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Abstract. Oxidative stress‑induced vascular endothelial 
cell dysfunction serves an essential role in the initiation 
and development of atherosclerosis. Sulforaphane (SFN), a 
naturally occurring antioxidant, has previously demonstrated 
to exert protective effects on the endothelium against oxidative 
stress. However, further studies are required to determine its 
underlying molecular mechanism prior to clinical applica‑
tion. Accumulating evidence suggests that alterations in the 
microRNA (miRNA/miR)‑34a/sirtuin‑1 (SIRT1) axis occur 
with oxidative stress. Therefore, the present study aimed to 
investigate if SFN exerts a protective role against oxidative 
stress in vascular endothelial cells through regulation of the 
miR‑34a/SIRT1 axis. Human umbilical vein endothelial cells 
(HUVECs) were treated with H2O2 in the presence or absence of 
SFN pretreatment. Cell viability and apoptosis were analyzed 
using CellTiter‑Blue and flow cytometry, respectively. Reverse 
transcription‑quantitative PCR and western blot analyses were 
performed to determine changes in the expression levels of 
miR‑34a and SIRT1. The expression levels of miR‑34a and 
SIRT1 were artificially regulated following transfection with 
miR‑34a mimic and inhibitor or SIRT1expression plasmid and 
small interfering RNA, respectively. Subsequently, the effect 
of the expression changes of miR‑34 and SIRT1 on oxidative 
stress‑induced cell injury was investigated. Dual‑luciferase 
reporter assay was used to confirm the targeted binding of 
miR‑34a to SIRT1. SFN was found to ameliorate cellular 
damage caused by H2O2 and inhibited intracellular reactive 
oxygen species production. In addition, miR‑34a upregula‑
tion was accompanied with reduced SIRT1 expression in 
HUVECs, following H2O2 treatment. miR‑34a was revealed to 

directly target SIRT1 by binding to its 3'‑untranslated region. 
Down‑regulation of miR‑34a and up‑regulation of SIRT1 
increased the survival of HUVECs under oxidative stress. 
Taken together, the results of the present study suggest that 
SFN may protect HUVECs from oxidative stress by inducing 
changes in the miR‑34a/SIRT1 axis via upregulation of nuclear 
factor erythroid‑2‑related factor 2 expression.

Introduction

Atherosclerosis is a chronic arterial disease characterized by 
the gradual formation of atherosclerotic plaques in the arte‑
rial walls (1). It is considered to be one of the leading causes 
(with 2.4 million deaths and 61% of cardiovascular deaths 
in 2016) of vascular‑associated mortality worldwide (2), which 
can result in ischemic stroke, coronary heart disease and 
peripheral arterial disease (3). Despite advancements in tech‑
nology and secondary prevention measures (e.g. percutaneous 
coronary intervention and oral anticoagulants), the burden of 
atherosclerotic cardiovascular disease continues to increase, 
posing a significant obstacle to the clinical prevention and 
treatment of atherosclerosis (4). Research over the past number 
of decades has continued to unravel the pathophysiological 
molecular mechanism of atherosclerotic plaque formation (5). 
Advancements in understanding the cellular or molecular 
pathogenesis of atherosclerosis have allowed the development 
of novel therapeutic strategies (6). A therapeutic strategy that 
has been frequently reported is by protecting vascular endo‑
thelial cells from injury since endothelial cell damage and 
dysfunction serves a key role in the formation and progression 
of atherosclerotic plaques, leading to subsequent complica‑
tions  (7). Cardiovascular risk factors (e.g. smoking and 
alcohol) that induce oxidative stress are the principle drivers 
of endothelial dysfunction. Under oxidative stress, excess 
reactive oxygen species (ROS) can inhibit the proliferation of 
vascular endothelial cells, disrupting repair and induce apop‑
tosis (8) Therefore, preventing oxidative stress in the vascular 
endothelium may protect against or reverse the development 
of atherosclerosis  (9). Therapeutic approaches designed to 
inhibit NAD(P)H oxidase, a major source of ROS, have been 
demonstrated to alleviate cardiovascular oxidative stress 
and prevent endothelial cell damage  (10,11). Development 
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of novel strategies (e.g. administration of anti‑radical agents 
and antioxidants) aimed at attenuating oxidative stress 
hold significant promise for the prevention and treatment of 
atherosclerosis.

