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Abstract—Necrotizing enterocolitis (NEC) is a gastrointestinal disease that results in the 
exaggerated intestinal inflammation and injury. Human breast milk–derived exosome 
 (BMEXO) has been reported to relieve NEC, which is closely related to the contained 
microRNAs (miRNAs). However, which miRNA and whether its synthesized mimic can 
replace the protection of  BMEXO remains unclear. We established a NEC mouse model, 
and miRNA sequencing was performed to determine the miRNA profiling in  BMEXO. The 
downstream target of miRNA was then confirmed by dual-luciferase reporter assay. Finally, 
we explored the protective effect of a single miRNA agomir on NEC and its downstream 
mechanisms. The results revealed that  BMEXO treatment exerts a significant protective 
effect on NEC mice, including inhibiting inflammation and improving intercellular tight 
junctions. Additionally, as the most abundant miRNA in  BMEXO, miR-148a-3p directly 
targets Tp53 on its 3′ untranslated region (3′ UTR). miR-148a-3p mimic treatment signifi-
cantly reduces p53 expression and upregulates sirtuin 1 (SIRT1) level in the lipopolysac-
charide (LPS)-treated intestinal epithelial IEC6 cells. In addition, decreased nuclear trans-
location of nuclear factor-κB (NF-κB) and cell apoptosis were observed by miR-148a-3p 
mimic. Also, delivery of miR-148a-3p agomir in vivo exerts a similar protective role on 
NEC as  BMEXO treatment, accompanied by changes in p53 and SIRT1. Finally, the aboli-
tion of the protection of miR-148a-3p agomir on NEC was observed in a Sirt1-deficient 
(Sirt1+/–) mouse. Collectively, our present study demonstrated that the miR-148a-3p/p53/
SIRT1 axis has a considerable protective effect on NEC, and the agomir therapy provides 
a new treatment strategy for NEC.
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INTRODUCTION

Necrotizing enterocolitis (NEC) constitutes a gas-
trointestinal disease of premature infants that is char-
acterized by the exaggerated inflammation and necro-
sis of the small intestine, resulting to overwhelming 
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sepsis and death in many circumstances [1, 2]. The 
overall mortality rate (~30%) and morbidity, including 
long-term neuronal developmental disorders, remain 
high, especially in the setting of premature birth, for-
mula feeding, and the bacterial colonization in gas-
trointestinal tract [3]. Therefore, it is a great urgency 
to understand its origins, and to investigate the novel 
prevention strategies for NEC. Of all the treatments, 
the breast milk delivery is reported to be the most 
effective [4, 5], and one of the leading protective roles 
could be associated with the highly enriched human 
breast milk–derived exosome  (BMEXO) [6]. Exosomes 
are extracellular vesicles between 30 and 150 nm in 
size that are released from multiple cell types, and are 
involved in the intercellular communication via fusing 
with target cell membranes or delivering the molecular 
cargo from parent cell to the recipient cell [7]. Previ-
ous study has revealed that the exosomes isolated from 
human breast milk improve the pro-proliferative and 
anti-apoptotic effects in stimulated intestinal epithelial 
cells, suggesting the protective properties of  BMEXO 
in NEC [8]. However, the complex content of  BMEXO 
and the technical challenges and costs required for the 
purification of pure  BMEXO are still major obstacles.

The internal cargos of exosomes are primarily 
microRNAs (miRNAs) and enzymes, and the former 
exerts most of the biological activities of exosomes 
[9]. miRNAs, which are 18–22 nucleotide non-coding 
RNAs, have been identified as a potential gene regulator 
via modulating gene expression post-transcriptionally. 
After entering the recipient cell, miRNAs form an RNA-
induced silencing complex with the argonaute proteins 
and bind to the sequence of the 3′ untranslated region 
(3′ UTR) region of target mRNA(s) in a complementary 
manner to inhibit the protein translation [10, 11]. For 
example, other study has demonstrated that let-7d-5p  
could target galectin-3 and argonaute-2, thereby  
inhibiting the inflammatory response and intestinal  
epithelial cell apoptosis in the NEC rats [12]. However,  
which miRNA(s) in  BMEXO play a major role in the  
protection of NEC and the underlying mechanism are 
still poorly understood.

Therefore, the aims of the present study were 
(1) to confirm the protective effect of  BMEXO on NEC 
mice; (2) to identify the miRNA(s) enriched in  BMEXO 
and their downstream mechanisms; (3) to introduce 
a synthetic miRNA with higher stability and unity to 
replace the  BMEXO therapy.

