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Abstract. MicroRNA‑126 (miR‑126) has been reported to be 
implicated in the pathogenesis of cerebral ischemia/reperfu‑
sion (I/R) injury; however, its role is still unclear and requires 
further investigation. The objective of the present study was 
to determine the neuroprotective effect of miR‑126 overex‑
pression against oxygen‑glucose deprivation/reoxygenation 
(OGD/R)‑induced human umbilical vein endothelial cell 
(HUVEC) injury, an in vitro model of cerebral I/R injury, 
and to further explore the role of the NAD‑dependent protein 
deacetylase sirtuin‑1 (SIRT1)/nuclear factor erythroid 2‑related 
factor 2 (Nrf2) signaling pathway in this process. The results 
of the present study revealed that miR‑126 expression was 
markedly reduced in HUVECs subjected to OGD/R treatment. 
Functional experiments demonstrated that transfection with 
miR‑126 mimics attenuated OGD/R‑induced down‑regulation 
of cell viability, and reversed OGD/R‑induced up‑regulation of 
lactate dehydrogenase release, apoptosis and caspase‑3 activity 
in HUVECs. Notably, OGD/R reduced SIRT1 and heme 
oxygenase‑1 expression, and induced the nuclear transloca‑
tion of Nrf2, as demonstrated by the increase in cytoplasmic 
Nrf2 expression and the decrease in nuclear Nrf2 expression. 
Following transfection with miR‑126 mimics, these effects of 
OGD/R were reversed, indicating that miR‑126 overexpression 
promoted the SIRT1/Nrf2 signaling pathway. Additionally, 
miR‑126 mimics attenuated OGD/R‑induced cytotoxicity and 
apoptosis, which was blocked by inhibition of the SIRT1/Nrf2 
signaling pathway followed by transfection with SIRT1‑small 

interfering RNA  (siRNA). Furthermore, miR‑126 mimics 
decreased ROS generation and malondialdehyde content, and 
increased superoxide dismutase and glutathione peroxidase 
activity in HUVECs exposed to OGD/R, and these effects 
of miR‑126 mimics were also blocked by SIRT1‑siRNA. 
Additionally, the miR‑126 mimics‑induced the decreases in 
the levels of pro‑inflammatory cytokines, including tumor 
necrosis factor‑α, interleukin  (IL)‑1β and IL‑6, and the 
miR‑126 mimics‑induced increase in anti‑inflammatory 
cytokines, including IL‑10, were reversed by SIRT1‑siRNA. 
Overall, these results suggested that miR‑126 overexpression 
attenuated OGD/R‑induced neurotoxicity to HUVECs by 
alleviating oxidative stress and the inflammatory response via 
promotion of the SIRT1/Nrf2 signaling pathway.

Introduction

Cerebral ischemia is considered to be a leading cause of 
morbidity and mortality in the developed world (1). Although 
reperfusion is the recommended therapy for effective treat‑
ment of cerebral ischemia, it may also exacerbate brain injury 
and functional damage in a process termed cerebral isch‑
emia/reperfusion (I/R) injury (2). In recent years, numerous 
studies have demonstrated that multiple mechanisms involving 
a variety of signaling pathways and biological processes are 
involved in the process of cerebral I/R injury (3‑5); however, 
the mechanism is complex and our knowledge on the subject 
is unsatisfactory at present. A number of studies have revealed 
that oxidative stress and inflammation are the primary 
pathological causes of neuronal loss following cerebral 
I/R (6,7). Therefore, a focus on understanding the molecular 
mechanisms related to oxidative stress and the inflammatory 
response behind cerebral I/R injury may promote the develop‑
ment of more efficient therapeutic agents.

MicroRNAs (miRs/miRNAs) are a class of small 
non‑coding RNAs that are 18‑23 nucleotides in length that 
can regulate a wide range of biological processes in cerebral 
ischemia, including oxidative stress and the inflammatory 
reaction. It has been proposed that they could be potential 
diagnostic markers and promising therapeutic agents in 
cerebral ischemia  (8,9). Since miR‑126 has been reported 
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to regulate vascular integrity and angiogenesis, numerous 
studies have demonstrated that miR‑126 serves an impor‑
tant role in the pathogenesis and complications of cerebral 
ischemic stroke (10,11). Pan et al (12) revealed that miR‑126 
overexpression may promote the functions of endothelial 
progenitor cells (EPCs) under hypoxic conditions, resulting 
in the enhanced therapeutic efficacy of EPCs in ischemic 
stroke. Furthermore, the promotion of the miR‑126‑related 
signaling pathway induced by long non‑coding RNAs attenu‑
ates ischemic neuronal death and apoptosis (10). However, the 
underlying protective mechanisms of miR‑126 in cerebral I/R 
injury remain to be elucidated.

