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Role of IGFBP1 in the senescence of vascular endothelial cells
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Abstract. The senescence of vascular endothelial cells (ECs)
plays a critical role in aging-related cardiovascular diseases.
We previously reported the causal relation of Jaggedl in ECs
and the thickening of the arterial wall in aging mice. The aim
of the present study was to further investigate the correla-
tion between insulin-like growth factor-binding protein 1
(IGFBP1), one of the secretory proteins regulated by Jagged],
and the severity of coronary atherosclerosis and patient age,
as well as its effect on EC senescence. First, microarray
analysis was performed to screen the differentially expressed
genes regulated by Jaggedl in human coronary arterial ECs
(HCAEQ :). Inhibition of the Jaggedl expression using a
small interfering RNA knockdown method in HCAECs led
to the upregulation of 17 and the downregulation of 78 genes
by >3-fold, and IGFBP1 was confirmed to be a secretory
protein expressed by HCAECs and regulated by Jagged]l.
Subsequently, in 112 consecutively enrolled patients with acute
chest pain who underwent coronary angiography, the circu-
lating level of IGFBP1 was found to be positively correlated
with age (r=0.512, P<0.001) and Synergy between PCI with
TAXUS and Cardiac Surgery (SYNTAX) score (r=0.409,
P<0.001). Among age-comparable patients, the circulating
IGFBP1 level was found to be increased in patients with higher
SYNTAX scores. In cultured HCAECs, IGFBP1 was shown to
protect ECs against passage- or H,0,-induced senescence, and
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these protective effects of IGFBP1 may be partially reversed
by LY294002, a known Akt signaling inhibitor. Therefore, the
results of the present study suggested that, as a downstream
protein of Jaggedl, IGFBP1 was correlated with the severity
of coronary atherosclerosis in aging patients, and the increase
of circulating IGFBP1 levels with aging may be an adap-
tive response to counter HCAEC senescence through Akt
signaling.

Introduction

As an independent risk factor, aging contributes to cardiovas-
cular morbidity and mortality (1,2). The characteristic changes
of vascular aging include thickening and stiffness of the vessel
wall, which are considered to be largely due to the senescence
of vascular endothelial cells (ECs) (3,4). Senescent cells usually
exhibit a diminished proliferative potential; in particular, the
senescent state of cells is often accompanied with the secre-
tion of proteins that may promote the senescent phenotype and
adversely affect local tissue environment (5,6). It has demon-
strated that vascular ECs are crucial for maintaining vascular
homeostasis (7). ECs may affect adjacent smooth muscle
cells, and exert dominant regulatory effects on embryonic
vascularization and postnatal vascular remodeling (8,9). Thus,
EC senescence is a critical factor in aging-related vascular
disorders.

Notch signaling has attracted increasing attention due to
its key role in the regulation of events ranging from vascular
formation to vascular aging (10,11). During the development
of embryonic vasculature, the expression of Notch signaling
molecules, including Jaggedl and Notchl, determines the arte-
rial identity of the vessel (11). In postnatal artery remodeling,
members of the Jagged/Notch gene families are expressed in
injured arteries, which regulate cell phenotype via alterations
in cell-matrix and cell-cell interactions (12). Our previous
study demonstrated that conditional knockdown of Jaggedl
expression in EC caused thickening of the vessel wall in
mice (8). However, the underlying mechanism remains largely
unknown.

It has been established that human atherogenesis is initi-
ated during fetal development, although and the progression
into atherosclerosis usually takes decades. With aging, the
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incidence and severity of coronary artery atherosclerosis
increases (1,13). To further elucidate the role of Jaggedl in
aging-related vascular disorders, the differentially expressed
secretory protein genes regulated by Jaggedl in human
coronary arterial ECs (HCAECs) were screened. One
of the regulated secretory proteins, insulin-like growth
factor-binding protein 1 (IGFBP1), was identified as a factor of
interest. IGFBPI is a 30-kDa protein that has been implicated
in metabolic homeostasis. Higher IGFBP1 levels were previ-
ously found to be associated with lower metabolic risk (14). Its
impact on the progress of macro-vascular diseases in diabetes
attracted much attention (15); however, its role in aging-related
atherosclerosis in non-diabetes remains largely unknown. The
aim of the present study was to determine whether there is
a correlation between IGFBP1 with aging and the severity
of coronary artery diseases, and whether IGFBP1 exerts an
anti-senescence effect on cultured HCAECs.

