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Zhang B, Naik JS, Jernigan NL, Walker BR, Resta TC. Re-
duced membrane cholesterol after chronic hypoxia limits Orai1-
mediated pulmonary endothelial Ca2� entry. Am J Physiol Heart Circ
Physiol 314: H359–H369, 2018. First published November 3, 2017;
doi:10.1152/ajpheart.00540.2017.—Endothelial dysfunction in chronic
hypoxia (CH)-induced pulmonary hypertension is characterized by
reduced store-operated Ca2� entry (SOCE) and diminished Ca2�-
dependent production of endothelium-derived vasodilators. We re-
cently reported that SOCE in pulmonary arterial endothelial cells
(PAECs) is tightly regulated by membrane cholesterol and that de-
creased membrane cholesterol is responsible for impaired SOCE after
CH. However, the ion channels involved in cholesterol-sensitive
SOCE are unknown. We hypothesized that cholesterol facilitates
SOCE in PAECs through the interaction of Orai1 and stromal inter-
action molecule 1 (STIM1). The role of cholesterol in Orai1-mediated
SOCE was initially assessed using CH exposure in rats (4 wk, 380
mmHg) as a physiological stimulus to decrease PAEC cholesterol.
The effects of Orai1 inhibition with AnCoA4 on SOCE were exam-
ined in isolated PAEC sheets from control and CH rats after choles-
terol supplementation, substitution of endogenous cholesterol with
epicholesterol (Epichol), or vehicle treatment. Whereas cholesterol
restored endothelial SOCE in CH rats, both Epichol and AnCoA4
attenuated SOCE only in normoxic controls. The Orai1 inhibitor had
no further effect in cells pretreated with Epichol. Using cultured
pulmonary endothelial cells to allow better mechanistic analysis of the
molecular components of cholesterol-regulated SOCE, we found that
Epichol, AnCoA4, and Orai1 siRNA each inhibited SOCE compared
with their respective controls. Epichol had no additional effect after
knockdown of Orai1. Furthermore, Epichol substitution significantly
reduced STIM1-Orai1 interactions as assessed by a proximity ligation
assay. We conclude that membrane cholesterol is required for the
STIM1-Orai1 interaction necessary to elicit endothelial SOCE. Fur-
thermore, reduced PAEC membrane cholesterol after CH limits
Orai1-mediated SOCE.

NEW & NOTEWORTHY This research demonstrates a novel con-
tribution of cholesterol to regulate the interaction of Orai1 and stromal
interaction molecule 1 required for pulmonary endothelial store-
operated Ca2� entry. The results provide a mechanistic basis for
impaired pulmonary endothelial Ca2� influx after chronic hypoxia
that may contribute to pulmonary hypertension.

pulmonary hypertension; store-operated calcium entry; stromal inter-
action molecule 1

INTRODUCTION

Endothelial dysfunction in pulmonary hypertension is char-
acterized by imbalanced production of endothelium-derived
vasoconstrictors and vasodilators leading to vasoconstriction,
vascular remodeling, and subsequent elevation of pulmonary
vascular resistance (11a, 21, 75). The production of many
endothelium-derived vasodilators and antimitogenic com-
pounds, including nitric oxide (NO), prostacyclin, and endo-
thelium-derived hyperpolarizing factors, is closely regulated
by endothelial intracellular Ca2� levels ([Ca2�]i) (7a, 17, 25,
45, 47). Diminished pulmonary endothelial [Ca2�]i and limited
production of endothelium-derived NO are associated with the
development of chronic hypoxia (CH)-induced pulmonary hy-
pertension (51, 56). However, the mechanisms of reduced
pulmonary endothelial [Ca2�]i after CH exposure are not well
investigated.

Endothelial store-operated Ca2� entry (SOCE) is required
for endothelium-dependent vasorelaxation in systemic arteries
(28), in part through production of NO (3). SOCE is initiated
when a stimulated G protein-coupled receptor activates phos-
pholipase C (PLC), which produces inositol 1,4,5-trisphos-
phate (IP3) by hydrolyzing phosphatidylinositol bisphosphate
(PIP2). IP3, as a second messenger, activates IP3 receptors on
the endoplasmic reticulum (ER) membrane, leading to rapid
ER Ca2� release. ER Ca2� store depletion then activates
store-operated cation channels (SOCs), which leads to sus-
tained Ca2� influx (64). Stromal interaction molecule 1
(STIM1) has been identified as an ER Ca2� sensor and sug-
gested as the essential link between Ca2� store depletion and
SOC activation (72). As ER Ca2� levels fall, STIM1 molecules
oligomerize on the ER membrane and interact with SOCs on
the cell membrane, which include Orai channels (12a). Orai1,
one of three isoforms of Orai found in mammalian cells,
mediates SOCE when activated by STIM1 (86). The STIM1-
Orai1 interaction occurs in cholesterol-rich caveolae on the cell
membrane. Interestingly, intact caveolae are required for the
activation of Orai1-mediated SOCE in platelets (14). Depletion
of membrane cholesterol not only inhibits SOCE but also
interrupts STIM1 clustering near the cell membrane (59).
However, whether membrane cholesterol directly facilitates
STIM1-Orai1 interactions and SOCE activation or indirectly
modulates this Ca2� entry pathway by contributing to lipid raft
integrity is not clear.

