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Abstract
Background: Chronic rhinosinusitis with nasal polyps (CRSwNP) is a heterogeneous inflammatory condition often classified 

into eosinophilic (Eos) and non-eosinophilic (nonEos) subtypes. While microbial dysbiosis and metabolic disturbance are known 

contributors to CRSwNP, the interplay between sinonasal microbiota and local metabolic activity remains unclear. Methods: We 

conducted 16S rRNA gene sequencing and untargeted metabolomics on sinonasal swabs and tissue samples from patients with 

Eos-CRSwNP (n = 14), nonEos-CRSwNP (n = 7), and healthy controls (n = 14). Microbial diversity, taxonomic differences, and meta-

bolic alterations were analyzed. Spearman correlation and network modeling were used to explore phenotype-specific micro-

biota–metabolite interactions and pathway enrichment. Results: Eos-CRSwNP was characterized by reduced microbial diversity 

and increased abundance of Staphylococcus and Corynebacterium, along with elevated levels of fumaric acid, linoleic acid, and 

arachidonic acid—metabolites linked to oxidative stress and lipid-mediated inflammation. In contrast, nonEos-CRSwNP exhibited 

greater microbial richness, with enrichment of Streptococcus, Anaerococcus, and Clostridium XlVa, and metabolic shifts in amino 

acid and nitrogen metabolism, including increased glutamine, taurine, and ethanolamine phosphate. Correlation analysis revea-

led phenotype-specific networks connecting core microbial genera and metabolites, suggesting distinct inflammatory microen-

vironments between subtypes. Conclusion: Our integrated multi-omics analysis highlights divergent microbial and metabolic 

signatures in Eos and nonEos CRSwNP. These findings offer mechanistic insights into subtype-specific disease processes and may 

guide the future development of targeted diagnostic and therapeutic strategies.
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Introduction
Chronic rhinosinusitis with nasal polyps (CRSwNP) is a persistent 

inflammatory disorder of the sinonasal mucosa that significantly 

impacts patients’ quality of life through symptoms such as nasal 

obstruction, facial pressure, loss of smell, and rhinorrhea (1, 2). His-

tologically, CRSwNP is defined by mucosal inflammation and the 

formation of benign polypoid growths, often requiring repeated 

surgical and medical interventions. Increasing evidence sup-

ports the concept that CRSwNP is not a single disease entity but 

a heterogeneous syndrome encompassing multiple phenotypes 

with distinct immunopathological mechanisms (3-6). Among 

these, eosinophilic CRSwNP (Eos-CRSwNP) and non-eosinophilic 

CRSwNP (nonEos-CRSwNP) represent two major inflammatory 

subtypes, particularly relevant in clinical management and 

therapeutic response. Eos-CRSwNP is strongly associated with 

Type 2 helper T cell (Th2)-mediated inflammation, characterized 

by elevated interleukin (IL)-4, IL-5, and IL-13 levels, and marked 

eosinophilic infiltration in the nasal mucosa (7-9). This subtype is 

frequently comorbid with asthma, allergic rhinitis, and aspirin-

exacerbated respiratory disease (AERD), and typically responds 

well to corticosteroids and emerging biologic therapies target-

ing IL-5 or IL-4Rα (10-12). In contrast, nonEos-CRSwNP is more 

heterogeneous, often associated with neutrophilic inflammation 

and mixed Th1/Th17 immune responses. This phenotype is more 

commonly observed in Asian populations and tends to be more 

resistant to corticosteroids and conventional anti-inflammatory 

treatments (13,14). Despite these broad distinctions, the mecha-

nisms underlying phenotypic divergence remain only partially 

understood, and current diagnostic approaches rely heavily on 

histopathology rather than functional profiling.

Recent studies have highlighted the potential role of the nasal 

and sinonasal microbiome in modulating mucosal inflamma-

tion in CRSwNP (15-17). The nasal cavity is colonized by a diverse 

community of commensal and opportunistic microbes that may 

influence epithelial barrier function, immune activation, and 

tissue remodeling (18,19). Dysbiosis—defined as an imbalance 

in the microbial community—has been observed in CRSwNP, 

with alterations in the relative abundance of key genera such 

as Staphylococcus, Corynebacterium, and Streptococcus (20,21). 

