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Background: Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) influenced by multiple factors. Berberine, an isoquinoline alkaloid derived from the root and bark of Coptis chinensis Franch., has shown promise in managing UC, but its underlying mechanisms remain unclear.Methods: To elucidate the relationship between berberine, ulcerative colitis (UC), and the organism’s metabolome, we established a dextran sulfate sodium (DSS)-induced UC model in rats. Colonic tissue was collected for histopathological examination, while plasma samples were analyzed using liquid chromatography-tandem mass spectrometry (LC-MS/MS) with dynamic Multiple Reaction Monitoring (dMRM). This approach, characterized by its short analysis time of 20 min per sample, excellent reproducibility, and straightforward data processing, allowed for the comprehensive detection of a wide array of metabolites, including amino acids, lipids, and organic acids, many of which are implicated in the pathophysiology of UC.Results: Our results showed that berberine modulated the metabolic disturbances of 33 compounds in the plasma of UC rats, primarily including amino acids, pyrimidines, organic phosphoric acids, fatty acyls, and organonitrogen compounds. These altered metabolites were associated with various pathways, such as amino acid metabolism, glutathione metabolism, nicotinate and nicotinamide metabolism, taurine and hypotaurine metabolism, pyrimidine metabolism, glyoxylate and dicarboxylate metabolism, and the citrate cycle (TCA cycle). Notably, 3-hydroxyproline, homocysteic acid, L-threonine, L-lysine, carbamoyl phosphate, O-phosphoethanolamine, taurine, leucine, and phosphorylcholine exhibited significant differences between the Treatment and Model groups, with levels reverting to those of the Control group (p < 0.001). These findings suggested that these compounds may serve as potential plasma biomarkers for UC.Conclusion: This study provided valuable insights into the mechanism by which berberine exerted its therapeutic effects on UC through metabolomics. Our results highlighted berberine’s potential to modulate key metabolic pathways and restore the levels of several metabolites, suggesting its utility as a therapeutic agent for UC. These findings underscored the importance of metabolomics in understanding the pathophysiology and treatment of UC.Keywords: ulcerative colitis, plasma metabolomics, berberine, HPLC-MS/MS, dynamic multiple reaction monitoring
1 INTRODUCTION
Dynamic homeostasis is a fundamental characteristic of all living systems, entailing the continuous adaptation of organisms in response to a variety of exogenous stimuli, including pharmacological treatments, dietary changes, and environmental factors (De Oliveira Madeira and Antoneli, 2024). To elucidate the intricate complexity and dynamics of these systems, an integrative and holistic approach known as systems biology—or systeomics—is now widely adopted (Tavassoly et al., 2018). The systeomics approach encompasses several pivotal ‘omics’ sciences: genomics, transcriptomics, proteomics, and metabolomics, which respectively aim to delineate the genome, transcriptome, proteome, and metabolome (Demirhan et al., 2022). Initial advancements in genomics enabled the sequencing of genomes across diverse organisms, catalyzing progress in related systems biology disciplines, such as transcriptomics and proteomics (Grogan and Perry, 2020). These ‘omics’ fields are specifically focused on quantifying mRNA transcription levels (the transcriptome) and protein abundances (the proteome). Further developments in proteomics have propelled the evolution of metabolomics, which aims to quantify low-molecular-weight compounds known as metabolites, the expression products of individual proteins (Schrimpe-Rutledge et al., 2016). Metabolomics, the systematic study of small molecule metabolites within biological systems, relies on a suite of analytical techniques to comprehensively profile the metabolome (Bujak et al., 2015). Key methodologies include nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS), both of which offer unique advantages in detecting and quantifying metabolites (Emwas, 2015). While NMR provides structural information with high reproducibility, MS excels in sensitivity and the ability to detect a broad spectrum of metabolites (Moco, 2022). Among these, ultra-high-performance liquid chromatography (UHPLC) coupled with high-resolution mass spectrometry (HRMS) stands out for its unparalleled accuracy in mass measurement and its capacity to resolve complex mixtures.
