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Background

Probiotics have demonstrated potential application value in alleviating allergic diseases, but their mechanisms of action remain to be explored. This study aimed to investigate the clinical efficacy of probiotics in patients with allergic rhinitis (AR) and explore the underlying mechanisms.





Methods

We evaluated the clinical intervention efficacy of Weizmannia coagulans BC99 (BC99) in adults with AR through a randomized, double-blind, placebo-controlled trial. Seventy-eight AR patients were randomly assigned to either the BC99 gummies group (n = 40) or the placebo group (n = 38) for an 8-week intervention. Rhinitis symptom survey questionnaires, including the Total Nasal Symptom Score (TNSS), the Rhinitis Quality of Life Questionnaire (RQLQ), and the Rhinitis Control Assessment Test (RCAT), were administered and evaluated. Additionally, oxidative stress indicators, including superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA), as well as immune factors (IgA, complement C3) were measured by enzyme-linked immunosorbent assay. Serum metabolomic profiles were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).





Results

The results indicated that BC99 significantly alleviated nasal symptoms and improved quality of life, as evidenced by reduced TNSS and RQLQ scores (p < 0.05) and increased RCAT scores (p < 0.01). Furthermore, BC99 supplementation significantly decreased serum IgA, complement C3, EOS, and MDA levels (p < 0.05) while enhancing antioxidant capacity (increased GSH, stabilized SOD). Metabolomic analysis revealed that BC99 intervention induced 397 differential metabolite changes (136 upregulated, 261 downregulated) and significantly modulated AR-related metabolic pathways, including biosynthesis of unsaturated fatty acids, phenylalanine metabolism, and arginine biosynthesis (p < 0.05).





Conclusion

This study confirms the efficacy of W. coagulans BC99 in ameliorating AR, potentially through immune modulation, oxidative stress reduction, and metabolic pathway regulation. These findings support BC99 as a promising adjunct therapy for AR, though further research is warranted to elucidate its molecular mechanisms and long-term effects.





Clinical trial registration

https://clinicaltrials.gov, identifier NCT06680102.
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1 Introduction

Allergic rhinitis (AR) is a global health concern associated with substantial economic and societal burdens. In the European Union alone, AR-related productivity losses are estimated to cost nearly 40 billion euros annually (1–3). Epidemiological studies indicate that AR affects approximately 10-30% of adults and up to 40% of children, with prevalence rates continuing to rise (4). AR caused by IgE-mediated reactions to inhaled allergens, and its classical symptoms of AR are nasal itching, sneezing, rhinorrhea, and nasal congestion (5, 6). Disease severity is classified as mild or moderate/severe, while symptom frequency is categorized as intermittent or persistent (7). Current first-line pharmacotherapies for AR include antihistamines, intranasal corticosteroids, and leukotriene receptor antagonists, which effectively alleviate symptoms and suppress allergic inflammation (8). However, allergen-specific immunotherapy (AIT) remains the sole treatment with immunomodulatory potential (9). Despite their efficacy, conventional AR medications are often associated with adverse effects—such as dry mouth, drowsiness, and dizziness—that may significantly impair patients’ quality of life (10). Consequently, there is an urgent need to explore safer and more sustainable therapeutic alternatives.

Probiotics are live microorganisms that confer health benefits by modulating the host’s intestinal microbiota (11). These microorganisms exhibit robust survivability under harsh intestinal conditions, including acidic pH, digestive enzymes, and bile salts. Furthermore, probiotics exert beneficial effects through multiple mechanisms, such as pathogen inhibition and immune system modulation (12). Given these properties, probiotics are increasingly being explored as therapeutic alternatives worldwide. In AR, probiotic supplementation may help modulate immune responses, attenuate reactions to inhaled allergens, and mitigate inflammation-mediated tissue damage. Emerging evidence supports the efficacy of various probiotic strains in AR management, including NVP-1703 (a blend of Bifidobacterium longum and Lactobacillus plantarum) (13), Enterococcus faecalis (14), and specific multi-strain formulations (15). Collectively, these findings highlight the potential of probiotics as a promising strategy for preventing or alleviating allergic diseases, including AR.

W. coagulans BC99 is a Gram-positive, anaerobic bacterium with a well-established biosafety profile (16–18). Previous studies have demonstrated its therapeutic potential in various conditions: ameliorating constipation through modulation of sphingolipid metabolism (19), alleviating alcoholism via butyrate-mediated enhancement of intestinal barrier function (20), and reducing hyperuricemia through gut microbiota and metabolic pathway regulation (21). Although many studies have demonstrated the ability of BC99 to modulate gut microbiota, suppress inflammatory responses, and enhance immune function, its efficacy in AR symptoms in humans remains unexplored and warrants further investigation.

