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Abstract
Introduction. The pathological mechanism of cerebral ischemia/reperfusion (CIR) injury is complicated and 
unclear. Apart from the involvement of many low-molecular factors it was found that several miRNAs were 
dysregulated during and after CIR injury in cell models. This study aimed to explore the effects of miR-378a-
5p on in vitro model of (CIR) injury-induced neuronal apoptosis and provide a new mechanism of CIR injury.
Material and methods. Primary hippocampal neurons were isolated from newborn Sprague-Dawley rats. Ox-
ygen-glucose deprivation/reoxygenation (OGDR) for 24 h and 48 h was used as an in vitro model of CIR. Cell 
viability was measured using MTT assay and apoptosis was determined by flow cytometry. Quantitative real time 
PCR (qRT-PCR) assay and Western blotting were used to examine mRNA and protein expressions, respectively. 
TargetScan was used to predict the direct target of miR-378a-5p and luciferase assay was used to validate that 
calmodulin-dependent protein kinase kinase-2 (CAMKK2) was the direct target of miR-378a-5p. 
Results. miR-378a-5p expression was significantly increased after OGDR at 24 h and 48 h. After OGDR, cell 
viability was reduced, which was reversed by miR-378a-5p and enhanced by shCAMKK2 plasmid. Cell apoptosis 
was increased after OGDR, which was prevented by miR-378a-5p and enhanced by shCAMKK2 plasmid. Results 
of TargetScan and luciferase assay demonstrated that miR-378a-5p could directly bind to 3’-untranslated region 
(3’-UTR) of CAMKK2. Both mRNA and protein expression of CAMKK2 were downregulated by miR-378a-5p 
mimics and upregulated by miR-378a-5p inhibitors. Phosphorylation of adenosine monophosphate-activated 
protein kinase (AMPK) was positively associated with expression of CAMKK2.
Conclusions. Data of this study indicated that miR-378a-5p was significantly overexpressed after OGDR. miR-
378a-5p could bind to 3’-UTR of CAMKK2 to inhibit cell proliferation through regulation of CAMKK2/AMPK 
pathway providing a new mechanism and biomarker for the diagnosis and potential treatment of CIR injury.  
(Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 1, 57–65)
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Introduction

The brain is an organ highly sensitive to hypoxia [1]. 
Cerebral ischemia/reperfusion (CIR) injury occurs 
when blood supply to the brain is suspended and 
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subsequently restored [2]. Cerebral IR injury can 
induce brain dysfunction, which contributes to high 
mortality and disability [3]. The pathological mecha-
nism of CIR injury is complicated and unclear. Many 
biological processes are involved in it, including 
the generation of reactive oxygen species (ROS), 
reduction of adenosine triphosphate (ATP) and an-
tioxidative factors, including activation of adenosine 
monophosphate-activated protein kinase (AMPK) 
signaling pathway [4, 5]. 
The major function of AMPK is to monitor the chang-
es of cellular energy and control the ATP level, thus 
AMPK activity is regulated by the ratio of AMP/ADP 
to ATP [6]. Phosphorylation of Thr172 is required for 
the activation of AMPK, which is directly mediated 
by serine/threonine kinase LKB1, a tumor suppressor 
protein [7]. In addition, phosphorylation of AMPK on 
Thr172 can also be mediated via calmodulin-dependent 
protein kinase kinase-2 (CAMKK2) in response to cal-
cium flux [8]. Activation of AMPK can promote glucose 
uptake via activation of Akt-mTOR pathway, inhibit 
protein and lipid synthesis, and suppress cell growth [9]. 
AMPK is also involved in CIR injury through multiple 
signaling pathways, including NF-kB signaling pathway 
and NLRP3 inflammasome activation pathway [10, 11].
As a class of small non-coding RNAs (28-25 nucleo-
tides), microRNAs (miRNAs) can directly target the 
3’-untranslated region (3’-UTR) of mRNAs, thereby 
downregulating protein expression [12]. Several miR-
NAs were dysregulated during and after CIR injury 
in cell models [13]. In vascular smooth muscle cells, 
miR-378a-5p has been reported to promote cell pro-
liferation and migration through targeting cyclin-de-
pendent kinase 1 (CDK1), a protein that promotes cell 
cycle entering M phase from G2 phase [14]. Overex-
pression of miR-378a-5p can directly target 3’-UTR 
of E2F transcription factor 3 (E2F3), leading to lens 
epithelial cell apoptosis in cataract [15]. However, no 
studies have reported the effects of miR-378a-5p on 
CIR injury. This study aims to investigate the effects 
of miR-378a-5p on in vitro model of CIR-induced 
neuronal cell apoptosis and provide a new mechanism 
of diagnosis and treatment for CIR injury.