METHODS

Animals
All experiments and procedures involving mice 

were carried out in accordance with the guide for the 
Care and Use of Laboratory Animals of the National 
Institutes of Health (NIH; Bethesda, MD, USA), and 
were approved by Animal Care and Use Committee of the 
Shanghai Jiao Tong University Affiliated Sixth People’s  
Hospital. C57BL/6 mice at 8 weeks of age were obtained 
from the Experimental Animal Center of Shanghai Jiao 
Tong University Affiliated Sixth People’s Hospital and 
housed in a constant-temperature room with a 12 h 
dark/12 h light circle and allowed free access to standard  
rodent chow and water. Intestinal epithelial-specific  
heterozygous Sirt1-knockout (Sirt1+/–) mice and their 
wild-type littermates (Sirt1+/+) on a C57BL/6 background  
were generated as previously described [13, 14].

Induction of NEC Models

NEC mice were induced in a well-validated method 
in 9-day-old mouse pups of either gender as previously 
described [15–17]. Briefly, the newborn mice were gav-
age fed (five times per day) with Similac Advance infant 
formula (Abbott Nutrition; Chicago, IL, USA) and Esbi-
lac (PetAg; Hampshire, IL, USA) canine milk replacer 
with a ratio of 2:1, which was supplemented with enteric 
bacteria from a sample from an infant with surgical NEC. 
Pups were simultaneously subjected to hypoxic condi-
tions (5%  O2 and 95%  N2) for 10 min in a hypoxia cham-
ber (Billups-Rothenberg, San Diego, CA, USA) twice per 
day for 5 consecutive days. Age-matched breast milk–fed 
(BF) newborn mice were severed as healthy controls.

BMEXO Isolation

Human breast milk was obtained from the frozen 
stocks contributed by donors and was centrifuged twice 
at 3,000 g for 10 min at 25 °C. The fat layer was discarded 
and supernatant was moved to a new tube. After a third 
centrifugation at 5,000 g for 30 min at 25 °C, the super-
natant was filtered with a 0.22 μm filter. Afterwards, a 
final ultracentrifugation at 32,000 g for 70 min at 4 °C 
was performed, and the pellet was resuspended in sterile 
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phosphate buffer saline (PBS). The nanoparticle tracking 
analysis was performed via a NanoSight NS300 system 
(Malvern Panalytical; Malvern, UK) to determine the par-
ticle size and particle concentration.

Animal Experiments

The experimental  BMEXO mice were intraperito-
neally injected with 0.037 mg/μL  BMEXO in a 400 μL 
PBS solution once daily 1 h before the NEC induction for 
5 consecutive days. The PBS mice were injected with an 
equal amount of sterile PBS solution. For miR-148a-3p 
agomir administration, 20–160 nmol miR-148a-3p ago-
mir (Ribobio; Guangzhou, China) in a 400 μL PBS was 
injected once daily 1 h prior to each NEC procedure for 5 
consecutive days. The treatment of negative control (NC) 
agomir was used as a control group. The weight and feed 
intake of each mouse were recorded. The collection of 
ileal tissue was performed at a fixed point in the terminal 
ileum 2 cm proximal to the cecum, which was also used 
to evaluate the NEC severity.

Cell Culture and Treatment

Small intestinal epithelial IEC6 cell line was pur-
chased from American Type Culture Collection (ATCC; 
Manassas, VA, USA) and maintained in Dulbecco’s 
Modified Eagle’s Medium supplemented with 10% fetal 
bovine serum and 40 μg/L insulin (all from Gibco; Grand 
Island, NY, USA). Cells were treated with 100 ng/mL 
lipopolysaccharides (LPS; Beyotime, S1732; Shanghai, 
China) for 6 h, followed by 100 nM miR-148a-3p mimic 
or NC mimic (Ribobio) for 24 h before further use. IEC6-
derived exosomes  (IEC6EXO) were isolated as described 
above.

