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Abstract. Oxidized low‑density lipoprotein (ox‑LDL)‑induced 
endothelial cell (EC) injury is a risk factor for atherosclerosis. 
Therefore, the present study aimed to investigate the effects of 
insulin‑receptor substrate 1 (IRS‑1) on injury to ox‑LDL‑exposed 
ECs. For this purpose, thoracic aorta tissues were isolated from 
rats and cultured to obtain ECs, which were then identified 
using immunohistochemical staining. IRS‑1 overexpression 
plasmid (pcDNA3.1‑IRS‑1) and IRS‑1‑small interfering RNA 
were synthesized and transfected into ECs pre‑exposed to 
ox‑LDL. MTT and TUNEL assays were performed to evaluate 
the cell proliferative activity and apoptosis. Intracellular reac-
tive oxygen species (ROS) production was determined by a flow 
cytometry assay. Reverse transcription‑quantitative PCR was 
conducted to measure the peroxisome proliferator‑activated 
receptor gamma co‑activator 1 alpha (Ppargcla), phosphoenol-
pyruvate carboxykinase 1 (Pck1) and glucose‑6‑phosphatase 
catalytic subunit (G6pc) gene transcription levels. Western 
blot analysis was then performed to determine the IRS‑1, 
forkhead box O1 (FoxO1), phosphorylated (p‑)FoxO1, 78‑kDa 
glucose‑regulated protein (GRP78), p‑eukaryotic translation 
initiation factor 2A (eIF2α), CHOP, Akt and p‑Akt expression 
levels. Immunofluorescence staining was used to evaluate 
p‑FoxO1 nuclear localization. The results indicated that IRS‑1 
significantly enhanced the proliferative activity, whereas it 
inhibited the apoptosis of ECs in a model of ox‑LDL‑induced 
atherosclerosis compared with ECs without IRS‑1 treatment 
(P<0.05). IRS‑1 significantly decreased the p‑FoxO1/FoxO1 
ratio compared with ECs without ox‑LDL treatment (P<0.05). 
IRS‑1 significantly downregulated the expression of ER stress 
biomarkers, including GRP78, CHOP and the p‑eIF2α/eIF2α 

ratio in ox‑LDL‑exposed ECs compared with ECs without 
ISR‑1 treatment (P<0.05). IRS‑1 significantly reduced the 
intracellular ROS levels in the EC models of ox‑LDL‑induced 
atherosclerosis compared with ECs without IRS‑1 treatment 
(P<0.05). Moreover, IRS‑1 promoted the phosphorylation of 
Akt in the EC models of ox‑LDL‑induced atherosclerosis. 
IRS‑1 also significantly suppressed the transcription of athero-
sclerosis‑associated genes in ox‑LDL‑exposed ECs compared 
with ECs without IRS‑1 treatment (P<0.05). Furthermore, 
IRS‑1 significantly increased the cytoplasmic localization of 
p‑FoxO1 in EC models of ox‑LDL‑induced atherosclerosis. 
On the whole, the findings of the present study demonstrate 
that IRS‑1 exerts protective effects in an EC model of 
ox‑LDL‑induced atherosclerosis by inhibiting ER stress/oxida-
tive stress‑mediated apoptosis and activating the Akt/FoxO1 
signaling pathway.

Introduction

Based on the 2015 report from the World Health Organization, 
cardiovascular disorders, as a serious health concern, has 
become a common cause of mortality worldwide (1). In China, 
consistent with the global trend, cardiovascular disorder cases 
are increasing annually  (2). Atherosclerosis, as a common 
risk factor for cardiovascular disease, is considered to be a 
type of chronic lipid‑triggered vessel‑wall inflammation (3). 
Atherosclerosis has also been revealed to be an important cause 
of mortality and morbidity in industrialized countries (4).

The onset of atherosclerosis is mainly induced by dysfunc-
tion and leukocytes of endothelial cell (EC) dysfunction and 
leukocyte infiltration (5). Therefore, injury to ECs is commonly 
considered an initial event in the development and progres-
sion of atherosclerosis (4). The deposition or accumulation 
of modified‑lipoproteins within the artery wall can enhance 
endothelial permeability and induce the apoptosis of ECs 
indirectly (6). Moreover, previous studies (7,8) have reported 
that oxidized low‑density lipoprotein (ox‑LDL)‑triggered 
oxidative injury is a critical risk factor for the damage or injury 
to ECs, resulting in the formation of atherosclerotic plaques. 
Clinically, the application of statins has exhibited greater effi-
cacy in numerous patients with cardiovascular diseases, but 
has also led to certain side‑effects (9).
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Apoptosis, as a form of programmed cell death, is mainly 
characterized by the energy‑dependent biochemical functions 
and the distinct morphological characteristics (10). Apoptosis 
has been proven as a critical component for various processes, 
such as the development and functions of the immune system, 
normal cell turnover, embryonic development and cell 
death (10). In addition, apoptosis has been implicated in a 
series of pathological and/or physiological progressions, such 
as inflammation, oxidative stress and immune responses in 
several disorders (11). Previous studies have demonstrated that 
the induction of apoptosis is a promising therapeutic target 
for treating atherosclerosis  (3,12). Another study  (13) also 
revealed that endoplasmic reticulum (ER) stress may lead to 
apoptosis and may be involved in ox‑LDL‑induced damage to 
ECs. Therefore, the inhibition of ER stress‑associated apop-
tosis may be a potential strategy with which to protect ECs 
against damage caused by ox‑LDL stimulation.

