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Abstract
Objective: We investigated the molecular mechanism underlying the role of monocyte 
chemoattractant protein-1 (MCP-1) in the formation and development of human abdominal 
aortic aneurysm (AAA). Methods: We examined protein expression profiles using a protein 
array and found that MCP-1 was the most highly expressed protein in AAA tissues compared 
with normal aortas. To investigate the potential mechanism of MCP-1 involvement in the 
pathogenesis of AAA, we treated human aortic smooth muscle cells (HASMCs) with human 
recombinant MCP-1. Results: MCP-1 was the most highly expressed protein in AAA tissues 
compared with normal aorta; matrix metalloproteinase-9 (MMP-9) expression was also 
significantly increased. Treatment with MCP-1 significantly increased the expression and 
activation of MMP-9 and activated the three major mitogen activated protein kinases (MAPKs) 
extracellular signal regulated kinase (ERK), c-Jun amino terminal kinase (JNK1/2) and p38 
MAPK. Furthermore, MCP-1-induced secretion of MMP-9 was inhibited by U0126 (inhibitor of 
the ERK 1/2 pathway) and SB203580 (inhibitor of the p38 MAPK pathway), but not SP600125 
(inhibitor of the JNK1/2 pathway). Conclusion: These data demonstrate that MCP-1 stimulates 
secretion of MMP-9 directly through the ERK1/2 and p38 MAPK mediated pathways in 
HASMCs. Thus, inhibition of this molecular mechanism might be a potential therapeutic target 
in the non-surgical treatment of AAA.
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Introduction

Abdominal aortic aneurysm (AAA) is a common vascular disease and a leading cause 
of death that usually remains asymptomatic until rupture[1], which is an emergency with 
amortality rate of 80–90% [2]. Clinically, open or endovascular surgical repair is the only 
treatment for large (> 5.5 cm) AAAs, and patients with aneurysms of diameter < 5.5 cm have 
no choice but to wait for the aneurysm to expand [3], making the non-operative management 
of AAA a complicated challenge.

AAA is a multifactorial degenerative disease [4] and decades of studies of the molecular 
basis of AAA have largely focused on changes in the integrity of the extracellular matrix (ECM) 
and chronic inflammatory infiltration ofthe aortic wall [5-8]. Matrix metalloproteinases 
(MMPs) have pivotal roles in these processes because their proteolytic activities assist in 
the degradation of the ECM and basement membrane, previous studies have reported that 
MMPs are expressed at low levels in healthy tissues but in the pathological state contribute 
to aortic wall expansion and subsequent AAA formation [4, 7, 9]. MMP-2 and MMP-9 are 
so far the most intensively investigated MMPs in human AAA, because they both possess 
significant proteolytic properties [10, 11].

The other significant feature of AAA is that the aortic wall tissues are characterized by 
chronic inflammation with cellular infiltration. The inflammatory cellular response is to a 
large extent mediated by cytokines [12], which are secreted by these inflammatory cells and 
constitute a complex network that maintains the chronic inflammation in AAA. Previous 
studies have demonstrated the critical role of inflammatory cytokines in the pathogenesis 
of AAA through animal models. For example, it was demonstrated thataneurysm formation 
was attenuated in an elastase-induced rat AAA model by blocking the action of tumor 
necrosis factor-α (TNF-α) [13]. Furthermore, inflammatory cells such as monocytes have 
an important role in AAA pathogenesis through the secretion and activation of MMPs [14].

To determine the molecular mechanism responsible for the formation and development 
of AAA, we used protein array analysis to generate 274 protein expression profiles for AAA 
tissues and normal aortas. This revealed that monocyte chemoattractant protein-1 (MCP-
1) was the most highly expressed protein in AAA tissues; expression of MMP-9 was also 
significantly greater in AAA than in controls. Previous studies have shown that MCP-1 is 
highly expressed in human AAA walls [15] and is increased in the aortic wall before the 
onset of chronic inflammatory responses and the development of AAA in mice [16], which 
indicates a pivotal role for MCP-1 in the formation and development of AAA.

