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Introduction

Cordyceps militaris extract (CME) and cordycepin (CPN) are biomolecules with a wide range of biological activities, including anti-inflammatory, antioxidant and anti-tumour effects. The research objective wasto investigate the influences of CME and cordycepin CPN on colonic morphology, microbiota composition and colonic metabolomics in lipopolysaccharide (LPS)-challenged piglets.





Methods

Twenty-four weaned castrated piglets were randomly divided into four groups: control group (fed basal diets), LPS group (fed basal diets), CPN-LPS group (basal diets + 60 mg/kg cordycepin), and CME-LPS group (basal diets + 60 mg/kg C. militarisextract). On the 21st day, the LPS, CPN-LPS, and CME-LPS groups received an injection of 100 μg/kg BW LPS, while the control group was given sterile saline.





Results

The findings demonstrated that CPN or CME attenuated intestinal morphology damage with LPS-challenged piglets. CPN and CME alleviated intestinal microbiota dysbiosis and metabolic disorders under LPS-challenged by enriching serum protein levels, regulating of inflammatory cytokine secretion and altering colonic microbial composition. Colonic microbiota analysis that the CPN improved the relative abundance of Acidobacteriota and inhibited Faecalibacterium, CME promoted the relative abundance of Prevotella and Lachnospiraceae NK4A136group. Meanwhile, the alleviation of colonic damage is achieved through modulation of metabolic pathways linked to tryptophan metabolism, biosynthesis of amino acids and butanoate metabolism.





Discussion

Conclusively, our preliminary findings reveal that CPN or CME could serve as a beneficial dietary supplement to alleviate gut diseases in weaning piglets.
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1 Introduction

Gut microbiota and its derived metabolites are crucial for preserving the integrity of the gut and maintaining the balance of the intestinal ecosystem. These microorganisms engage with the host and participate in a range of physiological processes, including nutrient metabolism, immunomodulation, and intestinal barrier integrity (1–3). It is well established that variation in the composition of the microbiota can modulate susceptibility to colitis (4). The colonization of the intestinal bacteria and the construct of the intestinal immune system occur during infant stages (5). Hence, a premature departure from maternal nutrition and abrupt changes in the external environment can lead to impaired immune function and gut flora disruption in young animals, ultimately increasing their susceptibility to enteric diseases (6). Nevertheless, intensive farming accelerates the process of weaning piglets. It has already been proven that in the process of early weaning, weaned piglets exhibit a reduction in appetite, lowered immunity, heightened incidence of diarrhea, and, in extreme cases, mortality (7).

In recent years, natural extracts and bioactive substances have shown great potential in improving gut health. For example, Cymbopogon citratus and Poria cocos polysaccharides can have beneficial effects on the metabolic functions of certain microorganisms, thereby maintaining the health of the organism (8, 9). In addition to these, probiotics and prebiotics are widely studied and applied to improve intestinal health. Probiotics, such as Lactobacillus and Bifidobacterium, can directly regulate the composition of the gut microbiota and immune response. They can inhibit the growth of harmful bacteria by competing for adhesion sites and nutrients in the intestine and also produce antibacterial substances like bacteriocins (10, 11). Prebiotics, however, can be used as a food source of probiotics, which can promote the growth and activity of beneficial intestinal bacteria, thereby improving the intestinal environment, enhancing nutrient absorption, and reducing inflammation (12).

Cordyceps militaris, valued for its medicinal properties, is extensively utilized as a dietary supplement and medicine across Asia (9). C. militaris extract (CME) is rich in various bioactive substances, like cordycepin (CPN), carotenoids, and cordyceps acid (13). Among the many valuable components in C. militaris extract, cordycepin exhibits a variety of bioactive functions. The bioactive functions of cordycepin involve anticancer, antioxidant, and viral infection inhibition (14, 15). A study demonstrated that cordycepin synergizes with CTLA-4 suppressant to alter the responsive and depletion condition of CD8T cells, thus enhancing CD8 T cell-mediated tumor microenvironment (TME) anti-tumor immunity, remodeling the tumor microenvironment, and enhancing cancer immunotherapy (16). Moreover, cordycepin has been reported to be protective against intestinal inflammation in zebrafish larvae caused by cadmium exposure (17). Numerous animal and clinical trials have demonstrated the multiple health benefits and pharmacological activities of cordyceps extracts. For instance, C. militaris extract has been shown to enhance intestinal immunity in growing pigs by modulating the gut barrier function and gut microbiota (18). Research has shown that C. militaris extract can reduce the magnitude of Dextran Sulfate Sodium (DSS)-triggered colitis in mice by lowering inflammatory factor levels (19). Our earlier investigations showed that supplementing with CPN or CME suppressed lipopolysaccharide (LPS)-challenged small intestinal injury and suppressed inflammatory responses in weaning piglets. Concomitantly, CPN or CME mitigated inflammation and oxidative stress by modulating the ileum microbiota composition and regulating genes associated with complement activation, which are involved in inflammation and immune reactions (20). However, compared with probiotics and prebiotics, the research on CME and CPN in the field of intestinal health is relatively new. Although probiotics and prebiotics have been widely used and studied, they also have some limitations. Probiotics may face challenges such as poor survival in the harsh intestinal environment and potential side effects in some individuals (21). Prebiotics, while promoting the growth of beneficial bacteria, may also be utilized by some harmful bacteria in certain cases (22). In contrast, CME and CPN have unique advantages. CME and CPN are natural products with multiple bioactive components, which may have more comprehensive effects on intestinal health. Notably, the ileum and colon, as essential components of the intestines, have significant parenchymal morphological and structural variance, as well as differences in their physiological functions and microbial community compositions (23). In particular, mammalian gut microbial composition and function, metabolomics products, and host–microbiota interactions are quite different between different gut locations and gut compartments (24, 25). It remains unclear whether CPN and CME exhibit distinct efficacies in protecting against colonic damage and the specific mechanisms that involve intestinal microecology and metabolic pathways.