Histological Analysis

The ileal tissues were sectioned at 8 μm and stained 
with Hematoxylin and Eosin Staining Kit (Beyotime, 
C0105) according to the manufacturer’s instructions 
and observed under an optical microscope. For immu-
nostaining, sections or cell slides were fixed in 4% para-
formaldehyde, permeabilized in 0.25% triton X-100, 
and blocked in Ultra-V Block buffer for 10 min at room 
temperature, followed by the overnight incubation of pri-
mary antibodies [ZO-1 (Abcam, ab190085; Cambridge, 
UK), nuclear factor-κB (NF-κB; Abcam, ab32536), and 
GAPDH (Abcam, ab8245)] at 1:100 dilution at 4 °C, and 

the incubation of secondary antibodies for 2 h at room 
temperature. Nuclei were counterstained with DAPI 
(Beyotime, P0131). Fluorescence photos were taken by a 
FV3000 confocal microscope (Olympus; Tokyo, Japan). 
For TUNEL staining, cell slides were stained with a One 
Step TUNEL Apoptosis Assay Kit (Beyotime, C1088) in 
accordance with the manufacturer’s protocols.

miRNA Sequencing

Total RNA was extracted via miRNeasy Mini kit 
(Qiagen, 217,004; Hilden, Germany), and small RNA 
libraries were generated via TruSeq Small RNA Library 
Preparation kit (Illumina, RS-200; San Diego, USA). 
All libraries were sequenced on an Illumina HiSeq3000 
system to produce 50-bp paired end reads, which were 
demultiplexed via Casava v1.8.2. High-quality reads were 
obtained by trimming adapter sequences, invalid and low-
quality reads from the raw reads. The sequences were 
adjusted via comparing the sequences in miRBase v22.1 
[18], Rfam v14.5 [19], SILVA v138.1 [20], and Repbase 
v20.04 [21] databases, followed by the miRNA analy-
sis via a miRDeep2 package. The correlation between 
 IEC6EXO and  BMEXO samples was evaluated via Pear-
son’s correlation coefficient, and the difference analysis 
of miRNA was performed via a edgeR [22] package.

Dual‑Luciferase Reporter Assay

The 274–298 sequences in the 3′ UTR of Tp53 were 
amplified in IEC6 or HEK293T cells and cloned into the 
region between the XhoI site to the SalI site of the pMIR-
GLO expression plasmid (Promega, E1330; Madison, 
WI, USA). The site mutation of miR-148a-3p-targeted 
Tp53 luciferase reporter vector was accomplished via a 
QuikChange II XL Site-Directed Mutagenesis Kit (Agi-
lent, 200,521; Santa Clara, USA). The sequences of all 
plasmids were confirmed by DNA sequencing. Cells were 
transfected with miR-148a-3p mimic, NC mimic, miR-
148a-3p inhibitor (Ribobio), NC inhibitor (Ribobio), 
Tp53 pMIRGLO plasmid, or mutant Tp53 pMIRGLO 
plasmid, and after 24 h, the ratio of Firefly luciferase/
Renilla luciferase was detected.

Quantitative Reverse Transcription PCR 
(qRT‑PCR)

RNA isolation was performed by a TRIzol reagent 
(Invitrogen, 15,596,018; Carlsbad, CA, USA), and the 
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RNA concentration was determined via a NanoDrop 
2000c system (Thermo Fisher; Waltham, MA, USA). 
The cDNA libraries were constructed via the reverse 
transcription with SuperScript II Reverse Transcriptase 
(Thermo Fisher, 18,064), and the quantitative PCR was 
performed using the PowerTrack SYBR Green Master 
Mix (Applied Biosystems, A46109; Foster city, CA, 
USA). miRNAs were reverse transcripted with a TaqMan 
miRNA Reverse Transcription Kit (Applied Biosystems, 
4,366,596), followed by the quantitation of miRNAs by 
TaqMan Advanced miRNA Assays (Applied Biosystems, 
A25576). The expression of mRNA was normalized 
to Gapdh via the standard  2−ΔΔCt method. The primer 
sequences were Tnf-α (Forward: 5′-CCC TCA CAC TCA 
GAT CAT CTTCT-3′; Reverse: 5′-GCT ACG ACG TGG 
GCT ACA G-3′), Il6 (Forward: 5′-TCT ATA CCA CTT 
CAC AAG TCGGA-3′; Reverse: 5′-GAA TTG CCA TTG 
CAC AAC TCTTT-3′), Egf (Forward: 5′-TTA ACG GGA 
CAG GAC TAG AGAAA-3′; Reverse: 5′-AAG GAA CTT 
AGA AGA ACT CGGGA-3′), Il10 (Forward: 5′-GCT GGA 
CAA CAT ACT GCT AACC-3′; Reverse: 5′-ATT TCC GAT 
AAG GCT TGG CAA-3′), Tp53 (Forward: 5′-CTC TCC 
CCC GCA AAA GAA AAA-3′; Reverse: 5′-CGG AAC 
ATC TCG AAG CGT TTA-3′), Sirt1 (Forward: 5′-GCT 
GAC GAC TTC GAC GAC G-3′; Reverse: 5′-TCG GTC AAC 
AGG AGG TTG TCT-3′), and Gapdh (Forward: 5′-AGG 
TCG GTG TGA ACG GAT TTG-3′; Reverse: 5′-TGT AGA 
CCA TGT AGT TGA GGTCA-3′).