Sulforaphane (SFN) is a phytochemical antioxidant that 
can be extracted from cruciferous plants, including broc‑
coli, Brussel sprouts and kale (12). SFN exerts protective 
effects by activating the nuclear factor erythroid‑2‑related 
factor 2 (Nrf2)/antioxidant response element (ARE) pathway, 
which increases the transcription and activity of antioxidant 
enzymes  (13). Cytoprotective properties of SFN against 
oxidative stress have been reported both in vivo and in vitro. 
Yoon et al (14) previously demonstrated that SFN pretreat‑
ment protects against ischemia and reperfusion‑induced 
acute renal failure in rats by suppressing oxidative stress in 
renal tissues. Furthermore, Chen et al (15) reported that SFN 
reduces ROS levels and protects osteoblasts from apoptosis 
in vitro, whilst Zhu et al (16) suggested that SFN prevents 
rat aortic smooth muscle cells death by inhibiting ROS 
production and oxidative cytotoxicity induced by xanthine 
oxidase. However, to the best of our knowledge, the potential 
effects of SFN on vascular endothelial cells under oxidative 
stress have not been previously reported. Further investiga‑
tion on its underlying molecular mechanism may facilitate 
the identification of SFN as a novel therapeutic agent for 
atherosclerosis.

The association between microRNAs (miRNAs/miRs) 
and oxidative stress has attracted considerable interest 
over recent decades. A number of miRNAs (e.g. miR‑146a, 
miR‑92 and miR‑143) that are responsive to oxidative stress 
have been previously identified constituting a complex 
regulatory network in pathological conditions such as 
atherosclerosis (17). miR‑34a is one of the more extensively 
studied oxidative stress‑responsive miRNAs that has been 
previously reported to be upregulated during oxidative 
stress and mediate apoptosis in mesenchymal stromal/stem 
cells, HLE‑B3 and HUVECs (18‑20). There is increasing 
consensus suggesting that sirtuin‑1 (SIRT1), which regulates 
cell death/survival balance under oxidative stress expression, 
is impaired by ROS  (21). Down‑regulation SIRT1 under 
oxidative stress promoting endothelial dysfunction and 
vascular disease progression has also been reported (22). In 
particular, a previous study has documented that SIRT1 may 
also be under the regulation of oxidative stress‑responsive 
miRNAs, including miR‑34a (23).

The present study hypothesized that SFN may alleviate 
oxidative stress‑induced endothelial cell injury via regulation 
of the miR‑34a/SIRT1 axis, since a number of previous studies 
have also demonstrated that SFN mediates its function by 
regulating miRNA expression (24,25).

Materials and methods

Cell culture. Human umbilical vein endothelial cells 
(HUVECs) were obtained from the American Type Culture 
Collection (ATCC) and cultured in F‑12K medium (ATCC) 
supplemented with 10%  FBS (Thermo Fisher Scientific, 
Inc.), endothelial cell growth supplements (cat. no. 354006; 
BD  Biosciences), 0.1  mg/ml heparin and 1% peni‑
cillin/streptomycin (Merck KGaA) at 37˚C in 5% CO2.

H2O2 treatment and SFN pretreatment. The concentrations 
of H2O2 and SFN used in the present study were determined 
following a preliminary study, where treatment with SFN for 
4, 8 or 12 h prior to the addition of H2O2 exhibited similar 
protective effects. HUVECs were divided into four groups as 
follows: i) Control; ii) H2O2 (cat. no. H1009; Merck KgaA); 
iii) H2O2 + SFN; and iv) SFN (cat. no. S4441; Merck KgaA). 
The cells cultured at 37˚C and other culture conditions for 
each group were as follows: i) Cells in the control group were 
treated with PBS; ii) Cells in the H2O2 group were treated 
with 200 µmol/l H2O2 to simulate oxidative stress‑induced 
cell injury; iii) Cells in the H2O2 + SFN group were treated 
with 1.0  µmol/l SFN for 4  h, prior to the addition of 
200 µmol/l H2O2; and iv) Cells in the SFN group were treated 
with 1.0 µmol/l SFN.