NAD‑dependent protein deacetylase sirtuin‑1(SIRT1), 
a nicotinamide adenine dinucleotide‑dependent histone 
deacetylase, regulates numerous physiological and 
pathological processes, including cell survival, apoptosis, 
oxidative stress, inflammation and neuroprotection (13‑15). 
Additionally, increasing evidence has suggested that SIRT1 
may have beneficial effects in cerebral I/R injury  (16). 
Nuclear factor erythroid 2‑related factor 2 (Nrf2) is capable of 
multiple biological effects, and the activation of this protein, 
which promotes Nrf2 translocation from the cytoplasm to 
the nucleus and activates the transcription of antioxidant, 
cytoprotective and anti‑inflammatory genes, such as heme 
oxygenase‑1 (HO‑1), is crucial for cellular defense mecha‑
nisms (17). Furthermore, it has been reported that SIRT1 is 
associated with the activation of Nrf2 (18). Several studies 
have demonstrated that activation of the SIRT1/Nrf2 signaling 
pathway increases resistance to oxidative stress injury and 
has protective effects against inflammation (19,20). Recent 
studies have demonstrated that the dysregulation of the 
SIRT1/Nrf2 signaling pathway is involved in the patho‑
genesis of a number of neurodegenerative diseases (20,21). 
Furthermore, Chan  et  al  (22) has demonstrated that the 
SIRT1/Nrf2 signaling pathway mediates the protective 
effects against diabetic hyperglycemia‑exacerbated cerebral 
I/R injury. Notably, a study by Xu et al (23) revealed that 
SIRT1 can be regulated by miR‑126. However, at present, the 
role of the SIRT1/Nrf2 signaling pathway in the development 
of cerebral I/R injury and the protective effects of miR‑126 
on cerebral I/R injury remains largely unknown.

The present study aimed to investigate the protective effects 
of miR‑126 overexpression on oxidative stress and the inflam‑
matory response in human umbilical vein endothelial cells 
(HUVECs) subjected to oxygen‑glucose deprivation/reoxy‑
genation (OGD/R), and the role of the SIRT1/Nrf2 signaling 
pathway in this process. The present study demonstrated 
that miR‑126 overexpression attenuated OGD/R‑induced cell 
injury of HUVECs by inhibiting oxidative stress and inflam‑
matory response via the activation of SIRT1/Nrf2 signaling 
pathway.

Materials and methods

Chemicals and reagents. Dulbecco's modified Eagle's medium 
(DMEM; cat. no. 11965092) and fetal bovine serum (FBS; 
cat.  no.  16140071) were purchased from Gibco (Thermo 
Fisher Scientific, Inc.). The Cell Counting Kit‑8  (CCK‑8) 
assay (cat. no. C0038) and Reactive Oxygen Species (ROS) 
assay kit (cat. no. S0033M) were obtained from Beyotime 

Institute of Biotechnology. The Annexin V‑FITC/propidium 
iodide  (PI) apoptosis kit (cat.  no.  556547) was purchased 
from BD  Biosciences. The lactate dehydrogenase (LDH) 
assay kit (cat. no. A020‑2‑2), cell malondialdehyde (MDA) 
assay kit (cat. no. A003‑4‑1), superoxide dismutase (SOD) 
assay kit (cat. no. A001‑3‑2), glutathione peroxidase (GSH‑Px) 
assay kit (cat. no. A005‑1‑2), interleukin‑6 (IL‑6) assay kit 
(cat. no. H007), interleukin‑1β (IL‑1β) assay kit (cat. no. H002), 
tumor necrosis factor‑α (TNF‑α) assay kit (cat. no. H052) and 
interleukin‑10 (IL‑10) assay kit (cat. no. H009) were obtained 
from Nanjing Jiancheng Bioengineering Institute. Antibodies 
against SIRT1 (cat. no. 8469), Nrf2 (cat. no. 12721), HO‑1 
(cat.  no.  82206), histone  H3 (cat.  no.  4499) and GAPDH 
(cat. no. 5174) were purchased from Cell Signaling Technology, 
Inc. The antibody against GAPDH (cat. no. ab181602) was 
obtained from Abcam.

Cell culture and OGD/R treatment. HUVECs were provided 
by The Cell Bank of Type Culture Collection of the Chinese 
Academy of Sciences, and cultured in DMEM containing 
10% FBS, 100 U/ml penicillin and 100 U/ml streptomycin in 
a humidified incubator with 5% CO2 at 37˚C. Culture media 
were exchanged every 2  days. To induce OGD/R injury, 
HUVECs were incubated with glucose‑free DMEM in a 
humidified chamber filled with 95% N2 and 5% CO2 at 37˚C 
for 4  h. Subsequently, cells were transferred to complete 
culture medium and maintained in normoxic conditions for 6, 
12 or 24 h to induce reperfusion.

Cell transfection. miR‑126 mimics (cat. no. miR10000444‑1‑5; 
5'‑UCG​UAC​CGU​GAG​UAA​UAA​UGC​G‑3') and miR‑negative 
control (miR‑NC; cat.  no.  miR1N0000002‑1‑5; 5'‑UUC​
UCC​GAA​CGU​GUC​ACG​UTT‑3') were synthesized by 
Guangzhou RiboBio Co, Ltd. SIRT1‑small interfering RNA 
(SIRT1‑siRNA; forward, 5'‑ACU​UUG​CUG​UAA​CCC​UGU​
A‑3' and reverse, 5'‑UAC​AGG​GUU​ACA​GCA​AAG​U‑3') 
or negative control siRNA sequence (Con‑siRNA; 5'‑CUA​
GCU​UAU​GUG​GAC​CUC​G‑3') were synthesized by Sangon 
Biotech Co., Ltd. Transfection of miR‑126 mimics, miR‑NC, 
SIRT1‑siRNA or Con‑siRNA at a final concentration of 50 nM 
were performed using Lipofectamine®  3000 (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufacturer's 
protocols. At 48 h after transfection, transfection efficiency 
was determined by reverse transcription‑quantitative PCR 
(RT‑qPCR) or western blotting.