Material and methods

Cell culture, treatment and transfection. Human em-
bryonic kidney 293 (HEK293) cells were obtained from 
Beijing Smart Treasure Biological Technology Co., Ltd. 
(Genobio, China) and cultured in DMEM (Procell, 
Wuhan, China) supplemented with fetal bovine serum 
(FBS, 10%, Thermo Fisher, Carlsbad, CA, USA) and 
1%, penicillin-streptomycin solution (Solarbio, Beijing, 
China) with 5% CO2 at 37°C. 

Primary hippocampal neurons were isolated from new-
born Sprague-Dawley rats [16]. Briefly, the hippocampal 
tissues were cut into small pieces and digested with 
trypsin-EDTA (0.25%, STEMCELL, Seattle, WA, USA). 
The isolated primary hippocampal neurons were seeded 
in 6-well plates which were precoated with 0.01% po-
ly-L-lysine and cultured in DMEM containing 10% 
FBS and 1% penicillin-streptomycin solution (Solarbio) 
in an atmosphere of 5% CO2 and 95% air at 37°C. All 
experiment procedures were carried following the ethical 
standards under a protocol approved by the Animal Ex-
periment Ethics Committee of North China University of 
Science and Technology, and were executed conforming 
to the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (No. 
85-23, 1996) [17].
The in vitro IR model was achieved by oxygen-glucose 
deprivation/reoxygenation (OGDR). Briefly, the primary 
hippocampal neurons were seeded in the 6-well plate at the 
density of 1 × 106 cells/well and the medium was changed to 
glucose-free DMEM in an atmosphere of 1% O2, 94% N2 
and 5% CO2 (hypoxic condition) at 37°C for 3 h. Thereafter, 
the neurons were cultured in normal DMEM in an atmos-
phere of 95% air and 5% CO2 (normoxic condition) up to 
48 h. Neurons cultured in normal medium under normoxic 
condition were used as control group.
Transfection was performed by mixing miR-378a-5p mim-
ics, miR-378a-5p inhibitors and their negative controls 
(Ribobio, Guangzhou, China), and shCAMKK2 and its 
negative control (BersinBio, Guangzhou, China) with lipo-
fectamine 2000 (Invitrogen, Carlsbad, WA, USA) accord-
ing to manufacturer’s protocols. The primary hippocampal 
neurons were cultured in the 6-well plate at the density of 
1 × 106 cells/well with FBS-free medium. The transfection 
complex was added into neurons and incubated for 6–8 h. 
The medium was then replaced by normal culture medium. 
Neurons were cultured for 24 h at 37°C and collected for 
further analysis.

