

[image: image1]
Influence of oropharyngeal therapy with mother’s own milk on the microbiome and metabolome of very preterm infants: a pilot study
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Background: Oropharyngeal therapy with mother’s own milk (OPT-MOM) may serve as a promising therapeutic approach to elicit immunoprotective and anti-inflammatory benefits for preterm infants.

Objectives: This prospective pilot study aims to investigate whether OPT-MOM alters the oral microbiota, gut microbiota and metabolic profiles in very preterm infants.

Methods: The eligible infants were divided into two groups: the OPT-MOM group and the control group. The OPT-MOM group received oropharyngeal administration with mother’s own milk every 3 h, starting within the first 48 h after birth and lasted for 14 days. Salivary samples and fecal samples from both groups were collected to detect microbes using 16S rRNA gene sequencing, while fecal metabolomics was measured by untargeted liquid chromatograph-mass spectrometer.

Results: A total of 26 very preterm infants were enrolled in the study, with 13 assigned to each group. Our study identified distinct oral and intestinal microbiome profiles in OPT-MOM group compared to the control group. Briefly, the relative abundance of the Escherichia-Shigella and Enterobacter genera was significantly reduced in the oral cavity of preterm infants in the OPT-MOM group, while the abundance of the Rothia genus increased markedly. After 14 days of intervention, the gut microbiota of preterm infants in the OPT-MOM group exhibited a significant decrease in the abundance of the Proteobacteria phylum and a concomitant increase in the abundance of the Firmicutes phylum, which emerged as the dominant phylum. Additionally, the OPT-MOM group showed a significant increase in the relative abundance of Streptococcus and Staphylococcus genus, while a significant decrease in Enterococcus and Enterobacter genus abundance was observed in the gut microbiota. The predominant bacteria in the oral microbiota of preterm infants are highly similar to those in the intestinal microbiota. Metabolomic profiling identified that the OPT-MOM group demonstrated significantly higher levels of multiple potentially beneficial metabolites, including N-acetylneuraminic acid, myristoylcarnitine, lauroylcarnitine, acetylcarnitine, and 2,4-dihydroxybutanoic acid.

Conclusion: Administration of OPT-MOM could promote the establishment of favorable microbial communities in both oral and intestinal ecosystems of preterm infants, potentially facilitating the production of metabolites that are crucial for infant health.
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1 Introduction

Very preterm infants (VPIs), defined as gestational age less than 32 weeks, have high rates of mortality and poor outcome, commonly resulting from morbidities such as sepsis, necrotizing enterocolitis (NEC) and neurodevelopmental impairments (1–4). Breastfeeding plays an prominent role in caring of preterm infants and have been linked with improved outcomes and significant decreased incidences of prematurity-specific morbidities including LOS (late-onset sepsis), NEC and feeding intolerance compared with formula-fed cohorts (5–8). Breast milk, particularly colostrum, not only provides the best nutrition for preterm infants, but also contains substantial levels of immunoactive factors including growth factors, immunoglobulin A (IgA), lactoferrin, cytokines and lysozymes (9, 10). Besides, breast milk is also rich in bacterial communities and prebiotics such as oligosaccharides (HMOs), which promote the growth of beneficial microbes, thus influencing the colonization of bacteria in early infancy (11, 12). These immunomodulatory factors may interact with the oropharyngeal-associated lymphoid tissue via oropharyngeal contact, thereby providing antimicrobial, anti-inflammatory, antioxidant, and immunomodulatory functions. Additionally, these interactions can improve the diversity and balance of the intestinal microbiota and promote intestinal maturation (13).

However, VPIs are unable to feed orally in the first days after birth due to immaturity of sucking reflex, poor coordination between sucking and swallowing and clinical instability. They usually have to be fed through a nasogastric tube until oral feedings are introduced several weeks post-birth, which precludes the immunoprotective benefits of breast milk provided through oropharyngeal contact. In 2009, Rodriguez first proposed oropharyngeal administration of colostrum (OAC), which involves placing a small volume of colostrum into the buccal cavity of very low birth weight (VLBW) preterm infants during the first days after birth, as an alternative to oropharyngeal contact with colostrum, allowing preterm infants to reap the benefits of oropharyngeal contact with breast milk before oral feeding is established (14). Accumulating evidence has suggested that OAC is a feasible and safe intervention for VPIs and could potentially promote gastrointestinal immune function, reduce the risk of LOS, NEC, ventilator-associated pneumonia (VAP), shorten the time to achieve full enteral feeding and length of hospital stay, enhance the rate of weight gain, thereby improving survival and long-term outcome (15–18). The milk expressed by mothers of VPIs is different from milk expressed at term and may be uniquely suited to the host defense requirements of the preterm infants (11, 19, 20). Although the highest concentrations of many protective biofactors are found in colostrum which is conventionally defined as breast milk secreted with 5 days after delivery, the levels remain high in preterm milk for several weeks after delivery (21, 22). More recently, some units have applied oropharyngeal therapy with mother’s own milk (OPT-MOM) in VPIs for more than 5 days, which could be extended until 32 weeks corrected gestational age or they could receive oral feed (23). In our pilot study, VPIs who received OPT-MOM for 10 days had lower incidence of NEC, LOS and severe intraventricular hemorrhage (IVH), compared with control groups (13).

Nevertheless, our understanding on how OAC or OPT-MOM exerts protective effects on preterm infants remains limited. The effect of OAC or OPT-MOM on the oral and intestinal microbiota may play a pivotal role in the protective mechanism. Previous studies have reported that OAC or OPT-MOM can influence the colonization of the oral microbiota in preterm infants (24–27), yet evidence regarding its impact on gut microbiota remains lacking. In addition to the direct effects of modified microbial ecosystems, microbial metabolites may serve as signals to mediate various intracellular signaling pathways, contributing significantly to the development of the immune system in early life (28). However, the impact of OAC or OPT-MOM on intestinal microbial metabolites remains unclear.

We hypothesize that OPT-MOM may influence the colonization of oral microbiota and gut microbiota, potentially leading to subsequent alterations in intestinal metabolic profiles, thereby conferring benefits to preterm infants. Therefore, we conducted a study to investigate the impact of OPT-MOM on the microbiota and metabolites in VPIs by examining dynamic changes in oral, gut microbiota, intestinal metabolites using 16S rRNA sequencing and untargeted liquid chromatograph-mass spectrometer.