However, microbial composition alone provides limited insight 

into disease mechanisms. The metabolites produced or influen-

ced by the microbiota may act as bioactive mediators that link 

microbial activity to host inflammation.

Metabolomics, the comprehensive profiling of small-molecule 

metabolites in biological systems, offers a powerful lens for in-

vestigating local biochemical activity within inflamed sinonasal 

tissues. Inflammatory conditions are frequently associated with 

metabolic reprogramming, and in CRSwNP, emerging evi-

dence suggests alterations in lipid metabolism, oxidative stress 

pathways, and amino acid biosynthesis (22-24). Microbial-derived 

metabolites, such as short-chain fatty acids, polyamines, and 

eicosanoids, may influence immune cell recruitment, cytokine 

expression, and epithelial repair processes. Therefore, exploring 

the metabolic landscape in tandem with the microbiome may 

reveal functionally relevant pathways that contribute to the 

persistence and phenotype-specific progression of CRSwNP.

In this study, we applied an integrated omics approach combi-

ning 16S rRNA gene sequencing and untargeted metabolomics 

to characterize the sinonasal microbiome and tissue metabolo-

me of patients with Eos- and nonEos-CRSwNP, alongside healthy 

controls. Our goal was to define phenotype-specific microbial 

and metabolic signatures, uncover functional microbial–meta-

bolite interaction networks, and provide mechanistic insights 

that may inform biomarker development and personalized 

therapeutic strategies for CRSwNP.

Materials and methods
Study population and phenotype classification

Patients diagnosed with chronic rhinosinusitis with nasal polyps 

(CRSwNP) were prospectively enrolled and classified into eosi-

nophilic (Eos-CRSwNP) and non-eosinophilic (nonEos-CRSwNP) 

subtypes based on histopathological evaluation of nasal polyp 

tissue. Hematoxylin and eosin (H&E) staining was performed, 

and two independent pathologists quantified the number of eo-

sinophils per high-power field (HPF) (25). A count of ≥10 eosinop-

hils/HPF was defined as eosinophilic CRSwNP. Patients were eli-

gible for inclusion if they were adults (≥18 years) diagnosed with 

chronic rhinosinusitis with nasal polyps (CRSwNP) according to 

EPOS 2020 criteria and scheduled to undergo endoscopic sinus 

surgery (ESS), during which both nasal polyp tissue and middle 

meatus swab samples could be obtained. Exclusion criteria 

included recent use (within 4 weeks) of systemic or topical cor-

ticosteroids, antibiotics, or nasal medications; presence of acute 

upper respiratory infection at the time of sampling; a history of 

malignancy, autoimmune disease, or immunodeficiency; prior 

treatment with biologic agents such as anti-IL-5, anti-IgE, or anti-

IL-4Rα; and incomplete clinical or histopathological data. Age- 

and sex-matched healthy individuals undergoing septoplasty 

or concha bullosa correction served as controls. All participants 

provided written informed consent, and the study was approved 

by the institutional ethics committee of The Second Hospital of 

Shandong University (KYLL-2021(KJ)P-0241). 

Sample collection 

For 16S rRNA gene sequencing, middle meatus swabs were 

collected intraoperatively from all CRSwNP patients and control 

individuals using sterile nylon swabs. Samples were immediately 

frozen in liquid nitrogen and stored at –80°C until DNA extrac-

tion. Nasal polyp tissue was obtained from CRSwNP patients 

during endoscopic sinus surgery procedures, and inferior 
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turbinate tissue was collected from controls. All tissue samples 

were snap-frozen in liquid nitrogen and stored at –80°C prior to 

metabolomic analysis.

Microbiome analysis via 16S rRNA sequencing

Microbial DNA was extracted using a commercial kit (MagPure 

DNA LQ kit, Magen Biotechnology Co., Ltd.) following manu-

facturer protocols. Negative controls (blank extraction controls 

and air-exposed swabs) were processed in parallel during DNA 

extraction and sequencing. No substantial amplification was 

observed in these controls. The V3–V4 hypervariable regions 

of the bacterial 16S rRNA gene were amplified using barcoded 

universal primers and sequenced on an Illumina MiSeq plat-

form. Raw reads were quality-filtered, merged, and clustered 

into amplicon sequence variants (ASVs) using QIIME2 (v2022.2). 

