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Abstract: Objective: To explore the effect of miR-21-5p on the MAP2K3 expressions and cellular apoptosis in the
lung tissues of neonatal rats with hyperoxia-induced lung injuries (HILI). Methods: Twenty Sprague-Dawley neonatal
rats were assigned to the normal group, and 120 rats were used to create a HILI model and were divided into the fol-
lowing six groups of 20 rats each: the model group, the miR-21-5p NC group, the miR-21-5p agomir group, the oe-NC
group (MAP2K3 overexpression NC), the oe-MAP2K3 group, and the miR-21-5p agomir+oe-MAP2K3 group. Results:
miR-21-5p can target MAP2K3. Compared with the normal rats, the rats with HILI had lower miR-21-5p expression
levels and higher MAP2K3 expression levels in the lung tissues (both P<0.05). Unlike the normal group, the other
groups all presented different degrees of lung injuries, lower Bcl-2 expression levels, higher cellular apoptosis rates,
and higher expression levels of cleaved caspase-3, Bax, IL-6, and TNF-a (all P<0.05). Compared with the model and
the miR-21-5p NC groups, the miR-21-5p agomir group had better results in terms of the aforementioned markers;
compared with the oe-NC group, the oe-MAP2K3 group had worse results in terms of these markers (all P<0.05).
Moreover, we found that the protective effects of miR-21-5p overexpression on the lung tissues of HILI rats can be
partially blocked by MAP2K3 overexpression. Conclusion: miR-21-5p can inhibit MAP2K3 expression and reduce
cellular apoptosis in HILI, thereby exerting protective effects on neonatal rats with HILI.
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Introduction epithelium during HILI, showing that miR-21-5p
may participate in the apoptosis of the lung
alveolar epithelial cells [6]. microRNAs (miR-
NAs), which can regulate cell proliferation and

apoptosis by targeting the downstream genes

Hyperoxia-induced lung injuries (HILI) are
caused by a prolonged inhalation of high con-
centrations of oxygen. The disease can lead to

pulmonary hypoplasia or even death in new-
born babies [1-3]. So far, the pathogenesis of
HILI has not been fully elucidated, and there is
a lack of effective therapies for HILI [4, 5].
Therefore, it is essential to investigate the
mechanism of HILI in order to find useful meth-
ods for treating infants with HILI.

The apoptosis of lung alveolar epithelial cells
has been widely recognized as the major cause
of the occurrence and development of HILIL
Some studies reported that the miR-21-5p lev-
els decrease substantially in the lung alveolar

and regulating the expressions of the target
genes after transcription, have become a popu-
lar research topic in recent years [7-10]. We
suspected that there may be downstream tar-
get genes of miR-21-5p in HILI. After searching
a bioinformatics website, we determined that
mitogen-activated protein kinase kinase 3
(MAP2K3) is a possible target of miR-21-5p.
MAP2K3 belongs to the family of mitogen-acti-
vated protein kinases (MAPK) and is an
upstream activator of p38 MAPK [11-14].
Currently, the detailed mechanism of how
MAP2K3 acts in HILI remains unclear. However,
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some researchers have documented that the
MAPK signaling pathway is related to oxidative
stress injuries in various diseases including
HILI [15, 16]. Thus, we speculated that miR-21-
5p may affect pulmonary cell apoptosis via
regulating MAP2K3 expression in HILI, thereby
influencing the development of this disease.

In this study, we explored the targeting relation-
ship between miR-21-5p and MAP2K3 and the
effects of miR-21-5p and MAP2K3 on the neo-
natal rat model of HILI.

Materials and methods
Animal subjects

Healthy specific pathogen-free Sprague-Dawley
neonatal rats were used in this study (supplier:
Guangdong Medical Laboratory Animal Center,
China). The rats were raised at 22°C under
60% humidity and a 12 h light: dark cycle. All
the rats were fed a normal diet. Approval for
this experiment was obtained from the Ethics
Committee of Tianjin Medical University
General Hospital.

