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Autoinducer-2 (AI-2) is believed to be a bacterial interspecies signaling molecule that plays
an important role in the regulation of the physiological behaviors of bacteria. The effect of
AI-2 on the process of necrotizing enterocolitis (NEC) is unknown, and the aim of this
study was to study the effect of AI-2 in a mouse NEC model. C57BL/6 mouse pups were
randomly divided into three groups: the control group, the NEC group, and the NEC+AI-2
(NA) group. Exogenous AI-2 (500 nM) was added to the formula milk of the NA group. The
concentrations of fecal AI-2 and flora were tested. The expression of cytokines, TLR4 and
NF-kB in intestinal tissue was detected. The AI-2 level was significantly decreased in the
NEC group (P<0.05). Compared with the NEC group, the intestinal injury scores,
expression of TLR4, NF-kB, and proinflammatory factors (IL-1b, IL-6, IL-8 and TNF-a)
were reduced, and expression of anti-inflammatory factor (IL-10) was increased in the
NA group mice (P<0.05). At the phylum level, the Proteobacteria abundance in the
NA group was significantly increased, while the Bacteroidota abundance in the control
group was significantly increased (P<0.05). At the genus level, Helicobacter and
Clostridium_sensu_stricto_1 exhibited significantly greater abundance in the NEC group
than in the other two groups, while Lactobacillus had the opposite trend (P<0.05). In
addition, the abundances of Klebsiella, Rodentibacter and Enterococcus were
significantly higher in the NA group than in the NEC and control groups (P < 0.05).
Exogenous AI-2 partially reverses flora disorder and decreases inflammation in an NEC
mouse model.
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INTRODUCTION

Necrotizing enterocolitis (NEC) is a devastating intestinal disease
that is a significant cause of death in neonatal intensive care units
(Frost et al., 2017; Isani et al., 2018). Five to twelve percent of
very low-birth-weight infants were affected by NEC, and surgical
intervention was needed in 20-40% of cases (Shulhan et al.,
2017). The pathogenesis of NEC is complicated and
multifactorial (Niño et al., 2016; Bellodas Sanchez and
Kadrofske, 2019), and abnormal microbial colonization and a
strong immune response in the gut may be responsible (Neu and
Walker, 2011; Raveh-Sadka et al., 2015). The intestinal flora can
not only regulate an inflammatory reaction of the intestinal wall
through toxic factors but also affect the proliferation,
differentiation and gene expression of intestinal wall cells
(Hinde and Lewis, 2015). Imbalance in the intestinal flora
might disrupt the immune balance of the body, destroy
intestinal barrier function, and cause excessive inflammation in
intestinal wall tissue, resulting in local or diffuse necrosis (Egan
et al., 2016; Shi et al., 2017; Baranowski and Claud, 2019).

Quorum sensing (QS), a microbial cell communication
process, dynamically controls different metabolic and
physiological activities (Wu et al., 2020). Autoinducer-2 (AI-2),
a small molecule, is involved in the QS system, and its production
and reaction have been observed throughout the bacterial
kingdom (Pereira et al., 2013; Wu et al., 2020). AI-2 is
synthesized by many bacteria via enzymatic steps. The AI-2
precursor (S)-4,5-dihydroxypentane-2,3-dione (DPD) can be
synthesized via catalytic reactions and spontaneously cyclizes
into AI-2 (De Keersmaecker et al., 2005). AI-2 signaling can
promote interspecies communication and allow different
bacterial species to alter behaviors such as biofilm formation,
luminescence and virulence (Cuadra-Saenz et al., 2012;
Thompson et al., 2015). AI-2 plays an important role in the
colonization of the intestinal flora (Buck et al., 2009). Artificially
increasing the level of AI-2 can attenuate antibiotic-induced
intestinal dysbiosis, which plays an important role in the
development of NEC (Sun et al., 2015). We have previously
reported that the AI-2 concentration decreases significantly in
the acute phase of NEC and increases gradually in the recovery
phase of NEC (Fu et al., 2020). These findings illustrate that AI-2
may be an important target for the correction of intestinal
flora imbalance.

