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Abstract
Background/Aims: Endothelial cells are crucial in vascular homeostasis. Dysfunction of 
endothelial cells is involved in the development of cardiovascular diseases (CVD). High 
plasma homocysteine (Hcy) correlates with CVD while selenium supplementation counteracts 
development of CVD. However, the underlying mechanism remained unclear. Here, we 
investigated the effects of selenium on homocysteine-induced endothelial dysfunction. 
Methods: An animal model of Hcy-induced endothelial dysfunction was established by 
intragastric administration of L-methionine. Plasma NO and von Willebrand factor (vWF) were 
quantified using NO assay and ELISA kit respectively. Relaxation was measured in thoracic 
aortic ring assays. Cell viability and migration were detected by Cell Counting Kit-8 and Bio-
Coat cell migration chambers respectively. Cellular apoptosis was determined by Annexin 
V-FITC apoptosis kit. Results: Selenium prevented homocysteine-induced endothelial injury 
and impairment of endothelium-dependent relaxation. Selenium reversed the impaired 
viability and migration of endothelial cells induced by homocysteine in a dose-dependent 
manner. Selenium inhibited the apoptosis of endothelial cells induced by homocysteine, 
through downregulating of Caspase-3 activity and expression of Caspase-3 and Bax, and by 
stimulating Bcl-2 expression. Selenium reversed the homocysteine-induced reduction of NO 
release, and increased the expression and phosphoylation of endothelial nitric oxide synthetase 
(eNOS) in a dose-dependent manner. Moreover, selenium enhanced AKT phosphorylation, 
and selenium-induced phosphorylation and expression of eNOS were inhibited by AKT 
inhibition. NO production, cell viability and migration rescued by selenium were inhibited, 
while cell apoptosis was reversed by AKT inhibition. Conclusion: Selenium protected against 
homocysteine-induced dysfunction and apoptosis of endothelial cells through AKT pathway. 
The observations may provide novel therapeutic opportunities in the treatment of CVD.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/209014449?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Cell Physiol Biochem 2016;38:871-882
DOI: 10.1159/000443041
Published online: February 25, 2016 872
Ren et al.: Selenium Protects Endothelial Function

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2016 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Introduction

Cardiovascular diseases (CVD) are the leading causes of death globally, resulting in 
approximately 17 million deaths annually [1]. Coronary artery disease and stroke account 
for about 80% of CVD deaths [2]. In the United States, 80% of people aged above 60 are 
affected by CVD, whose life qualities are severely compromised [3].

A variety of cardiovascular pathological conditions such as hyperlipidemia and 
hypertension impair the function and structural integrity of endothelium, leading to a 
cascade of events of atherosclerosis, which in turn worsens the cardiovascular pathological 
conditions and causes a vicious loop [4]. Endothelial cells have important roles in normal 
physiological processes including the secretion of chemokines and cell adhesion factors, 
regulating vascular relaxation and contraction, and promoting angiogenesis [5]. The function 
and structural integrity of endothelial cells are the most important factors that affecting the 
development of CVD [6].

Homocysteine (Hcy) is an intermediate metabolite in the metabolic pathway of 
cysteine and methionine [7]. Elevated levels of plasma Hcy are independent risk factors 
of CVD, such as coronary heart disease, hypertension and stroke, and Hcy contributes to 
the development of CVD as a result of endothelial dysfunction [8]. Patients with moderate 
hyperhomocysteinemia have decreased numbers of endothelial cells with impaired activities 
[9]. Hcy induces apoptosis, and impairs the proliferation, migration, adhesion of endothelial 
cells [10, 11].

Selenium (Se) is a main ingredient of the glutathione per oxidase which protects cells 
from the oxidative damage re sulting from reactive oxygen species (ROS) [12]. Se has diverse 
functions including immunogenic, anticarcinogenic, antimutagenic, cell proliferation control 
and anti-aging activities [13]. Many stud ies have indicated the benefits that Se may have on 
patients with hypertension and atherothrombotic diseases [13]. However, until now there is 
no report regarding the role of Se in the Hcy-induced dysfunction of endothelial cells.