Western Blot Analysis

The proteins of ileal tissue and IEC6 cells were 
extracted via RIPA lysis buffer (Beyotime, P0013) and 
separated through gel electrophoresis. After transferring 
onto polyvinylidene difluoride membranes (Millipore, 
IPVH00010; Burlington, MA, USA), the membranes 
were blocked in 5% skimmed milk for 2 h, and then incu-
bated overnight with primary antibodies (acetylated-p53 

(Abcam, ab183544), p53 (Abcam, ab26), SIRT1 (Cell 
Signaling, 8469; Boston, MA, USA), ZO-1, NF-κB, Alix 
(ab275377), CD9 (ab92726), CD63 (ab216130), TSG101 
(ab133586), and GAPDH) at 1:1000 dilution at 4 °C. 
Finally, the membranes loaded with protein ladders were 
incubated with HRP-conjugated secondary antibodies 
for 2 h at room temperature and exposed via enhanced 
chemiluminescence.

Statistical Analysis

Data were shown as means ± standard error of mean 
(SEM). Differences between two groups were performed 
by Student’s t test, and multiple comparisons were ana-
lyzed by one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test. Survival analysis was evaluated 
via a Kaplan–Meier survival curve and log-rank statis-
tics test. Statistical analyses were carried out through a 
Prism 8 software (GraphPad; San Diego, CA, USA), and 
p < 0.05 was considered statistically significant.

RESULTS

BMEXO Decreases the Level of NEC Severity 
in Mouse Pups

To investigate the protective role of  BMEXO on NEC, 
exosomes were isolated from human breast milk and iden-
tified (Fig. S1), and then injected into the well-established 
models of NEC. As shown in Fig. 1a, the NEC mouse pups 
showed a significant increase in mortality compared to BF 
pups, which was reversed by the administration of  BMEXO 
during the establishment of the NEC model. In addition, the 
poor feed intake and weight gain in response to NEC were 
significantly improved in the  BMEXO groups (Fig. 1b–d). 
The small intestine of NEC mice showed extensive edema, 
thickening, and air within the bowel wall (also called pneu-
matosis intestinalis, a hallmark symptom of human NEC), 
whereas the intestine of BF control mice revealed healthy 
appearing (Fig. 1e). Consistently, histological examina-
tion of the intestine of NEC mice showed extensive villous 
sloughing, separation of submucosa, and edema in the sub-
mucosal and muscular layers (Fig. 1e). Delivery of  BMEXO 
significantly protected against NEC process, as evidenced 
by gross appearance of the intestine, intestinal histology 
(Fig. 1e), and NEC severity (Fig. 1f). The incidence rate of 
NEC was also significantly reduced in the  BMEXO group 
(Fig. 1g).

Fig. 1  BMEXO prevents NEC injury in the intestine of mice. (a) 
Kaplan–Meier curves and log-rank tests were used to investigate the 
survival rates of breastfed (BF) mouse pups and NEC pups with PBS 
or  BMEXO treatment. (b) Feed intake in BF, PBS, and  BMEXO pups 
on day 10, 12, and 14 after birth. (c, d) Body weight (c) and weight 
changes (d) in BF, PBS, and  BMEXO groups were recorded. (e) Rep-
resentative gross images of small intestine (upper panel) and H&E-
stained images of ileum (lower panel) in BF, PBS, and  BMEXO pups. 
Scale bars = 100 μm. (f) Quantitative analysis of NEC severity in BF 
(n = 11 mice), PBS (n = 11 mice), and  BMEXO (n = 18 mice) groups. 
(g) NEC incidence (score ≥ 2) in PBS (n = 11 mice) and  BMEXO 
(n = 18 mice) mouse pups. *p < 0.05; **p < 0.01.
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The BMEXO Effect on Anti‑inflammation 
and Strengthening of Tight Junctions of NEC 
Intestine

We next determine the relationship between  BMEXO 
treatment and the regulation of either pro-inflammatory or 
anti-inflammatory cytokines. The qRT-PCR analysis was 

performed to measure the mRNA expression of helper 
T-cell 1 (TH1) cytokine (tumor necrosis factor (TNF-α)), 
interleukin-6 (IL-6), epidermal growth factor (EGF), and 
helper T-cell 2 (TH2) cytokine (IL-10), and the results 
demonstrated that NEC induced a significant increase in 
mRNA expression of pro-inflammatory factors (TNF-α 
and IL-6), which was prevented by the  BMEXO adminis-
tration (Fig. 2a, b). Conversely, the downregulated mRNA 

