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Background: Chronic rhinosinusitis with nasal polyps (CRSwNP) in children is a clinically significant inflammatory disorder 
characterized by persistent symptoms and complex underlying mechanisms. This study used multi-omics approaches to investigate 
potential microbial and metabolic associations in pediatric CRSwNP.
Methods: Nasal secretions from 20 children with CRSwNP and 19 healthy controls were analyzed using metagenomics, untargeted 
metabolomics, and proteomics.
Results: CRSwNP patients showed higher microbial diversity and altered microbial communities, with increased Streptococcus 
abundance. Metabolomic sequencing revealed that 13′-Hydroxy-alpha-tocopherol was significantly upregulated in the CRSwNP group 
and exhibited a positive correlation with the abundance of Streptococcus. Proteomic sequencing revealed that proteins involved in 
glutathione metabolism were significantly downregulated in the CRSwNP group, with GCLM and GGCT showing a significant 
negative correlation with 13′-Hydroxy-alpha-tocopherol.
Conclusion: These associative findings suggest potential links among Streptococcus, 13′-Hydroxy-α-tocopherol, and glutathione 
metabolism, indicating that oxidative stress–related imbalance may contribute to pediatric CRSwNP. These results provide preliminary 
evidence that 13′-Hydroxy-α-tocopherol may serve as a potential biomarker for pediatric CRSwNP.
Keywords: chronic rhinosinusitis with nasal polyps, streptococcus, 13′-hydroxy-alpha-tocopherol, glutathione metabolism, multi-omics

Introduction
Chronic rhinosinusitis is a chronic inflammatory disease of the nasal mucosa, characterized by symptoms such as nasal 
congestion, rhinorrhea, facial fullness, and olfactory dysfunction, which persist for more than 12 weeks before diagnosis. 
The prevalence in children is 5–15%,1 and it can be classified into two phenotypes: with or without nasal polyps. 
Persistent symptoms affect children’s sleep, lead to poor concentration, and subsequently impact academic performance. 
These symptoms may also result in anxiety, depression, and other emotional disturbances, severely compromising the 
quality of life in affected children.2
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The upper respiratory tract is constantly exposed to environmental factors and is colonized by various microorgan
isms under physiological conditions, with a balanced nasal microbiota contributing to mucosal homeostasis. However, 
recurrent infections may alter the structure of the microbial community, promote dysbiosis, impair epithelial barrier 
integrity, and dysregulate mucosal immune responses, thereby contributing to chronic rhinosinusitis.3 Prior therapies and 
environmental exposures may further modulate these processes.4 Previous studies have shown that the microbial 
composition of pediatric CRS differs significantly from that of adult patients: phylum Actinobacteria is more prevalent 
in adults, whereas genera such as Staphylococcus and Streptococcus are relatively more abundant in children.5 These 
differences indicate that pediatric CRS may have distinct biological characteristics, underscoring the importance of 
studies specifically focused on pediatric populations.

This study aims to identify differentially abundant microbial communities, metabolites, and proteins between children 
with CRSwNP and healthy controls through integrated microbiome analysis, untargeted metabolomics profiling, and 
proteomics. By combining these data, we hope to better understand the mechanisms driving pediatric CRSwNP and 
investigate potential therapeutic targets.

Methods
Experimental Design
This study included 20 children diagnosed with chronic rhinosinusitis with nasal polyposis (CRSwNP), who were treated 
at the Department of Otorhinolaryngology-Head and Neck Surgery, Beijing Children’s Hospital, Capital Medical 
University, from September 2022 to October 2023. According to the diagnostic criteria for pediatric CRS in EPOS 
2020, children in the CRSwNP group presented with the following symptoms: nasal congestion or nasal discharge 
(anterior/posterior nasal drip), with or without facial pain or a sensation of swelling, and with or without cough. At least 
two of these symptoms were present, and symptoms persisted for ≧12 weeks. All patients received 12 weeks of 
standardized preoperative therapy, including daily intranasal corticosteroids, twice-daily nasal saline irrigation, and oral 
mucolytics, with no systemic corticosteroids administered before surgery. Nasal polyps were confirmed by endoscopy 
and sinonasal CT. Functional endoscopic sinus surgery (FESS) was performed under general anesthesia, and patients 
were followed postoperatively at the outpatient clinic.

