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Evolution of Intestinal Microbiota of Asphyxiated Neonates Within 1 Week and Its Relationship With Neural Development at 6 Months
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Introduction: Asphyxia is an emergent condition in neonates that may influence the function of the nervous system. Research has shown that intestinal microbiota is very important for neurodevelopment. Studies regarding the association between gut microbiota and neurodevelopment outcome in asphyxiated newborns remain scarce.

Objective: To study the microbial characteristics of asphyxiated neonates within 1 week of life and to investigate their relationship with neural development at 6 months.

Methods: The feces produced on days 1, 3, and 5, and the clinical data of full-term neonates with asphyxia and without asphyxia, delivered from March 2019 to October 2020 at Peking University First Hospital, were collected. We used 16S ribosomal deoxyribonucleic acid amplicon sequencing to detect the intestinal microbiota of asphyxiated neonates and neonates in the control group. We followed up asphyxiated neonates for 6 months and used the Ages and Stages Questionnaires-3 (ASQ-3) to evaluate their development.

Results: A total of 45 neonates were enrolled in the study group and 32 were enrolled in the control group. On day 1, the diversity and richness of the microflora of the study group were more than those of the control group. Non-metric multidimensional scaling analysis showed significant differences in the microbiota of the two groups on days 1, 3, and 5. At the phylum level, the main microflora of the two groups were not different. At the genus level, the study group had increased relative abundance of Clostridium_sensu_stricto_1, Lachnoclostridium, Fusicatenibacter, etc. on day 1. On day 3, the relative abundance of Clostridium_sensu_stricto_1, Fusicatenibacter, etc. was still greater than that of the control group, and the relative abundance of Staphylococcus was less than that of the control group. On day 5, the relative abundance of Clostridium_sensu_stricto_1 and Lachnoclostridium was still higher than that of the control group, and the relative abundance of Dubosiella in the study group was significantly increased. At the species level, on day 3, the relative abundance of Staphylococcus caprae in the study group was less than that in the control group. Linear discriminant analysis effect size showed that the microbiota of the study group mainly consisted of Lachnospiraceae and Clostridia on day 1 and Clostridia on day 3. In the control group, Staphylococcus was the dominant bacterium on day 3. Neonates in the study group were followed up for 6 months, and the communication score of ASQ-3 was negatively correlated with the relative abundance of Lachnospiraceae and Clostridia on day 1.

Conclusion: The diversity and richness of the microbiota of asphyxiated neonates on the first day of life were significantly increased and mainly consisted of pathogenic flora. Lachnospiraceae and Clostridia found in neonates with asphyxia on day 1 of life may be related to neural development at 6 months.
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INTRODUCTION

Neonatal asphyxia (asphyxia neonatorum) is a pathological state characterized by hypoxemia, hypercapnia, and metabolic acidosis due to intrauterine hypoxia or dyspnea after birth. It occurs due to various antenatal, intrapartum, and postpartum causes (1). With the development of modern medicine, the incidence of asphyxia neonatorum has gradually decreased (2), but there are still some uncontrollable factors that lead to its occurrence. Most asphyxiated neonates recover quickly after effective resuscitation and post-resuscitation maintenance treatment; however, in recent years, studies have found that even if resuscitation was successful and arterial blood gas analysis soon returned to normal, asphyxia neonatorum is still one of the risk factors for the development of autism spectrum disorder (ASD) and attention deficit hyperactivity disorder (3, 4). In recent decades, researchers have realized that microbiota play a very important role in the human body with respect to metabolism, immunity, and the occurrence of diseases related to intestinal flora, such as obesity, irritable bowel syndrome, and ASD (5–7).

