
Research Article
Insulin Receptor Substrate p53 Ameliorates High-Glucose-
Induced Activation of NF-κB and Impaired Mobility of HUVECs

Fen Liu,1 Yubin Chen,2 Shi Zhao,1 Mei Li,1 Fanyan Luo ,2 and Can-e Tang 1

1The Institute of Medical Science Research, Xiangya Hospital, Central South University, Changsha, 410008 Hunan, China
2Department of Cardiac Surgery, Xiangya Hospital, Central South University, Changsha, 410008 Hunan, China

Correspondence should be addressed to Fanyan Luo; drlfy@csu.edu.cn and Can-e Tang; tangcane@csu.edu.cn

Received 23 August 2020; Revised 20 November 2020; Accepted 24 December 2020; Published 6 January 2021

Academic Editor: Madhan Subramanian

Copyright © 2021 Fen Liu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Diabetes-related macrovascular and microvascular complications lead to poor prognosis. Insulin receptor substrate p53 (IRSp53) is
known to act as a substrate for the insulin receptor tyrosine kinase, but its role in endothelial dysfunction remains unclear. Human
umbilical vein endothelial cells (HUVECs) treated with D-glucose at different concentrations and a streptozocin-induced rat
diabetes mellitus (DM) model were used to investigate the effects of hyperglycemia on the expression levels of IRSp53 and
galectin-3 (gal-3) and the inflammatory state and mobility of HUVECs. Thereafter, IRSp53-overexpressing HUVECs and
IRSp53-knockdown HUVECs were established using IRSp53-overexpressing lentivirus or IRSp53-siRNA to explore the role of
IRSp53 in the HUVEC inflammatory state and HUVEC mobility. D-glucose at high concentration (HG) and hyperglycemia
were found to induce downregulation of IRSp53 and upregulation of gal-3 in vitro and in vivo. Treatment with HG resulted in
activation of NF-κB in HUVECs and impaired HUVEC mobility. Insulin restored HG-induced changes in the expression levels
of IRSp53 and gal-3 in HUVECs and protected the cells from NF-κB activation and impaired mobility. Overexpression of
IRSp53 inhibited the activation of NF-κB in HUVECs and strengthened HUVEC migration. Knockdown of IRSp53 facilitated
the activation of NF-κB in HUVECs and decreased HUVEC migration. However, neither overexpression nor knockdown of
IRSp53 altered the effects of insulin on HG-induced detrimental changes in HUVECs. HG and hyperglycemia resulted in
downregulation of IRSp53 in vitro and in vivo. IRSp53 is concluded to inhibit the activation of NF-κB in HUVECs and to
strengthen HUVEC migration.

1. Introduction

The number of patients with diabetes mellitus (DM) is rap-
idly increasing due to modern lifestyle, gene susceptibility,
and aging [1]. Researchers have predicted a 4.4% prevalence
of DM worldwide by 2030 [2]. Diabetes-related macrovascu-
lar complications such as coronary atherosclerosis lead to
severe cardiac ischemia [3], and microvascular complications
such as retinopathy and nephropathy can result in blindness
and renal failure [4]. Endothelial dysfunction characterized
by vasodilation dysfunction, impaired endothelial cell migra-
tion capability, and proinflammatory changes in endothelial
cells composes the early stage of diabetes-related macrovas-
cular and microvascular complications [5]. Hyperglycemia
contributes to endothelial dysfunction [6], but the exact

mechanism underlying hyperglycemia-induced endothelial
dysfunction remains unknown.

Insulin receptor substrate p53 (IRSp53) is a crucial regu-
lator of membrane curvature, filopodium formation, and the
actin cytoskeleton in mammalian cells [7]. IRSp53 induces
the formation of dendritic spines in neurons [8], and down-
regulation of IRSp53 is associated with severe learning defi-
cits [9], autism [10], and schizophrenia [11]. Furthermore,
IRSp53 is important for the metastatic behavior of malignant
tumor cells [12] and can provoke growth and mobility of
cancer cells [13]. In addition to the formation of dendritic
spines in neurons and mobility enhancement of cancer cells,
Kaur et al. reported that IRSp53 interacted with cell division
cycle 42 (Cdc42), a guanosine triphosphate binding protein,
to induce the formation of filopodia and migration of endo-
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thelial cells [14] which is essential for homeostasis of the car-
diovascular system [15]. Whether IRSp53 plays a role in
hyperglycemia-induced endothelial dysfunction, however,
needs further exploration.