Determination of cell viability and cell survival. MTT 
assay. The neurons were cultured in 96-well plates. After 
transfection, MTT (5 mg/ml in phosphate-buffered saline 
(PBS, Abcam, Cambridge, UK) was added into each 
well and incubated for 4 h following the manufacturer’s 
instruction. The formazan was dissolved by dimethyl 
sulfoxide. The absorbance value at 490 nm was measured 
and recorded by a spectrophotometer (BioTek, Winooski, 
VT, USA).
Trypan blue assay. Cell survival was determined using 
Trypan blue assay. The neurons were cultured in 6-well 
plate. After transfection, the medium was removed and 
cells were washed using PBS. 0.4% of trypan blue solution 
(SigmaAldrich, St. Louis, MO, USA) was added into each 
well at a ratio of 1:9 vs. PBS. The results were observed 



59miR-378a-5p regulates CAMKK2/AMPK pathway

https://journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0007
ISSN 0239-8508, e-ISSN 1897-5631

and photographs were acquired under a microscope within 
3 min. All the cells visible in the view field were counted 
in tree view fields in each experimental group. 

Apoptosis measurement by flow cytometry. The neurons 
were cultured in 6-well plates. After transfection, cells were 
suspended in 1.5 ml of tubes and washed with PBS. The 
suspended cells were stained by the commercial FITC/PI 
apoptosis detection kit (Beyotime) according to the manu-
facturer’s protocol. Cell apoptosis was analyzed with a flow 
cytometer (Becton Dickinson, Mountain View, CA, USA) 
by two parameter dot-plots. A total of 20,000 cells were 
recorded in each run.

Luciferase reporter assay. HEK293 cells were cultured in 
6-well plates at the density of 1 × 106 cells/well. 3’-UTR of 
CAMKK2 with wild type sequence (CAMKK2-WT) and 
mutant sequence (CAMKK2-MUT) of miR-378a-5p com-
plementary sites were cloned into pGL3 luciferase reporter 
vectors (Promega, Madison, WI, USA) respectively. pGL3-
CAMKK2-WT or pGL3-CAMKK2-MUT was co-trans-
fected with miR-378a-5p mimics and its negative control. 
Luciferase activity was detected using Luciferase Reporter 
Assay Kit (BioVision, Milpitas, CA, USA).

Extraction of RNA and quantitative real time PCR (qRT-
PCR) assay. Total RNA extraction was performed using 
TRIzol reagent (Thermo Fisher). Reverse transcription 
was performed with 1 µg of RNA using QuantiTect 
Reverse Transcription Kit (QIAGEN, Dusseldorf, Ger-
many). RNA expression was examined using QuantiTect 
SYBR Green RT-PCR Kit (QIAGEN) with the StepO-
nePlus system (Applied Biosystems, USA). Relative 
RNA expression was quantified by 2−DDCt method. The 
primer sequences (SigmaAldrich) used in this study 
were: b-actin forward, 5’-AGCCTCGCCTTTGCCGA-3’ 
and reverse, 5’-CTGGTGCCTGGGGCG-3’; CAM-
KK2 forward, 5’-CGGTCGCAAGCTGTCTCTG-3’ 
and reverse, 5’-GCGTCCGTTCATGTCCAGG-3’; U6 
forward, 5’-AGTAAGCCCTTGCTGTCAGTG-3’ and 
reverse, 5’-CCTGGGTCTGATAATGCTGGG-3’. Rel-
ative expression of miR-378a-5p was determined using 
miScript Primer Assays (QIAGEN) and normalized by 
U6 small RNA.

Western blotting. Cell lysates was extracted by RIPA cell 
lysis buffer (Beyotime). Total proteins (5 µg) were loaded 
in SDS-PAGE and separated via electrophoresis. The 
separated proteins then transferred to PVDF membrane 
followed by blockade of membranes with 5% of milk. The 
blocked membranes were probed with the proper prima-
ry antibodies at 4°C overnight and then incubated with 
secondary antibodies for 2 h at room temperature. The 
signal of protein bands was detected using ECL Detection 

reagents (SigmaAldrich, USA). The primary antibodies 
(Cell Signaling, Danvers, MA, USA) used in this study 
were: Bax (CST#2774S, 1:500 dilution), cleaved caspase-3 
(CST#9664, 1:1000 dilution), caspase-3 (CST#9662S, 
1:1000 dilution), CAMKK2 (ab96531, 1:500 dilution, 
Abcam), p-AMPK (CST#2535, 1:2000 dilution), AMPK 
(CST#2532, 1:2000 dilution), b-actin (CST#4970, 1:5000 
dilution).