Toll-like receptors (TLRs), the classic pattern recognition
receptors (PRRs) of the human gut, are able to specifically
recognize microbial-associated molecular patterns to induce
innate and adaptive immune responses (Kawai and Akira,
2010). An imbalance of the flora may activate TLR4, a major
lipopolysaccharide (LPS) receptor in TLRs, and then activate the
downstream mediator nuclear factor kappa (NF-kB), further
inducing the transcription of various proinflammatory and
anti-inflammatory cytokines (Park and Lee, 2013; Mihi and
Good, 2019; Van Belkum et al., 2020). TLR4 signaling is an
important inflammatory pathway related to bacteria in the
development of NEC (Hackam and Sodhi, 2018).

On this background, we hypothesized that AI-2 can regulate
the composition of the intestinal flora, correct imbalance of the
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intestinal flora, and reduce the degree of inflammation in the
context of NEC by inhibiting the TLR4/NF-kB signaling
pathway. To test this hypothesis, we established an NEC
animal model and gavaged the model animals with AI-2 to
clarify the influence of AI-2 on the intestinal flora composition
and the NEC disease process.
MATERIALS AND METHODS

Induction of Neonatal NEC Mouse Model
The NEC mouse model was constructed according to the
methods in previous studies, with some adjustments (Garg
et al., 2015; Xiao et al., 2018; Gopalakrishna et al., 2019).
Seven-day-old C57BL/6 mouse pups were randomly divided
into three groups. The mice in the control group were allowed
to nurse their mothers freely; those in the experimental group
were fed formula milk (2 g of Similac Advance in 10 ml of 33%
Esbilac Puppy Milk Replacer); and those in the intervention
group were fed AI-2-containing formula milk (2 g of Similac
Advance with 1 ml of 5 mM AI-2 in 9 ml of 33% Esbilac Puppy
Milk Replacer), with a final concentration of AI-2 in the formula
milk of 500 nM, administered at 30 ml/g body weight via a
silicone tube (1.9 Fr) every 4 h for 3 days. After the pups in the
experimental group and the intervention group were fed the
Esbilac formula, they were subjected to asphyxia (100% N2 for
90 s) and cold stress at 4°C (10 min) three times a day for 3 days,
while the control pups were not subjected to cold stress or
asphyxia. The mice were put back to the cage for relaxation
after each feeding or hypoxia-cold stimulation during the
modeling period. Three-day NEC modeling was completed
after the last feeding. The mice were left to relax for 12 h after
feeding, and then intestinal tissues and contents were harvested
as test samples. The animal study was reviewed and approved by
the Institutional Animal Care and Use Committee at Chongqing
Medical University.

Histology
Three groups of pups were decapitated after NEC induction
was completed. The intestine was taken from the body of each
mouse, and a 1-cm distal part of the ileum was fixed in
paraformaldehyde solution (4%). Then, the sample was
dehydrated and embedded in paraffin. Next, the sample was
cut into 4-mm slices. Subsequently, the 4-mm tissue slices were
stained with hematoxylin and eosin (HE). The degree of NEC
was graded by a blinded evaluator using the following standard
histological scoring system (Yu et al., 2009): 0, no damage;
1, epithelial cell lifting or separation; 2, moderate villus
necrosis; 3, necrosis of the entire villus; and 4, transmural necrosis.

Immunohistochemistry
Paraffin sections were deparaffinized in xylene and rehydrated
with ethanol. The sections were used for immunohistochemistry.
The tissue sections were placed in a repair box filled with citric
acid (pH 6.0) antigen retrieval buffer and heated for antigen
retrieval in a microwave oven for 25 min. Then, the sections were
August 2021 | Volume 11 | Article 694395
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incubated in 3% hydrogen peroxide at room temperature in the
dark for 25 min and washed with PBS (pH 7.4). BSA (3%) was
added to the sections to evenly cover the tissue, and the tissues
were sealed for 30 min. The sealing solution was gently removed,
the primary antibody prepared with PBS (pH 7.4) was added to
the sections, and the sections were placed flat in a box and
incubated overnight at 4°C. The sections were then placed in PBS
(pH 7.4) and washed three times. The tissues were covered with
an anti-rabbit antibody (HRP-labeled) and incubated at room
temperature for 50 min. A chromogenic reaction was performed
with DAB color developing solution. The sections were
counterstained with hematoxylin stain solution. Staining of the
tissues was detected with an optical microscope. Nuclear staining
with hematoxylin was blue, and positive staining for DAB was
brownish yellow.