RT‑qPCR. Total RNA was extracted from HUVECs using 
TRIzol® reagent (cat. no. 15596018; Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocols. 
cDNA was synthesized with the PrimeScript™ O ne Step 
RT‑PCR kit (cat. no. RR055B; Takara Biotechnology Co., Ltd.) 
at a temperature of 45˚C for 60 min and 72˚C for 5 min using 
the extracted total RNA (30 µg) as the template. miR‑126 
was amplified using a Power SYBR‑Green PCR Master mix 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) with an 
Applied Biosystems 7500 Real‑Time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The primers were 
as follows: miR‑126 forward, 5'‑GCA​ATG​CTA​GAT​TTA​
GTA​ATT‑3' and reverse, 3'‑GCG​CAU​GGU​UUC​AUU​AUU​
AC‑5'; and U6 forward, 5'‑TGA​CAC​GCA​AAT​TCG​TGA​AGC​
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GTT​C‑3' and reverse, 5'‑CCA​GTC​TCA​GGG​TCC​GAG​GTA​
TTC‑3'. U6 was used as the endogenous control. The RT‑qPCR 
conditions were as follows: 94˚C for 4 min, followed by 94˚C 
for 20 sec, 60˚C for 30 sec and 72˚C for 30 sec (35 cycles). 
Relative gene expression was calculated according to the 2‑ΔΔCq 
method (24).

CCK‑8 assay. The viability of HUVECs was detected using 
the CCK‑8 assay kit according to the manufacturer's protocol. 
Briefly, cells in 96‑well plates were incubated with CCK‑8 solu‑
tion (10 µl/well) for 3 h at 37˚C, and then the optical density 
(OD) at an emission wavelength of 450 nm was measured on a 
microplate reader (Spectra Max M5; Molecular Devices, LLC).

Lactate dehydrogenase (LDH) releases assay. HUVECs 
injury was determined by the release of LDH using a LDH 
assay kit (cat. no. C0016; Beyotime Institute of Biotechnology) 
according to manufacturer's protocols. After treatment as 
detailed above, the culture supernatant was collected and then 
incubated with LDH reagent for 30 min at room temperature in 
the dark. The absorbance at 490 nm was assessed by a micro‑
plate reader (Spectra Max M5; Molecular Devices, LLC).

Measurement of intracellular ROS generation. Intracellular 
ROS production was determined using the non‑fluorescent 
probe 2',7'‑dichlorof luorescein diacetate (DCFH‑DA; 
cat.  no.  S0033M; Beyotime Institute of Biotechnology) 
according to the manufacturer's protocol. In brief, HUVECs 
cultured in 6‑well plates were incubated with DCFH‑DA 
(10 µM) in FBS‑free DMEM at 37˚C for 20 min. After three 
washes with FBS‑free DMEM, the cells were collected and 
the fluorescent density of each group was quantified using a 
FACSCanto II flow cytometer (BD Biosciences) and the data 
were analyzed by the FlowJo software v10.2 (FlowJo LLC).

MDA content, and SOD and GSH‑Px activity assays. 
HUVECs were lysed in RIPA buffer (Beyotime Institute of 
Biotechnology) on ice for 30 min. Following centrifugation 
at 13,400 x g at 4˚C for 10 min, the MDA content, and SOD and 
GSH‑Px activity in the supernatant were evaluated using the 
appropriate kits (Nanjing Jiancheng Bioengineering Institute), 
according to the manufacturer's protocols.

Evaluation of IL‑1β, IL‑6, TNF‑α and IL‑10 levels via ELISA.  
HUVECs were collected and homogenized in ice‑cold PBS. 
Following centrifugation at 13,400 x g for 10 min at 4˚C, the 
supernatant was assayed for IL‑1β, IL‑6, TNF‑α and IL‑10 
levels in accordance with the manufacturer's protocols. The 
OD was measured at a wavelength of 450 nm on a microplate 
reader (Infinite® 200 PRO NanoQuant; Tecan Group, Ltd.).

Caspase‑3 activity assay. Caspase‑3 activity was measured 
using the Apo‑ONE® Homogeneous Caspase‑3 assay kit 
(Promega Corporation), according to the manufacturer's 
protocols. The OD at an emission wavelength of 570 nm was 
measured on a microplate reader (Spectra Max M5; Molecular 
Devices, LLC).

Flow cytometry. HUVEC apoptosis was detected using the 
Annexin V‑FITC/PI Apoptosis Detection kit according to 

the manufacturer's protocols. Following the aforementioned 
treatment, cells were harvested, washed twice with PBS and 
then resuspended in 1X buffer solution. Subsequently, cells 
were stained successively with Annexin V‑FITC (50 µl) and 
PI (10 µl) at 37˚C for 15 min. The apoptotic cells were evalu‑
ated using a flow cytometer (FACScan; BD Biosciences) and 
data were analyzed using CellQuest software (version 3.1; 
BD Biosciences). The experiment was performed indepen‑
dently three times. The percentage of apoptotic cells was 
calculated by the ratio of cells with FITC‑Annexin V+PI‑ (early 
apoptosis) and FITC‑Annexin V+PI+ (late apoptosis) to the 
total number of cells using a FACSCanto II flow cytometer 
(BD Biosciences) and the data were analyzed by the FlowJo 
software v10.2 (FlowJo LLC).