Additionally, 19 control subjects were recruited from children undergoing surgical treatment for unilateral nasal bone 
fractures during the same period. These subjects had no history of chronic or recurrent rhinosinusitis, allergic rhinitis, or 
recent (within 3 months) respiratory infection. Children with nasal bone fractures routinely underwent sinus CT scans for 
trauma evaluation, and combined with detailed clinical history as well as intraoperative endoscopic assessment of the 
nasal mucosa, this allowed reliable evaluation and confirmation of the absence of sinonasal disease. Nasal secretions 
were collected from the non-fractured side seven days after injury, when mucosal edema and acute-phase metabolic 
changes had largely resolved. All controls received standardized perioperative management at the same center.

All participants were from the same geographic region (northern China) to minimize environmental variability. Both 
groups of children underwent preoperative examinations, including complete blood count, allergy testing, and pulmonary 
function tests. To ensure comparability and minimize potential confounding factors, the baseline characteristics of the 
CRSwNP and Control groups were similar (Table 1). Under general anesthesia, cotton swabs and polyethylene sponges 
were placed in the children’s nasal passages to collect nasal secretions. These samples were then stored at −80°C for 
further analysis. All participants received consistent preoperative care, and sample collection and storage procedures 
were standardized across both groups to reduce potential confounding effects of prior therapy and environmental 
exposures. All omics samples were collected, extracted, and processed within the same experimental batch to minimize 
batch effects.

The study protocol was approved by the Ethics Committee of Beijing Children’s Hospital, Capital Medical University 
(approval number [2022]-E-215-Y). Prior to study commencement, written informed consent was obtained from the 
parents or legal guardians of all enrolled participants.
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Microbial Metagenomics
For metagenomic sequencing, a subset of samples (10 per group) was selected using an age- and sex-matched design with 
additional consideration of key clinical characteristics, followed by random selection within matched strata. DNA was 
extracted from nasal secretion samples using the QIAamp UCP Pathogen Mini Kit (50214, Qiagen, Germany).6 The extracted 
DNA was quantified using the Qubit dsDNA HS Assay Kit (Q32854, Invitrogen, USA). Libraries were constructed using the 
Nextera DNA Flex Kit (Illumina, San Diego, California, USA). DNA was fragmented, labeled, amplified, and purified. The 
Qubit dsDNA HS Assay Kit was used tomeasure the library concentration. The quality of the library was assessed using the 
Agilent 2100 Bioanalyzer with the High Sensitivity DNA Kit (Agilent Technologies, California, USA). The final library was 
sequenced using the Illumina NextSeq 550 instrument, employing a PE150 sequencing strategy. Raw data quality was 
assessed and filtered using FastQC software.7 Genome assembly was performed using MEGAHIT,8 and the results were 
evaluated using QUAST software. Gene-coding regions in the genome were identified using MetaGeneMark software with 
default parameters (Version 3.26, http://exon.gatech.edu/meta_gmhmmp.cgi). The gene translation into amino acid sequences 
was performed using Prokka software (v 2.6.3). Redundancy removal was performed using MMseqs2 software (https://github. 
com/soedinglab/mmseqs2, Version 12–113e3), with the similarity threshold set at 95% and the coverage threshold set at 90%. 
Species classification was performed using the NCBI Taxonomy Database, and microbial species abundance was determined 
based on the abundance of the corresponding genes.

Metabolomics
Non-targeted metabolite analysis was performed using liquid chromatography-mass spectrometry (LC-MS). An appro
priate volume of extraction solution (methanol-acetonitrile, 1:1 v/v, internal standard concentration 20 mg/L) was added 
to the nasal secretion samples and subjected to ultrasonic treatment. After standing and centrifugation, the supernatant 
was collected and vacuum dried. Then, an appropriate volume of extraction solution (acetonitrile-water, 1:1 v/v) was 
added for reconstitution before analysis. The analysis was performed using the Waters Acquity I-Class PLUS ultra-high 
performance liquid chromatography system coupled with the Waters Xevo G2-XS QTOF high-resolution mass spectro
meter, employing both positive ion and negative ion modes. The raw data collected with MassLynx V4.2 were processed 
using Progenesis QI software for peak extraction, alignment, and other data processing tasks. Data identification was 
performed using Progenesis QI software, the online METLIN database, and other public databases, with theoretical 
fragmentation also identified. QC samples were included throughout instrument runs to evaluate mass-spectrometry 
stability, and CV values were calculated to ensure analytical consistency. The m/z value deviation for the parent ion was 
within 100 ppm, and for the fragment ion, it was within 50 ppm. Prior to downstream analyses, biological reproducibility 
within each group was evaluated using Spearman rank correlation (r2), and only datasets with high intra-group 
reproducibility were further analyzed. After metabolite identification and quantification, data quality was assessed. 