Statistical analysis. GraphPad Prism 8.0 software (Grapg-
pad Inc., San Diego, CA, USA) was used to carry out all 
the data analysis. Student t-test was used to compare the 
difference between two groups. One-way ANOVA was 
used to compare between multiple groups. All data were 
expressed as mean ± SD. p < 0.05 indicated statistically 
significant difference.

Results

miR-378a-5p was overexpressed after OGDR  
in primary hippocampal neurons
After OGDR, overexpression of miR-378a-5p was 
detected at 24 h and 48 h compared with control group 
(Fig. 1). No change of miR-378a-5p was observed in 
the control group. The expression of miR-378a-5p 
was upregulated by OGDR in a time-dependent 
manner (Fig. 1).
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Figure 1. Expression of miR-378a-5p was upregulated in 
primary hippocampal neurons after OGDR. Primary hip-
pocampal neurons were cultured in glucose-free DMEM 
in an atmosphere of 1% O2, 94% N2 and 5% CO2 (hypoxic 
condition) at 37°C for 3 h. Thereafter, the neurons were 
cultured in normal DMEM in an atmosphere of 95% air and 
5% CO2 (normoxic condition) for 48 h. Neurons cultured 
in normal medium under normoxic condition were used as 
control group. Relative expression of miR-378a-5p after 
OGDR was detected by qRT-PCR as described in Methods.  
**p < 0.01 vs. control group. Abbrev.: Con — control; OGDR 
— oxygen-glucose deprivation/reoxygenation.
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Inhibition of miR-378a-5p promoted cell 
proliferation and suppressed cell apoptosis induced 
by OGDR
To investigate the role of miR-378a-5p in OGDR-in-
duced neuron dysfunction, miR-378a-5p inhibitors 
were used to knockdown the expression of miR-378a-
5p. qRT-PCR results demonstrated that the expres-
sion of miR-378a-5p was lower in cells transfected 
with miR-378a-5p inhibitors than that in control 
group (Fig. 2A). After OGDR, cell viability was 
significantly reduced compared with the normoxic 
group and the reduction of cell viability was restored 
by miR-378a-5p inhibitors (Fig. 2B). mir-378a-5p in-
hibitor had no significant effects on the cell viability 
under normoxic condition (Fig. 2B). After OGDR, 
cell survival was significantly decreased compared 
with the normoxic group and this reduction of cell 
survival was attenuated by miR-378a-5p inhibitors 
(Fig. 2C). Mir-378a-5p inhibitor had no effects on 
the cell survival under normoxic condition (Fig. 2C). 
After OGDR, protein expressions of Bax and cleaved 
caspase-3 were upregulated compared with normoxic 
group and this upregulation of protein expression 
was attenuated by miR-378a-5p inhibitors (Fig. 2D). 
There was no significant change of Bax and cleaved 
caspase-3 expression between cell transfected with 
miR-378a-5p inhibitors and its negative controls 
under normoxic condition (Fig. 2D). After OGDR, 
cell apoptosis was significantly induced compared 
with the normoxic group and this induction of cell 
apoptosis was restored by miR-378a-5p inhibitors 
(Fig. 2E). Mir-378a-5p inhibitor did not show any 
effects on the cell apoptosis under normoxic condi-
tion (Fig. 2E).

