes, Escherichia-Shigella, Mucispirillum, Unknown S24-7, and Bacteroides sp. in the colonic microbiota (n = 4–6 mice per group). C, control; L, L. reuteri; D, LD, L. reuteri-DSS. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (p-values were adjusted with false discovery rate control using the method of Benjamini and Hochberg). DSS, dextran sulfate sodium, MLNs, mesenteric lymph nodes. ns, non significant.



Next, we determined the effect on the gut microbiota by 16S rRNA gene amplicon sequencing. DSS-induced colitis strongly reduced the α-diversity of both ileal (Figure 3D, p < 0.05) and colonic bacterial community (Figure 3E, p < 0.01) compared to the healthy mice from the control group and the pretreatment with L. reuteri. Peroral treatment with L. reuteri preserved the microbiota diversity in the colon (p < 0.05) but not in the distal ileum (p > 0.05). These changes may attribute to the relative abundance reduction of the most abundant phylum Bacteroidetes, particularly the relative abundance reduction of S24-7 at the family level (affiliated with Bacteroidetes) in the ileum in response to DSS and/or L. reuteri (Figures 3F, G, left panel). In contrast, the relative abundance of the Erysipelotrichaceae (a family affiliated with Firmicutes) in the ileum was increased by the DSS treatment compared with the control mice (p < 0.05), while its relative abundance was not restored to the pre-DSS treatment level by peroral treatment with L. reuteri (Figure 3G, p > 0.05). In the colon, L. reuteri treatment resulted in significant gut microbiota composition alteration against DSS-induced colitis (Figures 3F, G, right panel). The relative abundance of the bacterial taxa Alistipes (a genus affiliated with Rikenellaceae) and an unknown S24-7 was diminished by DSS treatment (Figure 3H, p < 0.0001). By contrast, the relative abundance of Bacteroides sp. was significantly increased by DSS compared to that in the control (Figure 3H, p < 0.0001). When compared with the DSS-only group, L. reuteri treatment altered the abundance of these three bacterial taxa belonging to the Bacteroidetes phylum (Figure 3H, p < 0.05). Moreover, Escherichia-Shigella (affiliated with Enterobacteriaceae) and Mucispirillum (affiliated with Deferribacteraceae) were identified as the major pathobionts in the colon, with their relative abundance increased from less than 2% in healthy mice to up to 80% and 15% in DSS-induced colitis, respectively (Figure 3H, p < 0.01). L. reuteri treatment inhibited the overgrowth of Escherichia-Shigella (Figure 3H, p < 0.0001) but not Mucispirillum (p > 0.05). Notably, L. reuteri treatment changed the bacterial community during colitis into an alternative state, different from the DSS or the control group (Figures 3F–H). Nevertheless, these results suggest that L. reuteri treatment improves the DSS-disrupted gut microbial ecology, especially in the colon.



Limosilactobacillus reuteri Induces the Expression of Tight Junction Proteins and Intestinal Heat Shock Proteins

The expression of TJ protein, F-actin, and HSP70 was assessed by immunohistochemistry and confocal microscopy in the distal colon (Figures 4A, B). In consistency with our previous findings of probiotic-induced TJ protein expression (4), pretreatment with L. reuteri upregulated the expression of Tjp1 (encoding ZO-1, Figure 4C, p < 0.05) and Ocln (encoding occludin, Figure 4D, p = 0.05) when compared to that of the control group. Similarly, it enhanced the expression of two major inducible HSPs, i.e., HSP70 (HSPA1A, Figure 4E, p < 0.001) and HSP25 (HSPB1), in the distal colon of mice at mRNA and/or protein levels when compared to that of the control animals (Figures 4E, F).




Figure 4 | Detection of colonic tight junction proteins and heat shock proteins (HSPs) in response to Limosilactobacillus reuteri in healthy young mice. 10 week-old wild-type mice were given L. reuteri ATCC PTA 4659 (108 CFU) daily for 7 consecutive days. Confocal images of colonic tissues stained with anti-ZO-1 (red), phalloidin (Green), and Hoechst (blue, A) and anti-HSP70 antibodies (Green, B). Scale bar = 50 μm. Expressions of tight junction proteins (C, D) and HSP70 and HSP25 (E, F) were measured by q-RT-PCR and immunoblotting. Data are presented as mean ± SEM, n = 6 mice per group. *p < 0.05, ***p < 0.001 using two-tailed Student’s t test. DSS, dextran sulfate sodium. ns, non significant.





Limosilactobacillus reuteri Alters Intestinal Heat Shock Protein Expression Pattern and Protects Barrier Function During Colitis

We further assessed the HSP expression associated with gut barrier injury during DSS-induced colitis (Figures 5, 6). Firstly, HSP70 was mainly localized to the surface mucosa of the distal colon in healthy control, whereas the lower half of the crypt was almost lacking its expression (Figures 4B, 5A). Furthermore, pretreatment with L. reuteri increased the MFI of HSP70 in both surface mucosa and the crypt (Figures 5A, B), as well as expanded its distribution, when compared to that of the control mice (Figure 5C, p < 0.0001). In contrast, DSS treatment disrupted the colonic barrier integrity and further reduced the crypt HSP70 levels when compared to those of the control (Figures 5A, B; p < 0.01). In the L. reuteri-DSS group, the pattern of HSP70 expression was completely restored, the same as that observed in healthy control mice, along with the normalized mucosa morphology (Figures 5A–D, p < 0.05).




Figure 5 | Alterations of HSP70 expression in the colon in response to L. reuteri during DSS-induced colitis in young mice. (A) Representative images of colonic tissue sections stained with antibodies specific for HSP70 (cyan) and ZO-1 (red). Sections were counterstained with Hoechst (blue). Scale bar = 50 μm. (B–D) Analysis and quantification of HSP70 expression, n = 6 mice per group (duplicate slides per mouse). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 using ANOVA with Tukey’s post-hoc test. DSS, dextran sulfate sodium. ns, non significant.






Figure 6 | Alterations of HSP25 expression in the colon in response to L. reuteri during DSS-induced colitis in young mice. (A) Representative images of colonic tissue sections stained with anti-HSP25 (red) and phalloidin (cyan). Sections were counterstained with Hoechst (blue). Scale bar = 50 μm. (B–D) Analysis and quantification of HSP25 expression, n = 6 mice per group (duplicate slides per mouse). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 using ANOVA with Tukey’s post-hoc test. DSS, dextran sulfate sodium. ns, non significant.



A similar tendency was observed for HSP25 expression. Pretreatment with L. reuteri expanded its distribution in the colon, attributed to a significant increase in the lower half of the crypt, compared to that in the control (Figures 6A–C, p < 0.05). No significant difference was detected with the MFI of HSP25 (Figure 6B, p > 0.05). Interestingly, it seemed that L. reuteri treatment had a stronger impact on the HSP25 expression during DSS-induced colitis than that of HSP70, i.e., DSS treatment resulted in significantly lower MFI of HSP25 in both the surface mucosa and the lower half of the crypt in the distal colon. While L. reuteri treatment maintained these changes during colitis, it specifically enhanced the HSP25 responses in the surface mucosa (Figure 6A), reflected by the increased MFI, the HSP25-positive area, and the significantly increased mucosal surface/crypt expression ratio compared to those of the DSS-only group (Figures 6A–D, p < 0.0001).



Limosilactobacillus reuteri Alters the Epithelium Proliferation and the Surrounding Tissues

Finally, we studied epithelial cell proliferation and their spatial organization along the crypt axis in health and colitis (Figure 7). Histological analysis with H&E staining showed that pretreatment with L. reuteri increased the ileal villus height (Figure 7A, p < 0.01) and the V:C ratio (p < 0.05), but not the crypt depth or the colonic mucosal thickness (p > 0.05), indicating an increased absorption area in the intestine of these mice. Epithelial cells along the crypt axis in healthy mice are renewed every 3–5 days through cell proliferation, we therefore stained the intestinal tissues with the proliferative marker Ki67. DSS treatment reduced the number of Ki67-positive cells in the ileum (Figures 7C–E, p < 0. 01) but increased it in the colon significantly compared to the control group (p < 0.05). At each site, L. reuteri treatment preserved the changes against colitis to that of the control levels (Figures 7C–E, p < 0.05). It is worth mentioning that villi blunting and ileal atrophy were observed in the DSS-only group (Figure 7C), as well as demonstrated in our previous studies (24). The difference of DSS-induced cell proliferation in the ileum and colon may also be linked with the divergent effects of DSS on microbiota.




Figure 7 | Alterations of intestinal histological parameters and proliferation in response to L. reuteri during DSS-induced colitis in young mice. (A) Representative images of ileum of mice. Villus height and crypt depth were measured, and the ratio V:C was calculated, as well as the mucosal thickness of the colon (B). (C–E) Analysis and quantification of proliferating cells. (A) Representative staining of ileum (upper panels) and colon (lower panels) with anti-Ki67 (white) and Hoechst (blue). The number of Ki67+ cells per villi-crypt unit was measured (n = 6 mice per group, two slides per mouse). Scale bar = 50 µm. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 using ANOVA with Tukey’s post-hoc test. DSS, dextran sulfate sodium. ns, non significant.



Accordingly, Pearson correlation analysis revealed a positive relationship between the neutrophil population in blood and the colonic bacterial load (Figure 8A, r = 0.631, p = 0.003), as well as between the percentage of HSP25 and HSP70 staining (Figure 8B, r = 0.443, p = 0.03). Furthermore, in the colon, the crypt HSP25 expression was negatively correlated with its bacterial load (Figure 8C, r = -0.511, p = 0.03) and the Ki67+ cell number (Figure 8D, r = -0.442, p = 0.03).




Figure 8 | Pearson correlations of the bacterial loads, parameters of immune responses, and the expression of heat shock proteins (HSPs) in the colon within animals were conducted in response to L. reuteri during DSS-induced colitis in young mice (A–D, n = 24). (E) Schematic illustration of epithelial HSP-mediated protective effects of L. reuteri ATCC PTA 4659 during established colitis. DSS, dextran sulfate sodium; DCs, dendritic cells; MLNs, mesenteric lymph nodes.






Discussion

IBD is a recurrent GI disorder that affects a large and growing number of people in the world (1). Management of IBD has relied on anti-adhesion agents, anti-pro-inflammatory cytokine antibodies (e.g., anti-TNF antibody), and antibiotics. None of which could reverse the gut mucosa damages (2). Here, we first confirmed that DSS increased the expression of pro-inflammatory cytokines TNF-α (Tnf), Il1β, and Ifng, led to gut microbiota dysbiosis, and skewed immune responses in MLNs and the circulation, which in turn could increase intestinal permeability and bacterial translocation, consequently resulting in profound intestinal damage and colitis in young mice. More importantly, we demonstrate that peroral treatment with L. reuteri induces cytoprotective HSP70 and HSP25 expression in the colon of mice, ameliorates immunological disruptions, and modifies the DSS-shaped gut microbiome, thus strengthening the intestinal barrier function and protecting against colitis (Figure 8E). The strong association between epithelial HSP regulation and the concurrent probiotic effects against detrimental factors observed in this study provides novel insights into the natural defense mechanisms of gut epithelial cells and may open new avenues for IBD treatments.

A key determinant for intestinal homeostasis is maintaining its tolerance to the commensal microbiota while providing effective mechanisms to combat pathogens. In consistency with previous studies (5, 6, 24, 29), we found changes in the microbiota signature in the healthy intestine and colitis. DSS treatment recapitulates a loss of microbial α-diversity, which is often seen in IBD patients. It is an essential characteristic of a dysbiotic and less resistant gut microbiome, which may allow for pathogen invasion (30). In line with this, a significantly increased bacterial load in the colon of colitis mice was observed that was primarily driven by an overrepresentation of Escherichia-Shigella. Peroral treatment with L. reuteri successfully inhibited Escherichia-Shigella overgrowth and relieved the microbial load in the DSS-shaped microenvironment. In addition, DSS specifically increased the relative abundance of Mucispirillum in the colonic microbiota. As a mucus-foraging bacterium, it is likely that the abundance of Mucispirillum is negatively correlated with intestinal mucus integrity (31). In our previous study, L. reuteri treatment effectively ameliorates the DSS-resultant thinning effects on the colonic firmly adherent mucus layer in mice (4). In the current study, although L. reuteri treatment did improve barrier integrity and inflammatory responses, the colonic Mucispirillum in the L. reuteri-DSS group was not suppressed. Nevertheless, L. reuteri treatment restored the microbiota diversity and induced a unique bacterial profile during colitis, including a much higher level of Alistipes than that in the control and the DSS-treated mice. After a perturbation like DSS or antibiotics, gut microbiome may enter an alternative state, with various degrees of abilities to restore its equilibrium (30). We suggest that L. reuteri treatment not only offers colonization resistance against DSS-induced pathobiont enrichment but also favors symbiotic bacteria growth, therefore improving resilience of the gut microbial ecosystem. Finally, the microbiota dysbiosis may affect epithelial turnover (10). In the current study, we discovered a decrease in epithelium proliferation in the ileum, which may be attributed to the observed villi atrophy. In contrast, in the colon, cell proliferation was increased and was negatively linked with crypt HSP25 expression and further with the bacterial load. It could be argued that DSS-augmented bacterial pressure stimulated crypt hyperregeneration in the colon, which diluted HSP25 expression in the dividing crypt cells (32). Contrasting effects between ileum and colon were also observed in changes of gut microbiota in the current study, including the DSS-reduced ileal bacterial load. We speculate that it may be due to the much shorter transit time of the small intestine than that of the colon and based on the fact that the DSS model mainly manifests as colitis (33). This may also explain the less protective effects of peroral treatment with L. reuteri on the ileal bacterial community of DSS-treated mice.

The HSP functioning is tightly controlled in epithelial cells of the GI tract facing tremendous infectious and noninfectious threats (34). A commensal microbiota-driven intestinal HSP expression is suggested (20, 35), where an antibiotic treatment decreases mucosal HSP25 and HSP72 expression (20). In the current study, DSS-induced colitis significantly reduced the expression of HSP25 and HSP70 in the colon of young mice. Similarly, a defective induction of HSPs is seen in IBD patients (17). Peroral treatment with L. reuteri completely restored epithelial HSP expression in colitis mice, which subsequently coincided with an improvement in the epithelial barrier integrity visualized by ZO-1 and F-actin staining. Moreover, Lactobacillus brevis SBC8803 has been reported to confer health benefits in the intestine through HSP induction in vitro and in vivo (36). It seems that the balance of microbial community has a strong influence on HSP function, rather than the bacterial load itself. As highly conserved molecular chaperones, HSP25 and HSP70 work in concert and play multiple important roles in maintaining host homeostasis. They are both associated with the stabilization of the actin cytoskeleton of intestinal epithelium under stress conditions such as oxidative stress and inflammation (15). Furthermore, HSP25 and HSP70 have also been shown to regulate cell proliferation and apoptosis (37) by inhibiting actin polymorphism, preventing translocation of proapoptotic signals, or by inducing proper protein folding to promote cell survival (38). We dissected the HSP expression pattern in the current study and discovered that pretreatment with L. reuteri extends HSP70 and HSP25 along the villus/crypt axis in the colonic mucosa, with a stronger effect on HSP70. It suggests that under physiological conditions with an intact intestinal barrier, the signal of L. reuteri could reach the bottom of crypt cells to enhance HSP function. In contrast, DSS treatment with or without L. reuteri treatment aggregates the HSP defense at the mucosal surface, with a stronger effect on HSP25. It suggests that under inflammatory conditions, HSP25 may serve as the last resort against barrier disruption. In addition, we report that peroral treatment with L. reuteri reduces the bacterial load in MLNs and the expression of pro-inflammatory cytokines during colitis, in parallel with improved responses of conventional DCs and Foxp3+ T cells. This makes up one more event of epithelial HSP-mediated control of inflammatory signal cascades in colitis and with probiotic treatment. Interestingly, upregulation of HSPs in IECs is thought to directly inhibit increased levels of pro-inflammatory cytokines IL-6 and IL-8 in injured cells. While expression of HSP25/27 and HSP70 has been associated with enhanced anti-inflammatory cytokine IL-10 production in macrophages, DCs, and regulatory T cells, respectively (15, 39). It is also reported that overexpression of HSP27 gene facilitates the porcine epithelium to resist Escherichia coli infection in vitro (40).

Emerging evidence suggests that HSP70 and HSP25 exhibit various immunoregulatory features in gut homeostasis depending on the changes of the microenvironment (15). However, the exact modes of probiotic action in regulating epithelial HSPs in health and colitis were unclear. Here, we add to this by demonstrating that among the multiple mechanisms involved in the protection of L. reuteri treatment during experimental colitis, the inducible HSPs constitute an important defense system at the gut epithelial cells. DSS-induced gut microbiota dysbiosis may flare up skewed immune responses in MLNs and circulation. These, along with the increased expression of pro-inflammatory cytokines, and epithelial HSP reduction, indicate a loss of tolerance to perturbations, which in turn can promote intestinal permeability and bacterial translocation, leading to a detrimental positive feedback loop. The fact that peroral treatment with L. reuteri could manipulate interactions between gut microbiota, epithelial HSPs, and the immune system to restore the intestinal barrier function shows a tempting therapeutic potential for IBD treatment.
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Regular environmental light–dark (LD) cycle-regulated period circadian clock 2 (Per2) gene expression is essential for circadian oscillation, nutrient metabolism, and intestinal microbiota balance. Herein, we combined environmental LD cycles with Per2 gene knockout to investigate how LD cycles mediate Per2 expression to regulate colonic and cecal inflammatory and barrier functions, microbiome, and short-chain fatty acids (SCFAs) in the circulation. Mice were divided into knockout (KO) and wild type (CON) under normal light–dark cycle (NLD) and short-light (SL) cycle for 2 weeks after 4 weeks of adaptation. The concentrations of SCFAs in the serum and large intestine, the colonic and cecal epithelial circadian rhythm, SCFAs transporter, inflammatory and barrier-related genes, and Illumina 16S rRNA sequencing were measured after euthanasia during 10:00–12:00. KO decreased the feeding frequency at 0:00–2:00 but increased at 12:00–14:00 both under NLD and SL. KO upregulated the expression of Per1 and Rev-erbα in the colon and cecum, while it downregulated Clock and Bmal1. In terms of inflammatory and barrier functions, KO increased the expression of Tnf-α, Tlr2, and Nf-κb p65 in the colon and cecum, while it decreased Claudin and Occludin-1. KO decreased the concentrations of total SCFAs and acetate in the colon and cecum, but it increased butyrate, while it had no impact on SCFAs in the serum. KO increased the SCFAs transporter because of the upregulation of Nhe1, Nhe3, and Mct4. Sequencing data revealed that KO improved bacteria α-diversity and increased Lachnospiraceae and Ruminococcaceae abundance, while it downregulated Erysipelatoclostridium, Prevotellaceae UCG_001, Olsenella, and Christensenellaceae R-7 under NLD in KO mice. Most of the differential bacterial genus were enriched in amino acid and carbohydrate metabolism pathways. Overall, Per2 knockout altered circadian oscillation in the large intestine, KO improved intestinal microbiota diversity, the increase in Clostridiales abundance led to the reduction in SCFAs in the circulation, concentrations of total SCFAs and acetate decreased, while butyrate increased and SCFAs transport was enhanced. These alterations may potentially lead to inflammation of the large intestine. Short-light treatment had minor impact on intestinal microbiome and metabolism.




Keywords: Per2 knockout, light–dark cycle, short-chain fatty acids, circadian rhythm, inflammation, 16S rRNA sequencing



Introduction

Rhythmic alterations in physiology, metabolism, behavior, and circulation of nutrients with a 24-h cycle are ubiquitous in mammals. The circadian clock is formed by the adaption of environmental light–dark (LD) cycles (1). As the core circadian clock gene, period circadian clock 2 (Per2) gene is wildly distributed in the central nervous system such as the brain and spinal cord, or surrounding organs, such as the skin and gastrointestinal tract (2). Central Per2 protein regulates the rhythmic expression of Per2 in the limbic system, which is a key factor whereby the suprachiasmatic nucleus (SCN) coordinates the operation of the peripheral circadian clock (3). Mutations in Per2 will shorten the circadian rhythm or even lead to disappearance of circadian oscillation, and inhibition of the circadian clock producer transcriptional-translational feedback loops (TTFLs) axis (4–6).

A recent report revealed that a mutation in the PER2 in reindeer caused a loss of binding ability with cryptochrome 1 (CRY1), resulting in arrhythmicity, thus adapting the reindeer to the drastic LD changes in polar regions (7). Per2 is closely related to body fat metabolism and physiological functions of the liver (8). Studies have shown that the deletion of Per2 in mice can cause glucocorticoid imbalance. The diurnal rhythm of neuroendocrine peptide αMSH is disrupted in Per2-deficient mice, which leads to circadian eating disorders such as night-eating syndrome, which gradually leads to obesity (9). Per2 knockout mice showed more severe liver fibrosis, cholestasis, or infarction under toxic conditions than wild-type mice (10). In addition, the LD cycle is an important factor that leads to the circadian rhythm oscillation. Long-time light reduces the amplitude of SCN oscillation of mice at night and enhances the feeding behavior during the day (11). In addition, sleep and wake cycle abnormalities of shift workers increase food intake at night and reduce light exposure, which in turn triggers metabolic disorders due to inadaptability to circadian rhythms, leading to a significant increase in the incidence of obesity, diabetes, and coronary heart disease (12). It is reported that the intrinsically photosensitive retinal ganglion cells (ipRGCs) can sensitively respond to the changes in the external light cycle, which adjusts the SCN to receive the signal input from the retina to synchronize the circadian rhythm with the LD cycles (13, 14).

Approximately 4,000 strains of bacteria colonize the intestine of mammals, which constitute the dominant intestinal microbiota and play an important role in regulating digestion, absorption, immunity, and growth (15). Moreover, studies have found that the number and colonization of intestinal microbiota also have circadian rhythms (16, 17). In 17% of cecum, bacterial relative abundance oscillates with the rhythm, and in 15% in feces (18, 19), the absolute abundance of Firmicutes phylum fluctuates slightly with the rhythm and the absolute abundance of Bacteroidetes phylum fluctuates greatly during the day (20). Rhythm disorders can cause intestinal microbiota imbalance, which is characterized by alterations in the composition and function of bacteria, affecting the disappearance of circadian oscillations and health. For example, fecal microbiota transplantation from rhythmically disturbed mice into germ-free mice can lead to obesity and glucose metabolism disorders (18). High-fat diet induces imbalance of the intestinal microbiota and the disappearance of the abundance of Lachnospiraceae oscillation in mice, which leads to the disturbance of the synthesis and metabolism of short-chain fatty acids (SCFAs) (21). Several studies also demonstrated that the gut microbiome can regulate the expression of Per2 by varieties of metabolites; for examples, Clostridium sporogenes is reported to be involved in modulating the circadian oscillation of Per2 in the peripheral tissues by producing 3-(4-hydroxyphenyl)propionic acid (4-OH-PPA) and 3-phenylpropionic acid (PPA) (22). Gut microbiota-derived SCFAs and lactate can also modulate the phase of Per2 (23), and the circadian pattern of Per2 expression in the hepatic organoid altered upon treatment with butyrate from gut microbiota (21). Research shows that deacetylase 3 (Hdac3) is a key protein that integrates microbiota and circadian rhythms. It can mediate the interaction of bacteria and the circadian clock to cause the circadian oscillation of histone acetylation and deacetylation, thereby affecting feeding and metabolism-related gene expression (24). In addition, intestinal epithelial toll-like receptors (Tlrs) and myeloid differentiation primary response gene 88 (Myd88) protein can also identify specific microbial groups and affect the rhythmic expression of nuclear receptor Rev-erbα, thus regulating the circadian transcription factor Nfil3 expression (25).

LD cycles are the main factors that impact biological rhythms (26). Irregular LD cycles can trigger intestinal metabolic disorders and induce obesity, diabetes, and non-alcoholic fatty liver diseases (10). Except for the extreme LD cycles of constant darkness (0 h of light and 24 h of darkness) or constant light (24 h of light and 0 h of darkness), the LD cycle of 8L:16D is used most frequently as the environmental LD cycle model, which has also been studied to simulate the trans-equatorial jet lag as short-light (SL) cycle (27). SL can also induce circadian rhythm disorder; for example, the rhythm of the brain and muscle ARNT-like 1 (Bmal1) gene is lost when the rhythm phase is advanced by 6 h in mice (28); the increased diseases such as metabolic homeostasis imbalance (obesity, diabetes, and cardiovascular), decreased immunity, and increased incidence of tumors and depression of long-term jet lag among shift workers may also result from SL cycle (29, 30). Ikegami et al. (31) found a strong period circadian clock 1 (Per1) expression late at night and strong Cry1 expression at midnight in wild-type mice under SL. In addition, there was a high Cry1 expression in Per2 mutant mice at midnight under SL, which suggested that the LD cycle of 8L:16D also causes rhythm disorders. Besides, SL cycle is more related to the reproduction of animals (32), and food restricted under SL showed significant regression of the reproductive system of California mice (33).

Herein, we hypothesized that Per2 can respond to different environmental LD cycles (NLD and SL), thus regulating circadian oscillation and impacting the gut microbiome and nutrient metabolism. Therefore, Per2 knockout (KO) and wild-type (CON) mice were managed under NLD and SL, respectively, for 2 weeks after adaption for 4 weeks, in order to investigate how Per2 regulates colonic and cecal inflammatory functions, barrier functions, gut microbiome, and SCFAs circulation in response to different LD cycles.



Materials and Methods


Ethics Statement

All animal experiments were performed according to the ethical policies and procedures approved by the Animal Care and Use Committee of Yangzhou University, Jiangsu, China (Approval no. SYXK (Su) 2017-0044).



Mouse Management and Experimental Design

The heterozygous C57BL/6N mice with systemic Per2 gene knockout (Period2+/−) based on CRISPR/Case9 technology were provided by Biocytogen Biotechnology Co., Ltd. (Beijing, China). Mice were then sent to the Institute of Neuroscience, Chinese Academy of Science, non-human primate research platform (Suzhou, China), to expand the scale of reproduction, in order to obtain a sufficient number of positive homozygous mice (Period2−/−, KO) and wild-type mice (Period2+/+, CON). Each 8-week-old mouse was in good health, similar in body size and initial body weight. KO and CON mice were then randomly divided into alternating photoperiods of normal light–dark cycle treatment (NLD, 12 h of light and 12 h of darkness) and short-light cycle treatment (SL, 8 h of light, 16 h of darkness) (31, 33, 34); each treatment contained six mice. Mice were managed in a single cage in an environmentally controlled warehouse that allowed for manipulating LD cycles according to regulations; the LD cycles were controlled with an LED light strip of 150–200 lx and temperature of 4,500–5,000 K. The adaptation period of LD cycle and diet for mice was 4 weeks. Feeding of each mouse was recorded from 0:00–2:00, 6:00–8:00, 12:00–14:00, and 18:00–20:00 during the trial period using surveillance cameras. Composition of the commercial maintenance pellet feed consisted of corn, soybean, wheat, chicken meal, fish meal, and vegetable oil. Total energy content was 3,616 kcal/kg with a protein content of 18.6% (20.6% of calorie %), carbohydrate of 61% (67.4% of calorie %), and fat of 4.8% (12.0% of calories %). The trough, drinking fountain, and litter were changed weekly; adequate drinking water and pellet feed were provided. The experiment lasted for 14 days after allowing the mice to adapt to the diet and light conditions for 4 weeks.



Sample Collection

Mice were fasted 1 day before sampling; then, blood was collected from the retroorbital sinus for measurements of concentrations of SCFAs. Mice were then anesthetized with ether and euthanized by spinal dislocation during 10:00–12:00 a.m. The colon and cecum tissues were harvested, rinsed in phosphate buffer solution (PBS), and rapidly frozen in liquid nitrogen for measurements of the expressions of circadian rhythm, SCFAs transporter, and inflammatory- and barrier-related genes following a previously described protocol (8). Colonic and cecal contents were stripped along the outer wall of the intestine and stored in liquid nitrogen for concentration of SCFAs and microbiome analysis.



Total RNA Extraction

Total RNA was extracted from colonic and cecal epithelial tissues using the FastPure Cell/Tissue Total RNA Isolation Kit V2 (RC112, Vazyme, Nanjing, China). Concentration and purity of total RNA were determined with a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription referred to FastKing gDNA Dispelling RT Super Mix (Tiangen, Beijing, China). Reverse transcription reaction system was as follows: 5× FastKing-RT Super Mix, 4 µl; total RNA, 1,000 ng; and RNase-free ddH2O to make the volume of 20 µl. Reaction procedure was set as 42°C for 15 min and 95°C for 3 min following the manufacturer’s instructions.



Real-Time PCR

The reverse transcription gDNA samples were used as templates for real-time PCR (RT-PCR) using the 2× TSINGKE Master qPCR Mix (SYBR Green I) (TSE201, Tsingke, Beijing, China) in an ABI7500 (Thermo Fisher) sequence detector. The reaction system for PCR was as follows: qPCR Mix, 10 µl; forward primer, 0.8 µl (10 µM); reverse primer, 0.8 µl (10 µM); 50× ROX Reference Dye, 0.4 µl; and ddH2O to make the volume of 20 µl. PCR reaction procedure was set as 95°C for 60 s, 40 cycles of 95°C for 10 s and 60°C for 30 s, and, ultimately, the test was set as 95°C for 15 s, 60°C for 60 s, 95°C for 30 s, and 60°C for 15 s. The standard curve method and QuantStudio™ 7 Flex Real-Time PCR Software (Applied Biosystems, Foster, CA, USA) were used for data analysis. Relative expression of the target gene was calculated using 2−ΔΔCt methods (35). Specific primers used for RT-PCR are shown in Supplementary Table S1.



Protein Extraction

Total protein was extracted from colonic and cecal epithelial tissues using radioimmunoprecipitation assay (RIPA) lysis buffer (R0010, Solarbio, Beijing, China), which contained 1 mM dilution of phenylmethylsulfonyl fluoride (78830, Sigma-Aldrich, St. Louis, MO, USA). Total protein was extracted according to the manufacturer’s instructions, and the concentration of protein was determined with the Enhanced BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China). Protein was denatured at 95°C for 10 min prior to Western blotting.



Western Blot

Western blot method was used to determine the protein expression of Per2. Details of Western blot were reported previously by our laboratory (36). Briefly, primary antibodies used in this work were Per2 (GTX129688, GeneTex, Irvine, CA, USA), and Gapdh (GTX100118, GeneTex, Irvine, CA, USA). After incubating with primary antibody, the membranes were incubated with the horseradish peroxidase (HRP)-conjugated anti-rabbit IgG secondary antibody (GTX213110-0, GeneTex, Irvine, CA, USA). The polyvinylidene fluoride (PVDF) membranes were developed using SuperSignal West Femto Substrate Trial Kit (No. 34094, Thermo Fisher Scientific, Waltham, MA, USA). The visualization of PVDF membranes was performed by FulorChem HD2 (ProteinSimple, San Francisco, CA). The band intensities were measured using Image J software (v1.8.0). The target protein abundance was normalized with the intensity of Gapdh.



Determination of SCFAs

For colonic and cecal contents, 0.5 g of mixtures of each treatment was used, 1.25 ml of ultrapure water per sample was mixed with the contents, and they were vortexed for 5 min, then centrifuged at 4°C, 13,400×g for 10 min. The supernatant was collected and filtered through a 0.25-μM syringe filter. A total of 0.4 ml metaphosphoric acid (contained 20% of 60 mmol/L crotonic acid as internal standard) was added, and then, the entire contents were vortexed, centrifuged, and filtered, and the supernatant was collected for subsequent analyses. A standard mix (0.4 μl) contains 55.06 mmol/L of acetate, 15.84 mmol/L of propionate, 4.25 mmol/L of isobutyrate, 8.57 mmol/L of butyrate, 3.58 mmol/L of isovalerate, and 3.56 mmol/L of valerate, and test samples were mixed and ran through a CP-WAX capillary column (length, 30 m; inner diameter, 0.53 mm; and film thickness, 1 μm) in a gas chromatograph (GC-9A, Shimadzu, Kyoto, Japan). The SCFAs were determined according to the preliminary method of our laboratory (37). Briefly, 0.4 μl of standard product was collected, and the solution with a CP-WAX capillary column was tested (length, 30 m; inner diameter, 0.53 mm; and film thickness, 1 μm) by using the gas chromatography. Program settings and calculations of concentrations were according to a previous protocol (38). The relative correction factor of SCFAs was calculated by the peak area of the standard and the internal standard, and the concentration was calculated based on the peak area.

Blood was kept at room temperature for 30 min and centrifuged at 1,000×g for 15 min. The serum was collected for concentrations of SCFAs measurements. Then, 200 µl of serum; a 200-µl mixture of organic solvents composed of N-butanol, tetrahydrofuran, and acetonitrile in a 50:30:20 ratio; 40 µl of HCl 0.1M; 20 mg of citric acid; and 40 mg of sodium chloride were mixed. The microtubes were shook vigorously using the vortex stirrer for 1 min and centrifuged at 13,400×g at room temperature for 10 min. The supernatant was transferred, and concentrations of SCFAs were measured according to a previous protocol (39).



DNA Extraction and Illumina Sequencing

In each treatment, a 0.5-g mixture of colonic and cecal contents was taken, and the TIANamp Stool DNA Kit (DP328, Tiangen) was used to extract total microbial DNA. The concentration and purity of total DNA were determined by the NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Illumina Hiseq2500-PE250 sequencing platform was used to determine the abundance and diversity of the intestinal content microbiota. The method amplified the bacterial 16S ribosomal RNA (rRNA) region using the following primers: primer (319F: 5′-ACTCCTACGGGAGGCAGCAG-3′; 806R: 5′-GGACTACHVGGGTWTCTAAT-3′) target V3–V4 hypervariable region was used for sequencing (40). Sequencing was conducted at Genepioneer Biotechnologies Co., Ltd., Nanjing, China. The 16S rRNA gene amplicon sequencing data generated during the current study were submitted to National Center for Biotechnology Information (NCBI) under BioProject PRJNA750583.



16S rRNA Sequencing Data Processing

Paired-end reads generated from Illumina platforms were processed and merged using FLASH software (v1.2.7) (41). Then, high-quality clean sequence tags were obtained by removing lower quality and shorter lengths. Usearch software (Uparse v6.0.307) was used to cluster all the reads of each sample into operational taxonomic units (OTUs) with a sequence similarity level of 97% (42). Representative sequences of each OTUs were screened for further annotation. Matched bacterial 16S rRNA classification information was obtained from SILVA (Release115) database (43). Relative abundances of representative bacteria were calculated at the phylum, class, order, family, and genus levels. QIIME software (V1.7.0) was used to calculate the Alpha diversity index (Chao1, ACE, and Shannon and Simpson Index) (44). Beta diversity was calculated using principal coordinate analysis (PCoA) based on Unweight Unifrac distance. Linear discriminant analysis effect size (LEfSe) was used to compare the marker species under the genus classification (LDA score >3.5) (45). Finally, the PICRUSt2 (v1.1.0) database was used to predict the function of the microbial community based on high-quality sequences and annotated via Kyoto Encyclopedia of Genes and Genomes (KEGG) database (46).



Statistical Analysis

Relative expression of genes and protein, concentrations of SCFAs, and bacterial α-diversity based on 16S rRNA sequencing were subjected to two-way ANOVA analysis using SPSS 13.0 (SPSS, Inc., Chicago, IL, USA) software. GraphPad Prism 6.0 software was used to draw histograms. Results are presented as means ± standard error of the mean (SEM) (* denotes p < 0.05, significant difference; ** or ***denotes p < 0.01 or p < 0.001, extremely significant difference). Bacterial taxa analyses were plotted using the R package “ggplot2” based on the modified OTUs data. The Venn diagrams were analyzed using the R package “VennDiagram.” PCoA diagram was carried out by R package “vegan.” The bubble diagram of pathway enrichment analysis was made using the R package “ggplot2.” The bacterial cluster results were carried out by R package “pheatmap.” The R version was 4.0.2, and R packages were described previously (47, 48).




Results


Daily Feeding Rhythm of Mice

Data indicated that the feeding frequency of Per2 knockout mice was significantly decreased compared with CON mice at 0:00–2:00 (p < 0.05 or p < 0.01) but increased at 12:00–14:00 (p < 0.05 or p < 0.001) both under NLD and SL (Figure 1). KO did not impact the feeding frequency at 6:00–8:00 and 18:00–20:00 (p > 0.05). Short-light treatment also did not alter the daily feeding rhythm compared with NLD of KO and CON mice (p > 0.05). The feeding rhythm of CON mice showed trends that were higher at night but lower during the day, while KO mice showed the opposite.




Figure 1 | Daily feeding rhythm of KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h of darkness. Recorded the times of feeding of each mouse from 0:00–2:00, 6:00–8:00,12:00:14:00, and 18:00–20:00 during the trial period using surveillance cameras. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or ***p < 0.01 or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 4 per group).





Concentrations of SCFAs in Serum

Data indicated that Per2 knockout did not have a significant impact on the concentrations of total SCFAs, acetate, propionate, butyrate, and acetate/propionate (p > 0.05) compared with CON mice (Table 1). Short-light treatment also did not impact all SCFAs indicators compared with CON mice (p > 0.05). There was no interaction effect on the serum SCFAs indicators (p > 0.05).


Table 1 | Concentrations of SCFAs in serum.





Concentrations of SCFAs in Colonic and Cecal Contents

Compared with CON mice, Per2 knockout significantly reduced the concentrations of total SCFAs (p < 0.001), acetate (p = 0.001), propionate (p = 0.011), and increased butyrate (p = 0.021), but did not impact isobutyrate, isovalerate, valerate, and acetate/propionate (p > 0.05) in colonic contents (Table 2). Short-light treatment did not impact the concentrations of SCFAs (p > 0.05), except reducing isobutyrate (p < 0.001) and isovalerate (p = 0.031) compared with NLD. The interaction between two treatments did not impact the concentration of SCFAs (p > 0.05). In terms of the concentration of SCFAs in cecal content, KO reduced total SCFAs (p = 0.020) and acetate (p < 0.01) but increased butyrate (p = 0.001); no differences were observed in propionate, isobutyrate, isovalerate, valerate, and acetate/propionate (p > 0.05). Short light did not impact SCFAs indicators (p > 0.05) compared with NLD in cecal content. Besides, the interaction between two treatments significantly impacted the concentration of propionate (p < 0.01).


Table 2 | Concentrations of SCFAs in colonic and cecal contents.





Relative Expression of Colonic and Cecal Epithelial Circadian Rhythm Genes and Per2 Protein

Compared with CON mice, mRNA and protein expression of Per2 significantly decreased in Per2 knockout mice both under NLD and SL in colonic epithelium (Figure 2A, Supplementary Figure S1) and cecal epithelium (Figure 2B, Supplementary Figure S1) (p < 0.05 or p < 0.001). There was a high knockout efficiency of Per2 gene in colon and cecum tissues. In terms of expression of other circadian rhythm genes during 10:00 to 12:00 a.m., KO upregulated expression of Per1 and Rev-erbα gene but downregulated circadian locomotor output cycles kaput (Clock) and Bmal1 both under NLD and SL. The KO also increased the expression of period circadian clock 3 (Per3) gene under NLD in colonic epithelium (Figure 2C) (p < 0.05, p < 0.01, or p < 0.001) compared with CON mice. For cecal epithelium, KO upregulated expression of Per1, cryptochrome 2 (Cry2), and Rev-erbα but downregulated expression of Clock and Bmal1 genes both under NLD and SL. The KO also downregulated expression of Cry1 gene under SL (Figure 2D) (p < 0.05, p < 0.01, or p < 0.001) compared with CON mice. Short-light treatment did not impact expression of colonic and cecal epithelial circadian rhythm genes (p > 0.05) compared with NLD.




Figure 2 | Relative expression of colonic and cecal epithelial circadian rhythm genes and Per2 protein in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2-/-) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h of darkness. Representative charts of the expression levels of Per2 gene and protein of colonic epithelium (A) and cecal epithelium (B), Per1 gene, Per3 gene, Cry1 gene, Cry2 gene, Clock gene, Bmal1 gene, and Rev-erbα gene of colonic epithelium (C) and cecal epithelium (D). Expressions of circadian genes and Per2 protein were determined in Per2 knockout and wild-type mice under NLD and SL by PCR and Western blot method. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or ***p < 0.01 or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 6 per group).





Relative Expression of Colonic and Cecal Epithelial SCFAs Transporter Genes

Compared with CON mice, Per2 knockout significantly upregulated expression of Na+/H+ exchanger 1 (Nhe1), Na+/H+ exchanger 3 (Nhe3), monocarboxylic acid transporters 1 (Mct1), and monocarboxylic acid transporters 4 (Mct4) (p < 0.05, p < 0.01, or p < 0.001) but did not impact expression of Na+/H+ exchanger 2 (Nhe2), anion exchanger 2 (Ae2), and Na+/K+ ATPase (p > 0.05) both under NLD and SL in colonic epithelium (Figure 3A). Short-light treatment further down-regulated expression of colonic epithelial Nhe3 gene compared with NLD in KO mice (p < 0.01) (Figure 3A). For cecal epithelium, KO upregulated expression of Nhe1, Nhe3, and Mct4 genes (p < 0.05, p < 0.01, or p < 0.001) but did not impact expression of Nhe2, Mct1, Ae2, and Na+/K+ ATPase (p > 0.05) both under NLD and SL in cecal epithelium (Figure 3B). Short light did not alter expression of SCFAs transporter genes in cecal epithelium compared with NLD (Figure 3B) (p > 0.05).




Figure 3 | Relative expression of colonic and cecal epithelial SCFAs transporter genes in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h of darkness. Representative charts of the expression levels of Nhe1 gene, Nhe2 gene, Nhe3 gene, Mct1 gene, Mct4 gene, Ae2 gene, and Na+/K+ ATPase gene of colonic epithelium (A) and cecal epithelium (B). Expressions of SCFAs transporter genes were determined in Per2 knockout and wild-type mice under NLD and SL by PCR method. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or *** p < 0.01 or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 6 per group).





Relative Expression of Colonic and Cecal Epithelial Inflammatory and Barrier Genes

Compared with CON mice, Per2 knockout significantly upregulated expression of tumor necrosis factor α (Tnf-α) gene, while it downregulated expression of tight junction protein 1 (Zo-1), Claudin-1, and Occludin genes (p < 0.05 or p < 0.01) but did not impact the expression of interleukin 1β (Il-1β) and interleukin 6 (Il-6) genes (p > 0.05) both under NLD and SL in colonic epithelium (Figure 4A). In terms of cecal epithelial inflammatory and barrier genes, KO significantly upregulated expression of Il-1β and Tnf-α, while it downregulated expressions of Claudin-1 and Occludin (p < 0.05 or p < 0.001). However, it did not impact expression of Il-6 and Zo-1 genes (p > 0.05) both under NLD and SL (Figure 4B). Short light did not alter expression of colonic and cecal epithelial inflammatory and barrier genes in colonic and cecal epithelium compared with NLD (p > 0.05).




Figure 4 | Relative expression of colonic and cecal epithelial inflammatory and barrier genes in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h light and 16 h darkness. Representative charts of the expression levels of Il-1β gene, Il-6 gene, Tnf-α gene, Zo-1 gene, Claudin-1 gene, and Occludin gene of colonic epithelium (A) and cecal epithelium (B). Expressions of inflammatory and barrier genes were determined in Per2 knockout and wild-type mice under NLD and SL by PCR method. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or *** p < 0.01, or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 6 per group).





Relative Expression of Colonic and Cecal Epithelial Inflammatory Pathway-Related Genes

Compared with CON mice, Per2 knockout significantly upregulated expression of toll-like receptor 2 (Tlr2) and nuclear factor κb (Nf-κb) p65 genes (p < 0.05, p < 0.01, or p<0.001) but did not impact expression of toll-like receptor 4 (Tlr4) and Myd88 genes (P > 0.05) both under NLD and SL in colonic epithelium (Figure 5A). In terms of cecal epithelial pathway-related genes, KO significantly upregulated expression of Tlr2, Tlr4, and Nf-κb p65 genes (p < 0.05, p < 0.01, or p < 0.001) but did not impact expression of Myd88 (p > 0.05) both under NLD and SL (Figure 5B). Short light did not alter expression of colonic and cecal epithelial inflammatory pathway-related genes compared with NLD (p > 0.05), except upregulating the expression of Tlr2 gene of KO mice in cecal epithelium (p < 0.001).




Figure 5 | Relative expression of colonic and cecal epithelial inflammatory pathways-related genes in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 of h darkness; SL, short-light treatment of 8 h light and 16 h darkness. Representative charts of the expression levels of Tlr2 gene, Tlr4 gene, Myd88 gene, and Nf-κb p65 gene of colonic epithelium (A) and cecal epithelium (B). Expressions of inflammatory pathways-related were determined in Per2 knockout and wild-type mice under NLD and SL by PCR method. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or *** p < 0.01 or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 6 per group).





Bacterial Sequencing OTUs and Diversity in Intestinal Contents

Table 3 and Figure 6 underscore the alterations in the diversity of intestinal microbiota of KO and CON mice under NLD and SL. The 16S rRNA sequencing coverage exceeded 99% of each group (Table 3). The Venn diagram revealed that numbers of unique bacterial OTUs of colonic contents for NLD+KO, NLD+CON, SL+KO, and SL+CON were 29, 11, 20, and 26, respectively, and the shared OTUs numbers was 237 (Figure 6B1). Besides, the unique bacterial OTUs of cecal contents for the above groups were 24, 17, 26, and 24, respectively, and the shared OTUs number was 276 (Figure 6B2). Meanwhile, Figure 6A indicates that different treatments had different relative abundance at the level of bacterial phyla and class (partial orders) classification. The bacteria with higher abundance mainly included Bacteroidales order of Bacteroidetes phylum, Clostridiales and Erysipelotrichales order of Firmicutes phylum, etc. β-Diversity calculated by PCoA diagram based on Unweight Unifrac distance (Figure 6C) revealed that the bacteria of KO mice were completely separated from CON mice on the first axis, and the NLD and the SL were not significantly separated, which indicated that Per2 knockout significantly altered intestinal bacterial β-diversity, while short-light treatment did not have an impact. Lastly, the α-diversity (Table 3) showed that the Chao 1, ACE, Shannon, and Simpson indices of KO mice were significantly higher than those of CON mice (p<0.05) both under NLD and SL of colonic and cecal microbiome, except that KO had no impact on the Simpson index of cecal content (p > 0.05). Short light did not impact bacterial α-diversity (p > 0.05).


Table 3 | Sequencing coverage and α-diversity indicators of gut microbiome.






Figure 6 | Bacterial diversities and compositions in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h of darkness. (A) Compositions of colonic and cecal microbiota at the phylum, family, and order levels in KO and CON mice under NLD and SL, the bacterial relative abundance in <0.05% were belonged to others. (B) Venn diagrams based on OTUs in colonic content (B1) and cecal content (B2), the number of unique OTUs were represented by the unoverlapped portion. (C) Principal coordinate analysis plots of unweighted UniFrac distances of microbiota in colonic and cecal contents in KO and CON mice under NLD and SL. n = 6 per group for 16S rRNA sequencing.





Taxonomic Differences in Microbial Genus Level in Intestinal Contents

Significant taxonomic differences in bacterial genus classification among four treatments were analyzed using LEfSe (Figure 7A). LEfSe results were visualized using a taxonomy bar chart, and only LDA scores over 3.5 were marked. At the bacterial genus level, Lachnospiraceae NK4A136, Eubacterium_xylanophilum, Roseburia, Lachnospiraceae UCG_006, Ruminiclostridium, Anaerotruncus, Rikenella, Candidatus Saccharimonas, and Ruminococcaceae UCG_003 genus were enriched in NLD+KO; Erysipelatoclostridium, Prevotellaceae UCG_001, Olsenella, and Christensenellaceae R_7 genus were enriched in NLD+CON; Escherichia Shigella, Lactobacillus, Eubacterium coprostanoligenes, Turicibacter, Prevotellaceae NK3B31, and Marvinbryantia genus were enriched in SL+KO; and Parasutterella, Allobaculum, Bacteroidales S24-7 unidentified, and Enterorhabdus genus were enriched in SL+CON. The cluster results (Figure 7B) revealed that the relative abundance of significant taxonomic differences in bacterial genus of each group was higher than that of other groups. Under NLD+KO, most of the differential bacterial genus belonged to Lachnospiraceae family and Ruminococcaceae family, while the other differential bacterial genus belonged to Erysipelotrichaceae family, Prevoteellaceae, Lactobacillaceae family, etc. (Figure 7C), and most of the differential bacterial genus belonged to Bacteroidetes phylum and Firmicutes phylum (Figure 7D).




Figure 7 | LEfSe analysis and cluster heatmap of in intestinal differential microbial genus classifications in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h darkness. (A) Linear discriminant analysis (LDA) plus effect size (LEfSe) at bacterial genus levels in KO and CON mice under NLD and SL, only LDA score in over than 3.5 was marked. (B) Cluster heatmap of differential bacterial genus levels in KO and CON mice under NLD and SL. (C) Classification the differential bacterial genus in family levels. (D)  Classification the differential bacterial genus in phylum levels. n = 6 per group for 16S rRNA sequencing.





Prediction of Bacterial Functions via PICRUSt2

The bacterial functional predictions of KEGG pathways via PICRUSt2 are shown in Figure 8 and Supplementary Figure S2. Prediction of the KEGG primary pathway showed that the identified bacterial genes were potentially related to metabolism, genetic information processing, and environmental information processing (Supplementary Figure S2). Based on the metabolism pathway, most of the predicted genes were involved in amino acid and carbohydrate metabolism pathways (Figure 8A). The amino acid metabolism pathway was further refined, and we found that functions of the intestinal microbiota were mainly related to pathways such as “alanine, aspartate, and glutamate metabolism” or “arginine and proline metabolism” (Figure 8B). The carbohydrate metabolism pathway functions of the intestinal microbiota were mainly related to “amino sugar and nucleotide sugar metabolism,” “pyruvate metabolism,” etc. (Figure 8C). Besides, SCFAs metabolism pathways such as “propanoate metabolism” and “butanoate metabolism” were also enriched (Figure 8C).




Figure 8 | Predicted of bacterial functions of KEGG pathway via PICRUSt2 in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h light and 12 h darkness; SL, short-light treatment of 8 h light and 16 h darkness. (A) The bacterial functional predictions of KEGG secondary pathway via metabolism. (B) The amino acid metabolism pathways predicted via metabolism. (C) The carbohydrate metabolism pathways predicted via metabolism. n = 6 per group for 16S rRNA sequencing.






Discussion

After systemic Per2 knockout in mice, the mRNA and protein level of Per2 expression in colonic and cecal epithelium was significantly downregulated, which underscored the high efficiency of Per2 knockout and the reliability of the results of our work. Per2 knockout altered intestinal circadian oscillation, for example, KO upregulated the expression of Per1 and Rev-erbα but downregulated Clock and Bmal1 in colonic and cecal epithelium during 10:00−12:00. Our results were consistent with previous reports; Zani et al. (49) reported that lack of Per2 caused altered expressions of the liver by upregulating Clock, Cry1, and Bmal1, while Rev-erbα, Per1, and Cry2 were downregulated at ZT14 in Per2 mutant mice. This indicated that Per2 is required for normal circadian expression. However, Ikegami et al. (31) argued that Per2 is not necessary for the photoperiodic response in mice because the expression profile of arylalkylamine N-acetyltransferase, a rate-limiting melatonin synthesis enzyme, was unaffected in the pineal gland of Per2 mutant mice. They also found that the amplitude of Per1 and Cry1 expression was greatly attenuated in the SCN. Our data also indicated that short-light treatment did not impact expression of colonic and cecal epithelial circadian rhythm genes compared with NLD because wild-type mice are fast at adjusting their locomotor activity to a long photoperiod (50), and photoperiodic responses remain unaffected in Per2-deficient mice (31). In short, Per2 plays a critical role in the regulation of circadian locomotor activity rhythms, and the simulation of the jet lag by short-light for a short period may not impact circadian rhythms.

Our data indicated that Per2 knockout also significantly altered the diversity, structure, and function of large intestinal microbiota; for example, PCoA diagram revealed that Per2 knockout significantly altered intestinal bacterial β-diversity; the α-diversity indicators (Chao 1, ACE, Shannon, and Simpson indexes) of KO mice were significantly higher than those of CON mice both under NLD and SL. However, Thaiss et al. (18) has reported that the Chao 1 index of fecal microorganisms in Per1/2 genes knockout mice was significantly lower than that of wild-type mice, with the diversity of the population declining. This is because Per1/2 gene knockout inhibited the TTFLs axis of mice, which causes disappearance of the rhythm of the intestinal microbiota. As such, it inhibits the diversity of intestinal microbiota (6). In our study, intestinal microbiota was dysregulated but did not completely disappear after the single knockout of Per2, thus leading to the increase in the α-diversity. The increase in bacterial α-diversity may result from the abnormal diurnal feeding rhythm of Per2 knockout mice; the host responds to the increase in feeding frequency and nutrient metabolism disorder caused by Per2 knockout by increasing the abundance and diversity of intestinal microbiota, thus reducing inflammations in the gut and liver tissues (9, 51).

The Per2 knockout under normal LD cycle led to an increase in the abundance of the Lachnospiraceae family such as Lachnospiraceae NK4A136, Eubacterium_xylanophilum, Roseburia, Lachnospiraceae UCG_006, and Ruminococcaceae family such as Ruminiclostridium, Anaerotruncus, and Ruminococcaceae UCG_003. Thaiss et al. also indicated that the abundance of the above two bacterial families have obvious circadian rhythms (18), i.e., knockout of Per2 results in disturbance of the intestinal microbiota and increases their abundance. Moreover, Lachnospiraceae family, Ruminococcaceae family, and Rikenella genus of Rikenellaceae family are all reported to be closely related to the production of SCFAs in the intestine (52, 53). Furthermore, the abundance of Erysipelatoclostridium, Prevotellaceae UCG-001, Olsenella, and Christensenellaceae R-7 genus significantly decreased. Takayasu et al. (54) confirmed that Prevotellaceae has a strong circadian rhythm in human saliva, while it disappeared after isolation, which indicated that the circadian rhythm of the intestinal microbiota is closely related to the physiological state of host. Prevotellaceae also plays a role in butyrate production, and Per2 knockout may cause the abnormal rhythm of Prevotellaceae (55). In addition, Erysipelatoclostridium genus of Erysipelotrichaceae family is the main dominant bacteria in the gut of obese mice. Its functions were closely related to obesity, diabetes, and metabolic syndrome diseases (56), and its abundance is also affected by rhythm disorders. Lastly, Per2 knockout under SL resulted in the increased abundance of Escherichia-Shigella, Lactobacillus, Eubacterium coprostanoligenes, Turicibacter, Prevotellaceae NK3B31, and Marvinbryantia, while the abundance of Parasutterella, Allobaculum, Bacteroidales S24-7, and Enterorhabdus decreased. The differentially affected bacterial genus belongs to different families, and their functions and classifications were also inconsistent. In general, the bacterial genus mainly belonged to Erysipelotrichaceae, Lachnospiraceae, Ruminococcaceae, and Prevotellaceae families, which also have a strong rhythm and were closely related to butyrate production.

A stable microbiota rhythm will drive the host’s circadian rhythm transcription, epigenetics, and metabolites to oscillate, and the destruction of homeostasis affects the host’s physiological functions and increases disease risk (57). For example, it has been previously reported that Clock/Clock mutant mice demonstrate altered circadian rhythmicity and display reduced cytokine production from macrophages and arrhythmic inflammatory responses, thus leading to intestinal ecology dysregulation (58). The gut microbiota is involved in a variety of digestive and metabolic functions in the hindgut of mammals and exhibits rhythmicity and oscillates in key metabolic mediators of intestine. These mediators also affect the circadian rhythm of the host, thereby maintaining the stability of the metabolic internal environment (21). The prediction of the bacterial KEGG pathway via PICRUSt2 in our study revealed that 50% of bacterial genes were annotated into the metabolism pathway, which mainly included amino acid and carbohydrate metabolism, such as “alanine, aspartate, and glutamate metabolism,” “arginine and proline metabolism,” “cysteine and methionine metabolism,” and “glycine, serine, and threonine metabolism” pathways. Carbohydrate metabolism pathways of “amino sugar and nucleotide sugar metabolism,” “pyruvate metabolism,” “fructose and mannose metabolism” ,and “citrate cycle (TCA)”, etc. were also enriched, which indicated that most bacteria were involved in amino acid, carbohydrate, and energy metabolism. Several previous studies showed that Per2 interacts with key nuclear receptors (Pparα, Pparγ, and Rev-erbα) (59) and plays an important role in various metabolic processes (49). Per2 mutant mice are characterized by diminished fasting glycemia, absence of rhythmic hepatic glycogen accumulation, increased plasma insulin levels, and weakened gluconeogenesis in addition to a reduction in fat pad mass and plasma lipid levels (49, 60). Per2-KO mice lack a glucocorticoid rhythm and diurnal feeding rhythm, which can lead to obesity when fed a high-fat diet (9, 51). This explained why we observed that the feeding rhythms of CON mice showed trends of increase at night but decreases during the day, while that of KO mice were the opposite, and the feeding frequency of Per2 knockout mice were significantly decreased at 0:00–2:00 but increased at 12:00–14:00. We also found that KO increased the expression of Tnf-α, Tlr2, and Nf-κb p65 but decreased Claudin and Occludin-1 in the colon and cecum, which suggested that alterations in daily feeding behavior and gut microbiome and nutrient metabolism of KO mice may lead to destruction of intestinal barrier function, which may be a potential inflammatory response via Nf-κb pathway (61, 62).

It is worth noting that butanoate and propanoate metabolism were enriched among carbohydrate metabolism pathway, which proved that Per2 knockout altered the metabolism of propionate and butyrate. For further verification, the proportion of SCFAs in the colon and cecum were measured. KO hadno impacts on SCFAs in the serum; the probable reason may be that SCFAs were more energy substance for the intestinal epithelial cells rather than transported into the blood, such as butyrate. KO decreased the concentrations of total SCFAs and acetate in the colon and cecum but increased butyrate. In other words, the increased abundance of Lachnospiraceae and Ruminococcaceae in KO was the main reason for the increased concentrations of butyrate. Previous reports also indicated that the above bacteria were closely related to the synthesis of SCFAs. For example, Lachnospiraceae NK4A136 and Rosebuira genus participated in the production and metabolism of butyrate and maintenance of intestinal barrier functions (63, 64). Eubacterium xylanophilum was reported to decompose xylan to produce butyrate (65). Besides, Ruminiclostridium, Ruminococcaceae UCG-003, and Anaeotruncus genus of Ruminococcaceae family, and Rikenella genus of Rikenellaceae family all belong to the butyrate-producing bacteria (52, 53), while Lachnospiraceae UCG-006 genus is reported to be an acetate-producing bacteria (66). Our data revealed that Per2 knockout led to rhythm disturbances and impacted feeding rhythm. Previous reports also demonstrated that Per2 knockout significantly altered the diurnal feeding rhythm (9, 51) and induced lipid metabolism disorder (8), thus altering intestinal microbiota and increasing the abundance of Lachnospiraceae and Ruminococcaceae, which in turn metabolized and enhanced synthesis of butyrate but decreased total SCFAs and acetate in the intestine.

The transport and absorption of SCFAs in the epithelium is also worthy of attention. SCFAs mainly exist in the form of anions in the intestine, and they must combine with transporters such as MCT1 to be absorbed into the blood through the basal layer of the epithelium (67). KO increased SCFAs transporter because of the upregulated expression of Nhe1, Nhe3, Mct1, and Mct4. The above results indicated that Per2 knockout can promote the absorption of SCFAs by intestinal epithelium. Previous work in our laboratory revealed that silencing PER2 in goat rumen epithelial cells (GRECs) resulted in the upregulation of MCT1 abundance, which was consistent with this study. Meanwhile, the abundance of PER2 mRNA and protein increased when 15 mM sodium butyrate was added to stimulate goat GRECs in vitro, indicating that absorption of SCFAs regulated by PER2 may be mediated by butyrate (68). Some unpublished data by our group also revealed that PER2 and MCT1/4 gene displayed the opposite daily rhythm of near cosine function, and their daily expression is negatively correlated in GRECs. Overexpression of PER2 downregulated the expression of MCT1/4 in GRECs, and perfusion with SCFAs upregulated the PER2 but downregulated MCT1/4 in goat in vivo. In addition, H+ accumulated in greater amounts after the negative ion state of SCFAs was absorbed by the epithelium, which led to the decrease in pH in intestinal epithelial cells and acidification of the intestinal environment. Nhe1 and Nhe3 can mediate the transfer of Na+ into the cell and transfer of H+ outside the cell, thus, lowering the pH and maintaining the stability of the osmotic pressure inside and outside the cell (69, 70). Consistently, expression levels of Nhe1 and Nhe3 in colonic and cecal epithelium were significantly increased in KO, which revealed that Nhe1 and Nhe3 regulated the homeostasis of the cellular environment caused by the accumulation of H+ after SCFAs absorption. Our data demonstrated that Per2 knockout enhanced SCFAs absorption in the intestine because of the upregulation expression of transporter genes. However, the production and circulation of SCFAs is a highly complex and dynamic process (71). We predicted that the lower SCFAs may be attributed to the greater absorption rather than more SCFAs production because that KO only increased the abundance of butyrate-producing bacteria, such as Lachnospiraceae and Ruminococcaceae, but had no impact on other SCFAs-producing bacteria. The Wood–Ljungdahl pathway is the most efficient for acetate production, and acetate-producing bacteria account for the majority of the Firmicutes phylum (72), and eventually decreased SCFAs concentrations in the intestine. The impacts of Per2 knockout on intestinal SCFAs production still need to be further investigated because the SCFAs produced by colonic and cecal bacterial microbiota fermentation are based on the diets (63, 70).

In short, our data are consistent with the hypothesis that Per2 regulates circadian oscillation in the intestine in response to the normal light–dark cycle. The disorder of feeding rhythm leads to upregulating the abundance of Lachnospiraceae and Ruminococcaceae, which further impacting SCFAs metabolism and transport in Per2 knockout mice. This may potentially lead to inflammation of the colon and cecum. However, Per2 had little impact on intestinal microbiome and metabolism according to our data in response to short-light cycle. Subsequent experiments needto focus on the alterations in gut microbiome and various metabolic and inflammation processes caused by five different LD cycles (normal LD cycle, consult light, consult darkness, short-light, and long light treatments) after Per1/2 gene double knockout. Not only that, we need to monitor the dynamic alterations in microbial and metabolic rhythms during a 48 h period.



Conclusion

In conclusion, based on the present work, Per2 knockout dysregulated the TTFLs axis and altered the expression of circadian genes such as upregulating Per1 and Rev-erbα and down-regulating Bmal1 and Clock in colon and cecum tissues of mice. Circadian rhythm disorder further induced the loss of feeding rhythm, which in turn led to alterations in gut microbiome. KO increased the α-diversity of gut microbiome, and the abundance of Lachnospiraceae and Ruminococcaceae were significantly upregulated, which further led to altering SCFAs metabolism and transport. Data indicated that KO also increased the concentrations of butyrate but decreased total SCFAs and acetate; the transport was enhanced because of the upregulation of Nhe1, Nhe3, Mct1, and Mct4 genes. This may potentially lead to inflammation of the large intestine. However, short-light treatment had little impact on intestinal microbiome and metabolism according to our data.
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Many bacteria and other microbes achieve locomotion via flagella, which are organelles that function as a swimming motor. Depending on the environment, flagellar motility can serve a variety of beneficial functions and confer a fitness advantage. For example, within a mammalian host, flagellar motility can provide bacteria the ability to resist clearance by flow, facilitate access to host epithelial cells, and enable travel to nutrient niches. From the host’s perspective, the mobility that flagella impart to bacteria can be associated with harmful activities that can disrupt homeostasis, such as invasion of epithelial cells, translocation across epithelial barriers, and biofilm formation, which ultimately can decrease a host’s reproductive fitness from a perspective of natural selection. Thus, over an evolutionary timescale, the host developed a repertoire of innate and adaptive immune countermeasures that target and mitigate this microbial threat. These countermeasures are wide-ranging and include structural components of the mucosa that maintain spatial segregation of bacteria from the epithelium, mechanisms of molecular recognition and inducible responses to flagellin, and secreted effector molecules of the innate and adaptive immune systems that directly inhibit flagellar motility. While much of our understanding of the dynamics of host-microbe interaction regarding flagella is derived from studies of enteric bacterial pathogens where flagella are a recognized virulence factor, newer studies have delved into host interaction with flagellated members of the commensal microbiota during homeostasis. Even though many aspects of flagellar motility may seem innocuous, the host’s redundant efforts to stop bacteria in their tracks highlights the importance of this host-microbe interaction.
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1 Introduction

Microbes inhabit nearly every environment on Earth—ubiquity made possible by their ability to evolve and adapt to widely diverse conditions. One striking adaptation is the ability to move within a given environment, whether that be a pond, the surface of a damp leaf, or inside the human gut (1, 2). Locomotion provides the microbe advantages including the ability to seek nutrient-rich niches and acquire symbionts, as well as the ability to avoid noxious environments (1, 3–7). Many microbes achieve locomotion via flagella, which are “tail-like” organelles that function as a swimming motor (8, 9). The structure and biomechanics of microbial flagella have been extensively studied and reviewed (8, 10–18).