Table 1 Summary of Patient Characteristics

Characteristic CRSwNP (n=20) Control (n=19) P-value

Age (y), mean± (SD) 10.25±1.47 10.91±2.69 0.3494
Sex (Male/Female) 15/5 14/5 1.000

BMI (Kg/m2), mean± (SD) 18.90±3.13 19.29±2.19 0.6570

Allergy, n (%) 9 (45) 0 (0) 0.0012**
Eosinophil count (109/L), mean± (SD) 0.15±0.07 0.13±0.06 0.3507

Lymphocytes count (109/L), mean± (SD) 2.49±0.54 2.83±0.65 0.0854

Neutrophil count (109/L), mean± (SD) 3.71±1.42 3.51±1.19 0.6368
Lund-Mackay score, median (IQR) 8 (6–20.25) 0 (0–1) <0.0001***

Lund-Kennedy score, median (IQR) 8 (7–10) 0 (0–0) <0.0001***

Notes: Continuous variables are shown as mean ± SD or median (IQR) as appropriate. Categorical variables are 
shown as n (%). P-values were calculated using Student’s t-test or Mann–Whitney U-test for continuous variables, 
and χ2-test or Fisher’s exact test for categorical variables; **p<0.01, ***p<0.001. 
Abbreviations: CRSwNP, chronic rhinosinusitis with nasal polyps; BMI, body mass index; IQR, interquartile range; 
SD, standard deviation.
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Orthogonal partial least squares discriminant analysis (OPLS-DA) was used to identify metabolite differences between 
the CRSwNP and control groups, with significant features selected based on variable importance in projection scores, 
p-values, and log2 fold change thresholds, followed by KEGG enrichment analysis.

Proteomics
50 µg of protein was extracted from each sample for reduction treatment. After freeze-drying, the lyophilized sample was 
dissolved in mobile phase A (100% mass spectrometry-grade water, 0.1% formic acid), followed by centrifugation to 
collect the supernatant for LC-MS analysis. The mass spectrometer used was the Q Exactive HF-X instrument, operating 
in data-dependent acquisition (DDA) mode. The first-stage mass spectrometry scan range was m/z 350–1550, with 
a resolution of 120,000, AGC set to 3×106, and a maximum injection time of 80 ms. The top 40 parent ions were selected 
for higher-energy collisional dissociation to acquire second-stage mass spectrometry data, with a resolution of 15,000, 
AGC set to 5×104, a maximum injection time of 45 ms, and collision energy set at 27%. Subsequently, data-independent 
acquisition (DIA) mode was employed for further mass spectrometry analysis. The full scan range of the mass spectro
meter was m/z 350–1500, with a resolution of 60,000, a maximum injection time of 50 ms, and collision energies set to 
25.5%, 27%, and 30%. Mass spectrometry data were processed in Spectronaut software using the Pulsar module for 
DDA and DIA data retrieval. A spectral library was created, with database selection based on species sequencing 
information and the completeness of the annotations. QC samples and peak-area normalization were applied similarly to 
metabolomics to ensure analytical consistency, and intra-group reproducibility was assessed prior to downstream 
analysis. Differential protein selection followed p-value and log2FC thresholds.

Statistical Methods
All statistical analyses were conducted using SPSS version 26. Results for categorical data were expressed as percentages, 
and group differences were analyzed using the Chi-square test or Fisher’s exact test. Normality of continuous variables was 
assessed using the Shapiro–Wilk test, with results presented as median ± standard deviation. Comparisons between the two 
groups were made using two-tailed independent samples t-test or the non-parametric Mann–Whitney U-test.