Western blotting. HUVECs were lysed with RIPA buffer 
containing 1%  (v/v) protease and phosphatase inhibi‑
tors (Beyotime Institute of Biotechnology). Cytoplasmic 
and nuclear proteins were extracted using a Nuclear and 
Cytoplasmic Protein Extraction Kit (cat. no. P0028; Beyotime 
Institute of Biotechnology), according to the manufacturer's 
instructions. Protein concentration was determined by a 
BCA Protein Assay Kit (cat. no. P0012; Beyotime Institute 
of Biotechnology). Equal amounts of protein (30 µg) were 
separated via SDS‑PAGE on a 12% gel, and then transferred 
to PVDF membranes (EMD Millipore). Following blocking 
with 5% non‑fat dry milk at room temperature for 2 h, the 
membranes were incubated with the following primary anti‑
bodies at 4˚C overnight: SIRT1, Nrf2, HO‑1, histone H3 and 
GAPDH (1:2,000). Histone H3 was used as an internal refer‑
ence for nuclear protein and GAPDH was used as an internal 
reference for total protein. Subsequently, the membranes were 
washed three times. Afterwards, the membranes were incu‑
bated with anti‑rabbit HRP‑conjugated secondary antibody 
(cat. no. 7074; 1:5,000; Cell Signaling Technology, Inc.) and 
anti‑rat HRP‑conjugated secondary antibody (cat. no. 7077; 
1:5,000; Cell Signaling Technology, Inc.) at room temperature 
for 2 h, and then the bands were visualized using enhanced 
chemiluminescence (Amersham; Cytiva). The band densities 
were quantified using ImageJ software (version 1.41; National 
Institutes of Health).

Statistical analysis. All data were analyzed using GraphPad 
Prism 5.0 (GraphPad Software, Inc.) and presented as the 
mean ± SD. One‑way ANOVA followed by the Tukey's post 
hoc test was used to compare data from different groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

miR‑126 mimics reverse OGD/R‑induced HUVEC injury. As 
shown in Fig. 1, compared with the control group, cell activity 
was significantly decreased with increasing hypoxia duration in 
the OGD/R group (Fig. 1A). Furthermore, LDH release assay 
results revealed that OGD/R increased LDH release in the culture 
supernatant (Fig. 1B). Additionally, the expression of miR‑126 
in the OGD/R group was significantly reduced compared with 
those in the control group (Fig. 1C). OGD treatment for 4 h and 
R for 24 h were selected for subsequent experiments.

https://www.spandidos-publications.com/10.3892/mmr.2020.11804
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Based on the decrease in miR‑126 expression and 
the protective effects of miR‑126 in nervous system 
diseases (10‑12), it was speculated that the gain‑of‑function 
of miR‑126 may protect against neurological deficits induced 
by OGD/R injury. To verify this assumption, HUVECs were 
transfected with miR‑126 mimics to promote the expression 
of miR‑126. The results demonstrated that miR‑126 mimics 
successfully increased the level of miR‑126 compared with 

miR‑NC transfection (Fig. 1D). Based on this, it was found that 
transfection with miR‑126 mimics resulted in an increase in 
cell viability (Fig. 1E) and a decrease in LDH release (Fig. 1F) 
compared with miR‑NC transfection under OGD/R condi‑
tions. Additionally, Annexin V/PI double staining followed 
by flow cytometry revealed that, compared with the control 
group, OGD/R increased the apoptotic rate of HUVECs. 
However, this effect of OGD/R was reversed by transfection 

Figure 1. Effect of OGD/R on cell survival and apoptosis in the presence or absence of miR‑126 mimics in HUVECs. Cells were exposed to OGD for 4 h, 
followed by reoxygenation for 6, 12 and 24 h. (A) The cell viability of each group was determined by CCK‑8 assay. (B) LDH release from HUVECs was 
measured using a LDH Cytotoxicity assay kit. (C) miR‑126 expression was determined via RT‑qPCR. HUVECs were transfected with miR‑126 m or miR‑NC, 
and (D) miR‑126 expression was determined via RT‑qPCR. HUVECs were transfected with miR‑126 m or miR‑NC before OGD (4 h)/R (24 h) exposure. 
(E) The cell viability of each group was determined by CCK‑8 assay. (F) LDH release from HUVECs was measured using a LDH Cytotoxicity assay kit. 
(G) The rate of apoptosis was detected by Annexin V/PI double staining followed by flow cytometry. Data are presented as the mean ± SD of three independent 
experiments. *P<0.05 and **P<0.01 vs. control group; ##P<0.01 vs. miR‑NC or miR‑NC + OGD/R group. miR‑126 m, miR‑126 mimics; miR‑NC, miR‑negative 
control; miR, microRNA; OGD, oxygen‑glucose deprivation; R, reoxygenation; HUVEC, human umbilical vein endothelial cell; LDH, lactate dehydrogenase; 
RT‑qPCR, reverse transcription‑quantitative PCR.
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with miR‑126 mimics (Fig. 1G). These results indicated that 
miR‑126 overexpression protected HUVECs against OGD/R 
injury and apoptosis.