2 Materials and methods


2.1 Study design and participants

This study is a prospective pilot trial conducted across two level III Neonatal Intensive Care Units (NICUs) located at distinct campuses of Fujian Provincial Maternity and Child Health Hospital, China. The study was reviewed and approved by the Ethics Committee of Fujian Provincial Maternity and Child Health Hospital (No. 2021KLRD09028) and registered at the Chinese Clinical Trial Registry (Registration ID: ChiCTR 1,900,023,697).

All inborn infants born at less than 32 weeks’ gestation and admitted to NICUs in Fujian Provincial Maternity and Child Health Hospital between 1 March 2023 and 30 August 2023 were eligible for this study. The exclusion criteria were as follows: (1) mothers prohibited from breastfeeding due to active tuberculosis or AIDS or unable to provide mother’s own milk for various reasons; (2) birth complicated with severe gastrointestinal malformations or fatal congenital chromosomal abnormalities; (3) mothers with chorioamnionitis; (4) inability to collect samples during hospitalization due to discharge against medical advice, death or other reasons; (5) infants on antibiotics for more than 7 days; (6) refusal of guardians to participate in the study.

Preterm infants were screened for eligibility upon admission to NICU. Informed consent was obtained from the guardians before participation in the study. OAC is recommend to reduce feeding intolerance in clinical guidelines for the diagnosis and treatment of feeding intolerance in China (29). Therefore, it was not feasible to randomize eligible infants into OPT-MOM or control group due to ethical considerations. Some parents were unwilling or unable to provide mother’s own milk during the initial postnatal period, thus we allocated the VIPs into two groups based on their parents’ willingness and choices. All enrolled participants received standardized care in accordance with the unified NICU protocols, which were rigorously implemented by the medical staff and maintained complete consistency across both study campuses. Both the control group and the OPT-MOM group received enteral nutrition via a nasogastric tube throughout the 14 days oropharyngeal colostrum administration period. Maternal breast milk was the primary source of enteral nutrition for both groups. When maternal milk was insufficient, donor milk or formula was used for supplementation. Feeding volumes were gradually increased for all infants based on their clinical tolerance, with milk administered as intermittent bolus feeds. Both groups were administered parenteral nutrition and caffeine intravenously. None of the infants in either group were administered any oral medications, except for one infant who received ibuprofen for patent ductus arteriosus closure. Maternal and infant data were collected until discharge or death.

Necrotizing enterocolitis was defined as neonates with stage ≥ II NEC according to the Bell criteria (30, 31). Late-onset sepsis (LOS), including proven and clinical sepsis, was defined as sepsis occurring at > 72 h of life (32). Retinopathy of prematurity (ROP) was diagnosed according to the International Classification of Retinopathy of Prematurity (33). Bronchopulmonary dysplasia (BPD) was defined as ventilation or oxygen dependency at 36 weeks’ corrected age or at discharge, transfer, or death before 36 weeks (34). Severe intraventricular hemorrhage (IVH) (diagnosis and classification by ultrasound as grade 3 or 4) (35).



2.2 Oropharyngeal administration procedure

Mothers of preterm infants were instructed to milk frequently with hygienic hands to ensure consistent breast milk production and supply. In the OPT-MOM group, the mother’s milk was collected in a pre-labeled sterile disposable sealed cups. The mother’s milk was sent to NICU by cold-chain for acceptance and registration within 4 h after collection. The OPT-MOM intervention was initiated following a standardized protocol within 48 hours after birth and maintained for a duration of 14 consecutive days. Following warming in a water bath at 37°C, 0.4 ml of breast milk was aspirated into a sterile syringe by the bedside nurse. Subsequently, 0.2 ml of breast milk was dripped into each side of the infant’s oropharyngeal cavity and applied evenly on the cheeks, palate, lingual surface, gingiva and lips for a minimum duration of 2 min every 3 h, using a sterile silicone fingerstall. In the control group, the bedside nurse implemented identical administration protocols as those utilized in the OPT-MOM group, with the exception that sterile normal saline was substituted for breast milk.



2.3 Sample collection

Salivary samples and stool samples were collected from participants from both groups at predefined intervals: baseline (T0, the first day of life), the 10th day of life (T1), and the 20th day of life (T2). The first saliva sampling was performed prior to oropharyngeal intervention initiation. All specimens were obtained using aseptic technique. After collection, samples were immediately frozen in liquid nitrogen and transferred to −80°C cryogenic storage within 30 min of collection until they were sent for further analysis.



2.4 Microbial 16S rRNA gene sequence analysis

DNA from samples was extracted using the CTAB method according to manufacturer’s instructions. The V3–V4 region of bacterial 16S rRNA gene was amplified via Polymerase Chain Reaction (PCR) using the forward primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and the reverse primer 806R (5′-GACTACHVGGGTATCTAATCC-3′). The PCR products were purified using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States) and quantified by Qubit (Invitrogen, United States). Samples were sequenced on an Illumina NovaSeq platform.

Bioinformatics analysis was primarily conducted using QIIME2 and R (version 3.4.4). The workflow included data demultiplexing, data assembly and filtering, DADA2 dereplication, diversity analysis, taxonomic annotation, differential analysis, and advanced statistical analyses. The taxonomy was assigned using ASVs (Amplicon Sequencing Variant). Alpha diversity was measured by the indices including Chao1, Shannon, and Simpson indices, which evaluate the richness and evenness of the microbiota across different sample groups. Beta diversity was assessed using principal coordinates analysis (PCoA) based on the weighted UniFrac distance matrix, in order to explore the differences in the composition and structure of the global microbiota among groups. Taxonomic annotation were performed using the SILVA and NT-16S databases. The relative abundances of taxa were determined from the ASV abundance table, applying a confidence threshold of 0.7. Differential abundance analysis of dominant bacteria was conducted using the Mann-Whitney U test, with a significance threshold of p < 0.05. Linear discriminant analysis Effect Size (LEfSe) was used to identify the differentially abundant taxa responsible for the differences between participant groups. The threshold for the logarithmic Linear Discriminant Analysis (LDA) score was set to 3.0 to identify discriminative features. Finally, BugBase was applied to predict bacterial phenotypes, in order to infer potential functional roles of the microbiota.