Insulin receptor substrate 1 (IRS‑1), as an insulin‑receptor 
tyrosine kinase ligand, plays important roles in the progression 
of coronary artery disorder and type‑2 diabetes mellitus (14). 
A previous study (15) demonstrated that the IRS‑1‑associated 
signaling pathway in the endothelium can prevent the dysfunc-
tion of ECs and may participate in the pathological processes 
of diabetes and cardiovascular diseases. Moreover, it has been 
demonstrated that IRS‑1 plays a crucial role in atheroscle-
rosis (15‑17); however, the potential mechanisms have yet to 
be fully elucidated. Forkhead box O1 (FoxO1) is commonly 
overexpressed in atherosclerotic plaques and participates 
in a series of atherogenic signaling pathways in ECs  (18). 
Therefore, FoxO1 may be a potential therapeutic target for the 
treatment of atherosclerosis (19).

Based on the aforementioned findings, it was hypoth-
esized that IRS‑1 may prevent ox‑LDL‑induced injury to 
ECs by modulating apoptosis and regulating molecules in the 
FoxO1 signaling pathway. Therefore, the aims of the present 
study were to investigate the effects of IRS‑1 expression on 
ox‑LDL‑induced damage to ECs and EC apoptosis, as well as 
to identify the potential underlying mechanisms.

Materials and methods

Animals and primary culture of ECs. Sprague‑Dawley rats 
(weighing 200‑220 g) were purchased from the Laboratory 
Animal Center of Third Military Medical University, and 
were used for isolating thoracic aortas and culturing the ECs. 
The rats were anaesthetized via an intraperitoneal injection of 
50 mg/kg body weight pentobarbital, and the thoracic aortas 
were then isolated. The rats were finally euthanized by an intra-
peritoneal injection of 120 mg/kg body weight pentobarbital. 
The chest of the rats was opened to expose the thoracic aorta, 
which was rapidly removed and placed into D‑Hanks medium 
(Gibco; Thermo Fisher Scientific, Inc.; Fig. 1A). After washing 
3 times with D‑Hanks solution, the thoracic aorta tissues were 
cut into small sections (~1 mm3). The tissue sections were 
placed into 12‑well plates containing 10% FBS (ZSGB Bio, 
Inc.) and cultured for 2 h at 37˚C with 5% CO2. The tissue 
sections were then cultured in DMEM containing 20% FBS 
(Gibco; Thermo Fisher Scientific, Inc.) for 48 h to separate the 
cells from the tissues. The cells were digested using 0.25% 
trypsin (Beyotime Institute of Biotechnology) supplemented 

with 0.02% EDTA, cultured for 24 h and passaged for 2‑3 
generations for use in the following experiments (Fig. 1B). For 
the remaining rats following all of the experiments, the rats 
were subjected to euthanasia by an intraperitoneal injection of 
120 mg/kg body weight pentobarbital.

All animal experiments procedures were approved by 
the IACUC of Daping Hospital, Army Medical University, 
and complied with the guidelines for the Care and Use of 
Laboratory Animals.

Identification of ECs. For the isolated and cultured cells, 
immunohistochemical staining was conducted to identify ECs, 
according to a previously described method (20). The afore-
mentioned cultured cells were fixed with 4% paraformaldehyde 
(Sangon Biotech. Co., Ltd.) for 10 min, rinsed in PBS (ZSGB 
Bio, Inc.) and then fixed using methanol for 5 min. The cells 
were treated with 0.1% Triton‑X 100 for 5 min and incubated 
with rabbit anti‑rat factor VIII polyclonal antibody (1:2,000; 
cat. no. ab236284; Abcam) overnight at 4˚C. The cells were 
then washed with PBS and treated with horseradish peroxidase 
(HRP)‑labeled goat anti‑rabbit IgG (1:1,000; cat. no. ab6721; 
Abcam) in the dark for 1 h at room temperature. The stained 
images were viewed and captured under a classic light micro-
scope (model, DMI3000; Leica Microsystems GmbH).