With the increasing number of studies, researchers have gradually found that flora is very important in early growth and neural development (8, 9). At present, some researchers have tried to restore the microbiota of neonates delivered by cesarean section by transplanting microorganisms from the mother's feces (10). The brain–gut axis theory suggests that intestinal microflora is largely related to neurodevelopment (11). Gut microbiota can significantly influence cognition and basic behavioral patterns, such as social connection and coping with stress (12). In one study, researchers found that germ-free mice showed more motor activity and less anxiety behavior than normal mice. When the intestinal flora of the germ-free mice was restored, their motor activity and anxiety behavior became similar to those of normal mice (13). In addition, germ-free mice showed impaired social behavior and obvious social avoidance behavior in early life (14), and supplementation of the intestinal microflora of germ-free mice with that of normal mice at the early postnatal stage could restore the abnormal anxious behavior of the germ-free mice, while supplementation at several postnatal weeks could not restore their abnormal anxious behavior (15). Therefore, researchers have hypothesized that intestinal flora may influence early cognition, social behavior, and later adult behavior (12–14). Supplementation with probiotics increases cognition-related fatty acids, such as arachidonic acid and docosahexaenoic acid, among others (16), and researchers have found that probiotics can alleviate symptoms and improve some behavioral abilities in children with ASD, thus providing a new idea for the treatment of ASD (17–20). In addition, probiotic supplementation in adults has been shown to improve mood control and the ability to cope with stress and anxiety (21–23).

Although the exact mechanism by which intestinal flora affects the central nervous system is still unclear, recent studies have found that intestinal bacteria may affect the signal transduction of the nervous system through microbial metabolites, bacteria-like neuropeptides, intestinal endocrine cells, intestinal immune system, and vagus nerve activity, thereby affecting nervous system activity (12, 24). In addition, Diaz Heijtz et al. found that the expression of synaptic plasticity-related genes, such as brain-derived neurotrophic factor, in germ-free mice was significantly lower in the hippocampus and amygdala that are important parts for regulating cognitive and emotion, and the expression of dopamine D1 receptor was increased in the hippocampus (13).

There are many studies on the development and establishment of the microbiota of healthy neonates, but there are only few studies on the characteristics and evolution of the intestinal flora of asphyxiated neonates and their relationship with long-term neurodevelopment. Kigbu et al. found that the intestinal flora of neonates with asphyxia at 3 days after birth was different from that of neonates without asphyxia. Coagulase-negative Staphylococcus accounted for a higher proportion of the intestinal flora of neonates without asphyxia (25). However, their study did not investigate the characteristics of intestinal flora and its relationship with neural development in asphyxiated neonates. The purpose of this present study was therefore to explore the characteristics of intestinal microflora of asphyxiated neonates and to understand the relationship between microbial evolution in the first week after birth and neurodevelopmental prognosis at 6 months.



MATERIALS AND METHODS


Study Subjects and Groups

Term neonates diagnosed with asphyxia and term neonates without asphyxia delivered from March 2019 to October 2020 at Peking University First Hospital were recruited for the study.


Inclusion Criteria

(1) The study group included neonates who met the diagnostic criteria of neonatal asphyxia (26), while the control group included non-asphyxiated newborns with aspiration pneumonia or elevated non-specific inflammatory indicators during the same period; (2) gestational age was ≥37 and <42 weeks; (3) newborns had no genetic metabolic diseases, severe intracranial hemorrhage, cerebral infarction, digestive tract malformation, etc.; (4) legal guardians agreed for newborns to be enrolled in the study; and (5) legal guardians agreed with the completion of follow-up.



Exclusion Criteria

(1) critical clinical conditions; (2) symptoms of infection of the alimentary tract within 1 week, such as necrotizing enterocolitis, hematochezia, and diarrhea; and (3) presence of diseases that may influence neural development during the follow-up period, such as bacterial meningitis, epilepsy, severe brain injury, and genetic metabolic diseases.



Ethical Approval

The study was approved by the Ethics Committee of the Peking University First Hospital.




Methods
 
Clinical Data and Sample Collection

Clinical data, including sex, gestational age, birth weight, Apgar score, pH of umbilical arterial blood, mode of delivery, and feeding, were collected. The neonates in both the study and control groups were all admitted in the hospital while their mothers were not. The mothers of the neonates collected breast milk with a family breast pump, placed it in a sealed plastic bag, froze it at −20°C, and then transported it to the hospital at low temperature, where it was received by specialized personnel. We collected feces of the neonates on days 1, 3, and 5 of life after feeding. The feces were stored in the PSP spin stool DNA plus kit with a stool DNA stabilizer (Tianwei Taida Technology Co., Ltd, Beijing), temporarily stored in a refrigerator at −20°C, and submitted for examination as soon as possible.



