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Background: Atherosclerosis (AS) is a chronic and progressive disease primarily induced by inflammation 
of the arterial blood vessel wall. Investigating the function and molecular regulation mechanisms of ET-1, 
ERβ, and FOXN1 in disease models will provide new targets and means for clinical treatment.
Methods: The effects of ET-1 on oxidative stress in HUVEC were verified through quantitative 
polymerase chain reaction (qPCR), western blot, flow cytometry, as well as dual luciferase reporter gene and 
biochemical assays.
Results: Compared with the ET-1+ negative control (NC) group, the ERβ messenger ribonucleic acid 
(mRNA) expression level was significantly reduced, and the FOXN1 mRNA expression level increased 
markedly in the ET-1 + ERβ small interfering ribonucleic acid (siRNA) group. Meanwhile, the FOXN1 
mRNA expression level was significantly reduced in the ET-1 + FOXN1 siRNA group. FOXN1 promoter 
luciferase reporter gene activity was notably enhanced in the ERβ siRNA group compared with the siRNA 
control group. Compared with the ET-1 + NC group, the levels of reaction oxygen species (ROS) in the 
ET-1 + ERβ siRNA group increased considerably, the superoxide dismutase (SOD) level was significantly 
reduced, and the G0/G1 phase cell ratio was reduced. In addition, the protein expression of ERβ and cyclin 
B1 (CCNB1) was markedly reduced, whereas the protein expression of cyclin A2 (CCNA2), cyclin D1 
(CCND1), and cyclin E1 (CCNE1) increased substantially. The opposite result was observed in the ET-1 + 
FOXN1 siRNA group.
Conclusions: ET-1 can contribute to the expression of ERβ and FOXN1. ERβ can inhibit the expression 
of FOXN1 by regulating promoter activity. The ET-1/ERβ/FOXN1 signaling pathway is involved in the 
regulation of oxidative stress and cycle progression in HUVEC. This study provides a new mechanism for 
the regulation of umbilical vein endothelial cells. The ET-1/ERβ/FOXN1 signaling pathway may provide 
novel therapeutic targets and strategies for the treatment of atherosclerosis.
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Introduction

Atherosclerosis (AS) is a chronic and progressive disease 
primarily induced by inflammation of the arterial blood 
vessel wall. Its pathogenesis involves complex interactions 
between inflammatory cells, vascular endothelial cells 
(VECs), and vascular smooth muscle cells (VSMCs). Under 
the stimulation of pro-inflammatory factors, inflammatory 
cells produce a large number of inflammatory factors, and 
the function of VECs changes and promotes the migration 
and proliferation of VSMCs to the intima, ultimately leading 
to the occurrence and development of AS (1-4). During 
the development of atherosclerosis, the intima of the artery 
is the earliest site of accumulation, mainly characterized 
by pathological changes including damage to the vascular 
endothelium, thickening of the muscle layer caused by 
thrombus formation and fibrosis after smooth muscle cell 
apoptosis, shedding of atheromatous plaques after vascular 
remodeling, and apoptosis (5,6). Therefore, the dysfunction 
of VECs is an important cause of atherosclerosis (7,8). 
However, the molecular mechanism of the abnormal 
regulation of endothelial cells is still unclear, and there is 
a pressing need for this problem to be urgently resolved. 
Human umbilical veins are easy to operate because they 
have large lumens and no branches, and the endothelial cells 
obtained are relatively pure (9). They also exhibit similar 
biological characteristics to arteries in many respects, and are 
particularly suitable for studying atherosclerosis and other 
diseases (10,11). Gong et al. found that vaccarin could inhibit 
the occurrence of AS by preventing the HUVEC EndMT, 
inflammation and apoptosis induced by ox-LDL (12).  
However, the specific molecules involved in regulating 
HUVEC during the occurrence and development of AS are 
not clear.