Mouse Intestinal Content Acquisition and
AI-2 Activity Measurement
The methods have been previously described (Fu et al., 2020).
The ileum and colon of each mouse were irrigated with 400 ml of
2216E liquid medium, and the contents were gathered with
sterile tubes, vortexed and centrifuged. The supernatants were
filtered through a filter membrane (Millipore, USA), and the
filtrates were collected as samples to be tested. The fecal sediment
was frozen at -80°C for detection of intestinal flora. A chemically
synthesized AI-2 precursor DPD was purchased from Omm
Scientific (Dallas, TX, USA). The AI-2 activity in the samples was
detected using the Vibrio harveyi reporter strain BB170 (Raut
et al., 2013). The BB170 strain was grown in 2216E (QDRS
BIOTEC, China) liquid medium (30°C for 18 h) and diluted
1:5,000 into fresh 2216E liquid medium. The samples were added
to V. harveyi BB170 strain diluent for the AI-2 assay.
Additionally, 20 ml of 1 mM AI-2 (Omm Scientific, USA)
standard solution, fecal filtrate, and 2216E liquid medium (as a
negative control) were added in quintuplicate to a 96-well assay
plate (Corning, USA). Then, 180 ml of BB170 diluent was added
to a 96-well assay plate to produce a final volume of 200 ml, and
the plate was shaken at 30°C and 120 rpm. After 30 min, a
BioTek Synergy H1 (USA) instrument was used to measure the
bioluminescence intensity every 0.5 h until the value of the
negative control group was minimized.

Fecal Sample Microbiota Analysis
Fecal microbiota genomic DNA was extracted with a QIAamp
FAST DNA Stool Mini-Kit (Qiagen, Germany) according to the
manufacturer’s instructions, as previously described (Fu et al.,
2020). The DNA extracts were detected on 1% agarose gels, and
the DNA concentration and purity were assessed with a
spectrophotometer (NanoDrop 2000 UV-vis, Thermo
Scientific, USA). The V3-V4 hypervariable region of the
intestinal bacterial 16S rDNA gene was amplified with the
primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and
806R (5 ’ -GGACTACHVGGGTWTCTAAT-3 ’ ) . The
amplification procedure was as follows: initial denaturation
(95°C for 3 min); denaturation (95°C for 30 s), annealing (55°C
for 30 s) and extension (72°C for 45 s) for a total of 27 cycles;
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
and an additional extension (72°C for 10 min). The product was
separated by 2% agarose gel electrophoresis, recovered using an
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences) and
quantified with a Quantus™ Fluorometer (Promega, USA). A
database was created and sequenced on an Illumina MiSeq-
related platform. The raw data were processed. Briefly, bases with
a quality score <20 were truncated, and sequences with lengths
>10 bp overlapped. Reads that exceeded the maximummismatch
ratio of 0.2 in the overlapping region of the splicing sequence
were removed. The reads were distinguished according to the
primers and barcode, and the sequence direction was adjusted to
ensure exact barcode matching. The processed sequences were
divided into operational taxonomic units (OTUs) using UPARSE
(version 7.1) and OTU clustering of the sequences with a 97%
similarity threshold.

Quantitative Real-Time PCR (qRT-PCR)
RNA was extracted from the ilea of mice and subjected to reverse
transcription (RT) with a kit from Takara (Takara, Japan). The
resulting cDNA was used for qRT-PCR assays with a TB Green
Premix Ex Taq II (Tli RNase H Plus) Kit (Takara, Japan).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used to normalize the input mRNA levels (TLR4, NF-kB, IL-
1b, IL-6, IL-8, IL-10, and TNF-a) as an endogenous
housekeeping gene. The following primer sequences were used
(Table 1). The results are shown as the mean 2−DDCt ± SD.

Enzyme-Linked Immunosorbent
Assay (ELISA)
The levels of the inflammatory cytokines IL-1b, IL-6, IL-8, tumor
necrosis factor-a (TNF-a) and IL-10 were investigated in the
supernatant of mouse intestinal tissue with mouse IL-1b, IL-6,
TNF-a and IL-10 ELISA kits (4A BIOTECH, China),
respectively, according to the manufacturer’s instructions.

Western Blotting (WB)
Intestinal tissues were homogenized with an electric homogenizer
in NP-40 lysis buffer (Beyotime, China). The concentrations of
TABLE 1 | List of primers.

