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and apoptosis by regulating miR-499a/DDK1
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Abstract: Background and objectives: Salvianolic acid A (SAA) is a main component derived from Salvia miltior-
rhiza and has been revealed to protect against cerebral ischemia/reperfusion injury (CIRI). The present study was 
designed to evaluate the neuroprotective role of SAA in CIRI and explore its underlying mechanism in vivo and in 
vitro. Methods: To determine the neuroprotective effects of SAA on CIRI in vivo, the middle cerebral artery occlusion 
(MCAO) rat model was established. Besides, oxygen-glucose deprivation/reperfusion (OGD/R)-induced PC12 cells 
were used to analysis the effects of SAA on CIRI in vitro. Neurological deficit score, brain water content, cell prolifera-
tion, apoptosis and inflammation were measured. In addition, the effects of SAA on miR-449a/DKK1 and Wnt/β-
catenin pathway were evaluated. Results: The level of miR-449a was decreased in MCAO rat models as well as 
OGD/R-induced PC-12 cells. SAA could significantly inhibit cell apoptosis and inflammation both in MCAO rat model 
and OGD/R-induced PC-12 cells. Also, SAA inhibited cerebral edema and promoted PC12 cell proliferation. Besides, 
we proved that the 3’-UTR of DKK1 mRNA is the target of miR-449a. Furthermore, we demonstrated that SAA could 
activate Wnt/β-catenin pathway and play the neuroprotective role by regulating miR-499a/DDK1. Conclusion: Taken 
together, these results suggest that SAA could increase miR-449a level and then inhibit DDK1 expression to activate 
Wnt/β-catenin pathway, leading to the alleviation of cerebral ischemia/reperfusion injury in vivo and in vitro.

Keywords: Salvianolic acid A, cerebral ischemia/reperfusion injury, brain damage, inflammation, apoptosis, miR-
499a/DDK1

Introduction

Ischemic cerebrovascular disease (ICVD) is one 
of the most serious diseases that threaten 
human beings in the world today [1]. It is often 
associated with various neurological diseases 
such as ischemic stroke, Alzheimer disease 
and vascular dementia [2]. What is worse, the 
morbidity and mortality of ICVD are increasing 
day by day [3]. Thus, to restoring oxygen and 
blood supply of brain tissue is an effective 
means to save the life and reduce the disability 
rate. However, the brain dysfunction is usually 
more seriously injured upon brain tissue re- 
stores oxygen and blood supply, that is cere- 
bral ischemia/reperfusion injury (CIRI) [4]. The 
origin and development of CIRI is a complex 
pathophysiological process [5]. At present, th- 
ere are limited kinds of drugs for CIRI, so it is 

urgent to explore and develop new effective 
drugs for ICVD therapy.

Wnt/β-catenin signaling pathway, a highly con-
served signal transduction pathway, is respon-
sible for cell development and regulating cell 
behavior and cell-cell interaction. Its main role 
in the central nervous system is to participate 
in the process of neuronal survival, prolifera-
tion, differentiation and apoptosis [6]. Studies 
had shown that Wnt/β-catenin signaling path-
way was closely related to neuronal apoptosis 
after cerebral ischemia-reperfusion [7]. Dick- 
kopf-1 (DKK1) is one of the important members 
of DKK family, which can block Wnt/β-catenin 
signaling pathway by binding with Wnt receptor 
complex low density lipoprotein-receptor-relat-
ed protein 5/6 and then mediate downstream 
target gene transcription [8, 9]. A research 
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proved that the effects of Wnt/β-catenin sig- 
naling pathway on CIRI-induced brain damage 
were reversed by DKK1 [10]. Therefore, we hy- 
pothesize that DKK1 may have significant im- 
pacts on CIRI by inversely regulating the acti- 
vation of Wnt/β-catenin signaling pathway.

Recently, microRNAs (miRNAs) have gradually 
become the target for the prevention and treat-
ment of a variety of major diseases in human 
beings. It has been found that a variety of miR-
NAs have obvious expression changes in tis-
sues and organs of CIRI, indicating that miRNAs 
can directly or indirectly affect CIRI tissues and 
organs [11, 12]. Yu et al. investigated that miR-
449a was markedly downregulated in MCAO 
rats and human OGD/R neuronal cell lines. 
Meanwhile, overexpression of miR-449a could 
recover the neurological function [13]. More- 
over, miR-449a could inhibit Wnt/β-catenin sig-
naling pathway in pancreatic cancer cells [14]. 
However, whether miR-449a could regulate the 
activation of Wnt/β-catenin signaling pathway 
by targeting DKK1 is still unknown.