Galectin-3 (gal-3), a member of the galectin family, con-
tains two domains, namely, the C-terminal carbohydrate rec-
ognition domain and the N-terminal domain, and is
associated with a variety of diseases including cancer, inflam-
matory diseases, and DM [16]. In terms of cellular function,
gal-3 is involved in cell growth, differentiation, apoptosis,
and migration [17]. Yilmaz et al. reported that the expression
level of gal-3 in patients with DM was significantly higher
than that in patients with prediabetes or in patients without
DM [18]. Gal-3 was found to cause cellular and systemic
insulin resistance [19] and was independently associated
with nephropathy in patients with DM—the predominant
microvascular complication of DM [20]. However, it is not
clear whether a relationship exists between IRSp53 and gal-
3 in hyperglycemia-induced endothelial dysfunction.

In the present study, human umbilical vein endothelial
cells (HUVECs) treated with different concentrations of glu-
cose and a streptozocin-induced rat DM model were used to
investigate the role of IRSp53 in hyperglycemia-induced
endothelial dysfunction, the relationship between IRSp53
and gal-3, and the effect of insulin on hyperglycemia-
induced endothelial dysfunction.

2. Materials and Methods

2.1. Cell Culture, Treatment, and Transfection. HUVECs
were kindly provided by Professor Bai and cultured in Dul-
becco’s modified Eagle’s medium (DMEM, HyClone) con-
taining 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. HUVECs from passages 3 to 8 were used in
this study. The appropriate glucose concentration and treat-
ment time were determined by treating HUVECs with D-
glucose (G7021, Sigma-Aldrich) at the following concentra-
tions: 25mM D-glucose (normal glucose group (NG)),
40mMD-glucose (H1 group), 60mMD-glucose (H2 group),
and 80mM D-glucose (H3 group) for 24, 48, 72, and 96 h. In
addition, HUVECs were treated with 25mM D-glucose
+60mM mannitol to exclude the effect of the osmotic pres-
sure of 80mM D-glucose. In the following experiments,
HUVECs were treated for 96 h with D-glucose and/or insulin
(I0908, Sigma-Aldrich) at the following concentrations:
25mM D-glucose (normal glucose group (NG)), 60mM D-
glucose (high-glucose group (HG)), and 60mM D-glucose
+1.5μg/mL insulin (HG+INS group). HUVECs were trans-
fected with IRSp53-siRNA or IRSp53-overexpressing lentivi-
rus according to the manufacturers’ recommended
procedures. Descriptions of the IRSp53-siRNA- and
IRSp53-overexpressing lentiviruses appear in the Supple-
mentary Information (available here).

2.2. Establishment of a Streptozocin-Induced Rat DM Model.
All experimental procedures were conducted in accordance
with the guidelines of the Animal Welfare Committee of
Central South University. Sixteen male SD rats were pur-
chased from the Experimental Animal Department of Cen-

tral South University. The rats were randomly divided into
two groups: a normal control (NC) group (n = 6) and a DM
group (n = 10). To establish a streptozocin-induced rat DM
model, rats in the DM group were treated with a single intra-
peritoneal injection of streptozocin (STZ, S0130, Sigma-
Aldrich) at a concentration of 60mg/kg in citrate buffer
(pH4.5) after 12 h of food deprivation. Blood glucose levels
were determined at 3 days after injection of STZ using a gluc-
ometer (Accu-Chek, Roche). Rats with constant high blood
glucose concentrations of ≥16.7mmol/L for 3 consecutive
days were used in the study. Rats in the normal control group
were treated with a single intraperitoneal injection of citrate
buffer after 12 h of food deprivation.

2.3. Western Blotting. Rat aortas were homogenized in radio-
immunoprecipitation assay (RIPA) buffer (P0013B, Beyo-
time) containing 1% phenylmethylsulphonyl fluoride
(PMSF, ST506, Beyotime) using TissueLyser (Qiagen), and
HUVECs were lysed in RIPA buffer containing 1% PMSF.
The suspension of the aortas or HUVECs were centrifuged
at 12000 g at 4°C for 30min, and the supernatant was col-
lected. A bicinchoninic acid (BCA) assay (23227, Thermo
Fisher Scientific) was used to determine the protein concen-
tration of the supernatant. Then, 20μg protein was separated
on 10% Bis-Tris gels and transferred to polyvinylidene fluo-
ride (PVDF) membranes (IPVH00010, Millipore). The
membranes were blocked in 5% bovine serum albumin at
25°C for 120min and incubated overnight at 4°C with pri-
mary antibodies against the following proteins: β-actin
(1 : 5000 dilution, AF7018, Affinity Biosciences), IRSp53
(1 : 1000 dilution, ab126057, Abcam), gal-3 (1 : 1500 dilution,
ab2785, Abcam), nuclear factor kappa B (NF-κB, 1 : 1000
dilution, #6956, CST), and NF-κB inhibitor α (IκBα)
(1 : 1000 dilution; #4812, CST). Subsequently, the PVDF
membranes were incubated with corresponding horseradish
peroxidase- (HRP-) conjugated secondary antibodies
(1 : 8000 dilution, #S0001, #S0002, Affinity Biosciences) at
25°C for 90min and observed using an Enhanced Chemilu-
minescent Kit (p10100, NCMBiotech) on a ChemiDoc XRS
+ (Bio-Rad) tool. Relative expression levels of protein were
analyzed using Image Lab 3.0 software.