Among microbial flagella, the bacterial flagella have been the most extensively studied. Despite taxonomic diversity within the domain Bacteria, the structure and sequence of bacterial flagella are highly conserved (10). The prototypical flagellum of bacteria is comprised of three protein-based components: basal body, the hook, and filament (8, 19). The basal body is imbedded in the membrane, serving as an anchor for the hook and filament. The hook is attached to the basal body and together they generate the torque necessary to rotate the filament (8, 20). The main body of a flagellum is the filament, a multimeric polymer composed of between 100-20,000 protein monomers, termed flagellin (21). Working together, the flagellum apparatus provides bacteria the ability to move in liquid and semi-solid environments in a directional manner, reaching recorded velocities of 30µm/second (8). Commonly, this flagella-driven movement of bacteria is directed toward beneficial chemical gradients or away from toxic chemical gradients in a process termed chemotaxis (22, 23). Although the synthesis and use of flagella incurs a resource cost for bacteria, this energy debt is outweighed by the ability to gain access to throughout the environment and outcompete non-motile microbes, especially when resources are scarce (23–26).

The gastrointestinal (GI) tract of vertebrates is home to a phenomenally diverse microbial community. In this environment, some microbes incorporate flagella into their lifestyles in order to gain an advantage over their competitors. Indeed, it is well established that flagellar motility is an essential virulence factor for numerous enteric pathogens (27–31). However, flagellated microbes in the GI tract face a challenge absent in many other environments—a host that is actively sensing and restricting flagellar motility. From the host’s perspective, the mobility that flagella impart to microbes carries potential risk. For example, flagella-driven motility can facilitate cellular invasion and translocation across the epithelium. Thus, in response to flagellar activity, the host has developed a repertoire of immune countermeasures to mitigate this threat. This review will provide a perspective on various ways that animal-associated microbes utilize flagellar motility, and highlight the redundant strategies co-evolved by the host to recognize, adapt, and respond to this molecular process. Based on the prominent use of bacterial models in current literature on the topic, the focus will be on the bacterial flagella.



2 Flagellar Motility as a Colonization Factor

For microbes associated with the GI tract, much of our understanding of flagella is derived from the study of pathogens, since flagellar motility is often key in their successful colonization of the host. Although many different pathogens utilize flagellar motility within the host, it often provides varying degrees of fitness advantage and is not always necessary for host colonization. For example, the use of flagellar motility is integral to the pathogenesis strategy of Helicobacter pylori and Campylobacter jejuni, as evidenced by its absence hindering their ability to effectively colonize the host (1, 27, 32–35). By comparison, Salmonella enterica serovar Typhimurium (STM), Escherichia coli, and Pseudomonas aeruginosa selectively express their flagella at specific times and sites within the host to gain advantage over other members of the microbiota; however, these bacteria ultimately do not require flagellar motility for pathogenesis, and when expressed at the “wrong” time can actually impair colonization of the host (1, 27, 36–42). For Listeria monocytogenes, flagellar motility appears to play an important role outside of the host where it might increase infectious potential (43). However, upon transitioning from the cooler external environment to the warmer environment inside the host, Listeria actively downregulates flagella expression and utilizes alternative motility mechanisms (44). In addition to their fundamental role in motility, flagella can have additional functions for some bacteria, including secretion, adhesion, and biofilm formation (23, 29, 45–50). For example, a recent investigation demonstrated that STM can methylate lysine residues on its flagellin to increase the hydrophobicity of the flagella and thereby facilitate adhesion to the hydrophobic surface of host cells (48).

Altogether, these examples illustrate how flagella expression within the host can have either positive or negative impacts on bacterial competitive fitness. To elaborate on how flagellar motility can be important to microbes within the host, three partially overlapping functions will be discussed: the power to resist flow, the ability to reach the epithelium, and the capacity to travel to nutrient niches within the lumen (Figure 1). 




Figure 1 | Bacteria utilize flagellar motility for multiple functions within the host. (A) Bacteria use flagellar motility to resist the flow of intestinal contents, maintaining their location within the host GI tract. In the case of Vibrio cholera, this allows them to maintain stable colonization of the proximal end of the Danio rerio (zebrafish) gut (51, 52). (B) Bacteria use flagellar motility to swim through mucus to reach the epithelium. This is a likely method for microbes that need to reach the epithelium in order to facilitate activities such as adhesion, invasion, and translocation (37, 53). (C) Bacteria use flagellar motility to swim toward chemotactic signals (36, 37, 54, 55). These signals can be products of inflammation or epithelial damage, representing vulnerable areas of the mucosal barrier.




2.1 Flagellar Motility, a Mechanism to Resist Flow

Given that microbes often optimize their metabolism to specific nutrient niches, it is important for these microbes to localize to the favorable regions of the host gastrointestinal tract (56). However, the proximal-distal peristaltic flow of intestinal contents, as well as the rapid turnover and shedding of mucus and epithelial cells, impose a perpetual existential threat to microbes attempting to maintain colonization (51, 52, 57). To overcome these challenges, some commensal and non-commensal bacteria use flagellar motility to stably colonize specific regions of the GI tract (57, 58).

A recent study using intravital microscopy of Danio rerio (zebrafish) revealed a role of flagellar motility in resisting the peristaltic flow of luminal contents in the GI tract (52). The zebrafish is an attractive model for viewing microbial motility in situ because during its embryonic stage the fish are transparent, allowing for live imaging of the GI tract (59–61). Using this approach, a motile strain of Vibrio cholerae was shown to stably colonize the zebrafish GI tract and localize to the most proximal regions of the foregut (52). However, when flagellar function was impeded, the V. cholerae strain was more susceptible to expulsion, thereby diminishing colonization – the remaining bacteria were observed in more distal regions of the GI tract (52). If chemotaxis rather than flagellar motility were inhibited, a similar scenario emerged but with nuanced variation. When chemotaxis was inhibited, V. cholera colonized efficiently but localized more distally than their WT counterparts, with a smaller fraction remaining in the proximal region of the foregut (52). Generally, inhibition of chemotaxis does not impair motility per se, but rather leaves bacteria unable to change directions in response to chemotactic signals within the environment. Without the ability to bias movement toward specific locations, bacteria tend to more uniformly disperse. In the zebrafish gut, this resulted in the dispersal throughout the lumen of chemotaxis-deficient V. cholera, while WT V. cholera concentrate closer to the epithelium. The localization closer to the epithelium likely provided protection from the flow of intestinal contents, and thus afforded WT V. cholera the ability to maintain stable colonization of the proximal foregut (51). Together, this study elegantly highlights how flagellar motility provides V. cholerae the means to resist the peristaltic flow in the intestinal tract (Figure 1A).

While these studies were done in zebrafish, it is likely bacteria utilize flagellar motility to similar effect within the mammalian gut. Indeed, studies on IgA agglutination of bacteria in the mouse intestine showed that agglutinated bacteria were expelled from the host (62). The proposed mechanism was that agglutination restricted motility of these bacteria, rendering them unable to resist the proximal-distal flow of intestinal contents (62). Thus, flagellar motility appears to be a viable strategy for bacteria to maintain their regional localization within the gastrointestinal tract. 



2.2 Flagellar Motility, a Mechanism to Acquire Proximity

During homeostasis, the GI epithelium establishes a mucus barrier that effectively segregates the luminal microbes away from the epithelial layer (63–65). In simplest terms, mucus is a macromolecular complex that forms a semi-permeable barrier adjacent to the epithelium (63). For many enteric pathogens, an aspect of their lifestyle necessitates contact with the epithelium to facilitate activities such as adhesion, invasion, and/or translocation. Thus, these microbes require a mechanism to efficiently overcome the mucus barrier.

Some enteric pathogens employ flagellar motility to traverse the mucus barrier (Figure 1B). In vivo evidence using STM models at early timepoints of infection demonstrate that flagellated bacteria are more closely associated with the epithelium than their aflagellate counterparts (37). While these data suggest the importance of flagella to access the epithelium, a caveat worth noting is that the phenotype might not be solely attributable to the loss of flagellar motility per se, since flagella can perform other functions. More direct data comes from recent work utilizing live-fluorescence microscopy of intestinal explants, which allowed the real-time viewing of individual swimming bacteria interfacing with the mucus barrier (53). While a majority of STM were observed segregated to the outer mucus layer, a significant fraction of flagellated STM successfully swam through the inner mucus layer and associated more closely to the epithelium (53). By contrast, aflagellated STM were almost completely confined to the surface of the outer mucus layer (53). These observations provide visual confirmation that STM can use flagella to swim through mucus towards the epithelium, an important property for this multi-functional organelle.

The real-time visualization of live bacteria in ex vivo systems also enables analysis of more subtle swimming behaviors. For example, STM swimming close to the epithelium engage in a phenomenon termed “near-surface swimming” - when STM reach an impassable surface, such as the surface of the epithelium or dense mucus layer, they initiate a circular swimming pattern (53, 66). Although a detailed understanding of this behavior is not clear, an attractive hypothesis is that near-surface swimming is a strategy to find vulnerabilities along a dense mucus layer, or identify potential attachment and invasion sites on an epithelial monolayer (66).

Surprisingly, STM lacking flagella are able to effectively colonize the host and disseminate to peripheral tissues, despite their lack of motility. This raises the question of how these bacteria reach the epithelium, despite an apparent inability to passively diffuse through mucus. A likely explanation stems from experimental observations of bacteria, irrespective of flagellar motility, coming in direct contact with epithelial cells at vulnerable sites, such as the surface-exposed Peyer’s patches (53). In addition, surface migration that does not involve flagella has been described (67). Such contact and migration could reconcile how aflagellated STM are able to infect the host, albeit less efficiently than their motile counterparts (53). The findings with aflagellated STM provide precedence for possible mechanisms for how other bacteria without a functional flagellum, such as Citrobacter rodentium, are capable of attaching and effacing to epithelial cells in the GI tract (68).



2.3 Flagellar Motility, a Mechanism to Access Nutrient Niches

The distinct environments of various regions within the GI tract create niches that accommodate microbes with an array of lifestyles (56). Moreover, within each individual niche there are microniches, owing to factors such as the topography and inflammatory state of the epithelium (56, 69, 70). Thus, microbes possessing the necessary metabolic machinery to exploit these microniches can gain a significant advantage over their competitors — as long as they have the ability to detect and physically access these sites (25, 26). For some bacteria, this ability comes in the form of chemotaxis-directed flagellar motility (Figure 1C).

In the stomach, H. pylori requires chemotaxis to occupy microniches within the gastric gland, which confers a competitive edge over other strains (54, 71). In response to gastric ulcers, some H. pylori strains sense chemotactic signals associated with epithelial damage and travel to those sites via flagellum-powered migration (55, 72). H. pylori presence at the ulcer sites delay healing, thereby maintaining the microniche and benefiting from the associated nutrients (55).

Similarly, STM employs chemotaxis in the distal intestinal tract to gain a competitive advantage in the inflamed colon (36, 37). Specific methyl-accepting chemotaxis proteins are expressed by STM, allowing them sense and swim towards nitrogen-rich nutrient niches (36) (Figure 1C). These niches are often generated as byproducts of the inflammatory response of the host, likely derived from the reactive oxygen and reactive nitrogen species secreted by the epithelium (36). According to proposed models, the inflammatory response induced by STM leads to the creation of these nutrient niches, which attracts STM migration via flagellum-driven chemotaxis (36). Thus, through their use of flagellum-driven chemotaxis, both H. pylori and STM illustrate how the flagellum can be used as a tool to reach specific nutrient microniches within the host and secure a competitive advantage over other microbes. Interestingly, a recent study demonstrated that “minicells”, a term coined for chromosome-free nanosized bacterial vesicles, could be engineered to express flagella and bias their movement towards chemical gradients, which resulted in their accumulation at the chemoattractant source (73). 




3 A Host’s Perspective to Flagella-Driven Motility

In isolation, microbes swimming in the lumen via flagella-driven motility would not appear to cause harm or pose a threat to the host. However, as noted, some microbes use this flagellar motility as a step towards epithelial adherence and translocation, a process detrimental to host fitness. To mitigate this threat, the host expends considerable resources to maintain an arsenal of often redundant countermeasures to impair flagella-driven motility (74, 75). For example, the importance of the host’s response to flagellated microbes is evident in mice deficient in either TLR5 or NLRC4, which because of their inability to effectively detect flagellin are more susceptible to basal inflammation and infection by enteric pathogens (76–81). Furthermore, adaptive immunity, and in particular mucosal production of flagellin-specific IgA, is also of vital importance in keeping motile bacteria in check (82). The next two sections will delve into the mechanisms that the host uses to hinder flagella-driven motility, including both innate and adaptive immune responses.


3.1 Innate Immune Countermeasures

Innate immunity is marked by providing the host with an ever-ready or immediately inducible collection of molecules that can effectively mitigate microbial threats and restore homeostasis. With respect to innate immune molecules and responses that may counter the possible deleterious consequences of flagella-driven motility, five mechanisms have been identified and highlighted here.


3.1.1 Mucus Barrier

Mucus plays an essential role in maintaining a stable homeostasis between the host and microbes, in part, acting as a physical barrier to fortify the epithelium (63–65, 83). The effective barrier properties of mucus are especially evident in the colon, where the extraordinary density of resident microbes are partitioned away from the epithelial surface. Based on FITC-dextran permeability assays, the dense inner layer of colonic mucus immediately adjacent to the epithelium is selectively permissive to particles smaller than 0.5 µm in size. While the shapes and dimensions of microbes vary, many bacteria fall in the range of 0.5-1.0 µm in length; thus, they would not passively diffuse through the mucus barrier due to Brownian motion. Accordingly, experiments utilizing fluorescence in situ hybridization (FISH) to label bacteria show that the vast majority of the microbes reside either in the lumen or penetrate only to the more porous outer mucus layer, suggesting an inability to pass into the inner mucus layer adjacent to the epithelium. Yet, some microbes can be observed swimming through the inner mucus and able to reach the epithelium, most likely utilizing flagellar motility (53).

While flagellar motility allows microbes to penetrate the mucus layer, a percentage of these bacteria become “entrapped” in the mucus and are immobilized (53). Somewhat counterintuitively, entrapment within the mucus layer appears to be not dependent on the expression of flagella per se, but rather on the locomotion imparted by flagellar motility (53). As such, bacteria possessing a functionally disabled flagellum do not become entrapped within the mucus layer. The exact mechanism that enables mucus to target motility of actively swimming microbes for entrapment remains unclear. In addition to this intrinsic ability to hinder motility, mucus also harbors an array of host derived immune factors that reinforce barrier function (84) (Table 1). These will be addressed in some detail. 


Table 1 | Innate immune effector molecules.





3.1.2 Flagellar-Binding Proteins and Peptides

Various innate immune proteins bolster the efficacy of the mucosal barrier against noxious microbes, and some are embedded in mucus (84). These effector molecules include peptides and proteins secreted by the epithelium. While many of these molecules are microbicidal, a subset provide protection through alternative mechanisms such as inhibition of motility and spatial segregation. Included in this latter group are human α-defensin 6 (DEFA6, HD6), Ly6/Plaur domain containing 8 (LYPD8), and zymogen granular protein 16 (ZG16), all of which appear to affect the motility and localization of bacteria, although by different, non-bactericidal mechanisms (Figure 2A).




Figure 2 | The host prevents microbes from accessing the epithelium. (A) Innate effector molecules and antibody are present in the GI tract lumen and inhibit bacterial motility through various means. ZG16 (blue hexagons) aggregates motile Gram-positive microbes in the outer mucus layer, away from the epithelium (92). Lypd8 (purple squares) inhibits bacterial motility in the colon through a currently unknown, non-agglutinating mechanism (89). Dotted boxes depict examples of SEM micrographs of sIgA (Left) and HD6 (Right) agglutinating bacteria, taken from Levinson et al., 2015 (62, 94) and Chu et al., 2012 (86), respectively. HD6, human α-defensin 6; LYPD8, Ly6/plaur domain containing 8; ZG16, zymogen granular protein 16. (B) Microbicidal effector molecules in the small intestine form a concentration gradient, with the highest concentration located in the crypt (95). It is likely that microbes able to localize closer to the crypts will be subjected to a more inhospitable or fatal environment, as depicted in the magnified image. AMP, Antimicrobial Peptide. (C) Sentinel goblet cells specialized goblet cells located at the entrance of colonic crypts (85). After stimulation with a bacterial ligand such as flagellin or LPS (red lightning bolt), these sentinel goblet cells will secrete mucus into the crypt. This is likely a method to detect microbes that have traveled through the inner mucus layer (possible by flagellar motility) and initiate the secretion of extra mucus (green arrows), thereby effectively flushing the microbes away from the crypt (black arrows). Dotted box depicts a sentinel goblet cell secreting mucus (right) in response to stimulation by a bacterial ligand, compared to an unstimulated sentinel goblet cell (left), taken from Birchenough et al., 2016 (85). (D) IgG-bound bacteria become immobilized in mucus due to the collective minor and non-covalent interactions (green dashed lines) between IgG and mucus (grey mesh) (96–98).




3.1.2.1 HD6

HD6 is produced by Paneth cells in the crypts of the small intestine (86, 99, 100). Unlike most processed and folded α-defensins that are potently bactericidal, HD6 lacks antimicrobial activity (86). Recent studies have reported antimicrobial activity of proteolytic fragments of HD6 (101), and activity against anaerobic commensal bacteria for HD6 when its disulfide bonds are reduced (102). Instead of microbicidal activity, processed and folded HD6 binds proteins on bacterial surfaces and polymerizes to form macromolecular fibrils and “nets”, which can agglutinate bacteria into immobilized aggregates (86–88). During STM infection, the presence of HD6 in transgenic knock-in mice significantly limited invasion and dissemination of STM to peripheral tissues, without decreasing the bacterial density in the intestinal lumen (86). Consequently, these mice were more able to survive the infection compared to their WT counterparts (86). Interestingly, HD6 appears to selectively target non-glycosylated proteins; this is significant since bacterial surface proteins, which include flagellin, are not typically glycosylated (86), although exceptions exist (34, 103–105). Thus, HD6 can provide the host a mechanism to immobilize flagellated bacteria, such as STM. Orthologs of HD6 are reported in Rhesus macaques and some other non-human primates, but not in murids (86).



3.1.2.2 LYPD8

LYPD8 is abundant in the large intestine where it is produced by colonic epithelial cells (89). Like HD6, LYPD8 lacks discernable bactericidal activity; nevertheless, it also provides protection from pathogen challenge (89, 106). When LYPD8 is absent from the colonic mucus, bacteria localize closer to the epithelium. Additionally, in vitro data show that LYPD8 inhibits bacterial motility, suggesting that LYPD8 maintains the spatial segregation of bacteria and epithelium by preventing motile bacteria from swimming through the mucus layer (89–91). In support of this hypothesis, LYPD8 selectively targets flagellated bacteria; however, LYPD8 does not bind flagellin, implying it may instead bind to another component of the flagellum (Figure 3A), such as the hook or basal body (89). Unlike HD6, LYPD8 does not appear to agglutinate bacteria, and the molecular mechanism by which LYPD8 interferes with bacterial motility remains unclear.




Figure 3 | The host immune system can inhibit bacterial motility through multiple mechanisms. (A) Host effector molecules can inhibit flagellar motility through non-agglutination means by binding sites on the flagellum other than flagellin. LYPD8 (purple diamond) inhibits the flagellar motility of STM by binding to the flagellum (89). Graphs display ELISA experiments showing that LYPD8 binds the flagella (right), but does not specifically target flagellin (left) [adapted from (89)]. LYPD8, Ly6/Plaur Domain Containing 8. (B) The host can influence the microbiota’s expression of flagellar genes through antibody-mediated pruning (74, 107). A sizable fraction of antibody (green bifurcating structures) in the GI tract bind can bind to the flagella of commensal microbes (left panel), resulting in a significant decrease of flagellated bacteria within the microbiota (right panel). While this antibody-mediated pruning results in a decrease of flagella expression within the microbiota, the overall composition of the microbiota remains largely unchanged. In vitro experiments show that the anti-flagellin antibody causes E. coli to down regulate its expression of flagellin over time (graph). (C) In the GI tract, antibody-mediated agglutination can occur through a process termed enchained growth (62, 94). By this mechanism, bacteria that are actively dividing within the GI tract are coated in antibody (red line structures). Upon successful fission, the daughter cell is immediately linked to the mother cell from antibody crosslinking. Over multiple cycles of division, an agglutinated aggregate is formed consisting of clonal population of bacteria. Fluorescence microscopy micrographs depict examples of these clonal agglutinated aggregates (inset micrographs). (D) Antibody-mucin interactions facilitate the immobilization of motile bacteria within the mucus matrix (green hexagonal structure). In this model, glycans present on the surface of antibody (brown bifurcating structures) and mucin form weak, non-covalent interactions (yellow ovals) (96, 97). When motile bacteria within the mucus are coated by antibody, the numerous antibody-mucus interactions create a cumulatively strong non-covalent interaction that immobilizes the bacteria.





3.1.2.3 ZG16

ZG16 is also produced by the colonic epithelium and found in the colonic mucus (92). Similar to the effects of removing LYPD8, the absence of ZG16 also leads to bacteria localizing closer to the epithelium (92). However, in contrast to both LYPD8 and HD6, which appear to bind to protein ligands, ZG16 i) contains a CXXC motif on its flexible carboxy terminus that may serve a redox switch to alter its protein conformation (93), and ii) is a lectin that specifically binds to the peptidoglycan of Gram-positive bacteria (92). After binding, ZG16 aggregates bacteria, thereby limiting their motility (92). Through this mechanism, ZG16 likely fortifies the barrier to motile Gram-positive bacteria, which ultimately restricts their access to the colonic crypts and epithelium (92). Consequently, mice lacking ZG16 possess a higher burden of Gram-positive 16sRNA in circulation and peripheral tissues, implying that the closer proximity to the epithelium of Gram-positive bacteria leads to increased rates of translocation (92). 




3.1.3 Effector Gradients

In addition to the repertoire of effector proteins that function via mechanisms of motility inhibition, bactericidal peptides and proteins produced in the GI tract also contribute to the maintenance of spatial segregation. At the base of small intestinal crypts, secretory Paneth cells constitutively secrete antimicrobial peptides and proteins (AMPs) into the lumen, creating a concentration gradient with highest concentrations at the base adjacent to the intestinal stem cells (95) (Figure 2B). Consequently, luminal bacteria entering the crypt would initially be exposed to mucus harboring a lower concentration of AMPs, and as such, subjected to less bactericidal activity; however, bacteria able to swim into the crypt would be exposed to elevated concentrations of AMPs, a more inhospitable (and potentially lethal) environment (95, 108). In support of this model, Paneth cell ablation does not result in microbial overgrowth in the lumen as one might initially expect, but instead results in increased rates of bacterial translocation likely due to a more permissive environment near the epithelium and crypt (109). Therefore, the minefield of AMPs produced by Paneth cells may provide an “incentive” to stay out of the crypt, and instead remain distant from the epithelial surface.

The importance of this Paneth cell function is highlighted in the context of chronic inflammatory bowel disease (IBD), where the morphology and function of Paneth cells are impaired (110–114). In Crohn’s disease of the small intestine, a major type of IBD, the expression of Paneth cell α-defensins is reduced, potentially related to genetic impairments in bacterial recognition and the autophagy response (110, 111). Since Paneth cell ablation is linked to increased rates of translocation, a similar scenario might occur in Crohn’s disease wherein the reduction of Paneth cell products permits microbes to swim to the small intestinal epithelium and breach the barrier to initiate inflammation (109). Thus, the higher levels of flagellin-specific antibody found in Crohn’s disease patients could be due to a luminal environment more permissive to flagellar motility and access of flagellated bacteria to the mucosa (115). Consistent with this model, the major cell type in the small intestinal epithelium expressing TLR5 is the Paneth cell (116). During homeostasis, this pairing suggests the potential for a nuanced relationship between Paneth cells and motile bacteria. However, with the inflammatory conditions characteristic of Crohn’s disease, Paneth cells are likely under stress that results in impaired function, which could be further exacerbated by excessive TLR5 signaling due to elevated number of flagella. Since Paneth cells play a role in maintaining host-microbe homeostasis, their impaired function may perpetuate the chronic inflammation that impedes a return of homeostasis.



3.1.4 Sentinel Goblet Cells

Recently, a specialized subset of goblet cells, termed sentinel goblet cells, were discovered in the colonic epithelium positioned adjacent to the entrance to the crypt (85). What defines this subset of goblet cells is their ability to secrete appreciable amounts of mucus in response to pattern recognition receptor (PRR) stimulation. Notably, TLR5 is among the PRRs expressed by sentinel goblet cells, and as such, stimulation with flagellin is sufficient to induce mucus secretion. Birchenough et al. propose a model wherein sentinel goblet cells hold watch at the crypt opening; if microbes bypass the inner mucus layer and come in close proximity to the epithelium, then these cells will secrete a burst of mucus to effectively “flush” the crypt (Figure 2C). Since flagellar motility provides microbes the means to reach the colonic epithelium, and a ligand to stimulate TLR5, the function of sentinel goblet cells may be to protect vulnerable crypts from flagellated microbes.




3.2 Adaptive Response

Like the innate immune system, the adaptive immune system can effectively inhibit microbial motility, mainly through luminally secreted antibody. Although neutralization, opsonization, and complement activation are the typical mechanisms ascribed to antibody activity, alternative mechanisms are employed within the GI tract lumen to address flagellar motility during both homeostatic and inflammatory states. These mechanisms include pruning, agglutination, and immobilization.


3.2.1 Antibody Pruning

During homeostasis, plasma cells in the GI tract continually secrete commensal-specific IgA and IgG into the intestinal lumen (117). While these antibodies target a number of microbe-surface antigenic sites, a sizable fraction bind specifically to bacterial flagellin (74, 118, 119). Within the diverse gut microbial community, many bacteria possess the genes necessary to produce functional flagella (74). However, meta-transcriptomic data indicate that a relatively small proportion of those bacteria are actively expressing flagellar genes in the intestine under homeostatic conditions (74).

Notably, the presence of this flagellin-specific antibody repertoire appears largely dependent on TLR5 expression, consistent with studies indicating that TLR5 selectively enhances flagellin-specific CD4 T cell responses (74). Using a TLR5 genetic knock-out mouse model, Cullender and colleagues found that TLR5 expression facilitates flagellin-specific antibody production, and in turn is inversely linked with expression of flagellar genes in commensal microbes (74). Consequently, in mice lacking TLR5, flagellated microbes are more free to swim within the mucus, which establishes new baseline conditions where flagellar motility is less restricted and the spatial segregation of microbes and epithelium is compromised. The mechanism driving the inverse relationship between flagellin-specific antibody and flagella expression was termed microbial “pruning”, wherein microbes alter their expression of surface molecules in response to being bound by antibody (Figure 3B) (74, 107). While the exact molecular mechanism explaining how antibody causes this effect remains unknown, observations of E. coli sensing mechanical stimuli through their flagella could provide a possible explanation (120–122). Thus, the host utilizes antibody as a tool to inhibit expression of flagella by colonizing microbes, thereby creating conditions of homeostasis that include the restricted motility of commensal microbes.



3.2.2 Agglutination

For close to a century the process of antibody-mediated agglutination has been utilized in clinical medicine and basic research to identify the “serotype” of bacteria, such as STM and E. coli, based on specific bacterial-surface antigens. Simply mixing isolated bacteria with immune serum (or purified antibodies) yields visible aggregates of agglutinated bacteria. While the practical application of antibody-mediated in vitro agglutination is clear, our knowledge of how agglutination occurs in vivo is less complete.

In the GI tract, antibody-mediated agglutination was thought to occur through the same mechanism as with in vitro agglutination assays, the so-called classical agglutination model. This model was based on antibody-coated, planktonic bacteria colliding and sticking together, over time forming larger and larger aggregates. In this model the rate of agglutination is heavily dependent on the concentration of bacteria. However, even when in vivo bacterial concentrations are orders of magnitude below the predicted minimum concentration for classical agglutination to occur, antibody-mediated agglutination is still observed (62). Moor and colleagues solved this enigma by showing that when bacterial concentrations are too low for classical agglutination to occur, the active replication of antibody-coated bacteria creates the conditions allowing agglutination to occur—a process termed enchained growth (62, 94). The enchained growth model holds that during conditions where bacteria are replicating in the presence of antibody, the newly replicated daughter cells initially will be linked to their mother cells, which after a few cycles of division will result in the agglutination of an entire lineage (Figure 3C). While the rate of classical agglutination is a function of the initial bacterial concentration, the rate of agglutination through enchained growth is a function of the rate of bacterial division.

Once agglutinated, the bacteria are no longer motile even if possessing functional, and sometimes actively rotating, flagella (62, 94). As a consequence, agglutinated bacteria are eventually expelled from the host, likely due to the peristaltic flow of intestinal contents, in a process previously described for the zebrafish model (51, 52, 62, 94). An interesting outcome of enchained growth is that the bacteria within an agglutinated aggregate are monoclonal, as opposed to a heterogeneous mixture of bacteria found in classically agglutinated aggregates (62). Thus, when the agglutinated bacteria are expelled from the host, enchained growth could ultimately lead to the extinction of particular bacterial clones from the metagenome, thereby reducing the genetic diversity of a specific bacterial strain or species (62, 123). Although antibody-agglutination does not need to specifically target microbes utilizing flagellar motility, agglutination renders flagellated bacteria non-motile and thereby susceptible to clearance from the host.



3.2.3 Immobilization

While agglutination may be an effective strategy when concentrations of bacteria are high or when they are actively dividing, what strategies might be better suited for single flagellated microbes swimming through mucus towards the epithelium? Schroeder and colleagues found that antibody imbedded in mucus can immobilize microbes, independent of agglutination and neutralization (96, 97) (Figure 2D). This ability depends on a synergy between antibody and mucus. The Fc domain of IgG has weak interactions with mucins, which are dependent on antibody glycosylation. In isolation, these weak interactions are unable to prevent antibody diffusion within the mucus (96, 97); however, like Velcro, a cumulative force from multiple weak interactions occurring between IgG-coated bacteria and mucus leads to the bacterial immobilization (Figure 3D) (96–98). Through this mechanism, antibody can restrict mobility irrespective of bacterial concentration or division. 





4 Concluding Remarks

From a microbe’s perspective, current literature supports that flagella can provide microbes a fitness advantage in the host, because of the ability to localize to beneficial sites. Luminal bacteria can use flagella-driven chemotaxis to locate nutrient micro-niches produced by inflammation or epithelial damage, which they can exploit for a growth advantage over competitors. Alternatively, some bacteria utilize motility to access the epithelium, permitting lifestyles that require adherence, invasion, and/or translocation. From the host’s perspective, flagellar motility can represent varying degrees of risk, which over an evolutionary timescale resulted in the development of numerous and often redundant defense mechanisms that collectively work to inhibit flagellar motility and/or eliminate flagellated microbes.

When a host is exposed to a novel flagellated microbe, the innate immune system can combine motility-inhibiting peptides and proteins, along with increased mucus secretion, to limit access to the epithelium and promote the elimination of immobilized microbes. While these initial barriers are not impermeable, the collective effects of innate responses reduce microbe-epithelium interactions and limit potential damage to the mucosa. When required, additional immune resources are recruited to eliminate the threat. An antibody response can provide long term fortification of the mucus through motility inhibition. In this case, upon subsequent re-challenge by the antibody-targeted microbe, its flagellar motility will be met with a combined response of both the innate and adaptive immune system. Interestingly, many of the mechanisms of motility inhibition are non-lethal, which may reflect a strategy aimed to avoid collateral damage to the cohabitating microbiota. Additionally, the host’s active “pruning” or attenuation of commensal flagella expression could represent a co-evolved strategy where microbes benefiting from membership in the commensal microbiota need to follow the “rules” set by the host and not employ flagella.

Although innate effectors and antibody may target different epitopes and with different affinities, there are redundancies in their mechanisms of motility inhibition. For example, agglutination is a method employed by both antibody and innate effector molecules such as HD6. Likewise, the agglutination-independent immobilization of microbes occurs with both antibody and innate effectors such as LYPD8. While antibody accomplishes this through cumulative antibody-mucus interactions, the mechanism employed by LYPD8 remains to be elucidated. Thus, our understanding of this mechanism of antibody-mediated motility inhibition could provide clues on how LYPD8, or other innate molecules are able to inhibit motility.

Technological innovations in imaging and sequencing are advancing our understanding of the roles of microbial motility within the host, as well as the motility-directed countermeasures of the host. Recent advances in sequential fluorescence in situ hybridization have enabled researchers to observe the differential expression of hundreds of genes at single-bacterium resolution (124). This technique could allow future studies to broaden the scope of our understanding, for example, from one based largely on model enteric pathogens, to include how flagellated members of the commensal microbiota also use motility within the host. Likewise, further investigations of the host mucosal immune system will likely uncover novel effector molecules, synergies, and molecular mechanisms that inhibit microbial motility. The intersection between motile microbe and host remains a complex and nuanced subject, with many of its intricacies still unknown.
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This experiment was conducted to investigate the effects of immobilized antimicrobial peptides on growth performance, serum biochemical index, inflammatory factors, intestinal morphology, and microbial community of weaning piglets. A total of 21 weaning piglets [Duroc × (Landrace × Yorkshire)] with initial body weight (7.64 ± 0.65 kg) were randomly allocated to one of three treatments with seven replicates (one pig per replicate) per treatment according to sex and weight in randomized complete block design. Pigs in the three treatments were fed corn–soybean meal-based diet (CON), corn–soybean meal based diet + flavomycin (25 mg/kg) + quinone (50 mg/kg) (AB), and corn–soybean meal based diet + 1,000 mg/kg immobilized antimicrobial peptides (IAMPs), respectively. The experiment lasted for 28 days, including early stage (0–14 days) and late stage (15–28 days). The results showed the following: (1) compared with the CON group, the average daily gain in the whole experimental time (p < 0.05) was significantly increased, and the diarrhea rate of weaning piglets was decreased (p < 0.01) in the IAMPs group; (2) compared with the CON group, the concentrations of serum IgM and superoxide dismutase (SOD) in the IAMPs group were significantly higher than the CON and AB groups (p < 0.01); (3) compared with CON group, the concentrations of serum interleukin (IL)-10 and transforming growth factor (TGF-β) were significantly increased (p < 0.05), and the concentration of IL-12 was significantly decreased (p < 0.05) in the IAMPs group; (4) compared with CON group, the concentrations of serum endotoxin and D-lactate of piglets were significantly reduced (p < 0.05), and the relative expression of ZO-1 and occludin in the jejunum of piglets were significantly increased (p < 0.05) in the IAMPs group; (5) compared with the CON group, the villus height of the duodenum and jejunum of weaning piglets in IAMPs and AB groups was significantly increased (p < 0.05); and (6) compared with CON group, the relative abundance of Escherichia–Shigella in the colon and cecal digesta was decreased. In summary, the addition of 1,000 mg/kg immobilized antimicrobial peptides in the diet effectively relieved weaning stress by showing improved growth performance, antioxidant and immune capacity, intestinal morphology, and microorganisms.
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Introduction

The health status of weaning piglets plays a key role in improving production performance and economic benefits in the later fattening stage. However, the digestive tract and intestinal barrier of weaning piglets is not fully developed. Weaning piglets changed fodder from digestible milk to solid feed, which is difficult for piglets to digest; moreover, plant-based feeds contain antinutritional factors, and the secretion of digestive enzymes is insufficient. The microorganisms composition in the environment also change; consequently, weaning piglets cannot adapt to these changes in a short period of time, and the “weaning stress” is easily happens (1, 2). It is well known that weaning stress can cause diarrhea, growth retardation, intestinal flora disorder, and even the death of piglets, which bring a huge impact on pig breeding industry (3). Antibiotics are widely used to prevent and treat animal diseases, whereas the abuse of antibiotics leads to drug resistance and antibiotic residues in livestock and poultry and causes serious harm to human health (4). Since July 1, 2020, the era of complete prohibition in antibiotics has arrived which made the development of new feed additives imminent.

Antimicrobial peptides (AMPs) are small proteins with a wide range of sources and are one of the most common additives to substitute antibiotics at the current research (5). As an important part of the innate immune system, AMPs play an important role in the immune functions of the body. AMPs have both antibacterial and antiviral activities and will not cause drug resistance in livestock and poultry, which is normally seen in antibiotics (6, 7). Wang et al. (8) found that lactoferrin antimicrobial peptide could increase the relative abundance of beneficial bacteria such as Lactobacillus and Bifidobacterium and reduce the abundance of harmful bacteria such as Salmonella in the intestinal tract of weaning piglets. At the same time, some studies reported that porcine AMPs can enhance the proliferation of splenic lymphocytes and increase the levels of immunoglobulin and anti-inflammatory factors in serum of pigs (9, 10); Yu et al. (11) proved that microcin J25 supplementation in weaning piglets diet can effectively improve growth performance, relieve diarrhea and systemic inflammation, improve intestinal health, and regulate intestinal microflora structure. However, AMPs could be vulnerable to heat and other stringent environmental conditions. Most AMPs are highly susceptible to digestive enzymes. Carmona et al. (12) reported that L-pin2 is rapidly divided in two proteolytic fragments in the presence of trypsin. Naimi et al. (13) proved through experiments that MccJ25 will be degraded by pancreatic elastase and lost its antibacterial activity as soon as it enters the duodenum. This limits the effect of administrating AMPs in the feed. AMPs may lose their antimicrobial activity during storage, feed processing, and digestion in the small intestine of the animals. Immobilization is a technique to covalently bond target molecule on a solid carrier, protecting the target molecule against enzymatic degradation, denaturants, and hash environment. Immobilized antimicrobial peptides (IAMPs) have remarkably higher longer-term stability, and higher resistance to heat and proteolytic attack of enzymes comparing to soluble AMPs (14). Appendini and Hotchkiss (15) reported that IAMP could maintain its antimicrobial activity after treatment with autoclaving at 121°C for 15 min or dry heating at 200°C for 0.5 h. Haynie et al. (16) reported that IAMPs degrade two or three decades slower than soluble AMPs under protease treatment. In comparison, IAMPs have greater development potential than traditional AMPs and can play a more stable role in livestock and poultry health.

In recent years, with the increase in people’s attention to the abuse of antibiotics and food safety, AMPs as a biological peptide have been developed to a certain extent, but there are rarely studies on the application of IAMPs in feed industry. In this study, the effects of IAMPs on growth performance, immune status, antioxidant performance, and intestinal microorganisms of weaning piglets were investigated by adding IAMPs in diets, so as to provide reference for the development and utilization of IAMPs and make contributions to the cause of anti-resistance.



Materials and methods

Immobilized antimicrobial peptide, purchased from CANGLUAN Biotech Co., Ltd., Zhengzhou, China was used.


Experimental Design and Dietary Treatments

A total of 21 weaning piglets [Duroc ×(Landrace ×Yorkshire)] with initial body weight (7.64 ± 0.65 kg) were randomly allocated to one of three treatments with seven replicates (one pig per replicate) per treatment according to sex and weight in randomized complete block design. Pigs in the three treatments were fed corn–soybean meal-based diet (CON), corn–soybean meal-based diet + flavomycin (25 mg/kg) + quinone (50 mg/kg) (AB), and corn–soybean meal-based diet + 1,000 mg/kg IAMPs, respectively. The animal experiment lasted for 28 days, including early stage (0–14 days) and late stage (15–28 days). All the piglets had free access to the feed and water, while the living house of pigs was treated with pest control and immunization according to the routine procedures and was cleaned and disinfected regularly. The room temperature is automatically adjusted by a thermostatic controller, and the window is opened for ventilation at regular time. All the experimental diets meet the nutritional requirements of weaning piglets recommended by NRC (2012) (Table 1).


Table 1 | Composition and nutrient levels of the experimental diet (%, as-fed basis).






Sample Collection and Chemical Analysis


Growth Performance and Diarrhea Ratio

On days 0, 14, and 28 of the experiment, the body weight and feed intake of each piglet were recorded, and the feed was removed before 12 h of weighing. The average daily weight gain (ADG), the average daily feed intake (ADFI), and the ratio of gain:feed (G:F) of each piglet were calculated. The diarrhea occurrence of piglets was detected by visual assessment and was recorded by a trained researcher after careful daily observation. The fecal score assessment methods are as follows: 1 = normal feces; 2 = soft feces; 3 = partially formed soft feces; 4 = loose semi-liquid feces; and 5 = liquid feces separated by fecal water. Meanwhile, the diarrhea rate of piglets was calculated as follows: diarrhea rate (%) = total number of pigs with diarrhea/(number of pigs × feeding days) × 100.



Serum Biochemical Index

Blood samples (about 5 ml) were collected from each pig via the jugular vein into 10-ml centrifuge tube on day 28 following an overnight fast. Samples were centrifuged (Biofuge 22R; Heraeus, Hanau, Germany) at 3,000×g for 15 min at 4°C, and the serum was kept at −20°C until analyzed. Serum total superoxide dismutase (T-SOD), glutathione peroxidase (GSH-Px), serum total antioxidative capacity (T-AOC), and malondialdehyde (MDA) content were determined with a commercial kit according to the supplier’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Enzyme-linked immunosorbent assay (ELISA, Jiangsu Meimian Industrial Co. Ltd., Jiangsu, China) was used to measure the concentrations of serum IgA, IgG, IgE, and IgM.



Serum Inflammatory Factors

Serum samples used in the above treatment process were used. The concentrations of serum anti-inflammatory factors including IL-4, IL-10, transforming growth factor (TGF-β), pro-inflammatory factor IL-12, tumor necrosis factor -α (TNF-α), and interferon γ (IFN-γ) were determined by using ELISA kit (Jiangsu Meimian Industrial Co. Ltd., China).



Intestinal Barrier Function

D-Lactic acid, endotoxin concentrations, and diamine oxidase (DAO) activity in serum were determined using a pig ELISA kit (Jiangsu Meimian Industrial Co. Ltd., China). Specific test procedures were carried out according to the instructions provided by the supplier.

Total RNA of the jejunum mucosa was extracted by Trizol reagent extraction method, and cDNA was synthesized by reverse transcription according to the Evo M-MLV Mix Kit with gDNA Clean for quantitative PCR (qPCR) (Hunan Accurate Biological Co. Ltd., Changsha, China) procedure. β-Actin was used as the reference gene for real-time quantitative PCR, and the reaction condition was 95°C for 2 min, denaturation at 95°C for 10 s, annealing at 60°C, and extension for 40 s with 40 cycles. Fluorescence collection and melting curve were made according to the operation instructions of fluorescence quantitative PCR instrument (ABI PRISM 7500). The mRNA expression levels of occludin and ZO-1 were calculated by 2−△△Ct method. The primer information is shown in Table 2, which was synthesized by Sangong Bioengineering Co., Ltd (Shanghai, China).


Table 2 | Primer sequences information.





Intestinal Morphology

At the end of the experiment, 21 weaning piglets were euthanized; the duodenum, jejunum, and ileum were separated and placed on a cooled stainless steel tray. The middle duodenum, proximal jejunum, and distal ileum were quickly cut out for about 5 cm, and then, the intestinal contents were gently washed with cold phosphate-buffered saline (PBS) solution. The clean intestine tissues were fixed in 10% formalin solution for intestinal morphology observation. The fixed intestine segments were dehydrated with ethanol (70%–100%); then, the sample was embedded in paraffin and made into 5-μm thick sections. Finally, xylene was used to clean and dewax for hematoxylin and eosin staining (HE staining). The morphological development of the small intestine was observed under a light microscope, and eight complete fields were selected from each section. Image J software was used to measure villus height and crypt depth of the small intestine and to calculate the ratios of villus height:crypt depth.



Intestinal Microbiome Structure

According to the growth and health of weaning piglets, five pigs were randomly selected from each group, and the digesta of the cecum and colon were respectively collected for 16S rRNA high-throughput sequencing. Total DNA of digestas in the ileum, cecum, and colon was extracted by using Stool Mini Kit (Qiagen, Hilden, Germany); then, total DNA was detected with 1% agarose gel, and DNA concentration and purity were determined using a Nanodrop 2000 UV-VIS spectrophotometer (Thermo Fisher Scientific, Wilmington, USA). The specific primer with the barcode (16S V3–V4) with an ABI Gene Amp 9700 PCR thermocycler (ABI, CA, United States) was magnified, and the PCR products were extracted, purified, and quantified.

The amplified products were purified and sequenced by Illumina Miseq platform. Briefly, the raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered, and merged. Shannon and Chao indices were used as α-diversity parameters. Chao index can measure species richness, while Shannon index can measure species diversity (17). Principal coordinate analysis (PCoA) based on weighted_normalized_unifrac distance was used to evaluate the β-diversity. Meanwhile, analysis of similarities (ANOSIM) was adopted to evaluate the significant difference between samples.

RDP classifier was used to classify the flora of species, and operational taxonomic units (OTUs) representing <0.005% of the population were removed. Then, the relative abundance of each OTU was calculated at different levels of the biological group. Finally, bioinformatics analysis, OTU level calculation, β-diversity assessment, and comparison of differences between samples were performed in QIIME (V1.7.0) and Rpackages (V 3.2.0); meanwhile, the methods of the OTU table in QIIME, PCoA, and cluster analysis by ANOSIM were also used respectively to calculate and evaluate the β-diversity.



Statistical Analysis

Statistical software (SAS 9.2) was used to conduct one-way analysis of variance (ANOVA) for data analysis. p ≤ 0.05 was considered as significant difference, p ≤ 0.01 was considered as extremely significant difference, and 0.05 ≤ p < 0.10 was considered as trend.




Results


Effects of IAMPs on Growth Performance and Diarrhea Rate

Table 3 shows that the final weight of piglets in the IAMPs group was significantly higher than that of the CON group (p < 0.05) and did not show any significant change when compared with the AB group. In the IAMPs group, the ADG at the later stage of the experiment (15–28 days) and during the whole experiment (0–28 days) was significantly increased (p < 0.05), but the ADG at the early stage of the experiment (0–14 days) did not significantly change compared with the AB group. The ADFI of weaning piglets was not affected by IAMPs supplementation. In the early (0–14 days), late (15–28 days), and whole period (0–28 days) of the experiment, the G:F ratios in the IAMPs group were significantly increased (p < 0.01) compared with the CON group, while there was no significant difference between the IAMPs and AB groups. The diarrhea rate in the early and whole period of the experiment of the IAMPs group was lower than that of the CON group, without showing significant difference when compared with the AB group, and the diarrhea rate in the late period of the experiment did not significantly change by the dietary treatments.


Table 3 | Effects of IAMPs on growth performance and diarrhea rate of weaning piglets.





Effects of IAMPs on Serum Biochemical Index of Weaning Piglets

As shown in Table 4, the IAMPs group had higher concentrations of serum IgE and IgG than the CON group (p < 0.05), without showing significant difference compared to the AB group. The concentration of serum IgM in IAMPs group was higher than that in the CON and AB groups (p < 0.05). The concentrations of serum IgA in the IAMPs group was not significantly changed compared to the other two treatments. Meanwhile, IAMPs diet significantly increased the concentration of serum GSH-Px compared to the CON group (p < 0.05) but not the AB group. The SOD concentration in the serum of IAMPs group was higher (p < 0.05) than that in the CON and AB groups, while the concentrations of MDA and T-AOC in serum were not significantly changed by dietary treatments.


Table 4 | Effects of IAMPs on serum biochemical index of weaning pigs.





Effects of IAMPs on Serum Inflammatory Factors of Weaning Piglets

Table 5 shows that the concentrations of serum IL-10 and TGF-β during the whole experiment were higher in the IAMPs group than those in the CON group (p < 0.05) with no significant difference compared with the AB group. The serum IL-12 concentration was lower in the IAMPs group (p < 0.05) than that in the CON group, showing no significant difference compared with the AB group. The concentrations of serum TNF-α was lower in the IAMPs group (p < 0.05) than that in the CON and AB groups, while the concentrations of IL-4 and IFN-γ was not significantly affected by the dietary treatments.


Table 5 | Effects of IAMPs on serum inflammatory factors of weaning piglets.





Effects of IAMPs on Intestinal Barrier Function of Weaning Piglets

As shown in Table 6, IAMPs diet induced lower serum endotoxin and D-lactic acid levels of weaning piglets compared with the CON diet (p < 0.05), while it did not significantly change serum DAO activity. There were no significant differences in DAO, endotoxin, and D-lactic acid levels between the AB and IAMPs groups.


Table 6 | Effects of IAMPs on the concentrations of DAO, endotoxin, and diamine oxidase in serum of weaning piglets.



The relative expression levels of tight junction proteins including ZO-1 and Occludin in the jejunum mucosa of the piglets were determined by qPCR to verify the above experimental results. As shown in Figure 1, the relative expression of ZO-1 and occludin were significantly increased in the IAMPs group compared with that in the CON group (p < 0.05), but there was no significant difference in the expression of ZO-1 and occludin between the IAMPs and AB groups (p > 0.05).




Figure 1 | Effects of IAMPs on tight junction structure of jejunum (n = 7). CON, corn–soybean-based diet; AB, CON + 25 mg/kg flavomycin + 50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs. ns indicates p > 0.05; * indicates 0.05 < p < 0.01; ** indicates p < 0.01.





Effects of IAMPs on Intestinal Morphology of Weaning Piglets

As shown in Table 7, the villus height of the duodenum and jejunum was significantly increased in the IAMPs group compared with the CON group (p < 0.05) and without showing significant difference compared with the AB group. The dietary treatments did not significantly affect the villus height of the ileum. Moreover, IAMPs and AB diets did not show significant change in the crypt depth of the duodenum, jejunum, and ileum. The ratios of villus height:crypt depth of the duodenum and jejunum were significantly increased in the IAMPs group compared with that in the CON group (p < 0.05), while the ratios of villus height:crypt depth of the ileum was not significantly changed by the diets.


Table 7 | Effects of IAMPs on intestinal morphology of weaning piglets.





Effects of IAMPs on Intestinal Microbiome Structure of Weaning Piglets

Based on the results of 16S rRNA high-throughput sequencing, the OTU sequence similarity was 0.97, and the SilVA138/16s_Bacteria was used as taxonomic database with a taxonomic confidence of 0.97. The Rarefaction curves in Supplementary Figure S1 indicated that each sample of digesta obtained from the cecum and colon had sufficient sequences for analysis. The OTU of cecal digesta in the three groups were 800, 977, and 1019, respectively, and the total OTU number was 673. Meanwhile, the OTU of colonic digesta in the CON, AB, and IAMPs groups were 882, 959, and 1049, respectively, of which 733 were common OTU. The number of OTU of both the cecal and colonic digesta in the AB and IAMPs groups tended to increase compared with that in the CON group (Figure 2). Figure 3 shows the species richness and alpha diversity index of microbiota. Compared with the CON group, the Shannon index and the Chao index of cecal digesta were significantly increased in the IAMPs group (p < 0.05), and no significant difference was seen between the IAMPs and AB group. The Chao index of colonic digesta was significantly higher in IAMPs group than that in the CON and IAMPs groups (p < 0.05), and IAMPs had no significant effect on the Shannon index of cecal digesta. The dietary treatments resulted in significant changes in the beta diversity of the cecal and colonic microbiota as shown by PCoA of the weighted UniFrac distance metric (p < 0.01) (Figure 4).




Figure 2 | Effect of IAMPs on OTU for digesta samples of weaning piglets. (A) Cecum; (B) colon. The individual pig was regarded as the experimental unit (n = 5). CON, corn–soybean meal-based diet; AB, CON + 25 mg/kg flavomycin + 50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs.






Figure 3 | Effect of IAMPs on alpha-diversity index of cecal and colonic digesta of weaning piglets. (A) Cecal Shannon index; (B) cecal Chao index; (C) colonic Shannon index; (D) colonic chao index. The individual pig was regarded as the experimental unit (n = 5). CON, corn–soybean meal-based diet; AB, CON + 25 mg/kg flavomycin + 50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs. *indicates 0.05 < p < 0.01.






Figure 4 | Effects of IAMPs on beta-diversity of cecal and colonic digesta of weaning piglets. (A) Cecum; (B) colon. The individual pig was regarded as the experimental unit (n = 5). CON, corn–soybean meal-based diet; AB, CON + 25 mg/kg flavomycin + 50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs.



At the phylum level, five dominant bacterial groups were identified in CON, AB, and IAMPs groups, including Firmicutes, Proteobacteria, Bacteroidota, Actinobacteriota, and Spirochaetota (Figure 5). The dominant flora of cecal digesta were Firmicutes, Proteobacteria, and Bacteroidota, accounting for 83.3%, 7.23%, and 8.26% in the CON group; 79.3%, 7.33%, and 10.7% in the AB group; and 76.4%, 9.98%, and 10.8% in the IAMPs group, respectively. Firmicutes and Bacteroidota were the two dominant bacterial communities in colonic digesta and accounted for 82.4% and 12.4% in the CON group, 82.3% and 12.5% in the AB group, and 79.0% and 15.8% in the IAMPs group, respectively. The richness of intestinal flora was reflected by color changes in the heatmap (Figure 6). At the genus level, the five major genera of the CON, AB, and IAMPs groups are Streptococcus, Clostridium_sensu_stricto_1, Lactobacillus, Actinobacillus, and Escherichia–Shigella. The relative abundance of Escherichia–Shigella in the cecal and colonic digesta was reduced in the IAMPs group compared with that in the CON group.




Figure 5 | The composition of microbiota at the phylum level in the cecal and colonic digesta samples of weaning piglets. (A) Cecum; (B) colon. The individual pig was regarded as the experimental unit (n = 5). CON, corn–soybean meal-based diet; AB, CON + 25 mg/kg flavomycin + 50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs.






Figure 6 | Heatmap of microbial community representing the top 30 bacteria at the genus level. (A) Cecum; (B) colon.The individual pig was regarded as the experimental unit (n = 5). CON, corn–soybean meal-based diet; AB, CON + 25 mg/kg flavomycin + 50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs.



LEfSe analysis was performed to assess the enrichment of taxa in the cecal and colonic digesta of the three dietary groups (Figure 7). In the cecal digesta, the relative abundance of g_Clostridium_sensu_stricto, g_Schwartzia, g_Oscillospira, g_Lachnospiraceae_FCS020_group, and g_Dorea were increased in the AB group, the relative abundance of g_Faecalibacterium and g_Eubacterium_eligens_group was increased in the CON group, and IAMPs group showed increased relative abundance of g_Streptococcus, g_Lachnospiraceae_XPB1014_group, G_Rikenellaceae_RC9_gut_group, g_NK4A214_group, g_NORank_F_UCG-010, g_norank_f_norank_o_Izemoplasmatales, g_Norank_F_NORank_O, and g_NORank_C_norank_P_WPS-2. In the colonic digesta, the CON group had increased relative abundance of g_Streptococcus, g_Campylobacter, g_Acidaminococcus, and G_UCG-003, the AB group showed increased relative abundance of g_Clostridium_sensu_stricto_1, g_Desulfovibrio, g_Schwartzia, g_Oscillospira, g_Negativibacillus, and g_Holdemanella, and the IAMPs group had increased relative abundance of Lachnospiraceae_XPB1014_group, g_Prevotellaceae_NK3B31_group, g:prevotellaceae_UCG-001, g_Romboutsia g_Clostridium_sensu_STRICto_6, g_Paludicola, g_Monoglobus, and g_Acetitomaculum.




Figure 7 | Identification of the most differentially abundant genera in the digesta samples of weaning piglets by linear discriminant analysis effect size (LEfSe) analysis. (A) cecum; (B) colon. The individual pig was regarded as the experimental unit (n = 5). CON, corn–soybean meal-based diet; AB, CON + 25 mg/kg flavomycin + 50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs.






Discussion

Weaning piglets have undeveloped gastrointestinal tract and experience “weaning stress” due to the sudden change in diet and living environment; as a result, diarrhea usually occurs, which negatively affects the growth performance and even leads to death (2). In this experiment, diet supplemented with IAMPs increased the ADG and G:F ratios of weaning piglets and reduced the diarrhea rate of weaning piglets. This was also observed by previous studies, which found that adding compound AMPs in the diet improved the growth performance of piglets, thus increasing the effective utilization rate of feed and bringing more economic benefits to farmers (18, 19). In addition, adding antimicrobial peptide WK3 in the diet attenuated diarrhea symptoms of ETEC K88 challenged pig models and improved growth performance of piglets (20). The results of this experiment are consistent with the results of the studies mentioned above, in which adding IAMPs in the diets of weaning piglets improved the growth performance and attenuated the diarrhea rate of piglets.

In this experiment, IAMPs supplementation significantly improved the concentrations of IgG, IgE, and IgM in serum of piglets; meanwhile, it increased the concentrations of antioxidant indexes such as GSH-Px and SOD in serum. Consistent with the results of the current study, Yuan et al. (21) reported that diet supplemented with AMPs improved IgA, IgG, and IgM levels in serum of weaning piglets, thus enhancing humoral immune response and reducing the occurrence of diseases in weaning piglets. Studies have shown that the AMPs can activate the immune function of the body. For instance, Tang et al. (22) found that dietary supplementation of fusion peptide bovine lactoferricin–lactoferrampin improved the activities of GSH-Px and T-AOC in serum and liver of piglets and increased the concentrations of IgA, IgE, and IgM in serum of piglets, which indicated an improved immune capacity of piglets. Ren et al. (23) showed that AMPs reduced the level of MDA and improved T-AOC, GSH-Px, and SOD activities in the spleen of piglets. Serum immunoglobulin level can reflect the immune status and liver health status of the body, while T-SOD is associated with the integrity and barrier function of the cell membrane, and GSH-Px, T-AOC, and MDA are closely related to antioxidant capacity (24, 25). Therefore, the improved serum immunoglobin levels and antioxidant indices by dietary IAMPs supplementation indicated enhanced humoral immunity and antioxidant capacity of weaning piglets, which was beneficial for weaning piglets to resist pathogens, reduce the occurrence of diseases, and ensure the health status, and could be a good option to substitute antibiotics.

The intestinal tract of weaned piglets is not fully developed and is easily infected by pathogens; therefore, an improved immune response can contribute to maintain the intestinal health (26, 27). Cytokines including inflammatory factors, growth factors, and chemokines play a role in the proliferation and differentiation of immune and non-immune cells and also play a significant role in the regulation of intestinal inflammation (28). Most pro-inflammatory cytokines, such as IL-6, IFN-γ, and TNF-α, can increase intestinal epithelial permeability, while anti-inflammatory cytokines, such as IL-10 and TGF-β can maintain intestinal barrier integrity (29, 30). In this study, IAMPs significantly increased the concentrations of IL-10 and TNF-β and decreased the concentrations of IL-12 and TNF-α in serum. Generally, the levels of pro-inflammatory cytokines such as IL-6 and TNF-α in the intestinal tract of weaning piglets after weaning are upregulated, which destroys the integrity of the intestinal epithelium and causes intestinal inflammation (31, 32). Similar with our findings, Yi et al. (33) found that cathelicidin-BF reduced the concentrations of anti-inflammatory cytokines including IL-6, IL-22, and TNF-α in serum of piglets by intraperitoneal injection of Cathelicidin-BF into weaning piglets at 21 days of age. Moreover, tracheal antimicrobial peptide was also found to react against pathogens and produce antibacterial substances to regulate inflammatory factors such as TNF-α and IL-1β (34). Meanwhile, compared with enrofloxacin, Cathelicidin-WA reduced diarrhea rates and alleviated intestinal inflammation by showing downregulated IL-6, IL-8, and IL-22 levels in weaning piglets with diarrhea (35, 36). The changes in inflammatory factors in serum indicated that IAMPs reduced the proinflammatory response and enhanced the anti-inflammatory response of weaning piglets, and the improved immune capacity could be linked with the improved growth performance and diarrhea rates of piglets.

Intestinal barrier function plays a fundamental role in intestinal health and diseases. Increased intestinal permeability can lead to the occurrence of intestinal diseases such as inflammatory and functional bowel diseases (37–39). In this experiment, IAMPs significantly reduced the levels of serum endotoxin and D-lactic acid and increased the relative expressions of ZO-1 and occludin in the jejunum. Changes in DAO activity, endotoxin, and D-Lactate concentrations in serum and the relative expression of ZO-1 and occludin are important indicators reflecting intestinal permeability and intestinal barrier injury and repair (40–42). When the intestinal barrier is damaged, the increased permeability leads to increased DAO levels secreted by intestinal epithelial cells and increased bacterial metabolites D-lactate and endotoxin concentrations produced by intestinal flora (43). Xiao et al. (18, 44) found that adding compound AMPs in the diet of weaning piglets counteracted the effects of deoxynivalenol on intestinal permeability and reduced serum D-lactate and DAO concentrations. Yu et al. (11) reported that the addition of antimicrobial peptide Microcin J25 significantly reduced the levels of D-lactate, DAO, and endotoxin in serum of weaning piglets, showing a similar effects compared with an antibiotic group. Tang et al. (45) found that oral administration of antimicrobial peptide Buforin II in piglets infected with E. coli increased the relative expression of occludin and ZO-1 and decreased the concentrations of D-lactate and DAO. Song et al. (46) found experimentally that Cathelicidin-BF could eliminate the effect of LPS on intestinal barrier and increase the expression levels of ZO-1 and occludin in the jejunum. In agreement with this study, these studies illustrated that IAMPs could maintain the integrity of the intestinal barrier, which could be a contributor for the improved growth performance and reduced occurrence of diarrhea in piglets.

Villus height and crypt depth are important indicators of intestinal morphology. In this study, IAMPs improved the villus height of the duodenum and jejunum, and the villus height:crypt depth ratio were significantly increased, which indicated increased mature intestinal cells and the stronger ability to digest and absorb nutrients (47–49). This was also observed by Cao et al. (50) in that adding antimicrobial peptide WK3 in diet of weaning piglets can significantly increase ileal villus height and villus height:crypt depth ratio, and the ratio is even higher than that in the antibiotic group. Studies also reported that AMPs showed similar effects on intestinal morphology compared to antibiotics; they significantly improved villus height and the villus height:crypt depth ratio in the duodenum and jejunum (51–53). These conclusions are consistent with this study and suggested that IAMPs maintained the morphology of the small intestine, which might improve nutrient digestion and absorption capacity, thus promoting the performance of piglets.

Gut microbes are involved in a variety of physiological responses, and the composition of gut microbiota plays an important role in gut health and immune system development (54, 55). In this study, it was found that IAMPs significantly increased the Chao index in cecal and colonic digesta and the Shannon index in the colon, indicating that the diversity and richness of intestinal flora were increased. Previously, supplementation of Lactobacillus plantarum PFM 105 was reported to increase the Shannon index of microbiota in the colon of weaning piglets, which was explained to be related to an enhanced disease resistance of weaning piglets (56). Besides the improved species diversity of microbiota, the relative abundance of beneficial bacteria such as Bacteroidota and Lachnospiraceae was increased in the colon and cecum, while some harmful bacteria such as Escherichia–Shigella, Campylobacter, and Faecalibacterium decreased in the colon and cecum of IAMPs group. After weaning, the homeostasis between beneficial and pathogenic microorganisms in the intestine of piglets is broken, which reduces immunity, results in diarrhea and intestinal inflammation, and consequently affects feed intake and decreases growth performance of piglets (57). Lachnospiraceae ferments carbohydrates to produce short-chain fatty acids that protect intestinal cells from injury (58). Bacteroidota can decompose polysaccharides to improve nutrient utilization, closely related to systematic immunity, and plays a pivotal role in maintaining intestinal microecological balance (59, 60). Escherichia–Shigella secretes toxins after colonizing in the intestine and causes metabolic disorders of intestinal epithelial cells, thereby damaging intestinal mucosal structure and resulting in intestinal immune dysfunction that induced acute diarrhea (61). Tang etal. (22) found that the relative abundance of Escherichia–Shigella in the ileum, cecum, and colon decreased by adding AMPs to the diets of weaning piglets. Meanwhile, a previous study illustrated that antimicrobial peptide-P5 reduced the relative abundance of Escherichia–Shigella in the cecum of weaning piglets (62). This observation confirmed our hypothesis that the IAMPs could relieve intestinal flora disorder caused by the weaning stress, maintain intestinal health, and reduce the occurrence of intestinal diseases in weaning piglets.



Conclusion

In conclusion, dietary supplementation of 1,000 mg/kg IAMPs can improve ADG and G:F of weaning piglets, reduce diarrhea rate, increase serum immunoglobulin concentrations, increase species diversity and richness of intestinal flora, and decrease the relative abundance of Escherichia–Shigella, thereby effectively improving the growth performance, antioxidant and immune capacity, and intestinal health of piglets. Overall, IAMPs can be used as an option to replace antibiotics to attenuate weaning stress of weaning piglets.
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Methionine is a substrate for protein synthesis and participates in many other biological events via its metabolism. We have previously demonstrated significant differences in the metabolism of L-methionine (L-Met) and its precursor DL-2-hydroxy-4-methylthiobutyric acid (DL-HMTBA) in IPEC-J2 cells. When DL–HMTBA is added to the diet, intracellular methionine (Met) sources also contain the natural form of L-Met. Then, what is the effect on Met metabolism when these two Met sources exist simultaneously? Moreover, the effects of metabolic differences on cell function remain unclear. In this study, it was found that when the proportion of L-Met to DL–HMTBA was ≤ 40%:60%, Met transmethylation was promoted and when the proportion of L-Met to DL-HMTBA was ≤ 85%:15%, Met trans-sulfuration and regeneration were improved. In addition, DL-HMTBA improved the cell barrier function when the ratio of L-Met to DL-HMTBA was ≤ 40%:60%. This finding may be due to the decrease in the proportion of S-adenosylmethionine to S-adenosylhomocysteine and mRNA N6-methyladenosine (m6A) levels, which increase the mRNA stability and protein expression of tight junction zona occludens-1. To sum up, the effects of L-Met and DL–HMTBA on Met metabolism, especially transmethylation, suggest that DL–HMTBA has the potential to influence the intestinal barrier function of animals through epigenetic processes.

