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Introduction

Gluconeogenesis is the primary pathway for ruminants to obtain energy. Enhancement of gluconeogenesis can significantly improve the growth performance of ruminants. Inulin, a prebiotic, has capabilities such as fostering a healthier gut microbiota and modulating metabolism. However, the application of inulin in ruminant feed is still very limited.





Methods

Eighteen healthy Xiangdong black goats (body weight 9.0 ± 0.19 kg) were randomly divided into two groups: the control group and the inulin group, with nine goats in each group. The inulin group used 18.9% inulin instead of normal corn. The total experimental period was 28 days, with 7 days for adaptation before the formal experiment.





Results

Inulin supplementation significantly increased (P < 0.05) phosphoenolpyruvate carboxyl kinase (PEPCK) and glucose-6-phosphatase (G6Pase), as well as the expression of forkhead box protein O1 (FoxO1) in goat livers. At the same time, the serum insulin levels were significantly reduced (P < 0.05). Analysis of rumen microbes and rumen VFA levels revealed that the abundance levels of short-chain fatty acid-producing bacteria (Lachnospiracea, Blautia, Prevotella-1, and Pseudobutyrivibrio) and propionic acid concentration were significantly higher (P < 0.05) in the inulin group. Liver metabolites were analyzed via LC-MS, and increased levels of metabolites associated with the tricarboxylic acid (TCA) cycle and amino acid metabolism were observed following inulin administration.





Discussion

Inulin promotes the process of gluconeogenesis in goat liver by regulating the two key pathways of rumen microorganisms and liver metabolites to increase gluconeogenesis substrates.
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1 Introduction

Glucose plays a pivotal role in cell synthesis and function, serving as an essential energy source for maintaining animal physiological metabolism. Microorganisms in the rumen of ruminants can break down feed and produce metabolites such as volatile fatty acids (VFAs), proteins, and vitamins. These metabolites are transported from the rumen to the liver through the gut–liver axis to synthesize glucose via gluconeogenesis in hepatocytes (Wang et al., 2023; Yang et al., 2024). Enhanced gluconeogenesis can bolster feed utilization efficiency (Oliver, 1975) and foster the growth and development of ruminants (Hammon et al., 2013). A deficiency in glucose and precursors for gluconeogenesis during the perinatal phase can culminate in conditions like ovine pregnancy toxemia (Schlumbohm and Harmeyer, 2004). To improve the production performance of ruminants, the key is to improve the utilization rate of feed. The main method is to increase glucose production, that is, to adjust the gluconeogenesis process.

The regulation of gluconeogenesis involves many aspects, including the substrates (e.g., lactic acid, propionic acid, and amino acid), the activities of related enzymes (e.g., PEPCK and G6Pase), and the hormones (e.g., insulin and glucagon) (Bougouin et al., 2018; Caton et al., 2010; Dashty, 2013). The influence of short-chain fatty acid (SCFA) content on gluconeogenesis is the most critical. SCFAs are important gluconeogenesis substrates in ruminants, accounting for 60% of the carbon source required for gluconeogenesis (Larsen et al., 2013). Studies have shown that SCFAs can reach the liver through portal vein circulation in sheep, participate in hepatic gluconeogenesis, and regulate enzyme activity and gene expression related to energy metabolism (Yang et al., 2024). The experimental results of Zhang et al. also showed that injecting propionic acid into cattle can increase serum insulin levels and the mRNA expression levels of key gluconeogenesis enzymes PCK1 and G6PC (Zhang et al., 2015).

Inulin is a naturally occurring fructose-type plant polysaccharide, and its basic unit is β-D-fructopyran, which forms a stable chemical structure through β-(1-2)-glycosidic bonds. As a dietary fiber, inulin has many biological functions, such as enhancing immunity, improving growth performance, promoting intestinal digestion and absorption, and improving metabolic disorders in animals (Tawfick et al., 2022). Inulin is widely used in the diets of humans (Chambers et al., 2019), rats (Zhang et al., 2018), and sows (Li et al., 2020) to modulate gut microbiota, increase insulin sensitivity, and improve glucose metabolism. In ruminant studies, inulin has been shown to improve the gastrointestinal flora of dairy cows, increase the VFA levels in ruminal fluid, and improve immunity and lactation performance (Wang et al., 2021b, 2022). Another study indicated that dietary inulin supplementation enhances the body weight and feed efficiency of beef cattle and changes the rumen fermentation mode from acetic acid fermentation to propionic acid fermentation (Tian et al., 2019). Our previous study also indicated that inulin as a feed additive can effectively improve the intestinal immunity and feed efficiency of goats and promote the growth of ruminants (Yuan et al., 2022).

The regulatory effect of inulin on glucose metabolism in monogastric animals has sparked great interest in its use as a feed additive to improve the efficiency and growth performance of ruminants by regulating metabolism. Previous studies have not investigated inulin’s role in hepatic gluconeogenesis using a systems biology approach. Therefore, this study builds on the premise that inulin regulates rumen microbiota. The molecular mechanism of inulin regulating gluconeogenesis in ruminants can be elucidated by analyzing the gene expression of ruminal microorganisms, ruminal epithelial transporters, liver metabolites, and gluconeogenesis-related enzymes. The aim of this study is to provide a theoretical basis for inulin as a feed additive to improve ruminant glucose metabolism and enhance feed efficiency.




2 Materials and methods



2.1 Animal ethics statement

The methods employed for conducting animal experiments were carried out in accordance with the guidelines accepted by the Animal Care Committee of the Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha, China (Permit No. ISACAS-2019-0620). This study was carried out in compliance with the ARRIVE guidelines (http://www.nc3rs.org.uk/page.asp?id=1357) for reporting animal experiments. All procedures involving animal care and euthanasia of experimental animals followed the guidelines of the American Veterinary Medical Association (AVMA) (Andrews et al., 1993) to minimize pain during animal execution. All experimental schemes have obtained recognition and approval from the Institute of Subtropical Agriculture, the Chinese Academy of Sciences, Changsha, China.