In light of the preceding discussion, it is imperative to examine the effect of supplementation with CPN or CME on LPS-challenged colonic microbiota and metabolites in piglets. The purpose of this research was to comprehensively assess the effects of CPN or CME supplementation on colonic health in weaned piglets. Fundamentally, we aimed to investigate the effect of supplementation with CPN or CME on the morphological structure of the LPS-induced colon in piglets. Any change in morphological structure directly affects intestinal functions such as nutrient absorption and barrier function. We then explored how these structural and functional changes interact with the composition of the microbiota in the colon. In turn, the microbiota plays a crucial role in various metabolic processes, so we also investigated the impact of the microbiota on metabolites. Ultimately, by understanding these interrelationships, we can elucidate the specific mechanisms by which supplementation with CPN or CME affects the colon and ileum of LPS-challenged piglets, thereby providing greater insight into their role in maintaining colon health.




2 Materials and methods


2.1 Preparation of CPN and CME

Preparation for CPN and CME adheres to the established procedures of previous study (20). Briefly, the C. militaris residue sample (Kangneng Biological Engineering Co., Ltd., Yang Zhou, China) was milled, water extracted, concentrated, and spray-dried to obtain CME containing 1% cordycepin. CPN, with a 90% purity level, was sourced from Shanghai Yuanye Bio-Technology Co., Ltd., located in Shanghai, China.




2.2 Animals and experimental design

The animal experiment in this study was performed according to the Animal Care and Use Committee of the Shanghai Academy of Agricultural Sciences (SAASPZ0522050). The detailed experimental procedures are depicted in Figure 1A. All 24 weaned castrated piglets (Duroc × Landrace × Large White) were weaned at 21 days of age and were randomly assigned to four groups with six replicates per group (n = 6): control group (basal diets), LPS group (basal diets), CPN-LPS group (basal diets + 60 mg/kg cordycepin), and CME-LPS group (basal diets + 60 mg/kg C. militaris extract). The piglets had a 3-day acclimatization phase followed by a 21-day experimental period. There were six individual pens per group, with each pen housing a single piglet. The fundamental diet was prepared in compliance with the NRC 2012 (26) standards to fulfill the nutritional needs of piglets, with the composition and nutrient content listed in Supplementary Table S1. Piglets in all groups were fed daily at 7:00, 12:00, and 17:00, with continuous access to water. On day 21, groups treated with LPS, CPN-LPS, and CME-LPS received an injection of 100 μg/kg BW LPS (Escherichia coli O55:B5, Sigma Chemical Inc., St. Louis, MO, USA) following established protocols, whereas the CON group was administered an identical volume of sterile saline solution (20).




Figure 1 | CPN/CME ameliorates LPS-challenged colonic damage in piglets. (A) Schematic diagram of the experimental design. (B) H&E staining of the colon sections (scale bar: top, 500 μm; bottom, 100 μm). (C) Histopathological scores of H&E-stained colonic sections. (D) Colon crypt depth. Data are expressed as mean ± SEM (n = 6). Statistical analysis was performed (one-way ANOVA followed by Tukey’s multiple comparisons tests) using SPSS software. *p < 0.05 and **p < 0.01. CPN, cordycepin; CME, Cordyceps militaris extract; LPS, lipopolysaccharide.






2.3 Sample collection

All piglets were euthanized 4 h post the LPS challenge; blood samples (approximately 5 mL) from the jugular vein were collected in sterile vacuum tubes, centrifuged, and stored. For colonic samples, a 4-cm mid-colon segment was excised. Mucosa samples were collected by gently scraping the inner surface of this segment with a sterile slide, then flash-frozen in liquid nitrogen, and stored at −80°C for immunological analysis. Subsequently, colon digesta (approximately 2–3 g) from the same mid-colon segment were also collected and stored at −80°C for analysis of gut microbes, metabolomics of digests, and short-chain fatty acids (SCFAs). Approximately 4 cm segments of the mid-colon were excised and fixed in 4% paraformaldehyde for morphological analysis.