Synthesis and transfection of IRS‑1 overexpression plasmid 
and IRS‑1 small interfering RNA (siRNA). The complementary 
DNA (cDNA) sequence of IRS‑1 was synthesized depending 
on mRNAs extracted from the ECs by Western Biotech. The 
obtained IRS‑1 sequence was then sub‑cloned into the 
pcDNA3.1 vector (cat. no. V790‑20, Invitrogen; Thermo Fisher 
Scientific, Inc.), to generate the pcDNA3.1‑IRS‑1 plasmid 
(IRS‑1 group), which could overexpress IRS‑1. siRNA 
targeting IRS‑1 (accession no. NM_012969) was also synthe-
sized by Western Biotech. The siRNA sequences were as 
follows: Sense, 5'‑UCC​ACU​UGC​AUC​CAG​AAC​UCG​ 
GUU​UUG​GCC​ACU​GAC​UGA​CCG​AGU​UCU​AUG​CAA​GU 
G​GA‑3' and antisense, 5'‑AGG​UGA​ACG​UAG​GUC​UUG​
AGC​CAA​AAC​CGG​UGA​CUG​ACU​GGC​UCA​AUA​CGU​UCA​ 
CCU‑3'. Moreover, a negative control siRNA was synthesized 
with the following sequences: Sense, 5'‑CCT​GTC​AGT​TCC​
AGA​CTT​CGG​AAC​CCC​AGT​CAG​TGG​CCA​A‑3' and anti-
sense, 5'‑GGG​TTC​CGA​AGT​CTG​GAA​CTG​ACA​‑3'. The 
synthesized pcDNA3.1‑IRS‑1 plasmid and siIRS‑1 or control 
siRNA were transfected into ECs using Lipofectamine® 2000 
regent (cat.  no.  11668‑027; Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
Briefly, the ECs were adjusted to density of 1x105 cells/well in 
a 24‑well plate, and the plasmids were transfected when the 
cells achieved a cell confluence of 70-80%. The ECs were 
administrated with plasmids at dose of 1.2 µg/well and cultured 
for 4 h at 37˚C. The medium was then replaced with fresh 
medium and the ECs were cultured at 37˚C for a further 24 h. 
Finally, the ECs were collected for use in the following 
experiments.

Moreover, in preliminary experiments, the effects of 
ox‑LDL treatment on the transfection process were evaluated, 
the findings of which revealed that there were no marked effects 
of ox‑LDL treatment on transfection (data not shown). The 
transfection efficiency of the plasmids was also determined 
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by reverse transcription‑quantitative PCR (RT‑qPCR), which 
illustrated a high efficacy (data not shown).

Establishment of EC models of ox‑LDL‑induced 
atherosclerosis and trial grouping. The establishment of EC 
models of ox‑LDL‑induced atherosclerosis was conducted 
according to a previously described protocol  (21). The 
ECs were cultured in DMEM containing ox‑LDL (final 
concentration, 80 µg/ml), supplemented with 10% FBS and 1% 
streptomycin‑penicillin (Beyotime Institute of Biotechnology) 
for 24 h at 37˚C with 5% CO2. The cells in the EC model 
ox‑LDL‑induced atherosclerosis were divided into following 
groups: i) The negative control+ox‑LDL group (NC+ox‑LDL 
group); ii) The group of ECs exposed to ox‑LDL and transfected 
with the blank pcDNA3.1 plasmid (Vector+ox‑LDL group); 
iii) The group of ECs exposed to ox‑LDL and transfected with 
the pcDNA3.1‑IRS‑1 plasmid (IRS‑1+ox‑LDL group); and 
iv) The group of ECs exposed to ox‑LDL and transfected with 
siIRS‑1 (IRS‑1‑siRNA+ox‑LDL group). In order to compare 
these groups, ECs not exposed to ox‑LDL were also divided 
into the negative control group (NC group, transfected with 
the negative control siRNA sequence as described above), the 
Vector group, the IRS‑1 group and the IRS‑1‑siRNA group.

MTT assay. The proliferative activity of the ECs was evaluated 
using MTT assay. Pre‑treated ECs were cultured on 96‑well 
plates for 24 h and then incubated with MTT (Sigma‑Aldrich; 
Merck KGaA) at a final concentration of 5 mg/ml for 4 h. 
The supernatants of the cells were then discarded and the 
formed formazan crystals were dissolved with DMSO solution 
(150 µl; Amresco, Inc.). An ELISA reader at 490 nm was used 
to measure the absorbance of the 96‑well culture plates. The 
proliferative activity (the activity of cell proliferation) of the 

ECs was calculated as an optical value ratio of living cells vs. 
normal wells.

TUNEL analysis. The apoptosis of the ox‑LDL‑exposed and/or 
IRS‑1/IRS‑1‑siRNA‑transfected ECs was evaluated by TUNEL 
assay. TUNEL assay was conducted using a Roch In Situ Cell 
Death kit (cat. no. 11684795899; Roche Diagnostics, Inc.), 
according to the manufacturer's protocol. TUNEL‑positive 
cells were assigned as the levels of TUNEL‑positive staining 
cells vs. total cells from ≥10 random visual fields.

Measurement of intracellular reactive oxygen species (ROS) 
levels. The production of intracellular ROS was measured 
using a flow cytometry assay with an oxidation‑specific 
probe of 2,7‑dichlorofuorescin diacetate (DCFH‑DA), using 
a commercial ROS Assay Staining kit (BD Biosciences) 
according to the manufacturer's instructions. Cells were 
washed 3 times using PBS and stained with DCFH‑DA (10 µM) 
at 37˚C for 60 min. The produced neutrophil‑fluorescence 
from 10,000 cells was examined using a FACSCanto II flow 
cytometer (BD Biosciences). The fluorescence was measured 
and analyzed with a professional Cell‑Quest Software 
(version 3.3, BD Biosciences). The oxidative viability was 
assigned as P1 values.