We have previously reported that decreased endothelial
SOCE after CH is associated with diminished membrane cho-
lesterol and that this reduced SOCE is restored by cholesterol
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supplementation (56, 57, 84). Furthermore, to study the func-
tional role of membrane cholesterol in regulating SOCE,
epicholesterol (Epichol) was used to replace native cholesterol.
As the enantiomer of cholesterol, Epichol has similar effects on
membrane fluidity and lipid domain formation as those of
cholesterol but lacks the regulatory influences of cholesterol on
ion channel function (22, 65, 83). Substitution of endogenous
cholesterol with Epichol mimics the effect of CH in reduc-
ing endothelial SOCE while having no effect on caveolar
number (84). However, the mechanisms by which reduced
endothelial membrane cholesterol limits SOCE after CH are
not clear. In the present study, we hypothesized that cho-
lesterol facilitates the interaction of Orai1 with STIM1 to
mediate SOCE in pulmonary arterial endothelial cells
(PAECs). We tested this hypothesis by examining the ef-
fects of either cholesterol or Epichol treatment combined
with Orai1 inhibition on SOCE in both freshly isolated
PAECs from normoxic and CH rats and in cultured pulmo-
nary microvascular endothelial cells (PMVECs).

METHODS

Animals and CH exposure protocol. Male Sprague-Dawley rats
(200–250 g) were used for in vivo and ex vivo experiments. Rats
exposed to CH were placed in a hypobaric chamber with barometric
pressure maintained at �380 mmHg (inspired PO2 �70 mmHg) for 4
wk (84). Age-matched control rats were housed in similar cages under
ambient barometric pressure (�630 mmHg in Albuquerque, NM).
The hypobaric chamber was opened 3 times/wk to provide fresh rat
chow, water, and clean bedding. All animals were maintained on a
12:12-h light-dark cycle. All protocols used in this study were re-
viewed and approved by the Institutional Animal Care and Use
Committee of the University of New Mexico Health Sciences Center.

Isolation and preparation of PAECs. After CH or normoxic expo-
sure, rats were euthanized with pentobarbital sodium (200 mg/kg ip)
and the heart and lungs were exposed by midline thoracotomy. The
left lung was rapidly excised and placed in ice-cold HEPES buffer
solution. Intrapulmonary arteries (third and fourth order, 200- to
400-�m inner diameter) were dissected from the superior region of
the left lung, and the parenchymal lung tissue was carefully removed.
Arteries were then cut longitudinally and treated with 0.2 mg/ml
dithiothreitol and 2 U/ml papain in HEPES buffer for 45 min at 37°C.
Vessels were carefully removed from the digestion solution and
placed in 1 ml HEPES buffer containing 2 mg/ml BSA. PAEC sheets
were then released by gentle trituration with a small-bore fire-polished
Pasteur pipette and stored at 4°C. One to two drops of the solution
containing freshly isolated rat PAECs were placed on a poly-L-lysine-
coated glass coverslip and incubated at 37°C for 30 min before
experimentation (84). PAEC sheets collected using this approach were
identified by their distinct morphology (57, 84) and uptake of Dil-
Ac-LDL (56).

Cell culture. To complement experiments using freshly isolated
PAEC sheets, cultured PMVECs (VEC Technologies) were also used
in this study. Preliminary experiments revealed these cells to demon-
strate similar cholesterol sensitivity of SOCE as native PAECs and to
express functional Orai1 channels. In addition, cultured cells permit
the use of genetic manipulation with siRNA and determination of
protein-protein interactions (Orai1-STIM1) using a proximity ligation
assay (PLA) for better mechanistic analysis of the molecular compo-
nents of cholesterol-regulated SOCE. PMVECs were maintained in a
humidified incubator at 37°C with 5% CO2 in MCDB-131 complete
media (VEC Technologies). Cultures were split every 4–6 days, and
cells were studied between passages 5 and 10. Depending on the
experimental protocol, cells were seeded onto round poly-L-lysine-

coated glass coverslips in 6-well plates, 6-well plates coated with
attachment factors, or 18-well slides coated with attachment factors.

Preparation of cholesterol and Epichol solutions. Solutions were
prepared by saturating methyl-�-cyclodextrin (M�CD) with either
cholesterol or Epichol, as previously described (11). Briefly, the
cyclodextrin-sterol solutions were prepared by the addition of sterols
to M�CD (10 mM) in a molar ratio of 1:5 and dissolution in HEPES
buffer containing the following (in mM): 150 NaCl, 6 KCl, 1 MgCl2,
1.8 CaCl2, 10 HEPES, and 10 glucose (pH 7.4). Each solution was
vortexed and sonicated using a bath sonicator for 10–15 min. The
saturated cyclodextrin-sterol solution was then placed in a rotating
incubator at 37°C overnight. This stock solution was filtered through
a 0.22-�m syringe filter, aliquoted, and stored at �80°C.

Endothelial cell membrane cholesterol manipulation. Cholesterol
supplementation was performed in untreated PAECs or PMVECs by
incubation with the cholesterol-M�CD solution for 30 min at 37°C
(84). Epichol substitution was similarly achieved by incubating iso-
lated PAECs or cultured PMVECs with the Epichol/M�CD solution
under the same conditions. Preliminary studies revealed that, in
contrast to effects of membrane cholesterol manipulation in freshly
dispersed PAECs from normoxic rats (84), cholesterol supplementa-
tion increased SOCE in cultured PMVECs and conferred sensitivity to
Epichol substitution (data not shown), suggesting that membrane
cholesterol content is reduced under cell culture conditions compared
with the native state. Therefore, cultured PMVECs were pretreated
with cholesterol-M�CD solution before experimentation to mimic
responses of native PAECs.

