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Abstract

Insulin contributes to atherosclerosis, but the potential mechanisms are kept unclear. In this study, insulin promoted prolifera-
tion of A7r5 cells. Microarray analysis indicated that insulin significantly changed 812 probe sets of genes, including 405
upregulated and 407 downregulated ones (fold change > 1.5 or < — 1.5; p<0.05). Gene ontology analysis showed that the
differentially expressed genes were involved in a number of processes, including the regulation of cell proliferation/migration/
cycle, apoptotic process, oxidative stress, inflammatory response, mitogen-activated protein kinase (MAPK) activity, lipid
metabolic process and extracellular matrix organization. Moreover, Kyoto Encyclopedia of Genes and Genomes pathway
analysis indicated that the genes were involved in biosynthesis of amino acids, fatty acid metabolism, glycolysis/gluconeo-
genesis, metabolic pathways, regulation of autophagy, cell cycle and apoptosis, as well as the PI3K-Akt, MAPK, mTOR
and NF-xB signaling pathways. Additionally, insulin enhanced phosphorylation of MAPK kinase 1/2 and Akt, suggesting
activation of the MAPK and PI3K-Akt signaling pathways. Inhibition of ERK1/2 reduced insulin-induced proliferation. This
study revealed the proliferative effects of insulin and displayed global gene expression profile of A7r5 cells stimulated by
insulin, suggesting new insight into the molecular pathogenesis of insulin promoting atherosclerosis.
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Introduction

Type 2 diabetes is a chronic metabolic disorder associated
with a high risk of macrovascular complications. Patients
with diabetes have a higher prevalence of atherosclerosis and
atherosclerotic vascular disease events than subjects without
diabetes [1]. Atherosclerosis is a pathophysiological basis
of type 2 diabetic macrovascular complications. Abnormal
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proliferation and migration of vascular smooth muscle cells
(VSMCs) play a key role in vascular remodeling and reste-
nosis during the development of atherosclerosis. Indeed,
diabetes promotes VSMC proliferation and accumulation
in atherosclerotic lesions [2]. Type 2 diabetes, character-
ized by insulin resistance, often coexists with hyperinsuline-
mia. Insulin resistance is closely related to atherosclerosis in
patients with type 2 diabetes [3]. High-dose insulin therapy
adversely affects the risk of cardiovascular events in type 2
diabetes [4]. Studies revealed that insulin accelerates pro-
liferation and migration of VSMCs [5, 6], suggesting a key
role of insulin in diabetic atherosclerosis.

Insulin exerts a series of biological functions through
activating at least two pathways including the mitogen-acti-
vated protein kinase (MAPK) and the PI3K-Akt signaling
pathways [7, 8]. Upon insulin stimulation, activated insu-
lin receptor (InsR) phosphorylates InsR substrate which in
turn activates the small GTP-binding protein Ras through the
binding of growth-factor receptor bound protein-2 (Grb2)
and son-of-sevenless (SOS) [8]. Activated InsR phospho-
rylates Src-homology-2-containing protein, which also
enhances the activity of Ras via the binding of Grb2 and
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SOS. Finally, Ras promotes activation of Raf, thus trigger-
ing MAPK cascades [8]. MAPK family mainly contains
extracellular signal-regulated kinase 1 and 2 (ERK1/2), the
JNKs, and the p38MAPK. The MAPK signaling pathway is
involved with cell growth, proliferation, survival, and cel-
lular differentiation. Inhibition of the MAPK signaling path-
way blocks insulin-induced proliferation and migration of
VSMC:s [6]. Furthermore, activation of the PI3K-Akt signal-
ing pathway by insulin impacts on metabolic effects of glu-
cose, fat and protein [8]. However, the potential mechanisms
of action through which insulin promotes atherosclerosis
through VSMCs are kept unclear.

This study aimed to observe the effects of insulin on pro-
liferation and the global gene expression profile of A7r5
rat aortic smooth muscle cells, which would reveal the
potential mechanisms of action by which insulin promotes
atherosclerosis.