Salvianolic acid A (SAA) is a water-soluble com-
ponent derived from Salvia miltiorrhiza and 
possesses multiple pharmacological activities 
[15]. The activities of SAA against ICVD have 
been confirmed via FOXO3a/BIM signaling 
pathway [16]. Other researchers found that 
SAA could alleviate ICVD by promoting neuro-
genesis and inhibiting inflammation and apop-
tosis [17]. Besides, SAA could regulate the 
deacetylation of β-catenin [18]. However, there 
is no report pertaining whether SAA can regu-
late the expression of miR-449a. Therefore, the 
present study focuses on exploring the role and 
function of SAA, miR-449a and DKK1/Wnt/β-
catenin in a rat model of cerebral ischemia/
reperfusion injury and OGD/R-induced PC12 
cells, and investigating the underlying molecu-
lar mechanism in CIRI.

Materials and methods

Experimental animals

Animal experiments were approved by the 
Medical Ethics Committee of Hangzhou Red 
Cross Hospital. A total of 60 male Sprague-
Dawley rats weighing 250-300 g were obtained 
from the medical laboratory animal center of 
Nanjing Medical University. The experimental 
procedure followed the Guidelines for the Care 

and Use of Laboratory Animals and the “3R” 
principle. 

Cerebral ischemia/reperfusion models in vivo

The middle cerebral artery occlusion (MCAO) 
method was adopted to conduct cerebral isch-
emia. The cerebral ischemia was established 
by the occlusion of bilateral common carotid 
arteries after separation of bilateral common 
carotid arteries. Control group (sham opera-
tion) was destined only for separation of blood 
vessels, except insertion of suture. Reperfu- 
sion was induced by removing surgical knots 
after 30 min cerebral ischemia [19].

Experimental design in vivo

Mice were randomly divided into five groups: (1) 
Control group (n=12), a healthy control group 
that subjected to sham operation; (2) MCAO 
group (n=12), a non-treated cerebral I/R in- 
jury (CIRI) group; (3) MCAO+SAA group (n=12), 
cerebral I/R injury rats were intraperitoneally 
given 20 mg/kg SAA (Yuanye Biotechnology, 
Shanghai, China) right after the reperfusion 
and after 6-h of the reperfusion; (4) MCAO+ 
SAA+antagomir-NC group (n=12), cerebral I/R 
injury rats were intraperitoneally given 20 mg/
kg SAA and antagomir-NC right after the re- 
perfusion and after 6-h of the reperfusion;  
(5) MCAO+SAA+antagomir-449a group (n=12), 
cerebral I/R injury rats were intraperitoneally 
given 20 mg/kg SAA and antagomir-449a 
(Ambion, Shanghai, China) right after the re- 
perfusion and after 6-h of the reperfusion. All 
animal experiments were performed and ana-
lyzed by blinded experimenters.

Neurological function testing

Neurological deficit score was scored according 
to classical Zea Longa method as follows: 0 - no 
neurological signs; 1 - failure to extend left fore-
paw fully; 2 - circling to the left; 3 - falling to the 
left; 4 - decreased level of consciousness and 
no spontaneous activities [20]. The experiment 
was performed by the same investigator who 
was blind to the grouping after cerebral I/R 
injury.

Brain water content measurement 

Brain water content (BWC) was measured to 
evaluate the cerebral edema after cerebral I/R 
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injury. Rats were sacrificed and the brain was 
removed quickly. The wet weight and the dry 
weight of the brains were detected before and 
after drying at 105°C for 24 h. The value of 
brain water content is calculated according to 
the following formula: brain water content (%) = 
(wet weight - dry weight)/wet weight × 100%.

Histopathology examination

The Brain tissues were excised, fixed in 4% 
paraformaldehyde, embedded in paraffin and 
cut into 5 µm slices. Then, they were stained 
with hematoxylin and eosin (Solarbio, Beijing, 
China) after deparaffinage. The brain morphol-
ogy characteristics were evaluated under a 
light microscope.