Cell transfection. pcDNA3.1‑SIRT1 and pcDNA3.1‑NRF2 
(Vi‑gene Co., Ltd.) expression vectors were constructed 
and transfected (1,000 ng/ml) into HUVECs to overexpress 
SIRT1 and NRF2, respectively. Empty pcDNA3.1 was used 
as the negative control. A total of 50  nM siRNA‑SIRT1 
(Shanghai GenePharma Co., Ltd.) was transfected into cells 
to downregulate SIRT1 expression, whilst 50 nM miR‑34a 
mimics and inhibitors (Shanghai GenePharma Co., Ltd.) were 
used to upregulate and downregulate miR‑34a expression 
in cells, respectively. The Allstar negative control sequence 
(Qiagen AB) served as a control for transfection with siRNA, 
mimics and inhibitors. Cells were transfected with pcDNA3.1 
vectors using TransPass™  HUVEC transfection reagent 
(New England Biolabs, Inc.) according to the manufacturer's 
protocol. Cells were transfected with siRNA, mimics and 
inhibitors using Lipofectamine® RNAiMAX reagent (Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
protocol. Subsequent experiments were performed 48 h after 
transfection.

Cell viability assay. The CellTiter‑Blue® kit (Promega 
Corporation) was used to measure the viability of HUVECs in 
the control, H2O2, H2O2 + SFN and SFN groups in accordance 
with manufacturer's protocol. The respective cells were seeded 
into 96‑well plates at a density of 6,000 cells/well. After 0, 12, 
24 and 48 h, cells were incubated with 10 µl CellTiter‑Blue® 
reagent at 37˚C, following which fluorescence was measured 
using a FLx800™ microplate fluorescence reader at 560 nm 
(BioTek Instruments Inc.). Cell viability was analyzed and 
normalized to the value at 0 h.

Flow cytometric analysis of apoptosis. After 24 h treatment, 
1x106/ml cells in the control, H2O2, H2O2+SFN and SFN groups 
were collected, harvested and subsequently resuspended in 
500 µl annexin V binding buffer prior to staining with 5 µl 
Annexin V‑FITC and 10 µl propidium iodide (Thermo Fisher 
Scientific, Inc.) at 25˚C for 15 min in the dark. Apoptotic 
cells were measured using an Epics XL™ flow cytometer 
(Beckman Coulter, Inc.) and analyzed using FlowJo™ v9.0 
(FlowJo LLC).

ROS measurement. After 24 h treatment, intracellular ROS 
levels in HUVECs in the control, H2O2, H2O2 + SFN and SFN 
groups were measured using the Reactive Oxygen Species 
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Assay kit (cat. no. S0033; Beyotime Institute of Biotechnology). 
Briefly, HUVECs treated with H2O2 were collected and 
incubated with 2',7'‑dichlorofluorescin diacetate (DCFH‑DA) 
probes (1:1,000) for 30 min at 37˚C. Fluorescence was subse‑
quently measured at the emission wavelength of 523 nm, using 
an excitation wavelength of 488 nm in a FLx800 microplate 
fluorescence reader.

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from the treated HUVECs 24 h after treat‑
ment with H2O2 and/or SFN or 48 h post‑transfection, using 
TRIzol® reagent (Thermo Fisher Scientific, Inc.). To measure 
SIRT1 mRNA expression, total RNA was reverse transcribed 
into cDNA using RevertAid H Minus First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific, Inc.) and ampli‑
fied using the SYBR™‑Green PCR Master Mix (Thermo 
Fisher Scientific, Inc.) in accordance with the manufacturer's 
protocols. To measure miR‑34a expression, total RNA was 
reverse transcribed into cDNA using the miScript II RT kit 
(Qiagen AB). qPCR was subsequently performed using the 
miScript SYBR®‑Green PCR kit (Qiagen  AB). The rela‑
tive expression levels of the target genes were calculated 
using the 2‑ΔΔCq method (26) and normalized to the internal 
reference genes GAPDH for SIRT1 and SNORD‑48  (27) 
for miR‑34a. The following primer sequences were used for 
qPCR: SIRT1 forward, 5'‑TAG​ACA​CGC​TGG​AAC​AGG​TTG​
C‑3' and reverse, 5'‑CTC​CTC​GTA​CAG​CTT​CAC​AGT​C‑3' 
and GAPDH forward, 5'‑GTC​TCC​TCT​GAC​TTC​AAC​AGC​
G‑3' and reverse, 5'‑ACC​ACC​CTG​TTG​CTG​TAG​CCA​A‑3'. 
miR‑34a and SNORD‑48 primer sequences were obtained 
from the miScript Primer Assays kit (Qiagen AB).