Given the compelling data implicating MCP-1 in AAA and other inflammatory processes, 
it is important to establish whether human aortic smooth muscle cells (HSAMCs) respond 
to physiologic concentrations of MCP-1. In previous published results, Werle et al. [17] 
reported that MCP-1 induces secretion of MMP-2 in human endothelial cells and Tang et al. 
[18] showed that MCP-1 increases expression of MMP-9 in human chondrosarcoma cells. 
However, the molecular mechanism of the effect of MCP-1 on HASMCs remains unknown 
and the relationship between MCP-1 and MMPs in HASMCs has not been investigated. Here 
we show that MCP-1 may play an important role in the increased expression of MMP-9 in 
HASMCs; in addition, mitogen activated protein kinases (MAPKs) signaling pathways were 
found to be involved.

Materials and Methods

Materials
Human recombinant MCP-1 was purchased from Peprotech (Rocky Hill, NJ, USA). Anti-MCP-1, anti-

MMP-9, anti-p-extracellular signal regulated kinase (ERK)1/2, anti-ERK1/2, anti-p-c-Jun amino terminal 
kinase (JNK)1/2, anti-JNK1/2, anti-p-p38, anti-p38 and U0126 were purchased from Cell Signaling Technology 
(Beverly, MA, USA). Anti-smooth muscle α-actin antibody and anti-MCP-1 for immunohistochemistry were 
purchased from Abcam (Cambridge, UK). SP600125 and SB203580 were purchased from Calbiochem (La 
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Jolla, CA, USA). Cell culture media and fetal bovine serum (FBS) were purchased from Gibco BRL (Karlsruhe, 
Germany).

Collection of specimens
Full thickness AAA wall specimens were collected from 12 patients (seven men and five women) with 

an average age of 68.9 years who underwent elective surgical infrarenal repair between October 2011 and 
June 2012; adherent thrombus was removed manually at the time of surgery. Six non-aneurysmal abdominal 
aortic specimens obtained from cadaveric kidney donors were collected from age, sex and ethnicity matched 
controls. The samples were immediately snapped frozen in liquid nitrogen and processed for subsequent 
antibody array, western blot and quantitative polymerase chain reaction (qPCR) analysis; the remaining 
portions were fixed in 10% formalin for immunohistochemical analysis. This study was approved by the 
research ethics committee of the First Affiliated Hospital, Sun Yat-sen University (Permit Number: 2012-
274) and informed consent was given by all patients.

Protein arrays
The AAA and normal abdominal aortic specimens were analyzed using the Human Cytokine Array 

G4000 (AAH-CYT-G4000-8; RayBiotech, Inc., Norcross, GA, USA), which can detect 274 proteins. This protein 
array provides a relative expression level for each protein on the array when tested on a sample, measured 
in terms of the signal intensity and quantified by densitometry. The background of the array was used as the 
control to detect the presence of a protein in the sample.

Cell culture
HASMCs were isolated from the abdominal aorta of a healthy organ donor as described previously 

[19], with the consent of the donor and the approval of the ethics committee of the First Affiliated Hospital 
of Sun Yat-sen University. The HASMCs were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in a humidified atmosphere of 5% CO2 
and identified by staining with anti-smooth muscle α-actin antibody. At confluence, HASMCs were serum-
starved for 24 h and then treated with human recombinant MCP-1, U0126, SP600125 and SB203580 as 
indicated in each experiment. At the end of each treatment, conditioned media were collected for zymography 
and western blot analysis, and cells were collected for RNA extraction and western blot. HASMCs were used 
between passages three and six.

Quantitative real time PCR
Total RNA was extracted from HASMCs using RNAiso Plus (Takara, Dalian, China) according to the 

manufacturer’s protocol. cDNA was synthesized using a PrimeScript RT reagent kit (Takara, Dalian, China) 
according to the manufacturer’s instruction. Real time PCR was performed using an Applied Biosystems 
7900HT Sequence Detection system with primers as follows: MMP-2 5´-CTCATCGCAGATGCCTGGAA-3´ 
(forward), 5´-TTCAGGTAATAGGCACCCTTGAAGA-3´ (reverse); MMP-9 5´-ACGCACGACGTCTTCCAGTA-3´ 
(forward), 5´-CCACCTGGTTCAACTCACTCC-3´ (reverse); and GAPDH 5´-GCACCGTCAAGGCTGAGAAC-3´ 
(forward), 5´-TGGTGAAGACGCCAGTGGA-3´ (reverse). Values obtained for target gene expression were 
normalized to GAPDH and quantified relative to their expression in the control samples.