To investigate the effect of Se on Hcy-induced dysfunction of endothelial cells, and reveal 
the underlying mechanism that Se benefits CVD patients, we performed the present study. 
We found that Se prevented Hcy-induced endothelia injury and impairment of endothelium-
dependent relaxation. Se inhibited Hcy-induced impaired proliferation and migration of 
human umbilical vein endothelial cells (HUVECs). Se alleviated Hcy-induced apoptosis of 
HUVECs. Furthermore, the downregulation of NO and eNOS caused by Hcy were rescued 
by Se treatment. Se increased the phosphorylation of AKT, and Se-induced phosphorylation 
and expression of eNOS, NO production, cell viability and migration were blocked by AKT 
inhibition.

Materials and Methods

Establishment of Hcy-induced endothelial dysfunction animal model
The animal experiment was approved by the Animal Care and Use Committee of Xi’an Jiaotong 

University. Male Sprague-Dawley rats (150 - 180 g) were kept in a room maintained at 24°C with a 12-h 
light/dark cycle and fed standard rat chow. Rats were randomized into 3 groups: control, Hcy model, and 
Hcy+Se. Rats in Hcy group and Hcy+Se group were intragastrically administrated L-methionine by 1 g/kg/
day for 4 weeks [14]. Succinylsulfathiazole (SST) (0.5 g/kg/day) was added to the drink of rats to avoid 
bacterial proliferation and subsequent folate production. Rats in Hcy+Se group was administered Se (2 g/
kg/day) since 1 week before. Control rats were administered the same volume of purified water.

Plasma NO and vWF analysis
Rats were fasted overnight. The next morning rats were anesthetized with sodium pentobarbital (50 

mg/kg, i.p.), and the blood was collected and centrifuged at 3000 rpm for 30 min at 4°C to separate the 
plasma. The plasma NO levels were assayed by a NO Assay Kit (Nanjing Jiancheng Institute of Biological 
Engineering, China) and the plasma vWF levels were measured by ELISA (Shanghai Guangrui biotechnology, 
China).
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Thoracic aortic ring relaxation assay
After collecting the blood, the thoracic aortas were isolated immediately. The fat and connective tissue 

were carefully excised, and the thoracic aortas were cut into rings about 3 mm long and hung on stainless 
steel hooklets in improved Krebs solution bubbled with 95% O2 and 5% CO2 at 37°C. Rings were connected 
to transducers and the Powerlab system (AD instruments, USA). The rings were equilibrated for 2 h and 
the Krebs solution was changed every 30 min. The contraction signals were recorded by the Powerlab 
system and analyzed with the Chart 5 for Windows software (AD instruments, USA). The rings were soaked 
in 5 mL Krebs solution supplemented with norepinephrine (10-6 M). When the vasoconstriction curves 
reached the plateau phase, acetylcholine (10-10-10-6 M), A23187 (10-5 M) and sodium nitroprusside (10-

9-10-6 M) were added to observe the endothelium-dependent and independent relaxation of aortic rings 
respectively. The contraction tension was recorded and relaxation was calculated as the percent reduction 
from norepinephrine-induced tension.

Isolation and Culture of HUVECs
This study was approved by the Ethical Committee of Xi’an Jiaotong University and the providers of 

umbilical cords. Human umbilical vein endothelial cells (HUVECs) were harvested from fresh umbilical 
cords according to the previous report [15]. Briefly, fresh umbilical veins were digested with 0.1% (w/v) 
collagenase type IV solution (Invitrogen, USA) at 37°C for 15 min to release endothelial cells from the vessel 
walls. Then, the vessels incubated with collagenase type IV were rinsed with ECM (ScienCell, San Diego, 
USA). HUVECs were collected by centrifugation at 1000 rpm for 5 min and cultured in ECM. HUVECs were 
used at passage 3.