Western blotting. Total protein was extracted from treated 
HUVECs 24  h after treatment with H2O2 and/or SFN or 
48 h post‑transfection, using a protease inhibitor cocktail 
added to RIPA buffer (Beyotime Institute of Biotechnology). 
Total protein was quantified using the BSA Protein Assay kit 
(Beyotime Institute of Biotechnology) and 30 µg protein/lane 
was separated by 12% SDS‑PAGE. Following electropho‑
resis, protein samples were transferred onto nitrocellulose 
membranes and blocked with 5% fat‑free milk at room temper‑
ature. Membranes were incubated with primary antibodies 
against SIRT1 (1:1,000; cat. no. ab189494), Nrf2 (1:1,000; 
cat. no. ab137550) and GAPDH (1:5,000; cat. no. ab9485; all 
from Abcam) for 12 h at 4˚C. The membranes were subsequently 
washed and incubated with IRDye®‑conjugated secondary 
antibody (1:2,000; LI‑COR Biosciences, cat. no. 926‑32211) at 
room temperature for 2 h. Protein bands were visualized using 
a Li‑Cor Odyssey system v 1.60 (LI‑COR Biosciences).

Dual‑luciferase reporter assay. Both wild‑type and 
mutant SIRT1 3'‑untranslated region (3'‑UTR) sequences 
were first cloned into firefly luciferase reporter plas‑
mids pMIR‑REPORT™ (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). Subsequently, 1,000  ng/ml of 
luciferase reporter vectors (SIRT1 3'‑UTR‑wild‑type or 
SIRT1 3'‑UTR‑mutant) were co‑transfected with miR‑34a 
mimics (50 nM) or miR‑negative controls into HUVECs s. 
Transfections were performed using Lipofectamine® 2000 
(Thermo Fisher Scientific, Inc.). Following incubation for 

48 h at 37˚C, firefly and Renilla luciferase activities were 
measured using a Dual‑Luciferase® Reporter system (Promega 
Corporation). Firefly luciferase activity was normalized to that 
of Renilla luciferase activity.

Statistical analysis. Statistical analysis was performed using 
the SPSS software (version  19.0; IBM  Corp). All experi‑
ments were repeated five times. Data are presented as the 
mean ± standard deviation. Unpaired Student's t‑test was used 
to compare differences between two groups, whilst one‑way 
analysis of variance followed by Tukey's post hoc test was used 
to compare differences among multiple groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

SFN protects HUVECs from oxidative stress. HUVECs were 
treated with H2O2 to induce oxidative stress. The results 
demonstrated that H2O2 treatment significantly reduced 
HUVEC viability whilst significantly increasing apoptosis 
compared with those under control conditions (P<0.05; 
Figs.  S1A,  1A  and  B). Furthermore, significantly higher 
intracellular ROS levels were also observed following H2O2 

treatment compared with those in cells in the control group 
(P<0.05; Fig. 1C). SFN pretreatment was found to relieve the 
damaging effect of H2O2 in HUVECs compared with that in 
HUVECs treated with H2O2 alone (Fig. 1). SFN pretreatment 
was revealed to partially preserve cell viability whilst signifi‑
cantly reducing HUVEC apoptosis induced by H2O2 treatment 
(P<0.05; Fig. 1A and B). In addition, SFN also alleviated 
H2O2‑induced ROS generation in HUVECs (P<0.05; Fig. 1C). 
However, HUVECs treated with SFN alone did not exhibit any 
significant effects in terms of cell viability, apoptosis or ROS 
production compared with the other three groups (Fig. 1).

