Hou et al. BMC Microbiology ~ (2024) 24:483 BMC Microbio|ogy
https://doi.org/10.1186/512866-024-03643-4

Brain injury in premature infants may be D
related to abnormal colonization of early gut
microbiome
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Abstract

Background Premature infants are more prone to brain injuries owing to incomplete nervous system development
and poor adaptation outside the mother's body. Without timely intervention, premature infants with brain injuries
often develop intellectual disabilities, causing significant burdens on families and the society. Multiple studies have
shown that gut dysbiosis can affect the nervous system, and vice versa. This study aimed to explore the changes in
gut microbiota of typical premature infants and those with brain injuries on the third and seventh days after birth
using 16 S rRNA technology.

Methods Fecal samples from typical premature infants (non-brain injury group, n=17) and those with brain injuries
(brain injury group, n=21) were collected on days 1, 3, and 7 after birth for 16 S rRNA sequencing. Alpha diversity
analysis was used to evaluate the diversity of gut microbiome. LEfSe and DESeq?2 were used to analyze of the
microorganisms’ characteristics and differentiate the microorganisms between the two groups.

Results At the phylum level, Firmicutes, Proteobacteria, and Actinobacteria were the dominant flora in both groups.
At the genus level, the proportion of Enterococcus in fecal samples of the brain injury group was higher than that of
the non-brain injury group on day three after birth; however, the opposite was observed on day seven. Rothia and
Lactobacillales were characteristic bacteria of the non-brain injury group on days three and seven after birth, whereas
Enterococcus and Bifidobacteria were characteristic bacteria of the brain injury group on days three and seven after
birth, respectively. Three days after birth, the Shannon and Simpson indices of the non-brain injury group were
significantly higher than those of the brain injury group.

Conclusion Premature infants with brain injuries have a unique gut microbiota that is different from that of typical
premature infants, indicating correlation between brain injuries and gut microbiota.
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Background

As a global event, preterm birth can increase the risk of
infant death and various diseases. Premature babies are
at a higher risk of developing metabolic syndrome and
cognitive impairment [1]. The survival rate of premature
babies has increased with the improvement of medical
technology and perinatal care,; however, brain injury in
premature infants (BIPI) remains a serious public health
issue [2]. A previous study reported that 25-50% of
infants with BIPI will have cognitive, behavioral, atten-
tion, or social deficits, and 5-10% of children with BIPI
will have cerebral palsy and other diseases. Many disease
occurrences caused heavy burdens on the families of chil-
dren and society [3]. A study on complications in preterm
infants indicated that fetal asphyxia can lead to hypoxic-
ischemic brain damage, with its severity closely associ-
ated with gestational age. Specifically, among preterm
infants, a low gestational age and birth weight increase
the incidence of asphyxia [4]. In a follow-up study involv-
ing 100 premature infants, domestic researchers found
that 46% did not meet the standard for the mental devel-
opment index by the age of one year, while 49% failed
to meet the standard for the psychomotor development
index [5]. Furthermore, zhang et al. also found that the
rate of mental and motor development delays in prema-
ture infants increased as gestational age decreased [5].
Currently, the diagnosis of brain injury in preterm infants
is difficult and the effect of drug treatment is relatively
poor. Therefore, it is urgent to find a new diagnosis and
treatment plan.

The intestine is a complex organ composed of 10'* bac-
teria, totaling more than ten times the number of human
cells [6]. Recent studies have shown that various human
diseases, such as obesity and diabetes, may be related to
microbial disorders in the intestines [7, 8]. In addition,
multiple studies have shown that the gut microbiome
can communicate with the brain through at least three
parallel and interacting channels, using nervous, endo-
crine, and immune signals [9]. Animal experiments have
revealed that the gut microbiota regulates anxiety, mood,
cognition, and pain [10]. The gut microbiome—brain axis
is a complex regulatory axis containing many metabo-
lites and encapsulates the nervous system. Recent stud-
ies have suggested that this regulatory axis may include
intestinal microbes and their metabolites, intestinal ner-
vous system, central nervous system, and other nervous
systems [11].