2.4. Immunofluorescence. Formalin-fixed, paraffin-
embedded aorta sections (4μm) were deparaffinized,
hydrated, and antigen retrieved. Sections were then incu-
bated with primary antibodies against CD31 (1 : 150 dilution,
GB12063, Servicebio) and IRSp53 (1 : 150 dilution, DF3853,
Affinity Biosciences) or gal-3 (1 : 150 dilution, PB9081, Boster
Biological Technology) overnight at 4°C. After washing
thrice with PBS, sections were incubated with Alexa Fluor
488 goat-anti-rabbit IgG H&L (1 : 600 dilution, ab150077,
Abcam) and Alexa Fluor 594 donkey-anti-mouse IgG H&L
(1 : 600 dilution, 715-585-150, Jackson Laboratories) at 25°C
for 40min. Then, sections were stained with 4′,6-diami-
dino-2-phenylindole (DAPI, 1 : 1000 dilution, 564907, BD
Pharmingen Inc.) at 25°C for 5min and washed thrice with
PBS. The images (20x magnification) were obtained using a
Vectra Polaris integrated automatic multispectral scanning
imaging system (Akoya Biosciences), and the images were
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analyzed using inForm software (Akoya Biosciences). The
area which expressed CD31 and IRSp53 or CD31 and gal-3
simultaneously in the intima of aorta was measured and the
colocalization ratios were calculated: CD31 − and IRSp53 −
positive area in intima of aorta/CD31 area in intima of aorta;
CD31 − and gal − 3 − positive area in intima of aorta/CD31
area in intima of aorta.

After treatment, the HUVECs were fixed using 4% para-
formaldehyde for 25min, permeated using 0.5% Triton X-
100 for 20min, and incubated with primary antibodies
against NF-κB (1 : 200 dilution, #6956, CST) overnight at
4°C. After washing thrice with PBS, the HUVECs were incu-
bated with Alexa Fluor 594 donkey-anti-mouse IgG H&L
(1 : 600 dilution, 715-585-150, Jackson Laboratories) at 25°C
for 40min. The HUVECs were washed thrice with PBS again,
stained with DAPI (1 : 1000 dilution; 564907, BD Pharmin-
gen) at 25°C for 5min, and then washed thrice with PBS once
again. Cellular immunofluorescence images were obtained by
microscopy (DM5000 B, Leica).

2.5. Scratch Assay.HUVECs (after different treatments) were
seeded in 6-well plates at 5 × 105 cells/well. Following cell
adherence, the surface of each well was carefully scratched
using 10μL pipette tips. The HUVECs were washed thrice
with PBS to remove cell debris and cultured in nonserum
DMEM. Scratch assay images were obtained using micros-
copy (DM5000 B, Leica) at 0 h and 48h after scratching.
Image-Pro Plus 6.0 software was used to analyze the blank
area of each image, and the migration rate was calculated as
follows: ðinitial blank area − blank area at 48 hÞ/initial blank
area:

2.6. Migration Assay. A 24-well modified Boyden chamber
(8μm, Corning) was used to investigate HUVEC mobility.
After different treatments, HUVECs were collected and
resuspended in nonserum DMEM. Approximately 5 × 104
cells in 200μL nonserum DMEM were seeded in the upper
chamber, and 600μL DMEM containing 10% FBS was added
to the lower chamber. The HUVECs were then incubated in a
37°C incubator for 48 h. Subsequently, cells on the upper
chamber were wiped away, and cells that had migrated to
the lower face were fixed using 4% paraformaldehyde for
25min and stained with crystal violet solution (C0121, Beyo-
time) for 5min. Migration assay images were acquired using
microscopy (Leica DM5000 B). The number of migrated cells
was counted in three random fields using Image-Pro Plus 6.0
software.