Effect of SFN on miR‑34a and SIRT1 expression in HUVECs 
under oxidative stress. H2O2 treatment was demonstrated 
to significantly increase miR‑34a expression in HUVECs 
(P<0.05; Fig.  2A). Since TargetScan v7.2 (http://www.
targetscan.org/vert_72/) indicated that SIRT1 is a potential 
target gene of miR‑34a, changes in SIRT1 expression were 
subsequently measured. SIRT1 mRNA and protein expres‑
sion levels were found to be significantly reduced following 
treatment with H2O2 (P<0.05; Fig. 2B‑D). SFN pretreatment 
significantly reversed the effects of H2O2 treatment on miR‑34a 
and SIRT1 expression (P<0.05; Fig. 2B‑D). Additionally, SFN 
treatment alone was also found to reduce miR‑34a expression 
whilst increasing SIRT1 expression in HUVECs, compared 
with those of control cells  (Fig.  2). Taken together, these 
observations suggest that SFN may regulate miR‑34a and 
SIRT1 expression in HUVECs under oxidative stress.

miR‑34a/SIRT1 axis regulates oxidative stress‑induced 
HUVEC injury and underlies the protective effect of 
SFN. To confirm the target effect of miR‑34a on SIRT1 in 
HUVECs, they were transfected with miR‑34a mimics or 
inhibitors. Transfection with miR‑34a mimics and inhibitors 
significantly was found to significantly increase and reduce 
miR expression in HUVECs, respectively (Fig. 3A; P<0.05). 
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Overexpression of miR‑34a significantly reduced the expres‑
sion levels of both SIRT1 mRNA and protein (Fig. 3B‑D), 
whilst downregulation of miR‑34a mediated the opposite 
effect on SIRT1 expression, compared with that observed 
following the upregulation of miR‑34a (P<0.05; Fig. 3B‑D). 
Dual‑luciferase reporter assay subsequently demonstrated 
that co‑transfection of pMIR‑REPORT‑SIRT1‑3'‑UTR‑wild
‑type with the miR‑34a mimic significantly reduced lucif‑
erase activity, compared with pMIR‑REPORT‑SIRT1‑3'‑UT
R‑mutant‑type (P<0.05; Fig. 3E). These results suggest that 

miR‑34a directly targets SIRT1 mRNA by binding to its 
3'‑UTR.

The role of the miR‑34a/SIRT1 axis on oxidative 
stress‑induced injury in HUVECs was next analyzed. 
Transfection of HIUVECs with pcDNA3.1‑SIRT1 and 
siRNA‑SIRT1 was demonstrated to significantly upregu‑
late and downregulate SIRT1 expression in HUVECs 
compared with the respective negative controls (Fig. 4A‑C). 
Overexpression of miR‑34a was revealed to significantly 
aggravate H2O2‑induced cell viability inhibition and apoptosis 

Figure 1. Protective effect of SFN on H2O2‑treated HUVECs. (A‑C) HUVECs were treated with 200 µmol H2O2, with or without 1.0 µmol/l SFN pretreatment. 
(A) Cell viability of HUVECs was detected using CellTiter‑Blue® assay. (B) Apoptosis was measured by flow cytometry. (C) Intracellular ROS levels were 
measured using the DCFH‑DA probe. *P<0.05 vs. Control and #P<0.05 vs. H2O2. Data are presented as the mean ± standard deviation, n=5. SFN, sulforaphane; 
HUVECs, human umbilical vein endothelial cells; ROS, reactive oxygen species; DCFH‑DA, 2',7'‑dichlorofluorescin diacetate.

Figure 2. SFN inhibits miR‑34a expression but upregulates SIRT1 expression in HUVECs treated with H2O2. (A‑D) HUVECs were treated with H2O2, with or 
without SFN pretreatment. (A) Changes in miR‑34a (B) SIRT1 mRNA expression were measured using RT‑qPCR. (C) SIRT1 protein expression was measured 
by western blot analysis before (D) the protein bands were quantified. *P<0.05 vs. Control; #P<0.05 vs. H2O2. Data are presented as the mean ± standard deviation, 
n=5. SFN, sulforaphane; miR, microRNA; SIRT1, sirtuin‑1; HUVECs, human umbilical vein endothelial cells; RT‑qPCR, reverse transcription‑quantitative PCR.
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in HUVECs (P<0.05; Fig. 4D and E). Conversely, inhibition 
of miR‑34a antagonized H2O2‑induced viability inhibition and 
apoptosis in HUVECs (P<0.05; Figs. S1B, 4D and E). Following 
H2O2 treatment, HUVECs transfected the pcDNA3.1‑SIRT1 
plasmid exhibited significantly increased cell viability and 
lower apoptotic rates compared with those in cells transfected 
with negative controls (P<0.05; Figs. S1B, 4D and E). By 
contrast, opposite effects were observed in HUVECs trans‑
fected with siRNA‑SIRT1 (P<0.05; Figs. S1B, 4D and E). 
Taken together, these results collectively suggest that the 
miR‑34a/SIRT1 axis partly underlies the mechanism of 
oxidative stress‑induced injury in HUVECs, where SFN may 
serve a protective role in HUVECs under oxidative stress by 
regulating this miR‑34a/SIRT1 axis.

