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Purpose: Chronic intermittent hypoxia (CIH) contributes to the increased risk of cardio-

vascular diseases in obstructive sleep apnea (OSA). We previously reported the anti-

apoptotic effects of estradiol (E2) on IH-exposed human umbilical vein endothelial cells

(HUVECs). Herein, we employed a proteomic analysis to elucidate the mechanisms of the

protective effects of E2 under IH exposure.

Methods: HUVECs were divided into three groups: control, IH, and IH+E2 group. Isobaric

tags for relative and absolute quantification (iTRAQ) were performed to compare protein

profiles among the groups. Some of the identified proteins were validated by Western blotting.

Results: A total of 185 proteins were differentially expressed in the IH+E2 group compared

to the IH group. Bioinformatics analysis indicated that the effects of E2 may be linked to the

regulation of cellular stress response. Among the differentially expressed proteins, we

identified that serine-protein kinase ataxia telangiectasia mutated (ATM) and its downstream

target, cellular inhibitor of apoptosis protein 1 (c-IAP1), were up-regulated by E2. We also

observed that E2 decreased the level of cleaved caspase-3 and inhibited cell apoptosis in IH-

exposed HUVECs. The inhibition of ATM abolished the anti-apoptotic effect of E2.

Conclusion: The ATM-c-IAP1 pathway is involved in the cardioprotective effects of E2 in

HUVECs exposed to IH.

Keywords: estradiol, obstructive sleep apnea, OSA, intermittent hypoxia, IH, endothelial

dysfunction, proteomics

Introduction
Obstructive sleep apnea (OSA), which is characterized by repetitive collapse of the

upper airway during sleep, increases the risk for cardiovascular diseases (CVD)

including hypertension, ischemic heart disease, and heart failure.1 Males are more

likely to suffer from OSA and cardiovascular comorbidities than females.2,3

Moreover, the transition to menopause is independently related to an increased

likelihood of developing OSA and concomitant hypertension.4,5 Estrogen replace-

ment therapy (ERT) could reduce the CVD risk. However, ERT targets estrogen

receptors in a non-selective manner, and long-term estrogen treatment could carry

risks of endometrial cancer, breast cancer and thrombotic episodes.6 Therefore,

revealing the molecular mechanisms of estrogen-mediated cardiovascular protec-

tion will help to explore the target(s) for the prevention and treatment of the CVD

complications in OSA patients without causing the long-term side effects of

estrogen.
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Chronic intermittent hypoxia (CIH), which is the major

pathophysiological characteristic of OSA, contributes to

the development of CVD through inducing oxidative

stress, aggravating systemic inflammation and increasing

endothelial cell apoptosis.7 A proteomic analysis of vas-

cular wall of male and female mice under CIH revealed

a sex difference in the expressions of inflammation-related

proteins, lipid metabolism-related proteins, and renin-

binding protein.8 Additionally, we previously found that

ovariectomized mice were more prone to the CIH-induced

vascular injury than the sham-operated ones, and also

observed that estradiol (E2) decreased IH-induced oxida-

tive stress and cell apoptosis in human umbilical vein

endothelial cells (HUVECs).9 However, the molecular

mechanisms of the protective effects of E2 on IH-

induced endothelial injury are still poorly understood.

Thus, in this study, we established an IH cell model and

performed an iTRAQ-based quantitative proteomics ana-

lysis to explore molecular mechanisms of the protective

effects of E2 on IH-induced endothelial injury.

Materials and Methods
IH Exposure and 17β-Estradiol Treatment

in HUVECs
HUVECs (ECV304) obtained from Blood Research

Institute (Shanghai, China) were cultured in Dulbecco’s

Modified Eagle’s medium (DMEM, Hyclone, USA) sup-

plied with 10% fetal bovine serum (FBS, Gibco, USA) in

a humidified incubator under 5% CO2 at 37°C. Cells used in

the study were from the same batch. The cells were divided

into the three groups: control group, IH group (cells were

exposed to IH), and IH+E2 group [cells were exposed to IH

with the treatment of 10−7mol/L 17β-estradiol (Sigma,

USA)]. KU-55933, which is a specific inhibitor for serine-

protein kinase ataxia telangiectasia mutated (ATM), was

purchased from MedChemExpress (MCE). After pre-

incubation with KU-55933 for 24 hrs, HUVECs were

added with E2 and exposed to IH for another 16 hrs. IH

exposure (1% O2 for 5 mins followed by 21% O2 for

5 mins, 6 cycles/h, and 16 hrs) was controlled by

a self-designed computer program.