Analysis of cerebral infarction volume

Cerebral infarct volume is an important evalua-
tion factor for cerebral ischemia/reperfusion 
injury. Rats were sacrificed by cervical disloca-
tion. Then rat brains were frozen and dissect- 
ed into slices of 2 mm thickness. Brain sec-
tions were quickly stained in 2% TTC (Solarbio, 
Beijing, China) for 30 min and finally fixed in 
10% formaldehyde neutral buffer overnight. 
The normal area was red and the infarct area 
was white without staining. Proportion of cere-
bral infarct size (percentage) = infarct size 
(while pale area)/total area of transverse slice 
× 100%. The infarct volume was calculated 
using Image J software (Version 1.51, National 
Institutes of Health; Bethesda, MA, USA). 

PC12 cell culture

Rat pheochromocytoma (PC12) cells, a neuron 
precursor cell line, were used to study neurite 
development. PC12 cells were maintained in 
DMEM (Invitrogen, NY, USA) supplemented with 
10% fetal FBS (HyClone, UT, USA) and 1% anti-
biotics (penicillin and/streptomycin; Invitrogen, 
NY, USA). Cells were incubated in a humidified 
atmosphere of 95% air and 5% CO2 at 37°C. 

Oxygen-glucose deprivation/reperfusion 
(OGD/R) model

To mimic ischemia-like conditions in vitro, PC12 
cells were cultured in glucose-free DMEM medi-
um and exposed to an anaerobic chamber 
(37°C, 95% N2 and 5% CO2) for 8 hours. After 

the OGD, the cells were transferred to glucose-
containing DMEM and cultured for 24 hours for 
reoxygenation. 

Experimental design in vitro

Cells were divided into 7 groups as follows: (1) 
Control group; (2) OGD/R PC12 group, a non-
treated oxygen-glucose deprivation/reperfu-
sion (OGD/R) model; (3) OGD/R PC12+SAA 
group, oxygen-glucose deprivation/reperfusion 
(OGD/R) model receiving 5 μmol/L SAA; (4) 
OGD/R PC12+SAA+antagomir-NC group, oxy-
gen-glucose deprivation/reperfusion (OGD/R) 
model receiving 5 μmol/L SAA and antagomir-
NC; (5) OGD/R PC12+SAA+antagomir-449a 
group, oxygen-glucose deprivation/reperfusion 
(OGD/R) model receiving 5 μmol/L SAA and 
antagomir-449a; (6) OGD/R PC12+SAA+anta- 
gomir-449a+shRNA-NC group, oxygen-gluco- 
se deprivation/reperfusion (OGD/R) model re- 
ceiving 5 μmol/L SAA, antagomir-449a and 
shRNA-NC; (7) OGD/R PC12+SAA+antagomir-
449a+shRNA-DKK1 group, oxygen-glucose de- 
privation/reperfusion (OGD/R) model receiving 
5 μmol/L SAA, antagomir-449a and shRNA- 
DKK1.

Enzyme-linked immunosorbent assay (ELISA)

According to the manufacturers’ instructions, 
TNFα, IL-1β and IL-6 levels in the plasma and 
cell culture supernatant were measured in trip-
licate by corresponding ELISA kit. The optical 
density (OD) value of each well was measured 
at 450 nm and the protein levels were calcu-
lated by the standard curve.

TUNEL assay

Brain tissues were fixed in 4% paraformalde-
hyde, embedded in paraffin, and sectioned. 
The sections were then stained according to 
the instructions provided by the TUNEL kit 
(Beyotime, Shanghai, China). Tissues were cou- 
nterstained with DAPI. The number of positive 
cells in each field was examined under a fluo-
rescence microscope.

Quantitative RT-PCR

Total RNA was isolated from the brain tissue 
after cerebral I/R injury and PC12 cells follow-
ing OGD/R challenge using Trizol (Invitrogen, 
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NY, USA) according to the manufacturer’s in- 
structions. Equal amounts RNA was transcrib- 
ed to cDNA using a reverse transcription kit 
(Takara, Japan). Quantify analysis with real-
time PCR assay using the SYBR-Green Super- 
mix (Invitrogen, NY, USA) was performed on  
the ABI PRISM 7000 Sequence Detection 
System (ABI/Perkin Elmer, Foster City, CA). Ge- 
ne expression data were normalized to the ref-
erence gene GAPDH and calculated with the 
2-ΔΔCt method [21].