Ca2� influx in freshly isolated and cultured pulmonary endothelial
cells. After vehicle, cholesterol, or Epichol treatment, freshly isolated
PAEC sheets or cultured PMVECs (passages 5–10) were loaded with
fura-2 AM (3 �M and 0.05% pluronic acid) in HEPES buffer for 7
min at room temperature (�23°C) and washed for 15 min at 37°C.
SOCE, depolarization-induced Ca2� influx, and receptor-operated
Ca2� influx were measured by Mn2� quenching of fura-2 fluores-
cence in PAEC sheets or PMVECs as previously described (84).
Mn2� enters the cell as a Ca2� surrogate and reduces fura-2 fluores-
cence upon binding to the fluorophore. The preparation was excited at
the isosbestic wavelength (360 nm) at 1 Hz (IonOptix Hyperswitch),
and emission was recorded at 510 nm with a photomultiplier tube. At
this excitation wavelength, fura-2 fluorescence intensity is not influ-
enced by changes in [Ca2�]i, thus providing a measure of Ca2� influx
as reflected by Mn2� uptake independent of ER Ca2� release or
sequestration or efflux across the cell membrane (31). Fura-2-loaded
endothelial cells were superfused with Ca2�-free HEPES buffer in
the presence of vehicle or AnCoA4 [20 �M, Orai1 inhibitor (67)]
for 5 min and administered the sarco(endo)plasmic reticulum Ca2�-
ATPase inhibitor cyclopiazonic acid (CPA; 10 �M) to deplete intra-
cellular Ca2� stores and activate SOCs. To confirm the specificity of
AnCoA4 as an inhibitor of SOCE, KCl (60 mM) or 1-oleoyl-2-acetyl-
sn-glycerol (OAG; diacylglycerol analog, 50 �M) was applied in
separate experiments to examine the effect of AnCoA4 on depolar-
ization-induced and receptor-operated Ca2� influx (58), respectively.
Ca2� entry represented by influx of the Ca2� surrogate Mn2� was
then determined upon addition of extracellular Mn2� (500 �M) in the
continued presence of AnCoA4 or vehicle. SOCE was quantified by
the percentage of the Mn2�-quenched fluorescence at 120 s after
administration of Mn2�.

Membrane cholesterol content. We have previously used the fluo-
rescent cholesterol marker filipin to determine the efficacy of choles-
terol manipulation protocols in freshly dispersed PAECs (84). To
confirm similar effectiveness of cholesterol manipulation in PMVECs,
cultures (passage 6) were treated with vehicle, M�CD, cholesterol-
M�CD, or Epichol-M�CD at 37°C for 30 min, washed with PBS, and
then fixed with 2% paraformaldehyde in PBS for 15 min at room
temperature. Endothelial cell membrane cholesterol was detected by
incubating cells with filipin III (20 �g/ml, Sigma) for 15 min at room
temperature under light-protected conditions, and coverslips were
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mounted on the slides using mounting media (57). Slides were air
dried at 4°C and stored at �20°C until analysis. Samples were imaged
by fluorescence confocal microscopy (Zeiss LSM 510 AxioObserver,
Göttingen, Germany) using a 405-nm laser (excitation), a 420-nm
long-pass filter (emission), and a Plan-Neofluor �40/1.3 oil objective.
Filipin fluorescence intensity was quantified using ImageJ (National
Institutes of Health) and calculated as that above threshold assessed
using a blank control (filipin-untreated group). Fluorescence of each
PMVEC was calculated and averaged to determine mean fluorescence
for each treatment group. Cellular cholesterol content was also exam-
ined using an Amplex Red cholesterol assay kit (Molecular Probes)
following the manufacturer’s instructions.

Orai1 siRNA knockdown. A cocktail of three different Orai1
siRNAs was used (RSS357633-357635, ThermoFisher). Transfection
in PMVECs (passages 6–10) was achieved using Lipofectamine
(Invitrogen) according to the manufacturer’s instructions. A scram-
bled sequence (Dharmacon) was used as a nontargeting (NT) control.
Cells seeded onto either round glass coverslips (for Ca2� imaging) or
six-well plates (for Western blot analysis) were transfected with 9 �g
siRNA in each well and were assayed 72 h after transfection. There
were no apparent effects of either siRNA or NT treatments on cell
morphology.

Western blot analysis for Orai1. PMVECs were homogenized in a
buffered solution (255 mM sucrose, 10 mM Tris·HCl, 2 mM EDTA,
12 �M leupeptin, 1 �M pepstatin A, and 0.3 �M aprotinin) and
centrifuged at 500 g for 5 min at 4°C. Cell lysate protein content was
quantified using a NanoDrop (NanoDrop 2000, Thermofisher), and 50
�g of protein were separated by SDS-PAGE (12% Tris-glycine) and
transferred onto polyvinylidene fluoride membranes. After being
blocked with 5% nonfat milk dissolved in Tris-buffered saline with
0.1% Tween 20 (TBS-T) for 1 h at room temperature, the membrane
was probed with primary antibody (1:400, rabbit anti-Orai1, ACC-
062, Alomone Laboratories) in TBS-T containing 5% nonfat milk
overnight at 4°C. After being washed, the membrane was incubated
with secondary antibody (IgG-horseradish peroxidase-conjugated
goat anti-rabbit, 1:3,000, Bio-Rad) in TBS-T containing 0.5% nonfat
milk for 1 h at room temperature. Anti-�-actin (1:5,000) was used for
loading control experiments in which the same membrane probing for
Orai1 above was washed and reprobed for �-actin. Detection was
performed with the enhanced chemiluminescence reagent (ECL West-
ern Blotting detection reagents, Pierce) and chemiluminescence-sen-
sitive film (GeneMate). All bands of targeted size were quantified by
densitometry using ImageJ software.