RT‑qPCR. RT‑qPCR assay was conducted to measure the 
expression levels of proliferator‑activated receptor γ co‑acti-
vator 1 α (Ppargcla), phosphoenolpyruvate carboxykinase 1 
(Pck1) and glucose‑6‑phosphatase catalytic subunit (G6pc) 
in ox‑LDL‑exposed and/or IRS‑1/IRS‑1‑siRNA‑treated 
ECs. Total RNAs of ECs were extracted using TRIzol® 
reagent (Beyotime Institute of Biotechnology) and cDNA 
was synthesized using a Reverse‑Transcription kit (Western 

Figure 1. Illustration of the process for thoracic aorta isolation, and primary culture and identification. (A) Isolation process for thoracic aorta isolation. 
(B) Primary culture for isolated cells; magnification x400. (C) Identification for ECs by staining factor VIII; magnification, x400. ECs, endothelial cells. 
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Biotech) following the manufacturer's instructions. qPCR was 
conducted using a Eppendorf PCR device (Eppendorf) and a 
SYBR‑Green I PCR kit (Western Biotech). The following ther-
mocycling conditions were used: 35 cycles at 94˚C for 20 sec, 
60˚C for 30 sec and 72˚C for 30 sec. The specific primers for 
amplifying the aforementioned genes are presented in Table I. 
The 2‑ΔΔCq method was utilized to analyze the relative value of 
the RT‑qPCR data (22).

Western blot analysis. Proteins from ox‑LDL‑exposed 
and/or IRS‑1/IRS‑1‑siRNA transfected ECs were extracted 
using radioimmunoprecipitation assay (RIPA, Beyotime 
Institute of Biotechnology) and the protein concentrations of 
the extracted proteins were measured using a BCA Detection 
kit (Amersham; Cytiva). A total of 2 µg proteins (for each lane) 
in cell lysates were loaded and separated by 12% SDS‑PAGE 
(Sigma‑Aldrich; Merck KGaA) and then electro‑transferred 
onto PVDF membranes (Amersham; Cytiva). The membranes 
were then blocked with the 5% non‑fat dried milk in TBST 
solution at 37˚C for 1 h. Subsequently, the PVDF membranes 
were incubated with rabbit‑derived antibodies, including 
anti‑IRS‑1 (1:2,000; cat. no. ab52167), anti‑FoxO1 (1:2,000; 
cat. no. ab52857), anti‑phosphorylated (p‑)FoxO1 (1:1,000; 
phospho S256) (anti‑p‑FoxO1; 1:2,000; cat. no. ab131339), 
anti‑78‑kDa glucose‑regulated protein (GRP78; 1:1,000; 
cat.  no.  ab108615), anti‑p‑eukaryotic translation initiation 
factor 2A (eIF2α; phospho S51) (1:2,000; cat. no. ab32157), 
anti‑CHOP (1:2,000; cat. no. ab179823), anti‑Akt (1:1,000; 
cat.  no.  ab10693), anti‑p‑Akt (phospho S473) (1:1,000; 
cat. no. ab81283) and anti‑GAPDH (1:2,000; cat. no. ab9485) 
at  4˚C overnight. The aforementioned primary antibodies 
were obtained from Abcam. After washing 3  times with 
phosphate‑buffered solution Tween‑20 (PBST, Beyotime 
Institute of Biotechnology), the PVDF membranes were 
incubated with HRP‑conjugated goat anti‑rabbit IgG (1:1,000; 
cat. no. AQ132P; Sigma‑Aldrich; Merck KGaA) at 37˚C for 
2 h. The western blot bands were visualized with an Pierce 
ECL kit (cat. no. NCI4106; Thermo Fisher Scientific, Inc.), as 
described by the protocol of the manufacturer. For the quanti-
fication of visualized western blot images, protein expression 
was represented as the relative value of targeting protein 
bands normalized to the GAPDH control. For the quantifica-
tion of the western blot images, Labworks Analysis Software 
(version 4.5, UVP, Inc.) was used.

Immunofluorescence staining for p‑FoxO1 nuclear localization. 
The ECs were cultured in poly‑L‑lysine pre‑treated cover‑slips 
containing FBS‑free DMEM for starvation. The cells were 
then fixed using 4% paraformaldehyde (Sangon Biotech. Co., 
Ltd.) and stained using rabbit anti‑p‑FoxO1 antibody (1:1,000; 
cat.  no.  ab131339; Abcam) at  4˚C overnight, followed by 
incubation with goat anti‑rabbit IgG‑Alexa Fluor 647 antibody 
(1:1,000; cat.  no.  ab150083; Abcam) at  37˚C for 2  h. The 
stained coverslips were observed and analyzed with a TCS 
SP5 confocal‑laser scanning microscope (Leica Microsystems 
GmbH). The localization of p‑FoxO1 in the nucleus was 
evaluated using ImageJ Software 2.0 (National Institutes of 
Health) by analyzing the fluorescence intensity.