Intestinal Microbiota Test and Analysis

The V3 hypervariable region of the 16S rRNA gene was amplified by polymerase chain reaction (PCR), sequencing libraries were generated using Illumina TruSeq DNA PCR-Free Library Preparation Kit (Illumina, USA), following the manufacturer's recommendations, and index codes were added. The library quality was assessed on a Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina NovaSeq 6000 platform, and 250-bp paired-end reads were generated. First, we analyzed the alpha diversity of the intestinal flora to estimate flora complexity. The alpha diversity index includes observed_species, Chao1, abundance-based coverage estimator (ACE), Simpson, Shannon, and goods_coverage. The observer_species index was used to evaluate the actual number of operational taxonomic units (OTUs) in the sample. The richness of the intestinal flora was represented by the Chao1 index or ACE index. The Simpson index and Shannon index were both used to estimate the diversity of intestinal microbiota in the sample. The goods_coverage index was used to evaluate the sequencing depth, and the closer its value was to 1, the closer the sequencing depth was to covering all the bacteria in the tested samples. Rarefaction curve, rank abundance, etc. were used to express the alpha diversity visually. Then, we analyzed the beta diversity of microbiota to estimate the microbial community structure. Principal coordinates analysis (PCoA) and non-metric multi-dimensional scaling (NMDS) were used to analyze the differences in microbial community structure among different samples and groups. Finally, we analyzed the microbial differences among different samples and groups at the phylum, genus, and species levels using MetaStat analysis and linear discriminant analysis (LDA) Effect Size (LEfSe).



Diagnostic Criteria for Neonatal Asphyxia

For neonates who had umbilical artery blood gas analysis, we used these definitions: mild asphyxia, Apgar score at 1 min ≤7 points or at 5 min ≤7 points with pH of umbilical artery blood <7.2; severe asphyxia, Apgar score at 1 min ≤3 points or at 5 min ≤5 points with umbilical artery blood pH <7.0. For neonates who had no umbilical artery blood gas analysis, we used the following definitions: mild asphyxia, Apgar score ≤7 points; severe asphyxia, Apgar score ≤3 points (26).



Follow-Up of Study Group

We followed up the asphyxiated neonates till 6 months of age and used the Ages and Stages Questionnaires-3 (ASQ-3) to evaluate their development. ASQ-3 mainly includes five parts (communication, gross motor, fine motor, problem solving, and personal–social), and each part consists of six specific evaluation contents.




Statistical Analysis

Statistical Package for the Social Sciences (version 23.0) was used to analyze the data. Measurement data that had normal distribution were expressed as mean ± standard deviation, and t-test was used for comparison. Median values were used to represent measurement data that did not have normal distribution, and non-parametric rank sum test was used for comparison. Enumeration data were expressed as percentages, and comparisons between groups were performed using the χ2-test. Pearson correlation analysis was used for data with normal distribution; otherwise, Spearman correlation analysis was used. The rank sum test for multiple associated samples was used for the analysis of multiple associated samples. Statistical significance was set at p < 0.05.




RESULTS


Clinical Features of Newborns

A total of 45 neonates were enrolled in the study group, with 28 males (62.2%) and 25 neonates (55.6%) delivered by cesarean section. Nineteen newborns (42.2%) were mixed-fed (breast milk +formula) and 26 newborns (57.8%) were formula-fed within 1 week after birth. We collected 45 feces samples on day 1, 45 on day 3, and 31 on day 5 (14 neonates were excluded: three cases of diarrhea, four cases of bloody stools, three cases of abdominal distension and fasting, and four cases treated with advanced antibiotics). A total of 32 neonates were enrolled in the control group, with 17 males (53.1%) and 9 neonates (28.1%) delivered by cesarean section. In the control group, 17 newborns (53.1%) were mixed-fed and 15 newborns (46.9%) were formula-fed within 1 week after birth. A total of 32 fecal samples were collected on day 1, 32 on day 3, and 24 on day 5 (after excluding eight neonates: four cases of diarrhea, two cases of bloody stools, and two cases of abdominal distension and fasting). The proportion of breast milk taken by mixed-fed children was 70–80%.