SFN regulates the miR‑34a/SIRT1 axis by inducing Nrf2 
expression. To determine whether Nrf2 regulates the 
miR‑34a/SIRT1 axis in HUVECs, Nrf2 was upregulated by 
transfection with the pcDNA3.1‑Nrf2 plasmid. Transfection 
with pcDNA3.1‑Nrf2 was found to significantly increase 
Nrf2 expression compared with cells transfected with the 
empty plasmid (P<0.05; Fig. 5A‑C). Treatment of HUVECs 
with SFN significantly increased the expression of Nrf2 
on both mRNA and protein levels (P<0.05; Fig.  5B‑D). 
Overexpression of Nrf2 was also demonstrated to signifi‑
cantly reduce miR‑34a expression, whilst increasing SIRT1 

expression compared with cells transfected with the empty 
plasmid (P<0.05; Fig. 5D‑F).

Discussion

Vascular endothelial cells are particularly sensitive to oxida‑
tive stress, where ROS production results in the induction of 
inflammatory genes such as vascular cell adhesion protein 1 
and monocyte chemoattractant protein‑1, oxidation of low 
density lipoprotein, endothelial cell adhesion and infiltra‑
tion (28). These alterations disrupt the structure and function 
of the vascular endothelium, which contributes to the initia‑
tion and development of atherosclerosis (29). SFN is a natural 
antioxidant that can be extracted from cruciferous vegeta‑
bles (30). The abundant availability of raw materials means 
that SFN confers certain advantages in clinical applications 
over other potential naturally occurring agents (31). Previous 
studies have demonstrated that SFN protects cells against 
oxidative stress both in vivo and in vitro. Saleh et al  (32) 
reported that SFN has hepatic anti‑aging potential through 
the amelioration of oxidative stress in rats. Another previous 
in vitro analysis demonstrated that pretreatment of H9c2 
rat myoblasts with SFN reduces doxorubicin‑induced 
apoptosis by preventing oxidative stress (33). Although the 
role of SFN in the protection of endothelial cells through 
an antioxidant mechanism has been previously reported, 

Figure 3. miR‑34a suppresses SIRT1 mRNA expression by directly binding to its 3'‑UTR. miR‑34a mimics and inhibitors were transfected into human 
umbilical vein endothelial cells to change following which the effects of transfection on the level of (A) miR‑34a and (B) SIRT1 mRNA expression were 
verified using reverse transcription‑quantitative PCR. (C) Changes in the level of SIRT1 protein expression following transfection with the miR‑34a mimic 
or miR‑34a inhibitor were measured using western blot analysis and (D) quantified. (E) The binding capacity of miR‑34a to the 3'‑UTR of SIRT1 mRNA 
was verified by dual‑luciferase reporter assay. *P<0.05 vs. Transfection‑NC. Data are presented as the mean ± standard deviation, n=5. miR, microRNA; 
SIRT1, sirtuin‑1; 3'‑UTR, 3'‑untranslated region; NC, negative control; WT, wild‑type; MUT, mutant.
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information regarding this subject remains insufficient. 
Campbell  et  al  (34) previously demonstrated that SFN 
treatment improves the expression of selenoenzymes in the 
human endothelial cell line EAhy926, protecting the cells 
from oxidative stress. In brain vascular endothelium, SFN 
has been found to upregulate antioxidative stress responses, 
redox signaling and phase 2 drug metabolism/detoxifica‑
tion, thereby exerting neurovascular protective effects (35). 
Consistent with the aforementioned previous findings, 
results from the present study demonstrated that SFN 
inhibited oxidative stress to protect vascular endothelial 
cells. Pretreatment with SFN was observed to significantly 
reduce the production of ROS in H2O2‑treated HUVECs and 
suppress apoptosis. SFN has been frequently documented 
to protects cells against oxidative stress at low‑to‑moderate 
doses in cardiomyocytes and nerve cells (36). However, high 
concentrations of SFN are cytotoxic and confer an acute 
pro‑oxidant effect through the depletion of intracellular 
glutathione by the formation and export of SFN‑glutathione 
complexes (37). Therefore, the treatment dose of SFN needs 
to be considered prudently to investigate the potential protec‑
tive effects of SFN on normal cells.