2.5 Fecal metabolome analysis by liquid chromatography–mass spectrometry

Metabolites were extracted from fecal samples using an extraction solution containing isotopically labeled internal standards. Untargeted liquid chromatography-tandem mass spectrometry (LC-MS) analysis was applied to detect metabolites. Chromatographic separation of target compounds was achieved using a Waters ACQUITY UPLC BEH Amide column on a Vanquish ultra-high-performance liquid chromatography system. Primary and secondary mass spectrometry data were acquired using an Orbitrap Exploris 120 mass spectrometer, controlled by Xcalibur software (version 4.4, Thermo).

The raw data were converted into mzXML format using ProteoWizard software, and metabolite identification was performed using a custom-developed R package. The database employed for identification was BiotreeDB (V3.0). The multivariate and univariate statistical analyses of the obtained data were performed using the R software package. The multivariate statistical analysis was performed by Orthogonal Projections to Latent Structures-Discriminant Analysis (OPLS-DA). Differential metabolites were identified based on the P-value from Student’s t-test and the Variable Importance in Projection (VIP) score from the first principal component of the OPLS-DA model. Metabolites with VIP > 1 and P < 0.05 were considered differentially expressed. Metabolic pathways associated with the differentially expressed metabolites were annotated, classified, and enriched using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Comprehensive pathway analysis was performed using enrichment analysis and topological analysis to identify key pathways most strongly correlated with the observed metabolic differences. The results were visualized using a self-developed R package.



2.6 Correlation analysis

A combined analysis was constructed based on Spearman correlation analysis to investigate the complex relationships between oral microbiome and gut microbiome, as well as between the gut microbiome and gut metabolome. Briefly, the correlation coefficients and statistical significance were calculated for the differentially abundant metabolites and microbes previously identified.



2.7 Statistical analysis

The clinical data of Control group and OPT-MOM group were analyzed by using SPSS 26.0 Statistics for Windows. Data are presented as mean ± standard deviation, median (interquartile range), or counts (percentages), as appropriate. The normality and homogeneity of variance of the measurement data were assessed using the Kolmogorov–Smirnov test and Levene’s test, respectively. For continuous variables, Student’s t-test was employed for parametric data, while the Mann–Whitney U test was used for non-parametric data. Categorical variables were analyzed using the chi-squared test or Fisher’s exact test, as appropriate. A P-value of less than 0.05 was considered statistically significant.

For microbiome and metabolome data analysis, specific matched statistics methods were used, as mentioned above.




3 Results


3.1 Demographics and clinical characteristics

From 1 March 2023 to 30 August 2023, a total of 26 very preterm infants were enrolled in the study, comprising 13 in the OPT-MOM group and 13 in the control group (Figure 1). A total of 78 samples (three samples in each infant) were prospectively collected from the study population for subsequent analyses.


[image: Flowchart detailing the enrollment and allocation of infants admitted to NICUs at Fujian Provincial Maternity and Child Health Hospital. Initial admissions totaled sixty-four, with twenty-five excluded: seventeen due to breastfeeding issues, two due to health abnormalities, and six declined participation. Twenty infants were allocated to the OPT-MOM group, all receiving the intervention, and nineteen to the control group with standardized care. Seven from OPT-MOM and six from the control group were further excluded primarily due to sample collection issues and prolonged antibiotic use. Thirteen infants from each group were analyzed with none excluded from the final analysis.]
FIGURE 1
Participant flow diagram.


Maternal age was significantly higher in the OPT-MOM group compared to the controls. No other statistically significant differences in baseline characteristics were observed between the two groups (Table 1).


TABLE 1 Baseline characteristics between groups.


	Clinical characteristics
	OPT-MOM (n = 13)
	Control (n = 13)
	t/U/χ2-value
	P-value





	Infant characteristics



	Sex (male), n (%)
	7 (53.85)
	8 (61.54)
	-a
	> 0.9999



	Gestational age (weeks), median (IQR)
	30.43 (30.29, 31.29)
	30.57 (29.36, 30.71)
	63.50
	0.29



	Birthweight (g), median (IQR)
	1,520 (1,215, 1,568)
	1,330 (1,243, 1,475)
	60.00
	0.22



	Small for gestational age infant, n (%)
	0
	0
	–
	–



	Cesarean section, n (%)
	7 (53.85)
	10 (76.92)
	-a
	0.41



	Apgar score at 5 min, median (IQR)
	10 (10, 10)
	10 (10, 10)
	78.00
	> 0.9999



	Maternal characteristics



	Maternal age
	35 (32.5, 35)
	32 (27, 32,5)
	35.00
	0.01



	Maternal body mass index
	26.56 (21.55, 29.10)
	25.4 (24.55, 28.62)
	80.00
	0.83



	Multiple pregnancies
	5 (38.46)
	3 (23.08)
	-a
	0.67



	Cervical incompetence
	0
	0
	–
	–



	Placental abruption
	3 (23.08)
	5 (38.46)
	-a
	0.67



	Premature rupture of membranes, n (%)
	2 (15.38)
	2 (15.38)
	-a
	> 0.9999



	Intrapartum maternal antibiotic therapy, n (%)
	2 (15.38)
	5 (38.46)
	-a
	0.38



	Gestational diabetes mellitus
	5 (38.46)
	5 (38.46)
	-a
	> 0.9999



	Gestational hypertension
	2 (15.38)
	5 (38.46)
	-a
	0.67



	Medication



	Parenteral nutrition
	13
	13
	–
	–



	Caffeine (intravenous)
	13
	13
	–
	–



	Ibuprofen (oral)
	1 (7.69)
	0
	-a
	> 0.9999






-aFisher’s exact test: χ2 value cannot be calculated. OPT-MOM, oropharyngeal therapy with mother’s own milk group; Control, control group; IQR, interquartile range.




The clinical outcomes of both groups are presented in Table 2. No statistically significant differences were observed between group in the incidence of NEC, late-onset Sepsis, BPD and ROP (all p > 0.05). And there were no significant differences between the two groups in the rate of mechanical ventilation, duration of respiratory support, age at achieving full enteral feeding, age at achieving full oral feeding, weight gain velocity, or length of hospital stay (all p > 0.05).


TABLE 2 Clinical outcomes between groups.