Research into the effects of endothelial cells has 
determined that endothelin (ET) is composed of 21 amino 
acids in the cultured porcine aortic endothelial cells, and 
confirmed that it is an effective vasoconstrictor peptide (13). 
Five members of the endothelin family have been discovered: 
ET-1, ET-2, ET-3, ET-4, and ET1-31, of which ET-1 is 
the main subtype in humans (14). Previous studies have 
reported that ET-1 can regulate vasoconstriction through 
autocrine or paracrine methods and promote mitosis and 
smooth muscle proliferation, resulting in a thickening and 
remodeling of blood vessel walls (15). Estrogen is a steroid 
hormone that plays a key role in the growth, development, 
and maintenance of various mammalian tissues (16). The 
biological effects of estrogen are primarily mediated by 

intracellular estrogen receptors, ERα and ERβ (17). As a 
classic nuclear receptor, ERβ is a key regulator of growth 
and differentiation in various tissues, and has a wide and 
important physiological role (18). Furthermore, previous 
reports have shown that ERβ is also involved in the 
occurrence and development of various diseases including 
cancer and cardiovascular diseases (19). 

Forkhead box protein N1 (FOXN1) is a member of the 
fork-shaped head box gene family located on chromosome 
17 and is involved in various cellular processes such as 
development, metabolism, and aging. It is predominantly 
expressed with thymic epithelial cells and is an important 
transcriptional regulator (20,21). FOXN1 plays an 
important regulatory role in tumors, immunodeficiency, 
and epithelial cell growth (22,23). Investigating the function 
and molecular regulation mechanisms of ET-1, ERβ, and 
FOXN1 in disease models will provide new targets and 
means for clinical treatment. However, the role of these 
important regulatory factors in the abnormal regulation 
of human umbilical vein endothelial cells (HUVEC), 
and especially the relationship between the three and the 
molecular regulatory mechanisms, remains unclear.

Therefore, this study is the first to explore the regulatory 
effects of ET-1 on ERh and FOXN1, and the role of ET-1, 
ER, and FOXN1 in oxidative stress and cell cycle regulation 
of HUVEC. This will provide a new therapeutic target 
for the clinical treatment of AS. We present the following 
article in accordance with the MDAR reporting checklist 
(available at http://dx.doi.org/10.21037/atm-20-6560).

Methods

General information 

H U V E C  w e r e  p r o v i d e d  b y  G u a n g z h o u  Ye s h a n 
Biotechnology Co., Ltd. FOXN1 and ERβ small interfering 
ribonucleic acid (siRNA) were provided by Shanghai 
GenePharma Co.,  Ltd. ET-1 was purchased from 
CALBIOCHEM.

Instruments and reagents 

Fetal bovine serum for cell culture (Cat. No. SH30087.01), 
high glucose Dulbecco’s Modified Eagle Medium (DMEM) 
(Cat. No. SH30022.01B), penicillin (Cat. No. SH30010), 
and potassium phosphate buffered saline (PBS) (Cat. No. 
SH30256.01B) were purchased from Hyclone (USA). 

Consumables for cell experiment: 6-well cell culture 
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plates (Cat. No. 040810004), 24-well cell culture plates (Cat. 
No. 3548), 48-well cells culture plates (Cat. No. 051010001 
A) were purchased from CORNING (USA). 12-well cell 
culture plates (Cat. No. 3524) and 96-well cell culture plates 
(Cat. No. PPP-001-030) were purchased from NEST (Hong 
Kong, China). Pasteur pipette (3 mL) was purchased from 
JET BIOFIL (Guangzhou, China). 

Instruments included the following: Suzhou Antai clean 
bench (SW-CJ-IFD), low speed centrifuge (Zhongjia, 
SC3614), inverted optical microscope (OLYMPUS CKX41, 
U-CTR30-2), cell culture incubator (Thermo scientific, 
HERACELL150i), and inverted fluorescence microscope 
(Leica, DMI6000B).