Statistical analysis. Data are presented as the means ± stan-
dard deviation (SD) and were analyzed using SPSS statistical 
software 20.0 (IBM Corp.). The differences among vari-
ables were analyzed using one‑way ANOVA followed by 
Tukey's post hoc test. All data were obtained from at least 
6 experiments or repeats. P<0.05 was considered to indicate a 
statistically significant difference.

Results

IRS‑1 enhances the proliferative ability of ECs in a model of 
ox‑LDL‑induced atherosclerosis. Following the successful 
isolation of thoracic aorta tissue (Fig. 1A) and the culture of 
isolated cells (Fig. 1B), factor VIII expression was examined 
to identify the ECs. The results of immunohistochemistry 
staining indicated that the primarily cultured cells positively 
expressed factor VIII (expressed both in the cytoplasm and 
cell nuclei) (Fig. 1C), which suggested that the cells were 
ECs. The results of MTT assay demonstrated that there 
were no significant differences in the proliferative activi-
ties of the ECs (without ox‑LDL exposure) among the NC, 
Vector and IRS‑1 groups at 24 h (Fig. 2A), 48 h (Fig. 2B) 
and 72 h (Fig. 2C; all P>0.05). However, the proliferative 
activities were markedly lower in the IRS‑1‑siRNA group 
compared to other groups without ox‑LDL exposure at 24 h 
(Fig.  2A), 48  h (Fig.  2B) and 72  h (P<0.05). Moreover, 
exposure to ox‑LDL significantly decreased the proliferative 
activities of the ECs compared with the ECs not exposed to 
ox‑LDL (Fig. 2; all P<0.05). In the ECs exposed to ox‑LDL, 
the proliferative activity in the IRS‑1+ox‑LDL group was 

Table I. Primer sequences used for the reverse transcription‑quantitative PCR assay.

Genes	 Sequence (5'‑3')	 Length (bp)

Ppargc1a	 Forward CAAGTATCTGACCACAAACGATG	 110
	 Reverse ACTGCGGTTGTGTATGGGAC	
Pck1	 Forward CAGACTCGCCCTATGTGGTG	 157
	 Reverse TTGCAGGCCCAGTTGTTG	
G6pC	 Forward GACTGTGGGCATCAATCTCCTC	 160 
	 Reverse GGTGACGGGGAACTGTTTTATC	
β‑actin	 Forward CCCATCTATGAGGGTTACGC	  150 
	 Reverse TTTAATGTCACGCACGATTTC
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significantly enhanced; however, it was significantly reduced 
in the IRS‑1‑siRNA+ox‑LDL group, compared with the 
Vector+ ox‑LDL group, at 24 h (Fig. 2A), 48 h (Fig. 2B) and 
72 h (Fig. 2C; all P>0.05).

IRS‑1 inhibits the apoptosis of ECs in the model of 
ox‑LDL‑induced atherosclerosis. To determine the apoptosis 
of ECs, a TUNEL assay was performed (Fig. 3A), and the 
results suggested that apoptotic rates of the ox‑LDL‑exposed 
ECs were significantly higher compared with those of the ECs 
without ox‑LDL exposure (Fig. 3B; all P<0.05). In addition, 
IRS‑1 overexpression significantly inhibited the cell apoptotic 
rates, while transfection with IRS‑1‑siRNA significantly 
enhanced apoptosis compared with the Vector group, both 
in the ox‑LDL‑exposed or in the ECs not exposed to ox‑LDL 
(Fig. 3B; both P<0.05).

IRS‑1 upregulates the phosphorylation of FoxO1 in ECs in a 
model of ox‑LDL‑induced atherosclerosis. Following trans-
fection of the ECs with the IRS‑1 plasmid or IRS‑1‑siRNA, 
western blot analysis was conducted to determine IRS‑1 
expression (Fig.  4A). It was found that IRS‑1 expression 
was significantly higher in the IRS‑1 group (P<0.05) and 
significantly lower in the IRS‑1‑siRNA group (P<0.05) 
compared with the Vector group (Fig. 4A). Furthermore, the 
p‑FoxO1/FoxO1 ratio reflects the phosphorylation of FoxO1 
protein; therefore, the p‑FoxO1/FoxO1 ratio was determined. 
The p‑FoxO1/FoxO1 ratio in the ECs was significantly 
increased in the IRS‑1 group (P<0.05) and significantly 
decreased in the IRS‑1‑siRNA group (P<0.05) compared with 
the Vector group (Fig. 4B). It was demonstrated that exposure 
to ox‑LDL significantly decreased the p‑FoxO1/FoxO1 ratio 
compared with the ECs not exposed to ox‑LDL (Fig. 4B; all 

Figure 2. Evaluation of the proliferative activity of ox‑LDL‑exposed and unexposed ECs undergoing IRS‑1/IRS‑1‑siRNA transfection. (A) Proliferative 
activity of ECs at 24 h. (B) Proliferative activity of ECs at 48 h. (C) Proliferative activity of ECs at 72 h. *P<0.05 vs. Vector group or Vector+ox‑LDL 
group; #P<0.05 vs. ECs without ox‑LDL treatment. NC, negative control group; ECs, endothelial cells; ox‑LDL, oxidized low‑density lipoprotein; IRS‑1, 
insulin‑receptor substrate 1. 