	Morbidities and characteristics
	OPT-MOM (n = 13)
	Control (n = 13)
	t/U/χ2-value
	P-value





	Late onset sepsis, n (%)
	0
	1 (7.69)
	-a
	> 0.9999



	Necrotizing enterocolitis (Bell stage 2 or 3), n (%)
	1 (7.69)
	2 (15.38)
	-a
	> 0.9999



	Bronchopulmonary dysplasia, n (%)
	3 (23.08)
	4 (30.77)
	-a
	> 0.9999



	Intraventricular hemorrhage (grade 3 or 4), n (%)
	0
	0
	–
	–



	Retinopathy of prematurity, n (%)
	0
	3 (23.08)
	-a
	0.22



	Invasive mechanical ventilation, n (%)
	2 (15.38)
	2 (15.38)
	-a
	> 0.9999



	Duration of respiratory support (d), median (IQR)
	5 (5, 6.5)
	8 (5.5, 15)
	54.50
	0.12



	Age of achieving full enteral feeding (d), median (IQR)
	30 (25.5, 34.5)
	24 (20, 33)
	58.50
	0.19



	Age of achieving full oral feeding (d), median (IQR)
	31 (26, 40)
	33 (29.5, 45)
	65.00
	0.33



	Rate of weight gain (g/kg.d), mean ± SD
	14.83 ± 5.123
	16.62 ± 3.608
	1.03
	0.32



	Length of hospitalization (d), mean ± SD
	46.38 ± 16.34
	57.92 ± 23.39
	48.00
	0.06






-aFisher’s exact test: χ2 value cannot be calculated. OPT-MOM, oropharyngeal therapy with mother’s own milk group; Control, control group; IQR, interquartile range; SD, standard deviation.






3.2 Oral bacteria

The numbers of shared and distinct ASVs of oral bacteria between groups were visualized in a Venn diagram (Supplementary Figure 1A), while the counts of shared and unique ASVs in each group at different time points were illustrated in Supplementary Figure 1B.

The alpha diversity and beta diversity indices of oral bacteria in two groups at different time points can be seen in Figure 1. A significant reduction in the Chao1 index was observed in the OPT-MOM group compared to the control group on the 10th day of life (T1). However, no statistically significant differences were detected in the Chao1 index between the two groups on the first day of life (T0) and the 20th day of life (T2). There is no significant difference between the two groups in the Shannon and Simpson indices at any of the three time points. When assessing the impact of postnatal age on the oral bacteria, we observed that the three indices of alpha diversity were significantly reduced at T1 and T2 compared to T0, in both the OPT-MOM and control groups (Figure 2A). Regarding beta diversity, principal coordinates analysis (PCoA) revealed no significant differences in oral microbial composition between the two groups at any of the three time points (Figure 2B). However, when time was considered as a variable, the oral microbial structure differed significantly over time in both the OPT-MOM and control groups (Figure 2C).
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FIGURE 2
Alpha and Beta diversities of oral microbiota in control group and OPT-MOM group over time. (A) Alpha diversity of two groups at different times. (B) Beta diversity comparison between the two groups at different times. (C) Beta diversity of control group and OPT-MOM group over time. Control, control group; OPT-MOM, oropharyngeal therapy with mother’s own milk group. T0, the first day of life; T1, the 10th day of life; T2, the 20th day of life. *< 0.05, **< 0.01, ***< 0.001, ****< 0.0001.


The oral flora structure and relative bacterial abundances in the saliva samples were shown at the phylum level and genus level (Figure 3A). At the phylum level, the oral microbial communities in both OPT-MOM and control groups exhibited consistent temporal dynamics in their predominant bacterial composition. At baseline (T0), the most predominant bacterial phylum in both groups was Proteobacteria, followed by Firmicutes (2nd) and Actinobacteria (3rd) in descending order of relative abundance. At subsequent time points (T1 and T2), the phylum Firmicutes emerged as the most predominant, followed by Proteobacteria (2nd) and Actinobacteria (3rd) in both groups. At the genus level, the relative abundance of the most predominant genera in the control and OPT-MOM groups exhibited distinct patterns over time. At baseline (T0), the top three genera in the control group were Brevundimonas, Streptococcus, and Ureaplasma, while in the OPT-MOM group, they were Brevundimonas, Ureaplasma, and Streptococcus. At T1, the most abundant genera in the control group shifted to Streptococcus, Brevundimonas, and Staphylococcus, whereas in the OPT-MOM group, they were Streptococcus, Staphylococcus, and Brevundimonas. By T2, the control group was dominated by Streptococcus, Enterobacter, and Staphylococcus, while the OPT-MOM group was characterized by Streptococcus, Klebsiella, and Rothia.
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FIGURE 3
Comparison of the relative abundance of the oral microbiota between the control and OPT-MOM groups. (A) Relative abundance of top 4 phylum and the top 12 genus of two groups at different times. (B) Differentially dominant species comparison between the two groups at different times. (C) Differentially abundant microbial clades between the two groups at different times. Control, control group; OPT-MOM, oropharyngeal therapy with mother’s own milk group. T0, the first day of life; T1, the 10th day of life; T2, the 20th day of life.


Bacteria that exhibited significant differences in abundance between the two groups at T1 and T2 are illustrated in Figure 3B. In comparison with the control group, at T1, the relative abundance of Rothia was higher in the OPT-MOM group, while the relative abundance of Enterobacter was lower. At T2, the relative abundance of Bacteroidota, Enterobacter, and Escherichia-Shigella was lower in the OPT-MOM group.

The discrepant microbial species with a significance threshold (LDA score > 3) between the two groups were shown in Figure 3C. The LEfSe analysis revealed significant differences in the relative abundance of specific microbial taxa between the OPT-MOM group and the control group at different time points (T1 and T2). At T1, the relative abundance of several taxa within the Proteobacteria phylum, including Enterobacter genus, Enterobacter cancerogenus, Enterobacteriaceae family, Sphingomonadales order, and Sphingomonadaceae family, was significantly decreased in the OPT-MOM group compared to the control group. Additionally, the Actinobacteriota class (which belongs to the Actinobacteria phylum) also exhibited a reduced relative abundance. In contrast, the OPT-MOM group demonstrated a significant increase in the relative abundance of Mycoplasmatales order and Mycoplasmataceae family, both of which are phylogenetically classified in the Firmicutes phylum. At T2, the relative abundance of the Enterobacter genus, Enterobacter cancerogenus, Escherichia-Shigella genus, and unclassified species within the Escherichia-Shigella genus, Pseudomonadales order and Burkholderiales order (all belonging to the Proteobacteria phylum) was decreased in the OPT-MOM group. Moreover, the OPT-MOM group exhibited a significant reduction in the relative abundance of Streptococcus thermophilus (belonging to the Firmicutes phylum), along with decreased levels of taxa affiliated with the Bacteroidetes phylum, including Bacteroidia class and Bacteroidales order.