miR‑126 mimics attenuate OGD/R‑induced inhibition of 
the SIRT1/Nrf2 signaling pathway in HUVECs. SIRT1 and 
Nrf2 are pivotal regulators of I/R injury in the brain (16,17). 
To investigate whether the SIRT1/Nrf2 signaling pathway 
was involved in the neuroprotective effects of miR‑126, 
the expression levels of proteins related to the SIRT1/Nrf2 
signaling pathway were detected in OGD/R‑treated HUVECs 
in the presence of miR‑126 mimics. Western blotting 
(Fig. 2A) revealed that transfection with miR‑126 mimics 
increased the expression level of SIRT1 in OGD/R‑treated 
HUVECs compared with miR‑NC transfection  (Fig. 2B). 
In addition, transfection with miR‑126 mimics significantly 
decreased Nrf2 expression in the cytoplasm (Fig. 2C), with 

a corresponding increase in the nucleus  (Fig. 2D and E), 
compared with miR‑NC transfection in HUVECs exposed 
to OGD/R, indicating that miR‑126 promoted the nuclear 
translocation of Nrf2. Additionally, miR‑126 mimics 
reversed the OGD/R‑induced decrease in the expression of 
HO‑1 (Fig. 2F). Overall, these results suggested that miR‑126 
overexpression enhanced the activation of the SIRT1/Nrf2 
signaling pathway.

Inhibition of the SIRT1/Nrf2 signaling pathway reverses 
the protective effect of miR‑126 against OGD/R injury in 
HUVECs. To determine the exact role of the SIRT1/Nrf2 
signaling pathway in the protective effects of miR‑126 
on OGD/R injury, HUVECs were pre‑transfected with 
SIRT1‑siRNA to inhibit the SIRT1/Nrf2 signaling pathway. 
RT‑qPCR results showed that SIRT1‑siRNA transfection 
significantly reduced the expression of SIRT1 mRNA 

Figure 2. Effects of miR‑126 overexpression on SIRT1 expression, Nrf2 protein distribution and HO‑1 protein expression in OGD/R‑exposed HUVECs. 
HUVECs were transfected with miR‑126 m or miR‑NC prior to OGD (4 h)/R (24 h) exposure. (A) Protein expression was determined via western blotting. 
Semi‑quantification of (B) cytosolic SIRT1 and (C) Nrf2 normalized to GAPDH. (D) Representative western blots of nuclear Nrf2. (E) Quantification of 
nuclear Nrf2 normalized to histone H3. (F) Quantification of HO‑1 normalized to GAPDH. Data are presented as the mean ± SD of at least three independent 
experiments. *P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. miR‑NC + OGD/R group. miR‑126 m, miR‑126 mimics; miR‑NC, miR‑negative 
control; miR, microRNA; OGD, oxygen‑glucose deprivation; R, reoxygenation; HUVEC, human umbilical vein endothelial cell; SIRT1, NAD‑dependent 
protein deacetylase sirtuin‑1; Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase 1.
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compared with Con‑siRNA transfection  (Fig.  3A). In 
addition, western blotting results  (Fig.  3B) demonstrated 
that SIRT1‑siRNA significantly reduced the miR‑126 
mimics‑induced upregulation of SIRT1 in OGD/R‑treated 
HUVECs. Furthermore, SIRT1‑siRNA significantly reversed 
the miR‑126 mimics‑induced nuclear translocation of Nrf2, 
as demonstrated by the increase in Nrf2 expression in the 
cytoplasm (Fig. 3B) and the decrease in Nrf2 expression in 
the nucleus (Fig. 3B). Additionally, SIRT1‑siRNA blocked 
the miR‑126 mimics‑induced up‑regulation of HO‑1 expres‑
sion (Fig. 3B). These results indicated that transfection with 

SIRT1‑siRNA attenuated the miR‑126 mimics‑induced acti‑
vation of the SIRT1/Nrf2 signaling pathway.

The results further revealed that SIRT1‑siRNA reversed 
the miR‑126 mimics‑induced increase in cell viability 
(Fig. 3C) and the miR‑126 mimics‑induced decrease in LDH 
release in OGD/R‑treated HUVECs (Fig. 3D). Flow cytometry 
analysis showed that SIRT1‑siRNA also inhibited the miR‑126 
mimics‑induced reduction of apoptosis (Fig. 3E). In addition, 
transfection with miR‑126 mimics resulted in a decrease in 
caspase‑3 activity in OGD/R‑treated HUVECs, whereas this 
effect was reversed by SIRT1‑siRNA (Fig. 3F). Overall, these 