Western blot assay

The total protein was extracted from the brain 
tissue and PC12 cells after cerebral I/R injury 
using RIPA lysis buffer (Beyotime, Shanghai, 
China) containing protease inhibitors. Protein 
was collected from the supernatant by centrifu-
gation at 4°C with 12000 r/min for 15 min. 
Protein concentration was determined using 
the BCA Protein Assay Reagent Kit (Beyotime, 
Shanghai, China) as the standard. Then, equal 
amount of protein was separated by 10%  
SDS/PAGE and transferred to PVDF mem-
branes. Furthermore, PVDF membranes were 
blocked with incubated with primary antibodies 
of Bcl-2 (Abcam, ab59348, 1:1000), Bax (Ab- 
cam, ab32503, 1:10000), cleaved caspase3 
(Abcam, ab49822, 1:500), pro-caspase3 (Ab- 
cam, ab32499, 1:10000), Wnt3a (Abcam, ab- 
219412, 1:1000), β-catenin (Abcam, ab6302, 
1:4000) and DKK1 (Abcam, ab109416, 1: 
5000) overnight at 4°C and secondary antibod-
ies (Abcam, ab205718, 1:20000) for 1 h at 
room temperature. An enhanced chemilumi-
nescence (ECL) was applied for band visualiza-
tion. The density of protein bands was analyzed 
with Image J software.

Dual luciferase reporter assay

Bioinformatics software was used to predict 
the target gene of miR-449a and a dual lucifer-
ase reporter assay was used to confirm the tar-
geting. The DKK1 wild-type (WT) and mutant 
(MUT) plasmid (Ambion, Shanghai, China) were 
construct and generated. PC12 cells (80%  
confluence) were cotransfected with DDK1- 
WT-3’UTR or DDK1-MUT-3’UTR luciferase re- 
porter and Renilla luciferase reporter (pRL), 
and miRNA NC or miR-449a-mimic. Cells after 
24 h transfection were lysed and used for the 
detection of luciferase activity. The fluorescent 
value was quantified using a dual luciferase 

assay system (Promega, Madison, WI, USA) 
according to the manufacturer’s protocol. 
Calculate the Relative fluorescence intensity 
was calculated and compared with the no-load 
control.

Flow cytometry analysis of cell apoptosis

Apoptosis rate was determined by fluorescein 
isothiocyanate (FITC)-conjugated Annexin V and 
propidium iodide (PI) staining (Beyotime, 
Shanghai, China) in line with the manufactur-
er’s instructions. In brief, PC cells treated with 
OGD/R were harvested for cell apoptosis analy-
sis. The cells were double-stained with FITC-
conjugated Annexin V and propidium iodide for 
5 minutes in the dark. The percentage of apop-
totic cells was then analyzed and detected on a 
flow cytometer (FACSCalibur; BD Biosciences). 
Each experiment was replicated 3 times.

Statistical analysis

All the results were expressed as mean ± stan-
dard deviation. Each experiment was per-
formed in triplicate. Data analysis was per-
formed using SPSS software (Version 16.0; 
SPSS, Chicago, IL, USA). Statistical analysis 
was carried out by one-way ANOVA analysis fol-
lowed by Tukey’s post hoc test. Differences 
among groups were considered to be statisti-
cally significant at P<0.05. 

Results

SAA enhanced miR-449a in MCAO/R

To indicate the neuroprotective effect of SAA in 
CIRI, we first examined miR-449a level in rats 
after cerebral I/R injury. MiR-449a was down-
regulated in the plasma (Figure 1A) and brain 
tissues (Figure 1B) of rats after cerebral I/R 
injury when compared with the control group. 
Additionally, the results showed that miR-449a 
level was upregulated in cerebral I/R rats treat-
ed with SAA.

SAA improved neurological deficits and cere-
bral edema by upregulating miR-449a in I/R 
rats

Neurological deficit of rats after cerebral I/R 
injury was examined and scored according to 
classical Zea Longa method. The control group 
(sham operation) didn’t have any abnormal 
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symptom and neurological deficit scores were 
marked as 0 point. Rats in the rest group 
showed more or less different levels of neuro-
logical deficits. The MCAO/R rats showed sig-
nificant neurological deficits while SAA could 
improve this phenomenon. In cerebral I/R rats, 
miR-449a was expressed at a low level. The 
results in neurological deficit score discovered 
that miR-449a downregulation aggravated 
neurological deficits and reversed the protec-
tive effect of SAA (Figure 2A). The control gro- 
up (sham operation) didn’t show cerebral 
edema after 24-h reperfusion. However, the 
brain water content in MCAO/R significantly 
increased, which was attenuated by SAA. The 
results of brain water content also uncovered 
that miR-449a downregulation increased cere-
bral edema and reversed the protective effect 
of SAA (Figure 2B). All results above showed 

