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Losartan attenuates aortic endothelial apoptosis induced
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C pathway
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Abstract
Purpose Endoplasmic reticulum (ER) stress is known to play
key roles in the development of endothelial cell apoptosis
induced by chronic intermittent hypoxia (CIH), and the angio-
tensin II–phospholipase C–inositol-1,4,5-triphosphate
(AngII-PLC-IP3) pathway has been demonstrated to induce
ER stress. To explore whether the AngII-PLC-IP3 pathway is
involved in the vascular damage induced by CIH, we exam-
ined whether the AngII-PLC-IP3 pathway is involved in ER
stress induced by CIH and whether losartan, a selective angio-
tensin II type 1 receptor (AT1R) blocker, could suppress en-
dothelial cell apoptosis induced by CIH.
Methods Adult male Sprague Dawley rats were subjected to
8 h/day of intermittent hypoxia/normoxia, with or without
losartan, a selective AT1R blocker, and/or U73122, a selective
PLC inhibitor, for 8 weeks. Endothelial cell apoptosis, ER
stress markers, and levels of PLC-γ1 and IP3R expression
were determined.
Results Losartan prevented increases in PLC-γ1 and IP3R
protein levels and inhibited ER stress markers induced by
CIH. Addition of U73122 reproduced all the protective effects
of losartan. Losartan administration before CIH significantly
ameliorated CIH-induced endothelial cell apoptosis.
Conclusions This study showed that the AngII-PLC-IP3 path-
way is involved in ER stress induced by CIH and that pre-
losartan administration ameliorates endothelial cell apoptosis

following CIH partly via inhibition of the AngII-PLC-IP3 path-
way and ER stress.
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Introduction

Obstructive sleep apnea syndrome (OSAS), which is character-
ized by chronic, repetitive short cycles of oxygen desaturation
followed by rapid reoxygenation (chronic intermittent hypoxia
(CIH)), has become a public health concern. CIH is the most
characteristic feature in the pathophysiology of OSAS.
Cardiovascular complications are the most severe clinical
complications induced by CIH [1, 2], and OSAS disease severity
is positively associated with the degree of cardiovascular disease
[3]. Although a number of factors involved in OSAS result in
cardiovascular complications, CIH causes vascular damage, such
as arterial endothelial cell apoptosis, which is considered to play
a key role. In our previous experiments, we demonstrated that
intermittent hypoxia could induce aortic endothelial cell
apoptosis via endoplasmic reticulum (ER) stress [3]. However,
how CIH induces ER stress remains unclear.

Several studies have found that ER stress is closely related to
the angiotensin II–phospholipase C–inositol-1,4,5-triphosphate
(AngII-PLC-IP3) pathway. Circulating AngII is increased in pa-
tients with OSAS and in experimental animals exposed to CIH
[4], and AngII levels are closely related to the degree of OSAS
and vascular disease. Most of the physiological actions of AngII
are mediated through its actions on the angiotensin II type 1
receptor (AT1R) [5]. AngII increases neonatal cardiomyocyte
apoptosis, dependent on AT1R activation [6]. Increased AT1R
expression results in AngII-dependent cardiac fibroblast apopto-
sis via the PLC signaling pathway, and PLC inhibitor prevents
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the effect of AngII on pro-apoptotic signal activation in AT1R-
transduced cardiac fibroblasts [7]. Stimulation of the AT1
receptor activates PLC, which then cleaves phosphatidylinositol
4,5-bisphosphate into IP3 and diacylglycerol (DAG). IP3
induces Ca2+release into the cytosol from the ER. The release
of Ca2+ from the ER, in turn, activates nonselective cation
channels, such as transient receptor potential channels
(TRPCs), at the plasma membrane, thereby promoting Ca2+ en-
try from extracellular and plasma membrane depolarization and
subsequent elevated concentrations of intracellular Ca2+ [8–10].
In addition, DAG and IP3 production will also result in elevated
cytosolic Ca2+ concentrations from intracellular sources andCa2+

influx from the extracellular medium [11]. The subsequent loss
of intracellular Ca2+ homeostasis suppresses post-translational
protein modification. Consequently, misfolded proteins accumu-
late and trigger ER stress-response pathways [12]. An increase in
intracellular Ca2+ levels due to excessive Ca2+ influx has been
implicated in the activation of cell death [13]. PLC is central to
the core machinery for the phosphoinositide signal transduction
pathway [14]. Phosphatidylinositol (PI)-PLC consists of a family
of four classes, including PLC-β, PLC-γ, PLC-δ, and PLC-ε,
encoded by different genes [14, 15]. PLC-γ1 activation can in-
duce apoptosis by Ca2+ flux and [Ca2+]i overload [16], and PLC
inhibition can reduce the concentration of intracellular Ca2+ [8].