Results
Experimental Design and Clinical Data Analysis
This study included children with CRSwNP as the experimental group, with healthy controls recruited from children with 
nasal bone fractures who required surgical treatment and were matched for age and gender with the CRSwNP group. Due 
to the nasal bone trauma, all patients had completed a nasal bone CT, enabling a thorough assessment of the sinus mucosa 
and bone structure in the control group. Additionally, volunteers with no prior history of sinusitis were recruited. In 
accordance with the guidelines for the surgical timing of pediatric nasal bone fractures, these patients underwent surgery 
approximately 14 days after the injury.9,10 During surgery, nasal secretions were collected by placing polyethylene glycol 
sponges in the middle nasal passage for metagenomic, metabolomic, and proteomic sequencing, followed by multi-omics 
integrated bioinformatics analysis (Figure 1).

Metagenomics
Ten nasal secretion samples from both the experimental and control groups were collected for metagenomic sequencing to 
identify the microbial species, quantity, and functions in nasal secretions (Table S1). According to the species diversity α 
analysis, the Shannon index in the CRSwNP group was higher than in the control group, indicating greater microbial species 
diversity in the CRSwNP group compared to the control group (Figure 2A and Table S2). Principal coordinates analysis was 
used to perform β-diversity analysis of microbial species in the CRSwNP and control groups. The results revealed significant 
differences in microbial species composition between the two groups (Figure 2B and Table S3). At the phylum level, 14 
significantly different microbes were identified between the CRSwNP and control groups; at the genus level, 94 significantly 
different microbes were identified; and at the species level, 451 significantly different microbes were observed. Among these, 
we focused on the inter-group differences in microbial populations at the genus level. The abundance of 86 microbial 
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populations, including Veillonella, Actinomyces, Capnocytophaga, Streptococcus, Bacteroides, and Prevotella, was signifi
cantly upregulated in the CRSwNP group. In contrast, 8 microbial populations, including Staphylococcus, Chlamydia, and 
Bacillus, were downregulated in the CRSwNP group (Figure 2C–E and Table S4). Lefse analysis revealed that 17 genera, 
including Actinomyces, Prevotella, Veillonella, and Streptococcus, were significantly enriched in the CRSwNP group, while 9 
genera, including Staphylococcus aureus, were significantly enriched in the control group (Figure 2F and Table S5).

Metabolomics
We collected nasal secretions from 20 CRSwNP pediatric patients and 19 healthy controls for metabolomic analysis. 
OPLS-DA showed R2Y = 0.99 and Q2Y = 0.514, indicating that the model was effective (Figure 3A and Table S6). 
A total of 982 differential metabolites (p < 0.05) were identified between the two groups, with 354 metabolites 
upregulated and 628 metabolites downregulated in the CRSwNP group. Metabolites such as hydroxydeoxyguanosine, 
Methionyl-Asparagine, Pyroglutamylglycine, 13′-Hydroxy-alpha-tocopherol, HBOA glucuronide, and 3,N(4)- 
Ethenodeoxycytidine were significantly upregulated in the nasal secretions of the CRSwNP group. On the other hand, 
PS (22:1(13z)/PGJ2), pe (22:1(13z)/PGE2), Indeloxazine, Notoginsenoside E, 3-Hydroxysebacic acid, SM (d18:1/15:0), 
and Vinylphosphonic acid were significantly downregulated in the CRSwNP group (Figure 3B and Table S7). KEGG 
enrichment analysis revealed that the differential metabolites between the two groups were significantly associated with 
cholesterol metabolism and primary bile acid biosynthesis pathways (Figure 3C and Table S8).