UHPLC-HRMS enables the identification of a wide range of metabolites, thereby offering profound insights into metabolic pathways and their alterations under various physiological conditions (Ma et al., 2022). This advanced technology has significantly enhanced our ability to discern subtle biochemical changes, contributing to a deeper understanding of metabolic processes and their implications in health and disease (Chen et al., 2022; Chen et al., 2023; Wang et al., 2024). UHPLC-HRMS has revolutionized the field of metabolomics by enabling comprehensive and sensitive detection of a wide array of metabolites. The untargeted approach provided by UHPLC-HRMS offers a broad overview of the metabolome, facilitating the discovery of novel biomarkers and metabolic pathways (Grasso et al., 2022; Wei et al., 2021). Despite its significant contributions to metabolomics, UHPLC-HRMS was not without limitations. One major drawback was the complexity and time-consuming nature of data analysis, exacerbated by the vast amount of data generated. The high sensitivity of UHPLC-HRMS also led to the detection of numerous background signals and non-specific compounds, complicating the analysis (Chen et al., 2013). Additionally, while UHPLC-HRMS provided broad coverage of the metabolome, its quantitative accuracy and reproducibility for specific metabolites may have been inferior to those of targeted approaches (Huang and Zhou, 2022).
To advance the precision and comprehensiveness of metabolic profiling, researchers have pioneered a novel approach known as pseudotargeted metabolomics. This methodology leveraged the transition from UHPLC-HRMS to triple quadrupole mass spectrometry (TQMS) (Chen et al., 2013). By focusing on specific ion transitions, TQMS significantly enhanced the sensitivity and selectivity of metabolite detection, thereby enriching the depth and accuracy of metabolic profiles (Zheng et al., 2020). This evolution underscored a commitment to achieving higher standards of analytical rigor and reliability in metabolomics studies, setting a precedent for the development of more sophisticated and robust analytical frameworks (Liu et al., 2024). While pseudotargeted metabolomics offered substantial benefits, including the potential to identify a broader spectrum of metabolites without the need for authentic standards, it also presented several challenges. The reliance on advanced and costly instrumentation, such as UHPLC-HRMS, and the necessity for complex methodological adjustments and stringent data handling protocols remained significant hurdles. Additionally, the extensive datasets produced often encompassed a multitude of compounds, many of which may not be directly relevant to the study objectives, potentially diverting attention and resources. Collectively, these factors underscore ongoing challenges in streamlining workflows and improving analytical specificity, thereby motivating continuous efforts to refine pseudotargeted metabolomics techniques for enhanced practical utility and efficiency. Building upon the foundation of pseudotargeted metabolomics (Luo et al., 2015; Yuan et al., 2012; Zheng et al., 2020), the present study has developed a method utilizing the dynamic Multiple Reaction Monitoring (MRM) mode of triple quadrupole mass spectrometry (TQMS) to construct a platform capable of simultaneously detecting hundreds of compounds of interest. This approach eschews the need for expensive instrumentation, demonstrating that a targeted analysis can be effectively achieved using solely the TQMS. The simplicity of data processing is a notable advantage, as it obviates the necessity for chromatographic peak extraction and correction, thereby streamlining the workflow. Consequently, sample analysis can be completed within a remarkably short timeframe of 20 min per sample, offering a swift and efficient alternative to traditional methods.
Ulcerative colitis (UC), a chronic manifestation of inflammatory bowel disease (IBD), poses a considerable challenge to public health, characterized by its incapacitating symptoms and persistent inflammation within the digestive tract (Peyrin-Biroulet et al., 2016; Temby et al., 2023). Among the myriad therapeutic strategies explored for the management of UC, berberine—an isoquinoline alkaloid extracted from the traditional Chinese medicinal plant Coptis chinensis—has emerged as a promising candidate due to its demonstrated efficacy (Deng et al., 2024). Despite this, the intricate mechanisms through which berberine mediates its therapeutic benefits have yet to be fully elucidated (Song et al., 2020). Previous research has indicated that berberine can influence diverse metabolic disturbances observed in the feces and urine of UC rats (Liao et al., 2019). Although UC predominantly impacts the gastrointestinal system, its systemic nature is evidenced by its association with a range of extraintestinal manifestations (Fabián and Kamaradová, 2022), such as arthritis (Wang and Tsai, 2023), skin issues, ocular problems and liver disorders (Aloi and Cucchiara, 2009). Given these systemic implications, plasma samples offer a non-invasive window into the organism’s global metabolic landscape, providing indispensable insights into both the pathophysiology of UC and the potential systemic effects of therapeutic interventions (Chen et al., 2019). In this study, we utilized comprehensive metabolomics analysis via LC-MS/MS to characterize the plasma metabolome of ulcerative colitis rats following berberine treatment. This approach aims to unravel the metabolic alterations induced by berberine, offering a deeper understanding of its therapeutic mechanisms in the context of UC.