Protein Digestion and iTRAQ Labeling
HUVECs were washed with PBS, harvested by SDT lysis

buffer. The concentration of total proteins was measured

by the bicinchoninic acid (BCA) kit (Thermo Scientific,

USA). iTRAQ labeling was performed according to the kit

protocol. For protein digestion, 330 μg of protein of each

sample was treated with 100 mM dithiothreitol (DTT), and

then the cysteine residues were blocked by adding 100 μl

0.05 M iodoacetamide (IAA) for 30 mins at room tempe-

rate under dark conditions. Then, the proteins were

digested with trypsin at 37°C for 16 hrs. The resultant

peptides mixture samples (50 μg for each sample) were

labeled using an iTRAQ Reagent-8plex Multiplex Kit

from Applied Biosystems (Thermo Fisher Scientific Inc.,

DE, USA). The iTRAQ-labeled peptide mixtures were

then pooled together and dried.

SCX Fractionation and LC-MS/MS

Analysis
The iTRAQ-labeled mixed peptides were fractionated

using strong cation exchange chromatography (SCX)

using the AKTA Purifier system (GE Healthcare) on

a polysulfoethyl column (PolyLCInc, Maryland, USA).

The collected 36 fractions were pooled to give a final

total of four fractions, and desalted on C18 Cartridges

(Sigma). The fractions were then analyzed using a Q

Exactive MS (Thermo Finnigan) equipped with Easy

nLC (Thermo Fisher Scientific Inc.). The peptide mixture

was reconstituted in Buffer A (0.1% formic acid), and was

loaded onto a C18 capillary column (2 cm x 100 μm, 5 μm,

Dionex, Thermo Fisher Scientific Inc., DE, USA), and

separated in a C18 capillary column (75 μm x 100 mm, 3

μm, Dionex, Thermo Fisher Scientific Inc., DE, USA) with

a linear gradient of Buffer B (80% acetonitrile and 0.1%

formic acid) at a flow rate of 250 nL/min. The gradient

was begun with 0–35% B for 100 mins, increased to 100%

B in the following 8 mins, and held on 100% B from 108

to 120 mins. MS data acquisition was performed using

nano-LC-MS/MS with a quadrupole-Orbitrap mass spec-

trometer (Q-Exactive; Thermo Fisher Scientific Inc.).

Protein identification and quantification were performed

using Mascot (version 2.2) and Proteome Discoverer

Version 1.4 software (Thermo Fisher Scientific Inc.)

against the UniProt human database. For protein identifi-

cation, the Mascot search parameters were set as pre-

viously described:10,11 type of search: MS/MS Ion

search; enzyme: trypsin; mass values: monoisotopic; max

missed cleavages: 2; fixed modifications: carbamido-

methyl (C), iTRAQ8plex (N-term), iTRAQ8plex (K); vari-

able modification: oxidation (M), iTRAQ8plex (Y);

peptide mass tolerance: ± 20 ppm; fragment mass toler-

ance: 0.1Da; protein mass: unrestricted; peptide false
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discovery rate (FDR) ≤1%. The average of the reporter ion

intensities for the two biological replicates was considered

for relative quantification. To identify differentially

expressed proteins, we performed Student’s t-test compar-

isons between the iTRAQ reporter ions’ intensities. The

protein was considered to be differentially expressed if

a p-value was less than 0.01 [the iTRAQ ratio (IH/control

or IH+E2/IH ) was <0.89 or >1.12].10,11

Bioinformatic Analysis
Gene Ontology (GO) term analysis and Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway

analysis of the differentially expressed proteins were per-

formed using the Annotation, Visualization, and Integrated

Discovery (DAVID) online tool (version 6.8).12,13 The

protein–protein interaction network of the proteins was

generated using Cytoscape (version 3.6.1) based on the

String database (version 10.5).14,15

Preparation of Cell Lysates and Western

Blotting
Cells were washed with PBS twice and were harvested with

whole-cell lysis buffer containing 10% SDS. The total pro-

tein concentrations of the lysates were measured by a Pierce

BCA protein assay kit (Thermo Fisher Scientific). Cell

lysates were boiled for 5 mins in 2 × Laemmli buffer, sepa-

rated on an 8% or 12% SDS-polyacrylamide gel, and trans-

ferred to a polyvinylidene fluoride membrane (Immobilon-P,

Millipore). Membranes were washed in Tris-buffered saline

containing 0.05% Tween 20 (TBS-T) and blocked for 1 hr at

room temperature in TBS-Twith 5% skimmilk or 5% bovine

serum albumin (BSA). The membranes were then incubated

overnight at 4°C with antibodies against ATM (1:1000, Cell

signaling technology, 2873), c-IAP1 (1:1000, Cell signaling

technology, 7065), caspase 3 (1:1000, Cell signaling technol-

ogy, 9662S) and β-tubulin (1:1000, Abcam, ab179513). The

membranes were washed with TBS-T and incubated with

secondary goat anti-rabbit IgG (1:2000, Merck Millipore,

401315) antibody for 1 hr at room temperature. The bound

antibodies were detected with an Immobilon Western kit

(Millipore, Billerica, USA), and the signals were visualized

using a chemiluminescence detection system (LAS-4000,

FUJIFILM).

Measurement of Cell Apoptosis
The apoptosis rate of HUVECs was analyzed by flow

cytometer (BD, USA) using Annexin V-FITC Apoptosis

Detection Kit (BD, USA) according to the manufacturer’s

protocol.

Statistical Analysis
Quantitative data are presented as mean ± SD. Comparison

among multiple groups was performed using one-way

ANOVA, followed by Tukey’s multiple comparison test

using GraphPad Prism 6.0 (GraphPad software, La Jolla,

CA, USA). A p-value less than 0.05 was considered sta-

tistically significant.

Results
Identification of Differentially Expressed

Proteins Between IH and IH+E2
We first identified 145 differentially expressed proteins

between control and IH group, 67 of which were up-

regulated and 78 were down-regulated in the IH group

(Table S1). The differentially expressed proteins were

cataloged according to biological process (BP), cellular

components (CC), and molecular functions (MF) by

Gene Ontology (GO) enrichment analysis (Figure 1). In

biological process, the enriched items included RNA spli-

cing (GO: 0008380), regulation of signal transduction by

p53 class mediator (GO: 1901796), cellular response to

vitamin D (GO: 0071305), regulation of catalytic activity

(GO: 0050790), and regulation of cellular response to heat

(GO: 1900034).

Then, we did the comparison between IH and IH+E2

group. A total of 185 differentially expressed proteins

were identified between IH and IH+E2 group, with 107

up-regulated and 78 down-regulated in the IH+E2 group

(Figure 2 and Table S2). The GO enrichment analysis

showed that in biological process, regulation of signal

transduction by p53 class mediator (GO: 1901796), DNA

methylation (GO: 0006306), regulation of cellular

response to heat (GO: 1900034), DNA damage checkpoint

(GO: 0000077), cell-cycle arrest (GO: 0007050) and nega-

tive regulation of apoptotic process (GO: 0043066) were

within the enriched items (Figure 3A). For cellular com-

ponents, the items of mitochondrion (GO: 0005829)

accounts for the largest portion of proteins followed by

cytosol (GO: 0005829) and nucleoplasm (GO: 0005654).

For molecular function, protein binding (GO: 0005515),

poly (A) RNA binding (GO: 0044822) and protein phos-

phatase binding (GO: 0019903) are the top three signifi-

cantly enriched items (Figure 3A).
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The differentially expressed proteins were mapped to

KEGG pathways by DAVID. The FOXO signaling path-

way, which is related to oxidative stress, DNA repair and

stress resistance,16 was identified (Figure 3B). Five cov-

ered proteins [serine-protein kinase ataxia telangiectasia

mutated (ATM), 5ʹ-AMP-activated protein kinase

(AMPK) subunit b-1, serine/threonine-protein kinase 4,

SMAD family member 2, and p38 MAPK] in FOXO

signaling pathway changed significantly in IH+E2 group

compared to IH group. Additionally, 18 proteins and four

proteins were enriched in the metabolic pathway and insu-

lin resistance pathway, respectively (Figure 3B).