Gene Direction Primers

GAPDH Forward
Reverse

TGAAGCAGGCATCTGAGGG
CGAAGGTGGAAGAGTGGGAG

TLR4 Forward
Reverse

TTTATTCAGAGCCGTTGGTG
CAGAGGATTGTCCTCCCATT

NF-kB Forward
Reverse

ATGTGCATCGGCAAGTGG
CAGAAGTTGAGTTTCGGGTAG

IL-1b Forward
Reverse

TGGTGTGTGACGTTCCCATT
CAGCACGAGGCTTTTTTGTTG

IL-6 Forward
Reverse

CCAAGAGGTGAGTGCTTCCC
CTGTTGTTCAGACTCTCTCCCT

IL-8 Forward CAAGGCTGGTCCATGCTCC
Reverse TGCTATCACTTCCTTTCTGTTGC

IL-10 Forward
Reverse

GCCGTCATTTTCTGCCTCAT
GCTTCCCTATGGCCCTCATT

TNF-a Forward
Reverse

CCAAAGGGATGAGAAGTTCC
CTCCACTTGGTGGTTTGCTA
August 20
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extracted proteins were measured using a bicinchoninic acid assay
kit (Beyotime). The protein solution was mixed with sodium lauryl
sulfate sample buffer (Beyotime) at a ratio of 4:1 and then denatured
in boiling water for 5 min. The protein samples were separated in a
10% polyacrylamide gel and then transferred onto a polyvinylidene
difluoride membrane. The membranes were blocked at room
temperature in quick sealing fluid for 10 min and then incubated
with antibodies against TLR4, NF-kB and b-actin at 4°C overnight.
Subsequently, the membranes were washed and incubated with an
anti-rabbit secondary antibody for 2 h. The protein bands were
detected using an enhanced chemiluminescence kit (ZENBIO
Biotechnology, China) and visualized using a Bio-Rad
ChemiDoc™ Touch imaging system. The images were analyzed
using the Image Lab and ImageJ software.

Statistical Analysis
All data were analyzed using GraphPad Prism (Version 8.3.0) and
tested for normal distribution. The mean ± standard deviation (SD)
was used to describe normally distributed data, and the differences
were compared using one-way ANOVA or Student’s t-test. The
median and interquartile range (IQR) are used to describe skewed
data, and the differences were analyzed by the Kruskal-Wallis test.
P < 0.05 was considered to indicate statistical significance.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
RESULTS

AI-2 Reduced the Severity in a
Mouse NEC Model
Survival Rates
During modeling, the control group exhibited no deaths, and
none of the mice in the NEC group or NA group died before
modeling. On the first day of modeling, three deaths occurred in
the NEC group, and two deaths occurred in the NA group. On
the second day of modeling, five deaths occurred in the NEC
group, and three deaths occurred in the NA group. On the third
day of modeling, five deaths occurred in the NEC group, and no
deaths occurred in the NA group. A significant difference in the
final survival rate among the three groups of pups was found:
90.74% (49/54) in the NA group, 75.93% (41/54) in the NEC
group, and 100% (54/54) in the control group (c2 = 19.07,
P=0.0001). The survival curves (Figure 1C) of the three groups
were significantly different (P<0.0001).

General Condition and Weight Changes
The neonatal mouse pups in the control group showed good
growth and vitality and normal reactivity. The control mice had
shiny fur and sufficient subcutaneous fat. The mice in the NEC
FIGURE 1 | (A) The growth of mice in the control group, mice in the NA group and mice in the NEC group. Mice in the NEC group were smaller than those in the
control group and NA group. (B) Body weight changes of newborn mice in the three groups. Numbers of samples: Con (n=10), NEC (n=10), and NA (n=10).
Statistics: two-way ANOVA multiple comparisons method. (C) Survival curves of newborn mice in three groups. The survival rate was estimated during modeling,
and the results are shown as a Kaplan–Meier plot, with 54 mice in each group at the beginning. Statistics: log-rank (Mantel-Cox) test (P < 0.05). Control – normal
control, NEC – necrotizing enterocolitis, NA – necrotizing enterocolitis+AI-2.
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group began to exhibit abdominal distension, bloating, diarrhea,
black stool, and gradually decreased activity. The NA group mice
exhibited no black stool and normal activity. The control group
mice continued to gain weight during modeling. On days 1, 2,
and 3 of NEC modeling, there were no significant differences in
weight between the NEC group and the NA group. However, the
body weights of the mice in the NEC group decreased during
modeling, while the mice in the NA group remained basically
unchanged during the modeling period (Figures 1A, B). Before
sacrifice, the average weight of the mice in the NEC group
was significantly lower than that of the mice in the NA
group (P=0.0157).