2 MATERIALS AND METHODS
2.1 Reagents and materials
Berberine Hydrochloride Tablets (0.1 g/Slice, NO. 2230533) and Mesalazine Enteric coated tablets (0.25 g/Slice, NO. H20103359) were respectively purchased from Northeast Pharmaceutical Group Shenyang NO.1 Pharmaceutical CO., LTD. and Heilongjiang Timehome Pharmaceutical CO., LTD. Acetonitrile (LC grage), methanol and formic acid were purchased from Merck and Co., Inc. The reference standards of clenbuterol (NO. WP23112904, ≥98.00%) and chloramphenlcol (NO. L2213370, ≥98.00%) were respectively purchased Shanghai Yuanye Bio-Technology CO., LTD and Shanghai Aladdin Biochemical Technology CO., LTD. The reference standards of L-methionine (NO. 24010251, ≥99.30%), sarcosine (NO. 24070588, ≥99.30%), L-valine (NO. 24020502, ≥99.90%), L-alanine (NO. 24010392, ≥99.80%), DL-2-aminooctanoic acid (M16GB148843, ≥98.00%), L-glutamic acid (NO. 231002016, ≥99.70%), L-threonine (NO. 24020271, ≥99.90%), L-lysine (24020360, ≥97.20%), L-histidine (NO. 23120455, ≥99.50%), L-pipecolic Acid (NO. 22060947, ≥99.90%), guanine (NO. 24030186, ≥99.90%), niacinamide (24010447, ≥99.80%), O-phosphoethanolamine (NO. Q15F8S29252, ≥98.00%), taurine (NO. 24030314, ≥98.50%), spermidine (NO.24010276, ≥99.40%) were purchased from Tanmo Quality Inspection Technology CO., LTD. A Milli-Q system (Arium bagtank 50, Sachsen, DEU) was used to produce deionized water. Carboxymethylcellulose sodium (CMC-Na) was purchased from Labgic Technology CO., LTD (Beijing, China), and Dextran Sulfate Sodium Salt (DSS) was purchased from Yeasen Biotechnology (Shanghai) CO., LTD. (Shanghai, China).
2.2 Animal study
All animal experiments were approved by Institutional Animal Care and Use Committee of Shenzhen TOP Biotechnology CO., LTD (TOP-IACUC-2024-0083). Male Sprague–Dawley (SD) rats (190–210 g, 7–8 weeks), provided by Guangdong Medical Laboratory Animal Center, were randomly divided into four groups: Control group (treated with water, n = 6), Model group (treated with 4% DSS, n = 6), Berberine group (treated with 4% DSS and Berberine, n = 6) and Mesalazine group (treated with 4% DSS and Mesalazine, n = 6). DSS-induced colitis in Model group, Berberine group and Mesalazine group were established by oral intake of 4% DSS in drinking water for 7 days, while rats in Control group were treated with water. After DSS administration for 24 h, rats in Berberine group and Mesalazine group were respectively gavaged with 100 mg/kg Berberine and 100 mg/kg Mesalazine (dissolving in 0.5% CMC-Na solution) for the last 7 days, while rats in Control and Model group were gavaged with 0.5% CMC-Na solution with equal volume. During the experiment, the food and water intake were observed daily. The Disease Activity Index (DAI) of the rats was determined by body weight loss, stool consistency and the degree of stool occult blood. The scoring system was shown in Supplementary Table S1. The calculation formula for the Disease Activity Index (DAI) is as follows:
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Data collection for the DAI was performed daily. Body weight was measured using an electronic scale, and the percentage weight loss relative to the initial weight was calculated. Stool consistency was assessed visually and scored according to the provided criteria. Occult blood was detected using the benzidine method with a fecal occult blood test kit. The DAI was evaluated on the final day of the experiment to assess overall disease severity. Higher DAI values indicated more severe disease activity, while lower values suggested improvement or remission. At the end of the experiment, all rats were anesthetized by tribromoethanol and plasma was taken through the abdominal aorta after fasted for 12 h. The colons were fixed by 4% paraformaldehyde for 48 h and then embedded in paraffin wax. Five-micron-thick sections were cut and stained with hematoxylin-eosin for histopathological evaluation. Plasma samples were separated by centrifugation at 14000 rpm for 10 min and stored at −80°C until further analysis.