To infer the functional characteristics of the oral microbiota in preterm infants, we used BugBase to predict bacterial phenotypes (Supplementary Figure 1C). Our analysis revealed that the oropharynx of preterm infants was predominantly colonized by aerobic bacteria and gram-negative bacteria on the first day after birth (T0). At 20 days after birth (T2), the oral microbiota was characterized by a higher abundance of facultatively aerobic bacteria and gram-positive bacteria. At T2, the oral microbiota of the OPT-MOM group exhibited a trend toward lower potential pathogenicity compared to the control group. However, this difference did not reach statistical significance (p = 0.10).



3.3 Gut bacteria

The numbers of shared and distinct ASVs of gut bacteria between groups were depicted in Supplementary Figure 2A, while the counts of shared and unique ASVs in each group at different time points were illustrated in Supplementary Figure 2B.

The alpha diversity and beta diversity indices of gut bacteria in two groups at different time points were presented in Figure 4. The Chao1 index was significantly lower in the OPT-MOM group compared to the control group at T1. In the control group, the Chao1 index increased significantly from T0 to T1 and then decreased significantly from T1 to T2. No statistically significant differences were observed in the Chao1 index across different time points within the OPT-MOM group. The OPT-MOM group exhibited a higher Shannon index than the control group at T0. In the control group, the Shannon index decreased significantly from T0 to T2. In the OPT-MOM group, the Shannon index decreased significantly from T0 to T1. No significant differences were observed in the Simpson indices between the two groups at any of the three time points. And there were also no significant differences in the Simpson indices among different time points within each group (Figure 4A). PCoA showed no difference in gut microbial composition between the two groups at T0 and T1. However, a significant difference was observed at T2 (Figure 4B). In addition, significant differences in the beta diversity of the gut microbiota were observed across the three time points in both the OPT-MOM and control groups (Figure 4C).
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FIGURE 4
Alpha and Beta diversities of gut microbiota in control group and OPT-MOM group over time. (A) Alpha diversity of two groups at different times. (B) Beta diversity comparison between the two groups at different times. (C) Beta diversity of control group and OPT-MOM group over time. Control, control group; OPT-MOM, oropharyngeal therapy with mother’s own milk group. T0, the first day of life; T1, the 10th day of life; T2, the 20th day of life. *< 0.05, **< 0.01.


The gut flora structure and relative bacterial abundances in the stool samples were presented at the phylum level and genus level (Figure 5A). At the phylum level, the top three phyla in the control group at baseline (T0) were Proteobacteria, Firmicutes, and Actinobacteria, while in the OPT-MOM group, they were Proteobacteria, Firmicutes, and Bacteroidota. At T1, the predominant phyla in both groups shifted to Firmicutes, Proteobacteria, and Actinobacteria. By T2, the control group exhibited a shift in the order of abundance to Proteobacteria, Firmicutes, and Actinobacteria, whereas the OPT-MOM group maintained the same top three phyla as T1. At the genus level, the top three genera in abundance for the control group at baseline (T0) were Brevundimonas, Ralstonia, and Ureaplasma, while for the OPT-MOM group they were Brevundimonas, Streptococcus, and Ralstonia. At T1, the control group exhibited a shift in the most abundant genera to Streptococcus, Enterococcus, and Brevundimonas, while the OPT-MOM group was characterized by Streptococcus, Brevundimonas, and Klebsiella. By T2, the control group was dominated by Klebsiella, Enterobacter, and Escherichia-Shigella, whereas the OPT-MOM group was characterized by Clostridium sensu stricto 1, Streptococcus, and Klebsiella.
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FIGURE 5
Comparison of the relative abundance of the gut microbiota between the control and OPT-MOM groups. (A) Relative abundance of top 4 phylum and the top 12 genus of two groups at different times. (B) Differentially dominant species comparison between the two groups at different times. (C) Differentially abundant microbial clades between the two groups at different times. Control, control group; OPT-MOM, oropharyngeal therapy with mother’s own milk group. T0, the first day of life; T1, the 10th day of life; T2, the 20th day of life.


As shown in Figure 5B, significant intergroup differences in gut bacterial abundance were observed at both T1 and T2. At T1, the OPT-MOM group exhibited significantly lower relative abundances of Bacteroidota, Actinobacteriota, and Enterococcus compared to the control group. By T2, the OPT-MOM group showed a substantial increase in the relative abundance of Firmicutes, Streptococcus, Staphylococcus, and Clostridium sensu stricto 1, while a significant decrease was observed in the abundance of Proteobacteria, Ralstonia, Enterococcus, and Enterobacter.

Figure 5C showed the taxonomic groups with significant differences (LDA score > 3) between the two groups. The LEfSe analysis revealed significant microbial disparities between groups, with 29 taxa showing marked depletion and 4 taxa exhibiting enrichment in the OPT-MOM group at T1 compared to the control group. The most prominent taxa with decreased relative abundance in the OPT-MOM group at T1 were Enterococcus faecium, Enterococcaceae family, and Enterococcus genus. The taxa that exhibited the most substantial increases in relative abundance were Klebsiella pneumoniae, Acinetobacter sp. MG_2011_22_CW, and unclassified species within the genus Klebsiella. However, these increases were predominantly observed in only two samples from the OPT-MOM group. At T2, the OPT-MOM group exhibited a substantial difference in microbial community structure compared to the control group, with 41 key taxonomic units showing decreased abundance and 42 showing increased abundance. Notably, the top 3 depleted taxa included the Enterobacterales order, Enterobacteriaceae family, and Proteobacteria phylum, while the top 3 enriched taxa comprised the Firmicutes phylum, Clostridiaceae family, and Clostridium sensu stricto 1 genus.

Phenotypic profiling suggested distinct shifts in the intestinal microbiota of preterm infants over time. At T0, the gut of preterm infants was predominantly colonized by aerobic bacteria and gram-negative bacteria. In contrast, at T2, the gut microbiota was characterized by a higher abundance of anaerobic bacteria and gram-positive bacteria. Notably, after 14 days of OPT-MOM intervention, the levels of Gram-negative bacteria and potentially pathogenic bacteria in the gut were significantly reduced compared to the control group (P = 0.01; Supplementary Figures 2C, D).