2.4 Histopathological analysis of the colon

Colonic specimens were immersed in 4% paraformaldehyde and fixed for 24 h. Following fixation, 4-μm paraffin sections were prepared and stained with hematoxylin and eosin (H&E), and then colonic morphology was observed under a microscope (Olympus, Tokyo, Japan) to assess colonic injury and inflammation. Crypt depth (CD) measurements were conducted using the ImageJ software (Version 1.53, National Institutes of Health, Bethesda, MD, USA) and scored using histological scoring criteria (Supplementary Table S2) on colon sections (27).




2.5 Serum biochemical indicators

Serum biochemical indicators [total protein (TP), albumin (ALB), globulin (GLB), albumin-to-globulin ratio (AGR), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C)] were assayed using AU680 Automatic Biochemistry Analyser (Beckman Coulter Inc., Brea, CA, USA).




2.6 Colonic cytokine levels

Interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10 (IL-10), and tumor necrosis factor-α (TNF-α) in colonic mucosa samples were detected using ELISA kits (Enzyme-linked Biotechnology, Shanghai, China). All cytokine determinations were strictly conducted in accordance with the manufacturer’s instructions for each commercial kit.




2.7 Colonic microbiota analysis

Microbial DNA from the colonic digesta was extracted using a DNA extraction kit (Axygen Biosciences, Union City, CA, USA) in accordance with the manufacturer’s protocol. The 16S rRNA gene V4–V5 region was then amplified using specific primers (515F 5′-barcode-GTGCCAGCMGCCGCGG-3′ and 907R 5′-CCGTCAATTCMTTTRAGTTT-3′). After purification using commercial kits (Axygen Biosciences, Union City, CA, USA), the PCR amplification products were quantified, and qualified libraries were sequenced on the Illumina MiSeq platform (Illumina, San Diego, CA, USA). The UPARSE software was used to construct different operational taxonomic units (OTUs) and sequence similarity thresholds greater than 97%. Alpha-diversity indices were analyzed based on Mothur (Version 1.21.1), and beta diversity was calculated through the Bray–Curtis and R package (Version 2.0). Differences in biomarkers and microbiota abundance of colonic microbiota were evaluated by linear discriminant analysis (LDA), along with the Kruskal–Wallis test and rank tests.




2.8 Metabolomics analysis

The colonic content samples were delivered to Novogene (Beijing, China) to employ untargeted metabolomics (Thermo Fisher, Dreieich, Germany). A colonic tissue sample measuring 100 mg was ground into powder and resuspended in 80% ice-methanol. After centrifugation (15,000 g, 20 min, 4°C), the supernatant was obtained and diluted with water to acquire a final concentration of 53% methanol prior to further centrifugation. Liquid chromatography–tandem mass spectrometry (LC-MS/MS) was then employed for quantification, and the initial data acquired were processed and underwent quantitative analysis through the Compound Discoverer (CD3.3, Thermo Fisher) per metabolite. These metabolites were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.genome.jp/kegg/pathway.html). Principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were conducted using metaX (http://metax.genomics.cn/). Univariate analysis (t-test) was performed to calculate statistical significance (p-value). Metabolites with a variable importance in projection (VIP) score > 1, p-value < 0.05, and a fold change (FC) ≥ 2 or FC ≤ 0.5 were classified as differential metabolites. Volcano plots were generated to filter metabolites of interest based on log2(FC) and −log10(p-value) using ggplot2 in R language.




2.9 SCFAs of colonic contents

Quantification of SCFA concentrations was according to our previously described methods (20). Briefly, 0.1 g of colon digesta was dissolved, shaken (30 min), and centrifuged (12,000 g, 10 min). The extracted supernatant was mixed with metaphosphoric acid and crotonic acid and then stored at −20°C overnight. Prior to the assay, the mixture was allowed to equilibrate at room temperature, followed by filtration and centrifugation; 0.06 µm of the supernatant was extracted and injected into a gas chromatograph (GC) (Shimadzu, Kyoto, Japan) to analyze SCFAs.




2.10 Statistical analysis

All data were counted and analyzed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA) employing ANOVA with Tukey’s multiple comparisons tests. p-Value < 0.05 (* p < 0.05 and ** p < 0.01) was deemed statistically significant, while 0.05 ≤ p-value < 0.10 was used to indicate a trend. Spearman’s correlation analysis was conducted using the corrplot package in the R software (Version 3.0.3). The results were considered to be significantly relevant if the p < 0.05, and absolute r > 0.5.





