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INTRODUCTION
Endothelial dysfunction is a cause of cardiovascular diseases 

[1,2]. Endoplasmic reticulum (ER) stress regulates apoptosis and 
inflammation in endothelial cells [3,4], and contributes to obesity, 
heart disease, atherosclerosis, diabetes [5,6]. The ER is the site of 
protein synthesis, folding, and transport. Misfolding, unfolding, 
and accumulation of proteins in the ER provoke the unfolded 
protein response (UPR)-ER stress. The UPR is mediated by three 
transmembrane ER sensors, inositol-requiring 1 (IRE1), PKR-like 
ER kinase (PERK), and activating transcription factor 6 (ATF6). 

The stress sensors are inactivated in resting cells by binding to 
immunoglobulin heavy chain-binding protein (BiP), an ER resi-
dent chaperone molecule. When the UPR is initiated, BiP is re-
leased from these complexes and binds to unfolded or misfolded 
polypeptide chains, which leads to the activation of ER stress sen-
sors [7]. XBP1s is produced by the activation of IRE1α, and it acts 
as a potent transcription factor to regulate the expression of UPR-
related genes. When PERK releases from BiP, activation of PERK 
leads to the translation of the transcription factor ATF4, follows 
with the expression of the proapoptotic transcription factor C/
EBP-homologous protein (CHOP), which encourages ROS and 
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ABSTRACT Endoplasmic reticulum (ER) stress is mediated by disturbance of Ca2+ 
homeostasis. The store-operated calcium (SOC) channel is the primary Ca2+ channel 
in non-excitable cells, but its participation in agent-induced ER stress is not clear. In 
this study, the effects of tunicamycin on Ca2+ influx in human umbilical vein endothe-
lial cells (HUVECs) were observed with the fluorescent probe Fluo-4 AM. The effect 
of tunicamycin on the expression of the unfolded protein response (UPR)-related 
proteins BiP and CHOP was assayed by western blotting with or without inhibition 
of Orai1. Tunicamycin induced endothelial dysfunction by activating ER stress. Orai1 
expression and the influx of extracellular Ca2+ in HUVECs were both upregulated dur-
ing ER stress. The SOC channel inhibitor SKF96365 reversed tunicamycin-induced en-
dothelial cell dysfunction by inhibiting ER stress. Regulation of tunicamycin-induced 
ER stress by Orai1 indicates that modification of Orai1 activity may have therapeutic 
value for conditions with ER stress-induced endothelial dysfunction.
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apoptosis in ER stress [8].
ER stress is related to disturbance of Ca2+ homeostasis [9], and 

there is evidence that it is mediated by calcium overload. Thapsi-
gargin, an inhibitor of sarco/endoplasmic reticulum Ca2+-ATPase, 
and tunicamycin-an inhibitor of protein glycosylation, both 
induce UPR by disrupting ER Ca2+ homeostasis. Store-operated 
calcium channel (SOC) is the main regulator of Ca2+ homeostasis 
in non-excitable cells, such as endothelial cells [10]. Orai1 and 
STIM1 were the molecular basis of store-operated Ca2+ entry 
(SOCE) in endothelial cells and could mediate the proliferation of 
the cells [11]. However, whether the two key components of SOC 
channel Orai1 and STIM1 participated in the ER stress induced 
endothelial dysfunction is not clear. This study investigated the 
role of Orai1-mediated Ca2+ entry in ER stress-mediated endothe-
lial dysfunction.

METHODS

Fresh isolation and primary culture of endothelial cell

Human umbilical vein endothelial cells (HUVECs) were 
isolated from the umbilical vein and cultured as previously de-
scribed [12]. In brief, HUVECs were digested with 0.125% trypsin 
containing 0.01% EDTA, then the cells were cultured in “complete 
M199 medium” which containing 20% fetal calf serum, 100 U/
ml penicillin, and 100 g/ml streptomycin, 25 U/ml heparin, 2 
mmol/L L-glutamine and 5 ng/ml recombinant human endothe-
lial cell growth factor  at 37°C, 5% CO2 atmosphere. After reach-
ing 80% confluence, cells were subcultured with 0.125% trypsin 
with 0.01% EDTA.

Cell viability assay

Cell viability was measured by a Cell Counting Assay Kit-8 
(CCK-8; Dojindo Molecular Technologies, MD, Japan) following 
the manufacturer’s instructions. Briefly, HUVECs were seeded 
in 96-well plates at a density of 1×104 cell/ml and cultured for 24 
h. Cells were treated with 0.25, 0.5, 1, or 2 g/ml tunicamycin for 
24 h before adding 10 l CCK-8 to each well. After 2 h at 37°C, 
absorbance at 450 nm was measured with a Multiskan GO Mi-
croplate Spectrophotometer (Thermo, USA).