Duolink PLA. A STIM1-Orai1 interaction is required for the
activation of Orai1 channels and SOCE. To determine whether cell
membrane cholesterol regulates this pivotal step in SOCE, the inter-
action of STIM1 and Orai1 was assessed in PMVECs using the
Duolink in situ PLA according to manufacturer’s instructions (Sigma-
Aldrich). Briefly, PMVECs were plated on 18-well slides (Ibidi) and
grown to 80–90% confluency. PMVECs pretreated with cholesterol
or Epichol were then treated with either vehicle or CPA (10 �M, 5
min) before being fixed with 2% paraformaldehyde. PMVECs were
incubated with Duolink blocking buffer for 30 min at 37°C and then
incubated overnight with rabbit anti-STIM1 (1:250, ab106531, Ab-
cam) and goat anti-Orai1 (1:100, sc-74778, Santa Cruz Biotechnol-
ogy). Cells were then incubated with anti-rabbit PLUS and anti-goat
MINUS PLA probes (1:5) for 1 h at 37°C. Negative controls were
completed by 1) omission of primary antibody and 2) incubation with
each primary antibody individually. Samples were amplified with
Duolink In Situ Detection Reagent Orange (excitation/emission: 554/
579 nm, Sigma-Aldrich) for 100 min at 37°C. SYTOX Green (1:
5,000, Invitrogen) was used as a nuclear stain. Samples were mounted
with Duolink mounting media, and Z-stack images of the PLA
interaction were acquired using a confocal microscope (TCS SP5,
Leica). The number of puncta per cell was determined using ImageJ.

Calculations and statistics. All data are expressed as means 	 SE.
Values of n refer to the number of animals for experiments using

freshly isolated PAECs or to the number of groups as indicated in the
figures for other experiments. Percent data were converted to normal
distributions by arcsine transformation before parametric analysis. An
unpaired t-test, one-way ANOVA, two-way ANOVA, or Kruskal-
Wallis H-test were used where appropriate for statistical comparisons.
If differences were detected by ANOVA or the Kruskal-Wallis H-test,
individual groups were compared with the Student-Newman-Keuls or
Dunn’s multiple comparison tests, respectively. P 
 0.05 was ac-
cepted as statistically significant for all comparisons.

RESULTS

Impaired pulmonary endothelial SOCE after CH is restored
by cholesterol supplementation. The importance of membrane
cholesterol in diminished SOCE after CH was confirmed by
examining effects of cholesterol supplementation and Epichol
substitution on CPA-induced Ca2� influx in freshly isolated
PAECs from control and CH rats using the Mn2� quenching
technique. Although cholesterol treatment did not affect endo-
thelial SOCE in normoxic rats, Epichol substitution greatly
inhibited this Ca2� entry pathway (Fig. 1A). In contrast,
cholesterol repletion increased SOCE in PAECs of CH rats
(Fig. 1B). Treatment with Epichol did not further attenuate
SOCE in PAECs from CH rats compared with vehicle-treated
cells (Fig. 1B). These data are shown in Fig. 1C. Exposure to
CH significantly blunted SOCE compared with normoxic con-
trols, which was restored by cholesterol supplementation (Fig.
1C). In cells from normoxic animals, treatment with Epichol
reduced SOCE, mimicking the effects of CH exposure.

Orai1 mediates pulmonary endothelial SOCE. We initially
assessed the contribution of Orai1 to pulmonary endothelial
SOCE using the Orai1 inhibitor AnCoA4 (67). AnCoA4 was
originally identified as an inhibitor of Orai1 using minimal
functional domains of Orai1 and STIM1 to screen small-
molecule microarrays. This compound was found to directly
bind to the COOH-terminus of Orai1 and interfere not only
with channel gating but also with the interaction of Stim1 and
Orai1. The specificity of AnCoA4 to inhibit SOCE was con-
firmed by comparing its effectiveness to attenuate SOCE ver-
sus other forms of Ca2� entry not linked to Orai1, including
depolarization-induced Ca2� entry mediated by T-type volt-
age-gated Ca2� channels and receptor-operated Ca2� entry in
response to the diacylglycerol analog OAG (58). In PAECs
from normoxic rats, AnCoA4 significantly attenuated CPA-
induced SOCE without affecting Ca2� entry to a depolarizing
stimulus of KCl (Fig. 2A). AnCoA4 similarly reduced SOCE
without affecting receptor-operated Ca2� influx elicited by
OAG (Fig. 2B) in cultured PMVECs, where this pathway of
influx is more demonstrable. Together, these data establish the
specificity of AnCoA4 as a SOCE-specific inhibitor.

CH impairs Orai1-mediated pulmonary endothelial SOCE:
role of membrane cholesterol. The effect of CH on Orai1-
mediated endothelial SOCE was examined using AnCoA4 in
freshly isolated PAECs from normoxic and CH rats. Orai1
inhibition significantly reduced endothelial SOCE in PAECs
from normoxic rats (Fig. 3, A and B) while having no effect in
cells from CH animals (Fig. 3, A and C). However, AnCoA4-
sensitive SOCE was restored by cholesterol supplementation in
PAECs from CH rats (Fig. 3C), mirroring the efficacy of Orai1
inhibition in cholesterol-treated cells from normoxic rats (Fig.
3B). In contrast, Orai1 inhibition was without effect on Ca2�
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influx after Epichol substitution in PAECs from either nor-
moxic rats (Fig. 3B) or CH rats (Fig. 3C).

Effect of cholesterol manipulation on membrane cholesterol
content in cultured PMVECs. To further explore the mecha-
nism by which membrane cholesterol regulates Orai1-mediated
endothelial SOCE, we focused on cultured PMVECs where
genetic approaches and assessment of protein-protein associa-
tion are technically more feasible. We first examined the effect
of cholesterol manipulation on endothelial cell membrane
cholesterol levels. Consistent with previous observations in
freshly isolated PAECs (84), both M�CD and Epichol treat-
ment significantly reduced filipin fluorescence (Fig. 4, A and
B). Interestingly, cholesterol supplementation increased filipin

fluorescence in cultured PMVECs (Fig. 4, A and B), which is
different from our previous observation in freshly isolated
PAECs where cholesterol treatment did not further augment
filipin fluorescence (57). We also examined endothelial cho-
lesterol content using an Amplex Red cholesterol assay. Con-
sistently, cholesterol treatment augmented endothelial choles-
terol content, whereas M�CD and Epichol treatment reduced
native cholesterol content (Fig. 4C). Since these results suggest
that cultured cells are relatively cholesterol deplete, PMVECs
used in the following experiments were first supplemented with
cholesterol before subsequent manipulation to better mimic
native cells.