Materials and methods

Patient enrollment and study design. A total of 112 patients
aged >18 years with clinically diagnosed acute coronary
syndrome according to current guidelines were consecutively
enrolled at Xingiao Hospital between July 2014 and July 2016.
Major exclusion criteria included the following: Diabetes or
impaired glucose tolerance, obesity, hypertension, dyslipid-
emia, infection, and impaired liver or renal function. Patients
with previous percutaneous coronary intervention or coronary
artery bypass grafting were also excluded. Of the 112 enrolled
subjects, the age of the patients ranged between 26 and
83 years old, and 66 cases (58.93%) were male. Patients aged
<65 years old were included in the young group (n=50, mean
age, 51.70+6.65 years) and patients aged >65 years old were
included in the old group (n=62, mean age, 69.11+5.69 years).
All the patients underwent coronary angiography (CAG)
according to standard techniques. Fasting peripheral venous
blood was collected from all patients for the IGFBP1 assay.
This study was approved by the Institutional Ethics Committee
of Xinqgiao Hospital (approval no. 2014044), and the investiga-
tion conformed to the principles outlined in the Declaration
of Helsinki. Written informed consent was obtained from all
enrolled subjects.

Assessment of the severity of coronary arterial lesions. The
severity of coronary artery stenosis was assessed by at least
two experienced interventional cardiologists. Critical coro-
nary artery disease (CAD) was defined as a segment with
=50% stenosis in any major epicardial artery or any important
branch of a major epicardial coronary artery. The severity of
CAD was assessed by the number of diseased vessels and the
value of the Synergy between PCI with TAXUS and Cardiac
Surgery (SYNTAX) score. The SYNTAX score was calcu-
lated using the online updated calculator version (http:/www.
syntaxscore.com), and each coronary lesion with a stenosis
diameter of 250% in vessels =1.5 mm in diameter was scored.
Patients were categorized as mild (scores <22) vs. moderate
and severe stenosis (scores =23).

Cell culture, transfection of small interfering RNA (siRNA)
and microarray analysis. HCAEC cultures were obtained
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from PromoCell GmbH. HCAECs were cultured in endo-
thelial growth medium (EGM, Lonza Group, Ltd.) with 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc.) and incubated at 37°C in a humidified atmosphere with
5% CO,, according to manufacturer's protocol. HCAEC of
passages 5-7 were transfected at 50% confluence with 20 nM
siRNA of Jaggedl (siJaggedl, Shanghai GenePharma Co.,
Ltd.) or with 20 nM control siRNA (siControl, Shanghai
GenePharma Co., Ltd.; Table SI) in Opti-MEM I Reduced
Serum Medium (Gibco; Thermo Fisher Scientific, Inc.), using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). After 4 h of transfection, the medium was replaced
with fresh complete media. The cells were maintained for
48 h before total RNA was extracted and analyzed with
Human Whole Genome OneArray V6.2 (HOA6.2; Phalanx
Biotech Group) by BGI Sequencing Co., Ltd. as previously
reported (16) HOA6.2 contains 32,679 DNA oligonucleotide
probes, and each probe is a 60-mer designed in the sense
direction. Among the probes, 31,741 correspond to the anno-
tated genes in RefSeq vSland Ensembl r65 database. Detailed
description of microarray procedures and whole genome gene
and probe lists are available from http://www.phalanxbiotech.
com/tech_support/general.php.