Western blot
HASMCs were washed twice with ice-cold phosphate buffered saline (PBS) and whole cells were 

lysed using a protein extraction kit (Keygen, Nanjing, China) according to manufacturer’s instructions. 
Equal amounts of total protein were separated by 10–15% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and subsequently transferred to polyvinylidene fluoride (PVDF) membranes 
(Roche, Basel, Switzerland). The blots were blocked with 5% bovine serum albumin (BSA) for 1 h at room 
temperature and then probed with primary antibodies overnight at 4°C. After three washes, the blots 
were incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse or -rabbit IgG for 1 h and 
subsequently visualized by enhanced chemiluminescence.

Immunohistochemistry
AAA tissues and normal aortas were fixed in 10% formalin and embedded in paraffin. Briefly, after 

deparaffinization, rehydration, endogenous peroxidase activity blockage and antigen retrieval, sections 
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were incubated overnight with anti-MCP-1 antibody and anti-MMP-9 antibody. The antigens were visualized 
using a SP Rabbit & Mouse HRP kit (Kangwei, Beijing, China) according to the manufacturer’s instructions. 
Finally, the sections were lightly counterstained with hematoxylin and analyzed under a microscope 
(BX51W1; Olympus, Tokyo, Japan).

Zymography
Conditioned media were concentrated fivefold by centrifugation through a Centricon Filter (10,000 

molecular weight cut off; Millipore, Bedford, MA, USA) and mixed with SDS sample buffer without 
β-mercaptoethanol. The sample was loaded into 10% SDS-PAGE gels containing 0.1% of type I gelatin 
(Sigma–Aldrich, St. Louis, MO, USA) and electrophoresed at a constant voltage. Afterwards, the gel was 
washed with 2.5% Triton X-100 for 60 min to remove the SDS, incubated at 37°C for 48 h in a buffer (50 mM 
Tris-HCl, pH 8.8, 5 mM CaCl2, 1 μM ZnCl2 and 0.02% sodium azide pH 7.5) and stained with Coomassie Blue. 
The presence of gelatinolytic activity was identified as clear bands on a uniform blue background following 
destaining. The stained gels were visualized using a Gel Imaging System (G-BOX EF; Syngene, Cambridge, 
UK) and quantified by ImageJ2x Analysis software.

Statistical analysis
All analyses were performed using SPSS 17.0 software and GraphPad Prism 5.0. Data were presented 

as the mean ± standard deviation and the significance of differences between the experimental groups 
and controls was assessed by Student’s t test. P < 0.05 was considered to indicate a statistically significant 
difference.

Results

Microarray comparison of protein expression profile between AAA tissues and normal 
aortas
To further investigate the mechanisms of AAA formation, we performed a 274 protein 

array with AAA tissues from 12 AAA patients and normal aortas from 6 controls, 60 proteins 
were differentially expressed; 51/60 proteins were increased and 9/60 proteins were 
decreased in AAA tissues compared with normal aortas. The ten most highly expressed 
proteins (MCP-1, regulated on activation, normal T cell expressed and secreted (RANTES), 
Fc fragment of IgG, low affinity IIb, receptor(FCGR2B), MMP-8, interleukin-6 (IL-6), ferritin, 
insulin-like growth factor binding protein-1 (IGFBP-1), growth differentiation factor 15 
(GDF-15), intercellular adhesion molecule 1 (ICAM-1) and C-reactive protein (CRP); Table 1) 

Table 1. The ten most highly expressed proteins in abdominal aortic aneurysm (AAA) tissues versus normal 
aortas
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were all at significantly higher levels in AAA tissues; MCP-1 was the most highly expressed in 
AAA tissues compared with normal aortas (50,388 ± 17,682 vs 7820 ± 7109, P ˂ 0.001) and 
MMP-9 expression was also significantly greater in AAAs than in the controls (3568 ± 3403 
vs 842 ± 1036, P = 0.037) (Fig. 1A, B).

