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Background: Neonatal hypoxic-ischemic encephalopathy (HIE), a kind of hypoxic-ischemic brain 
damage caused by perinatal asphyxia, is the most crucial cause of neonatal death and long-term neurological 
dysfunction in children. We aimed to investigate the protective effects of micro (mi)R-27a on HIE in 
neonatal rats.
Methods: A rat model of neonatal HIE was constructed by modification of the Rice-Vannucci model. 
Real-time quantitative polymerase chain reaction (RT-qPCR) was used to test the expressions of miR-
27a, FOXO1 messenger RNA (mRNA), interleukin-1β (IL-1β) mRNA, and tumor necrosis factor-α 
(TNF-α) mRNA, and western blot was applied to test the expression of FOXO1. In order to overexpress 
miR-27a, an intracerebroventricular injection (i.c.v) of miR-27a mimic was administered. We adopted 
2,3,5-triphenytetrazolium chloride (TTC) staining and brain water content measurement to test the effects 
of miR-27a on the infarcted volume and edema in brain after HIE. Flow cytometry (FCM) analysis was 
applied to test the effects of miR-27a on the infiltrated peripheral immune cells in the rat brains after HIE.
Results: We successfully established a rat model of neonatal HIE. It was revealed that the expressions 
of miR-27a decreased gradually after HIE, however, the expressions of FOXO1 mRNA increased. After 
injection of the miR-27a mimic, the expression of miR-27a in the rat HIE model brains was significantly 
upregulated, however, the expression of FOXO1 was robustly downregulated. Both TTC staining and 
brain water content showed that the infarcted volume and brain edema was markedly increased after 
HIE. Interestingly, the overexpression of miR-27a reduced the infarcted volume and edema induced by 
HIE. Additionally, RT-qPCR and FCM analysis showed that HIE lead to increases of IL-1β, TNF-α, and 
infiltrated immune cells. Overexpression of miR-27a could reduce the expressions of IL-1β mRNA and 
TNF-α mRNA, and the cell numbers of infiltrated peripheral macrophages and neutrophils in the brain.
Conclusions: MiR-27a plays protective roles by reducing infarct volume and brain edema, and inhibiting 
inflammatory factors and infiltrated peripheral immune cells by targeting FOXO1 in neonatal HIE rats.
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Introduction

Neonatal hypoxic-ischemic encephalopathy (HIE), a kind 
of hypoxic-ischemic brain damage caused by perinatal 
asphyxia, is the most crucial cause of neonatal death and 
long-term neurological dysfunction in children (1-3). Many 
studies have been carried on the occurrence, progress, 
regulation, and other mechanisms of hypoxic-ischemic 
brain damage (4,5). The main pathophysiological changes 
are necrosis of nerve cells in the acute phase and apoptosis 
of nerve cells after reperfusion injury, mainly involving 
mitochondrial injury and endoplasmic reticulum (ER) stress, 
production of free radicals, inflammation, and immune 
response (6-9). Although researchers are continuing to 
explore the treatment strategy for HIE, it has been found 
that 40–50% of children who receive treatment for HIE die 
or experience adverse sequelae of the nervous system, such 
as cerebral palsy, visual and auditory impairment, epilepsy, 
developmental retardation, autism, and so on (10-12). The 
prognosis of severe HIE is worse than that of more mild 
cases (13). Therefore, the exploration of the pathogenesis of 
neonatal HIE and the discovery of new treatment options 
have been a hot research topic worldwide (14).