Cell senescence and proliferation assay. As previously
reported, in vitro endothelial culture may serve as a marker
for in vivo aging (17). Passaging may induce the senescence
of cultured ECs (18). Approximately 3 days were required for
the early passages of ECs (<6 passages) to reach confluence.
However, the majority of the cells became non-mitotic after
>10 passages (18). In our culture system, HCAECs of passage
5 (P5) were used as young and of passage 20 (P20) were used
as old cells for comparison. Briefly, HCAECs were inoculated
in 6-well plates (Corning, Inc.) in EGM with 10% FBS and
incubated at 37°C in a humidified atmosphere with 5% CO,.
After 24 h, the medium was changed with fresh serum-free
medium and cultured at 37°C for another 24 h. HCAECs were
then treated with H,O, (0, 100 ymol/l) for 4 h, followed by
treatment with IGFBP1 (0, 5, 50 and 100 ng/ml; RayBiotech)
or IGFBP1 plus LY294002 (10 gmol/1, Sigma Aldrich; Merck
KGaA) in EGM (Lonza Group, Ltd.) with 0.5% FBS (Gibco;
Thermo Fisher Scientific, Inc.) at 37°C for 48 h. Subsequently,
the HCAECs were harvested for cell senescence and prolifera-
tion assays. The senescence-associated 3-gal was determined
with a corresponding kit according to the manufacturer's
protocol (Sigma-Aldrich; Merck KGaA). The proliferation
assays were performed using a Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Inc.) and tritiated thymidine
(*H-TdR) incorporation (Shanghai Nuclear Institute) according
to the manufacturer's protocols, as previously described (9).

IGFBPI assay.The levels of circulating IGFBP1 in the enrolled
subjects, as well as in the culture supernatant of HCAECs,
were measured using ELISA. Briefly, ~3 ml of blood sample
was collected in a vacuum tube from each patient after an over-
night fast. The blood sample was allowed to clot for 30-60 min
at room temperature, and then each clotted sample was
centrifuged at 1,500 x g for 10 min at 4°C. The serum samples
were then frozen at -70°C until the concentration of IGFBPI
was measured. In HCAEC culture, following transfecting
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Figure 1. Knockdown of Jaggedl decreased the expression of IGFBP1 in HCAEC and in the supernatant. (A) Reverse transcription-quantitative polymerase
chain reaction analysis of the relative mRNA expression of Jaggedl and IGFBP1 in HCAEC 48 h after transfection with siJaggedl or siControl. One of two
independent experiments, each with three biological replicates, is shown. (B) Microarray screening of genes regulated by Jaggedl in HCAECs 48 h after trans-
fection with siJagged! or siControl. Red represented upregulation and green indicated downregulation. Representative images of two independent experiments,
each with two biological replicates. (C) Representative image of western blot detection of Jaggedl and IGFBPI protein in HCAEC 48 h after transfection with
siJaggedl or siControl. Quantification of western blot band density of (D) Jaggedl and (E) IGFBP1. One of two independent experiments, each with three
biological replicates, is shown. (F) Quantification of IGFBP1 protein by ELISA in the culture supernatant of HCAECs 48 h after transfection with siJaggedl
or siControl. One of two independent experiments, each with three biological replicates, is shown. For A, D, E and F, data are presented as the mean =+ standard
deviation; “"P<0.01. IGFBP1, insulin-like growth factor-binding protein 1; HCAECs, human coronary arterial endothelial cells; si, small interfering RNA.
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with Jaggedl siRNA or siControl, the ECs were cultured
with serum-free medium for 48 h and the supernatants were
collected and stored as described above. The levels of IGFBP1
(sensitivity: 5 pg/ml, cat. no. ELH-IGFBP1, RayBiotech) were
then assayed according to the manufacturer's instructions.
Data are expressed as units of ng/ml.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted from cultured
HCAECs with an RNAiso kit according to the manufacturer's
instruction (Takara Bio, Inc.). RT was performed using the
PrimeScript® RT reagent kit (Takara Bio, Inc.) and gPCR
was performed using the SYBR® Premix Ex Taq™ (Takara
Bio, Inc.) in a 7500 Fast Real Time PCR System (Applied
Biosystems; Thermo Fisher Scientific, Inc.) according to the
manufacturers' protocols, respectively. The reaction condition
for qPCR included two stages. Stage 1, Initial denaturation:
95°C for 30 sec; stage2, 95°C for 5 sec and 60°C for 34 sec
with 40 cycles. The specific primers of IGFBP1, Jaggedl and
GAPDH were designed by Fulengene (Table SIT). The 2-44¢4
method was used to determine the relative mRNA expression
of target genes after normalization to housekeeping gene
GAPDH as previously reported (19).