Losartan, a selective AT1R blocker, prevents CIH-induced
vasodilatory impairment by preserving endothelial function
[4]. Furthermore, losartan and its metabolites can suppress
tumor necrosis factor (TNF)-induced endothelial cell apopto-
sis by activating the vascular endothelial growth factor
2/phosphatidylinositol-3-kinase/protein kinase B (VEGFR2/
PI3K/Akt) pathway independently of AT1R-mediated signal-
ing [17]. Human coronary artery endothelial cell apoptosis
caused by AngII was also reduced by losartan treatment
[18]. Here, we used losartan to determine whether the
AngII-PLC-IP3 pathway is involved in ER stress induced by
CIH. In the present work, a rodent model was used to observe
the effect of losartan inhibition on CIH-damaged arterial
endothelial cells in vivo.

Methods

Animal model and experimental design

Sixty-four male Sprague Dawley (SD) rats (220–250 g)
were purchased from the experimental animal center of
Wuhan University (Wuhan, China). Animals were main-
tained in a departmental animal facility on a 12-h light/12-
h dark cycle under standard laboratory conditions (tem-
perature, 25 ± 2 °C; humidity, 60 ± 5%). Rats were pro-
vided with standard rodent chow and allowed free access
to water. Experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC)

of Tongji Medical College at Huazhong University of
Science and Technology. Rats were randomly divided into
eight groups (n = 8 each): normoxia, normoxia + losartan,
CIH, and CIH + losartan; normoxia + U73122,
normoxia + losartan + U73122, CIH + U73122, and
CIH + losartan + U73122. Rats were administered either
losartan (30 mg/kg dissolved in double-distilled water) by
oral gavage [4] or U73122 (30 mg/kg) by intraperitoneal
injection [19] prior to exposure to intermittent hypoxia
every day of the 8-week experimental period.

Chronic intermittent hypoxia exposure

CIH was performed using custom-built chambers (OxyCycler
A84, BioSpherix, Redfield, NY, USA) connected to a supply
of O2 and N2 gas. The CIH protocol was as follows: the O2

level was reduced from 21 to 8% over a period of 120 s, held
at 8% for 120 s, returned to 21% over a period of 50 s, and
held at 21% for 300 s. The rats were exposed to intermittent
hypoxia for 8 h/day (during the day) for 7 days/week over
8 weeks. For the normoxic group, rats were placed in similar
chambers under normoxic conditions. Within 24 h after the
last exposure, rats were euthanized with 10% chloral hydrate
(0.3 ml/100 g administered by intraperitoneal injection). The
aortic arch was excised from each rat, perfused with cold
phosphate-buffered saline (PBS), and preserved in liquid ni-
trogen or 10% formalin for in vitro analyses.

Measurement of AngII

AngII levels in plasma were determined using a commercial
enzyme-linked immunosorbent assay (ELISA) kit
(RayBiotech, Norcross, GA, USA) according to the manufac-
turer’s instructions.

Transferase-mediated dUTP nick end labeling assay

Aortic arches were fixed with 4% paraformaldehyde over-
night at 4 °C, and 4-mm paraffin sections were obtained.
Embedded tissues were sectioned (5-mm slices). The sections
were washed in PBS and incubated with transferase-mediated
dUTP nick end labeling (TUNEL) solution for 60 min at
37 °C using an apoptosis detection kit (Roche Applied
Science, USA). After washing twice in PBS, the sections were
stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma,
St. Louis, MO, USA) for 5 min. The sections were analyzed
using confocal microscopy (SPII2-AOBS Leica). TUNEL-
positive nuclei (fragmented DNA) fluoresced bright green at
450–500 nm, whereas DAPI-positive nuclei (intact DNA)
fluoresced blue at 360 nm. The ratio of TUNEL-positive
nuclei to total endotheliocyte nuclei was used to determine
the extent of apoptosis.
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Real-time quantitative RT-PCR