Model establishment and grouping

One-hundred and forty neonatal rats were used
in this study. Of them, 20 were assigned to the
normal group (the normal rats), and the rest
were used to create the HILI disease model and
were randomized into six groups of 20 rats
each: the model group, the miR-21-5p NC group
(@ miR-21-5p negative control), the miR-21-5p
agomir group (miR-21-5p overexpression), the
oe-NC group (a negative control for MAP2K3
overexpression), the oe-MAP2K3 group (MAP-
2K3 overexpression), and the miR-21-5p
agomir+oe-MAP2K3 group (overexpression of
both miR-21-5p and MAP2K3). The miR-21-5p
NC, miR-21-5p agomir, oe-NC, and oe-MAP2K3
were purchased from Meixuan Biological
Science and Technology, Shanghai, China.

The rats in the normal group were raised in an
environment of normal oxygen concentration
and were fed with breast milk. The rats in the
other groups were raised in an environment of
80% oxygen concentration and were freed from
this environment for 1 h per day to receive food
and water. The air pumps in the rats’ chambers
were replaced every 24 h to avoid oxygen poi-
soning. Intraperitoneal injections of the corre-
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sponding agents (500 pg/kg) were given to the
rats in each group once a day for seven days in
their chambers [17]. After the treatment, the
lung tissues and the bronchoalveolar lavage
fluid (BALF) were collected from the rats.

Dual-luciferase reporter (DLR) assay

By using the bioinformatics tool (www.tar-
getscan.org), we found the pairing of miR-21-5p
with MAP2K3 in rats. The pGL3-MAP2K3 mut,
pGL3-MAP2K3 wt, miR-21-5p NC, and miR-21-
5p agomir vectors were constructed by Hanbio,
Shanghai, China. The pGL3-MAP2K3 mut or
pGL3-MAP2K3 wt vectors were transfected
into the 293T cells with miR-21-5p NC or miR-
21-5p agomir. After 24 h of transfection, the
cells were lysed using a DLR assay kit (E2920,
Promega, USA) and centrifuged at 12,000 g for
1 min to collect the supernatant for the fluores-
cence analysis. The experiment was conducted
in the dark. Relative luciferase activity = firefly
luciferase activity/renilla luciferase activity.

Hematoxylin and eosin (H&E) staining

We used H&E staining to examine the patho-
logical changes in the lung tissues of the rats.
Five specimens were collected from each
group. The samples were routinely fixed, dehy-
drated, embedded, and sectioned. The sec-
tions were then dewaxed, hydrated, treated
with 1% hydrochloric acid alcohol for 10 s and
stained with eosin for 1 min. Finally, the sec-
tions were then dehydrated through a gradient
of alcohol, cleared in xylene (Solarbio, Beijing,
China), mounted in neutral balsam, and placed
under a lighted microscope (XP-330, Bingyu
Optical Instrument, Shanghai, China) to exam-
ine the pathological changes.

TUNEL staining

Five paraffin sections of the lung tissues were
collected from each group. The samples were
treated with phosphate-buffered saline (PBS)
containing 2% H,0, at 37°C for 5 min followed
by two washes in PBS (5 min per wash). After
removing the excess solution, the sections
were treated with a terminal deoxynucleotidyl
transferase (TdT) buffer (Merck, USA) at 37°C
for 5 min. Next, the sections were treated with
54 uL of TdT reagent (Merck, USA) in a humidi-
fied box for 1 h followed by three washes in PBS
(5 min per wash). The samples were then incu-
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Table 1. Primer sequences

Gene Primer sequences (5-3")
miR-21-5p F: GGGTAGCTTATCAGACTGA
R: GTGCAGGGTCCGAGGT

MAP2K3 F: ACGGATATCCTGTGTGTCCA
R: TACCACTCTGAGCATGCCG

Caspase-3 F: CAACAACGAAACCTCCGTGG
R: ACACAAGCCCATTTCAGGGT
Bax F: GACACCTGAGCTGACCTTGG
R: AGTTCATCGCCAATTCGCCT
Bcl-2 F: TTCCTTAGGCGCGGTGAAAC
R: GACAAGGGAGGCATCTTCGG
ue F: CGCTTCGGCAGCACATATAC
R: TTCACGAATTTGCGTGTCAT
GAPDH F: TGTGAACGGATTTGGCCGTA