Metagenomic and Metabolomic Integrated Analysis
Principal component analysis revealed differences in microbial populations and metabolites between the CRSwNP group and 
the control group (Figure 4A). First, a correlation analysis was conducted between the differential metabolites in the nasal 
secretions of both groups and the microbial species abundance, with a threshold of CCP < 0.05 and |CC| > 0.8. A total of 24 
microbial species were positively correlated with 81 metabolites, while 1 microbial species was negatively correlated with 3 
metabolites (Figure 4B and Table S9). The intersection of these 84 metabolites with the inter-group differential metabolites 
was identified, and those with p < 0.05 were further analyzed using a random forest classification model, followed by ROC 
curve analysis. Among them, 62 metabolites had an AUC > 0.7 (Figure 4C and Table S10). The intersection of the 23 microbes 
and the results of the non-parametric test analysis of inter-group differential microbes yielded 15 microbes. Additionally, 
based on the metagenomic results and previous research reports, Actinomyces, Alloprevotella, Streptococcus, Prevotella, 

Figure 1 Study Workflow.
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Figure 2 continued.
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Haemophilus, and Fusobacterium may have contributed to CRSwNP, so these 6 microbes were also included in the analysis. 
Finally, a one-to-one correlation analysis between the 62 metabolites and 21 microbial species (P<0.05) revealed 20 microbial 
species and 52 metabolites with direct correlations (Figure 4D and Table S11). In the CRSwNP group, Streptococcus was 
significantly positively correlated with 13′-Hydroxy-alpha-tocopherol.

Proteomics
In this study, proteomic sequencing was performed on 10 experimental group samples and 19 control group samples, and 
a total of 5620 proteins were quantified (Table S12). Among them, 735 proteins were differentially expressed, including 
46 upregulated and 689 downregulated (Figure 5A, B and Table S13). GO functional analysis revealed 74 enriched 
pathways, including processes such as proteasomal protein catabolic process, glutathione metabolism, proteasome core 
complex, α-subunit complex, and pre-mRNA binding (Figure 5C and Table S14). KEGG functional enrichment analysis 
revealed significant enrichment in pathways related to glutathione metabolism, drug metabolism - cytochrome P450, 
spliceosome, chemical carcinogenesis, proteasome, and metabolism of xenobiotics by cytochrome P450 (p<0.05) 
(Figure 5D and Table S15).

Metabolomics and Proteomics Integrated Analysis
Correlation analysis was performed between the 55 proteins identified in the pathways from GO and KEGG enrichment analysis 
of differentially expressed proteins and the 52 metabolites directly associated with microorganisms. The analysis showed that 54 
proteins were directly correlated with 49 metabolites (|CC| > 0.4, P < 0.05). Among the correlated pairs, 3 metabolites were 
positively associated with 48 proteins, and 47 metabolites were negatively associated with 49 proteins. Notably, two proteins 
involved in the glutathione metabolism pathway, GCLM and GGCT, exhibited particularly strong negative correlations with the 
metabolite 13′-Hydroxy-alpha-tocopherol (GCLM: CC = −0.592, P = 0.00072; GGCT: CC = −0.526, P = 0.00338). The 
integrated correlation network of metabolites and proteins is summarized in Table S16 and visualized in Figure 5E.

Discussion
This study found that, compared to the control group, children with CRSwNP exhibited greater nasal microbial diversity 
and significant differences in microbial populations: Streptococcus, Bacteroides, Prevotella, and Haemophilus influenzae 
were significantly upregulated. These findings are consistent with some previous studies, which suggest that the 
heterogeneity of CRS patients may be related to differences in bacterial microbiomes and host immune responses.11,12 

However, previous studies have not reached a consensus regarding microbial community diversity. A study by Mahajan 
et al found that children with CRS had higher nasal microbiome α-diversity compared to the control group;13 however, in 
the study by Gan et al, adult CRSwNP patients had lower nasal microbiome richness than the control group, and there 

Figure 2 Nasal Microbial Communities in CRSwNP (n=10) and Control (n=10). (A) Shannon diversity index comparison (P<0.01). (B) PCoA plot based on species 
abundance (PC1 and PC2 account for 65.12% and 17.79% of variance). (C–E) Heatmaps of species abundance differences at phylum, genus, and family levels (Kruskal–Wallis 
test). (F) LEfSe cladogram of differentially abundant species.
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was no significant difference in community composition between the two groups.14 Streptococcus is a common pathogen 
in respiratory diseases. Studies have found that during infection, Streptococcus catalyzes the conversion of pyruvate to 
acetyl phosphate, releasing CO2 and H2O2 as by-products, in order to promote colonization and suppress the activity and 
virulence of competing pathogens.15,16 After respiratory epithelial cells are infected by Streptococcus, they release 
cytokines and chemokines such as Interleukin 8 and Tumor Necrosis Factor-ɑ, which attract inflammatory cells, 
primarily neutrophils, to gather at the site of infection. To suppress bacterial spread and infection, neutrophils release 
myeloperoxidase and large amounts of reactive oxygen species (ROS), including superoxide anion and hydrogen 
peroxide, which damage the cell membrane and other structures of Streptococcus.17 Excessive ROS exacerbates 
epithelial cell damage, leading to an intensified local inflammatory response.17