Elevated expression of MCP-1 and MMP-9 in AAA tissues
The protein array data on MCP-1 and MMP-9 were further confirmed by qPCR and 

western blot. Expression of both MCP-1 and MMP-9 was significantly higher in AAA tissues 
than in normal aortas (Fig. 1C, D). On immunohistochemistry, AAA tissues stained positive 
for MCP-1 and MMP-9, whereas normal abdominal aorta showed little staining (Fig. 1E).

Fig. 1. Protein array and expression of monocyte chemoattractant protein-1 (MCP-1) and matrix metal-
loproteinase-9 (MMP-9) in abdominal aortic aneurysm (AAA) tissues and normal aortas. (A) Slides were 
scanned using a GenePix 4000B microarray scanner and image analysis was performed with GenePix Pro 
software (version 6.0). The pattern shown was a representative result. (B) Quantification of MCP-1 and 
MMP-9 in AAA tissues (black) and normal aorta (white). (C) Expression of MCP-1 and MMP-9 mRNA was 
detected by quantitative polymerase chain reaction analysis in AAA tissues and normal aorta. The intensity 
of bands was quantified and normalized to GAPDH. (D) MCP-1 and MMP-9 protein levels were measured by 
western blot analysis in AAA tissues and normal aorta. The intensity of bands was quantified and norma-
lized to GAPDH. (E) Immunohistochemistry for MCP-1 and MMP-9 and hematoxylin staining of AAA tissues 
and normal aortas (original magnification ×400) *P < 0.05, **P < 0.01 ***P < 0.001 versus controls.
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MCP-1-induced MMP-9 activity and expression in HASMCs
Since expression of both MCP-1 and MMP-9 was upregulated in AAA tissues, we 

investigated whether there was any association between MCP-1 and MMP-9 induction in 
HASMCs. As shown in Fig. 2A, we treated HASMCs with human recombinant MCP-1 (100 
ng/ml) from 0 h to 24 h and found that expression of MMP-9 was increased but expression 
of MMP-2 was unchanged on qPCR analysis. To further investigate the relationship between 
MCP-1 and MMP-9, the expression and activity of MMP-9 and MMP-2 were measured by 
western blot and zymography (Fig. 2B, C). We found that treatment of HASMCs with human 
recombinant MCP-1 (100 ng/ml) time dependently induced MMP-9 expression and activation 
but had no influence on MMP-2.

MCP-1-induced activation of MAPKs ERK1/2, JNK1/2 and p38 MAPK in HASMCs
It has been shown that MAPKs play a crucial role in the regulation of MMP-9 expression 

in human smooth muscle cells (SMCs) [20] and, as stated above, MCP-1 can induce the 
expression and activation of MMP-9; however, the relationship between MCP-1 and MAPKs 
in human SMCs had not been investigated previously. Thus, we first determined whether 
MCP-1 affects MAPK activity in HASMCs. As shown in Fig. 3A, MCP-1 (100 ng/ml) induced 
a rapid but transient increase of ERK 1/2, JNK 1/2 and p38 MAPK activity that started at 3 
min and had almost returned to baseline levels within 2 h. We then assessed the sensitivity 
of MAPK activation to the concentrationof MCP-1 (0.01–100 ng/ml). As shown in Fig. 3B, we 
found that a concentration of 100 ng/ml caused the greatest increase in ERK 1/2, JNK 1/2 

Fig. 2. Monocyte chemoattractant protein-1 (MCP-1) upregulated expression of matrix metalloproteinase-9 
(MMP-9) but had no influence on MMP-2 in human aortic smooth muscle cells (HASMCs) incubated in 0.5% 
fetal bovine serum for 24 h and then treated with MCP-1. (A) HASMCs were incubated with MCP-1 for the 
indicated time intervals and MMP-2 and MMP-9 mRNA levels determined by quantitative polymerase chain 
reaction. (B) and (C) HASMCs were incubated with MCP-1 for the indicated time intervals. The culture me-
dium and cell lysates were then collected. Levels of MMP-9 protein in cell lysates were measured by western 
blot analysis and the enzyme activities of MMP-2 and MMP-9 in the supernatant by zymography. *P < 0.05, 
**P < 0.01, ***P < 0.001 versus controls.
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and p38 MAPK activation. In conclusion, MCP-1 caused time and concentration dependent 
increases in p-ERK1/2, p-JNK1/2 and p-p38 MAPK.