Metabolomics is a scientific discipline focused on the systematic study of small-molecule biochemical compounds produced by metabolic pathways in living systems. Due to its high-throughput analytical capabilities, metabolomics has emerged as a powerful tool for identifying diagnostic biomarkers in allergic diseases and evaluating therapeutic interventions. Growing evidence suggests that metabolic dysregulation is closely associated with the pathogenesis of AR (22). Investigating the potential of W. coagulans BC99 to alleviate AR symptoms through metabolic modulation is therefore of significant clinical relevance.

In this study, we conducted a randomized, double-blind, placebo-controlled trial to systematically evaluate the effects of an 8-week W. coagulans BC99 gummies intervention on AR symptoms, quality of life, immune markers, oxidative stress parameters, and serum metabolic profiles. Maltodextrin was used as the placebo control. Our findings will provide a scientific foundation for the application of W. coagulans BC99 in adult AR.




2 Materials and methods



2.1 Study design

This randomized, double-blind, placebo-controlled study was approved by the Ethics Committee of the First Affiliated Hospital of Henan University of Science and Technology on 25 October 2024 (Approval No. 2024-0496) and registered at https://clinicaltrials.gov (NCT06680102; accessed on 8 November 2024). The study was conducted from October to December 2024 in compliance with the ethical principles of the Declaration of Helsinki. Eligible participants were identified through a screening process involving identity verification and physical examinations. A total of 80 individuals met the inclusion criteria and were enrolled. Before participation, all participants received a thorough explanation of the study procedures and provided written informed consent.




2.2 Inclusion/exclusion criteria

Inclusion criteria were as follows: (1) Provision of voluntary written informed consent to participate in the study. (2) Ability to comply with the study protocol requirements. (3) Age between 18 and 65 years. (4) Diagnosis of AR based on the Chinese Guidelines for the Diagnosis and Treatment of AR (2022 Revised Edition). (5) Presence of two or more of the following symptoms: sneezing, watery rhinorrhea, nasal itching, or nasal congestion. Symptoms persisted or accumulated for ≥1 h per day and could be accompanied by ocular symptoms (itching, tearing, or redness). (6) Physical examination findings of pale, edematous nasal mucosa with watery discharge. Only participants fulfilling all the above criteria were enrolled.

The exclusion criteria were as follows: (1) Use of medications affecting gut microbiota (e.g., antibiotics, probiotics, intestinal mucosal protectants, or traditional Chinese herbal preparations) for >1 week within one month prior to screening. (2) Comorbid tuberculosis infection. (3) Concurrent diagnosis of allergic asthma. (4) Presence of nasal polyps or severe deviated nasal septum. (5) History of severe systemic diseases or malignancies. (6) Congenital genetic disorders or immunodeficiency diseases. (7) Regular consumption of probiotics/prebiotics within 6 months before screening. (8) Severe gastrointestinal disorders (e.g., chronic diarrhea, inflammatory bowel disease). (9) Metabolic syndrome (e.g., obesity, dyslipidemia, hypertension, diabetes mellitus). (10) Active sinusitis, otitis media, or respiratory infections. (11) Known hypersensitivity to any probiotic components used in the study. (12) Pregnancy, lactation, or planned pregnancy during the study period. (13) Discontinuation of the trial product or use of additional medications during the study, leading to unevaluable efficacy or incomplete data. (14) Short-term use of functionally similar products interfering with outcome assessment. (15) Inability to complete the trial due to personal circumstances. (16) Investigator-determined unsuitability for participation. Participants meeting any of the above criteria were excluded from the study.




2.3 Sample size and randomization

Participants were randomly allocated in a 1:1 ratio to either the probiotic group (n=40) or placebo group (n=38) using a computer-generated randomization schedule (Figure 1). Randomization was performed with a block size of 4, generating six possible permutation sequences (AABB, ABAB, ABBA, BAAB, BABA, BBAA) to ensure balanced group allocation throughout the study period. The probiotic group received two BC99 probiotic gummies daily (2 × 109 CFU/day; Wecare Probiotics Co., Ltd., Suzhou, China), while the placebo group consumed two identical maltodextrin-based gummies daily for 8 weeks.

[image: Flowchart illustrating a study design. Participants recruited from hospital and community settings are randomized into BC99 (40 participants) and placebo (38 participants) groups, with 2 placebo dropouts. Over 8 weeks, data analysis includes a rhinitis questionnaire, immune factors, oxidative stress factors, and serum metabolomics. The chart depicts assessment at weeks 0 and 8, detailing data collection processes and analytical methods, including graphs and lab equipment.]
Figure 1 | Study flowchart.