Western blot analysis. Whole-cell lysates were prepared
from cultured HCAECs with radioimmunoprecipitation assay
buffer (Santa Cruz Biotechnology, Inc.), and the lysates were
then separated via 10% SDS-PAGE, transferred to polyvi-
nylidene fluoride membranes, and probed with antibodies:
Rabbit anti-Jaggedl (1:1,000; cat. no. ab109536, Abcam),
rabbit anti-IGFBP1 (1:1,000; cat. no. ab181141; Abcam), rabbit
anti-Akt (1:1,000; cat. no. 4691, Cell Signaling Technology,
Inc.), rabbit anti phosphorylated (p)-Akt (1:1,000; cat. no. 4060,
Cell Signaling Technology, Inc.) and rabbit anti-Bactin (1:1,000;
cat. no. ab8227; Abcam) by standard procedures.

Statistical analysis. Statistical analysis was performed
using SPSS software, version 20.0 (IBM Corp.). Continuous
variables were summarized as mean * standard deviation
or medians and interquartile ranges, and all categorical
variables were expressed as proportions. Two groups were
compared with independent samples ¢ test. Datasets
containing three or more groups were first analyzed by
one-way ANOVA, and significance between any two
groups was further analyzed by post hoc test. For the post
hoc tests, the least significant difference test was used for
comparing three groups and a Bonferroni test was used for
comparing four groups. If all comparisons were compared
with the control group, the Dunnett's post hoc test was used.
Correlations between IGFBP1 level and severity of coronary
arterial lesions were assessed by calculating the Spearman's
correlation coefficients. P<0.05 was considered to indicate a
statistically significant difference.

Results

IGFBPI is a secretory protein regulated by Jaggedl in
HCAECs. siRNA-mediated knockdown demonstrated that
inhibition of Jaggedl expression (Fig. 1A) in HCAECs led to
the upregulation of 17 and the downregulation of 78 genes by
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Table I. Basic data of enrolled subjects.

Variables Total subjects (n=112)
Age, years 61.34+10.63
Male sex, n (%) 66 (58.93)
BMI, kg/m* 23.78+2.79
Cigarette smoking, n (%) 48 (42.86)
Blood pressure, n (%) 54 (48.21)
Systolic, mmHg 132.56+18.21
Diastolic, mmHg 76.59+11.34
Lipids 35 (31.25)
TC, mmol/l 4.19+0.98
TG, mmol/l 1.27 (0.96-1.48)
ApoB, g/l 0.77+0.21
HDL, mmol/l 1.10+0.28
LDL, mmol/l 2.55+0.71
Medications
Anti-platelets, n (%) 95 (84.82)
ACEIs or ARBs, n (%) 75 (66.96)
[-blockers, n (%) 76 (67.86)
Calcium channel blockers, n (%) 22 (19.64)
Statins, n (%) 95 (84.82)
Diuretics, n (%) 14 (12.50)
Coronary artery disease, n (%) 67 (59.82)
Multi-vessel lesions 41 (36.61)
Single-vessel lesions 26 (23.21)
Glucose, mmol/l 4.72+0.60

BNP, pg/ml
IGFBP1, ng/ml

28.95 (10.23-64.23)
11.85 (7.11-24.67)

BMI, body mass index; TC, total cholesterol; TG, total triglyceride;
ApoB, apolipoprotein B; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; ACEISs, angiotensin-converting enzyme inhibitors;
ARBs, angiotensin receptor blockers; BNP, brain natriuretic peptide;
IGFBP1, insulin-like growth factor-binding protein-1.

>3-fold (Fig. 1B). Among the downregulated genes, IGFBP1
encodes a secretory protein and has been reported to be associ-
ated with cardiovascular disease risk and formation of vascular
lesions (20,21). The downregulation of IGFBP1 mRNA
was further confirmed by the reduced protein expression of
IGFBPI, both in HCAECs (0.498+0.060 vs. 0.330+0.019;
P<0.01) and in the culture supernatant (197.93+20.81 pg/ml vs.
86.93+13.35 pg/ml; P<0.01) (Fig. 1C-F).