Prior to its clinical application, it is important to determine 
the molecular mechanism by which SFN exerts endothelial 
cell protection. A canonical pathway by which SFN performs a 
protective role is the Nrf2‑ARE pathway (38). SFN can induce 
the expression or activation of Nrf2 to enhance its binding 
to ARE (39). Nrf2 is a helix‑loop‑helix basic leucine zipper 
transcription factor that serves as a key regulator in the cellular 
defense system against oxidative stress (40). Through binding 
to the promoter region of ARE, Nrf2 activation induces the 
transcription of a series of anti‑oxidative stress/detoxifying 
enzymes, including heme oxygenase‑1, NAD(P)H: Quinone 
oxidoreductase‑1, UDP‑glucuronosyltransferases and 
glutathione‑S‑transferases  (41). Accumulating evidence 
suggests that in addition to inducing the level of antioxidative 
stress enzymes via the NRF2‑ARE pathway, SFN may also 
alter of expression profile of miRNAs under oxidative stress. 
Eren et al (42) previously reported that SFN alleviates lipopoly‑
saccharide‑induced cell injury and suppresses oxidative stress 
by inhibiting miR‑155. The function of miRNA regulatory 
networks during oxidative stress in atherosclerosis and arterial 
remodeling have been discussed in previous studies (43,44). It is 
therefore possible that SFN may be involved in the regulation of 

Figure 4. Alteration of the miR‑34a/SIRT1 axis influences HUVEC cell viability and apoptosis following H2O2 treatment. miR‑34a mimics and inhibitors 
were transfected into HUVECs 24 h before H2O2 treatment. To change SIRT1 expression in cells, SIRT1‑siRNA or pcDNA3.1‑SIRT1 were transfected into 
HUVECs. HUVECs were treated with H2O2. (A) The effect of siRNA‑SIRT1 and pcDNA3.1‑SIRT1 transfection on SIRT1 mRNA expression was verified by 
reverse transcription‑quantitative PCR analysis. (B) The effect of siRNA‑SIRT1 and pcDNA3.1‑SIRT1 transfection on SIRT1 protein expression was verified 
by western blot analysis and (C) quantified. (D and E)  HUVEC cells were transfected with the indicated combination of miR‑34a mimic, miR‑34a inhibitor, 
pcDNA3.1‑SIRT1 or siRNA‑SIRT1, following which they were treated with H2O2. (D) HUVEC cell viability was measured after 48 h using CellTiter‑Blue® 

assay. (E) HUVEC apoptosis was measured by flow cytometry. *P<0.05 vs. Transfection‑NC; #P<0.05 vs. H2O2 + Transfection‑NC. Data are presented as 
the mean ± standard deviation, n=5. miR, microRNA; SIRT1, sirtuin‑1; HUVECs, human umbilical vein endothelial cells; siRNA, small interfering RNA; 
NC, negative control; Transfection‑NC, co‑transfection with the empty pcDNA3.1 vector and Allstar.
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miRNA expression during the protection of endothelial cells from 
oxidative stress damage.

The present study selected miR‑34a as the candidate target 
gene of SFN in HUVECs under oxidative stress conditions. 
miR‑34a has been previously confirmed as an miRNA that 
is upregulated in response to oxidative stress. For example, 
Tong  et  al  (45) demonstrated that miR‑34a induction in 
response to ROS reduced the tolerance of spontaneously arising 
retinal pigment epithelia cells to oxidative stress. Furthermore, 
increased miR‑34a expression has been previously reported 
to mediate visfatin‑induced apoptosis and oxidative stress in 
human osteoarthritic chondrocytes, which was reversed by the 
inhibition of miR‑34a (46). However, role of SFN on miR‑34a 
expression remains to be investigated.