CAMKK2 is the direct target of miR-378a-5p 
Prediction results from TargetScan (www.targetscan.
org) demonstrated that there was a complementary 
sequence between 3’-UTR of CAMKK2 and miR-
378a-5p (Fig. 3A). Luciferase assay results showed 
that luciferase activity was significantly reduced in 
cells co-transfected with CAMKK2-WT plasmid and 
miR-378a-5p mimics while no change was observed 
in cells co-transfected with CAMKK2-MUT plasmid 
and miR-378a-5p mimics (Fig. 3B). The expression of 
miR-378a-5p was increased by miR-378a-5p mimics 
and decreased by miR-378a-5p inhibitors (Fig. 3C). 
The expression of CAMKK2 mRNA was downreg-
ulated by miR-378a-5p mimics and upregulated by 
miR-378a-5p inhibitors (Fig. 3D). Protein expression 
of CAMKK2 was also downregulated by miR-378a-5p 
mimics and upregulated by miR-378a-5p inhibitors 
(Fig. 3E). These results suggested that CAMKK2 is 
the direct target of miR-378a-5p.

Effects of miR-378a-5p on primary hippocampal 
neurons were mediated by the inhibition  
of CAMKK2
After OGDR for 48 H, the relative expression  
of CAMKK2 was reduced compared with control 
group. This reduction was prevented by miR-378a-
5p inhibitors and further reduced in cells transfected 
with shCAMKK2, which was reversed by miR-378a-5p 
inhibitors (Fig. 4A). Cell viability was also decreased 
after OGDR, and this decrease was suppressed 
by miR-378a-5p inhibitors and enhanced in cells 
transfected with shCAMKK2 (Fig. 4B). Inhibition of 
cell viability by shCAMKK2 was prevented in cells 
co-transfected with shCAMKK2 and miR-378a-5p 
inhibitors (Fig. 4B). Cell survival was also reduced 
after OGDR, and this reduction was suppressed 
by miR-378a-5p inhibitors and enhanced in cells 
transfected with shCAMKK2 (Fig. 4C). Inhibition 
of cell viability by shCAMKK2 was prevented in cells 
co-transfected with shCAMKK2 and miR-378a-5p 
inhibitors (Fig. 4C). The expressions of CAMKK2 
and phosphorylation of AMPK were downregulated 
after OGDR, which were reversed by miR-378a-5p 
inhibitors (Fig. 4D). shCAMKK2 further reduced ex-
pression of CAMKK2 and phosphorylation of AMPK, 
which was inhibited by dual-inhibition of CAMKK2 
and miR-378a-5p (Fig. 4D). Upregulation of Bax and 
cleaved caspase-3 was observed after OGDR and 
miR-378a-5p inhibitors repressed the upregulation of 
Bax and cleaved caspase-3 induced by OGDR (Fig. 
4D). Expression of Bax and cleaved caspase-3 was 
further increased in cells transfected with shCAMKK2 
and dual repression of CAMKK2 whereas miR-378a-
5p prevented the overexpression of Bax and cleaved 
caspase-3 induced by shCAMKK2 (Fig. 4D). Cell 
apoptosis was also induced after OGDR, and this 
induction was suppressed by miR-378a-5p inhibitors 
while enhanced by transfection with shCAMKK2 (Fig. 
4E). Inhibition of cell viability by shCAMKK2 was 
prevented in cells co-transfected with shCAMKK2 
and miR-378a-5p inhibitors (Fig. 4E).

Discussion

Oxygen-glucose deprivation (OGD) is an in vitro 
ischemia-reperfusion model which is usually used to 
mimic ischemic cell damage [18]. Sustained OGD 
(lasting more than 1 hour) followed by re-oxygenation 
(OGDR) has been proved to induce mitochondria 
dysfunction, ROS production, and cell necrosis [18]. 
In this study, the expression of miR-378a-5p was 
significantly increased after OGDR in primary rat 
hippocampal neurons. Overexpression of miR-378a-
5p inhibited cell viability and promoted cell apoptosis 