Materials and methods
Cell culture

AT7r5 cells were provided by the Cell Bank of Type Cul-
ture Collection of the Chinese Academy of Science (Shang-
hai, China) and cultured in high glucose DMEM (GIBCO,
USA), supplemented with 10% FBS (GIBCO, USA). The
cells were maintained in a humidified incubator with 7.5%
CO, at 37 °C.

Cell proliferation assay

AT7r5 cells were cultured in DMEM containing 10% FBS.
After 24 h, the cells were serum starved overnight in DMEM
with 1% FBS, and then treated with various concentrations
of insulin (Sigma, USA; 0-10 pM) or/and PD98059 (Sigma,
USA; 10 pM). After incubation for 24, 48, or 72 h, the
medium was replaced with serum-free DMEM, and CCK-8
solution (Dojingdo Molecular Technologies, USA) was
added to each well. The optical absorbance was determined
at 450 nm using a microplate reader (Infinite® 200 Pro
NanoQuant, Tecan Group) after incubation for 1 h at 37 °C.

Total RNA extraction

AT7r5 cells were incubated in DMEM (containing 1% FBS)
with insulin (10 pM) (mode group, MOD) or without insulin
(control group, CON). After 24 h, total RNA was isolated
using TRIzol® reagent (Life Technologies, USA) followed
by purification with RNasey Mini Kit (Qiagen, Germany)
according to the manufacturers’ instructions. The concentra-
tion of RNA was quantified using the NanoDrop® ND-2000
Spectrophotometer (NanoDrop Technologies). The integrity
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of RNA was checked using an Agilent Bioanalyzer 2100
(Agilent Technologies), and RNA purity fulfilled the crit-
erium of A260/280 > 1.8. The integrity met the following
criteria: RNA Integrity Number >7 and 28S5/18S > 0.7.

Microarray analysis

Total RNA was converted into complementary DNA
(cDNA) using GeneChip™ 3’ IVT PLUS Reagent kit
(Affymetrix, USA). Then, cDNA was amplified and tran-
scribed into biotin labeled complementary RNA (cRNA)
using GeneChip® 3' IVT Express Kit (Affymetrix) follow-
ing the manufacturer’s instructions. Biotin-tagged cRNA
was purified and fragmented to strands of 35-200 bases in
length. The fragmented cRNA was mixed with control oli-
gonucleotide B2, 20 X hybridization controls (bioB, bioC,
bioD, cre), 2 X hybridization mix, DMSO and nuclease-free
water. After incubation for 5 min at 99 °C and subsequently
5 min at 45 °C, the sample was hybridized to GeneChip®
Rat Genome 230 2.0 Array Chips (Affymetrix). The hybridi-
zation was performed at 45 °C and rotated at 60 rpm for 16 h
using a GeneChip Hybridization Oven 640 (Affymetrix).
The chips were washed and stained using a Fluidics Station
450 (Affymetrix). Finally, the chips were scanned using a
GeneChip Scanner 3000 (Affymetrix). Microarray analy-
sis was performed in the Shanghai OE Biotech, Co., Ltd.
(Shanghai, China).

Reverse transcription-quantitative PCR assays

RT-qPCR was used to confirm representative genes from the
microarray analysis. Total RNA was reverse transcribed into
cDNA using HiScript II Q RT SuperMix (Vazyme Biotech,
China), which was performed in a GeneAmp® PCR System
9700 (Applied Biosystems). qPCR was performed using a
LightCycler® 480 II Real-time PCR Instrument (Roche
Diagnostics). The reaction conditions were as follows: initial
stage, 95 °C for 30 s; cycling stage, denaturation, 95 °C for
10 s; and anneal and extension, 60 °C for 30 s. The primer
sequences used are shown in Table 1.