3 Results


3.1 Supplementation with CPN and CME alleviated colonic morphological damage in LPS-challenged piglets

Our previous findings demonstrated that experiment piglets remained in optimal condition throughout the rearing phase. No significant differences were measured in growth parameters and diarrhea rate among different groups before the LPS injection (20). Furthermore, histological analysis of the colonic tissue revealed more disruption of crypt structure, and extensive immune cell infiltration in the mucosa and submucosa in the LPS-challenged group affirmed the establishment of a model of LPS-challenged colonic injury (Figure 1B). Conversely, compared to the LPS group, CPN and CME mitigated LPS-challenged crypt structure damage and inflammatory cell infiltration in piglets (Figure 1B). Consistent with these observations, the LPS-challenged group significantly elevated overall disease severity scores and colonic crypt depth compared with the CON group.

Additionally, interventional treatments for CPN and CME inhibited the LPS-triggered increase in overall disease severity scores and colonic crypt depth (p < 0.05; Figures 1C, D). Taken together, the above results demonstrated that the distinct treatment groups were capable of alleviating LPS-challenged colonic inflammation and mucosal damage in piglets.




3.2 Supplementation with CPN and CME alleviated serum metabolic dysregulation and inflammation by LPS challenge

Intraperitoneal injection of LPS induces serum metabolic disorder and intestinal inflammatory response, ultimately leading to a disruption of the organism’s immune homeostasis (28, 29). In this experiment, we measured the changes in serum biochemical parameters and colonic mucosal cytokine levels to appraise the implications of CPN or CME on the inflammatory response by LPS stimulation. As shown in Table 1, the TP and GLB contents in the serum of piglets subjected to LPS-induced injury were plainly decreased in contrast to those in the CON group (p < 0.05). Furthermore, there was a notable elevation in AGR (p < 0.05), and TG concentration expressed a relatively increasing trend in LPS-challenged piglets (p = 0.09). Simultaneously, in comparison to the control group, the serum LDL-C content of piglets in both the LPS and CME-LPS groups exhibited a downward trend (p = 0.08). In sum, both of these interventions demonstrated efficacy in constraining serum metabolic disturbances in subjects with the LPS challenge. Notably, the CME treatment significantly reduced TC concentration in comparison to the LPS group (p < 0.05). The assessment of inflammatory cytokine levels in the colon was conducted following the administration of the LPS challenge (Figure 2). The result exposed that IL-8 content was remarkably improved and the levels of IL-10 markedly declined in the LPS group compared to the CME-LPS group (p < 0.05; Figures 2C, D). Moreover, the LPS challenge led to increased levels of cellular inflammatory factors (IL-1β, IL-6, and TNF-α), although these differences did not reach statistical significance (p > 0.05; Figures 2A, B, E). Generally speaking, the aforementioned results showed that CPN and CME have the capacity to restore metabolic disorder and inflammatory response under the LPS challenge.


Table 1 | Effect of CPN/CME on serum biochemical indices in LPS-challenged piglets1.






Figure 2 | CPN/CME relieved LPS-challenged inflammatory response. (A) Colon IL-1β level. (B) Colon IL-6 level. (C) Colon IL-8 level. (D) Colon IL-10 level. (E) Colon TNF-α level. Data are expressed as mean ± SEM (n = 6). Statistical analysis was performed (one-way ANOVA followed by Tukey’s multiple comparisons tests) using SPSS software. *p < 0.05 and **p < 0.01. CPN, cordycepin; CME, Cordyceps militaris extract; LPS, lipopolysaccharide.






3.3 Alterations in colonic microbiota composition and SCFA concentrations by CPN and CME supplementation

Changes in serum biochemical indicators reflect changes in the metabolic and inflammatory state of the body, which may be closely related to changes in the intestinal microbiota. Subsequently, the differences in the composition of the colonic flora of piglets in different treatment groups were examined using the 16S rRNA gene detection technique. The Venn diagram showed that the unique OTUs for the CON group, LPS group, CPN-LPS group, and CME-LPS group are 342, 451, 685, and 533, respectively (Supplementary Figure S2A). Principal coordinates analysis (PCoA) plots demonstrated notable clustering and differential alterations in the colonic microbiota of each group following distinct treatments (Supplementary Figure S2B). The alpha-diversity indices demonstrated that there was no statistically significant difference between the richness and diversity indices of the microflora among groups (p > 0.05; Figure 3A). The relative abundance of the top 10 phyla and top 20 genera is illustrated in Figures 3B, C. The results at the phylum level demonstrated that the Firmicutes, Bacteroidota, and Proteobacteria were preponderant, covering more than 90% of the bacterial species. Specifically, the relative abundance of Actinobacteriota in the LPS group was obviously elevated compared to that in the CON group (P < 0.05; Figure 3D). As compared with the CON group, the relative abundance of Acidobacteriota and Chloroflexi increased (p < 0.05), while a reduction in the relative abundance of Bacteroidota was detected in the CPN-LPS group (p < 0.05; Figure 3F). At the genus level, microbial thermogram analysis provides insight into the microbial composition of the various groups (Supplementary Figure S1). Specifically, the LPS challenge led to a trend of increase in the relative abundance of Dialister (p = 0.07) and a diminishing trend in the relative abundance of Ruminococcus (p = 0.09) compared with the CON group (Figure 3E). The abundance of Prevotella-9 (p < 0.05), Alloprevotella (p = 0.07), and Faecalibacterium (p < 0.05) was lower in the CME-LPS group compared to the LPS group (Figure 3E). Meanwhile, the abundance of Prevotella (p = 0.09) and the Lachnospiraceae NK4A136 group (p < 0.05) was higher in the CME-LPS group compared to the LPS group (Figure 3E).