Cell viability assay
Cell counting Kit-8 (CCK8, Dojindo Laboratories, Kumamoto) assay was used to assess cell viabilities. 

Cells were digested with 0.25% trypsin, and cultured in 96-well culture plate (1 × 104 cells/well). After 
different treatment, CCK8 reagent was added into each well, and the cells were incubated at 37°C for 2 h. 
Cell viabilities were measured through absorbance (optical density) by a spectrophotometer at 450 nm.

Cell migration assay
Cell migration was evaluated using a Bio-Coat cell migration chambers (BD Biosciences, MA, USA), 

which consist of a 24-well companion plate with cell culture inserts containing a filter with 8 μm-diameter 
pores. Briefly, 2 × 104 cell resuspended in 500 μL of EGM-2 medium (Gibco, USA) were seeded in the upper 
chamber, then vascular endothelial growth factor (VEGF) in EGM-2 medium at 100 mg/L was placed in the 
lower compartment of the chamber. After incubation for 24 h, the upper surface of the membrane was wiped 
with a cotton-tipped applicator to remove non-migrating cells, the migrating cells on the lower surface were 
fixed with 2% paraformaldehyde and stained with Giemsa solution. Migrating cells were counted manually 
in three random microscopic fields.

Cell apoptosis assay
Cells apoptosis was quantified by the Annexin V-FITC Apoptosis Detection Kit (GenScript, NJ, USA) 

according to the manufacturer’s instruction. Briefly, cells were harvested and washed with PBS. Then the 
cells were stained with annexin V-FITC staining solution at room temperature for 40 min, before being 
stained with propidium iodide (PI). The annexin V-FITC bindings at early apoptosis were detected by FITC 
signal detector (Ex = 488 nm; Em = 530 nm), and the PI staining at later stages of apoptosis were detected by 
the phycoerythrin emission signal detector (Ex = 488 nm; Em = 620 nm). The percentages of apoptotic cells 
were determined by flow cytometer (Becton Dickinson). Results were analyzed by BD FACS diva software.

Western blot analysis
Total proteins were extracted from cell lysates using RIPA buffer containing phosphatase inhibitor 

cocktail (Sigma, MO USA), and quantified using the Quick Start Bradford Protein Assay kit (Bio-Rad, Hercules, 
CA, USA). Proteins were separated by electrophoresis on sodium dodecyl sulfate -polyacrylamide gel 
electrophoresis (SDS-PAGE) gels and then transferred onto nitrocellulose membranes (Pall Life Science, NY, 
USA). After being blocked with 5% non-fat milk at room temperature for 1 h, the membranes were probed 
with primary antibody (antibodies against eNOS, eNOS phosphoserine 1177, Akt, Akt phosphoserine 473 
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respectively, 1:1000 dilution, Cell Signaling Technology) overnight followed by incubation with horse radish 
peroxidase (HRP) conjugated secondary antibody for 1 h. Immunoblots of protein bands were visualized 
with an enhanced chemiluminescence (ECL) detection kit (Amersham). The signals were quantified by 
scanning densitometry.

Measurement of NO production
NO production was determined by measuring the concentration of nitrite, a metabolite of NO, using a 

modified Griess reaction method (Nanjing Jiancheng Institute of Biological Engineering, China) according 
to the manufacturer’s instructions. Briefly, supernatant was collected and mixed with an equal volume of 
modified Griess reagent for the colorimetric assay. After 10 min of incubation at room temperature, the 
concentration of the resultant chromophore was measured spectrophotometrically at 550 nm. The nitrite 
concentration was calculated from nitrite standard curves made from sodium nitrite using the same culture 
medium.

Statistical analysis
The obtained data were presented as a mean±standard deviation (SD) for a replicate experiment. 

One-way ANOVA were used for statistical analysis and P < 0.05 was considered as statistical significance.