2.3 Sample preparation for plasma metabolomics
100 μL of plasma sample was spiked with 20 μL of clenbuterol as internal standard (CL, 5 μg/mL) in positive mode and 20 μL of chloramphenicol (CH, 5 μg/mL) as internal standard in negative mode, followed by vortex mixing for 30 s. Then, 400 μL of precipitate solvents (Acetonitrile: Methanol = 1: 1) was added and vortexed for another 3 min. After centrifugation at 14000 rpm for 30 min, 5 μL aliquot of the supernatant was injected into LC-MS/MS system for further analysis. A quality control (QC) sample was produced by mixing and blending equal volumes (10 µL) of each sample. To ensure system equilibrium at the beginning of the analysis, a QC sample was injected 6 times. Subsequently, to monitor system stability throughout the sample testing, a QC sample was injected every six samples. Additionally, a blank sample was run every eight samples to ensure the absence of carryover and contamination. All samples were tested in randomized order to minimize systematic biases and further validate the robustness of the analytical method. All standards were dissolved in 50% methanol water and finally diluted to 50 ng/mL.
2.4 HPLC-MS/MS analysis for plasma metabolomics
The HPLC-MS/MS systems consisted of HPLC separation system (Shimadzu, Kyoto, JPN) and an API 6500+ Qtrap mass spectrometer equipped with an ESI interface (AB Sciex, Framingham, MA, United States). Chromatographic separation was conducted using an ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm, Waters Corp., Milford, MA, United States) with column temperature maintained at 40°C. The 0.1% formic acid in water as mobile phase A and 0.1% formic acid in acetonitrile as mobile phase B. The gradient elution program with a flow rate of 0.3 mL/min was used and as follows: 0–2 min, 0% B; 2–14 min, 0%–95% B; 14–16 min, 95% B; 16–20 min, 0% B.
Low-resolution MS and MS/MS analysis were performed on an API 6500+ Qtrap mass spectrometer equipped with an ESI interface (AB Sciex, Framingham, MA, United States). Equipment control was performed using Analyst software ver.1.7.2 (AB Sciex). The data analysis was performed by using SCIEX OS software ver.2.1.6.59781 (AB Sciex). The conditions of the MS detector were set as follows: ion spray voltage, 5.5 kV (Positive mode), −4.5 kV (Negative mode); capillary temperature, 550°C; ion source GS1, 70 psi; ion source GS2, 80 psi; curtain gas, 35 psi. The mass spectrum was respectively recorded in the m/z range of 100–1000 in positive mode and negative mode. The dwell time of each ion pair was 2 m. Nitrogen was used in all cases. The MS/MS experiments were conducted following the methodology reported (Chen et al., 2020), with a critical threshold of approximately 3000 counts set for the intensity of precursor ions to ensure high-quality data acquisition and minimize background noise. The mass spectrometric conditions for various metabolites under the Dynamic MRM mode are provided in Supplementary Table S2.
2.5 Data analysis of plasma metabolomics
All data were acquired using Analyst software version 1.7.2 (AB Sciex) and subsequently imported into SCIEX OS software version 2.1.6 (AB Sciex) for peak area integration. Prior to statistical analysis, the raw data were filtered to remove noise and artifacts. Specifically, ions with a signal-to-noise ratio below three were excluded to minimize background interference. The peak areas of the identified compounds were then imported into MetaboAnalyst 6.0 for Pareto scaling normalization. Multivariate statistical analyses (PCA and OPLS-DA) were used to the different groups and determine the altered compounds. OPLS-DA models were validated by confusion matrix, cross validation and CV-ANOVA, while OPLS-DA models were validated by cross validation and CV-ANOVA. The altered compounds between each two groups were screened by variable importance in the projection (VIP) ≥1 from the cross-validated OPLS-DA models. The altered metabolites were analyzed by Metabolomics Pathway Analysis (http://www.metaboanalyst.ca/) and were related to potential pathways. KEGG database (http://www.kegg.jp/) was used to further determine the location and function of these altered metabolites in various metabolic pathways.