Circulating IGFBPI levels are positively correlated with
patient age. To elucidate the role of IGFBP1 in aging-related
coronary atherosclerosis, the association of circulating
IGFBP1 levels with age was first examined. The basic clinical
data of the enrolled subjects are shown in Table I. Of the
112 enrolled subjects, the circulating level of IGFBPI in the
old group [median, 15.41 ng/ml; interquartile range (IQR),
9.64-30.54 ng/ml] was higher compared with that in the young
group (median, 10.30 ng/ml; IQR, 5.14-14.25 ng/ml) (Table II;
Fig. 2A). The detected IGFBP1 level was positively correlated
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Table II. Basic clinical data of young and old patients.
Variables Young group (<65 years) (n=50) Old group (>65 years) (n=62) P-value
Age, years 51.70+6.65 69.11+5.69 <0.001
Male sex, n (%) 28 (56.00) 38 (61.29) 0.572
BMI, kg/m? 24.11£2.67 23.51+£2.89 0.257
Cigarette smoking, n (%) 22 (44.00) 26 (41.94) 0.826
Blood pressure, n (%) 22 (44.00) 32 (51.61) 0423
SBP, mmHg 131.58+18.13 133.35+18.39 0.610
DBP, mmHg 78.70+£11.90 74.89+10.67 0.077
Lipids 19 (38.00) 16 (25.81) 0.166
TC, mmol/l 4.37+1.06 4.04+0.88 0.069
TG, mmol/l 1.42 (1.04-1.97) 1.15 (0.91-1.49) 0.022
ApoB, g/l 0.81+0.24 0.73+£0.18 0.039
HDL, mmol/l 1.07+0.27 1.13+0.29 0.306
LDL, mmol/l 2.73+0.78 2.40+0.63 0.014
Medications
Antiplatelets, n (%) 42 (84.00) 53 (85.48) 0.828
ACEIs or ARBs, n (%) 32 (64.00) 43 (69.35) 0.549
[-blockers, n (%) 35 (70.00) 41 (66.13) 0.663
CCB, n (%) 9 (18.00) 13 (20.97) 0.694
Statins, n (%) 43 (86.00) 52 (83.87) 0.755
Diuretics, n (%) 4 (8.00) 10 (16.13) 0.196
Coronary artery disease, n (%) 28 (56.00) 39 (62.90) 0.459
Multi-vessel lesions, n (%) 13 (26.00) 28 (45.16) 0.036
Single-vessel lesions, n (%) 15 (30.00) 11 (17.74) 0.127
Glucose, mmol/l 4.68+0.56 4.75+0.64 0.599
BNP, pg/ml 19.05 (5.65-43.15) 42.05 (13.95-79.00) 0.006
IGFBPI (ng/ml) 10.30 (5.14-14.25) 15.41 (9.64-30.54) 0.001

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, total triglyceride; ApoB,
apolipoprotein B; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ACEIs, angiotensin-converting enzyme inhibitors; ARBs,
angiotensin receptor blockers; CCB, calcium channel blockers; BNP, brain natriuretic peptide; IGFBP1, insulin-like growth factor-binding

protein-1.

with the age of all enrolled subjects (r=0.505, P<0.001)
(Fig. 2B).

Association between IGFBPI level and aging-related coronary
atherosclerosis. We then investigated the associations between
the severity of coronary arterial lesions and circulating
IGFBPI1 levels in each age group. Of the 112 enrolled subjects,
67 (59.82%) were diagnosed by CAG with critical CAD and
45 cases (40.18%) with non-critical CAD (Table I). Among
patients with critical CAD, 28 cases (41.79%, data not shown)
were in the young group and 39 cases (58.21%, data not shown)
were in the old group (Fig. 3A, Table II). The incidence of
multi-vessel disease and SYNTAX score were significantly
higher in old critical CAD patients compared with those in
young critical CAD patients, suggesting a link between aging
and the severity of coronary arterial lesions (Fig. 3A and B).
In addition, among the 67 patients with critical CAD,
the circulating level of IGFBP1 was significantly higher
in patients with multi-vessel lesions (26.08 ng/ml; IQR,
11.63-42.26 ng/ml) compared with those with single-vessel

lesions (11.26 ng/ml; IQR, 7.01-16.13 ng/ml, P<0.01), and
IGFBP1 was positively correlated with SYNTAX score
(Fig. 3C and D). Consistently, the circulating level of IGFBP1
was positively correlated with age in critical CAD patients. In
particular, among age-comparable patients with critical CAD,
the circulating level of IGFBPI1 was increased in patients with
higher SYNTAX scores (Fig. 3E), suggesting a potential link
between circulating IGFBP1 level and aging-related severity
of coronary atherosclerosis.