Abnormalities in the microbiota can result in an
inflammatory response, leading to cytokine release and
neuroinflammation [12]. Furthermore, the vagus nerve
connects the gut nervous system to central nervous sys-
tem by sending signals from microbes in the gut to the
brain [13]. A previous study demonstrated that germ-free
mice showed an abnormally strong response to restraint
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stress. In the absence of microbiota, the corticosterone
concentration in mice was significantly increased. The
stress performance of the germ-free mice could be par-
tially reversed by colonization with different microbiota
in adulthood [14].

A previous study suggested that the uterus is a sterile
environment, and the colonization of microorganisms
in the fetus occurs after birth. However, a recent study
found that the fetus in pregnant women can indirectly
contact the microorganisms present in the mother by
swallowing amniotic fluid, indicating that the establish-
ment of the gut microbiome starts from the fetal period
[15]. For premature infants, factors such as birth by
cesarean section, artificial feeding, infection, perinatal
and postnatal antibiotics delay the colonization of the
gut microbiome; thus, intestinal microecological disor-
ders are more likely to occur, which in turn may disturb
their nervous systems. The pattern of bacterial tailoring
in preterm infants differs significantly from that of full-
term infants owing to factors such as gestational age and
antibiotic exposure. More than half of preterm infants
have bacteria in their feces, and this percentage decreases
with increasing gestational age [16]. In addition, studies
have found that prematurity is associated with a signifi-
cant risk of multiple neurological complications, includ-
ing cerebral palsy.

Furthermore, the microbiota of preterm infants is asso-
ciated with poor growth phenotype [17], and preterm
infants have less intestinal microbial diversity and more
potentially pathogenic bacteria [18]. The gut-brain axis
is a complex communication network between the gut
and brain. In this communication network, the central
nervous system coordinates the digestive system whereas
signals generated by the gut may also influence central
nervous system non-brain injury [19]. However, few
studies have reported whether there are differences in
gut microbiome between preterm infants who developed
brain injury and those who did not.

Based on the aforementioned research background, we
hypothesized that the incidence of brain injury in pre-
term infants is associated with disturbances in gut micro-
biome. Therefore, we performed 16 S rRNA sequencing
to compare the characteristics and differences in the gut
microbiome of premature infants with brain injury to
that of typical premature infants. Aiming to provide evi-
dence for a potential link between brain injury and gut
microbiome in preterm infants, as well as to propose new
ideas for diagnosing and treating brain injuries in prema-
ture infants.

Methods

Patients and experimental design

Between March 2019 and January 2020, 21 premature
infants diagnosed with brain injury admitted to the
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North Sichuan Medical College Hospital neonatal inten-
sive care unit were enrolled in the brain injury group. The
non-brain injury group included 17 premature babies
without brain injury who were hospitalized during the
same period. The inclusion criteria were as follows: (1)
family members of the children voluntarily joined, coop-
erated with the study, and signed the informed consent
form; (2) all newborns and premature babies born at a
gestational age of 30-37 weeks [20]; and and hospital-
ization for more than 7 days; (3) infants had no history
or family history of organic diseases. The exclusion cri-
teria were children with (1) congenital malformations of
the heart, brain, kidneys, or respiratory tract, inherited
metabolic diseases, or chromosomal diseases; (2) use of
hormones and probiotics after birth; and (3) a history
of brain injury-related diseases (in the non-brain injury
group only). All enrolled neonates were evaluated using
electroencephalogram (EEG) and cranial ultrasound
within 3 days of birth, followed by weekly follow-up and
cranial MRI before discharge.

Diagnostic criteria for brain injury in premature
infants: manifestations of premature infants non-specific
symptoms such as Poor response and hypotonia, and
satisfy any of the following criteria: (1) Cranial imag-
ing shows white matter damage or dysplasia; (2) Ultra-
sound abnormalities, which manifested as a thickening
of the ventricular wall, widening of the lateral ventricles,
enlargement of the brain cavity, strong echogenicity, and
visible positive lesions were evaluated. (3) Excluding
intracranial hemorrhage and others in congenital cases,
cranial MRI shows short T1, T2 signals, and diffusion-
weighted imaging shows abnormally high signal intensity.
This study was approved by the Medical Ethics Commit-
tee of the Affiliated Hospital of Beichuan Medical College
(No. 2020ER038-1).