Figure 3 Metabolomic Features of Nasal Secretions in CRSwNP (n=20) and Control (n=19). (A) OPLS-DA score plot of metabolites. (B) Volcano plot of differentially 
expressed metabolites (red, upregulated; blue, downregulated in the CRSwNP group). (C) KEGG pathway enrichment of differential metabolites.
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Figure 4 Integrated Analysis of Metagenomics and Metabolomics. (A) PCA of metagenomics and metabolomics data (“Metabolite”: metabolomics; “Microbe”: microbial composition; “KEGG KO”: KEGG orthology genes). PC1 and PC2 
represent major variance. (B) Clustering heatmap of microbe–metabolite correlations (CCP<0.05, |CC|>0.8). (C) ROC curve analysis of metabolites associated with differential microbes. (D) Heatmap of highly correlated microbe– 
metabolite pairs.
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Figure 5 Protein Expression and Integrated Metabolomics-Proteomics Analysis in CRSwNP and Control. (A) PCA plot of protein expression data. (B) Volcano plot of 
differentially expressed proteins (red, upregulated; blue, downregulated in the CRSwNP group). (C) GO annotation of differential proteins. (D) KEGG pathway enrichment 
of differential proteins. (E) Heatmap of highly correlated metabolites and proteins.
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Interestingly, we found that 13′-Hydroxy-alpha-tocopherol, which is involved in linoleic acid metabolism, was 
upregulated in the CRSwNP group. In the metabolic pathway of vitamin E, “long-chain metabolites” are formed, 
including 13′-hydroxy and subsequently oxidised 13′-carboxy derivatives.18 13′-Hydroxy- alpha -tocopherol is generated 
via hepatic ω-hydroxylation of the phytyl side chain followed by successive β-oxidation, while retaining the chromanol 
ring structure. As a lipophilic antioxidant, it can scavenge peroxyl free radicals during lipid oxidation, protecting 
polyunsaturated fatty acids from peroxidative damage and mitigating oxidative stress.19 Recent studies suggest that 
these long-chain metabolites may exert stronger anti-inflammatory and redox-regulatory effects than the parent α- 
tocopherol, partly through modulation of inflammatory signaling and nuclear receptor activity. These metabolites have 
been implicated in the regulation of inflammatory signaling pathways, macrophage foam-cell formation, and nuclear 
receptor activation. Pein et al reported that the endogenous α-tocopherol metabolite α-tocopherol-13′-COOH possesses 
immunomodulatory and anti-inflammatory properties, effectively suppressing inflammation in mouse models of perito
nitis and reducing airway hyperresponsiveness in asthma models.20 Moreover, compared to the control group, the 
CRSwNP group showed significant upregulation of hydroxydeoxyguanosine and 3,N(4)-Ethenodeoxycytidine, both of 
which are markers of DNA oxidative damage, further suggesting that the development of CRSwNP is associated with 
oxidative stress.21 Taken together, the biochemical characteristics of 13′-Hydroxy-alpha-tocopherol make it a plausible 
exploratory biomarker of oxidative imbalance in pediatric CRSwNP, warranting further validation in larger studies.