2.7. Statistical Analysis. Data are presented as the mean ±
standard deviation (SD). Data were compared by an
unpaired Student t-test or one-way analysis of variance
(ANOVA) using SPSS 19.00 software. Values of P < 0:05
were considered statistically significant.

3. Results

3.1. A High Concentration of D-Glucose Affected the
Expression Levels of IRSp53 and Gal-3 in HUVECs. To
explore the effect of a high concentration of D-glucose
(HG) on HUVECs, the cells were treated with D-glucose at

concentrations of 25mM (NG), 40mM (H1), 60mM (H2),
and 80mM (H3) for 96 h. The results of Western blotting
demonstrated that HUVECs treated with 60mM and
80mM D-glucose exhibited significant downregulation of
IRSp53 compared with HUVECs treated with 25mM D-
glucose and that the expression level of IRSp53 showed no
significant difference between treatments of 60mM and
80mM D-glucose (Figure 1(a)). Moreover, the expression
level of gal-3 was significantly upregulated in HUVECs
treated with 60mM and 80mM D-glucose compared with
that of HUVECs treated with 25mM D-glucose, and the
expression level of gal-3 showed no significant difference
between 60mM and 80mM D-glucose treatment
(Figure 1(a)). Thus, a glucose concentration of 60mM was
used in the subsequent experiments.

The results above indicate that HG affected the expres-
sion levels of IRSp53 and gal-3. The study continued to
explore the effect of a high D-glucose exposure time on cells.
HUVECs were treated with 60mM D-glucose for 24, 48, 72,
and 96 h. The results of Western blotting showed that the
expression level of IRSp53 was significantly downregulated
after treatment with 60mM D-glucose for 72 and 96h, while
the expression level of gal-3 was significantly increased after
treatment with 60mM D-glucose for 96h (Figure 1(b)).

High concentrations of D-glucose are accompanied by
high osmotic pressures. To exclude the effect of high osmotic
pressure on the HUVECs, the cells were treated with 60mM
mannitol, which has an equivalent osmotic pressure to
60mM D-glucose. The results of Western blotting suggested
that a high osmotic pressure did not significantly affect the
expression levels of IRSp53 or gal-3 in the HUVECs
(Figure 1(c)).

3.2. DM-Induced Changes in the Expression Levels of IRSp53
and Gal-3 in the Rat Aorta. A STZ-induced DM rat model
was established to further explore the effect of hyperglycemia
on the expression levels of IRSp53 and gal-3. Western blot-
ting demonstrated that the expression level of IRSp53 was
significantly decreased in the aortas of DM rats compared
with those of control rats, while the expression level of gal-
3 was significantly higher (Figure 2(a)). Then, cellular immu-
nofluorescence images of the aorta were obtained to deter-
mine the changes in the expression levels of IRSp53 and
gal-3 in the endothelial layer of the aorta. The results demon-
strated that the colocalization ratio of IRSp53 was signifi-
cantly decreased in DM rats compared with that of NC rats
(Figure 2(b)), while the colocalization ratio of gal-3 was sig-
nificantly increased in DM rats compared with that of NC
rats (Figure 2(c)). These results indicated that the expression
level of IRSp53 in the endothelial layer was much lower in
DM rats compared with that of NC rats and the expression
level of gal-3 in the endothelial layer was significantly greater
in DM rats than in NC rats.

3.3. Treatment with Insulin Restored HG-Induced Changes in
the Expression Levels of IRSp53 and Gal-3 of HUVECs.
HUVECs exposed to different concentrations of D-glucose
were treated with or without 1.5μg/mL insulin. Changes in
the expression levels of IRSp53 and gal-3 were determined
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by Western blotting, and the results suggested that insulin
could upregulate the expression level of IRSp53, which was
significantly decreased in the HUVECs exposed to HG while
downregulating the HG-induced upregulation of gal-3 in
HUVECs (Figure 3(a)).

3.4. The Role of IRSp53 in the Expression Level of Gal-3 and
Inflammatory State of HUVECs. To characterize the effects
of IRSp53 on HUVECs, IRSp53-overexpressing HUVECs
and IRSp53-knockdown HUVECs were established using
IRSp53-overexpressing lentivirus or IRSp53-siRNA.

HUVECs transfected with IRSp53-overexpressing lentivirus
exhibited significant upregulation of IRSp53, while HUVECs
transfected with IRSp53-siRNA showed significant IRSp53
downregulation (Figure 4(a)). The expression level of gal-3
was significantly increased in IRSp53-knockdown HUVECs
but significantly decreased in IRSp53-overexpressing
HUVECs (Figure 4(a)).