2.2 Experimental design and sample collection

Eighteen healthy Xiangdong black female goats (9.0 ± 0.19 kg body weight and approximately 2 months old) were randomly divided into two groups: the control group and the inulin group, with nine goats in each group. The total experimental period was 28 days, with 7 days for adaptation before the formal experiment. During the trial period, goats could drink freely and were fed at 8:00 and 18:00, each feeding consisting of 180 g of feed. The dosage of inulin was added based on previously published experimental data (Yuan et al., 2023). The composition and ingredients of the experimental diets are shown in Appendix Table 1. The contents of dry matter (DM), crude protein (CP), ether extract (EE), and ash in the diets were analyzed according to AOAC (1995). Acid detergent fiber (ADF) and neutral detergent fiber (NDF) were measured according to the methods of Van Soest et al. (1991) by a Fibretherm Fiber Analyzer (Gerhardt, Bonn, Germany).

All the goats were euthanized on the 29th day of the experiment. The euthanasia method for goats refers to the physical methods in AVMA (Andrews et al., 1993). Blood was collected intravenously from each goat before being slaughtered, and serum was obtained by centrifugation at 3,000 rpm for 15 min and stored at −80°C. The longissimus muscle, liver, and ruminal epithelium of the goats were washed with 0.09% sterile physiological saline, and slices of tissue samples were frozen quickly in liquid nitrogen and stored at −80°C for subsequent analysis. The rumen content was filtered through four layers of cheesecloth and the rumen fluid was obtained. The rumen fluid was divided into two parts. A sample of 15 mL of rumen fluid was collected and immediately frozen in liquid nitrogen for subsequent microbial analysis. Another 2.5 mL of sample of the rumen fluid was centrifuged at 15,000×g for 10 min at 4°C, and then 1.5 mL of supernatant solution was collected and added with 0.15 mL of metaphosphoric acid, homogenized, and stored at −20°C for subsequent determination of VFA.




2.3 Determination of plasma insulin, glucagon, and glucose

Insulin and glucagon concentrations were determined by commercial goat insulin and glucagon ELISA kits (Cusabio Biotech Co., Ltd., Hubei, China) and analyzed using a microplate reader (TECAN, Austria). Blood glucose content was measured by the assay kit (Beijing Leadman Biochemistry Company Limited, Beijing, China) and analyzed using an automatic biochemical analyzer (Hitachi 7600, Hitachi Ltd., Tokyo, Japan).




2.4 Determination of VFAs in ruminal fluid

VFA concentrations were analyzed by a gas chromatograph (Agilent 7890, Palo Alto, CA, USA) according to the procedure described by Zhang and Zhang (2019).




2.5 Glycogen content and enzyme activities

The glycogen content of muscle and liver samples and the activities of hexokinase, phosphoenolpyruvate carboxyl kinase, glucose-6-phosphatase, and glucose-6-phosphate dehydrogenase were measured with kits purchased from Suzhou Keming Biotechnology Co., Ltd., Suzhou, China.




2.6 Gene expression of rumen epithelium and hepatic tissues

RNA was extracted from tissue samples using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA concentration and quality were determined using an ND-1000 UV–vis spectrophotometer (NanoDrop Ltd., Wilmington, DE, USA) and by both 1% agarose gel electrophoresis and the 260/280 absorbance ratio using an ND1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA) (Wang et al., 2020a). cDNA was synthesized using an Evo M-MLV RT Kit with gDNA Clean for qPCR II Kit (Hunan Accurate Biotech Co., Ltd., Changsha, China) according to the manufacturer’s instructions and stored at −20°C until analysis. Relative mRNA expression of the gene was determined using a LightCycler480 system (Roche, Basel, Switzerland) with SYBR® Green Premix Pro Taq HS qPCR (Hunan Accurate Biotech Co., Ltd., Changsha, China). The target and internal reference (β-actin) gene primer sequences are detailed in Appendix Table 2. Quantitative polymerase chain reaction (qPCR) parameters were as follows: denaturation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s, and annealing at 60°C for 20 s. The specificity of the PCR reaction was confirmed by melt curve analysis. The efficiency of PCR amplification for each gene was checked with the sample dilution. The 2−△△Ct method was used to calculate the relative expression ratios of the targeted genes with the control group used as the calibrator.




2.7 Analysis of bacterial community

One milliliter of rumen fluid was centrifuged at 14,000 rpm, the supernatant was discarded, and then bacterial DNA was extracted. The specific primers with barcodes were synthesized according to the 16S rRNA gene full-length primers 27F (AGRGTTTGATYNTGGCTAG) and 1492R (TASGGHTACCTTGTTASGACTT). PCR amplification was performed, and the products were purified, quantified, and homogenized to form the sequence library (SMRT Bell). The built library was checked first, and the qualified library was sequenced by PacBio Sequel. The data in PacBio Sequel were in bam format. The CCS file was exported using the SMRT Link analysis software, and the data of different samples were identified according to barcode sequences and converted into FASTQ format. The Lima V1.7.0 software was used to identify CCS by barcode and obtain barcode-CCS sequence data. Barcode-CCS was filtered by the software independently developed by the Biomaker company. UCHIME V8.1 software was used to identify and remove chimeric sequences, and the Optimization-CCS sequence was obtained (Edgar et al., 2011).