The protein–protein interaction networks of differen-

tially expressed proteins were performed using the
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Figure 1 GO analysis of the differentially expressed proteins between IH-exposed HUVECs and the control group. The distribution bar charts of the biological processes

(GO-BP), cellular components (GO-CC), and molecular functions (GO-MF) are shown.
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STRING application (version 1.3.2) in Cytoscape soft-

ware. The network exhibited hubs containing proteins

related to cellular stress response including ATM, DNA

topoisomerase IIb (TOP2B), mammalian target of rapamy-

cin (mTOR) and histone-lysine N-methyltransferase

(EHMT1)17–20(Figure 4).

Identification of ATM and c-IAP1 as

Targets of Estradiol Under IH Exposure
We previously found that E2 suppressed oxidative stress

and decreased cell apoptosis in IH-exposed HUVECs.9 In

this study, a group of differentially expressed proteins

between the IH and IH+E2 group were involved in cellular

stress response (such as DNA damage and heat response)

based on functional analysis. Among those proteins, ATM,

which has functions of redox sensing17 and regulating

DNA damage repair pathway,21 was up-regulated in IH

+E2 compared to the IH group, which was validated by

Western blotting (Figure 5). Moreover, its downstream

target cellular inhibitor of apoptosis proteins, c-IAP1,22

which is encoded by BIRC2, was also increased by E2,

which was verified by Western blotting (Figure 5). The

previous study showed that IAPs inhibit the activity of the

terminal effector cell death protease, caspases-3.23 We also

observed that E2 decreased the level of cleaved caspase-3

in IH-exposed HUVECs (Figure 5). KU-55933, which is

a specific inhibitor for ATM, decreased the level of ATM,

increased the level the cleaved caspase-3, and promoted

cell apoptosis (Figure 6A and B). E2 suppressed cell

apoptosis in IH-exposed HUVECs, which was abolished

by KU-55933 (Figure 6C). These results indicated that E2

targets the ATM-c-IAP pathway to suppress IH-induced

cell apoptosis in HUVECs.

Discussion
In order to understand the molecular mechanisms of the

protective effects of E2 on IH-induced endothelial injury,

we compared the iTRAQ data between IH-exposed

HUVECs supplemented with and without E2. A total of

185 differentially expressed proteins were identified.

Functional analysis of the differentially expressed proteins

indicated that the vascular protective effects of E2 under

IH exposure may be linked to the regulation of cellular

stress response including DNA damage response.

CIH induces oxidative stress,9,24 and consequently

causes oxidative DNA damage and cytotoxicity, leading

to endothelial cell apoptosis. In the study, we exposed

HUVECs to 1% O2 for 5 mins followed by 5 mins at 21%

O2 in the gas phase (equivalent to 6 cycles/hr). Due to the

diffusion time to equilibrate gas concentrations across the

whole culture medium, it was unable to subject the cells to

the pathophysiological IH frequency in severe sleep

apnea,25 which could be a limitation of the settings for

in vitro IH exposure. Although the IH cycle rate was

below moderate-to-severe sleep apnea, we observed an

increase in malondialdehyde (MDA) level, a decrease in

superoxide dismutase (SOD) activity, and an increase in

the apoptotic rate in IH-exposed HUVECs in a previous

study,9 indicating that our cell model may mimic sleep

apnea to some extent. Consistently, we found that regula-

tion of signal transduction by p53 class mediator, which

regulates cell apoptotic process, was among the most

enriched biological process of the differential expressed

proteins between IH-exposed HUVECs and control group,

indicating that the cell apoptotic process was altered in IH-

exposed HUVECs.

E2 supplementation could suppress IH-induced oxida-

tive stress, decrease endothelial cell apoptosis, and thereby

prevent the vascular injury of CIH.9,26,27 In this study, we

noticed that the kinase ATM, which performs a redox-

sensing function, was upregulated by E2 treatment in

IH-exposed HUVECs. A previous study showed that in

cerebral endothelial cells subjected to oxygen-glucose

deprivation, knock-down of ATM accentuates mitochon-

drial DNA damage, and enhances death of cerebral

IH
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Figure 2 Differentially expressed proteins between IH-exposed HUVECs treated