Epichol substitution reduces SOCE in PMVECs. SOCE was
assessed in cultured PMVECs after cholesterol manipulation.
Similar to that observed in native cells, Epichol substitution
significantly reduced endothelial SOCE compared with the
cholesterol-treated group (Fig. 5).

Orai1 siRNA knockdown inhibits membrane cholesterol-
mediated SOCE in PMVECs. Orai1 siRNA was used as a
genetic approach to complement pharmacological inhibition
experiments using AnCoA4 and further control for potential
off-target effects of the inhibitor. The efficacy of Orai1 siRNA
knockdown was confirmed by Western blot analysis. Orai1
siRNA had a moderate but significant effect to reduce Orai1
protein expression compared with the NT control siRNA (Fig.
6, A and B). Consistent with pharmacological Orai1 inhibition
in both native and cultured cells (Fig. 2, A and B), Orai1 siRNA
knockdown attenuated SOCE in PMVECs (Fig. 6C). Further-
more, Epichol substitution greatly reduced endothelial SOCE
of the NT group without affecting that of Orai1 siRNA-treated

Fig. 2. Orai1 mediates pulmonary endothelial store-operated Ca2� entry
(SOCE). A: AnCoA4 inhibits SOCE but not depolarization-induced Ca2� entry
in freshly dispersed pulmonary arterial endothelial cells from normoxic rats. F,
fluorescence intensity at 360-nm excitation; F0, fluorescence intensity at time
0. B: AnCoA4 attenuates SOCE but not 1-oleoyl-2-acetyl-sn-glycerol (OAG;
diacylglycerol analog)-induced Ca2� entry in cultured pulmonary microvas-
cular endothelial cells. An unpaired t-test was used to compare between groups
at 120 s after the onset of quenching. *P 
 0.05 vs. vehicle (Veh) cyclopia-
zonic acid (CPA).

Fig. 1. Impaired pulmonary endothelial store-operated Ca2� entry (SOCE)
after chronic hypoxia (CH) is restored by cholesterol (Chol) supplementation.
Cyclopiazonic acid (CPA)-induced Ca2� entry was assessed by the Mn2�

quenching technique in freshly isolated pulmonary artery endothelial cell
(PAEC) sheets from control and CH rats. Cells were pretreated with vehicle
(Veh), Chol, or epicholesterol (Epichol). F, fluorescence intensity at 360-nm
excitation; F0, fluorescence intensity at time 0. A: SOCE in PAECs from
normoxic (Nor) rats. n � 5–8 animals/group. *P 
 0.05 vs. Veh and Chol over
the range of 30–120 s. B: SOCE in PAECs from CH rats. n � 4–8
animals/group. *P 
 0.05 vs. Veh and Epichol over the range of 60–120 s. C:
SOCE in PAECs from each group 120 s after the onset of quenching. *P 

0.05 vs. Nor Veh; #P 
 0.05 vs. CH Veh. Values are means 	 SE. One-way
ANOVA (A and B) or two-way ANOVA (C) followed by the Student-
Newman-Keuls test were used to compare between groups.
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cells (Fig. 6C). Together, these findings confirm the involve-
ment of Orai1 in cholesterol-sensitive SOCE.

Epichol substitution reduces STIM1-Orai1 interaction in
PMVECs. The role of membrane cholesterol in regulating
STIM1-Orai1 interaction was examined in PMVECs. CPA-
induced ER store depletion increased STIM1-Orai1 colocaliza-
tion (i.e., increased the number of red puncta; Fig. 7, A and B).
Epichol treatment, however, nearly abolished STIM1-Orai1
colocalization compared with the cholesterol-treated group
(Fig. 7, A and B), supporting a role for membrane cholesterol
to facilitate the interaction of STIM1 and Orai1 in PMVECs.

DISCUSSION

Our laboratory has previously shown that reduced mem-
brane cholesterol after CH is associated with impaired SOCE

Fig. 3. Membrane cholesterol (Chol)-sensitive Orai1 contributes to impaired
store-operated Ca2� entry (SOCE) in pulmonary arterial endothelial cells
(PAECs) after chronic hypoxia (CH). A: SOCE was assessed in PAECs from
normoxic (Nor) and CH rats pretreated with either the Orai1 inhibitor AnCoA4
or vehicle (Veh). n � 6, Nor Veh; n � 8, CH Veh; n � 5, Nor AnCoA4; n �
4, CH AnCoA4. *P 
 0.05 vs. Nor Veh over the range of 40–120 s. F,
fluorescence intensity at 360-nm excitation; F0, fluorescence intensity at time
0. B and C: effects of AnCoA4 on SOCE (120 s after the onset of quenching)
in freshly dispersed PAECs from normoxic (B) and CH (C) rats after mem-
brane Chol manipulation. *P 
 0.05 vs. Veh within groups; #P 
 0.05 vs.
Veh.