Clinical information collection

The information collected from the mothers of the
enrolled children included whether mother experienced
pregnancy complications (hypertension, abnormal thy-
roid function, diabetes, etc.), and whether she experi-
enced premature rupture of the membranes. We also
recorded the children’s information: sex; gestational age;
birth weight; birth method; feeding status (including
the time of feeding, the time to reach total gastrointesti-
nal tract feeding, breastfeeding or milk powder feeding,
etc.); whether there was suffocation; sepsis; congenital
heredity metabolic diseases; any chromosomal diseases,
gastrointestinal malformations, etc.; whether any inju-
ries were diagnosed as intracranial hemorrhage; neonatal
hypoxic-ischemic encephalopathy; bilirubin encephalop-
athy; repeated hypoglycemia or other diseases that seri-
ously affect the nervous system; whether microecological
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agents were used; whether antibiotics were used; and if
mechanical ventilation were used.

Diagnostic criteria for asphyxia

The diagnosis of asphyxia is contingent upon the pres-
ence of several key indicators: (1) Prenatal risk factors
(etiology) that may contribute to asphyxia; (2) 1-minute
Apgar score<7, which must include evidence of respi-
ratory depression (clinical manifestation); (3) Umbilical
artery blood pH<7.20, such as umbilical artery blood
pH<7.00 and 1-minute Apgar score<7 (pathophysiologi-
cal nature); (4) The presence of hypoxic-ischemic organ
damage; (5) The exclusion of other potential causes for a
low Apgar score or no other combined factors sufficiently
account for the findings in items 2 to 4. The last four indi-
cators are deemed essential for diagnosis, while the first
item serves as an auxiliary indicator. In this study, prema-
ture infants who met five or four (2-5) of above criteria
were diagnosed as asphyxia.

Fecal collection

We collected fecal samples from the two groups of pre-
mature infants on the first, third, and seventh days after
birth. Specifically, 4 g of feces from each premature infant
was placed in four sterile tubes using sterile spoons. The
tubes were sealed with sealing films and immediately fro-
zen in liquid nitrogen and stored at -80 °C in a freezer for
later analysis.

DNA extraction, PCR amplification, and Miseq library
construction

Fecal microbial genomic DNA was extracted using the
E.Z.N.A.* Soil DNA Kit (Omega Bio-Tek, USA), follow-
ing the manufacturer’s instructions. DNA was run on
1% agarose gel to test its integrity. The purity and con-
centration of the DNA were determined using the Nano-
Drop2000 [21].

V3-V4 of the 16 S DNA were amplified; the primers
used were 338 FFACTCCTACGGGAGGCAGCAG and
806R-GGACTACHVGGGTWTCTAAT. The PCR sys-
tem included a 4 pL 5x FastPfu Buffer, 2 uL dNTPs (2.5
mM), 0.4 pL FastPfuPolymerase, 10 ng TemplateDNA,
0.2 pL BSA, 0.8 pL Reverse Primer (5 pM), and 0.8 pL
Forward Primer (5 pM). Finally, ddH20 was added to
the system until the total volume reached 20 puL. The ABI
GeneAmp system (ABI, USA) was used to perform the
PCR.

A NEXTFLEX Rapid DNA-Seq Kit was used to con-
struct the library. Sequencing was performed using a
MiseqPE300 platform [22].

Operational taxonomic units (OTUs) analysis
First, the QIIME2 demux plug-in was used to split the
original sequence, and the QIIME2 dada2 plug-in was
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used to perform quality non-brain injury, trimming,
denoising, splicing, and removing the chimera of the
split-sequence to obtain OTUs [23]. Subsequently,
according to the 338 F/806R primers, the GREENGENES
database, with 99% similarity to version 13_8, was pruned
to the region of V3-V4 [24]. The QIIME2 feature-classi-
fier plug-in was then used to align OTU sequences, and
the alignment threshold was set to 70% to obtain the spe-
cies classification information table. Finally, the QIIME2
feature-table plug-in was used to eliminate all con-
taminating mitochondrial and chloroplast sequences to
obtain amplified feature sequences.

