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Abstract: Traumatic brain injury (TBI) is a major cause of injury-related deaths, and the mechanism of TBI has be-
come a research focus, but little is known about the mechanism of microRNAs in TBI. The aim of this study is the 
role of microRNA-22 (miR-22) in TBI-induced neuronal cell apoptosis. Rat cortical neurons were cultured and the 
TBI model was induced by scratch injury in vitro, before which miR-22 level was altered by transfection of agomir or 
antagomir. Lactate dehydrogenase (LDH) release and TUNEL assays were performed to examine neuronal cell injury 
and apoptosis. The activity of caspase 3 (CASP3) and level changes of several apoptosis factors including B-cell 
lymphoma 2 (BCL2), BCL2-associated X protein (BAX), phosphatase and tensin homolog (PTEN) and v-AKT murine 
thymoma viral oncogene homolog 1 (AKT1) were detected. Results showed that TBI model cells possessed a down-
regulated miR-22 level (P < 0.001) and more LDH release and apoptotic cells indicating the aggravated neuronal 
cell injury and apoptosis induced by TBI. miR-22 agomir attenuated neuronal cell injury and apoptosis of the TBI 
model. It also caused the corresponding changes in CASP3 activity and other apoptosis factors, with cleaved CASP3, 
BAX and PTEN inhibited and BCL2 and phosphorylated AKT1 promoted, while miR-22 antagomir had the opposite 
effects. So miR-22 has neuroprotective roles of attenuating neuronal cell injury and apoptosis induced by TBI, which 
may be associated with its regulation on apoptosis factors. This study reveals miR-22 as a potential approach to TBI 
treatment and detailed mechanism remains to be uncovered.
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Introduction

Traumatic brain injury (TBI) or intracranial injury 
caused by external mechanical forces to the 
brain has become a severe public health prob-
lem worldwide. It accounts for one third of inju-
ry-related deaths in the United States [1] and is 
more common in young adults, particularly 
males [2]. Causes of TBI includes falls, traffic 
accidents and violence [2]. In athletes, sports-
induced TBI damages axons and induces re- 
generative and degenerative tissue responses 
in the brain, and repeated concussion may ev- 
entually develop into chronic traumatic enceph-
alopathy [3]. Neurological influences of TBI 
encompass both primary injury events that 
occur at the time of trauma and secondary inju-
ry events contributing to subsequent neuronal 
cell death and tissue damage [4]. These inju-
ries and sequelae bring great inconvenience 
and threats to patients’ daily life [5].

The mechanism research on TBI has become a 
focus recently, which may help to prevent tissue 
damage of secondary injuries and improve out-
come of TBI. For example, the role of bradyki-
nins and substance P in modulating blood-brain 
barrier permeability after trauma suggests a 
promising approach to managing brain edema 
[6]. Inflammatory factors like interleukin 1α, β 
and tumor necrosis factor are promising targets 
for attenuating apoptosis or inflammation in TBI 
[7]. The pivotal functions of cell apoptosis fac-
tors, such as caspase 3 (CASP3), B-cell lympho-
ma 2 (BCL2) and BCL2-associated X protein 
(BAX), have also been revealed in neuronal cell 
death of TBI [8, 9].

microRNAs (miRNAs) are small noncoding RNAs 
that recognize and bind to the specific sites of 
mRNAs to regulate gene expression post-tran-
scriptionally. Because of their vital roles in gene 
modulation, the involvement of some miRNAs 
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in TBI mechanism has been revealed in recent 
studies. For example, miR-16, miR-92a and 
miR-765 are plasma-derived miRNA biomark-
ers for severe TBI [10], and elevated miR-214 
and miR-376a are signatures for mild TBI [11]. 
miR-711 upregulation promotes neuronal cell 
death in controlled cortical impact mouse 
model [12], while miR-23a and miR-27a may 
protect neuronal cells from TBI-induced apop-
tosis [13].