Taxonomic assignment was performed against the SILVA 138 

reference database. Alpha diversity (ACE, Chao1, Shannon, 

Simpson indices) and beta diversity (Bray–Curtis dissimilarity) 

were calculated. Non-metric multidimensional scaling (NMDS) 

was used for visualization. Differentially abundant taxa were 

identified using LEfSe with linear discriminant analysis (LDA) 

score threshold >2.0. Raw sequencing data were processed 

to obtain high-quality clean reads using a multi-step filtering 

approach. First, a 25 bp sliding window was applied to trim low-

quality regions: if the average quality score within a window fell 

below Q20, reads were truncated, and sequences shorter than 

75% of the original length were discarded. Reads with adapter 

contamination (defined as ≥15 bp overlap with ≤3 mismatches) 

were removed, as were those containing ambiguous bases (N) 

or exhibiting low complexity (≥10 consecutive identical bases). 

Demultiplexing was performed using exact barcode matching 

(0 mismatches), and primer sequences were verified to ensure 

accurate sample assignment. These steps were implemented to 

ensure the reliability and reproducibility of downstream micro-

bial community analysiRaw sequencing data were processed 

to obtain high-quality clean reads using a multi-step filtering 

approach. First, a 25 bp sliding window was applied to trim low-

quality regions: if the average quality score within a window fell 

below Q20, reads were truncated, and sequences shorter than 

75% of the original length were discarded. Reads with adapter 

contamination (defined as ≥15 bp overlap with ≤3 mismatches) 

were removed, as were those containing ambiguous bases (N) 

or exhibiting low complexity (≥10 consecutive identical bases). 

Demultiplexing was performed using exact barcode matching 

(0 mismatches), and primer sequences were verified to ensure 

accurate sample assignment (26).

Untargeted metabolomics analysis

Tissue samples were homogenized and extracted in methanol. 

After centrifugation and drying, metabolites were reconstituted 

and analyzed using ultra-high-performance liquid chroma-

tography coupled with quadrupole time-of-flight mass spec-

trometry (UHPLC-QTOF-MS) in both positive and negative ion 

modes. Data were processed using XCMS for peak alignment, 

retention time correction, and normalization. Metabolites 

were annotated against public databases (HMDB, KEGG) and 

confirmed with authentic standards where available. Multivari-

ate analysis, including principal component analysis (PCA) and 

orthogonal partial least squares discriminant analysis (OPLS-DA) 

was performed. Variable importance in projection (VIP) >1.0, p 

< 0.05, and fold change >2 were used to identify differentially 

expressed metabolites.

Integration of microbiome and metabolomics data

Spearman correlation analysis was conducted to evaluate as-

sociations between the top 20 differentially abundant metabo-

Table 1. The clinical characteristics at baseline of CRSwNP and control subjects.

Control Non-EOS-CRSwNP EOS-CRSwNP P-value

Patients number n (%) 14 (40%) 7 (20%) 14 (40%) N/A

Age (years), mean±SD 34.79 ± 15.13 43.71 ± 15.68 44.57 ± 10.10 0.13

BMI (mean±SD) 23.11 ± 2.167 23.63 ± 2.498 23.78 ± 2.430 0.78

Sex, male, n (%) 11 (78.57%) 2 (28.57%) 12 (85.71%) 0.02

Atopy, n (%) 0 (0%) 1 (14.29%) 5 (35.71%) 0.04

History of smoking n (%) 1 (7.14%) 0 (0%) 7 (50%) 0.0024

History of asthma n (%) 1 (7.14%) 0 (0%) 2 (14.29%) 0.53

History of surgery n (%) 0 (0%) 1 (14.29%) 1 (7.14%) 0.40

Eosinophils in blood (count, *109) 0.1421 ± 0.09839 0.1857 ± 0.1861 0.6964 ± 0.7308 0.0001

Eosinophils in tissue (count, n) 1.214 ± 1.051 3.571 ± 2.507 69.29 ± 40.90 <0.0001

The Lund-Mackay CT score 0.7143 ± 0.9139 11.86 ± 6.962 12.57± 3.975 <0.0001

*Abbreviation. CRSwNP, chronic rhinosinusitis with nasal polyps. N/A, not applicable. P < 0.05 were considered significant.