Keywords: DL-HMTBA, IPEC-J2 cells, methionine metabolism, m6A, barrier function


INTRODUCTION

The intestinal tract is the leading site for digestion and absorption of nutrients, and it is also a crucial defense barrier for the body. The intestinal epithelial layer forms a physical barrier, and its integrity and barrier properties are mainly regulated by tight junctions, which are the critical junction complex at the cell apex and primarily of zona occludens-1 (ZO-1), claudin, occludin, and other proteins (1, 2). Clinical data suggest that intestinal inflammation is often accompanied by a decline in barrier function, which is probably associated with the disruption of tight junctions (1). Methionine is an important sulfur-containing amino acid that has been shown to affect intestinal tight junction expression (3, 4). The 2-hydroxy-4-methylthiobutyric acid, another Met precursor commonly used in livestock production, has also been reported to regulate intestinal barrier function, and its effect differs from that of DL-Met (5, 6). Nevertheless, the regulatory mechanisms of these two Met sources on intestinal barrier function are not well-understood.

Methionine is a substrate for protein synthesis and participates in many other biological events via its metabolism. Met and its metabolites taurine (Tau) and glutathione (GSH) can exert antioxidant efficacy (7, 8). S-Adenosylmethionine (SAM), a metabolite of Met, is a vital methyl donor and participates in DNA, RNA, and proteins methylation (9, 10). Therefore, except for its biological function as a substrate for protein synthesis, the regulatory role of Met in metabolism is worth attention. In our prior study, we found that, unlike L-Met, DL-HMTBA significantly affected the contents of SAM and S-adenosylhomocysteine (SAH) and the proportion of SAM to SAH in IPEC-J2 cells (11). SAM is known as a major methyl donor in the body, and the proportion of SAM to SAH is considered a metabolic indicator or predictor of cell methylation potential (12, 13). Hence, the functional differences of Met sources may be related to their metabolic influence on methylation status.

IPEC-J2 cells, porcine intestinal cells isolated from the jejunum of newborn piglets, are helpful for characterizing the barrier function of the pig intestine in vitro and are often used to explore the influence of nutrients on intestinal health (14–18). The purpose of our research was to test whether DL-HMTBA can regulate Met metabolism differently from L-Met, and regulate epigenetics, especially the m6A modification of mRNA, which affects the expression of tight junctions, playing a different protective role in the intestinal barrier. Therefore, in IPEC-J2 cells, we studied the influence of different proportions of Met sources on barrier function, compared the metabolic differences of Met sources and the correlation between metabolites and the expression of function-related genes, and explored the effects of L-Met and DL–HMTBA on the m6A modification of ZO-1 after comparing the methylation status of DNA and RNA.



MATERIALS AND METHODS


Materials

Methionine, 5-methylthioadenosine (MTA), cystathionine (Cysta), cysteine (Cys), SAM, homocysteine (Hcy), SAH, GSH, 5-methyltetrahydrofolate (5-MTHF), vitamin B6 (VB6), vitamin B9 (VB9), vitamin B6 (VB12), acetonitrile, formic acid, methanol, ascorbic acid, ammonium acetate, tris-(2-carboxyethyl) phosphine, hydrogen peroxide (H2O2), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were supplied by Sigma–Aldrich (St. Louis, USA). Fetal bovine serum, antibiotics (penicillin and streptomycin), and Dulbecco's modified Eagle's medium mixed with Ham's F-12 were provided by Gibco (Shanghai, China). DL–HMTBA was offered by Macklin (Shanghai, China).



Cell Culture

IPEC-J2 cell line was a kind gift from Dr. He Qigai (Huazhong agricultural university, Wuhan, China). Cells were used between passages 70 and 90 and the cell inoculating density was 5,000/well or 3 × 105/well. Each experiment was repeated three times IPEC-J2 cells were cultured in Dulbecco's modified Eagle's medium mixed with Ham's F-12, which was supplemented with 10% fetal bovine serum (v:v) and antibiotics (penicillin and streptomycin) at 37°C in a humidified incubator with 5% CO2. Cells were cultured without fetal bovine serum for 18 h and then without Met for 6 h, at last, different ratios of L-Met and DL–HMTBA were given for 2 h.



MTT Assay

Cells (5,000/well) were seeded in 96-well microplates overnight, then dealt with different concentrations of H2O2 for 24 h or different ratios of L-Met and DL–HMTBA for 2 h and then 0.8 mM H2O2 for 24 h. Then, 10 μl MTT was added to each well, and the cells continued to incubate for 4 h. The supernatant was discarded, and formazan crystals were resuspended with 150 μl dimethyl sulfoxide. Finally, absorbance was read at 490 nm by a spectrophotometer. Results were presented as a percentage of surviving cells compared with control cells.



Trans-Epithelial Electrical Resistance (TEER) Measurements

Cells (3 × 105/well) were seeded in the upper room of Transwell plates (Corning, USA), then 2.6 ml medium was added into the basal chamber. Millicell-ERS instrument (Millipore, Bedford, USA) was used to measure TEER values. The measured values in the blank wells of uninoculated cells were background TEER. The final TEER values were corrected for background and displayed as Ω cm2.



Real-Time PCR Analysis

RNA from IPEC-J2 cells was extracted using TRizol reagent (Life Technologies, Merelbeke, Belgium). TaqMan Reverse Transcription Kit (Thermo Fisher, USA) was used to transcribe 2 μg RNA into cDNA. Bio-Rad CFX Connect™ Real-Time PCR Detection System (Bio-Rad, USA) was used to measure the relative mRNA expression. Results were calculated by the 2−ΔΔCT method. The following primers (Supplementary Table 1) were synthesized by Sangon (Shanghai, China).



Detection the Contents of Met-Related Metabolites and Cofactors

Impacts of different ratios of L-Met and DL–HMTBA on Met metabolites and coenzyme was measured by LC–MS/MS, the specific experimental steps were shown as described previously (11). Contents of analytes were calculated per 1 × 106 cells.



Western Blot

Cells were lysed with RIPA buffer containing protease and phosphatase inhibitors (Thermo Scientific, USA) for 30 min, the products were centrifuged for 15 min at 12,000 × g at 4°C, and supernatants were detected for the total protein contents. A total of 30 μg proteins were treated with 10% SDS-PAGE and then transferred to nitrocellulose membranes. They were then incubated with 5% non-fat milk for 2 h and incubated with the primary antibodies: anti-ZO-1 (1:1,000, ABclonal, #A11417), anti-FTO (1:1,000, Santa Cruz, #sc-271713), anti-YTHDF2 (1:1,000, Proteintech, #24744-1-AP), anti-METTL3 (1:1,000, Abcam, #ab195352), and anti-β-actin (1:1,000, ABclonal, #AC026). After washing three times, blots were incubated with the secondary antibody (1: 15,000): anti-rabbit or anti-mouse IgG for another 2 h. Signals were detected with chemiluminescence. Band intensities were measured by Image J (NIH, USA).



Assay of the Fluorescent Yellow Flux Rate

After the test, the culture solution was discarded, the cells in the Transwell chamber were washed with D-Hank's solution preheated at 37°Cthen 1.5 ml of fluorescent yellow solution (100 μg/ml) was added into the upper room. Next, the Transwell plates were placed in a cell culture incubator for 2 h. After treatment, the liquid in the lower chamber was collected for testing. The absorbance was measured with a fluorescence spectrophotometer, the excitation and emission wavelength of which were 427 and 536 nm, respectively. The ratio of fluorescent yellow contents in the lower and upper room was the fluorescent yellow flux rate (%).



ELISA Assay for H2S

Cells were lysed with RIPA buffer containing protease and phosphatase inhibitors (Thermo Scientific, USA) for 30 min at 4°C, the products were centrifuged for 15 min at 12,000 × g, 4°C, and then the supernatants were collected to determine total protein content. Concentrations of H2S in the remaining supernatant were determined using ELISA Kit (Camilo, Nanjing, China). Briefly, samples were incubated in the microplates, which were pre-coated with monoclonal antibodies, then a specific enzyme-linked antibody for H2S was added. After washing for 5 times, the substrate solution was added to develop color. Results were measured using a spectrophotometer at a 450 nm wavelength.



ELISA Assay for m5C

Total DNAs from IPEC-J2 cells were extracted by using a DNA Extraction kit (Genenode, Beijing, China). MethylFlash Methylated DNA Quantification Kit (Epigentek, NY) was used for the detection of DNA methylation. Briefly, genomic DNA was denatured and then incubated with capture and detection antibodies for 5-methylcytosine (m5C) and results were measured using a spectrophotometer at a 450 nm wavelength. Results were displayed as the percentage of m5C (%) in the total cell DNA.



Assay of m6A Level

Effects of L-Met and DL–HMTBA on m6A modification in IPEC-J2 cells were measured by LC–MS/MS. The specific experimental steps were shown as described previously (19). The calculated m6A/A was determined for the m6A level.



An m6A Immunoprecipitation Real-Time PCR of the Target Genes

An m6A immunoprecipitation (MeRIP) was applied to detect the specific m6A modification levels of the target genes, the specific experimental steps were shown in the previous study (19). The primers used for this detection were shown in Supplementary Table 2.



Date Analysis

Data were shown as the mean ± SEM and analyzed using GLM one-way ANOVA in SAS 8.2 software, and Ducan multiple comparisons. GraphPad Prism version 8.0 was used for correlation analysis. p < 0.05 means that the dates are statistically significant and p < 0.01 shows extreme significance.




RESULTS


Influence of Different Ratios of L-Met and DL–HMTBA on the Barrier Function

In this study, IPEC-J2 cells were dealt with different ratios of L-Met and DL–HMTBA (100 and 0%, 85 and 15%, 70 and 30%, 40 and 60%, 0%, and 100%) with normal culture or H2O2 added. When DL–HMTBA was used as the Met source, mRNA expression levels of ZO-1, claudin, and occludin were significantly upregulated, and the expression level of ZO-1 gradually increased with the increase in DL—HMTBA proportion (p < 0.05) (Supplementary Figure 1).

Then, the influence of pre-treatment of IPEC-J2 cells with different ratios of L-Met and DL–HMTBA on the permeability of monolayer cells after H2O2 injury was investigated. According to the results of the MTT assay, treatment with 0.8 mm H2O2 for 24 h was selected to build the oxidative stress model (Supplementary Figure 2). Compared with the 100% L-Met group in the presence of H2O2, when the ratio of L-Met to DL–HMTBA was ≤ 40%:60%, the cell viability was significantly higher; when the ratio was ≤ 70%:30%, the cell TEER value was significantly higher; when the ratio was ≤ 85%:15%, the fluorescent yellow permeability was significantly lower (Figures 1A–C) (p < 0.01). Further studies on the gene and protein expression levels of tight junctions have shown that when only DL–HMTBA is present, mRNA levels of ZO-1, claudin, and occludin were significantly higher (Figures 1D–F), and when the ratio was ≤ 40%:60%, the protein level of ZO-1 was significantly higher (Figure 1G).


[image: Figure 1]
FIGURE 1. Effects of different ratios of L-Met and DL–HMTBA on the barrier function in IPEC-J2 cells. (A) Cell viability after Met source intervention; (B) TEER values; (C) Fluorescent yellow permeability; (D) mRNA levels of ZO-1; (E) mRNA levels of Claudin; (F) mRNA levels of Occludin; (G) Protein level of ZO-1. Cells were cultured without fetal bovine serum for 18 h and then without Met for 6 h, then, different ratios of L-Met and DL–HMTBA were given for 2 h (total methionine source concentration is 5 mM), at last cells were treated with 0.8 mM H2O2 for 24 h. Values are means ± SEM, n = 3; different letters (A–D) mean the difference is extremely significant, p < 0.01.




Impacts of Different Ratios of L-Met and DL–HMTBA on the Metabolism of Met

Next, metabolic changes of Met with different ratios of L-Met and DL–HMTBA were investigated. Compared with the 100% L-Met group, when the proportion of L-Met to DL–HMTBA was ≤ 85%:15%, the contents of SAM, Cysta, MTA, and the proportion of SAM to SAH were significantly lower; when the ratio was ≤ 40%:60%, the contents of Met and SAH were significantly lower; when only DL–HMTBA was present, the intracellular Hcy content was significantly lower (p < 0.05). Besides, the contents of Cys, GSH, and H2S and the cofactors VB6, VB9, and VB12 involved in metabolism in each treatment group were not significantly different (Figure 2).


[image: Figure 2]
FIGURE 2. Effects of different ratios of L-Met and DL–HMTBA on the changes of methionine metabolites and coenzyme in IPEC-J2 cells. (A) Transmethylation-related metabolites; (B) Ratio of SAM to SAH; (C) Transsulfuration-related metabolites; (D) Methionine regeneration related substances Cells were cultured without fetal bovine serum for 18 h and then without Met for 6 h, then, different ratios of L-Met and DL–HMTBA were given for 2 h (total methionine source concentration is 5 mM). Metabolic pathways are shown in Supplementary Figure 4. Values are means ± SEM, n = 3; different letters (A–D) mean the difference is extremely significant, p < 0.01; different letters (a,b) mean the difference is signific, p < 0.05.




Influence of Different Ratios of L-Met and DL–HMTBA on the Changes of Pivotal Enzymes in the Metabolism of Met

We then detected changes in the mRNA levels of pivotal enzymes associated with the metabolism of Met. Compared with the 100% L-Met group, when the proportion of L-Met to DL–HMTBA was ≤ 85%:15%, the mRNA level of methionine adenosyltransferase 2A (MAT2A) was significantly higher; when the ratio was ≤ 70%:30%, the mRNA level of Cysta-beta-synthase (CBS) was significantly higher; when the ratio was ≤ 40%:60%, the mRNA levels of S-adenosylhomocysteine hydrolase (AHcy) and Cystagamma-lyase (CTH) were significantly higher (p < 0.01), in addition, only in 100% DL–HMTBA group, the mRNA levels of 5-methyltetrahydrofolate-Hcy methyltransferase (MTR) and methylenetetrahydrofolate reductase (MTHFR) were significantly higher (Figure 3) (p < 0.05).


[image: Figure 3]
FIGURE 3. Effects of different ratios of L-Met and DL–HMTBA on mRNA levels of pivotal enzymes about Met metabolism in IPEC-J2 cells. (A) MAT2A: Methionine adenosyltransferase 2A; (B) AHcy: S-Adenosylhomocysteine hydrolase; (C) CBS: Cystathionine-beta-synthase; (D) CTH: Cystathionine gamma-lyase; (E) MTHFR: Methylenetetrahydrofolate reductase; (F) MTR: 5-methyltetrahydrofolate-homocysteine methyltransferase. Cells were cultured without fetal bovine serum for 18 h and then without Met for 6 h, then, different ratios of L-Met and DL–HMTBA were given for 2 h (total methionine source concentration is 5 mM). Values are means ± SEM, n = 3; different letters (A–D) mean the difference is extremely significant, p < 0.01; different letters (a,b) mean the difference is signific, p < 0.05.




Correlation Analysis Between Met Metabolites and Gene Expression Levels

The aforementioned studies showed that DL–HMTBA significantly affects Met metabolism and gene expression in IPEC-J2 cells. Then, is there a specific correlation between changes in metabolites and changes in gene expression levels? Therefore, we next analyzed the correlation between metabolites of Met and the gene expression of Met metabolic enzymes and tight junction proteins. As shown in Figure 4, intracellular contents of Met, SAM, SAH, Hcy, Cysta, and the proportion of SAM to SAH, were significantly negatively correlated with the mRNA levels of most genes (p < 0.05). Notably, a significant negative correlation was between the proportion of SAM to SAH and each gene expression level (p < 0.01), and the correlation coefficient with the mRNA level of MAT2A was 0.884.


[image: Figure 4]
FIGURE 4. Correlation analysis between methionine metabolites and gene expression levels in IPEC-J2 cells. Cells were cultured without fetal bovine serum for 18 h and then without Met for 6 h, then, different ratios of L-Met and DL–HMTBA were given for 2 h (total methionine source concentration is 5 mM). *p < 0.05; **p < 0.01.




Effects of Met Sources on DNA and RNA Methylation Modification

We considered that the difference in mRNA expression levels caused by DL–HMTBA and L-Met might be due to the difference in the metabolism between them, which leads to the difference in the contents of SAM and SAH and then changes in intracellular methylation modification. Therefore, we next tested the contents of m5C and m6A, the major methylation modifications of DNA and mRNA, respectively. As shown in Figure 5A, L-Met and DL–HMTBA had no significant effect on m5C content in the cell DNA, whereas DL–HMTBA significantly reduced m6A mRNA levels (p < 0.01).


[image: Figure 5]
FIGURE 5. Effects of L-Met and DL–HMTBA on methylated modification in IPEC-J2 cells. (A) Total m5C level; (B) Total m6A level; (C) mRNA levels of METTL3 (methyltransferaselike 3); (D) mRNA levels of METTL14 (methyltransferaselike 14); (E) mRNA levels of FTO (Fat mass and obesity-associated protein); (F) mRNA levels of YTHDF2 (YT521-B homology domain family 2); (G) Protein levels of RNA methylation-related proteins. Cells were cultured without fetal bovine serum for 18 h and then without Met for 6 h, then, different ratios of L-Met and DL–HMTBA were given for 2 h (total methionine source concentration is 5 mM). Values are means ± SEM, n = 3; different letters (A–D) mean the difference is extremely significant, *p < 0.01; **p < 0.01.


Therefore, we examined the mRNA levels of the major RNA MTRs, demethylases, and recognition proteins and further detected the protein levels of the genes with significant changes. As shown in Figures 5C–G, when the ratio was ≤ 70%:30%, the mRNA levels of MTR-like 3 (METTL3), fat mass and obesity-associated protein (FTO), and YT521-B homology domain family 2 (YTHDF2) were evidently higher than those in 100% L-Met group (p < 0.01). Among those rations, different ratios had no obvious impact on the protein level of METTL3 or YTHDF2. However, when the ratio was ≤ 40%:60%, the protein level of FTO was obviously higher than that in the 100% L-Met group (p < 0.01).



Effects of L-Met and DL-HMTBA on the mRNA Stability and m6A Modification Level of Differentially Expressed mRNA in IPEC-J2 Cells

L-Met and DL–HMTBA had significantly different impacts on the mRNA levels of MAT2A, CBS, and ZO-1. The aforementioned findings also showed that DL–HMTBA could reduce m6A modification of mRNA in IPEC-J2 cells. DL–HMTBA may affect the metabolic fate of mRNA in IPEC-J2 cells, for example, affecting the stability of mRNA. Therefore, actinomycin was used to investigate the influence of L-Met and DL–HMTBA on the mRNA stability of these genes. The results showed that the mRNA stability of MAT2A after 2 h and ZO-1 after 1 h of actinomycin treatment was significantly improved by DL–HMTBA (Figures 6A,C) (p < 0.05).
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FIGURE 6. Effects of L-Met and DL–HMTBA on the mRNA stability and their m6A modification level of differentially expressed mRNA in IPEC-J2 cells. (A) mRNA stability of MAT2A; (B) mRNA stability of CBS; (C) mRNA stability of ZO-1; (D) The m6A modification site 1 of MAT2A; (E) The m6A modification site 2 of MAT2A; (F) The m6A modification site 3 of MAT2A; (G) The m6A modification site 1 of ZO-1; (H) The m6A modification site 2 of ZO-1; (I) The m6A modification site 3 of ZO-1; (J) The m6A modification site 4 of ZO-1; (K) The m6A modification site 5 of ZO-1; (L) The m6A modification site 6 of ZO-1; (M) The m6A modification site 7 of ZO-1; Cells were cultured without fetal bovine serum for 18 h and then without Met for 6 h, then, different ratios of L-Met and DL–HMTBA were given for 2 h (total methionine source concentration is 5 mM). Values are means ± SEM, n = 3; **p < 0.01, *p < 0.05.


Next, the m6A modification levels of these specific differentially expressed genes, MAT2A and ZO-1, were studied. As shown in Figures 6D–M, DL-HMTBA significantly reduced the m6A modification levels of MAT2A and ZO-1 compared with L-Met. This finding indicated that DL-HMTBA promoted the mRNA expression of MAT2A and ZO-1, which was related to the reduction of the m6A modification of these two genes and the improvement in the stability of the corresponding mRNA in IPEC-J2 cells.




DISCUSSION

The integrity of intestinal barrier function is an important guarantee of normal physiological functions of the intestine. In this research, we found that under oxidative stress, compared with L-Met, when the ratio of L-Met to DL–HMTBA was ≤ 40%:60%, it is more conducive to the expression of intestinal tight junction proteins and the improvement of intestinal barrier function. Moreover, we found that this finding may be due to the regulation of DL–HMTBA on Met transmethylation, which may reduce the m6A modification level of ZO-1 mRNA and improve its mRNA stability in IPEC-J2 cells.

The influence of different ratios of L-Met and DL–HMTBA on metabolism of Met were compared, and the impact of DL–HMTBA on Met metabolite content was significantly different from that of L-Met. In our study, Met sources had a substantial influence on Met transmethylation; particularly notable is that the percentage of SAM to SAH decreased significantly with the increase in DL–HMTBA proportion. The ratio of SAM to SAH is considered a metabolic indicator or predictor of cell methylation potential (12, 13). Moreover, results displayed that the proportion of SAM to SAH was noteworthy negatively correlated with the expression of the tight junction-related genes. Results in our study indicated that the protective function of DL–HMTBA on the intestinal barrier probably be due to the regulation of methylation of genes related to barrier function. Notably, subsequent studies showed DL–HMTBA significantly reduced the m6A modification level of ZO-1 and improved its stability of ZO-1.

An m6A methylation modification is a dynamic process, and FTO is the first demethylase identified (20). In this study, it was found for the first time that with an increase in the DL–HMTBA proportion, the mRNA and protein expression levels of FTO up-regulated obviously. Therefore, the effect of DL–HMTBA and L-Met on m6A levels may be related to their regulation on FTO expression. However, the mechanism by which DL–HMTBA affects FTO expression requires further study.

A prior study showed that dietary Met restriction improves colon barrier function by increasing the abundance of claudin-3 (4). Epigenetic reprogramming was shown to be involved in Met restriction-related benefits (21). In our research, it was found that the barrier function and expression level of tight junction protein ZO-1 were significantly improved when the ratio of L-Met to DL–HMTBA was ≤ 40%:60%. We also found that regulation of RNA m6A may contribute to the DL–HMTBA-induced expression of tight junction proteins. In further research, it is interesting to explore the effect of DL-HMTBA inclusion in the diet on intestinal barrier function in an animal model.

In Caco-2 cells, it was reported that HMTBA could increase the production of Tau and reduce GSH, which is thought to be related to the more pronounced protective role of HMTBA than DL-Met on intestinal epithelial barrier function under the inflammation model (9). However, results in our study did not show any effect of Met sources on GSH content. This phenomenon may be connected with the use of different concentrations of Met sources in these experiments. In addition, there was no significant difference in the contents of Cys, GSH, and H2S among the treatment groups. However, Hcy and Cysta decreased with the increase of HMTBA, and the further metabolites showed no significant difference in each group. Combined with the influence of DL–HMTBA on the mRNA expression of CBS and CTH, it can be seen that DL–HMTBA can promote the transsulfuration of Met.

Except for focusing on the direct metabolites of Met, we also examined metabolites involved in the synthesis of Met. Compared with the L-Met group, despite the decrease in Met levels, the contents of 5-MTHF increased significantly after DL-HMTBA treatment, and the mRNA expression levels of MTHFR and MTR, the key enzymes involved in Met remethylation metabolism, were also significantly higher. It was found that Met deficiency increased the activity of BHMT enzyme and mRNA levels of MTR and BHMT in the liver of piglets treated with Met deficiency and supplemented with different Met remethylation donors. In addition, methyl-donor supplementation after Met deficiency makes the body more inclined to maintain the availability of Met to participate in protein synthesis (22). This indicates that DL–HMTBA can maintain the Met required for cell growth by promoting the remethylation of Met, although the content of Met produced by DL–HMTBA is low in IPEC-J2 cells.

In conclusion, we explored a new possible mechanism for the different protective effects of DL–HMTBA and L-Met on the intestinal barrier. DL-HMTBA significantly promoted Met transmethylation in IPEC-J2 cells, reducing the proportion of SAM to SAH and affecting the m6A modification level of cell mRNA, especially the m6A modification of ZO-1. Additionally, the mRNA stability and protein level of ZO-1 were upregulated, and the barrier function of intestinal cells was promoted. Upregulated FTO may contribute to m6A methylation modification of mRNA by DL–HMTBA. Our research indicated that the rational use of HMTBA in food might have a positive regulatory effect on intestinal barrier function and clarified possible mechanisms conducive to the reasonable selection of Met sources.
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Effects of Lysine–Lysine Dipeptide on Serum Amino Acid Profiles, Intestinal Morphology, and Microbiome in Suckling Piglets

Yuankun Deng1,2†, Hui Han2,3†, Liuqin He2, Dun Deng2,4, Jing Wang1,2, Yulong Yin2,5 and Tiejun Li2,5*


1College of Animal Science and Technology, Hunan Agricultural University, Changsha, China

2Hunan Provincial Engineering Research Centre for Healthy Livestock and Poultry Production, Scientific Observing and Experimental Station of Animal Nutrition and Feed Science in South-Central, Ministry of Agriculture, Hunan Provincial Key Laboratory of Animal Nutritional Physiology and Metabolic Process, Key Laboratory of Agro-Ecological Processes in Subtropical Region, Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha, China

3Chinese Academy of Sciences, University of Chinese Academy of Sciences, Beijing, China

4Tang Ren Shen Group, Zhuzhou, China

5National Engineering Laboratory for Pollution Control and Waste Utilization in Livestock and Poultry Production, Changsha, China

Edited by:
Peng Ji, University of California, Davis, United States

Reviewed by:
Tarique Hussain, Nuclear Institute for Agriculture and Biology, Pakistan
 Hao Xiao, Guangdong Academy of Agricultural Sciences, China
 Chengquan Tan, South China Agricultural University, China

*Correspondence: Tiejun Li, tjli@isa.ac.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Nutritional Immunology, a section of the journal Frontiers in Nutrition

Received: 22 February 2022
 Accepted: 14 March 2022
 Published: 10 May 2022

Citation: Deng Y, Han H, He L, Deng D, Wang J, Yin Y and Li T (2022) Effects of Lysine–Lysine Dipeptide on Serum Amino Acid Profiles, Intestinal Morphology, and Microbiome in Suckling Piglets. Front. Nutr. 9:881371. doi: 10.3389/fnut.2022.881371



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.

Keywords: Lys-Lys dipeptide, amino acids, intestinal development, microbiota, suckling piglets


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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Porcine epidemic diarrhea virus (PEDV) is an emerging coronavirus which causes acute diarrhea and destroys gastrointestinal barrier function in neonatal pigs. Trefoil factor 1 (TFF1) is a protective peptide for maintaining the integrity of gastrointestinal mucosa and reducing intestinal inflammation. However, its role in protecting intestinal epithelium against PEDV infection is still unclear. In this study, we discovered that TFF1 expression was activated in the jejunum of pigs with PEDV infection and TFF1 is required for the growth of porcine intestinal epithelial cells. For instance, inhibited cell proliferation and cell arrest were observed when TFF1 is genetically knocked-out using CRISPR-Cas9. Additionally, TFF1 depletion increased viral copy number and PEDV titer, along with the elevated genes involved in antiviral and inflammatory cytokines. The decreased TFF1 mRNA expression is in line with hypermethylation on the gene promoter. Notably, the strong interactions of protein-DNA complexes containing CCAAT motif significantly increased C/EBPα accessibility, whereas hypermethylation of mC-6 loci decreased C/EBPα binding occupancies in TFF1 promoter. Overall, our findings show that PEDV triggers the C/EBPα-mediated epigenetic regulation of TFF1 in intestine epithelium and facilitates host resistance to PEDV and other Coronavirus infections.
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Introduction

Porcine epidemic diarrhea is a highly contagious enteric disease caused by porcine epidemic diarrhea virus (PEDV) which is characterized by intestinal inflammation, watery diarrhea, vomiting, or dehydration. All ages and breeds of pigs are susceptible to PEDV, whereas it is most harmful to neonatal piglets (1). PEDV causes an 80-100% fatality rate in piglets, and more than 10% of the pig population is wiped out throughout the world (2). PEDV is a single-stranded positive-sense RNA virus which is classified into the genus α-Coronavirus of the Coronaviridae family. It contains four structural proteins: spike (S), envelope (E), matrix (M), and nucleocapsid (N) (3, 4). This virus infection is usually transmitted by the fecal-oral route or air from the nasal cavity to the intestinal mucosa and replicates principally in the intestinal epithelial cells (especially in the jejunum and ileum) (5, 6). Given that the functional integrity of intestinal epithelial barrier constitutes the main defense against pathogens invasion, its physiological homeostasis is critical for intestinal against PEDV infection.

The trefoil factor family (TFFs) is a group of protein polypeptides produced mainly by gastrointestinal mucus-secreting or mucin-secreting cells. TFFs are widely distributed in vertebrates and highly conserved in evolution, suggesting that they may be a class of proteins with important physiological functions (7, 8). TFF1 (also known as pS2), as a member of the TFFs, is a cysteine-rich secretory protein with the function of gastrointestinal protection (9, 10), mucosal defense, and injury healing (11–13). When co-expressed with the mucin MUC5AC, TFF1 works for mucosal protection by forming a stable mucus gel layer together with mucin. During the extracellular pathogen invasion, the anti-apoptotic activity and the epithelial cell migration are coordinately controlled by TFF1 to improve injury repair and immune response (14–16). Importantly, the TFF1 gene shows the tissue-specific expression pattern and is closely related to the ability of injury healing, activating the host’s resistance to pathogens infection (17, 18). Previously, we have demonstrated a 28.8-fold increase in TFF1 gene expression by transcriptome analysis in PEDV-infected jejunum (19). In this study, we aim to identify whether TFF1 is a potential target to benefit gut function in response to PEDV infection.

In recent years, the development of epigenetics provides new insights to solve the genetic mechanism of diseases. Among them, methylation of CpG residues is a key epigenetic modification of eukaryotic DNA which provides a stable gene silencing and is a major factor responsible for the suppression of gene expression (20). Importantly, heterochromatin domains are determined, in part, by methylation of cytosines at the 5th position of the pyrimidine ring. Indeed, previous reports revealed that the TFF1 gene expression is vulnerable to DNA methylation pattern (21, 22) and it has been documented that hypermethylation of TFF1 promoter triggers the gene downregulation in intestinal metaplasia and intestinal-type human cell lines (22, 23). So, this may be attributed to the impaired transcription factor like C/EBPα and/or HIF-1α modulation induced by methylation events (24, 25). Thus, this study aims to understand the TFF1 action of inflammatory inhibition in the PEDV-infected jejunum and the underlying mechanisms. Our findings exhibit that TFF1 is a resistant factor to a porcine coronavirus infection by the regulation of C/EBPα and DNA methylation.



Materials and Methods


Ethics Statement

The animal study proposal was approved by the Institutional Animal Care and Use Committee (IACUC) of the Yangzhou University Animal Experiments Ethics Committee (permit number: SYXK (Su) IACUC 2012-0029). All experimental methods were conducted in accordance with the relevant guidelines for the Administration of Affairs Concerning Experimental Animals approved by the State Council of the People’s Republic of China.



Animal Experiments and Samples Collection

Four 7-day-old ternaries crossbred piglets (Duroc*Landrace*Yorkshire) were infected with PEDV featured with typical clinical symptoms of porcine epidemic diarrhea. In addition, four normal piglets were selected as the control. The herd of pigs was detected for PCR against PEDV, TGEV, PDCoV, and PoRV. All the animals were raised under the same conditions and humanely sacrificed by intravenous injection of pentobarbital sodium. After the sacrifice, duodenum, jejunum, and ileum samples were snap frozen immediately in liquid nitrogen for the subsequent experiments.



Etiology Identification

Jejunal contents were collected and diluted in 500 μL phosphate-buffered saline (PBS) buffer, then freeze-thawed repeatedly before the centrifugation to collect the supernatant containing viruses. The supernatants were added to the tubes containing TRIzol reagent (Takara Biotech, Dalian, China) and vortexed according to the manufacturer’s instruction. The cDNA was amplified with PrimeScript RT-PCR kit (Vazyme Biotech, Nanjing, China) to identify the infections of viruses, including PEDV, TGEV, PDCoV and PoRV. The primers are listed in Table 1.


Table 1 | Primers and sequence information for pathogen identification.





Histological Analysis

Duodenum, jejunum, and ileum were fixed in 4% paraformaldehyde solution for 24 hours. Tissues were embedded in paraffin and cut into 5 μm pieces. For hematoxylin-eosin (HE) staining, the paraffin sections were conducted according to the routine procedure. The mounted slides were observed under Olympus iX53 (Tokyo, Japan) light microscope and the photographs were taken using Motic Image Advanced 3.2 Analysis System (Motic China group Co., Ltd., Xiamen, China).



Cell Culture

Porcine intestinal epithelial cells (IPEC-J2) were kindly provided by the University of Pennsylvania. Vero kidney cell line (Vero CCL-81) were purchased from ATCC. IPEC-J2 and Vero cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, NY, USA) and 100 μg/mL penicillin/streptomycin (Solarbio, Beijing, China) in a humidified atmosphere containing 5% CO2 at 37°C. Cells were seeded in tissue culture flasks (Costar, Corning, MA, USA).



Virus Infection In Vitro

PEDV strains used in this study were the classic strain CV777, which was propagated and titrated in FBS-free DMEM medium supplemented with 8 μg/mL trypsin (Sigma-Aldrich, MO, USA) in Vero CCL-81 cells. Cells were infected with PEDV at MOI of 0.1 for 2 hours at 37°C (26). After 2 hours, the unattached virus inoculum was removed. Then, the cells were washed three times with cold PBS buffer and maintained in DMEM supplemented with 2% FBS. The infected cells and supernatants were collected after the indicated period and titrated according to TCID50 protocol. The viral titers were calculated using the Spearman-Karber equation. The PEDV genome copy number was calculated by the standard curve equation of CV777 well-established previously (26): y = −3.3354lg(x) + 37.832 (where y represents the number of Ct cycles, x represents the logarithm of the virus copy number based on the base 10).



CRISPR/Cas9 sgRNA Genomic Editing

To deplete TFF1 gene, three different single guide RNAs (sgRNAs) were designed using an CRISPR-Cas9 Design online software. Oligo nucleotides sequences of the sgRNAs were synthesized and cloned into the BbsI digested linearized pGK1.2 (EGFP + Puror) vector (Genloci Biotech, Nanjing, China) following the pGK1.2 oligo-cloning protocol. The primers are listed in Table 2. Colony PCR was performed to validate the sgRNA sequences using the VSP forward primer 5′-CATATGCTTACCGTAACTTGAAAG-3′ and three primer sets: primer set-1: (5’-GCCACAGGATTGAAGCACCA-3’), primer set-2: (5’-GTTGTCTGTGGGGTCATCAA-3’), primer set-3: (5’-GTGGGGTCATCAACGGCCAC-3’) as the reverse primers, respectively. The amplicons were performed by PCR-sequencing (Sangon Biotech, Shanghai, China) and the positive recombinant vectors were named as sgRNA1, sgRNA2 and sgRNA3, respectively. Subsequently, cells pool sequencing verified the efficiency of sgRNAs mixture. The primer used for cloning was as follows: TFF1-sgRNA forward primer (5’-CTTGGCCGGTACACTTTCAG-3’) and reverse primer (5’-CTTCACAGGTCCGTGGTTAGA-3’). IPEC-J2 were transfected with sgRNA1, sgRNA2 and sgRNA3 in 6-well tissue culture plates at a density of 2 × 105/mL. The culture medium with 3 μg/mL puromycin was added to the cells 72 hours later. For another 72 hours, positive monoclonal cells were harvested.


Table 2 | CRISPR/Cas9 sgRNA oligo sequences.





Overexpression Plasmid Construction and Cells Transfection

For TFF1 and C/EBPα overexpression, the full-length CDS of TFF1 and C/EBPα were amplified and cloned into a pcDNA3.1 vector (Invitrogen, CA, USA) with T4 DNA ligase for ligation by NheI and HindIII restriction sites, respectively. The recombinant overexpression vectors were defined as TFF1-oe and C/EBPα-oe, respectively. Subsequently, each of the overexpression vectors were transfected into IPEC-J2 using Lipofectamine™ 2000 (Invitrogen, CA, USA) following the manufacturer’s protocol. At 36 hours after transfection, the cells were passaged into the appropriate medium containing 400 µg/mL G418. The screening was conducted over 7 days and the stable cell lines constitute polyclonal pools of cells.



siRNA Transfection

Small interfering RNAs (siRNAs) against C/EBPα mRNA sequences (si-C/EBPα-1, si-C/EBPα-2, and si-C/EBPα-3) of sus scrofa and negative control (si-C/EBPα-NC) were synthesized from GenePharma Corporation (Shanghai, China). The siRNAs and negative control were transfected into IPEC-J2 using Lipofectamine™ 2000 (Invitrogen, CA, USA) following the manufacturer’s instruction.



Cell Proliferation Assay

To assess cell viability, cells were seeded in 96-well plates with 5 × 103/well and incubated with PEDV at the indicated time. Then 10 μL cell counting kit-8 solution (CCK8, Dojindo Molecular Technologies Inc., Kumamoto, Japan) was added to each well followed by the incubation at 37°C for 2 hours. After the incubation, an absorbance at 450 nm was measured using a Multimode Microplate Reader (Spark™ 10M, Tecan GmbH, Austria). Caspase-3/7 activity was measured using a luminescence-based assay with the luminescent Caspase-Glo 3/7 assay kit (Promega Corporation, MA, USA) according to the manufacturer’s instruction. Each experiment was repeated three times and performed in triplicate.



Flow Cytometry Analysis

Cells were seeded in 6-well plates and incubated with the indicated doses of PEDV. The apoptotic cells were detected by Annexin V-FITC/PI apoptosis analysis kit (Solarbio, Beijing, China) according to the manufacturer’s guide. The samples were analyzed by CytoFLEX flow cytometer (Beckman Coulter, CA, USA). For cell cycle detection, TFF1-depletion cells were seeded in tissue culture flask at a density of 2 × 106/mL. Cells were then washed with cold PBS and fixed overnight with cold 70% ethanol. The fixed cells were washed with PBS and stained with 1 mL PI staining reagent (50 mg/mL propidium iodide and 1 mg/mL RNase A in 1 mL of sodium citrate buffer) for 30 min at 37°C in a light-proof manner. Then the cell cycle profiles were analyzed by FACScan flow cytometer (Becton Dickinson, CA, USA). The percentage of cells at G0/G1, S and G2/M phases were calculated using Modifit software.



Indirect-Immunofluorescence Assay (IFA)

Cells were seeded on coverslips in 12-well tissue culture plates and infected with PEDV for 2 hours, rinsed, then incubated at 37°C. After 48 hours of PEDV infection, the cells were fixed in 4% paraformaldehyde for 15 min and permeabilized by 0.1% Triton X-100 in PBS for 10 min at RT. The cells were blocked with 5% bovine serum albumin (BSA) in PBS for 30 min at RT and then incubated with the anti-PEDV antibody PEDV N MAb (Medgene, SD-1-5, 1:500) overnight at 4°C. After washing thrice with PBS, the cells were incubated with a fluorochrome-conjugated secondary antibody (HuaBio, HA1015, 1:100) for 30 min at RT. The cell nuclei were stained with DAPI (1 μg/mL) for 5 min. The coverslips were mounted on microscope slides for the visualization under a fluorescence microscope (Olympus, Tokyo, Japan). Images were processed using ImageJ software.



The Inflammatory Cytokines and Antiviral Genes mRNA Expression

Cells were treated with PEDV at the indicated time as above. RT-qPCR was performed to detect the mRNA expression of inflammatory cytokines (IL-2, IL-6, IL-8, IL-12, IL-α, IL-β, IFN-α, IFN-β, TNF-α) and antiviral genes (Mx1, Mx2, RIG). The primers are listed as shown in Table 3.


Table 3 | Primers of inflammatory cytokines and antiviral genes.





Reverse Transcription and Quantitative PCR (RT-qPCR)

Total RNA was isolated from cells and intestinal samples using the TRIzol reagent (Takara Biotech, Dalian, China) following the manufacturer’s protocol. RT-qPCR amplification was performed using an ABI 7500 Fast Real-Time Quantitative PCR System (Applied Biosystems, Foster City, CA, USA) and relative gene expression was calculated using the 2−ΔΔCt method (27). The housekeeping gene GAPDH was used as an internal control for each experiment. The experiments were performed at least three times with data presented as means values ± SD. The primers are shown in Table 4.


Table 4 | RT-qPCR primers and sequence information.





Western Blotting Analysis

Intestinal tissues and cells were lysed in radioimmunoprecipitation assay (RIPA) buffer that contains proteinase inhibitor cocktail on ice for 20 min. The supernatant was gathered, centrifuged at 12,000 g for 20 min, and the protein concentration was determined using the BCA Protein Assay Kit (CWBiotech, Beijing, China). Proteins were separated in SDS-PAGE and transferred to a PVDF membrane (Millipore, MA, USA). The membranes were blocked with 5% skimming milk in Tris-buffered saline-Tween (TBST) for 1 hour, then incubated at 4°C overnight with the primary antibodies [anti-TFF1 (LifeSpan BioScience, ls-c312842, 1:1000), anti-CDK4 (Proteintech Ltd, 11026-1-AP, 1:1000), anti-PCNA (Proteintech Ltd, 10205-2-AP, 1:1000), anti-Bax (HuaBio, ET1603-34, 1:1000), anti-Cleaved Caspase 3 (Cell Signaling Technology, #9664, 1:500), anti-PEDV-N (Youlong-Bio, DA0110,1:1000), anti-β-Actin (CWBIO, CW0096M, 1:1000) and anti-GAPDH (Proteintech Ltd, 10494-1-AP, 1:1000)], respectively. The membranes were rinsed and incubated with the HRP-conjugated secondary antibodies [goat anti-Rabbit IgG antibody (Abcam, ab205718, 1:20000) and anti-Mouse IgG antibody (HuaBio, HA1006, 1:10000)] for 1 hour at RT. The membranes were visualized with an Enhanced Chemiluminescent Detection kit (ThermoFisher Scientific, MA, USA) using the FluorChem FC3 Chemilumilescent system (ProteinSimple Ltd, CA, USA). The relative integrated density was measured and normalized against GAPDH or β-Actin expression. The experiments were performed at least three times with data presented as means values ± SD.



DNA Isolation and Bisulfite Treatment

The genomic DNA was extracted from jejunum in diarrheic and normal piglets using TIANamp Genomic DNA Kit (Tiangen Biotech, Beijing, China). The extracted DNA was bisulfite conversed using EZ DNA Methylation-Gold Kit (Zymo Research, CA, USA). The conversion DNA was performed PCR amplification using ZymoTaq Premix, with the primers designed for amplification presented in Table 5. The amplification system contains 2 μL DNA, 12.5 μL ZYMO Taq Premix, 1 μL forward primer and 1 μL reverse primer (10 pmol/μL) and RNase-free H2O 8.5 μL. The following PCR reaction was performed to 95°C for 10 min, followed by 40 cycles with each cycle consisting of 95°C for 30 s, and 54°C for 30 s, extension at 72°C for 30 s, and a final 5 min extension at 72°C. The PCR products were purified by TIANquick Midi purification kit (Tiangen Biotech, Beijing, China) and ligated into pMD19-T vector (Takara Biotech, Dalian, China) at 16°C overnight and transformed into Escherichia coli DH-5α competent cells. More than 15 positive clones from each sample were randomly picked up for bisulfite-sequencing. The methylation status at each CpG site was aligned using QUMA online software.


Table 5 | The primers of CpG island and BSP-PCR primers in TFF1 promoter.





CpG Methyl Transferase M.SssI and 5’-Aza-2’-Deoxycytidine Treatment

The CpG islands in the promoter region of TFF1 were predicted by MethPrimer website. The parameters were set as follows: CpG islands length greater than 200 bp, GC content greater than 50%, and CpG o/e greater than 0.6. For the reporter-gene assays of methylation on TFF1 promoter, the CpG island fragment of TFF1 promoter (−145 to −478 bp) was ligated to the pGL3-basic vector. The vectors were treated with M.SssI (CpG) methyl transferase (New England Biolabs, Beijing, China) and transfected into IPEC-J2. Luciferase assays were performed 36 hours after transfection. The primer for CpG islands amplification is presented in Table 5. IPEC-J2 were treated with concentration of 0.1 μM 5’-Aza-2′-deoxycytidine (5’-Aza-2’-dC, Sigma-Aldrich, MO, USA) for 72 hours. Then the cells were harvested for mRNA expression analysis.



Chromatin Immunoprecipitation (ChIP) Assay

ChIP assay was performed using the Pierce Agarose ChIP Kit (ThermoFisher Scientific, MA, USA) following the manufacturer’s instructions. An amount of 80 mg sheared jejunum sample was minced and crosslinked in formaldehyde. After the chromatin digested with micrococcal nuclease, the crude chromatin fragments were immunoprecipitated with the specific anti-C/EBPα antibody (Santa Cruz, sc-365318, 1:500) overnight at 4°C and then incubated with protein-G magnetic beads. Next, the enriched chromatin was purified for ChIP-PCR amplification and the amplified products were examined with 2.0% agarose gel electrophoresis. The primer is presented as follows: forward primer (5’-CGCAGCATCTCTGCTGTGAA-3’) and reverse primer (5’-ACCCTCCCGCTAAGTCAACA-3’).



Electrophoretic Mobility Shift Assay (EMSA)

The probes for electrophoretic mobility shift assay (EMSA) were as follows: the wild-type probe (5′-ACCGCGCTGGCGCAGCATCT-3′) and the mutant-type probe (5′-ACCGCATCAATATGACATCT-3′). Briefly, an oligonucleotide containing the C/EBPα motif and its complementary sequences were synthesized and then annealed to double-stranded structures. The wild-type probe was treated by methyltransferase M.SssI (New England Biolabs, Beijing, China). Total nuclear proteins were extracted from trypsinized monolayers of IPEC-J2 by a Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Nanjing, China). The double-stranded oligonucleotide was 5′ end-labeled with biotin-dUTP. For each binding reaction, 2 μg labeled probes, 2 μg nuclear extract, 4 μg poly (dI–dC), 10 μL binding buffer [20 mM Tris-HCl (pH 7.6), 50 mM KCl, 1 mM DTT, 0.5 mM EDTA, and 10% glycerol] were incubated at 25°C for 30 min. Then the protein–DNA complexes were separated on non-denaturing 6% polyacrylamide gels with precooled 0.5 × TBE buffer. For the super-shift assay, 1 μL anti-C/EBPα antibody (Santa Cruz, sc-365318, 1:500) was added to EMSA reaction mixtures and incubated for 60 min at 4°C prior to the labeled probe addition. Then, the protein–DNA complexes were transferred to nylon membrane at 60 v for 1 hour and autoradiography of the dried gel was detected immediately after UV cross-linking.



Construction of Truncated Sequence Plasmids

The TFF1 promoter sequences were analyzed by Alibaba2 online software to predict the potential transcription factor binding sites (TFBS). According to the core promoter prediction of BDGP online software, the PCR purified products were digested with KpnI and XhoI and ligated to the pGL3-basic luciferase reporter vector. Four plasmids with truncated promoters were constructed by inserting the DNA sequences of the TFF1 promoter ranging from −1200 to −1. The truncated recombinant vectors were defined as pGL3-control (−200 to −1), pGL3-TFF1-p1 (−360 to −1), pGL3-TFF1-p2 (−500 to −1) and pGL3-TFF1-p3 (−1200 to −1).



Dual-Luciferase Reporter Assay

For the reporter-gene assays, pGL3-TFF1-wt was constructed by inserting the DNA fragments of the TFF1 promoter from −360 to −200 into pGL3-basic vector. The mutant form pGL3-TFF1-mut contains the sequences mutated from GCTGGCGCAG to ATCAATATGA. In addition, the sequences GCTGGCGCAG enrolled in pGL3-TFF1-wt was deleted and named as pGL3-TFF1-del. The IPEC-J2 were co-transfected with C/EBPα-oe and wild type, mutant or deletion forms of TFF1 promoter reporter constructs. The renilla was co-transfected for normalization. After 36 hours post-transfection, luciferase activity was analyzed with a Dual-Luciferase Assay system (Promega Corporation, Madison, USA) on a luminometer according to the manufacturer’s instruction. The relative fluorescence intensity was calculated as Firefly-Luc (Ff)/Renilla-Luc (Rn). All the transfections were performed in sextuplicate and each experiment was repeated at least three times.



Statistical Analysis

Statistical analysis was performed by GraphPad Prism 8.0 software. All statistical details of experiments were included in the figure legends. All experiments were repeated at least three times and the results were shown as mean values ± SD.




Results


TFF1 Is Associated With the Host Responses of PEDV Infection

The PCR products were amplified to detect PEDV, TGEV, PDCoV, PoRV in the small intestinal samples. The specific PCR products were only amplified in the infected samples with PEDV classic strain CV777 (Figure 1A). Our results show that PEDV is the unique infectious agent detected in diarrhea piglets (Supplementary Figure 1A). Histological analysis reveals that PEDV infection led to villi atrophy and partial shedding of villous epithelial cells (Figure 1B). The TFF1 mRNA expression was shown at higher levels in the porcine duodenum, jejunum, and ileum (Figure 1C). To further validate the relationship between TFF1 biological function and PEDV replication, we examined the mRNA expression of the TFF1 in vitro and in vivo, respectively. As shown in Figure 1D, the mRNA expression of TFF1 in jejunum and ileum was significantly up-regulated in the PEDV group compared to that of control (P < 0.01), and TFF1 protein expression was also significantly increased in jejunum (P < 0.01, Figure 1E; Supplementary Figure 1B). Furthermore, the mRNA expression of TFF1 was significantly up-regulated at 48 hours post infection of PEDV (P < 0.01, Figure 1F). These results provide evidence that TFF1 is associated with the host responses toward PEDV infection.




Figure 1 | TFF1 is a key candidate responsible for PEDV infection. (A) RT-qPCR detection of M gene expression by 2.0% agarose gel electrophoresis. Lanes 1-4, intestinal contents of diarrhea piglets; Lane M, Marker I marker; Lanes 5-8, intestinal contents of control piglets. (B) Paraffin sections microscopy of duodenum, jejunum, and ileum tissues (100×). Different symbols in the pictures represented different pathological symptoms; yellow arrows represented congestion in the lamina propria, yellow boxes represented infiltration of inflammatory cells, and red boxes represented breakage and shedding of epithelial cells in the intestinal mucosa. (C) Porcine tissue expression distribution of TFF1 in 11 tissues. (D) Differential expression of TFF1 gene in duodenum, jejunum, and ileum. (E) Western blotting analysis of TFF1 protein level in jejunum. β-actin was used as internal reference proteins. (F) IPEC-J2 were infected with PEDV at MOI of 0.1. Cells were collected at 24, 48, and 72 hours post infection and detected mRNA expression of TFF1 by RT-qPCR. Data are presented as mean values ± SD, using two tailed Student’s t-test. *p < 0.05, **p < 0.01. Each treatment has triplicate biological replicates at least.





TFF1 Is a Major Factor to Resist PEDV Replication

To verify the function of TFF1 during PEDV replication, we constructed TFF1 knockout and overexpression IPEC-J2 cell lines (Figures 2A–D; Supplementary Figures 2A–E). We found that knockout of TFF1 markedly up-regulated the mRNA expression of M gene, whereas TFF1 overexpression down-regulated its expression upon PEDV infection (Figure 2E). The knockout also resulted in an enhanced viral particle, while TFF1 overexpression led to a marked reduction of PEDV infectiousness (Figures 2F, G). Similarly, TFF1 knockout significantly increased PEDV genome copy number (P < 0.01, Figure 2H). In addition, the cell culture supernatants were titrated for TCID50 and it reveals that the infectious titers were significantly enhanced in TFF1-knockout cells (P < 0.01, Figure 2I). Overall, these results suggest that the loss of TFF1 expression exacerbates PEDV replication.




Figure 2 | TFF1 inhibits PEDV replication. (A) The location of the three sgRNAs (sgRNA1, sgRNA2, sgRNA3) used for TFF1 knockout. (B) Western blot was performed to detect the knockdown efficiency of TFF1-sgRNA mixture pool cells compared with the pGK1.2 vector in IPEC-J2 cell lines. (C, D) Protein and mRNA levels of TFF1 were determined in IPEC-J2 transfected with TFF1-oe. (E) mRNA levels of M gene in IPEC-J2 transfected with TFF1-sgRNA and/or TFF1-oe after PEDV infection at MOI of 0.1 for 24, 48, and 72 hours. (F, G) The indirect immunofluorescence assay and western blotting were performed to detect PEDV (N) in PEDV-infected cells. TFF1-sgRNA and TFF1-oe cells were infected with PEDV at MOI of 0.1, respectively. (H) The PEDV genome copy number was measured by RT-qPCR. (I) Cell culture supernatants were collected at 24, 48, and 72 hours PEDV post infection and titrated for TCID50. Data are presented as mean values ± SD, using two tailed Student’s t-test. *p < 0.05, **p < 0.01. Each treatment has triplicate biological replicates at least.





TFF1 Suppresses PEDV-Induced Jejunum Inflammation

To investigate the effects of TFF1 depletion on the growth and survival of IPEC-J2, we found that TFF1 knockout decreased the viability of IPEC-J2 and promoted the development of cell lesion in a time-dependent manner (Figures 3A, B). Similarly, the knockout of TFF1 also resulted in a poor survival of IPEC-J2 as measured by CCK8 and caused the pronounced apoptosis after PEDV infection, as reflected by the activation of caspase3/7 with flow cytometry analysis (P < 0.01, Figures 3C, D). Moreover, TFF1 knockout led to the significantly decreased - proteins which are important for cell proliferation, growth, and survival, along with an increased levels of Bax and Cleaved-Caspase 3 (Figure 3E). Additionally, we found that TFF1 knockout reduced the S-phase but increased the cell growth in the G0/G1 phase (Figure 3F). The expression of mRNA and protein for cell cycle genes were significantly down-regulated (Figures 3G, H). Furthermore, the mRNA expression of proinflammatory cytokines and antiviral genes were significantly up-regulated after TFF1 knockout (Figures 3I, J). These results indicate that TFF1 depletion alters the cell cycle and exacerbates PEDV-induced cell death and inflammatory responses.




Figure 3 | TFF1 reduces PEDV-induced intestinal inflammation. (A) The proliferation and cytotoxicity of TFF1-knockout were detected by CCK-8 assay in IPEC-J2. (B) Morphological changes in TFF1-knockout cells after PEDV infection for 0, 24, 48 and 72 hours. (C, D) Cell apoptotic was detected by caspase3/7 activity and flow cytometry. (E) Protein levels of cell proliferation regulators were detected by western blotting in response to PEDV infection at MOI of 0.1 in TFF1-knockout cells. (F) Cell cycle distribution was detected by flow cytometry. (G, H) mRNA and protein levels of cell cycle genes were determined in TFF1-sgRNA cell. (I, J) mRNA expression of inflammatory cytokines and antiviral genes were detected after PEDV infection at MOI of 0.1 in TFF1-sgRNA cells. Data are presented as mean values ± SD, using two tailed Student’s t-test. *p < 0.05, **p < 0.01. Each treatment has triplicate biological replicates at least.





DNA Methylation Contributes to TFF1 Expression During PEDV Infection

The CpG islands (located at −477 to −299 bp) were predicted by MethPrimer (Figure 4A; Supplementary Figure 3A). As shown in Figure 4B, bisulfite-sequencing results reveal that there was different methylation status of 12 CpG sites. Methylation analysis demonstrates that mC-2 loci and mC-6 loci presented hypomethylation status compared to that of the control (P < 0.05, Figure 4C). Pearson correlation analysis shows that there was a significantly negative correlation between methylation status and TFF1 mRNA expression in the mC-6 loci (R =−0.78, r0.05 = 0.707, P =0.022, Figure 4D). According to the predicted core promoter sequences, we constructed four truncated recombinant vectors (Figure 4E; Supplementary Figure 3B). As shown in Figure 4F, luciferase reporter assay shows that the transcriptional activity of pGL3-TFF1-p1 was remarkedly higher than that of pGL3-control (P < 0.01), indicating that the core promoter region of TFF1 was located at −360 to −200 bp. To investigate the epigenetic mechanisms of TFF1 regulation, we first generated a methylated vector DNA substrate with the methyl transferase of M.SssI. Then, we transiently transfected the C/EBPα overexpression vector that failed to activate methylated reporter of TFF1 compared to the unmethylated reporter (Figure 4G). However, the mRNA expression of TFF1 was markedly upregulated after 5’-Aza-2’-dC treatment compared to that of control, indicating that DNA methylation inhibition strongly enhanced gene expression of TFF1 (Figure 4H). Furthermore, M.SssI or 5’-Aza-2’-dC treatment before PEDV infection considerably regulated PEDV entry in IPEC-J2. As shown in Figure 4I, PEDV invasion was significantly inhibited by 5’-Aza-2’-dC, while the expression of M gene was significantly upregulated with M.SssI treatment. These results suggest that the hypermethylation of TFF1 facilitates PEDV replication.




Figure 4 | mC-6 methylation is involved in C/EBPα-mediated TFF1. (A) CpG island prediction of porcine TFF1 upstream 2000 bp promoter region. The long red bar represents the promoter sequence; dark blue line shows designed methylation primer; blue bar indicates the CpG island, TSS means transcriptional start site. (B, C) Bisulfite genomic sequencing analysis of methylation profile in 12 CpG sites and average methylation status in CpG island of the TFF1 promoter. AV, average methylation status. (D) The correlation analysis between methylation status of each CpG site and mRNA expression of TFF1 in jejunum. (E) Prediction of TFF1 core promoter region and amplification of truncated fragments. (F) Identification of core promoter region of TFF1 by four different truncated plasmids. (G) The relative fluorescence intensity of TFF1 was determined by luciferase reporter assay in vectors treated with or without methyl transferase M.SssI. IPEC-J2 were co-transfected with C/EBPα-oe and methylated or unmethylated vectors. (H) Relative mRNA expression of TFF1 was determined by RT-qPCR in IPEC-J2 treated with or without 0.1 μM 5’-Aza-2’-dC for 72 hours. (I) Relative mRNA expression of M gene was determined by RT-qPCR in IPEC-J2 treated with or without M.SssI after PEDV infection at MOI of 0.1. Data are presented as mean values ± SD, using two tailed Student’s t-test analysis. *p < 0.05, **p < 0.01. Each treatment has triplicate biological replicates at least.





C/EBPα Acts as a Key Modulator to Activate- TFF1 Gene Expression

Having demonstrated the crucial role of TFF1 in IPEC-J2, we next examined whether C/EBPα participated in the transcriptional regulation of TFF1. As shown in Figure 5A, we further predicted the potential transcription factors in 12 CpG sites of TFF1 promoter, in which mC-6 loci was found to be within the binding domain of C/EBPα. We then performed the reporter-gene assays with the promoter of TFF1 and found that it was highly responsive to C/EBPα-mediated transactivation. The mutation or deletion of the putative C/EBPα binding site effectively diminished the C/EBPα-dependent activation (Figures 5B, C). Using transient co-transfection and reporter gene assays, we found that overexpression of C/EBPα resulted in transactivation of the TFF1 gene promoter, suggesting that C/EBPα can act as an activator of TFF1 (Figure 5D). Finally, a positive DNA fragment was detectable in the products amplified with chromatin fragments that were precipitated using specific anti-C/EBPα antibody (Figure 5E). Together, the data indicate that C/EBPα activates TFF1 target promoters via the putative C/EBPα binding site. To investigate the influence of DNA methylation on the nuclear protein binding properties, we performed EMSA using 5′-biotinylated probes corresponding to putative TFF1 sequences including the mC-6 loci. Specifically, two different double-stranded oligonucleotides (wild or mutant type) were treated with or without methyl transferase M.SssI and incubated with nuclear extracts from IPEC-J2. Thereafter, the wild-type probes resulted in significantly increased mobility shift of nuclear proteins compared with the mutant-type and methylated wild-type probes. The shift can be competed by an excess of unlabeled 5′-biotinylated probes which restrain C/EBPα binding to TFF1. Additionally, the specific binding of C/EBPα to the TFF1 was further confirmed using an anti-C/EBPα antibody in a super-shift assay (Figure 5F). These results show that methylation at mC-6 loci blocks the C/EBPα binding to TFF1 promoter region.




Figure 5 | C/EBPα activates the TFF1 expression. (A) Schematic representation of the TFF1 promoter sequences. C/EBPα potential binding site is highlighted in yellow. CpG island is highlighted in red and CG sites are shown in bold font. TSS was the transcription start site, and defined as +1. (B, D) The pGL3-TFF1 recombinant vectors (with or without C/EBPα consensus site) were constructed and co-transfected with C/EBPα-oe into IPEC-J2. (C) The pGL3-TFF1 constructs (pGL3-TFF1-wt, pGL3-TFF1-mut and pGL3-TFF1-del) were transfected into IPEC-J2. Luciferase reporter assays were performed 36 hours post transfection. (E) Identification of C/EBPα binding to TFF1 promoter by ChIP-PCR. Lane 1, PCR amplification with RNase-free H2O (blank control); Lane 2, PCR amplification with Rabbit IgG antibody (negative control); Lane 3, PCR amplification with anti-C/EBPα antibody; Lane 4, PCR amplification with RNA Polymerase II antibody (positive control); Lane 5, PCR amplification with Input DNA; Lane M, DL1000 DNA marker. (F) EMSAs confirmed the binding of the C/EBPα protein to the TFF1 promoter region. All free biotin-labeled probes (TFF1 WT probes, Lane3-6, and Lane9-10; TFF1 Mut probes, Lane7-8) were examined by streptavidin-HRP conjugate. Lane 5, Super-shift mobility band was confirmed complex of biotin-labeled TFF1 WT probes and C/EBPα protein. Lane 6, unlabeled probes was a cold competitor probe. Lane 9-10, TFF1 WT probes were treated by methyl transferase M.SssI. Data are presented as mean values ± SD, using two tailed Student's t-test analysis. **P < 0.01, ns, not significant. Each treatment has triplicate biological replicates at least.





Enhanced C/EBPα Exhibited Antiviral Activity

To examine the regulatory role of C/EBPα in PEDV infection, the cells with PEDV treatment resulted in a similar up-regulation of C/EBPα with that of TFF1 gene (Figure 6A). Therefore, siRNAs of C/EBPα were transfected into IPEC-J2 (Figure 6B and Supplementary Figure 4A). Interestingly, C/EBPα silencing played an important role in the viral replication, exhibiting that mRNA expression of M gene was significantly up-regulated (Figure 6C). Subsequently, C/EBPα overexpression vector was constructed (Supplementary Figures 4B, C) and co-transfected with promoter region of TFF1 significantly reduced the invasion rates of PEDV (Figure 6D), indicating that the C/EBPα plays an effective role in antiviral target activator on regulating TFF1 expression.




Figure 6 | C/EBPα exhibited antiviral activity. (A) IPEC-J2 were infected with PEDV at MOI of 0.1. Cells were collected at 24, 48, and 72 hours post infection and detected mRNA expression of C/EBPα by RT-qPCR. (B) Knockdown efficiency of si-C/EBPα-1, si-C/EBPα-2, and si-C/EBPα-3 was detected by RT-qPCR. (C) Relative mRNA expression of M gene was determined by RT-qPCR in IPEC-J2 transfected with si-C/EBPα and si-C/EBPα-NC. (D) Relative mRNA expression of M gene was determined by RT-qPCR in IPEC-J2 co-transfected with pGL3-TFF1-wt and C/EBPα-oe after PEDV infection. Data are presented as means ± SD, using two tailed Student’s t-test analysis. **p < 0.01. Each treatment has triplicate biological replicates at least.