Asphyxia is a risk factor for neonatal infections (27). Neonates in the control group had inhalation pneumonia or increased non-specific inflammatory indicators. The proportion of ampicillin used was the same in the two groups. The proportion of cesarean sections in the study group was significantly higher than that in the control group. There were no significant differences in gestational age, weight, feeding type, or antibiotic use between the groups. Other details are presented in Table 1.


Table 1. Clinical features of neonates.
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Intestinal Microbiota Analysis

After assembling reads, 97,074 tags were measured per sample on average, and 88,177 valid data were obtained on average after quality control. The sequence was clustered into OTUs with 97% identity, and a total of 11,621 OTUs were obtained.


Sequencing Depth Analysis

After the OTUs were obtained, a rarefaction curve was drawn to assess whether the current sequencing depth could fully reflect the microbial diversity contained in the samples. The rarefaction curve tended to be flat (as shown in Supplementary Figure A), indicating that the sequencing depth was reasonable. The goods_coverage index of the sample fluctuated at 0.99–1, indicating that the sequencing depth was close to covering all the bacterial communities in the tested samples.



Comparison of Alpha Diversity of Fecal Flora in the Study Group at 1, 3, and 5 Days

Comparison of alpha diversity of fecal flora in the study group on different days revealed significant differences in Chao1, ACE, Simpson, and observed_species, indicating that there were differences in microbiota richness and diversity within the study group at 1, 3, and 5 days after birth. Comparison of the alpha diversity index in the study group at 1 and 3 days indicated significant differences in Chao1, Simpson, Observed_species, and ACE indices (p < 0.05), suggesting that the diversity and richness of intestinal microbiota in the study group at 1 days were higher than those at 3 days. Comparison of gut flora of the study group at 3 and 5 days postnatally showed no difference in alpha diversity index, as shown in Supplementary Table 1.



Comparison of Alpha Diversity Between the Study and Control Groups at 1, 3, and 5 Days

Comparison of alpha diversity between the study and control groups on the first day indicated significant differences in Chao1, Simpson, observed_species, ACE, and Shannon indices (p < 0.05). The diversity and richness of microflora in the study group on the first day were higher than those in the control group. There was no significant difference in the alpha diversity index between the study group and the control group at 3 and 5 days. Details of these comparisons are presented in Supplementary Figure B and Supplementary Table 2.



Comparison of Beta Diversity Between the Study and Control Groups at 1, 3, and 5 Days

PCoA showed that the microbiota at 1, 3, and 5 days showed differences between the two groups, but the differences within the two groups were not significant. R-value was > 0, and the statistical analysis between groups showed no significant difference, with p > 0.05 (Supplementary Figures C1–C6 and Supplementary Table 3). NMDS analysis (see Supplementary Table 4 for the full name) showed that the microbiota of the study group and the control group at 1, 3, and 5 days after birth had significant differences (stress <0.2) (Figure 1).


[image: Figure 1]
FIGURE 1. NMDS analysis between the study and control groups on days 1, 3, and 5. (A) NMDS analysis between the two groups on day 1. (B) NMDS analysis between the two groups on day 3. (C) NMDS analysis between the two groups on day 5. Each point in the diagrams represents a sample, the distance between two points indicates the degree of difference, and samples in the same group are represented by the same color. When the stress is <0.2, it indicates that NMDS could accurately reflect the degree of difference between samples. The species information contained in the samples is reflected in the multi-dimensional space in the form of points, while the degree of difference between different samples is reflected in the distance between points, which can reflect the differences between groups and within groups of samples. NMDS, non-metric multi-dimensional scaling; R11, gut flora of the study group on day 1; R21, gut flora of the control group on day 1; R12, gut flora of the study group on day 3; R22, gut flora of the control group on day 3; R13, gut flora of the study group on day 5; R23, gut flora of the control group on day 5.