Cell culture and grouping 

HUVEC cells were adherently cultured in DMEM 
containing 10% fetal bovine serum in a 37 ℃, 5% carbon 
dioxide (CO2) cell incubator. The medium was changed 
every 2–3 days to maintain a good cell growth state. After 
the cells grew to between 70% and 80% of the bottom of 
the culture flask, they were digested, collected, centrifuged, 
and passaged with 0.25% trypsin-ethylenediaminetetraacetic 
acid (EDTA) solution. The cells in a logarithmic growth 
phase were used for the experiment. After the cells grew to 
sub-confluence, the corresponding experimental treatments 
were carried out. According to experimental needs, cells 
were divided into eight groups: (I) blank control group 
(cell); (II) siRNA control group (NC); (III) ERβ siRNA; (IV) 
FOXN1 siRNA; (V) 100 nM ET-1-48 h; (VI) ET-1 + NC; 
(VII) ET-1 + ERβ siRNA; (VIII) ET-1 + FOXN1 siRNA.

RNA extraction and reverse transcription 

Total ribonucleic acid (RNA) was extracted using the 
TRIzol method. After collecting the cells of different 
groups, 1 mL of TRIzol (Invitrogen) solution was added 
to the cells, mixed well by pipetting to ensure that the 
cells fully lysed, and let stand for 5 min. Next, 200 μL of 
chloroform was added, shook vigorously, and mixed for  
30 s to ensure that the water and organic phases fully 
contact, and then let stand 2 min. The cells were 
subsequently centrifuged at 14,000 ×g for 15 min at 4 ℃. 
At this stage, it can be seen that it is divided into three 
layers, and the RNA was in the upper aqueous phase. The 
RNA was carefully pipetted into another new ribonuclease 
(RNase)-free Eppendorf (EP) tube. An equal volume of 
isopropanol was added, mixed gently and fully, and let stand 

for 10 min at room temperature to precipitate RNA. It was 
subsequently centrifuged at 14,000 ×g for 10 min at 4 ℃. 
The RNA precipitate was collected and the supernatant 
was removed. It was subsequently washed twice with 
75% ethanol, added with 20 μL of diethyl pyrocarbonate 
(DEPC)-treated water to dissolve the precipitate after air-
drying on super-clean table. 

Next, the genome removal operation was performed as 
follows: RNase-free deoxyribonuclease (DNase) І (Promega) 
was used; the reaction solution was configured, digested at 
37 ℃ for 30 min, and then inactivated at 65 ℃ for 10 min.  
An equal volume of phenol was subsequently added, mixed 
upside down and well at 10,000 rpm, centrifuged for 5 min,  
and then the supernatant was taken. Next, an equal 
volume of chloroform was added, mixed upside down 
and well at 10,000 rpm, centrifuged for 10 min, and then 
the supernatant was taken. After this, an equal volume of 
isopropanol was added, mixed gently and fully, and let stand 
at −20 ℃ for 15 min. It was then centrifuged at 10,000 ×g 
for 10 min at 4 ℃; the RNA pellet was collected and the 
supernatant was removed. Finally, it was washed twice with 
75% ethanol, dried on a super-clean table and added with 
15–40 μL of DEPC water to dissolve the pellet. 

Purity detection
A 1 μL RNA sample 50 times diluted was taken and the 
optical density (OD) value was measured on a nucleic acid 
protein analyzer (BioPhotometer D30, Eppendorf). A ratio 
of OD260/OD280 is greater than 1.8, indicating that the 
prepared RNA is pure and free of protein pollution. 

Total RNA integrity detection
A 1 μL of RNA sample was taken, and electrophoresis was 
performed on 1% agarose gel at 80 V × 20 min. The 5 s 
ribosomal RNA (rRNA), 18s rRNA, and 28s rRNA bands 
of total RNA were observed using a gel imaging system. 
All three bands being complete indicated that total RNA 
extraction was relatively complete. Reverse transcription 
was performed by taking the RNA with better integrity 
and higher purity extracted and separated according to the 
aforementioned steps. 