Tissues from the aortic arch were used for RT-PCR. Total
RNA was extracted using TRIzol according to the manufac-
turer’s instructions. The concentration of total RNAwas mea-
sured by spectrophotometry, and the OD260/OD280 ratio was
used to assess RNA purity. Total RNAwas reverse transcribed
into cDNA, and PCR was performed using SYBR GREEN.
Gene-specific primers were designed using Premier 5.0 and
were synthesized by Sangon Biological Engineering Co., Ltd.
(Shanghai, China). The following primers were used:
GAPDH 5 ′-CGCTAACATCAAATGGGGTG-3 ′ and
5′-TTGCTGACAATCTTGAGGGAG-3′; AGT 5′-CTGA
CTGGGCTCCATGAGTTC - 3 ′ a n d 5 ′ - GCGG
GTTCTTTATCCAAGTCA-3 ′ ; GRP78 5 ′ -TCGT
ATGTGGCCTTCACTCC-3′ and 5′-TTCTTCTGGGGCAA
ATGTCT-3′; CHOP 5′-CACCTCCCAAAGCCCTCG-3′ and
5′-ACCACTCTGTTTCCGTTTCCTA-3′; ATF4 5′-TCGA
CCCAAACCTTATGACC-3′ and 5′-CCTCGTTCTTCTTT
TCTAGCTC-3′; and sXBP1 5′-GCCTGTCCTTCCTT
ATGTCCA-3′ and 5′-AAAATCATTCAACGGGGATGC-3′.
PCR was performed using the following conditions: the cy-
cling profile started with denaturation at 95 °C for 30 s,

followed by 40 cycles of 5 s at 95 °C and 34 s at 60 °C. For
each gene, Bno-template^ and Bno-amplification^ controls
were used. Subsequently, a melting curve analysis was per-
formed to measure the specificity of the amplified products by
their specific melting temperatures. Melting curve analysis
consisted of a denaturation step at 95 °C for 15 s, after which
the reactions were decreased to 60 °C for 1 min and then
increased to 95 °C for 15 s. Data for each sample were nor-
malized against GAPDH. AGT, GRP78, CHOP, ATF4, and
sXBP1 messenger RNA (mRNA) expression levels are pre-
sented according to their changes relative to the control group.

Western blot analyses

Tissues from the aortic arch were used for Western blot anal-
ysis. Proteins were extracted from the tissue using
radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime, Jiangsu, China) containing a protease inhibitor
cocktail to prevent protein degradation. Protein concentration
was determined using a Bradford protein assay kit (Bio-Rad,
Hercules, CA, USA). Samples containing 50 μg of protein
were separated in a 10% SDS–PAGE gel and then transferred
to 0.45-μm pore size nitrocellulose membranes (Bio-Rad).

Fig. 1 CIH caused endothelial
apoptosis in the aortic arches of
rats. After 8 weeks of CIH, male
SD rats showed a clear evidence
of endothelial apoptosis
compared with animals exposed
to normal oxygen concentrations.
Pre-treatment with losartan or
U73122 effectively inhibited
CIH-induced endothelial
apoptosis. Addition of both
losartan and U73122 had effects
similar to the addition of losartan
or U73122 alone. Representative
photomicrographs of the TUNEL
assay (×400). a Normoxic. b
Normoxic + losartan. c
Normoxic + U73122. d
Normoxic + losartan + U73122. e
CIH. f CIH + losartan. g CIH +
U73122. h CIH + losartan +
U73122. The results represent the
means ± SD, with means
compared using one-way
ANOVA. A value of P < 0.05 is
considered statistically
significant. *P < 0.05 vs.
normoxia; **P < 0.05 vs. CIH
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Membranes were blocked in 5% nonfat dry milk in TBST
(10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.05%
Tween-20) for 1 h at room temperature. Membranes were
incubated with rat monoclonal anti-AT1R, anti-IP3R,
anti-GRP78, anti-CHOP, anti-caspase12, and anti-PLC-γ1
antibodies overnight at 4 °C. Both primary antibodies were
diluted 1:1000 with 5% nonfat dry milk in TBST. Membranes
were then incubated with the secondary antibody conjugated
to horseradish peroxidase (diluted 1:3000) at room tempera-
ture for 2 h. Reactive proteins were analyzed using an ECL
Western blotting detection system. All experiments were per-
formed three or more times.

