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Store-operated calcium entry-activated autophagy protects EPC proliferation via the
CAMKK2-MTOR pathway in ox-LDL exposure
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ABSTRACT
Improving biological functions of endothelial progenitor cells (EPCs) is beneficial to maintaining
endothelium homeostasis and promoting vascular re-endothelialization. Because macroautophagy/
autophagy has been documented as a double-edged sword in cell functions, its effects on EPCs remain to
be elucidated. This study was designed to explore the role and molecular mechanisms of store-operated
calcium entry (SOCE)-activated autophagy in proliferation of EPCs under hypercholesterolemia. We
employed oxidized low-density lipoprotein (ox-LDL) to mimic hypercholesterolemia in bone marrow-
derived EPCs from rat. Ox-LDL dose-dependently activated autophagy flux, while inhibiting EPC
proliferation. Importantly, inhibition of autophagy either by silencing Atg7 or by 3-methyladenine
treatment, further aggravated proliferative inhibition by ox-LDL, suggesting the protective effects of
autophagy against ox-LDL. Interestingly, ox-LDL increased STIM1 expression and intracellular Ca2C

concentration. Either Ca2C chelators or deficiency in STIM1 attenuated ox-LDL-induced autophagy
activation, confirming the involvement of SOCE in the process. Furthermore, CAMKK2 (calcium/
calmodulin-dependent protein kinase kinase 2, b) activation and MTOR (mechanistic target of rapamycin
[serine/threonine kinase]) deactivation were associated with autophagy modulation. Together, our results
reveal a novel signaling pathway of SOCE-CAMKK2 in the regulation of autophagy and offer new insights
into the important roles of autophagy in maintaining proliferation and promoting the survival capability of
EPCs. This may be beneficial to improving EPC transplantation efficacy and enhancing vascular re-
endothelialization in patients with hypercholesterolemia.
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Introduction

Atherosclerosis, the leading cause of cardiovascular diseases, is ini-
tiated by the hypercholesterolemia-induced disruption of vascular
endothelium integrity. Endothelial progenitor cells (EPCs) play a
major role in the maintenance of endothelial integrity and contrib-
ute to re-endothelialization of injured vessels as well as revasculari-
zation of ischemic tissues. Originated from bone marrow and
spleen, EPCs were first described and isolated by Asahara and his
colleagues nearly 2 decades ago.1 The number of EPCs is in correla-
tion with many cardiovascular diseases such as acute myocardial
infarction, hypercholesterolemia and hypertension.2-4 Recently,
EPC-based therapy has demonstrated that increasing the number
or improving function of circulating EPCsmay be promising in the
treatment of atherosclerotic diseases. However, the poor viability of
EPCs after transplantation limits the large-scale use of cell-based
therapy. Therefore, exploring new strategies in improving the sur-
vival post-transplantation is crucial to enhancing the success of
EPC therapy.5

Autophagy may serve as a potential target for the cell therapy
improvement. Recently, Wang et al. have demonstrated that hyp-
oxia-activated autophagy promotes EPCs survival and differentia-
tion, suggesting that autophagy in hypoxic preconditioning may be

beneficial to the adaptation of transplanted EPCs in cell-based ther-
apy.6 Autophagy involves an evolutionarily conserved process that
turns over long-lived proteins or impaired organelles through a
lysosomal-mediated pathway and acts as a survival mechanism
under stress conditions to maintain cellular homeostasis. Autopha-
gic dysregulation is associated with a majority of cardiovascular
pathological processes, such as atherosclerosis, cardiac hypertrophy
and cardiomyopathies.7,8 A decline in autophagy flux contributes
to aging-elicited cardiac hypertrophy and contractile dysfunction.9

In cardiac myocytes, ischemia and reperfusion (I/R) impair the
autophagy flux, whereas enhancing autophagy constitutes a protec-
tive effect against I/R injury.10 Moderate autophagy impedes foam
cell formation in macrophages and vascular smooth muscle cells
(VSMCs) to stabilize atherosclerotic plaques by preventing apopto-
sis and plaque necrosis.11-13 However, it has not been explored
whether autophagy has any effects on EPC proliferation during the
repairing process of injured vessels and ischemic tissues.

The role of calcium signaling in autophagy regulation has met
with a great deal of controversy in the past decade. Although vari-
ous signal messengers and downstream pathways are involved in
autophagy regulation, recently calcium has been recognized as an
important player in this process in different cell types.14-17 Calcium
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is mostly considered as an activator of autophagy because calcium-
mobilizing agents and calcium ionophores can promote autophagy
by elevating intracellular calcium concentrations ([Ca2C]i).17-19 On
the contrary, some laboratories report that [Ca2C]i suppresses auto-
phagy.20-22 This may be attributed to the binding of BECN1 with
ITPR3 in the endoplasmic reticulum membrane and/or the pres-
ence of endoplasmic reticulum-mitochondria microdomains,
where calcium would be taken up by mitochondria, promoting
ATP production and then inhibiting autophagy via AMPK path-
way. Store-operated calcium entry (SOCE) is a major mechanism
for calcium entry in EPCs in nonexcited cells. Since our laboratory
has previously demonstrated SOCE promoted proliferation and
migration of EPCs,23-25 we proposed that SOCE may also be
involved in the regulation of autophagy in EPCs.

In the present study, we utilized ox-LDL to mimic a hyper-
cholesterolemia environment in EPCs in vitro. As a major risk
factor in the pathogenesis of atherogenesis, ox-LDL has been
known to damage vascular endothelial cells, leading to an alter-
ation in the structural integrity and the function of the endo-
thelial barrier. In EPCs, ox-LDL decreases cell proliferation
capacity as well as impairs other cell functions including migra-
tion, adhesion and vasculogenesis.26-28 It has been reported that

ox-LDL changes electrophysiological properties and increases
[Ca2C]i,29-31 but the detailed mechanism especially in EPCs has
not been elucidated.

We hypothesized that autophagy may protect against inhibi-
tion of EPC proliferation by ox-LDL. Furthermore, [Ca2C]i
increase via SOCE and CAMKK2 activation contributed to the
mechanisms of autophagy induced by ox-LDL in EPCs.

Results

Ox-LDL decreases EPC proliferative activity

A new approach of real-time cell analyzer (RTCA) and a tradi-
tional method of cell counting kit-8 (CCK-8) were used to mea-
sure the proliferation of EPCs after exposure to 0, 10, 30, 60 or
100 mg/ml ox-LDL. After ox-LDL treatment, RTCA results
showed that the normalized cell index of EPCs significantly
decreased with the increase of ox-LDL concentration, indicat-
ing that ox-LDL decreased proliferative ability in a dose-depen-
dent manner (Fig. 1A). In accordance with RTCA results,
CCK-8 assay revealed similar results after different time inter-
vals and doses of ox-LDL treatments (Fig. 1B).