2.4 Rhinitis symptom survey questionnaire

Survey links and QR codes were distributed to participants to collect the basic demographic information, AR symptom severity, and the impact of symptoms on daily life. Symptom assessment was performed using three validated instruments: the Total Nasal Symptom Score (TNSS) (23), the Rhinitis Quality of Life Questionnaire (RQLQ) (24), and the Rhinitis Control Assessment Test (RCAT) (25). Survey responses were monitored in real time to verify completion, ensuring only valid questionnaires were included in the final analysis.




2.5 Blood sample collection and measurement

Venous blood samples were collected from fasting participants at weeks 0 and 8 following standard clinical protocols at Henan University of Science and Technology Hospital. Morning blood samples were centrifuged to obtain serum, which was aliquoted and stored at −80 °C until analysis. Quantitative analysis was performed for immunoglobulin levels (IgA), complement components (C3 and C4), and oxidative stress biomarkers including superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA). All measurements were conducted using commercially available ELISA kits (Hepeng Biotechnology Co., Ltd., Shanghai, China) strictly following the manufacturer’s protocols, with appropriate quality control samples included in each assay run.




2.6 Serum metabolomics analysis

Fasting blood samples were collected from both placebo and BC99 groups after a 12-hour overnight fast at baseline (week 0) and post-intervention (week 8). Serum was isolated by centrifugation at 3000 × g for 15 minutes at 4 °C. For metabolite extraction, 100 μL aliquots of serum were combined with 400 μL of ice-cold extraction solution containing deuterated internal standards. After vortexing for 30 s, samples were sonicated for 10 minutes at 4 °C, followed by protein precipitation at -40 °C for 1 hour. The resulting supernatant was collected after centrifugation at 13,800 × g for 15 minutes at 4 °C and transferred to fresh glass vials for analysis. A pooled quality control (QC) sample was prepared by combining equal volumes of all supernatants.

Chromatographic separation was performed on a Vanquish UHPLC system (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a Waters ACQUITY UPLC BEH Amide column (2.1 × 50 mm, 1.7 μm). The mobile phase consisted of (A) 25 mmol/L ammonium acetate/ammonium hydroxide in water (pH 9.75) and (B) acetonitrile, with the auto-sampler maintained at 4 °C. Mass spectrometric analysis was conducted using an Orbitrap Exploris 120 mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) operated in data-dependent acquisition (DDA) mode. The electrospray ionization source parameters included: sheath gas flow (50 Arb), auxiliary gas flow (15 Arb), capillary temperature (320 °C), and spray voltages (± 3.4-3.8 kV). Full MS scans were acquired at 60,000 resolution (m/z 200) with subsequent MS/MS scans at 15,000 resolution using stepped normalized collision energies (20, 30, and 40 eV).

Raw data files were converted to mzXML format using ProteoWizard 3.0 and processed with an in-house R script. Metabolite identification was performed using R packages and BiotreeDB (version 3.0) with a mass accuracy threshold of 5 ppm.

LC-MS raw data were processed through Progenesis QI V2.3 (Nonlinear Dynamics, Newcastle upon Tyne, UK) for baseline correction, peak detection, alignment (retention time correction < 0.5 min), and normalization. Metabolite identification was achieved by matching experimental MS/MS spectra against reference databases (HMDB, LipidMaps V2.3, Metlin) and self-built library, with mass accuracy thresholds of 10 ppm for precursor ions and 20 ppm for fragments. Positive and negative ion mode data were merged into a unified data matrix.




2.7 Statistical analysis

Quantitative data were presented as mean ± standard deviation (SD). For normally distributed data, between-group comparisons were analyzed using two-tailed independent samples t-tests, while non-normally distributed data were evaluated with nonparametric Mann-Whitney U tests for inter-group comparisons and Wilcoxon signed-rank tests for intra-group comparisons. Categorical variables expressed as frequencies (percentages) were analyzed using Pearson’s chi-square tests or Fisher’s exact tests. Multivariate statistical analyses were conducted using SIMCA software (version 18.0.1, Sartorius Stedim Data Analytics AB), including principal component analysis (PCA) for unsupervised pattern recognition and orthogonal partial least squares-discriminant analysis (OPLS-DA) for supervised modeling. Metabolic pathway analysis was performed through KEGG pathway database (http://www.genome.jp/kegg/) and MetaboAnalyst platform (http://www.metaboanalyst.ca/), with pathway enrichment of differential metabolites assessed using Fisher’s exact test. A significance threshold of p < 0.05 was applied for all statistical tests, with false discovery rate (FDR) correction applied for multiple comparisons where appropriate.