Figure 3. Effects of SIRT1 siRNA on the SIRT1/Nrf2 signaling pathway, cell injury and apoptosis in the presence of miR‑126 overexpression in OGD/R‑exposed 
HUVECs. HUVECs were pre‑transfected with SIRT1‑siRNA or Con‑siRNA for 48 h, and (A) the expression of SIRT1 mRNA was determined via reverse 
transcription‑quantitative PCR. HUVECs were pre‑transfected with SIRT1‑siRNA or Con‑siRNA for 30 min and then transfected with miR‑126 m or miR‑NC 
before OGD (4 h)/R (24 h) exposure. (B) Protein expression levels of SIRT1, nuclear Nrf2, cytosolic Nrf2 and HO‑1 were determined via western blotting 
and bands were semi‑quantified. (C) Cell viability of each group was determined by CCK‑8 assay. (D) LDH release from HUVECs was measured using a 
LDH Cytotoxicity assay kit. (E) The rate of apoptosis was detected by Annexin V/PI double staining followed by flow cytometry. (F) Caspase‑3 activity 
was measured by Apo‑ONE® Homogeneous Caspase‑3 assay kit. Data are presented as the mean ± SD of at least three independent experiments. *P<0.05 
and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. miR‑NC + OGD/R group; &P<0.05 and &&P<0.01 vs. miR‑126 m + OGD/R + Con‑siRNA group. 
miR‑126 m, miR‑126 mimics; miR‑NC, miR‑negative control; miR, microRNA; OGD, oxygen‑glucose deprivation; R, reoxygenation; HUVEC, human 
umbilical vein endothelial cell; SIRT1, NAD‑dependent protein deacetylase sirtuin‑1; Nrf2, nuclear factor erythroid 2‑related factor 2; siRNA, small inter‑
fering RNA; Con‑siRNA, negative control siRNA; LDH, lactate dehydrogenase.
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results indicated that the SIRT1/Nrf2 signaling pathway medi‑
ated the neuroprotective effect of miR‑126 on OGD/R injury.

miR‑126 mimics mitigate OGD/R‑induced oxidative stress by 
potentiating the SIRT1/Nrf2 signaling pathway in HUVECs. 
Increasing evidence has revealed that oxidative stress is 
critical for I/R‑induced neuronal injury, which eventually 
results in apoptosis  (3). Therefore, the effects of miR‑126 
mimics on oxidative stress in HUVECs exposed to OGD/R 
and the role of the SIRT1/Nrf2 signaling pathway in these 
processes were further investigated. DCFH‑DA staining 
revealed that miR‑126 mimics inhibited the OGD/R‑induced 
up‑regulation of ROS generation in HUVECs (Fig. 4A and B). 
However, SIRT1‑siRNA pretreatment reversed the effects of 
miR‑126 mimic transfection on ROS production compared 
with Con‑siRNA transfection in OGD/R‑treated HUVECs. 
Similarly, compared with miR‑NC transfection, transfection 
with miR‑126 mimics reduced the level of intracellular MDA, 
a marker of lipid peroxidation, whereas this effect of miR‑126 
mimics was attenuated by SIRT1‑siRNA (Fig. 4C). To inves‑
tigate the mechanisms that may be involved in the protective 
effects of miR‑126, the activities of the antioxidant enzymes 
SOD and GSH‑Px were measured. Following transfection of 
HUVECs with miR‑126 mimics, intracellular SOD (Fig. 4D) 
and GSH‑Px (Fig. 4E) activities were increased. However, this 
antioxidant ability of miR‑126 was reversed by transfection 
with SIRT1‑siRNA. These results suggested that miR‑126 
overexpression attenuated oxidative stress induced by OGD/R 
via the up‑regulation of the SIRT1/Nrf2 signaling pathway in 
HUVECs.

miR‑126 mimics suppress the OGD/R‑induced inflammatory 
response in a SIRT1‑dependent manner. To gain insight into the 
potential intracellular mechanisms involved in the inhibitory 
effects of miR‑126 overexpression on OGD/R injury, the levels 
of inflammatory‑related factors were investigated. As shown 
in Fig. 5, exposure to OGD/R resulted in the up‑regulation of 
pro‑inflammatory cytokines, including TNF‑α (Fig. 5A), IL‑1β 
(Fig. 5B) and IL‑6 (Fig. 5C). However, transfection with miR‑126 
mimics prevented the OGD/R‑induced elevation of these 
pro‑inflammatory cytokines compared with miR‑NC transfec‑
tion. Notably, the effect of transfection with miR‑126 mimics 
was reversed by transfection with SIRT1‑siRNA compared 
with Con‑siRNA transfection. Additionally, transfection with 
miR‑126 mimics led to a marked inhibitory effect on the 
OGD/R‑induced down‑regulation of anti‑inflammatory cytokine 
IL‑10 in HUVECs compared with miR‑NC, whereas this effect 
was attenuated by transfection with SIRT1‑siRNA (Fig. 5D). 
These results demonstrated that miR‑126 overexpression had 
anti‑inflammatory effects under OGD/R conditions via the 
promotion of the SIRT1/Nrf2 signaling pathway in HUVECs.