by miR-449a downregulation (Figure 3A). TTC 
staining was applied to analyzed and calculat-
ed cerebral infarction in I/R rats. There was 
almost no infarction in brain tissues of control 
group (sham operation) while the rats in 
MCAO/R group showed extensive infarction in 
cerebral cortex. SAA significantly decreased 
the percent of infarct volume and this effect of 
SAA on brain infarction was reversed by miR-
449a downregulation (Figure 3B and 3C). All 
results above showed that SAA may reduce 
neuronal damage and cerebral infarction by 
upregulating miR-449a in I/R rats.

SAA mitigated inflammatory response by up-
regulating miR-449a in I/R rats

In addition, the important roles of SAA and miR-
449a on the inflammatory response in I/R rats 

Figure 1. SAA enhanced miR-449a in MCAO/R. A. MiR-449a levels in the 
plasma of cerebral I/R rats were measured by RT-qPCR. B. MiR-449a lev-
els in the brain tissues of cerebral I/R rats were measured by RT-qPCR. 
***P<0.001. 

Figure 2. SAA improved neurological deficits and cerebral edema by up-
regulating miR-449a in I/R rats. A. Neurological deficit scores at 24-h after 
MCAO/R. B. Percent of brain water content.

that SAA may attenuate neu-
rological deficits and cerebral 
edema by upregulating miR-
449a in I/R rats.

SAA reduced neuronal dam-
age and cerebral infarction 
by upregulating miR-449a in 
I/R rats

HE staining was adopted to 
evaluate neuronal injury in  
I/R rats. Results in H&E stain-
ing showed that neurons had 
complete morphology, clear 
structure, clear nuclear mem-
brane and obvious nucleolus 
without any obvious patholog-
ical changes in the control 
group (sham operation). In 
MCAO/R group, the structure 
of neurons in the core infract 
area showed disorder and 
loose. The cell body was swol-
len and the tissue around  
the infarction area was ede- 
ma. Damaged neurons were 
extensively observed and sur-
viving neurons were signifi-
cantly decreased. SAA extre- 
mely mitigated neuronal dam-
age, maintain the normal stru- 
ctures of neurons and incre- 
ase neurons number. Where- 
as, the effect of SAA on neu- 
ronal damage was reversed 
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Figure 3. SAA reduced neuronal damage and cere-
bral infarction by upregulating miR-449a in I/R rats. A. 
Neuronal injury was detected by HE staining. B. Cere-
bral infarction was analyzed by TTC staining. The white 
area represented infarcted tissue. C. Infarct volumes 
calculated with the slices thickness and infract areas. 
***P<0.001.
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were explored by ELISA assay. Results in the 
ELISA assay demonstrated that the levels of 
pro-inflammatory factors (TNF-α, IL-6 and IL-1β) 
were significantly increased following cerebral 
I/R injury. After treatment with SAA, the levels 
of TNF-α, IL-6 and IL-1β were significantly de- 
creased in the brain tissue. Interestingly, miR-
449a antagomir treatment increased the le- 
vels of pro-inflammatory factors, suppressing 
the effects of SAA on inflammatory response 
(Figure 4). Collectively, these results indicated 
that SAA may ease inflammatory response by 
upregulating miR-449a in I/R rats. 

SAA inhibited the apoptosis of nerve cells by 
upregulating miR-449a in I/R rats

The apoptosis of nerve cells was assessed  
and evaluated by TUNEL method. Neuronal 
apoptosis manifested as the number of TUNEL 
positive cells was extremely increased in I/R 
rats, which was mitigated by SAA evidenced  
by decreased number of TUNEL positive cells. 
However, the apoptosis of nerve cells increa- 
sed after miR-449a antagomir treatment (Fig- 
ure 5A and 5B). Moreover, the protein levels  
of Bax, Bcl-2, cleaved caspase-3 and pro-cas-
pase-3 were detected by western blot assay  
to further verify the defined effects and under-
lying mechanism of SAA on neuronal apopto- 
sis in vivo. Compared to the control group,  
Bax and cleaved caspase-3 protein expres- 
sion increased and Bcl-2 protein expression 
decreased after cerebral I/R injury. As ex- 
pected, Bax and cleaved caspase-3 protein 
expression decreased and Bcl-2 protein expres-
sion increased after SAA treatment. However, 

miR-449a antagomir treatment reversed the 
neuroprotective effects of SAA evidenced by 
increased protein levels of Bax and cleaved 
caspase-3 and decreased protein level of Bcl-2 
(Figure 5C and 5D). These results above indi-
cated that SAA may inhibit the apoptosis of 
nerve cells by upregulating miR-449a in I/R 
rats.