3 Results



3.1 Baseline characteristics

As presented in Table 1, the trial enrolled a total of 78 participants, who were randomly assigned to either the placebo group (n=38) or the probiotics BC99 group (n=40). The BC99 group comprised 21 males and 19 females, with a mean age of 36.50 ± 14.05 years. Similarly, the placebo group included 20 males and 18 females, with a comparable mean age of 37.21 ± 11.96 years. No significant differences in demographic characteristics were observed between the two groups at baseline, ensuring that any subsequent effects could be attributed to the intervention rather than preexisting disparities in age or gender distribution.


Table 1 | Comparison of general information between the two groups of participants.
	Group
	Age (x¯
 ± s)
	Sex (%)


	Man
	Women



	BC99(n=40)
	36.50±14.05
	21(52.5%)
	19(47.5%)


	Placebo(n=38)
	37.21±11.96
	20(53.0%)
	18(47.0%)


	F/x2
P Value
	0.961
0.811
	6.770
0.990










3.2 Effects of BC99 gummies on rhinitis symptoms and quality of life in patients with AR

To assess the efficacy of BC99 supplementation in alleviating AR symptoms, the TNSS, RQLQ, and RCAT were measured in both study groups over an 8-week intervention period. The TNSS, a validated AR assessment tool (23), quantifies symptom severity by summing scores across four domains: nasal congestion, rhinorrhea, nasal itching, and sneezing. Each symptom was rated on a 4-point scale (0 = asymptomatic, 1 = mild, 2 = moderate, 3 = severe), with evaluations conducted at baseline and 8 weeks post-intervention. The total TNSS score was used to compare symptom severity before and after probiotic treatment. The RQLQ, a standardized measure of AR-related quality of life, evaluates seven domains, including sleep, mood, and social functioning (24). Responses were scored from 0 (no impairment) to 6 (severe impairment), with the overall score calculated as the mean across all items (range: 0–6). Lower scores indicate better quality of life. The intervention’s impact on patients’ well-being was quantified by analyzing changes between baseline and week 8. Additionally, the RCAT, a six-item questionnaire (25), assessed rhinitis control by evaluating nasal congestion, sneezing, tearing, sleep disturbances, daily activities, and overall symptom management. Each item was scored from 1 to 5, with higher cumulative scores reflecting better disease control.

As shown in Figure 2, in the BC99 group, after the 8-week intervention period, the mean TNSS score significantly decreased from 7.57 to 3.21, the mean RQLQ score significantly decreased from 75.50 to 45.15, and the mean RCAT score significantly increased from 16.09 to 25.26 (p < 0.05 for all). Compared with the placebo group, the TNSS and RQLQ in the BC99 gummies group were significantly reduced (p < 0.05), while the RCAT score was significantly increased (p < 0.0001), indicating that BC99 gummies intervention can help alleviate AR symptoms and improve quality of life.

[image: Bar and line graphs illustrate TNSS, RQLQ, and RCAT scores for Placebo and BC99 gummies at weeks zero and eight. Significant differences are noted with p-values: TNSS p = 0.0139 and 0.0007, RQLQ p = 0.0415 and <0.0001, RCAT both p < 0.0001. Blue represents week zero and orange week eight for each group.]
Figure 2 | Changes in TNSS, RQLQ, and RCAT scores following BC99 gummy intervention. (A) TNSS scores in the placebo and BC99 groups. (B) RQLQ scores in the placebo and BC99 groups. (C) RCAT scores in the placebo and BC99 groups. * p < 0.05, *** p < 0.001, **** p < 0.0001.




3.3 Effects of BC99 gummies on immune factors and eosinophil levels in AR patients

To evaluate the immunomodulatory effects of BC99 supplementation, serum levels of immune factors (IgA, C3, and C4) and eosinophil (EOS) counts were measured in AR patients before and after the 8-week intervention period.

No significant differences were observed between the placebo group and the BC99 group at baseline. The placebo group showed no significant changes before and after intervention. While after intervention in the BC99 group, C3 levels decreased from 1026.50 μg/mL to 885.45 μg/mL (p = 0.0102), IgA levels decreased from 1143.45 μg/mL to 936.30 μg/mL (p = 0.0003), and EOS counts decreased from 0.21 × 109/L to 0.08 × 109/L (p = 0.006) (Figures 3A, B, D). In contrast, complement C4 levels remained unchanged, showing no statistically significant difference between baseline and post-treatment measurements (Figure 3C). These findings suggest that BC99 gummies may modulate specific immune parameters while maintaining stability in others.

[image: Four box plots labeled A to D show the effects of placebo and BC99 gummies on different immune markers. Each plot compares measurements at week zero and week eight. A: C3 levels with significant differences; B: IgA levels show a strong statistical difference at p = 0.0003; C: C4 levels show no significant change; D: EOS count shows significant difference at p = 0.006.]
Figure 3 | Effect of BC99 intervention on immune factor levels in participants with AR. (A) C3 levels. (B) IgA levels. (C) C4 levels. (D) EOS counts. * p < 0.05, ** p < 0.01, *** p < 0.001.