Western blotting

HUVECs were rinsed with ice-cold PBS, homogenized in a 
blender and lysed with RIPA lysis buffer containing a protease in-
hibitor cocktail (Merck, USA). The protein concentration was de-
termined with a Bicinchoninic Acid kit (Thermo Scientific, USA). 
Proteins was separated by SDS-PAGE and transferred to PVDF 
membranes (Millipore, Billerica, MA, USA). After incubation 
with 5% non-fat dry milk diluted with TBST at room tempera-

ture for 1 h, membranes were incubated with primary antibody 
against eNOS (1:1000, Cell Signaling Technology, USA), Orai1 
(1:1000, Alomone, Israel), BiP (1:1000, Cell Signaling Technology, 
USA), CHOP (1:1000, Cell Signaling Technology, USA), XBP1s 
(1:1000, Cell Signaling Technology, USA) at 4°C overnight. They 
were then incubated for 1 h with appropriate HRP-conjugated 
secondary antibodies (Cell Signaling Technology, USA) at room 
temperature. GAPDH was used as the loading control. Bands 
were detected with Pierce enhanced chemiluminescence (ECL) 
western blotting substrate (Thermo Scientific) and quantified 
with Image J software (National Institutes of Health, USA).

Intracellular Ca
2+

 

Intracellular Ca2+ concentration was assayed by the Fluo-4 AM 
calcium probe (Invitrogen, USA). Briefly, the HUVECs were in-
cubated in Hank’s balanced salt solution (mmol/L: NaCl 138, KCl 
5.3, KH2PO4 0.4, MgCl2·6H2O 0.5, MgSO4·7H2O 0.4, CaCl2 1.26, 
NaHCO3 25, Na2HPO4 0.34, D-glucose 5.56, pH 7.4) containing 5 
mol/L Fluo-4 AM for 30 min at 37°C. Cells were washed three 
times with the Ca2+-free HBSS and incubated for 30 minutes to 
allow complete de-esterification of intracellular AM esters. The 
intracellular Ca2+ concentration was measured at an excitation 
wavelength of 485 nm and emission wavelength of 520 nm with 
inverted confocal laser scanning microscope (SP5-FCS, Leica, 
Germany). Intracellular calcium concentration was reported as 
the % change of fluorescence intensity from baseline. [(F–F0)/
F0×100], where F0 was the resting Fluo-4 fluorescence.

Adenovirus infection

HUVECs were transfected with short hairpin (sh)RNA adeno-
virus against Orai1 genes (Shanghai GeneChem). A scrambled 
shRNA adenovirus was used as a negative control. HUVECs were 
seeded at 2×105 cells/ml in 6-well plates. Before transfection, the 
culture medium was replaced with 1 ml complete media, and Ad-
Orai1 shRNA was added to the cells for 6 h at 37°C. The trans-
fected cells were cultured in 2 ml of normal culture medium for 
an additional 48 h at 37°C. 

Chemicals

Tunicamycin, SKF96365 and tauroursodeoxycholic acid 
(TUDCA) were purchased from Sigma (St. Louis, MO). Stock so-
lutions were prepared by dissolving in dimethyl sulfoxide. 

Data analysis

Data are represented as means ± S.E.M. Statistical significance 
was determined with the unpaired two-tailed Student t-test or 
one-way ANOVA followed by the Bonferroni multiple compari-
son post hoc test with calculation of 95% confidence intervals. 
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Statistical significance was accepted when p < 0.05.

RESULTS

Tunicamycin induced endothelial dysfunction by ER 
stress

Tunicamycin inhibited the proliferation and promoted the 
apoptosis of endothelial cells, and significantly decreased endo-

thelial nitric oxide synthase (eNOS) expression. It also increased 
the expression of the UPR-related proteins BiP and CHOP in 
human umbilical vein cells (HUVECs). BiP expression increased 
to 1.72 ± 0.19 at 0.25 g/ml, 2.09 ± 0.07 at 0.5 g/ml, 2.03 ± 0.07 
at 1 g/ml, and 1.79 ± 0.10 at 2 g/ml tunicamycin, compared 
with the controls. CHOP was weakly expressed in the control and 
DMSO-treated groups and was significantly enhanced by tunica-
mycin (Fig. 1). These results suggested that ER stress induced by 
tunicamycin was involved in endothelial dysfunction.