Several studies have uncovered the role of miR-
22 in regulating cell apoptosis in diseases like 
myocardial ischemia-reperfusion injury [14], 
colorectal cancer [15] and lung cancer [16]. 
However, little is known about its roles in neuro-
nal cell apoptosis. So this study aims to investi-
gate the effect of miR-22 on TBI-induced neuro-
nal cell apoptosis. Rat cortical neuronal cells 
were cultured and treated by scratch injury to 
study TBI in vitro. miR-22 level was altered by 
cell transfection with its agomir or antagomir, 
and then cell injury, apoptosis and the activity 
of CASP3 and other apoptotic factors were 
examined by lactate dehydrogenase (LDH) 
assay, TdT-mediated dUTP nick-end labeling 
(TUNEL), western blot and qRT-PCR. This study 
will provide a general understanding for miR-22 
in TBI and a potential therapeutic strategy for 
this disease.

Materials and methods

Primary culture of rat cortical neuronal cells

Three newborn Sprague-Dawley rats (3 days 
old, Vital River Laboratories, Beijing, China) 
were anesthetized for cortex sampling accord-
ing to previous studies [17, 18]. The cortices 
were collected under sterile conditions, minced, 
and digested in 0.125% trypsin (Gibco, Car- 
lsbad, CA) for 30 min at 37°C. Dulbecco’s modi-
fied Eagle medium (DMEM)-F12 supplemented 
with fetal bovine serum (Gibco) was added to 
terminate the digestion. The suspension was 
filtered and centrifuged at 3000 g for 10 min  
to collect cells which were resuspended in 
DMEM-F12 and adjusted to 1 × 106 cells/mL. 
The cells were seeded in 96-well plates pre-
coated with poly-L-lysine (10 mg/L, Sigma-
Aldrich, Shanghai, China) for adherence. After 
72 h, arabinosylcytosine (5 μg/mL, Sigma-
Aldrich) was added to prevent neurogliocyte 
growth. The medium was changed after 24 h 
and refreshed every 72 h afterwards. Cells 

were incubated in humidified atmosphere with 
5% CO2 at 37°C.

Cell transfection

Cells were divided into 5 groups: control 
(untreated cells), TBI (cells treated by TBI), TBI + 
A (cells treated by TBI and transfected with  
miR-22 agomir), TBI + AN (cells treated by TBI 
and transfected with miR-22 antagomir), TBI + 
blank (cells treated by TBI and transfected wi- 
th blank control). The rno-miR-22-3p-specific 
agomir, antagomir and the blank control for 
transfection were synthesized by RiboBio 
(Guangzhou, China). The cells cultured for over 
7 days were used for transfection. The specific 
agomir, antagomir and blank control (50 nM) 
were added to cells in 96-well plates for 
48-h-incubation based on the manufacturer’s 
instruction.

Cell model of TBI

In vitro TBI model of rat cortical neuronal cells 
was constructed by scratch injury according to 
previous studies [19, 20]. At 24 h after trans-
fection, cells of the five groups were seeded in 
6-well plates and cultured for 48 h for adher-
ence. The medium was replaced at 1 h before 
TBI. Cross-shaped scratches were made with a 
10 μL pipette tip on the cell layer, with 5-mm 
space between lines. No scratch was made in 
the control group. After 48 h, the five cell groups 
were used for further analysis.

LDH release assay

Cell injury was analyzed by release of LDH using 
LDH-Cytotoxicity Assay Kit (BioVision, Milpitas, 
CA) according to the manufacturer’s instruc-
tions. At 48 h after TBI, the culture medium of 
each cell group was collected. The reaction 
catalyzed by LDH produced formazan, and the 
optical density (OD) at 490 nm was measured 
by a microplate reader SpectraMax i3x 
(Molecular Devices, Silicon Valley, CA) and com-
pared to the control group.