Vehicle MβCD

Chol Epichol

A

B

C

Fig. 4. Epicholesterol (Epichol) reduces the endogenous membrane cholest-
erol (Chol) content of cultured pulmonary microvascular endothelial cells
(PMVECs). A: representative images of filipin fluorescence from PMVECs
treated with vehicle, methyl-�-cyclodextrin (M�CD), Chol, or Epichol. B:
mean filipin fluorescence [in arbitrary units (AU)] in PMVECs from each
group. Data were compared by the Kruskal-Wallis H-test and Dunn’s multiple
comparison test. n � 5 (filipin fluorescence of 4–16 cells were measured per
field of interest and averaged for an n � 1). *P 
 0.05 vs. vehicle; #P 
 0.05
vs. M�CD and Epichol. C: Amplex Red Chol assay to detect Chol concen-
tration in PMVECs. Data were compared by one-way ANOVA followed by the
Student-Newman-Keuls test. n � 3. *P 
 0.05 vs. Vehicle; #P 
 0.05 vs.
M�CD and Epichol.
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in intrapulmonary artery endothelial cells and that endothelial
membrane cholesterol facilitates SOCE through a direct inter-
action with signaling molecules. However, the mechanism by
which membrane cholesterol-regulated endothelial Ca2� entry
via SOCs has not previously been addressed. The goal of the
present study was to determine the contribution of membrane
cholesterol to Orai1-mediated SOCE in pulmonary endothelial
cells. The major findings from this study are that 1) restoration
of SOCE by cholesterol supplementation in PAECs from CH
rats is sensitive to Orai1 inhibition; 2) both substitution of
endogenous membrane cholesterol with its epimer, Epichol,
and inhibition of Orai1 by AnCoA4 attenuate SOCE without
additive effects in isolated PAECs and cultured PMVECs; 3)
Epichol treatment does not further reduce SOCE in PMVECs
after Orai1 siRNA knockdown; and 4) membrane cholesterol is
required for the interaction of STIM1 and Orai1 in response to
ER Ca2� store depletion in PMVECs. The results from this
study suggest that membrane cholesterol directly regulates
Orai1-mediated endothelial SOCE by facilitating the interac-
tion of STIM1 and Orai1 and further demonstrate that impaired
pulmonary endothelial Ca2� entry after CH is due to altered
membrane cholesterol homeostasis that limits Orai1 activity.

One of the hallmarks of CH-induced pulmonary hyperten-
sion is pulmonary arterial endothelial dysfunction. Pulmonary
arterial smooth muscle cell contraction and proliferation are
regulated by vasoactive factors secreted from the endothelium.
The increased production of vasoconstrictors/proliferative fac-
tors and decreased synthesis of vasodilatory/antimitogenic fac-
tors contribute to enhanced vascular tone and remodeling in
CH-induced pulmonary hypertension (71). Production of many
endothelium-dependent vasodilators and regulation of mem-
brane potential are largely a function of pulmonary endothelial
intracellular Ca2� levels ([Ca2�]i). The activity of endothelial
NO synthase (eNOS) (7a, 17, 53, 62), phospholipase A2 (43,
69), and small- and intermediate-conductance Ca2�-activated
K� channels that are responsible for endothelial cell hyperpo-
larization upon activation by agonists (25, 45) is regulated by
[Ca2�]i. Thus, diminished pulmonary endothelial [Ca2�]i may
limit the production of these endothelium-derived vasoactive
factors. In CH-induced pulmonary hypertension, for example,
posttranslational regulation of eNOS activity is impaired due to
reduced agonist-induced Ca2� influx (51). Our previous work
also showed that both basal [Ca2�]i and agonist-induced Ca2�

influx are lower in PAECs from CH rats compared with those
of control animals (56, 57). CH similarly inhibits endothelial
SOCE, receptor-operated Ca2� entry, and T-type voltage-gated
Ca2� channel-mediated depolarization-induced Ca2� influx,
which are major components of agonist-induced Ca2� entry in
isolated PAECs (56, 58). These findings suggest that SOCs and
T-type voltage-gated Ca2� channels are important in determin-
ing endothelial Ca2� influx, and impaired Ca2� entry through
these channels may contribute to reduced basal [Ca2�]i in
PAECs after CH. Previous studies from our laboratory have
suggested that CH inhibits endothelial Ca2� influx through
alterations in membrane lipid domains, which represent key
regulatory sites of ion channel function in PAECs (57, 84).

Cholesterol is a polycyclic amphipathic molecule with a
polar section consisting of a single �-hydroxyl group that can
interact with membrane lipids or proteins through the forma-
tion of hydrogen bonds (61). Cholesterol-enriched caveolar
microdomains are signal transduction platforms where many
ion channels and their regulatory factors reside (71). Mem-

Fig. 6. Orai1 siRNA knockdown inhibits membrane cholesterol (Chol)-depen-
dent store-operated Ca2� entry (SOCE) in pulmonary microvascular endothe-
lial cells (PMVECs). A: representative Western blot of Orai1 and �-actin
protein bands in PMVECs transfected with Orai1 siRNA or nontargeting (NT)
siRNA. F, fluorescence intensity at 360-nm excitation; F0, fluorescence inten-
sity at time 0. B: mean Western blot data of Orai1 expression from NT and
Orai1 siRNA-treated PMVECs. Orai1 levels are normalized to those of
�-actin. n � 4/group. *P 
 0.05 vs. NT. C: SOCE in cultured PMVECs. n �
3–4/group. *P 
 0.05 vs. NT � Chol over the range of 60–120 s.