SIRT1 is an NAD‑dependent deacetylase that regulates 
apoptosis in response to oxidative and genotoxic stress that has 
also been found to be a potential target gene of miR‑34a (47). The 
role of the miR‑34a/SIRT1 axis in oxidative stress‑induced cell 
injury has been confirmed in endothelial progenitor cells (48). 
Therefore, the present study hypothesized that SFN may protect 
endothelial cells partly through regulation of the miR‑34a/SIRT1 
axis. The results of the present study demonstrated that H2O2 
treatment upregulated miR‑34a expression, whilst inhibiting 
SIRT1 expression. Down‑regulation of miR‑34a and up‑regula‑
tion of SIRT1 was found to protect cells from oxidative stress. 

These results are consistent with previous findings, suggesting 
a role for the miR‑34a/SIRT1 axis in HUVECs  (48). SFN 
treatment was demonstrated to reduce the expression levels 
of miR‑34a and induce SIRT1 in HUVECs, indicating that 
miR‑34a/SIRT1 axis counteracted the protective effect of SFN. 
Taken together, these results suggest that SFN may modulate the 
miR‑34a/SIRT1 axis to protect against oxidative stress‑induced 
HUVEC injury. Furthermore, overexpression of Nrf2 exerted 
a regulatory effect on the miR‑34a/SIRT1 axis, similar to that 
exhibited by SFN. These results are consistent with previous 
findings (38,39), which have demonstrated that SFN regulates 
Nrf2, suggesting that SFN may also regulate the miR‑34a/SIRT1 
axis via Nrf2 in HUVECs. Nrf2 is considered to be a regulator 
of miRNA expression during antioxidant responses (35). Nrf2 
can directly regulate the expression of miRNAs that contain the 
functional Nrf2‑responsive elements (49). Nrf2 can also indi‑
rectly regulate miRNA expression by controlling transcription. 
For example, miR‑125B1 and miR‑29B1 were also identified as 
direct transcriptional targets of NRF2 in acute myeloid leukemia 
cells (50). However, the present study failed to investigate if Nrf2 
directly or indirectly regulates miR‑34a. Therefore, prospective 
studies will aim to perform chromatin immunoprecipitation or 
luciferase assays to address this.

In conclusion, results from the present study suggest that 
SFN protects HUVECs against oxidative stress by regulating 

Figure 5. SFN inhibits miR‑34a expression whilst enhancing SIRT1 expression by upregulating of Nrf2 in HUVECs. HUVECs were transfected with 
pcDNA3.1‑Nrf2 or NC followed by treatment with SFN. (A) Changes in the level of Nrf2 expression, following treatment with SFN or transfection with 
pcDNA3.1‑Nrf2 were measured using RT‑qPCR analysis. (B) The effect of SFN or pcDNA3.1‑Nrf2 transfection on Nrf2 protein expression was verified by 
western blot analysis and (C) the protein bands were quantified. (D) Changes in the expression levels of miR‑34a and SIRT1 mRNA following Nrf2 overexpres‑
sion were measured by RT‑qPCR analysis. (E) The effect of pcDNA3.1‑Nrf2 transfection on SIRT1 protein expression was verified using western blot analysis 
and (F) the protein bands were quantified. *P<0.05 vs. Transfection‑NC. Data are presented as the mean ± standard deviation, n=5. SFN, sulforaphane; miR, 
microRNA; Nrf2, nuclear factor erythroid‑2‑related factor 2; HUVECs, human umbilical vein endothelial cells; RT‑qPCR, reverse transcription‑quantitative 
PCR; SIRT1, sirtuin‑1; NC, negative control.
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the miR‑34a/SIRT1 axis via Nrf2. Furthermore, SFN exhib‑
ited cytoprotective effects on vascular endothelial cells under 
oxidative stress, putting it forward as a potential candidate for 
the therapeutic intervention of atherosclerosis.
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