Figure 1. Ox-LDL treatment decreases EPC proliferative activity. (A) After seeding on E-plates for 48 h, EPCs were treated with different concentrations of ox-LDL (0, 10,
30, 60 or 100 mg/ml) respectively (red arrow) and monitored by RTCA. The normalized cell index indicated ox-LDL dose-dependently decreased EPC proliferation.
Representative graphs were shown from 3 independent experiments. (B) CCK-8 results showed ox-LDL reduced EPC proliferative activity in dose- and time-dependent
manners after 0, 6, 12 or 24 h ox-LDL exposure at a series of concentrations (0, 10, 30, 60 or 100 mg/ml). (Cells were isolated from 3 rats for 1 experiment and 3 indepen-
dent experiments were performed; mean C SD; #P < 0.01, compared with 0 h within the same concentration group; �P < 0.05, ��P < 0.01, compared with 0 mg/ml
`ox-LDL in the same time of exposure).
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Ox-LDL activates autophagy flux in EPCs

To confirm autophagy activity after ox-LDL exposure, we
approached western blots to detect MAP1LC3B (microtubule-
associated protein 1 light chain 3 b) and SQSTM1/p62, which are
general biomarkers for autophagy. Results showed that at constant
12 h, 60 or 100 mg/ml ox-LDL significantly increased the
MAP1LC3B-II:MAP1LC3B-I ratio compared with control
(Fig. 2A), whereas SQSTM1 level significantly decreased in EPCs
(Fig. 2B). Furthermore, at constant 60 mg/ml ox-LDL, the ratio of
MAP1LC3B-II:MAP1LC3B-I increased significantly after 12 h
(Fig. 2C) and SQSTM1 showed an opposite tendency with time,
compared with control (Fig. 2D). Pretreatment with autophagy
inhibitors, bafilomycin A1 (Baf) or chloroquine (CQ) before
ox-LDL further enhanced MAP1LC3B-II accumulation (Fig. 2E),
indicating that ox-LDL stimulated the autophagy flux. All data
above suggested that ox-LDL increased autophagy in EPCs.

To further corroborate these findings, we utilized a pH-
sensitive tandem GFP-mRFP-LC3 adenoviral construct to
monitor puncta formation induced by autophagy under a laser
confocal scanning microscope (LCSM). EPCs were infected with

tandem GFP-mRFP-LC3 adenovirus for 24 h and continuously
incubated 12 h with 60 mg/ml ox-LDL before being observed
under an LCSM. Yellow puncta, reflective of RFP and GFP
fluorescence combination, marks autophagosomes, whereas free
red puncta (RFP only) marks autolysosomes where acidic pH
quenches GFP fluorescence.32 Results showed that both free red
and yellow puncta in merged images increased significantly in
the ox-LDL treated group compared with control (Fig. 3A and
3B), suggesting increases of both autophagosomes and autolyso-
somes. Pretreatment with Baf followed by ox-LDL increased
more yellow puncta but decreased free red puncta in merged
images (Fig. 3A and 3B), further indicating the activation of
autophagy by ox-LDL and the successful blocking of autophagy
flux by Baf. In addition, green puncta in ox-LDL increased
significantly compared with control, a further increase was
detected with Baf pretreatment (Fig. 3C). Ox-LDL also increased
red puncta in mRFP, but red puncta remained stable when cells
were pretreated with Baf (Fig. 3D).

Results from western blots and immunofluorescence con-
firmed the induction of autolysosome formation, demonstrat-
ing that ox-LDL activated autophagy flux in EPCs.

Figure 2. Ox-LDL activates autophagy flux in EPCs. (A and B) EPCs were incubated with ox-LDL (0, 10, 30, 60 or 100 mg/ml) for 12 h. Western blots revealed that ox-LDL
markedly increased the ratio of MAP1LC3B-II:MAP1LC3B-I (A) and decreased SQSTM1 (B) in a dose-dependent manner. (C and D) EPCs were continuously exposed to ox-
LDL (60 mg/ml) for either 0, 6, 12,18 or 24 h. Western blots showed that the ratio of MAP1LC3B-II:MAP1LC3B-I increased (C) and SQSTM1 decreased (D) with time. (E)
EPCs were pretreated with Baf (50 nM) for 3 h or CQ (20 mM) for 12 h before treated with ox-LDL (60 mg/ml) for 12 h. MAP1LC3B-II:MAP1LC3B-I ratio increased signifi-
cantly in BafCox-LDL or CQCox-LDL group compared with ox-LDL, Baf or CQ alone, showing that autophagy flux was activated. (Cells were isolated from 3 rats for 1
experiment and at least 3 independent experiments were performed, western blot results were normalized to the controls (given as one-fold), mean C SD, ��P < 0.01).
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Figure 3. Ox-LDL induces autophagosome and autolysosome formation in EPCs. (A) EPCs were infected by tandem GFP-mRFP-LC3 adenovirus for 24 h before
exposure to ox-LDL (60 mg/ml) 12 h, baf (10 nM) 6 h plus ox-LDL (60 mg/ml) 12 h or baf (10 nM) 6 h alone. All the groups were observed under an LCSM.
Representative images showed puncta formation in different groups. Scale bar: 25 mM. (B) Quantitative analysis of yellow and free red puncta in merged
images. Ox-LDL increased the number of yellow and free red puncta in merged images compared with control. Baf plus ox-LDL further increased the number
of yellow puncta but decreased free red puncta compared with ox-LDL alone. (C) Quantitative analysis of green puncta. (D) Quantitative analysis of red
puncta. (n D 10 cells per group, cells were isolated from 3 rats for 1 experiment and 3 independent experiments were performed, mean C SD, �P < 0.05,
��P < 0.01).
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Autophagy alleviates ox-LDL-induced inhibition
of proliferation

To address the impacts of autophagy in ox-LDL-induced EPC
proliferation reduction, we utilized gene-silencing as well as phar-
macological techniques to inhibit autophagy activity. As shown in
Fig. 4B, in the Atg7 silencing group, Atg7 was knocked down in
EPCs after a 72-h lentiviral infection, while MAP1LC3B-II for-
mation and ATG12–ATG5 conjugation decreased but SQSTM1
accumulation increased compared with control, suggesting

autophagy was effectively inhibited. Under the same condition,
no significant difference of proliferative activity was observed in
control or Atg7 silencing groups after 96-h infection (Fig. 4A).
However, 60 mg/ml ox-LDL application after Atg7 silencing sig-
nificantly reduced proliferation compared with ox-LDL alone
(Fig. 4C). A similar pattern was shown in the CCK-8 experiment
(Fig. 4D). When applying the autophagy pharmacological inhibi-
tor 3-methyladenine (3-MA) before ox-LDL, EPC proliferation
was reduced further, compared with ox-LDL alone in both
RTCA and CCK-8 assays (Fig. 4E and 4F). The selected 3-MA