After HG treatment, HUVECs exhibited upregulation of
NF-κB and downregulation of IκBα, indicating NF-κB acti-
vation and a proinflammatory state. Cotreatment with insu-
lin ameliorated HG-induced upregulation of NF-κB and
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Figure 1: A high D-glucose concentration affected the expression levels of IRSp53 and gal-3 in HUVECs. (a) The expression levels of IRSp53
and gal-3 in HUVECs treated with D-glucose at different concentration for 96 h were determined by Western blotting using β-actin as a
loading control. NG: normal glucose (25mM); H1: high glucose 1 (40mM); H2: high glucose 2 (60mM); H3: high glucose 3 (80mM). (b)
The expression levels of IRSp53 and gal-3 in HUVECs treated with 60mM D-glucose for different times were determined by Western
blotting using β-actin as a loading control. (c) The expression levels of IRSp53 and gal-3 in HUVECs treated with 60mM D-glucose or
60mM mannitol for 96 h were determined by Western blotting using β-actin as a loading control. NG: normal glucose (25mM); HG:
high glucose (60mM); MN: mannitol (60mM). The values are the mean ± SD of three independent experiments. ∗P < 0:05 vs. the NG
group; ∗∗P < 0:01 vs. the NG group; ∗∗∗P < 0:001 vs. the NG group.
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downregulation of IκBα, which relieved the proinflammatory
state (Figure 4(b)). Thus, the role of IRSp53 in the HG-
induced inflammatory state of HUVECs was explored, and
the results demonstrated that the expression level of NF-κB
was significantly decreased, while that of IκBα was signifi-
cantly increased in IRSp53-overexpressing HUVECs com-
pared with control HUVECs. When IRSp53-overexpressing

HUVECs were treated with HG, the expression level of NF-
κB was significantly downregulated and that of IκBα was sig-
nificantly upregulated compared with the case of control
HUVECs treated with HG (Figure 4(b)). This indicates that
overexpression of IRSp53 can effectively ameliorate the
HG-induced inflammatory state of HUVECs. In contrast,
significant upregulation of NF-κB and downregulation of
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Figure 2: DM-induced changes in the expression levels of IRSp53 and gal-3 in the aorta of rats. (a) The expression levels of IRSp53 and gal-3
in the aorta of NC rats or DM rats were investigated by Western blotting using β-actin as a loading control (NC group, n = 6; DM group,
n = 10). (b) Representative images of aorta immunofluorescence staining showing levels of IRSp53 and CD31 (20x magnification) (NC
group, n = 6; DM group, n = 10); the colocalization ratio of IRSp53 is shown in the bar graph. (c) Representative images of aorta
immunofluorescence staining showing levels of gal-3 and CD31 (20x magnification) (NC group, n = 6; DM group, n = 10); the
colocalization ratio of IRSp53 is shown in the bar graph. ∗∗∗P < 0:001 vs. the NC group.
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IκBα were found in IRSp53-knockdown HUVECs compared
with the case of control HUVECs (Figure 4(c)). Following
treatment with HG, IRSp53-knockdown HUVECs exhibited
significantly increased expression levels of NF-κB and signif-
icantly decreased expression levels of IκBα compared with
control HUVECs (Figure 4(c)). These results imply that
knockdown of IRSp53 exacerbates the HG-induced inflam-
matory state of HUVECs. In addition, neither overexpression
nor knockdown of IRSp53 affected the anti-inflammatory
role of insulin in the HG-induced inflammatory state
(Figures 4(b) and 4(c)). The results of cellular immunofluo-
rescence staining of NF-κB further validated the conclusions
regarding the anti-inflammatory role of IRSp53 and insulin
(Figure 4(d)).

3.5. The Effect of IRSp53 on HUVEC Mobility. In the scratch
assays, the migration of HUVECs treated with HG was sig-
nificantly decreased compared with that of NG-treated
HUVECs. Cotreatment with insulin reduced the HG-
induced mobility impairment of HUVECs (Figure 5(a)).
The results of a migration assay also validated these findings
(Figure 5(b)). The effect of IRSp53 on HUVECmigration was
also explored. The scratch assay and migration assay showed
that the migration of IRSp53-overexpressing HUVECs was
significantly increased compared with that of the control
HUVECs. In addition, overexpression of IRSp53 partially
protected HUVECs from HG-induced impaired migration
(Figures 5(a) and 5(b)). In contrast, IRSp53-knockdown
HUVECs exhibited a deteriorated capability of migration
compared with control HUVECs, and IRSp53 knockdown
exacerbated HG-induced migration impairment compared
with the case of control HUVECs treated with HG
(Figures 5(a) and 5(b)). In addition, neither overexpression
nor knockdown of IRSp53 influenced the role of insulin in
increasing the mobility of HG-treated HUVECs
(Figures 5(a) and 5(b)).