http://www.targetscan.org
http://www.targetscan.org
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Figure 2. Inhibition of miR-378a-5p promoted neuronal cells’ proliferation and suppressed cell apoptosis induced by OGDR. 
Incubation conditions were the same as described in the legend to Figure 1. A. miR-378a-5p expression was downregulated by 
miR-378a-5p inhibitors 48 h after OGDR. B. miR-378a-5p inhibitors prevented the reduction of cell viability after OGDR. 
C. miR-378a-5p inhibitors prevented the reduction of cell survival after OGDR. D. Western blotting revealed that miR-
378a-5p inhibitors inhibited the upregulation of Bax and cleaved caspase-3 induced by OGDR. E. miR-378a-5p inhibitors 
prevented the induction of cell apoptosis after OGDR. **p < 0.01 vs. control cells + NC inh; ##p < 0.01 vs. OGDR + NC 
inh. Abbrev.: as in the legend to Figure 1 plus NC inh, negative control of miR-378a-5p inhibitors.
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Figure 3. Calmodulin-dependent protein kinase kinase-2 (CAMKK2) is the direct target of miR-378a-5p in hippocampal 
neurons. Primary hippocampal neurons were incubated in the same conditions as described in the legend to Figure 1. A. 
Predicting binding site of miR-378a 5p to 3’-UTR of CAMKK2. B. miR-378a-5p reduced the luciferase activity in CAMKK2 
amplified cells. C. Expression of miR-378a-5p was increased by miR-378a-5p mimics and decreased by miR-378a-5p inhibi-
tors 48 h after OGDR. D. Expression of CAMKK2 mRNA was downregulated by miR-378a-5p mimics and upregulated by 
miR-378a-5p inhibitors. E. Expression of CAMKK2 protein was downregulated by miR-378a-5p mimics and upregulated 
by miR-378a-5p inhibitors. **p < 0.01 vs. NC mimic; ##p < 0.01 vs. NC inh. Abbrev.: NC mimic — negative control of miR-
378a-5p mimic. WT: 3’-UTR of CAMKK2 with wild type sequence, MUT: 3’-UTR of CAMKK2 with mutant sequence.

through directly targeting 3’-UTR of CAMKK2 by 
activation of AMPK signaling pathway. Suppression 
of miR-378a-5p and overexpression of CAMKK2 
could promote neuron viability and inhibit cell apop-
tosis, providing a new mechanism and biomarker for 
diagnosis and treatment of CIR injury. 
Various miRNAs have been found to be involved in 
CIR injury. For example, elevation of miR-125-in-
duced cell apoptosis and increased ROS production 
in PC-12 cells after OGDR were found to act via 