3 RESULT
3.1 Method validation
Alterations in amino acid, energy, and lipid metabolism are linked to ulcerative colitis (UC) (Wang et al., 2019). We developed an LC-MS/MS method using Dynamic MRM to monitor these changes. Figure 1A shows the distribution of compound classes: amino acids and peptides (32%), organic phosphoric acid derivatives (12%), carboxylic acids and derivatives (7%), fatty acyls (7%), benzene derivatives (6%), purine nucleotides (5%), pyrimidine nucleosides (5%), phenylpropanoic acids (5%), and steroids (4%). Other categories each contribute less than 5%. Quality control assessment, based on the relative standard deviation (RSD) of peak areas in six QC samples, showed that 81.31% of the metabolites had an RSD of less than 20% for peak area in the QC samples (n = 6) (Figure 1B), confirming the reliability and precision of the analytical methodology employed in this study.
[image: Figure 1]FIGURE 1 | Metabolic profiling and quality control of the analyzed samples. (A) Pie chart representing the classification of all analyzed metabolites across different categories. (B) Bar graph showing the relative standard deviation (RSD) of peak areas for metabolites across six QC samples.
3.2 Effects of berberine hydrochloride on DSS-induced colitis clinical symptoms of rat
Throughout the 7-day treatment period, rats in the Control group exhibited consistent weight gain, whereas those in the Model group experienced a notable weight decline. Both the Mesalazine and Berberine groups initially faced weight loss during the first 2 days of treatment; however, this trend decelerated over the subsequent 2 days and was succeeded by a steady increase during the final 3 days. These observations suggest that both berberine and mesalazine have the capacity to mitigate or potentially reverse the weight loss associated with ulcerative colitis (Figure 2A). The Disease Activity Index (DAI) was employed to evaluate the impact of UC on the rats. As depicted in Figure 2B, the DAI in the Model group showed a progressive increase relative to the Control group. Conversely, the DAI scores for both the Mesalazine and Berberine groups began to diminish by the second day of treatment, indicating that both interventions effectively alleviated the clinical symptoms associated with UC.
[image: Figure 2]FIGURE 2 | Berberine ameliorated the manifestations of DSS-induced ulcerative colitis. (A) Body weight change, (B) Disease activity index, (C) Colon length, (D) Representative appearance of the colon and rectum in each group. Data are expressed as mean ± SD (n = 6/group). The differences (in A, B, C) were analyzed using oneway ANOVA followed by Tukey’s post hoc tests (**p < 0.01, ***p < 0.001, between Model and Control group; ###q < 0.001, between Berberine and Model group).
As illustrated in Figure 2C, the colon lengths of the Model group were markedly shorter compared to those of the Control, Berberine, and Mesalazine groups (Control group: 16.97 ± 2.48 cm; Model group: 13.22 ± 2.02 cm; Berberine group: 13.38 ± 0.90 cm; Mesalazine group: 13.67 ± 1.97 cm). Beyond the reduction in length, the colons in the Model group presented with evident signs of redness, swelling, and ulceration, contrasting sharply with those in the other groups (Figure 2D).
Histological analysis was conducted to evaluate the extent of damage to the colon tissues. As shown in Figure 3A, hematoxylin and eosin (HE) staining of the Control group revealed no evidence of damage to the colonic mucosal epithelium. In stark contrast, the Model group exhibited extensive inflammatory cell infiltration within the submucosa, along with signs of crypt deformities (Figure 3B). However, the Mesalazine (Figure 3C) and Berberine (Figure 3D) groups demonstrated a marked reduction in congestion and edema compared to the Model group. Moreover, while the Model group displayed prominent inflammatory cell infiltrates and crypt abnormalities, the colons in both the Control and Berberine groups exhibited relatively intact crypt structures and epithelial integrity. These findings indicate that berberine can effectively attenuate the inflammation and colonic damage associated with ulcerative colitis.
[image: Figure 3]FIGURE 3 | Representative pathological sections of colon tissues from rats in the Control (A), Model (B), Mesalazine (C), and Berberine (D) groups. Scale bar, 100 µm.
3.3 Metabolite profiling analysis after berberine treatment
As depicted in Figure 4, principal component analysis (PCA) score plots reveal a tendency for the plasma metabolite profiles of the four groups to segregate. The tight clustering of QC samples in both positive (Figure 4A) and negative (Figure 4B) electrospray ionization (ESI) modes indicates excellent instrument stability and reproducibility, ensuring that the observed differences in metabolite profiles are attributed to biological variations rather than technical artifacts. Orthogonal projections to latent structures-discriminant analysis (OPLS-DA) models effectively distinguished between the Control and Model groups (Figures 4C, D), the Model and Mesalazine groups (Figures 4E, F), and the Model and Berberine groups (Figures 4G, H). Validation parameters of the OPLS-DA models, including Q2 and R2 values, are provided in Supplementary Figure S1S, indicating a low risk of overfitting and high model reliability.