Figure 4. Autophagy was a protective response in EPC proliferation. (A) EPCs were seeded on E-plates for 24 h before lentiviral vector containing shRNA targeting Atg7
(shAtg7) infection (black arrow). RTCA indicated no significant difference among control, vector-control (VC) and shAtg7 groups. (B) Representative western blots for the
detection of ATG7, ATG12–ATG5 conjugate, MAP1LC3B-II and SQSTM1 after infection showed that Atg7 was successfully knocked down and autophagy was effectively
inhibited in Atg7 silencing group. (C) Cells were exposed to ox-LDL (60 mg/ml) (red arrow) after shAtg7 infection. The normalized cell index indicated that EPC proliferative
activity fell down more quickly than ox-LDL alone and control groups after silencing Atg7. (D) CCK-8 assay showed a similar result that silencing Atg7 before ox-LDL treat-
ment significantly reduced proliferative activity compared with ox-LDL alone and control groups. (E) 3-MA (2 mM) was added to inhibit autophagy (black arrow) before
60 mg/ml ox-LDL (red arrow). The normalized cell index indicated that after 3-MA inhibition, EPC proliferative activity fell down more quickly than ox-LDL alone and con-
trol groups. (F) CCK-8 assay showed similar results that the proliferative activity in 3-MACox-LDL group reduced significantly compared with ox-LDL alone and control
groups. (Cells were isolated from 3 rats for one experiment and 3 independent experiments were performed, mean C SD, ��P < 0.01).
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concentration (2 mM) has been previously confirmed to inhibit
autophagy.6

As a consequence, autophagy inhibition by either gene silencing
or inhibitor exacerbated the reduction of proliferative activity eli-
cited by ox-LDL. These results suggested that autophagy acted as a
protective response in EPC proliferation activity.

Ox-LDL evokes EPC calcium release and activates the
store-operated calcium entry

Our previous studies confirm that [Ca2C]i especially from
store-operated calcium channels (SOCCs) is an important fac-
tor in regulating EPC functions.24,25 However, in EPCs, it is still
unclear whether ox-LDL is capable of increasing [Ca2C]i and if
the change of [Ca2C]i is associated with autophagy. To confirm
this, we treated EPCs with various concentrations of ox-LDL
for 12 h and then loaded with the calcium probe fluo3-AM.
Ox-LDL increased fluorescence intensity in EPCs under an
LCSM. The higher the added ox-LDL concentration, the stron-
ger the fluorescence intensity that was detected (Fig. S1A and
B). In each experiment, Fmin was obtained by measuring fluo-
rescence intensity in the presence of BAPTA-AM (cell-perme-
able intracellular Ca2C chelator) and EGTA (extracellular Ca2C

chelator). Fmax was detected with saturating intracellular Ca2C

(ionomycin plus Ca2C). Calculation of [Ca2C]i (as described in
the Materials and Methods) also revealed ox-LDL significantly
increased [Ca2C]i in a dose-dependent manner (Fig. S1C).

To further elucidate whether SOCE was involved in the [Ca2C]i
increase after ox-LDL exposure, we measured the changes of
[Ca2C]i sensor protein, STIM1 of SOCCs, after ox-LDL treatment
for 12 h. Significantly increased protein level of STIM1 was
observed in 60 and 100 mg/ml ox-LDL groups over control
(Fig. 5A), suggesting that ox-LDL treatment upregulated STIM1
expression. However, no significant changes of TRPC1 andORAI1
of SOCCs were detected with ox-LDL (data not shown). In order
to analyze whether STIM1 was involved in the [Ca2C]i increase
induced by ox-LDL, we approached shRNA-Stim1 to silence Stim1
effectively (Fig. 5B). Stim1 knockdown followed by ox-LDL
decreased both fluo3 calcium fluorescence intensity (Fig. 5C and
5D) and [Ca2C]i (Fig. 5E) compared with either ox-LDL alone or
empty lentiviral vector plus ox-LDL. The data suggested that ox-
LDL increased [Ca2C]i through STIM1mediated SOCE.

To further confirm this, we incubated EPCswith fluo3-AM, and
then added different doses of ox-LDL in Ca2C free medium. Ox-
LDL induced a [Ca2C]i transient increase in calcium-free solution
(Fig. 6A and 6B, first wave), due to the release from calcium stores
in EPCs. The subsequent reapplication of extracellular Ca2C trig-
gered a sharp increase of [Ca2C]i (Fig. 6A and 6C, second wave)
from the effects of SOCCs. The increase of [Ca2C]i after reapplying
extracellular Ca2C was partly inhibited by either silencing Stim1
(Fig. 6D and 6E) or the SOCCs pharmacological inhibitor 2-ami-
noethyl diphenylborinate (2-APB) (Fig. 6F), which further impli-
cated ox-LDL-induced [Ca2C]i increase via SOCCs.

SOCE contributes to ox-LDL-induced autophagy

To observe the effects of [Ca2C]i on ox-LDL-induced autophagy,
we pretreated EPCs with EGTA or BAPTA-AM for 20 min before
ox-LDL application. Although incubation with either EGTA or

BAPTA-AM alone had no significant effect on the basal level of
autophagy, ox-LDL-induced autophagywas reversed by incubating
the cells with EGTA or BAPTA-AM (Fig. 7A), suggesting that cal-
cium was required in ox-LDL-induced autophagy. Besides, Stim1
knockdown alleviated the autophagy level activated by ox-LDL
(Fig. 7B), indicating the involvement of SOCCs in the autophagy
activation process under ox-LDL exposure.

GFP-mRFP-LC3 marked EPCs under an LCSM also
revealed that ox-LDL increased the number of autophagosomes
(yellow puncta) in EPCs, while pretreatment with either EGTA
or BAPTA-AM respectively partly inhibited this effect (Fig. 7C
and 7D). Moreover, the autophagosome increase by ox-LDL
was also partly reversed by silencing Stim1, implicating the par-
ticipation of STIM1 in the ox-LDL-induced autophagy activa-
tion (Fig. 7C and 7E).

Both the results from western blots and autophagosome cal-
culations manifested that the [Ca2C]i increase by SOCE con-
tributed to ox-LDL-induced autophagy in EPCs.