Discussion

The intestinal barrier integrity is essential for the maintenance of homeostasis, while its dysfunction causes significant consequences and thereby gastrointestinal diseases, such as viral and bacterial infection. PEDV strains have been characterized by rapid proliferation in and destruction of intestinal epithelial cells (IECs) among suckling piglets (28) but milder in adult pigs (29, 30). A variety of viruses was considered a leading cause of severe gastroenteritis and diarrhea (31, 32), determined by the process of intestinal development in young animals. There were vacuolated small intestinal epithelial cells in most 2-week-old pigs but hardly detected after 3-4 weeks from the newborn (33). The turnover of the small intestinal epithelium in the newborns (7-10 days) was slower than that of the weaned piglets (2-4 days) (34). The blunted recovery may result from the susceptibility to various infections like PEDV at the newborn stage. Thus, it is vital to determine the PEDV and host mucosa interactions and the onset of the disease. Our results and others have demonstrated that TFF1 functions to restore and maintain the gastrointestinal mucosal barrier integrity (35, 36). While TFF1 abnormal expression, together with the characteristics of diarrhea population is subjected to intestinal villous atrophy, deepening crypts depth in the PEDV-infected suckling piglets. The specific responses of TFF1 hyper-expression have been revealed by Ren (37) and Soutto (38), who found pathologically increased TFF1 expression in gastroenteritis and gastrointestinal ulcers. In previous studies, a significant up-regulation of TFF1 expression after PEDV infection has been proved (39). Herein, we addressed that TFF1 was highly expressed in the jejunum in response to PEDV and revealed it as the primary loci, where TFF1 started to defend further PEDV entry by the enhanced transcription. Indeed, TFF1 knockout mouse has been generated previously and exhibited pro-inflammatory responses in the small intestine with an abnormal mucosal epithelium proliferation and an obvious impaired barrier function (40). Being consistent with the actions of TFF1 deletion, the knockout of the TFF1 gene in IPEC-J2 significantly suppresses cell proliferation and induces apoptosis. In our model, there is also an enhanced viral particle, copy number, and virus titer of PEDV. In this regard, as we assumed that TFF1 is one of the key factors to resist the PEDV infection and the ectopic expression of TFF1 strongly inhibited PEDV replication. Notably, TFF1 functions enrolled in cell growth and early differentiation contribute to its protective role probably through proliferation-associated β-catenin signaling pathway (41). Thus, we provided evidence for supporting TFF1-controlled cell cycle and arrest. Our evidence exhibited that a significantly increased cell proportion at the G1 phase, with a drastic reduction at S phase, was caused by TFF1 knockout. According to these clues of cell proliferation by TFF1 depletion during PEDV invasion, we suggest that TFF1 possibly re-establishes the epithelium community via promoting cell proliferation. It is well-known that the viral infection-triggers severe inflammatory responses as one of the main events of pathogenesis (42). Importantly, IECs integrate signals to modulate inflammatory responses and facilitate intestinal homeostasis as reported (43). It is reasonable that couples of inflammatory cytokines were secreted which helps to prevent viral entry of the gut barrier (44). These responses have also been displayed in PEDV infection. Herein, we showed the altered RIG-I signaling pathway, RIG-I-like receptors, and Mx1 and Mx2 in infected intestine. The selections are critical for anti-viral actions in IECs (45, 46), inducing IFN-I (IFN-α/IFN-β) production and also working for the host innate immune system when confronted with the viral invasion (47). Given the fact that the pro-inflammatory cytokines, such as TNF-α and interleukins, are activated by the innate immune system, we found that the cytokines associated with antiviral genes were all elevated. This suggests that innate immune responses functioned through cytokines and are involved in the PEDV-infection for the defense responses.

The transcription factor CCAAT enhancer binding protein α (C/EBPα) is essential for normal cell development and evidence suggests that impaired function resulting from silencing C/EBPα contributes directly to disease development (48). In agreement with a previous study, we also verified that C/EBPα knockdown was significantly associated with enhanced PEDV virulence. Furthermore, C/EBPα is involved in various innate immune functions such as inflammatory cytokines production and immune response against HIV infection by TLR3-mediated (49). Therefore, up-regulated C/EBPα expressions may prime the cells for generating a robust immune response against PEDV infection. C/EBPβ would prime cell differentiation and promote the expression of TFF1 by inducing C/EBPα expression in vivo. In parallel, TFF1 expression is upregulated in C/EBPα-transfected cells in vitro (24). Activating TFF1 production, an important event in PEDV infection suppression, could follow the overexpression of C/EBPα and/or promoter hypomethylation. Abnormal alterations of methylation status are always associated with the transcription silencing and contribute to disease development (50). By preventing the binding of transcription factors to their motifs, DNA methylation can therefore block transcription activation of gene promoters (51). In previous studies, the epigenetic regulation modulated TFF1 expression has been proved (52, 53), whereas the epigenetic modifications of TFF1 function under PEDV infection is still unknown. As we assumed, PEDV changed the DNA methylation profiles in which hypomethylation of mC-6 loci was observed to in association with TFF1 expression. Being consistent with the actions of mC-6 loci methylated, TFF1 gene transcriptional activity was reduced. Notably, the mC-6 loci containing the C/EBPα binding domain was also located in the TFF1 core promoter region. It is worth mentioning that TFF1 transcription was highly responsive to C/EBPα-mediated transactivation and, therefore, plays a crucial role in the activation of gene transcription, cell proliferation, and differentiation (54). In agreement with the results of Gonçalo Regalo et al. (24), we verified that C/EBPα can bind to the putative motif in porcine TFF1 promoter and perform its transactivated action. This is associated with the finding of C/EBPα-medicated TFF1 by inhibiting the Ras/MAPK pathway due to their co-localization (24). Indeed, Ras/MAPK signaling is heavily involved in C/EBPα-dependent regulation of specific antivirus genes, which may be an alternative way to modify TFF1 expression during PEDV infection and need to be further validated.

A graphic illustration of the C/EBPα-mediated epigenetic regulation of TFF1 in PEDV infection is shown in Figure 7. This study indicated that TFF1 is highly expressed in the inflamed jejunum epithelium during PEDV-infection. The TFF1 expression improves the intestinal functions through down-regulating pro-inflammatory cytokines gene expression like IFNs and TNF-α, and facilitate the inhibition of the virus replication by increasing antivirus genes likes RIG, Mx1 and Mx2. This process further benefits the porcine intestinal epithelial cell proliferation and growth by inhibiting apoptotic kinases such as Bax and Caspase 3. Therefore, the repairment helps the host to fight against the porcine coronavirus infection. Mechanistically, this virus affects the DNA methylation profile, especially the mC-6 loci methylation, including the key factor C/EBPα binding sites. The transformation alteration of C/EBPα is detrimental to the specific bind to TFF1. This process drives the TFF1 action of jejunum inflammatory responses when suffering from PEDV invasion.




Figure 7 | Schematic diagram of C/EBPα-modulated TFF1 via mC-6 methylation in the PEDV-induced jejunum inflammation. TFF1 is highly expressed in intestinal epithelium during PEDV-infected jejunum inflammation. It improves the intestinal functions through reducing pro-inflammatory cytokines and facilitating the inhibition of the virus replication by increasing antivirus genes. This process further benefits the porcine intestinal epithelium cell proliferation and growth by inhibiting apoptotic kinases. The mucous repairment is therefore help the host resistant to the porcine coronavirus infection. Mechanistically, this virus affects DNA methylation profile especially the mC-6 loci methylation including the key factor C/EBPα binding sites. The transformation alteration of C/EBPα is detrimental for the specific bind to TFF1. This process determinates the TFF1 action of jejunum inflammatory responses suffer from PEDV invasion.



In this study, we confirmed that high expression of TFF1 contributes to enhancing the host resistance to PEDV invasion. Additional, upregulated of C/EBPα expression also partially inhibited PEDV replication. Activating TFF1 production could follow the overexpression of C/EBPα and/or promoter hypomethylation, which contributes to enhancing piglets’ resistance to PEDV. Collectively, our results feature a novel connection between TFF1 and regulator C/EBPα for PEDV resistance in porcine intestinal epithelium. Our discoveries provide unique insights into the potential modulation of DNA methylation to mediate the C/EBPα-dependent TFF1. Our findings contribute to the field of intestinal protection, anti-inflammation, and anti-coronavirus in porcine and other species. Challenges remain as to address complex mechanisms of coronaviruses and TFF1 can be regarded as a potential biomarker candidate and therapy target for further studies.
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Objective

Inflammatory bowel disease (IBD) often occurs along with extraintestinal manifestations, including hepatic injury. Milk fat globule membrane (MFGM) is an active substance with a potential anti-inflammation activity. However, its alleviated effect and mechanisms in IBD as well as the IBD-induced secondary liver injury are still unclear.



Methods

C57BL/6J mice were administered with a 21-day oral gavage of MFGM, followed by 7 days of drinking water with 4% dextran sulfate sodium (DSS). Disease activity index (DAI), histological features, and cytokines of the colon and liver were evaluated. Then, RNA-seq of the colon and liver was conducted. The gut microbiota was assessed by analyzing 16S rRNA gene sequences, and finally the integrity and the function of the mucus barrier were evaluated by Alcian blue staining, real-time quantitative PCR, and ELISA.



Results

Prophylactic MFGM treatment was effective against colitis to include effects in body weight loss, DAI score, colonic length, intestinal pathology, and histological score. Additionally, prophylactic MFGM decreased the levels of interleukin (IL)-1β, IL-6, and myeloperoxidase in colonic tissue, while it increased the IL-10 level. Moreover, the gene expressions of MUC2, MUC4, Reg3b, and Reg3g associated with the production of the molecular mediator of immune response, membrane invagination, and response to protozoan were strikingly upregulated when administered with MFGM. On the other hand, the beneficial effects of MFGM were related to the enriched abundance of genera such as Faccalibacumum and Roseburia in feces samples. Consistently, the administration of MFGM was also found to alleviate DSS-induced hepatic injury. Furthermore, the glutathione transferase activity pathway was enriched in the liver of MFGM-treated mice after DSS administration. Mechanistically, prophylactic MFGM enhanced the mucosal barrier by increasing the gene levels of Reg3b and Reg3g. Meanwhile, the alleviation of MFGM on liver injury was dependent on the reduced hepatic oxidative stress.



Conclusions

MFGM attenuated colitis and hepatic injury by maintaining the mucosal barrier and bacterial community while inhibiting oxidative stress, which might be an effective therapy of hepatic injury secondary to IBD.
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Introduction

Inflammatory bowel disease (IBD), characterized by uncontrolled immune response, diarrhea, body weight loss, and rectal bleeding, is becoming more prevalent worldwide in recent years (1–3). The development and pathogenesis of IBD is influenced by genetic, dietary, and environmental factors as well as gut microbiota (4–7). IBD patients always suffer from various extraintestinal manifestations (8, 9). Nowadays, approximately 5% of IBD patients also develop further liver disorders and various hepatobiliary diseases, including fatty liver, autoimmune hepatitis, and cirrhosis (9, 10). The intestinal homeostasis (11, 12) and extraintestinal manifestations (7, 13, 14) are intimately linked with intestinal mucosal barrier function and gut microbiota. In fact, the physiological position of the liver provides its close interaction with the gut, so that the gut–liver axis, consisting of gut microbiota, intestinal barrier, and hepatic immune, attracts attention (14, 15). The gut–liver axis is widely considered to be associated with hepatic injury (14, 16–18). The intestinal epithelia secreted antimicrobial proteins, such as the intestinal C-type regenerating islet derived-3 (Reg3) lectins, to defend against pathogens and keep commensal bacteria in the intestinal cavity (13, 19). Moreover, the deficiency of Reg3b and Reg3g contributes to bacterial translocation and liver disease (19–21). Recent studies also demonstrated that the alternation in the gut microbiota may contribute to the abnormal gut–liver axis (14, 15). However, the underlying mechanisms and therapeutic targets of colitis-associated liver injury are poorly known.

Milk fat globule membrane (MFGM), the component that surrounds fat globules in milk, has its beneficial effects on gut function, immune boosting, and cognitive development (22–25). However, it is still unclear whether and how MFGM protects from colitis and secondary liver injury. To demonstrate it, acute colitis was induced in mice along with colitis-associated liver damage by dextran sulfate sodium (DSS) after the pre-supplementation of MFGM (26, 27). We hypothesize that dietary supplementation of MFGM attenuates colitis, and colitis-associated hepatic damage is mediated though the modulation of the gut microbiota.



Experimental Section


Animal Experiments

The experimental design is shown in Figure 1A. MFGM was obtained from Beijing Sanyuan Foods Co., Ltd. Six- to seven-week-old specific pathogen-free (SPF) C57BL/6J male mice (obtained from SPF Biotechnology Co., Ltd., Beijing, China) were maintained in a standard SPF facility with 12-h light and 12-h dark cycles at 22°C at four animals per cage. After a week of acclimation, the mice were randomly divided into four groups (n = 8) for the subsequent experiment: CON group [oral gavage of 200 μl sterile phosphate-buffered saline (PBS) for 4 weeks with regular tap water], MFGM group (oral gavage of 200 μl 50 mg/kg body weight MFGM in sterile PBS for 4 weeks with regular tap water), DSS group (oral gavage with 200 μl sterile PBS for 4 weeks with 4% DSS in drinking water for the last week), and MFGM + DSS group (oral gavage with 200 μl 50 mg/kg body weight MFGM in sterile PBS for 4 weeks with 4% DSS in drinking water for the last week). The dose of MFGM is based on our previous study in other animal models (25, 28). The animal experiment was performed in accordance with the guidelines of the local ethics committee. The disease activity index (DAI) score was evaluated to assess the severity of colitis by combining the scores of body weight loss, diarrhea of the stool, and the extent of blood in the feces (29). Body weight and DAI were recorded daily in the last week. After sacrifice, the length of gross colon was recorded, and 5-mm segments of the mid-colon and liver were fixed in formalin for sectioning and staining. Fecal samples, serum samples, and colonic and hepatic tissue from each mouse were collected and immediately stored at -80°C for a subsequent analysis.




Figure 1 | Milk fat globule membrane (MFGM) alleviated dextran sulfate sodium (DSS)-induced experimental colitis. (A) Diagram illustrating the experimental design employed in this study. Mice were treated with oral phosphate-buffered saline (PBS) or MFGM for 3 weeks before 4% dextran sulfate sodium in drinking water. (B) Daily body weight changes throughout the DSS treatment duration of the study. (C) Kinetics of daily disease activity index scores throughout the DSS treatment duration of the study. Data were presented as means ± SEM (n = 6–8 per group). Statistical significance was determined using one-way ANOVA, followed by Tukey’s test. **P ≤0.01, ***P ≤0.001 relative to control group. #P ≤ 0.05, ##P ≤ 0.01, ###P ≤ 0.001 relative to DSS group. (D) Length of colon from each group and (E) macroscopic pictures of colons (n = 6–8 per group). (F) Histological scores of colons, and (G) H&E-stained colon sections (n = 6 per group). Scale bars represent 100 μm. The infiltration of immunocytes was marked by black triangles, and local bleeding was marked by red triangles. Concentrations of three representative pro-inflammatory cytokines—IL-1β (H), IL-6 (I), and IL-10 (J)—in the colon. Concentrations of myeloperoxidase (K) and malondialdehyde (L) in the colon. Data are presented as means ± SEM (n = 6–8 per group). Statistical significance was determined using one-way ANOVA, followed by Tukey’s test. ns, no significant, *P ≤ 0.01, ***P ≤ 0.001.





Histological Analysis, Alcian Blue Staining, and Immunofluorescence Staining

For morphological measurements, the fixed colonic and hepatic tissue were paraffin-embedded, dehydrated, sectioned at 5 μm, and stained with hematoxylin and eosin (H&E). The histological score was consisting of the extent of inflammatory infiltration, histopathological changes, ulceration and loss of crypt, and the completeness of colonic epithelia (3). To measure the thickness of mucus, the colonic sections were stained with Alcian blue for 10–15 min and dehydrated with 100% alcohol and xylene.

Immunofluorescence staining of proliferating cell nuclear antigen (PCNA) was performed on colonic sections of mice with the PC10 antibody (Abcam, ab201672). Immunofluorescence staining of F4/80 was performed on the liver sections of mice with the anti-F4/80 antibody (Abcam, ab100790). The images were acquired with a microscope (Carl Zeiss AG, Jena, Germany).



Determination of Inflammatory and Oxidative Parameters

Frozen colonic and hepatic tissues as well as serum were homogenized with radioimmunoprecipitation assay lysis buffer (Solarbio, Beijing, China) to extract total proteins. Total protein level was quantified with a bicinchoninic acid protein assay kit (Solarbio, Beijing, China). The concentrations of IL-6, IL-1β, and IL-10 were measured by ELISA kits (R&D Systems, Minneapolis, MN, USA). The levels of total superoxide dismutases (T-SOD), catalase (CAT), glutathione peroxidase (GSH-px), and malondialdehyde (MDA) were quantified using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s directions.



Biochemical Analysis

The contents of myeloperoxidase (MPO), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were assayed using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s directions.



RNA Sequencing

Total RNA of colonic and hepatic tissues was isolated using TRIzol™ Reagent (Invitrogen, CA, USA) and purified using a PureLink™ RNA Mini Kit (Invitrogen, CA, USA) according to the manufacturer’s directions. RNA quality was evaluated by electrophoresis using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). Samples with RNA integrity number >9.4 and with 260/280 nm absorbance ratio from 1.9 to 2.1 were used for the construction of the library products for RNA sequencing. The library products were prepared using the TrugSeq™ RNA Sample Prep kit (Illumina, CA, USA) according to the manufacturer’s directions. Then, sequencing of the library products was performed in Illumina HiseqTM 2500 (Illumina, CA, USA), and the quality was individually assessed using FastQC. Based on the referential genome of Mus musculus (version GRCm38.p6), mapped reads were acquired, and then differentially expressed genes were identified using the DEGseq2 package. Heat maps were generated using the “pheat-map” packages of R software (version 4.1.2; https://www.r-project.org/). Scatter plots were derived using RSEM (version 1.3.3). The data were analyzed through the free online platform of Majorbio Cloud Platform (www.majorbio.com). Gene Ontology (GO) enrichment was performed using Goatools (version 0.6.5) based on the GO database (version 2019.7.1; http://www.geneontology.org/).



Sample Collection, DNA Extraction, and 16s rRNA Sequencing

Total DNA was extracted from fecal samples using QIAamp® Fast DNA Stool Mini Kits (Qiagen Ltd., Germany) according to the manufacturer’s instructions. Then, the V3–V4 region of the 16s rRNA gene was amplified using universal primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR cycling programs were 95°C for 3 min, 29 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with a final extension at 72°C for 10 min. Agarose gel electrophoresis was performed to verify the quality and size of the amplicons. After purification and quantification, the normalized PCR products were pooled in equal volumes and sequenced on an Illumina MiSeq 2 × 300-bp paired-end sequencer. Negative controls for DNA extraction, amplification, and mock community (Zymo, Irvine, CA, USA) were included in each MiSeq run for quality control.



Microbiota Data Analysis

Raw sequences were analyzed using the QIIME platform (version 1.9.1). Multiplex single-end sequencing reads (>50,000 per sample) were imported into the QIIME1.9 platform. The initial reads were quality-filtered, denoised, and assembled. Chimeric sequences were removed using data2. The subsequent clean reads were clustered as operational taxonomic units (OTUs) using Uparse (version 7.0.1090) and annotated with the SILVA 16S rRNA gene database (version 132) using MOTHUR program (version 1.30.2). Alpha-diversity was calculated based on the profiles of OTU. Beta-diversity was estimated by calculating the unweighted and weighted UniFrac distances (Bray–Curtis distance and 999 permutations) and then visualized with principal coordinate analysis (PCoA). ANOSIM was performed to compare the similarity of bacterial communities among groups using the “vegan” package of R (version 4.1.2). To identify the differential bacteria among groups, the relative abundances of the phylum and genus levels were analyzed by Kruskal–Wallis H-test and adjusted by false discovery rate. Bar plots and heat maps were done using the “ggplot2” packages of R software (version 4.1.2; https://www.r-project.org/), respectively. All the relevant scripts for analysis are shown in Additional File 1. Differentially abundant genera were identified using linear discriminant analysis (LDA) effect size (LEfSe) analysis (http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload) (30). Only bacterial taxa reaching the LDA threshold of 2.0 and with average relative abundances greater than 0.01% are shown.



RNA Extraction and Real-Time Quantitative PCR

The colonic tissues were subjected to total RNA isolation, cDNA synthesis, and RT- qPCR as we have previously described (31). The qPCR reactions were performed on LightCycler® 96 Real-Time PCR System (Roche Molecular Systems, MA, Switzerland) as follows: 95°C for 1 min, followed by 40 cycles of 95°C for 10 s and another 10 s at the respective annealing temperature for each gene. Melting curve analysis was performed to verify the specificity of the PCR reactions. Reg3b and Reg3g expressions were assayed by real-time PCR using SYBR Green Supermix (Takara, Tokyo, Japan) with specific primers (forward: TCCCAGGCTTATGGCTCCTA, reverse: GCAGGCCAGTTCTGCATCA; forward: TTCCTGTCCTCCATGATCAAAA, reverse: CATCCACCTCTGTTGGGTTCA) (13). β-actin was used as a control (forward: AGGTGACAGCATTGCTTCTG, reverse: GCTGCC TCAACACCTCAAC) (32). Gene expression was normalized to the housekeeping gene β-actin.



Statistical Analysis

All data are presented as means ± SEM and analyzed using GraphPad Prism (version 9.0, GraphPad Software, San Diego, CA, USA). Data among groups were compared using one-way ANOVA, followed by Tukey’s multiple-comparison tests. Adjusted P ≤0.05 was considered statistically significant. Heat maps (correlation between parameters from the colon and liver) were created using the “pheat-map” packages of R software (version 4.1.2). All the relevant scripts for analysis are shown inAdditional File 1.




Results


MFGM Attenuated DSS-Induced Acute Colitis in Mice

Firstly, the alleviated effects of prophylactic MFGM in DSS-induced colitis were assessed. The body weight of mice was significantly increased in the MFGM + DSS group compared with the DSS group (Figure 1B), but the body weight was not impacted by MFGM in healthy mice (mice without DSS) (Figure 1B). Decreased DAI score was shown in the MFGM + DSS group compared with the DSS group (Figure 1C). The colonic length was also shortened by DSS treatment, while it was increased in the MFGM-treated group (Figures 1D, E). H&E staining revealed that the histological score of colons was increased in the DSS group but was significantly decreased in mice with prophylactic MFGM (Figures 1F, G).

DSS treatment significantly increased the colonic levels of IL-1β and IL-6 but decreased the colonic level of IL-10, MPO, and MDA, while these were reversed by MFGM (Figures 1H–L).



MFGM Altered the Colonic Gene Expression Profiles Associated With Epithelial Cell Proliferation and Response to Protozoan in DSS-Treated Mice

To explore how MFGM protects from colonic damage, the gene expression profiles for colonic tissues were quantified by RNA-seq analysis. The gene expression profiles of colonic tissue were significantly influenced by prophylactic MFGM (Supplementary Figure S2). In total, 807 genes were significantly upregulated, but 370 genes were significantly downregulated in the MFGM + DSS group (Figure 2A). Genes including Ighv1-72, Ighv1-53, Ighv1-82, Ighv1-61, Igkv4-51, Igkv2-116, MUC2, MUC4, Reg3b, and Reg3g were twice upregulated in the MFGM + DSS group compared with the DSS group (Figure 2A).




Figure 2 | Milk fat globule membrane (MFGM) impacted the colonic gene expression profiles in dextran sulfate sodium (DSS)-treated mice. (A) Scatter diagram of the differentially expressed genes in the comparison. The red point denotes an upregulated gene in the MFGM + DSS group, while the green point denotes a downregulated gene in the MFGM + DSS group compared with the DSS group. The gray point denotes an insignificantly expressed gene in the comparison. (B) Gene Ontology (GO) annotation analysis of the differentially expressed genes in the comparison of the colon. GO enrichment of the upregulated genes (C) and the downregulated genes (D) in the comparison of the colon.



Furthermore, the functions of the altered genes were annotated by GO pathway analysis. The enriched pathways of the comparison were mainly enriched in the parts of biological process and cellular component, consisting of cellular process, cell part, and binding shown by GO analysis (Figure 2B). Moreover, the differential genes from the comparison were also respectively determined by GO enrichment analysis. The upregulated pathways of the comparison were consisting of such as chemokine-mediated signaling pathway, epithelial cell proliferation, response to protozoan, and cell matrix adhesion in the MFGM + DSS group compared with the DSS group (Figure 2C). On the contrary, some metabolic pathways such as steroid metabolic process, intestinal lipid absorption, and lipid transport were downregulated in colitis mice with prophylactic MFGM (Figure 2D).



MFGM Modulated the Gut Microbiota Community of Mice

To further explore how prophylactic MFGM impacts the response to protozoan, the community of gut microbiota was explored by 16s rRNA V3–V4 sequencing. Interestingly, prophylactic MFGM significantly decreased the community richness and community diversity of the fecal microbiota in both mice with and without DSS, shown by the ACE estimator and Shannon diversity index (Figures 3A, B). The PCoA revealed the respective clustering of gut microbiota for the four groups (R = 0.898, P = 0.001, Figure 3C) and a significantly separated clustering of microbiota between groups with MFGM and without MFGM in healthy mice (R = 0.858, P = 0.002) as well as between the DSS group and the MFGM + DSS group (R = 0.634, P = 0.002). At the phylum level, all fecal samples shared a similar community structure. The phyla in all groups were mainly dominated by Firmicutes and Bacteroidetes, representing more than 80% of the relative abundance in healthy mice but more than 60% of it in DSS-treated mice (Figure 3D). At the genus level, Lactobacillus, norank_f:Muribaculaceae, Bifidobacterium, and Dubosiella were the dominant genera in all groups (Figure 3E). Furthermore, differential bacteria at the genus level were identified by LEfSe. The LEfSe analysis revealed that six genera were enriched in the DSS group, while another 15 genera, such as Faccalibacumum and Roseburia, were enriched in the MFGM + DSS group (Figure 3F). Nine genera, including Bifidobacterium and Dubosiella, were significantly impacted by MFGM compared to the normal controls (Supplementary Figure S3).




Figure 3 | Milk fat globule membrane (MFGM) regulated the composition and structure of intestinal microbiota. α-Diversity upon oral therapy represented by the Ace index (A) and Shannon index (B). (C) Principal coordinate analysis plots upon dextran sulfate sodium (DSS) treatment. The relative abundance of fecal bacterial phyla (D) and genera (E) presented in 99.5% of the community upon DSS treatment. (F) Analysis of differences in the microbial taxa shown by linear discriminant analysis coupled with effect size measurements upon DSS treatment. Data were presented as means ± SEM (n = 6–8 per group). Statistical significance was determined using one-way ANOVA, followed by Tukey’s test. ns, no significant, *P ≤ 0.05, ***P ≤ 0.001.





MFGM Attenuated DSS-Induced Liver Injury in Mice

In fact, liver injury was always along with acute colitis (10). Notably, the gut–liver axis consisting of the gut microbiota, intestinal mucosal barrier, and hepatic immunity might play a critical role in secondary liver injury (14, 15, 17). Therefore, the attenuated effect of MFGM in colitis-associated liver injury was further explored. H&E staining revealed that DSS induced histological damage in the liver, as shown by the infiltration of immunocytes, and even local bleeding, which were alleviated in mice with MFGM (Figures 4A, B). The hepatic MPO level was significantly enhanced by DSS compared to normal controls, while it was significantly attenuated in the MFGM + DSS group (Figure 4C). The hepatic levels of MPO, IL-6, and IL-10 were also increased in the DSS-treated mice, while they were decreased in the MFGM+DSS group (Figures 4D, E). Increased plasma levels of IL-6 and IL-10 were shown in mice with prophylactic MFGM compared to the DSS group (Figures 4F, G). Furthermore, the concentrations of AST and ALT in the plasma and liver were obviously evaluated by DSS treatment, while they were reduced in mice with prophylactic MFGM compared with the DSS group (Figures 4H–K).




Figure 4 | Milk fat globule membrane alleviated hepatic injury secondary to dextran sulfate sodium-induced experimental colitis. (A) H&E-stained liver sections and (B) hepatic inflammation scores of livers (n = 6 per group). Scale bars represent 100 μm. The infiltration of immunocytes was marked by black triangles, and local bleeding was marked by red triangles. Concentrations of MPO (C), IL-6 (D), and IL-10 (E) in the liver from each group. Levels of IL-6 (F) and IL-10 (G) in the plasma. Concentrations of AST (H) and ALT (I) in the liver (n = 6–8 per group). Concentrations of AST (J), and ALT (K) in the plasma (n = 6–8 per group). Data are presented as means ± SEM. Statistical significance was determined using one-way ANOVA, followed by Tukey’s test. ns, no significant, *P < 0.05, **P < 0.01, ***P < 0.001.





MFGM Altered the Hepatic Gene Expression Profiles Related to Glutathione Transferase Activity in DSS-Treated Mice

To further assess the impact of prophylactic MFGM on hepatic function, hepatic gene expression profiles of DSS-treated mice were also quantified by RNA-seq analysis (Supplementary Figure S1). In total, 248 genes were upregulated, while 1,785 genes were downregulated in the liver of the MFGM + DSS group compared with the DSS group (Figure 5A). Of note is that major urine proteins (MUPs), such as MUPs1–3 and MUPs7–9, were twice upregulated in the MFGM+DSS group than in the DSS group, as shown with a scatter plot (Figure 5A). The GO annotation analysis revealed that impacted genes were mostly enriched in cellular process, cell, and binding (Figure 5B). The upregulated pathways were mainly consisting of such as mitochondrion morphogenesis, circadian behavior, glutathione transferase activity, and oxidoreductase activity (Figure 5C). Otherwise, pathways such as microvillus membrane, pyroptosis, collagen binding, collagen metabolic process, and sister chromatid segregation were downregulated in the MFGM + DSS group compared to the DSS group (Figure 5D).




Figure 5 | Milk fat globule membrane (MFGM) impacted the gene expression profile of liver in dextran sulfate sodium (DSS)-treated mice. (A) Scatter diagram of the differentially expressed genes in the comparison. The red point denotes an upregulated gene in the MFGM + DSS group, while the green point denotes a downregulated gene in the MFGM + DSS group compared with the DSS group. The gray point denotes an insignificantly expressed gene in the comparison. (B) Gene Ontology (GO) annotation analysis of the differentially expressed genes in the comparison of the liver. GO enrichment of the upregulated genes (C) and the downregulated genes (D) in the comparison of the liver.





MFGM Maintained the Intestinal Mucosal Barrier and Protected the DSS-Treated Mice From Oxidative Stress of the Liver

Since “epithelial cell proliferation” and “response to protozoan” was enriched in the colonic RNA-seq data, these two pathways were further determined in the colonic samples. Epithelial cell proliferation was accessed by PCNA staining. The results revealed that the expression of positive PCNA was significantly increased in the MFGM + DSS group compared with the DSS group (Figure 6A). Moreover, the decreased mucus layer of the colon upon DSS treatment was revealed by Alcian blue staining, while it was increased in the MFGM + DSS group (Figure 6A). To further demonstrate it, the colonic RNA expression levels of Reg3b and Reg3g were quantified by qPCR. Similarly, both significantly upregulated levels of Reg3b and Reg3g were revealed in the MFGM + DSS group compared with mice treated with DSS (Figures 6B, C). All these data suggested that prophylactic MFGM improved the colonic epithelial barrier. Moreover, since glutathione transferase activity was enriched in the MFGM + DSS group shown by GO analysis, the hepatic levels of CAT, T-SOD, GSH-PX, and MDA were explored. Significantly increased hepatic levels of CAT, T-SOD, and GSH-PX while decreased hepatic and plasma levels of MDA were shown in the MFGM + DSS group (Figures 6D–H). The correlation between the parameters of colonic tissues and hepatic tissues in DSS-treated mice was also analyzed. The results revealed that the colonic concentrations of IL-1β, IL-6, and MPO positively correlated with the hepatic levels of IL-6, AST, and ALT and negatively correlated with the hepatic levels of IL-10, GSH-PX, T-SOD, and CAT (Figure 7; Additional Files 2, 3). Moreover, the colonic levels of IL-10, Reg3b, and Reg3g showed a negative correlation with the hepatic levels of IL-6, AST, and ALT, but with a positive correlation with the hepatic levels of IL-10, GSH-PX, T-SOD, and CAT (Figure 7; Additional Files 2, 3).




Figure 6 | Milk fat globule membrane (MFGM) maintained the colonic mucus barrier and regulated the oxidative stress of the liver. (A) Representative images of Alcian blue-stained inner mucus layer and proliferating cell nuclear antigen-stained colonic epithelia of colonic sections. Scale bars represent 50 μm. mRNA expression of Reg3b (B) and Reg3g (C) in the colon. Concentrations of CAT (D), T-SOD (E), GSH-PX (F), and MDA (G) in the hepatic tissues. (H) Level of MDA in the plasma (n = 6–8 per group). Data are presented as means ± SEM (n = 8 per group). Statistical significance was determined using one-way ANOVA, followed by Tukey’s test. ns, no significant, ***P ≤ 0.001.






Figure 7 | Spearman correlation between anti-inflammatory or anti-oxidative parameters of colonic tissues (vertical axis) and hepatic tissues (horizontal axis) in dextran sulfate sodium-treated mice. The red color denotes a positive correlation, while the blue color denotes a negative correlation. The intensity of the color is proportional to the strength of the Spearman correlation. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.






Discussion

The beneficial effects of MFGM in modulating metabolic diseases associated with dysbiosis (33) as well as normalization of the intestinal homeostasis have been shown in recent studies (22, 34). However, the effects and mechanisms of MFGM in dysbiosis associated with gut inflammation and secondary hepatic injury are still poorly known. Here we revealed that MFGM can alleviate acute colitis and secondary liver injury in mice. Moreover, the elevated levels of intestinal Reg3 lectins as well as the enhanced mucosal barrier function and the balanced bacterial community might contribute to the alleviation in colitis and hepatic injury.

We found that MFGM can alleviate DSS-induced acute colitis, as shown by the decreased body weight loss and DAI score as well as less shortening of the colonic length and histological damage of the colon. Pre-supplementation of MFGM also improved the inflammatory status of the colon caused by DSS. Similarly, MFGM could decrease the levels of IL-1β and IL-6 induced by lipopolysaccharide in vivo and in vitro (25). Our previous study has demonstrated that mixed supplementation of milk bioactive components, consisting of MFGM, fructo-oligosaccharides, and galacto-oligosaccharides, alleviated colitis by shifting the phenotype of lamina propria macrophages and thereby reducing the production of pro-inflammatory cytokines (28). However, the specific effect of MFGM on colitis is still unknown. MPO, a lysosomal protein found in neutrophils, serves as a viable biomarker for assessing the status of the disease (3, 35). The level of MPO in the active IBD patients was significantly increased compared with that in healthy controls or inactive IBD patients. We provide the evidence that prophylactic MFGM protected the mice from DSS-induced colonic damage and inflammation.

The colonic gene expression profile revealed that the pathways associated with barrier functions, such as epithelial cell proliferation and response to protozoan, were enriched in MFGM-administrated mice after DSS treatment. Epithelial cell proliferation is reported to be associated with preventing inflammation in the gut (36). MFGM improved the intestinal physical barrier by impacting the epithelial cell proliferation. On the contrary, MFGM has been reported to affect the anti-proliferative activity of colon cancer cells (37). Meanwhile, response to protozoan can be impacted by the gut microbiome, a stable mucus barrier, enrichment of Reg3 lectins, and host immune response (38, 39). The colonic mucus layer is a dynamic and chemically complex barrier composed largely of secreted MUC2. MUC2 was mainly expressed in small intestines, colons, and tracheobronchial tissues, while MUC4 was expressed in virtually all epithelia (40). Increased expressions of MUC2, MUC4, Reg3b, and Reg3g revealed that MFGM promoted a chemical barrier via the enrichment of the secretion of mucins and antimicrobial peptides. Of note is that some other genes (Ighvs and Igkvs) were significantly upregulated, indicating that the production of immune globulins might further protect the mucus barrier from bacteria. Consistent with it, our previous study has found that MFGM promoted the expression of MUC2 and tight junction protein (ZO-1, occuludin, and claudin-1) in intrauterine growth restriction mice (25).

Previous studies have revealed that both CD and UC gut microbiomes exhibit general decreases in Firmicutes (41). The enrichment of Firmicutes indicated that MFGM led to a lower risk of the gut microbial community in inducing colitis. Roseburia and Faecalibacterium genera are decreased in CD patients (42). This may explain the enrichment of Firmicutes and Dubosiella in MFGM-administrated mice after DSS treatment. Moreover, as the abundance of Dubosiella and Bifidobacterium was highly enriched in MFGM-treated mice than those in normal healthy controls, these findings suggested that MFGM contributes to improve the microbial barrier.

Recently, it has been reported that many IBD patients also suffer from a secondary liver injury (43). Consistent with previous studies, the hepatic histological damage was observed in DSS-induced murine colitis model (43, 44). AST and ALT always seemed like sensitive indicators to access the hepatic damage (45, 46). Here our results revealed the increased plasma and hepatic levels of AST and ALT in acute colitis mice. The hepatic inflammatory injury was significantly alleviated by prophylactic MFGM. To explore how MFGM attenuated the secondary hepatic damage, the gene expression profiles of liver in DSS-treated mice were analyzed. The RNA-seq analysis of the liver indicated that prophylactic MFGM improved the normal chemical communication, enhanced the metabolism of glucose and lipid, and promoted the anti-oxidative capacity in DSS-treated mice. In agreement with it, previous studies revealed that human milk components containing MFG exert anti-oxidative capacities by acting as radical scavengers and modulating enzyme activity and enzyme expression (47, 48). The decreased level of MDA and the increased level of SOD were also previously reported in the intestine of rat and IEC-6 enterocytes upon MFGM (49). That suggested a strongly anti-oxidative status in hepatic tissues, and a decreased level of oxidative stress in the liver was revealed in DSS-treated mice with prophylactic MFGM.

As noted in previous studies, hepatitis was often established along with acute colitis or dysbiosis of gut microbiota (10, 16). The liver–gut axis has highlighted the close interactions among the intestinal mucosal barrier, gut microbiota, and hepatic immunity (14, 16, 17). Accordingly, we assumed that the alleviation of MFGM in colitis and hepatic injury was associated with the protection for mucus layer. Therefore, the correlation between the inflammatory cytokines (IL-1β, IL-6, and IL-10) and the parameters related to tissue injury in the colon and liver revealed that hepatic injury was associated with DSS-induced colitis, which was in agreement with the gut–liver axis demonstrated by previous studies (14–16). Moreover, the correlation between Reg3 lectin mRNA levels and the parameters linked with oxidative stress in the colonic and hepatic tissues indicated that the MFGM-induced alleviation in hepatic damage was associated with the protection of the mucus barrier.

We concluded that MFGM supplementation protected the mice from DSS-induced colitis and hepatic injury by increasing the gene levels of intestinal Reg3 lectins as well as improving the mucosal barrier and bacterial community of the colon and further inhibiting oxidative stress of the liver. It is reasonable to expand our study into other hepatitis models such as steatohepatitis and alcoholic hepatitis and provide potential therapy for IBD and secondary hepatic injury.
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Mesalamine (MES), also known as 5-aminosalicylic acid, is effective in treating mild to moderate ulcerative colitis (UC). The mechanisms of its actions are not fully elucidated. The aim of this study was to investigate the effects of MES treatment on intestinal microbiota and immune system in an dextran sulfate sodium (DSS)-induced UC model in postweaning piglets. Eighteen weaned piglets were assigned randomly to the following treatments: control group (CON, distilled water), DSS group (DSS, 3% DSS), and MES group (MES, 3% DSS + 2 g/day MES). Our results showed that MES treatment alleviates DSS-induced colitis in piglets, as evidenced by a reduced diarrhea index score and increased average daily gain (P < 0.05). This is accompanied by decreased diamine oxidase activity, D-lactate level (P < 0.05), and attenuated mucosal damage. MES treatment also decreased the abundance of Methanogens and reduced colon CD11b+ macrophage and CD3+ T-cell infiltrations in piglets with DSS-induced colitis (P < 0.05). Collectively, these data indicate that MES treatment-mediated colitis protection may involve microbiota and immune cell alterations.
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Introduction

Intestinal barrier damage, diarrhea, and weight loss are common features of inflammatory bowel diseases (IBD), encompassing ulcerative colitis (UC), and Crohn’s disease (CD) (1). These diseases substantially reduce the quality of life and lack specific treatments (2, 3). IBD pathogenesis involves genetic and environmental factors, such as alterations in microbiota (4). Patients with IBD exhibit an altered microbiome profile compared to healthy controls, and manipulation of microbiota has potential for IBD therapy (5–7). Since the gut microbiota plays an important role in regulating host immunity, dysregulation of the gut microbiota can lead to a host immune disorder, which can trigger chronic inflammatory diseases such as IBD (8). In recent years, the relationship between gut microbiota and host immunity has become a popular research direction in the treatment of IBD (9).

Indeed, the intestinal microbiota interacts with the host mucosal immune system to maintain immune homeostasis. Patients with IBD lack immune tolerance to commensal microbiota, leading to exacerbation in immune reaction against the intestinal flora (10). The microbiota–host immune system interaction is further evidenced by studies using germ-free mice, which exhibited decreased numbers of colonic CD4+ T cells and were protected in several experimental IBD models (11). Specific gut bacterial species, such as Clostridia and Bacteroides, are critical in mucosal immunity through regulating Treg-cell differentiation and function (12).

Mesalamine (MES) is a first-line drug for the treatment and relief of moderately mild UC (13). Studies have found that MES is effective in treating UC via inhibiting various signaling pathways, including Wnt/β-catenin, PPAR-γ, NF-κB, MAPK, PI3K/Akt, and aryl hydrocarbon receptor (AhR) (14–17). Gut microbes may have a direct impact on the efficacy of IBD drugs through biotransformation (18). However, the effects of MES on the gut microbiota when treated with UC are poorly studied. In this study, we evaluated the effects of MES treatment on intestinal immune cells and microbiota in DSS-induced colitis in piglets, which are similar to humans in anatomical size, physiology, and immunology. We hypothesized that MES contributes to UC alleviation by restoring intestinal flora, reducing intestinal intraepithelial lymphocyte (IEL) migration toward the apical epithelium, and affecting cytokine–cytokine receptor signaling.



Materials and Methods


Animals and Experimental Design

All animal procedures were performed with an approved protocol by the Animal Ethics Committee of Hunan Agricultural University. The experimental design is shown in Figure 1A. After a 7-day adaptation period, 18 healthy piglets (Duroc × Landrace × Large Yorkshire) weaned at 28 days of age (average body weight: 8.99 ± 0.4 kg) were randomly assigned to three groups (six pigs/group). The treatment groups are as follows: (1) CON group: daily oral administration of 12 ml distilled water for 13 days; (2) DSS group: daily oral administration of 12 ml 3% (w/v) DSS (MW = 40 kDa, Aladdin, Shanghai, China) for 13 days; (3) MES group: daily oral administration of 12 ml 3% DSS and 2 g of MES (Jiamusi Luling Pharmaceutical Co., Ltd., China) for 13 days. The piglets were housed individually in an environmentally controlled nursery with hard plastic-slatted flooring and had free access to standard diet and drinking water. Average daily gain (ADG), average daily feed intake (ADFI), feed conversion ratio (FCR), and diarrhea index were calculated. The diarrhea index was calculated by adding the diarrhea scores of each piglet during DSS modeling and divided by the number of piglets in each group. The diarrhea index was scored according to the viscosity of feces, and the scoring standard was as follows: 0 = normal; 1 = soft feces; 2 = mild diarrhea; 3 = severe diarrhea (19). All piglets were sacrificed on day 14, and serum was obtained by centrifugation (4,000 × rpm for 10 min at 4°C) and then stored at − 80°C. Colon and jejunum tissues were flushed with PBS and then fixed in 10% formalin for subsequent histology analysis and immunofluorescence assay (IFA). Liquid nitrogen quick-frozen colon samples were used for RNA sequencing analysis, and colon digesta was used for 16S rRNA sequencing by Beijing Novogene Bioinformatics Technology Co., Ltd. (China).




Figure 1 | MES alleviates DSS-induced colitis in piglets. (A) Schematic diagram of the colitis model of weaned piglets used in this study; (B) average daily feed intake, (C) average daily gain, and (D) feed conversion rate during DSS treatment; (E) diarrhea index; (F) serum levels of D-lactic acid and (G) serum diamine oxidase; (H) H&E-stained colon sections. Scale bar = 50 µm. Data were presented as mean ± SEM (n = 6 per group). Statistical significance was determined using one-way ANOVA, followed by Tukey test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Determination of Intestinal Permeability and Inflammatory Factors

Alanine transferase (ALT) and globulin (GLB) contents in serum were detected by an automatic biochemical analyzer (Kehua Biology, Shanghai, China). Serum levels of diamine oxidase (DAO), D-lactate (D-lac), myeloperoxidase (MPO), interleukin 22 (IL-22), IL-12p70, and IL-1β were determined by enzyme-linked immunosorbent assay (ELISA) kits (Jiangsu Meimian Industrial Co., Ltd., China).



Histological Analysis and Immunofluorescence Staining

Formalin-fixed colon and jejunum tissues were paraffin-embedded, and 5-µm-thick sections were either stained with hematoxylin and eosin (H&E) or processed for IFA. The staining quality of colon sections was observed under a normal white light microscope. Digital scanning imaging was performed using an orthopedic light microscope (Nikon, Tokyo, Japan). The images were evaluated using the CaseViewer 2.4 software (3DHISTECH, Budapest, Hungary). The extent of inflammatory infiltration, histopathological changes in crypt structure, ulceration, crypt loss in the colon, and villus height and crypt depth in jejunum were measured as previously described (20, 21). IFA sections were set on poly-L-lysine-coated glass slides, deparaffinized in xylene, and rehydrated through graded concentrations of ethanol bath to distilled water, followed by heat-induced epitope retrieval. Slides were blocked with 5% bovine serum albumin (BSA) (Sigma, St. Louis, MO, USA) and incubated overnight at 4°C with primary antibody to CD11b (1:50, Abcam, Cambridge, MA, USA), CD3 (1:50, Proteintech Group, Chicago, IL, USA), CD79a (1:50, Thermo Fisher Scientific, Waltham, MA, USA), or aquaporin 3 (AQP3) (1:50, Abcam, USA) and washed three times for 5 min each in PBS (PH 7.4) and then incubated with 50 ml secondary antibody, CoraLite594-conjugated goat anti-rabbit IgG H&L (Abcam, USA). DAPI working solution was stained for 10–20 min at 37°C and washed three times with PBS for 5 min each. Staining was examined using a fluorescence microscope (Motic, China) after glycerin sealing. Quantitative analysis of the expression of relevant proteins by software Image-Pro Plus 6 (Media Cybernetics, Rockville, MD, USA).



Reverse Transcription-Quantitative PCR

Total RNA of colon tissues was extracted using TRIzol reagents (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The quality and purity of RNA were assessed by absorbance at 260 nm and 280 nm by using a Nanodrop spectrophotometer (Thermo Fisher Scientific, USA). Reverse transcription of 10 µl RNA was conducted to synthesize cDNA using 5 × PrimeScript Buffer 2 and PrimeScript reverse transcriptase Enzyme Mix 1 (TaKaRa Biotechnology, [Dalian] Co., Ltd., China). The primers used to amplify genes are shown in Supplementary Table 1. Quantitative PCR was performed on a LightCycler® 480 Real-Time PCR system (Roche, Basel, Switzerland). Average Ct values from triplicate analyses were normalized from average Ct values of β-actin, and data were expressed as relative to those in the CON group.



RNA Sequencing

RNA extraction, quality verification, library preparation, sequencing, and transcriptomic analysis were performed by Beijing Novogene Bioinformatics Technology Co., Ltd. (China). Briefly, cDNA was synthesized from purified mRNA and used to amplify RNA. The integrity of PCR products was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Clean data were acquired by filtering reads with adapter, poly-N, and Illumina low-quality reads from raw data and mapped to the reference genome using Hisat2 (version 2.0.5). Quantification of gene expression level was performed using featureCounts v1.5.0-p3. Differential expression analysis was conducted using DESeq2, and adjusted P value < 0.05 was considered as the threshold for significantly differential expression. Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented, and we used clusterProfiler R package to test the statistical enrichment of differential expression genes in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways by the cluster Profiler R package.



Microbiota Analysis Based on 16S rRNA High-Throughput Sequencing

Total microbial genomic DNA from samples was extracted using the QIAamp DNA Isolation Kit (Qiagen, Hilden, Germany). DNA concentration, purity, and integrity were examined using agarose gel electrophoresis. Based on these parameters, qualified samples were then selected and diluted to 1 ng/ml to conduct the subsequent sequencing. DNA samples were used as a template to amplify the V4-hypervariable region of the bacterial 16S rRNA gene with barcoded primers (515 forward primer, 5′-GTGCCAGCMGCCGCGGTAA-3′, 806 reverse primer, 5′-GGACTACHVGGGTWTCTAAT-3′) and Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs, Ipswich, MA, USA). PCR amplification products were subjected to electrophoresis on 2% agarose gel and purified with Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were constructed using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA), and library quality was evaluated on Qubit 2.0 Fluorometer (Thermo Fisher Scientific, USA). Purified PCR products were then sequenced using the Illumina NovaSeq platform (Thermo Fisher Scientific, USA) with 250-bp paired-end reads. Raw microbiota data were analyzed utilizing the QIIME platform (version 1.9.1). Raw tags were filtered according to the QIIME quality-controlled process, and effective tags were acquired after chimera sequences were detected and removed based on the Silva database. Operational taxonomic units (OTUs) were selected using Uparse software (version 7.0.1001) with a clustering threshold of 97%. Alpha and beta diversities and environmental factor correlation (Spearman analysis) were calculated with QIIME (Version 1.7.0) and displayed with R software (Version 2.15.3). Principal coordinate analysis (PCoA) plots were displayed by WGCNA package, stat packages, and ggplot2 package in R software (version 2.15.3). Illumina MiSeq sequencing, processing of sequencing data, and bioinformatics analysis were performed by Beijing Novogene Bioinformatics Technology Co., Ltd. (China).



Environmental Factor Correlation Analysis

According to the relative abundance at the genus level, gut microbiome abundance data for the top 35 taxa (genus level) were used for correlation analysis with immune-related differently expressed genes (DEGs). Spearman correlation was used for this analysis, as it performs better with normalized counts (gene expression) and compositional data (microbiome relative abundance).



Statistical Analysis

GraphPad Prism 8 software (USA) and SPSS 22.0 Statistical Software (USA) were adopted for statistical analysis. Data were presented as mean ± SEM. One-way ANOVA was used to compare the difference among groups, followed by Tukey’s multiple-comparison tests. P < 0.05 was considered statistically significant.




Results


MES Treatment Improves Intestinal Permeability in DSS-Induced Colitis in Piglets

To study the effects of MES treatment on colitis, experimental colitis was induced in piglets by administering DSS for 13 days continuously (22, 23), and 2 g MES was given by oral administration (Figure 1A). MES treatment alleviated DSS-induced colitis in piglets, as evidenced by increased ADG and reduced diarrhea index (P < 0.05) (Figures 1B–E). MES treatment also increased ADFI (P < 0.05) but did not affect FCR (Figure 1D). D-Lac is released by gut microflora and DAO is synthesized only in intestinal epithelia, and increased blood levels of these parameters reflect mucosal permeability and abnormal barrier function (24). We found that MES treatment decreases serum concentrations of D-lac and DAO in DSS-treated piglets (P < 0.05) (Figures 1F, G). Histological analysis further demonstrated obvious attenuation of epithelial erosion and crypt loss in response to MES treatment (Figure 1H). In accordance with other published reports (25), our study also showed that MES treatment decreased the serum concentrations of ALT and GLB in colitis pigs (P < 0.05) (Figures S1A, B). In addition, MES treatment increased the ratio of jejunum villus height to crypt depth induced by DSS (P < 0.05) (Figures S1C–F). These results collectively indicate that MES treatment ameliorates clinical symptoms, gut barrier injury, liver damage, and intestinal permeability induced by DSS.



MES Treatment Alters Immune-Related Gene Expression

To obtain a better understanding of the potential effects of MES treatment on piglet colitis, we assessed the global transcriptomic profiles of colon tissues from CON, DSS, and MES groups. RNA sequencing analysis revealed significant changes in transcript levels. MES treatment markedly induced (n = 753) or reduced (n = 225) the gene expression compared to the DSS group (Figure 2A). The hierarchical cluster heatmap showed that the expression profiles of DEGs in the MES group are distinctly different from the DSS group (Figure 2B). Interestingly, KEGG pathway analysis showed that MES treatment affects immune response-related pathways, especially down-regulates the cytokine–cytokine receptor interaction and hematopoietic cell lineage (P < 0.05) (Figures 2C, E), and up-regulates the cAMP signaling pathway, cGMP-PKG signaling pathway, neuroactive ligand–receptor interaction, and calcium signaling pathway (P < 0.05) (Figures 2D, F). We next validated these cytokine- and cytokine receptor-associated gene expressions by RT-qPCR. Consistently, our results showed that compared with the DSS group, MES treatment reduces IL-1α, IL-1β, CXCL11, CXCL9, FOSB, and TNFSF8 mRNA expressions and enhances CCL21 expression (P < 0.05) (Figure 2G). Taken together, these results suggest that the protective actions of MES for treating UC are associated with immune-related gene expression reprogramming.




Figure 2 | MES suppresses immune responses in piglets with DSS-induced colitis. (A) Volcano plot of DEGs between DSS and MES groups. The X-axis represents the fold change in the expression of DEGs, and the Y-axis represents the statistical significance of the fold change. Each point represents a DEG. (B) Cluster heatmap of DEGs; top 20 KEGG annotation of (C) downregulated and (F) upregulated DEGs. The numbers of DEGs in each pathway are counted, and the KEGG gene ratio and adjusted P-values are acquired by hypergeometric distribution test. Heatmap of DEGs enriched in cAMP signaling pathway-related KEGG pathways (D), cytokine–cytokine receptor interaction (E, G) Relative mRNA abundances of IL-1α, IL-1β, CXCL11, CXCL9, CCL21, FOSB, and TNFSF8 validated by RT-qPCR. Values were means ± SEM (n = 6 per group). *P < 0.05, **P < 0.01.





MES Treatment Suppresses DSS-Induced Inflammation

To further assess the impact of MES treatment on the systemic and intestinal inflammatory responses caused by DSS administration, we determined the levels of some pro-inflammatory cytokines and MPO in colon mucosa and serum. We found that MES treatment reduces proinflammatory factor expression at the mRNA (IFN-γ, IL-6, IL-17A, and IL-22) and protein (IL-1β, IL-22, and IL-12p70) levels (P < 0.05) (Figures 3A, C). MES treatment also decreased the MPO concentration in the colon mucosa induced by DSS (P < 0.05) (Figure 3C). Because immune cells play a critical role in IBD, we next performed IFA using antibodies against CD11b (Figure 3E), CD3 (Figure 3F), AQP3 (Figure S2A), and CD79a (Figure S2B). We found that MES treatment attenuates infiltrations of CD11b+ macrophages and CD3+ T cells induced by DSS (P < 0.05) but has no effects on CD79a+ B cells or AQP3+ cells (Figures 3B, D). The above results indicate that MES treatment suppressed DSS-induced inflammation.




Figure 3 | MES reduces the recruitment of immune cells in piglets with DSS-induced colitis. (A) Colonic mucosa mRNA levels of IL-6, IL-17A, IL-22, and IFN-γ; (B, D) intestinal frequencies of CD11b+ macrophages and CD3+ T cells; (C) serum levels of MPO, IL-1β, IL-22, and IL-12 p70; (E, F) representative images of intestinal infiltrations of CD11b+ myeloid cells and CD3+ T cells. Scale bar = 50 µm. Data were presented as mean ± SEM (n = 6 per group). Statistical significance was determined using one-way ANOVA, followed by Tukey test. *P < 0.05, **P < 0.01, ***P < 0.001.





MES Treatment Alters Gut Microbiota Composition in DSS-Induced Piglet Colitis

UC is typically associated with gut microbiota dysbiosis (26). Next, we investigated the impact of MES treatment on gut microbiota composition in DSS-induced colitis via 16S rRNA gene sequencing. Alpha diversity indexes (chao1, ace) were not impacted by MES treatment (Figures S3A, B), and beta diversity was markedly different between DSS and MES groups (P < 0.05) (Figure 4A). PCoA showed a separation in the gut microbiota structure between DSS and CON groups (R2 = 0.268, p = 0.005) (Figure 4B). Together, these data indicate that the gut microbiota structure in pigs with colitis was impacted by MES treatment. Linear discriminant analysis (LDA) combined with effect size measurement (LEfSe) was used to determine the key microbiota taxa. Actinobacteria were enriched in the MES group, while Methanobrevibacter, Archaea, and Euryarchaeota were enriched in the DSS group (Figure 4D). At the phylum level, MES treatment decreased the relative abundance of Euryarchaeota and Spirochaetota and tended to decrease the ratio of Firmicutes to Bacteroidota compared with the DSS group (P < 0.05) (Figure 4E). At the family level, MES treatment reduced the relative abundance of Methanobacteriaceae and Oscillospiraceae induced by DSS (P < 0.05) (Figure 4F). At the genus level, MES treatment reduced Methanobrevibacter abundance induced by DSS (P < 0.05) (Figure 4G). Specifically, we found that MES treatment significantly suppresses the abundance of Methanobrevibacter (belonging to the Methanobacteriaceae family), a common signature of the gut microbiota dysbiosis (27), induced by DSS (Figure 4G). Collectively, these results suggest that MES treatment protects against DSS-induced colitis in piglets, which could be due to its recovery function of gut microbiota dysbiosis.




Figure 4 | MES modulates gut microbiota in piglets with DSS-induced colitis. (A) Rank abundance curves of beta diversity in the CON, DSS, and MES groups; (B) PCoA plots upon MES therapy assessed by PERMANOVA; (C) heatmaps of species abundance at the genus level; (D) LEFSe analysis revealed the dominant bacteria in the CON, DSS, and MES groups; relative abundance of top 10 (E) phyla, (F) families, (G) genera in the CON, DSS, and MES groups. *P < 0.05, **P < 0.01, ***P < 0.001.





DSS Administration-Induced Proinflammatory Factors Are Correlated With Methanobrevibacter

In order to illustrate the relationships between proinflammatory factors and the genus-level bacteria driven by MES treatment, we performed Spearman correlation analysis. We identified significant interactions between some proinflammatory factors (IL-24, IL-1β, and CXCL9) and Methanobrevibacter (P < 0.05) (Figure 5). Expressions of these cytokines and chemoattractants were enhanced in the colon of colitis piglets and were inhibited by MES treatment. Thus, our data suggest that MES treatment-mediated protective effects on colitis might be correlated with reduced Methanobrevibacter enrichment.




Figure 5 | MES-mediated mitigative effects in piglets with DSS-induced colitis are correlated with gut microbiota alteration and colonic inflammation: heatmap of the Spearman correlation analysis between the gut microbiota and colonic proinflammatory factors.






Discussion

MES plays a well-established role in the management of IBD, but its action on gut microbiota and host immunity is not fully understood (28). In this study, we found that MES treatment modulates Methanobrevibacter, reprograms colon gene expression profiles associated with cytokine–cytokine receptor interaction, and alters frequencies of intestinal CD11b+ myeloid cells and CD3+ T cells in DSS-induced colitis in piglets.

To explore how MES treatment attenuated the colitis, a mild-to-moderate colitis piglet model was induced by oral DSS administration and treated by oral MES. Akin to previous research (17), our data showed that therapeutic application of oral MES treatment ameliorates DSS-induced colitis. Considering that MES works on the luminal side of inflamed colonic mucosa, we propose that the colitis-protective effects of MES treatment were due to its impact on alterations of gut microbiota profile and host cell signaling.

Gut microbiota dysbiosis is implicated in the pathogenesis of UC (29). Results of the present study showed that MES can significantly increase beta diversity without altering alpha diversity. The structure of the microbial community, but not community richness, was impacted in piglets with colitis following MES treatment, indicating that MES treatment prevented UC probably by selectively altering microbiota composition rather than by sterilizing the gut. UC patients had increased relative abundance of Bacteroidetes (30, 31). In the current study, we observed that MES treatment restores the DSS-mediated increment of the Firmicutes/Bacteroidetes ratio and this reduction was attributed to the enrichment of Bacteroidetes. Colitis piglets also displayed a markedly increased abundance of the Methanobrevibacter genus and Akkermansia genus, Methanobacteria family, and the archaeal phylum Euryarchaeota, which were highly affected by MES treatment. Increased Methanobacteria and Akkermansia were negatively correlated with some anti-inflammatory cytokines, such as TNFp1 (32). However, how MES treatment reduces the Methanobacteria level is still unknown. It is highly possible that Methanobacteria genome sequences may also contain the polyphosphate kinase homologies, the accumulation of which sensitizes bacteria towards oxidative stress and is a target of MES (33).

Although the etiology of IBD remains unclear, it is thought to be caused by an intricate interaction between microbiota and immune cells leading to inflammation and ulceration (34). Many IBD risk loci are proved to be found in regions of genes encoding cytokines or their downstream signaling mediators (35–37). Intestinal cytokines play a key role in promoting or inhibiting IBD intestinal inflammation, and many cytokine-targeted therapies are being used or are being tested clinically (38). Thus, it is likely that reciprocal interactions between microbiota and immune cells are exerted partly via intermediary factors (such as cytokines). As expected, we observed a marked difference between DSS and MES groups in IL-17 signaling and cytokine–cytokine receptor interaction pathways. Interestingly, a previous study revealed that IFN-γ, IL-1β, IL-6, IL-17, and IL-22 production exhibits specific associations with gut microbial dysbiosis in IBD (39). Our results showed that MES treatment also reduced gene/protein expressions including IFN-γ and Th-17-related cytokines induced in colitis piglets. Moreover, correlation analyses indicated that Methanobrevibacter are positively associated with changes in levels of IL-1β, IL-24, and CXCL9 in the MES group. These results indicate the important role of microbiota and cytokine in MES alleviation on piglets with colitis.

Evidence also suggests a causal association between intestinal inflammation and altered monocyte-macrophage polarization. These macrophages are actively involved in impaired gut bacterial clearance (40, 41) and excessive proinflammatory cytokine secretion (42–45) in IBD patients. Meanwhile, recent single-cell analyses of IBD tissues revealed a potential link between inflammation and altered distribution of intestinal intraepithelial T cells (46). Here, our data showed that MES treatment reduces frequencies of intestinal myeloid cells and CD3+ T cells in a current DSS-induced colitis piglet model. This is partly evidenced by an elevated expression of T-cell chemoattractants such as CXCL9, CXCL11, and CCL21 in colonic epithelial cells in piglets with DSS-induced colitis. Collectively, our results revealed that MES reduces intestinal myeloid cells and CD3+ T-cell recruitments, which could be a possible therapeutic target.



Conclusion

In conclusion, our data showed that MES treatment-attenuated DSS-induced piglet colitis is related to the regulation of microbial immunity, inflammatory cytokines, and intestinal immune cells. Interestingly, our results also identified that methanogenic Archaea, Methanobacteria, could be a potential therapeutic target for treating IBD. The anti-inflammatory mechanisms of MES in DSS-induced colitis are related to gut enrichment of methanogenic Archaea, cytokine production, and intestinal immune cell recruitments. Thus, our findings have important implications for the development of IBD therapies and may provide novel insights into the efficacy of drugs that target Archaea to improve preventive strategies for IBD and other inflammatory disorders.
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Oxidative stress (OS) is a key factor regulating the systemic pathophysiological effects and one of the fundamental mechanisms associated with aging and fertility deterioration. Previous studies revealed that resveratrol (RV) exhibits a preventive effect against oxidative stress in the ovary. However, it remains unknown whether gut microbiota respond to resveratrol during an OS challenge. In Exp. 1, layers received intraperitoneal injection of tert-butyl hydroperoxide (tBHP) (0 or 800 μmol/kg BW) or received resveratrol diets (0 or 600 mg/kg) for 28 days. In Exp. 2, the role of intestinal microbiota on the effects of resveratrol on tBHP-induced oxidative stress was assessed through fecal microbiota transplantation (FMT). The OS challenge reduced the egg-laying rate and exhibited lower pre-hierarchical follicles and higher atretic follicles. Oral RV supplementation ameliorated the egg-laying rate reduction and gut microbiota dysbiosis. RV also reversed the tryptphan-kynurenine pathway, upregulated nuclear factor E2-related factor 2 (Nrf2) and silent information regulator 1(SIRT1) levels, and decreased the expression of forkhead box O1 (FoxO1) and P53. These findings indicated that the intestinal microbiota-related tryptophan-kynurenine pathway is involved in the resveratrol-induced amelioration of ovary oxidative stress induced by tBHP in the layer model, while SIRT1-P53/FoxO1 and Nrf2-ARE signaling pathway were involved in this process.




Keywords: follicle atresia, SIRT1-P53/FoxO1 pathway, oxidative stress, ovarian function, inflammation cytokines



Highlights

	Resveratrol significantly alleviated tBHP-induced oxidative stress on the laying rate and follicle numbers.

	Resveratrol activated the SIRT1/FoxO1 and Nrf2 pathways leading to enhanced antioxidant gene expression.

	Intestinal microbiota sustained tryptophan metabolism through the kynurenine pathway plays a crucial role in ovary oxidative stress.