In the RNase-free polymerase chain reaction (PCR) 
tube, the following solutions were configured
Total RNA, 1 μg; total volume 12 μL, filled with H2O. The 
above solution was pipetted evenly and incubated at 85 ℃ 
for 5 min to denature the RNA. It was then immediately 
frozen on ice to prevent RNA renaturation. 
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The following reagents (Promega) were added to the 
PCR tube
Oligo (dT), 0.5 μL; Random primer, 0.5 μL; 10 mM 
deoxynucleoside triphosphate (dNTP), 2 μL; RNase 
inhibitor, 0.5 μL; 5× buffer, 4μL; M-MLV, 0.5 μL. The total 
volume was 8 μL. The above 20 μL reaction solution was 
incubated at 30 ℃ for 10 min; 42 ℃ for 60 min; and 85 ℃ 
for 10 min.

Quantitative PCR (qPCR) 

Quantitative PCR (qPCR) was used to detect the expression 
of FOXN1 and ERβ, with 18 s used as an internal reference. 
The primers were purchased from Guangzhou GENEWIZ 
Company. The primer sequences were as follows: 
FOXN1-F, 5'-GCTCCTCACACTATCAGTACC-3'; 
FOXN1-R, 5'-AAGATGAGGATGCTGTAGGA-3'; 
ERβ-F, 5'-GGCATGCGAGTAACAAGGGC-3'; ERβ-R, 
5'-GGGAGCCCTCTTTGCTTTT-3'; GAPDH-F, 
5'-GAGAAGTATGACAACAGCCTC-3'; GAPDH-R, 
5'-ATGGACTGTGGTCATGAGTC-3'. 

The react ion system was  prepared as  fo l lows: 
complementary DNA (cDNA) (1:20), 5 μL; upstream 
primer, 0.5 μL; downstream primer, 0.5 μL; 2× SYBR 
Green qPCR SuperMix, 10 μL; dH2O, 4 μL; total volume, 
20 μL. The reaction conditions were as follows: 5 min at 
95 ℃, 40 cycles of 15 s at 95 ℃, and 32 s at 60 ℃. Melting 
curve analysis: temperature was 60–95 ℃. Each sample was 
repeated three times. SYBR Green qPCR SuperMix was 
purchased from Invitrogen. ABI PRISM® 7500 Sequence 
Detection System was used as the qPCR instrument. 

Analysis of dual luciferase reporter gene activity 

The FOXN1 promoter vector was synthesized and 
purchased from Guangzhou RiboBio Co., Ltd. HUVEC 
were cultured in 96-well plates for 24 hours, transfected 
with control siRNA or ERβ siRNA, and cultured for  
48 hours. The dual luciferase reporter gene kit (Promega, 
USA) was used to detect the effect of ERβ on FOXN1 
promoter activity, and Renilla luciferase activity was used as 
a normalized internal reference.

Analysis of reactive oxygen species (ROS) and superoxide 
dismutase (SOD) content 

In HUVEC, the effects of ET-1, ERβ, and FOXN1 on ROS 
and SOD levels were analyzed in the samples of the blank 

control (cell), siRNA control (NC), ERβ siRNA, FOXN1 
siRNA, ET-1, ET-1 + NC, ET-1 + ERβ siRNA, and ET-1 + 
FOXN1 siRNA groups using a ROS and SOD detection kit.

Flow cytometry to detect cell cycle 

Cells in different groups were examined by flow cytometry. 
1×106 cells in each group were collected 48 hours after cell 
transfection.
 
Cell fixation
Cells were collected by centrifugation, and the supernatant 
was discarded. Cells were placed in precooled 70% ethanol 
at −20 ℃ for fixation overnight. The cells were washed twice 
with precooled PBS, and placed in precooled 70% ethanol 
for fixation overnight or long-term fixation at −20 ℃. 