The SOCE-CAMKK2-MTOR pathway is related to the ox-
LDL-induced autophagy activation

In our study, we demonstrated that ox-LDL-activated auto-
phagy required SOCCs-mediated Ca2C influx in EPCs, but the
downstream Ca2C signaling was unclear. In other cell types,
CAMKK2 signaling shows a relationship with autophagy.33 To
test whether this is also the case in our ox-LDL-induced auto-
phagy process, we applied western blots to confirm that ox-
LDL dose-dependently increased the Ser511 phosphorylation
of CAMKK2 with no change of CAMKK2 protein expression,
suggesting the activation of CAMKK2 (Fig. 8A). Pretreated
EPCs with STO-609 (10 mM), a CAMKK2 inhibitor,34 not only
inhibited CAMKK2 phosphorylation (Fig. 8B) but also reduced
AMPK phosphorylation at Thr172 (Fig. 8C), the downstream
target protein of CAMKK2, implicating inhibition of CAMKK2
activity by STO-609. In addition, STO-609 reversed the ratio of
MAP1LC3B-II:MAP1LC3B-I increased by ox-LDL as well
(Fig. 8D), indicating the association of CAMKK2 phosphoryla-
tion with autophagy induction by ox-LDL. CAMKK2 activation
was also related to SOCE because phosphorylation of CAMKK2
was inhibited by shStim1 (Fig. 8E). The data above suggested
that ox-LDL-induced autophagy was associated with CAMKK2
activation and at least in part through SOCCs. In addition, ox-
LDL dose-dependently decreased the phosphorylation levels of
MTOR at Ser2448 and its substrate, RPS6KB/p70S6K (ribo-
somal protein S6 kinase 1) at Thr389 (Fig. 8F and 8H). STO-
609 pretreatment before ox-LDL significantly inhibited phos-
phorylation of MTOR (Fig. 8G) and RPS6KB (Fig. 8I) com-
pared with ox-LDL alone, suggesting the association of ox-
LDL-induced autophagy with CAMKK2 and MTOR kinase.

As a consequence, our results revealed that ox-LDL upregu-
lated CAMKK2 phosphorylation in EPCs partly through
SOCE. Moreover, phosphorylated CAMKK2 may contribute to
MTOR inhibition and autophagy induction.

Discussion

In the present study, we found that ox-LDL inhibited
proliferation as well as activated autophagy flux in dose- and
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time-dependent manners in EPCs. Autophagy activation may
act as an endogenous protective response against ox-LDL-
induced proliferative inhibition, as inhibition of autophagy

further reduced proliferation level. In addition, ox-LDL
elevated [Ca2C]i partly through SOCCs whereas SOCE eleva-
tion was associated with autophagy increase. Furthermore, we

Figure 5. Ox-LDL upregulates STIM1 and increases [Ca2C]i. (A) Representative western blots for detection of STIM1 after treated with ox-LDL (0, 10, 30, 60 or 100 mg/ml)
respectively for 12 h and quantitative analysis demonstrated that ox-LDL significantly increased the protein level of STIM1 at the concentration of 60 or 100 mg/ml. (B) Repre-
sentative western blots and quantitative analysis showed shRNA targeting Stim1 (shStim1) effectively silenced STIM1 protein expression after 72 h infection. (C) EPCs were
infected by shStim1 followed by ox-LDL (60 mg/ml) for 12 h, then examined with the fluorescent dye fluo3 under an LCSM. The representative images showed the fluorescence
intensity in different groups. Scale bar: 100 mm. (D) Quantitative analysis showed that the fluorescence intensity in ox-LDL and VCCox-LDL groups were significantly stronger
than control and shStim1Cox-LDL groups. (Control: n D 97 cells, Ox-LDL: n D 91 cells, ShStim1Cox-LDL: n D 94 cells, VCCox-LDL: n D 97 cells). (E) The exact [Ca2C]i was
calculated by the equation mentioned above, indicating that ox-LDL increased [Ca2C]i, silencing Stim1 reversed the increase elicited by ox-LDL. (Cells were isolated from 3 rats
for 1 experiment and 3 independent experiments were performed, western blot results were normalized to the controls (given as 1-fold), mean C SD, �P < 0.05, ��P < 0.01).
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revealed that ox-LDL-activated autophagy was associated with
CAMKK2 phosphorylation and MTOR dephosphorylation.
We conclude that ox-LDL inhibits EPC proliferation but also
activates the endogenous protective response by autophagy as
well, and the autophagy activation is associated with SOCE and
CAMKK2 signaling pathway. For the first time, we confirm
that SOCE contributes to the autophagy induction under ox-
LDL exposure in EPCs.

Previous studies have demonstrated that ox-LDL impairs EPCs
proliferation and inhibits tube formation.26-28,35 Consistently, we
found ox-LDL dose-dependently inhibited EPCs proliferation
(Fig. 1). Although not fully elucidated, the mechanisms may
involve increasing expression of OLR1/LOX-1 (oxidized low-den-
sity lipoprotein [lectin-like] receptor 1),26 activation of MAPK1436

and downregulation of SELE/E-selectin or the ITGAV-ITGB5 het-
erodimeric protein (integrin avb5).37 In addition, recent reports
suggest that reduction of integrin-linked kinase expression and
phosphorylation of downstream protein kinase are related to ox-
LDL-induced impairment of EPC biological function.27 Thus,
reducing the negative effects of ox-LDL may be beneficial to EPCs
in re-endothelialization. In our study, we found that ox-LDL not
only inhibited proliferation but also activated self-protective
response by activating autophagy flux.

Ox-LDL is considered as atherogenic and apoptotic as well. Pre-
vious studies have focused on ox-LDL-induced apoptosis in
VSMCs,38-40 endothelial cells41-44 and EPCs.45 The differences in
oxidative status, concentration and the treatment time of ox-LDL
as well as cell species might account for the different effects of our