Figure 3 | CPN/CME altered the microbial composition of the colon in LPS-challenged piglets. (A) Alpha diversity of colonic microbiota of different groups. Statistical analysis was performed (one-way ANOVA followed by Tukey’s multiple comparisons tests) using SPSS software. (B, C) The composition of colonic microbiota at phylum and genus levels. (D) The phylum was utilized in conducting statistical analysis on the top 10 microbiota in LPS-challenged piglets. (E) Colonic microorganisms with significant changes between LPS and CON groups, CPN-LPS and LPS groups, and CME-LPS and LPS groups at the genus level. Statistical analysis was performed (statistical analysis by Wilcoxon rank-sum test) using SPSS software. (F, G) The LEfSe analysis and LDA score plot (LDA score ≥ 2, p < 0.05) used to evaluate the differentially abundant taxa of colonic microbiota. Data are expressed as mean ± SEM (n = 6). CPN, cordycepin; CME, Cordyceps militaris extract; LPS, lipopolysaccharide; LDA, linear discriminant analysis; LEfSe, LDA effect size.



Biomarker taxa at different levels of colon microbiology were screened using linear discriminant analysis (LDA) effect size (LEfSe) and LDA scores across groups (Figures 3F, G). Bacteroidota, UCG_004, Mycoplasma, and Prevotella-9 were enriched in the CON group; Actinobacteriota exhibited a higher representation in the LPS group; Cyanobacteria, Chloroflexi, Acidobacteriota, Gemmatimonadota, Acidobacteriae, Peptococcaceae, and Mogibacterium were found to be more prevalent in the CPN-LPS group; the Lachnospiraceae ND3007 group and Eubacterium nodatum group were enriched in the CPN-LPS group.

As illustrated in Table 2, compared to those in the CON group, the levels of both isobutyrate and isovalerate were found to markedly decrease in the LPS stress piglets (p < 0.05). However, CPN and CME were observed to mitigate the decline in isovalerate concentrations. No statistically obvious differences were observed in the remaining SCFA contents between the groups (p > 0.05).


Table 2 | SCFA concentrations in colonic digesta1.






3.4 Colonic digesta metabolomics

Non-targeted metabolomics analysis was employed to elucidate the differences in colonic metabolites in piglets following LPS administration. Altogether 1,662 metabolites were identified in the course of this experiment. The metabolites were classified into the following categories: lipids and lipid-like molecules (40.82%), organic acids and derivatives (19.38%), organic heterocyclic compounds (12.77%), and benzenoids (7.18%) (Figure 4A). PCA score plots demonstrated notable clustering and separation within each group, indicating that the metabolites in the colon of the LPS-challenged piglets were significantly altered (Figure 4B). The results of the permutation test of PLS-DAs demonstrated the reliability of the groups within the model. For the comparisons between the LPS and CON groups, R2 = 0.92 and Q2 = −0.35; between the CPN-LPS and LPS groups, R2 = 0.93 and Q2 = −0.57; and between the CME-LPS and LPS groups, R2 = 0.95 and Q2 = 0.13. Significant differences were observed (Figures 4C–E). A screening process was conducted to identify potential colonic differential metabolites, employing a PLS-DA and a t-test. Notably, the metabolomics analysis indicated that 91 metabolites were altered in the colons of piglets in the LPS group compared to the control group. Compared to the LPS group, 28 metabolites and 156 metabolites were remarkably changed in the CPN-LPS and CME-LPS groups, respectively (Figures 4F–H). Within each group, the number of positive ions and negative ion metabolites with significant differences were determined separately (Figures 4I–K). Meanwhile, a total of 314 differentially expressed metabolites were detected in the four treatment groups and exhibited in the cluster heatmap (Supplementary Figure S3).




Figure 4 | CPN/CME treatment modulates microbial metabolites in LPS-challenged piglets. (A) Pie chart showing the percentage of each type of microbial metabolite. (B) Metabolomics detection of PCoA. (C–E) PLS-DA score plots of LPS vs. CON, CPN-LPS vs. LPS, and CME-LPS vs. LPS. (F–H) The volcano plots showing the differential variables between the groups, with red dots for upregulated metabolites, blue dots for downregulated metabolites, and gray dots for metabolites that are not significantly different. (I–K) The number of differentially expressed metabolites with functional annotations (p < 0.05, VIP > 1). Data are expressed as mean ± SEM (n = 6). CPN, cordycepin; CME, Cordyceps militaris extract; LPS, lipopolysaccharide; PCoA, principal coordinates analysis; PLS-DA, partial least squares discriminant analysis; VIP, variable importance in projection.