MicroRNA (miRNA), a research hotspot in recent 
years, is a kind of endogenous small non coding RNA, 
which is generally composed of 18–24 nucleotides (15). 
It can silence the expression of a target gene by binding 
to the 3' untranslated region (3’UTR) of the target gene 
sequence to inhibit its transcriptional activity (16). In the 
human genome, there are about 700 miRNAs, which are 
mainly involved in the regulation of cell differentiation, 
metabolism, apoptosis, angiogenesis, tumor metastasis 
and migration, neuron development, and other important 
biological processes (17,18). Multiple studies have shown 
that there are many kinds of miRNA expression changes 
after cerebral hypoxia ischemia (19-21). It was reported that 
miRNA-210 induces microglial activation and regulates 
microglia-mediated neuroinflammation in neonatal 
HIE. The miRNA miR-27a has proved to implicate with 
many kinds of solid tumors, showing potential as a useful 
biomarker or drug target for clinical application (22). The 
ectopic expression of miR-27a was found to occur in tumor 
cells, and to be involved in anti-apoptosis and promoting 
cell proliferation (23,24). In recent years, attention has 
increasingly been paid to the role of miR-27a in nervous 
system diseases. It has been found that miR-27a-3p can 
prevent blood-brain barrier (BBB) damage and brain injury 
after intracerebral hemorrhage by targeting endothelial 

aquaporin-11 (25,26). In a traumatic brain injury model, 
miR-27a was shown to exert a neuron-protective effect 
by inhibiting autophagy (27). A study has also shown that 
miR-27a is related to microglia and the production of 
inflammatory mediators (28). It has also been reported 
that the decreased expression of miR-27b is induced by 
fetal distress hypoxia injury, and regulates the sensitivity of 
neurons to apoptosis (29).

In our previous study, the activity of hippocampal 
neurons was significantly decreased, and miR-27a expression 
was significantly decreased in the hippocampal neurons after 
being treated with oxygen-glucose deprivation (OGD) (30). 
A large number of studies have reported that apoptosis plays 
a very important role in hypoxic-ischemic brain damage and 
delayed neuronal death, especially in neonatal HIE (31).  
Overexpression of miR-27a could effectively reduce the 
decrease of cell viability and the increase of apoptosis 
in hippocampal neurons induced by OGD. Meanwhile, 
miR-27a could inhibit the expression of caspase 3 in 
hippocampal neurons after OGD treatment, thus playing 
a neuroprotective role. In this study, we firstly established 
a rat model of neonatal HIE, and tested the expressions 
of miR-27a and targeting gene FOXO1 in the brain post-
HIE. Then, we investigated the protective roles of miR-
27a though intracerebroventricular injection (i.c.v) of miR-
27a mimic in the rat neonatal HIE model. We present the 
following article in accordance with the ARRIVE reporting 
checklist available at https://tp.amegroups.com/article/
view/10.21037/tp-22-259/rc).

Methods

Rat model of neonatal HIE

According to the modified Rice-Vannucci model (32), 
7-day-old (P7) Sprague-Dawley (SD) rats were used to 
establish the rat HIE model. These newborn rats were 
obtained from the laboratory animal center of Nantong 
University, and cultured in an operative room with 
room temperature controlled between 22 and 25 ℃ 
and a humidity of 50–70%. These P7 pups were raised 
independently by the maternal rats. A protocol was 
prepared before the study without registration. All animal 
experiments were approved by the Ethics Committee of 
Nantong University (Permission No. 20180304-007) and 
performed according to the Guide for the Care and Use of 
Laboratory Animals, 8th edition.

Pups were anesthetized with 2–3% isoflurane, and placed 
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in the supine position with their limbs and heads fastened. 
A median incision in the neck was made after sterilization 
with 75% alcohol, and the right common carotid artery 
(CCA) was exposed. The CCA was double ligated and 
then cut between the sutures. The SD rats were placed in a 
self-made 1 L volume hypoxia chamber, and continuously 
perfused with oxygen and nitrogen mixture (oxygen 
concentration of 8%) 1.5 L/minute for 2 hours.

i.c.v

After the rat model of neonatal HIE was established, the rats 
were randomly grouped into 3 groups (sham group, miR-
27a mimic group, and mimic ctrl group). Pups were fastened 
on a stereotaxic apparatus after being anesthetized with 2–3% 
isoflurane. The bregma was exposed after the skin was cut, 
then a miR-27a mimic or mimic ctrl (20 pmol) in a total 
volume of 2 μL was injected at a rate of 1 μL/minute into 
the ipsilateral hemisphere (2 mm posterior, 1.5 mm lateral, 
and 3 mm below the skull surface). After injection and skin 
suture, these rats were returned to their previous cages. All 
researchers conducting animal testing were blinded to the 
treatment conditions.