Western blotting

The protein expression and phosphorylation levels of MAPK
kinase (MEK1/2) and Akt were analyzed using western blot-
ting. After insulin treatment for 24 h, the cells were lysed in
cold RIPA cell lysis buffer followed by ultrasonic lysis. The
protein concentrations were quantified using a BCA Protein
Assay kit (Thermo Fisher Scientific, USA). The proteins
were separated using SDS-PAGE and electrophoretically
transferred to PVDF membranes. The membranes were
blocked using 5% non-fat dried milk and subsequently incu-
bated with primary antibodies (Cell Signaling Technology,
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Table 1 Primer sequences for reverse transcription-quantitative PCR

Gene symbol Gene name Primer sequence
Myc Myelocytomatosis oncogene F: GGCGAGAACAGTTGAAACAC

R: CTCACTTCCGGTCAGTTTATG
Jun Jun proto-oncogene F: TTTGAGGACAGACTGTCAGG

R: CAACCCAGTCCATCTTGTG
Cd44 CD44 molecule (Indian blood group) F: CAGATTCCAGAGTGGCTTAT

R: CTGTTGACAGCAATGCAGAC
Cendl Cyclin D1 F: TGGAGGAAGAAGCTGGTC

R: CTTTCTCTTCGCGGATGC
Cdknlb Cyclin-dependent kinase inhibitor 1B F: ACTTGTAGAGTGAGTGAAATGG

R: CTCATACACAGGCAATGAAGA
Gas6 Growth arrest specific 6 F: CTACTGCCTTTGTGGCTT

R: CCGGTATCAGTCCCACTAT
Gadd45a Growth arrest and DNA-damage-inducible, alpha F: CCAAGCTGCTCAACGTAG

R: GTCGTCATCTTCATCCGC
Bel2ll1 BCL2-like 11 (apoptosis facilitator) F: ACTGTCAGGTATCCTTTGGTAA

R: GCAATACAAATGCTACATACGC
Ulk1 Unc-51 like autophagy activating kinase 1 F: TGAGTGTCCACACAGCAG

R: TGTATGTGTGTGTGGCCTA
Ilirl1 Interleukin 1 receptor, type I F: CCAATCCTAGCCGAAGAC

R: GCAGATGAACGGATAGCG
Socs3 Suppressor of cytokine signaling 3 F: TGGAGAAGCCTTCACATGC

R: CAGGACCAGTTCCAGGTAA
Pdgfrb Platelet derived growth factor receptor, beta polypeptide F: TCCTGAGGACAAAGGTCAGA

R: CTTGCTGGCTTCAAAGTTTAT
Sox4 SRY box 4 F: TGTGCAATATGCCGTGTAGA

R: CGGACAGGATTAGCTGGTA
Rad18 RAD18 E3 ubiquitin protein ligase F: CAACAGAATCGTCGCACTAGA

R: AAATATCATACTCAGGTCACCG
ACTB Actin, beta F: CCACCATGTACCCAGGCATT

R: CGGACTCATCGTACTCCTGC

USA) overnight at 4 °C. After incubation of membranes with
secondary antibodies (Jackson Immunoresearch, USA) for
1 h at room temperature, the targeted protein bands were
detected using the ECL detection reagents (Shanghai Yi
Sheng Biotechnology, China).

Statistical analysis

The data from cell proliferation, RT-qPCR assays and western
blotting were analyzed using SPSS 16.0 for Windows and are
presented as mean=+ SD. The difference between two groups
was identified using Student’s t-test, and comparisons among
groups were performed using one-way ANOVA followed by
Tukey’s test. A p value of <0.05 was considered to indicate
statistically significance. The chip-scanned images were ana-
lyzed to generate raw data using an Affymetrix GeneChip
Command Console (Version 4.0). The array data were nor-
malized using an Affymetrix Transcriptome Analysis Console

(TAC Version 4.0) based on the robust multichip average and
subsequently analyzed using the TAC Software. The differ-
entially expressed genes between two groups were identi-
fied through fold changes and p-value from t-test as follows:
fold change > 1.5 or<— 1.5, and p<0.05. Afterwards, gene
ontology (GO) analysis was employed to determine the roles
of the genes. Molecular pathways enriched by differentially
expressed genes were identified using the Kyoto Encyclopedia
of Genes and Genomes (KEGG). Finally, unsupervised hierar-
chical clustering was performed to display the distinguishable
genes expression pattern between groups and a volcano plot
was constructed using TAC Software.
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Results
Effects of insulin on the proliferation of A7r5 cells