Fig. 5. Epicholesterol (Epichol) substitution reduces store-operated Ca2� entry
(SOCE) in pulmonary microvascular endothelial cells pretreated with choles-
terol (Chol). n � 5, Chol; n � 5, Epichol; n � 3, time control. F, fluorescence
intensity at 360-nm excitation; F0, fluorescence intensity at time 0. *P 
 0.05
vs. Chol over the range of 50–120 s.
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brane cholesterol can inhibit some ion channels by decreasing
open probability, unitary conductance, and the number of
active channels (38). In contrast, ion channels such as the
nicotinic acetylcholine receptor, GABA receptors, epithelial
Na� channels, and transient receptor potential canonical
(TRPC) channels are inhibited by removal of membrane cho-
lesterol (4–6, 32, 73), indicating an important role for choles-
terol in normal channel function. Consistent with this regula-
tory function, our previous study (84) showed that membrane
cholesterol facilitates major Ca2� entry pathways in PAECs,
including agonist-induced Ca2� entry, SOCE, and depolariza-
tion-induced Ca2� entry, and that CH impairs endothelial Ca2�

influx by reducing membrane cholesterol levels. However, the
mechanisms by which cholesterol regulates endothelial Ca2�

influx are not well investigated.
The present study focused on exploring the ion channel

involved in membrane cholesterol-dependent endothelial
SOCE, a major component of agonist-induced Ca2� entry, in
the pulmonary circulation. Orai1 and TRPC channels have
been reported as putative SOCs (18, 40, 60, 82, 87). Depletion
of ER Ca2� stores causes STIM1 oligomerization (12a, 39),

which recruits Orai1 into microdomains and ensures the phys-
ical interaction between STIM1 and Orai1, leading to Orai1
activation and Ca2� influx (86). TRPC1 and TRPC4 channels
also localize to caveolar microdomains and regulate endothe-
lial Ca2� entry in murine PMVECs (50). However, TRPC1-
mediated SOCE is less Ca2� selective compared with Orai1-
mediated SOCE (7d) and requires functional Orai1 (7c). Orai1
also interacts with TPRC4 and regulates TRPC1/4 heterote-
tramer channel activation and Ca2� selectivity in lung endo-
thelial cells (12). The present study investigated Orai1 as a
candidate ion channel in mediating cholesterol-dependent en-
dothelial SOCE. We found that either pharmacological inhibi-
tion or gene silencing of Orai1 significantly decreased endo-
thelial SOCE, demonstrating that Orai1 contributes to SOCE in
both PAECs and PMVECs. Furthermore, AnCoA4-sensitive
SOCE was abolished in PAECs from CH rats, suggesting that
the reduction in SOCE after CH results from impaired Orai1
activity. Interestingly, our finding that cholesterol replenish-
ment rescues Ca2� entry in PAECs from CH rats suggests that
altered expression of Orai1 or STIM1 does not explain this
deficit but rather regulation of Orai1 activity by the molecular
composition of the membrane. Such influences of cholesterol
may occur through a direct interaction with Orai1 and STIM1,
indirectly through regulation of caveolin-1 or other lipid raft
components, or by altering Orai1/STIM1 trafficking and mem-
brane localization.

Although AnCoA4 is characterized as a selective inhibitor of
Orai1 (67), whether AnCoA4 similarly inhibits Orai2 or Orai3
is unknown. These related Ca2� channel isoforms have been
implicated as SOCs in a variety of cell types (16, 33, 68, 77)
and mediate SOCE when overexpressed with STIM1 in heter-
ologous expression systems (48). However, in contrast to the
established contribution of Orai1 to SOCE in pulmonary en-
dothelial cells, store depletion-induced Ca2� entry is indepen-
dent of Orai2 and Orai3 in endothelial cells from several
vascular beds (30, 74, 85). Furthermore, whether these chan-
nels are expressed and play a functional role in PAECs remains
to be established. Therefore, while we cannot exclude a pos-
sible inhibitory effect of AnCoA4 on Orai2 or Orai3 in the
present study, the similar effects of AnCoA4 and Orai1 siRNA
to inhibit SOCE are supportive of a contribution of Orai1 to
this response.

Cholesterol may modulate the function of membrane pro-
teins via either a direct interaction or through altering the
properties of lipid microdomains (38). Several groups have
reported that membrane cholesterol depletion by M�CD atten-
uates SOCE in a variety of cell types (14, 20, 24, 29, 59).
Interestingly, however, recent reports by Derler et al. (13) and
Pacheco et al. (55) reported cholesterol-binding sites on Orai1
and STIM1, respectively, and demonstrated an inhibitory effect
of membrane cholesterol on SOCE in cultured human embry-
onic kidney 293 cells and rat basophilic leukemia 2H3 cells.
Both studies further showed that the cholesterol-Orai1 and
cholesterol-STIM1 interaction was attenuated by mutating the
cholesterol-binding site of the target protein. Although many
studies have used the cholesterol-depleting agents M�CD or
filipin to evaluate functional roles for membrane cholesterol,
an important limitation of these agents is that they may exert
off-target effects by disrupting caveolar stucture, thereby al-
tering biophysical properties of the plasma membrane (2, 61,
84). Thus, these approaches may interrupt SOCE in a nonspe-

Fig. 7. Epicholesterol (Epichol) substitution reduces the stromal interaction
molecule 1 (STIM1)-Orai1 interaction in pulmonary microvascular endothelial
cells (PMVECs) as assessed by an in situ proximity ligation assay. A:
representative images of STIM1-Orai1 interactions (red puncta) in response to
cyclopiazonic acid (CPA) in cultured PMVECs with manipulated membrane
cholesterol (Chol). Nuclei area labeled with SYTOX (green). B: summarized
data of the STIM1-Orai1 interaction expressed as average number of puncta/
cell in cultured PMVECs. Chol supplementation increased the CPA-induced
STIM1-Orai1 interaction, whereas Epichol substitution significantly inhibited
this response. Groups were compared by two-way ANOVA followed by
multiple comparisons testing using the Student-Newman-Keuls test. n �
5/group. *P 
 0.05 vs. Chol Veh; #P 
 0.05 vs. Chol CPA.
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cific manner unrelated to direct interaction of membrane cho-
lesterol with ion channels, which may limit the interpretation
of how cholesterol regulates SOC. In our present study, we
substituted endogenous cholesterol with Epichol, an approach
that alters membrane cholesterol content without disrupting
caveoli (84), and found that cholesterol is required for Orai1-
mediated SOCE in both isolated PAECs and cultured PM-
VECs. We also showed that Epichol substitution significantly
reduced the STIM1-Orai1 interaction, suggesting that mem-
brane cholesterol regulates endothelial SOCE by facilitating
this interaction that is required for Orai1 activation. The reason
for the conflicting observations of how membrane cholesterol
regulates SOCE in our present study and those of other groups
(13, 55) is not clear but may be due to heterogeneity between
either different cell types or between transfected/cultured cells
and native endothelial cells. Additionally, since SOCE is a
complex multistep signaling pathway, it is also possible that
membrane cholesterol affects components of SOCE differ-
ently. Galan et al. (20) and Pani et al. (59) suggested that
membrane cholesterol is required for STIM1 oligmerization
and subsequent interaction with and activation of Orai1. After
the STIM1-Orai1 complex is formed, however, cholesterol
may inhibit SOCE through a direct interaction with Orai1 and
STIM1 (13, 20, 55). Additional experiments are required to
investigate if membrane cholesterol directly regulates endothe-
lial STIM1 clustering, the STIM1-Orai1 interaction, and Orai1
activation in PAECs.