SAA played the neuroprotective role via Wnt-β-
catenin pathway in I/R rats

The results above indicated that SAA could 
improve brain damage, inflammation and ap- 
optosis by upregulating miR-449a in MCAO/R 
rats. To further study the effect of SAA on  
DKK1 and Wnt/β-catenin pathway, the protein 
levels of Wnt3a, β-catenin and DKK1 were 
detected by western blot assay. The activation 
of Wnt/β-catenin pathway was inhibited in I/R 
rats, but SAA could markedly increase the 
expression of Wnt3a and β-catenin, inhibit the 
DKK1 expression. In addition, the results of 
Wnt/β-catenin pathway and DKK1 were op- 
posite after miR-449a antagomir treatment 
compare to MCAO+SAA group (Figure 6). We 
can indicate that SAA may promote the activa-
tion of Wnt/β-catenin pathway by upregulating 
miR-449a and inhibit DKK1 expression in I/R 
rats.

MiR-449a served as a molecular sponge for 
DKK1 and negatively regulates DKK1 expres-
sion

To further explore the mechanism of miR-449a 
on DKK1, we predicted binding sites of miR-
449a in the 3’UTR of DKK1 mRNA (Figure 7A). 

Figure 4. SAA mitigated inflammatory response by upregulating miR-449a in I/R rats. The protein levels of TNF-α, 
IL-6 and IL-1β in brain tissue were determined with ELISA assay. ***P<0.001.
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Then, a dual luciferase reporter system assay 
was performed to verify this predict. Before 
that, we verified the effect of miR-449a mimic 
(Figure 7B). As we can see, miR-449a directly 

binds with the wide type (WT) site of DKK1. The 
results confirm that the 3’-UTR of DKK1 mRNA 
is the target of DKK1 in PC12 cells (Figure 7C). 
MiR-449a served as a molecular sponge for 

Figure 5. SAA inhibited the apoptosis of nerve cells by upregulating miR-449a in I/R rats. A. The apoptotic cells 
in brain were evaluated by TUNEL method. B. Quantitative analysis of cell apoptosis. C. The important proteins 
related to apoptosis were detected by western blot. D. Quantitative analysis of protein levels. *P<0.05, **P<0.01, 
***P<0.001.

Figure 6. SAA played the neuroprotective role via Wnt/β-catenin pathway in I/R rats. The protein levels of Wnt3a, 
β-catenin and DKK1 were detected by western blot. *P<0.05, **P<0.01, ***P<0.001.
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DKK1 and negatively regulates DKK1 expres-
sion (Figure 7D).

SAA inhibited inflammation and apoptosis of 
nerve cells by regulating miR-499a/DDK1

To further investigate the effect and mecha-
nism and of SAA on the apoptosis and inflam-
mation of nerve cells, I/R PC12 cells were 
transfected with miR-449a antagomir or co-
transfected with miR-449a antagomir and shR-
NA-DDK1 under SAA treatment. SAA treatment 
significantly inhibited the apoptosis and inflam-
mation of I/R PC12 cells, while miR-449a 
antagomir could inhibit the anti-inflammatory 
and anti-apoptosis effects of SAA. Besides, 
shRNA-DDK1 could reverse the effect of miR-
449a antagomir on cell apoptosis and inflam-
mation. These results showed that SAA could 
take the effect of anti-apoptosis and anti-
inflammatory by regulating miR-499a/DDK1 
(Figure 8A-E).

SAA played the neuroprotective role via Wnt/β-
catenin pathway in OGD/R model

To further study the mechanism of SAA on Wnt/
β-catenin pathway, the expression of Wnt3a, 
β-catenin and DKK1 in PC12 cells was detect-
ed by western blot assay. As expected, SAA 
treatment could significantly decrease the 
DKK1 level and promote the expression of 
Wnt3a and β-catenin (Figure 9). However, miR-
449a antagomir treatment could inhibit the 
activation of Wnt/β-catenin pathway by upregu-
lating the expression of DKK1. We can indicate 
that SAA could activate Wnt/β-catenin pathway 
by regulating miR-499a/DDK1.