As shown in Fig. 1, treatment with insulin (0.1-10 pM)
for 24 h significantly increased absorbance (Fig. 1a)
and number (Fig. 1b) of A7r5 cells in a dose-dependent
manner when compared with the control group (0 pM
insulin; p <0.05 or p<0.01). Moreover, the absorbance
was enhanced by insulin incubation for 48 h (Fig. lc, all
p<0.01) and 72 h (Fig. 1d) in an insulin dose-depend-
ent fashion. Additionally, the peak of cell proliferation
induced by insulin was at 24 h or 48 h because 10 pM
insulin promoted cell proliferation to 223.38%, 235.71%,
192.01% of the control group (0 pM insulin) for 24, 48,
72 h, respectively. The data indicated that insulin promotes
proliferation of A7r5 cells. Li et al. reported that insu-
lin at 10 pM causes maximum proliferation of rat aortic
smooth muscle cells among 0.001-100 pM insulin [7], and
that insulin promotes cell proliferation in a time-depend-
ent fashion (0—48 h), to 24 h to the peak [7]. Therefore,
we chose the optimum level of insulin at 10 pM and the
optimum intervention time of 24 h to do the microarray

analysis.
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Fig. 1 Insulin induces proliferation of A7r5 cells. After treatment
with insulin for 24 h, the absorbance (a) and cell number (b) was ana-
lyzed using CCK-8 assays. Absorbance was also measured by CCK-8
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Effects of insulin on the global gene expression
profile of A7r5 cells

To reveal the potential mechanisms of action by which insu-
lin promotes proliferation, the effects of insulin on the gene
expression profile of A7r5 cells was observed using microar-
ray analysis. Compared with the control group (without insu-
lin treatment), 812 probe sets of genes in the model group
(10 pM insulin treatment for 24 h) were found to be differ-
entially expressed, of which 405 were upregulated and 407
were downregulated (Supplementary Table 1). The differ-
entially expressed genes were selected for clustering accord-
ing to their similarity, and the results are shown in Fig. 2a
with the vertical axis representing the clustering of genes
based on their expression profile, and the horizontal axis
indicating the clustering in the light of the sample. Addi-
tionally, the microarray data were used to construct volcano
plots (Fig. 2b). In the volcano plots, the vertical axis shows
the statistical significance, which was equal to the negative
log10 of p-value; thus, low p-values are located at the top of
the plot. The horizontal axis corresponds to fold change, and
the changes in both directions are symmetric from the center.
Red points represent the upregulated genes (Fig. 2b), fold
change > 1.5 with p <0.05, whereas green points represent
the downregulated genes, fold change <— 1.5 with p<0.05.
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Verification of differentially expressed genes

RT-qPCR was used to validate the microarray data by
determining the relative mRNA levels of 14 representa-
tive genes. Compared with the control group, insulin sig-
nificantly increased mRNA levels of genes including Myc
(Fig. 3a), Jun (Fig. 3b), Cd44 (Fig. 3c), Cendl (Fig. 3d),
I1r1 (Fig. 3k), Socs3 (Fig. 31) and Rad18 (Fig. 3n), while
reducing gene expression levels of Cdknlb (Fig. 3e), Gas6
(Fig. 3f), Sox4 (Fig. 3g), Gadd45a (Fig. 3h), Bcl2111
(Fig. 3i), Ulk1 (Fig. 3j) and Pdgfrb (Fig. 3m). These results
were consistent with the microarray data.