4. Discussion

This study is aimed at exploring the role of IRSp53 in
hyperglycemia-induced endothelial dysfunction. HUVECs

were treated with HG to simulate hyperglycemia in patients
with DM. The HUVECs exhibited an inflammatory state
and impaired mobility after HG treatment, and cotreatment
with insulin ameliorated HG-induced changes in HUVECs.
In addition to these changes, HG treatment significantly
downregulated the expression level of IRSp53 while upregu-
lating that of gal-3. The overexpression and knockdown of
IRSp53 in HUVECs led to reversed changes in the expression
level of gal-3. In terms of endothelial function, IRSp53 over-
expression downregulated the expression level of NF-κB but
upregulated that of IκBα compared with the case of control
HUVECs and prevented the HG-induced inflammatory
state. HUVEC mobility was increased due to IRSp53 overex-
pression, which also prevented HG-induced mobility impair-
ment of HUVECs. In contrast, knockdown of IRSp53
resulted in an inflammatory state of HUVECs and exacer-
bated HG-induced activation of NF-κB. HUVEC mobility
was also degraded by IRSp53 knockdown, which also intensi-
fied the HG-induced mobility impairment of HUVECs.
However, neither overexpression nor knockdown of IRSp53
affected the protective role of insulin in endothelial
dysfunction.

The vascular endothelium of patients with DM was
exposed to hyperglycemic conditions, which promote endo-
thelial dysfunction or even macrovascular and microvascular
complications of DM [21]. The accumulation of reactive oxy-
gen species (ROS) in endothelial cells (ECs) is an important
mechanism underlying hyperglycemia-induced endothelial
dysfunction [22]. ROS are capable of downregulating nitric
oxide and activating NF-κB, leading to dysregulated vasodila-
tion and an inflammatory state of ECs [22, 23]. As a substrate
for insulin receptor tyrosine kinase [24], IRSp53 is involved
in actin cytoskeleton remodeling, filopodia formation, and
membrane dynamics [25]. However, the role of IRSp53 in
hyperglycemia-induced endothelial dysfunction remains
unknown. In this study, HUVECs exhibited an inflammatory
state and impaired mobility after HG treatment, which impli-
cated the degradation effect of HG on ECs. In addition, HG
treatment induced downregulation of IRSp53 and upregula-
tion of gal-3 in HUVECs. STZ-induced DM rats also showed
the same changes in the expression levels of IRSp53 and gal-

IRSp53 56

36

42

kDaNG HG+INSHG
0

1

2

3

Gal-3

𝛽-actin

0.0

0.5

1.0

1.5

Pr
ot

ei
n 

le
ve

l
(r

el
at

iv
e t

o 
𝛽

-a
ct

in
)

Pr
ot

ei
n 

le
ve

l
(r

el
at

iv
e t

o 
𝛽

-a
ct

in
)

N
G

H
G

H
G

+I
N

S

N
G

H
G

H
G

+I
N

S

Gal-3IRSp53

⁎⁎⁎

⁎⁎⁎

###

###

Figure 3: Treatment with insulin restored HG-induced changes in the HUVEC expression levels of IRSp53 and gal-3. (a) The expression
levels of IRSp53 and gal-3 in HUVECs treated with D-glucose at different concentrations and/or 1.5 μg/mL insulin were investigated by
Western blotting using β-actin as a loading control. NG: normal glucose (25mM); HG: high glucose (60mM); HG+INS: high glucose
(60mM) + insulin (1.5 μg/mL). The values are the mean ± SD of three independent experiments. ∗∗∗P < 0:001 vs. the NG group;
###P < 0:001 vs. the HG group.