2.8 Bioinformatic analysis

Bioinformatics analysis of this study was carried out with the assistance of BMK Cloud (Biomarker Technologies Co., Ltd., Beijing, China). All sequences in the current study were stored in the sequence read archive (SRA) of the NCBI database under accession number PRJNA704487. Sequences were clustered at a 97% similarity level (USEARCH, version 10.0), and OTU was filtered with 0.005% of the number of all sequences sequenced as a threshold (Bokulich et al., 2013)Alpha diversity refers to diversity within a specific region or ecosystem. The common indicators for measuring bacterial abundance include Chao (Chao1 richness estimator) and ACE (ACE richness estimator). Indicators to measure community diversity include the Shannon–Wiener diversity index, Simpson diversity index, etc. The smaller the Simpson index, the higher the diversity of the community. The higher the Shannon index, the higher the diversity of the community (Schloss et al., 2009)Principal coordinate analysis (PCoA) involves sorting of eigenvalues and eigenvectors, selecting the top principal components. The PCoA distance matrix can be found in the main coordinates. Differences between individuals or groups can be observed through PCoA. LEfSe (species analysis with significant differences between groups) (called biomarker analysis) used linear discriminant analysis (LDA) to estimate the impact of the abundance of each component (species) on the effect of differences. The analysis was aimed at finding species with significant differences in abundance between groups.




2.9 Metabolite analysis

Six liver tissues (20 mg) were randomly selected from each of the control group and the inulin group and thawed at 4°C. One thousand microliters of tissue extract [75% (9:1 methanol:chloroform): 25% H2O) was added to the tissues and milled in a tissue grinder using magnetic beads. The milling parameters were set to 50 Hz for 60 s. The supernatant of the tissue homogenate was extracted by centrifugation in a high-speed centrifuge (12,000 rpm, 4°C), taken off, set aside, and frozen at −80°C.

Before the sample was analyzed by LCMS, 200 µL of redissolved liquid (50% acetonitrile solution was prepared with 2-chloro-l-phenylalanine) was added to dissolve the frozen sample. Subsequently, 10 µL of supernatant from each of the different groups was extracted and mixed to form a quality control (QC) sample. Samples were chromatographically examined using the Ultra High-Performance Liquid Phase System (Thermo Fisher Scientific, USA). The following liquid chromatography conditions were used: ACQUITY UPLC ® HSS T3 column (Waters, Milford, MA, USA) with a specification of 2.1 mm × 100 mm, 1.8 µm. The parameter was set to a flow rate of 0.3 mL/min and a column temperature of 40°C. Electrospray ionization (ESI) in positive and negative ionization modes was used for chromatographic separation. In LC-ESI (+)-MS mode, the mobile phases were 0.1% formic acid in acetonitrile (v/v) and 0.1% formic acid in water (v/v). In LC-ESI (−)-MS mode, the mobile phases were acetonitrile and ammonium formate (5 mM). The separation procedure method followed the steps described by Zelena et al. (2009). Mass spectrometry was performed using an Orbitrap Exploris 120 (Thermo Fisher Scientific, USA). The conditions for mass spectrometry detection were in accordance with the report of Want et al. (2013).

The mass spectrometry data obtained were input into the ProteoWizard software package’s msconvert tool (v3.0.8789) and stored in mzXML format. The R XCMS software package was used for peak detection, peak filtration, and peak alignment to obtain the quantitative list of substances. The obtained data were compared with the HMDB public metabolite database (http://www.hmdb.ca/). Multivariate statistical analysis was performed using the R language package, including the principal component analysis (PCA), partial least squares-discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant analysis (OPLS-DA). The Kruskal–Wallis H test results and the variable importance in the projection (VIP) obtained in the OPLS-DA model were used to screen for significantly different metabolites. Significantly different metabolites were defined as VIP >1, P <0.05, and fold change (FC) >1.5 or <0.67. Different metabolites were analyzed by the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway (MetaboAnalyst 3.0, http://www.metaboanalyst.ca/).




2.10 Statistical analysis

All data were presented as the mean ± standard error of the mean (SEM). Statistical significance was assessed by the independent sample t-test using SPSS (SPSS version 21.0 for Windows; SPSS Inc., Chicago, IL, USA) software packages. Differences were considered significant when P <0.05, and P <0.01 indicated a very significant difference. Pearson correlations were analyzed in GraphPad Prism version 5.01 (GraphPad Software, La Jolla, CA).





3 Results



3.1 Resource identification initiative

The plasma glucagon and glucose concentration remained consistent across the two groups. Notably, the plasma insulin concentration decreased significantly (P < 0.05) in the inulin group compared to the control group (Table 1).


Table 1 | Plasma glucose, insulin, and glucagon concentrations of goats.
	Items
	Control
	Inulin
	P-value



	Insulin (μIU/mL)
	34.9 ± 1.64
	26.9 ± 0.96
	0.01


	Glucagon (pg/mL)
	214.3 ± 21.24
	239.7 ± 18.29
	0.378


	Glucose (mmol/L)
	3.37 ± 0.14
	3.69 ± 0.09
	0.072





Data are given as mean ± SD (n = 9).






3.2 VFA contents in the ruminal fluid

The total VFA content and the molar proportion of propionate in the ruminal fluid were increased significantly (P < 0.05) in the inulin group compared to the control group. Meanwhile, the molar proportions of acetate, iso-butyrate, and iso-valerate and the acetate to propionate ratio were decreased significantly (P < 0.05) in the inulin group compared to the control group. At the same time, the ratio of acetate to propionate in the inulin group was decreased significantly (P < 0.05). However, both groups had similar (P > 0.05) molar proportion of butyric acid to valeric acid (Table 2).