Alpha and beta diversity analysis

Bacteria diversity in the two sample groups was ana-
lyzed by observing the commonly used alpha diversity,
Shannon, and Simpson indices were used to evaluate
the microbiota richness and evenness of a single sam-
ple [25]. In addition, the principal co-ordinates analysis
(PCoA) chart based on Bray-Curtis was used to present
the results of beta diversity analysis. This method was
used to rank and reduce the dimensionality of the flora,
allowing for an analysis of the similarities and differences
in the gut microbiome between the two groups. The Wil-
coxon test rank-sum test was used to compare the alpha
diversity index between groups. The difference was statis-
tically significant at p<0.05.

Linear discriminant analysis Effect size (LEfSe)

LEfSe analysis in multi-level species was used to ana-
lyze the bacteria with different abundances between the
non-brain injury and the brain injury groups [26]. Linear
discriminant analysis (LDA) of LEfSe was used to esti-
mate the effect of each component (species). LDA>2 and
p<0.05 were used as the screening threshold difference.

Table 1 Clinical information
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Statistical analysis

Statistical analysis was performed using the SPSS statis-
tical software (IBM SPSS Statistics for Windows, Ver-
sion 22.0. Armonk, NY: IBM Corp.). Measurement data
are expressed as xts, and ¢-tests were used to compare
groups. Enumeration data are expressed as rates, and the
comparison between groups was tested using the Fisher’s
exact probability method. DESeq?2 difference analysis [27]
and LEfSe analysis were used for the abundance analysis
at the genus and species levels. A rarefaction curve was
constructed to evaluate the sequencing depth.

Results

Comparison of baseline data between groups

The brain injury group included 9 boys and 12 girls, with
an average gestational age of 33.6+1.79 weeks and an
average birth weight of 2089.1+543.5 g. The non-brain
injury group consisted of 10 boys and 7 girls, with an
average gestational age of 33.2+1.85 weeks and an aver-
age birth weight of 1946.5+456.5 g. Children in both
groups were given milk (Zaoqi nengen, Nestle, Germany)
within six hours after birth and achieved total gastroin-
testinal nutrition within one week. We further compared
clinical information of the two groups. The results indi-
cated that sex, gestational age, birth weight, production
method, feeding method, time to reach the total gas-
trointestinal tract feeding, sepsis, premature rupture of
membranes, mechanical ventilation, pregnancy compli-
cations, and incidence of antibiotic use in the two groups
showed no significant differences (p>0.05). However, a
significant difference in the proportion of asphyxia dur-
ing childbirth was observed between the two groups (p
< 0.05) (Table 1). In addition, intracranial hemorrhage,
bilirubin encephalopathy, and repeated hypoglycemia
disease did not occur in both groups.

Clinical factors Brain injury Non-brain injury p
Information for premature infant

Sex (male) 9(42.85%) 10(58.82%) 0.51
Gestational age (week) 336+1.8 33.2+19 047
Birth weight (g) 2089.1+543.5 1946.5+£456.5 039
Time of feeding (h) 442+1.16 4714144 0.51
Time to reach the total gastrointestinal tract feeding (day) 5.09+0.88 452+094 0.06
Cesarean section 16(76.19%) 11(64.71%) 0.49
Septicemia 12(57.14%) 5(29.41%) 0.11
Asphyxia during childbirth 8(38.09%) 0(0.00%) <0.001
Mechanical ventilation 8(38.09%) 2(11.76%) 013
Breastfeeding 16(76.19%) 11(64.71%) 049
Antibiotic use 12(57.14%) 5(29.41%) 0.11
Information for mothers

Premature rupture of membranes 9(42.85%) 2(11.76%) 0.07
Complications during pregnancy 6(28.57%) 7(41.17%) 0.50
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Differences in the composition of the two groups of
samples at the phylum level

At the phylum level, the main components of samples
from the brain injury and non-brain injury groups
included Firmicutes, Proteobacteria, and Actinobacteria
(Fig. 1). The results of the DESeq2 analysis revealed that
the relative abundances of Firmicutes and Proteobacteria
in the brain injury group on the third day after birth were
significantly greater than those in the non-brain injury
group (p < 0.05), whereas the content of Actinobacteria
showed the opposite trend (p < 0.05). On the seventh day
after birth, the changes in the contents of Firmicutes and
Proteobacteria between samples of the two groups were
not statistically significant (p>0.05). The abundance of
Actinobacteria in the brain injury group was significantly
higher than that in the non-brain injury group on the
third day after birth, whereas the abundance of Bacteroi-
des on the seventh day after birth was significantly higher
than that on the third day.
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Differences in the composition of the two groups of
samples at the genus level