Figure 6. Ox-LDL increases [Ca2C]i through SOCE. (A) EPCs stained with fluorescent dye fluo3, were used to measure [Ca2C]i under an LCSM. Different concentrations of
ox-LDL (0, 10, 30, 60 or 100 mg/ml ) were added to the medium without Ca2C, followed by Ca2C (2 mM) retrieving. Ox-LDL elicited calcium stores release in EPCs (first
wave) and dose-dependently activated extracellular Ca2C influx (second wave). (B and C) Quantitative analysis of Ca2C release and entry amplitudes. Concentrations of
30, 60 or 100 mg/ml ox-LDL elicited intracellular Ca2C store release (B) and extracellular Ca2C influx (C) significantly (ox-LDL 0 mg/ml: n D 40 cells, 10 mg/ml: n D 23 cells,
30 mg/ml: n D 21 cells, 60 mg/ml: n D 34 cells and 100 mg/ml: n D 25 cells). (D) Stim1 in EPCs was silenced by shRNA for 72 h before performing the [Ca2C]i measure-
ment. Ox-LDL (60 mg/ml) was added to the medium without calcium, followed by adding back 2 mM Ca2C. The purple (shStim1), green (VC) and red (control) traces
depicted representative time-course of [Ca2C]i changes in EPCs. (E) Quantitative analysis of Ca2C entry amplitudes indicated that silencing Stim1 reduced Ca2C influx
elicited by ox-LDL (shStim1: n D 14 cells, VC: n D 14 cells and control: n D 25 cells). (F) Representative time-courses of [Ca2C]i changes showed that specific SOCCs
inhibitor 2-APB inhibited extracellular Ca2C influx elicited by ox-LDL (n D 12 cells). (Cells were isolated from 3 rats for one experiment and 3 independent experiments
were performed, mean C SD, �P < 0.05, ��P < 0.01).
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Figure 7. SOCE contributes to autophagy induction. (A) EPCs were pretreated with EGTA (10 mM) or BAPTA-AM (20 mM) for 20 min followed by ox-LDL (60 mg/ml) for
12 h. Western blots showed that EGTA or BAPTA-AM significantly decreased the ratio of MAP1LC3B-II:MAP1LC3B-I increased by ox-LDL. (B) Stim1 was silenced by shRNA
for 72 h before ox-LDL (60 mg/ml) exposure, autophagy level in Stim1-knocked down group decreased significantly compared with ox-LDL alone group. (C) Treated EPCs
(as in A and B) were infected by GFP-mRFP-LC3 adenovirus for 24 h and observed under an LCSM. Representative images showed puncta forming in different groups.
Scale bar: 25 mM. (D) Quantitative analysis of the yellow puncta in EGTA or BAPTA-AM pretreatment groups, indicating pretreatment with EGTA or BAPTA-AM decreased
yellow puncta (n D 8 cells per group). (E) Quantitative analysis of the yellow puncta in Stim1-knockdown groups, showing silencing Stim1 decreased yellow puncta (n D
8 cells per group). (Cells were isolated from 3 rats for one experiment and 3 independent experiments were performed, western blot results were normalized to the con-
trols (given as one-fold), mean C SD, �P < 0.05, ��P < 0.01).
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Figure 8. Phosphorylation of CAMKK2 and dephosphorylation of MTOR are related to ox-LDL-induced autophagy. (A) EPCs were treated with different concentrations of ox-LDL (0,
10, 30, 60 or 100 mg/ml) for 12 h. Western blot analysis showed that ox-LDL dose-dependently increased phosphorylation of CAMKK2. (B and C) EPCs were pretreated with the
CAMKK2 inhibitor STO-609 (10 mM) before ox-LDL (60 mg/ml) exposure, the phosphorylation of CAMKK2 and AMPK were significantly decreased compared with ox-LDL alone. (D)
Western blots indicated that STO-609 reduced the ratio of MAP1LC3B-II:MAP1LC3B-I increased by ox-LDL. (E) Stim1was silenced with shRNA for 72 h before ox-LDL (60mg/ml) expo-
sure 12 h, the phosphorylation of CAMKK2was significantly decreased in Stim1-knocked down group comparedwith ox-LDL alone. (F) EPCs were treatedwith different concentrations
of ox-LDL (0, 10, 30, 60 or 100mg/ml) for 12 h. Western blots analysis showed that phosphorylation of MTOR decreased significantly at the concentration of 30, 60 or 100mg/ml of ox-
LDL. (G) STO-609 (10mM) were pretreated with EPCs before ox-LDL (60mg/ml) exposure, STO-609 reversed phosphorylation of MTOR compared with ox-LDL alone groups. (H) EPCs
were treated with different concentrations of ox-LDL (0, 10, 30, 60 or 100 mg/ml) for 12 h. Western blots analysis showed that phosphorylation of RPS6KB decreased significantly at
the concentration of 30, 60 or 100mg/ml of ox-LDL. (I) EPCswere pretreatedwith STO-609 (10mM) before ox-LDL (60mg/ml), STO-609 reversed phosphorylation of RPS6KB compared
with ox-LDL alone groups. (Cells were isolated from 3 rats for 1 experiment and 3 independent experiments were performed, western blot results were normalized to the controls
(given as 1-fold), meanC SD, �P< 0.05, ��P< 0.01).
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study compared with previous studies. In our study, 60 mg/ml ox-
LDL at 12 h had no significant influence on EPC apoptosis rate
(Fig. S2A) and mitochondrion membrane potential (MMP,
Fig. S2B), but showed significant changes at 24 h. These results
implicated that at the ox-LDL concentration and time we used,
there might be hardly any influence from apoptosis. Furthermore,
at our condition, ox-LDL may activate autophagy before apoptosis
induction in EPCs.

Moderate autophagy exerted cardio-protective effect, but may
be deleterious when activated to excess.7,8,46 In advanced athero-
sclerosis, autophagy stabilizes atherosclerotic plaques by preventing
macrophage apoptosis and plaque necrosis, as well as by impeding
foam-cell formation in VSMCs. When inhibiting autophagy by
silencing Atg7 or 3-MA in EPCs, the proliferation of EPCs
decreased further under ox-LDL exposure (Fig. 4C to 4F). These
data suggested that the activation of autophagy promoted the resis-
tance of EPCs to ox-LDL for survival. However, the mechanism of
ox-LDL in autophagy regulation remains controversial. Some stud-
ies indicate that ox-LDL induces autophagosome and autolyso-
some formation by upregulating expression of OLR147,48 or
peroxisome proliferator-activated receptor gamma (PPARG)49

and their downstream production of reactive oxygen species
(ROS). Excessive generated ROS in response to damaged mito-
chondria which escape from autophagy, causes cellular dysfunction
and cell death.50 Conversely, recent studies show that ox-LDL
increases expression of OLR1 and subsequently attenuates a pro-
tective autophagy response in bovine aortic endothelial cells51 and
impairs autophagy, partly through activation of the MTOR signal-
ing pathway in VSMCs.11,52 Various concentrations and oxidative
status of ox-LDL as well as the corresponding signal pathways
might be related to the disputed effects of ox-LDL-induced auto-
phagy. In our study, we applied physiological and pathological
serum concentrations of ox-LDL (10-100 mg/ml) to treat
EPCs,26,53,54 and detected a dose-dependent increase of autophagy
flux (Fig. 2) and (Fig. 3).