[image: Figure 4]FIGURE 4 | PCA and OPLS-DA score plots of plasma metabolic profiling between Control, Model, Mesalazine and Berberine group. PCA score plots of plasma detected in positive ESI mode (A) and negative ESI mode (B). OPLS-DA score plots of plasma between Control and Model group (C, D), Model and Mesalazine group (E, F), Model and Berberine group (G, H).
3.4 Altered metabolites related to the treatment group
To elucidate the progression of UC and identify endogenous metabolites that exhibit significant positive changes following treatment. The preprocessing of the raw data was performed as described in Section 2.5. The VIP values, p-values, and fold change (FC) values were calculated using the statistics analysis functions in MetaboAnalyst 6.0. Three p-values was calculated: p1 for the comparison between the Control group and the Model group (C/M), p2 for the comparison between the Model group and the Mesalazine group (M/E), and p3 for the comparison between the Model group and the Berberine group (M/B). ‘Mesalazine-Positive Impact Compounds’ were defined as those with both p1 and p2 were less than 0.05, with consistent trends in C/M and M/E comparisons. This indicated that the concentrations of these metabolites changed significantly in UC rats, suggesting that mesalazine tablets effectively modulate their levels to exert a protective effect. Similarly, ‘Berberine-Positive Impact Compounds’ were identified by both p1 and p3 were less than 0.05, with consistent trends between C/M and M/B comparisons. This suggested that berberine tablets can also directly regulate the levels of these metabolites to provide protection (Figure 5A). To ensure that no beneficial compounds from the treatment groups were overlooked, we screened for compounds under the criteria of VIP >1, p < 0.05, and fold change (FC) > 1.5 or FC < 2/3. The details of these compounds, which can be adjusted to exert protective roles, are summarized in Table 1.
[image: Figure 5]FIGURE 5 | Venn diagrams (A) and heat maps (B, C) of the results of plasma metabolomics with LC-MS/MS. Heat maps reflecting the altered metabolites. Each cell in the heat map represents the fold change between the two groups: red colour represents an expression level above the mean and, blue colour represents an expression lower than the mean.
TABLE 1 | Statistical analysis results of the main metabolites changed in plasma (n = 6).
[image: Table 1]After excluding non-endogenous compounds, a total of 33 altered metabolites were identified in the plasma, primarily categorized as amino acids, pyrimidines, organic phosphoric acids, fatty acyls, and organonitrogen compounds. Heat maps were employed to illustrate the trends in metabolite changes (Figures 5B, C). Disruptions in amino acid metabolism, purine metabolism, vitamin metabolism, and lipid metabolism in both urine and feces are closely associated with the onset of UC (Liao et al., 2019). Notably, while amino acid compounds in plasma exhibited the greatest variability, changes in the concentrations of pyrimidines, organic phosphoric acids, fatty acyl groups, and organonitrogen compounds have been less frequently reported in prior studies. Despite challenges in obtaining standards, a standard reference solution was used to compare the chromatographic peaks of the 16 compounds (Supplementary Figures S2S, S3S).
Endoscopy combined with biopsy remains the gold standard for diagnosing and managing UC. However, imaging techniques have also been developed for monitoring the condition. These methods can be costly and invasive, often causing patient discomfort (Liu et al., 2022). Sensitive and specific biomarkers are therefore essential for the diagnosis and treatment of UC. Notably, metabolites such as 3-hydroxyproline, homocysteic Acid, L-threonine, L-lysine, carbamoyl phosphate, O-phosphoethanolamine, taurine, leucinic acid, and phosphorylcholine exhibited significant differences between the Treatment group and the Model group (p < 0.001), with a trend indicating a return toward Control group levels (Figure 6). These findings suggest that these compounds may serve as potential plasma biomarkers for UC.
[image: Figure 6]FIGURE 6 | Peak area of 3-Hydroxyproline (A), Homocysteic Acid (B), L-Threonine (C), L-Lysine (D), Carbamoyl phosphate (E), O-Phosphoethanolamine (F), Taurine (G), Leucinic acid (H) and Phosphorylcholine (I) in Control group, Model group, Mesalazine group and Berberine group. (**p < 0.001).