TUNEL assay

The adherent cells of each group were washed 
in phosphate buffered saline (PBS) for TUNEL 
assay to analyze cell apoptosis using One Step 
TUNEL Cell Apoptosis Assay Kit (Solarbio, 
Beijing, China). The cells were fixed in 4% para-
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formaldehyde (Vetec, Shanghai, China) for 30 
min, washed in PBS and incubated in ice-cold 
0.1% Triton X-100 for 2 min. Fresh TUNEL detec-
tion buffer was added and the cells were incu-
bated in dark at 37°C for 60 min, after which 
the cells were washed in PBS again. 
Fluorescence signals were observed with a flu-
orescence microscope (Olympus, Tokyo, Japan). 
The percent of fluorescein isothiocyanate 
(FITC)-positive cells was calculated.

CASP3 activity analysis

The relative activity of CASP3 was detected by 
Caspase 3 Colorimetric Assay Kit (Leagene, 
Beijing, China) according to the manufacturer’s 
instructions. Briefly, at 48 h after TBI, the cells 
of each group were collected, digested by tryp-
sin and washed in PBS. Caspase Lysis buffer 
was added to resuspend and lyse the cells on 
ice. After centrifugation, the supernatant was 
transferred to detect the OD of p-nitroanilide at 
405 nm. OD of the four TBI groups was com-
pared to the control group.

Western blot

Cells were lysed in Radio Immunoprecipitation 
Assay (Beyotime, Shanghai, China) for protein 
extraction. Protein samples were separated by 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred to polyvinyli-
dene fluoride membranes. Blots were blocked 

in 5% skim milk for 2 h at room temperature 
and incubated in the specific primary antibod-
ies for cleaved CASP3 (ab179517, Abcam, 
Cambridge, UK), BCL2 (ab59348), BAX (ab32- 
503), phosphatase and tensin homolog (PTEN, 
ab32199), v-AKT murine thymoma viral onco-
gene homolog 1 (AKT1, ab25893) or phosphor-
ylated AKT1 (p-AKT1, ab81283) overnight at 
4°C. After washed in PBS, blots were incubated 
in horse reddish peroxidase-conjugated sec-
ondary antibodies for 1 h at room temperature. 
Positive signals were developed by ECL Plus 
Western Blotting Substrate (Piece, Carlsbad, 
CA) and analyzed by ImageJ 1.49 (National 
Institutes of Health, Bethesda, MD). GAPDH 
was used as an internal reference.

qRT-PCR

Total RNAs of cells were extracted by TRIzol 
(Invitrogen, Carlsbad, CA) according to the man-
ufacturer’s instructions. DNA contamination 
was removed by DNase I (Invitrogen). miRNAs 
were extracted using miRNeasy Mini Kit (Qi- 
agen, Shenzhen, China). The complementary 
DNAs (cDNAs) were synthesized from 1 μg of 
total RNAs using PrimeScript Reverse Tran- 
scriptase (Takara, Dalian, China) and random 
primers or the specific primer for rno-miR-22-
3p (5’-CTC AAC TGG TGT CGT GGA GTC GGC AAT 
TCA GTT GAG ACA GTT CT-3’). qRT-PCR was per-
formed on QuantStudio 6 Flex Realtime PCR 
system (Applied Biosystems, Carlsbad, CA) with 
each reaction system containing 20 ng of 
cDNAs and the specific primers for rno-miR-22-
3p (Fw: 5’-ACA CTC CAG CTG GGA AGC TGC CAG 
TTG AAG-3’ and Rv: 5’-TGG TGT CGT GGA GTC 
G-3’) or Pten (Fw: 5’-GGA AAG GAC GAC TGG 
TGT A-3’ and Rv: 5’-TGC CAC TGG TCT GTA ATC 
CA-3’). Gapdh (Fw: 5’-CGC ATT GCC AGA CAT 
ATC AGC-3’ and Rv: 5’-AGG TGA AGC AGG CTC 
AAT CAA-3’) and pre-U6 (Fw: 5’-CTC GCT TCG 
GCA GCA CA-3’ and Rv: 5’-AAC GCT TCA CGA 
ATT TGC GT-3’) were used as the internal refer-
ence for Pten and miR-22 expression, respec-
tively. Data were calculated by the 2-ΔΔCt 
method.