with or without estradiol (E2). Proteins up-regulated (107 proteins) and down-

regulated (78 proteins) in IH-exposed HUVECs treated with estradiol (IH+E2) with

p < 0.01 are denoted by red and blue colored dots, respectively, while proteins do

not change significantly between IH and IH+E2 group are represented by grey dots.
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endothelial cells.22 Deficiency of one or two alleles of ATM

accelerates atherosclerosis in apoE−/− mice, indicating

a protective role of ATM in vascular diseases.28 ATM

regulates the reactive oxygen species (ROS) level through

activation of antioxidant enzymes including catalase, thior-

edoxin, SOD, and heme oxygenase-1 (HO-1),29,30 whereas

the absence of functional ATM leads to increased oxidative

stress and makes cells more susceptible to oxidative

damage.31 Moreover, as part of the stress response, ATM

regulates the expression of IAPs through alteration of

nuclear factor-kB (NF-kB) activity. Knock-down of ATM

reduces c-IAP2 expression, increases the activities of
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Figure 3 Functional annotation analysis of differentially expressed proteins between IH-exposed HUVECs treated with or without estradiol (E2). (A) GO analysis of the

differentially expressed proteins. The distribution bar charts of the biological processes (GO-BP), cellular components (GO-CC), and molecular functions (GO-MF) are

shown. (B) KEGG pathway analysis of the differentially expressed proteins.
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caspase-3 and -8, and accentuates cell death of cerebrovas-

cular endothelial cells.22 In the study, we observed that E2

increased c-IAP1 expression, decreased the level of cleaved

caspase-3 and suppressed IH-induced cell apoptosis in

HUVECs. The inhibition of ATM cancelled the anti-

apoptotic effect of E2. It can be assumed that upon the

stress condition induced by IH, E2 may exert anti-oxidant

and anti-apoptotic effects through increasing the expres-

sions of ATM and c-IAP1, and thereby show a protective

effect on IH-induced endothelial cell injury. The findings

provide clues that targeting the ATM-c-IAP1 pathway may

protect against endothelial cell injury in OSA. Both chlor-

oquine and resveratrol are able to promote ATM autopho-

sphorylation and activate ATM.28,32 Treatment of ATM+/+

apoE−/- mice with low-dose chloroquine decreases

blood pressure and attenuates atherosclerosis in an

ATM-dependent manner.28 Whether chloroquine or resver-

atrol could treat endothelial cell injury in OSA by activating

the ATM-c-IAP1 pathway will need further investigation in

IH-exposed cell and animal models.

Conclusion
In summary, we identified 185 differentially expressed pro-

teins between IH-exposed HUVECs treated with and without

E2. Functional analysis of the differentially expressed pro-

teins implied many aspects of the effects of E2, especially on

Figure 4 Protein–protein interaction network of the differentially expressed proteins between IH-exposed HUVECs treated with or without estradiol (E2). The protein–

protein interaction network exhibited hubs containing proteins related to cellular stress response including ataxia telangiectasia mutated (ATM), DNA topoisomerase IIb

(TOP2B), mammalian target of rapamycin (mTOR) and histone-lysine N-methyltransferase (EHMT1). The color and size of the nodes were set proportionally to the node

degree by Cytoscape. The higher was the node degree, the larger was the size and brighter was the color of the node.

ATM

c-IAP1

Caspase 3

Cleaved caspase 3

β-tubulin

Con
tro

l

IH IH
 + 

E2

Figure 5 Verification of protein expression levels of ATM and c-IAP1 in IH-exposed

HUVECs treated with or without estradiol (E2). E2 increased the levels of ATM and

c-IAP1, and decreased the level of cleaved caspase 3 in IH-exposed HUVECs.

Protein expression levels of ATM, c-IAP1 and downstream target, caspase 3, in IH-

exposed HUVECs treated with or without E2 were verified by Western blotting. β-
tubulin was used as an internal control.
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the regulation of cellular stress response including DNA

damage response, during IH exposure. Further, we identified

the ATM-c-IAP1 pathway as the potential target of E2. Thus,

E2 may protect against oxidative stress and endothelial

apoptosis through promoting the ATM-c-IAP1 pathway.

The findings facilitate the understanding of the molecular

mechanisms of E2 and provide valuable clues for the

exploration of the target(s) for the prevention and treatment

of the CVD complication in OSA patients.
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