3.4 Effects of BC99 gummies intervention on oxidative stress in AR patients

SOD activity serves as a key indicator of the body’s antioxidant capacity. In this study, comparative analysis of SOD levels between the placebo group and the BC99 gummies group revealed a significant decline in the placebo group after 8 weeks of intervention (p = 0.0228), whereas the BC99 group maintained stable SOD levels (Figure 4A). These results demonstrate that BC99 gummies intervention effectively preserves SOD activity in AR patients. GSH, a critical endogenous free radical scavenger, is essential for maintaining oxidative balance (26). The post-intervention data revealed that compared with baseline, the BC99 group exhibited a significant increase in GSH levels from 20.76 ng/mL to 23.07 ng/mL (p = 0.0486, Figure 4B), suggesting that BC99 gummies positively modulate the oxidation/antioxidant system. Furthermore, MDA, a marker of lipid peroxidation, reflects oxidative stress severity. Elevated MDA levels compromise biological membrane integrity and impair physiological functions (27). As depicted in Figure 4C, the BC99 group exhibited a significant decrease in MDA levels from12.11 at baseline to 11.01 post-intervention (p = 0.0413), indicating that probiotic supplementation mitigates oxidative stress-induced lipid peroxidation.

[image: Box plots comparing levels of SOD, GSH, and MDA across four groups: Placebo_0, Placebo_8, BC99 gummies_0, and BC99 gummies_8. Panel A shows SOD levels with significant differences marked by asterisks and p-values, including 0.0228 and 0.0305. Panel B indicates GSH levels, highlighting significant differences with p-values 0.0008 and 0.0486. Panel C displays MDA levels, showing a significant difference with a p-value of 0.0413. The x-axis represents groups, and the y-axis shows concentration levels.]
Figure 4 | Effect of BC99 intervention on oxidative stress markers in participants with AR. (A) SOD activity. (B) GSH levels. (C) MDA levels. * p < 0.05, *** p < 0.001.




3.5 Effects of BC99 gummies intervention on serum metabolic profile of AR patients

To investigate the regulatory effects of BC99 gummies on serum metabolites, we compared metabolic profiles between the BC99 and placebo groups using multivariate statistical analysis. OPLS-DA revealed a clear separation between the two groups, indicating distinct metabolic patterns (VIP > 1). The permutation test confirmed model validity (R² Y = 0.973, Q² = −0.173), with no overfitting observed (Figures 5A, B). PCA further demonstrated metabolic profile differences, with the first three principal components accounting for 22.97% of total variance (Figure 5C). Statistical analysis identified significant alterations in metabolite regulation following BC99 intervention. Compared to the placebo group, the BC99 group exhibited 136 significantly upregulated and 261 significantly downregulated serum metabolites (Figure 5D). Supplementary Table S1 contains detailed information of serum metabolites between the BC99 and placebo groups after 8-week intervention.

[image: Panel A shows a scatter plot with t[1]P and t[1]O axes illustrating clusters for BC99 and placebo groups with ellipses. Panel B displays a plot of correlation coefficients versus R²Y and Q²Y with intercepts shown. Panel C depicts a PCA plot with PC1 and PC2 axes, highlighting the overlap and separation of BC99 and placebo groups. Panel D presents a volcano plot with log2 fold change and negative log10 p-value, indicating significant up, significant down, and non-significant points, with a p-value threshold line at 0.05.]
Figure 5 | Serum metabolic profile changes in participants with AR after 8 weeks of BC99 intervention. (A) OPLS-DA score plot. (B) OPLS-DA permutation test. (C) PCA score plot. (D) Volcano plot visualizing differential metabolites (red: significantly upregulated, blue: significantly downregulated, gray: non-significant changes).

Further analysis of the top 10 differentially expressed metabolites classified them into eight categories: vitamins and derivatives, amino acids and derivatives, lipids, organic acids and derivatives, heterocyclic compounds, steroids, phenols and aromatic compounds, and endogenous metabolites and conjugates. Notably, BC99 intervention led to significant upregulation (p < 0.05) of metabolites such as enterolactone-3’’-glucuronide, 2’,6’-dihydroxyacetophenone, and quercetin (phenolic and endogenous metabolites) (Figure 6A). Conversely, pantothenol, N-Acetyl-L-phenylalanine, 2-(2-methylbenzoylamino) acetic acid, PS (18:2/0:0), 5Z,9Z,21Z-hexacosatrienoic acid, and 16β,20S-dihydroxycholestane-3-one (vitamins, amino acids, lipid and steroids-related compounds) were significantly downregulated (p < 0.05) (Figure 6B). These findings demonstrate that BC99 gummies significantly modulate serum metabolism in AR patients, particularly affecting pathways involving vitamins, lipids, and phenolic compounds.