3.4 Gut metabolites

Orthogonal Projections to Latent Structures-Discriminant Analysis identified significant differences in the gut metabolic profiles between the OPT-MOM group and the control group at both T2 and T3 (Figure 6A). The intestinal metabolite profiles of both groups exhibited substantial changes with increasing postnatal age (Supplementary Figure 3).
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FIGURE 6
Comparison of gut metabolites between control group and OPT-MOM group at different times. (A) OPLS-DA analysis between groups at different times. (B) Volcano plots of differential metabolites between groups at T1. (C) Volcano plots of differential metabolites between groups at T2. (D) Stick plots of differential metabolites between groups at T1. (E) Stick plots of differential metabolites between groups at T2. Control, control group; OPT-MOM, oropharyngeal therapy with mother’s own milk group. T0, the first day of life; T1, the 10th day of life; T2, the 20th day of life. *< 0.05, **< 0.01, ***< 0.001.


The volcano plot demonstrates the overall distribution of differential metabolites between groups (Figures 6B, C). At T1, 15 major differential metabolites were identified between the OPT-MOM and control groups. Thirteen metabolites were significantly elevated in the OPT-MOM group compared to the control group, including lauroylcarnitine, myristoylcarnitine, allantoin, isomaltose, maltotriose, 2-hydroxyhexanedioic acid, N-acetylneuraminic acid, 22beta-hydroxycholesterol, acetylcarnitine [Car(2:0)], 5’-methylthioadenosine, pivagabine, 4-(4’-methyl-[2,2’-bipyridin]-4-yl)butanoic acid, succinyladenosine, while two metabolites were markedly reduced, including N6,N6,N6-trimethyllysine and bisindolylmaleimide VIII (acetate) (Figure 6D).

At T2, 17 significantly differential metabolites were identified between the OPT-MOM and control groups. Among these, four metabolites were significantly elevated in the OPT-MOM group, including 6-(dimethylamino) purine, 9-ethyladenine, glycerol and 2,4-dihydroxybutanoic acid. And 13 metabolites were significantly reduced, encompassing NAE(18:2), mevalonic acid, 9-oxo-10(E),12(E)-octadecadienoic acid, 2-keto-3-deoxygalactonic acid, 2-keto-3-deoxygluconic acid, stachyose, 3-methylglutarylcarnitine, N,N-dimethylarginine (ADMA), LPC(13:0), glutarylcarnitine, kynurenic acid, 3-hydroxybutyrylcarnitine [Car(4:0-O)], NAE(16:0) (Figure 6E).

KEGG pathway enrichment analysis revealed no statistically significant pathways between the two groups at T1. At T2, significant differences between the two groups were observed in six pathways. The pathways “regulation of lipolysis in adipocytes,” “thermogenesis” and “retrograde endocannabinoid signaling” were upregulated in the OPT-MOM group, whereas “linoleic acid metabolism” and “galactose metabolism” were downregulated in the OPT-MOM group (Figures 7A–D). An integrated pathway analysis, including enrichment analysis and topological analysis, was performed to identify the key pathways underlying the observed metabolic differences. Our results showed that fatty acid elongation in mitochondria was the most prominent pathway at T1, whereas galactose metabolism was the most prominent pathway at T2 (Figures 7E, F).
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FIGURE 7
Gut differential metabolites functional prediction at different times. (A) KEGG enrichment of gut differential metabolites at T1. (B) KEGG enrichment of gut differential metabolites at T2. (C) DA score of gut differential metabolites at T1. (D) DA score of gut differential metabolites at T2. (E) Pathway analysis of gut differential metabolites at T1. (F) Pathway analysis of gut differential metabolites at T2. T1, the 10th day of life; T2, the 20th day of life. *< 0.05, **< 0.01, ***< 0.001.




3.5 The relationship between oral microbiota and gut microbiota

Significant overlap was observed between the top three most abundant oral and gut microbial taxa at both T0 and T1 (Tables 3, 4). Spearman correlation analysis was performed to investigate the association between oral and gut microbiota. At both T1 and T2, the relative abundance of Enterobacter genus and Enterobacter cancerogenus in the oropharynx of the OPT-MOM group was significantly lower than that of the control group (Figure 3C). At T1, these oral taxa showed significant positive correlations with Enterococcus faecium, Enterococcaceae family and Enterococcus genus among the intestinal differential bacteria. At T2, they were significantly positively correlated with Enterobacterales order, Enterobacteriaceae family and Proteobacteria phylum in the gut (Figures 8A, B).


TABLE 3 The top three most abundant phylum in oral and gut microbiomes across the three periods.


	Periods
	Group
	Oral
	Gut





	T0
	Control
	Proteobacteria
	Proteobacteria



	Firmicutes
	Firmicutes



	Actinobacteria
	Actinobacteria



	OPT-MOM
	Proteobacteria
	Proteobacteria



	Firmicutes
	Firmicutes



	Actinobacteria
	Bacteroidota



	T1
	Control
	Firmicutes
	Firmicutes



	Proteobacteria
	Proteobacteria



	Actinobacteria
	Actinobacteria



	OPT-MOM
	Firmicutes
	Firmicutes



	Proteobacteria
	Proteobacteria



	Actinobacteria
	Actinobacteria



	T2
	Control
	Firmicutes
	Proteobacteria



	Proteobacteria
	Firmicutes



	Actinobacteria
	Actinobacteria



	OPT-MOM
	Firmicutes
	Firmicutes



	Proteobacteria
	Proteobacteria



	Actinobacteria
	Actinobacteria







TABLE 4 The top three most abundant genus in oral and gut microbiomes across the three periods.


	Periods
	Group
	Oral
	Gut





	T0
	Control
	Brevundimonas
	Brevundimonas



	Streptococcus
	Ralstonia



	Ureaplasma
	Ureaplasma



	OPT-MOM
	Brevundimonas
	Brevundimonas



	Ureaplasma
	Streptococcus



	Streptococcus
	Ralstonia



	T1
	Control
	Streptococcus
	Streptococcus



	Brevundimonas
	Enterococcus



	Staphylococcus
	Brevundimonas



	OPT-MOM
	Streptococcus
	Streptococcus



	Staphylococcus
	Brevundimonas



	Brevundimonas
	Klebsiella



	T2
	Control
	Streptococcus
	Klebsiella



	Klebsiella
	Enterobacter



	Rothia
	Escherichia-Shigella



	OPT-MOM
	Streptococcus
	Clostridium
 sensustricto1



	Enterobacter
	Streptococcus



	Staphylococcus
	Klebsiella
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FIGURE 8
The Relationship between oral microbiota and gut microbiota at different times. (A) The correlation heatmap between oral microbiota and gut microbiota at T1. (B) The correlation heatmap between oral microbiota and gut microbiota at T2. T1, the 10th day of life; T2, the 20th day of life. *< 0.05, **< 0.01, ***< 0.001.