As shown in Fig. 2, at the genus level, the relative abun-
dance of Enterococcus in each group was the highest.
On the third day after birth, the relative abundance of
Enterococcus in the brain injury group was significantly
higher than in the non-brain injury group (p<0.05),
whereas the relative abundances of Bifidobacterium and
Rothia were significantly lower (p<0.05). On the seventh
day after birth, the relative abundance of Staphylococcus
in the brain injury group was significantly higher than
that in the non-brain injury group (p < 0.05), whereas the
relative abundance of Bifidobacterium was significantly
lower (p < 0.05). On the seventh day after birth, no statis-
tical difference in the relative abundance of Enterococcus
was observed between the two groups.
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Fig. 1 Histogram of the relative abundance of the samples at phylum level in the brain injury and non-brain injury groups on the third (A) and seventh

(B) days after birth
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Fig. 2 Histogram of the relative abundance of the samples at genus level in the brain injury and non-brain injury groups on the third (A) and seventh

(B) days after birth

Table 2 Differential bacteria in the samples three days after birth between brain injury group and control group

Different species LogMax  Group LDA P
Mean score
k__Bacteria.p__Firmicutes.c__Bacilli.o__Lactobacillalesf__Enterococcaceae.g__Enterococcus 597313 Braininjury ~ 4.9495 0.0087
k__Bacteria.p__Actinobacteria.c__Actinobacteria.o__Actinomycetalesf__Micrococcaceae.g__Rothia 463037 Non-brain 42848 0.0319
injury

Screening of differential bacteria between the brain injury
group and the experimental group

LEfSe analysis identified differentially abundant bacterial
taxa between the two groups. The results revealed that 3
days after birth, Enterococcus and Rothia showed higher
LDA score based on LEfSe in the brain injury and non-
brain injury groups, respectively (Table 2; Fig. 3A). Our
results also identified Lactobacillales with a higher LDA
score in the brain injury group, reflecting a significant
increase in frequency in the brain injury group compared
with that in the non-brain injury group (Table 3; Fig. 3B).

Alpha and beta diversity comparison

We compared the observed OTUs, Chaol, Shannon,
Faith PD, and Simpson indices of the brain injury and
non-brain injury groups (Table 4). The results of the sam-
ples comparison 3days after birth showed that the Shan-
non and Simpson indices of the non-brain injury group
were significantly higher than those of the brain injury
group (p < 0.05) (Fig. 4). The results of the sample com-
parison 7 days after birth further revealed no significant
difference between the indices (Table 4). There was no

significant difference in microbial beta diversity between
brain injury and non-brain injury (Fig. 5).

Discussion

This study conducted a 16 S rRNA sequencing of fecal
samples from premature infants with and without brain
injury at 3 and 7 days after birth. The results revealed that
the early dominant phyla in premature infants included
Firmicutes, Proteobacteria, and Actinobacteria, whereas
Enterococcus was the dominant flora at the genus level.
This is consistent with a domestic study examining the
relationship between neurodevelopment and gut micro-
biome in neonates, which included 66 preterm infants
[28]. Furthermore, Arboleya et al. [29] reported that Fir-
micutes were predominant during the early stages of life
in preterm infants, aligning with the results of this study,
which observed the highest abundance of Firmicutes on
the 3 and 7 days post-birth. In addition, the gut micro-
biome of premature infants is different from that of full-
term infants. Although this study did not analyze the gut
microbiome of full-term infants at an early stage, a bet-
ter understanding of gut microbiome can provide deeper
insights into the occurrence of brain injury in preterm
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Fig. 3 Classification of the differential flora in the stool samples in the brain injury and non-brain injury groups 3 days (A) and 7 days (B) after birth

Table 3 Differential bacteria in the samples seven days after birth between brain injury group and control group

Different Species LogMax Group LDA P
Mean score
p__Actinobacteria.c__Actinobacteria.o__Bifidobacteriales.f__Bifidobacteriaceae.g__Bifidobacterium 472027 Brain 43108  0.0376
injury
p_Firmicutes.c_Bacilli.o_Lactobacillales 5.95649 Control 46689  0.0364