Results

Se increased plasma NO and decreased plasma vWF in Hcy-induced endothelial dysfunction 
rats
Hcy is a thiol-containing amino acid derived from L-methionine, one of the essential 

amino aids. The Hcy-induced endothelial dysfunction animal model was established by long 
term intragastric administration with L-methionine in rats. Se was added in the diet of Hcy-
injected rats, and the concentration of plasma NO and vWF, two important biomarkers of 
endothelial injury were measured. As shown in Fig. 1, Hcy significantly reduced the level of 
plasma NO but increased the level of plasma vWF, which were significantly reversed by Se 
administration.

Se reversed Hcy-induced impairment of endothelium-dependent relaxation
To find out whether Se could prevent Hcy-induced endothelial dysfunction, relaxation 

in response to acetylcholine and sodium nitroprusside were examined on aortic rings. 
Acetylcholine caused a dose-dependent relaxation in precontracted aortic rings in all 3 

Fig. 1. The impacts of L-methionine and Se on biomarkers of endothelial injury in rats. (A) The impact of L-
methionine and Se on plasma NO. (B) The impact of L-methionine and Se on plasma vWF. The Hcy-induced 
endothelial dysfunction animal model was established by long-term intragastric administration with L-me-
thionine in rats. Se was added in the treatment group. Plasma NO and vWF concentration were measured. 
The data are shown as mean ± SD (n = 6). # p < 0.05 versus control group, * p < 0.05 versus L-methionine 
administrated rats.
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groups. Hcy significantly impaired the relaxation to acetylcholine, while Se attenuated 
Hcy-induced impairment of relaxation (Fig. 2A). Similar changes were also observed in 
the relaxation to A23187, a NOS activator (Fig. 2B). Endothelium independent relaxation 
produced by NO donor, sodium nitroprusside was similar between 3 groups (Fig. 2C). To 
define the contribution of NO in the Se-induced enhancement of endothelium dependent 
relaxation, Nnitro-L-arginine methylester hydrochloride (L-NAME), a specific NOS inhibitor, 
was added before the addition of acetylcholine. As shown in Fig. 2D, pretreatment of vessels 
with L-NAME abolished the relaxation response to acetylcholine in all 3 groups, there was 
no difference between the relaxation response of Hcy group and Hcy+Se group. These results 
suggested that Hcy impairs endothelium-dependent relaxation and Se reverse Hcy-induced 
impairment of relaxation. NO may participate in the protective role of Se.

Se attenuated the detrimental effects of Hcy on viability and migration of HUVECs
To explore the effect of Se on Hcy-induced endothelial cells dysfunction, we then 

examined the viability and migration of HUVECs under Hcy incubation with or without Se 
pretreatment. As shown in Fig. 3A, cellular viability of HUVECs was inhibited by incubation 

Fig. 2. Effects of L-methionine administration and Se on the rat aortic relaxation. (A) Relaxation was measu-
red in response to the addition of acetylcholine. Thoracic aortic rings were precontracted with KCl and cont-
racted with phenylephrine. Dose-response relaxation was measured for cumulative increments of 10-10-10-6 

M acetylcholine. (B) Relaxation was measured in response to the addition of 10-5 M A23187. (C) Relaxation 
was measured in response to the addition of 10-10-10-6 M sodium nitroprusside. (D) The effect of L-NAME 
on relaxation in response to acetylcholine. Aortic rings were precontracted with KCl, treated with 3 × 10-5 M 
L-NAME for 30 min, and contracted with phenylephrine. Dose-response relaxation was measured for cumu-
lative increments of acetylcholine. The data are shown as mean ± SD (n = 6). # p < 0.05 versus control group, 
* p < 0.05 versus Hcy group. Hcy, with only L-methionine administration; Hcy+Se, with both L-methionine 
and Se administration.
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with 500 μM Hcy for 24 h compared with the control, consisting with previous reports [16]. 
The detrimental effects of Hcy on HUVECs were attenuated by Se (50, 100 and 200 nM) 
pretreatment for 12 h. Different concentrations of Se were added (50, 100 and 200 nM) 12 h 
before 500 μM Hcy stimulation. Similarly, we found that Hcy-induced migration of HUVECs 
was rescued by Se in a dose-dependent manner (Fig. 3B). These results revealed that Se 
treatment reversed HUVECs viability and migration induced by Hcy.