3.6 The relationship between gut microbiota and fecal metabolites

Correlation analysis between gut differential bacteria and differential metabolites revealed several significant associations. At T1, a strong positive correlation was observed between Klebsiella_pneumoniae and succinyladenosine (r = 0.561, P = 0.003), while Enterococcus genus showed a significant negative correlation with acetylcarnitine [Car(2:0)] (r = −0.601, P = 0.001). At T2, Firmicutes phylum exhibited a highly positive correlation with 2,4-dihydroxybutanoic acid (r = 0.835, P < 0.001), while Enterobacteriaceae family displayed a strong negative correlation with the same metabolite (r = −0.878, P < 0.001) (Figures 9A, B).
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FIGURE 9
The Relationship between gut microbiota and fecal metabolites at different times. (A) The correlation heatmap between gut microbiota and fecal metabolites at T1. (B) The correlation heatmap between gut microbiota and fecal metabolites at T2. T1, the 10th day of life; T2, the 20th day of life. *< 0.05, **< 0.01, ***< 0.001.





4 Discussion

In this prospective longitudinal pilot study, we investigated the developmental trajectory of oropharyngeal, gut microbiome and metabolomic profiles in VPIs receiving OPT-MOM intervention compared with controls during early life. Additionally, we explored the potential associations between the oropharyngeal and gut microbiomes, as well as the relationships between gut microbial composition and metabolite profiles. The initial colonization of the neonatal microbiota is influenced by various factors, including environment, feeding, and medication. To avoid these confounders, we excluded infants born to mothers with chorioamnionitis and infants on antibiotics for more than 7 days. Our findings provide novel insights into the intricate interactions within the oral-intestinal axis and the complex interplay between the gut microbiome and host immunity in VPIs. These results may offer valuable perspectives on the potential regulatory mechanisms of the OPT-MOM intervention in this vulnerable population, contributing to the development of targeted therapeutic strategies for improving their outcomes.

Very preterm infant pose significant population health burdens due to high mortality, long-term neurodevelopmental impairments, and substantial socioeconomic costs. The etiology of preterm birth is multifactorial and often resulting from the interplay of multiple mechanisms, making it clinically challenging to determine specific causes. In our study cohort, we observed a relatively high prevalence of maternal complications including multiple pregnancies, placental abruption, gestational diabetes mellitus, and gestational hypertension, which may contribute to the occurrence of severe prematurity. Nutritional management constitutes a critical component in the care of very preterm infants. Breastfeeding is widely recognized as beneficial in reducing complications and improving outcomes in this vulnerable population. Previous studies have demonstrated that OAC or OPT-MOM can help increase breastfeeding rates and reduce the incidence of complications in VPIs. In our study, the OPT-MOM group showed lower incidence rates of LOS and NEC compared to the control group. However, these differences did not reach statistical significance, likely due to the limited sample size in our cohort study.

Breast milk harbors a diverse bacterial community and prebiotics which provide pioneer species for the infant’s microbiota and support its development (10, 36). In term newborns, the initial colonizers of the oral cavity are predominantly Staphylococcus and Streptococcus species (37), which are also prevalent as core microbiota in breast milk (38, 39). Currently, there is no consensus regarding the developmental characteristics of the oral microbiota in very preterm infants. Our results showed that the characteristics of the oral flora of very preterm infants at birth were distinct from those of term infants, with the dominant organisms being the Proteobacteria phylum dominated by Brevundimonas. Within the first 20 days of life, the oral microbiota underwent significant changes, characterized by a marked decrease in alpha diversity and notable differences in beta diversity, irrespective of OPT-MOM. The Firmicutes phylum, dominated by streptococcus, supplanted Proteobacteria phylum as the dominant group in the oral cavity over time, regardless of whether the infants received the OPT-MOM administration. The administration of OPT-MOM demonstrated no statistically significant impact on either alpha or beta diversity of the oral microbiota. These findings are consistent with previous studies (24–27). The analysis revealed distinct microbial compositional differences between two groups. In the OPT-MOM group, a significant reduction was observed in the relative abundance of some potentially pathogenic genera, including Escherichia-Shigella and Enterobacter. Conversely, the OPT-MOM group demonstrated a marked increase in the relative abundance of Rothia, which is known to produce short-chain fatty acids (SCFAs) (40). These SCFAs play a crucial role in regulating the colonization of intestinal microbiota during early life, promoting the maturation of the intestinal mucosal barrier, modulating intestinal immunity and facilitating the development of the immune and nervous systems (41–43). Integrating the results of the bacterial phenotype prediction analyses, our data suggest that the OPT-MOM intervention could potentially promote the establishment of a normal oral microbiota.

The gut of term infants undergoes rapid colonization by bacteria such as Bifidobacterium after birth (44–46). Consistent with previous studies (47), our findings indicate that the gut microbiota of preterm infants is not initially dominated by Bifidobacterium, potentially due to factors including feeding practices, cesarean delivery, antibiotic administration, and mother-infant separation. To the best of our knowledge, the impact of OPT-MOM on gut microbiota remains a relatively underexplored area. The existing literature is limited to a single study that examined the influence of OAC on intestinal microbiota through conventional bacterial culture methods, which demonstrated no statistically significant alterations (48). Our results showed that longitudinal assessment of gut microbiota alpha diversity, measured by three different indices (Shannon, Simpson and Chao1), revealed no statistically significant temporal trends in either group, while beta diversity showed significant temporal differences. Notably, we observed that prolonged OPT-MOM significantly altered the composition of the gut microbiota. While no statistically significant differences in beta diversity were observed between the two groups at birth and 10 days postpartum, a significant difference emerged at 20 days postpartum, indicating a time-dependent effect of OPT-MOM on gut microbial community structure. Our analysis demonstrated that OPT-MOM significantly influenced the temporal dynamics of the dominant gut bacterial phyla. At birth, Proteobacteria was the dominant phylum in both groups. By 20 days postpartum, the Control group continued to exhibit the highest relative abundance of Proteobacteria. In contrast, the OPT-MOM group showed a continuous decrease in the abundance of Proteobacteria, while the abundance of Firmicutes increased, eventually becoming the dominant phylum. This microbial shift observed in the OPT-MOM group represents a potentially beneficial modification for reducing the risk of NEC in preterm infants, as emerging evidence suggests that elevated Proteobacteria abundance coupled with reduced Firmicutes levels are characteristic features of gut microbiota dysbiosis preceding the development of NEC (49). Our study also showed that at 20 days postpartum, the relative abundance of Streptococcus and Staphylococcus genera increased significantly in the OPT-MOM group. These genera are known to be dominant in breast milk (50), suggesting that OPT-MOM may facilitate the transfer of bacteria from breast milk to the neonatal gut. This finding is consistent with previous reports that breast milk can transfer bacteria to the infant’s oral cavity and gut (38, 50). Bacterial phenotype prediction analysis revealed a significant reduction in the potential pathogenicity of the gut microbiota in the OPT-MOM group compared to the control group at 20 days after birth. This substantial reduction in microbial pathogenicity potential suggests that the protective mechanism of OPT-MOM in very preterm infants may be mediated by the establishment of a more balanced and commensal-dominated gut microbiota.