Fig. 3. Monocyte 
c h e m o a t t r a c t a n t 
protein-1 (MCP-1) 
induced activation of 
the mitogen activa-
ted protein kinases 
(MAPKs) extracellu-
lar signal regulated 
kinase (ERK) 1/2, c-
Jun amino terminal 
kinase (JNK) 1/2 and 
p38 MAPK in human 
aortic smooth musc-
le cells (HASMCs) in-
cubated in 0.5% fetal 
bovine serum for 24 h and then treated with MCP-1. (A) HASMCs treated with MCP-1 (100 ng/ml) for the 
indicated times (min). (B) HASMCs treated for 5 min with the indicated concentrations of MCP-1 (ng/ml).

Fig. 4. Monocyte chemoattractant protein-1 
(MCP-1) upregulated matrix metallopro-
teinase-9 (MMP-9) via extracellular signal 
regulated kinase 1/2 and p38 mitogen acti-
vated protein kinase. Human aortic smooth 
muscle cells were pretreated with U0126 
(10 μM), SP600125 (25 μM) or SB203580 
(10 μM) for 1 h followed by further incubati-
on for 12 or 24 h in the presence or absence 
of MCP-1. (A) Quantitative polymerase chain 
reaction analysis was performed. The valu-
es obtained for the target gene expression 
were normalized to GAPDH and quantified 
relative to the control samples. (B) and (C) 
MMP-9 and MMP-2 levels were determined 
by western blot analysis and zymography. 
The intensity of bands was quantified and 
normalized to GAPDH. **P < 0.01 versus con-
trol; ##P < 0.01, ###P < 0.001 versus MCP-1 
treated group.
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ERK 1/2 and p38 MAPK but not JNK 1/2 mediated MCP-1-induced MMP-9 expression
To determine which cellular signaling pathway was involved in MCP-1-induced MMP-9 

expression, HASMCs were stimulated with 100 ng/ml MCP-1 in the presence of U0126 (a 
MEK1/2 inhibitor) (10 μM), SP600125 (a JNK1/2 inhibitor) (25 μM) or SB203580 (a p38 
MAPK inhibitor) (10 μM). MMP-9 and MMP-2 levels were determined by qPCR, western blot 
and zymography. As shown in Fig. 4A, B, C, MMP-2 levels showed no change on treatment with 
MCP-1 and the three inhibitors. By contrast, MCP-1 treatment led to an obvious increase in 
MMP-9 levels that was completely abolished by U0126 and SB203580, but not by SP600125. 
These data demonstrate that ERK 1/2 and p38 MAPK are involved in MCP-1-induced MMP-9 
expression in HASMCs.

Discussion

In the present study, we used protein array analysis to detect significant differences in 
the expression of 60 cytokines between AAA tissues and normal aortas, Proteins such as 
RANTES [21], MMP-8 [22], IL-6 [23] and IGFBP-1 [24] have been reported to play potentially 
important roles in the formation and development of AAA. Among these cytokines, we found 
MCP-1 to be the most highly upregulated protein in AAA tissues compared with normal 
aortas, and MMP-9 expression was also significantly higher in AAA. Previous studies have 
reported that MCP-1 exhibits biological activity in various cell types [17, 25]; however, 
nothing has been published previously regarding its effect on HASMCs and the intracellular 
signaling pathways involved. In the present study, treatment of HASMCs with MCP-1 
apparently induced the activation of ERK1/2, JNK1/2 and p38 MAPK and increased the 
expression of MMP-9, which was attenuated by U0126 and SB203580 but not by SP600125. 
These findings indicated that MCP-1 induced MMP-9 expression through the ERK1/2 and 
p38 MAPK mediated signaling pathways in HASMCs.