Intestinal Microbiota Analysis

At the phylum level, the main microbiota of the two groups were Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobiota (Supplementary Figures D1, D2). At the genus level, the main microflora of the two groups were Enterococcus, Escherichia-Shigella, Streptococcus, Staphylococcus, Bacteroides, and Ralstonia. The study group showed increased relative abundance of Clostridium_sensu_stricto_1, Lachnoclostridium, Fusicatenibacter, [Ruminococcus]_torques_group, Desulfovibrio, Lachnospira, Agathobacter, Blautia, Faecalibacterium, and Eubacterium hallii groups on day 1 of life. On day 3 of life, the relative abundance of Clostridium_sensu_stricto_1, Lachnospira, Fusicatenibacter, Agathobacter, and [Eubacterium]_hallii_group was still higher than in the control group, and Staphylococcus and Candidatus_Thiobios were less than in the control group. At the same time, the Alistipes NK4A214_group of the study group was obviously more than that of the control group. On day 5, the relative abundance of Clostridium_sensu_stricto_1 and Lachnoclostridium in the study group was obviously higher than that in the control group, and Candidatus_Thiobios was still less than in the control group. In addition, the abundance of Dubosiella was higher than that of the control group (Figure 2 and Table 2). At the species level, the main flora of the two groups were Enterococcus faecium, Enterococcus faecalis, Escherichia coli, Staphylococcus caprae, Ralstonia pickettii, Bacteroides dorei, and Bacteroides fragilis. The study group showed significantly decreased S. caprae (2.93 × 10−4 vs. 1.23 × 10−3; p = 0.00) on day 3 of life. On days 3 and 5, there were no significant differences between the two groups (Figure 3).


[image: Figure 2]
FIGURE 2. Results of heatmap analysis of species with significant differences at the genus level. R11, gut flora of the study group on day 1; R21, gut flora of the control group on day 1; R12, gut flora of the study group on day 3; R22, gut flora of the control group on day 3; R13, gut flora of the study group on day 5; R23, gut flora of the control group on day 5.



Table 2. Comparison of the relative abundance of microbiota of the study group and control group at the genus level on days 1, 3, and 5.
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FIGURE 3. Results of heatmap analysis of species with significant differences at the species level. R11, gut flora of the study group on day 1; R21, gut flora of the control group on day 1; R12, gut flora of the study group on day 3; R22, gut flora of the control group on day 3; R13, gut flora of the study group on day 5; R23, gut flora of the control group on day 5.




LDA Effect Size

We set the LDA score to 3. The dominant microorganisms in the study group on day 1 were f-lachnospiraceae, o-lachnospirales, and c-clostridia, while on day 3 of life, the dominant microorganisms were c-clostridia. The dominant microorganisms in the control group on days 1 and 3 of life were s-staphylococcus-caprae, g-staphylococcus, f-staphylococcaceae, and o-staphylococcales (Figure 4 and Supplementary Figures E1, E2). There were no dominant microorganisms in either group on day 5.


[image: Figure 4]
FIGURE 4. LEfSe comparison between the study and control groups. (A) LDA score histogram of differential microbiota of the two groups on day 1 of life. (B) LDA score histogram of differential microbiota of the two groups on day 3 of life; c _ represents class level, o_ represents order level, f_ represents family level, g_ represents genus level, and s_ represents species level. The length of the column represents the LDA value, and the greater the value, the greater the influence of the dominant flora. LDA, linear discriminant analysis; LEfSe, linear discriminant analysis effect size; R11, gut flora of the study group on day 1; R21, gut flora of the control group on day 1; R12, gut flora of the study group on day 3; R22, gut flora of the control group on day 3.





Analysis of Intestinal Microbiota in Asphyxiated Neonates With Different Feeding Patterns

In the study group, 45 neonates with asphyxia were enrolled, including 19 (42.2%) who were fed with breast milk and formula after birth, and 26 (57.8%) who were fed with formula only.


Comparison of Alpha Diversity in Mixed-Fed Asphyxiated Neonates at 1, 3, and 5 Days After Birth

There were no significant differences in Chao1, ACE, Simpson, observed_species, and Shannon indices at 1, 3, and 5 days, indicating no difference in microbial richness and diversity in mixed-fed neonates at 1, 3, and 5 days (Supplementary Table 5).