3.5 Metabolic pathway analysis
Based on the plasma metabolomics results (Table 1) and KEGG pathway analysis (Table 2), both berberine and mesalazine exert therapeutic effects against UC via several metabolic pathways, including arginine biosynthesis, glutathione metabolism, alanine, aspartate, and glutamate metabolism, nicotinate and nicotinamide metabolism, glycine, serine, and threonine metabolism, taurine and hypotaurine metabolism, pyrimidine metabolism, and glyoxylate and dicarboxylate metabolism. However, since specific metabolites such as L-carnitine, spermidine, and shikimic acid were only restored in the berberine treatment group, this suggested that pathways such as the citric acid cycle (TCA cycle) may be uniquely involved in berberine’s anti-UC mechanism.
TABLE 2 | Statistical analysis results of metabolic pathway.
[image: Table 2]4 DISCUSSION
In this study, a comprehensive method for monitoring small molecules in rat plasma was developed using LC-MS/MS-based Dynamic MRM. This approach offers broad coverage of compounds, low detection limits, and high precision, making it suitable for detailed metabolic profiling. The method was successfully applied to monitor changes in metabolites following treatment with berberine and mesalazine, demonstrating its effectiveness in detecting subtle metabolic alterations induced by these treatments. Compared to UHPLC-HRMS-based broad-target metabolomics, this method simplifies data processing, which enhances the efficiency and reproducibility of the analysis. Additionally, it outperforms targeted metabolomics in terms of the number of compounds detected, thereby providing a more comprehensive overview of the metabolome. The broad coverage and high sensitivity of this method make it a valuable tool for identifying potential biomarkers and elucidating the mechanisms of action of therapeutic interventions in various disease models. Furthermore, the versatility and robustness of this approach hold significant promise for future applications in clinical diagnostics, drug development, and personalized medicine, where precise and comprehensive metabolic profiling is essential.
Mesalazine, a well-established drug for ulcerative colitis (UC), has a long history of reducing inflammation and promoting mucosal healing, as documented in numerous clinical trials (Paridaens et al., 2021). Berberine, a natural alkaloid, has emerged as a promising alternative for UC due to its anti-inflammatory and immunomodulatory properties (Zhu et al., 2022). In this study, both mesalazine and berberine effectively modulated specific metabolic pathways, but with distinct patterns. Berberine showed a trend toward normalizing L-carnitine, spermidine, and shikimic acid levels, while mesalazine exhibited a trend toward normalizing L-valine, L-alanine, and L-glutamic acid levels. These differences suggest that the two compounds influence distinct metabolic pathways. Mesalazine specifically affects histidine metabolism, which is crucial for maintaining intestinal barrier function and regulating immune responses. Altered histidine metabolism has been linked to increased intestinal permeability and inflammation, key features of UC (Jagt et al., 2022). Berberine impacts the citrate cycle (TCA cycle), a central pathway in energy production and intermediate synthesis. Dysregulation of the TCA cycle can lead to impaired energy metabolism and oxidative stress, contributing to UC pathogenesis (Connors et al., 2018). These findings highlight the unique mechanisms of action of mesalazine and berberine, providing insights into their potential for targeted UC therapy and guiding the development of more personalized treatment strategies.
5 CONCLUSION
In conclusion, our study sought to elucidate the relationship between metabolism, UC, and the therapeutic effects of berberine. The results demonstrated that berberine effectively mitigated clinical symptoms associated with UC and exhibited a protective effect on the colonic tissue of affected rats. Metabolomics analysis revealed that berberine modulated metabolic disturbances involving amino acids, pyrimidines, organic phosphoric acids, fatty acyls, and organonitrogen compounds in the plasma of UC rats. Notably, compounds such as 3-hydroxyproline, homocysteic acid, L-threonine, L-lysine, carbamoyl phosphate, O-phosphoethanolamine, taurine, leucine, and phosphorylcholine exhibited significant differences between the Treatment and Model groups, trending back toward levels observed in the Control group (p ˂ 0.001). These metabolites not only reflect the disease state but also the efficacy of the treatment. This dual role enhances their potential value as plasma biomarkers for UC. Beyond its influence on amino acid metabolism, berberine also regulated the body’s antioxidant systems, vitamin pathways, lipid metabolism, oxidative stress responses, and other signaling pathways, thereby addressing the metabolic disturbances associated with UC. This study provided a theoretical foundation for understanding the therapeutic mechanisms of berberine in treating UC.
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