Corrected Proof



4

Microbial-metabolite interaction networks in CRwNP

Rhinology Vol 64, No 2, April 2026

lites and the top 20 bacterial genera. Correlation matrices were 

visualized as heat maps. Microbial-metabolite-pathway interac-

tion networks were constructed using Cytoscape (v3.9.1), and 

enriched KEGG pathways were mapped to illustrate phenotype-

specific biological functions.

Statistical analysis

All statistical analyses were conducted using R (v4.2.1) and 

Python (v3.9). Kruskal-Wallis or Mann-Whitney U tests were used 

for intergroup comparisons. P-values were adjusted for multiple 

comparisons using the Benjamini-Hochberg false discovery rate 

(FDR) method. A two-sided p < 0.05 was considered statistically 

significant.

 

Results
Study subjects and phenotype classification

A total of 35 subjects were enrolled from January 2022 to March 

2022 in the Department of Otolaryngology, The Second Hospital 

of Shandong University, including 14 eosinophilic CRSwNP (Eos-

CRSwNP), 7 non-eosinophilic CRSwNP (nonEos-CRSwNP), and 14 

healthy controls. The Eos-CRSwNP group exhibited significantly 

higher eosinophil counts in both peripheral blood and tissue 

compared to nonEos-CRSwNP and control groups (Figure 1A–B). 

The Lund-Mackay CT scores were also significantly elevated 

in both CRSwNP subgroups relative to controls (Figure 1C), 

confirming radiological severity. These findings validated the 

inflammatory and clinical distinction between the two CRSwNP 

phenotypes.

Microbial community composition and diversity

16S rRNA sequencing revealed distinct microbial profiles among 

the three groups. Stacked bar plots showed genus-level distribu-

tions, with Corynebacterium and Staphylococcus dominating 

the control group, while Eos-CRSwNP samples were enriched in 

Moraxella, Staphylococcus, Bacteroides, and Propionibacterium 

(Figure 2A). In contrast, the nonEos-CRSwNP group had higher 

relative abundance of Streptococcus, Anaerococcus, and Hae-

mophilus, suggesting phenotype-specific microbial shifts. Alpha 

diversity analysis demonstrated reduced microbial richness in 

Eos-CRSwNP (ACE and Chao1 indices) and reduced evenness 

(Shannon and Simpson indices) compared to controls (Figure 

2B–E). The nonEos-CRSwNP group maintained intermediate 

diversity between Eos-CRSwNP and controls. NMDS plots based 

on Bray–Curtis dissimilarity revealed clear clustering between 

the three groups, with greater dispersion in Eos-CRSwNP, indica-

ting higher inter-individual variability (Figure 2F).

LEfSe analysis identified multiple discriminative taxa. The control 

group was enriched in Corynebacterium, Moraxella, and Lactoba-

cillus, while Haemophilus and Bosea were significantly enriched 

in nonEos-CRSwNP (Figure 2G). The Eos-CRSwNP group showed 

specific enrichment in members of Enterobacteriaceae and Bra-

dyrhizobiaceae, suggesting potential roles in eosinophilic inflam-

mation. Additionally, Brevibacillus abundance was significantly 

lower in Eos-CRSwNP compared to nonEos-CRSwNP (Figure 2H).

Metabolomic profiles in CRSwNP phenotypes

PCA and OPLS-DA plots confirmed the metabolic separation 

between CRSwNP phenotypes and controls (Figure 3A–C). 