Comparison of Alpha Diversity in Formula-Fed Asphyxiated Neonates at 1, 3, and 5 Days After Birth

There were statistical differences in observed_species and Shannon indices at 1, 3, and 5 days, indicating differences in flora diversity at 1, 3, and 5 days. Comparison of the alpha diversity index at 1 day and 3 days indicated that there were statistical differences in Shannon and observed_species indices (p < 0.05), suggesting that the diversity of intestinal microbiota at 1 day was higher than that at 3 days. Comparison of gut flora at 3 days and 5 days postnatally showed no difference in alpha diversity index (Supplementary Table 6).



Comparison of Alpha Diversity Between Mixed-Fed and Formula-Fed Asphyxiated Neonates at 1, 3, and 5 Days

Comparison of alpha diversity between neonates based on the two feeding types on the first day indicated statistical differences in Chao1, observed_species, and ACE indices (p < 0.05). The diversity of microflora in neonates who had formula feeding was higher on the first day. There was no significant difference in the alpha diversity index between the two feeding groups at 3 days and 5 days (Supplementary Table 7).



Comparison of Beta Diversity Between Mixed-Fed and Formula-Fed Asphyxiated Neonates at 1, 3, and 5 Days

The PCoA analysis showed that at 1 day and 3 days, there were significant differences within the two feeding groups, but the differences between the two groups were not significant. R-value was <0, and the statistical analysis between groups showed no significant difference (p > 0.05). However, at 5 days, the differences between the two feeding groups was significant; R > 0 and p < 0.05 (Supplementary Figures F1–F3 and Supplementary Table 8). NMDS analysis showed that at 1, 3, and 5 days after birth, there were significant differences between the two feeding groups (stress <0.2) (Supplementary Figures G1–G3).



Intestinal Microbiota Analysis

At the phylum level, the main microbiota of the two feeding groups were not different. At the genus level, the formula-fed neonates showed increased relative abundance of Clostridium_sensu_stricto_1 on days 1, 3, and 5; decreased Parabacteroides on day 1; increased Ralstonia and Escherichia-Shigella on day 3; and decreased Streptococcus and increased Faecalibacterium on day 5. At the species level, the formula-fed neonates showed increased R. pickettii (1.07 × 10−4 vs. 7.60 × 10−4, p = 0.045) and E. coli (5.07 × 10−4 vs. 1.45 × 10−3, p = 0.029) at 3 days (Supplementary Figures H1–H3 and Supplementary Table 9).



LEfSe Analysis

We set the LDA score to 4. The dominant microorganisms in formula-fed neonates were f-Burkholderiaceae, g-Ralstonia, s-Ralstonia pickettii, c-Alphaproteobacteria, and o-Rhizobiales on day 1; p-Proteobacteria, g-Ralstonia, s-Ralstonia pickettii, and o-Enterobacterales on day 3; and o-Clostridiales, f-Clostridiaceae, and g-Clostridium_sensu_stricto_1 on day 5. The dominant microorganisms in mixed-fed neonates were f-Lactobacillaceae, g-Lactobacillus, and o-Burkholderiales on day 1; and g-Streptococcus and f-Streptococcaceae on day 5 (Supplementary Figures J1–J6).



Correlation Analysis Between the Dominant Flora of The Study Group and Asq-3 Scores at 6 Months Postnatal Age

We followed up the neonates of the study group until 6 months of age: 43 of them completed the follow-up, so the follow-up prevalence was 95.6%. The assessment was performed by a clinician skilled in the ASQ-3 scoring process. The communication score of ASQ-3 was negatively correlated with relative abundance of Lachnospiraceae and Clostridia on day 1. There was no correlation between Clostridia and ASQ-3 scores on day 3 of life (Table 3).


Table 3. Correlation analysis between the dominant microflora of the study group and ASQ-3 scores at 6 months.
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DISCUSSION

This study examined the characteristics of intestinal microflora of asphyxiated neonates, and the relationship between microbial evolution in the first week after birth and neurodevelopmental prognosis at 6 months. We found that the microbial richness and diversity of the study group were significantly increased on day 1 and mainly consisted of pathogenic flora. The relative abundance of microbiota, such as Clostridium_sensu_stricto_1 and Lachnoclostridium, decreased on day 3 of life. On day 5, the microbial richness and diversity of the study group were not significantly different from those of the control group. Lachnospirales and Clostridia present in asphyxiated neonates on day 1 of life may have some relationship with neural development at 6 months.