Table 2 | VFA contents in the ruminal fluid of goats.
	Items
	Control
	Inulin
	P-value



	Total VFA (mmol/L)
	56.71 ± 8.77
	91.67 ± 9.34
	0.021


	Molar percentage of individual VFA (100 mol/mol)


	Acetate
	61.71 ± 1.20
	57.32 ± 1.50
	0.039


	Propionate
	18.95 ± 2.46
	27.72 ± 1.49
	0.009


	Butyrate
	12.06 ± 1.96
	11.03 ± 0.99
	0.647


	Valerate
	1.40 ± 0.05
	1.75 ± 0.32
	0.297


	Iso-butyrate
	2.21 ± 0.34
	0.77 ± 0.11
	0.001


	Iso-valerate
	3.67 ± 0.54
	1.32 ± 0.45
	0.001


	A/P
	3.62 ± 0.40
	2.13 ± 0.18
	0.004





Data are given as mean ± SD (n = 9).

A/P, acetate to propionate ratio.






3.3 Bacterial community diversity in the ruminal fluid

The OTU and ACE indices in the inulin group were significantly lower (P < 0.05) than those in the control group. However, the Chao1, Shannon, and Simpson indices showcased consistency between the two groups (Table 3). PCoA showed distinctly clustered microbiota compositions for each group, with PCoA1 and PCoA2 accounting for 13.61% and 29.24% of the total variation, respectively (Figure 1a).


Table 3 | Alpha diversity of bacterial communities in the ruminal fluid of goats.
	Items
	Control
	Inulin
	P-value



	OTU
	224.7 ± 11.97
	161.9 ± 12.49
	0.018


	Chao1
	257.2 ± 22.36
	211.0 ± 18.87
	0.241


	ACE
	279.0 ± 14.32
	213.2 ± 18.58
	0.031


	Shannon
	2.98 ± 0.340
	3.16 ± 0.278
	0.682


	Simpson
	0.13 ± 0.024
	0.10 ± 0.018
	0.799





Data are given as mean ± SD (n = 9).



[image: Principal coordinate analysis (PCoA) plot and stacked bar graph depict microbial community differences between inulin and control groups, illustrating PCoA dimensions and phylum composition. Scatter plots show relative abundance comparisons with statistical significance for Bacteroidetes, Firmicutes, Tenericutes, Spirochaetes, Fibrobacteres, and Proteobacteria, revealing significant differences in Firmicutes, Tenericutes, Spirochaetes, and Fibrobacteres, marked with asterisks.]
Figure 1 | (a) Principal component analysis (PCoA). The red circles represent the samples of the control group, and the blue ones represent the samples of the inulin group. (b) Relative abundance of microbiota at the phylum level in the ruminal fluid of goats. (c–h) Relative abundance of the major phyla in the ruminal fluid of goats. ∗P < 0.05.

At the phylum level, Bacteroidetes, Proteobacteria, and Firmicutes were the dominant bacterial phyla in the ruminal fluid of goats, followed by Spirochaetes, Fibrobacteres, and Tenericutes (Figure 1b). There were significant differences (P < 0.05) in the relative abundances of Firmicutes, Tenericutes, Spirochaetes, and Fibrobacteres between the two groups. Their relative abundance levels in the control group were 12.16%, 1.32%, 2.13%, and 1.55%, respectively. However, their relative abundance levels in the inulin group were 23.43%, 0.20%, 1.14%, and 0.15%, respectively. In addition, the relative abundance of Firmicutes was increased significantly (P < 0.05), while the relative abundance levels of Tenericutes, Spirochaetes, and Fibrobacteres were decreased significantly (P < 0.05) in the inulin group compared with the control group (Figures 1c–h).

As shown in Figure 2a, Rikenellaceae_RC9_gut_group, Prevotella_1, Succiniclasticum, Anacrocella, and Succiniclasticum were dominant in both groups. There were significant differences (P < 0.05) in the relative abundance levels of Quinella, CAG-873, Prevotella_1, Anaeroplasma, and Treponema_2. Their relative abundance levels in the control group were 0.08%, 0.29%, 3.3%, 0.08%, and 1.04%, respectively. However, their relative abundance levels in the inulin group were 7.35%, 4.22%, 9.34%, 1.67%, and 0.19%, respectively (Figures 2b–f). LEfSe analysis shows that the relative abundance levels of Quinella, CAG-873, Prevotella_1, Lachnospiracea, and Blautia were increased significantly (P < 0.05), and the relative abundance levels of Anaeroplasma and Treponema_2 were decreased significantly (P < 0.05) in the inulin group compared to the control group (Figures 2g, h).

[image: The image contains multiple charts and a cladogram analyzing gut microbiota. Panel a shows a stacked bar chart comparing genus-level microbial abundance in control and inulin groups. Panels b to f display dot plots with error bars for specific bacteria, showing significant differences in relative abundance between control and inulin groups. Panel g presents a cladogram indicating bacterial taxa enriched in each group. Panel h is a bar chart of linear discriminant analysis (LDA) scores, identifying taxa enriched in control and inulin groups, with higher LDA scores for significant taxa.]
Figure 2 | Ruminal bacteria change between the two groups at the genus level in the ruminal fluid of goats. (a) Relative abundance of microbiota at the genus level in the ruminal fluid of goats. (b–f) Significantly different microbiota. (g) Linear discriminant analysis effect size (LEfSe) cladogram shows the taxonomic differences in abundance (from phylum to genus level) between the two groups. (h) Microbiota with significantly different LDA scores that are greater than predicted. The threshold is 3.0. The length of the histogram represents the LDA score, which compares the impact of significant differences between species. ∗P < 0.05, ∗∗P < 0.01.