Immunohistochemistry analysis

The expression levels of ER stress-related factors GRP78 and
caspase12 were evaluated immunohistochemically in rat aortic
endothelial cells using a streptavidin/peroxidase kit according to
the manufacturer’s instructions. First, sections were
deparaffinized, rehydrated and then immersed in antigen retrieval
buffer for 3 min at 95 °C. Next, sections were incubated in 3%
H2O2 for 25 min at room temperature to block endogenous

peroxidase activity. The sections were washed three times with
PBS and then incubated with rabbit anti-rat GRP78 and cas-
pase12 antibodies (1:100 dilution in PBS). The sections were
again washed three times with PBS and then incubated with
100 μl of biotinylated goat anti-rabbit IgG (1:200 dilution in
PBS). Proteins were visualized with diaminobenzidine substrate
solution.As negative controls, the primary antibodywas replaced
with PBS. Light microscopic images were obtained. The immu-
noreactivity levels of caspase12 andGRP78were analyzed using
Image-Pro Plus 6.0 software.

Immunofluorescence staining

Rat aortic arch specimens were frozen in Tissue-Tek Optimal
Cutting Temperature compound (O.C.T., Sakura Finetek USA,
Torrance, CA, USA) with liquid nitrogen. Five-micrometer-thick
sections were cut using a cryostat (Leica, Buffalo Grove, IL,
USA) and were stored at −80 °C. Sections were fixed before
staining with a mixture of ethanol and 0.1% trichloroacetic acid
for 15 min and were then blocked with PBS-AT (500 ml PBS,
10 g bovine serum albumin (BSA) grade J and 12.5 ml of 20%
Triton X-100). Sections were incubated with CHOP primary and

Fig. 2 AngII concentration in
plasma, AGT, and AT1R
expression levels in aortic arches
were increased in rats exposed to
CIH compared with the control.
Losartan treatment alleviated
AngII, AGT, and AT1R levels; in
contrast, U73122 did not change
the AngII, AGT, and AT1R levels
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secondary antibodies at room temperature for 1 h, with three
washes in PBS between incubation steps. Mounting medium
(Vectashield with DAPI; Vector Laboratories, Burlingame, CA,
USA) was added to the sections after three additional washes in
PBS. Imageswere captured using spinning disk confocal micros-
copy on a Nikon Eclipse TE2000-E microscope (Melville, NY,
USA) and were analyzed using the IPP software.

Cell culture and treatment

Human aortic endothelial cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bo-
vine serum at 37 °C in a humidified 5% CO2 atmosphere.
Cells were pre-incubated with 5 μM losartan or 2 μM
U73122 under normoxic circumstances for 30 min. Cells ex-
posed to CIH were maintained in a controlled hypoxia incu-
bator for 4 h with a cycled O2 concentration at 5% O2 for 55 s
and 21% O2 for 55 s (5% CO2; balanced N2 and water vapor;
37 °C); normoxic cells were maintained at atmospheric oxy-
gen concentrations for 4 h (21% O2, 5% CO2; balanced N2

and water vapor; 37 °C).

Measurement of intracellular calcium ([Ca2
+]i)

Rat aortic endothelial cells were incubated in a working solu-
tion containing 10μMFluo-3/AM (acetoxymethyl ester form,
Molecular Probes, Eugene, OR) and 0.03% Pluronic F-127 at
37 °C for 40 min. The cells were then rinsed three times with
HBSS solution to remove any remaining dye. Changes in
[Ca2

+]i are represented as fluorescent intensity (FI). During
the experiment, the FI of Fluo-3/AM in endothelial cells was
measured for 5 min using a laser scanning confocal micro-
scope (Olympus) with excitation at 488 nm and emission at
530 nm. FI was observed in ten randomly selected cells to
calculate the average FI for all cells.

Statistical analysis

All data are expressed as the means ± SD. Data were statisti-
cally analyzed using one-way analysis of variance (ANOVA)
for group comparisons. Student–Newman–Keuls post hoc
tests were used when appropriate. A value of P < 0.05 was
considered statistically significant.