6 BioMed Research International



IRSp53 56

36

42
kDaNC SI-IRSp53OE-IRSp53

0

1

2

3 Gal-3

0

1

2

3

Gal-3

𝛽-actin Pr
ot

ei
n 

le
ve

l
(r

el
at

iv
e t

o 
𝛽

-a
ct

in
)

Pr
ot

ei
n 

le
ve

l
(r

el
at

iv
e t

o 
𝛽

-a
ct

in
)

IRSp53

O
E-

IR
Sp

53

SI
-I

RS
p5

3

N
C

O
E-

IR
Sp

53

SI
-I

RS
p5

3

N
C

⁎⁎⁎

⁎⁎⁎

⁎⁎

(a)

65

39

42

kDa

NC

NG HG+INSHG NG HG+INSHG

††

††
OE-IRSp53

NF-𝜅B

I𝜅B𝛼

𝛽-actin

Pr
ot

ei
n 

le
ve

l
(r

el
at

iv
e t

o 
𝛽

-a
ct

in
)

0

1

2

3

Pr
ot

ei
n 

le
ve

l
(r

el
at

iv
e t

o 
𝛽

-a
ct

in
)

H
G

H
G

+I
N

S
O

E 
N

G
O

E 
H

G
O

E 
H

G
+I

N
S

N
G

H
G

H
G

+I
N

S
O

E 
N

G
O

E 
H

G
O

E 
H

G
+I

N
S

N
G

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎

2.0

1.5

1.0

0.5

0.0

###
###

######

NF-𝜅B I𝜅B𝛼

(b)

⁎⁎⁎
⁎⁎⁎

NG HG+INSHG NG HG+INSHG

65

39

42
kDa

NG SI-IRSp53

0

1

2

3

4

5

#

##

NF-𝜅B

I𝜅B𝛼

𝛽-actin Pr
ot

ei
n 

le
ve

l
(r

el
at

iv
e t

o 
𝛽

-a
ct

in
)

Pr
ot

ei
n 

le
ve

l
(r

el
at

iv
e t

o 
𝛽

-a
ct

in
)

H
G

H
G

+I
N

S
SI

 N
G

SI
 H

G
SI

 H
G

+I
N

S

N
G

H
G

H
G

+I
N

S
SI

 N
G

SI
 H

G
SI

 H
G

+I
N

S

N
G

⁎⁎⁎ ⁎⁎⁎

NF-𝜅B I𝜅Bα
1.5

1.0

0.5

0.0

†††

†††
###

###

(c)

Figure 4: Continued.
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3. These results indicated that IRSp53 might play a crucial
role in hyperglycemia-induced endothelial dysfunction.

IRSp53-overexpressing HUVECs and IRSp53-
knockdown HUVECs were used to further explore the role
of IRSp53 in hyperglycemia-induced endothelial dysfunc-
tion. Overexpression of IRSp53 led to the downregulation
of NF-κB and the upregulation of IκBα in the HUVECs.
NF-κB is one of the most important inflammatory mediators
in humans [26]. Under physiological conditions, NF-κB is
retained in the cytoplasm and stays inactivated [27]. Proin-
flammatory stimulation can activate the IκB kinase (IKK)
complex, which results in phosphorylation and degradation
of IκBα, which covers the nuclear localization sequence of
NF-κB. Subsequently, NF-κB translocates into the nucleus
and binds to its target genes [27]. The changes in the expres-
sion levels of NF-κB and IκBα in IRSp53-overexpressing
HUVECs suggested that IRSp53 inhibits NF-κB activation.
When treated with HG, IRSp53 overexpression in HUVECs
could also relieve HG-induced activation of NF-κB. These
results implied that IRSp53 might be an anti-inflammatory
factor in HUVECs and protect these cells from the inflamma-
tory state. Furthermore, IRSp53 knockdown led to an inflam-
matory state of HUVECs and exacerbated the HG-induced
activation of NF-κB. NF-κB activation is known to stimulate
the transcription of inflammation-associated genes including
vascular cell adhesion molecule-1 (VCAM-1), monocyte che-
moattractant protein-1 (MCP-1), interleukin-1 (IL-1), and
tumor necrosis factor alpha (TNF-α) [27]. Furthermore, the