Real-time quantitative polymerase chain reaction 

According to the product instructions, the TaqMan miRNA 
Isolation Kit (Thermo Fisher Scientific, Waltham, MA, 
USA) was applied to extract RNA for testing the expression 
of miR-27a from hippocampus tissues of rats in each group. 
After the rats were anesthetized, TRIzol reagent (Thermo 
Fisher, USA) was applied to isolate total RNA for testing 
the expression of FOXO1 mRNA from hippocampal 
tissues. After isolation of RNA, the RNA was quantified 
and qualified using a NanoDropND-1000 (Thermo Fisher, 
USA). Then, TaqMan microRNA Assay, TaqMan Universal 
PCR Master Mix, and specific primers for miR-27a and 
U6 were employed to test the expression of miR-27a. The 
primer sequences were as described in previous paper (30). 
Following RNA isolation using TRIzol and quantification, 
the total RNA was reverse transcribed into complementary 
DNA (cDNA), and SYBR Green (Roche, Basel, Switzerland) 
was adopted to test the expression of FOXO1, IL-1β, and 
TNF-α by real-time quantitative polymerase chain reaction 
(RT-qPCR) instrument LightCycler 96 (Roche, Basel, 
Switzerland). Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) was applied as the internal reference and data 
were analyzed by the reported methods (30). The sequences 

of used primers are listed in Table S1.

Western blot

The hippocampal tissues were collected from rats, and 
protein lysis buffer (protease inhibitor contained) was 
employed to extract total protein. The protein was 
electrophoretically separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) following 
quantification, then transferred to a polyvinylidene fluoride 
(PVDF) membrane. After blocking with 5% non-fat milk, 
the membrane was incubated with primary anti-FOXO1 
antibody (1:1,000, Abcam, Cambridge, MA, USA) and anti-
rat β-actin (1:2,000, Sigma-Aldrich, St. Louis, MO, USA) 
at 4 ℃ overnight. The membrane was reacted with HRP 
conjugated secondary antibodies, respectively. The relative 
expression of FOXO1 was represented as FOXO1/β-actin. 

2,3,5-triphenytetrazolium chloride staining

The brains of pups in each group were removed and placed 
in pre-cooled phosphate-buffered saline (PBS) solution. 
These brains were stored at −20 ℃ for 30 minutes, during 
which time the cerebellum, olfactory bulb, and brain stem 
were cut. Then, 2 mm thick coronal slices were incubated 
in 2% 2,3,5-triphenytetrazolium chloride (TTC) solution at 
37 ℃ for 15–30 minutes in the dark. Following staining, the 
slices were fixed in 4% paraformaldehyde (PFA), scanned, 
and the infarct volume was measured. 

Water content in brain tissue

The water content in brain tissue was measured by dry-
wet method. The cerebellum, olfactory bulb, and brain 
stem were cut after the brains of pups in each group had 
been removed. The brain right hemispheres were weighed 
immediately (wet weight). Then, these hemispheres were 
dried at 80 ℃ for 48 hours and weighed again (dry weight). 
The water content in brain tissue was calculated as follows: 
[(wet weight − dry weight)/(wet weight)] × 100%.