Fig. 2  BMEXO decreases intestinal inflammation and improves tight junctions in NEC mouse pups. (a, b) qRT-PCR analysis was used to determine 
the mRNA expression of pro-inflammatory factors such as Tnf-α (a) and Il6 (b) in the ileum of mouse pups, n = 4 independent experiments per 
group. (c, d) mRNA levels of anti-inflammatory factors including Egf (c) and Il10 (d) in the ileum tissues, n = 4 independent experiments per group. 
(e) Representative ZO-1 staining in the ileum of mouse pups. Scale bars = 25 μm. (f) Quantitation of fluorescence intensity of ZO-1 in BF, PBS, and 
 BMEXO groups, n = 5 independent experiments per group. *p < 0.05; **p < 0.01.
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expression of anti-inflammatory factors in the NEC intes-
tine was significantly reversed by  BMEXO (Fig. 2c, d). 
Importantly, inactivation EGF receptor in animals results 
in intestinal lesions resembling NEC, and breastfeeding 
with EGF supplement can reduce the incidence of NEC 

and the level of disease severity [23]. In line with the 
pervious study, we observed a significant recovery of 
Egf expression in the intestinal tissues of NEC mice after 
 BMEXO treatment (Fig. 2c).

Fig. 3  BMEXO-enriched miR-148a-3p directly targets Tp53. (a) miRNA sequencing in IEC6 cell–derived exosomes  (IEC6EXO) and  BMEXO, and the 
heatmap showed the most enriched miRNAs in  BMEXO. (b) miR-30d-5p, miR-148a-3p, and miR-200a-3p levels were determined through qRT-PCR 
in  IEC6EXO and  BMEXO, n = 4 independent experiments per group. (c) The predicted miR-148a-3p binding sites in the 3′ UTR of Tp53 and the con-
struction of wild-type (WT) and mutant (MT) dual-luciferase reporter plasmids. (d, e) Relative luciferase activity assays were performed in IEC6 
or HEK293T cell lines transfected with miR-148a-3p mimic (d) or miR-148a-3p inhibitor (e) and Tp53 WT or Tp53 MT, n = 3 independent experi-
ments per group. *p < 0.05; **p < 0.01; N.S.: not significant.
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The distribution and expression of the tight junction 
protein ZO-1 was then investigated. As shown in Fig. 2e, 
the continuity of ZO-1 was interrupted in the NEC new-
born ileum, accompanied by a significant increase in 
ZO-1 endocytosis, and  BMEXO treatment can significantly 
restore the linearity of ZO-1. Furthermore, the declined 
ZO-1 expression in NEC mice was also prevented by the 
administration of  BMEXO (Fig. 2f).

miR‑148a‑3p Binds Directly to Tp53

As miRNAs are important biologically active loads 
in  BMEXO [6], we compared the difference in miRNA 
abundance in small intestinal epithelial IEC6 cell–derived 
exosomes  (IEC6EXO) and  BMEXO through miRNA 
sequencing, and the results revealed that 3 miRNAs 
including miR-30d-5p, miR-148a-3p, and miR-200a-3p 
are the most abundant in  BMEXO (Fig. 3a). Among them, 
miR-148a-3p was identified as the miRNA that show 
greater expression in  BMEXO than in  IEC6EXO (Fig. 3b). 
Subsequently, we predicted that the downstream target 
gene of miR-148a-3p may be Tp53 through an online Tar-
getScan databases (Fig. 3c), as the downregulation of its 
encoded protein expression is beneficial to the intestinal 
recovery of NEC [24]. To further determine whether miR-
148a-3p directly target Tp53, a dual-luciferase reporter 
assay was performed via a luciferase expression vec-
tor containing the Tp53 fragment with the presumptive 
miR-148a-3p binding sites (Fig. 3c). As shown in Fig. 3d, 
miR-148a-3p mimic treatment significantly decreased 
the activity of luciferase expression vector carrying 
the Tp53 wild-type (WT) sequence both in IEC6 and 

HEK293T cells, and the mutation (MT) of these binding 
sites reversed the inhibitory role of miR-148a-3p mimic 
(Fig. 3d). In contrast, miR-148a-3p inhibitor significantly 
enhanced the luciferase activity, whereas the administra-
tion of MT vector abolished this effect (Fig. 3e). Col-
lectively, these results suggested that miR-148a-3p can 
directly act on Tp53.