Introduction

As the most important reproductive organ in females, the ovary plays a vital role in the maintenance of reproductive potential and endocrine stability. Recently, growing interest has been paid to the role of oxidative stress (OS) in female fertility (1, 2). OS is the resultant damage due to redox imbalance and has been proven to be involved in the internal mechanism of aging (3–5), many environmental stressors (heat stress, pollutants, gamma radiation, overcrowding, etc.), and health disorders (6–9). Moreover, it is evident from the previous studies that OS also leads to follicular atresia and ovarian aging (10–12). Recent studies indicated that OS can affect nutrient metabolism by exerting detrimental influences on intestinal function, gut microbiota, and altering the body’s homeostasis in mammals and poultry (8, 13, 14). Moreover, OS was also found to be related to chronic inflammation by activating a variety of transcription factors, which leads to the differential expression of some genes involved in inflammatory pathways (15). However, the exact underlying molecular mechanisms in OS-induced fertility deterioration remain largely unknown.

Resveratrol (RV) is a widely available polyphenol and shows anti-aging and prevents ovarian aging effects (5, 16, 17). The anti-aging mechanisms of RV are associated with its antioxidant properties, as it can scavenge superoxide, hydroxyl radicals, and peroxynitrite (5, 18, 19). In addition to scavenging ROS, RV can activate silent information regulator 1 (SIRT1) to promote mitochondrial function (20). SIRT1 is the key metabolic sensor and mediates the response to oxidative stress resistance (21–23). SIRT1 was found to be ubiquitously expressed in animal ovaries and has a regulating role in oocyte maturation and ovarian aging (23–25). FoxO1 (forkhead box O1), a transcription factor downstream of SIRT1, is also involved in the regulation of cell fate and combating oxidative stress (24, 26). Did the SIRT1-FoxO1 pathway involve the anti-oxidative stress function of resveratrol in the ovary? RV also was found to activate the nuclear factor E2-related factor 2 (Nrf2)/antioxidant defense pathway (27). Nrf2 is an emerging regulator of cellular resistance to toxic xenobiotic substances and oxidants. Moreover, emerging evidence has indicated that the beneficial effects of RV were also closely related to gut microbiota (18, 28). Tryptophan catabolism was in relation to inflammation and immune response in oxidative stress and many other pathological disorders (29–31). However, the effects of oxidative stress on tryptophan metabolism and response to RV remain unknown.

Therefore, we hypothesized that resveratrol administration would modulate microbiota-related tryptophan metabolism and maintain ovarian function through the SIRT1-FoxO1 and Nrf2 signaling pathway in this study. Thus, since the avian ovary can be used as a model organism to study ovarian biology and the development of ovarian cancer, the aim of this study was to investigate the alleviating effect of resveratrol on ovary function under oxidative stress in a layer model.



Materials and Methods


Animals, Diets, and Design

The Animal Care and Use Committee of Sichuan Agricultural University (SICAU-2020-041) approved all the protocols used in the present study. Thirty Lohmann laying hens at 25 wks of age (BW = 1.44 ± 0.10 kg) raised on the same farm (Teaching and Research Center of Sichuan Agricultural University, Ya’an, China) were chosen according to their laying rate and body weight and randomly assigned to three treatments (n = 10). All birds were fed a basal diet and received an intraperitoneal injection of either PBS (CON) or tert-butyl hydroperoxide (tBHP; 800 μmol/kg BW; according to 8) at 9 am on the 8th, 15th, 22nd, and 29th day of the 31-d experiment (OS), and injection of tBHP and dietary supplementation of 600 mg/kg resveratrol (OSR). The experiment protocol is presented in Figure 1Aa. All hens were kept under controlled environmental conditions with the maintained temperature at 22 ± 2°C with relative humidity at 45%-60%). The lighting cycle was kept at 16 h/d; 5:00 a.m. to 9:00 p.m. for light. Layers were subjected to the same amount of feed (110 g/kg/d/hen; Supplementary Table S1) and had free access to water.




Figure 1 | Dietary resveratrol supplementation alleviated the oxidative stress (by tBHP) induced depression in egg-laying rates, reproductive hormones, and cytokine levels. Data are means ± SEM represented by vertical bars or plot individual values ± SEM. (A) Schematic illustration of the experimental design. a, in experiment 1, layers were fed the same basal diet for 24 days and with the tBHP (OS) or PBS (CON) injection at 9 AM on d 8, 15, and 21. The OSR group diet was supplemented with 600 mg/kg resveratrol added in CON treatment. b, in experiment 2, the microbiota-depleted layers were fed CON diet and received FMT from donor mice (n= 10/group) that were fed resveratrol. (B) Body weight change. (C) Ovary index. (D) Egg-laying rate after challenge. (F) Serum hormone levels. (G) Serum cytokine levels. (D) Ovary cytokine levels. CON, control; OS, oxidative stress (injection of 800 μmol/kg BW of tBHP); OSR, CON + 600 mg/kg resveratrol; FSH, follicle-stimulating hormone; IGF-1; insulin-like growth factor-1, IL-1β = interleukin-1 β; IL-6, interleukin-1, IL-10, interleukin-10; TNF-α, tumor necrosis factor alpha; IFN-γ, Interferon-γ. Statistical significance was evaluated by Tukey’s Test. p < 0.05.





Fecal Transfer Experiment

Twenty microbiota-depleted Lohmann layers (1.41 ± 0.12 kg, 28 wk of age) were chosen for the fecal transfer experiment and the procedure is depicted in Figure 1Ab. Recipient layers (n = 10) were treated with antibiotics (penicillin 1 g/L and streptomycin1 g/L) for 7 consecutive days in order to deplete endogenous gut microbiota before the fecal transfer, as previously described (28, 32). Then, the microbiota-depleted layer that was originally fed the control diet received FMT from donor layers (n = 10) that were raised with CON [FMT (OS), OSR (OS + resveratrol]. 16S rRNA gene sequencing was used to validate the depletion of microbiota. For FMT, approximately 500 g of fresh fecal excreta were extracted via donor breeder followed by resuspension in 2.5 L of sterile PBS (0.1 M, pH7.2) under anaerobic conditions. Then, the supernatant was collected and FMT was performed by a single oral administration of 2 mL of suspension (1.4×1012 CFU/mL) according to the method described previously (28, 33).



Sample Collection and Measurements

After 12 h of fasting on the final day, blood samples (n = 10) were obtained from the wing vein and blood samples were centrifugation at 1500×g at 4°C for 30 min to separate the serum. The birds taken for blood samples were then sacrificed and the ovarian tissue was immediately taken for further ovarian follicle counts (H&E) and cell apoptosis (TUNEL) assay. The cecum mucosa and its contents were immediately collected and stored at -80°C until further analysis.



Reproduction Performance, Blood Hormone, and Tryptophan Assay

The hen’s (n =10) body weight was weighed on the initial and final day of the experiment and the egg-laying numbers were recorded every day. The serum concentration of 17β-estradiol (E2, CHEB0528, ELISAGenie, Dublin, Ireland), follicle-stimulating hormone (FSH, CHFI00020, ELISAGenie), melatonin (RE54021, IBL, Germany), insulin-like growth factor-1 (IGF-1, CHFI00088, ELISAGenie), and serotonin (ab133053, Abcam, UK) were measured using ELISA kits followed by the manufacturer’s instructions.



Serum and Ovarian Inflammatory Cytokine Expression

The serum (n =10) and ovary (n = 10) samples were used to evaluate the concentration of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-6, IL-10, and interferon-γ (IFN-γ) by ELISA kits obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to the manufacturer’s instructions.



Tissue Antioxidant Capacity and Tryptophan Metabolism-Related Activities

Antioxidant Capacity

Serum and ovary tissue (n = 10) were used to determine the antioxidant capacity, including activities of glutathione (GSH) peroxidase (GSH-Px), GSH s-transferase (GSH-ST), superoxide dismutase (SOD), and the contents of GSH, total antioxidant capacity (T-AOC), protein carbonyl (PC), and malondialdehyde (MDA) which were measured by commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s manual without any modification.


Serum Tryptophan and Kynurenine Level

Reverse-phase high-pressure liquid chromatography was applied to analyze the free tryptophan and kynurenine concentrations in serum (n = 10). Kynurenine contents were determined by UV-absorption at 360 nm wavelength, while tryptophan was measured at an excitation wavelength of 285 nm and an emission wavelength of 365 nm by a fluorescence detector (34).



Indoleamine 2,3-Dioxygenase (IDO)1 Activity

Jejunum tissues (n = 10) were homogenized in a Potter-Elvehjem homogenizer with a Teflon pestle and centrifuged at 12,000 × g for 30 min at 0°C. The resulting supernatants were used to analyze indoleamine 2,3-dioxygenase (IDO)1 activity followed by the method described previously (35).




Histology and Follicle Counts

Ovarian tissue samples (n = 10) were placed into 4% paraformaldehyde (pH = 7.2) for 24 h, embedded in paraffin, serially sectioned into 5 μm thickness using a microtome, and stained with hematoxylin. Ovarian follicles were categorized into different stages according to a previous study (8). The follicles were divided into three stages: primordial follicle (consisting of an oocyte surrounded by a single layer of flattened five to eight somatic cells), primary follicles (consisting of an oocyte surrounded by one layer consisting of an enlarged cell or a whole layer of cuboidal pre-granulosa cells), and prehierarchical follicles, which included SYFs (small yellow follicle, 6-8 mm), LWFs (large white follicles, 4-6 mm), and SWFs (small white follicles, 2-4 mm diameters) (36). Atretic follicles were defined as previously described (8, 37).



TUNEL Assay

Ovarian cell apoptosis rate (n = 10) was assessed by TUNEL assay using an apoptosis detection kit (Roche, Basel, Switzerland). Paraffin sections of ovaries were deparaffinized and washed twice with PBS and then stained with a TUNEL reaction mixture. After washing twice with PBS, the sections were counter-stained with DAPI. Blue color with a white background indicated negative expression, while light yellow or brown yellow referred to the positive cell (apoptosis).



Ovary Function-Related mRNA Expression by Real-Time PCR

The total RNA from ovarian tissues (n = 10) was extracted with TRIzol Reagent (Life Technologies, Carlsbad, CA, USA) using RQ1 RNase-free DNase to remove genomic DNA. The primer information for all the genes [Bax, Bcl-2(B-cell lymphoma-2), caspase 3, caspase 9, SIRT1, FoxO, and P53] is listed in Supplementary Table S2. Gene expression was determined by quantitative real-time PCR by ABI 7900 Real-Time PCR system (ABI Biotechnology, Eldersburg, MD, USA). Each sample was assayed in triplicate and relative quantitative analysis of the results was normalized to β–actin by using the 2-ΔΔCT method.



Western Blotting Assay

Total protein expression in ovary tissues (n =10) was analyzed by Western blotting as previously described (28). Primary antibodies against FoxO1 (#9454S), P53 (#9282S), SIRT1 (#2310S), and β-actin (#4970S) were obtained from Cell Signaling Technology. Blots were quantified with Image J software (National Institutes of Health, Bethesda, MD, USA).



2.11 Gut Microbiota and Short-Chain Fatty Acids (SCFA) Analysis

To investigate the changes in the cecal microbiota, microbial genomic DNA was extracted from each sample (n = 10) using QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions. An enzyme standard instrument (Multiskan™ GO) was used to detect the concentration of the extracted DNA. The Illumina library construction strategy was used to build a 16S library, quantified using Qubit 3.0. Out-machine double-ended data (raw reads) of samples were obtained using the Illumina HiSeq/MiniSeq sequencing platform. The sequencing and bioinformatics analysis were performed by Novogene Bioinformatics Technology Co. (Tianjin, China).

The short-chain fatty acids were measured on an Agilent 6890 gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) according to the protocol previously described (38).



Metabolic Profiling Analysis

The serum samples (n = 10) were used for the identification and quantification of specific endogenous metabolites among treatments. GC-MS-based metabolomics was performed by Novogene Bioinformatics Technology Co. (Tianjin, China) according to the previous study (8). Differences were indicated when the P-value was < 0.05, VIP (Variable Importance in the Projection) > 1, and only fold changes > 1.5 were considered.



Statistical Analysis

One-way ANOVA using the GLM procedure of SAS 9.2 (SAS Institute, Cary, NC, USA) and GraphPad Prism (GraphPad Inc., La Jolla, CA, USA) was used to analyze the data. The results are presented as mean and SEM. Contrasts between treatments were evaluated by Tukey’s range test at a significance level of 0.05.




Results


Resveratrol Alleviated the Oxidative Stress (Caused by tBHP) Induced Depression in the Egg-Laying Rate, Reproductive Hormones, and Cytokine Levels

A reduction in the egg-laying rate, ovarian indices, serum estradiol, FSH, and IGF-1 concentration was observed in the OS group compared to the CON group (Figures 1C–E; P < 0.05); moreover, layers from the OS group presented a higher proinflammatory cytokine concentration (IL-1β, IL-6, TNF-α, and IFN-γ) in both serum (except IL-6) and ovary when compared to CON one (Figures 1F, G; P < 0.05). Dietary resveratrol supplementation was able to alleviate the OS-induced depression in the egg-laying rate, ovarian indices, and serum hormone levels, while it decreased the serum (IL-1β and IFN-γ) and ovarian (IL-1β, IL-6, TNF-α, and IFN-γ) proinflammatory cytokine levels. No differences in body weight were noted among the three groups (Figure 1B; P > 0.05).



Resveratrol Alleviated Antioxidant Capacities and Changed Tryptophan Metabolism in the OS Model

Compared to the CON group, layers challenged with tBHP had lower antioxidant enzyme activities (SOD [only in serum], GSH-Px, GSH-ST) and higher peroxidation products (PC, MDA, and 8-OHDG [only in serum]) in serum and ovary (Figures 2A–D; P < 0.05), suggesting that the tBHP challenge induced oxidative stress in the ovary. Serum tryptophan and melatonin levels were also decreased and kynurenine increased in the OS group compared to the CON one, while serum tryptophan catabolism-related enzyme IDO1 activity increased (Figures 2E, F; P < 0.05). Dietary resveratrol supplementation mitigated the impact of oxidative stress-induced depression on antioxidant capacity (higher SOD, GSH-Px, GSH-ST in serum and ovary, lower MDA, PC, and 8-OHDG levels in ovary), while it also increased tryptophan and melatonin levels, but decreased kynurenine levels in serum, and changed tryptophan metabolism (lower IDO1 activity) (P < 0.05).




Figure 2 | Dietary resveratrol supplementation alleviated the oxidative stress (by tBHP) induced depression in activities of antioxidant enzyme and tryptophan metabolism related enzyme levels (Exp. 1). (A) Serum oxidation product levels. (B) Serum antioxidant enzyme capacities. (C) Ovarian antioxidant enzyme activities. (D) Ovarian oxidation product levels. (E) Serum melatonin tryptophan levels. (F) Intestinal tryptophan metabolism related enzyme activities. CON, control; OS, oxidative stress (injection of 800 μmol/kg BW of tBHP); OSR, CON + 600 mg/kg resveratrol; MDA, malondialdehyde; PC, protein carbonyl; 8-OHdG, 8-hydroxy-2’ -deoxyguanosine; T-AOC, total antioxidant capacity; SOD, superoxide dismutase; GSH, glutathione; GSH-ST, glutathione S-transferase; GSH-Px, glutathione peroxidase; IDO1, indoleamine 2,3-dioxygenase (IDO) 1. Statistical significance was evaluated by Tukey’s Test, p < 0.05.





Resveratrol Sustained Ovarian Function in the OS Model

As presented in Figures 3A, B, the layers challenged with tBHP had lower numbers of follicles at each developmental stage (primordial, prehierarchical, total follicle) with the exception of primary follicles (P < 0.05), and had higher atretic follicle numbers and ovary apoptosis rates than in the CON ones (Figures 3C, D; P < 0.05). The layers from the OSR group had higher numbers of primordial, prehierarchical, and total follicles compared to OS treatment (P < 0.05), while dietary resveratrol supplementation mitigated the OS-induced increase in atretic follicle numbers and ovary apoptosis rates.




Figure 3 | Dietary resveratrol supplementation alleviated the oxidative stress (by tBHP) induced depression in follicle counts and cell apoptosis (Exp. 1). (A) Ovarian histology of layers after 24 days of treatment. (B) Follicle numbers at each developmental stage (PMF= primordial follicle; PF = primary follicle; PHF = prehierarchical follicle; AF = atretic follicle). (C) TUNEL analysis of cell apoptosis in the ovary. (D) The immunofluorescence results of TUNEL with the green color representing the positive cells. Data are plot individual values (n = 10). CON, control; OS, oxidative stress (injection of 800 μmol/kg BW of tBHP); OSR, CON + 600 mg/kg resveratrol. Statistical significance was evaluated by Tukey’s Test, p < 0.05.





Resveratrol Improved Ovarian Function by Inhibiting Apoptosis and Reducing Oxidative Stress in the OS Model

As shown in Figure 4, mRNA proapoptotic factors (Bax, FoxO1, P53) and protein (caspase 9, cleaved-caspase 3, FoxO1) expression were upregulated in the ovary by OS, while the mRNA abundance of anti-apoptotic genes (Bcl-2, SIRT1) and antioxidant capacity-related genes (Nrf2, HO-1, NQO-1, Keap1) was lower in the OS group compared to the CON group (Figures 4A–E; P < 0.05). The ovaries of layers fed resveratrol had lower proapoptotic factors mRNA (Bax, FoxO1, P53) and protein (caspase 9, cleaved-caspase 3, FoxO1) expression than those in the OS group. The immunofluorescence results of SIRT1 showed that OS decreased SIRT1 expression while resveratrol supplementation increased SIRT1 intensity compared with the OS group (Figure 4F ,G; P < 0.05).




Figure 4 | Dietary resveratrol supplementation alleviated the oxidative stress (induced by tBHP) induced depression ovarian oxidative stress and apoptosis-related pathway (Exp. 1). (A) Ovarian apoptosis-related gene expression. (B) Oxidative stress-related pathway (Nrf2-ARE) gene expression. (C) SIRT1-FoxO1/P53 gene expression. (D) Western-blot result of cell apoptosis-related pathway. (F-G) The immunofluorescence results of SIRT1 protein. Data are plot individual values (n = 10). CON, control; OS, oxidative stress (injection of 800 μmol/kg BW of tBHP); OSR, CON + 600 mg/kg resveratrol; SIRT1, silent information regulator 1; FoxO1, forkhead Box O1; Nrf2, nuclear factor E2-related factor 2. Statistical significance was evaluated by Tukey’s Test, p < 0.05.





Resveratrol Modulated Cecal Short-Chain Fatty Acids and Maintained Gut Microbiota Eubiosis in the OS Model

The layers fed resveratrol had higher cecum content concentrations of the main short-chain fatty acids (acetic, propionic, and butyric) and higher total SCFA than those observed in the CON and OS groups (Supplementary Figure S1-A; P < 0.05). As suggested by the decrease in the ACE, Chao1, and Shannon indices relative to the CON group, the tBHP challenge resulted in reduced microbial diversity (Figures 5A–C; Figures S1B-D; P < 0.05). Structural changes in intestinal microbiota, assessed by PCoA based on the unweighted UniFrac metric, indicated that layers in the three groups had obvious clustering (Figure 6C; P < 0.05). As analyzed by Adonis and LEfSe (log10LDA>3), the tBHP challenge significantly reduced the relative abundance of Firmicutes (phylum) and Lactobacillus (genus), while it led to an increase in the enrichment of Proteobacteria (Phylum), Tenericutes (phylum), and Bacteroides (genus) (Supplementary Figures S1-B–D; Figures 5C–F; Figures 6A–F; P < 0.05). The Firmicutes to Bacteroidetes ratio was also lower in the OS group compared with the CON group (Figure 6; P < 0.05). RV supplementation restored Simpson, ACE, Chao1, and Shannon indices reduced by tBHP (P < 0.05). Also, compared to the OS group, the OSR layers had higher enrichment in Firmicutes (phylum), Rikenellaceae (class), Lactobacillus (genus), and also OSR increased the Firmicutes to Bacteroidetes ratio, but it decreased the Clostridiales_bacterium_CHKC1001 (species), and Lactobacillus_mucosae (species) enrichment in the cecum.




Figure 5 | Dietary resveratrol supplementation alleviated the oxidative stress (by tBHP) induced reduction in cecal bacteria diversity and enrichment (Exp.1). (A, B) Alpha diversity of cecum microbiota, with observed species, Chao1, ACE(A), and Shannon and Simpson index (B). (C-E) Bacteria enrichment difference in phylum. (F) Bacteria enrichment difference in genus. Data are means ± SEM represented by vertical bars or plot individual values ± SEM. Statistical significance was evaluated by Tukey’s Test, p < 0.05.






Figure 6 | Dietary resveratrol supplementation modulated the oxidative stress (by tBHP) and induced a decrease in microbiota diversity (Exp.1). (A) Schematic illustration of the experimental design. (A) Vann diagram. (C) The principal coordinate analysis (PCoA) of the cecum microbiota based on unweighted UniFrac metric. (B, D) Linear discrimination analysis coupled with effect size (LEfse) identified the most differentially abundant taxa in the cecum with LDA significant threshold > 3 were shown. (Red) CON enrichment taxa; (Green) OS enrichment taxa; (Blue) OSR enrichment taxa. (E,F) Analysis of different species between groups at class (E) and species (F) levels. CON, same dosage of PBS; OS, 800 μmol/kg BW of tBHP. Statistical significance was evaluated by the Student’s T-test, * p < 0.05.





Resveratrol Changed Serum Metabolites of Layers During an OS Challenge

In this study, a total of 486 metabolites were identified in the serum of the layers among CON, OS, and OSR groups; a notable metabolite alteration in OS and OSR was observed as compared to the CON or to the OS group, as shown by PLS-DA analysis (Figures 7A, B; Supplementary Figures-S2-A–D; P < 0.05). We observed that 19 metabolites were altered between the OS and CON groups, of which 12 of them were downregulated, and the remaining seven were upregulated (Supplementary Table S1; P < 0.05, VIP > 1). Also, 18 metabolites were different between the OSR and OS groups, of which 10 of them were upregulated and eight of them were downregulated (Supplementary Table S2, P < 0.05, VIP > 1). Most of those altered metabolites were classified into eight groups containing organic acids and derivates, amino acids, lipids and lipid-like molecules, nucleosides, aromatic heteropolycyclic compounds, aliphatic acyclic compounds, and aliphatic heteromonocyclic compounds. A high-quality KEGG metabolic pathways database was used to identify possible pathways relevant to the response of RV to oxidative stress (Figures 7C, D). As shown in Figures 7C, D, the concentration of differential metabolites in the corresponding metabolic pathways of Tryptophan metabolism, Purine metabolism, Tyrosine metabolism, FoxO signaling pathway, and Citrate cycle (TCA cycle) (P < 0.05). Correlations between most altered metabolites and microbiota response of RV to oxidative stress are shown in Figure 8E via Spearman’s correlation analysis. We observed that the bacteria genera, including Lactobacillus, Harryflintia, Enterococcus, and Oscillospira, were most closely related to the changed metabolites in the serum of OSR vs. OS group (P < 0.05). In particular (Figures 7E), bacteria of the Lactobacillus genera were negatively correlated with the concentration of alpha-muricholic acid, kynurenine (tryptophan degradation derivatives), 3-phenoxypropinoic acid, and positively correlated with 2-methylbutyroylcarnitine. Bacteria of the Enterococcus genera were negatively related to L-cysteinesulfinic acid (oxidative post-translational modification), kynurenine, 3-phenoxypropinoic acid, and positively related to methylbutyroylcarnitine concentration. Anaerotruncus genera were mostly related to sotalol, L-cysteinesulfinic acid, kynurenine (tryptophan kynurenine pathway), beta-muricholic acid, 3-Phenoxypropinoic acid, and nucleotide metabolism process (UMP, uridine 5-diphosphate).




Figure 7 | Dietary resveratrol supplementation alleviated the oxidative stress (by tBHP) induced changes in serum metabolites (Exp.1). (A, B) The principal component analysis (PCA) of the serum metabolites between OS vs. CON (A), and between OSR vs. OS group (B). (C, D) KEGG pathway enrichment of target metabolites between OS vs. CON (C), and between OSR vs. OS group (D). (E) Spearsman correlations between metabolites and cecum microbiota. Statistical significance was evaluated by the Student’s T-test, * p < 0.05.






Figure 8 | Egg-laying rate, serum melatonin, and antioxidant enzyme activities were alleviated by fecal microbiota transplantation from a resveratrol supplementation diet (Exp.2). Data are means ± SEM represented by vertical bars or plot individual values ± SEM. (A) Egg-laying rate. (B,C) Serum tryptophan and kynurenine levels. (D-F) Serum antioxidant capacities. CON = control, OS = oxidative stress (injection of 800 μmol/kg BW of tBHP), OSR = CON + 600 mg/kg resveratrol; FMTCON, FMTOS and FMTOSR indicated the microbiota-depleted layers received microbiota transplantations from donor layer treated CON diet, tBHP, and OSR, individually; MDA = malondialdehyde, PC = protein carbonyl, T-AOC = total antioxidant capacity, SOD = superoxide dismutase, GSH = glutathione, GSH-ST = glutathione S—transferase, GSH-Px = glutathione peroxidase. Statistical significance was evaluated by the Turkey’s T-test, p < 0.05.





FMT From Resveratrol Diet Ameliorates Egg-Laying Rate of Layers During an OS Challenge

Fecal microbiota derived from oral CON, OS, and OSR-treated layers were transplanted into antibiotics-treated layers. Compared with the FMTOS group, FMTOSR restored the reduction in the egg-laying rate, serum tryptophan levels, and antioxidant enzyme activities (GSH-ST, GSH-PX, and GSH) (Figures 8A, B, E, F; P < 0.05). Serum concentration of protein and lipid oxidation products (PC and MDA) and kynurenine was lower in the FMTOSR than in FMTOS layers (Figures 8C, D; P < 0.05).



Intestinal Microbiota Response to FMT

Compared with the FMTOS group, FMTOSR increased the Ace, Chao1, and Shannon indexes (Figure 9A; P < 0.05). As shown by PCoA analysis, cecal microbiota in FMTOS and FMT OSR had an obvious clustering (Supplementary Figure 3B; P < 0.05). Compared with FMTOS, at the phylum level, FMTOSR significantly increased relative abundance of Firmiuctes (phylum), Bacillus (genus), Lactobacillu_aviarius (species), Lactobacillu_salivarius (species) but decreased Bacteroidetes (phylum) and Proteobacteria (phylum), Alistipes (genus), and Bacillus_velezensis (Figures 9B–F; Supplementary Figures S3–A–D; P < 0.05).




Figure 9 | Gut microbiota in response to microbiota transplantation from resveratrol supplementation diet (Exp.2). Data are means ± SEM represented by vertical bars or plot individual values ± SEM. (A) Alpha diversity, (B,C) Bacteria enrichment difference in phylum and genus, (D) Firmicutes/Bacteroidertes ratio, (E, F)Linear discrimination analysis coupled with effect size (LEfse) identified most differentially abundant taxa in the cecum with LDA significant threshold > 4 were shown. (Red) FMTCON enrichment taxa; (Green) FMTOS enrichment taxa; (Blue) FMTOSR enrichment taxa. CON = control, OS = oxidative stress (injection of 800 μmol/kg BW of tBHP), OSR = CON + 600 mg/kg resveratrol; FMTCON, FMTOS and FMTOSR indicated the microbiota-depleted layers were received microbiota transplantations from donor layer treated CON diet, tBHP and OSR, individually; Statistical significance was evaluated by the Turkey’s T-test, p < 0.05.






Discussion

Oxidative stress occurs when increased ROS levels disrupt cellular redox circuits, resulting in disturbances of redox-regulated cellular processes and/or oxidatively damage to cellular macromolecules (39, 40). Ovary function plays a central role in fertility, and ovarian function depends on the maintenance and normal development of ovarian follicles (11, 41–43). Accelerated metabolism occurs in rapidly proliferating granulosa cells (GCs) within developing follicles, leading to increased ROS production (1, 44). Accumulating evidence demonstrates that oxidative stress-induced granulosa cell (GCs) apoptosis represents a common reason for follicular atresia by diverse stimuli (such as alcohol, radiation, chemotherapeutic drugs, and smoking) as well as malnutrition and obesity (1, 8, 44, 45). Several studies have suggested that RV can play a role in the improvement of ovarian function by improving the follicular environment resulting in a decreased follicle atresia rate in mice and layers (8, 46). This study was conducted to examine the role of RV in protecting ovarian follicles from atresia via the SIRT1-FoxO1/P53 pathway and the involvement of gut microbiota in this process. Oxidation products including PC, MDA, and 8-OHdG have been commonly used to characterize the OS of animals (47, 48). The markedly elevated MDA, PC, and 8-OHdG levels along with significantly lower levels of T-SOD, GSH-PX, GSH-ST, and T-AOC activities within the ovary and serum of tBHP challenged layers (OS group) suggest the occurrence of oxidative damage, whereas RV reversed these changes, indicating that RV may alleviate t-BHP induced oxidative stress in layers. This result is in accordance with our previous study (8), which indicated that intraperitoneal injection of 800 μmol/kg BW tert-butyl hydroperoxide (tBHP) can be used to establish an OS model in layer hens. Also, compared with the CON layer, serum and ovarian proinflammatory cytokines (IL-1β, IL-6, TNF-α, and IFN-γ) were elevated in tBHP-treated layers, thus confirming the positive relationship between OS and the inflammation reaction (49). Aberrant lipid metabolism is suggested to be related to inflammation and OS (50). It was also observed that RV reduced inflammation cytokine secretion induced by tBHP in the current study. Inflammation is an adaptive response, which can be triggered by various signals, such as tissue injury or microorganism invasion. Dietary RV supplementation was able to exert potent anti-inflammatory activity by the suppression of production of proinflammatory cytokines (IL-1α, IL-6, IFN-γ, and TNF-α) in vitro and in vivo (51–53). Similarly, the RV was also observed to depress proinflammatory cytokine expression in serum (IL-1β and IFN-γ) and ovary (IL-1β, IL-6, IFN-γ, and TNF-α) in the current study. Rencber etal. (54) also found that RV decreased serum and ovary tissue TNF-α concentrations when compared to the DHEA-induced PCOS (polycystic ovary syndrome) rats. The reason why this results in proinflammatory cytokines is not exactly parallel in serum and ovary tissue (especially for TNF-α and IL-6) is not clear. Further study is necessary to research the mechanism underlying this.

In this study, we also observed that dietary RV improved layers’ reproductive performance (as indicated by higher egg-laying rate), hormone secretion levels (higher estradiol, FSH, and IGF-1), and led to a larger ovary index and follicle count compared to layers that underwent the t-BHP oxidative stress challenge. Oxidative stress (induced by tBHP and high levels of molybdenum and vanadium) was also found to decrease egg production in layers and decrease serum concentrations of key reproductive-related hormones (estradiol, FSH, and IGF-1), while the supplementation of antioxidants (tea polyphenols) was able to reverse the adverse effect by improving the antioxidant capacity and gut microbiota balance in our previous studies (7, 8, 55). Studies in mammals have found that oxidative stress can reduce the number of follicles in each stage of the ovarian cycle and impair ovarian function (11, 56, 57). Additionally, previous studies have also demonstrated that oxidative stress led to a reduction in hormone secretion (including lower serum FSH, LH, and higher IGF-1 levels) and impairs the glutathione redox cycle (56). Estradiol and FSH are known to activate antioxidant defense systems scavenging ROS in many organs and systems, especially in the ovary (44, 58). The results of this study indicate that dietary RV can maintain reproductive function by sustaining the secretion of key reproductive hormones in layers during an OS challenge.

SIRT1 is an oxidized nicotinamide adenine dinucleotide (NAD+)‐dependent protein deacetylase, and it plays an important role in protection against stress and aging and has been involved in the protective effects of RV (22, 23). In the current study, we observed that melatonin levels were decreased by the OS challenge and that dietary supplementation of RV could alleviate the negative impact of OS and improve ovarian functionality in tBHP challenged layers. SIRT1 is one of the main modulators of metabolism and resistance to oxidative stress (21–23). As a promoter of SIRT1, RV upregulates SIRT1 expression in the ovaries, which is associated with protection against OS (59–63). Our results also suggest that dietary RV can upregulate the Nrf2-ARE signaling pathway, which is in agreement with previous studies (27, 64).

Additionally, in this study, we observed that the tBHP challenge decreased tryptophan and melatonin levels and increased kynurenine levels in serum. In a previous study, we also observed that the tBHP challenge disrupted tryptophan metabolism (8). Tryptophan is highly susceptible to oxidative degradation, and its metabolism is involved in the regulation of intestinal homeostasis, immunity, and neuronal function (14). There are two main metabolic pathways for tryptophan: the 5-HT pathway, which is used for the synthesis of 5-hydroxytryptophan (5-HT) and melatonin (65); and the kynurenine pathway, which accounts for 90% of tryptophan catabolism. The kynurenic pathway is rate-limited by its first enzyme, Trp 2,3-dioxygenase (TDO) in the liver and IDO elsewhere; the IDO is regulated by IFN-γ, other cytokines, and by nitric oxide (14). Chronic stress and infections can divert the available tryptophan toward the kynurenic pathway by increasing the IDO enzyme activity and thereby lowering 5-HT and melatonin synthesis (31). As observed in the current study, IDO1 in the jejunum was enhanced by the OS challenge and reversed by the dietary supplementation of RV, which may suggest that the tryptophan-kynurenine pathway was also involved in this process. Tryptophan is also the precursor of melatonin, which can be synthesized in the intestine (66, 67). Therefore, the decreasing levels of tryptophan in serum may be the result of the higher Mel in serum. The intestinal microbiota plays a critical link between the health of the host and environmental cues. Previous studies suggested that the intestinal microbiota is sensitive to stress and aging, which can dramatically shape or reverse intestinal microbiota profiles in human and animal models (47, 68, 69). In the present study, we observed that dietary RV or transplant digesta from RV-supplemented birds enhanced the bacteria α-diversity of layers under OS, and improved the enrichment of Firmicutes (phylum), Lactobaccillus (genus), and Bifidobacterium (genus). Previous studies have also demonstrated that feeding mice with RV during a colitis challenge could increase the relative abundance of Lactobacillus, Bifidobacterium, as well as Clostridium, and promote the metabolism of dietary fiber into SCFAs (70–72). As observed in our study, the bacteria genera, including Lactobacillus, Harryflintia, Enterococcus, and Anearotruncus were highly correlated to the changes in serum metabolites observed in the OSR and OS groups. In particular, bacteria of the Lactobacillus genera were negatively correlated with the concentration of alpha-muricholic acid and kynurenine. As shown in previous studies, a significant portion (about 90%) of ingested resveratrol reaches the colon in its intact form and is subsequently subjected to gut fermentation (73). Among several possible tryptophan metabolism routes, the kynurenine pathway can be influenced by the gut microbiota. An imbalance in gut bacterial population composition (dysbiosis) or changes in the production of melatonin (circadian disruption) alters estrogen levels. Several bacteria belonging to Lactococcus, Lactobacillus, Streptococcus, and Baccillus have been reported to be able to produce serotonin and melatonin by expressing tryptophan synthetase (29, 74). On the other hand, it has been shown that these changes in intestinal microbiota can stimulate the kynurenine pathway by moving tryptophan away from the melatonergic pathway, thereby reducing circulating melatonin levels. Microbial metabolism produces melatonin directly and, on the other hand, gut bacteria indirectly produce short-chain fatty acids (SCFAs) that stimulate the production of serotonin, which is then converted into melatonin. In the current study, dietary RV during an OS challenge also increased the SCFA levels, which may also be attributed to the higher levels of melatonin levels in serum. To better explore the relationship between microbiota and RV, microbiota from CON, OS, and OSR were transplanted into layers depleted with intestinal microbiota by antibiotics. Data revealed similar effects on colonic microbial composition, SCFA concentration, oxidative status, and serum tryptophan levels in layers from CON, OS, and OS+RV groups. Thus, our findings indicate a causal role between gut microbiota on ovarian function during an oxidative stress challenge.



Conclusion

In conclusion, we found that OS could decrease fertility and induce gut microbiota dysbiosis and inflammation by disrupting the tryptophan-kynurenine pathway in a layer model. We also identified a novel mechanism linking intestinal microbiota to dietary RV and improved oxidative status and ovarian function. RV was able to reverse the impact of OS through the SIRT1-P53/FoxO1 and Nrf2-ARE pathway (Figure 10). The microbiota and its related tryptophan-kynurenine pathway were involved in mediating the observed mitigating effect of dietary RV during an OS challenge.




Figure 10 | Graphical abstract of this article. Proposed mechanism of oxidative stress in lowering ovary function and the ameliorating effect of melatonin in the layer model. The up arrow (↑,+) and down arrow (↓,-) represent upregulation and downregulation effects of oxidative stress and resveratrol, respectively.
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Intestinal epithelial barrier injury disrupts immune homeostasis and leads to many intestinal disorders. Lactobacillus reuteri (L. reuteri) strains can influence immune system development and intestinal function. However, the underlying mechanisms of L. reuteri LR1 that regulate inflammatory response and intestinal integrity are still unknown. The present study aimed to determine the effects of LR1 on the ETEC K88-induced intestinal epithelial injury on the inflammatory response, intestinal epithelial barrier function, and the MLCK signal pathway and its underlying mechanism. Here, we showed that the 1 × 109 cfu/ml LR1 treatment for 4 h dramatically decreased interleukin-8 (IL-8) and IL-6 expression. Then, the data indicated that the 1 × 108 cfu/ml ETEC K88 treatment for 4 h dramatically enhanced IL-8, IL-6, and tumor necrosis factor-α (TNF-α) expression. Furthermore, scanning electron microscope (SEM) data indicated that pretreatment with LR1 inhibited the ETEC K88 that adhered on IPEC-J2 and alleviated the scratch injury of IPEC J2 cells. Moreover, LR1 pretreatment significantly reversed the declined transepithelial electrical resistance (TER) and tight junction protein level, and enhanced the induction by ETEC K88 treatment. Additionally, LR1 pretreatment dramatically declined IL-8, IL-17A, IL-6, and TNF-α levels compared with the ETEC K88 group. Then, ETEC K88-treated IPEC-J2 cells had a higher level of myosin light-chain kinase (MLCK), higher MLC levels, and a lower Rho-associated kinase (ROCK) level than the control group, while LR1 pretreatment significantly declined the MLCK and MLC expression and enhanced ROCK level in the ETEC K88-challenged IPEC-J2 cells. Mechanistically, depletion of MLCK significantly declined MLC expression in IPEC-J2 challenged with ETEC K88 compared to the si NC+ETEC K88 group. On the other hand, the TER of the si MLCK+ETEC K88 group was higher and the FD4 flux in the si MLCK+ETEC K88 group was lower compared with the si NC+ETEC K88 group. In addition, depletion of MLCK significantly enhanced Claudin-1 level and declined IL-8 and TNF-α levels in IPEC-J2 pretreated with LR1 followed by challenging with ETEC K88. In conclusion, our work indicated that L. reuteri LR1 can decline inflammatory response and improve intestinal epithelial barrier function through suppressing the MLCK signal pathway in the ETEC K88-challenged IPEC-J2.
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Introduction

Weaning stress is extremely serious during the initial post-weaning period, inducing alterations in intestinal morphology, disturbing intestinal microbiota, and inducing growth retardation, especially diarrhea brought by the invasion of pathogenic bacteria, particularly enterotoxigenic Escherichia coli (ETEC) (1–3). ETEC postweaning diarrhea, also known as postweaning enteric diarrhea, is a type of diarrhea that occurs during the weaned period (4, 5). Colibacillosis is a major cause of mortality and economic losses in global nursery pigs’ production (6). Thus, it is critical to identify a practical solution to alleviate the ETEC K88-induced intestinal disruption in weaned piglets.

Lactobacillus reuteri (L. reuteri) strains are critical parts of the commensal microbiota in the intestines of piglets that can influence the immune system development (7, 8). L. reuteri has been found to produce lactic acid, hydrogen peroxide (9, 10), and reutericyclin (11), which have antibacterial properties against some intestinal pathogens, such as E. coli. The intestinal immune system serves as an immunological barrier to improve mucosal barrier function (12). L. reuteri has been shown to regulate innate immune responses and intestinal barrier function (13, 14). A previous study reported that oral administration of L. reuteri I5007 enhanced T-cell differentiation and induced ileal cytokine production (15). Liu et al. found that L. reuteri DSM 17938 feeding of healthy newborn mice regulates immune responses while modulating gut microbiota and boosting beneficial metabolites (14). Previously, our group isolated L. reuteri LR1 from the feces of healthy weaned piglets, and its 16S rRNA sequence was submitted in the GenBank database (No. KT205306), and indicated that L. reuteri LR1 strain improved the intestinal epithelial barrier function (3, 16, 17). However, the underlying mechanisms of L. reuteri LR1 that regulate intestinal integrity and inflammatory response following challenge with ETEC K88 are still unknown. Myosin light chain kinase (MLCK) is a Ca2+ calmodulin-dependent serine/threonine kinase that constantly modulates actomyosin reorganization and cell contraction (18). Several studies reported that MLCK is involved in intestinal epithelial regulation, inflammation, and gastrointestinal disorders (18–20). It would be of great interest to focus on whether L. reuteri LR1 could prevent intestinal injury and inflammation induced by ETEC K88 via regulating the MLCK signaling pathway.

The present study aimed to determine the effects of LR1 on the ETEC K88-induced intestinal epithelial injury on the inflammatory response, intestinal epithelial barrier function, and the MLCK signal pathway and its underlying mechanism. The connection between the inflammatory response, intestinal epithelial barrier function, and the MLCK signal pathway provides insight into the development of nutritional strategies in the prevention of intestinal inflammation.



Material and Methods


Bacterial Strains and Growth Conditions

According to our previous reports (3, 16, 17), L. reuteri 1 (LR1) was isolated from the feces of a healthy 35-day-old weaned piglet and stored at our laboratory. The L. reuteri 1 strain was cultured overnight at 37°C in de Man Rogosa Sharpe (MRS) broth for 0 h, 4 h, 8 h, 12 h, 16 h, 20 h, and 24 h (Solarbio, Beijing, China). The ETEC K88 (ETEC) strain was cultivated in Luria-Bertani (LB) broth (Solarbio, Beijing, China) for 0 h, 4 h, 8 h, 12 h, 16 h, 20 h, and 24 h at 37°C with shaking at 170 rpm. The bacterial cultures were harvested by centrifugation for 5 min at 8,000 rpm and washed once with PBS. The bacteria were counted by dilution coating plate method and detected absorbance at OD600nm at 0 h, 4 h, 8 h, 12 h, 16 h, 20 h, and 24 h (Bio-Tek, Winooski, USA).



Cell Culture

IPEC-J2 was cultivated in DMEM/F-12 (Gibco) with 10% fetal bovine serum (Gibco) under a humidified atmosphere containing 5% CO2. Cells were tested negative for mycoplasma contamination before use. IPEC-J2 cells were treated with LR1 (1 × 109 CFU/ml) for 4 h followed by treatment with ETEC K88 (1 × 108 CFU/ml) groups for 4 h. To minimize the deviation, the control group and the other treatments had a consistent cell growth time. Briefly, as shown in Supplementary Figure S1, the IPEC-J2 cells (1×105 cells per well) were seeded in 12-well plates (Corning, New York, USA) for 24 h. The LR1+ETEC K88 group was pre-treated by LR1 (1 × 109 cfu/ml) for 4 h firstly, followed by ETEC K88 (1 × 108 cfu/ml) for 4 h. Then, simultaneously, the control group, LR1 group, and ETEC K88 group were treated accordingly for 4 h. To ensure the same CFU of bacteria, we calculated CFU by the dilution coating plate method in each experiment. To knock down the MLCK gene, the IPEC-J2 cells were transfected with MLCK small interfering RNA (siRNA) (50 nM) were performed by Lipofectamine™ 3000 Transfection Reagent (Thermo Fisher Scientific, USA) for 24 h. The si NC sequence is 5’-ACGUGACACGUUCGGAGAATT-3’, and the sequence of siRNA target MLCK 1 gene is 5’-AACCAGGGUGAACACGUCCTT-3’, and that of si MLCK 2 is 5’-UUGGUGCUCACCUUCUUGCTT-3’.



Cell Viability

The IPEC-J2 cells (1 × 104 cells per well) were seeded in 96-well plates (Corning, New York, USA) and treated with 1 × 105, 1 × 106, 1 × 107, 1 × 108, and 1 × 109 cfu/ml LR1 or ETEC K88. The cell viability was detected by CCK8 assay according to the manufactured protocol (Beyotime, Shanghai, China). Then, IPEC-J2 cells were incubated with 10 μl of CCK8 for 2 h (Beyotime, Shanghai, China). Absorbance at OD450 nm was detected by a fluorescence microplate reader (Bio-Tek, Winooski, USA).



Intestinal Epithelial Barrier Function

The intestinal epithelial barrier function assay was detected according to our previous reports (21, 22). Briefly, to determine the effect of LR1 and ETEC K88 on the integrity of the IPEC-J2 cell monolayers, the 1 × 105 IPEC-J2 cells/ml were seeded in the Transwell [12-mm-diameter inserts with a 0.4-μm pore size were from Corning, and the transepithelial electrical resistance (TER) was measured by the Millicell-ERS resistance system; Millipore, Bedford, MA]. Additionally, the 500 μg/ml FD4 was added to the upper layer of Transwell for 1.5 h and gathered 100 μl of cell culture medium to detect the FD4 fluorescence using a fluorescence microplate reader (Bio-Tek, Winooski, USA).



Scanning Electron Microscope (SEM)

We seeded 1 × 105 IPEC-J2 on sterile cover glass in a 12-well cell plate. After being treated with the corresponding treatments, the cells were washed gently with PBS, followed by adding glutaraldehyde in a 12-well cell plate. After fixing for 2 h at room temperature, transfer the petri dish to 4°C. Wash tissue blocks 3 times with 0.1 M PBS for 15 min each. Then, transfer tissue blocks into 1% OsO4 in 0.1 M PBS for 1–2 h at room temperature. After that, wash cell blocks 3 times in 0.1 M PBS for 15 min each. Furthermore, the cells were washed with 30% ethanol for 15 min, 50% ethanol for 15 min, 70% ethanol for 15 min, 80% ethanol for 15 min, 90% ethanol for 15 min, and 95% ethanol for 15 min. There were two changes of 100% ethanol for 15 min. Finally, the samples were transferred into isoamyl acetate for 15 min. Specimens are attached to metallic stubs using carbon stickers and sputter-coated with gold for 30 s. The samples were observed and images were taken with the scanning electron microscope.



Wound Healing Assay

The IPEC-J2 wound healing assay was conducted as previously described (23). Briefly, IPEC-J2 cells were grown in 6-well dishes and the IPEC-J2 monolayer was scratched in a straight line with a p200 pipet tip. The figures were captured with a phase-contrast microscope at the time of scraping and after the corresponding treatment. The percentage of wound closure was calculated using ImageJ. All experiments were repeated 3 times.



qPCR

Total RNA was extracted from the cell’s samples by Trizol reagent (Invitrogen, Carlsbad, CA). The amount of RNA extracted was determined, and its purity was verified using NanoDrop 1000 (Thermo Fisher Scientific). The cDNA was performed with reagents from EZB Biosystems following conventional protocols. Samples were normalized to GAPDH, and the relative changes of target gene expression were analyzed by the 2−ΔΔCt method. The primers are shown in Table S1.



Western Blot

IPEC-J2 cells were rinsed twice with ice-cold PBS and lysed by RIPA buffer (Invitrogen, USA) containing protease inhibitors, phosphatase inhibitor, and PMSF (Beyotime, Shanghai, China). The supernatant was collected, and a BCA protein assay kit (Beyotime, Shanghai, China) was used to quantify protein concentration. Cell supernatants were resolved on 10% SDS-PAGE gels (Beyotime, Shanghai, China), transferred on PVDF membranes (Millipore), and incubated with the corresponding primary antibodies overnight at 4°C (Claudin-1: ER1906-37, 1:1,000, Huabio; Occludin: ab31721, 1:1,000, Abcam; IL-17A: ER1902-37, 1:1,000, Huabio; beta-actin: 4967, 1:1,000, Cell Signaling). After multiple washing with TBST, the membranes were incubated with secondary antibodies (1:5,000, Huabio, Hangzhou, China) at room temperature for 1 h. Detection was performed by enhanced ECL chemiluminescence (Beyotime, Shanghai, China) and captured by Imaging System. The bands’ intensity was analyzed by ImageJ.



Data Analysis

Values are given as means ± SEM. Student’s unpaired t-test was used to determine statistical significance among each of the two groups. The difference was considered to be significant at p < 0.05.




Results


Effects of L. reuteri LR1 on Cell Viability and Inflammatory Cytokine Expression in IPEC-J2 Cells

The growth curve of LR1 is presented in Figure 1A. We optimized the growth condition of LR1 according to the logarithmic phase of LR1. The LR1 strain was cultured overnight at 37°C in MRS for 16 h and collected to treat cells. Figure 1B shows that 1 × 109 cfu/ml LR1 treatment for 3 h, 4 h, 5 h, and 6 h significantly enhanced IPEC-J2 cell viability compared with the control group (p < 0.05). Furthermore, compared with the control group, the 1 × 109 cfu/ml LR1 treatment for 4 h dramatically decreased the IL-8 and IL-6 expression (Figures 1C, D). Thus, in the subsequent experiments, we choose 1 × 109 cfu/ml LR1 pretreatment for 4 h to conduct further experiments.




Figure 1 | Effects of L. reuteri LR1 on cell viability and inflammatory cytokine expression in IPEC-J2 cells. (A) The growth curve of L. reuteri LR1. (B) The effects of different levels of L. reuteri LR1 on the viability of IPEC-J2 treated for 3 h, 4 h, 5 h, and 6 h. (C) The relative gene expression of IL-8 after being treated with 1 × 109 cfu/ml L. reuteri LR1 for 3 h, 4 h, 5 h, and 6 h. (D) The relative gene expression of IL-6 after being treated with 1 × 109 cfu/ml L. reuteri LR1 for 3 h, 4 h, 5 h, and 6 h. Data presented as mean ± SEM (n ≥ 3). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control group.





Effects of ETEC K88 on Cell Viability and Inflammatory Cytokine Expression in IPEC-J2 Cells

The growth curve of ETEC K88 is presented in Figure 2A. We optimized the growth condition of ETEC K88 according to the logarithmic phase of ETEC K88. The ETEC K88 strain was cultured overnight at 37°C in LB for 8 h and collected to treat cells. Figure 2B shows that 1 × 108 cfu/ml ETEC K88 treatment for 4 h, 5 h, and 6 h significantly declined the IPEC-J2 cell viability compared to the control group (p < 0.05). Additionally, compared with the control group, the 1 × 108 cfu/ml ETEC K88 treatment for 4 h dramatically enhanced the IL-8, IL-6, and TNF-α expression (p < 0.05) (Figures 2C, D). Thus, in the subsequent experiments, we choose 1 × 108 cfu/ml ETEC K88 treatment for 4 h to perform further experiments.




Figure 2 | Effects of ETEC K88 on cell viability and inflammatory cytokine expression in IPEC-J2 cells. (A) The growth curve of ETEC K88. (B) The effects of different levels of ETEC K88 on the viability of IPEC-J2 treated for 3 h, 4 h, 5 h, and 6 h. (C) The relative gene expression of IL-8 after being treated with 1 × 108 cfu/ml ETEC K88 for 3 h, 4 h, 5 h, and 6 h. (D) The relative gene expression of IL-6 after being treated with 1 × 108 cfu/ml L. reuteri LR1 for 3 h, 4 h, 5 h, and 6 h. (E) The relative gene expression of TNF-α after being treated with 1 × 108 cfu/ml L. reuteri LR1 for 3 h, 4 h, 5 h, and 6 h. Data presented as mean ± SEM (n ≥ 3). *p < 0.05,**p < 0.01, and ***p < 0.001 vs. the control group.





Effects of L. reuteri LR1 on Cell Adherence and Wound Healing in IPEC-J2 Cells Treated With ETEC K88

We utilized the SEM to detect the adherence of LR1 and ETEC K88 on IPEC-J2. We found that pretreatment with LR1 inhibited the ETEC K88 that adhered on IPEC-J2 (Figure 3A). Furthermore, compared with the control group, the scratch edge of IPEC J2 cells retreated after ETEC K88 treatment. Compared with the ETEC K88 group, pretreatment with LR1 alleviated the scratch injury of IPEC J2 cells (p < 0.05) (Figure 3B).




Figure 3 | Effects of L. reuteri LR1 on cell adherence and wound healing in IPEC-J2 cells treated with ETEC K88. (A) The scanning electron microscope (SEM) of IEPC-J2 cells pretreated with L. reuteri LR1 (1 × 109 cfu/ml) for 4 h followed by ETEC K88 (1 × 108 cfu/ml) challenged for 4 h. (B) L. reuteri LR1 promotes cell motility as shown by in vitro scratch assays in IPEC-J2 cells challenged with ETEC K88. Live-cell images were taken right after the “scratches” were created (0 h) and at 8 h post-treatment (or not) of L. reuteri LR1 (1 × 109 cfu/ml) and ETEC K88 (1 × 108 cfu/ml). (C) Quantification of percent wound closure was performed by detecting the decline in the denuded area at 8 h. Cells were treated with L. reuteri LR1 (1 × 109 cfu/ml) for 4 h, and then followed by ETEC K88 (1 × 108 cfu/ml) for 4 h. Data presented as mean ± SEM (n = 3). **p < 0.01 vs. the control group, &&p < 0.01 vs. the ETEC K88 group. Red arrows in “LR1 and LR1+ETEC K88” represent Lactobacillus reuteri 1 (LR1), and yellow arrows in “ETEC K88 and LR1+ETEC K88” represent E. coli (ETEC K88).





Effects of L. reuteri LR1 on Intestinal Epithelial Barrier Function and Tight Junction Protein Expression in IPEC-J2 Cells Treated With ETEC K88

We measured the TER, FD4 flux, and tight junction protein expression by Western blotting to investigate the effects of LR1 on intestinal epithelial barrier function in IPEC-2 cells. As shown in Figure 4A, compared with the control group, ETEC K88 treatment significantly reduced the TER of IPEC J2 cells, and LR1 pretreatment significantly increased the TER after ETEC K88 treatment (p < 0.05), while, as presented in Figure 4B, in comparison with the control group, ETEC K88 treatment significantly enhanced the FD4 flux of IPEC J2 cells, and LR1 pretreatment significantly declined the FD4 flux after ETEC K88 treatment (p < 0.05). Furthermore, ETEC K88 treatment significantly declined the Claudin-1 expression compared to the control group. Additionally, LR1 pretreatment dramatically enhanced the Claudin-1 expression compared with the ETEC K88 group (p < 0.05) (Figures 4C, D). Consistently, LR1 pretreatment reversed the declined mRNA levels of Occludin and Claudin-1 induced by ETEC K88 challenge (p < 0.05) (Figures 4C, D).




Figure 4 | Effects of L. reuteri LR1 on intestinal epithelial barrier function and tight junction protein expression in IPEC-J2 cells treated with ETEC K88. (A) The effect of L. reuteri LR1 (1 × 109 cfu/ml) on transepithelial electrical resistance (TER) in IPEC-J2 cells treated with ETEC K88 (1 × 108 cfu/ml). (B) The effect of L. reuteri LR1(1 × 109 cfu/ml) on FD4 flux in IPEC-J2 cells treated with ETEC K88 (1 × 108 cfu/ml). (C) The effect of L. reuteri LR1 (1 × 109 cfu/ml) on tight junction protein expression in IPEC-J2 cells treated with ETEC K88 (1 × 108 cfu/ml). (D) Quantification of tight junction protein expression. (E) The effect of L. reuteri LR1 (1 × 109 cfu/ml) on Claudin-1 gene expression in IPEC-J2 cells treated with ETEC K88 (1 × 108 cfu/ml). (F) The effect of L. reuteri LR1 (1 × 109 cfu/ml) on Occludin gene expression in IPEC-J2 cells treated with ETEC K88 (1 × 108 cfu/ml). Cells were treated with L. reuteri LR1 (1 × 109 cfu/ml) for 4 h, and then followed by ETEC K88 (1 × 108 cfu/ml) for 4 h. Data presented as mean ± SEM (n = 3). **p < 0.01 and ***p < 0.001 vs. the control group, &&p < 0.01 and &&&p < 0.001 vs. the ETEC K88 group. N.S., not significant.





Effects of L. reuteri LR1 on Inflammatory Cytokine Expression and MLCK Signal Pathway Expression in IPEC-J2 Cells Treated With ETEC K88

We recollected the samples and measured the IL-6, IL-8, and TNF-α level to investigate the effects of LR1 on inflammatory cytokine expression. As shown in Figure 5A, compared with the control group, IL-6 and IL-8 levels were declined in IPEC-J2 after LR1 treatment, while IL-17A and TNF-α levels were not influenced by LR1 treatment in IPEC-J2 (p < 0.05) (Figure 5A). Furthermore, in comparison with the control group, ETEC K88 treatment significantly enhanced the IL-6, IL-8, IL-17A, and TNF-α expression in IPEC-J2 (p < 0.05) (Figure 5A). Meanwhile, compared with ETEC K88 group, LR1 pretreatment dramatically declined IL-6, IL-8, and TNF-α levels in IPEC-J2 treated with ETEC K88 (p < 0.05) (Figure 5A). Consistently, previous studies reported that LR alleviated inflammation by reducing the production of pro-inflammatory cytokines. Moreover, ETEC K88-treated IPEC-J2 cells had a higher MLCK level, higher MLC levels, and lower ROCK levels than the control group (p < 0.05) (Figure 5B), while LR1 pretreatment significantly declined MLCK and MLC expression and enhanced ROCK level, in comparison with the ETEC K88 group (p < 0.05) (Figure 5B).




Figure 5 | Effects of L. reuteri LR1 on inflammatory cytokine expression and MLCK signal pathway expression in IPEC-J2 cells treated with ETEC K88. (A) The effects of L. reuteri LR1 (1 × 109 cfu/ml) on IL-8, IL-17A, IL-6, and TNF-α gene expression in IPEC-J2 cells treated with ETEC K88 (1 × 108 cfu/ml). Cells were treated with L. reuteri LR1 (1 × 109 cfu/ml) for 4 h, and then followed by ETEC K88 (1 × 108 cfu/ml) for 4 h. Data presented as mean ± SEM (n = 3). (B) The effects of L. reuteri LR1 (1 × 109 cfu/ml) on MLCK, MLC, and ROCK gene expression in IPEC-J2 cells treated with ETEC K88 (1 × 108 cfu/ml). Cells were treated with L. reuteri LR1 (1 × 109 cfu/ml) for 4 h, and then followed by ETEC K88 (1 × 108 cfu/ml) for 4 h. Data presented as mean ± SEM (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control group; &p < 0.05, &&p < 0.01, and &&&p < 0.001 vs. the control group; $p < 0.05, $$p < 0.01, and $$$p < 0.001 vs. the ETEC K88 group. N.S., not significant.





Knockdown of MLCK Promotes the Effects of L. reuteri LR1 on the Inflammatory Response and Barrier Function in IPEC-J2 Cells Treated With ETEC K88

To elucidate whether LR1 plays a protective role through the regulation of the MLCK signal pathway, we used the siRNA to knock down the MLCK gene in IPEC-J2 cells (Figure 6A). Interestingly, we found that depletion of MLCK significantly declined MLC expression in IPEC-J2 challenged with ETEC K88 than the si NC+ETEC K88 group (p < 0.05) (Figure 6B). Furthermore, in comparison with the si NC+LR1+ETEC K88 group, depletion of MLCK significantly declined MLCK and MLC expression (p < 0.05) (Figure 6B). The TER of IPEC-J2 in the si MLCK+ETEC K88 group was higher and the FD4 flux of IPEC-J2 in the si MLCK+ETEC K88 group was lower compared with the si NC+ETEC K88 group (p < 0.05) (Figures 6C, D), while there is no significant difference in TER and FD4 permeability between the si NC+LR1+ETEC K88 group and the si MLCK+LR1+ETEC K88 group (P > 0.05) (Figures 6C, D). Compared with the si NC+ETEC K88 group, the si MLCK+ETEC group had a higher expression of Claudin-1 and Occludin (p < 0.05) (Figures 6E, F). These data revealed that knockdown of the MLCK inhibited the intestinal barrier dysfunction induced by ETEC K88 challenge. Consistently, depletion of MLCK enhanced Claudin-1 level in comparison to the si NC+LR1+ETEC K88 group (p < 0.05) (Figures 6E, F). We added the inflammatory cytokine expression data in MLCK Knockdown IPEC-J2 (Supplementary Figure S3). We found that depletion of MLCK significantly declined IL-8 and TNF-α expression in IPEC-J2 challenged with ETEC K88 compared to the si NC+ETEC K88 group (p < 0.05) (Supplementary Figure S3). Furthermore, in comparison with the si NC+LR1+ETEC K88 group, depletion of MLCK significantly declined IL-8 and IL-6 expression (p < 0.05), suggesting that the MLCK signal pathway is involved in immune pathogenesis after being treated with ETEC K88 (Supplementary Figure S3).




Figure 6 | Knockdown MLCK promotes the effects of L. reuteri LR1 on the inflammatory response and barrier function in IPEC-J2 cells treated with ETEC K88. (A) Relative expression of MLCK in IPEC-J2 after being treated with si Negative Control (si NC), si MLCK 1, and si MLCK 2. (B) Gene expression of MLCK and MLC determined by qPCR in IPEC-J2 cells transfected with negative control siRNA or siRNA targeting MLCK. (C) TER of IPEC-J2 cells transfected with negative control siRNA or siRNA targeting MLCK. (D) FD4 flux of IPEC-J2 cells transfected with negative control siRNA or siRNA targeting MLCK. (E) Protein expression of Occludin and Claudin-1 determined by Western blotting in IPEC-J2 cells transfected with control siRNA or siRNA targeting MLCK. (F) Quantification of protein expression of Occludin and Claudin-1. Cells were treated with L. reuteri LR1 (1 × 109 cfu/ml) for 4 h, and then followed by ETEC K88 (1 × 108 cfu/ml) for 4 h. siRNA transfection for 24 h before all treatments. Data presented as mean ± SEM (n = 3). **p < 0.01 and ***p < 0.001 vs. the control group, &&p < 0.01 and &&&p < 0.001 vs. the ETEC K88 group, $$p < 0.01 vs. the siNC+LR1+ETEC K88 group. N.S., not significant.






Discussion

Intestinal epithelial barrier injury disrupts immune homeostasis and leads to many intestinal disorders (24–26). L. reuteri strains are important members of the commensal microbiota in the intestines of piglets, which can influence the immune system development and intestinal barrier (7, 8). However, the effects of L. reuteri LR1 on intestinal integrity and inflammatory response and the underlying mechanisms are yet unknown. Thus, in this study, we determined the effects of LR1 on the ETEC K88-induced intestinal epithelial injury on the inflammatory response, intestinal epithelial barrier function, and the MLCK signal pathway and its underlying mechanism.

Several lines of evidence revealed that L. reuteri has the potential to reduce mucosal leakage and protect the cell against death induced by stressors (27, 28). Xie et al. reported that L. reuteri stimulates intestinal epithelial proliferation and induces differentiation into goblet cells in young chickens (27). Wu et al. found that L. reuteri helps to maintain intestinal epithelium renewal and homeostasis and heals pathological damage (28). Our results showed that 1 × 109 cfu/ml LR1 treatment significantly enhanced IPEC-J2 cell viability compared with the control group. Cytokines, which modulate intestinal mucosal inflammation and epithelial integrity, are known to be involved in the pathology development of inflammatory bowel disease (29–31). Wang et al. reported that L. reuteri can ameliorate intestinal inflammation in dextran sulfate sodium-induced colitis in mice, indicated by decreased levels of the proinflammatory cytokines IFN-γ, TNF-α, IL-1β, IL-6, and IL-17A in the colon tissue and serum of mice (32). The present study demonstrated that the 1 × 109 cfu/ml LR1 treatment for 4 h dramatically decreased the IL-8 and IL-6 expression.

Many studies reported that L. reuteri had a strong pathogen inhibition effect through microbe interactions, inhibiting the adhesion of pathogenic bacteria, competition for nutrients, and binding sites (33, 34). Zhang et al. reported that L. reuteri adhered to IPEC-J2 and Caco-2 cells via glyceraldehyde-3-phosphate dehydrogenase (35). Walsham et al. indicated that L. reuteri can bind to the intestinal layer that led to declined enteropathogenic E. coli adherence to small intestinal biopsy epithelium (34). Consistently, we utilized the SEM to detect the adherence of LR1 and ETEC K88 on IPEC-J2, and we found that pretreatment with LR1 inhibited the ETEC K88 that adhered on IPEC-J2. Some studies reported that L. reuteri could promote cell renewal and wound healing (36, 37). In this study, the function of IPEC-J2 cell migration and the ability of wound healing were estimated by the scratch-simulated wound migration assay. Our data indicated that compared with the ETEC K88 group, pretreatment with LR1 alleviated the scratch injury of IPEC J2 cells. These data suggested that LR1 pretreatment could inhibit ETEC K88 adhesion and promote cell migration in the ETEC K88-challenged model.