Fig. 1. Tunicamycin induced endothe-
lial dysfunction by ER stress. HUVECs 
were treated with 0.25, 0.5, 1, 2 g/ml 
tunicamycin for 24 h. Cell viability was as-
sayed with Cell Counting Assay Kit-8 (A). 
Expression of eNOS (B), BiP (C) and CHOP 
(D) was determined by western blotting. 
GAPDH was used as an internal control. 
*p < 0.05 vs. control; n = 4.
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Tunicamycin increased SOC channel-mediated 
calcium transport in HUVECs

The effect of tunicamycin on Ca2+ concentration was assayed 
in endothelial cells after depletion of ER calcium stores by 2 M 
thapsigargin, which secondarily activated the SOC channel-
mediated Ca2+ influx. Incubation with tunicamycin significantly 
increased SOCE (Fig. 2).

Tunicamycin upregulated Orai1 expression in HUVECs

Disturbed Ca2+ homeostasis was associated with ER stress, and 
the SOC channel was the primary pathway of calcium influx in 
endothelial cells. As Orai1 is the major component of the SOC 
channel, the effect of tunicamycin on Orai1 expression in HU-
VECs was assayed. The relative expression of Orai1 was 1.82 ± 0.17 
at 0.25 g/ml, 2.08 ± 0.22 at 0.5 g/ml, 2.26 ± 0.29 at 1 g/ml, and 

2.59 ± 0.24 at 2 g/ml tunicamycin, compared with the controls 
(Fig. 3). The ER stress inhibitor TUDCA decreased Orai1 expres-
sion induced by tunicamycin (Supplementary Fig. 1). These re-
sults showed that Orai1 may be involved in tunicamycin-induced 
ER stress.

Inhibition or knockdown of the SOC channel reduced 
ER stress and protected endothelial function

To clarify the role of Orai1 in ER stress, HUVECs were pre-
incubated with a calcium channel inhibitor (SKF96365) or ade-
novirus-Orai1 siRNA before tunicamycin treatment. SKF96365 
significantly decreased BiP and CHOP expression from 2.10 ± 0.07 
to 0.95 ± 0.25 and 7.81 ± 0.51 to 2.55 ± 0.65 relative to treatment 
with tunicamycin alone. SKF96365 also significantly inhibited 
the downregulation of eNOS induced by tunicamycin (Fig. 4). 
SKF96365 only blocked capacitive Ca2+ entry, which did not affect 

Fig. 2. Alteration of intracellular Ca2+ concentration in HUVECs induced by tunicamycin. HUVECs were treated with 1 g/ml tunicamycin for 24 
h. Cells were incubated in a Ca2+-free buffer containing 2 M thapsigargin for 8 min, and Ca2+ influx was induced during the Ca2+ loading period (left 
panel). Ca2+ influx was enhanced by tunicamycin (right panel). **p < 0.01 vs. control; n = 60 cells.

Fig. 3. Orai1 expression was upregulated by tunicamycin in HUVECs. HUVECs were treated with tunicamycin (0.25, 0.5, 1, 2 g/ml respectively). 
Twenty-four hours later, the expression of Orai1 was determined by western blotting. *p < 0.05 vs. control; n = 4.
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Orai1 expression (Supplementary Fig. 2). Knockdown of Orai1 
also reversed BiP, XBP1s and eNOS expression induced by tu-
nicamycin (Fig. 5), consistent with reduced tunicamycin-induced 
ER stress and protection of endothelial function. Orai1 may thus 
have mediated endothelial dysfunction during ER stress.

DISCUSSION
This study found that tunicamycin promoted endothelial dys-

function by inducing ER stress. It enhanced Orai1 expression 
and SOC channel-mediated Ca2+ entry in HUVECs. Inhibition of 
Orai1 by SKF96365 or knockdown of Orai1 by adenovirus-Orai1 
siRNA reversed the expression of BiP and CHOP proteins and 
improved endothelial dysfunction induced by tunicamycin. 

Endothelial dysfunction characterizes cardiovascular diseases 
like atherosclerosis, hypertension, and diabetes mellitus, and ER 
stress is involved in the pathogenesis cardiovascular diseases. Tu-
nicamycin, an inhibitor of protein glycosylation, was used experi-
mentally as an ER stressor to induce endothelial dysfunction in 
cultured HUVECs. Calcium storage in the ER is one of the main 
ER functions, and Ca2+ depletion activates SOCE which increases 
intracellular Ca2+ influx. SOCE directly or indirectly regulates 
the Ca2+-dependent UPR [13,14]. Tunicamycin has been shown to 
increase intracellular Ca2+ concentration in lymphoid and smooth 
muscle cells by SOCE [15,16], but the specific calcium channel 
was not determined.