Distinct clusters were observed for Eos-CRSwNP vs. control and 

nonEos-CRSwNP vs. control. Volcano plots identified signifi-

cantly altered metabolites (VIP >1, p < 0.05, FC > 2). Eos-CRSwNP 

exhibited elevated levels of fumaric acid, linoleic acid, and 

arachidonic acid (Figure 3D), reflecting alterations in oxidative 

Figure 1. Clinical indicators of eosinophilic and non-eosinophilic CRSwNP compared to controls. (A) Eosinophil count in tissue (number per HPF) 

across control (n=14), non-eosinophilic CRSwNP (nonEos-NP, n=7), and eosinophilic CRSwNP (Eos-NP, n=14) groups. Eos-NP patients exhibited signifi-

cantly higher tissue eosinophil infiltration compared to the other groups (****p < 0.0001, *p < 0.05). (B) Peripheral blood eosinophil count (×10⁹/L) 

showing elevated levels in the Eos-NP group compared to both nonEos-NP and control groups (**p < 0.01, ***p < 0.001). No significant difference was 

found between the control and nonEos-NP. (C) Lund-Mackay CT scores assessing sinonasal disease severity. Both CRSwNP groups demonstrated sig-

nificantly higher CT scores than controls (**p < 0.01, ****p < 0.0001), with no significant difference between Eos-NP and nonEos-NP groups.

Corrected Proof



5

Zhang et al.

Rhinology Vol 64, No 2, April 2026

phosphorylation and lipid metabolism. In contrast, nonEos-

CRSwNP was enriched in L-glutamine, taurine, and ethanola-

mine phosphate (Figure 3E), implicating shifts in nitrogen and 

amino acid metabolism. KEGG pathway enrichment revealed 

that core DEMs in Eos-CRSwNP were associated with the tricar-

boxylic acid (TCA) cycle, linoleic acid metabolism, and oxidative 

phosphorylation (Figure 3G). For nonEos-CRSwNP, enriched 

pathways included amino acid biosynthesis, taurine metabo-

lism, and phospholipid metabolism (Figure 3I). Corresponding 

heatmaps showed a clear separation of metabolite patterns 

among phenotypes (Figure 3F, 3H).

Figure 2. Microbial community composition, diversity, and key taxa differences in EOS-CRSwNP, nonEOS-CRSwNP, and control groups. (A) Stacked bar 

plot showing the relative abundance of bacterial genera across the three groups [(EOS-CRSwNP, n=14), (nonEOS-CRSwNP, n=7) and (Controls, n=14)]. 

Each color represents a different genus. Distinct microbial compositions are evident between phenotypes. (B) Alpha diversity (ACE index) illustrates 

species richness across groups. Lower ACE scores were observed in the CRSwNP groups (n=21) compared to controls (n=14). (C) Alpha diversity 

(Chao1 index) evaluating species richness. Results show altered richness patterns in disease phenotypes. (D) Alpha diversity (Shannon index) reflects 

both the richness and evenness of bacterial communities. EOS-CRSwNP (n=14) shows a trend toward reduced diversity. (E) Alpha diversity (Simpson 

index) assessing community evenness. The EOS-CRSwNP group (n=14) presents lower evenness compared to other groups. (F) Non-metric multidi-

mensional scaling (NMDS) plot based on Bray-Curtis distance showing beta diversity differences. Clear clustering indicates distinct microbial commu-

nity structures among the three groups (stress value = 0.1360). (G) LEfSe analysis shows bacterial taxa significantly enriched in each group, based on 

LDA score (log10 > 2.0). Blue bars: taxa enriched in controls; red: enriched in nonEOS-CRSwNP (n=7); green: enriched in EOS-CRSwNP(n=14).

(H) Box plot of relative abundance of Brevibacillus across groups. A significantly higher abundance was observed in the nonEOS-CRSwNP group (n=7) 

compared to EOS-CRSwNP (n=14) (p = 0.0203).
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Figure 3. Identification and functional enrichment of core differential metabolites (Core DEMs) between CRSwNP phenotypes. (A) OPLS-DA score plot [EOS-NP (n=14) vs 

Control (n=14))] showing distinct clustering between eosinophilic CRSwNP (EOS-NP, n=14) and healthy controls based on metabolomic profiles. (B) OPLS-DA score plot 

(nonEOS-NP, n=7 vs Control, n=14) showing clear metabolic separation between non-eosinophilic CRSwNP (nonEOS-NP, n=7) and controls. (C) Principal Component 

Analysis (PCA) plot illustrating the overall distribution of all three groups [(EOS-CRSwNP, n=14), (nonEOS-CRSwNP, n=7) and (Controls,n=14)] in the metabolomic space. (D) 