Se attenuated the Hcy-induced HUVECs apoptosis
To test the effect of Se on Hcy-induced endothelial cells apoptosis, we detected the cell 

apoptosis rates and the expression of apoptosis-related protein. As demonstrated in Fig. 
4A, Hcy treatment resulted in significant increase in HUVECs apoptosis. When cells were 
incubated with Se, the apoptosis were dramatically downregulated in a dose-dependent 
manner (Fig. 4A). The Caspase family members of cysteine proteases are key players in the 
programmed cell death, and Caspase-3 has been proven to be the most important component 
of the Caspase family [17]. Therefore we determined the activity of Caspase-3 in Hcy-treated 
HUVECs using a colorimetric activity assay. As shown in Fig. 4B, the activity of Caspase-3 
displayed a similar change after Se was added into the culture media of HUVECs. Then the 
expression of cleaved Caspase-3, Bax, and Bcl-3 were examined by Western blotting. As 
expected, the level of cleaved Caspase-3 was obviously elevates after Hcy treatment. When the 
cells were pretreated with different concentrations of Se, the levels of cleaved Caspase-3 was 
gradually dropped (Fig. 4C and D). Another cell apoptosis indicator, Bax, also demonstrated 

Fig. 3. Se rescued the impaired viability and migration of HUVECs induced by Hcy. (A) Se rescued the impai-
red cell viability induced by Hcy. (B) Se rescued the impaired cell migration induced by Hcy. HUVECs were 
pretreated with 0, 50, 100, or 200 nM Se for 12 h, followed by incubation with 500 μM Hcy for 24 h. Other-
wise cells treated with neither Hcy nor Se were used as control. Data are shown as means ± SD. (n = 3). # P 
< 0.05 versus Hcy group (500 μM).
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a similar trend after Se was added (Fig. 4C and E). On the contrary, the expression of an 
anti-apoptotic indicator, Bcl-2 was decreased significantly after Hcy treatment. However, 
the decrease was reversed after Se was supplemented (Fig. 4C and F). The levels of cleaved 
Caspase-3, Bax, Bcl-2 was demonstrated in Fig. 4D, E, and F respectively.

Se increased NO production and eNOS phosphorylation and expression in HUVECs
To test whether Se could affect NO bioavailability under Hcy treatment, we investigated 

NO production in HUVECs. As shown in Fig. 5A, NO levels in the presence of Hcy showed a 
dose-dependent reduction with a significant induction at 500 μM Hcy. Pretreatment with 
Se for 12 h attenuated the detrimental effect of Hcy on NO production (Fig. 5B). Cells were 
also pretreated with 50 nM Se for indicated times before 500 μM Hcy stimulation. NO levels 
in the presence of Se showed significant increases for 24 and 36 h pretreatment (Fig. 5C). 
Furthermore, Fig. 5D and E demonstrated that the down-regulation of protein and mRNA 
of eNOS expression induced by Hcy was rescued by Se pretreatment (50, 100, and 200 nM). 
The decrease of the ratio of phosphorylated/total eNOS induced by Hcy was rescued by Se 
pretreatment (100, and 200nM). (Fig. 5D, F). Similarly, this protective role of Se was played 
in a dose-dependent manner.