SOCE-mediated intracellular calcium increase seems essential
but also controversial in ox-LDL-autophagy regulation. Previous
study have revealed that mitochondrial ion channels are involved
in angiotensin-II-induced autophagy in VSMCs.55 Ox-LDL is
reported to induce a prompt and transient Ca2C increase in a dose-
dependent manner,31 Our study further confirmed that Ca2C rise
after ox-LDL stimulation was primarily due to Ca2C influx through
SOCCs in EPCs. More importantly, SOCE contributed to auto-
phagy induction by ox-LDL. However, the role of Ca2C in auto-
phagy regulation is still on debate. Many reports suggest that Ca2C

and protein-driven modulation of calcium, enhances auto-
phagy.17,18,56-58 On the contrary, other studies consider Ca2C as an
autophagy inhibitor.20,59 They demonstrate that BECN1 bound
with ITPR3, which locates on the endoplasmic reticulum mem-
brane and/or the presence of endoplasmic reticulum-mitochondria
microdomains. Ca2C could be taken up by the complex of BECN1
and ITPR3 to promote production of ATP then inhibit auto-
phagy.20-22 In colorectal cancer cells, the SOCE inhibitor SKF-
96365 induces cytoprotective autophagy,60 but suppresses auto-
phagy in both epithelial and neuronal cells.61 Different cell status
and complex downstream calcium signaling might account for the
controversial results.

We showed that ox-LDL activated autophagy by promoting
SOCE. However, how ox-LDL is internalized then regulating

SOCE remains to be elucidated. Previous findings in leukocytes
consider that cell surface receptors, which interact with phospholi-
pase C, are involved in the calcium-mobilizing effect of ox-LDL.30

In endothelial cells, OLR1 has been confirmed as a cell surface
receptor to regulate autophagy under ox-LDL exposure or low
shear stress.62,63 As the precursor of endothelial cells, it is likely that
OLR1 is also responsible for ox-LDL internalization so that ox-
LDL may have the effect of releasing calcium stores, upregulating
STIM1 expression and then activating SOCE in EPCs. Of course
this needs to be elucidated in future studies.

The SOCE-CAMKK2-MTOR signal pathway may be impor-
tant in Ca2C-induced autophagy regulation. In our study, ox-LDL
phosphorylated CAMKK2 and inhibitedMTOR activity to activate
autophagy in EPCs (Fig. 8A, 8F, and 8H), whereas Ca2C influx
through SOCE phosphorylated CAMKK2 to activate autophagy in
EPCs (Fig. 8E), which verified the involvement of SOCE-
CAMKK2-MTOR signal pathway in ox-LDL-autophagy induc-
tion. Although different in cell types and research purposes, evi-
dence shows that the CAMKK2-MTOR signal pathway is involved
in Ca2C-activated autophagy in Hela, MCF-717 and PC 12 cells33 as
well as with other pharmacological agents that increase [Ca2C]i-
induced autophagy.18 In vascular endothelial cells, the canonical
MTOR axis is involved in autophagy regulation with ox-LDL treat-
ment.64 In addition, the MAPK1/ERK2-MAPK3/ERK1 pathway is
also proposed to be essential for Ca2C-activated autophagy.19 It is
reasonable to speculate that ox-LDL elevates SOCE, increases the
activity of CAMKK2, and then activates the autophagy response,
which contributes to the protection of the EPC proliferation. How-
ever, our data suggested that the SOCE-CAMKK2 pathway may
not be the only one to activate autophagy in ox-LDL stimulation.
Mitochondrial damage and ROS generation or endoplasmic reticu-
lum stress may also be associated with autophagy induction under
ox-LDL exposure in other cell lines.44,50,65 Whether this is also the
case in EPCs needs to be clarified.

In conclusion, as shown in the schematic drawing (Fig. 9),
we indicated that ox-LDL inhibited EPC proliferation but also
activated the protective autophagy response. The increased
autophagy was regulated at least in part by the novel signaling
pathway of SOCE-CAMKK2-MTOR.

Our results provided novel fundamental evidence in regulat-
ing EPC proliferation through protective autophagy. In patients
with hypercholesterolemia, enhancing protective autophagy
will be beneficial to improving EPC survival rate and cell trans-
plantation efficacy, thus promoting vascular re-endothelializa-
tion and slowing down the progress of atherosclerosis.
Furthermore, modification of SOCCs might be developed into
a potential therapeutic breakthrough for the protective auto-
phagy regulation. Our findings may provide a survival-promot-
ing mechanism and a potential therapeutic target of EPCs as
well as the optimization of stem cell transplantation strategies
in the context of hypercholesterolemia.

Materials and methods

Reagents

EGM-2MV BulletKit medium was purchased from Lonza, con-
taining endothelial basal medium (EBM-2, CC-3156) and 10%
fetal bovine serum (CC-4101A) and supplemented with
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recombinant Homo sapiens (rHs) FGF2/FGF-B (CC-4101A),
rHsIGF1 (CC-4115A), rHsEGF (CC-4317A), rHsVEGF (CC-
4414A), ascorbic acid (CC-4116A), heparin (CC-4396A). Anti-
bodies against rat MAP1LC3B (2775S), ATG7 (8558S),
SQSTM1 (5114S), STIM1 (5668), ORAI1 (3280), p-CAMKK2
(12818), MTOR (2972), p-MTOR (2971), RPS6KB (2708) and
p-RPS6KB (9205) were obtained from Cell Signal Technology.
Antibodies against CAMKK2 (ab96531), AMPK (ab32047) and
p-AMPK (ab133448) were obtained from Abcam. Antibody
against ATG5 (AP1812a) was from Abgent and this antibody
could detect both free ATG5 (molecular mass 32 kDa) and
ATG12–ATG5 conjugate (molecular mass 55 kDa). Lympho-
prep (1.083, 10831), chloroquine (CQ, C6628), bafilomycin A1

(Baf, B1793), FITC-UEA-I (L9006), 3-methyladenine (3-MA,
M9281), 2-aminoethyl diphenylborinate (2-APB, D9745) and
STO-609 (S1318) were purchased from Sigma. One,10-diocta-
decyl-3,3,30,30-tetramethylindocarbocyanine-labeled acetylated
LDL (DiI-acLDL, L3484) was acquired from Molecular Probes.
Antibodies against CD34 (SC-7324) and TRPC1 (SC-15055)
were purchased from Santa Cruz Biotechnology. FITC-conju-
gated anti-rat PROM1/CD133 (BS-0395R), PECAM1/CD31
(BS-0468R), KDR/VEGFR2 (ER-1542) antibodies and the cor-
responding isotype control IgGs were obtained from Bioss.