Volcano plot (EOS-NP, n=14 vs Control, n=14) displaying significantly upregulated (red) and downregulated (blue) metabolites. Core DEMs are defined as those significantly 

altered and enriched in functional pathways. (E) Volcano plot (nonEOS-NP, n=7 vs Control, n=14) showing metabolite distribution with similar annotation. Significance 

thresholds: |log₂FC| > 1, p < 0.05, VIP > 1. (F) Heatmap of differential metabolites (EOS-NP, n=14 vs Control, n=14) showing relative abundance across samples, clustered by 

both metabolite and sample similarity. (G) Top 30 enriched pathways (EOS-NP, n=14 vs Control, n=14) based on KEGG analysis. Core DEMs contribute significantly to path-

ways such as amino acid metabolism and TCA cycle. (H) Heatmap of differential metabolites (nonEOS-NP, n=7 vs Control, n=14) highlighting distinct metabolic signatures 

compared to EOS-NP(n=14). (I) Top 30 enriched pathways (nonEOS-NP, n=7 vs Control, n=14) revealing significant enrichment in pathways including glycerolipid metabo-

lism, taurine and hypotaurine metabolism, and purine metabolism.
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Figure 4. Correlation analysis between core differential metabolites and dominant bacterial genera in CRSwNP subtypes. (A) Heatmap of metabolite–bacteria correlations 

in EOS-CRSwNP group(n=14). Spearman correlation coefficients between the top 20 core differential metabolites and the top 20 high-abundance bacterial genera are 

shown. Red indicates a positive correlation; blue indicates a negative correlation. (B) Heatmap of metabolite–bacteria correlations in the nonEOS-CRSwNP group(n=7). The 

correlation pattern differs from EOS-CRSwNP(n=7), highlighting phenotype-specific microbiota–metabolite interactions. (C) Zoomed-in heatmap showing selected metab-

olite–bacteria associations in the EOS-CRSwNP group (n=14)with strong correlations. (D) Zoomed-in heatmap of representative core associations in the nonEOS-CRSwNP 

group(n=7). (E) Enrichment analysis of pathways associated with bacteria-correlated core metabolites in the EOS-CRSwNP group(n=14). The dot plot shows enriched KEGG 

pathways, with dot size representing the number of mapped genes and color indicating p-values. (F) Enrichment analysis of pathways for the nonEOS-CRSwNP group 

(n=7) based on correlated core metabolites. Pathways related to energy metabolism, amino acid biosynthesis, and neuroactive signaling are prominent.
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Microbiota–metabolite correlation networks

Spearman correlation analysis between the top 20 core meta-

bolites and top 20 bacterial genera revealed phenotype-specific 

interaction matrices (Figure 4A–B). In Eos-CRSwNP, positive 

correlations were observed between Staphylococcus and linoleic 

acid, and Corynebacterium with fumaric acid. Haemophilus and 

Propionibacterium showed links to arachidonic acid (Figure 4C). 

In nonEos-CRSwNP, Streptococcus and Clostridium XlVa were cor-

related with L-glutamine and taurine, while Anaerococcus and 

Prevotella were associated with pyruvate and D-ribose (Figure 

4D). Bacteroides showed strong correlations with ethanolamine 

phosphate. Pathways associated with microbiota-correlated 

metabolites included linoleic acid metabolism, oxidative phosp-

horylation, and arachidonic acid metabolism in Eos-CRSwNP (Fi-

gure 4E). NonEos-CRSwNP correlated pathways involved amino 

acid metabolism, ABC transporters, and glutamatergic signaling 

(Figure 4F), highlighting distinct biochemical landscapes.

Integrated metabolic–microbial–pathway networks

Integrated multi-omic networks were constructed to visualize 

phenotype-specific interactions (Figure 5). In Eos-CRSwNP, the 

network was dominated by lipid metabolism nodes such as 

fumaric acid and linoleic acid, with hub genera including Stap-

hylococcus and Corynebacterium (Figure 5A). In nonEos-CRSwNP, 

the network was more complex, centered around nitrogen and 

amino acid metabolism, with key interactions involving Strep-

tococcus, Clostridium sensu stricto 1, and metabolites such as 

L-glutamine and taurine (Figure 5B). These interaction modules 

suggest distinct inflammatory microenvironments and micro-

bial–metabolite crosstalk between CRSwNP phenotypes.