upregulation of MCP-1 in EC can recruit monocytes in circu-
lation to EC, the upregulation of VCAM-1 facilitates the
adhesion of monocytes to EC, and inflammatory factors such
as IL-1 and TNF-α can induce monocyte differentiation into
macrophages [28]. These changes significantly accelerate the
process of atherosclerosis, representing the complicating
macrovascular effects of DM [28]. These findings further val-
idate that IRSp53 acts as an anti-inflammatory factor and
that IRSp53 downregulation can increase the susceptibility
of HUVECs to the inflammatory state. The overexpression
of IRSp53 also significantly decreased the expression level
of gal-3 in HUVECs. Gal-3 is secreted mainly by macro-
phages in circulation and is associated with inflammatory
diseases and DM [19]. In acute inflammatory diseases such
as pneumonia, gal-3 acts as a proinflammatory factor [29],
while in chronic inflammatory diseases such as chronic pan-
creatitis, gal-3 promotes wound healing and fibrosis [30].
However, the role of gal-3 in DM remains controversial. Li
et al. reported that gal-3 was capable of inducing cellular
and systemic insulin resistance [19], while Darrow and Sho-
het found that gal-3 deficiency exacerbated metabolic disor-
ders [31]. In the present study, the expression level of gal-3
was upregulated in HG-induced endothelial dysfunction.
We speculated that the change in the gal-3 expression level
might be associated with the inflammatory state of endothe-
lial dysfunction. However, the exact role of gal-3 in
hyperglycemia-induced endothelial dysfunction needs fur-
ther exploration.
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Figure 4: The role of IRSp53 in the expression level of gal-3 and inflammatory state of HUVECs. (a) The expression levels of IRSp53 and gal-3
in normal control (NC) HUVECs, HUVECs transfected with IRSp53 overexpressing lentivirus, and HUVECs transfected with IRSp53-siRNA
were detected by Western blotting using β-actin as the loading control. (b) The expression levels of NF-κB and IκBα in NC HUVECs and
IRSp53-overexpressing HUVECs with different treatments were determined by Western blotting using β-actin as the loading control. (c)
The expression levels of NF-κB and IκBα in NC HUVECs and IRSp53-knockdown HUVECs with different treatments were investigated
by Western blotting using β-actin as the loading control. (d) Representative images of cellular immunofluorescence staining of NF-κB in
HUVECs with different treatments (200x magnification). NC: normal control; OE-IRSp53: overexpressing IRSp53; SI-IRSp53: knockdown
IRSp53; normal glucose (25mM); HG: high glucose (60mM); HG+INS: high glucose (60mM) + insulin (1.5 μg/mL). The values are the
mean ± SD of three independent experiments. ∗P < 0:05 vs. the NG group; ∗∗∗P < 0:001 vs. the NG group; ###P < 0:001 vs. the HG group;
††P < 0:01; †††P < 0:001.
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The mobility of EC significantly contributes to the integ-
rity of the vascular endothelium, which is essential for mod-
ulating inflammation and coagulation in vivo [28, 32]. In
addition to the inflammatory state, HG also impaired
HUVEC mobility. Overexpression of IRSp53 could signifi-
cantly increase HUVEC mobility and reverse the HG-
induced mobility impairment of HUVECs. On the other
hand, knockdown of IRSp53 had a degraded effect on
HUVEC mobility and exacerbated the HG-induced mobility
impairment of HUVECs. These findings indicated that
IRSp53 effectively provoked the migration of HUVECs.
IRSp53 is an important modulator of the actin cytoskeleton
that regulates cell mobility and membrane dynamics [13].

In addition to stimulating neurite outgrowth [7], IRSp53 pos-
itively regulates the migration and invasion of cancer cells by
modulating actin formation [33]. Kaur et al. reported that
IRSp53 is associated with EC migration [14], but the exact
role remains unknown. In this study, the results of a scratch
assay and migration assay showed that IRSp53 could effec-
tively increase HUVEC mobility.

This study also demonstrated that insulin is capable of
ameliorating the HG-induced inflammatory state and
HUVEC mobility impairment. Furthermore, neither overex-
pression nor knockdown of IRSp53 affected the protective
role of insulin, implying that IRSp53 might not associate with
the insulin signaling pathway in HUVECs. These results were
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Figure 5: The effect of IRSp53 on HUVEC mobility. (a) Representative images of a scratch assay of HUVECs with different treatments (100x
magnification) and the wound closure rate of HUVECs with different treatments. (b) Representative images of a transwell assay of HUVECs
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The values are the mean ± SD of three independent experiments. ∗∗∗P < 0:001 vs. the NG group; #P < 0:05 vs. the HG group; ##P < 0:01 vs.
the HG group; ###P < 0:001 vs. the HG group; †††P < 0:001.
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to some extent consistent with previous research that indi-
cated that IRSp53 knockdown in YY-8103 and Huh-7 cells
does not affect the insulin signaling pathway [34]. The exact
mechanism underlying the IRSp53-induced inflammatory
state and impaired mobility of HUVECs needs further
exploration.

5. Conclusions

In summary, IRSp53 was associated with HG-induced endo-
thelial dysfunction. The overexpression and knockdown of
IRSp53 in HUVECs suggested that IRSp53 acted as an anti-
inflammatory factor and played a protective role in HUVEC
mobility. Knockdown of IRSp53 upregulated the expression
level of gal-3, which might be associated with the inflamma-
tory state of HUVECs. Therefore, IRSp53 might be a poten-
tial therapeutic target in macrovascular and microvascular
complications of DM.
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