Ox-LDL preparation

Ox-LDL (YB-002) was obtained from Yiyuan Biotechnologies.
This lot of ox-LDL derived from human LDL. LDL is oxidized
using 2 mM Cu2SO4 at 37�C overnight. Oxidation is terminated
by adding excess EDTA-Na2 and analyzed on agarose gel elec-
trophoresis for migration versus LDL. This lot of ox-LDL

migrates 1.2-fold further than the native LDL. TBARS (thiobar-
bituric acid reactive substances) is determined colorimetrically
by using malondialdehyde (MDA) as a standard: 12.0 nM
MDA per mg of protein in ox-LDL. The best response we used
was seen with 60 mg/ml ox-LDL which was based on mimick-
ing a high level of ox-LDL in hypercholesterolemia as described
in published studies.51,53

Isolation and characterization of EPCs

All animal procedures were approved by the Experimental Ani-
mal Ethics Committee of the Third Military Medical University
before performing the study and conformed to the regulations
of Guide for the Care and Use of Laboratory Animals (8th edi-
tion, National Research Council, USA, 2011). In our study,
male Sprague-Dawley rats (150 to 180g, Chongqing, China)
were anesthetized with an intramuscular injection of 100 mg/
kg ketamine and 5 mg/kg xylazine, then sacrificed by cervical
dislocation. Bone marrow was harvested by flushing the femurs
and tibias. Bone marrow-derived mononuclear cells (BMNCs)
were isolated using density-gradient centrifugation followed by
washing 3 times in phosphate-buffered saline (PBS; Boster Bio-
logical Technology, AR0032). At last BMNCs were resuspended
in EGM-2MV BulletKit medium and seeded on common cul-
ture plates (Corning, 430639, USA) or E-plates (ACEA Bio-
sciences, L8).

To confirm the phenotype of EPCs, we incubated the cells
with 10 mg/ml DiI-acLDL for 4 h and 10 mg/ml FITC-UEA-I
for 1 h. At last the cells were incubated with 1 mg/ml DAPI.
Triple-stained cells positive for Dil-acLDL, lectin and DAPI
were identified as EPCs (Fig. S3A). In addition, the cells were

Figure 9. A schematic drawing of the calcium signal and autophagy pathway in EPCs after ox-LDL exposure. Ox-LDL activates SOCE and elevates [Ca2C]i in EPCs, further-
more the [Ca2C]i increases phosphorylation of CAMKK2 and decreases the downstream protein MTOR phosphorylation to activate autophagy. Autophagy serves as a pro-
tective role in ox-LDL-induced inhibition of proliferation. (Lines with arrowheads indicate induction or activation, and lines with bars at the end indicate blockade or
inhibition).
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processed for immunofluorescence staining to evaluate the
expression of KDR/VEGF receptor 2, PECAM1/CD31, CD34,
and PROM1/CD133 in fluorescence-activated cell sorting
(Fig. S3B).

Cell proliferation assays

Cell proliferation was checked by the xCelligence Real-Time
Cell Analyzer instrument (RTCA, ACEA Biosciences, San
Diego, CA, USA). BMNCs were seeded on the E-plate, a spe-
cialized plate used with RTCA. Each well contained a gold
microelectrode array to measure the electrical impedance in
real time. Forty-eight h after seeding, nonadherent cells were
removed, and the adherent cells were kept cultured on the E-
plate. The medium in each well was changed every second day.
The cells were underwent different treatments and the cell
growth was monitored for more than 7 d.

Cell counting kit-8 (CCK-8; Beyotime Biotechnology,
C0038) was employed to measure the cell proliferation as well.
The cells were plated onto 96-well culture plates and underwent
different treatments, then WST-8 dye (10 ml) was added to
each well. After 4 h incubation at 37�C, the absorbance at
450 nm of each well was measured in a microplate reader
(Emax, Molecular Devices, E13456, CA, USA). All experiments
were performed in triplicates and repeated 3 times.

Fluorescence Ca2C measurements in intact cells

For the measurement of Ca2C in intact cells, BMNCs were seeded
on the glass-bottomed cell culture dishes for 5 to 7 d. The cells were
loaded with 5 nM fluo3-AM (Beyotime Biotechnology, S1056) at
37�C in Hank’s balanced salt solution (Thermo Scientific, 88284)
and maintained in EGM-2MV BulletKit medium for another
40 min in the dark before the measurements. Fluo-3 bound with
intracellular free Ca2C and emitted a green fluorescence, which was
monitored with an LCSM with excitation at 488 nm and emission
at 530 nm. The photomultiplier gain and laser intensity weremain-
tained the same for all themeasurements. The value of fluorescence
intensity F expressed the [Ca2C]i, which was normalized to the
baseline fluorescence value F0 (F:F0). To quantize the Ca2C in
EPCs, we measured the Fmax and Fmin of [Ca2C]i as previously
described.66 Fmax and Fmin represented the maximal and minimal
fluorescence intensity respectively. Fmax was obtained by perfusion
with 10 mM ionomycin and 5 mM CaCl2; Fmin was measured by
perfusion with 10 mM EGTA and 20 mM BAPTA-AM in Hank’s
balanced salt solution. [Ca2C]i was derived after in situ calibration
according to the following equation.

½Ca2C �i nMð ÞDKd£ F ¡ Fminð Þ 6 Fmax ¡ Fð Þ

Kd is the dissociation constant of fluo3 for Ca2C at room
temperature (400 nM).67,68

Gene silencing

Lentiviral vector (LV) carrying Atg7 shRNA was constructed by
Hanbio Technology (Shanghai, China) and LV carrying Stim1
shRNA was constructed by Gene Pharma (Shanghai, China).

LV was added to the cells at a multiplicity of infection of 100 at
2 d of seeding BMNCs. The transfection medium was changed
48 h later, and cells were cultured in fresh medium continu-
ously. Real-time quantitative reverse transcription polymerase
chain reaction (RT-qPCR) and western blots were used to
detect the efficiency of knockdown of Atg7 or Stim1 in EPCs.

GFP-mRFP-LC3 adenoviral vector monitor the autophagy
flux

EPCs were plated on glass-bottomed cell culture dishes and
infected by adenoviral vectors containing GFP-mRFP-LC3
(HanBio Technology) according to the manufacturer’s instruc-
tion. EPCs were replaced with fresh medium and then incu-
bated for 24 h. EPCs were observed under an LCSM to confirm
the infection efficiency and autophagy flux was determined by
evaluating the number of YFP and RFP puncta.