Discussion
In this study, we applied an integrative multi-omics approach to 

dissect the microbial and metabolic signatures underlying eosi-

nophilic (Eos-CRSwNP) and non-eosinophilic (nonEos-CRSwNP) 

subtypes of chronic rhinosinusitis with nasal polyps. By com-

bining 16S rRNA-based microbiome profiling and untargeted 

metabolomics, we uncovered phenotype-specific microbial-

metabolite interaction networks, which may underlie the im-

munological and clinical heterogeneity observed between the 

two disease subtypes.

Our results demonstrated that Eos-CRSwNP was characterized 

by reduced microbial richness and evenness, with a relative 

overgrowth of Staphylococcus aureus and Corynebacterium as 

determined by α-diversity indices (ACE, Chao1, Shannon, Simp-

son) and β-diversity. These findings are consistent with previous 

studies linking S. aureus colonization and enterotoxin produc-

tion to Type 2 inflammation in CRSwNP, promoting eosinophilic 

infiltration and IgE elevation (27, 28). Conversely, nonEos-CRSwNP 

exhibited higher microbial diversity and enrichment of faculta-

tive anaerobes such as Streptococcus, Anaerococcus, and Clostri-

dium XlVa, genera more commonly associated with neutrophilic 

or mixed inflammation and Th1/Th17-skewed responses (29-32). 

Also, in this study, Brevibacillus was the only genus showing a 

statistically significant difference among the three groups, with 

Figure 5. Integrated network of core differential metabolites, key bacterial genera, and enriched pathways in CRSwNP subtypes. (A) Network graph of the EOS-CRSwNP 

group. The figure visualizes the interactions among core differential metabolites (yellow diamonds), significantly enriched KEGG pathways (brown squares), and top cor-

related bacterial genera (red circles) specific to the eosinophilic CRSwNP phenotype. The graph reveals a relatively compact network with focused associations between 

metabolites such as fumaric acid and genera including Fusobacterium and Streptococcus, and their linked metabolic pathways (e.g., TCA cycle, butanoate metabolism). (B) 

Network graph of the nonEOS-CRSwNP group. A more complex and expanded interaction network is shown, indicating broader connectivity between core metabolites, 

dominant genera, and a larger variety of enriched pathways. Notable metabolites like glucuronic acid and L-glutamic acid are central to multiple modules, linking to bacte-

ria such as Lactobacillus and Clostridium sensu stricto 1, and pathways related to amino acid metabolism, ABC transporters, and bile acid biosynthesis.
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a notably lower abundance in the Eos-CRSwNP group. Although 

its biological role in CRSwNP remains unclear, the reduced 

abundance of Brevibacillus in Eos-CRSwNP may reflect the loss 

of microbial diversity and potentially protective commensals in 

the context of eosinophilic inflammation, rather than a direct 

pathogenic effect. This observation warrants further investiga-

tion into its possible interaction with type 2–dominant inflam-

matory responses. These distinct microbial patterns suggest 

that dysbiosis in Eos-CRSwNP may involve a loss of microbial 

balance, favoring the proliferation of pro-inflammatory patho-

bionts. In contrast, the broader diversity in nonEos-CRSwNP may 

reflect a less severe but more complex dysbiotic environment, 

potentially driven by environmental exposure or epithelial bar-

rier dysfunction.

Untargeted metabolomics revealed clear differences in meta-

bolic pathways between CRSwNP phenotypes. Eos-CRSwNP 

showed elevated fumaric acid, linoleic acid, and arachidonic acid 

—metabolites implicated in oxidative stress and eicosanoid-dri-

ven inflammation (33-35). Notably, the upregulation of arachidonic 

acid metabolism aligns with known mechanisms of eosinophilic 

inflammation, as its downstream products like leukotrienes pro-

mote eosinophil chemotaxis and degranulation (36). In contrast, 

nonEos-CRSwNP displayed increased levels of L-glutamine, 

taurine, and ethanolamine phosphate. These metabolites sug-

gest the involvement of amino acid metabolism and phospholi-

pid turnover. Glutamine, an essential fuel for activated immune 

cells, may support neutrophilic responses, while taurine could 

reflect compensatory antioxidant activity or altered bile acid 

biosynthesis (37,38). Phospholipid intermediates like ethanolamine 

phosphate may also impact membrane remodeling and cell 

signaling (39). These distinct metabolic fingerprints highlight the 

divergent immunometabolic reprogramming between Eos- and 

nonEos-CRSwNP, suggesting that metabolite signaling plays an 

active role in shaping local inflammation.