LIU et al:  PROTECTS AGAINST ox-LDL-INDUCED INJURY TO ECs1676

P<0.05). In addition, the p‑FoxO1/FoxO1 ratio was upregu-
lated in the IRS‑1+ox‑LDL group (P<0.05) and downregulated 
in the IRS‑1‑siRNA+ox‑LDL group (P<0.05) compared with 
the Vector+ox‑LDL group (Fig. 4B).

IRS‑1 downregulates the expression ER stress biomarkers 
in ECs in a model of ox‑LDL‑induced atherosclerosis. 
The levels of the ER stress biomarkers, including GRP78, 
CHOP and p‑eIF2α, were examined by western blot analysis 
(Fig. 5A). The results demonstrated that exposure to ox‑LDL 
significantly upregulated the expression levels of GRP78 
and CHOP (Fig. 5B) and increased the p‑eIF2α/eIF2α ratio 
(Fig. 5C) compared with the ECs not exposed to ox‑LDL 
(all P<0.05). Moreover, the expression levels of GRP78 and 
CHOP (Fig. 5B) and the p‑eIF2α/eIF2α ratio (Fig. 5C) were 
significantly lower in the IRS‑1+ox‑LDL group and higher 
in the IRS‑1‑siRNA+ox‑LDL group compared with the 
Vector+ox‑LDL group (all P<0.05).

IRS‑1 promotes the phosphorylation of Akt in ECs in a model 
of ox‑LDL‑induced atherosclerosis. Based on the effect of 
IRS‑1 on ROS production, the levels of the oxidative stress 

molecules, Akt and p‑Akt, were measured by western blot 
analysis (Fig. 5A). The results demonstrated that exposure to 
ox‑LDL significantly reduced the p‑Akt/Akt ratio compared 
with the ECs not exposed to ox‑LDL (Fig. 5D; all P<0.05). 
However, IRS‑1 overexpression significantly reversed the 
suppressive effects of ox‑LDL on the p‑Akt/Akt ratio (Fig. 5D; 
P<0.05), which suggested that IRS‑1 promoted the p‑Akt/Akt 
ratio. It was found that transfection with IRS‑1‑siRNA signifi-
cantly reduced the p‑Akt/Akt ratio in ox‑LDL‑exposed ECs, 
compared with the Vector+ox‑LDL group (Fig. 5D; P<0.05).

IRS‑1 reduces intracellular ROS levels in ECs in a model of 
ox‑LDL‑induced atherosclerosis. A flow cytometric assay 
(Fig. 6A) was conducted to determine ROS production in the 
EC model of ox‑LDL‑induced atherosclerosis. For the ECs not 
exposed to ox‑LDL, intracellular ROS production (P1 value) was 
significantly lower in the IRS‑1 group and significantly higher 
in the IRS‑1‑siRNA group compared with the Vector group 
(Fig. 6B; both P<0.05). The results also indicated that exposure 
to ox‑LDL significantly increased ROS production (P1 value) 
compared with the ECs not exposed to ox‑LDL (Fig. 6B; all 
P<0.05). In addition, the ox‑LDL‑induced upregulation of ROS 

Figure 3. TUNEL staining for the apoptosis of ox‑LDL‑exposed and unexposed ECs. (A) TUNEL staining images. Arrows represent the TUNEL positively 
stained cells. Magnification x400. (B) Statistical analysis of TUNEL‑positive staining in ECs. *P<0.05 vs. Vector group or Vector+ox‑LDL group; #P<0.05 
vs. ECs without ox‑LDL treatment. NC, negative control group; ECs, endothelial cells; ox‑LDL, oxidized low‑density lipoprotein; IRS‑1, insulin‑receptor 
substrate 1. 
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production (P1 value) was significantly suppressed following 
transfection with IRS‑1 plasmid (IRS‑1+ox‑LDL group) and 
was further significantly enhanced following transfection with 
IRS‑1‑siRNA (IRS‑1‑siRNA+ox‑LDL group) compared with 
the Vector+ox‑LDL group (Fig. 6B; both P<0.05).

IRS‑1 suppresses the transcription of atherosclerosis‑asso‑
ciated genes in ECs in a model of ox‑LDL‑induced 
atherosclerosis. The results of RT‑qPCR (Fig. 7) revealed that 
IRS‑1 overexpression significantly suppressed the transcrip-
tion of atherosclerosis‑associated genes, including Ppargcla, 
Pck1 and G6pC, compared with the Vector group, in both 
the ox‑LDL‑exposed or unexposed ECs (Fig. 7; all P<0.05). 
Furthermore, transfection with IRS‑1‑siRNA significantly 
increased the transcription levels of the Ppargcla, Pck1 
and G6pC genes, compared with both the Vector group and 
Vector+ox‑LDL group (Fig. 7; all P<0.05).