Discussion

In recent years, research on neuroprotection 
after ischemia-reperfusion (I/R) has become a 
hot spot. Many drugs are constantly emerging 
with the deepening research on the mecha-

Figure 7. MiR-449a served as a molecular sponge for DKK1 and negatively regulates DKK1 expression. A. The 
predicted target sequences for miR-449a in the DKK1 3’UTR. B. MiR-449a levels in PC12 cells were measured by 
RT-qPCR. C. Luciferase reporter assays were conducted to prove that miR-449a directly binds with the WT site of 
DKK1. D. DDK1 levels in PC12 cells were measured by RT-qPCR. **P<0.01.
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Figure 8. SAA inhibited inflammation and apoptosis of nerve cells by regulating miR-499a/DDK1. A. The protein levels of TNF-α, IL-6 and IL-1β in brain tissue were 
determined with ELISA assay. B and C. The apoptotic PC12 cells were evaluated by Flow Cytometry Analysis. D and E. The key proteins related to apoptosis were 
detected by western blot. *P<0.05, **P<0.01, ***P<0.001.
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nism of CIRI [22, 23]. More and more resear- 
ches demonstrated that many kinds of active 
constituents in Chinese herbs have remark- 
ably protective effects on CIRI [24]. SAA is one 
of the main substances of Salvia miltiorrhiza  
in pharmacological action. It has anti-inflam- 
matory, anti-cancer, and anti-thrombotic activi-
ty effects and provides neural protection [25]. 
Moreover, SAA has been reported to exert  
anti-CIRI activity [16, 17]. However, the definite 
role and underlying mechanism of SAA in CIRI 
needs further verification.

CIRI is usually accompanied by abnormal miR-
NAs expression profile. In-depth study in the 
underlying mechanism of miRNAs will provide 
new strategies for the diagnosis, treatment and 

[10]. A research showed that miR-449a was 
closely linked to the activation of Wnt/β-ca- 
tenin signaling pathway [14]. According to  
bioinformatics analysis and dual luciferase 
reporter assay, DKK1 served as a direct target 
for miR-449a. Moreover, it was displayed that 
Wnt/β-catenin signaling pathway was strik- 
ingly inhibited by I/R injury and recovered by 
SAA. In general, we can draw a conclusion  
that SAA could regulate DKK1 to activate the 
Wnt/β-catenin signaling pathway by enhancing 
miR-449a expression in I/R rats and nerve 
cells.

In summary, our results indicated our present 
study reported the potential anti-CIRI effects of 
SAA at least partially via Wnt/β-catenin path-

prognosis of CIRI [11, 12]. In 
line with the works by Yu et al. 
[13], miR-449a level in MCAO 
rats was significantly down-
regulated compared with nor-
mal rats. Besides, miR-449a 
level was strongly up-regulat-
ed after SAA intervention. We 
also studied that SAA had 
Moreover, downregulation of 
miR-449a resulted in worse 
neurological scores, larger 
brain infarct size and higher 
brain water content in MCAO 
rats, abolishing the inhibitive 
effect of SAA on cerebral 
edema and infarction. There 
is evidence suggesting that 
miR-449a has pro-inflamma-
tory and pro-apoptotic effects 
[26, 27]. In our study, SAA 
was closely related to the inhi-
bition of inflammation and 
apoptosis in I/R brain tissues 
and nerve cells, while miR-
449a interference could part-
ly reverse this trend. 

Wnt/β-catenin signaling path-
way is not only widely involved 
in processes of cell growth, 
differentiation, and apopto-
sis, but also tightly related to 
the pathophysiology of CIRI 
[6, 7]. As an inhibitor of Wnt/
β-catenin signaling pathway, 
DKK1 showed opposite effe- 
cts on CIRI tissues and cells 

Figure 9. SAA played the neuroprotective role via Wnt/β-catenin pathway in 
OGD/R Model. The protein levels of Wnt3a, β-catenin and DKK1 were de-
tected by western blot. *P<0.05, **P<0.01, ***P<0.001.
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way. SAA could attenuate cerebral ischemia/
reperfusion injury induced rat brain damage, 
inflammation and apoptosis by regulating miR-
499a/DDK1. The study on the protective me- 
chanism of SAA in CIRI may suggest a novel 
promising approach for neuroprotection lay a 
solid foundation for the therapy of ischemic 
cerebrovascular disease clinically.
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