Emerging evidence from adult studies has established a significant link between the oral and gut microbiota through the oral-gut axis, which plays a critical role in the pathogenesis of various systemic diseases, including hypertension and inflammatory bowel disease (51–53). However, the specific associations between oral and gut microbiota in preterm infants and their impact on preterm infants remain poorly understood. In this present study, similar dominant phylum and genera were identified between the oral cavity and the gut of preterm infants at the first day and the 10th day of life. This finding indicates a potential correlation or synchronization between the evolutionary trajectories of oral and intestinal microbiota.

The metabolome comprises thousands of small molecular metabolites, most of which are products of co-metabolism between the microbiota and the host, and play an important role in maintaining host homeostasis. Due to the limited amount of saliva samples, which may be insufficient for analysis, this study primarily focuses on intestinal metabolites. Accumulating evidence suggests that fecal metabolomics serves as a valuable indicator of the complex interactions among the host, dietary factors, and gut microbiota (54). However, the developmental trajectory of the gut metabolome in preterm infants during early life remains poorly characterized. Our results showed that with increasing postnatal age, the intestinal metabolic profiles of both groups underwent significant changes. Following the OPT-MOM intervention, the structure of intestinal metabolites in the OPT-MOM group was significantly different from that in the control group. Metabolomic analysis revealed significantly elevated levels of several key metabolites in the OPT-MOM intervention group compared to controls, including N-acetylneuraminic acid, myristoylcarnitine, lauroylcarnitine, acetylcarnitine [Car(2:0)] and 2,4-dihydroxybutanoic acid. N-acetylneuraminic acid is a key component of human milk oligosaccharides (HMOs) (55), which play a vital role in the growth and differentiation of neural cells (56, 57). Studies have shown that N-acetylneuraminic acid can improve cognitive ability and memory in rats (58). Myristoylcarnitine, lauroylcarnitine and acetylcarnitine are acylated derivatives of L-carnitine, of which acetylcarnitine [Car(2:0)] is a short-chain acylcarnitine. Higher levels of L-carnitine and short-chain acylcarnitines are positively correlated with rapid growth within the first year of life (55). 2,4-Dihydroxybutanoic acid, a hydroxylated derivative of butyric acid, shares structural similarities with butyrate, a key member of short-chain fatty acids (SCFAs) known for its significant physiological roles. Butyrate exhibits potent anti-inflammatory properties, effectively suppressing the expression of pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α, which are induced by lipopolysaccharide (LPS) in both pulmonary and intestinal tissues (59, 60). Furthermore, butyrate has been demonstrated to inhibit microglial activation in the cerebral cortex and hippocampus, thereby attenuating neuroinflammation induced by NEC (61). Therefore, the implementation of OPT-MOM may potentially increase the concentration of specific key metabolites that may play a pivotal role in modulating health outcomes and reducing disease risk in preterm infants.

Gut metabolites can be significantly shaped by the gut microbiome and serve as key mediators of host-microbiota interactions, which requires further mechanistic studies. The gut microbiota can regulate signaling pathways that maintain intestinal mucosal homeostasis and modulate intestinal immunity through the production of specific metabolites (62). Bioinformatic analysis revealed that the protective effects of OPT-MOM may be mediated through specific metabolic pathways, particularly mitochondrial fatty acid elongation and galactose metabolism, which emerged as the most significantly associated pathways. Furthermore, microbial-metabolite correlation analysis revealed a positive association between Klebsiella pneumoniae and succinyladenosine, while Enterococcus showed a negative correlation with acetylcarnitine. Notably, Firmicutes showed a strong positive correlation with 2,4-dihydroxybutanoic acid, in contrast to the negative correlation observed for Enterobacteriaceae. These findings provide valuable insights into potential mechanisms underlying the biological effects of OPT-MOM and suggest promising directions for future mechanistic investigations.

The primary limitation of this study is the relatively small sample size. We acknowledge that the current sample size may limit the generalizability of our findings and the statistical power of the analyzes. However, this preliminary investigation can serve as a crucial step in hypothesis generation and provide valuable insights into the feasibility of conducting larger trials in the future. Additionally, this study was technically limited by the inherent constraints of the 16S rRNA gene sequencing methodology. Specifically, this approach is restricted by its relatively limited sequencing depth and inability to provide comprehensive quantitative functional profiling of microbial communities. Future investigations will incorporate expanded cohort validation combined with integrated targeted metabolomics and shotgun metagenomic sequencing to elucidate the biological pathways and molecular interactions implicated by our findings. Complementary gnotobiotic animal studies will be conducted to establish causal relationships and assess functional mechanisms.



5 Conclusion

This study demonstrated that the administration of OPT-MOM promoted the establishment of favorable microbial communities in both oral and intestinal ecosystems of preterm infants, potentially facilitating the biosynthesis of health-promoting metabolites that play vital roles in early-life development. These findings provide novel insights into the protective role of OPT-MOM in preterm infants, and may improve our understanding of the intricate crosstalk between gut microbial colonization and host immune system development during early life. Further large-scale studies are warranted to validate these preliminary findings, complemented by comprehensive mechanistic investigations to elucidate the underlying biological pathways and molecular interactions.
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