Discussion

The results of the present study demonstrated that miR‑126 
expression was reduced in HUVECs exposed to OGD/R, and 
miR‑126 mimics reduced OGD/R‑induced cytotoxicity and 
apoptosis. Notably, miR‑126 mimics activated the SIRT1/Nrf2 
signaling pathway under OGD/R conditions. Furthermore, the 
present study demonstrated the protective effect of miR‑126 

overexpression against OGD/R injury via promotion of the 
SIRT1/Nrf2 signaling pathway. Furthermore, miR‑126 attenu‑
ated OGD/R‑induced oxidative stress and inflammation by 
promoting the SIRT1/Nrf2 signaling pathway. Therefore, 
these results indicated that overexpression of miR‑126 had 
protective effects against OGD/R injury by inhibiting oxida‑
tive stress and the inflammatory response by promoting the 
activation of the SIRT1/Nrf2 signaling pathway in HUVECs.

According to previous studies, miR‑126 is emerging as a 
key player in the pathogenesis of ischemic stroke (11,25). For 
instance, miR‑126 expression is down‑regulated following 
cerebral ischemia, and miR‑126 overexpression contributes 
to the neurorestorative effects after stroke (26,27). This was 
also observed in the present study. The results revealed that 
OGD/R markedly reduced the expression levels of miR‑126, 
and overexpression of miR‑126 induced by transfection with 
miR‑126 mimics attenuated OGD/R‑induced cytotoxicity and 
apoptosis in HUVECs. Although, the present study did not 
investigate the effects of miR‑126 alone on cytotoxicity and 
apoptosis under normal conditions, previous reports revealed 
that both miR‑126 mimics and miR‑126 inhibitor have no 
effect on the activity and apoptosis of HUVECs under normal 
conditions (28,29). Taken together, these results indicated the 
protective effect of miR‑126 overexpression against I/R injury 
in the brain.

Previous studies have demonstrated that SIRT1 is involved 
in the regulation of multiple cellular processes, including 
cell survival, apoptosis, oxidative stress and inflammation, 
and exerts important functions in ameliorating cerebral I/R 
injury  (30,31). As an important transcription factor, Nrf2 
serves as a downstream target of the SIRT1 signaling pathway 
in increasing resistance to nerve damage (20,32). A previous 
study revealed that SIRT1 served an important physiological 
role during cerebral ischemia by activating Nrf2 (32). Notably, 
it was reported that miR‑126 regulated SIRT1 expression in 
a glucose intolerance and peripheral artery disease mouse 
model (33). Consistent with these studies, the present study 
revealed that miR‑126 mimics increased the expression of 
SIRT1 in OGD/R‑treated HUVECs. However, it needs to be 
further verified whether SIRT1 is a direct or indirect target 
of miR‑126. It is commonly known that once activated, Nrf2 
translocates from the cytoplasm to the nucleus, where this 
process can up‑regulate several antioxidant enzymes, particu‑
larly HO‑1, resulting in enhanced cell survival in numerous 
types of tissues (17). The results of the present study further 
demonstrated that miR‑126 mimics increased Nrf2 expression 
in the nucleus, promoted HO‑1 expression and decreased Nrf2 
expression in the cytoplasm in OGD/R‑treated HUVECs. 
These results indicated that miR‑126 overexpression promoted 
the activation of the SIRT1/Nrf2 signaling pathway under I/R 
injury. Additionally, the present results further demonstrated 
that inhibition of the SIRT1/Nrf2 signaling pathway induced 
by transfection with SIRT1‑siRNA inhibited the protective 
effects of miR‑126 mimics against OGD/R injury in HUVECs. 
This was consistent with a previous study that demonstrated 
that SIRT1 overexpression reduced OGD/R‑induced apop‑
tosis, whereas SIRT1 knockdown increased OGD/R‑induced 
apoptosis (34). Taken together, these results indicated that the 
SIRT1/Nrf2 signaling pathway served a significant role in the 
neuroprotective effects of miR‑126 against I/R injury.
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Figure 4. Effects of miR‑126 on oxidative stress in HUVECs exposed to OGD/R in the presence or absence of SIRT1 siRNA or Con‑siRNA. HUVECs 
were pre‑transfected with SIRT1‑siRNA or Con‑siRNA for 30 min, and then transfected with miR‑126 m or miR‑NC prior to OGD (4 h)/R (24 h) exposure. 
(A) Intracellular ROS generation was assayed by dichlorohydrofluorescein diacetate staining followed by flow cytometry. (B) Quantitative analysis of ROS 
level. (C) MDA content was measured using a Lipid Peroxidation MDA assay kit. (D) SOD activity was determined by a Superoxide Dismutase assay kit. 
(E) GSH‑PX activity was detected using a Cellular Glutathione Peroxidase assay kit. Data are presented as the mean ± SD of at least three independent experi‑
ments. *P<0.05 and **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. miR‑NC + OGD/R group; &P<0.05 and &&P<0.01 vs. miR‑126 m + OGD/R + Con‑siRNA 
group. miR‑126 m, miR‑126 mimics; miR‑NC, miR‑negative control; miR, microRNA; OGD, oxygen‑glucose deprivation; R, reoxygenation; HUVEC, human 
umbilical vein endothelial cell; SIRT1, NAD‑dependent protein deacetylase sirtuin‑1; siRNA, small interfering RNA; Con‑siRNA, negative control siRNA; 
ROS, reactive oxygen species; MDA, cell malondialdehyde; SOD, superoxide dismutase; GSH‑Px, glutathione peroxidase.
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Oxidative stress, which is primarily caused by excess ROS, 
is widely involved in multiple pathophysiological processes, 
including apoptosis, inflammation and nerve injury, and is 
the core mechanism of neuronal damage following cerebral 
I/R (35). Defensive antioxidants, such as SOD and GSH‑Px, 
can ameliorate the elevation of oxidants and therefore protect 
brain tissues against ROS cytotoxicity (35). miR‑126 has been 
demonstrated to reduce oxidative stress and apoptosis in I/R 
injury (36). Similarly, the present study revealed that miR‑126 
mimics reversed the OGD/R‑induced increase in ROS genera‑
tion and MDA content (a major marker of lipid peroxidation 
caused by oxidative stress), and the OGD/R‑induced decrease 
in SOD and GSH‑Px activities in HUVECs. Thus, these 
results indicated that miR‑126 overexpression effectively 
prevented vascular I/R injury caused by oxidative damage 
induced by ROS and the lipid peroxidative effect. Notably, the 
SIRT1/Nrf2 signaling pathway was revealed to serve a critical 
role in cellular antioxidant defense mechanisms (20,37). It 
has been reported that up‑regulation of the SIRT and Nrf2 
signaling pathway leads to cellular defense mechanisms 
against oxidative stress injury triggered by cerebral isch‑
emia (32,38). Consistent with these studies, the present results 