The microbial richness and diversity of the two groups were high on day 1, and there was a temporary decrease around the first week, which is similar to the results of Brandt et al. (28) and Brazier et al. (29). The microbial richness and diversity of asphyxiated neonates were significantly increased compared to those of the control group. This may be because asphyxiated neonates were at increased risk of infection, due to more people involved in their resuscitation, exposure to more drugs and instruments, and longer exposure to the hospital environment (25, 30). It may also be related to the disease status of the neonates themselves, as studies have also found that the richness and diversity of intestinal flora increase under certain disease conditions (31, 32). Studies have found that the nervous system may be affected by the stress response system (24, 33). Since asphyxia is a stressful condition that makes the body's hormone and blood sugar levels to change significantly, we believe that asphyxia may increase the richness and diversity of intestinal microbiota.

We found that, at the phylum level, the dominant intestinal microbiota of the two groups were Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobiota, which was similar to findings of previous studies (28, 34). Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Verrucomicrobiota are also widely present in the gastrointestinal tract of adolescents and adults (35). At the genus level, the main intestinal microflora of neonates in both the study and control groups consisted of aerobes, facultative anaerobes, and anaerobes, such as Enterococcus, Escherichia-Shigella, Streptococcus, Staphylococcus, Bacteroides, and Ralstonia. This finding is also consistent with previous research results (25, 28, 36).

At the genus level, the study group showed increased relative abundance of Clostridium_sensu_stricto_1, Lachnoclostridium, Fusicatenibacter, Desulfovibrio, Lachnospira, Agathobacter, Blautia, and Faecalibacterium on day 1. On day 3, Clostridium_sensu_stricto_1, Lachnospira, Agathobacter, and Fusicatenibacter were still higher than in the control group. At the same time, the number of Alistipes significantly increased. On day 5, Clostridium_sensu_stricto_1 and Lachnoclostridium continued to increase, and Dubosiella also increased. Clostridium_sensu_stricto_1, Alistipes, Lachnoclostridium, and Desulfovibrio are opportunistic pathogens that may cause infection, aggravate inflammation, or worsen clinical conditions (25, 37–41). The exact functions of Blautia, Lachnospira, Fusicatenibacter, Dubosiella, and Agathobacter are not clear, but some researchers think they may have some relationship with some diseases (32, 42–48). Faecalibacterium is beneficial to humans (49, 50).

Summarily, on the first day, the relative abundance of pathogenic bacteria was mainly increased in the study group, while the relative abundance of intestinal pathogenic bacteria on the third and fifth days showed a decreasing trend. Based on clinical experience, the clinical symptoms of asphyxiated neonates improve markedly on day 3 of life, which is an important time point for evaluating neurological outcomes (51). In this study, pathogenic bacteria decreased at 3 days after birth, which was consistent with the time of recovery from clinical symptoms in asphyxiated neonates, but its specific mechanism needs to be further studied. In addition, the differences between the two groups showed a decreasing trend, suggesting that the flora of the neonates with asphyxia may gradually recover with increasing age. The relative abundance of Staphylococcus in the control group at 3 days was significantly higher than that in the study group. A number of studies have shown that Staphylococcus is the main microbiota of healthy newborns in the early postnatal period (25, 28, 36). At the species level, on the third day, S. caprae in our study group was significantly less than in the control group. S. caprae is a symbiotic bacterium that is present on human skin, and a coagulase-negative Staphylococcus. Its relative abundance was high on the third day after birth in newborns without asphyxia, which is similar to the results of Kigbu et al. (25). At the same time, studies have found that S. caprae can inhibit the growth of Staphylococcus aureus and is beneficial to the control of infection (52).