Fig. 3 The messenger RNA
(mRNA) levels of GRP78,
sXBP1, ATF4, and CHOP in
aortic arch endothelial cells were
increased in rats exposed to CIH
compared with those in rats
exposed to normal oxygen
concentrations. Treatment with
losartan or U73122 significantly
reduced the mRNA expression
levels of GRP78, sXBP1, ATF4,
and CHOP in aortic arch
endothelial cells. Addition of both
losartan and U73122 had effects
similar to the addition of losartan
or U73122 alone. The results
represent the means ± SD, with
means compared using one-way
ANOVA. A value of P < 0.05 is
considered statistically
significant. *P < 0.05 vs.
normoxia; **P < 0.05 vs. CIH
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Results

Losartan significantly reduced apoptosis in CIH-induced
endothelial cells in the aortic arches of rats

Apoptosis was significantly increased in the aortic arches of rats
exposed to CIH (P < 0.05; Fig. 1) comparedwith the control rats.
Treatment with losartan or U73122 effectively reduced
CIH-induced endothelial apoptosis in the aortic arches of rats

exposed to CIH. Addition of both losartan and U73122 had
effects similar to the addition of losartan or U73122 alone.

Losartan reduced RAS activation induced by CIH

As shown in Fig. 2, in response to CIH, the concentration of
AngII in plasma was significantly higher than in the controls
(P < 0.05; Fig. 2a). AGT expression in aortic arches was
assayed by real-time quantitative PCR, and CIH resulted in a

Fig. 4 GRP78 and sXBP1 expression in aortic arch endothelial cells was
detected with immunohistochemistry. CHOP expression was detected
with immunofluorescence. Representative photomicrographs and
quantified data are shown. GRP78, caspase12, and CHOP protein
expression levels were increased in rats exposed to CIH compared with
those in rats exposed to normal oxygen concentrations. Treatment with
losartan or U73122 significantly reduced GRP78, caspase12, and CHOP
expression in the aortic arches of rats. Addition of both losartan and

U73122 had effects similar to the addition of losartan or U73122 alone.
a Normoxic. b Normoxic + losartan. c Normoxic + U73122. d
Normoxic + losartan + U73122. e CIH. f CIH + losartan. g CIH +
U73122. h CIH + losartan + U73122. The results represent the
means ± SD, with means compared using one-way ANOVA. A value of
P < 0.05 is considered statistically significant. *P < 0.05 vs. normoxia;
**P < 0.05 vs. CIH
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significant increase in AGT levels compared with those in the
controls (P < 0.05; Fig. 2b). CIH also induced a significant
increase in AT1R protein levels in aortic arches compared
with the controls (P < 0.05; Fig. 2c). Losartan alleviated the
levels of AngII, AGT and AT1R; however, U73122 did not
change AngII, AGT, and AT1R levels.

Losartan and PLC inhibition abrogated CIH-induced
overexpression of ER stress factors

Real-time PCR analysis confirmed that the expression levels of
the ER stress-related factors GRP78, CHOP, ATF4, and sXBP1
in the CIH group were increased compared with those in the
normal oxygen group (P < 0.05; Fig. 3). In addition, GRP78,
caspase12, andCHOP protein expression levels were significant-
ly elevated in the aortic arch after exposure to CIH.We also used
immunohistochemistry and immunofluorescence to determine
the cellular localization of GRP78, CHOP, and caspase12 in
aortic arches of rats. Although this method was not quantitative,
we used IPP6 to analyze the integrated optical density (IOD) and
found higher levels of GRP78 and caspase12 in the endothelium
of the CIH group rats compared with the normal oxygen group.
Pre-treatment with losartan or U73122 normalized GRP78,
CHOP, ATF4, and sXBP1 mRNA levels (P < 0.05; Fig. 3).
Losartan or U73122 also significantly reduced GRP78, CHOP,
and caspase12 protein expression (P < 0.05; Figs. 4 and 5).

Addition of both losartan and U73122 had effects similar to
losartan or U73122 addition alone. The expression of ER stress
markers at both the mRNA and protein levels was not modified
by losartan addition in the normal oxygen group (Figs. 3, 4, and
5).