Functional classification of the differentially
expressed genes

GO analysis was used to display the potential functions of
the genes. The functions were divided into three large cat-
egories, namely, molecular function, biological process and
cellular component. Figure 4a indicates the top 20 GO terms
in molecular function ranked according to a negative log10
of p-value, including ‘protein homodimerization activity’,
‘collagen binding’, ‘calcium ion binding’, ‘1-phosphati-
dylinositol binding’, ‘protein binding’, ‘peroxidase activ-
ity’, and ‘receptor binding’. Furthermore, the molecular
function of the differentially expressed genes still referred
to ‘protein kinase binding’, ‘signaling adaptor activity’,
‘chemokine activity’, ‘receptor agonist activity’, ‘phosphati-
dylinositol 3-kinase binding’ and ‘protein tyrosine kinase
activator activity’ (Supplementary Table 2). For biological
process, the differentially expressed genes mainly involved
in ‘response to drug’, ‘cell adhesion’, ‘cellular sodium ion
homeostasis’, ‘response to hypoxia’, ‘response to nutrient’,
‘extracellular matrix organization’ and ‘memory’ (Fig. 4b).
Additionally, the genes were still related to “positive regu-
lation of cell migration’, ‘negative regulation of apoptotic
process’, ‘cell growth’, ‘positive regulation of cell cycle’,
‘positive regulation of MAPK activity’, ‘positive regula-
tion of ERK1/ERK2 cascade’, ‘positive regulation of cell
proliferation’, ‘positive regulation of collagen biosynthetic
process’, ‘response to oxidative stress’, and ‘regulation of
inflammatory response’ (Supplementary Table 3). The most
significantly enriched cellular component categories were
‘cytoplasm’, ‘membrane’ and ‘extracellular space’ (Fig. 4¢
and Supplementary Table 4).

Effects of insulin on molecular pathways

Figure 4d shows the top 20 molecular pathways in A7r5
cells, including ‘ECM-receptor interaction’, ‘hypertrophic
cardiomyopathy (HCM)’, ‘PI3K-Akt signaling pathway’,
‘protein digestion and absorption’ and ‘pathways in cancer’.
Moreover, the differentially expressed genes also enriched
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in ‘biosynthesis of amino acids’, ‘TNF signaling path-
way’, ‘FoxO signaling pathway’, ‘metabolic pathways’, and
involved in “TGF-p signaling pathway’, ‘fatty acid metabo-
lism’, ‘regulation of autophagy’, ‘M APK signaling pathway’,
‘mTOR signaling pathway’, ‘cell cycle’, ‘apoptosis’, ‘NF-kB
signaling pathway’ and ‘type II diabetes mellitus’ (Supple-
mentary Table 5).

Insulin increases phosphorylation of MEK1/2
and Akt, and PD98059 inhibits insulin-induced
proliferation of A7r5 cells

GO analysis indicated that A7r5 cell proliferation induced
by insulin was related to positive regulation of MAP kinase
activity and ERK1 and ERK2 cascade. KEGG pathway
analysis also revealed the close relationship between insu-
lin-induced proliferation of A7r5 cells and MAPK signal-
ing pathway or PI3K-Akt signaling pathway. Here, insulin
treatment for 24 h did not change the protein expression
of MEK1/2 in A7r5 cells, but significantly increased phos-
phorylation of MEK1/2 (Fig. 5a), which is responsible for
activation of ERK1/2. Specific inhibition of ERK1/2 by
PD98059 significantly decreased insulin-induced absorb-
ance in A7r5 cells (Fig. 5¢; p<0.01). Similarly, insulin did
not affect the protein expression of Akt, but significantly
promoted its phosphorylation (Fig. 5b), indicating the acti-
vation of the PI3K-Akt signaling pathway.