MCP-1 belongs to the CC chemokine family Invitro studies have demonstrated 
that numerous types of cell, including endothelial cells [26], SMCs [27], monocytes/
macrophages [28] and fibroblasts [29] arecapable of expressing MCP-1 in the presence of 
serum or specific stimuli. Previous studies have shown that MCP-1 is one of the most highly 
upregulated chemokines in human AAA walls [15] and it has been shown to be increased 
in AAA tissues, as described in an elastase-induced aneurysmal mouse [16]. The potential 
role for MCP-1 in AAA formation is supported by evidence that deletion of CCR2 prevents 
inflammatory responses and the development of AAA in mice [30]. Furthermore, MCP-1 is 
a multifunctional cytokine that promotes inflammation by numerous mechanisms and it is 
known that MCP-1 stimulates the activation of ERK 1/2, JNK 1/2 and p38 MAPK in human 
endothelial cells[17]. In the present study, we found MCP-1 to be the most highly expressed 
protein in AAA, and MCP-1 treatment promoted the activation of ERK 1/2, JNK 1/2 and p38 
MAPK and upregulated MMP-9 expression in HASMCs.

Enzymatic degradation of the ECM is a crucial step in AAA formation and development[4]. 
MMP-2 and MMP-9 are involved in aneurysmal disease [31] and both are capable of degrading 
widespread matrix substrates in the ECM [32]. MMP-2 is constitutively expressed in several 
cell types including SMCs, but is not stimulated by cytokines or growth factors [33]; by 
contrast, MMP-9 is present at low levels under general conditions but its expression can be 
induced by treatment of cells with TNF-α or nerve growth factor [20, 34]. In accordance with 
previous studies, we found that MCP-1 induced MMP-9 expression but had no influence on 
MMP-2. MMP-9, also known as gelatinase B, plays a critical role in the degradation of ECM 
in AAA[14] and appears to be predominant in AAA in terms of mRNA expression. The ratio 
of MMP/tissue inhibitor of metalloproteinase is increased in AAA tissues compared with 
normal aortas [35] and upregulation of MMP-9 expression contributes to the degradation 
of widespread matrix substrates among these elastin [10, 11]. Furthermore, animal studies 
have demonstrated that upregulation of MMP-9 contributes to the pathogenesis of aneurysms 
and plaque vulnerability by degrading ECM proteins [36, 37].
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The MAPKs are a family of serine/threonine kinases that play an essential role in 
connecting cell-surface receptors to changes in transcriptional programs [38] associated 
with various cellular activities including cell proliferation, differentiation, survival, death 
and transformation [39-41]. The mammalian MAPK family comprises ERK1/2, JNK1/2 and 
p38 MAPK. Many previous studies have reported that the ERK1/2 and p38 MAPK pathways 
regulate MMP-9 expression. For example, Gum et al. [42] showed that overexpression of 
dominant-negative MEK 1 inhibits MMP-9 expression in phorbol myristate acetate (PMA)-
treated carcinoma cells. Using SB203580, Simon et al. [43] showed that p38 is involved in 
PMA-induced MMP-9 secretion. Cho et al. [20] showed that complete inhibition of either 
p38 MAPK or ERK 1/2 alone or partial inhibition of both pathways totally downregulates 
MMP-9 expression. In accordance with these studies, using U0126 and SB203580, our data 
show that ERK 1/2 and p38 MAPK are involved in MCP-1-induced MMP-9 secretion. Based 
on these findings, we conclude that the expression of MMP-9 induced by MCP-1 requires 
activation of ERK 1/2 and p38 MAPK but not JNK 1/2 in HASMCs.

In conclusion, we provide direct evidence that expression of MCP-1 and MMP-9 is 
significantly upregulated in human AAA tissues compared with normal aortas. MCP-1 induces 
the activation of MAPK signaling pathways and upregulates the expression of MMP-9 through 
the ERK1/2 and p38 MAPK signaling pathways, which may cause proteolytic degradation of 
the aortic wall and increase the susceptibility of the aneurysm to expansion and rupture. 
Further investigations into the functional significance of the individual cytokines altered in 
the aneurysmal wall will be crucial to increasing our understanding of AAA and fostering 
clinical improvements.
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