3.4 Metabolomic analysis of the liver

The PCA analysis showed a clear separation in metabolite profiles between the two groups (Figures 3a, b). A total of 1,794 metabolites were detected in the liver of both groups. Compared with the control group, 228 differential metabolites were upregulated and 66 differential metabolites were downregulated in the inulin group (P < 0.05) (Figure 3c). The volcano plot showed the top 20 metabolites with the most significant differences between the two groups (Figure 3d). KEGG enrichment analysis illustrated that dietary inulin supplementation influenced signals including linoleic acid metabolism; cholesterol metabolism; citrate cycle; cortisol synthesis and secretion; riboflavin signaling pathway; mTOR signaling pathway; glucagon signaling pathway; alanine, aspartate, and glutamate metabolism; and Rap1 signaling pathway (Figure 4a). After dietary supplementation with inulin, the contents of arachidonic acid, FA 18_2, 9-Oxo-ODE, FA18_2; O, and 8(R)-hydroperoxylinoleic acid were increased significantly, and linoleic acid metabolism was upregulated. Cholesterol and taurocholic acid were increased in the inulin group, and the cholesterol metabolism was upregulated. The content of oxoglutaric acid, which is part of the tricarboxylic acid cycle and glucagon signaling pathway, was significantly decreased in the inulin group, while the contents of malic acid and citric acid were increased. The contents of citric acid, L-arginine, and 5-phosphoribosylamine were increased, which were enriched in D-amino acid metabolism (Figure 4b and Table 4).

[image: a. Scatter plot showing PCA analysis. Control group marked in purple forms one cluster, while Iunlin group in red forms another, with some overlap. b. Similar PCA analysis, but with more distinct separation between the control and Iunlin groups. c. Bar graph indicating metabolite regulation; Iunlin vs Control shows more upregulated (red) than downregulated (blue) metabolites. d. Volcano plot of metabolite changes; significant metabolites are labeled, with red indicating upregulation, blue downregulation, and gray representing non-significant changes.]
Figure 3 | Analysis of liver metabolites in the control group (red) and the inulin group (purple). Principal component analysis (PCA) analysis diagram in positive ion mode (a) and negative ion mode (b). Statistical histogram of differential metabolites: the abscissa represents the number of differential metabolites. Red means upregulation of differential metabolites and blue means downregulation (c). Volcano plot showing the top 20 differential metabolites with the lowest P-values. Differential metabolites that exhibited upregulated expression and downregulated expression are represented by red dots and blue dots, respectively (d).

[image: a) Dot plot displaying pathway impact versus significance, with colors representing p-values from 0.1 (red) to 0.2 (blue) and dot sizes indicating counts from 2 to 5, highlighting pathways like linoleic acid metabolism and platelet activation. b) Network diagram illustrating relationships between pathways and metabolites, with red and blue nodes signifying different functions and sizes reflecting count significance.]
Figure 4 | (a) KEGG pathway enrichment analysis of differential metabolites in the livers of goats. The abscissa is the impact value in metabolic pathways. The dot size indicates the corresponding number of metabolites on the KEGG pathway. (b) The relationship between differential metabolites and the metabolic pathway network. Red dots represent different metabolites. Blue dots represent the metabolic pathway. The size of the dots represents the number of different metabolites.


Table 4 | Metabolic pathway enrichment analysis of significantly differentially abundant metabolites in the livers of goats.
	Metabolite name
	FC
	P-value
	VIP
	KEGG pathway



	Arachidonic acid
	1.89
	0.033
	1.355
	Linoleic acid metabolism


	FA 18_2
	1.58
	0.002
	1.909
	Linoleic acid metabolism


	9-Oxo-ODE
	6.01
	0.021
	1.427
	Linoleic acid metabolism


	FA 18_2; O
	1.79
	0.011
	1.551
	Linoleic acid metabolism


	8(R)-Hydroperoxylinoleic acid
	3.40
	0.003
	1.738
	Linoleic acid metabolism


	Cholesterol
	2.77
	0.013
	1.653
	Cholesterol metabolism


	Taurocholic acid
	2.00
	0.012
	1.678
	Cholesterol metabolism


	Oxoglutaric acid
	0.56
	0.024
	1.561
	Tricarboxylic acid cycle
Glucagon signaling pathway


	Malic acid
	6.50
	0.000
	1.930
	Tricarboxylic acid cycle
Glucagon signaling pathway


	Citric acid
	1.88
	0.037
	1.360
	Tricarboxylic acid cycle
Glucagon signaling pathway


	L-Arginine
	2.02
	0.016
	1.631
	mTOR signaling pathway
Central carbon metabolism in cancer
Arginine and proline metabolism
Arginine biosynthesis
D-Amino acid metabolism


	5-Phosphoribosylamine
	1.89
	0.034
	1.361
	D-Amino acid metabolism










3.5 Correlation analysis of differential rumen microorganisms, liver metabolites, and VFAs

CAG-873 and Prevotella_1 displayed a positive correlation with FA 18_2, 9-Oxo-ODE, 8(R)-hydroperoxylinoleic acid, L-arginine, 5-phosphoribosylamine, cholesterol, and malic acid. Anaeroplasma was negatively correlated with arachidonic acid, FA 18_2, 9-Oxo-ODE, 8(R)-hydroperoxylinoleic acid, cholesterol, malic acid, taurocholic acid, and citric acid. Analysis of the correlation between liver metabolites and VFAs showed that propionate and TVFA displayed positive correlations with arachidonic acid, FA 18_2, 9-Oxo-ODE, 8(R)-hydroperoxylinoleic acid, cholesterol, malic acid, taurocholic acid, and citric acid. Acetate, iso-butyrate, and iso-valerate demonstrated a negative correlation with arachidonic acid, FA 18_2, 9-Oxo-ODE, 8(R)-hydroperoxylinoleic acid, cholesterol, malic acid, taurocholic acid, and citric acid. Furthermore, CAG-873 and Prevotella_1 demonstrated positive correlations with valerate, propionate, and TVFA (Figure 5).