Discussion

Insulin resistance is associated with increased atheroscle-
rosis. Study indicated that the thoracic aortic medial wall
area increased more quickly in non-insulin-dependent dia-
betic rats with hyperinsulinemia compared with non-diabetic
rats [9]. Insulin treatment accelerates the development of
atherosclerotic plaques and increases the thickness of the
aortic walls of animals [10, 11], suggesting a key role of
insulin in promoting atherosclerosis. VSMCs are required
for the pathophysiological process of atherosclerosis. In this
study, insulin promoted proliferation of A7r5 cells, which is
consistent with previous reports [5, 6]. And insulin altered
812 probe sets of genes, of which 405 were upregulated and
407 were downregulated. GO analysis showed that certain
genes, such as Myc, Jun, Ccndl1, Pdgfrb, Gas6 and Cdknlb
were involved in the positive regulation of cell prolifera-
tion; Cdknlb, Gadd45a, Myc and Bcl2111 were involved
in the regulation of cell cycle; and Pdgfrb and Cd44 were
associated with cell migration. RT-qPCR verified that
insulin increased mRNA levels of Myc, Jun and Ccndl.
Inhibition of Myc, Jun and Ccndl blocks proliferation of
VSMCs [12-14]. Moreover, insulin decreased gene expres-
sion of Cdkn1b and Gadd45a. Inhibition of cell growth and
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Fig.3 Relative mRNA levels of the differentially expressed genes in
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After 24 h, the cells were starved overnight and then incubated with
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Fig.4 GO and molecular pathway analysis for the differentially
expressed genes. a—¢ The results from GO enrichment analysis were
divided into three large function categories, including molecular
function, biological process and cellular component. The figure indi-
cates the top 20 GO functions regulated in molecular function (a),
biological process (b) and cellular component (c) categories based on
a negative logl0 of P value, respectively. The vertical axis indicates

G1-phase cell cycle arrest are associated with the upregula-
tion of Cdkn1b expression in VSMCs [15], and activation
of Gadd45a is beneficial for the inhibition of cell cycle [16].
Moreover, insulin enhanced Cd44 mRNA levels in A7r5
cells. Upregulation of Cd44 was associated with VSMC
migration [17]. Insulin treatment triggers at least two sign-
aling pathways, including the MAPK and the PI3K signaling
pathways. Activation of the MAPK signaling pathway by
growth factors, including insulin, controls the proliferation
and migration of VSMCs [6, 7]. GO and KEGG analysis
revealed that insulin positively regulates MAPK activity and
ERK1/2 cascade, thus associating with the MAPK signal-
ing pathway. Indeed, insulin promoted phosphorylation of
MEK1/2 which is responsible for the activation of ERK1/2.
Inhibition of ERK1/2 by PD98059 decreased insulin-induced
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the GO term description, and the horizontal axis represents statisti-
cal evidence. d Pathway analysis was performed based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG). The figure displays
the top 20 KEGG pathways regulated sorting by a negative log10 of P
value. The vertical axis shows the pathway term description, and the
horizontal axis means the statistical evidence

proliferation of A7r5 cells. These results suggest that insulin
promotes proliferation and migration of VSMCs, at least in
part by regulating the MAPK signaling pathway. Just as GO
and KEGG analysis demonstrated, in response to insulin, the
PI3K-Akt signaling pathway mainly contributes to the regu-
lation of substance metabolism including glucose, protein
and fatty, but the pathway also mediates the proliferation of
VSMC:s [18]. In this study, insulin increased the phosphoryl-
ation of Akt, suggesting activation of the PI3K-Akt signal-
ing pathway. Inhibition of the pathway significantly reduces
insulin-induced proliferation of VSMCs [18]. Additionally,
GO and KEGG analysis also indicated the close relationship
between insulin and cell death/apoptosis. Increased evidence
has confirmed the anti-apoptotic effect of insulin on VSMCs
via the PI3K-Akt signaling pathway [19]. Because of the
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mitogenic properties, insulin is often used to treat external
wounds including diabetic foot ulcers [20].

In this study, insulin reduced the mRNA levels of Ulkl
and gene expression of Atgl4, implying an inhibitory effect
of insulin on autophagy. Similarly, insulin downregulates
autophagy in human skeletal muscle [21]. Studies have
indicated that autophagy plays a crucial role in regulating
VSMC homeostasis in atherogenesis and atherosclerotic
plaque stability [22]. Elevated autophagy prevents the pro-
liferation of coronary arterial myocytes [23], inhibits VSMC
senescence and stabilizes atherosclerotic plaques [24]. By
contrast, defective autophagy in VSMCs promotes VSMC
senescence, enhances atherosclerotic plaque instability and
the risk of plaque rupture, thus accelerating development
of atherosclerosis [25, 26]. Moreover, activation of the
PI3K-Akt/mTOR pathway or the MAPK/mTOR pathway
inhibited autophagy in VSMCs [27, 28], while triggering
the AMPK/mTOR signaling pathway induced autophagy
in VSMCs [29]. In this study, insulin activated the MAPK
and the PI3K-Akt signaling pathways in A7r5 cells. KEGG
analysis indicated the close relationship between insulin and