Many factors can influence the development of neonatal intestinal microbiota, among which the feeding pattern is one of the most important (53). Breast milk has many benefits. Multiple trace elements, immunoglobulins, and oligosaccharides are present in breast milk, and they play an important role in the establishment and growth of neonatal intestinal microflora (54–57). Different feeding patterns, such as strict breastfeeding, mixed feeding, and formula feeding, have been shown to have different influences on the microbial development of neonates (58). Studies have shown that the dominant flora in the intestinal tract of breastfed infants are Bifidobacteria, Lactobacillus, Staphylococcus, Megasphaera, and Actinobacteria, while the dominant flora of formula-fed infants are Clostridiales, Proteobacteria, and E. coli (8, 59–61). In this present study, the feeding types in the study group were mixed feeding and strict formula feeding, and there was no difference in microbial diversity and richness of asphyxiated neonates who were fed with formula and breast milk at 1, 3, and 5 days, while the microbial diversity of formula-fed neonates showed a decreasing trend at 1, 3, and 5 days. Some researchers have also found that the microbial diversity of formula-fed infants decreased compared with that of strictly breastfed infants (59). In this study, the microbial diversity of formula-fed infants significantly increased on day 1, and the flora constitutions of formula-fed and mixed-fed neonates were significantly different on day 5. This was different from the results of Madan et al. who found that at 6 weeks postnatally, the microbial constitution of strictly breastfed infants was significantly different from that of mixed-fed or strictly formula-fed infants, while the microbial constitution was similar between mixed-fed infants and strictly formula-fed infants (62). We hypothesized that the difference may be caused by the feeding period being too short or by asphyxia. LEfSe showed that the dominant microbiota of mixed-fed asphyxiated neonates were Lactobacillus and Streptococcus, and that Lactobacillus increased in the intestinal tract of mixed-fed neonates and in the early postnatal period (58, 63). The strictly formula-fed neonates in the study group had different dominant flora, such as Ralstonia and Clostridium_sensu_stricto_1, which were similar to those reported by other researchers (8, 61). In addition, Bifidobacteria were found in the two feeding groups, but it did not increase significantly, which was different from the findings of some researchers (8, 60). The reasons for this may be related to asphyxia, hospital environment, or other unidentified conditions. Therefore, asphyxia and feeding type may have different influences on the microbial development of full-term neonates, but the exact mechanism is not clear.

Microbiota may have begun to colonize the fetal gut before birth (64). Many studies have found that intestinal flora is likely involved in regulating the development of the nervous system (51). Microbiota may also have a certain influence on human mental activities and behaviors (65) and play a very important role in human health (33). In this study, LEfSe showed that the dominant bacteria in the study group were Lachnospiraceae and Clostridia on day 1, and Clostridia were the dominant bacteria on day 3. The dominant bacterium in the control group was Staphylococcus on days 1 and 3 of life.

Neonates in the study group were followed up until 6 months, and the communication score of ASQ-3 negatively correlated with the relative abundance of Lachnospiraceae and Clostridia on day 1 of life. This suggests that Lachnospiraceae and Clostridia may be related to neural development at 6 months. Our findings were similar to those of a study that found that the microbiota within the first year of life may be related to cognitive development, especially verbal communication (47). In this study, we found that asphyxia may affect intestinal flora, but the relationship between intestinal flora changes and long-term neural development, and its underlying mechanism need to be further studied.

The study firstly studied the characteristics and evolution of intestinal microflora of asphyxiated neonates <1 week of age, and researched the relationship between specific flora and neural development outcome, providing new insight into the early treatment and improvement of prognosis in asphyxiated newborns. The study has the following limitations: (1) Only neonates with mild asphyxia were included; neonates with severe asphyxia were excluded. (2) The neonates in this study were all hospitalized, and the feeding pattern and use of antibiotics had a certain influence on the intestinal flora. (3) Neural development is influenced by many factors, such as family environment, teaching manners, and society, and we only followed up the neonates in the study group up to 6 months, which could not provide the prognosis of neural development. (4) ASQ-3 is a screening scale. Due to the influence of the novel coronavirus epidemic, it was difficult to use diagnostic scales, such as the Bailey scale, to evaluate neurodevelopment.



CONCLUSION

The diversity and richness of the microbiota of asphyxiated neonates on the first day were significantly increased and mainly consisted of pathogenic flora. Lachnospiraceae and Clostridia found in neonates with asphyxia on day 1 may be related to neural development at 6 months, and neonatal asphyxia may have a serious impact on neurodevelopment, but the current clinical treatment methods for asphyxia are limited. With further research on the microflora of asphyxiated neonates, we hope to provide new insight for early treatment of asphyxia.
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