Macroscopic Appearance of the Gut and
Histological Scoring in Model Mice
The guts of control mice had no macroscopic damage or
pathological changes (Figure 2A). NEC mice exhibited obvious
injury in the distal ileum, with intestinal gas distension,
hemorrhage and discoloration (Figure 2B), while NA mice
showed obvious gut gas distension and discoloration (Figure 2C).

Under an optical microscope, the intestinal tissue structure of
the normal control group was clear and complete, with neatly
arranged epithelial cells, a thick and continuous muscle layer and
no obvious hyperemia, edema or separation in the mucosal layer,
submucosa or lamina propria (Figures 2D, G). The intestinal
tissue of the neonatal mice in the NEC group exhibited a
disordered arrangement of epithelial cells, villous degeneration,
edema, and partial necrosis, shedding or even disappearance of
tissue. The muscle layer was obviously thinned or even broken,
and edema was clearly observed in the mucosal layer, submucosa
and lamina propria (Figures 2E, H). In the NA group, mild to
moderate edema, congestion, and villus edema were detected in
the gut mucosa and submucosa (Figures 2F, I). HE staining of
sections from NEC mice showed severe damage and tissue
necrosis compared with those of control group and NA group
mouse pups, the median intestinal histological score in NA
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
group mice was significantly lower than that in NEC group
mice (Figure 2J).
AI-2 Partly Change the Intestinal
Flora of NEC
Figure 3 shows the AI-2 levels in the stool of newborn mice in
the three groups. The average level in NECmice was significantly
lower than those in NA mice and control mice (P<0.05). To
investigate the effect of AI-2 on intestinal microbiota in NEC, the
proportions of individual taxa in intestinal microbiota were
analyzed, and the data are presented in Figure 4 and
Supplementary Tables 1, 2. Figure 4 shows differences in
intestinal microbiota among the three groups. At the phylum
level (Figure 4A), the average relative abundance of Firmicutes
was lower in the NEC group than in the NA and control groups
(P>0.05), while that of Campilobacterota was higher in NEC
mice than in NA mice and control mice (P<0.05). The average
relative abundance of Proteobacteria was higher in NAmice than
in NEC mice and control mice, while that of Bacteroidota was
greater in control mice than in NEC mice and NAmice (P<0.05).

At the genus level (Figure 4B), the average abundance of
Lactobacillus was significantly lower in the NEC group than in the
NA group and control group (P<0.05). Clostridium_sensu_stricto_1
andHelicobacterwere significantly more abundant in the NEC group
than in theNA group and control group (P<0.05). The abundances of
Klebsiella, Enterococcus and Rodentibacter in the NA group were
significantly greater than those in the NEC group and control group
(P<0.05). At the species level (Supplementary Figure 2), the average
relative abundance of Clostridium_sensu_stricto_1 was higher in the
NEC group than in the other two groups.

Furthermore, differences in the community composition were
analyzed by weighted/unweighted UniFrac principal coordinates
analysis (PCoA) to discriminate among the control, NEC and
NA samples. There were overlaps among the three groups, as
shown in Supplementary Figure 3.
FIGURE 2 | (A–C) Macroscopic morphological analyses of the intestines of newborn mice in the three groups. (D–I) Images of HE staining by light microscopy. The
histological damage in the terminal ilea in the three groups, control group (D, G), NEC group (E, H), NA group (F, I). Black rectangle indicates a representative area,
with a zoomed-in image. Magnification: ×40, ×100. scale bar = 100mm. (J) Gut histopathological injury scores in the control, NEC and NA group mice. Numbers of
samples: Con (n=7), NEC (n=7), and NA (n=7). Statistics: Kruskal-Wallis test (*p < 0.05; ***p < 0.001). Images of HE staining of each sample from the three groups
are provided in Supplementary Figure 1.
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AI-2 Reduced the Inflammatory Response
To determine whether cytokine production in NEC mouse
intestinal tissue was affected by AI-2, the expression of
inflammatory cytokines was tested by qRT-PCR and ELISA.
We found that the production of the inflammatory factors IL-1b,
IL-6, IL-8, TNF-a and IL-10 in NEC mice was twice, 2.98 times,
1.67 times, 1.88 times and 0.57 times that in NA mice,
respectively, and the differences were statistically significant
(P<0.05). Meanwhile, the expression of proinflammatory
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
factors, including IL-1b (Figure 5A), IL-6 (Figure 5B), IL-8
(Figure 5C) and TNF-a (Figure 5D), was significantly lower in
NA mice than in NEC mice, and the production of the anti-
inflammatory cytokine IL-10 (Figure 5E) was significantly
increased (P<0.05).