[image: Grouped box plots labeled A and B compare the abundance of various compounds in placebo and BC99 gummies. Each plot shows higher or lower abundance with statistical significance denoted by p-values. Compounds measured include 2',6'-Dihydroxyacetophenone, Cyclamic acid, Pantothenol, and others, with p-values ranging from less than 0.0001 to 0.0045. The blue and orange colors represent placebo and BC99 gummies, respectively, indicating differences between treatments.]
Figure 6 | Alterations in serum metabolite levels in AR participants following 8-week BC99 intervention. (A) Relative abundance of upregulated metabolites. (B) Relative abundance of downregulated metabolites. ** p < 0.01, *** p < 0.001,  **** p < 0.0001.




3.6 KEGG classification and enrichment analysis of differential metabolites

Metabolic pathway analysis of serum differential metabolites (VIP > 1, p < 0.05) was performed using MetaboAnalyst 5.0 to compare the placebo and BC99 gummies groups. Figure 7A presents the top 20 most significantly KEGG pathways (the smallest p-values). Metabolomic analysis demonstrated that BC99 intervention induced significant alterations (p<0.05) in 13 metabolites spanning 7 KEGG pathways, particularly affecting the biosynthesis of unsaturated fatty acids, phenylalanine metabolism, arginine biosynthesis, autophagy – other, pathogenic Escherichia coli infection, Kaposi sarcoma-associated herpesvirus infection, and autophagy – animal. Notably, amino acid metabolism pathways contained the most significantly differential metabolites, with phenylalanine metabolism encompassing 3 metabolites and arginine biosynthesis comprising 2 metabolites. Within lipid metabolism, biosynthesis of unsaturated fatty acids involved 4 differential metabolites.

[image: Two-part chart analysis: (A) Bar chart displays metabolic and disease pathways with P-values, categorized by color: metabolism, human diseases, cellular processes, and organismal systems. (B) Bubble chart shows the enrichment score for the same pathways, with bubble size indicating count and color representing P-values.]
Figure 7 | Metabolic pathway analysis of differential metabolites between placebo and BC99 groups. (A) KEGG functional classification. The numbers on the bars represent the count of differential metabolites annotated to the pathway. (B) KEGG enrichment analysis.

Figure 7B displays the KEGG enrichment analysis of the top 20 most significant pathways (smallest p-values). These pathways, including biosynthesis of unsaturated fatty acids, phenylalanine metabolism, and arginine biosynthesis, exhibited both the highest metabolite counts and the lowest p-values. These results demonstrate that BC99 gummies intervention predominantly affects lipid and amino acid-related metabolic pathways in AR patients.




3.7 Correlation analysis between key metabolites and AR related indicators

To investigate potential associations between key serum metabolites and AR-related biomarkers, we conducted correlation analysis (Figure 8). The analysis incorporated immunological factors, oxidative stress markers, and the top 10 most significantly upregulated and downregulated metabolites. Notably, several metabolites - including ethionamide sulphoxide, benzoic acid (5-amino-2-(sulfooxy)-), and enterolactone 3’’-glucuronide - exhibited significant negative correlations with complement C3 levels (p < 0.001). Following BC99 intervention, cyclamic acid, quercetagetin, ethionamide sulphoxide, and benzoic acid (5-amino-2-(sulfooxy)-) showed significant positive correlations with GSH levels (p < 0.05), indicating a potential regulatory role in oxidative stress modulation. Additionally, quercetagetin and haloxon demonstrated a significant inverse relationship with MDA levels (p < 0.05).

[image: Clustered heatmap displaying chemical compound interactions with variables IgA, C3, C4, EOS, MDA, GSH, and SOD. Shades of pink to red indicate varying levels from negative to positive correlations. Asterisks denote statistical significance.]
Figure 8 | Correlation analysis between key serum metabolites and immune/oxidative stress markers in placebo and BC99 groups. Pink and white indicate positive and negative correlations, respectively (*p < 0.05, **p < 0.01, ***p < 0.001).

Of particular interest, imidazole acetol-phosphate, a key intermediate in histidine biosynthesis, displayed dual associations: a negative correlation with complement C3 (p < 0.05) and a positive correlation with GSH (p < 0.05). As this metabolite participates in imidazole ring modification and amino group integration within the histidine biosynthesis pathway, our findings suggest that differential serum metabolites may influence AR clinical manifestations through histidine metabolism-mediated regulatory mechanisms.