The gut epithelium serves as the most important barrier to prevent endogenous and exogenous harmful antigens and pathogens, and the tight junction is a basis for intestinal barrier function (26, 38). In this study, the tight junction of intestinal epithelial cells and the paracellular permeability of the gut were indirectly reflected by the TER and FD4 flux (21, 22). The data indicated that LR1 pretreatment significantly reversed the declined TER and tight junction protein level and enhanced the induction by ETEC K88 treatment. Our previous study reported that LR1 supplementation at 5 × 1010 cfu/kg could improve the growth performance, intestinal morphology, and intestinal barrier function in weaned pigs (17). Similarly, Li et al. indicated that L. reuteri improves gut barrier function and affects the diurnal variation of the gut microbiota in mice fed a high-fat diet (39). Cui et al. reported that L. reuteri ZJ617 maintains intestinal integrity via regulating tight junction, autophagy, and apoptosis in mice challenged with lipopolysaccharide (40). Several studies reported that there is a strong connection between the enhanced proinflammatory cytokine level and gut integrity damage (25, 41). Several lines of evidence revealed that the inflammatory response of intestinal epithelial cells is closely related to the expression of inflammatory cytokines (42, 43). Our data found that LR1 pretreatment dramatically declined the proinflammatory cytokines IL-8, IL-17A, IL-6, and TNF-α levels compared with the ETEC K88 group. Consistently, previous studies reported that LR alleviated inflammation by reducing the production of pro-inflammatory cytokines. Tang et al. found that LR treatment significantly decreased IL-1b, IL-6, TNF-α, and IFN-γ expression in the jejunum of weaning piglets (44). Hsieh et al. reported that L. reuteri GMNL-263 decreased serum TNF-α and IL-6 levels in mice fed with a high-fat diet (45). Karimi et al. pointed out that pretreatment with L. reuteri decreased IL-6 and TNF-α levels, and enhanced a longer isoform of ZO-1 and maintained E-cadherin expression. The interleukin-17 (IL-17) family consists of a subset of cytokines that participate in both acute and chronic intestinal inflammatory responses (46). Though Th17 cells were thought as a major source of IL-17A, IL-17A can also be produced by other cell types (47). We detected the IL-17A protein levels in IPEC-J2 and used the mouse colonic tissue protein results as a positive control. As shown in Supplementary Figure S2A, we confirmed that IL-17A can be expressed in IPEC J2 cells (Supplementary Figure S2A). Consistently, Zhang et al. found that IL-17 can express in IPEC-J2 cells (48). Furthermore, Yu et al. found that TLR5-mediated IL-17C expression in IPEC-J2 enhances immune responses in the intestinal epithelium against ETEC infection (49). These data revealed that LR1 pretreatment could reverse the disrupted intestinal barrier function and inflammatory response induced by ETEC K88 challenge.

The MLCK signal pathway has been widely reported to play a critical function in regulating the tight junction proteins’ reorganization, via promoting the enhanced contraction and tonicity of actomyosin before tight junction (50, 51). Then, the activated MLCK signal pathway led to the tight junction disrupted arrangement and enhanced the intestinal paracellular permeability (20, 52, 53). Moreover, the MLCK signal pathway is involved in mediating pro-inflammatory cytokine expressions, such as IL-β, IL-6, and IL-8 (54, 55). Several studies reported that there is a strong connection between the enhanced proinflammatory cytokines’ level and the immune pathogenesis of intestinal inflammatory (29). Several lines of evidence revealed that E. coli is an important pathogenic bacteria to induce intestinal inflammatory diseases, indicated by the enhanced proinflammatory cytokine expression and cell damage (56). Su et al. found that targeted inhibition of intestinal epithelial MLCK may be therapeutically effective in immune-mediated inflammatory bowel disease, particularly in preventing reactivation of quiescent inflammatory bowel disease (57). Our data suggested that LR1 pretreatment reversed the enhanced MLCK and MLC expression and decreased ROCK level induced by ETEC K88-challenged IPEC-J2 cells. In addition, we also found that depletion of MLCK significantly enhanced Claudin-1 level and declined IL-8 and TNF-α level in IPEC-J2 pretreated with LR1 followed by challenging with ETEC K88. These results suggest that the inhibited MLCK signal pathway may be responsible for L. reuteri intestinal protection functions and alleviating inflammatory response in IPEC-J2 cells.

In conclusion, our work proposes that L. reuteri LR1 can improve intestinal epithelial barrier function and declined inflammatory response through suppressing the MLCK signal pathway. These results provide us with new insights into the protective effect of L. reuteri on the gut epithelial integrity and inflammation response, giving us a potential therapeutic function for the therapy of intestinal inflammatory diseases.
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Supplementary Figure S1 | Diagram for cell treatments. The IPEC-J2 cells (1×105 cells per well) were seeded in 12-well plates (Corning, New York, USA) for 24h. And the LR1 + ETEC K88 group was pre-treated by LR1 (1 × 109 cfu/mL) for 4h firstly, followed by ETEC K88 (1 × 108 cfu/mL) for 4h. And then, simultaneously, the control group, LR1 group and ETEC K88 group were treated accordingly for 4h. Four independent experiments were conducted to verify the results and three replicates per group in every independent test.

Supplementary Figure S2 | IL-17A protein expression. (A) IL-17A proteins expression in mouse colon and IPEC-J2 cells.

Supplementary Figure S3 | Knockdown MLCK inhibition the effects of L. reuteri LR1 on the inflammatory response in IPEC-J2 Cells treated with ETEC K88. (A) Gene expression of IL-8 determined by qPCR in IPEC-J2 cells transfected with negative control siRNA or siRNA targeting MLCK. (B) Gene expression of TNF-α determined by qPCR in IPEC-J2 cells transfected with negative control siRNA or siRNA targeting MLCK. Data presented as mean ± SEM (n=3). ***p < 0.001 vs. Control group, ##p < 0.01 and ###p < 0.001 vs. ETEC K88 group, &p < 0.05 and &&p < 0.01 vs. siNC+LR1+ETEC K88 group.
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Enterotoxigenic Escherichia coli (ETEC) infection induced post-weaning diarrhea is one of the leading causes of morbidity and mortality in newly weaned pigs and one of the significant drivers for antimicrobial use in swine production. ETEC attachment to the small intestine initiates ETEC colonization and infection. The secretion of enterotoxins further disrupts intestinal barrier function and induces intestinal inflammation in weaned pigs. ETEC infection can also aggravate the intestinal microbiota dysbiosis due to weaning stress and increase the susceptibility of weaned pigs to other enteric infectious diseases, which may result in diarrhea or sudden death. Therefore, the amount of antimicrobial drugs for medical treatment purposes in major food-producing animal species is still significant. The alternative practices that may help reduce the reliance on such antimicrobial drugs and address animal health requirements are needed. Nutritional intervention in order to enhance intestinal health and the overall performance of weaned pigs is one of the most powerful practices in the antibiotic-free production system. This review summarizes the utilization of several categories of feed additives or supplements, such as direct-fed microbials, prebiotics, phytochemicals, lysozyme, and micro minerals in newly weaned pigs. The current understanding of these candidates on intestinal health and disease resistance of pigs under ETEC infection are particularly discussed, which may inspire more research on the development of alternative practices to support food-producing animals.




Keywords: enterotoxigenic Escherichia coli, intestinal health, nutritional intervention, post-weaning diarrhea, weaned pigs



Introduction

Modern swine production becomes highly intensive in order to maximize productivity, however, husbandry-associated stress is also increased. Many physical and/or psychological stress, such as environmental and nutritional changes and increased exposure to infectious diseases, can induce a significant depression in growth performance, alter local or systemic immune responses, and disrupt gastrointestinal homeostasis in different physiological stages of pigs (1). For instance, regrouping, crowding, social isolation, and maternal deprivation may impair the immunity and alter the regulation of the neuroendocrine in pigs, thus inducing gastrointestinal diseases (2). This review is mainly focused on newly weaned pigs and post-weaning stress. The development of the intestinal epithelial barrier, immunity, and enteric nervous system exhibits a high degree of plasticity in the post-weaning period, which can impact the long-term phenotypes and gastrointestinal function (3, 4). Infectious diarrhea disease has long been one of the leading causes of morbidity and mortality in the swine industry (5). Post-weaning diarrhea (PWD) induced by pathogenic Escherichia coli (E. coli) infection is one of the most common diseases and is characterized by the discharge of watery feces, dehydration, a thin or unthrifty appearance, and sudden death of piglets. During acute outbreaks of PWD, the pig mortality due to E. coli infection may reach 20 to 30% over a 1- to 2-month time span among infected pigs (6). A survey conducted by National Animal Health Monitoring System reported that the mortality rate of nursery pigs ranged from 2.6 to 3.6% in the years 2000, 2006, and 2012, of which diarrhea-caused deaths accounted for 9.4 to 12.6% of the overall mortality (5). Therefore, the prevention of post-weaning E. coli infection is extremely important to maintain growth performance and welfare of pigs during the entire lifespan. In-feed antibiotics and a number of feed additives/supplements are discussed in this review to summarize their efficacies on growth promotion and disease resistance in weaned pigs.



ETEC infections in weaned pigs

The commensal E. coli strains that colonize the gastrointestinal tract of pigs rarely cause disease. However, E. coli expressing specific virulence features confers the ability to cause diarrheal disease (7). The major pathotypes of E. coli include enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC), enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), diffusely adherent E. coli (DAEC), Vero- or Shiga-like toxin-producing E. coli (VTEC or STEC) and enterotoxigenic E. coli (ETEC) (8). Among these, the most diffuse etiological agents responsible for PWD in pigs are ETEC displaying the fimbriae F4 (K88) and F18 (9).


Clinical signs

The clinical signs observed in E. coli-infected animals include diarrhea with watery, light-orange-colored feces, loss of appetite (decreased feed intake), depression, dehydration, rough hair coating, and inflamed perianal regions smeared with feces (10). The watery diarrhea condition typically lasts from 1 to 5 days after infection, but severe cases may result in shock or sudden death without showing obvious symptoms of illness (11). Pigs also change in appearance, as a sallow discoloration of the tip of the nose, the ears, and the abdomen may be observed.



Pathogenesis and toxins

The pathogenesis of ETEC-induced diarrhea is initiated by bacterial attachment to specific receptors expressed on the intestinal epithelium, followed by colonization of ETEC in the small intestine (Figure 1) (18). Fimbriae are hair-like appendages that show characteristic patterns from the outer membrane of the bacterial cells, which facilitate the adhesion of ETEC to the small intestinal mucosa (19). In pigs, F4 and F18 are the fimbrial types that are mostly associated with PWD, and these two fimbrial genes were found in 92.7% of all ETEC-induced PWD (20). Once ETEC successfully adheres to the small intestinal epithelium, colonization is established, and ETEC rapidly proliferates to produce one or more types of enterotoxins.




Figure 1 | The pathogenesis of enterotoxigenic Escherichia coli (ETEC) (1) ETEC are ingested by susceptible pigs and enter the gastrointestinal tract. (2) ETEC express fimbrial adhesins, which mediate adherence to specific receptors present on the intestinal epithelial cells. (3) Bacterial colonization occurs in the small intestinal mucosa. Once colonization is established, ETEC rapidly produce toxins (e.g., heat-labile, heat-stable, and/or Shiga toxins). (4) Enterotoxins stimulate water and electrolyte loss into the intestinal lumen, increase gut permeability, and/or transport across the epithelial cells to blood circulation, resulting in edema. (5) Increased gut permeability and massive water loss into the intestinal lumen lead to diarrhea, which results in the poor performance and productivity and increased mortality. Adapted from: Nagy and Feteke (12), Kaper et al. (13), Croxen et al. (14), Fleckenstein et al. (15), and Mirhoseini et al. (16), Rhouma et al. (17).



The secreted enterotoxins, including heat-labile toxins (LTs) and heat-stable toxins (STs), act on stimulating water and electrolyte secretion and reduce fluid absorption in the small intestine (12). Briefly, LTs bind to the receptors on the cell surfaces and activate the adenylate cyclase system to stimulate the secretion of cyclic adenosine monophosphate (cAMP). The up-regulated cAMP induces the activation of an apical chloride channel and a basolateral Na/K/2Cl cotransporter, resulting in chloride secretion from the apical region of enterocytes, reduced sodium absorption, and a concomitant massive water loss into the intestinal lumen (21, 22). STs produced by ETEC are secreted peptides that can be classified as STa and STb based on their solubility and enzyme sensitivity. STa binds to the extracellular domain and accumulates cyclic guanosine monophosphate (cGMP) and consequently opens the ion channel to induce Cl- and HCO3- release into the intestinal lumen (23). STa also enhances the luminal secretion of pro-inflammatory cytokines and chemokines, including interleukin (IL)-6 and IL-8, in the small intestinal mucosa of pigs (24). STb was shown to specifically interact with calcium ion channels on the intestinal epithelial surface to elevate intracellular Ca2+ concentration, which may increase paracellular permeability via claudin-1 redistribution (25). STb can also concurrently reduce the expression of other tight junction proteins, including zona occludens-1 and occludin, thus accelerating fluid loss into the intestinal lumen (26).

Moreover, Shiga toxins (Stxs) and lipopolysaccharides (LPS) derived from ETEC are also involved in the pathogenicity in the host (13). After binding to the cell surface, Stxs are internalized via the Golgi apparatus to the endoplasmic reticulum before being translocated to the cytosol of enterocytes (27). During the translocation, Stxs are able to induce DNA fragmentation and cell apoptosis of infected cells, which further facilitates proteolysis in neighboring cells and toxic effects on the host (28). Additionally, Stxs can stimulate the intestinal epithelial cells to secrete pro-inflammatory cytokines and neutrophil chemoattractant molecules, like IL-8 (29). Bacterial LPS are the major components of the outer membrane of Gram-negative bacteria, including ETEC (30). LPS receptors are mainly located on the cells in the innate immune system, such as macrophages and endothelial cells (31). The activation of immune cells induced by LPS binding can stimulate various immunological signaling pathways, leading to the release of a large amount of cytokines, including tumor necrosis factor-α (TNF-α), IL-6, and IL-1 from target cells (32).




Intestinal barrier disruption during ETEC infection

The intestinal epithelium forms as a single layer lining the gastrointestinal tract and is responsible for the uptake of nutrients and water. Meanwhile, the epithelium also serves as a physical barrier to exclude potential antigens, pathogens, and toxins from the external environment (33). ETEC infection could damage the intestinal epithelial barrier functions, resulting in electrolytes and water imbalance and watery diarrhea, and induce intestinal inflammation in piglets (19, 34, 35).


Mucus

The mucus layer is a gel-like sieve structure covering the luminal surface of the gastrointestinal tract and acts as a physical barrier to bacteria and other antigens present in the lumen (36, 37). Mucus is known to be a highly dynamic matrix, mainly consisting of glycosylated mucin proteins secreted by intestinal goblet cells. In the small and large intestine, mucin 2 (MUC2) is the most abundant mucus protein (38). However, the inner mucus layer also contains antimicrobial peptides, immunoglobulin-A (IgA), and other molecules that are essential in the innate immune defense and the maintenance of intestinal homeostasis (39).

ETEC infection could alter the expression of MUC2 in the small intestine. An in vivo ETEC F18 challenged study observed that ETEC-infected pigs expressed more MUC2 gene in the jejunal mucosa during the peak of infection (40). The up-regulated MUC2 gene in the intestinal epithelium was also reported by several in vitro studies when LTs or Stxs producing ETEC were used (41, 42). However, a down-regulated MUC2 gene expression was observed in ETEC F18 infected pigs during the post-peak infection period (40). A growing body of evidence demonstrated that a highly conserved mucin-degrading metalloprotease from ETEC is responsible for mucin reduction, which facilitates the interaction of ETEC with intestinal enterocytes and immune cells and triggers inflammatory responses in the gut (43–45).



Tight junction and epithelial barrier

Intestinal tight junctions are junctional complex in epithelium, consisting of three integral transmembrane proteins, including occludin, claudins, and junctional adhesion molecule (JAM), as well as the cytoplasmatic plaque proteins zonula occludens, cingulin, and 7H6 (46, 47). Occludins and claudins are the major sealing protein. Zonula occludens directly interact with most of the transmembrane proteins localizing at tight junctions and provide the structural basis for the assembly of multiprotein complexes at the cytoplasmic surface of intercellular junctions (48, 49). Tight junctions act as gates or fences to control intestinal permeability and to maintain intestinal integrity (50). Beyond that, growing evidence indicates that tight junctions are also involved in cell-cell signal transduction to guide cell proliferation and differentiation (51).

The alteration of tight junction proteins by bacterial pathogens or enterotoxins can lead to permeability defects in the intestinal epithelium (52). Numerous research articles have reported that ETEC can impair intestinal barrier function by modulating tight junction protein expressions (Table 1), which may induce diarrhea and initiate inflammatory cascades. The common methods to assess in vivo intestinal permeability include the mannitol and lactulose test, analyzing the flux of intact FD4, and measuring bacterial translocation. The flux of intact FD4 across the intestinal epithelium occurs primarily through paracellular pathways, thus, increased flux rates of FD4 can reflect the intestinal barrier defects (62). McLamb et al. (34) and Kim et al. (40) reported that ETEC F18 infection elevated FD4 flux rates across the porcine ileum or jejunum, respectively. Bacterial translocation is defined as the passage of viable bacteria or its products from the gastrointestinal tract to normally sterile tissues, including mesenteric lymph nodes and other internal organs (i.e., the spleen) (63, 64). The major mechanisms promoting bacterial translocation are intestinal bacterial overgrowth, deficiencies in host immune defenses by disturbed gut integrity, and increased permeability or mucosal injury (65). It was reported that ETEC F18 clearly increased bacterial translocation from the intestinal lumen to the mesenteric lymph nodes of weaned pigs (66). Collectively, ETEC infection negatively impacts tight junction integrity, and increases paracellular movements of molecules, thus inducing inflammatory responses and diarrhea in pigs.


Table 1 | Enterotoxigenic Escherichia coli (ETEC) altered the expression of tight junction proteins in the small intestine of pigs in vivo or epithelial cells in vitro.






Immune responses of pigs during ETEC infection

In addition to the physical barrier function of the mucus, the mucosal immune system constitutes an extensive and highly specialized innate and adaptive immune system to protect the host against potential insults from the environment (67). When inflammation occurs in the intestines, the robust innate immune responses are first observed by the marked elevations in the production of inflammatory mediators, including IL-1β, IL-6, and IL-8, which further promote leukocyte accumulation and survival in the inflamed sites (68). The recruited neutrophils and activated macrophages are responsible for the elimination of pathogens and stimulating systemic inflammation and acute-phase reaction (69, 70). ETEC F18 that expressed LT, STa, and Shiga-like toxins remarkably induced the recruitment of neutrophils and macrophages in the ileum of weaned pigs during the peak of infection (71). Consistently, the up-regulated expression of genes encoding inflammatory mediators (e.g., COX2, IL1B, IL6, IL7, and TNF) were also observed in the ileal mucosa of ETEC F18 infected piglets (40). LPS, the major component of the outer member of ETEC, are highly involved in the activation of innate immunity, as indicated that ETEC F18 increased the mRNA expression of LPS binding protein and MyD88 in ileal mucosa of pigs (72). In addition, flagellin, a globular protein in the flagella of ETEC, is also involved in the activation of intestinal immune responses by stimulating IL8 expression in the ileal mucosa (72, 73). Several pathways may be involved in the process of ETEC infection, as the NF-κB and MAPK pathways are particularly important to stimulate downstream inflammatory responses (72, 74–77).

Systemic inflammation could be evoked due to Gram-negative sepsis (78, 79). ETEC F18 infection could induce systemic inflammation, as indicated by the gradually increased total white blood cell counts, neutrophils, and lymphocytes in the blood circulation of infected pigs (71, 80, 81). Systemic levels of pro-inflammatory cytokines (e.g., TNF-α) and acute phase proteins (C-reactive protein and haptoglobin) were also elevated accordingly after ETEC F18 or K88 infection (71, 82–84). The peak of systemic inflammation in weaned pigs appears on day 2 to 7 post-ETEC challenge depending on the severity of infection, while it usually disappears or cannot be detected after day 14 post-infection.



Intestinal microbiota changes during ETEC infection

Intestinal microbiota plays pivotal roles in maintaining the nutritional, physiological, and immunological function of the intestine (85, 86). The pig intestine harbors a very complex and diverse microbial community, which shifts along the intestinal tract and changes by age, diet, and many other factors (87). The colonization of intestinal microbiota in pigs is initiated at birth but still develops at the weaning stage (88). Thus, the intestinal microbial composition in newly weaned pigs could be easily disrupted due to weaning stress and dietary changes, making the pigs more susceptible to pathogenic bacteria (89).

Although E. coli is one of the first bacteria to colonize in the intestine of piglets at birth, it is phased out after weaning (90). ETEC infection or increased abundance of E. coli during the post-weaning stage could impact intestinal microbiota. Bin et al. (91) reported that ETEC K88 infection reduced microbial diversity and the Bacteroidetes : Firmicutes ratio in jejunum and feces in weaned pigs. Bacteroidetes and Firmicutes are the most dominant intestinal microbial phyla in young pigs, which cooperatively utilize carbohydrates in the gut (92). The reduced fecal Bacteroidetes : Firmicutes ratio is used as a biomarker for intestinal dysbiosis and was also observed in pigs with other types of diarrheal diseases (93, 94). Significant changes in community structure were also reported in many ETEC F18 or K88 infection cases. Pigs challenged with ETEC F18 or K88 were reported to have increased relative abundance of Proteobacteria family in the ileum or colon by increasing Escherichia-Shigella or Helicobacteraceae (91, 95–97). A reduced relative abundance of Lactobacillus was observed in the ileum of weaned pigs when challenged with ETEC F18 (97). The disturbance of intestinal microbiota by ETEC infection further shifts the intestinal ecosystem to be more favorable for the growth of pathogens and reduces the production of volatile fatty acids in the large intestine (97–99). Many of these microbiota changes were reported to be negatively correlated with growth performance and the overall intestinal health of weaned pigs (100, 101).



In-feed antibiotics

In-feed antibiotics were one of the most powerful substances to prevent and treat bacterial infections in food-producing animals. In swine production, the use of antibiotics at intermediate or therapeutic levels served many purposes, including 1) treating sick animals, 2) preventing diseases by mass treatment of the entire population, 3) reducing the negative impacts of stresses, namely weaning stress, and 4) promoting growth. The potential mechanisms of action of antibiotics target different anatomical parts of bacteria. First, antibiotics could induce a lethal malfunctioning of the bacterial cell wall synthesis. The presence of penicillin-binding proteins (PBPs) is critical for proper bacterial cell wall assembly (102). However, PBPs are the main targets of β-lactam and glycopeptide antibiotics in order to inhibit bacterial cell wall synthesis. More specifically, β-lactam agents target PBPs, and their interaction could lead to failure in the synthesis of new peptidoglycan and lysis of bacterium (103). Second, antibiotics could inhibit protein biosynthesis in the ribosomes of bacterial cells. The bacterial ribosome (70S) is composed of two ribonucleoprotein subunits, 30S and 50S subunits, with each performing different functions (104). Some antimicrobial agents, like aminoglycosides and tetracyclines, target the 30S subunit by either preventing the binding of the mRNA to the ribosome or inducing misreading and premature termination of translation of mRNA (105). Chloramphenicol, macrolides, and oxazolidinones antibiotics are the major inhibitors of the 50S subunit. They can prevent the binding of aminoacyl-tRNA to the mRNA-ribosome complex or inhibit the formation of complete peptide chains by targeting the conserved sequences of the peptidyl transferase (106). Third, antibiotics can inhibit bacterial DNA replication. Quinolone antibiotics are the major DNA replication inhibitors. They can inhibit bacterial nucleic acid synthesis by disrupting topoisomerase and DNA gyrase, two critical bacterial enzymes that regulate the chromosomal supercoiling required for DNA synthesis (107). The disturbance of these enzymes can break bacterial chromosomes and cause rapid bacterial death (108). Fourth, antibiotics can inhibit folic acid metabolism. Folate is a cofactor for many enzymes that are required for DNA and RNA biosynthesis and amino acid metabolism in bacteria (109). Sulfonamides and trimethoprim interrupt folic acid synthesis and ultimately disturb the synthesis of purines and thus DNA biosynthesis (110). A combination of sulfonamides and trimethoprim has shown synergistic antibiotic activities because they target distinct steps in folic acid metabolism (111).

As reviewed by Cromwell (112), in-feed antibiotics improved growth rate by an average of 16.4% and improved the efficiency of feed utilization by 6.9% of young pigs from 7 to 25 kg body weight. Moreover, the inclusion of antibiotics in feed dramatically reduced the mortality of young pigs (3.1%) under high-disease conditions and environmental stress when comparing with non-antibiotic-treated pigs (15.6%) (113). Therefore, approximately 70% of the swine farms in the United States used a wide variety of antibiotics in nursery diets over the past 20 to 30 years before 2015 (5). Several commonly used antibiotics and their effects are summarized in Table 2. However, the potential risks of antibiotic resistance and contamination and the adverse health effects of trace amounts of antibiotics in humans and animals have been increasingly recognized as global health concerns (124). Therefore, effective alternative practices to strengthen the disease resistance of animals are greatly needed.


Table 2 | In-feed antibiotics on ETEC infection of weaned pigs.





Nutritional intervention

Research on exploring alternatives to antibiotics is growing and has been reviewed by Pettigrew (125), Lallès et al. (126), Heo et al. (127), and Liu et al. (128). Many nutritional interventions have been widely applied to weanling pigs to enhance their disease resistance and growth performance. Although their exact protective mechanisms may vary and are still not completely understood, one or more following functions may be involved: (1) to favorably affect the characteristics of feed (2), to satisfy the nutritional needs of animals without any adverse effects, or (3) to favorably impact animal production and performance, particularly by regulating gut microbiota, intestinal immunity or digestibility of nutrients.


Zinc oxide

Zinc is an essential micro-mineral required in trace amounts in animal feed. Zinc performs broad types of functional roles, including (1) structural roles in forming components of organs and tissues, (2) physiological roles in maintaining homeostasis, (3) catalytic roles in regulating enzymes and endocrine systems, and (4) regulatory roles in cellular replication and differentiation (129). Zinc also plays a central role in the immune system, as it is crucial for the development and function of immune cells, the production or biological activity of cytokines, and the regulation of T and B cell signaling (130–132). Zinc deficiency affects many aspects of innate and adaptive immunity. Acute zinc deficiency can cause decreased innate and adaptive immune responses, while chronic zinc deficiency is highly associated with many diseases and inflammation (133).

Zinc is commonly added to the nursery diet at pharmacological levels to promote performance and control post-weaning diarrhea (134–136). Numerous studies also reported that supplementation of a high dose of zinc in the form of zinc oxide (ZnO) enhanced disease resistance of weaned pigs against ETEC infection. For instance, the inclusion of 2,880 mg/kg of ZnO reduced the incidence of diarrhea and boosted the recovery of pigs from ETEC F4 infection (119). Kim et al. (118) also reported that 2,400 mg/kg of ZnO administration enhanced average daily gain, reduced diarrhea and fecal shedding of E. coli, and improved small intestinal morphology in weaned pigs challenged with ETEC F4. Other beneficial effects of pharmacological zinc included the enhancement of intestinal integrity (137), restoration of the injured intestinal mucosa (138), reduction of intestinal permeability by enhancing the expression of tight junction proteins (139), and improvement of intestinal immunity (140) in ETEC-infected pigs. The potential mechanisms of action of high dose ZnO in reducing post-weaning diarrhea include but are not limited to: 1) inhibiting pathogen viability and 2) modulating the intestinal microbial population. Roselli et al. (141) demonstrated that in vitro ZnO treatment may protect intestinal epithelial cells from ETEC F4 infection by inhibiting the adhesion and internalization of bacteria. Supplementation of 2,500 mg/kg of ZnO in vivo helped to stabilize the microbial community while preventing pathogenic microbes proliferation during the first 2 weeks of post-weaning (142).

Although pharmacological ZnO is very effective in preventing post-weaning diarrhea, its environmental impact is significant and increases public health and safety concerns. Recent research demonstrated that supplementation of pharmacological ZnO may induce the excessive accumulation of zinc in animal tissues, including kidney, liver, and pancreas (143, 144). The overload of ZnO might also contribute to the acquisition and spread of antibiotic resistance genes in pigs (145–147). Therefore, the use of pharmacological ZnO in piglet diets was banned in the European Union from June 2022.



Direct-fed microbials

Direct-fed microbials (DFM) are live microorganisms that confer a health benefit on the host, when administered in adequate amounts (148). There are 3 main categories of DFM, including Bacillus (Gram-positive spore-forming bacteria), lactic acid-producing bacteria (e.g., Lactobacillus, Bifidobacterium, Enterococcus, etc.), and yeast (149). The beneficial effects of DFM on the host may be attributed to several mechanisms, including but not limited to: (1) production of antimicrobial products, (2) regulation of gut microbial profile, (3) immunomodulation, and (4) enhancement of epithelial gut barrier function (150, 151).

Bacillus-based DFMs are spore-forming bacteria. They are thermostable for feed storage and processing (e.g., pelleting and extrusion) and are able to survive at low pH in the stomach (152). Some common species of Bacillus include Bacillus subtilis, Bacillus licheniformis, Bacillus pumilus, Bacillus amyloliquefaciens, Bacillus anthracis, and Bacillus cereus, in which Bacillus anthracis and Bacillus cereus are known to be pathogenic to humans and animals (153). Bacillus spp. can be isolated extensively from plants and their rhizosphere (soil in the vicinity of plant roots) and can also be found in other environments (154). Bacillus spp. were characterized as mesophilic and neutrophilic bacteria that can survive and germinate in the gut, form biofilms, and secrete antimicrobials (155, 156). A variety of Bacillus-based supplements have been found to promote growth, feed utilization, and intestinal health of pigs (157–159). The potential mechanisms of action of Bacillus spp. against ETEC infection include: 1) modulating the host immune responses by regulating the expression of major cytokines that are involved in initiating and regulating immune responses (160), 2) enhancing the expression of tight junction proteins (161), and 3) and promoting the growth of beneficial microbes and overall gut health of the host (162). Our previously published research reported that dietary supplementation of 2.56 × 109 CFU/kg of Bacillus subtilis (DSM 25841) enhanced disease resistance and growth performance and reduced diarrhea of weaned pigs infected with ETEC F18 (40, 121). Pigs fed with Bacillus subtilis also strengthened intestinal integrity and barrier function, as indicated by reduced transcellular and paracellular permeability and enhanced gene expression of tight junction protein, ZO1. In addition, the same Bacillus subtilis (DSM 25841) strain was able to reduce the incidence and severity of diarrhea in weaned pigs infected with ETEC F4 (163). Supplementation of Bacillus subtilis DSM 25841 was also observed to reduce cecal Enterobacteriaceae level, up-regulate the expression of gene sets related to immunity, and improve amino acids metabolism and utilization in jejunal mucosa (163).

Lactic acid-producing bacteria administration can modulate intestinal microbial profiles by competing for the binding sites on the intestinal epithelial cells with pathogens, or by producing microbicidal substances that inhibit or kill pathogens (164–166). Lactobacillus plantarum is a widespread strain that can be produced by plant fermentation or directly isolated from the gastrointestinal tract of healthy humans or animals. Lee et al. (116) and Yang et al. (56) demonstrated that supplementation of Lactobacillus planatrum (1010 cfu/kg of CJLP243 or 5 × 1010 cfu/kg of CGMCC 1258, respectively) enhanced growth performance and reduced diarrhea of weaned pigs challenged with ETEC F4. Pigs fed with Lactobacillus planatrum also had enhanced intestinal morphology, reduced fecal shedding of ETEC, or reduced adhesion of ETEC to the small intestinal mucosa. Another study reported that Lactobacillus plantarum (CCFM1143 or FGDLZ1M5; 5 × 1010 cfu/kg, respectively) supplementation reduced the relative abundance of Bacteroidetes and Enterobacteriaceae in feces and increased the concentration of total short-chain fatty acids in the cecum of ETEC infected pigs (99). Consistently, Lactobacillus rhamnosus (ACTT 7469; 1010 cfu/day or 1012 cfu/day) administration ameliorated ETEC F4-induced diarrhea and reduced pathogenic coliform shedding in feces, possibly due to its ability to increase the number of Lactobacilli and Bifidobacteria in feces (167). Some research also reported that supplementation of lactic acid-producing bacteria could regulate intestinal mucosa immunity and stimulate the immune system of the host (168, 169). A previous in vitro study reported that Lactobacillus planatrum (299v) could increase the mRNA expression of MUC2 and MUC3 in HT 29 intestinal cells, thus, inhibiting the adherence of enteropathogenic E. coli to the intestinal cells (170). Moreover, lactic acid-producing bacteria contribute to an acidic environment in the gastrointestinal tract, which partly alters the growth of pathogenic microorganisms, including E. coli (171). Therefore, lactic acid-producing bacteria is another common type of DFMs used in weaned pigs to promote intestinal health.

Yeast consists of a broad range of products, including whole live yeast cells, heat-treated yeast cells, ground yeast cells, purified yeast cell cultures, and yeast extracts. The efficacy of yeast-based products varies depending on their forms (128). The majority of the dry weight of the yeast cell wall is polysaccharides, with α-D-mannan and β-D-glucan as the major components. These polysaccharides have been recognized for their immune-regulatory activities through specific interactions with different immunocompetent cells (172). In particular, α-D-mannan in yeast was reported to bind to mannose-specific receptors that are present in many pathogenic bacteria, including E. coli and Salmonella spp., thus, inhibiting the adhesion of these pathogens to the mannose-rich glycoproteins lining the intestinal lumen (173). Growing evidence supports the immunostimulatory benefits of β-D-glucans, as it could stimulate the activity of macrophages and neutrophils via binding to their receptors (174). Saccharomyces spp. are the most studied yeast species for controlling intestinal disorders in young animals due to their remarkable immune-regulatory properties (175, 176). The beneficial effects of live Saccharomyces cerevisiae yeast on controlling diarrhea and reducing mortality of weaned pigs infected with ETEC F4 were reported by Trevisi et al. (117). The results of gene expression profiles in jejunal mucosa indicated that supplementation of Saccharomyces cerevisiae yeast modified the expression of genes related to mitosis, mitochondria development, metabolic process, and transcription in ETEC-infected pigs (177).



Prebiotics

Prebiotics were originally defined as ‘non-digestible food substances that selectively stimulate the growth of favorable species of bacteria in the gut, thereby benefitting the host’ by Gibson and Roberfroid (178). This definition has been expanded by including three broad criteria: (1) resistance to gastric acid and hydrolysis by mammalian enzymes and gastrointestinal absorption; (2) ability to be utilized by the gastrointestinal microbiota; and (3) selectively stimulate the growth and/or the activity of intestinal bacteria associated with health-promoting effects (179). The best-characterized prebiotics are non-digestible oligosaccharides, including inulin, lactulose, pyrodextrins, fructo-oligosaccharides (FOS), galacto-oligosaccharides (GOS), xylo-oligosaccharides, transgalactooligosaccharides, and isomalto-oligosaccharides (180).

The most striking effect of prebiotics is their ability to reshape the composition of gut microbiota in the host. Prebiotics can boost the production of health-promoting bacteria, such as lactic acid-producing bacteria, which can further inhibit the growth of enteric pathogens (e.g., E. coli, Campylobacter, Salmonella spp.) and/or attenuate their virulence (181, 182). The enhancement of the beneficial bacteria population by adding prebiotics could indirectly affect the immunity of the host. In addition to that, prebiotics per se can directly interact with intestinal cells, including epithelial cells, goblet cells, or immune cells (183, 184). This interaction may trigger the downstream benefits, as indicated by more mucin production (185), strengthened gut barrier functions (186), or enhanced inflammatory responses (187, 188). Many studies have confirmed the beneficial effects of prebiotic supplementation in weaned pigs challenged with ETEC. For example, supplementation of 2.5 g/kg of FOS extracted from plants can improve growth performance and gut health of pigs infected with ETEC F4 (189). Specifically, pigs supplemented with FOS reduced plasma IL-1β and TNF-α, and improved small intestinal morphology against ETEC F4. Moreover, FOS administration also elevated mRNA expression of duodenal and jejunal ZO-1 and ileal occludin, but down-regulated TNF-α and IL-6 in the small intestine. These results indicated that supplementation of FOS was associated with suppressed inflammatory responses and improved intestinal barrier functions. Luo et al. (190) also observed that dietary supplementation of FOS attenuated the intestinal mucosa disruption in ETEC-infected pigs by increasing their anti-oxidative capacity and intestinal barrier functions. GOS, one of the main bioactive compounds in human milk, was well studied in humans as it supports the colonic health of breast-fed infants (191). GOS exhibited in vitro antimicrobial effects on ETEC F4 by inhibiting the adherence of the F4 strains to porcine intestinal mucins (192). This observation suggests that GOS may serve in the prophylaxis of ETEC infection. β-glucans originated from different sources (cereal grains, yeast, or algae) also show prebiotic properties (193). Stuyven et al. (194) reported that β-glucans extracted from yeast reduced the colonization of ETEC F4 to the small intestine, thus alleviating diarrhea of weaned pigs. However, the immune-modulatory activity of β-glucans was more attractive and well-studied in humans and animals. Our previously published research observed that supplementation of algae-derived β-glucans enhanced gut integrity, reduced intestinal paracellular permeability, and boosted intestinal and systemic immune responses in weaned pigs infected with ETEC F18 (81). This study also suggests that dectin, a major β-glucan receptor expressed on many immune cells (e.g., macrophages), is potentially involved in the immune-regulatory effects of β-glucans, thus protecting the host from the ETEC infection (81, 195).



Phytochemicals

Phytochemicals include a large variety of secondary plant metabolites that are naturally derived from plant materials or directly synthesized (e.g., polyphenols, terpenoids, carotenoids, limonoids, flavonoids, catechins, anthocyanidins, indoles, ethnobotanicals, etc.) (196). Phytochemicals exhibited broad biological properties, including antimicrobial, antioxidant, anti-inflammatory, and antiviral effects (197–200). Notably, many phytochemicals display broad-spectrum antibacterial activities against Gram-negative and Gram-positive bacteria (201–203). The antimicrobial mechanism of action varies due to the sources and extraction methods of phytochemicals. Based on the literature view, several potential antimicrobial mechanisms were proposed. First, many plant-derived essential oils could destabilize the phospholipid bilayer, causing the loss of permeability, leakage of intracellular constituents (e.g., ions, proton), and even the coagulation of cytoplasm (204, 205). Second, some phytochemicals contain a high proportion of phenolic compounds that possess strong antibacterial properties by inhibiting the efflux pump (206). Third, phytochemicals could disrupt the enzymes involved in the synthesis, replication, repair, and transcription procedures of virulent bacteria (207). Fourth, certain active components in phytochemicals may prevent the development of adhesion formation (208, 209) and inhibit bacterial adhesion (210, 211).

The anti-inflammatory effects of phytochemicals have also been widely reported with in vitro and in vivo models. For example, phytogenic compounds (e.g., crude extracts, phenolics, triterpenoids, polysaccharides, saponins, lectins) obtained from fruits, vegetables, and food legumes could suppress the production of inflammatory markers (e.g., C-reactive protein, IL-1, IL-6, TNF-α) or major inflammatory mediators (e.g., NO, iNOS, COX2, PGE2) in human intervention studies and in vitro cell models (212, 213). Essential oils from clove, pine, tea, garlic, cinnamon, and other compounds also possess anti-inflammatory activities that were observed in vitro (214, 215) and in livestock, fish, and poultry (216, 217). The anti-inflammatory mechanisms of action have not been completely understood in phytochemicals, and some research indicates that the in vitro anti-inflammatory or in vivo immune-modulatory effects are partially mediated by blocking the NF-κB activation pathway (218, 219). Other potential modes of action include inhibiting lipoxygenase and cyclooxygenase, two important enzymes in the activation of inflammatory responses (220–222).

The effects of phytochemicals on ETEC F18 and F4 infection have been evaluated in many in vivo pig studies. Dietary inclusion of 10 mg/kg of capsicum oleoresin, garlic botanical, or turmeric oleoresin reduced diarrhea and enhanced disease resistance of weaned pigs infected with ETEC F18 (71). Pigs fed with phytochemicals developed better intestinal health, as indicated by higher villi height, lower immune cell accumulation, and milder intestinal inflammation than infected control. The further microarray analysis confirmed that feeding these phytochemicals enhanced the integrity of membranes, especially tight junction-related genes in ileum of weaned pigs (72). In addition, the reduced intestinal inflammation by feeding phytochemicals was also observed at the transcriptional level, as indicated by the down-regulation of genes in the categories of responses to stimulus, antigen processing and presentation, and inflammatory mediators in ileal mucosa (72). Devi et al. (223) reported that supplementation of a 0.05% phytogenic combination, including clove, cinnamon, and fenugreek, improved weight gain and apparent total tract digestibility in pigs under ETEC F4 infection. Likewise, the chestnut extract containing hydrolyzable tannins was reported to reduce diarrhea and enhance the growth performance of pigs challenged with ETEC F4 (224). Cranberry supplementation in feed (10 g/kg) or via drinking water (1 g/L) significantly reduced the diarrhea severity of ETEC F18-infected pigs (225).



Lysozyme

Lysozyme is a naturally existing antimicrobial enzyme that can be found in blood, liver, and many bodily secretions. It cleaves 1,4-β-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine in the peptidoglycan layer of the bacterial cell wall, thus inducing cell death (226). Lysozyme is part of innate immunity and plays an important role in limiting bacterial overgrowth at mucosal surfaces. Recent research suggests lysozyme could modulate the host immune responses to infection (227, 228). The lysozyme-mediated degradation and lysis of bacteria enhance the release of bacterial products, such as bacterial peptidoglycans, which further regulate the immune response in the host (229). However, the location of lysozyme activity, the susceptibility of bacterial peptidoglycans to lysozyme digestion, and the amount and composition of bacterial products can all modulate the degree and extent of pro-inflammatory immune responses. Thus, lysozyme could enhance or dampen the innate immune response (229). Other research also reveals that lysozyme may contribute to resolving intestinal inflammation via restricting bacterial growth, assisting in intestinal epithelial barrier protection, and reducing phagocyte influx and concomitant cellular inflammatory responses (227, 229, 230).

Lysozyme is one of the suitable alternatives to replace antibiotic growth promoters in swine production. Lysozyme derived from chicken eggs was reported to improve growth performance of weaned pigs, with its efficacy comparable to neomycin/oxytetracycline (101), carbadox/copper sulfate (214), or chlortetracycline/tiamulin hydrogen fumarate (231). Growing evidence also supports that the administration of lysozyme could enhance the disease resistance of weaned pigs against ETEC infection. For instance, Nyachoti et al. (114) reported that supplementation of lysozyme sourced from egg white improved intestinal development, decreased ETEC counts in the intestinal mucosa, and reduced serum pro-inflammatory cytokines in weaned pigs infected with ETEC F4. Garas et al. (232) observed that feeding lysozyme-rich goat milk reduced the incidence of diarrhea and significantly suppressed total bacteria translocation into the mesenteric lymph nodes in pigs infected with ETEC F4. Supplementing lysozyme-rich milk also reduced the relative abundance of fecal Enterobacteriaceae family, in which many prevalent enteric pathogens (e.g., E. coli and Salmonella) belong to. Similarly, pigs fed with human lysozyme-rich milk had a higher survival rate and reduced diarrhea when they were challenged with ETEC F4 (233). The enriched relative abundance of Lactobacillus in feces and enhanced intestinal integrity and mucosa immunity were also observed in these pigs (233).




Conclusions

ETEC is one of the most predominant causes of post-weaning diarrhea in pigs. In-feed antibiotics and pharmacological ZnO were routinely added to the nursery diet to prevent diarrhea and to increase the survival rate of newly weaned pigs. However, the heavy use of medically important antimicrobials in food-producing animals induces the development and spread of antimicrobial resistance. The resistance results in the loss of effectiveness of these drugs as antimicrobial therapies, which poses a serious threat to public and animal health. The significant environmental impacts and public concerns are also highly recognized in the application of high-dose ZnO in pig feed. Thus, the exploration of alternative practices that may help reduce the reliance on antimicrobial drugs and pharmacological ZnO and address animal health needs is warranted. Accumulating evidence has confirmed the importance of nutritional interventions, including modified feeding strategies and nutrient supplements, in the control of diarrheal disease caused by ETEC. Several categories of feed additives are widely applied to nursery pigs to assist in enhancing intestinal barrier function and immunity, balancing intestinal microbiota diversity, and promoting overall health and performance. Although no single substance can fully replace the functions of in-feed antibiotics and high-dose ZnO so far, their beneficial effects on pig health and welfare are promising. Future research should focus on the development of fundamental knowledge on defining healthy gut and robust intestinal function of pigs by adopting novel approaches. Understanding the interaction of host-microbiome-nutrition is also extremely important to exploring the mechanisms of new nutritional interventions.
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Increasing evidence supports the ability of eugenol to maintain intestinal barrier integrity and anti-inflammatory in vitro and in vivo; however, whether eugenol alleviates  virus-mediated intestinal barrier damage and inflammation remains a mystery. Transmissible gastroenteritis virus (TGEV), a coronavirus, is one of the main causative agents of diarrhea in piglets and significantly impacts the global swine industry. Here, we found that eugenol could alleviate TGEV-induced intestinal functional impairment and inflammatory responses in piglets. Our results indicated that eugenol improved feed efficiency in TGEV-infected piglets. Eugenol not only increased serum immunoglobulin concentration (IgG) but also significantly decreased serum inflammatory cytokine concentration (TNF-α) in TGEV-infected piglets. In addition, eugenol also significantly decreased the expression of NF-κB mRNA and the phosphorylation level of NF-κB P65 protein in the jejunum mucosa of TGEV-infected piglets. Eugenol increased villus height and the ratio of villus height to crypt depth in the jejunum and ileum, and decreased serum D-lactic acid levels. Importantly, eugenol increased tight junction protein (ZO-1) and mRNA expression levels of nutrient transporter-related genes (GluT-2 and CaT-1) in the jejunum mucosa of TGEV-infected piglets. Meanwhile, compared with TGEV-infected IPEC-J2 cells, treatment with eugenol reduced the cell cytopathic effect, attenuated the inflammatory response. Interestingly, eugenol did not increase the expression of ZO-1 and Occludin in IPEC-J2 cells. However, western blot and immunofluorescence results showed that eugenol restored TGEV-induced down-regulation of ZO-1 and Occludin, while BAY11-7082 (The NF-κB specific inhibitor) enhanced the regulatory ability of eugenol. Our findings demonstrated that eugenol attenuated TGEV-induced intestinal injury by increasing the expression of ZO-1 and Occludin, which may be related to the inhibition of NF-κB signaling pathway. Eugenol may offer some therapeutic opportunities for coronavirus-related diseases.
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Introduction

Coronaviruses have strong variability and the ability to spread across species (1). Transmissible gastroenteritis virus (TGEV) is an enveloped, positive-sense, single-stranded RNA coronavirus with a length of about 28.5 kb, which is the main pathogen causing porcine gastroenteritis (2). Transmissible gastroenteritis (TGE) is a highly contagious enteric disease caused by TGEV, with clinical symptoms characterized by severe diarrhea, dehydration and vomiting in piglets (3, 4). The virus has now become widespread in several countries, causing severe economic losses to the swine industry (5). Therefore, it is necessary to understand the pathogenic mechanism of TGEV and find effective treatments.

The intestinal mucosal barrier includes epithelial cells and is the first line of defense against external pathogens from invading the intestine (6). It can rapidly activate early cellular responses and induce the production of various cytokines to act as a bridge between innate and adaptive immunity (7, 8). Therefore, the intact intestinal mucosal epithelium and its good physiological state are important guarantees for the healthy growth of animals. During viral infection, viruses alter or disrupt the normal architecture of the cellular intestinal barrier structure, further supporting viral entry, replication, and production of viral particles (9). Therefore, investigating the intestinal infection of piglets during TGEV infection has aroused considerable research interest.

Eugenol (C10H12O2), a well-known natural product with immunomodulatory and disease resistance effects (10–12), has attracted much attention in recent years. Eugenol is a phenolic aromatic compound, which is the main component of clove oil (13). It is commonly obtained from the natural essential oils of the Lamiaceae, Lauraceae, Myrtaceae and Myristicaceae families (14). Recent reports indicate that eugenol inhibits LPS-induced inflammatory response in the porcine intestinal epithelial cells (15). In addition, studies have shown that eugenol has antiviral activity against Ebola virus (a single-stranded, negative-sense, enveloped filamentous RNA virus) (16) and feline calicivirus (a single-stranded, positive-sense, non-enveloped RNA virus) (17), but the specific mechanism awaits study. Besides, little is known about its physiological function in porcine intestinal epithelial cells. More importantly, no previous study has investigated the key regulatory functions of eugenol during TGEV infection.

Thus, in the present study, we focused on the effects of eugenol on intestinal epithelial function and inflammatory response in TGEV-infected weaned piglets and revealed the underlying mechanism. Our findings suggested that eugenol protects intestinal epithelial barrier function by inhibiting TGEV-induced intestinal epithelial cell inflammation, and the mechanism is related to the inhibition of TGEV-induced NF-κB signaling pathway.



Materials and methods


Materials

Eugenol (≥98%, W246719, FG) was acquired from Sigma-Aldrich (Shanghai, China). NF-κB inhibitor (BAY 11-7082, S2913) was purchased from Selleck.



Virus, cell culture, and treatment

TGEV strain TS (GenBank accession no. DQ201447.1), a clinical isolate, was presented by the College of Veterinary Medicine, Sichuan Agricultural University. IPEC-J2 (Porcine Small Intestinal Epithelial Cell Line) cells were purchased from the American type culture collection (ATCC, ACC 701). IPEC-J2 cells were cultured in DMEM-F12 (Gibco, Shanghai, China) including 10% fetal bovine serum (Gibco, Shanghai, China) and 1% streptomycin and penicillin (Gibco, Shanghai, China) in a humidified incubator at 37 °C, 5% CO2. Eugenol (200 μM) was incubated with cells for 1 h before exposure to TGEV (MOI=1); thereafter IPEC-J2 cells were incubated with eugenol. The cells were pretreated with BAY-117082 (1 μM) for 1 h before adding eugenol and TGEV.



Experimental design and diet

All animal experiments were approved by the Institutional Animal Care and Use Committee of the Laboratory Animal Center at Sichuan Agricultural University (SICAU-2015-033). Twenty-one-day-old DLY weaned piglets were obtained from a pig farm in Mianyang, Sichuan, China. Thirty-two piglets were randomly divided into four groups of equal weight: (1) control group (piglets fed with basal diet); (2) eugenol supplemented group (piglets fed with basal diet containing 400 mg/kg eugenol); (3) TGEV-infected group (piglets fed with basal diet); (4) eugenol +TGEV-infected group (piglets fed with basal diet containing 400 mg/kg eugenol). There were 8 replicate piglets per treatment. The basal diet was formulated to meet the swine nutrient requirements recommended by National Research Council (NRC, 2012). Piglets were fed a basal diet for 3 days before the trial began. As shown in Figure 1, on day 15 of the formal trial, after 11 hours of fasting, each pig received 5 ml 100 mM NaHCO3 to neutralize gastric acid and avoid acidic environment to affect virus viability. One hour later, 0 or 2.8×109 PFU TGEV (TCID50 = 10 -6.67/100 μL) was administered according to the group. All piglets were executed on day 18 to collect samples.




Figure 1 | Design diagram of experimental piglets.





Diarrhea rate

Daily diarrhea rate records were performed on piglets according to Table 1. Piglets with a score of 3, 4 or 5 were considered to have diarrhea. The diarrhea rate of each piglet was calculated as follows:


Table 1 | Fecal scores standard.



Diarrhea rate (%) = (days of piglet diarrhea/total days) × 100.



Sample collection

On day 18 of the formal trial, blood samples were collected from the anterior vena cava of each piglet. The whole blood was placed in vacuum collection vessel and stood at room temperature for 30min. The serum samples were centrifuged at 3000 r/min for 10 min at 4°C and then separated into 200 μL eppendorf tubes. The serum samples were stored at -20°C. The piglets were euthanized after blood collection and slaughtered promptly. After opening the abdominal cavity of the piglets, the middle duodenum, jejunum and ileum tissues were selected for fixation with 4% paraformaldehyde solution, and then morphological analysis was performed. The middle jejunum tissue was selected for longitudinal incision, rinsed with normal saline, scraped the intestinal mucosa, placed in a sterile cryopreservation tube, and stored at -80°C until analysis.



Serum inflammatory cytokines and immunoglobulin detection

The concentration of inflammatory cytokines (IL-1β and TNF-α) and immunoglobulin (IgA and IgG) in serum were determined, following the instructions of a commercially available porcine Enzyme-Linked Immunosorbent Assay (ELISA) kits (Shanghai Meimian Biotechnology, Shanghai, China). All procedures were guided by manuals of the kits. For quantification, the standards provided in the kits were used to generate standard curves.



Histomorphology analysis of intestinal segments

Intestinal samples were collected and fixed in 4% paraformaldehyde. Tissues were dehydrated by a series of alcohols transferred at increased concentrations. Then the duodenum, jejunum and ileum sections were embedded in paraffin and cut into 5μm thick sections for hematoxylin and eosin staining. At least 10 villi with intact lamina propria from each sample were blindly selected and examined for measurement. Image Pro Plus 6.0 was used to measure the height of 10 intact villi and the corresponding crypts in intestinal tissue, and calculate the villus-crypt ratio. Two observers viewed and evaluated slices.



Western blotting and RT-PCR

The protein content of the intestinal tissues and cells was measured using the BCA Protein Assay Kit (Thermo Fisher, 23225) after they were lysed in RIPA buffer. Equivalent amounts of each protein extract were separated on 8%, 10% or 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, the gel with separated proteins was released from the glass plate and those protein samples were electrophoretically transferred onto polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA). After transfer, PVDF membranes were placed on a shaker and block with 5% skim milk powder at room temperature for 90 min. After blocking, membranes were treated with the appropriate primary antibodies overnight at 4 °C, including ZO-1 (proteintech, 1773-1-AP), Claudin-1 (proteintech, 13050-1-AP), Occludin (proteintech, 27260-1-AP), NF-κB p65 (CST, 8242), Phospho-NF-κB p65 (CST, 2928), β-actin (CST, 3700) antibodies. The dilution ratio of primary antibodies was 1:1000. After 3 times rinsing with Tris-Buffered-Saline with Tween (TBST), the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. Immuno-reactive proteins were visualized using a chemiluminescence detection kit (Beyotime, P0018FS). An imaging system (ChemiDoc) and Image Lab software were used to determine the blot signal and protein density.

According to the manufacturer’s manual, total RNA was extracted from tissues and cells samples using Trizol reagent (Takara Bio, 9109). Both genomic DNA removal and reverse transcription were performed using PrimeScript RT reagent kit with gDNA eraser (Takara Bio, RR047A), following the manufacturer’s guidelines. All primers are validated by Blast analysis prior to RT-PCR (Table S1). The PCR procedure was as follows: pre-denaturating at 95 °C for 1 min, 40 cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s, and extension at 95 °C for 15 s and a cycle of final extension at 72 °C for 6 min. The generated Gene-specific amplification products were confirmed by melting curve analysis after each real-time quantitative PCR assay. The specificity of the reaction was confirmed by verifying the expected size of the PCR product on 2% agarose gel. The relative gene expression was calculated by 2 -ΔΔCT method. β-actin was used as the housekeeping gene.



Statistical analysis

GraphPad Prism 8.0 software was used for data analysis. Data are presented as mean ± standard error of mean (SEM). The chi-square test was used to test for diarrhea rate. The t-tests (two-tailed) was used for growth performance of piglets before TGEV infection, and one-way ANOVA with Dunnett’s multiple comparisons test was used for other results. P values < 0.05 were considered statistically significant.




Results


Effects of eugenol on growth performance and diarrhea rate in TGEV-infected weaned piglets

We first evaluated the effect of eugenol on growth performance and diarrhea rate in TGEV-infected piglets. As shown in Table 2, compared with the control group, TGEV infection significantly reduced F/G (P < 0.01), but the eugenol supplementation significantly improved the F/G of weaned piglets (P < 0.01). In TGEV-infected piglets, eugenol significantly increased piglet ADG (P < 0.01). In addition, TGEV challenge induced severe diarrhea in piglets, and the diarrhea rate was significantly increased (P < 0.01), while eugenol supplementation reduced the diarrhea rate in piglets (P < 0.05). To determine the success of TGEV infection, we also assessed the expression of TGEV-N mRNA in jejunum mucosa (Figure S1). The results showed that eugenol significantly reduced the replication of TGEV in jejunum of weaned piglets after TGEV was successfully infected (P < 0.01).


Table 2 | The effects of eugenol and/or TGEV challenge on growth performance and diarrhea of weaned piglets.





Effects of eugenol on serum inflammatory factors and immunoglobulin contents in TGEV-infected weaned piglets

The severity of viral infection depends on the development of a cytokine storm characterized by elevated serum levels of inflammatory cytokines (18). As shown in Figure 2, compared with the control group, TGEV challenge significantly increased the levels of IL-1β and TNF-α in the serum of piglets (P < 0.01), and significantly decreased the levels of IgA and IgG in the serum (P < 0.05). Under the condition of TGEV challenge, eugenol supplementation significantly reduced the level of TNF-α in serum (P < 0.01) and increased the content of IgG in serum (P < 0.05).




Figure 2 | Effects of eugenol on serum inflammatory factors and immunoglobulin contents in TGEV-infected weaned piglets. (A–D) The levels of IL-1β, TNF-α, IgA and IgG in serum were detected by ELISA. Data were expressed as mean ± SEM. *p < 0.05, **p < 0.01.





Effects of eugenol on jejunum inflammation-related indexes in TGEV-infected weaned piglets

Increased and sustained NF-κB activation induces inflammation and tissue damage (19). As shown in Figure 3, compared with the control group, TGEV infection significantly increased the relative expression of NF-κB and IL-6 mRNA in the jejunum of weaned piglets (P < 0.01). Under the condition of TGEV challenge, eugenol supplementation significantly alleviated the TGEV-induced increase in the relative expression of NF-κB mRNA (P < 0.05). In addition, as shown in Figure 4, compared with the control group, TGEV infection significantly increased the protein expression level of NF-κB P-P65 in the jejunum of weaned piglets (P <0.05), and dietary supplementation of eugenol reduced the protein expression level of NF-κB P-P65 in the jejunum of piglets (P <0.05). Interestingly, eugenol supplementation could significantly alleviate the TGEV-induced increase in the protein expression level of NF-κB P-P65 (P <0.05).




Figure 3 | Effects of eugenol on jejunum inflammatory-related genes expression levels in TGEV-infected weaned piglets. (A-C) Levels of NF-κB, IL-6 and IL-10 mRNA in the jejunum mucosa was examined by RT-PCR. Data were expressed as mean ± SEM. *p < 0.05, **p < 0.01.






Figure 4 | Effects of eugenol on jejunum inflammatory-related protein expression levels in TGEV-infected weaned piglets. (A, B) Immunoblot analysis and quantification of NF-κB P-P65 and NF-κB P65 in jejunum mucosa. Data were expressed as mean ± SEM. *p < 0.05.





Effects of eugenol on small intestine morphology in TGEV-infected weaned piglets

Important indicators for evaluating the absorptive function of the small intestine are villus height, crypt depth, and V/C (the ratio of villus height to crypt depth) (20). As shown in Figure 5, compared with the control group, eugenol supplementation significantly increased the duodenum villus height and the ratio of villous height to crypt depth of weaned piglets, as well as the ileum the ratio of villous height to crypt depth (P < 0.05); TGEV infection significantly decreased the villus height and the ratio of villous height to crypt depth in the jejunum and ileum of weaned piglets (P < 0.01). Moreover, eugenol supplementation alleviated TGEV-induced reduction of the ratio of villous height to crypt depth in jejunum and ileum (P < 0.05).




Figure 5 | Effects of eugenol on small intestine morphology in TGEV-infected weaned piglets. Data were expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.(A–C) Statistical analysis of villus height, crypt depth and villus height to crypt depth ratio in small intestine.





Effects of eugenol on serum D-lactic acid concentrations in TGEV-infected weaned piglets

After the intestinal injury, D-lactic acid in the intestine will enter the peripheral blood through the intestinal mucosa (21). As shown in Figure 6, compared with the control group, TGEV infection significantly increased the D-lactic acid content in the serum of weaned piglets (P <0.05). In addition, eugenol supplementation significantly inhibited the increase of D-lactic acid content induced by TGEV (P <0.05).




Figure 6 | Effects of eugenol on serum D-lactic acid concentrations in TGEV-infected weaned piglets. The levels of D-lactic acid in serum were detected by ELISA. Data were expressed as mean ± SEM. *p < 0.05,





Effects of eugenol on jejunum intestinal barrier related proteins in TGEV-infected weaned piglets

Tight junctions (TJs) are one kind of cell−cell adhesion complex that connects cells and provides seal around cells (22). As shown in Figure 7, compared with the control group, TGEV infection significantly reduces the protein expression levels of ZO-1 and Occludin in the jejunum of weaned piglets (P < 0.05), and eugenol supplementation increase the protein expression levels of ZO-1 (P < 0.001) and Occludin (P < 0.05). In addition, eugenol supplementation significantly alleviated the reduction of ZO-1 protein expression induced by TGEV infection (P < 0.05), and had a tendency to alleviate the protein expression of Occludin (P = 0.062).




Figure 7 | Effects of eugenol on jejunum intestinal barrier related proteins expression levels in TGEV-infected weaned piglets. (A, B) Immunoblot analysis and quantification of ZO-1 and Occludin in jejunum mucosa. Data were expressed as mean ± SEM. *p < 0.05.***p < 0.001





Effects of eugenol on jejunum transporte related genes expression levels in TGEV-infected weaned piglets

As shown in Figure 8, compared with the control group, TGEV infection significantly reduces the relative expression of GluT-1 and SglT-1 mRNA in the jejunum of weaned piglets (P<0.05), and the relative expression of CaT-1 mRNA has a tendency to decrease (P=0.0854). In addition, eugenol supplementation significantly increased the relative expression of PepT-1 mRNA in the jejunum of piglets (P<0.05). Under the condition of TGEV infection, eugenol supplementation significantly increases the relative expression of GluT-2 and CaT-1 mRNA (P<0.01).




Figure 8 | Effects of eugenol on jejunum transporte related genes expression levels in TGEV-infected weaned piglets. (A-F) Levels of GluT-1, GluT-2, ZnT-1, PepT-1, SglT-1 and CaT-1 mRNA in the jejunum mucosa was examined by RT-PCR. Data were expressed as mean ± SEM. *p < 0.05, **p < 0.01.





Effects of TGEV infection on intestinal barrier injury of IPEC-J2 cells

To further elucidate the underlying mechanism of eugenol to alleviate TGEV infection, we used TGEV to infect IPEC-J2 cells to construct an in vitro infection model. The effects of TGEV (MOI=1) infection on IPEC-J2 cells for 12, 24 and 36 h on the tight junction and inflammation proteins are shown in Figure 9. Compared with the control group, the protein expressions of ZO-1, Occludin and Claudin-1 were significantly decreased by TGEV infection for 36h in IPEC-J2 cells (P < 0.001), and there was a certain time effect. In addition, TGEV infection promoted the phosphorylation of NF-κB P65 protein at 12, 24 and 36h (P < 0.001), thus inducing the IPEC-J2 cells inflammatory response.




Figure 9 | Effects of TGEV infection on intestinal barrier injury of IPEC-J2 cells. IPEC-J2 cells were infected with TGEV (MOI=1) for 12 h, 24 h and 36h. (A-D) Immunoblot analysis and quantification of ZO-1, Occludin, Claudin-1, NF-κB P-P65 and NF-κB P65 in IPEC-J2 cells. Data were expressed as mean ± SEM. ***p < 0.001.





Effects of TGEV infection on the morphology of IPEC-J2 cells

In vitro, we observed the effect of TGEV infection on IPEC-J2 cell morphology. As shown in Figure 10, compared with the control group, TGEV infection had a cytopathic effect on IPEC-J2 cells. Eugenol treatment was able to reverse TGEV-induced cytopathic effects.




Figure 10 | Effects of TGEV infection on the morphology of IPEC-J2 cells. Phase-contrast images of TGEV-treated IPEC-J2 cells. Scale bar, 50 μm.





Eugenol alleviates TGEV-induced intestinal barrier damage and inflammation in IPEC-J2 cells

Consistent with in vivo experiments, as shown in Figure 11, the addition of eugenol significantly alleviated the TGEV-induced decrease in the protein expressions of ZO-1, Occludin and Claudin-1 in IPEC-J2 cells (P < 0.05). Based on these data, we further validated the anti-inflammatory ability of eugenol in vitro. The addition of eugenol significantly alleviated the TGEV-induced increase in the relative protein expression of P-IκBα/IκBα, NF-κB P-P65/P65 and IL-1β P17 in IPEC-J2 cells (P < 0.05).