Cell staining
Cells were collected by centrifugation, and washed once with 1 
mL PBS. Next, 500 μL PBS [containing 50 μg/mL propidium 
bromide (PI)] and 100 μg/mL RNase A, 0.2% Triton X-100 
was added and incubated at 4 ℃ in the dark for 30 min. 

Flow cytometry assay
The cell cycle was detected by flow cytometry in accordance 
with standard procedures. Generally, 2–3 million cells were 
counted, and the results were analyzed using the cell cycle 
fitting software, ModFit. Flow cytometer (BD calibur) was 
used to detect the cell cycle.

Western blot assay

After digesting HUVEC cells in each group, total protein 
was extracted and the total protein concentration in each 
group of cells was determined using the bicinchoninic 
acid (BCA) method. Each group was loaded with 30 μg 
of total protein and subjected to sodium dodecyl sulfate-
polyacrylamide (SDS-PAGE) gel electrophoresis. After 
50 min, it was transferred to a polyvinylidene difluoride 
(PVDF) membrane and a constant voltage of 100V for 60–
120 min. The cells were then incubated at 4 ℃ overnight 
or at 37 ℃ for 2 hours in an appropriate concentration 
dilution of primary antibody and incubated in a dilution 
of corresponding secondary antibody at 37 ℃ for 1 hour. 
Following the incubation, the cells were washed with Tris-
buffered saline, 0.1% Tween 20 (TSBT) three times, and 
developed using the enhanced chemiluminescence (ECL) 
method. The antibodies and reagents used in the Western 
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blot analysis were as follows: horseradish peroxidase 
(HRP)-labeled glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) internal reference (Shanghai Kangcheng Bio, 
KC-5G5); anti-FOXN1 antibody (bioss, bs-6970R); anti-
estrogen related receptor beta antibody (abcam, ab19331); 
recombinant anti-cyclin A2 antibody (abcam, ab181591); 
recombinant anti-cyclin B1 antibody (abcam, ab32053); 
cyclin D1/follistatin like 3 (FSTL3) (Bioss, bs-0623R); 
cyclin E1 (D7T3U) rabbit monoclonal antibodies (mAb) 
(CST, 20808); rabbit anti-mouse immunoglobulin G 
(IgG) (southern biotech, 6170-05); goat anti-rabbit IgG 
(southern biotech, 4050-05); peroxidase-labeled rabbit 
anti-goat IgG (Wuhan BOSTER Biological Technology 
Co., Ltd., BA1060); peroxide enzyme-labeled rabbit anti-
rat IgG (Wuhan BOSTER Biological Technology Co., 
Ltd., BA1058); medical X-ray film (Kodak); luminescent 
solution (IMMOBILON WESTERN CHEMILUM 
HRP SUBSTRATE, MILLIPORE, WBKLS0500); 
PVDF membrane (Immobilon-P Transfer Membrane, 
MILLIPORE, IPVH00010).

Statistical processing 

Data were statistically analyzed using SPSS 17.0 software. 
One-way analysis of variance (ANOVA) was used for 
comparison between multiple groups under homogeneity 
of variance, and the t-test was used for pairwise comparison 
between multiple groups. P<0.05 was considered statistically 
significant.