miR‑148a‑3p Prevents IEC6 Cells 
from LPS‑Mediated Cell Injury

Given that the  BMEXO-enriched miR-148a-3p targets 
Tp53, we then evaluated the protective role of miR-148a-3p 
on the lipopolysaccharide (LPS)-treated IEC6 cells and the 
downstream mechanism. As an anti-inflammatory protein, 
sirtuin 1 (SIRT1) has been reported to suppress nuclear 
factor-κB (NF-κB) acetylation and nuclear translocation 
[25], and is predominantly linked to p53 activity [26]. We 
observed that miR-148a-3p mimic significantly increased the 
Tp53 expression but not Sirt1 in the LPS-stimulated IEC6 
cells (Fig. 4a, b). Furthermore, western blot analysis dem-
onstrated that in addition to reducing the acetylated p53 and 
total p53 levels, miR-148a-3p mimic treatment also restored 
the decreased SIRT1 protein expression in the LPS-treated 
IEC6 cells (Fig. 4c–f). Additionally, miR-148a-3p mimic 
treatment resulted in a significant increase in cell viability and 
a reduction in the nuclear translocation of NF-κB (Fig. 4g, 
h). In conclusion, these results revealed that miR-148a-3p 
decreases the LPS-induced cell injury via the regulation of 
p53 and SIRT1 in vitro.

miR‑148a‑3p Agomir Exerts a Protective Effect 
Similar to that of BMEXO in NEC Mice

To testify whether the single use of miR-148a-3p 
also protects the intestines of NEC mice, we injected miR-
148a-3p agomir (2′OMe + 5′chol modified to increase the 
transfection efficiency in tissues) into NEC mice with dif-
ferent concentration gradients, and the results showed that a 
daily dose of 80 nmol agomir can maintain a stable high level 
of miR-148a-3p in mice (Fig. 5a). In addition, administration 
of miR-148a-3p agomir with 80 nmol/day displayed similar 
NEC protection to  BMEXO in gross appearance of the intes-
tine, intestinal histology (Fig. 5b), NEC severity (Fig. 5c), 
and NEC incidence (Fig. 5d). Congruously, miR-148a-3p 
agomir also downregulated the mRNA expression of pro-
inflammatory factors (Fig. 5e, f) and promoted the mRNA 
levels of anti-inflammatory factors (Fig. 5g, h).

Fig. 4  miR-148a-3p upregulates SIRT1 expression and decreases cell 
injury in LPS-treated IEC6 cells. (a, b) mRNA expression of Tp53 (a) 
and Sirt1 (b) was investigated in control (CTL), LPS + negative con-
trol (NC) mimic– or miR-148a-3p mimic–treated IEC6 cells, n = 4 
independent experiments per group. (c–f) Representative immunoblots 
of acetylated (Ac)-p53, p53, SIRT1, and GAPDH (c) and quantitative 
analysis of Ac-p53/GAPDH (d), p53/GAPDH (e), and SIRT1/GAPDH 
(f) in IEC6 cells, n = 3 independent experiments per group. (g) Cell 
viability of IEC6 cells was determined by CCK-8 assays, n = 5 inde-
pendent experiments per group. (h) Representative NF-κB staining 
and quantitation of nuclear fluorescence intensity of NF-κB in IEC6 
cells (enlarged images were shown below), n = 4 independent experi-
ments per group. Scale bars = 25 μm. (i) Representative TUNEL stain-
ing and quantitation of TUNEL positive IEC6 cells, n = 4 independent 
experiments per group. Scale bars = 25 μm. *p < 0.05; **p < 0.01; N.S.: 
not significant.
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Fig. 5  miR-148a-3p agomir attenuates intestinal NEC damage consistent with the therapeutic effect of  BMEXO. (a) miR-148a-3p level in the ileum 
tissues of BF, NEC + NC agomir, and NEC + miR-148a-3p agomir (20 nmol to 160 nmol) mouse pups, n = 3 independent experiments per group. (b) 
Representative gross images of small intestine (upper panel) and H&E-stained images of ileum (lower panel) in NEC + NC agomir and NEC + miR-
148a-3p agomir pups. Scale bars = 100 μm. (c) Quantitative analysis of NEC severity in NEC + NC agomir (n = 16 mice) and NEC + miR-148a-3p 
agomir (n = 16 mice) groups. (d) NEC incidence in NEC + NC agomir and NEC + miR-148a-3p agomir mouse pups. (e and f) mRNA expression 
of pro-inflammatory factors including Tnf-α (e) and Il6 (f) in the ileum of mouse pups, n = 4 independent experiments per group. (g, h) mRNA 
levels of anti-inflammatory factors such as Egf (g) and Il10 (h) in the ileum tissues, n = 4 independent experiments per group. *p < 0.05; **p < 0.01; 
#p < 0.05, ##p < 0.01 vs. NC agomir group.
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Blocking the SIRT1 Pathway Decreases 
the Beneficial Role of miR‑148a‑3p Agomir 
in NEC MiceIn Vivo