IGFBPI protects HCAEC against senescence. To explore
the role of increased IGFBP1 level in aging-related coronary
arterial lesions, we further examined the effects of IGFBP1
on the senescence of HCAECs. P5 HCAECs were used as
young cells and P20 as old cells for comparison. We found
that very few [-gal-positive cells were present in the P5S EC
cultures, while a number of strongly [-gal-positive cells was
found in the P20 cultures. The ratio of p-gal-positive cells
was significantly higher among P20 cells compared with
that among P5 cells at baseline conditions (30.20+4.82% vs.
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Figure 2. Correlation of circulating IGFBP1 level with age. (A) IGFBP1 levels in the 112 enrolled subjects were assessed via ELISA. A total of 50 cases were
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significantly higher in the old group compared with that in the young group. (B) Correlation of age and circulating IGFBP1 level. The level of IGFBP1 was
positively correlated with age in all the enrolled patients. For IGFBP1, each sample was assayed in duplicate. Data are expressed as medians and interquartile
ranges. P<0.05 was considered statistically significant. IGFBP1, insulin-like growth factor-binding protein 1.
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multi-vessel disease was higher among the old critical CAD patients compared with that among the young critical CAD patients. (B) SYNTAX scores in young
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C, D and E, one of two independent experiments, each with three biological replicates, is shown. Data are presented as the mean + standard deviation, "P<0.05,
“P<0.01 vs. the control or as indicated. IGFBP1, insulin-like growth factor-binding protein 1; CCK-8, Cell Counting Kit-8; HCAECs, human coronary arterial
endothelial cells; OD, optical density; P35, passage 5; P20, passage 20; *H-TdR, tritiated thymidine.

5.40+2.07%, respectively; P<0.001) (Fig. 4A and B). These
findings suggested that P5 cells were in a relatively juvenile
status while P20 cells more senescent. Following treatment
with 50 ng/ml IGFBP1 for 48 h, the senescence among P5 cells
did not change (5.60+1.52% vs. 4.40+1.67%; P=0.269). Instead,
IGFBP1 significantly decreased the ratio of B-gal-positive cells
among P20 cells (29.60+5.27% vs. 12.80+3.35%; P<0.001)
(Fig.4A and B). H,0, is a potent senescence inducer. To further
understand the role of IGFBP1 in EC senescence and oxidative

stimulation in aging, we next examined the protective effects
of IGFBP1 against H,0,-induced senescence in P20 HCAECs.
Following incubation with 100 zmol/l of H,O, for 4 h, the ratio
of B-gal-positive cells increased significantly; however, the
ensuing treatment with IGFBP1 at 50 ng/ml for 48 h signifi-
cantly reversed this increase (84.60+6.15% vs. 44.00+4.30%;
P<0.001) in HCAECs (Fig. 4A and C). The senescent cells
often exhibit reduced proliferative potential. Consistent with
the anti-senescence effect of IGFBP1, we found that IGFBP1
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Figure 5. IGFBP1 regulates the senescence and proliferation of HCAECs through AKT signaling. (A) Western blot detection of AKT, p-AKT and p-actin in
HCAEC 48 h after treatment with IGFBP1 (0, 5, 50 and 100 ng/ml). (B) Western blot detection of AKT, p-AKT and -actin in HCAEC treated with IGFBP1
(50 ng/ml), or IGFBP1 (50 ng/ml) plus LY294002 (10 ymol/l) for 48 h. For A and B, left, representative images of western blots; right, quantification of
western blot band density. p-AKT expression was normalized to both AKT and f-actin, and the quantification of p-AKT/AKT is shown. (C) Representative
images of [3-gal staining of P20 HCAECs. HCAECs were treated with H,0, (100 xzmol/l) for 4 h, followed by treatment with IGFBP1 (50 ng/ml), or IGFBP1
(50 ng/ml) plus LY294002 (10 gmol/1) for 48 h. One of two independent experiments is shown. Scale bar, 50 ym. (D) Quantification of [3-gal-positive cells in
P20 HCAEC:s treated with IGFBPI1 (50 ng/ml), or IGFBP1 (50 ng/ml) plus LY294002 (10 gmol/l) for 48 h. (E) Quantification of 3-gal-positive cells in P20
HCAEC:s treated with H,0, (100 gmol/l) for 4 h, followed by treatment with IGFBP1 (50 ng/ml), or IGFBP1 (50 ng/ml) plus LY294002 (10 pzmol/l) for 48 h.
(F) Quantification of proliferation of P20 HCAECs treated with IGFBP1 (50 ng/ml), or IGFBP1 (50 ng/ml) plus LY294002 (10 xmol/l) for 48 h by a CCK-8
assay. (G) Quantification of proliferation by *H-TdR incorporation by P20 HCAECs treated with IGFBP1 (50 ng/ml), or IGFBP1 (50 ng/ml) plus LY294002
(10 ymol/1) for 48 h. For A, B, D, E, F and G, one of two independent experiments, each with three biological replicates, is shown. Data are presented as the
mean + standard deviation. "P<0.05, “P<0.01. AKT, protein kinase B; IGFBPI, insulin-like growth factor-binding protein 1; CCK-8, Cell Counting Kit-8;
HCAECs, human coronary arterial endothelial cells; OD, optical density; p, phosphorylated; P5, passage 5; P20, passage 20; *H-TdR, tritiated thymidine;
SA-B-gal, senescence-associated [3-gal.
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also promoted the proliferation of HCAECsS in a concentra-
tion-dependent manner, as confirmed in the assays for CCK-8
and *H-TdR incorporation (Fig. 4D and E).