R: GATGGTGATGGGTTTCCCGT

Note: F: forward. R: reverse. MAP2K3: mitogen-activated
protein kinase kinase 3.

bated with peroxidase-labelled digoxin antibod-
ies (Abcam, UK) in a humidified box for 30 min
followed by four washes in PBS (5 min per
wash). Fresh diaminobenzidine (Merck, USA)
was added to the samples to develop the color.
After 5 min, the sections were washed with dis-
tilled water and stained with methyl green
(Merck, USA) for 10 min. Next, the sections
were washed with distilled water, dehydrated
with normal butyl alcohol and xylene, and
sealed for observation under a microscope.
Five fields were randomly picked on each sec-
tion to photograph. The ratio of TUNEL positive
cells = number of TUNEL positive cells/total cell
count * 100%.

ELISA

We measured the interleukin (IL)-6 and tumor
necrosis factor (TNF)-a levels in the rats’ serum
using the ELISA assay. The tests were conduct-
ed according to the kit's instructions (IL-6,
RAB0311, Merck, NJ, USA; TNF-a, RABO479,
Merck, NJ, USA).

qRT-PCR

Five specimens of the lung tissues from each
group (0.01 g) were ground with 500 L of Trizol
(15596-018, Invitrogen, California, USA) to
extract the total RNA. The RNAs were then
reverse-transcribed to cDNAs according to the
manufacturer’s instructions (RRO37A, TaKaRa,

2786

Dalian, China). The cDNAs (2 ul) were diluted 10
times for gPCR. The total reaction volume of
qPCR (10 pL) consisted of 2 puL of cDNA, 1 pL of
forward primer, 1 pL of reverse primer, 5 uL of
SYBR® Premix Ex Tag™" (2x), and 1 L of dis-
tilled water. qRT-PCR (PCR instrument: Bio-Rad
Laboratories, USA) was conducted with the fol-
lowing parameters: 95°C for 5 min (pre-dena-
turation), 94°C for 30 s (denaturation), 58°C for
30 s (annealing), and 72°C for 30 s (extension).
The PCR cycle was repeated 35 times.

We performed the 22t method to calculate
the genes’ relative expression levels. U6 was
the internal control for miR-21-5p, and GAPDH
was the internal control for MAP2K3, cleaved
caspase-3, Bax, and Bcl-2. The primers were
synthesized by Wuhan Bojie, China and are dis-
played in Table 1.

Western blot

Five specimens of the lung tissues from each
group (0.01 g) were placed in an ice bath to
make homogenate and then treated with a pro-
tein lysis buffer (Solarbio, Beijing, China) at 4°C
for 30 min with agitation once every 10 min.
Next, the samples were centrifuged for 2 min at
10,000xg at 4°C to obtain the supernatant.
The protein concentration of the supernatant
was measured using a BCA kit (20201ES76,
Yeasen, Shanghai, China). Next, 20 uL of sam-
ples were equally uploaded to each lane for
electrophoresis (10% separating gel and 4%
stacking gel). After SDS-PAGE, the proteins
were transferred to nitrocellulose membranes.
The membranes were sealed in 5% skim milk
(Ybio, Shanghai, China) at 4°C overnight and
incubated with diluted polyclonal primary
antibodies of rabbit anti-MAP2K3 (ab95037,
Abcam, USA), anti-cleaved caspase-3 (ab-
49822, Abcam, USA), Bax (ab53154, Abcam,
USA), anti-Bcl-2 (ab196495, Abcam, USA), and
anti-GAPDH (ab181602, Abcam USA) at 4°C
overnight. Afterward, the membrane was
washed in PBS three times at room tempera-
ture (5 min per wash) and treated with horse-
radish peroxidase-conjugated goat anti-rabbit
IgG secondary antibody (ab150077, Abcam,
USA) under agitation at 37°C for 1 h. The mem-
brane was then washed in PBS at room tem-
perature three times (5 min per wash) and
immersed in ECL (Pierce, MA, USA) at room
temperature for 1 min. After removing the
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Figure 1. miR-21-5p can target MAP2K3 and inhibit its expression. A: The pairing of miR-21-5p with MAP2K3 as pre-
dicted by the bioinformatics website; B: miR-21-5p can target MAP2K3 as verified by dual-luciferase reporter assay.
Compared with the miR-21-5p NC group, “P<0.05. C: The expressions of miR-21-5p and MAP2K3 in the lung tissues
of each group determined by qRT-PCR. Compared with the normal group, "P<0.05; compared with the miR-21-5p
NC group; *P<0.05; compared with the oe-NC group, ¥P<0.05; compared with the miR-21-5p agomir group, *P<0.05.