inhibition of casein kinase 2a (CK2a)/NADPH oxi-
dase signaling pathway [19]. miR-182-5p, which was 
downregulated after OGD in microglial cells, could 
prevent CIR injury by direct binding to Toll-like 
receptor 4, demonstrating a neuroprotective effect 
[20]. In this study, the expression of miR-378a-5p was 
increased after OGDR, resulting in the suppression 
of cell proliferation and induction of cell apoptosis 
which may contribute to cerebral IR injury. Inhibi-
tion of miR-378a-5p prevented neuronal apoptosis 
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Figure 4. Effects of miR-378a-5p on primary hippocampal neurons was mediated by the inhibition of CAMKK2. The primary 
hippocampal neurons were cultured in glucose-free DMEM in an atmosphere of 1% O2, 94% N2 and 5 % CO2 (hypoxic 
condition) at 37°C for 3 h. Thereafter, the neurons were cultured in normal DMEM in an atmosphere of 95% air and 5% 
CO2 (normoxic condition) for 48 h. Neurons cultured in normal medium under normoxic condition were used as control 
group. A. Changes of CAMKK2 mRNA expression after treatment and transfection 48 h after OGDR. B. Change of cell 
viability after treatment and transfection 48 h after OGDR. C. Change of cell survival assessed by trypan blue staining after 
treatment and transfection. D. Change of CAMKK2, Bax, p-AMPK and cleaved caspase 3 protein expression after treat-
ment and transfection. E. Cell apoptosis was measured by flow cytometry after treatment and transfection as described in 
Methods. **p < 0.01 vs. con; ##p < 0.01 vs. OGDR + NC inh + shNC; @@p < 0.01 vs. OGDR + NC inh + shCAMKK2. 
Abbrev.: shCAMKK2 — shRNA of CAMKK2; shNC — negative control of shCAMKK2.
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induced by OGDR, which provides a new insight for 
the treatment of CIR injury.
miR-378a-5p is encoded by Ppargc1b gene and has 
been reported to act as a tumor suppressor because it 
could inhibit cell proliferation and induce cell apop-
tosis [21]. For example, by binding to the 3’-UTR of 
suppressor of fused homolog (SUFU), miR-378a-5p 
promoted cell apoptosis in triple negative breast can-
cer [22]. In oral squamous cell carcinoma, miR-378a-
5p was shown to be negatively associated with the 
cell proliferation and inhibited angiogenesis through 
binding to kallikrein-related peptidase 4 (KLK4), 
inhibiting tumorigenesis and tumor metastasis [23]. 
Therefore, the overexpression of miR-378a-5p im-
proves the prognosis of cancer patients. However, 
the inhibitory effects of miR-378a-5p on cell survival 
play a negative role in cerebral IR injury. In this study, 
overexpression of miR-378a-5p reduced cell survival 
after OGDR, which worsens the prognosis of cerebral 
IR injury. Therefore, downregulation of miR-378a-5p 
could prevent cerebral IR injury.
As mentioned before, miRNA could bind to 3’-UTR 
of target mRNA to induce translational repression. 
There are target regions called “seed regions”, which 
refer to the 7 nucleotides at 2 to 8 at the 5" end of 
miRNA [12]. The “seed region” is the key sequence 
to recognize the target of miRNAs [12]. The predic-
tion results in this study from TargetScan indicated 
that there was a complementary sequence between 
3’-UTR of CAMKK2 and 2 to 8 at the 5" end of 
miR-378a-5p in compliance with Watson-Crick match 
[24], suggesting that calmodulin-dependent protein 
kinase kinase-2 was the direct target of miR-378a-
5p. Luciferase activity was significantly reduced in 
cells co-transfected with CAMKK2-WT plasmid and 
miR-378a-5p mimics while no change was observed 
in cells co-transfected with CAMKK2-MUT plasmid 
and miR-378a-5p mimics, further confirming that 
CAMKK2 was a direct target of miR-378a-5p. 
CAMKK2 is a Ca2+/calmodulin-dependent ser-
ine-threonine protein kinase which could couple 
calcium transients to regulate cell proliferation, sur-
vival and metabolism [25]. Activation of CAMKK2 
by phosphorylation of AMPK on Thr172, results in 
inhibition of protein and lipid synthesis, and suppres-
sion of cell growth [8, 9]. Data of this study show that 
inhibition of CAMKK2 prevented cell growth induced 
by the downregulation of miR-378a-5p, indicating that 
inhibition of miR-378a-5p could prevent neuronal 
apoptosis during CIR injury. Furthermore, inhibition 
of CAMKK2 reduced the phosphorylation of AMPK. 
All these effects were attenuated by dual-inhibition 
of miR-378a-5p and CAMKK2, suggesting that miR-
378a is involved in CIR through regulation of CAM-

KK2-AMPK signaling pathway and that CAMKK2 
showed an neuroprotective effect during CIR injury.
In conclusion, data of this study show that miR-378a-
5p was significantly overexpressed after OGDR in 
primary rat hippocampal neurons, providing a new 
biomarker for cerebral IR injury. miR-378a-5p could 
inhibit cell proliferation and induce cell apoptosis 
through regulation of CAMKK2/AMPK pathway, pro-
viding a new therapeutic target for CIR injury. How-
ever, the findings of this study should be confirmed 
in clinical practice and future drug discovery could 
focus on the activation of CAMKK2/AMPK pathway.
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