By integrating microbial and metabolic data, we observed 

tightly linked microbial-metabolite modules in each CRSwNP 

subtype. In Eos-CRSwNP, Staphylococcus correlated positively 

with linoleic acid metabolism and Corynebacterium with fumaric 

acid, suggesting a possible microbial contribution to lipid-driven 

inflammation and mitochondrial dysfunction. Haemophilus and 

Propionibacterium were also linked to arachidonic acid meta-

bolism, further implicating microbial modulation of eicosanoid 

biosynthesis. In nonEos-CRSwNP, Streptococcus and Clostridium 

XlVa were associated with L-glutamine and taurine metabolism, 

pathways often tied to nitrogen balance and immune cell ener-

getics. The identification of Bacteroides linked to ethanolamine 

phosphate suggests potential microbial influence on phospho-

lipid remodeling. These findings underscore the importance of 

microbial-derived metabolites as potential mediators of local 

immune activation and phenotype-specific inflammation in 

CRSwNP. Consistent with this, recent evidence has shown that 

specific microbial-derived metabolites such as butyrate can sup-

press type 2 inflammation in eosinophilic CRSwNP by modula-

ting epithelial and immune responses, further supporting their 

potential as therapeutic targets (40).

The consistent enrichment of Staphylococcus aureus and ele-

vated linoleic/arachidonic acid levels in Eos-CRSwNP suggest 

a potential inflammatory axis that may be targetable through 

microbiome modulation or lipid mediator blockade. These 

components may reflect distinct features for endotype dif-

ferentiation or disease monitoring, pending further validation. 

Conversely, metabolites such as glutamine and taurine, enriched 

in nonEos-CRSwNP, may reflect distinct immune-metabolic 

regulation and could guide personalized anti-inflammatory 

strategies. The identification of phenotype-specific microbial 

and metabolic signatures suggests that CRSwNP patients may 

benefit from precision medicine approaches. For Eos-CRSwNP, 

strategies targeting S. aureus colonization, arachidonic acid 

metabolism, or mitochondrial ROS production could modulate 

inflammation. For nonEos-CRSwNP, interventions aiming to 

restore microbial diversity or normalize amino acid metabolism 

may be beneficial. Moreover, selected core differential metaboli-

tes (e.g., fumaric acid, glutamine) and genera (e.g., Staphylococ-

cus, Streptococcus) may serve as potential biomarkers for disease 

classification and monitoring. This study has several limitations 

that should be acknowledged. First, the cross-sectional design 

precludes causal inference, limiting our ability to determine 

whether the observed microbial and metabolic changes are 

drivers or consequences of CRSwNP pathogenesis. Longitudinal 

or interventional studies are warranted to explore causal rela-

tionships and temporal dynamics. Second, the relatively small 

sample size, particularly in the non-eosinophilic CRSwNP group, 

limited our ability to perform robust subgroup or multivariate 

analyses that controlled for confounding variables such as age, 

sex, smoking, atopy, asthma, and BMI. Third, while efforts were 

made to minimize external contamination—including the use 

of negative controls and decontamination steps—low-biomass 

samples such as nasal swabs inherently carry a risk of envi-

ronmental microbial interference. Fourth, although samples 

were collected over a narrow time window to reduce variabi-

lity, seasonal influences on the microbiome and metabolome 

were not systematically addressed, and time-series sampling 

would be valuable in future studies. Fifth, the microbiome and 

metabolome were assessed from different sample types (swabs 

vs. tissues), which may complicate direct comparisons. Sixth, our 

classification relied solely on eosinophil counts, which may not 

fully capture the immunologic spectrum of CRSwNP endotypes. 

Additionally, the use of “untargeted metabolomics” did not 

encompass the entire metabolome, and future studies should 
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