IRS‑1 increases the cytoplasmic localization of p‑FoxO1 
in ECs in a model of ox‑LDL‑induced atherosclerosis. In 

order to assess the cytoplasmic localization of p‑FoxO1 in 
ECs, immunofluorescence staining was conducted (Fig. 8A). 
The results indicated that exposure to ox‑LDL significantly 
inhibited the cytoplasmic localization of p‑FoxO1 compared 
with the ECs not exposed to ox‑LDL (Fig. 8B; all P<0.05). 
In addition, transfection with IRS‑1 plasmid (IRS‑1+ox‑LDL 
group) significantly increased the cytoplasmic localiza-
tion of p‑FoxO1 compared with tje Vector+ox‑LDL group 
(Fig. 8B; P<0.05). It was demonstrated that transfection with 
IRS‑1‑siRNA (IRS‑1‑siRNA+ox‑LDL group) significantly 
decreased the cytoplasmic localization of p‑FoxO1 compared 
with the Vector+ox‑LDL group (Fig. 8B; P<0.05).

Discussion

ox‑LDL‑induced injury to ECs can mimic the oxidative 
damage subjected to ECs, which is considered the initial 
process of atherosclerosis (23). IRS‑1, as an insulin‑receptor 
tyrosine kinase, modulates atherosclerosis and other cardio-
vascular diseases (14‑17). To the best of our knowledge, the 

Figure 4. IRS‑1 transfection significantly enhances the p‑FoxO1/FoxO1 ratio in both ox‑LDL‑exposed treated and unexposed ECs. (A) Western blot analysis 
and statistical analysis of IRS‑1 expression in ECs. (B) Western blot analysis and statistical analysis of FoxO1 and p‑FoxO1 expression in ECs. *P<0.05 vs. 
Vector group or Vector+ox‑LDL group; #P<0.05 vs. ECs without ox‑LDL exposure. NC, negative control group; ECs, endothelial cells; ox‑LDL, oxidized 
low‑density lipoprotein; IRS‑1, insulin‑receptor substrate 1. 
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present study was the first to investigate the protective effects 
of IRS‑1 in an ox‑LDL‑induced atherosclerosis EC model. 
The results demonstrated that IRS‑1 protected the ECs against 
injury by inhibiting oxidative stress and ER stress‑associated 
apoptosis.

Based on a previous study (24), ECs were pre‑transfected 
with IRS‑1 overexpression plasmid and IRS‑1‑siRNA, and 
subsequently stimulated using ox‑LDL at a concentration of 
80 µg/ml. Initially, the protective effects of IRS‑1 on ECs were 
determined by both MTT and TUNEL assays. The results 
indicated that IRS‑1 attenuated the ox‑LDL‑induced death and 
apoptosis of ECs, which suggested that IRS‑1 plays a cyto-
protective role in ox‑LDL‑induced injury to ECs. According 
to a previous study, the dysfunction of ECs can be triggered 
by ROS‑associated oxidative damage (25). Therefore, in the 
present study, intracellular ROS production was examined by 
flow cytometry, and the findings indicated that IRS‑1 overex-
pression significantly reduced intracellular ROS production in 

the EC model of ox‑LDL‑induced atherosclerosis. Thus, it was 
hypothesized that the antioxidant effets of IRS‑1 may serve 
a critical function in protecting ECs against ox‑LDL‑induced 
apoptosis.

In recent years, the function of ER stress‑mediated 
apoptosis in atherosclerosis pathological processes of athero-
sclerosis has been receiving increasing attention  (26,27). 
ER stress‑induced apoptosis mainly mediates a protective 
mechanism in response to intracellular stimuli (28). The find-
ings of the present study indicated that exposure to ox‑LDL 
significantly increased the expression levels of the ER stress 
biomarkers, GRP78, CHOP and the p‑eIF2α/eIF2α ratio, in 
ECs. However, ISR‑1 overexpression significantly decreased 
the expression levels of GRP78 and CHOP, and the ratio of 
p‑eIF2α/eIF2α in the ECs exposed to ox‑LDL. These results 
suggested that the mechanism responsible for the anti‑apop-
totic effects of ISR‑1 may involve the suppression of ER stress 
in ox‑LDL‑exposed ECs.

Figure 5. Measurements of the expression of ER stress‑associated molecules and Akt/p‑Akt expression in ox‑LDL‑exposed treated or unexposed ECs by 
western blot analysis. (A) Western blot analysis of Ak/p‑Akt expression and the ER stress‑associated molecules, GRP78, p‑eIF2α and CHOP. (B) Statistical 
analysis of GRP78 and CHOP expression levels. (C) Statistical analysis of the p‑eIF2α/eIF2α ratio. (D) Statistical analysis of the p‑Akt/Akt ratio. *P<0.05 vs. 
Vector group or Vector + ox‑LDL group; #P<0.05 vs. ECs without ox‑LDL treatment. NC, negative control group; ECs, endothelial cells; ox‑LDL, oxidized 
low‑density lipoprotein; IRS‑1, insulin‑receptor substrate 1; GRP78, 78‑kDa glucose‑regulated protein; p‑eIF2α, phosphorylated eukaryotic translation 
initiation factor 2α. 
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A recent study  (29) reported that FoxO1 was closely 
associated with ER stress‑induced apoptosis. Moreover, 
oxidative stress can induce the deacetylation of FoxO1 in 
ECs, which acts as a risk factor for atherosclerosis (18,30). 
Therefore, the present study examined FoxO1 expression in 
ox‑LDL‑exposed ECs, by determining both the FoxO1 and 
p‑FoxO1 expression levels and analyzing p‑FoxO1/FoxO1 
ratios (reflects the phosphorylation of FoxO1 protein). It 
was found that IRS‑1 promoted the phosphorylation of 
Akt (enhanced the p‑Fox/FoxO1 ratio) in an EC model 
of ox‑LDL‑induced atherosclerosis. Furthermore, IRS‑1 
increased the cytoplasmic localization of p‑FoxO1 in an EC 
model of ox‑LDL‑induced atherosclerosis. Therefore, it was 
indicated that IRS‑1 exerts its protective effects by activating 
FoxO1 and inhibiting ER stress‑mediated apoptosis by 
targeting the cytoplasmic localization of p‑FoxO1. The 
results of the present study are consistent with those of a 
previous study (19), which revealed that autophagy‑mediated 
apoptosis targeted nuclear FoxO1. Thus, based on the 
aforementioned results, FoxO1 maybe an important target 
that mediates IRS‑1‑induced protective effects against the 
apoptosis of ox‑LDL‑exposed ECs.