Statistical analysis

In this study, 5 replicates of each cell group 
were analyzed. Detection on each replicate was 
performed three times, and results were repre-
sented as the mean ± standard deviation. Sta- 
tistical analysis was carried out by SPSS 20 

Figure 1. Down-regulated miR-22 level in TBI cell 
model. control, cells without treatment. TBI, TBI cell 
model. TBI + A, cells transfected with miR-22 agomir 
and injured by scratches. TBI + AN, cells transfected 
with miR-22 antagomir and injured by scratches. TBI 
+ blank, transfection control cells injured by scratch-
es. ***P < 0.001. TBI, traumatic brain injury.
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(IBM, New York, USA). Data 
were first analyzed by F test 
for homogeneity of vari-
ance and then t test for sta-
tistical significance. The 
difference with P < 0.05 
was considered significant 
between groups.

Results

miR-22 is down-regulated 
in cortical neuronal cells of 
TBI cell model

After TBI model construc-
tion in the primary cultured 
rat cortical neuronal cells, 
miR-22 was detected by 
qRT-PCR, and results sho- 
wed a significant down-reg-
ulated miR-22 level in the 
TBI group compared to the 
control (P < 0.001, Figure 
1). Then miR-22 expression 
was altered by transfecting 
its specific agomir or an- 
tagomir to TBI model cells. 
The detection indicated the 
successful promotion and 
inhibition of miR-22 level 
with significant differences 

Figure 2. Neuronal cell injury 
and apoptosis promoted by TBI 
and inhibited by miR-22. con-
trol, cells without treatment. 
TBI, TBI cell model. TBI + A, 
cells transfected with miR-22 
agomir and injured by scratch-
es. TBI + AN, cells transfected 
with miR-22 antagomir and 
injured by scratches. TBI + bl- 
ank, transfection control cells 
injured by scratches. A. Rela-
tive LDH release in the culture 
medium which indicates cell 
injury. B. Pictures of TUNEL 
assay indicating apoptotic ne- 
uronal cells (bright blue). C. 
Histogram of the average per-
cent of apoptotic neuronal ce- 
lls (FITC-positive) in each gro- 
up. **P < 0.01. ***P < 0.001. 
LDH, lactate dehydrogenase. 
TUNEL, TdT-mediated dUTP 
nick-end labeling. FITC, fluo-
rescein isothiocyanate.
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compared to the blank control (P < 0.001). 
Thus these five cell groups were used in further 
experiments.

miR-22 inhibits cortical neuronal cells injury 
and apoptosis of TBI cell model

Injured cells release LDH which is a relatively 
stable enzyme in culture medium, so the 
release of LDH to the culture medium of TBI 
model cells was detected to assess cell injury. 
Results showed that TBI model cells released 
more LDH compared to the control (P < 0.001, 
Figure 2A). miR-22 overexpression significantly 
reduced LDH release and its knockdown 
increased LDH level in the medium (P < 0.001). 
So it seemed that miR-22 could attenuate TBI-
induced neuronal cell injury.

Meanwhile, cell apoptosis was detected by 
TUNEL assay and similar changing patterns 
were found. TBI increased FITC-positive cell 
number compared to the control (Figure 2B). 
miR-22 overexpression decreased cell apopto-
sis and miR-22 knockdown increased apoptotic 
cell number compared to the blank control. 
Significant differences in the apoptotic cell per-
cent were found between groups when consid-
ering replicated experiments (P < 0.001, Figure 
2C). So miR-22 might inhibit cortical neuronal 
cell apoptosis in the TBI cell model.