4 Discussion

AR is a prevalent global disease. With increasing quality of life and heightened health awareness, identifying safe and effective dietary interventions for AR prevention and symptom alleviation has become a critical long-term objective. Probiotics have emerged as a promising therapeutic option due to their potential to modulate immune responses, reduce inflammation, and restore intestinal microbiota balance (28, 29). However, the underlying mechanisms remain incompletely understood. This study investigated the effects of an 8-week BC99 gummy intervention on biomarkers and metabolic profiles associated with AR remission. No significant differences were observed in hematological parameters between groups before and after treatment, and no adverse reactions were reported, confirming the safety of BC99 gummies.

This study demonstrates that BC99 gummy supplementation effectively improves nasal symptoms, reduces rhinitis severity, and enhances quality of life in patients with AR. These benefits are supported by significant reductions in TNSS and RQLQ scores, along with increased RCAT scores. The therapeutic effects of BC99 may be attributed to its ability to modulate key immune pathways involved in AR pathogenesis. AR is characterized by dysregulated immune responses, including IgA-mediated inflammation. Under pathological conditions such as structural abnormalities, immune complex deposition, or chronic inflammation, IgA promotes inflammatory cell activation via complement activation and Fcα receptor (FcαR) signaling. This process contributes to tissue damage and exacerbates AR symptoms (30). Additionally, the C3 plays a central role in AR progression. Cleavage of C3 into C3a and C3b fragments activates inflammatory cells, disrupts the mucosal barrier, and amplifies T-helper 2 (Th2) immune responses, further aggravating AR symptoms. EOS, the primary effector cells in Th2-mediated inflammation, are recruited to the nasal mucosa by cytokines such as interleukin-5 (IL-5). Upon activation, EOS release cytotoxic proteins, including eosinophil cationic protein (ECP) and major basic protein (MBP), leading to epithelial damage, mucus hypersecretion, and worsening of nasal inflammation. These pathological changes manifest clinically as nasal congestion, rhinorrhea, and other AR symptoms (31). BC99 may exert its beneficial effects by regulating immune-related cytokines such as IgA and C3, thereby improving intestinal health and metabolic function.

Emerging evidence indicates that IgA plays a significant role in EOS activation and degranulation (32–34). Mechanistically, IgA binds to the Fcα receptor (FcαR/CD89) on EOS surfaces, triggering intracellular signaling cascades involving Syk kinase and the PI3K pathway (35). This interaction induces EOS to release pre-synthesized cytotoxic granule proteins, including MBP, ECP, and eosinophil peroxidase (EPO), which directly damage tissues and perpetuate inflammatory responses. Following degranulation, EOS further amplify inflammation through chemokine release. Key mediators such as C-C motif chemokine ligand 5 (CCL5/RANTES) and CCL11 (eotaxin-1) promote bone marrow and circulating EOS migration to inflammatory sites, establishing a self-reinforcing cycle of inflammation (36). Notably, our intervention with BC99 gummies significantly reduced serum levels of IgA, complement component C3, and EOS (p<0.05). These findings demonstrate BC99’s capacity to attenuate multiple pathological pathways in allergic rhinitis (AR), including: IgA-mediated EOS activation and degranulation, Complement system activation via C3 reduction, and inflammatory cell recruitment through EOS suppression. The simultaneous downregulation of these biomarkers strongly suggests that BC99 exerts its therapeutic effects by interrupting critical nodes in the AR inflammatory cascade. This multi-target mechanism distinguishes BC99 from single-pathway inhibitors and may explain its clinical efficacy in improving AR symptoms.

Oxidative stress is implicated in the pathogenesis of various diseases, including cardiovascular and neurodegenerative disorders (37, 38). As a critical antioxidant in the human body, GSH protects nasal mucosal epithelial cells from oxidative damage by scavenging free radicals such as reactive oxygen species (ROS) (26). Following intervention with BC99 gummies, the GSH content increased significantly (p < 0.05), suggesting enhanced antioxidant activity. Conversely, MDA, the end product of lipid peroxidation, serves as a biomarker of oxidative stress. Elevated MDA levels may exacerbate nasal mucosal inflammation by damaging epithelial cells and activating the NF-κB pathway (27). Notably, after BC99 gummies intervention, MDA levels decreased significantly (p < 0.05), indicating reduced oxidative damage. SOD, a key antioxidant enzyme, catalyzes the conversion of superoxide radicals into oxygen and hydrogen peroxide, thereby mitigating ROS accumulation and cellular oxidative stress (39). While SOD levels remained stable in the BC99 group, they declined significantly in the placebo group (p < 0.05), further supporting the protective role of BC99 gummies. Collectively, these findings suggest that BC99 gummies may alleviate oxidative stress-induced nasal mucosal damage by enhancing systemic antioxidant capacity, providing a molecular basis for ameliorating AR symptoms. This observation aligns with previous studies demonstrating that probiotics can modulate the gut-microbiota-immune axis, suppress eosinophil infiltration, and reduce free radical production, thereby improving AR pathology (40).