[image: Three heatmaps labeled a, b, and c display various microbial interactions with compounds such as oxoglutaric acid, L-arginine, and cholesterol. The color gradient ranges from blue (negative correlation) to red (positive correlation), showing levels of interaction among different variables. Dendrograms on each heatmap indicate clustering patterns.]
Figure 5 | Spearman analysis of differential rumen microbes, VFAs, and differential liver metabolites. (a) Differential rumen microbes and liver metabolites. (b) Differential liver metabolites and VFAs. (c) Differential rumen microbes and VFAs. Red indicates a positive correlation, and blue indicates a negative correlation.




3.6 Glycogen content and enzyme activities

The enzymatic activities of glucose-6-phosphate dehydrogenase (G6PDH), glucose-6-phosphatase (G6Pase), and phosphoenolpyruvate carboxyl kinase (PEPCK) were significantly higher (P < 0.05) in the inulin group than in the control group (Figures 6a, c, d). However, the activity of hexokinase (HK) was significantly decreased (P < 0.05) in the inulin group in comparison with the control group (Figure 6b). The glycogen content of the liver was decreased in the inulin group compared to the control group (P < 0.05) (Figure 6e), while the glycogen content in the muscle remained comparable between the two groups (Figure 6f).

[image: Bar graphs showing the effects of inulin and control treatments on various biological parameters. Graphs (a) to (f) depict enzyme activity and glycogen levels: G6PDH, HK, G6Pase, PEPCK, liver glycogen, and muscle glycogen. Graphs (g) and (h) compare relative mRNA levels of related genes in the rumen and liver, respectively. Significant differences are indicated by asterisks. The control values are represented in black, and inulin values in gray.]
Figure 6 | The activities of enzymes related to carbohydrate metabolism (a–d), the content of glycogen in the liver (e) and muscle (f) of goats, and the gene expression in the ruminal epitheliums (g) and livers (h) of goats. G6PDH, glucose-6-phosphate dehydrogenase; G6Pase, glucose-6-phosphatase; HK, hexokinase; PEPCK, phosphoenolpyruvate carboxyl kinase; PAT1, putative anion transporter 1; DRA, adenoma; MCT1, monocarboxylate transporter 1; AE2, anion exchanger 2; GPR41, G-protein-coupled receptor 41; AKT, protein kinase B; Foxo1, forkhead transcription factor o1; GSK3β, glycogen synthase kinase 3 beta; GSK3α, glycogen synthase kinase 3 alpha; GLUT2, glucose transporter 2; PI3K, phosphoinositide-3 kinase; INSR, insulin receptor. *P < 0.05.




3.7 Gene expression

The relative mRNA expression levels of PAT1, DRA, MCT1, AE2, and GPR41 in the ruminal epithelium and that of FoxO1 in the liver in the inulin group were significantly upregulated (P < 0.05) compared to the control group (Figure 6g). The fold change relative mRNA expression levels of PAT1, DRA, MCT1, AE2, GPR41, and FoxO1 in the control and inulin group were 0.53, 0.66, 0.56, 0.53, 0.13, and 0.59, respectively. Nonetheless, the relative mRNA expression levels of AKT, GSK3β, GSK3a, GLUT2, PI3K, and INSR in the liver showed no significant differences between the two groups (Figure 6h).





4 Discussion

As a feed additive, inulin can effectively improve the feed conversion rate and weight gain of animals, thereby enhancing production efficiency. This phenomenon has attracted extensive attention (Grand et al., 2013; Li et al., 2019). In our previous study (data have been published), the average daily weight gain of goats in the inulin group was increased (Yuan et al., 2022). These results demonstrate the potential of inulin as a feed additive in improving the growth performance of goats. However, the specific mechanism by which inulin improves the growth performance of ruminants remains unclear. Adequate energy is essential to improve the growth performance of ruminants. Studies have shown a positive correlation between blood glucose levels and average daily weight gain (Wang et al., 2020b). We found that goat rumen microbiota, liver metabolites, and hormones were significantly altered after dietary inulin supplementation. These results confirm that dietary inulin supplementation has an impact on goat energy metabolism.

Inulin is a dietary fiber that regulates glucose metabolism (Hughes et al., 2022). Miao et al. reported that 3.33 and 1.67 g/kg/day of inulin supplementation significantly reduced blood glucose and insulin levels in gestational diabetes mellitus mice (Miao et al., 2021). Similar results were reported by Zhang et al. (2021), where blood glucose and insulin levels in high-fat mice were significantly reduced when supplemented with 2 g/kg of inulin. The addition of inulin in this study did not cause changes in blood glucose but reduced blood insulin levels. Our results are different, probably because, first of all, the high-fat diet in the above study led to changes in the health status of the animals, such as insulin resistance and reduced glucose tolerance. However, Zhang et al. did not show any changes in blood glucose and insulin levels after feeding normal feed with added inulin (Zhang et al., 2021). Secondly, the above studies are all aimed at monogastric animals, but ruminants can degrade inulin by rumen microorganisms and produce a large amount of gluconeogenetic precursors, such as propionic acid, lactic acid, and amino acids (Zhao et al., 2014; Wang et al., 2021b). These SCFAs are transported into the bloodstream through a transporter protein in the rumen epithelium and then into the liver as a gluconeogenesis substrate (Dijkstra, 1994). Hepatic gluconeogenesis is the most important pathway for ruminants to obtain glucose (Wang et al., 2023), and the decrease in insulin promotes gluconeogenesis (Hatting et al., 2018). Insulin promotes glycogen synthesis, which reduces blood sugar levels, and the liver is more sensitive to insulin signaling (Lawrence and Roach, 1997; Zhao et al., 2016). This might explain the significant increase in liver glycogen in the inulin group, but no change in muscle glycogen.