miR-22 regulates PTEN/AKT signaling and 
downstream apoptosis factors

Based on the above results, miR-22 was likely 
to inhibit cell apoptosis in the TBI cell model, so 
a series of apoptosis factors were analyzed to 
investigate the possible regulatory mechanism 
of miR-22. The relative activity of CASP3, a key 
executor of cell apoptosis, was analyzed, and 
results showed that TBI elevated CASP3 activi-
ty (P < 0.001, Figure 3A). Compared to the TBI 
+ blank group, miR-22 agomir inhibited, and 
miR-22 antagomir promoted CASP3 activity (P 
< 0.001). Western blot further verified that the 
cleaved CASP3 level possessed the similar 
changes to the activity assay (Figure 3B), which 
supported that TBI induced neuronal cell apop-
tosis and that miR-22 inhibited cell apoptosis in 
the TBI model.

Then BCL2 and BAX protein were detected for 
their vital position in cell apoptosis pathways. 
Western blot showed that BCL2 was inhibited 

Figure 3. CASP3 activity regulated by miR-22. con-
trol, cells without treatment. TBI, TBI cell model. TBI 
+ A, cells transfected with miR-22 agomir and injured 
by scratches. TBI + AN, cells transfected with miR-
22 antagomir and injured by scratches. TBI + blank, 
transfection control cells injured by scratches. A. Rel-
ative CASP3 activity indicated by OD of p-nitroanilide 
at 405 nm. B. Western blot showing the protein level 
of cleaved CASP3. GAPDH is an internal reference. 
***P < 0.001. CASP3, caspase 3.

Figure 4. Protein levels of BCL2 and BAX regulated by 
miR-22. control, cells without treatment. TBI, TBI cell 
model. TBI + A, cells transfected with miR-22 agomir 
and injured by scratches. TBI + AN, cells transfected 
with miR-22 antagomir and injured by scratches. TBI 
+ blank, transfection control cells injured by scratch-
es. A. Western blot showing protein levels of BCL2 
and BAX. GAPDH is an internal reference. B. Ratio 
of BCL2 and BAX based on the western blot results. 
**P < 0.01. ***P < 0.001. BCL2, B-cell lymphoma 
2. BAX, BCL2-associated X protein.
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and BAX was promoted by TBI (Figure 4A). In 
the transfection groups, miR-22 agomir 
increased and miR-22 antagomir decreased 
BCL2 level, while BAX showed the opposite 
changing pattern. Significant differences were 
found between groups when comparing the 
ratio of BCL2 and BAX, which was markedly 
decreased by TBI (P < 0.001, Figure 4B), elevat-
ed by miR-22 agomir and reduced by miR-22 
antagomir (P <0.01). So miR-22 could regulate 
BCL2 and BAX in the TBI cell model.

Upstream of BCL2 and BAX, AKT1 was detect-
ed for its central position during cell apoptosis. 
As predicted, the total AKT1 level did not 
change obviously among groups (Figure 5A), 
but p-AKT1 was inhibited by TBI and promoted 
by miR-22 agomir, which was consistent with 
the cell apoptosis changes in each group. Since 
the phosphorylation of AKT1 can be sup-

pressed by PTEN, so PTEN expression was also 
detected. Its protein level showed the opposite 
changing pattern to p-AKT1 (Figure 5A), which 
was in accordance with its influence on AKT1. 
Pten mRNA level in these groups was similar to 
its protein level, which was significantly elevat-
ed by TBI and inhibited by miR-22 agomir (P < 
0.001, Figure 5B). Taken together, miR-22 
could regulate apoptosis factors including 
PTEN, p-AKT1, BCL2, BAX and cleaved CASP3, 
which might be a possible regulatory mecha-
nism of miR-22 in cortical neuronal cells during 
TBI.

Discussion

miRNAs have shown great potentials in treating 
various diseases for their ability to regulate 
gene expression. In this study, miR-22 level is 
detected to be down-regulated in the TBI model 
of rat cortical neuronal cells. Up-regulation of 
miR-22 in TBI cell model could attenuate cell 
injury, apoptosis and a series of apoptosis fac-
tors including CASP3, BCL2, BAX, PTEN and 
AKT1.