demonstrated that SIRT1‑siRNA‑induced inhibition of the 
SIRT1/Nrf2 signaling pathway blocked the anti‑oxidative 
ability of miR‑126 in OGD/R‑treated HUVECs. These effects 
indicated that miR‑126 overexpression attenuated oxidative 
stress, resulting in protection against vascular I/R injury in a 
SIRT1/Nrf2 signaling pathway‑dependent manner.

The inflammatory response is important in the progression 
of cerebral ischemia (39). A number of studies have demon‑
strated that, during I/R, there is a marked elevation in the levels 
of pro‑inflammatory mediators, including TNF‑α, IL‑1β and 
IL‑6, and a marked reduction in the levels of anti‑inflammatory 
cytokines, including IL‑4 and IL‑10 in the brain (40,41). The 
present results also revealed that OGD/R treatment increased 
the levels of TNF‑α, IL‑1β and IL‑6, and decreased the level 
of IL‑10 in HUVECs. Growing evidence has suggested that, in 
addition to promoting the neuroprotective effect, miR‑126 also 
has anti‑inflammatory effects (42,43). However, to the best 
of our knowledge, the anti‑inflammatory effects of miR‑126 
in I/R injury in HUVECs have not yet been investigated. 
The results of the present study found that miR‑126 mimics 
reduced the OGD/R‑induced inflammatory response. In addi‑
tion, numerous studies have reported that the SIRT1/Nrf2 

Figure 5. Effects of miR‑126 on the levels of inflammatory‑related cytokines in the presence of SIRT1‑siRNA or Con‑siRNA in OGD/R‑exposed HUVECs. 
HUVECs were pre‑transfected with SIRT1‑siRNA or Con‑siRNA for 30 min and then transfected with miR‑126 m or miR‑NC prior to OGD (4 h)/R (24 h) expo‑
sure. The levels of (A) TNF‑α, (B) IL‑1β, (C) IL‑6 and (D) IL‑10 were measured using ELISA kits and the concentrations (µg/mg protein) were calculated using 
a standard calibration curve. Data are presented as the mean ± SD of at least three independent experiments. *P<0.05 and **P<0.01 vs. control group; #P<0.05 and 
##P<0.01 vs. miR‑NC + OGD/R group; &P<0.05 and &&P<0.01 vs. miR‑126 m + OGD/R + Con‑siRNA group. miR‑126 m, miR‑126 mimics; miR‑NC, miR‑nega‑
tive control; miR, microRNA; OGD, oxygen‑glucose deprivation; R, reoxygenation; HUVEC, human umbilical vein endothelial cell; SIRT1, NAD‑dependent 
protein deacetylase sirtuin‑1; siRNA, small interfering RNA; Con‑siRNA, negative control siRNA; TNF‑α, tumor necrosis factor‑α; IL, interleukin.
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signaling pathway is a promising anti‑inflammatory pathway 
target to reduce nerve injury (21,44). Furthermore, the present 
results indicated that inhibition of the SIRT1/Nrf2 signaling 
pathway reversed the inhibitory effect of miR‑126 mimics on 
the OGD/R‑induced inflammatory response. These results 
suggested that the SIRT1/Nrf2 signaling pathway mediated 
the anti‑inflammatory action of miR‑126 under I/R conditions 
in HUVECs.

However, there are a few limitations of the present study. 
It is unclear whether miR‑126 directly targets SIRT1/Nrf2 
signaling molecules, which requires further investigation. 
In addition, in vivo experiments and studies using cell lines 
derived from the brain are required to elucidate the specific 
mechanisms involved in the neuroprotection of miR‑126 
against cerebral I/R injury.

In conclusion, the present findings demonstrated that the 
amelioration of I/R injury induced by miR‑126 overexpression 
could be the result of its anti‑oxidative and anti‑inflammatory 
effects in HUVECs. Notably, the SIRT1/Nrf2 signaling 
pathway was identified to contribute to the neuroprotective 
effects of miR‑126 overexpression.
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