Finally, the enrichment of differentially expressed metabolite pathways between each two groups was analyzed using KEGG. The results demonstrated that differentially expressed metabolites were predominantly related to processes pertaining to lipid metabolism, amino acid metabolism, and bile acid metabolism (Figures 5A–C). The differential metabolites of palmitic acid, stearic acid, alpha-ketoglutaric acid, prostaglandin J2, prostaglandin D2, prostaglandin B2, and levodopa were inhibited, and the concentration of androstenedione significantly increased in LPS-challenged piglet colon compared with the CON group (Figure 5A). Furthermore, the pathways remarkably rich in differential metabolites in the CPN-LPS group were related to amino acid metabolism (including tryptophan metabolism, phenylalanine metabolism, histidine metabolism, arginine and proline metabolism, and alanine, aspartate and glutamate metabolism) when compared to the LPS group (Figure 5B). In CPN-LPS group piglets, metabolic pathways such as tryptamine, ureidosuccinic acid, 1-methylhistidine, phenylacetylglycine, and d-proline were enriched. Furthermore, the differential metabolites including l-glutamate, l-ornithine, 4-aminobutyric acid, O-phospho-l-serine, l-threonine, alpha-ketoglutaric acid, and citrulline were upregulated in the CME-LPS group, which mainly participated in biosynthesis of amino acids, arginine and proline metabolism, butanoate metabolism, arginine biosynthesis, and aminoacyl-tRNA biosynthesis (Figure 5C). Taken together, the LPS challenge caused intestinal lipid metabolism and amino acid metabolism disorder and led to colonic immune damage. There are differences in the modification of colonic metabolites by CPN and CME treatments, and there is a certain therapeutic effect on colonic injury caused by the LPS challenge by regulating different amino acid metabolism pathways.




Figure 5 | Effect of dietary CPN/CME supplementation on the differential metabolites and KEGG pathway enrichment in the colon digesta of LPS-challenged piglets. (A) KEGG pathway and major differential metabolites enriched between LPS and CON groups. (B) KEGG pathway and major differential metabolites enriched between CPN-LPS and LPS groups. (C) KEGG pathway and major differential metabolites enriched between CME-LPS and LPS groups. Differential upregulated metabolites and differential downregulated metabolites between the two groups will only show the top 20, and those beyond 20 will show all differential metabolites. CPN, cordycepin; CME, Cordyceps militaris extract; KEGG, Kyoto Encyclopedia of Genes and Genomes; LPS, lipopolysaccharide.






3.5 Correlation analysis between colonic metabolites and colonic microbiota

The potential associations between colonic metabolites and colonic microbiota were investigated by Spearman’s correlation analysis (Figure 6). Among the differentially abundant metabolites, Acidobacteriota and 1-methylhistidine, phenylacetylglycine, and l-glutamate were significantly positively correlated (p < 0.05). Tryptamine was adversely correlated with Prevotella-9 and Faecalibacterium (p < 0.05) but proactively correlated with abundance levels in the Lachnospiraceae ND3007 group (p < 0.05). In addition, the Lachnospiraceae ND3007 group exhibited a negative correlation with alpha-ketoglutaric acid (p < 0.05).




Figure 6 | Heatmap of Spearman’s correlation analysis of colonic metabolites and colonic microbiota. Different colors represent the value of the correlation coefficient; red indicates a positive correlation, and blue indicates a negative correlation. *p < 0.05, **p < 0.01.







4 Discussion

During the weaning period, piglets are particularly vulnerable to the immaturity of their intestinal development and the abrupt alterations in their nutritional and environmental conditions, leading to intestinal flora dysbiosis and immune regulation disorders (30). Natural bioactive substances supplements have demonstrated effectiveness as alternatives to antibiotics for improving gut health and alleviating weaning stress in pigs (31). In this study, we established an LPS-challenged intestinal injury model in piglets to investigate the effects of supplementation with CPN or CME on colonic morphology, inflammatory indices, microbiota composition, and colonic metabolomics in weaned piglets. Our findings proved that compared to those in the CON group, piglets in the LPS-challenged group exhibited structural damage to colonic crypts, significant inflammatory cell infiltration, and a notable increase in the overall disease severity score of colonic tissues. In contrast, both CPN and CME significantly improved colonic pathological symptoms and mitigated LPS-induced inflammation, in agreement with previous studies (32). Overall, these results indicate that both CPN and CME effectively facilitate the repair of intestinal damage induced by LPS in piglets.