Compared to the control group, the neuronal 
cells in the TBI model group released relatively 
more LDH to the culture medium, which indi-
cated a more severe cell injury degree. Besides, 
TUNEL assay showed a higher apoptotic cell 
percent in the TBI model. However, the impacts 
induced by scratch injury were attenuated 
when miR-22 was up-regulated by the agomir, 
and aggravated by miR-22 antagomir, which 
implied the potential neuroprotective functions 
of miR-22 in attenuating neuronal cell injury 
and apoptosis during TBI. Similar results have 
been reported in the cell model of cerebral 
ischemia-reperfusion injury and rat myocardial 
ischemia-reperfusion model, where miR-22 
reduces the apoptotic rate of cortical neurons, 
suppresses LDH release and apoptosis of car-
diomyocytes; miR-22 also improves neuronal 
viability in an in vitro model of brain aging [14, 
18, 21]. But disparate roles of miR-22 are 
revealed in hepatocellular carcinoma cells 
where it may inhibit cell proliferation [22]. So 
the function of miR-22 is not likely to be con-
served in different cell types, which needs fur-
ther verification.

The CASP3 activity assay, western blot and 
qRT-PCR results of this study showed that miR-
22 inhibited CASP3 activity, BAX and PTEN 

Figure 5. Expression of PTEN and AKT1 regulated by 
miR-22. control, cells without treatment. TBI, TBI cell 
model. TBI + A, cells transfected with miR-22 agomir 
and injured by scratches. TBI + AN, cells transfected 
with miR-22 antagomir and injured by scratches. TBI 
+ blank, transfection control cells injured by scratch-
es. A. Western blot showing protein levels of PTEN, 
p-AKT1 and AKT1. GAPDH is an internal reference. 
B. qRT-PCR showing Pten mRNA levels in each group. 
***P < 0.001. PTEN, phosphatase and tensin ho-
molog. AKT1, v-AKT murine thymoma viral oncogene 
homolog 1. p-AKT1, phosphorylated AKT1.
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expression, and promoted BCL2 and p-AKT1. 
As one of the three apoptosis executioners in 
caspase family, CASP3 can be activated by 
cytochrome c released from mitochondria and 
an important apoptosis activator, CASP9 [23]. 
Release of cytochrome c is monitored by BCL2 
family members such as pro-survival BCL2 and 
pro-apoptotic protein BAX [24]. The balance 
between BCL2 and BAX is crucial for cell sur-
vival, and the BCL2/BAX ratio is thus becoming 
an indicator for cell apoptosis [25, 26]. 
Moreover, PTEN is a further upstream regulator 
which inhibits the phosphorylation of AKT1 and 
induces cell apoptosis [27, 28]. Based on the 
information, the regulation of miR-22 on these 
apoptosis factors indicates that miR-22 may 
regulate the PTEN/AKT1 signaling and down-
stream BCL2, BAX and CASP3, which is one of 
the possible mechanisms for its neuroprotec-
tive roles in TBI.

Up-regulation of miR-22 inhibited PTEN expres-
sion in both mRNA and protein levels as detect-
ed in this study. One possible reason may be 
that miR-22 hinders the translation process of 
PTEN production as well as the stability of Pten 
mRNA, as reported in some mammalian miR-
NAs [29, 30]. Though rno-miR-22-3p was pre-
dicted to target the sequence GGCAGCUA in 
Pten mRNA 3’ untranslated region, the direct 
interaction and the regulatory mechanism 
between miR-22 and Pten need further 
investigation.

In summary, miR-22 is down-regulated in the 
TBI cell model of this study. miR-22 is capable 
of attenuating neuronal cell injury and apopto-
sis induced by TBI. Its regulation on the PTEN/
AKT1 signaling and key apoptosis factors may 
be associated with its neuroprotective roles in 
the TBI cell model. This study facilitates the 
relative research on miRNAs and TBI treatment, 
and more detailed mechanism analyses are 
necessary.
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