Se rescued Hcy-induced dysfunction of HUVECs via AKT activation 
To find out the mechanism by which Se functions, we detected several pathways, 

such as AKT, MAPK, NFκB, to determine which one was involved. As shown in Fig. 6A and 
B, Hcy treatment significantly decreased the phosphorylation of AKT compared with the 
control. When HUVECs were pretreated with Se (50, 100, and 200 nM), the decrease in 
the levels of phosphorylated AKT was upregulated significantly. Se reversed Hcy-induced 
dephosphorylation of AKT without altering the protein expression of total AKT. To determine 

Fig. 4. Se inhibited the Hcy-induced apoptosis of HUVECs. (A) Se inhibited the Hcy-induced apoptosis of 
endothelial cells. (B) Se impaired the activity of Caspase-3 induced by Hcy. (C) Se regulated the expression 
of cleaved Caspase-3, Bax, and Bcl-2. (D) Quantitative densitometry data of cleaved Caspase-3 levels in dif-
ferent groups. (E) Quantitative densitometry data of Bax levels. (F) Quantitative densitometry data of Bcl-2 
levels. Cells were pretreated with 0, 50, 100, or 200 nM Se for 12 h, followed by incubation with 500 μM Hcy 
for 24 h. Otherwise cells treated with neither Hcy nor Se were used as control. Data are shown as means ± 
SD. (n = 3). # P < 0.05 versus Hcy group (500 μM).
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whether AKT plays roles in Se-induced eNOS phosphorylation and HUVECs’ dysfunction, 
AKT inhibitor SH-5 was employed. As showed in Fig. 6 C to E, Hcy resulted in a significant 
inhibition of eNOS phosphorylation and expression, whereas 200 nM Se pretreatment 
rescued these effects. When AKT inhibitor SH-5 was added, these effects were abolished, 
indicating that AKT was involved in the Se-induction of eNOS phosphorylation and expression. 
NO production was measured in the presence of SH-5. As shown in Fig. 6F, Se rescued the 
decreased levels of NO induced by Hcy treatment. When SH-5 was added, the protective role 
of Se was abolished. Similar results were also observed in cell viability, cell migration, and 
cell apoptosis (Fig. 6G-I). These findings indicated the involvement of AKT activation in the 
protective role of Se in the Hcy-induced dysfunction and apoptosis of HUVECs.

Discussion

CVD is the leading cause of death globally, much more people die annually from CVD 
than any other causes [18]. The World Health Organization (WHO) estimated that there 
will be about 20 million CVD deaths in 2015, accounting for 30% of all deaths worldwide 
[19]. A healthy diet, tobacco and alcohol control, and physical exercises are all included 

Fig. 5. Se increased the impaired NO production, eNOS expression and phosphorylation induced by Hcy. 
(A) The effect of Hcy on NO production. HUVECs were treated with various concentrations of Hcy for 24 
h, and the NO production was measured. (B) Se rescued the impaired NO production induced by Hcy in 
a dose-dependent manner. HUVECs were treated with various concentrations of Hcy for 24 h and were 
pretreated with various concentrations of Se for 12 h, and the NO production was measured. (C) Se res-
cued the impaired NO production induced by Hcy in a time-dependent manner. HUVECs were treated with 
various concentrations of Hcy for 24 h and were pretreated with 50 nM Se, at the indicated time points 
the NO production was measured. (D) Se rescued the impaired expression and phosphprylation of eNOS 
induced by Hcy. Cells were pretreated with 0, 50, 100, or 200 nM Se for 12 h, followed by incubation with 
500 μM Hcy for 24 h. Otherwise cells treated with neither Hcy nor Se were used as control. (E) Quantitative 
determination of eNOS mRNA expression by Realtime PCR. (F) Quantitative densitometry data of the ratio 
of phosphorylated/total eNOS levels. Data are shown as means ± SD (n = 5). # P < 0.05 versus Se-free Hcy 
group (500 μM Hcy).



Cell Physiol Biochem 2016;38:871-882
DOI: 10.1159/000443041
Published online: February 25, 2016 879
Ren et al.: Selenium Protects Endothelial Function

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2016 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

in the currently practiced measures to decrease the risk of CVD [20]. Therefore, exploring 
beneficial dietary supplements is of great importance for the prevention of CVD.