Table 4 Comparison of alpha diversity index between brain
injury group and non-brain injury group

Variable p value Method
Three days after birth Wilcoxon
Observed_OTUs 0.239266 Wilcoxon
Chao1 0.239266 Wilcoxon
Shannon 0.008012 Wilcoxon
Faith_pd 0.497465 Wilcoxon
Simpson 0.016868 Wilcoxon
Seven days after birth

Observed_OTUs 0.315563 Wilcoxon
Chaol 0.315563 Wilcoxon
Shannon 0.8164933 Wilcoxon
Faith_pd 0.2203986 Wilcoxon
Simpson 0.7060043 Wilcoxon

infants. Compared with full-term infants, preterm infants
show higher levels of facultative anaerobic microorgan-
isms (such as Enterococcus and Staphylococcus) and
lower levels of strict anaerobic microorganisms(such
as Bifidobacterium and Bacteroides), it has also been

demonstrated that the intestinal colonization of Bifido-
bacteria was delayed in preterm infants [30].

Many studies have confirmed that gut microbiome
colonization of premature infants is related to many
factors, including the mother’s diet, disease, drug use,
birth methods, and feeding methods, and postnatal
environment [31, 32]. No significant difference between
the feeding methods or other factors between the two
groups of preterm infants was observed in this study.
However, more children in the brain injury group expe-
rienced asphyxia during childbirth. Several studies have
confirmed that hypoxia severely affects neonatal cranial
nerves [33]. Additionally, abnormal colonization of the
gut microbiome may affect brain development and aggra-
vate brain injury through the intestinal-brain axis [34].
Abnormal intestinal bacteria may cause intestinal inflam-
mation, changes in blood-brain barrier permeability,
decrease in neural substrate synthesis and secretion, or
direct and indirect effects on the brain function by acting
via the hypothalamic-pituitary-adrenal axis/parasympa-
thetic nervous system [35, 36]. In contrast, brain injury
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in infants may also affect the establishment of normal gut
microbiome through the bidirectional regulation path-
way of the entero-brain axis [37].

Microbial invasion during the fetal period also affects
gut microbiome colonization of premature infants;
25-40% of preterm births and 7-12% of preterm births
with intact fetal membranes involve intrauterine micro-
bial invasion, which is related to ascending vaginal
microbes colonization and blood-borne transmission of
maternal oral microbes [38—40]. Gestational age at deliv-
ery is significantly negatively correlated with bacterial
abundance in the amniotic fluid, supporting the role of
preterm intrauterine infection [41]. Bacterial infection of
the amniotic fluid is also associated with cerebral palsy
and intraventricular hemorrhage [42, 43]. Therefore, pre-
mature infants may be born with intestinal microflora
disorder due to in utero infection. Early intestinal micro-
flora disorder will not only cause immune, metabolic, and
gastrointestinal dysfunctions but also cause central ner-
vous system and subsequent brain damage [44].

This present study found that the Shannon and Simp-
son indices of the gut microbiome of the brain injury
group were lower than those of the non-brain injury
group on the third day after birth. On the seventh day,
alpha diversity analysis result between the two groups
was not statistically significant. Research has shown
that patients with ischemic stroke exhibited reduced gut
microbiome diversity compared to healthy controls dur-
ing both the acute and recovery phases [45]. A recent
meta-analysis study revealed a decreased diversity in
the gut microbiome of individuals with anxiety disor-
ders compared to healthy populations [46]. In addition,
studies have found that a cocktail of antibiotics (ABX)
depletes the gut microbes of a murine stroke model,
worsening their outcomes [47]. ABX-treated APPSWE/
PS1AE9 mice display lower alpha diversity, and the dis-
turbance in intestinal microbial diversity induced by ABX
also affects the neuroinflammatory response by reduc-
ing local glial hyperplasia and altering the morphology of
the microglia [48]. Moreover, a study found a significant
negative correlation between the 1-year-old children’s
gut microbiome diversity measurement and connectiv-
ity between the left amygdala and mid/forebrain area
overlapping with the thalamus. The higher diversity of
the intestinal microbiome of 1-year-old infants may be
related to lower fear/emotional processing efficiency
[49]. However, another study showed a negative correla-
tion between the alpha diversity of the gut microbes of
1-year-old children and the overall cognition and lan-
guage functions of 2-year-old children [50]. The con-
troversy may be due to the limitations of the method of
microbial diversity calculation, such as bias of the extrac-
tion method and insufficient coverage. Despite ongoing
controversies, most researchers agree that the disorder
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of gut microbiome is typically accompanied by a reduc-
tion in its diversity, and the diversity of gut microbiome is
closely related to brain function.