TLR4, which plays a key role in the pathogenesis of NEC, is
widely expressed in intestinal epithelial cells and various types of
intestinal lymphocytes (Hackam and Sodhi, 2018). After TLR4 is
activated by the corresponding pathogenic microorganism, it
A B

FIGURE 4 | (A) The flora composition of mice in the three groups at the phylum level. (B) The flora composition of mice in the three groups at the genus level. Numbers
of samples: Con (n=12), NEC (n=10), and NA (n=11). Statistics: Kruskal-Wallis test with Scheffe’s post-hoc test. * 0.01 < P ≤ 0.05, ** 0.001 < P ≤ 0.01, *** P ≤ 0.001.
FIGURE 3 | The relative bioluminescence values in the mouse stools of AI-2 in the three groups of newborn mice. Numbers of samples: Con (n=10), NEC (n=10),
and NA (n=10). Statistics: one-way ANOVA (***p < 0.001; ****P < 0.0001).
August 2021 | Volume 11 | Article 694395
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activates the innate immune response and further activates the
downstream NF-kB signaling pathway and mediates the
expression and release of the inflammatory factors IL-1, IL-6,
IL-8 and TNF-a (Cohen and Prince, 2013). Based on the changes
in the levels of inflammatory factors, we further tested the
expression of TLR4 and NF-kB in NEC mouse intestinal
tissues by qRT-PCR. We found that the transcript expression
of TLR4 and NF-kB in NEC mice was 1.73 times and 2.10 times
that in NA mice, respectively (P<0.05). The TLR4 and NF-kB
proteins were qualitatively analyzed by immunohistochemical
staining, and we found that staining for both TLR4 (Figures 6A–C)
and NF-kB (Figures 6D–F) was stronger in the NEC group than in
the control and NA groups. Furthermore, we examined the protein
expression levels of TLR4 and NF-kB in intestinal tissues by western
blotting. Figure 6G shows the molecular weight of antibodies. The
results showed that TLR4 (Figure 6H) and NF-kB (Figure 6I)
expression in the NEC group was higher than that in the control.
However, the expression of these proteins in the NEC group with
the supplementation of exogenous AI-2 was lower than that in
the NEC group (P<0.05).
DISCUSSION

An important finding of the current study was that exogenous
AI-2 supplementation during the NEC modeling process
reduced intestinal damage, significantly reduced the expression
of TLR4 and related proinflammatory factors, and partially
corrected the changes in flora in the NEC mouse model.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
The Relation Between NEC and Intestinal
Flora Disorder
Previous studies have shown that the intestinal microbiome is
involved in NEC pathogenesis (Neu and Walker, 2011; Raveh-
Sadka et al., 2015). Dysbiosis of the intestinal flora existed in the
NEC process (Niemarkt et al., 2015). At the phylum level, we
found that the relative abundance of Proteobacteria was
increased, while the relative abundance of Bacteroides was
decreased in the NEC group. This finding was consistent with
a meta-analysis of fecal microorganisms in NEC preterm infants
(Pammi et al., 2017). At the genus level, we also found that the
abundance levels of Clostridium_sensu_stricto_1 were
significantly increased, and previous studies also found that
Clostridium_sensu_stricto_1 is much more abundant in NEC
infants (Fu et al., 2020). The proliferation of Clostridium species
in the colon may produce toxins and lead to intestinal epithelial
damage (Schönherr-Hellec and Aires, 2019). The abundance
levels of Lactobacillus in the NEC group were significantly
decreased in our study, and other studies indicated that
administration of Lactobacillus is associated with a significantly
decreased risk of NEC (Robertson et al., 2020). Based on these
findings, intervention in intestinal flora disorders may be a
potential mechanism for the treatment of NEC.