The role of miR-148a-3p/Tp53/Sirt1 axis was 
then verified in NEC mice because it was found to be 
involved in the protective effect of miR-148a-3p in the 
LPS-stimulated ICE6 cells. As shown in Fig. 6a, b, miR-
148a-3p agomir treatment reduced the Tp53 level, but 
there was no significant difference in Sirt1 expression 
between miR-148a-3p agomir group and control group. 
Furthermore, the application of agomir decreased the 
Ac-p53, p53, and NF-κB expression and upregulated 
the ZO-1 level as well as SIRT1 (Fig. 6c). Correlation 
analysis showed that the SIRT1 level was significantly 
negatively correlated with the expression of Ac-p53 
and p53, indicating that SIRT1 may be a downstream 
target of p53 (Fig. 6d, e). To confirm this, the intes-
tinal epithelial-specific heterozygous Sirt1-knockout 
(Sirt1+/–) mice were used. As shown in Fig. 6f, Sirt1 
deficiency abolished the improvement of NEC intestinal 
histology by miR-148a-3p agomir, and the increased 
NEC severity and incidence were also observed in the 
miR-148a-3p agomir–treated Sirt1+/– mice (Fig. 6g, h). 
Additionally, the miR-148a-3p agomir–induced down-
regulation of pro-inflammatory cytokines and upregula-
tion of anti-inflammatory cytokines were all reversed by 
Sirt1 depletion (Fig. 6i–l). Taken together, these find-
ings demonstrated that the miR-148a-3p/Tp53/Sirt1 
axis may serve as a therapeutic target for NEC.

DISCUSSION

It is well-established that  BMEXO has the ability to 
potentially influence the immune system of the newborn 
infant. The exosomes from breast milk safely transfer the 
miRNAs from mother to baby and improve the prolifera-
tion of intestinal epithelial cells in NEC in preterm infants 
[27, 28]. In addition,  BMEXO also regulates the absorp-
tive epithelial cell renewal and viability in the intestine 
of infant [29]. However, it is not clear which miRNA(s) 
play a major role in the protection of NEC and the down-
stream mechanisms. In the present study, our findings 
demonstrated that the treatment of  BMEXO significantly 
improves the survival rate of NEC neonatal mice and 
reduces the intestinal injury and inflammation. Further-
more, as one of the most enriched miRNAs in  BMEXO, 
miR-148a-3p directly targets Tp53 and decreases the 

LPS-stimulated IEC6 cell apoptosis and NF-κB nuclear 
translocation. Finally, the modified miR-148a-3p ago-
mir can reproduce all the protective effects of  BMEXO on 
NEC, and its mechanism is related to the participation of 
p53 and SIRT1.

NEC is a multifactorial gastrointestinal disease 
that occurs in response to multiple risk factors such as 
premature birth, enteral feeding, alteration in enteric 
mucosal integrity, and the presence of pathogenic micro-
organisms, and results in the serious intestinal inflam-
matory response and injury. Moreover, the activation of 
lipopolysaccharide receptor toll-like receptor 4 (TLR4) 
in the NEC intestines was more pronounced when com-
pared to the intestines of full-term infants, leading to an 
intestinal mucosa disruption, bacterial translocation into 
the blood circulation [30–32]. The activation of TLR4 on 
the endothelial cells simultaneously causes vasoconstric-
tion and intestinal ischemia, which characterizes NEC 
[33]. In line with the pervious study by others [8], we 
demonstrated that  BMEXO administration dramatically 
improves the pathological changes in the intestines of 
NEC mice, and reduces the NEC score and incidence. 
Additionally,  BMEXO also reduces intestinal inflamma-
tion and restores tight junctions between intestinal epi-
thelial cells in the NEC mice. However, in addition to the 
exosomes from breast milk, the human milk oligosaccha-
rides (HMOs), such as disialyllacto-N-tetraose (DSNLT) 
[34] and 2′-fucosyllactose (2’FL) [35], are also reported 
to be responsible for the protective role of breast milk, 
indicating that breast milk is pleiotropic and it exerts a 
protective effect against NEC through a variety of internal 
substances. However, due to the complex and variable 
composition of the contents of breast milk, it is more 
beneficial to clinical translation of NEC treatment to iden-
tify an agent with the most therapeutic effect among the 
components of breast milk.