In the present study, we found that Se protected Hcy-induced endothelial dysfunction in 
vivo and in vitro. Se prevented Hcy-induced endothelia injury and impairment of endothelium-
dependent relaxation. Se rescued the impaired viability and migration of HUVECs caused 
by Hcy treatment. In addition, Se inhibited the apoptosis of endothelial cells induced by 
Hcy, through downregulating of Caspase-3 activity, suppressing the expression of cleaved 
Caspase-3 and Bax, and stimulating the expression of Bcl-2. Moreover, the downregulation of 
NO and eNOS caused by Hcy were rescued by Se treatment. Se increased the phosphorylation 

Fig. 6. Se rescued Hcy-induced dysfunction of HUVECs via AKT activation. (A) Se rescued the impaired phos-
phorylated AKT induced by Hcy. HUVECs were pretreated with 0, 50, 100, or 200 nM Se for 12 h, followed by 
incubation with 500 μM Hcy for 24 h. Otherwise cells treated with neither Hcy nor Se were used as control. 
(B) Quantitative densitometry data of phosphorylated AKT levels. (C) The rescue of expression and phos-
phorylation of eNOS by Se was AKT-dependent. HUVECs were pretreated with 200 nM Se or 10 μM SH-5 plus 
200 nM Se for 12 h before 500 μM Hcy stimulation for 24 h. The change of expression and phosphorylation 
of eNOS was detected by Western blot analysis. (D) Quantitative densitometry data of eNOS expression. (E) 
Quantitative densitometry data of the ratio of phosphorylated/total eNOS levels. (F) The Se-induced NO 
production was AKT-dependent. HUVECs were treated as described in (C) and NO production was mea-
sured. (G) The Se-induced cell viability was AKT-dependent. HUVECs were treated as described in (C) and 
cell viability was measured. (H) The Se-induced cell migration was AKT-dependent. (I) The decrease of cell 
apoptosis induced by Se was AKT-dependent. Data are shown as means ± SD (n = 3). # p < 0.05 versus Hcy 
only group (500 μM), * p < 0.05 versus Hcy+Se group (500 μM Hcy+200 nM Se).
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of AKT, and Se-induced phosphorylation and expression of eNOS, NO production, cell viability 
and migration were blocked by AKT inhibition.

Endothelium is a highly selective barrier and metabolically active or gan, which plays 
crucial roles in the maintenance of vascular homeostasis [21]. Endothelial dysfunction 
(ED) is observed in the early stage of atherosclerosis [22], and is associated with the risk of 
atherosclerotic cardiovascular diseases [23]. Once the endothelial function deteriorates, the 
vascular homeostasis is disturbed, leading to reduced anti-oxi dant and anti-inflammatory 
effects, increased vascular perme ability to lipoproteins, increased expression of inflam-
matory cytokines and adhesion molecules, and subsequent development of atherosclerosis 
[24]. In our results, we demonstrated that Se increased the viability and migration of 
endothelial cells impaired by Hcy, while inhibiting the apoptosis induced by Hcy. The overall 
effect of Se on endothelial cells is protective, especially in the presence of Hcy.