Although our results indicate that membrane cholesterol
plays a functional role in Orai1-mediated SOCE in pulmonary
endothelial cells, these findings do not preclude a potential role
for cholesterol to regulate TRPC channels independent of
Orai1 and STIM1. Despite a lack of evidence for direct
regulatory cholesterol-binding sites on TRPC channel se-
quences, the membrane cholesterol sensitivity of TRPC chan-
nels has been reported in several cell types (1, 6, 37, 50, 81).
For example, the extraction of membrane cholesterol by cy-
clodextrins impairs TRPC1 signaling processes (6, 42). Al-
though cholesterol may play a pivotal regulatory role in
TRPC1-mediated SOCE by regulating membrane structure,
direct effects of cholesterol on TRPC functions are possible.

Our study also suggests that loss of membrane cholesterol
contributes to impaired endothelial SOCE in CH-induced pul-
monary hypertension (84). Due to the limitation of the filipin
staining approach to detect oxidized cholesterol (63), the re-
duced membrane cholesterol after CH is possibly the result of
impaired cholesterol de novo synthesis (54), oxidative modi-
fication of cholesterol (52), or decreased membrane cholesterol
trafficking. Nguyen et al. (54) explored the mechanism by
which hypoxia affects de novo cholesterol biosynthesis. They
reported that hypoxia induces accumulation of cholesterol
biosynthetic intermediates and rapid degradation of HMG-CoA
reductase, which contribute to a reduction of cholesterol pro-
duction. Given the importance of reactive oxygen species to
the development of CH-induced pulmonary hypertension (19,
26, 27, 41), endothelial dysfunction in this setting may alter-
natively result from oxidative modifications to cholesterol that
alter membrane lipid domains and interfere with ion channel
function.

Based on our findings that CH attenuates pulmonary endo-
thelial Ca2� entry by depleting membrane cholesterol, it may
be predicted that targeted depletion of PAEC cholesterol would

minimally or adversely affect the development of pulmonary
hypertension in this setting. In apparent contrast to this predic-
tion, HMG-CoA reductase inhibitors (statins) have demon-
strated beneficial effects in attenuating the development of
CH-induced pulmonary hypertension in animal models (23, 36,
49). However, the mechanisms by which statins mediate this
protective influence are thought to be independent of their
cholesterol-lowering properties (7b, 46, 70, 78, 80). These
include inhibition of RhoA that cannot only decrease vascular
smooth muscle contractility (76), proliferation, and migration
(79) but also increase eNOS expression and activity (70).
Additional evidence suggests that statins increase NO produc-
tion by inhibiting expression and activity of NADPH oxidase
subunits, and thus production of endothelial reactive oxygen
species (44, 78, 80), rather than through effects on endothelial
cholesterol content. Such nonspecific effects of statins likely
result from decreased production of intermediates of the me-
valonate pathway that are necessary for posttranslational mod-
ification of many signaling proteins (7). In contrast to these
animal studies, however, clinical trials of statin therapy in
patients with pulmonary arterial hypertension have been
largely inconclusive (66).

In conclusion, the present study demonstrates a novel effect
of membrane cholesterol to regulate pulmonary endothelial
SOCE by facilitating the interaction of STIM1 and Orai1 (Fig.
8). These observations advance our basic understanding of how
membrane cholesterol regulates endothelial [Ca2�]i homeosta-
sis and have potentially broader implications for cholesterol-
dependent regulation of a wide range of vasoactive and mito-
genic pathways. These findings may additionally provide a
mechanistic basis to explain the CH-induced diminution of
endothelial Ca2� influx and associated endothelial dysfunction
that is central to the pathogenesis of pulmonary hypertension.
The challenges of future studies are to identify the potential
contribution of reactive oxygen species to decreased endothe-
lial cholesterol after CH, either through direct cholesterol
oxidation or impaired sterol trafficking, and the contribution of
these responses to increased vasoconstrictor reactivity, arterial
smooth muscle mitogenesis, and the development of pulmo-
nary hypertension.

Fig. 8. Proposed mechanism by which reduced cell membrane cholesterol (Chol)
after chronic hypoxia (CH) attenuates store-operated Ca2� entry (SOCE) in in
pulmonary arterial endothelial cells. Chol facilitates the interaction of stromal
interaction molecule 1 (STIM1) and Orai1 in response to depletion of intracellular
Ca2� stores, e.g., by receptor (R)-mediated activation of inositol 1,4,5-trisphos-
phate receptors (IP3R), or inhibition of sarco(endo)plasmic reticulum Ca2�-
ATPase (SERCA). CH inhibits this mechanism by depletion of cell membrane
Chol. ER, endoplasmic reticulum; A, agonist; CPA, cyclopiazonic acid.
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