In our multi-omics analysis, we observed a strong correlation between Streptococcus and 13′-Hydroxy-alpha- 
tocopherol in the nasal secretions of CRSwNP patients. Additionally, 13′-Hydroxy-alpha-tocopherol was strongly 
negatively correlated with the proteins GCLM and GGCT, which are enriched in the glutathione metabolism pathway 
and significantly downregulated in the CRSwNP group. Glutathione metabolism is a crucial pathway for increasing 
intracellular Nicotinamide Adenine Dinucleotide Phosphate and reducing oxidative stress. GCLM is a component of the 
glutamate-cysteine ligase complex, the first rate-limiting enzyme in glutathione synthesis, catalyzing the formation of 
L-γ-glutamylcysteine from L-glutamate and L-cysteine, a key step in glutathione production.22 γ-glutamyl cyclotransfer
ase (GGCT) is involved in converting L-γ -glutamylcysteine to 5-oxoproline and L-cysteine. L-Cysteine availability is 
a critical determinant of GSH biosynthesis, thus influencing glutathione synthesis.23 The downregulation of GCLM and 
GGCT severely disrupts glutathione synthesis, limiting the body’s capacity to counter oxidative stress. Previous studies 
have shown that glutathione levels in CRSwNP patients are lower than those in normal nasal mucosa,24 which is 
consistent with our findings.

Based on these findings, we propose a potential association between Streptococcus and oxidative stress in the nasal 
epithelium, possibly mediated by bacterial toxins and metabolic products.25 ROS may contribute to local oxidative damage 
through free radical chain reactions.26 Moreover, in the innate immune system, neutrophil antimicrobial activity also releases 
oxidative factors, further aggravating tissue damage.27 The strong correlation between the upregulation of 13′-Hydroxy-alpha- 
tocopherol and the downregulation of GCLM and GGCT suggests a redox imbalance between peroxidation and antioxidation 
in the nasal microenvironment of children with CRSwNP.24,28 Previous studies indicate that the development of pediatric 
CRSwNP also involves complex interactions between immune cells and inflammatory signaling pathways. Nasal polyp 
tissues often show prominent eosinophil infiltration and elevated Th2 cytokines such as IL-5 and IL-13,29 while early 
disturbances in epithelial barrier integrity and microbial colonization may contribute to chronic inflammation and tissue 
remodeling.30 Taken together, these findings suggest that pediatric CRSwNP arises from a multifactorial interplay among 
microbial dysbiosis, oxidative stress, and immune-mediated tissue remodeling. Therefore, 13′-Hydroxy-alpha-tocopherol may 
represent a plausible candidate small molecule biomarker in children with CRSwNP.

This study has certain limitations. Firstly, the abundance of Staphylococcus aureus in CRSwNP patients was 
relatively low in our findings, which may be attributed to factors affecting our sampling and sample preservation 
processes. Secondly, due to funding limitations, the sample size in this study was relatively small, which may affect 
statistical precision, but the findings still provide preliminary evidence on the microbial and metabolic features of 
pediatric CRSwNP. In addition, children with unilateral nasal bone fractures, no prior sinonasal symptoms, normal CT 
scans, and intraoperative endoscopic confirmation of intact nasal mucosa were selected as controls. Although trauma- 
related physiological stress may introduce minor variability, all samples were collected from the non-fractured side seven 
days post-injury under standardized anesthesia conditions, using identical sampling sites and storage protocols to 
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minimize potential bias. Moreover, although key demographic and clinical parameters were comparable between groups 
and standardized perioperative management was applied, the potential influence of unmeasured confounders cannot be 
entirely excluded. Finally, although our findings provide evidence for the interaction between the Streptococcus-13′- 
Hydroxy-alpha-tocopherol-glutathione metabolism pathway, further validation in independent cohorts is warranted. 
Future work will include targeted LC-MS/MS and PRM/SRM assays to validate candidate metabolites and proteins, 
together with in vitro nasal epithelial models and in vivo nasal inflammation models to test whether the Streptococcus– 
13′-Hydroxy-α-tocopherol–glutathione axis exerts functional effects.

Conclusion
This study utilized multi-omics integrated analysis to elucidate the correlation between Streptococcus, 13′-Hydroxy-alpha 
-tocopherol, and the glutathione metabolism pathway in nasal secretions of children with CRSwNP. It is speculated that 
the dysregulation of the oxidative and antioxidative defense processes in the nasal mucosal epithelium is an important 
molecular mechanism underlying the development of nasal polyps in children. The metabolite 13′-Hydroxy-alpha- 
tocopherol emerged as a potential small-molecule candidate of interest. These exploratory observations warrant inde
pendent validation to confirm its mechanistic relevance and biomarker potential in pediatric CRSwNP.
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Cyclotransferase.
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