Endothelial cells produce and release various kinds of factors, such as nitric oxide (NO), 
endothelium-derived hyperpolarizing factor (EDHF), prostacyclin, or endothelin-1 (ET-1), 
angiotensin II, thromboxane A2, prostaglandin H2 to keep the delicate balance between 
vasodila tion and vasoconstriction [25]. Among these endothelial-derived vaso dilators, 
NO is the most important one because of its key role in inhibiting platelet aggregation, 
inflammation, oxidative stress, vascular smooth muscle cell migration and proliferation, and 
leukocyte adhesion [26]. In our study, we showed that the impaired production of NO was 
rescued by Se. Endothelial nitric oxide synthetase (eNOS) is the direct enzyme responsible 
for NO production in endothelial cells [27, 28]. Therefore we detected the effect of Se on the 
expression of eNOS. As expected, Se improved the expression of eNOS. The activity of eNOS 
is mainly regulated in post-translational level (phosphorylation). Ser-1177 in the reductase 
domain is one of the important phosphorylation sites in regulating eNOS activity [29], and 
phosphorylation of Ser-1177 is indispensible for eNOS activation. Our results showed that 
Se could not only rescue the expression of eNOS, but also increase the phosphorylation 
of eNOS at its Ser-1177 site. Although the total eNOS level was increased, the extent of 
increase in phosphorylated eNOS level was much greater. Therefore the overall trend of 
phosphorylated/total ratio is still elevated after Se pretreatment. Our results suggested 
that eNOS-NO signaling was responsible for the protective effects of Se on Hcy-induced 
endothelial dysfunction.

PI3K/AKT pathway plays important roles in vascular homeostasis, including regulation 
of cell survival, migration, and angiogenesis, glucose metabolism, and protein synthesis 
[30, 31]. AKT stimulates eNOS phosphorylation at Ser-1177 and promotes subsequent NO 
production [32]. Inhibition of AKT activation by dominant negative AKT mutants prevents 
enhanced NO synthesis mediated by eNOS [33]. Other studies indicated the role of AKT in 
Hcy-induced cell cycle G1 arrest [34] and impaired endothelial function [35]. Given these 
background, we hypothesized that Se may protect the function of endothelial cells in an 
AKT-dependent manner. As expected, we found that Se-induced eNOS phosphorylation at 
Ser-1177 was abolished by AKT inhibitor SH-5, indicating that AKT activation participated 
the Se-induced phosphorylation of eNOS at Ser-1177, NO production, cell viability and 
migration. Collectively, we showed for the first time that Se reversed Hcy-induced inhibition 
of AKT phosphorylation at Ser-473 and eNOS phosphorylation at Ser-1177.

Se is a main ingredient of the glutathione per oxidase that protects cells from oxidative 
damage re sulting from reactive oxygen species (ROS) [36]. The protective roles for Se in 
human health have been shown in recent studies [37]. Se deficiency has been reported in 
patients with different disorders including stroke, atherosclerosis, osteoarthritis, Alzheimer’s 
diseases, hypothyroidism, and diabetes [38]. Many stud ies have indicated the benefits that 
Se may have on patients with hypertension and atherothrombotic diseases [39]. However, 
few studies have investigated the effect of Se on Hcy-induced dysfunction and apoptosis of 
endothelial cells. Hence, this study aimed to explore whether Se could relieve Hcy-induced 
effects on endothelial cells. Our results demonstrated that Se increased plasma NO levels and 
rescued the impaired endothelium-dependent relaxation to acetylcholine, but had no effect 
on sodium nitroprusside-induced endothelium-independent relaxation in rat aorta. Our 
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findings also suggested that Se has beneficial effects on endothelium and endothelial cells. 
We tested the effect of different concentrations of Se on Hcy-induced dysfunction of HUVECs 
in vitro, but did not detect the effect of Se alone on endothelial function. The reason is that Se 
alone did not show obvious influence on endothelium function in our animal experiments.

We performed permeability assays to test the endothelial permeability after Se 
treatment. HUVEC cells were seeded on collagen-coated PTFE membranes, and permeability 
was evaluated by FITC-dextran 40 kDa passage. However, it seems that there was no 
significant difference between the Se-pretreatment group and control. The reason for that 
may be due to the size of the tracer, therefore we will use other FITC-dextran (such as 150 or 
250 kDa) or other method to test the endothelial permeability in our future studies.

Taken together, for the first time our results demonstrated the role of Se on regulation of 
the function and apoptosis of HUVECs, enriching the current knowledge of Se, and providing 
important implications for the prevention of CVD in the future.
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