Lipopolysaccharide has the capacity to induce disturbances in serum lipid metabolism and ultimately lead to systemic inflammatory reactions in piglets (29, 33). The present results indicated that the contents of TP and GLB were dramatically reduced, whereas there was a discernible elevation in the concentrations of TC and TG in LPS-challenged piglets. However, CPN treatment failed to restore the LPS-challenged reduction in serum GLB concentration. A previous study has indicated that LPS induction reduces total protein levels in the serum of rats (34). This reduction in serum total protein levels is associated with a robust innate immune response in the organism (35). GLB, also referred to as immunoglobulin, elicits anti-inflammatory and protective actions in response to various stimuli (36). A reduction in serum GLB levels has been demonstrated to compromise animal immunity (37). This may suggest that CME is more effective in mitigating systemic acute injury compared to CPN. The AGR is a well-established biomarker of inflammation (38). The present study demonstrated that CME significantly reduces the LPS-challenged increase in TC concentration. There are reports indicating that mice exposed to microplastics show elevated levels of TG and Total Cholesterol (TCH) in serum and liver tissues, which has been associated with the induction of hepatic dyslipidemia (39). Overall, our findings confirmed that CME or CPN supplementation confers a protective function by alleviating serum lipid metabolism disorders.

LPS stimulates the immune system, triggering an inflammatory response that alters the balance between pro-inflammatory cytokines and anti-inflammatory factors in the gut, thereby exacerbating intestinal inflammation (40). Our results demonstrated a significant increase in IL-8 levels and a notable decrease in IL-10 levels in the LPS group compared to the CME-LPS group. Concurrently, LPS induction resulted in elevated levels of IL-1, IL-6, and TNF-α, although these changes did not reach statistical significance. Findings from previous investigations have shown that the intestinal mucosal barrier was disrupted in rats with experimental colitis when inflammatory factors (such as IL-6, IL-8, IL-1β, and TNF-α) were elevated, leading to intestinal barrier dysfunction (41). IL-10 serves as a broad inhibitory cytokine, functioning to suppress the pro-inflammatory responses from both innate and adaptive immunity while preventing pathological changes associated with exacerbated immune responses (42). Collectively, these findings suggest that dietary intervention with CPN or CME suppresses the overproduction of inflammatory cytokines and thereby alleviates intestinal mucosal injury.

As an essential “organ”, the gut microbiota and its metabolites, with their specific density and abundance, are necessary to maintain immune homeostasis (43). A previous study found that C. militaris modifies the composition of colonic microbiota in a pig model (18). Previous studies have proved that CPN/CME can change the composition of ileum bacteria and the production of SCFAs, which could potentially contribute to inhibiting LPS-induced intestinal injury (20). In this study, two distinct interventions influenced the constitution and structure of the colonic microbiota. A study revealed that piglets with Bisphenol A (BPA)-induced intestinal inflammation exhibited elevated levels of ethanolamine, which facilitated the proliferation of various Actinobacillus strains and pathogenic variants, ultimately leading to an increase in Actinobacillus in the BPA group (44). This is analogous to the increase in the relative abundance of Actinobacteriota observed in the LPS-challenged piglet colon. The increased relative abundance of Acidobacteriota and Chloroflexi in the CPN group piglets may be beneficial in suppressing intestinal oxidative stress. Studies have pointed out that a bacterial genus widely enriched in the intestines of healthy individuals—Acidobacteriota—can inhibit oxidative stress in the intestinal tract and be involved in the body’s intestinal anti-inflammatory and antioxidant responses (45, 46). The effect of Chloroflexi in the mammalian gut has rarely been reported, but the increase in Chloroflexi abundance following melatonin treatment could indicate a potential role in shaping the gut environment or metabolite profiles (47). Clinical studies have shown a notable increase in the relative abundance of Bacteroidetes in LPS-challenged inflammation model rats, with a decline in the relative abundance of the Bacteroidetes following aspirin eugenol ester treatment, which is the same as the changes in colonic Bacteroidetes after CPN treatment (48). At the genus level, we found that LPS-induced injury enhanced the relative abundance of Dialister, and the relative abundance of Ruminococcus was decreased compared with the CON group. In the current study, Dialister is considered to be an intestinal pathogen, and it was found to be higher in the colon cancer group (49). Ruminococcus was capable of increasing the short-chain fatty acid production and G protein-coupled receptor (GPCR) expression (50). Meanwhile, CPN supplementation suppressed the relative abundance of harmful bacteria (Prevotella-9 and Alloprevotella), which is consistent with previous studies showing that these bacteria are significantly enriched in DSS-induced ulcerative colitis (51, 52). The increased relative abundance of Faecalibacterium may be closely associated with cystic fibrosis of the colon in children (53). Prevotella and the Lachnospiraceae NK4A136 group have been demonstrated to promote intestinal mucosal repair and alleviate mouse DSS colitis by promoting SCFA contents (54). The above findings indicated that CPN and CME have the potential to impede the disruption of gut microflora induced by LPS and facilitate the colonization of beneficial bacteria to a certain extent.