Results

Effect of ET-1 on the expression of ERβ and FOXN1 

A real-time qPCR (RT-qPCR) assay was used to detect the 
effect of ET-1 on the expression of ERβ and FOXN1, and 
the relationship between ERβ and FOXN1. The results 
showed that the ERβ and FOXN1 expression levels of in 
the cells of the ET-1 group were significantly increased 
compared with the cell group (P<0.05). Also, compared 
with the NC group, the ERβ mRNA expression level in 
the ERβ siRNA group was markedly reduced (P<0.05), 
the FOXN1 mRNA expression level was considerably 
increased (P<0.05), and the FOXN1 mRNA expression 
level in the FOXN1 siRNA group was notably decreased 
(P<0.05). The ERβ mRNA expression level was not 
statistically significant (P>0.05). Also, compared with the 
ET-1 + NC group, the ERβ mRNA expression level in 
the ET-1 + ERβ siRNA group was significantly reduced 
(P<0.05), and the FOXN1 mRNA expression level was 
increased (P<0.05). The FOXN1 mRNA expression 
level in the ET-1 + FOXN1 siRNA group was reduced 
(P<0.05). Furthermore, the ERβ mRNA expression level 
was not statistically significant (P>0.05). There was also 
no statistical significance between the ET-1 group and 
the ET-1 + NC group (P>0.05). These results indicate 
that ET-1 can promote the expression of FOXN1 and 
ERβ, and that ERβ can inhibit the expression of FOXN1. 
Moreover, FOXN1 has no significant effect on the 
expression of ERβ (Figure 1A,B).

Figure 1 Expression levels of FOXN1 and ERβ in the eight groups. (A) Expression levels of ERβ in the eight groups; (B) expression levels 
of FOXN1 in the eight groups. *, P<0.05. FOXN1, Forkhead box protein N1.
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Figure 3 The effect of ET-1, ERβ, and FOXN1 on the levels of ROS and SOD. (A) The effect of ET-1, ERβ, and FOXN1 on the levels of 
ROS; (B) the effect of ET-1, ERβ, and FOXN1 on the levels of SOD. *, P<0.05. FOXN1, Forkhead box protein N1.

Figure 2 Dual-luciferase reporter analysis of the effect of ERβ on 
the luciferase activity of FOXN1 promoter. *, P<0.05.

Effect of ERβ on FOXN1 promoter luciferase reporter gene 
activity 

Next, we used the dual luciferase reporter gene assay to 
explore the effect of ERβ on FOXN1 promoter luciferase 
reporter gene activity. The results showed that FOXN1 
promoter luciferase reporter gene activity was significantly 
enhanced in the ERβ siRNA group compared to the siRNA 
control group, indicating that ERβ may inhibit FOXN1 at 

the transcriptional level (Figure 2).

Effect of ET-1, ERβ and FOXN1 on ROS and SOD levels 

We examined the effects of ET-1, ERβ, and FOXN1 on the 
levels of ROS (Figure 3A) and SOD (Figure 3B). We found 
that the level of ROS in the ET-1 group increased markedly 
(P<0.05), and the level of SOD decreased substantially 
(P<0.05) compared with the cell group. Also, compared 
with the NC group, the level of ROS in the ERβ siRNA 
group was notably increased (P<0.05), the level of SOD 
was significantly reduced (P<0.05), the level of ROS in the 
FOXN1 siRNA group was decreased (P<0.05), and the 
level of SOD was increased (P<0.05). Moreover, compared 
with the ET-1 + NC group, the ROS level in the ET-1 + 
ERβ siRNA group was increased (P<0.05), and the SOD 
level was decreased (P<0.05). The level of ROS in the ET-1 
+ FOXN1 siRNA group decreased significantly (P<0.05), 
while the level of SOD increased considerably (P<0.05). 
There were no statistical significances between the cell and 
NC groups (P>0.05), or between the ET-1 group and the 
ET-1 + NC group (P>0.05). These results indicate that 
ET-1 and FOXN1 can increase ROS levels and reduce 
SOD levels, while ERβ can inhibit ROS levels and enhance 
SOD levels.
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Figure 4 Flow cytometry analysis of cell cycle in the eight groups. (A,B) Flow cytometry analysis of cell cycle in the eight groups. *, P<0.05. 
FOXN1, Forkhead box protein N1.