RT-qPCR

Total RNA was isolated from EPCs using RNAiso reagent
(Takara, D312). Isolated RNA was reverse transcribed using
PrimeScript RT reagent Kit (Takara, RR047A) to cDNA fol-
lowing manufacturer’s protocol. Quantitative PCR was per-
formed using SYBR Premix Ex Taq II kit (Takara,
RR820A), with the following primers (Takara): Stim1, for-
ward: 50CTTGGCCTGGGATCTCAGAG30, reverse: 50TCAG
CCATTGCCTTCTTGCC30; Atg7, forward: 50GGCACCCAA
AGACATCAAGG30, reverse: 50GTGTTGTGCAGGGTTCC
CAT30; Gapdh, forward: 50ATGCCATCACTGCCACTC30,
reverse: 50GGGTAGGAACACGGAAGG30.

Immunoblots

After being rinsed 3 times by ice-cold phosphate-buffered saline,
EPCs were lysed with cell lysis buffer (Pierce, 89900) supplemented
with 0.5 mM PMSF and 2 mM sodium orthovanadate. Following
the centrifugation (14000 g, 15 min), protein concentrations were
detected by the BCA assay (Beyotime Biotechnology, P0012). The
same mass of total protein were separated by SDS-PAGE and
transferred to PVDF membranes. The membranes were blocked
with 5% nonfat milk in TBS (Boster Biological Technology,
AR0031) containing 0.5% Tween-20 (Solarbio, T8220) and then
membrane-bound proteins were probed with primary antibodies
against MAP1LC3B, SQSTM1, ATG7, ATG12–ATG5 conjugate,
STIM1, TRPC1, ORAI1, CAMKK2, p-CAMKK2, RPS6KB, p-
RPS6KB, MTOR, p-MTOR or ACTB, followed by HRP-conju-
gated secondary antibodies. The bands of protein were visualized
by chemiluminescence detection and quantified by Image Quant
TL software (GEHealthcare, Sweden).

Apoptosis analysis

EPC apoptosis rate was evaluated by ANXA5/annexin V-PE apo-
ptosis detection kit I (BD Biosciences, 559763). After exposure to
60 mg/ml ox-LDL 0, 12 and 24 h, EPCs were washed 3 times with
3 ml cold PBS and then resuspended in 1£ binding buffer (BD
Biosciences, 51-66121E) at a concentration of 1£ 106 cells/ml. The
solution was transfered to a 2ml culture tube plus 5ml ANXA5-PE
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(BD Biosciences, 51-65875X) and 5 ml 7-AAD (BD Biosciences,
51-68981E), then incubated for 20 min at 25�C in the dark. Flow
cytometry (Beckman Coulter, MoFlo XDP, CA, USA) was per-
formed to detect apoptosis of EPCs.

Mitochondrial membrane potential analysis

Disruption of mitochondrial membrane potential (MMP)
was assessed by mitochondrial membrane potential assay
kit with JC-1 (Beyotime Biotechnology, C2006). Briefly,
EPCs of 5 to 7 d were seeded on the glass-bottomed cell
culture dishes, then exposed to 60 mg/ml ox-LDL 0, 12 or
24 h. Washing the cells twice with PBS and incubating with
JC-1 working solution for 20 min at 37�C in the dark.
Then EPCs were rinsed with cold JC-1 staining buffer twice.
We monitored the red fluorescence with excitation at
525 nm and emission at 590 nm as well as the green fluo-
rescence with excitation at 490 nm and emission at 530 nm
in an LCSM. Then we compared the ratio of red and green
fluorescence in different groups.

Statistical analysis

Statistical analysis was performed using ANOVA followed by a
t test corrected for multiple comparisons (Least-Significant-
Difference). Nonparametric ANOVA (Kruskall–Wallis) followed
by the Dunn multiple comparison post-hoc test was used when
one or more data sets did not show Gaussian distribution.
Values of P < 0.05 were considered statistically significant.

Abbreviations

2-APB 2-aminoethyl diphenylborinate
3-MA 3-methyladenine
7-AAD 7-Aminoactinomycin D
ACTB actin, b
AMPK AMP-activated protein kinase
ANXA5 annexin V
ATG5 autophagy-related 5
ATG7 autophagy-related 7
ATG12 autophagy-related 12
Baf bafilomycin A1

BECN1 Beclin 1, autophagy related
BMNCs bone marrow-derived mononuclear cells
[Ca2C]i intracellular calcium concentration
CAMKK2 calcium/calmodulin-dependent protein

kinase kinase 2, b
CCK-8 cell counting kit-8
CQ chloroquine
DiI-acLDL 1,10-dioctadecyl-3,3,30,30-tetramethylindo-

carbocyanine-labeled acetylated LDL
EGF epidermal growth factor
ER endoplasmic reticulum
ERK extracellular-regulated kinase
EPC endothelial progenitor cell
FGF2 fibroblast growth factor 2
FITC fluorescein isothiocyanate
GFP green fluorescent protein
I/R ischemia and reperfusion

IGF1 insulin-like growth factor 1
IgG immunoglobulin G
ITGAV-ITGB5 integrin avb5 heterodimeric protein
ITPR3 inositol 1,4,5-trisphosphate receptor 3
KDR kinase inset domain protein receptor
LCSM laser confocal scanning microscope
LV lentiviral vector
MAP1LC3B microtubule-associated protein 1 light

chain 3 b
MAPK mitogen-activated protein kinase
MDA malondialdehyde
MMP mitochondrial membrane potential
Mt mitochondrial
MTOR mechanistic target of rapamycin (serine/

threonine kinase)
OLR1/LOX-1 oxidized low density lipoprotein (lectin-

like) receptor 1
ORAI1 ORAI1 calcium release-activated calcium

modulator 1
ox-LDL oxidized low-density lipoprotein
PBS phosphate-buffered saline
PE phycoerythrin
PECAM1 platelet/endothelial cell adhesionmolecule 1
PMSF phenylmethanesulfonyl fluoride
PPARG peroxisome proliferator activated receptor

gamma
PROM1 prominin 1
RFP red fluorescent protein
rHs recombinant Homo sapiens
ROS reactive oxygen species
RPS6KB/p70S6K ribosomal protein S6 kinase
RTCA real-time cell analyzer
shRNA short hairpin RNA
SDS sodium dodecyl sulfate
SELE selectin
SOCCs store-operated calcium channels
SOCE store-operated calcium entry
SQSTM1/p62 sequestosome 1
STIM1 stromal interaction molecule 1
TBARS thiobarbituric acid reactive substances
TRPC1 transient receptor potential cation channel

1, subfamily C, member 1
UEA ulex europaeus agglutinin
VEGF vascular endothelial growth factor
VSMCs vascular smooth muscle cells
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