To further elucidate the underlying mechanism by which BC99 gummies alleviate AR, serum metabolomic analysis was conducted in both the placebo and BC99 groups to assess metabolic changes at week 8. The analysis revealed that BC99 intervention significantly altered the metabolic profile of AR patients. Specifically, BC99 administration modulated 397 serum metabolites compared to the placebo group, with 136 metabolites significantly upregulated and 261 significantly downregulated. Among these, 20 metabolites were identified as key biomarkers. Notably, four differential metabolites—imidazole acetol-phosphate, quercetagetin, 5-amino-2-(sulfooxy)-Benzoic acid, and enterolactone 3’’-glucuronide—exhibited substantial increases following BC99 intervention. Additionally, KEGG enrichment analysis indicated that BC99 supplementation significantly influenced metabolic pathways, including biosynthesis of unsaturated fatty acids, phenylalanine metabolism, and arginine biosynthesis.

Furthermore, we examined the correlation between key differential metabolites and clinical indicators of AR. As illustrated in the Figure 8, imidazole acetol-phosphate—a metabolite associated with histidine metabolism—demonstrated a significant negative correlation with complement C3 and a positive correlation with GSH. These findings indicate that the BC99-mediated alleviation of AR symptoms may be mechanistically linked to modulations in histidine metabolism.

Emerging evidence suggests a potential link between AR and histidine metabolism (41). As an essential amino acid, histidine yields various metabolites—including histamine and urocanic acid—that play crucial roles in immune regulation and inflammatory responses, particularly in maintaining mucosal barrier integrity and mediating allergic signaling (41, 42). Disruptions in histidine metabolism may contribute to AR pathogenesis through multiple mechanisms. First, histamine—produced via histidine decarboxylase (HDC)-mediated catalysis—binds to H1 receptors on mast cells, triggering classic AR symptoms (e.g., nasal pruritus and sneezing) while promoting Th2 cytokine secretion (e.g., IL-4, IL-13) and eosinophil infiltration (43). Second, urocanic acid, a histidine metabolic intermediate, modulates dendritic cell (DC) antigen presentation, thereby influencing immune tolerance. An imbalance in urocanic acid dynamics may elevate allergen-specific IgE levels. Furthermore, diminished histamine activity can perturb downstream processes, including inflammatory cascades and cellular signaling, ultimately redirecting metabolic flux through the histidine pathway (41).

The intestinal and nasal microbiota also appear to regulate histidine metabolism in AR pathogenesis. Under homeostatic conditions, commensal bacteria metabolize histidine into anti-inflammatory compounds that suppress NF-κB activation, thereby mitigating nasal mucosal inflammation (44, 45). In AR patients, microbial dysbiosis - characterized by diminished probiotic populations and expansion of opportunistic pathogens like Staphylococcus - may exacerbate histamine-driven allergic responses through competitive histidine utilization and pro-inflammatory metabolite production (46). Critical knowledge gaps remain regarding: (1) the mechanistic interplay between histidine metabolic pathways and the nasal/intestinal microenvironment, and (2) the therapeutic potential of targeting specific microbial metabolites for AR intervention. Future studies should address these aspects to advance our understanding of microbial-host metabolic crosstalk in allergic inflammation.




5 Conclusion

This clinical study demonstrates that an 8-week intervention with W. coagulans BC99 significantly alleviated AR symptoms and improved patients’ quality of life. The probiotic treatment effectively reduced key markers of allergic immune response, including immune factors (IgA, complement C3), EOS indicators, and oxidative stress markers (MDA). Metabolomic analysis revealed that BC99 intervention altered 397 serum metabolites and significantly modulated AR-related metabolic pathways, particularly biosynthesis of unsaturated fatty acids, phenylalanine metabolism, and arginine biosynthesis. Notably, correlation analyses identified BC99-induced metabolic changes - such as increased imidazole acetol-phosphate levels - that showed negative associations with pro-inflammatory markers (e.g., C3) and positive correlations with antioxidant indicators (e.g., GSH). These findings suggest BC99 mediates its therapeutic effects through histidine-dependent immunometabolic crosstalk. Our results establish W. coagulans BC99 as an effective intervention for AR management and provide a scientific foundation for its clinical application. Future studies should further elucidate the molecular mechanisms underlying BC99’s metabolic and immunoregulatory effects on AR pathogenesis.
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