As the main digestive organ of ruminants, the function of the rumen is to convert the feed into VFAs through the microbial fermentation process (Hoover and Miller, 1991). Different diets can cause changes in VFA content (Wanapat et al., 2015). Zhao et al. used in-vitro fermentation to simulate the rumen environment and found that the content of TVFA, propionic acid, and butyric acid in the inulin group increased compared to the starch group, but the molar percentage of acetic acid and the A/P ratio decreased (Zhao et al., 2014). In addition, it was also observed that after adding inulin to the diet, the content of TVFA and the ratio of propionic acid and butyric acid in the rumen of dairy cows were increased, and the ratio of A/P was decreased (Wang et al., 2021b). In the present study, we found that in the inulin group, the content of TVFA and the ratio of propionic acid were higher, and the ratio of acetic acid and A/P decreased, which means that rumen fermentation mode changed from acetic acid to propionic acid. Propionic acid is an important substrate for gluconeogenesis and provides more than 70% of the carbon source for glucose production. Cui et al. have shown that increasing propionic acid content in the sheep rumen enhanced energy conversion efficiency and promoted weight gain in ruminants (Cui et al., 2023). GPR41 is a member of the G-protein-coupled receptor family and is expressed in animal gastrointestinal tissue. As a receptor for VFAs, GPR41 can bind to propionic acid and regulate insulin secretion to regulate energy metabolism (Kimura et al., 2020). Previous studies have shown that increased concentrations of propionic acid and butyric acid in the intestines of mice fed a dietary fiber diet, as well as increased expression of GPR41, promoted gluconeogenesis (De Vadder et al., 2014). The reduction in goat insulin levels observed in the inulin group in this study might be related to increased propionic acid concentration and increased expression of GPR41. The rumen epithelium contains a VFA transport system, and more than 75% of rumen VFAs enter the liver through the rumen epithelium transport system to provide energy for ruminants (Na and Guan, 2022). The rumen epithelial transport system is regulated by transporters (e.g., MCT1, AE2, DRA, PAT1). MCT1 is located in the basal layer of rumen epithelium and mediates the electroneutral transport of SCFA (Sivaprakasam et al., 2011). DRA, AE2, and PAT1 are mainly distributed outside the basement membrane and are responsible for exchanging SCFA− and HCO3− inside and outside the cell (Wang et al., 2021a; Yu, 2021; Husain et al., 2025). By adjusting the diet to increase the mRNA expression levels of these SCFA transporters, the VFAs’ absorption capacity can be enhanced. Consequently, the increased expression of SCFA transporters in goats in the inulin group suggests that inulin not only promoted the production of large quantities of propionic acid in the goat rumen but also enhanced the overall absorption capacity of SCFA, allowing more propionic acid to enter the liver, providing a sufficient substrate for gluconeogenesis.

Different diets often lead to changes in the composition of rumen bacteria, and VFA concentrations are closely related to rumen bacteria. The PCoA analysis suggested that inulin addition altered the microbial composition. This result was similar to the report that dietary supplementation of inulin altered the composition of rumen microorganisms in beef steers (Louis et al., 2007). The reason for this result might be that inulin could be fermented and metabolized by rumen microorganisms (Tian et al., 2019; Zhao et al., 2014). Furthermore, the decreased OTU and ACE indexes in the inulin group and the similar Chao1, Shannon, and Simpson indices between the two groups indicated that dietary inulin supplementation decreased microbial diversity and did not change the richness of rumen microorganisms in the ruminal fluid of goats. At the phylum level, the increased abundance of Firmicutes was noted in the inulin group. Firmicutes can regulate the absorption of carbohydrates (Huang et al., 2024). Moreover, at the genus level, we observed higher abundance levels of Lachnospiracea, Blautia, Prevotella-1, and Pseudobotyrivibrio in the inulin group compared with the control group in this study. Lachnospiracea, which belongs to the phylum Firmicutes, can degrade fructose and cellobiose to promote propionic acid production in the rumen (Engels et al., 2016). Blautia is a probiotic that can generate large amounts of SCFA (Liu et al., 2021). Similarly, adding resistant starch to the diet of high-fat mice increased the abundance of Blautia in the intestine (Yang et al., 2024). Meanwhile, a similar result was observed by Sun et al., where inulin addition could stimulate the growth of Preverella-1 in human intestines. Prevotella-1 can participate in the metabolism and utilization of plant polysaccharides and can promote propionic acid fermentation in the bovine rumen (Sun et al., 2020; Wu et al., 2022). Pseudobotyrivibrio is positively correlated with propionic acid production in high-fat mice (Henning et al., 2018). Therefore, the higher abundance levels of Lachnospiracea, Blautia, Prevotella-1, and Pseudobotyrivibrio were consistent with the increased propionic acid production in the inulin group in this study. It was likely that inulin supplementation promoted the production of propionic acid by increasing the abundance levels of propionic acid-producing bacteria.