Exogenous AI-2 Supplementation Partially
Reversed the Changes in Intestinal
Flora Dysbiosis
AI-2 is an important regulatory factor, which responds to the
fluctuations in the microbiota (Wang et al., 2019). Our previous
A B

D E

C

FIGURE 5 | The concentrations of inflammatory cytokines in the three groups were detected by ELISA. (A) The concentrations of IL-1b. (B) The concentrations of
IL-6. (C) The concentrations of IL-8. (D) The concentrations of TNF-a. (E) The concentrations of IL-10. Numbers of samples: Con (n=14), NEC (n=14), and NA
(n=14). Statistics: one-way ANOVA (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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study has shown that changes in AI-2 are associated with the
NEC stage. AI-2 levels were reduced in the acute stage and
increased in the recovery stage of NEC. The AI-2 concentration
inversely correlates with the degree of inflammation and
microbial dysbiosis in NEC (Fu et al., 2020). In the present
study, a similar phenomenon was observed in the mouse NEC
model (Figure 3). The AI-2 level was significantly lower in the
NEC group than in the other two groups, and intestinal
microbiota dysbiosis occurred (Figures 3, 4). The addition of
exogenous AI-2 increases the level of AI-2 in the intestine. In the
current study, exogenous AI-2 supplementation increased the
AI-2 concentration in the NEC mice (Figure 3), with a decrease
in the inflammatory response. It has been reported that the
disruption of the normal microbiota composition by antibiotic
treatment leads to a reduction in AI-2 levels and that artificially
increasing the concentration of intestinal AI-2 can attenuate the
imbalance in intestinal microbiota and the expression of
virulence genes (Sun et al., 2015; Thompson et al., 2015; Fu
et al., 2020). Interestingly, after exogenous AI-2 supplementation
in the present study, the microbiota showed a tendency to
partially return to a normal status, which was consistent with
the findings reported by Hsiao et al. AI-2 produced by
Ruminococcus obeum can upregulate the QS system of Vibrio
cholerae, disrupting its density-sensing regulatory system and
leading to the expression of immature virulence factors, thereby
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
reducing the proportion and virulence of V. cholerae in the
intestine (Hsiao et al., 2014).

Thus, we speculate that multiple factors leading to microbiota
dysbiosis significantly decrease the AI-2 concentration, which
results in abnormal regulation of the QS system to maintain the
stability of the intestinal microbiota, ultimately leading to the
occurrence of NEC. Further, the addition of exogenous AI-2 can
increase its level in the intestine, which is conducive to the
regulation of intestinal homeostasis by the QS system and
reduces the inflammatory response and microbiota dysbiosis.

Exogenous AI-2 Might Reduce
Intestinal Inflammation
Studies have shown that the expression of TLR4 in the gut
epithelium is increased in human and mouse intestinal
inflammation (Leaphart et al., 2007; Egan et al., 2016), and
overexpression of TLR4 leads to a signaling cascade that
induces nuclear translocation of NF-kB and then promotes
overtranscription of proinflammatory cytokines, then leads to
the incidence of NEC (Hackam and Sodhi, 2018). Meanwhile,
TLR4 inhibitors can relieve inflammation in human and animal
NEC models (Niño et al., 2016; Hackam and Sodhi, 2018). In our
study, we found that exogenous AI-2 supplementation may
promote the expression of the anti-inflammatory factor IL-10
and decrease the expression of proinflammatory factors.
FIGURE 6 | (A–C) Expression of the TLR4 and NF-kB (D–F) proteins was assessed in intestinal tissues of the three groups by immunohistochemical staining.
Magnification: ×200. Scale bars = 100 mm (TLR4) and 50 mm (NF-kB). Images of immunohistochemical staining of the negative control (secondary antibody and DAB
control alone) are provided in Supplementary Figure 4. (G–I) Expression of the TLR4 and NF-kB proteins was determined in intestinal tissues of the three groups
by western blotting. Numbers of samples: Con (n=7), NEC (n=7), and NA (n=7). Statistics: Kruskal-Wallis test *P < 0.05, **P < 0.01, ***P < 0.001.
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Meanwhile, low expression of TLR4 and NF-kB was observed
after exogenous AI-2 supplementation. However, no relevant
literature to report the cause of this phenomenon in intestine.
Therefore, it would be interesting to examine whether exogenous
AI-2 could reduce intestinal inflammation in a mouse NEC
model by inhibiting TLR4/NF-kB pathway.

In summary, our findings suggest that the administration of
exogenous AI-2 may partially reverse the microbiota disorder
and decrease inflammation in the mouse NEC model. This study
provides new insight into the potential treatment strategy.
Further studies are required to ascertain the precise
mechanism of the AI-2 effect on NEC.
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