There are two types of calcium channels in endothelial cells, L-
type channels (Cav1.2) and SOC channels, but as endothelial cells 
are non-excitable, Cav1.2 channels are rare, the majority are SOC 

Fig. 4. SOC channel inhibitor SKF-
96365 reduced tunicamycin-induced 
ER stress to protect endothelial func-
tion. HUVECs were preincubated with 
1.25, 2.5, 5 M SKF96365 before treat-
ment with 1 g/ml tunicamycin. BiP (A), 
CHOP (B), and eNOS (C) expression were 
determined by western blotting. *p < 
0.05 vs. control; #p < 0.05 vs. tunicamycin 
treatment only, n = 4.
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channels. Orai1 and STIM1 are both components of SOC chan-
nel [17,18], which are expressed in endothelial cells and involved 
in cell proliferation [11]. Orai1 and STIM1 have been reported to 
mediate histamine-induced inflammation in HUVECs [19], and 
Orai1 was found to be involved in VEGF-induced migration of 
endothelial cells and endothelial tube formation [20]. This study 
provided evidence that Orai1-mediated Ca2+ entry contributed to 
ER stress induced in HUVECs by tunicamycin.

Pathological stimuli including oxidative stress, inflammation 
and hypoxia can induce the UPR, and ER stress may contribute 
to endothelial dysfunction [4,21,22]. Activation of ER stress has 
been reported in cardiovascular diseases including arterioscle-

rosis, ischemia/reperfusion injury, and heart failure [23-25]. The 
maintenance of Ca2+ homeostasis depends on Ca2+ transporters, 
channels, and binding/buffering proteins. ER stress is a conse-
quence of disturbed calcium homeostasis [9], and SOCE is active 
in Ca2+ transport during ER stress. In dopaminergic neurons, 
transient receptor potential channel 1 (TRPC1) was found to 
regulate Ca2+ homeostasis and inhibit UPR, which contributed 
to neuronal survival [26]. In hepatic cells, Orai1 and SOCE were 
reported to mediate usnic acid toxicity by enhancing ER stress [14], 
but the calcium channel regulating ER stress in endothelial cells 
remains unclear. Both Orai1 and Orai1-mediated SOCE were in-
creased by tunicamycin, and pharmacological inhibition of SOCE 

Fig. 5.  Effect of Orai1 siRNA on tu-
nicamycin-induced eNOS and UPR 
markers expression. HUVECs were 
preincubated with 50, 100, or 200 MOI 
adenovirus-Orai1siRNA for 24 h; 1 g/
ml tunicamycin was added for another 
24 h. (A) eNOS, UPR markers and Orai1 
expression were assayed by western 
blotting. (B-E) Densitometric analysis of 
the protein levels of eNOS, BiP, Xbp1-s 
and Orai1 respectively, GAPDH was used 
as the internal control. *p < 0.05, **p < 
0.01 vs. control; #p < 0.05, ##p < 0.01 vs. 
tunicamycin treatment only, n = 4.
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by SKF96365 or silencing of Orai1 decreased the expression of 
the UPR-related proteins BiP, CHOP and XBP1s. eNOS is a Ca2+-
dependent enzyme that regulates vascular tone and function. 
Decrease in eNOS expression and activity leads to endothelial 
dysfunction. Previous study reported that SOCE inhibited eNOS 
activation and availability by activating Calpain [27]. In the pres-
ent study, we found out that Orai1-mediated SOCE was involved 
in tunicamycin-induced decrease of eNOS expression, which may 
attribute to the induction of ER stress. Celine et al reported that 
CHOP-10, an UPR-related protein, transcriptionally repressed 
eNOS by modulating the activity of eNOS gene promoter [28]. 
However, Ziomek et al. [16] found that tunicamycin induced a 
significant increase of intracellular Ca2+ in vascular smooth mus-
cle cells, but it was dependent on the direct permeability of the 
plasma membrane, ER, and sarcoplasmic reticulum to calcium, 
not on the activation of calcium channels. This difference may be 
a consequence to the different cell types that were used. Further 
study is needed to confirm the role of Orai1 in the tunicamycin-
mediated Ca2+ influx in ECs. In summary, Orai1 participated in 
the development of ER stress in cultured HUVECs. If it is deter-
mined that Orai1 mediates endothelial dysfunction in diabetes 
via ER stress, it may prove to be a potential therapeutic target for 
vascular complications of diabetes.
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