Single cell sorting

The methods of single cell sorting were described in previous 
report (33). After anesthesia, the hearts of rats were exposed, 
and the left ventricles were perfused with pre-cooled PBS. 
The olfactory bulb and brain stem were cut, followed by 
removal of the brain right hemispheres. The hemispheres 
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were transferred into pre-cooled Dulbecco’s modified 
Eagle medium (DMEM) solution and cut into pieces, then 
digested with DNAse (1 mg/mL) and collagenase (1 mg/mL) 
for 45 minutes at 37 ℃. Through a 70 μm cell strainer, the 
single cell suspension was centrifuged and re-suspended in 
70% Percoll solution. Following overlay with 37% Percoll, 
the solution was centrifuged at 500 g for 20 minutes, and 
taken the interphase between 70% and 37% phase into a 
fresh tube. After washing, all isolated cells were resuspended 
in 1 mL PBS containing 1% fetal bovine serum (FBS), and 
stained with Trypan blue to count. 

Briefly, single cells were incubated with Fc receptor 
blocking solution for 15 minutes, and immunostained 
with combinations of different surface antibodies. The 
antibodies used are shown in Table S2. The gating 
strategy was as follows: peripheral lymphocytes (CD45hi+), 
T cells (CD45+ CD3+CD19−), B cells (CD45+CD3−

CD19+), natural killer (NK) cells (CD45+CD3−NK1.1+), 
macrophage (CD45hi+CD11b+F4/80+), and neutrophil 
(CD45hi+CD11b+Ly6G+). Flow cytometry (FCM) data were 
acquired on FACS Canto (BD Biosciences, San Jose, CA, 
USA) and analyzed using FlowJo software (BD, USA).

Statistical analysis

Data were presented as means ± standard deviation (SD) 
and analyzed using GraphPad Prism 8 software (GraphPad 
Software, La Jolla, CA, USA). The unpaired Student’s 
t-test and one-way analysis of variance (ANOVA) were 
used to compare differences in groups. A P value <0.05 was 
considered statistically significant.

Results

The expressions of miR-27a and FOXO1 in the brain  
after HIE

We used RT-qPCR to test the expressions of miR-27a 
and FOXO1 mRNA in hippocampal tissues after HIE in 
neonatal rats. In the previous report, it was identified that 
FOXO1 was the target gene of miR-27a. The results showed 
that the expressions of miR-27a were decreased gradually 
after HIE; however, the expressions of FOXO1 mRNA 
were increased, compared to sham group. The results are 
shown in Figure 1. However, after i.c.v with miR-27a mimic 
for 48 hours, the expression of miR-27a was significantly 
upregulated (P<0.01) compared to the mimic ctrl group. 
As we anticipated, the expression of FOXO1 mRNA was 
significantly downregulated (P<0.01). Western blot was 
used to further test the expression of FOXO1 after injection 
with miR-27a mimic. Compared with the mimic ctrl group, 
the expression of FOXO1 was robustly decreased (Figure 2). 
These results showed that miR-27a mimic could promote 
the expression of miR-27a but inhibit the expression of 
FOXO1 in hippocampus. 

MiR-27a reduced infarcted volume and brain edema  
after HIE

The TTC staining was applied to test the effect of miR-
27a on the infarcted volume after HIE. The staining results 
showed that the infarct volume was markedly increased 
(P<0.01) compared to the sham group. Interestingly, the 
infarct volume in the miR-27a mimic group was obviously 
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Figure 1 The expressions of miR-27a and FOXO1 mRNA after HIE in neonatal rats were tested by RT-qPCR. (A) The expressions of 
miR-27a after HIE were tested by RT-qPCR. (B) The expressions of FOXO1 mRNA after HIE were tested by RT-qPCR. *, P<0.05 and **, 
P<0.01 versus sham group. mRNA, messenger RNA; HIE, hypoxic-ischemic encephalopathy; RT-qPCR, real-time quantitative polymerase 
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reduced (P<0.05) compared with the mimic ctrl group 
(Figure 3A).