Inhibition of Akt signaling reverses the protective effects of
IGFBPI on the senescence of HCAECs. Akt signaling regulates
the senescence and proliferation of ECs. We further studied
the role of Akt signaling in IGFBP1-regulated senescence and
the proliferation of HCAECs. We observed that IGFBP1 did
not affect the total level of Akt protein in HCAECs. IGFBP1
did not significantly affect the amount of phosphorylated Akt
(p-Akt) in the 5 ng/ml group when compared with the control
group (0 ng/ml). However, p-Akt levels were significantly
upregulated in the 50 and 100 ng/ml groups in a concentra-
tion-dependent manner (Fig. SA). The upregulation of p-Akt
by IGFBPI1 was blocked by LY294002 (10 gmol/l), a known
Akt inhibitor (Fig. 5B). In accordance with this observation,
LY294002 intervention also reversed the protective effects of
IGFBP1 at baseline and H,0,-induced conditions, as shown by
the number of (3-gal-positive senescent cells (Fig. 5C-E), and
CCK-8 viability (Fig. 5F) and *H-TdR incorporation (Fig. 5G)
assays of cultured HCAECs.

Discussion

Recent investigations have revealed a potential link between
Notch signaling and aging (22,23). We have previously
reported that the expression of Jaggedl decreased in the endo-
thelium of aging mice, and conditional knockdown of Jagged1
expression in the endothelium caused thickening of the vessel
wall in young mice, indicating a critical role of Jaggedl in
aging-related vascular changes (8). However, it remains largely
unknown how Jaggedl mediates these aging-related vascular
changes. In the present study, we found that knockdown of
Jaggedl altered the secretory function of HCAEC. By using
microarray and protein expression analyses, we identified
IGFBP1 as one of the secretory proteins regulated by Jagged].

IGFBP1 belongs to the IGFBP family, which comprises six
structurally similar proteins with high affinity to IGFs, namely
IGFBP1 through IGFBP6. IGFBP1 modulates IGF bioactivity
throughits high-affinity binding and has been implicated in both
metabolic homeostasis and cell growth (14,15). Low concen-
trations of IGFBP1 are associated with insulin resistance and
diabetes (20,21). In patients with diabetes, IGFBP1 levels are
inversely correlated with cardiovascular disease risk, carotid
artery intima thickening and macrovascular diseases (24-27).
In other cases, IGFBP1 has been observed to regulate cellular
actions independently of IGFs (28). The circulating level of
IGFBP1 was previously reported to be associated with age and
cardiovascular prognosis (29-31). However, its role in aging
CAD patients without diabetes and insulin resistance has not
been extensively investigated. Therefore, in the present study,
we consecutively enrolled 112 patients who were scheduled for
CAG for clinically diagnosed CAD. Consistently with previous
reports (30-32), we found that circulating IGFBP1 level was
positively correlated with age among the tested patients, and
IGFBP1 levels were higher among older patients.