Since an extensive miRNA profiling of  BMEXO has 
been carried out in human [36, 37], cow [38], pig [39, 40], 
and panda [41], the results suggest that the abundantly  
present miRNAs are conserved between mammals. In 
this study, our miRNA sequencing analysis reveals that 
there are three miRNAs with the highest expression 
levels in  BMEXO, including miR-30d-5p, miR-148a-3p, 
and miR-200a-3p, which are consistent with previous 
studies [36]. Furthermore, we observed that the highest  
level of miRNAs in  BMEXO is miR-148a-3p, which 
directly binds to Tp53 in both IEC6 and HEK293T cells 
and significantly inhibits the level of its encoded protein 
expression and acetylation modification. As expect, the 
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treatment of miR-148a-3p mimic significantly reduces the 
NF-κB nuclear translocation and cell apoptosis in LPS-
treated IEC6 cells, suggesting that miR-148a-3p may be 
the most important effector in  BMEXO for NEC protection.

Considering the technical challenges, costs, and 
complexity of content, it is difficult to obtain large quan-
tities of pure and specific exosomes from a mixtures of 
different vesicle types. Furthermore, the uncontrolled 
exchange of genetic information between cell popula-
tions was also reported [42], indicating that the treat-
ment of exosomes may cause unpredictable side effects.  
Therefore, a new and more specific treatment is needed. 
In this study, we delivered a modified miR-148a-3p ago-
mir (2′OMe + 5′chol modified) into NEC mice to increase 
the transfection efficiency and stability in the intestines. 
The results revealed that the administration of 80 nmol 
miR-148a-3p agomir significantly decreases the intestinal 
pathological changes, NEC severity, and the inflammation 
intensity, consistent with the protective effect of  BMEXO. 
We also observed a significant decrease in Ac-p53, p53, 
and NF-κB expression and a significant promotion of  
SIRT1 and ZO-1 expression in the miR-148a-3p agomir– 
treated NEC mice. SIRT1 is an anti-inflammatory  
factor that has been reported to be associated with the 
regulation of NEC pathological process and p53 activity 
[13, 26]. Correlation analysis showed that the expression 
of SIRT1 is significantly negatively correlated with the 
levels of Ac-p53 and p53, suggesting that SIRT1 may be 
involved in the protection of miR-148a-3p/p53 pathway. 
We finally introduced the intestinal epithelial-specific het-
erozygous Sirt1-knockout (Sirt1+/–) mice, and the results 
suggested that Sirt1 deficiency makes the NEC mouse 

intestines lose their reactivity to miR-148a-3p agomir, 
further confirming the importance of SIRT1 in the down-
stream pathway of miR-148-3p.

This study also contains some limitations. For 
example, the protective effect and mechanism of miR-
148a-3p have not been verified in large animals with 
more clinical translational significance or in the intes-
tinal tissues of clinic NEC patients. Furthermore, there 
are a variety of enriched miRNAs in  BMEXO in addition 
to miR-148a-3p, such as miR-30d-5p, miR-200a-3p, 
miR-200c-3p, and let-7a-5p [36]. This may have better 
protection or prevention of NEC if a mixture of miRNA 
agomirs with different effects could injected simultane-
ously into NEC animals. Since we did not pay attention 
to gender when selecting mouse pups into the group, our 
study did not observe the difference in the efficacy of 
BMEXO and miR-148a-3p between NEC mice of dif-
ferent genders. Importantly, it is reported that BMEXO 
has an effective protective effect on the small intestine 
of LPS-induced male neonatal Kunming mice [43]. In 
addition, our results also reveal that BMEXO and miR-
148a-3p agomir seem to have similar protective effects 
on male and female mice, as we recruited both male and 
female neonatal mice. However, whether gender plays a 
role in it needs to be further explored.

CONCLUSION

Taken together, our study investigated the protec-
tion of miR-148a-3p, one of the most enriched miRNAs 
in  BMEXO, on NEC by regulating p53 and SIRT1. In 
addition, we also confirmed that the use of miR-148a-3p 
agomir in vivo has a similar protective effect as  BMEXO, 
which provides a new idea for future treatment strategies 
for NEC.
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