Losartan and PLC inhibition suppressed CIH-induced
PLC-γ1 and IP3R overexpression

Several studies have demonstrated that the PLC-IP3 pathway
can regulate ER stress, which is involved in [Ca2+]i elevation.
To further explore the signaling pathway involved in
CIH-stimulated ER stress and the effect of losartan, IP3R
and PLC-γ1 protein expression levels were examined in the
aortic arches of rats. We observed that PLC-γ1 and IP3R
protein expression levels were increased in response to CIH
compared with those in the controls. Treatment with either
losartan or U73122 significantly reduced PLC-γ1 and IP3R
levels. Addition of both losartan and U73122 had effects sim-
ilar to losartan or U73122 addition alone (P < 0.05; Fig. 6).

Losartan and PLC inhibition protect calcium homeostasis
of human aortic endothelial cells from CIH

Calcium signaling plays an important role in regulating nucle-
ar functions, including cell growth and death. Our results

Fig. 5 Quantitative analysis of
GRP78, caspase12, and CHOP
proteins byWestern blot analyses.
a Western blot from a
representative experiment. b
Representative photomicrographs
and quantified data are shown.
GRP78, caspase12, and CHOP
protein expression levels were
increased in rats exposed to CIH
compared with those in rats
exposed to normal oxygen
concentrations. Treatment with
losartan or U73122 suppressed
GRP78, caspase12, and CHOP
overexpression induced by CIH.
Addition of both losartan and
U73122 had effects similar to
losartan or U73122 addition
alone. The results represent the
means ± SD, with means
compared using one-way
ANOVA. A value of P < 0.05 is
considered statistically
significant. *P < 0.05 vs.
normoxia; **P < 0.05 vs. CIH
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revealed that CIH stimulation increased [Ca2+]i. When
pretreated with losartan and U73122, CIH did not effectively
increase [Ca2+]i, and addition of both losartan and U73122
had effects similar to losartan or U73122 addition alone
(P < 0.05; Fig. 7). These results indicated that losartan down-
regulated the [Ca2+]i elevation induced by CIH by inhibiting
the PLC-γ1/IP3/Ca2+ pathway.

Discussion

Cardiovascular damage is the most common complication of
OSAS. However, the pathophysiological mechanisms in-
volved in OSAS-induced cardiovascular damage are poorly
understood. Endothelial cell apoptosis constitutes an early and
critical element in cardiovascular damage induced by CIH. In
the current study, we used a rodent model of CIH to demon-
strate that the PLC-IP3-Ca2+ pathway was involved in patho-
physiological endothelial apoptosis induced by CIH, and we
provide the first evidence that RAS inhibition by losartan pre-
serves the endothelial apoptosis induced by CIH.

AngII, a multifunctional peptide with pleiotropic actions,
modulates vasomotor tone, cell growth, apoptosis/anoikis, and

cell migration. In a previous study, anoxia-reoxygenation re-
sulted in apoptosis in human coronary artery endothelial cells,
and the addition of either AngII or TNF-α significantly in-
creased apoptosis [20]. The intracellular signal transduction
pathway triggered by AT1R includes PLC activation and the
generation of IP3 and DAG [20], which subsequently leads to
the activation of protein kinase C and Ca2+ mobilization from
intracellular stores [21]. AngII/AT1R stimulates the PLC-IP3
pathway, resulting in Ca2+ mobilization and consequent con-
traction [22]. AngII stimulates Ca2+ activity via
AT1R-mediated tyrosine phosphorylation of the PLC-γ1 iso-
form [23]. In this study, we showed that losartan alleviated the
levels of AngII, AGT, and AT1R increased by CIH, and for the
first time, we described that PLC-γ1 expression in endothelial
cells was significantly increased by CIH. Treatment by losartan
reduced PLC-γ1 levels in the samemanner as the PLC inhibitor
U73122, supporting our hypothesis of a direct effect of losartan
on the PLC-Ca2

+ pathway.
CIH-activated PLC generates IP3, which induces the re-

lease of intracellular calcium from the ER via IP3 receptors.
We observed that endothelial cells exposed to CIH overex-
press IP3R at the protein level, and losartan prevents IP3R
overexpression. [Ca2+]i was significantly elevated in rat aortic

Fig. 6 Effects of CIH and
losartan on PLC-γ1 and IP3R
expression. PLC-γ1 and IP3R
expression levels were
significantly increased by CIH.
Pre-treatment with losartan or
U73122 could reduce PLC-γ1
and IP3R expression. Addition of
both losartan and U73122 had
effects similar to losartan or
U73122 addition alone. The
results represent the means ± SD,
with means compared using
one-way ANOVA. A value of
P < 0.05 is considered statistically
significant. *P < 0.05 vs.
normoxia; **P < 0.05 vs. CIH
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endothelial cells stimulated by CIH, but it was attenuated by
losartan. PLC inhibitionmimics the effects of losartan on Ca2+

homeostasis, reinforcing our hypothesis that losartan inhibits
the PLC-IP3-Ca2+ pathway.