Changes in the gut microbiome can cause changes in the metabolic characteristics of the liver. This is due to the transport of intestinal microbiota metabolites (including carbohydrates, VFAs, and amino acids) into the liver through the gut–hepatic axial portal vein system, thereby affecting metabolic processes (Bauer et al., 2022). Studies report that as populations of VFA and amino acid-producing bacteria increase in the ileum of mice with non-alcoholic fatty liver disease, the concentrations of metabolites such as alanine, aspartate, and glucose also increase in the liver (Qiu et al., 2023). This suggests that dysregulation of intestinal flora may influence hepatic metabolic pathways. We applied metabolomics to analyze the effect of dietary inulin addition on the metabolic profiles in the livers of goats. The 95% confidence complete interval separation for PCA score maps was observed in the livers of goats between the two groups, suggesting that dietary inulin supplementation altered the metabolic profiles of the livers. The contents of arachidonic acid, FA 18_2, 9-Oxo-ODE, FA 18_2;O, and 8(R)-hydroperoxylinoleic acid in the inulin group increased significantly, and linoleic acid metabolism was significantly upregulated. Studies have reported that a significant increase in arachidonic acid content was found in sheep fed high-fiber diets, because Prevotella can activate the activity of phospholipase A2 to stimulate arachidonic acid production (Wu et al., 2020). Linoleic acid, also known as unsaturated fatty acid, can increase NR4A1 expression (de Vera et al., 2016), which promotes gluconeogenesis through the AKT–FOXO1–PEPCK/G6Pase pathway (Miao et al., 2019). We observed a notable elevation in L-arginine and 5-phosphoribosylamine levels in the hepatic tissues of goats subjected to inulin supplementation, accompanied by significant alterations in amino acid metabolic pathways. Dietary inulin supplementation has been shown to improve the rumen microbiota of dairy cows and increase the degradation of microbial proteins, which are converted into amino acids to improve amino acid metabolism (Wang et al., 2021). This might explain why amino acid metabolism was enhanced in this study. Arginine, a non-essential amino acid, is converted to glutamine by arginine succinyltransferase. 5-Phosphoribosylamine is produced from glutamine catalyzed by ribose phosphate pyrophosphokinase. Glutamine can enter the TCA cycle to yield oxaloacetic acid as a substrate for gluconeogenesis (Simões et al., 2024). Furthermore, the supplementation of arginine in the rumen enhanced the expression of gluconeogenetic genes (PEPCK and G6Pase) in cows (Souza Simões et al., 2024). The process of gluconeogenesis is the conversion of propionic acid, glycogenic amino acid, lactic acid, glycerol, and other substances into pyruvate as the initial reaction of gluconeogenesis. Pyruvate generates oxaloacetic acid through pyruvate carboxylase. However, since the mitochondria cannot transport oxaloacetic acid, oxaloacetic acid can only be transported into the cytoplasm through the tricarboxylic acid cycle into malic acid (Chandel, 2021). Increased propionic acid and glycoamino acid contents in the inulin group may be an important reason for higher levels of malic acid and citric acid than in the control group. The above results showed that inulin supplementation caused significant changes in goat rumen microbiota, which in turn caused changes in goat liver metabolites. Inulin supplementation improved linoleic acid metabolism, amino acid metabolism, and the TCA cycle and provided sufficient substrates for liver gluconeogenesis, offering strong evidence that inulin supplementation could improve gluconeogenesis in ruminants.

PEPCK and G6Pase are rate-limiting enzymes that regulate gluconeogenesis, and their activity reflects the situation of gluconeogenesis in animals (Agca et al., 2002). G6PDH is the main rate-limiting enzyme in the pentose phosphate pathway. Gluconeogenesis can provide energy for the pentose phosphate pathway (Allmann et al., 2013; Liang et al., 2017). HK, a rate-limiting enzyme for glycolysis, oversees glucose decomposition to produce pyruvate, essentially countering gluconeogenesis (De Jesus et al., 2022). The increase in PEPCK and G6Pase expression and the decrease in HK expression in the inulin group proved that inulin promoted gluconeogenesis while inhibiting glycolysis. In addition, we found that FoxO1 mRNA expression in goat liver increased in the inulin group. FoxO1 is a key gene that regulates gluconeogenesis. Earlier studies have shown that constitutively active FoxO1-expressing transgenic mice manifested upregulated expression of genes linked to gluconeogenesis and downregulated glycolysis-related genes (Zhang et al., 2006). In contrast, FoxO1 gene knockout mice exhibited reduced hepatic gluconeogenesis (Kamagate et al., 2010). Kawasoe et al. (2022) have reported a higher expression level of FoxO1 in the liver of mice fed with a diet containing 5% inulin, which was consistent with our results. The effect of FoxO1 on promoting gluconeogenesis is achieved by increasing the activities of PEPCK and G6Pase (Kamagate et al., 2010). The present study investigated the effects of dietary inulin supplementation on gluconeogenesis-related enzyme activity and gene expression. We speculate that upregulation of gluconeogenesis-related gene enzyme activity may be related to the alteration of insulin secretion and metabolites by inulin in goats. It has been reported that insulin can downregulate the expression of FoxO1 by activating the PI3K/AKT signaling pathway (Zhang et al., 2019). The maternal insulin infusion significantly reduced the expression of FoxO1 and PEPCK/G6Pase in the liver of hypoglycemic fetuses (Thorn et al., 2012). We speculate that the upregulation of gluconeogenesis-related gene enzyme activity may be related to hormone metabolism, TCA cycle, linoleic acid metabolism, and amino acid metabolism regulation. Although the addition of 18.9% inulin in this study showed a positive regulatory effect on rumen microorganisms and liver metabolism in goats, excessive inulin addition may lead to a decrease in the regulatory efficiency of ruminant microbiota and production performance, which may be related to the degradation efficiency of inulin in the rumen (Wang et al., 2021b). Given the current paucity of systematic research on optimal inulin additive levels in ruminant feed, future studies should further establish the dose–response relationship for inulin supplementation. This will help optimize ruminant feed formulations.




5 Conclusions

Inulin supplementation can reduce serum insulin levels and improve gluconeogenesis enzyme activity (PEPCK, G6Pase). It indicates that the addition of inulin to the diet promotes goat gluconeogenesis. In-depth investigation through omics analysis found that the promotion of inulin on goat gluconeogenesis was achieved by increasing gluconeogenetic substrates. Specifically, inulin altered the composition of goat rumen microorganisms and enhanced the gene expression of rumen epithelial transporters. The goat liver metabolome showed that inulin addition increased the levels of TCA intermediates and amino acids. This study confirms the efficacy of inulin as a feed additive for enhancing ruminant glucose metabolism, providing a foundation for future research on optimizing ruminant feed efficiency through inulin supplementation.
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