The severity of coronary atherosclerosis is a key factor
affecting the outcome of CAD. Currently, the severity and
complexity of the obstructive coronary lesions in the clinic are

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 44: 1921-1931, 2019

1929

often aggravated by the number of diseased vessels, as well as
by various scoring systems (33). SYNTAX score is one of the
quantitative tools used to measure the complexity of coronary
artery lesions, as well as to guide optimal revascularization
therapy in the clinic (34). Of the 112 enrolled subjects, 67 cases
(59.82%) were confirmed as critical CAD. Among the critical
CAD patients, we found that both the incidence of multi-vessel
disease and the SYNTAX scores were higher among older
patients, indicating that aging is an important factor affecting
the development of coronary artery lesions. We also found
that the circulating IGFBP1 level was higher in patients with
multi-vessel disease compared with those with single-vessel
diseases. Moreover, the circulating IGFBP1 level was posi-
tively correlated with SYNTAX scores. In particular, [IGFBP1
was higher in patients with higher SYNTAX scores among
the age-comparable CAD patients. CAG is currently a widely
used invasive procedure in the diagnosis of CAD. Screening
and identification of CAD patients by non-invasive biomarkers
prior to a devastating clinical presentation warrants intensive
research (35,36). The data of the present study indicate a poten-
tial association between the elevation of serum IGFBP1 levels,
and the severity and complexity of coronary atherosclerosis.

To date, the role of IGFBP1 in cardiovascular prognosis
remains controversial. Studies by Rajwani et al (37) and
Borai et al (38) demonstrated that increased IGFBP1 level
protected against atherosclerosis and a low level of IGFBP1
may be a marker of coronary disease risk. Wang et al (39)
reported that increased levels of IGFBP1 were detected
in human carotid plaques, which may play a role in fibro-
proliferative processes and contribute to plaque stability.
However, in other cases, there were evidence suggesting
that an increased level of IGFBPI1 is usually associated
with the release of inflammatory factors, and is correlated
with poor prognosis and high mortality rate (31,32,34).
To confirm the role of IGFBPI in aging-related coronary
atherosclerosis, we examined the effects of IGFBP1 on the
senescence of HCAEC. IGFBPI1 treatment significantly
reduced both the passage- and H,0,-induced senescence
of HCAEC. This anti-senescence effect of IGFBP1 was
blocked by LY294002 through inhibiting the phosphoryla-
tion of Akt in HCAECs. Consistent with its anti-senescence
effects, IGFBP1 promoted the proliferation of HCAECs
in a concentration-dependent manner. These data suggest
that the anti-senescence effects of IGFBP1 were mediated
through Akt signaling. Vascular ECs serve a key role in the
regulation of vascular remodeling and homeostasis (40).
The data of the present study indicate that IGFBP1 plays a
crucial protective role in aging-related vascular remodeling.
As a natural adaptive measure, the elevation of IGFBP1 may
boost EC regeneration in order to counter the development
of obstructive coronary artery lesions. However, the final
outcome may depend on the interactions between protective
and adverse factors.

The major limitation of the present study was the rela-
tively small sample of enrolled subjects. A larger randomized
sample across the gender and age range may be more defini-
tive. Long-term follow-up of the changing pattern of IGFBPI,
as well as its threshold, in the assessment of coronary artery
lesions among individual subjects with different ages warrants
further investigation.


https://www.spandidos-publications.com/10.3892/ijmm.2019.4338
https://www.spandidos-publications.com/10.3892/ijmm.2019.4338

1930

It has been established that aging is an independent risk
factor for atherosclerosis (1,41); however, how aging causes
vascular lesions remains largely unknown. We observed that,
as a Jaggedl-regulated secretory protein by EC, the circulating
level of IGFBP1 was positively correlated with age and the
severity of coronary atherosclerosis. Parallel to these findings,
we demonstrated that IGFBP1 protected EC against passage-
and H,0,-induced senescence via Akt signaling in cell culture
studies. Based on these observations, it appears that IGFBP1
may play a protective role against aging-related vascular
disorders, and it may prove to be a promising biomarker and
intervention target.
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