Figure 11 | Eugenol alleviates TGEV-induced intestinal barrier damage in IPEC-J2 cells. IPEC-J2 cells were pretreated with eugenol (200 μM) for 1 h and then infected with TGEV for 36 h. (A, B) Immunoblot analysis and quantification of ZO-1, Occludin and Claudin-1 in IPEC-J2 cells. (C, D) Immunoblot analysis and quantification of P-IκBα, IκBα, NF-κB P-P65, NF-κB P65 and IL-1β in IPEC-J2 cells. Data were expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.





Eugenol alleviates TGEV-induced intestinal barrier dysfunction through the NF-κB signaling pathway.

To further explore the mechanism of eugenol attenuating TGEV-induced intestinal barrier damage, we used an NF-κB inhibitor (BAY 11-7082) to analyze whether TGEV-induced intestinal barrier damage could be alleviated by inhibiting inflammation. As shown in Figure 12, BAY11-7082 treatment significantly inhibited the TGEV-induced reduction of ZO-1 and Occludin protein level (P < 0.05). In addition, eugenol-promoted intestinal barrier restoration was significantly enhanced by BAY 11-7082, as evidenced by increased proteins in ZO-1 and Occludin; this result was confirmed by immunofluorescent staining refer to Figure 12C.




Figure 12 | Eugenol alleviates TGEV-induced intestinal barrier dysfunction through the NF-κB signaling pathway. IPEC-J2 cells were pretreated with eugenol (200 μM) or BAY 11-7082(1 μM) for 1 h and then infected with TGEV for 36 h. (A, B) Immunoblot analysis and quantification of ZO-1 and Occludin in IPEC-J2 cells. (C) Representative images of ZO-1 and Occludin by immunofluorescence staining in IPEC-J2 cells. Scale bar, 50 μm. Data were expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

During weaning, piglets experience pathogen proliferation, diarrhea, poor growth performance and even death due to the transition from breast milk to solid feed (23, 24). TGE was a highly contagious infectious disease caused by TGEV causing viral diarrhea in weaned piglets. Numerous studies have pointed out that plant extracts play an important role in promoting animal growth performance, enhancing immunity, and maintaining animal health (25–27). At present, there are few studies on the growth performance and immune regulation of eugenol in piglets, and a large number of studies focus on the effect of mixed essential oils (28, 29). Therefore, we used a single ingredient, eugenol, for the trial study. Studies have shown that compared with the control group, the ADG of piglets supplemented with eugenol increases by 17.18-30.08% (30). Here, we showed that eugenol supplementation significantly improved ADG and F/G of weaned piglets, and reduced diarrhea rate of piglets. These results indicated that eugenol supplementation relieves weaning stress of piglets at weaning stage. Eugenol has important reference significance as an antibiotic substitute for piglets during the period of antibiotic prohibition. In addition, previous research found that TGEV infection significantly reduces growth performance and causes severe diarrhea in weaned piglets (31, 32), which is consistent with our results. We found that under TGEV infection, the addition of eugenol significantly alleviates the TGEV-induced decline in growth performance and reduce the diarrhea rate of piglets. Therefore, our results suggested that eugenol alleviates the infection symptoms of TGEV in weaned piglets.

TGEV infection induces the expression of inflammatory factors, aggravates intestinal damage, and causes damage to the intestinal barrier (33). We found that TGEV infection significantly increased the levels of IL-1β and TNF-α in the serum of piglets, increased the mRNA expressions of NF-κB and IL-6 in the jejunum of piglets, and aggravated the phosphorylation level of NF-κB P-P65 protein. These data suggested TGEV infection may induce the overexpression of inflammatory markers in weaned piglets, thereby causing the immune response disorder in weaned piglets. Furthermore, under the condition of TGEV infection, eugenol alleviated the TNF-α concentration in serum, the NF-κB mRNA expression and the hyper-phosphorylation of NF-κB P65 protein in jejunum. Consistent with previous studies in vivo (34), eugenol possesses a strong anti-inflammatory ability, suggesting that eugenol alleviated intestinal excessive inflammatory response caused by TGEV infection. However, we found that IL-1β was not significantly reduced by eugenol. The failure of eugenol to significantly reduce IL-1β may be related to the potential infection sites of the virus and the action sites of eugenol. Whether TGEV induces inflammation in organs and systems such as the liver, lungs and nervous system, and whether eugenol plays an anti-inflammatory role in these organs and systems are unknown. These areas require further investigation. IgA and IgG are important components of adaptive immunity and are involved in a variety of immune functions, including protection from microbial infection, humoral immunity, and immune homeostasis (35–37). IgA, the most abundantly produced antibody isotype in mammals (38), maintains the homeostasis of the mucosal surfaces of the gastrointestinal tract, and protects these surfaces from viral infection (39). Our study showed that TGEV infection significantly reduced the levels of IgA and IgG in the serum of weaned piglets, which indicated that TGEV infection not only induced excessive innate immunity in piglets, but also disturbed the adaptive immunity of piglets. Supplementation of plant extract cinnamaldehyde enhanced the acquisition of specific antibodies during helminth infection (40). In this study, eugenol increases the level of IgG in serum of TGEV-infected piglets, indicating that plant essential oils improve the body’s immune function during pathogen infection.

Small intestine is mainly to digest ingested food and absorb nutrients (41). Villus height, crypt depth, and the ratio of villus height to crypt depth are important indicators for evaluating the absorptive function of the small intestine (42). Under normal physiological conditions, intestinal villous epithelial cells slough off normally. The exfoliated cells migrate from the base of the crypts, which in turn differentiate and give rise to mature villi cells to the ends of the villi (43). Here, we found that TGEV infection reduced the villus height and the ratio of villus height to crypt depth in the jejunum and ileum of weaned piglets, and eugenol supplementation alleviate the damage of TGEV on the intestinal structure of piglets. D-lactic acid is a bacterial metabolite produced by gut flora (44). When intestinal permeability is abnormally increased due to some disruption, D-lactic acid in the intestinal lumen easily enters the peripheral blood through the intestinal mucosa (45). In the present study, the serum D-lactic acid level was increased in TGEV-infected piglets, and eugenol significantly inhibits the TGEV-induced increase in D-lactic acid content.

Tight junctions, the main connection mode between intestinal mucosal epithelial cells, maintain the integrity of the intestinal mucosal barrier mechanical structure and function (46). A large number of in vitro experiments proved that TGEV reduces the protein levels of Claudin-1, Occludin and ZO-1 in IPEC-J2 cells (47, 48), which is closely related to its cause of viral enteritis, diarrhea and morbidity in piglets. This experimental study showed that TGEV infection of weaned piglets reduces the protein expression levels of ZO-1 and Occludin; while eugenol alleviates the reduction of ZO-1 protein expression levels induced by TGEV infection. This indicated that eugenol alleviates the intestinal barrier function damage caused by TGEV infection by promoting the expression of intestinal tight junction protein.

Glucose is one of the most important energy sources in animals, and GluT1 is a uniporter protein that is located on the cell membrane or cell surface and helps transport glucose into mammalian cells (49). The sustained expression of GluT1 protein enables efficient glucose transport and glucose utilization, and then glucose is absorbed by the active sugar transporter SglT1 at the brush border of intestinal epithelial cells (50). In recent years, oligopeptide transporter 1 (PepT1) was found to play a key role in intestinal homeostasis in metabolite profiling and tissue physiology (51). PepT1 is predominantly expressed in the small intestine and transports dipeptides/tripeptides for metabolic purposes (52). The family of cationic amino acid transporters (CaT, slc7a), called system y+, transports cationic amino acids such as L-lysine, L-histidine, L-ornithine and L-arginine. CaT1 is considered a key component of the y+ transport system, with transport characteristics including independence for sodium and pH and preference for cationic amino acids as substrates (53, 54). We found that dietary supplementation of eugenol could significantly increase the relative expression of PepT1 mRNA and promote the metabolism of dipeptide/tripeptide in piglets, which may be related to the increase in feed efficiency in piglets. TGEV infection reduces the relative expression of GuT-1 and SglT-1 mRNA in the jejunum of weaned piglets, and the relative expression of CaT-1 mRNA has a tendency to decrease, indicating that TGEV infection seriously reduces the intestinal glucose transport and absorption function, and cationic amino acid transport function of weaned piglets. However, eugenol supplementation reversed the TGEV-induced decrease of GLUT-2 and CAT-1 mRNA relative expression levels. Overall, the interaction of the intestinal chemical barrier, immune barrier and physical barrier jointly maintains the homeostasis of the body of weaned piglets and ensures that the small intestine can fully perform its functions of digestion and absorption.

Intestinal barrier dysfunction and immune disorders are two essential factors affecting the pathogenesis of intestinal diseases (55, 56). In general, intestinal epithelial tight junction act as a physical barrier limiting mucosal immune system exposure to pathogenic microorganisms (8). However, accumulating evidence confirms that inflammation is an important trigger for intestinal barrier disruption (57, 58). Our results suggested that TGEV infection reduces the protein expression of ZO-1, Occludin and Claudin-1 and increased the phosphorylated protein expression level of NF-κB p65 in IPEC-J2 cells, which was similar to recent studies (33). This suggested that TGEV may induce an excessive inflammatory response in IPEC-J2 cells to induce intestinal barrier damage. Meanwhile, consistent with the in vivo results, eugenol treatment increases the protein levels of ZO-1, Occludin and Claudin-1, and decreases the phosphorylated protein levels of IκBα and NF-κB and the activation of Il-1β in TGEV-infected IPEC-J2 cells. Il-1β was reported to reduce the expression of ZO-1 and Occludin in CACO-2 cells (59). Thus, the activity of relevant inflammatory factors may influence intestinal barrier function. To further explore the crosstalk between inflammation and the intestinal barrier, we treated IPEC-J2 cells with BAY 11-7082, a specific inhibitor of NF-κB. We found that BAY 11-7082 attenuates TGEV-induced intestinal barrier damage. Emerging evidence suggested that inhibition of NF-κB expression in intestinal epithelial cells alleviates TNF-α/interferon-γ-induced intestinal barrier disruption (60). Therefore, our results suggested that eugenol may inhibit TGEV-induced intestinal injury through the NF-κB pathway. However, little is known about inhibition of NF-κB signaling or eugenol regulation of tight junction expression, since effector molecules and receptors remain unknown. Therefore, more studies on how eugenol regulates tight junction protein expression are needed in the future.

In conclusion, eugenol supplementation can alleviate the damage to the intestinal structure and the disturbance of intestinal immune functions of piglets caused by TGEV, and improve intestinal transit, digestion and absorption function in piglets. Eugenol’s role in improving intestinal barrier function may provide a potential approach to repair intestinal barrier dysfunction caused by viral infection.
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Intelectins are carbohydrate-binding proteins implicated in innate immunity and highly conserved across chordate evolution, including both ascidians and humans. Human intelectin-1 (ITLN1) is highly abundant within the intestinal mucosa and binds microbial but not host glycans. Genome-wide association studies identified SNPs in ITLN1 that are linked to susceptibility for Crohn’s disease. Moreover, ITLN1 has been implicated in the pathophysiology of obesity and associated metabolic disease. To gain insight on biological activities of human ITLN1 in vivo, we developed a C57BL/6 mouse model genetically targeting the gene encoding the functional mouse ortholog. In wild-type C57BL/6 mice, both mRNA and protein analysis showed high expression of Itln1 in the small intestine, but manifold lower levels in colon and other extraintestinal tissues. Whereas intestinal expression of human ITLN1 localizes to goblet cells, our data confirm that mouse Itln1 is expressed in Paneth cells. Compared to wild-type littermate controls, mice homozygous for the Itln1 hypomorphic trapping allele had reduced expression levels of Itln1 expression (~10,000-fold). The knockout mice exhibited increased susceptibility in an acute model of experimentally induced colitis with 2% w/v dextran sulfate sodium (DSS). In a model of chronic colitis using a lower dose of DSS (1.5% w/v), which enabled a detailed view of disease activity across a protracted period, no differences were observed in body weight, fecal texture, hemoccult scores, food/water intake, or colon length at necropsy, but there was a statistically significant genotype over time effect for the combined fecal scores of disease activity. In model of diet-induced obesity, using two western-style diets, which varied in amounts of sugar (as sucrose) and saturated fat (as lard), mice with Itln1 expression ablated showed no increased susceptibility, in terms of weight gain, food intake, plasma markers of obesity compared to wildtype littermates. While the mouse genetic knockout model for Itln1 holds promise for elucidating physiological function(s) for mammalian intelectins, results reported here suggest that Itln1, a Paneth cell product in C57BL/6 mice, likely plays a minor role in the pathophysiology of chemically induced colitis or diet-induced obesity.
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Introduction

Intelectins (intestinal lectins) are a family of calcium-dependent secreted lectins implicated in innate immunity (1–6). Intelectins are highly conserved across chordate evolution and are abundantly expressed at mucosal surfaces, including the small intestine and colon of mammals (1, 7, 8). Human ITLN1 encodes a lectin that binds acyclic vicinal (1,2)-diol moieties present on microbial but not mammalian glycans, suggesting that it may function in innate immunity as a pattern recognition binding protein (6, 9). ITLN1, a gene present on chromosome 1q23.3, has been identified by genome-wide association studies as a risk locus for Crohn’s disease (CD), a major form of inflammatory bowel disease (10–16). However, little is known about the in vivo function(s) of ITLN1 at the intestinal mucosa, or the mechanisms that may underlie its genetic association with CD (16). Moreover, human ITLN1, also known as “omentin,” is a highly abundant mRNA and protein product of visceral adipose and has been implicated in the pathophysiology of obesity and metabolically associated diseases as a “novel-adipokine” (17–20).

Mouse Itln1 appears to be a functional ortholog of human ITLN1, because like its human counterpart, mouse Itln1 selectively binds to acyclic vicinal (1,2)-diol moieties present on microbial glycans (9). Mouse Itln1 was initially discovered based on its high mRNA abundance in Paneth cells (8). Paneth cells are specialized secretory epithelial cells located in the small intestinal crypts of Lieberkühn that express an array of abundant and luminally secreted antimicrobial peptides and proteins, including α-defensins and lysozyme (21, 22). Whereas both mouse Itln1 and human ITLN1 are expressed in the small intestine, the human ortholog is not expressed in Paneth cells, but rather by a different secretory lineage - goblet cells (16, 20).

Like human ITLN1 and other mammalian homologs, little is known about the biological function of mouse Itln1. Mammalian intelectins exhibit variance in gene copy number, cellular localization, and oligomeric structure (1, 3, 16, 20, 23–25). Our strategy to further explore the effector functions of Itln1 was to generate a “knockout-first” targeting allele (tm1a) in C57BL/6 embryonic stem cells (26), which provides an allele designed for both hypomorphic expression of the targeted endogenous gene, as well as lacZ reporter gene expression driven by the target-gene promoter; subsequent site-specific genetic recombination in mice harboring the targeted allele can generate tissue-specific and whole-body gene deletions. We report here the development and analysis of mice harboring the Itln1-targeted trapping allele (designated Itln1trap), where Itln1 expression is hypomorphic and the endogenous Itln1 promoter drives LacZ expression. We further characterize the expression of Itln1 and then examine outcomes of its ablation in vivo during experimentally induced colitis and diet-induced obesity.



Materials and methods


Mice

The Institutional Animal Care and Use Committee (IACUC) at the University of California, Davis, approved all procedures involving live animals and methods of euthanasia; experiments were performed in following AVMA guidelines and with adherence to IACUC-approved protocols. Mice were euthanized under deep anesthesia with ketamine (100 mg/kg) and xylazine (10 mg/kg).



Generation of an intelectin-1 gene variant mouse

The Itln1 gene variant mouse strain was created in collaboration with the Mouse Biology Program at the University of California, Davis. Detailed methods used to create the tm1a allele have been reported previously (26), and the tm1a trapping-allele vector was generated by the trans-NIH Knock-Out Mouse Project (KOMP). Both the trapping allele vector and the C57BL/6N derived JM8.F6 embryonic stem (ES) cell line used for electroporation were obtained from the KOMP Repository (www.komp.org). The tm1a allele was designed to disrupt a critical region of the Itln1 gene (Figure 1E). Within the tm1a (“trap”) allele, a human β-actin gene promoter is located upstream of a neomycin-resistance gene to enable clonal selection in the pool of ES cells. A second key design feature of the trapping allele is an internal ribosome entry site (IRES) upstream of LacZ reporter gene, which (i) interferes with expression of the native gene (insertion of the trapping cassette causes disruption of Itln1 gene expression) and (ii) enables selective expression the LacZ reporter with specificity of the endogenous Itln1 gene. For germline transmission, high percentage chimeric offspring (27, 28) were crossed with wild-type C57BL/6N mice to generate heterozygous Itln1trap/+ colony founders on a pure C57BL/6N background.




Figure 1 | Characterization of intelectin-1 (Itln1) and an Itln1 knockout model in C57BL/6N mice. (A) Quantitative RT-PCR analysis of Itln1 mRNA in the proximal 10 cm (“P”) and distal 10 cm sections (“D”) of the small intestine (left) and whole colon (right) at post-natal day 5, 10, 20 and 50. (B) Itln1 mRNA expression in 3 cm sections of small intestine arranged proximal (#1) to distal (#10) and colon divided into two equal length sections in adult mice. (C) Extra-intestinal tissue expression levels of Itln1 mRNA. (A-C) Error bars represent standard error of the mean, n = 4 mice. (D) Immunoblot of Itln1 from small intestinal lysate: NR, non-reduced, denatured; R, reduced, denatured. (E) Schematic of Itln1trap cassette. (F) β-galactosidase staining in the small intestine of Itln1 (Itln1trap/trap) mice. The TM1A trapping cassette contains an internal ribosome entry site upstream of the reporter LacZ, which allows expression of β-galactosidase under control of the Itln1 promoter. X-gal staining was detected in Paneth cells in the small intestinal crypts. β-galactosidase staining is absent in the colon of Itln1trap/trap mice. (G) A representative immunoblot of Itln1 in small intestine (SI) and colon (C) from Itln1+/+, Itln1trap/+, and Itln1trap/trap mice. (H) Immunohistochemistry of Itln1 in Carnoy’s fixed small intestine and colon of Itln1+/+ and Itln1trap/trap mice. Black arrows indicate small intestinal crypts. (I) Representative images of distal small intestine of Itln1+/+ and Itln1trap/trap mice indicating absence of baseline inflammation (no cellular infiltrate or fibrosis; H&E and Masson’s trichrome) and similar appearance of crypts, villi, and cellular numbers (e.g., goblet cells; alcian blue) between genotypes. Scale bars: 20x = 200 µm, 40x = 100 µm, 100x = 50 µm.





Genotype analysis

Tissue samples were digested in 25 mM NaOH/0.2 mM EDTA at 65°C overnight in a water bath, and then neutralized with 40 mM Tris HCl (pH 5.0). Isolated genomic DNA was amplified to detect the wild-type (WT, Itln1+) or the targeted Itln1trap allele using the following primers: Itln1trap (5’-GAGATGGCGCAACGCAATTAATG-3’, 5’-GAAAGCTAAAGCTAAACCCTGGGTGG-3’) and Itln1+ (5’- AAGTCCTCTGATAGAGCAGTGCTTGC-3’, 5’- CAAGACCTGAAAGGCAGAAACAACC-3’). PCR: Briefly, sample DNA and primers were mixed with Taq DNA Polymerase, reaction buffer, and dNTP(s) according to the manufacturer’s protocol (New England Biolabs, Ipswich, MA). PCR reactions were as follows: 94°C for 5 min, 40 cycles [94°C 30 sec, 55°C 30 sec, and 72°C, 40 sec], and 72°C for 5 min. The PCR products were assessed by agarose gel electrophoresis, where the Itln1+ allele produces a 340 BP product, and the Itln1trap allele produces a 439 BP product.



RNA isolation, cDNA synthesis and quantitative real time PCR (qRT-PCR)

The general procedures for RNA isolation and synthesis of cDNA were previously described by our group (29). Briefly, tissue samples were dissected immediately upon euthanasia and placed in RNAlater (Ambion; Millipore Sigma, Burlington MA) incubated overnight at 4°C, and stored long-term at -20°C. Tissues were homogenized in guanidine thiocyanate buffer (29, 30). Total RNA was isolated using cesium chloride gradient ultracentrifugation (16, 29, 31), and then quantified using ultraviolet absorption spectrometry at 260 nm. For cDNA synthesis, 1 to 5 µg of total RNA was reverse transcribed using Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) using an oligo- (dT)12-18 primer (16, 29, 31). The single-stranded cDNA product was purified using Qiagen PCR purification kit (Qiagen, Valencia, CA), and diluted to 10 ng/µl based on the input concentration of total RNA. Primers specific for target genes (Actb [5’-GCTGAGAGGGAAATCGTGCGTG-3’, 5’-CCAGGGAGGAAGAGGATGCGG-3’], Itln1 [5’-ACCGCACCTTCACTGGCTTC-3’, 5’- CCAACACTTTCCTTCTCCGTATTTC-3’], Lyz1 [5’-GCCAAGGTCTACAATCGTTGTGAGTTG-3’, 5-CAGTCAGCCAGCTTGACACCACG-3’], and Reg3g [5’-CCTCAGGACATCTTGTGTC-3’, 5’- TCCACCTCTGTTGGGTTCA-3’) were designed using MacVector Software (MacVector, Cary, NC) (23, 31). Real-time quantitative PCR was performed as described previously (16, 29, 31) using a Roche Diagnostics Lightcycler 2.0 (Roche, Indianapolis, IN). The melting temperatures for PCR products of each reaction were determined to assure that they were indistinguishable from the cloned assay internal standard. Previous control experiments by our group demonstrated that when RNA from a single specimen was used to independently synthesize, isolate, and purify the cDNA, the reaction-to-reaction variability was ≤15% (29). Other reproducibility assessments of this approach were previously reported (29).



Tissue Itln1 mRNA expression

To characterize developmental expression patterns of Itln1 in small intestine and colon, tissues were isolated from C57BL/6N mice at postnatal day (PD) 5, 10, 20, and 50 as previously described (31). Briefly, the small intestine was sectioned into proximal and distal portions. In adult mice (PD50, n = 4), 10 cm of proximal and distal small intestine was collected; full length of colonic tissue was also collected. In a separate experiment to investigate the topographical expression patterns of Itln1 in adult mice, the small intestine (n = 4) was divided into 3 cm sections (n = 10 sections) proximally to distally (31). Extra-intestinal tissues of adult mice (n = 4) were similarly dissected for RNA extraction.



Immunoblot analysis

General methods for western blot analysis have been reported (16, 20). Briefly, mouse intestinal tissue was homogenized in assay buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing a cocktail (1:100) of protease inhibitors (Protease Inhibitor Cocktail III; Calbiochem/EMD Millipore, Burlington, MA). Protein concentration was determined by bicinchoninic acid (BCA) assay (Pierce, ThermoFisher Scientific, Waltham, MA). Following heating at 95°C (either with or without reducing agent – 2-mercaptoethanol) for 30 min, protein (25 μg/lane) was loaded to a SDS-polyacrylamide gel (10% acrylamide) and electrophoresed for 40-50 min at 200 V, prior to wet transfer (Towbin Buffer: 25 mM Tris, 192 mM glycine, 20% v/v methanol, pH 8.3) to a nitrocellulose membrane (0.2 μM pore, Bio-Rad Laboratories, Hercules, CA) at 350 mA for 60-80 min. Estimated molecular size of Itln1 monomer was deduced using the MagicMark™ XP Western Protein Standard (ThermoFisher Scientific). The membrane was blocked in PBS-T (PBS with 0.1% Tween 20) containing 5% w/v skim milk for 30 min, and incubated with primary antibody at 4°C. Following overnight incubation, the membrane was washed with PBS-T for 1 hr, probed with donkey anti-rabbit IgG horseradish peroxidase (HRP) linked secondary antibody (GE Healthcare Amersham, Pittsburgh, PA) for 3 hr at room temperature, rinsed in PBS-T, and visualized using Femto and ECL West chemiluminescent substrates (ThermoFisher Scientific). Chemiluminescent signal was detected using a Biospectrum AC Imaging System (UVP, Upland, CA).



Histology and immunohistochemistry

Mouse small intestinal and colonic tissues were fixed in 4% w/v paraformaldehyde (Sigma-Aldrich, St. Louis, MO), sequentially dehydrated in increasing concentration of ETOH and xylene, embedded in paraffin, and sectioned (4-5 μM) by microtome. Tissues were placed on X-tra™ positive-charged slides (Leica Biosystems, Buffalo Grove, IL). Slides were cleared of paraffin using xylene, washed with ETOH, and cleared of peroxidase activity by incubation in methanol containing 0.3% H2O2. Rehydrated samples were blocked with 5% v/v serum (donkey) in PBS prior to overnight incubation at 4°C with an in-house rabbit anti-ITLN antibody that recognizes a highly conserved region of mammalian intelectins, as previously reported (16, 20, 32, 33). Following incubation, slides were washed, and probed with a goat anti-rabbit secondary antibody and streptavidin-biotin ABC/horseradish peroxidase detection kit as outlined by the manufacturer (Vector Laboratories, Burlingame, CA). Slides were activated with 3,3- diaminobenzidine substrate (Vector Laboratories), and counterstained with light green (0.4% w/v in 0.2% glacial acetic acid) for 5 min prior to dehydration with denatured ETOH and xylene. Mounted slides were visualized using an Olympus BX51 microscope (Center Valley, PA). For histology, mounted tissue was stained with either hematoxylin and eosin, Masson’s trichrome or Alcian blue using standard protocols.



LacZ tissue staining

Small intestinal and colonic tissues of 10-week-old Itln1trap/trap homozygous mice were harvested, perfused with cold PBS, and fixed for 1 – 2 hr in fixation buffer (2% paraformaldehyde, 0.2% glutaraldehyde) at room temperature in a 6-well cell culture dish. LacZ staining was achieved using published protocols (34–36) and instructions outlined by the β-galactosidase Reporter Gene Staining Kit (Millipore-Sigma). Briefly, fixed tissue segments were washed with PBS and then incubated in the X-gal staining solution (5mM Potassium ferricyanide, 5mM Potassium ferrocyanide, 1mg/ml X-gal solution [X-gal dissolved in dimethylformamide]) for 14 – 24 hr at 37°C sealed and covered in foil. Following incubation (intestines appeared blue), the X-gal staining solution was removed, and tissues were washed three times in PBS (30 min each) under gentle rocking. Thereafter, tissues were further fixed with 4% paraformaldehyde overnight at 4°C, washed with PBS, and then transferred to tissue cassettes for paraffin embedding. Following tissue sectioning, specimens were cleared, rehydrated, and counterstained with eosin Y solution prior to visualization by light microscopy.



Chemical colitis model

Study animals were provided ad libitum access to water and food (Purina Lab Diet 5001, Purina, St. Louis, MO). Heterozygous (Itln1trap/+) breeding pairs on a pure C57BL/6N background were crossed to generate experimental wild-type (Itln1+/+) and homozygous (Itln1trap/trap) offspring. For the acute colitis model, singly housed male Itln1trap/trap and littermate Itln1+/+ mice were administered 2% (w/v) dextran sulfate sodium (DSS: 36-50,000 Da; MP Biomedicals, Santa Ana, CA) as drinking water for 7 days, followed by pure H2O for an additional 6 days prior to necropsy. For the chronic colitis – carcinogenesis model, 12-week-old male Itln1trap/trap and Itln1+/+ mice were injected intraperitoneally with 10 mg/kg body weight azoxymethane (Millipore-Sigma) one-week prior to the initial administration of 1.5% w/v DSS. The protocol for repeated DSS exposure was previously described with minor modifications (37, 38). Briefly, following the first DSS treatment for 7 d, animals were provided H2O for 14 d prior to the subsequent 7 d DSS treatment. In total, animals were challenged three times with DSS (7 d each) and provided H2O for an additional 14 d following the last challenge prior to necropsy. Animals were monitored for induction, progression, and resolution of disease across the study period. Body weight and fecal markers of disease activity were assessed daily. Feces were collected and scored for presence of occult blood (Hemoccult test kit, Beckman Coulter, Brea, CA) and consistency (texture and water content) based on an established scoring system (39). The scoring measures were as follows: stool texture, 0 (normal), 1 (increased moisture content), 2 (loose stool – soft but still discontinuous/formed), 3 (very soft/loose and/or continuous stool), and 4 (diarrhea, feces present on mouse anus/hindquarters); fecal blood: 0 (no blood), 1 (hemoccult positive but no visible blood), 2 (strong hemoccult positive and visible but discontinuous blood), 3 (visible, continuous blood), and 4 (gross bleeding and/or blood at anus). Intermediate scores of 0.5 were included where necessary. At necropsy, small intestinal length, colon length, and tumor count per colon were assessed.



Diet-induced obesity model

8-week-old male wild-type (Itln1+/+) and homozygous (Itln1trap/trap) mice were randomized to receive one of three Research Diets (New Brunswick, NJ): control (CD; D12450K [10% kcal fat, 0% sucrose]), high fat-sugar (HFS; D12451 [45% kcal fat, 17% sucrose]), or very high fat (VHF; D12492 [60% kcals fat, 7% sucrose) for the duration of the experiment. Body weight and food intake were recorded daily. For the glucose tolerance test (GTT), male wild-type (Itln1+/+) and homozygous (Itln1trap/trap) mice fed CD (D12450K) for approximately 14 wk were fasted 6 hr (morning) prior to intraperitoneal injection with 2 g/kg body weight D-glucose (VetOne, Boise, ID) as described (40). Glucose concentrations were measured by glucometer (OneTouch Ultra2, LifeScan Inc., Milpitas CA) at t = 0-, 15-, 30-, 60-, and 120-min post glucose injection. For the insulin tolerance test (ITT), mice were fasted for 5 h prior to intraperitoneal injection with human recombinant insulin (0.75 U/kg body weight, Novolin, Princeton, NJ) (40). Blood collection procedures paralleled those of the GTT.



Plasma adipokine analysis

At the experimental endpoint of the diet-induced obesity study, plasma was obtained from blood collected via cardiac venipuncture using EDTA-treated capillary tubes (Sarstedt, Newton, NC). Plasma analytes were assessed by Bio-Plex Multiplex Immunoassay (Bio-Rad, Hercules, CA). Sample preparation and assay procedure was performed as outlined by the manufactures’ guidelines.



Statistical analysis

Statistical analysis was performed using Prism software, version 9.3.1 (GraphPad Software, Inc). Specific analysis details are indicated in figure legends.




Results


Itln1 expression and generation of a knockout mouse model

Using a quantitative real-time PCR assay, with an external plasmid standard of known concentration, the expression of intelectin-1 (Itln1) mRNA transcript in C57BL/6N mouse tissues was determined (29, 31). To characterize the expression patterns of Itln1 in small intestine, we isolated samples from pre-weanling and adult mice. In both proximal and distal small intestine, Itln1 mRNA expression across the pre-weaning period increased ~10-fold, and a further ~50-fold by postnatal day 50. Conversely, Itln1 mRNA in the colon was present at manifold lower levels (~1,000 – 10,000-fold) and expression was independent of developmental period (Figure 1A). The patterns of Itln1 mRNA expression in mouse intestine reported here mirrored other abundant Paneth cell products, which we previously described (31) such as Lyz1 and a subset of α-defensins (e.g., Defa3, Defa23, and Defa26). To delineate the proximal to distal expression of Itln1 in the small intestine, we divided the small intestine into ten adjacent 3-cm sections and absolute quantity of Itln1 mRNA was determined. Expression of Itln1 was found to be similar (within threefold) across the length of the small intestine (Figure 1B). Additionally, at necropsy we dissected the colon of adult mice into two equal length portions (i.e., proximal and distal halves) to better characterize Itln1 expression, as molecular regionalization has also been reported in murine colon (Figure 1B) (41). Constitutive Itln1 mRNA expression was confirmed to be low in both regions. Using a threshold of detection for RNA transcripts of 102 copies per 10 ng RNA, no expression of Itln1 mRNA was detected in the extra-intestinal tissues tested, except testes (Figure 1C). Of note, two tissues with high ITLN1 expression in humans, adipose and lung, were below the expression threshold for Itln1 in mice (Figure 1C). These data are consistent with expression patterns of Itln1 previously reported (23). Together, these results demonstrate that in C57BL/6 mice, Itln1 mRNA expression is largely restricted to the small intestine.

Immunoblot analysis of small intestinal tissue extracts detected a band of ~35 kDa by SDS-PAGE under reducing conditions (Figure 1D), consistent with the expected size of a monomeric isoform based on the deduced amino acid sequence. Unlike human ITLN1, which forms disulfide-linked trimers, mouse Itln1 is predicted to generate only monomers, as it lacks the cysteine residues ascribed to trimer formation (24). Nevertheless, under non-reducing but denatured conditions, a single band was detected at ~220 kDa (Figure 1D). More work is required to further characterize this potentially higher-order oligomer that appears to migrate as a hexamer.

To investigate the biological activities of Itln1 in vivo we developed a gene variant mouse model on a pure C57BL/6 genetic background (see methods). A trapping allele (tm1a (26)) was designed to insert into and disrupt the Itln1 gene (Figure 1E). The tm1a vector includes a neomycin resistance gene for clone selection, as well as FRT and LoxP sites (for future site-specific recombinase-mediated excision of the trapping cassette) and Itln1 exons 4-7. The trapping allele has an internal ribosome entry site (IRES) upstream of the reporter LacZ (Figure 1E). Following germline transmission of the transgenic trapping allele (designated Itln1trap), chimeric mice were bred to C57BL/6N mice, creating heterozygous mice - henceforth referred to as Itln1trap/+. When crossed, Itln1trap/+ mice generated offspring expected for Mendelian-inheritance patterns (data not shown; DNS). The gene expression of Itln1 in mice homozygous for the trapping cassette (Itln1trap/trap) had Itln1 transcript levels reduced by ~10,000-fold in the small intestine compared to wild type littermate control mice (DNS).

Previous in situ hybridization analysis established that Itln1 mRNA localizes specifically to Paneth cells in the small intestine of C57BL/6 mice (8). To confirm this cellular localization of Itln1 protein, we performed immunohistochemistry, and observed Itln1 staining in mouse intestinal crypts – indicative of Paneth cells (Figure 1H). By immunohistochemistry, Itln1 was undetectable in Paneth cells of Itln1trap/trap mice, and no Itln1 staining was observed in colons of either Itln1+/+ or Itln1trap/trap animals in support of western blot and mRNA analysis (Figure 1G). The knockout Itln1trap/trap mice showed no signs of systemic or small intestine-specific pathology when unchallenged (Figure 1I), and the mice gained weight like Itln1+/+ littermates (DNS and as observed in Figure 3A). The IRES of the trapping cassette enables expression of a LacZ reporter to be driven by the upstream endogenous Itln1 gene promoter. Accordingly, expression of LacZ in Itln1trap/trap mice is evident in at the base of the small intestinal crypts (Figure 1F), consistent with established Paneth cell expression for Itln1 mRNA by in situ hybridization (8).



Chemical colitis

Human ITLN1 is implicated in the etiology of inflammatory bowel disease (10–15). We assessed susceptibility to chemically induced colitis in Itln1trap/trap mice using a dextran sulfate sodium (DSS) model. Itln1trap/trap mice and Itln1+/+ littermate controls were challenged with 2% w/v DSS in drinking water for 7 days. The DSS was then removed, and the mice were allowed to drink water until the termination of the experiment 6 days later (Figure 2A). Both knockout (Itln1trap/trap) and wild type (Itln1+/+) mice exhibited high sensitivity to 2% w/v DSS, including weight loss beginning at 7 d treatment (Figure 2B). Following DSS removal, animals continued to lose weight until day 10 at which point wild type mice began to regain weight. Compared to wild type control mice, Itln1trap/trap mice exhibited more pronounced weight loss, as well as impaired weight regain upon DSS removal and shortening of colonic length (Figure 2B). Mortality, which did not differ between genotypes, was approximately 15 – 25% (Figure 2B). Together, these results suggested that Itln1trap/trap mice are more susceptible to DSS.




Figure 2 | Response of Intelectin-1 knockout mice and wild-type littermates to challenge with DSS. (A) Treatment schematic for DSS colitis model. (B) Body weight, Kaplan-Meier survival curve, and colon length at necropsy (d 14) for Itln1+/+ (n = 10-12) and Itln1trap/trap (n = 12-16) mice. (C) Treatment scheme for AOM-DSS chronic colitis model. (D) Body weight and disease activity parameters were assessed daily from the initial day of DSS administration to necropsy (total time = 63 d) in Itln1+/+ (n = 10) and Itln1trap/trap (n = 13) mice. (E) Small intestine length, colon length, and colonic tumor number at necropsy. (F) Distal (last 5 cm) small intestine mRNA expression of Paneth cell effectors in Itln1+/+ and Itln1trap/trap mice. Statistical analysis of body weight (B) and disease activity (D) was performed using repeated measures two-way ANOVA with Greisser-Greenhouse correction and Sidak multiple comparisons test. Survival analysis was performed by Chi square. Comparisons of tissue length and gene expression were performed using two-tailed, unpaired T-tests with Welch’s correction. p < 0.05 (*), p < 0.0001 (****), ns, non-significant.



Nevertheless, due to both the acute treatment period and relatively high mortality rate of mice receiving 2% DSS, we chose to pursue another established model of chronic colitis, which enabled a detailed view of disease activity across a protracted period (Figure 2C). Singly housed Itln1trap/trap mice and Itln1+/+ littermate controls were pretreated with azoxymethane, and then challenged with three rounds of 1.5% w/v DSS (7 days). Between each DSS challenge, animals were provided DSS-free water for 14 d (Figure 2C). Body weight, disease activity (fecal consistency and hemoccult), and food/water intake were measured daily across the experimental period (63 days). Both Itln1+/+ and Itln1trap/trap mice lost body weight and exhibited increase disease activity across the study period, where the second DSS treatment period resulted in a clear exacerbation (Figure 2D). At the lower DSS dose (1.5% w/v), no differences in body weight, the partitioned fecal texture and hemoccult scores, or food/water intake (DNS) were observed; however, there was a subtle but significant genotype over time effect for summation (combined fecal scores) of disease activity, suggesting Itln1trap/trap mice were slightly more sensitive to challenge (Figure 2D). At necropsy, neither small intestine nor colon lengths differed (Figure 2E). The colonic tumor burden induced by carcinogen azoxymethane appeared to be equivalent between the two groups (Figure 2E). Distal small intestine (last 5 cm) mRNA expression of Paneth cell effectors, Lyz1 and Reg3g were similar between Itln1+/+ and Itln1trap/trap mice (Figure 2F). Together, these results suggest that Itln1, a Paneth cell product in C57BL/6N mice, likely plays a minor role in the pathophysiology of chemically induced colitis.



Diet-induced obesity

Human ITLN1, expressed in visceral adipose, has been identified as a biomarker for obesity and related metabolic dysregulation (17–20, 42–45). To investigate the potential role of mouse Itln1 during diet-induced obesity, we assigned Itln1trap/trap mice and Itln1+/+ littermates to receive either control or one of two western-style diets, with varied amounts of sugar (as sucrose) and saturated fat (as lard). Body weight and food intake was recorded daily for the duration of the experimental period (Figures 3A, B). Itln1trap/trap and Itln1+/+ mice gained similar weight on each diet and consumed an equivalent amount of chow (Figures 3A, B). At necropsy, adipose depot mass was indistinguishable between genotype, reflective of body weight findings (Figure 3C). Furthermore, plasma concentrations of markers for obesity (leptin), inflammation (resistin), and insulin signaling (insulin and plasminogen activator inhibitor 1) did not differ between genotypes (Figure 3D). Lastly, in a cohort of control diet-fed animals, we investigated glucose and insulin tolerance to determine if under normal physiological conditions Itln1 plays a role in metabolic response. Itln1trap/trap and Itln1+/+ mice demonstrated equivalent responses to glucose and insulin challenge (Figure 3E). Together, these findings demonstrate that ablation of Itln1 in C57BL/6 mice does not result in increased susceptibility to diet-induced obesity.




Figure 3 | Response to obesity-inducing diets by intelectin-1 knockout mice. (A) Daily body weight and (B) food intake by Itln1+/+ and Itln1trap/trap mice (n = 8 – 9/group). Animals were fed control (CD; 10% kcals fat, 0% sucrose), high-fat sugar (HFS; 45% kcals fat, 17% kcals sucrose), or very-high fat (VHF; 60% kcals fat, 7% kcals sucrose) chow for approximately 145 d. (C) Adipose depot weights and (D) serum adipokines at necropsy. (E) Intraperitoneal glucose- and insulin-tolerance tests, and associated area under the curve analyses in CD-fed animals (n = 6/genotype). Statistical analysis of daily body weight and food intake was performed using repeated measures two-way ANOVA with Greisser-Greenhouse correction and Sidak multiple comparisons test. Comparison of mean differences in body weight, food intake, adipose weight, and serum adipokines were performed using a one-way ANOVA with Tukey’s multiple comparisons test. Mean differences in glucose and insulin tolerance (area under the curve) were compared using two-tailed, unpaired T-tests. Displayed analyses represent genotype comparisons within diet groups. ns, non-significant.






Discussion

Mouse Itln1 is the apparent functional ortholog of human ITLN1 (9). In the present study we generated an Itln1 knockout mouse model and tested the consequences in two in vivo models relevant to ITLN1 in human disease: inflammatory bowel disease (10–16) and obesity (17–20). C57BL/6 mice and related strains (e.g., C57BL/10), as well as respective sub strains (J and N) encode a single intelectin, Itln1. In contrast, other common laboratory strains (e.g., 129sv), as well as wild mice encode up to six Itln1-like genes (3, 23, 25). Our prior work demonstrated that Itln1 is the primary intelectin gene constitutively expressed in the small intestine, regardless of mouse strain, and others identified Paneth cells as the expression site of Itln1 by in situ hybridization (8, 23). Herein, using a mouse model developed on a C57BL/6N background, we confirmed that Itln1 is expressed by Paneth cells of the small intestine. Itln1 mRNA and protein expression was found largely restricted to this cell type, where Itln1 mRNA transcript was essentially non-detectable at most extra-intestinal tissue sites, including lung, adipose, and colon (20). In contrast, the human ortholog ITLN1 is not expressed in Paneth cells, but rather is highly expressed in intestinal goblet cells (both small intestine and colon), as well as in visceral adipose tissue, among other sites (16). Intriguingly, the expression of human ITLN2, which has no clear structural/functional ortholog in murid rodents, is restricted to Paneth cells (20). Thus, intelectin expression in the small intestine differs between mice and humans, where mice express Itln1 in Paneth cells, and humans express ITLN1 in goblet cells and ITLN2 in Paneth cells.

Mouse intelectin(s) 1-6 have been detected in other tissues (e.g., Itln6 is constitutively expressed in colon), and some may be inducible (i.e., Itln2 during parasitic infection) (3, 23, 25). Fortuitously, our knockout model was generated on a pure C57BL/6 background, which enabled complete intelectin ablation by targeting only a single gene, Itln1. However, an important caveat should be noted as C57BL/6 mice are an anomaly with respect to other laboratory and wild mice, which encode multiple intelectins. Therefore, extrapolation of findings related to Itln1 should be considered in the context of mouse strain, where the additional intelectin paralogs may exert redundant or independent function(s) when present. Likewise, mouse Itln1, a functional ortholog of human ITLN1, is expressed by i) a different cell type in the small intestinal mucosa, and ii) not expressed at meaningful levels at extra-intestinal tissue sites.

ITLN1 has been identified in the context of multiple human diseases, including Crohn’s disease (CD) where nucleotide variants, associated with increased disease risk, have been identified at the ITLN1 locus (10–16). The causal variant and associated outcome of this risk remains to be elucidated; however, altered expression of ITLN1 within the intestinal mucosa does not appear to explain the associated risk haplotype (16). Furthermore, a missense variant (V109D), which is in linkage disequilibrium with GWAS-associated risk alleles, does not alter binding to an established microbial glycan binding partner, β-D-galactofuranose, or affect formation of higher-order oligomers (2, 9, 16). The latter two concepts (i.e., D109 and oligomerization) are delineating features between human ITLN1 and mouse Itln1, where D109 (i.e., amino acid tracking with the CD risk haplotype) is the ancestral amino acid found in mice and other mammalian ITLN1-orthologs. In terms of oligomerization, mouse Itln1 is predicted to be a monomer, due an absence of N-terminal cysteines that enable disulfide-linked homotrimer formation by human ITLN1 (24). Previous work by our group identified even higher oligomeric forms (i.e., hexamers) of not only human ITLN1, but also ITLN2, which may form through disulfide-independent mechanisms. In the present study, we demonstrated similar evidence for mouse Itln1 oligomerization, whereby in western blot analysis under non-reduced but denaturing conditions, a hexameric species was evident. The biological activities of lectins are classically dependent upon oligomeric form, and intelectins are not an exception, as human ITLN1 affinity to β-D-galactofuranose is enhanced in trimeric form (9, 46).

We investigated the response of Itln1 knockout mice to challenge with DSS, a common model of chemically induced colitis in mice (38, 39). Using challenge with a high concentration of DSS (2% w/v), we observed increased susceptibility of the Itln1trap/trap knockout mice compared to Itln1+/+ wild type littermates. This acute challenge resulted in relatively high mortality rate in both experimental groups. Therefore, we also tested a model of chronic colitis that uses a reduced DSS concentration (1.5% w/v), which allowed a prolonged assessment of disease activity. Although we identified a significant genotype across time effect, supporting the concept that Itln1trap/trap are more susceptible to DSS challenge, the overall effect was considered modest. DSS challenge is often viewed as a better experimental model of ulcerative colitis, rather than Crohn’s disease, with the later a heterogenous inflammatory disease of complex etiology occurring both in small intestine and colon (47–50). Human ITLN1 is implicated in innate immunity through its affinity for microbe-specific glycans (2, 6, 9). In theory, human ITLN1 and mouse Itln1 are present in the intestinal lumen, as both are produced by secretory epithelial cells; however, the noted differences between species in cellular and topographical expression may infer limitations on experimental models of human inflammatory bowel disease in mice that largely focus on the colon (39, 47). Luminal concentrations of intelectins in the small intestine and colon remain to be determined, as well as their specific activities, including the biological consequences if ITLN1-like proteins binding to targeted microbes and/or their carbohydrate constituents. Future work should aim to describe potential differences in the intestinal microbiota of Itln1 knockout mice, to better understand the role of Paneth cell-derived Itln1 in shaping host-microbe interactions.

In humans, in addition to expression by intestinal goblet cells, ITLN1 is also abundantly expressed in visceral adipose, where it is often referred to as “omentin.” In visceral adipose ITLN1 is expressed by an unknown cell type(s) of the stromal vascular fraction and is present in circulation at high nanomolar concentrations (17, 18, 42). ITLN1 has been proposed to have anti-inflammatory, and insulin-stimulating effects; however, specific mechanisms to explain such effects remain to be characterized (42, 45, 51). Serum ITLN1 concentrations have been evaluated in various disease states, including obesity, where an inverse relationship of ITLN1 concentration with adiposity has been observed (42, 43). In the present study, we investigated the effect of Itln1 ablation on response to two obesogenic diets with varied levels of sugar and saturated fat. Itln1trap/trap knockout mice and Itln1+/+ wild type littermates were found to be indistinguishable in every measure, including weight gain, food intake, and serum markers of adiposity and inflammation. Furthermore, Itln1 ablation resulted in an unaltered response to glucose and insulin challenge under homeostatic conditions.

Alterations in Paneth cell biology, including endoplasmic reticulum stress and cytokine (e.g., type I interferon) signaling, have been observed in mice fed obesogenic diets – processes consistent with a diet-induced dysbiosis and role of Paneth cells in mediating host-microbe interactions through the production of various (highly abundant) effector molecules (21, 52–55). Our results suggest that Paneth cell derived Itln1 does not influence the onset and progression of diet-induced obesity in mice; however, additional work is required to better understand the potential role of Itln1 in mediating changes in the microbiota associated with high fat/sugar feeding. It is plausible that our model of dietary challenge (~20 wk) resulted in significant impairments of Paneth cell function in both knockout and wild type animals, thus mitigating the consequence of Itln1 ablation. As outlined above, human ITLN1 and mouse Itln1 exhibit key differences in tissue expression. A key point from our analysis, supported by previous work, is that mice do not express Itln1 (or other Itln1-like paralogs) in adipose at meaningful levels (i.e., >1000-fold lower than in small intestine), whereas human ITLN1 mRNA transcript (i.e., expressed sequence tags) are more abundant than leptin, adiponectin, perilipin, and other adipose-associated genes in omental adipose (18, 20, 23). Taken together, the specific effector functions of human ITLN1 in visceral adipose cannot be easily addressed using a mouse model.

Human ITLN1 is implicated in the pathophysiology of both Crohn’s disease and metabolic disease, including obesity and associated type 2 diabetes (10–15, 17, 18, 42, 56). Major differences of mouse Itln1 expression in both tissue (e.g., visceral adipose) and cellular (e.g., Paneth cell vs. goblet cell) patterns compared to those for human ITLN1, unveiled here, provide precedent for additional studies focusing on small intestinal pathology (8, 16, 23). As opposed to chemical colitis, which targets the murine colon, genetic models of intestinal pathology, including the SAMP1/YitFc model of spontaneous ileitis might provide an attractive avenue to better study Itln1 in the context of Crohn’s disease; however, a confounding factor posed by this model is that it was developed on a mixed strain background derived from AKR/J inbred mice, which encode multiple Itln genes (i.e., Itln1, -2, -4, and -6) (23, 57–59). Alternatively, C57 congenic models, including SHIP-/- (B6.129S6(C)-Inpp5dtm1.1Wgk/J) mice, which develop segmented, transmural ileitis due to perturbations in intestinal T cell immunity, present an opportunity to study Itln1 in isolation (60, 61). Furthermore, genetic models of neoplasia on a C57 background (e.g., C57BL/6J-ApcMin/J mice) may serve as better models than AOM-DSS to study the potential role of Itln1 in intestinal cancer (23, 62). In conclusion, while Itln1 knockout mice on a C57BL/6 genetic background hold promise for interrogating physiological function(s) of this mammalian intelectin in vivo, the results reported here highlight several caveats that will need attention in the design and interpretation of experiments to model the physiology of the human protein.
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Score Weight loss (%)

Stool consistency

Bloody stool score

0 None
1 1-5
2 5-10
3 10-15
4 >15

Normal
Loose stool
Loose stool
Diarrhea
Diarrhea

Normal colored stool
Brown stool
Reddish stool
Bloody stool

Gross bleeding

Disease activity index (DAI), mean score of weight loss, stool consistency, and bloody stool score.
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Grade Inflammation Extent Crypt damage Percent involvement
0 None None 0

1 Slight Mucosa Basal 1/3 damage 1%-33%

2 Moderate Mucosa and Submucosa Basal 2/3 damage 34%-66%

3 Severe Transmural Entire crypt and epithelium lost 67%-100%
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DLY
weaned piglet

Control
-2 weeks
Eugenol
(400 mg/kg)
Eugenol
-2 weeks
TGEV
-2 weeks
Eugenol
(400 mg/kg)
Eugenol+TGEV
-2 weeks

Fasting

-12 hours

Fasting

-12 hours

Fasting

-12 hours

Fasting

-12 hours

2mbLNaHCO;

(100 mM) Vehicle

-1 hours 0
5mLNaHCO;

(100 mM) Vehicle

-1 hours 0
SmLNaHCO, TGEV

(1o0mM) (2.8x10° PFU)

-1 hours 0

5mLNaHCO, TGEV
(100mM) (2.8x10° PFU)

-1 hours 0

Execute

3 days
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3 days

Execute
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Pathogen Antibiotics Outcome Reference

ETEC K88 Chlortetracycline+ Enhanced immunological responses, improved intestinal morphology Nyachoti et al. (114)
sulfamethazine+
penicillin

ETEC K88 Colistin sulfate+ Enhanced feed efficiency, reduced diarrhea Pan et al. (115)
olaquindox

ETEC K88 Apramycin+ Enhanced growth performance, improved systemic immune responses Lee et al. (116)
tiamulin+
sulfathiazole+
bacitracin methylene disalicylate

ETEC K88 Colistin Reduced mortality, reduced diarrhea Trevisi et al. (117)
ETEC K88 Apramycin Reduced fecal shedding of ETEC Kim et al. (118)
ETEC K88 Carbadox Enhanced growth performance, reduced fecal shedding of ETEC Owusu-Asiedu et al. (119)
ETEC F18 Chlortetracycline+ Reduced diarrhea, improved systemic immune responses Hong et al. (120)
tiamulin
ETEC F18 Carbadox Enhanced growth performance, reduced diarrhea, enhanced intestinal integrity He et al. (121)

Kim et al. (122)
Kim et al. (123)
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Pathogen

ETEC K88

ETEC K88
ETEC K88
ETEC K88
ETEC K88

ETEC K88
ETEC K88
ETEC F18
ETEC F18
ETEC F18

Pig
age

35d

35d
18d

36d
36d
39d
37d
38d

Tight junction proteins/outcomes

Reduced protein expression of occludin and claudin in ileum

Altered the distribution of ZO-1 and claudin in porcine Caco-2 cells (fluorescence microscopy analysis)
Reduced mRNA expression of occludin in jejunum; reduced expression of ZO-1 in jejunum and ileum
Reduced mRNA expression of occludin in jejunum

Reduced mRNA expression of ZO-1, claudin, and occludin in porcine IPEC-]2 cells; Reduced protein expression of claudin and
occluding in porcine IPEC-]2 cells

Reduced protein expression of ZO-1 and occludin in jejunum
Reduced protein expression of ZO-1 in jejunum

Reduced mRNA expression of claudin in jejunum

Reduced mRNA expression of claudin in ileum

Reduced mRNA expression of ZO-1 and occludin in ileum

Reference

Ewaschuk et al.
(53)

Yu et al. (54)
Gao et al. (55)
Yang et al. (56)
Wu et al. (57)

Yang et al. (58)
Li et al. (59)
Kim et al. (40)
Li et al. (60)

Becker et al.
(61)
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DSS- DSS+ P-value
CON ILE CON ILE ILE DSS ILE x DSS
IL-1B 2.43 + 0.29° 1.99 +0.14° 4.00 + 0.39% 2.82 +0.31° <0.05 <0.05 0.24
IL-4 20.56 + 1.39° 26.96 + 1.39* 15.00 + 0.66° 27.34 £ 1.14° <0.05 0.15 0.10
IL-10 67.66 + 3.04 60.23 + 3.07 56.21 +2.26 7311 +2.78 0.10 0.80 <0.05
IL-17 14.16 + 0.87°° 11.53 + 0.75° 26.05 + 1.59% 16.60 + 1.26° <0.05 <0.05 <0.05
IL-35 99.38 + 6.78° 82.13 + 6.39° 77.83 +2.27° 76.64 + 4.89° 0.10 <0.05 0.15

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, l-isoleucine-supplemented diet; IL, interieukin.

ab.Cin the same row, values with different letter superscripts mean significant difference (P <0.05).
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DSS+ P-value

DSS-

CON ILE CON ILE ILE DSS ILE x DSS
TLR-4 1.00 + 0.34° 0.91 +0.29° 3147 +0.62% 0.84 + 0.43° <0.05 <0.05 <0.05
MyD88 1.00 + 0.28° 1.94 +0.27° 50.59 + 7.70° 4.16 + 0.63° <0.05 <0.05 <0.05
NF-xB 1.00 £ 0.31° 0.87 +0.19° 7813 £ 14.13% 1.17 £0.38° <0.05 <0.05 <0.05

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, Il-alanine-supplemented diet; ILE, I-isoleucine-supplemented diet; TLR4, toll-like receptor 4;

MyD88, myeloid differentiation primary response gene 88; NF-kB, nuclear factor-kappa B.
ab/n the same row, values with different letter superscripts mean significant difference (P <0.05).
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P-value

DSS- DSS+
CON ILE CON ILE ILE DSss ILE x DSS
Colon length (cm) 14.13 £ 0.43% 16.02 + 0412 10.89 + 0.55° 12.61 = 0.32° <0.05 <0.05 0.35
The mRNA expression of barrier-related genes in colon
Z0-1 1.00 £0.14% 1.03+0.33% 0.15 + 0.01° 0.88+0.17% <0.05 <0.05 0.68
MUC2 1.00 + 0.22 1.05+0.33 1.01 + 0.06 092 +0.27 0.93 0.81 0.77
Claudin-1 1.00 + 0.20% 1.38+0.17% 0.61+0.11° 1.24 +0.36° <0.06 0.18 0.52

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, I-isoleucine-supplemented diet; ZO-1, zonula occluden 1; MUC2,

mucin 2.

ab.c |n the same row, values with different letter superscripts mean significant difference (P <0.05).
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DSS- DSS+ P-value

CON ILE CON ILE ILE DSs ILE x DSS
Early-stage apoptotic cells 1.44 + 0.35 159+ 0.15 272+078 2.94 £ 0.46 0.71 <0.05 0.94
Late-stage apoptotic cells 111 +0.22° 0.25 + 0.06° 4.69 + 1.30° 1.93+0.78° <0.05 <0.05 0.25
Total apoptotic cells 2.54 +0.18° 1.84 + 0.12° 7.41 £0.64% 4.87 +0.50° <0.05 <0.05 0.08

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, I-isoleucine-supplemented diet.
ab.Cin the same row, values with different letter superscripts mean significant difference (P <0.05).





OPS/images/fimmu.2021.817583/table5.jpg
DSS- DSS+ P-value

CON ILE CON ILE ILE DSS ILE x DSS
Go/Gy phase cells 86.54 + 2.28% 71.80 = 4.34° 90.37 + 0.55% 88.50 = 0.16% <0.05 <0.05 <0.05
S phase cells 7.66 + 1.85° 20.48 + 3.65° 417 £051° 5.73 + 0.10° <0.05 <0.05 <0.05
G + M phase cells 581+ 1.14 7.72 £ 0.80 5.46 +0.33 5.77 £ 0.24 017 0.15 0.30

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, I-alanine-supplemented diet; ILE, lisoleucine-supplemented diet.
abln the same row, values with different letter superscripts mean significant difference (P <0.05).
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P-value

DSS- DSS+
CON ILE CON ILE ILE Dss ILE x DSS
CD11c 6.67 +0.33° 433 +0.33% 21.33+0.88° 11.67 £ 0.33° <0.05 <0.05 <0.05
CD64 46.67 + 0.33° 3433+ 0.33% 81.33+0.88% 62.33 + 0.67° <0.05 <0.05 <0.05
CD169 9.33 +2.85° 11.67 + 2.33° 42.67 +1.20° 32.33 +0.67° 0.08 <0.05 <0.05

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, I-isoleucine-supplemented diet; MPO, myeloperoxidase.
ab.c.99 the same row, values with different letter superscripts mean significant difference (P <0.05).
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1-14d
ADG (g)
ADFI ()
F/G

16-35d
ADG (9)
ADFI (g)
F/G

DSS- DSS+ P-value
CON ILE CON ILE ILE DSS ILE x DSS

6.13 +0.09 6.50+0.12 <0.05
15.44 + 0.07 15,53 +0.13 0.55

2.53 +0.03 2.400.05 <005

6.40 + 0.14° 7.36 +0.16% 5.28 +0.18° 5.93 +0.24° <0.05 <0.05 0.40
24,59 + 0.07° 24.58 + 0.10* 23.26 + 0.15° 23.66 + 0.08° 0.07 <0.05 0.05

3.86 +0.08° 3.36 + 0.08° 4.44£0.14% 4.04 +0.16° <005 <0.05 0.68

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, I-alanine-supplemented diet; ILE, I-isoleucine-supplemented diiet; ADG, average daily gain; ADFI,
average daily feed intake; F/G, feed conversion.
ab.c.9n the same row, values with different letter superscripts mean significant difference (P <0.05).
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DSS- DSS+ P-value

CON ILE CON ILE ILE DSS ILE x DSS

Free amino acids (nmol/L)

Aspartate 812+ 0.30 6.77 + 0.67 7.85 + 0.50 7.80 £ 0.55 0.19 0.48 0.22
Threonine 52.81 + 1.55° 61.97 +1.94° 55.74 + 3.35% 56.37 + 1.18% <0.05 0.54 0.06
Serine 32.66 + 1.03° 33.51 + 1.63% 37.40 = 1.417 35.95 + 1.61% 0.83 <0.05 043
Glutamate 22.86 + 1.76° 20.47 + 1.69° 30.90 = 2.62% 22.49 +2.02° <0.05 <0.05 0.15
Glycine 29.29 + 1.38 30.74 + 1.90 33.77 + 1.80 33.76 + 1.55 0.67 <0.05 067
Alanine 70.58 + 0.97° 65.21 + 1.88° 78.49 + 3.79* 71.30 + 2.76% 0.73 <0.05 <0.05
Valine 23.50 + 0.64° 20.61 + 0.53° 19.49 = 1.10° 18.57 + 0.80° <0.05 <0.05 0.23
Cysteine 0.47 +0.13 0.30 +0.08 0.35 + 0.09 0.39 +0.14 0.57 091 037
Methionine 9.27 +0.22 8.31+0.35 8.27 +0.47 8.44 +0.40 0.30 0.25 0.14
Isoleucine 13.43 + 0.58° 31.28 +1.21° 12.49 + 0.40° 33.29 + 1.99° <0.05 0.66 024
Leucine 28.35 + 1.08 27.05 + 0.99 27.27 +1.09 25.82 + 1.41 0.24 0.32 095
Tyrosine 13.22 + 0.74 12.86 = 0.43 12.73 £ 0.74 12.34 +1.69 0.71 0.63 0.99
Phenylalanine 15.98 + 0.73 17.42 £ 0.57 16.13 + 0.43 16.71 = 0.66 0.1 0.65 0.49
Tryptophan 419 +1.04 528 +1.31 4.78 + 0.62 4,88 +0.99 0.56 093 0.63
Lysine 48.07 + 1.20 54.86 + 3.18 51.48 + 1.43 54.80 + 3.64 0.06 0.52 0.51
Histidine 12.60 + 0.48 12,56 + 0.50 1.74£1.14 12,68 + 0.67 0.55 0.62 0.51
Arginine 10.97 + 4.83° 23.73 + 6.02° 35.94 + 5.16° 54.39 + 7.09% <0.05 <0.05 0.63
Proline 60.93 + 2.74 68.31 + 1.31 67.27 +2.77 60.67 + 3.59 0.89 0.81 <0.05
Urea nitrogen (mmol/L) 9.86 + 0.38% 8.80 + 0.30° 10.58 + 0.34° 9.23 +0.19 <0.05 0.08 0.63

DSS-, drinking the ultrapure water; DSS+, drinking the ultrapure water with DSS; CON, l-alanine-supplemented diet; ILE, I-isoleucine-supplemented diet.
ab.C In the same row, values with different letter superscripts mean significant difference (P < 0.05).
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Gene
Z0-1
Z20-2
Claudin1
Claudin2
IL-1B
IL-2
IL-10
TNF-ot

GAPDH

GenBank accession

XM_027465580.1

XM_027446904.1

XM_013108556.3

XM_021271062.2

XM_038166869.1

NM_001310373.1

NM_001310368.1

XM_005027491.5

XM_005016745.2

Primer Sequence (5’-3)

F: GAAGAGGTGGCAGGCGAAA

R: GACTGACTGGTAAATCCACATC

F: GAGCAGGGGAAGGAGCAT

R: CTCACCTCCCTCACGTATCT

F: CCGTGACTGGCATGAAATGCA

R: CACCAATGCTGACAAACCTGCAA
F: CCTACATCGGCTCCAGCAT

R: GGTTGAGCATGGAGCTGTAGAT

F: TCATCTTCTACCGCCTGGACG

R: TAGGTGGCGATGTTGACCT

F: CCAGGAACGGGATGCAATATCTGTG
R: CTCAGGAAGTTGGTCAGCTCTTGG
F: CAACCTGCTGCTGAGCCTGAAG
R: CGCCTTGTAGATGCCGTTCTCG

F: ACAGGACAGCCTATGCCAAC

R: ACAGGAAGGGCAACACATCT

F: GGAGCTGCCCAGAACATTATC

R: GCAGGTCAGGTCCACGACA

Expected size (bp)

107
120
113
117
148

80
133
111

141
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Serum SCFAs LD Cycles KO CON p-value

Pxo PLo Pint

Total SCFAs, mmol/L NLD 220+ 1.11 1.68 + 0.51 0.339 0.177 0.987
SL 1.45 + 0.06 0.95 + 0.35

Acetate, mmol/L NLD 1.72 +0.71 1.62 +0.48 0.446 0.173 0.768
SL 1.26 +0.10 0.82 + 0.29

Propionate, mmol/L NLD 0.31 +£0.26 0.13 + 0.05 0.226 0.434 0.560
SL 0.17 £ 0.05 0.11 £ 0.04

Butyrate, mmol/L NLD 0.17 £0.14 0.03 + 0.01 0.311 0.287 0.188
SL 0.02 £0.01 0.04 £ 0.02

Acetate/Propionate NLD 4.87 +0.65 12.06 + 2.21 0.135 0.961 0.104
SL 8.74 +2.84 8.39+1.17

KO, Per2 gene knockout (Period2™~) mice; CON, wild-type (Period2*"*) mice; NLD, normal light-dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of
light and 16 h of darkness. Statistical analyses were conducted using two-way ANOVA. p<0.05, significant difference; p<0.01 or p<0.001, extremely significant difference; p>0.05, without
a difference. INT, the interaction between two factors. Results are presented as means + SEM (n = 2-4 per group).
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Intestinal SCFAs LD cycles KO CON p-value

Pxo PLo Pint

Colonic content

Total SCFAs, mmol/L NLD 7.40 +0.35 14.62 +1.32 <0.001 0.607 0.362
SL 6.72 £ 1.27 15,17 £ 1.48

Acetate, mmol/L NLD 4.87 +0.36 10.34 + 1.28 0.001 0.709 0.550
SL 4.57 £1.51 11.63 + 1.41

Propionate, mmol/L NLD 118+ 0.11 3.22 £ 0.45 0.011 0.892 0.761
SL 1.23 +0.54 2.96 + 0.69

Isobutyrate, mmol/L NLD 0.41 £ 0.06 0.44 + 0.02 0.489 <0.001 0913
SL 0.13+0.01 0.17 £ 0.01

Butyrate, mmol/L. NLD 0.75 +0.14 0.37 £ 0.05 0.021 0.314 0.930
SL 0.64 +0.13 0.24 +0.05

Isovalerate, mmol/L NLD 0.20 £ 0.01 0.16 £ 0.01 0.446 0.031 0.244
SL 0.11 £ 0.04 0.12 £0.01

Valerate, mmol/L NLD 0.04 +0.01 0.09 + 0.02 0.130 0.263 0.439
SL 0.04 £ 0.01 0.05 + 0.02

Acetate/Propionate NLD 4.44 +0.16 3.68 +0.23 0.175 0.332 0.330
SL 3.81 +0.30 3.68 + 0.47

Cecal content

Total SCFAs, mmol/L NLD 20.76 + 0.23 24.37 £ 0.48 0.020 0.757 0.861
SL 21.46 + 0.41 23.33 + 3.62

Acetate, mmol/L NLD 13.86 + 0.37 17.65 + 0.59 <0.01 0.620 0.641
SL 13.90 + 0.63 18.95 + 2.14

Propionate, mmol/L NLD 3.77 £ 017 4,66 +0.19 0.163 0.147 <0.001
SL 4.48 £ 0.1 3.08 £ 0.33

Isobutyrate, mmol/L NLD 0.43 +0.04 0.45 £ 0.02 0.779 0.908 0.932
SL 0.40 £ 0.11 0.41£0.08

Butyrate, mmol/L NLD 2.19+0.26 1.07 £ 0.13 0.001 0.197 0.749
SL 221+028 0.50 + 0.08

Isovalerate, mmol/L. NLD 0.26 +0.02 0.24 +0.02 0.161 0.058 0.399
SL 0.24 +0.01 0.18 + 0.01

Valerate, mmol/L NLD 0.25 +0.02 0.30 £ 0.01 0.590 0.649 0.220
SL 0.23 +£0.05 0.21 £0.05

Acetate/Propionate NLD 3.91+0.29 4.06 + 0.25 0.606 0.984 0.665
SL 3.22 +0.30 4.43 £1.33

KO, Per2 gene knockout (Period2™~) mice; CON, wild-type (Period2**) mice; NLD, normal light-dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of
light and 16 h of darkness. Statistical analyses were conducted using two-way ANOVA. p < 0.05, significant difference; p < 0.07 or p < 0.001, extremely significant diifference; p > 0.05,
without a difference. INT, the interaction between two factors. Results are presented as means + SEM (n = 4-6 per group).
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Items

1-14d

ADFI (g)

ADG (g)

F/G

Diarrhea rate (%)
15-18 d

ADFI (g)

ADG (g)

F/G

Diarrhea rate (%)

ADFI average daily feed intake, ADG average daily gain, F/G Feed/Gain ratio.
'* means significant difference in peer data between CON and EUG groups, P < 0.05.