MAP2K3: mitogen-activated protein kinase kinase 3.

excess liquid, the membrane was wrapped with
plastic wrap and placed in the dark for an X-ray
film exposure and developing to capture the
image. The relative protein expression level
was the ratio of the grayscale value of the tar-
get band to the grayscale value of the internal
control band.

Statistical analysis

SPSS 21.0 (SPSS Inc., USA) was used for the
data analysis. The measurement data are pre-
sented as the mean % standard deviation.
Independent samples t-tests were conducted
for the comparisons between two groups; mul-
tiple groups were compared using one-way
analyses of variance and Bonferroni post-hoc
tests. P<0.05 represented statistical signi-
ficance.

Results

MIiR-21-5p can target MAP2K3 and inhibit its
expression

The bioinformatics website predicted the exis-
tence of a miR-21-5p binding site on MAP2K3
(Figure 1A). To further verify this relationship,
we conducted a DLR assay and found that the
luciferase activity of the cells transfected with
the miR-21-5p agomir and the MAP2K3 wt were
much lower than the cells transfected with miR-
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21-5p NC, indicating miR-21-5p can target
MAP2K3. Meanwhile, gRT-PCR and Western
blot were conducted to measure the miR-21-5p
and MAP2K3 expressions in the rats’ lung tis-
sues. Compared with the normal group, the
other groups had lower expression levels of
miR-21-5p and higher mRNA and protein
expression levels of MAP2K3 (all P<0.05). The
expression levels of miR-21-5p and MAP2K3 in
the miR-21-5p NC and oe-NC groups were simi-
lar to those in the model group. The miR-21-5p
agomir group had a higher miR-21-5p expres-
sion level and a lower MAP2K3 mRNA expres-
sion level than the miR-21-5p NC group (both
P<0.05). Compared with the oe-NC group, the
oe-MAP2K3 group had a similar miR-21-5p
level (P>0.05) and a higher MAP2K3 mRNA
level (P<0.05). The findings indicate that miR-
21-5p can target MAP2K3 and inhibit its
expression in neonatal rats. See Figure 1.

Pathological changes in each group

H&E staining was performed to examine the
pathological changes in the lung tissues of
each group. The normal group presented clear
pulmonary alveolus structures and a normal
thickness of the lung interstitium, but the other
groups exhibited different degrees of pathologi-
cal changes, including a thinning of the lung
interstitium and a swelling of the pulmonary
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alveolus. To further assess the pathological
conditions, we calculated the wet-to-dry (W/D)
lung weight ratio and found that compared with
the normal group, the other groups had higher
levels of W/D weight ratio (all P<0.05). The miR-
21-5p NC group and the oe-NC group had simi-
lar W/D weight ratio levels compared to the
model group (both P>0.05). The W/D lung
weight ratio in the miR-21-5p agomir group was
lower than it was in the miR-21-5p NC and the
miR-21-5p agomirtoe-MAP2K3 groups; the
W/D lung weight ratio in the oe-MAP2K3 group
was higher than it was in the oe-NC group (all
P<0.05). These findings reveal that HILI can be
ameliorated by miR-21-5p overexpression and
aggravated by MAP2K3 overexpression, and
MAP2K3 overexpression can hinder the repair-
ing effect of miR-21-5p overexpression on lung
injuries. See Figure 2.