Brain water content measurement was adopted to test the 
effect of miR-27a on brain edema after HIE. Compared to 
the sham group, the brain water contents in the HIE groups 

were significantly raised (P<0.01). However, compared to 
the mimic ctrl group, the brain water content in the miR-
27a group was obviously reduced (P<0.05) (Figure 3B). 
The above results indicated that miR-27a could reduce the 
infarct volume and edema after HIE.
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Figure 3 The effects of miR-27a on infarcted volume and edema in brain after HIE in neonatal rats. (A) The infarcted volume was measured 
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MiR-27a reduced inflammatory factors after HIE

We appl ied RT-qPCR to test  the  express ions  of 
inflammatory factors IL-1β  and TNF-α  post-HIE. 
The results of RT-qPCR showed that the expressions 
of inflammatory factors (IL-1β and TNF-α) post-HIE 
were upregulated (P<0.01) compared to the sham group. 
However, the expressions of inflammatory factors after 
injection of miR-27a were apparently downregulated 
(P<0.05) compared to the mimic ctrl group (Figure 4). 
These results potentially indicated that miR-27a played 
protective roles by alleviating productions of pro-
inflammatory cytokines post-HIE.

miR-27a decreased infiltrated immune cells after HIE

Following HIE, alongside the upregulation of the 
expressions of inflammatory factors, the infiltrated peripheral 
leukocytes were also increased for neuroinflammation. 
So, we tested the effects of miR-27a on the infiltrated 
peripheral leukocytes by using FCM analysis. The infiltrated 
peripheral T, B, and NK cell numbers were not different 
in 3 groups (Figure 5). This may have been due to too 
few T, B, and NK cells in the brain post-HIE. We also 
tested the effects of miR-27a on peripheral monocytes/
macrophages and neutrophils (CD45hi+CD11b+). The results 
of FCM analysis showed that the peripheral monocytes 
(CD45hi+CD11b+) cell numbers were significantly increased 
(P<0.01) compared to in the sham group. Besides the cell 
numbers of macrophages (CD45hi+CD11b+F4/80+) and 
neutrophils (CD45hi+CD11b+LY6G+) were all increased 
post-HIE. Interestingly, after injection of the miR-27a 

mimic, the numbers of peripheral monocytes, macrophages, 
and neutrophils were all apparently decreased (P<0.05), 
compared to in the mimic ctrl group (Figure 6). These 
results illustrated that miR-27a could inhibit the infiltration 
of peripheral monocytes post-HIE.

Discussion

The treatment strategy for HIE is currently being explored. 
To date, mild hypothermia is the only effective treatment 
method (34). Approximately 40–50% of HIE children 
still die or experience neurological sequelae after mild 
hypothermia treatment, which brings a heavy burden to 
their family and society (34). Therefore, researchers have 
sought to explore the pathogenesis of HIE and develop new 
treatment options for neonatal HIE for many years.

The FOXO1 gene is an important transcription factor 
that regulates oxidative stress, cell proliferation, and 
apoptosis, and is widely expressed in liver, fat, brain, and 
skeletal muscle, among other tissues (30,35). The expression 
of FOXO1 was found in the first layer, pyramidal cell 
layer, and radiation layer of the CA1 area in the damaged 
hippocampus in the model of cerebral ischemia (29,30). 
Moreover, FOXO1 was activated first, followed by delayed 
neuronal death, in the injured hippocampus caused by focal 
cerebral ischemia, suggesting that the signaling pathway 
of FOXO1 was involved in the neuronal death (30). Some 
studies have also found that FOXO transcription factor 
plays an important role in regulating lymphocyte specific 
function and maintaining T cell silence (36,37). Both 
FOXO1 and FOXO3 are primary targets of the PI3K/Akt 
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pathway in T cells, which play a key role in maintaining T 
cell silence, controlling growth factors, and inflammatory 
response (37,38).