CON

2443
1274
1.87
22.32

388.4
2148
1.86"
111®

EUG

250.6
157.1*
1.51%
9.375*

407.1

265.8°

1.56°
Ob

Treatment

TGEV

407.4
151.9°
273

51.85°

T+EUG

4033

2292

1.85"
25°

a, b mean values within a row with unlike superscript letters were significantly different, P < 0.05.
*CON, piglets were fed with basal diet; EUG, piglets were fed with basal diet containing 400 mg/kg eugenol; TGEV, piglets fed with basal diet and infected by TGEV; T+EUG, piglets were
fed with basal diet containing 400 mg/kg eugenol and infected by TGEV.

SEM

15.73
14.54
0.11
5.89

12.38
11.21
0.1
4.82

EUG

0.69
<0.05
<0.01
<0.05

0.76
<0.01
<0.01

0.01

P-value

TGEV

0.77
<0.01
<0.01
<0.01

EUG*TGEV

0.66
0.47
0.04
0.28
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Diarrhea degree Excrement shape Excrement score

Normal Hard bar/Hard granulous 1
Normal Firm well formed 2
Light Soft/Forming 3
Middle Dense/Not formed 4
Severity Fluid/Not formed 5
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ltems Treatments SEM p-value

CON AB IAMPs
DAO, pg/ml 17.68 16.56 15.30 0.67 0.12
Endotoxins, EU/L 61.712 5243  51.71° 2.29 0.04
D-Lactate, pmol/ml 107.712  89.27° 90.93° 3.57 0.01

SEM, standard error of the means (n = 7); DAO, diamine oxidase; EU, endotoxin unit;
CON, corn-soybean based diet; AB, CON + 25 mg/kg flavomycin + 50 mg/kg
quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs.

abDfferent superscripts within a row indicate a significant difference (p < 0.05).
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ltems Treatments SEM p-value
CON AB IAMPs
IL-10, pg/ml 252.01° 269.13% 285.05% 5.1 0.01
IL-12, pg/ml 126.97° 113.24° 115.01° 2.93 0.03
IL-4, pg/ml 42.33 44.96 47.08 1.85 0.25
IFN-y, pg/ml 29.13 27.03 27.56 1.25 0.50
TNF-a, pg/ml 156.10% 150.70% 136.88° 4.06 0.03
TGF-B, pg/ml 675.22° 792.30% 757.48° 19.22 0.01

SEM, standard error of the means (n = 7); IL-10, interfeukin 10; IL-12, interleukin 12; IL-4,
interleukin 4; IFN-y, vyinterferon; TGF-p, transforming growth factor B TNF-e, tumor
necrosis factor o CON, com-soybean based diet; AB, CON + 25 mg/kg flavomycin +
50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs.

abpifferent superscripts within a row indicate a significant difference (p < 0.05).
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ltems Treatments SEM p-value
CON AB IAMPs
IgA, ug/ml 640.63 668.92 712.13 23.11 0.15
IgE, ng/ml 240.89° 267.64% 282.78% 7.32 0.01
IgG, ug/ml 18.10° 20.10% 21.83° 0.79 0.03
IgM, pg/ml 17.05° 18.55° 23.17° 0.34 <0.01
SOD, ng/ml 176.60°  201.43° 231.172 8.06 <0.01
GSH-Px, ng/ml 127.06° 143.89° 148.60% 492 0.03
MDA, nmol/ml 11.55 11.22 11.21 0.36 0.76
T-AOC, ng/ml 2.38 2.66 4.89 117 0.32

SEM, standard error of the means (n=7); IgA, immunoglobulin A; IgE, immunoglobulin E;
IgG, immunoglobulin G; IgM, immunoglobulin M; SOD, superoxide dismutase; GSH-Px,
glutathione peroxidase; MDA, malondialdehyde; T-AOC; total antioxidant capacity; CON,
com-soybean based diet; AB, CON + 25 mg/kg flavomycin + 50 mg/kg quinocetone;
IAMPs, CON + 1000 mg/kg IAMPs.
ab.CDjfferent superscripts within a row indicate a significant difference (p < 0.05).
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Items Treatments SEM p-value

CON AB IAMPs
Day 0 BW (kg) 7.72 7.73 7.73 0.08 099
Day 14 BW (kg) 11.59 11.84 11.85 0.10 0.18
Day 28 BW (kg) 17.28° 18.35° 18.55% 0.32 0.03
Days 0-14
ADG (9) 276.34 293.48 294.02 7.28 0.18
ADFI (9) 455.36 458.21 452.59 11.01 0.94
G:F 0.61° 0.64% 0.65° 0.01 <0.01
Diarrhea rate (%) 3572 0.89° 0.89° 0.34 <0.01
Days 15-28
ADG (9) 406.43°  464.55° 47848  18.08 0.03
ADFI (g) 733.21 783.30 790.27 25.25 025
G:F 0.55° 0.59* 0.60° 0.01 <0.01
Diarrhea rate (%) 1.56 1.12 0.78 0.51 057
Days 0-28
ADG (g) 341.38°  379.02°  386.25%  11.42 0.03
ADFI (9) 594.29 620.76 621.43 15.93 0.41
G:F 0.57° 0612 0.62* 0.01 <0.01
Diarrhea rate (%) 2572 1.00° 0.84° 0.37 0.01

SEM, standard error of the means (n = 7); ADG, average daily gain; ADFI, average daily
feed intake; G:F, gain:feed; CON, corn-soybean based diet; AB, CON + 25 mg/kg
flavomycin + 50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs.

abDifferent superscripts within a row indicate a significant difference (p < 0.05).





OPS/images/fimmu.2022.872990/table2.jpg
Target genes Primer forward/reverse Primer sequence (5'—3’)

B-actin Forward CTGCGGCATCCACGAAACT
Reverse AGGGCCGTGATCTCCTTCTG
ZO-1 Forward CCTGAGTTTGATAGTGGCGTTGA
Reverse AAATAGATTTCCTGCTCAATTCC
Occludin Forward ACCCAGCAACGACATA

Reverse TCACGATAACGAGCATA
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ltems Content (%)
Ingredients

Comn 54.75
Soybean meal 19.00
Full-fat soybean powder 10.00
Fish meal 5.00
Whey powder 6.15
Soybean oil 1.50
Dicalcium phosphate 0.90
L-Lysine-HCI, 78% 0.48
L-Threonine 0.05
DL-Methionine 0.10
L-Tryptophan 0.02
Salt 0.30
Limestone 0.50
Premix® 1.00
Cr,03 0.25
Total 100.00
Calculated nutrients

Digestible energy (MJ/kg) 14.64
Crude protein 20.15
Lysine 1.38
Methionine 0.82
Methionine + cysteine 1.01
Threonine 0.97
Tryptophan 0.25
Calcium 0.80
Total phosphorus 0.73

The premix provided the following (per kiogram of complex feed): Vitamin A, 12,000 IU;
Vitamin D, 2,500 IU; Vitamin E, 30 IU; Vitamin B12, 12 ug; Vitamin K, 3 mg; d-pantothenic
acid, 15 mg; nicotinic acid, 40 mg; choline chloride, 400 mg; Mn, 40 mg; Zn, 100 mg; Fe,

90 mg; Cu, 8.8 mg; I, 0.35 mg; Se, 0.3 mg.
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Effector Molecule

Mucus

HD6

LYPD8
ZG16

Proposed Mechanism

Barrier
Scaffold for Other Effectors
Bulk Flow from Crypts

Agglutination
Inhibit Flagella Activity ()?

Inhibit Flagella Activity

Agglutination
Redox Switch

References

(68, 63-65, 83-85)

(86-88)

(89-91)
(92, 93)
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o-diversity LD cycles KO CON p-value

Pko Pio Pint

Colonic content

Coverage, % NLD 99.89 + 0.01 99.88 + 0.01 0.912 0.740 0.328
SL 99.88 + 0.01 99.90 + 0.01

Chao 1 NLD 459.43 + 3.92 370.93 + 14.64 0.003 0.250 0.738
SL 437.40 + 13.85 331.69 + 10.43

ACE NLD 458.33 + 7.75 330.68 + 15.39 0.002 0.683 0.226
SL 423.86 + 15.46 348.52 + 14.09

Shannon NLD 5.86 +£0.28 5.04 £0.03 0.007 0.589 0.857
SL 577 £0.22 4.85 +0.38

Simpson NLD 0.96 +0.01 0.90 +0.01 0.006 0.220 0.428
SL 0.95 +0.01 0.86 + 0.04

Cecal content

Coverage, % NLD 99.89 + 0.01 99.88 + 0.01 0.109 0.683 0.878
SL 99.89 + 0.02 99.87 + 0.01

Chao 1 NLD 450.15 + 13.68 395.16 + 5.08 <0.001 0.720 0.326
SL 466.46 + 15.19 387.41 + 3.58

ACE NLD 458.04 + 7.58 387.71 + 4.85 <0.001 0.393 0.707
SL 454.87 + 8.11 379.76 + 2.10

Shannon NLD 5.79 £ 0.09 5.87 + 0.03 0.039 0.433 0.006
SL 5.98 +£0.11 5.58 + 0.02

Simpson NLD 0.95 +0.01 0.95 £ 0.02 0.997 0516 0.750
SL 0.96 +0.01 0.95 +0.01

KO, Per2 gene knockout (Period2™~) mice; CON, wild-type (Period2**) mice; NLD, normal light-dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of
light and 16 h of darkness. ACE, abundance-based coverage estimator. Statistical analyses were conducted using two-way ANOVA. p < 0.05, significant difference; p < 0.01 or p < 0.001,
extremely significant difference; p > 0.05, without a difference. INT, the interaction between two factors. Results are presented as means + SEM (n = 6 per group).
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Gene names.
PLOY1-SANA
Ract-SANA

NC-SRNA

sense
antisense

antisonse

antisense

Sequence

5'-CCAGAAGUGCGACACCAUUTT-3
5-GCCCTCTGRGTATGRCTITCS"
5'- COAMGGAUCUGAAGAACAUTT-3
5 AUGUUCUUCAGAUCCUUGGTT-3
5-UUCUCCGAACGUGUCACGUT-3'
5'-ACGUGACACGUUCGGAGAATT-3'
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Item

Phylum
Fimicutes
Bacteroidetes
Proteobacteria
Family
Ruminococcaceae
Bacteroidales
Erysipelotrichaceae
Prevotellaceae
Enterobacteriaceae

2Data were expressed as the mean + SEM (r

Control

0.76 £ 0.04
0.20 £ 0.04
0.02 £0.01

0.41£0.056
0.13£0.30
0.07 £0.03
0.05 4 0.02
0.02 +£0.01

7). *Different from control, P < 0.05.

0.1% Lys-Lys

0.74 £0.07
0.21 +£0.07
0.03 +£0.01

0.41 £0.05
0.12 £0.08
0.10 £ 0.05
0.07 0.03
0.01 £0.002

1% Lys-Lys

0.73 £0.08
0.14 +0.02
0.08 +0.03

0.36 +0.05
0.06 £ 0.02*
0.1 £0.05
0.05 +0.02
0.07 +£0.03

5% Lys-Lys

0.69 £ 0.07
0.26 4+ 0.07
0.03£0.01

0.42 £0.08
0.08 £ 0.02
0.05 £ 0.02
0.14 +0.06
0.02 £0.01
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Item

Lysine
Methionine
Valine
Isoleucine
Leucine
Threonine
Tryptophan
Phenylalanine
Histone
Serine
Arginine
Glycine
Aspartate
Glutamate
Tyrosine
Proline
Cysteine
Alanine

2Data were expressed as the mean + SEM (r

Control

4496 £2.74
11.86 +0.83
42.20 +4.64
26.63 £2.39
34.25 +£3.83
19.96 +1.23
7.91+£0.47
19.87 +1.30
14.33 +1.66
2252 +1.86
22.78 +2.60
77.64 £12.13
454 £0.72
79.81 £ 11.44
31.91 = 1.11
3373+ 191
10.37 £ 0.99
82.19£8.74

7). *Different from control, P < 0.0

0.1% Lys-Lys

49.08 +0.16
13,52 £ 1.70
40.34 + 4.37
26.88 + 1.74
33.22 £ 1.99
22,64 £2.81
7.73+£0.54
1049+ 1.17
16114 1.47
2229+ 1.68
19.77 + 1.84
80.08 £ 6.83
4.98 £ 0.70
92,65 £ 5.70
30.14 + 1.54
40.80 £ 2.40
8.99+0.81
86.69 +3.26

*Different from control, P < 0.01.

1% Lys-Lys

80.57 + 3.80"
1469 +£2.18
53.11+7.27
2920 £3.12
45.76 + 3.78
30.65 & 3.95"
10.10 + 1.06
25.54 £2.02"
19.52 £2.36
29.22 +3.49
30.08 +3.53
99.34 +£8.17
5.98 +0.96
107.63 £ 9.83
35.05 + 2.40
60.21 £2.97*
6.26 + 0.70"
92.04 +9.50

5% Lys-Lys

63.10 +5.10
12.80 £1.33
48.59 +3.86
3471 £1.75"
41.18 £3.53
31.72 £ 3.00"
8.63£0.70
23.02 +1.85
13.35 £3.93
24.96 +£1.91
26.77 +3.61
88.17 £8.65
7.36 +1.02*
110.52 £ 3.37*
3627 +£1.93
45.90 +3.16"
12.64 £0.92
89.23 +8.52
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Item

ALP, UL
ACP, UL
y-GT, UL
oAMS, UL
Amy-p

TP gL

ALB, gL

19G, /L.

IgM, g/L
LACT, mmol/L
NH3L, pmol/L
UREA, mmol/L
GLU, mmol/L
GHOL, mmol/L
TG, mmol/L
HDL, mmol/L
LDL, mmolL
Ca, mmol/L

P, mmol/L
Mg, mmollL
Ironl, pmol/L.

2Data were expressed as the mean + SEM (r

Control

184.29 + 28.07
17.12£226
80.17 + 14.81

2017.14 + 307.64
2027.14 £ 303.40

48.34 £0.43
33.21 £2.11
126 £0.17
0.31£0.08
997 £1.14

816.86 + 78.01
360+ 0.74
2.24 +0.60
4.09 £ 0.20
073£0.11
1.714£0.08
251+021
242012
5.30 +0.44
1.63£0.13
16.53 £ 1.43

0.1% Lys-Lys

182,67 + 26.57
20.08 £ 3.87
62.50 + 8.20

214371 £289.39
2134.14 £278.34
47.34 £2.29
31.79+1.656
1.19£0.10
0.28 +0.02
10.01 £1.08

703.79 £ 77.76
3.51£043
277 £0.62
375+ 030
0.73 £0.08
1.79 +£0.07
221£042
246 £0.14
4.81+£0.32
1.56 £0.05
21.10 £ 1.60

7). **Different from control, P < 0.01.

1% Lys-Lys

150.80 + 5.49
17.88 +£2.04
64.86 + 12.05
1967.14 + 274.77
1980.16 + 274.23
46.27 £ 1.69
33.21£2.06
1.04 £0.04
0.26 £ 0.02
9.60 £ 0.66
647.97 + 44.84
377 £0.41
317 £0.45
3.25£0.12"
0.52 £0.03
1.54 +0.07
178 0. 42%
241£0.13
4.42 £0.26
1.25 £0.07"
21.02 £+ 1.44

5% Lys-Lys

236.33 + 33.64
19.11 £4.10
81.00 + 16.32
1783.33 + 244.09
1804.50 + 245.90
47.08+1.93
31.00 +0.96
0.98 £ 0.09
0.33 £ 0.06
9.61£0.65
683.92 + 61.18
4.00 £ 0.48
210014
299£0.17"
0.74 £0.09
1.63 +0.07
1.61£0.16"
232+0.11
4.96 + 0.29
1.39£0.12
17.33+2.10
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Gene

p-actin

Sle7al

Sle7a2

Slc15at

Accession no.

XM_003124280.4

NM_001012613.1

NM_001110420.1

NM_214347

Sequence (5'-3)

F: CTGCGGCATCCACGAAACT
R: AGGGCCGTGATCTCCTTCTG
F: TCTGGTCCTGGGCTTCATAA
R:ACCTTCGTGGCATTGTTCAG
F: GCAACAACTGGCGAAGAAGT
R: GGCATCATAAGGGTCAAAGC
F: CAGACTTCGACCACAACGGA
R: TTATCCCGCCAGTACCCAGA
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System Gene Transporters (Full name and abbreviation)
Sodium dependent NAATs
A SLC38A1 Serine acetyltransferase 1 (SAT1)
SLC38A2 SAT2
SLC38A4 SAT3
Gly SLC6A9 Glycine transporter 1 (GlyT1)
SLCBAS GlyT2
Sodium independent NAATs
asc SLC7A10 Asc Type Amino Acid Transporter 1/2 (ASC1/2)
imino SLC36A1 Proton-coupled amino acid transporter 1 (PAT1)
SLC36A2 Proton-coupled amino acid transporter 2 (PAT2)
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Model Dose

Arthritis (Rat) Dietary supplementation with 5% glycine
Acute pancreatitis (AP) (Rat) Intravenous injection of 100/300 mmol glycine
Oral gingival inflammation 5mM glycine supplemented in culture medium
(Cultured gingival epithelial cells)

Endotoxin (LPS) shock (Rat) Dietary supplementation with 5% glycine
Colitis (Rat and mice) Dietary supplementation with 5% glycine

Features

Pro-inflammatory cytokines |
Pathological structure 1; Pro-inflammatory cytokines |
MPO activity |

Pro-inflammatory interleukin level |
Nf-kB activation |

Survival rate 1,

Serum pro-inflammatory cytokines level |
Macroscopic and histologic scores 1

References

(104, 105)
(106)

(107)

(108)

(101, 102)

1, increase/up-requiate; |, decrease/down-requlate.
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ltems Treatments SEM  p-value
CON AB IAMPs

Duodenum

Villus height (um) 357.43°  400.28°  408.09° 13.60 0.04

Crypt depth (um) 26501 26225  260.09 272 0.46

Villus height/crypt depth ~ 1.35° 1,532 1572 005 0.03

Jejunum

Villus height (um) 316.85° 357.92® 381.45° 1382  0.02

Crypt depth (um) 250.68 24955 24843 517 095

Villus height/crypt depth 1.26° 1.442 1.532 0.05 0.01

lleum

Villus height (um) 321.36 342.03 348.40 8.39 0.10

Crypt depth (um) 22481 223.63 22230 383 0.90

Villus height/crypt depth 1.43 1.58 1.57 0.05 0.13

SEM, standard error of the mean (n=7); CON, com-soybean-based diet; AB, CON + 25
mg/kg flavomycin + 50 mg/kg quinocetone; IAMPs, CON + 1,000 mg/kg IAMPs.

abDfferent superscripts within a row indicate a significant difference (p < 0.05).
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Target genes
TFF1-CpG

TFF1-BSP

Primers sequences (5’-3’)

F: GGACTAGTACCCTCACCTGCTCTGTCCC

R: CATGCCATGGCCCCCAGCCCTTCATTCCAA
F: AAAGGATTAGGTTGGGTTAAGGAT

R: AACTTACAAAAAATCCCTCCCTTAT

Length (bp)

334

244

Temperature (°C)

63

60
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VK resources Supplemented Subjects Results Effects References
dosage
In vivo
MK-4 75mg kg diet C57BL/6 J mice  Body weight loss | VK protects against DSS colitis via Shiraishi
of the DSS model ~ Colon length 1 downregulating IL-6 etal. (16)
Histological scores |
IL-6 |
MK-7 50 mg kg™ diet C57BL/6J mice Colon carcinogenesis | Kz can inhibit gut-risk microbes and increase Zhang et al.
with DSS Expression of CLCN4, p-AMVK;, and  beneficial microbial metabolites to reduce colonic ~ (15)
VDR t tumor development in mice
The secretion of caecum butyric acid
and acetic acid 1
Ky or MK-4 600 mg kg™ diet Sprague-Dawley AP activity in five intestinal segments  Both Ky and K, can enhance IAP activity Sogabe
rats in both Ky and etal. (119)
MK-4 increased 1
Ky and Kz 3mg kg™ mouse ICR strain mice In the MK groups, the levels of ALP Oral administration of VK enhanced IAP mRNA Haraikawa
activity in the jejunum 1 expression etal. (120)
IAP mRNA expression in the jejunum
in both Ky and K, groups?t
The expression of pregnane X
receptor mRNA 1
VK 3.02mg kg™ diet Juvenile Jian carp  Malondialdehyde and protein VK improved fish growth, digestive and Yuan et al.
carbonyl contents | absorptive ability, and antioxidant capacity. (45)
AHR, ASA, SOD, CAT, GST, GSH-Px,
GR, activities and GSH contents in
the hepatopancreas and intestinet
Intravenous 100 mM 80-week-old male  Tumor growth | Kz, Ka, and K played effective antitumor effects Ogawa
administration BALB/c mice The number of apoptotic tumor cells 1 on CRC by inducing caspase-dependent etal. (17)
of K, K, and apoptotic death of tumor cells.
Ks
Low K4 52 (control), 16, 28, Wistar rat Liver K; increased with the increasing  The potential VK supply from enteric bacterial Mathers
36, 49 ug kg™ diet K; content in diet. 1 menaquinones may be altered by modifying diet et al. (121)
Concentration of coagulation factors  via altering the density of menaquinone-producing
(factor Il factor V, factor VI, factor IX,  microflora in large intestine.
factor X) in plasma. 1
Prothrombin clotting time (s) |
Cecal pH |
Cecal wt (g), content DM (g kg™') 1
Butyrate t
Propionate, isobutyrate, isovalerate
In vitro
Ko, Ks, Ks 10mM Colon 26, Enzymatic activity of caspase-3 1 Kz, Ka, and Ks induced apoptotic death of colon ~ Ogawa
metastatic murine 26 cells etal. (17)
CRC cell line
Ki, Ko 200, 400, 600, 700, HT-29, human Ka caused significant DNA damage at  Ks, but not Kz and Kj, induced DNA damage in D’Odorico
800 uM Ky; 250, 300,  colon carcinoma  low concentrations (25200 uM) with  HT-29 human CRC cells etal (118)
400, 500, 600 UM Ky cells alinear correlation of r 0.95
MK-4 0,1.0, 5.0, and 10.0 Caco-2 cells The ALP activities 1 Kz enhanced the level of ALP mRNA expression ~ Noda et al.
uM Expressions of human intestinal ALP  in human Caco-2 cells (46)
and Sl 1
Ky 10, 50, 100 and 200 Human colon Caused inhibition of proliferation K has enhanced anti-proliferative efficacy to Orlando
um cancer cells Induced apoptosis and the cell cycle  inhibit cancer growth etal. (122)
(Caco-2, HT-29,  arrest
SwW480) Enhanced the probiotic anti-
proliferative effect in a dose-
dependent manner t
Ki, K2, Ksand 5, 10 uM for Ky and Bone marrow- IL-1B Zheng et al.
Ks Ko; 1-6 uM for Kz and  derived TNF-o | (116)
Ka macrophages NLRP3 inflammasome activation |

Ks and K inhibit inflammation by
inactivating the NLRP3 inflammasome

AHR, anti-hydroxyl radical; ASA, anti-superoxide anion; CAT, catalase; DSS dextran sodium sulfate; IL, interleukin; CLCN4, chioride channel-4; GR, glutathione reductase; GST,
glutathione-S-transferase; GSH-Px, glutathione peroxidase; GSH, glutathione; LPS, lipopolysaccharide; S, sucrase-isomaltase; SOD, superoxide dismutase.
1 means increase or upregulate; | represents decrease or downregulate.
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VK resources Content of VK ‘Subjects Microorganisms Reforences

nvio
VK dofcient Detcint ©D patients Ruminococcaceas, Lachospiacese | Wagatsuma
etal (129)
VKdofentor  VKdefcent o suppomented wih§  Fomalo mice of CS7  The Vk-defent group had tho owost eatve abundance of  Eliseta
wppemened  umolkg” PK, MK, MK, or an Ba Lactobacius, and the reatest reltve abundances of (130)
equimolar combination of PK, MK-4, ‘Bacteroides and a Auminococous genus group.
M7 (Buminococcus.1).
VK 302mgkg” dnenoJancap LB 1 Yuaneta.
Aeromonas, E.col | )
Lowk, 52 (conto), 16, 28,36, 49 g kg Gt Wistarrat Bacterides tagis, Bacterodes wigatus | Mathers
Fusobacterie, Biidobactere, Entercoocs 1 etal (121)
T S0mg g det Mowse C.lanceotus,P. phenypyrnicus, and Pasasuttreta Zengetal,
xcrementinomis 1 ]
H. mesccricatonn and H. apodemus |
Diet supplemented  Back-oye bears (108 g kg™ Ki)vs.  Rat Total Bactercdes, Bactercides fagis, Bacterodes wigatus,  Mathers
winbackeye  whito oo 2ugkg” K Veloneta sp. 1 etal (121)
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ARR anti-nydroxyl radical

AMP adenosine 5&prime;-monophosphate

AMPK the AMP-activated protein kinase

APDN adiponectin

ASA anti-superoxide anion

BMD bone mineral density

CAT catalase

CD Crohn&rsquo;s disease

CD 36 the cluster-determinant 36

CKD chronic kidney disease

CLCN4 chloride channel-4

CM chylomicron

cOC/ucOC the carboxylated osteocalcin/undercarboxylated osteocalcin
ratio

CR chylomicron remnant

CRC colorectal cancer

dp-ucMGP dephosphorylated-uncarboxylated

DSS dextran sodium sulfate

DVT venous thrombosis

GAS6 growth arrest-specific protein 6

GGCX y-glutamyl carboxylase

GIB gastrointestinal bleeding

Gla y-carboxyglutamate

Glu glutamate

GSH glutathione

GSH-Px glutathione peroxidase

GR glutathione reductase

GST glutathione-S-transferase

HDAC histone deacetylase

hsCRP high sensitivity C-reactive protein

IAP intestinal alkaline phosphatase

IBDs inflammatory bowel diseases

Ky vitamin Ky

Ko vitamin Ko

LB Lactobacillus

LPS lipopolysaccharide

MDA malondialdehyde

MGP matrix Gla protein

MK menaquinones

MSCs Mesenchymal stromal cells

NPCIL1 the Niemann-Pick C1-like 1

NOACs non-VK antagonist oral anticoagulants

PC protein C

PRGP proline-rich Gla proteins

1,25(0H) 25-dihydroxyvitamin D3

2D310

ROS reactive oxygen species

Sl sucrase-isomaltase

SIBO small-intestinal bacterial overgrowth

SCFAs short-chain fatty acids

SOD superoxide dismutase

SR-BI the scavenger receptor class B-type |

TG triglyceride

™G transmembrane Gla proteins

TNF-o tumor necrosis factor-alpha

UBIAD1 the UbIA prenyltransferase domain-containing protein 1

uc ulcerative colitis

VK vitamin K

VDR the nuclear receptor vitamin D receptor

VKDPs VK-dependent proteins

VKO VK epoxide

VKOR VK epoxide reductase
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Target genes

TFF1

GAPDH

GenBank Accession number
XM_003358973.3

AF017079.1

Primer sequences (5'-3’)

F: AAGGTGATCGGTGTCCTGGT
R: CCGGAGAAACCACAGTTCA

F: ACATCATCCCTGCTTCTACTGG
R: CTCGGACGCCTGCTTCAC

Length (bp)
17

187

Temperature (°C)
60

60
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Target genes
TNF-a
IL-6
IL-8
IL-12
IFN-oc
FN-B
IL-o
L-B
L-2
Mx1
Mx2

RIG-1

GenBank Accession number

JF831365.1

NM_001252429.1

NM_213867.1

NM_213993.1

KF414740.1

JINB91525.1

NM_214029.1

XM_005670069.3

XM_003358973.3

NM_214061.2

NM_001097416.1

NM_213804.2

Primer sequences (5'-3’)

F: CCTACTGCACTTCGAGGTTATC
R: GCATACCCACTCTGCCATT

F: ATCTGGGTTCAATCAGGAGACCT
R: ATTTGTGGTGGGGTTAGGGG

F: CCACACCTTTCCACCCCAAA

R: TTGTTGCTTCTCAGTTCTCTTCA
F: CAGGCCCAGGAATGTTCAAA

R: CGTGGCTAGTTCAAGTGGTAAG
F: TTCTGCACTGGACTGGATC

R: TCTGTGGAAGTATTTCCTCACAG
F: GCTAACAAGTGCATCCTCCAAA
R: CCAGGAGCTTCTGACATGCCA
F:ACCTGGATGAGGCAGTGAAAT
R:ATGGGCGGCTGATTTGAAGT
F:AAGAAAGTGCGGCGGAAAGTA
R:CCACAGAAGTCCCATCCTTAC

F: GTTGCATTGCACTAACCCTT

R: TGGCTCCAGTTGTTTCTTTG

F: GTCATCGGGGACCAGAGTTC

R: TCCCGGTAACTGACTTTGCC

F: CCAGAGGCAGCGGAATCAT

R: TTTGCGTATTTCCCGCTCCA

F: AAGAAGAGTACCACTTAAACCCAG
R: ATGCCTTCATCTGCCACCGA

Length (bp)
158
208
179
166
103
124
236
177
86
164
143

256





OPS/images/fimmu.2022.881289/table2.jpg
Oligo Name Forward sequences (5’-3’) Reverse sequences (5’-3)

sgRNA1 F: CACCGCCACAGGATTGAAGCACCA R: AAACTGGTGCTTCAATCCTGTGGC
sgRNA2 F: CACCGTTGTCTGTGGGGTCATCAA R: AAACTTGATGACCCCACAGACAAC
sgRNA3 F: CACCGTGGGGTCATCAACGGCCAC R: AAMMACGTGGCCGTTGATGACCCCAC
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Target genes
PEDV(M)
TGEV(S)
PDCOV(N)

PORV(VP6)

GenBank Accession number

AF353511.1

FJ755618

JQ065043

FJ807867

Primers sequences (5’-3’)

F: AGGTCTGCATTCCAGTGCTT
R: GGACATAGAAAGCCCAACCA
F: CCAAACAGCCGTTATTAGTTA
R: AGTGACACCACCCGTTGT

F: ATGGCTACTGGCTGCGTTAC
R: GCGTTTCCTGGGCTGATT

F: CAAACGGGAGGAATAGGAA
R: CACTCTTGGGAAACTGAACC

Length (bp)

216
218
383

527

Temperature (°C)

60

60

60

60





OPS/images/fimmu.2022.881289/fimmu-13-881289-g007.jpg





OPS/images/fimmu.2022.881289/fimmu-13-881289-g006.jpg
§
:






OPS/images/fimmu.2022.881289/fimmu-13-881289-g005.jpg
v |
EECPTTTTT






OPS/images/fimmu.2022.881289/fimmu-13-881289-g004.jpg





OPS/images/fimmu.2022.881289/fimmu-13-881289-g003.jpg





OPS/images/fimmu.2022.881289/fimmu-13-881289-g002.jpg





OPS/images/back-cover.jpg
Frontiers in
Immunology

Explores novel approaches and diagnoses to treat
immune disorders.

The official journal of the International Union of
Immunological Societies (IUIS) and the most cited
inits field, leading the way for research across.
basic, translational and clinical immunology.

Discover the latest
Research Topics

Immunology






OPS/images/fimmu.2021.817583/fimmu-12-817583-g001.jpg
Cell viability (%)

# = 12h W
130 T e 24h
A .
1204 100 l
l
1o # g H
e 2
L z
. ~ -] LN
100 4 1 k| .
- I3 = 1 *
- t S » |
90 ]
50,2 88
k(S i ——
2 4 8 16 o s 10 20
The dose of L-isoleucine (mmol/L) The dose of TNF-ax (ng/mL)
C
*
120
b
1o z
g ¢
£ w0 -
E
- $
<
50 l
10]
0
Lisoleucine - + - +

1INF-a - - + +





OPS/images/fimmu.2021.817583/fimmu-12-817583-g002.jpg
DAI

—— CON DSS-
—@&— ILE DSS-
—&A— CON DSS+
—w— ILE DSS+

7

9

11 13 15 17 19 21 23 25 27 29 31 33 35

The experimental duration (d)





OPS/images/fimmu.2021.817583/fimmu-12-817583-g003.jpg
DSS

Isoleucine






OPS/images/fimmu.2021.773070/fimmu-12-773070-g004.jpg
150
E
= 100
£
s
=%
oy
©
-
2 50
=
o
o
(]
8 P =0.003
—_—
g
g ° sl
@
g
24
o
£
8 2
T
o T
CON Dss
E

Average
microvillus length (um)

CON DSS





OPS/images/fimmu.2021.773070/fimmu-12-773070-g005.jpg
A B C Taste transduction
posweon Synaptc vesice cydle:
i Retiograde endocannabingd signaling
i PPAR signaling pathway | &
;  iurwee Oxytocin signaling pathway-
Ncotne addicion|
! Neuroactive ligand-receptor ineraction @ Count
i Morphine addicion
i Insuln secreton
1l IL-17 signaling pathway -
i

.0

Hypertiophic cardiomyogathy (HCM)
GnRH secreion{ @
Glutamatergic synapse .
GABAergicsynapse{
Endocrine and other factor-reguiated caicium reabsorplion { ©
Dopaminergic synapse .
Diated cardiomyogathy (OCM){ ~ ®
Cortsol synthesis and secretion{ »

PC2(13.58%)
~log10(padi)

Circadian entrainment °
Cholinergic synapse- .
CGMP-PKG signaling pathway- .
(el adhesion mojecules (CAMS) .
Cardiac musce conlraction .
CAMP signaling pathway - L) 4
Calcium signalng pathway °
‘Axon guidance- °
Arthythmogenic right ventricular cardiomyopathy (ARVC){ @
Amphetarine addiction{ «
Adostercne synthesis and secteton {  ®
Adrenergic signaling in cardiomyocytes L]
0025 0050 0075 0100 0.125
‘GeneRatio

o con 1.304

) E3
PCH (65.46%)

E F G
Cytokine-cytokine receptor interaction MAPK signaling pathway Inflammatory mediator regulation of TRP channels IL-17 signaling pathway
. 1

3 A atotedad
°°$’0°‘\/o ,o,-,sfvgs/vg%/

DSS vs CON —1 gRT-PCR
1 RNA-seq

Relative mRNA expression of colon
(log2fold change)

Mapk10 Tnf Cxcl1 Cxcl2 Cxcl3 Cxcl5 e





OPS/images/fimmu.2021.773070/fimmu-12-773070-g006.jpg
asuodsa) ounuw]

wsiioqeiew pidr

0
S

T
FS @

asuodsa) sunww|

$15U060100UED)






OPS/images/fimmu.2021.817583/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.773070/fimmu-12-773070-g001.jpg
<
&

2
3
©

7

Group 1:
Control (CON)

&

sample collection

—

——— Hl4— Sterile water

3

i

P <0.001

iy

© ~ © w
(wo) yybus| uojon

P w

(6) 3ubrem Apog

DSS

8 days
sample collection

7

CON

ke

3% fSS
“-‘ <+— 3% DSS water

~®- CON -4 DSS

Group 2:
Dss

™ o~ -~ o
O  xopu| Aapoy aseassiq

Dss

CON

Day

P=0.017

I

w

800

P=0.022

0.024

P=

110

|

o o o
I 1) I
~ ~ ©

(w/Bd) p-4NL wnieg

sl

(= Q (<
= @ ~

(qwyBd) g3-71 wnies

(=] o o
o (2] ©
-

(JwyBd) g-7) wniag

600

o
~

P=0.36

X

-

©

P =0.040

b
o

P <0.001

e
-

Hf

N -

(Noww) 91 wnieg

gtk
HI#

° 0
N -
(oww) joys | wnieg

Hi
{

@ @ = o
©c © o o

(/1oww) 77 wnieg

o

Qe
]

i
S

DSS

CON

DSS

CON

DSS

CON





OPS/images/fimmu.2021.773070/fimmu-12-773070-g002.jpg
of ! | DSSvsCON Hamaiopoets ol ineage

— 117 sgnaing patway

% .

PC2 (11.98%)
~log10(padj)

Leworpe vrsencoets mpsen 055 vs CON UP.
o H H H
Hog10(Padi)

[

] ]
PC1(68.02%)

G H

NOD-like receptor signaling pathway  Tolllke receptor signaling pathway IL-17 signaling pathway

J 0N 0P

DSS vs CON —1 gRT-PCR
CTRNA-seq

10

Relative mRNA expression of liver —
(log2fold change)

Itgb2 Mapk13 Tnfaip3 Cxcl1 Cxcl2 111b Tnf





OPS/images/fimmu.2021.773070/fimmu-12-773070-g003.jpg
T 0.9996 P=0.248 B 300 Pe 0288 C T a0 P=0.593
2 — — 3
2 ) P 38
© 0.9992 = @ o
5 5 200 < T 36
x s >
) = @
£ z Y
‘g 0.9988 £ 100 =
[~} = S
o =z e 3.2
0, c
3 2
S 0.9984 & 3.0
CON  Dss CON DSs CON DSs
D Hierarchical clustering tree on OTU lovel E Weighted UniFrac PCoA on OTU level
—eon ot o

o Bsss, o
®con
DsS135 i

oz

1 DSs1
DSS10 N
I CONg3
L conss
= [u CONg4 o1
A
—
. T 1 .

3.12%)

Peimson)
: Phylum
i e Pryumiersl  EmCON mmDSS 5% condonc kel P
et s [— o sewours
£ = Patesconcioia Bactoroidota [ —o— 0046
3 ey
Za S Profobecea o | -
H * O Campiobacierota [l 14 + o
H m—— ® e sz
3 Desuobckol . p—
= TN T ¥ T WY Y T Y S S S 1
I EEEEEEE LR
L Proportons{’) Difference between proportions(%)
Gousionl  mmOOk mmDSS F—y— Pt
G nctaoes Me— —8— . oas
Foccoltacom [— —e—i+
Hotcoboctor [ e —e— * oas
Eschorch Shc — —9—1 - oo
a Paabacertes nmmm— —e—i - o
ook Lachrcspracos [Jm— . ooon
£ Lactobacilus (RN oo
T oo [—
] Escnsergoia f—
H Carobacteiacose UCG-002 [
s [———
5 Canddstus Sosrrmonas
& Lachnospimceso NKAAT3S grovp [0
[r—"
Parasutercla
(RN e——
Ocorbactor |
Desuorer by

coprosiapoigenes group L)
Enterococcus fy L]
o=y e Pl 1 .
Lachmacdostidium P °
T T T s asas v s e
p—— [ —
L o lipid metabolism
= CON I P - CON

II II ! o
m

A mm DSS

Relative abundance (%)
Relative abundance (%)






OPS/images/fimmu.2022.897395/fimmu-13-897395-g003.jpg
°
W
>

Em Con

LRt

Bl ETEC K88
LR1+ETEC K88

g

°
@

LRI+ETEC K88
Oh _4h+dh

g
3
H
H
g
S
9
H
H
3
H
£
H
8
5
&

g






OPS/images/fimmu.2022.897395/fimmu-13-897395-g002.jpg
0D600

o

mMRNA relative expression

ETEC K88
0.4
0.3:
0.2:
0.1
0.0
0 4 8 12 16 20 24
Time (h)
IL-8
5
I Con
4 - I ETECKS8
3
2.
"
1

Cell Viability(OD450)

o

mRNA relative expression

sk REH g

H

ETEC K88

IL-6

%

I Con

I ETECKs8

m

mRNA relative expression

Con

ETEC K88-1x10°
ETEC K88-1x10°
ETEC K88-1x107
ETEC K88-1x10°
ETEC K88-1x10”

goommn

ke

bt *
-
ok s ]
< &
TNF-a
N Con
W ETEC K88





OPS/images/fimmu.2022.897395/fimmu-13-897395-g001.jpg
. Con

LRI B LR1-1x10°
i B B | R1-1x10°
L1 LR1-1x107
15 B LR1-1x10°
B LR1-1x10°
4 - o
1.0 3 i
o 0
2 S s ok wh
8 <) &
i 2 e bl =
z,
=
[}
0.0 S
S S S 3
Time(h) °
C D
L8 IL-6
20
§ - § )
4 M (Rt $ s W LRI
g &
X H
e 2 10
] 5 -
5 E 05
z ¥ 4
Y ['4
£ E o0






OPS/images/fimmu.2022.897395/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.911381/fimmu-13-911381-g010.jpg
Oxidative stress (tBHP) Supplementation

resveratrol

ut microbiota dysbiosis

Lactobacillu

Enterococcus Bacteroides

(+) FoxO1 1
Tryptophan
O (+) Nrf2 pathway1
Do  Melatonin ® Caspase 3 l
2 B Caspase 9
Kynurenine o ié NQ011
A ¥ ii;ﬁl £% GSHPx
E TNF-al » REEEEST }Apoptosis
3
( ) IFN-y
--------------------------------------- l Antioxidant1

Inflammation  capacities





OPS/images/fimmu.2021.744425/fimmu-12-744425-g005.jpg
g Akkermansia

g Alistipes
g Allobaculum
g Alloprevotella

g Anaerotruncus

g Bacteroides:

g Bifidobacterium

g Blautia

g Candidatus Arthromitus

g Candidatus Stoquefichus:

g Coprococcus 1

g Coriobacteriaceae UCG 002

g Desulfovibrio

g Enterorhabdus

g Eubacteriumbrachy group

g Eubacterium coprostanoligenes group
g Eubacterium xylanophilum group
g Faecalibaculum

g Helicobacter

g Intestinimonas

g Lachnoclostridium

g Lachnospiraceae FCS020 group
g Lachnospiraceae NK4A136 group
g Lachnospiraceae UCG 001

g Lachnospiraceae UCG 006 |

g Lactobacillus

g mouse gut metagenome
g Oscillibacte
g Parabacteroides

g Parasutterella

g Rikenella

g Roseburia

g Ruminiclostridium

g Ruminiclostridium 5

g Ruminiclostridium 6

g Ruminiclostridium 9

g Ruminococcaceae UCG 013
g Ruminococcaceae UCG 014
g Ruminococcus 1

g Turicibacter

B
250
_ 200f°
E .
S 150
£ 100k > . R?=0.3052
A P=0.0174
- 50 Y =-719.7*X + 157.2
0
0.00 005 040 0.15
g Akkermansia %
(]
E
S R?=0.3061
N P=0.0172
N Y = 3544*X + 196.8
z
=
00 05 1.0 15 20
g Alloprevotella %
D
E 2
] R?=0.5418
£ P=0.0005
L Y = -546.8*X + 267.5
F R?=0.4655
3 P=0.0018
= o Y =-461.2'X + 179.0
0.00 005 010 0.5 0.20
g Candidatus Stoquefichus %
E
400
& 2
3300, R?=0.4771
£ = P=0.0015
T 200 ---.,‘\,TL‘\. Y =-102.1°X + 263.6
3 R « R?=0.6324
4 100 : P=0.0000
= Y =-106.9*X + 185.4

]
00 02 04 06 08
g Faecalibaculum %

1.0

m

R?=0.4983
P=0.0011
Y =20.21"X + 1955

R?=0.8561
P=0.0000
Y =2411°X + 111.0

TNF-a/lL-4, ng/ml

g Helicobacter %

- TNF-a - IL-4





OPS/images/fimmu.2022.911381/fimmu-13-911381-g009.jpg
A Alpha diversity B Bacteria enrichment difference in phylum
2009, FMTCON = FMTOS ¢ FMTOSR a o= TS
a 2%

oo a % b '. a b 3 g E 5 == FMTOSR
B 2
800 ‘12 i g:l g} r;-l 4 ; ﬁ £% - FMTCON

TR
600 a pa 5 £ 40
6 L& s @
]
4 g
g Ew
2 2
0 =
Observed-speicies  Shannon Simpson Chaol Ace Firmicutes Proteobacteria Bacteroidetes
Cc D

Firmicutes/Bacteroidertes ratio

Bacteria enrichment difference in genus

a

a mm FMTOS
== FMTOSR
Em FMTCON

40
ab
30
20

10

Bacteria enrichment
difference in genus, %
Firmicutes/Bacteroidertes ratio

FMTOS FMTOSR FMTCON

Lactobacillus Bifidobacterium

Cladogram Il FMTOS [l FMTOSR

eocescse | | | | | | |

+ g_Enterococcus [
: f Enterocqccaceae
. s_Enterococcus_cecorum
*s_Lactobacillus_gasseri [ NN
" s_Lactobacillus ingluviei [ MR
. g._Terrispdrobacter _
s_Entefococcus_EIcedmis _
R ¢ pcooicloceze
— f_unide?tiﬁed_tl?stridialei
I

[ [
-4 -3 -2 -1 0 1 2 3 4
LDA SCORE (log 10)






OPS/images/fimmu.2021.744425/fimmu-12-744425-g006.jpg





OPS/images/fimmu.2022.911381/fimmu-13-911381-g008.jpg
>
(o]

Egg laying rate after FMT Serum tryptophan levels

* FMTOS = FMTOSR + FMTCON
a a

e

+ FMTOS = FMTOSR v FMTCON

®
=

v

o
=]

Egg laying rate,%
N -
=l =
Serum melatonin levels, pg/mL

Trptophan, pM/L

(9]
o

) Serum oxidation product
Serum kynurenine level

150

60 - s FMTOS == FMTOSR EE FMTCON
= FMTOS 2 a
a b ® FMTOSR g _ 100
= )
s u A FMTCON =g a '

40 s b b
g £S5 s im i
SE s .

g Z e 20
220 S E is
Q E" 10 2
=
5 : b b
w2
0 0
Kynurenine,uM/L PC MDA 8-OHDG
E F
Serum antioxidant enzyme capacities Serum antioxidant enzyme capacities

m= FMTOS == FMTOSR Em FMTCON 250

S
S
S

B FMTOS ®m FMTOSR mE FMTCON

3
S
S

40

Serum antioxidant
enzyme capacities, U/ml prot
o
=3
Serum antioxidant
enzyme capacities, U/ml prot

S
S

GSH-ST GSH-Px





OPS/images/fimmu.2022.911381/fimmu-13-911381-g007.jpg
Terms

PC2 (15.32%)

class -&- CONT -a- OS

20
10
0
~104
204 ol
v
-10 0 10 20
PC1 (17.38%)
R2Y: 0.98, Q2Y: 0.45
OSRvs. 0S
Tryptophan metabolism - ‘
Glutathione metabolism - (1)
Tyrosine metabolism - @)
Vitamin digestion and absorption - o
Pyruvate metabolism- (1
Oxidative phosphorylation - ®
FoxO signaling pathway - ()
Antifolate resistance -
AMPK signaling pathway - .
Ubiquione and terpenoid-quione biosynthesis - .

Platelet activation -
PI3K-Akt signaling pathway - .
Pantothenate and CoA biosynthesis - .
One carbon pool folate=

Olfactory transduction =

mTOR signaling pathway -

Lysosome - .
Longevity regulation pathway-worm - .
Longevity regulation pathway = .
<GMP-PKG signaling pathway - .
02 o4 o6 o8
Ratio

Sotalol

\’ \ ' L-Cysteinesulfinic acid

Lactobacillus ‘

Harryflintia '
Enterococcus ‘
Anaerotruncus '

RO @ 1o cnoc i
NOND o

‘ ' ‘ ' Beta-Muricholic acid

B class &= OS -&= OSR
*13
204
104
R
S
s 01
o
[¢]
& 104
_204
L- . . - - -
-15 -10 -5 0 5 10
PC1 (12.83%)
R2Y: 0.96, Q2Y: 0.40
OSvs.CON
Tryptophan meubellsm‘.
Glutamine metabolism - [}
Tryptophan and Tyrosine biosynthesis- .
Pentose phosphate pathway = .
Pyruvate metabolism - . -log10(Pvalue)
Porphyrin and chlorophyll metabolism - . 2.0
Vitamin B6 metabolism = 2 B
: : 10
Phenylalanine metabolism - .
05
Longevity regulation pathway -  ®
)
E Oxidative phosphorylation - . Number
A
ﬁ Nicotinate and nicotinamide metabolism - . sl 1
Lysine degradation- ® s
® s
Histidine metabolism -
[
Citrate cycle (TCA cycle) - . . 9
Carbon metabolism- ¢
Butanoate metabolism- .
Arginine biosynthesis-
Tyrosine metabolism - o
01 02 03 04 05
Ratio
OS vs. OSR

Nicotinamide
Purine

’ ‘ ' -Methyl-dI-tryptophan
\ ,\ ‘ UMP:uridine5-diphosphate
oo
a4

06

' ‘ ‘ \ 2-Methylbutyroylcarnitine

‘ ’ ‘ ’ 3-Phenoxypropionic acid





OPS/images/fimmu.2022.911381/fimmu-13-911381-g006.jpg
A B Cladogram

A ——

Em CON b: f_Tannerellaceae
== 0s et ol
EE OSR e Motictes

//; T K
“\
il TN N\

/ i \\\\\\\\\\\::\\
Uy I

TN
i

c D BEN CON N OS5 EEE OSR

I | | | | | | | ' |
paa piot

s_Lactobacillus_aviarius
s_bacterium_ic1395
s_Bacteroides_gallinaceum
p_Tenericutes
_Mollicutes
f_unidentified_Mollicutes
o_unidentified_Mollicutes
g_unidentified_Mollicutes
s_Firmicutes_bacterium_CAG_822
s_Bacteroides_sp_Marseille_P3108
f_Tannerellaceae
f_Rikenellaceae
s_Clostridiales_bacterium_CHKCI001
o_Alistipes
i 1 i | i | i I i i
00 05 10 15 20 25 3.0 35 40 45

T T S— LDA SCORE (log 10)

Pz

P2 ez

E T-test F

95% confidence intervals

T-test/]

95% confidence
intervals

Rikenellaceae 0035* ]
H Clostridiales_bacterium_CHKCI0O01 0 0016+

S— ” o Lactobacillus_mucosae . 0.026*

[ ] 0014+ 3

W os
& osr

lidatus_Saccharibacteria_bacterium_UB2523

anjeny

Marinifilaceae

o

[Clostridium]_papyrosolvens

unidentified_Bacteria * 0.032¢ !
U VS — -
0 005 01 01501 005 0 005 0 001 0020 001 002
Means in groups Difference between Means in Difference

groups groups  between groups





OPS/images/fimmu.2021.744425/fimmu-12-744425-g001.jpg
CARH

CARL

CTL

% ‘Xapul SSew aulIdiN

T

CARL CARH

"

.2

CTL

g ®© « <
- © o o

0.
0.0'

joudBwyjjowu ‘yaw

il

3
2

=] d
= =

joadBwin ‘00

0.04
0:

0.01

0.00!

<

m

250
200
150
100
50
0

1w/Bu ‘p-11

™

o o = 3 ©
=3 =3 1= =3
< @ « -

Jw/Bu ‘P-4NL

CARL CARH

CTL

CARL CARH

CTL

CARL CARH

CTL

CARL CARH

F oy | @





OPS/images/fimmu.2022.897395/fimmu-13-897395-g005.jpg
Il Con

LRt

o«
o
X
[&]
8w
N B
oY
Ex
w3
0 @
]
>4
o O
Q w
K:T._ L‘O
szic %
O JwJa
K2
.vOV\V
e ® o w o
o~ L o -~ o o

M uoissaidxa aAne|aL YNYW
< uoissaldxa aAne|as YNNwW





OPS/images/fimmu.2021.744425/fimmu-12-744425-g002.jpg
mm CTL
CARL

= CARH

Villus height Crypt depth CTL CARL CARH






OPS/images/fimmu.2022.897395/fimmu-13-897395-g004.jpg
FD4 Flux

TER

<

-

s
g
|

- -

3 3
@Bueyd pjoj a4

R
(%)¥31 pazilewsoN

0.0

(a]

B ETEC K88
LR1+ETEC K88

. Con
" LR1

e B g v g
& <« ¢ o
uojssaidxa ulajoid ARy

LR1+
ETEC K88

ETEC
K88

Con LR1

Claudin-1
Occludin
ACTB

Occudin

Claudin-1

. Con

- LR

Bl ETECK88
LR1+ETEC K88

@ k] o 2

uoissaidxa aAne|al YNYW

LR1+ETEC K88

B ETEC K88

.
8%
|

L] 2 3
uoissa1dxe SAnEIRI YNYW






OPS/images/fimmu.2021.744425/fimmu-12-744425-g003.jpg
PC2(14.54%)

-0.2

0.0

PCA

0.2

PC1(18.22%)

0.4

0.6

7.0
6.5
6.0
5.5
5.0
4.5
4.0

700

600

500

400!

Shannon

=

CTL CARL CARH

Observed species

T

CTL CARL CARH

C

Chao1

*
1200

Jagt

800

600!
CTL

CARL CARH

PD whole tree

60
55
50

45
40
35

30
CTL

i

CARL CARH






OPS/images/fimmu.2021.744425/fimmu-12-744425-g004.jpg
10 b
N N S S
[ I 8
§ mm Others é
° B p Actinobacteria T 6
< c
é B p Proteobacteria B
©
o B p Bacteroidetes e 4
s mm p Firmicutes 5 2
] )
x o
0
CTL CARL CARH
p Proteobacteria
c D
* *
e —
* *
4 — 0.4 —
= =
o o
e 3 2 03
© ©
T °
g 5
3 0.2
g 2 2
[ [
> 2
E 1 K 0.1
@ &
0 0.0
CTL CARL CARH CTL CARL CARH

f Helicobacteraceae f Peptococcaceae

1.0 g Akkermansia
0.5 g Alloprevotella

0 g Candidatus Stoquefichus
-0.5 g Faecalibaculum
1.0 g Helicobacter

eTL CARL CARH





OPS/images/fnut-08-758518/fnut-08-758518-g005.gif
"Normal Chow Diet (16 weeks)

NC___HEHS _HFHS:NC

[R—

FFEFTTIFT S T ot Wt s 62

Hestshock potin e gones

a s
S Whdwe





OPS/images/fnut-08-758518/fnut-08-758518-g006.gif





OPS/images/fnut-08-758518/fnut-08-758518-g007.gif





OPS/images/fimmu.2021.744425/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.911381/fimmu-13-911381-g004.jpg
>

Relative mRNA expression

(¢}

Relative mRNA expression

0.5

0.0

mm CON = OS B OSR

=]

Ovarian apoptosis related gene expression Nrf2-ARE pathway

EN CON Em OS mm OSR

| nd
=

a

1.0

= 0.5

- &
=3
(o
(o
Relative mRNA expression
in
[~
o
=
=
o
£
=
s
i
=
14

SIRT1-FoxO1/P53 pathway gene expression
Em CON @=m OS ®E OSR

0.0
Bel-x LBc I-2BaxCas Nrf2 HO-1 NQO-1 Keapl

D Western-blot result of oxidative stress related pathway

»

-

w

Protein level, fold change

<

SIRTI FoxO1 P53 Keap1l Nrf2
E Western-blot result of cell apoptosis related pathway
i 78kba  Cleaved
Caspasc9 [S55% W el sokpa  Caspase 3 _‘ 18 K0A
Pactin [ o, Bactin [S e — 00

CON 0S OSR CON 0S OSR

FoxO1

a

Protein level, fold change

FoxO1 Cleaved caspase 3 Caspase 9

SIRT1 protein expression

HE CON EE OS mmE OSR
a a





OPS/images/fimmu.2022.911381/fimmu-13-911381-g003.jpg
N
S <
]

Primordial

CON

0os

OSR

Ovarian follicle counts in layers after challenge

a
e CON = 0S + OSR b
Pﬁ 2.‘bb
5 Mgd 2
A b
b il 2

Primary  Prehierarchical Atretic Total follicle

Ovarian cell apoptosis rate

257mm CON BEE OS EE OSR

Apoptosis rate, %






OPS/images/fimmu.2022.911381/fimmu-13-911381-g002.jpg
>

Serum oxidation product,

@

Serum:oxidation product Serum antioxidant enzyme capacities

g

40 a = CON Bm OS EE OSR

——
2

001- CON Em OS Hm OSR a "

000
500 -ai
a
i 'b i III i
50 . ii

00

nmol/mL prot
Serum antioxidant
enzyme capacities, U/ml prot
R
=%
22

20
15:
3 i
MDA PC T-AOC SOD GSH GSH-Px GSH-ST

(¢}
o

Ovarian antioxidant capacities,

Ovarian antioxidant enzyme activities
= Ovarian oxidation product

800- EE CON EE OS BE OSR 200
700 2,2 2 a == CON =m 0s Bm OSR
Nia mil &
B g
L ™ g2 100
2 250 7 a
2200 == 50 ]
& 150 EE 30 b
5 100 S =2 b
= £ 20
8 3
35 ]
30 S8 w0
25 s
20¢ 0
Sop GSH GSH-ST GSH-Px PC MDA 8-OHdG
E F
Serum trptophan and kynurenine level N Jejunum IDO1 enzyme activity
2 « CON : 0S . OSR a £ X
£ 80 m CON o OS A OSR
S a o 10
2 1 2
= 20 EE
z 5 b a =%
4 COEE S ) ¢
= ) 5t
H e i
2 =]
£ sz
E ! 3 1DO1
Trptophan, pM/L Melatonin,pg/mL (3






OPS/images/fimmu.2022.911381/fimmu-13-911381-g001.jpg
Experiment design

CON Iq/ PBS PBS \ PBS
w ),

b. Exp2. ‘L;f 7@3 .

FMT(CON)

By ;| 21day
’ﬁq > Sampling
FMT(OS)
y FMT(OSR) g

Microbiota from donor (CON+OS+OSR group)

o]
(¢}

Body weight change Ovary relative weight change
e CON = OS 4 OSR

n

1.5

-

Hen body weight, kg
.
.
0
n
L]
n
>
.
.
.
[
L]
>
an relative weight, %
w
2

T
Initial Final CON 0s OSR

m

D Serum hormone levels

=W CON =m OS B OSR 1500
1000

300

Egg laying rate of layers after challenge 20001 a a = CON BEm OS mm OSR

100 a L a
a
b b
b
<
(4
40
1wk 2wk 3wk 4wk

Serum inflammtory cytokine levels Lo gggg EE CON Em OS EE OSR
1)

= 2200
2000
1800
1600

500

400

2
2
0
2
S

Egg laying rate, %
2

>
3

Serum hormone levels

=

Estradiol FSH IGF-1

G Ovary inflammatory cytokine levels

m

01 a EN CONEm OS B OSR

—_— N
DN S A
S

200
100

0
1L-1B 1L-6 TNF-o IFN-y IL-6 IL-10 TNF-o, IFN-y

n
S

)
3
>
]
W
£

: dp
£

b z 300

I
H]
a a >
b )

o

Serum cytokine levels, ng/L
>
>





OPS/images/fimmu.2022.911381/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.883682/fimmu-13-883682-g005.jpg
Spearman correlation analysis

IL-1a
IL-1B

CXCL11

CXCL9

Paracoccus

Blautia
Treponema
Lachnospira

Arthrobacter

Prevotellaceae_UCG.003
Roseburia
Comamonas

Enterococcus

' Acidaminococcus

Escherichia.Shigella
Weissella
Lachnospiraceae_NK4A136_group

Ruminococcus

Dialister
UCG.002
Phascolarctobacterium

Terrisporobacter

Alloprevotella

Sarcina
Subdoligranulum
Fournierella
Faecalibacterium

Parabacteroides

Veillonella

UCG.005

Bacteroides

Akkermansia
Methanobrevibacter
Rikenellaceae_RC9_gut_group
Prevotellaceae_NK3B31_group
~ Streptococcus

Clostridium_sensu_stricto_1
Prevotella
Lactobacillus






OPS/images/fimmu.2021.788638/table1.jpg
Gene?
B-actin
GAPDH

TBP
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Accession No.

XM_003124280.5

NM_001206359.1

DQ178129

X61151.1

NM_214055.1

NM_214399.1

NM_214022.1

XM_005659811.1

NM_001163647.2

Primer sequences” (5’ - 3')

F:-TGGAACGGTGAAGGTGACAGC
R:GCTTTTGGGAAGGCAGGGACT
F: TCGGAGTGAACGGATTTGGC
R: TGCCGTGGGTGGAATCATAC
F: GATGGACGTTCGGTTTAGG

R: AGCAGCACAGTACGAGCAA
F: AGTGGACCCCACTGTGAAAA
R: TACAACCTTCTTCTGCACCCA
F: GTGATGCCAACGTGCAGTCT
R:AGGTGGAGAGCCTTCAGCAT
F:AGGGAAATGTCGAGGCTGTGC
R: CCGGCATTTGTGGTGGGGTT
F: TTCGAGGTTATCGGCCCCCA
R: GTGGGCGACGGGCTTATCTG
F: CAGCCCCCGTACATGGAGA
R:GCGCAGACGGTGTTCATAGTT
F:CTACTCGTCCAACGGGAAAG
R: ACGCCTCCAAGTTACCACTG

product size (bp)

177
147
124
102
o7

112
114
114

158

Reference
@7)
(8)
(9
(@2)

this study

this study

this study
(25)

(26)

“GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TBP, TATA box binding protein.

bE forward: R, reverse.
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ltem CTL CARL CARH P-value
Average daily food intake, g 4.68 £ 0.19 4.49 £0.23 452 +0.14 0.083
Litter size 13.56 + 2.46 1411 +£3.18 16.22 + 1.56 0.367
Litter weight, g 23.71 £ 3.69 24.43 £ 4.35 26.82 £ 2.48 0.179
Offspring average weight, g 1.76 £ 0.10 1.75+£0.15 1.77 £0.10 0.975

CTL, a basal diet; CARL, a basal diet containing 30 mg/kg B-carotene; CARH, a basal diet containing 90 mg/kg B-carotene. Values are means + SD (n = 9).