Effect of ET-1, ERβ, and FOXN1 on cell cycle 

We also employed flow cytometry to analyze the effect 
of ET-1, ERβ, and FOXN1 on the cell cycle. Compared 
with the cell group, the ratio of cells in the G0/G1 phase 
decreased in the ET-1 group, while the ratio of cells in the 
S and G2 phase increased (P>0.05). Also, the ratio of cells 
in the G0/G1 phase decreased, and the ratio of cells in the S 
and G2 phase increased in the ERβ siRNA group compared 
with the NC group (P>0.05). In the FOXN1 siRNA 
group, the ratio of cells in the G0/G1 phase increased, 
while the ratio in the S and G2 phase decreased (P>0.05). 
Furthermore, the ratio of cells in the G0/G1 phase 
decreased, and the cell ratio of S and G2 phase increased 

in the ET-1 + ERβ siRNA group compared with the ET-1 
+ NC group (P>0.05). Meanwhile, the cell ratio in the G0/
G1 phase increased, and the cell ratio in the S and G2 phase 
decreased in the ET-1 + FOXN1 siRNA group (P>0.05). 
There were no statistically significant differences between 
the cell and NC groups (P>0.05), or between the ET-1 and 
ET-1 + NC groups (P>0.05) (Figure 4A,B).

Effects of ET-1, ERβ and FOXN1 on cell cycle-related 
proteins 

Finally, we used Western blot assay to observe the effects of 
ET-1, ERβ, and FOXN1 on cell cycle protein expression. 
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As shown in Figure 5A,B, the protein expressions of ERβ, 
FOXN1, CCNA2, CCNB1, CCND1, and CCNE1 in the 
ET-1 group were significantly increased compared with the 
cell group (P>0.05). Also, compared with the NC group, 
the protein expressions of ERβ and CCNB1 in the cells of 
the ERβ siRNA group were significantly reduced, while the 
protein expressions of CCNA2, CCND1, and CCNE1 were 
significantly increased (P<0.05). There was no significant 
change in the protein level of FOXN1 (P>0.05). 

The protein expressions of FOXN1 and CCNB1 in the 
cells of the FOXN1-siRNA group were reduced, while 
the protein expressions of ERβ, CCNA2, CCND1, and 
CCNE1 were increased, and the difference was statistically 
significant (P<0.05). Furthermore, the protein expressions 
of ERβ and CCNB1 in the ET-1 + ERβ siRNA group were 
reduced, and the protein expressions of CCNA2, CCND1, 
and CCNE1 were significantly increased compared with 
the ET-1 + NC group, and the difference was statistically 
significant (P<0.05). There was no significant change in the 
protein level of the FOXN1 (P>0.05). 

The protein expressions of FOXN1 and CCNB1 in the 
ET-1 + FOXN1-siRNA group were significantly reduced, 
and the protein expressions of CCNA2, CCND1 and 
CCNE1 were significantly increased, and the difference 
was statistically significant (P<0.05). Meanwhile, there was 
no significant change in protein level of ERβ (P>0.05). 
There was also no significant difference between the ET-1 
and ET-1 + NC groups (P>0.05). These results indicate 
that ET-1, ERβ, and FOXN1 may be involved in cell cycle 
regulation.

Discussion

Atherosclerosis is a unique form of arteriosclerosis, 
and essentially refers to the thickening of arterial walls, 
especially due to the invasion and accumulation of white 
blood cells and the proliferation of intimal smooth muscle 
cells (24). Endothelial cells maintain the steady state of the 
vascular system, and abnormal proliferation and apoptosis 
of VECs promote the development of atherosclerosis (25). 
The early stage of atherosclerosis is related to the elevated 
levels of oxidized low density lipoprotein (ox-LDL), 
oxidative stress, adhesion molecules and inflammatory 
cytokines in the vascular endothelium (26,27). Therefore, 
treatment strategies for vascular endothelial cell oxidative 
stress (28) and apoptosis (12) may inhibit the initiation 
and progression of AS. Previous studies have shown that 
ET-1 can regulate endothelial cell function by mediating 
superoxide production (29). Vitamin D has been shown to 
reduce vascular remodeling and ischemia by up-regulating 
the expression of ET-1, ethidium bromide (ETBR), 
and endothelial nitric oxide synthase 3 (eNOS), thereby 
improving renal fibrosis (30). Interestingly, we found that 
ET-1 can promote the expression of FOXN1 and ERβ in 
HUVEC, and that ERβ can inhibit FOXN1 expression 
by regulating promoter activity. This discovery provides a 
novel target protein and mechanism for the regulation of 
ET-1.