Cellular apoptosis in each group

Since HILI is accompanied by pulmonary cell
apoptosis in the neonatal rats, TUNEL staining
was conducted to measure the cellular apopto-
sis in the lung tissues of each group. Unlike the
normal group, the other groups had higher
apoptotic rates (all P<0.05). Both the miR-21-
5p NC and oe-NC groups had cell apoptotic
rates similar to the model group (both P>0.05).
The cell apoptotic rate in the miR-21-5p agomir
group was lower than it was in the miR-21-5p
NC and miR-21-5p agomir+oe-MAP2K3 groups
(both P<0.05). The apoptotic rate in the oe-
MAP2K3 group was higher than it was in the
o0e-NC group (P<0.05). Meanwhile, the mRNA
expressions of caspase-3, Bax, and Bcl-2, and
the protein expressions of cleaved caspase-3,
Bax, and Bcl-2 were measured using qRT-PCR
and Western blot, respectively. Compared with
the normal group, the other groups had higher
levels of caspase-3, cleaved caspase-3, and
Bax and lower levels of Bcl-2 (all P<0.05). Both
miR-21-5p NC and oe-NC groups had similar
levels of these markers as compared to the
model group (all P>0.05). The miR-21-5p
agomir group had lower levels of caspase-3,
cleaved caspase-3, and Bax and higher level of
Bcl-2 than the miR-21-5p NC and the miR-21-
5p agomirtoe-MAP2K3 groups; the oe-
MAP2K3 group had higher levels of caspase-3,
cleaved caspase-3, and Bax and lower levels of
Bcl-2 than the oe-NC group (all P<0.05). These
results reveal that cellular apoptosis can be
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inhibited by miR-21-5p overexpression and pro-
moted by MAP2K3 overexpression. See Figure
3.

The inflammatory factor levels in each group

ELISA was conducted to measure the IL-6 and
TNF-a levels in the rats’ BALF. Unlike the nor-
mal group, the other groups had higher TNF-a
and IL-6 levels (all P<0.05). Both the miR-21-5p
NC and oe-NC groups had similar levels of
TNF-a and IL-6 compared to the model group
(all P>0.05). The IL-6 and TNF-« levels in the
miR-21-5p agomir group were lower than the
levels in the miR-21-5p NC and the miR-21-5p
agomir+oe-MAP2K3 groups; the IL-6 and TNF-a
levels in the oe-MAP2K3 group were higher
than they were in the oe-NC group (all P<0.05).
These findings indicate that the pulmonary
inflammatory response can be inhibited by miR-
21-5p overexpression and promoted by
MAP2K3 overexpression. See Figure 4.

Discussion

Normal oxygen concentration is necessary for
human body to maintain normal life activities,
but a high concentration of oxygen can damage
the body, and a prolonged exposure to a high
oxygen concentration can cause HILI [18-20].
So far, there are still no effective preventive
and treatment methods for HILI. Thus, it is
essential to investigate the mechanism of HILI
to provide a theoretical basis for the clinical
prevention and treatment of this disease.

HILI is characterized by the apoptosis of lung
alveolar epithelia and the inflammatory pro-
gression [21]. The occurrence and develop-
ment of inflammation has an essential role in
the pathogenesis of HILI. During the early stage
of HILI, the up-regulation of MMP-8 expression
can cause injury in the capillary walls of the pul-
monary alveolus, thus increasing the exudation
in the pulmonary alveolus and the development
of the inflammatory response [22, 23]. The
inflammatory response is usually accompanied
by the release of the inflammatory factors
including TNF-ot and IL-6, while the release and
accumulation of these factors in the pulmonary
alveolus can further aggravate lung injuries
[24, 25]. The apoptosis of the lung alveolar epi-
thelia is a key element of lung injuries. Bcl-2
family members participate in the complicated
apoptotic mechanism in HILI. The Bcl-2 family
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Lung WID ratio