Based on a previous study (31), which demonstrated that 
the FoxO1 was suppressed by the phosphorylation of Akt and 
that oxidative stress was associated with Akt and p‑Akt, the 
present study examined the Akt and p‑Akt expression levels. 
The results demonstrated that IRS‑1 overexpression signifi-
cantly enhanced the phosphorylation of Akt (increased the 
ratio of p‑Akt/Akt), which suggested that the IRS‑1/Akt/FoxO1 
signaling pathway may play a role in the protective effects of 
IRS‑1 in ECs. Moreover, the atherosclerosis‑associated genes, 
including Ppargcla, Pck1 and G6pC were also measured in 
ox‑LDL‑exposed ECs. The results indicated that IRS‑1 over-
expression significantly suppressed the transcription of the 
aforementioned atherosclerosis‑associated genes, which also 
demonstrated that IRS‑1 overexpression protects ECs against 
injury in atherosclerosis models.

However, the present study also has a few limitations. Firstly, 
the specific localization or distribution of ECs biomarker factor 
VIII has not been clearly demonstrated at the cytoplasm or cell 
nuclei. Secondarily, fluorescence staining is also a method for 
identifying biomarkers for ECs, which has not been performed 
in the present study. Thirdly, there was also a limitation as 
regards the statistical analysis. Based on the design of the study, 

Figure 6. Intracellular ROS production in an EC model of ox‑LDL‑induced atherosclerosis. (A) Flow cytometric assay of intracellular ROS production. 
(B) Statistical analysis of intracellular ROS, presented as P1 values. *P<0.05 vs. Vector group or Vector+ox‑LDL group; #P<0.05 vs. ECs without ox‑LDL 
exposure. NC, negative control group; ECs, endothelial cells; ox‑LDL, oxidized low‑density lipoprotein; IRS‑1, insulin‑receptor substrate 1. 
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Figure 8. Cytoplasmic localization of p‑FoxO1 in an EC model of ox‑LDL‑induced atherosclerosis. (A) Flow cytometric assay of the cytoplasmic localization 
of p‑FoxO1 in ECs. Magnification, x400. (B) Statistical analysis of the cytoplasmic localization of p‑FoxO1 in ECs. *P<0.05 vs. Vector group or Vector+ox‑LDL 
group; #P<0.05 vs. ECs without ox‑LDL treatment. NC, negative control group; ECs, endothelial cells; ox‑LDL, oxidized low‑density lipoprotein; IRS‑1, 
insulin‑receptor substrate 1. 

Figure 7. Evaluation of transcription levels of atherosclerosis‑associated genes expression in ox‑LDL‑exposed treated or unexposed ECs, by RT‑qPCR. 
(A) Statistical analysis of the transcription of Ppargcla gene. (B) Statistical analysis of the transcription of Pck1 gene. (C) Statistical analysis of the 
transcription of G6pC gene. *P<0.05 vs. Vector group or Vector + ox‑LDL group; #P<0.05 vs. ECs without ox‑LDL exposure. NC, negative control group; 
ECs, endothelial cells; ox‑LDL, oxidized low‑density lipoprotein; IRS‑1, insulin‑receptor substrate 1. 
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a mixed design ANOVA may have been more appropriate for 
comparing the differences among different groups, as well as 
between ox‑LDL and no ox‑LDL exposure.

In conclusion, to the best of our knowledge the present 
study was the first to demonstrate the protective effects 
of IRS‑1 on ox‑LDL‑induced EC injury and identify its 
associated mechanisms. It was found that IRS‑1 exerted 
protective effects against the ox‑LDL‑induced injury to ECs 
by inhibiting ER stress‑mediated apoptosis and activating 
the IRS‑1/Akt/FoxO1 signaling pathway. Therefore, these 
findings indicated a novel function of IRS‑1 in improving the 
apoptotic process and enhancing the proliferative activity of 
ECs, which may prove to be a promising therapeutic approach 
against atherosclerosis.
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