Recent studies have shown that long non-coding RNA 
X-inactive specific transcript (XIST) regulates oxidative 
stress damage in HUVEC by regulating micro RNA-204-
5p/Toll-like receptor 4 (miR-204-5p/TLR4) (31). Also, 

Figure 5 Western blot analysis of the protein expression related to cell cycle in the eight groups. (A,B) Western blot analysis of the protein 
expression related to cell cycle in the eight groups. FOXN1, Forkhead box protein N1.
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methyltransferase G9a can mediate oxidative stress in 
HUVEC (32). Oxidative stress meditated via the Septin4/
Poly (ADP-ribose) polymerase 1 (PARP1) signaling pathway 
promotes HUVEC damage (33). Moreover, the interaction 
of non-coding RNA and the p53 signaling pathway is also 
involved in the regulation of oxidative stress in HUVEC (34).  
Addit ional ly,  rapamycin-mediated autophagy can  
regulate the oxidative stress response in HUVEC (35). 
Epigal locatechin-3-gal late  (EGCG) can improve 
Angiotensin II-mediated HUVEC oxidative damage 
and apoptosis by activating the nuclear factor erythroid 
2-related factor 2 (Nrf2)/Caspase-3 signaling pathway (36). 
In this study, we found that ET-1, ERβ, and FOXN1 can 
regulate ROS and SOD levels, thereby providing an original 
mechanism for the abnormal regulation of oxidative stress of 
endothelial cells.

Previous studies have revealed that ET-1 promotes the 
proliferation of VSMCs by regulating extracellular signal-
regulated kinase and cyclin D1 (37). Also, 17-β-estradiol 
inhibits senescence of human umbilical endothelial cells 
by regulating p53 autophagy (38). Meanwhile, ET-1 
stimulates the expression of cyclin D1 and S-phase kinase-
related protein 2 by activating the signal transducer and 
activator of transcription 3 (STAT3) transcription factor 
in cultured rat astrocytes (39). In addition, ERβ inhibits 
the proliferation of anterior pituitary cells by controlling 
the expression of proteins associated with cell cycle  
progression (40). ERβ also inhibits cyclin-dependent kinase 
1 (CDK1) activity by regulating cyclin B1, growth arrest and 
DNA damage inducible alpha (GADD45A), and BTG Anti-
Proliferation Factor 2 (BTG2), which leads to G2 cell cycle 
arrest (41). Additionally, ERβ alters cyclin expression in a 
ligand-dependent manner to regulate tumorigenesis (42).  
Previous reports have shown that FOXN1 can participate 
in the regulation of the cell cycle (43,44). In this study, we 
determined that ET-1, ERβ, and FOXN1 can regulate the 
expression of cell cycle-related proteins CCNB1, CCNA2, 
CCND1, and CCNE1 in HUVEC, and affect cell cycle 
progression. This discovery reveals novel functions of ET-
1, ERβ, and FOXN1 in the regulation of HUVEC cycle.

Conclusions

In summary, we conclude that ET-1 can promote the 
expression of ERβ and FOXN1, and that ERβ can inhibit 
the expression of FOXN1 by regulating promoter activity. 
The ET-1/ERβ/FOXN1 signaling pathway is involved 
in the regulation of oxidative stress and cycle progression 

of umbilical vein endothelial cells. This study provides 
an original mechanism for the regulation of umbilical 
vein endothelial cells. The ET-1/ERβ/FOXN1 signaling 
pathway may provide novel targets and strategies for the 
treatment of atherosclerosis.
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