In our previous study, the existence of a direct interaction 
between miR-27a and FOXO1 and the interaction sites has 
been confirmed. By using miR-27a mimics, overexpression 
of miR-27a in hippocampal neurons significantly inhibited 
the expression of FOXO1 to reduce OGD-induced apoptosis 
in hippocampal neurons (30). Meanwhile, overexpression of 
FOXO1 could reverse the cellular neuronal protective effect 
induced by overexpression of miR-27a in hippocampal 
neurons after OGD treatment, suggesting that miR-27a 
plays a protective role in hippocampal neurons by targeting 
FOXO1 (30). In this paper, we firstly established a rat model 
of neonatal HIE, and tested the expressions of miR-27a 
and targeting gene FOXO1 in the brain post-HIE. The 
expressions of miR-27a were decreased gradually after HIE; 

however, the expressions of FOXO1 mRNA were increased. 
In order to investigate the protective roles of miR-27a in 
HIE, miR-27a was overexpressed by i.c.v with an miR-27a 
mimic. As anticipated, the expression of miR-27a in the 
brain was significantly upregulated; however, the expression 
of FOXO1 was robustly downregulated after injection of the 
miR-27a mimic.

It is well known that microglia are innate immune 
cells in the brain, which can cause inflammatory reactions 
under neuropathological conditions, such as perinatal 
HIE, infection, and traumatic brain injury, as well as in 
autoimmune and neurodegenerative diseases (39). Mounting 
evidence shows that inflammatory cells play an important role 
in the remodeling and repair of acute brain injury (40). The 
neuroinflammatory response after acute hypoxic-ischemic 
brain injury was characterized by the activation of microglia, 
and the infiltration of peripheral macrophages, monocytes 
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and neutrophils into the brain, and the release of cytokines 
and chemokines by inflammatory cells (41). Therefore, 
we speculate that FOXO1 can regulate inflammation by 
affecting lymphocyte infiltration in HIE to play a neuron-
protective role. In this paper, we investigated the protective 
effects of miR-27a by TTC staining, brain water content 
measurement, and FCM analysis. It was revealed that 
miR-27a could significantly reduce the infarcted volume 
and brain edema. Importantly, miR-27a could effectively 
inhibit infiltrated peripheral monocytes (CD45hi+CD11b+), 
macrophages (CD45hi+CD11b+F4/80+), and neutrophils 
(CD45hi+CD11b+LY6G+) into the brain after HIE. Besides, 
miR-27a also could alleviate the expressions of IL-1β mRNA 
and TNF-α mRNA. Obviously, miR-27a played a protective 
function by inhibiting HIE-induced neuroinflammatory 
response.

In summary, miR-27a plays protective roles by 
reducing infarct volume and brain edema, and inhibiting 

inflammatory factors and infiltrated peripheral immune cells 
by targeting FOXO1 in neonatal HIE rats. In the future, 
miR-27a could be applied as a treatment strategy for HIE.
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Figure 6 The effects of miR-27a on infiltrated peripheral monocytes/macrophages and neutrophils in brain after HIE in neonatal rats. 
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Supplementary

Table S1 The sequences of used primers for RT-qPCR

Gene Primer sequence (5'-3')

GAPDH Forward TGGAGAAACCTGCCAAGTATG

Reverse ATGTAGGCCATGAGGTCCAC

FOXO1 Forward CCCTTCACCCCTCCTTTTAG

Reverse CACATAACCTGTGGGTGCTG

IL-1β Forward TGACCCATGTGAGCTGAAAG

Reverse GGGATTTTGTCGTTGCTTGT

TNF-α Forward GAAACACACGAGACGCTGAA

Reverse AGGGAGGCCTGAGACATCTT

RT-qPCR, real-time quantitative polymerase chain reaction.

Table S2 The used antibodies for FCM analysis

Antibody Clone Catalog Sources

CD45-FITC OX-1 202205 BioLegend

CD3-APC 1F4 201414 BioLegend

CD4-APC/Cy7 W3/25 201518 BioLegend

CD8-PE/Cy7 OX-8 201716 BioLegend

NK1.1-PE 3.2.3 205604 BioLegend

CD19-PE/Cy5 6D5 115510 BioLegend

CD45-PE OX-1 202207 BioLegend

CD11b-PE/Cy7 OX-42 201817 BioLegend

LY-6G-FITC 1A8 127606 BioLegend

F4/80-PE/Cy5 BM8 123112 BioLegend

FCM, flow cytometry.