LEfSe analysis further revealed that the CME-LPS group was significantly enriched in Acidobacteriae, Peptococcaceae, Mogibacterium, and the Lachnospiraceae ND3007 group, and the CPN-LPS group was enriched in the Eubacterium nodatum group. The relative abundance of Peptococcaceae and Mogibacterium was found to be actively related to the production of SCFAs, which play a pivotal character in numerous body regulatory processes, including nutrient metabolism and intestinal immunity (55, 56). A study of xylo-oligosaccharide for the treatment of ulcerative colitis demonstrated that healthy subjects exhibited a higher relative abundance of the Lachnospiraceae ND3007 group. It was found that the reduction of this group may inhibit the production of SCFAs (57). In the present study, a significant inverse correlation was observed between the Eubacterium nodatum group and the content of IL-8 in the CPN group. These findings align with those of previous studies, providing evidence that this bacterial genus probably possesses anti-inflammatory properties (58). It has been demonstrated that isobutyrate and isovalerate facilitate mucosal healing and reinforce intestinal barrier integrity in inflamed colons (59), and supplementation with CPN and CME replenished diminished isovaleric acid levels in the LPS group of piglets. This further suggested that CPN and CME possessed a specific capacity to mitigate the deleterious effects of LPS on mucosal inflammation in the gut microbiota.

The alterations in gut microbiota composition are likely to have profound impacts on the metabolic pathways in the colon, as these microorganisms are closely involved in various metabolic processes. To further understand the potential mechanisms by which CME and CPN mitigate colonic injury, we performed colonic metabolomics. A differential metabolite analysis of the colonic digestate of piglets subjected to varying treatments revealed that the metabolites were predominantly involved in lipid metabolism, amino acid metabolism, and bile acid metabolism, which were involved in host immunomodulation (29, 60). The lipid metabolism pathway (biosynthesis of unsaturated fatty acids, fatty acid biosynthesis, and butanoate metabolism) and amino acid metabolism pathway (arginine biosynthesis and alanine, aspartate and glutamate metabolism) were markedly suppressed in the LPS group. Supplementation with CPN and CME alleviated LPS-challenged blockage of amino acid metabolic pathways. Oleic acid (OA) and palmitic acid (PA) produced by Bacteroides thetaiotaomicron and Lactobacillus johnsonii reduced the content of inflammatory mediators in DSS-stimulated intestinal epithelial Caco-2 cells (61). As an important mediator of the tricarboxylic acid cycle, alpha-ketoglutaric acid plays a pivotal role in the alleviation of oxidative stress (62). Intestinal manipulation-induced inflammation in mice has been observed to result in a reduction in the expression of mRNA for prostaglandin J2 and prostaglandin D2, thereby increasing intestinal epithelial barrier permeability (63). In the present experiments, the inhibition of these metabolites in the LPS group indicated a lower reduction of anti-inflammatory capacity. As demonstrated in prior research, 1-methylhistidine exerts antioxidant properties in muscles and the brain (64), Phenylacetylglycine is the byproduct of phenylalanine metabolism and was found to impede the development of colorectal cancer (65). These metabolites were significantly affected by CPN treatment, suggesting that CPN may alleviate LPS-challenged inflammation by enhancing antioxidant capacity as well as maintaining amino acid metabolic balance. The levels of l-glutamate, l-ornithine, l-threonine, alpha-ketoglutaric acid, and citrulline were upregulated in the CME-LPS group. CME supplementation-induced upregulation of amino acid levels significantly alleviated LPS-induced colonic metabolic disturbances, which was consistent with previous studies (66–68).

Spearman’s correlation heatmap showed that Acidobacteriota and 1-methylhistidine, phenylacetylglycine, and l-glutamate were significantly positively correlated. The Lachnospiraceae ND3007 group was negatively correlated with alpha-ketoglutaric acid, which has been demonstrated to induce adaptive alterations in intestinal morphology in patients diagnosed with short bowel syndrome (69). l-Glutamate has been widely demonstrated to maintain mucosal barrier function in animals (70). The CME-LPS group was beneficial in maintaining intestinal structure and function by increasing the levels of l-glutamate and alpha-ketoglutaric acid. Tryptamine was negatively correlated with Prevotella-9 and Faecalibacterium. Colonic microorganisms break it down into indole and indole derivatives, which help maintain blood glucose stability and lipid metabolism cycles in the body (71, 72). In the current experiments, CPN was added to increase tryptophan content and inhibit the LPS-induced elevation of the relative abundance of Prevotella-9 and Faecalibacterium. This suggests that the tryptophan metabolic pathway may be involved in CPN’s mitigation.




5 Conclusion

In summary, CPN and CME repaired the pathological damage of the colon caused by the LPS challenge inhibiting the inflammatory response and serum metabolic disorders. At the same time, CME or CPN has the potential to alleviate colon injury by its promotion of the proliferation of acid-producing bacteria and the regulation of the metabolic pathways of tryptophan metabolism, biosynthesis of amino acids, arginine and proline metabolism, and alanine, aspartate and glutamate metabolism. Consequently, CPN and CME can be considered promising natural extracts for correcting the imbalance of the intestinal microbiota and preventing colonic damage in weaned piglets.
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