The ER is a highly dynamic organelle in which newly
synthesized secretory and transmembrane proteins are assem-
bled and folded into their correct tertiary structures and there-
by plays a critical role in controlling cell fate. The ER is a
highly dynamic organelle responsible for multiple cellular
functions. However, the ER is highly sensitive to alterations
in its homeostasis. Multiple disturbances can cause unfolded
protein accumulation in the ER. Aberration of Ca2+ regulation
in the ER also contributes to protein unfolding problems due
to the Ca2+-dependent nature of chaperones, such as GRP78,
GRP94, and calreticulin [24]; these issues trigger an evolu-
tionarily conserved response termed the unfolded protein re-
sponse (UPR) [25]. The initial intent of the UPR is to
re-establish homeostasis and normal ER function. When the
adaptive mechanisms put into motion by the UPR fail to com-
pensate—for instance, when the primary stimulus-causing
protein unfolding in the ER is protracted or excessive—cell
death is induced, typically by apoptosis. ER stress has been
implicated in the activation of various death effectors, such as
mitochondria [26], caspase12, CHOP, and GADD34. In this

study, we showed that the expression levels of ER-associated
pro-apoptotic effectors, CHOP and caspase12, were signifi-
cantly increased, and chronic exposure of rats to CIH resulted
in significant ER stress responses, such as the activation of
IRE1α/XBP-1, PERK/ATF4, and GRP78/ATF6 pathways.
Losartan, by inhibiting AT1R activation, counteracted
CIH-induced ER stress, and PLC inhibition would have been
sufficient to inhibit ER stress. Various studies have shown that
ER stress inhibitors are able to protect endothelial cell apopto-
sis due to CIH [27]. We show here that losartan and PLC
inhibition abrogated ER stress induced by CIH.

Ca2+ homeostasis and ER-regulated functions are essential
for appropriate, integrated endothelial cell functions. In our
study, we show that both Ca2+ homeostasis and ER function
are misregulated in the cases of CIH, resulting in endothelial
cell apoptosis. CIH-activated RAS and PLC-IP3-Ca2+ path-
ways, and the intracellular Ca2+ imbalance induced ER stress
and endothelial cell impairment.

For the first time, we demonstrated that losartan directly
reduced PLC expression in endothelial cells in the same man-
ner as the selective PLC inhibitor U73122. Losartan reduced
endothelial apoptosis partly through the AT1R-PLC-IP3-Ca2+

pathway by preserving the Ca2+ balance and by limiting the
ER overactivity induced by CIH.

Fig. 7 Effects of CIH and
losartan on intracellular calcium.
Human aortic endothelial cells
were pre-treated with losartan
(5 μM) or U73122 (2 μM) for
30 min and were then exposed to
CIH. Intracellular calcium was
detected using confocal laser
scanning microscopy after Fluo-
3/AM staining 1 h after CIH. a
Normoxic. b Normoxic +
losartan. c Normoxic + U73122.
dNormoxic + losartan + U73122.
e CIH. f CIH + losartan. g CIH +
U73122. h CIH + losartan +
U73122. Measurements were
performed in triplicate, and values
are expressed as the means ± SD
(n = 3). *P < 0.05 vs. normoxia;
**P < 0.05 vs. CIH
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In summary, this study provided the first evidence that the
AngII-PLC-IP3-Ca2+ pathway was involved in ER stress
caused by CIH and that losartan could attenuate
CIH-induced endothelial apoptosis in part by inhibiting the
AngII-PLC-IP3-Ca2+ pathway. The present findings provide
novel insights into the mechanisms through which OSAS in-
duces cardiovascular complications. The results of this study
may contribute to the development of future therapeutic strat-
egies for OSAS-induced cardiovascular complications.
However, it should be noted that our study had some limita-
tions. The use of a PLC agonist would help to clarify the role
of PLC-IP3 in contributing to endothelial cell damage in this
setting.
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