Many studies have affirmed the two-way communica-
tion mechanism between the gut microbiome and central
nervous system regarding immunity, inflammation and
metabolism. The gut microbiome can regulate the pro-
duction of myelin sheath in the prefrontal cortex of mice
[51]. Moreover, the gut microbiome can trigger the pro-
duction of pro-inflammatory cytokines by activating var-
ious lymphocytes and innate immune cells, which act on
afferent nerve receptors to transmit signals to the brain.
They can also reach the brain through direct diffusion
or transport of proteins through the blood-brain barrier
[52]. Gut microbiome disturbance can cause abnormal
activation of the immune system, affecting the develop-
ment of neurons and oligodendrocytes and the formation
of myelin, resulting in abnormal nervous system devel-
opment [53]. Most of the pathogenic bacteria reported
in the literature belong to the phylum Firmicutes and
Proteobacteria. Firmicutes are more resistant to envi-
ronmental changes due to their unique cell walls; The
gut microbiome of preterm infants with brain injury
undergoes significant alterations in both physical and
chemical environments, leading to the dominance of
Firmicutes such as Enterococcus and Staphylococcus
[54]. The abnormal colonization of Proteobacteria in the
human intestine will significantly reduce the resistance
of the inherent flora to pathogenic microorganisms, pro-
mote the intestinal and systemic inflammatory response,
and lead to central nervous system damage through the
pathways mentioned above [55]. In addition, research
has demonstrated that reduced expression levels of Bifi-
dobacterium, Lactococcus, and Bacteroides, alongside
elevated expression levels of Streptococcus, Salmonella,
Clostridium, and Staphylococcus, could contribute to
an increased incidence of brain injury in preterm infants
[56]. This is consistent with the significant increase in
the abundance of Firmicutes, Proteobacteria, Enterococ-
cus, and Staphylococcus in premature infants with brain
injury in this present study.

Short-chain fatty acids (SCFAs) produced by intes-
tinal microbes can cross the blood-brain barrier and
interact with microglia, and high SCFAs concentrations
can reduce the inflammatory response of peripheral
monocytes. A new study has also shown that SCFAs can
regulate Alzheimer’s disease, disrupting the function
of specific microglia [57]. Additionally, Bifidobacteria
can increase SCFA content [58]. In this study, we found
that the relative proportion of Bifidobacteria in the brain
injury group was lower than that in the non-brain injury
group. We also found that the non-brain injury group
had a higher abundance of Rothia, however, no reports of
brain development related to Rothia were available.
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This study had some limitations. First, brain injury is
a persistent pathological change that may require long-
term monitoring. This study only tested stool samples
at 3 and 7 days after the birth of premature infants. Sec-
ond, as a single-center study, this study included a small
sample size of only 38 premature infants. More research
centers and larger sample sizes are needed in the future.
Finally, this study did not measure bacterial metabolites
and cytokines; thus, further analysis in future studies
should also be considered.

Conclusion

In summary, the dominant gut microbiome of preterm
infants one week after birth consists of Firmicutes, Pro-
teobacteria, and Actinobacteria at the phylum level, with
Enterococcus being prominent at the genus level. Fur-
thermore, compared with preterm infants without brain
injury, the gut microbiome diversity of premature infants
with brain injury was decreased; concurrently, there was
a reduction in the relative abundance of Actinobacteria,
while the relative abundance of Firmicutes and Proteo-
bacteria increased. At the genus level, a decline in the
relative abundance of Bifidobacterium was observed,
alongside an increase in the relative abundance of
Enterococcus and Staphylococcus. Indicating a high cor-
relation between preterm infants with brain injury and
the abundance and diversity of gut microbiome. There-
fore, focusing on alteration in the gut microbiome of pre-
term infants is beneficial for the diagnosis and treatment
of brain injury.
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