+ = +

the AMPK signaling pathway. Hence, insulin may inhibit
autophagy in A7r5 cells by regulating the MAPK, the PI3K-
Akt signaling pathways or the AMPK signaling pathways.
Atherosclerosis is a chronic inflammatory process.
Inflammation contributes to the progression of atheroscle-
rosis by modifying the morphology and composition of
atherosclerotic plaques. In this study, some differentially
expressed genes, including I11r1 and Socs3, were enriched
in the regulation of inflammatory response and monocyte
chemotaxis. Insulin resistance promotes a pro-inflamma-
tory and pro-oxidant state, thereby boosting the forma-
tion of atherosclerotic plaque in apolipoprotein E knock
out (ApoE-KO) mice [30]. Insulin treatment increases
plasma inflammatory cytokines in type 2 diabetic patients,
including IL-6, TNF-a, monocyte chemoattractant protein
(MCP-1) and vascular cell adhesion molecule [31]. Further
studies revealed that insulin promotes monocyte migra-
tion to and infiltration of the arterial wall [32], and facili-
tates inflammatory cytokine production from monocyte
[33]. High insulin enhances the mRNA levels of IL-6 and
MCP-1 in VSMCs which are linked to the activation of the
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MAPK/NF-kB pathways [34]. Suppression of the MAPK/
NF-«B signaling pathways reduces insulin-induced inflam-
matory cytokine [34]. In accordance, insulin increases the
expression of matrix metalloproteinase-9 (MMP-9) via the
phosphorylation of ERK1/2, thus potentiating monocyte
chemotaxis [32].

Oxidative stress, resulting from the excess produc-
tion of ROS and reactive nitrogen species, also contrib-
utes to atherosclerosis, and accelerates development of
diabetic atherosclerosis [35]. ROS can directly damage
vascular cells through oxidative modification of protein,
DNA strand breakage and cellular lipid oxidation. Insulin
resistance promotes oxidative stress in fructose-fed ApoE-
KO mice [30] and elevated doses insulin therapy induces
oxidative stress in type 2 diabetic patients [36]. A high
insulin level augments the excessive production of ROS
by enhancing NADPH oxidase activity and NADPH oxi-
dase 1 mRNA expression, thus leading to proliferation and
migration of VSMCs [37]. Antioxidant treatment using
N-acetylcysteine and diphenyleneiodonium blocks insulin-
induced proliferation and migration of VSMCs [37, 38]. In
this study, insulin treatment was associated with oxidative
stress and ROS production, which were compliant with
previous reports [37, 38].

Atherosclerosis is characterized by atherosclerotic plaque.
VSMC s synthesize and secrete ECM components such as
collagen, fibronectin, proteoglycans and elastin [39]. ECM
affects not only vascular stiffness but also the formation of
fibrous cap, which cover the fatty streak lesions. Vascular
stiffness and the expression of fibronectin and collagen IV
alpha 3 are increased in the aorta of type 2 diabetic rats
[40]. Insulin also promotes collagen synthesis and elastin
production in VSMCs [41, 42]. In this study, the differen-
tially expressed genes were enriched in ‘positive regulation
of collagen biosynthetic process’ and ‘ECM organization’,
suggesting the importance of insulin in regulating the ECM
composition and the stability of atherosclerotic plaque.

Additionally, insulin resistance increases the risk of
dementia [43]. Chronic insulin stimulation causes dys-
function of insulin-associated signaling pathways, includ-
ing the PI3K-Akt signaling pathway, thereby resulting in
insulin resistance and a reduction in glucose metabolism
[44]. Due to the disorder of glucose metabolism, vascular
disease and neuron cell death, cognitive function is easily
impaired in type 2 diabetes.

Overall, this study indicated the proliferative effects of
insulin and displayed the global gene expression profile
of A7r5 cells following insulin treatment, suggesting new
insights into the molecular pathways by which insulin pro-
motes atherosclerosis.
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