Figure 2. H&E staining results and W/D lung weight ratio in the lung tissues of each group. A: H&E staining results (200x); B: W/D weight ratio in the lung tissues
of each group. Compared with the normal group, “P<0.05, compared with the miR-21-5p NC group, ¥P<0.05; compared with the oe-NC group, ¥P<0.05; compared
with the miR-21-5p agomir group, *P<0.05. H&E: hematoxylin and eosin; W/D: wet-to-dry; MAP2K3: mitogen-activated protein kinase kinase 3.
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Figure 3. The cellular apoptosis in each group. A: TUNEL staining results (200x); B: The pulmonary apoptotic rate in each group; C: The mRNA expression levels
of the apoptosis-associated factors measured with qRT-PCR; D: Image of the Western blot results; E: The protein expression levels measured using Western blot.
Compared with the normal group, “P<0.05; compared with the miR-21-5p NC group, ¥P<0.05; compared with the miR-21-5p agomir group, ¥P<0.05; compared with
the miR-21-5p agomir group, *P<0.05. TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling; MAP2K3: mitogen-activated protein kinase kinase 3.
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Figure 4. The IL-6 and TNF-a levels in rats’ BALF measured using ELISA. A: The IL-6 level in each group; B: The TNF-«
level in each group. Compared with the normal group, "P<0.05; compared with the miR-21-5p NC group, *P<0.05;
compared with the oe-NC group, ¥P<0.05; compared with the miR-21-5p agomir group, *P<0.05. TNF: tumor necro-
sis factor; IL: interleukin; ELISA: enzyme-linked immunosorbent assay; BALF: bronchoalveolar lavage fluid; MAP2K3:

mitogen-activated protein kinase kinase 3.

includes the anti-apoptotic factor Bcl-2 and the
pro-apoptotic factor Bax. Recent studies have
shown that Bcl-2 and Bax may be associated
with the apoptosis of lung cells in HILI [26, 27].
During the transmission of apoptotic signals,
the apoptosis is mainly induced by the activa-
tion of the caspase family members. It has
been documented that the apoptotic rate of the
lung epithelia increases markedly in premature
newborn babies undergoing mechanical venti-
lation, and the caspase-3 expression is mark-
edly activated during this process [28, 29].

In the present study, we created a neonatal rat
model of HILI and measured the pathological
changes in the lung tissues of both normal and
HILI rats. We also examined the apoptosis of
the lung tissues, the levels of Bcl-2, Bax, and
caspase-3 associated with apoptosis, and the
content of TNF-a and IL-6. The results revealed
the presence of pulmonary cell apoptosis and
the inflammatory response in the neonatal rats
with HILI, which aligns with the findings of the
previous studies.

miRNA is widely expressed in mammals and
has become a popular fundamental research
topic. Currently, studies on miRNA in HILI are
few. After searching the literature, we hypothe-
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sized that miR-21-5p may have a repairing
effect in HILI, as some studies reported a low
level of miR-21-5p in lung alveolar epithelia dur-
ing HILI [30]. Thus, we overexpressed miR-21-
5p in the rat model and found that the overex-
pression markedly decrease the apoptosis of
the lung tissues in the neonatal rats and signifi-
cantly inhibited the inflammatory response,
indicating that miR-21-5p can exert a good
repair effect in HILI.

To further investigate the regulatory mecha-
nism of miR-21-5p in HILI, we searched for the
downstream target genes of miR-21-5p through
a bioinformatics website and found the paring
of MAP2K3 with miR-21-5p. MAP2K3 can par-
ticipate in the oxidative stress injury in various
diseases, but whether it can affect HILI remains
unclear [31]. A DLR assay demonstrated that
miR-21-5p can target MAP2K3. Moreover, we
measured the expression levels of miR-21-5p
and MAP2K3 in the lung tissues and found that
miR-21-5p can negatively regulate MAP2K3
expression. After overexpressing MAP2K3 in
the rat model and examining the lung cell apop-
tosis and the levels of the inflammatory mark-
ers, we observed that MAP2K3 overexpression
can further lead to lung cell apoptosis and
aggravate the inflammatory response. Com-
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pared with the rats with miR-21-5p overexpres-
sion alone, the inhibitory effect of miR-21-5p
overexpression on lung cell apoptosis and the
inflammatory response was partially blocked in
the rats with both miR-21-5p and MAP2K3
overexpression.

In conclusion, miR-21-5p overexpression can
inhibit lung cell apoptosis and the inflammatory
response by suppressing the expression of the
downstream factor MAP2K3 in neonatal rats
with HILI. However, since miRNA can regulate
life activities by controlling multiple down-
stream target genes and because MAP2K3
overexpression cannot fully block the inhibitory
effect of miR-21-5p on lung cell apoptosis and
the inflammatory response, other regulatory
pathways of miR-21-5p may also exist in HILI.
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