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Abstract
Background/Aims: Monocyte chemotactic protein-induced protein 1 (MCPIP1) plays a crucial 
role in various cellular processes, including neurogenesis. However, the relationship between 
MCPIP1 and myocardial ischemia/reperfusion (I/R) injury remained illdefined. In this study, 
we explored whether the I/R-mediated up-regulation of MCPIP1 is critical in the modulation 
of both cell migration and apoptosis in human umbilical vein endothelial cells (HUVECs). 
Methods: Using Western blot analysis and quantitative real-time PCR, the protein expression 
and mRNA transcription, respectively, of MCPIP1 was detected in HUVECs. To investigate 
cell migration, an in vitro scratch assay and a nested matrix model were applied. Results: 
I/R increased the expression of MCPIP1 via the activation of the mitogen-activated protein 
kinase (MAPK) and PI3K/Akt pathways. I/R increased migration and apoptosis of HUVECs, 
which were significantly inhibited by MCPIP1 siRNA. Conclusion: These findings suggest 
that I/R-mediated up-regulation of MCPIP1 regulates migration and apoptosis in HUVECs. 
Understanding the regulation of MCPIP1 expression and function may aid in the development 
of an adjunct therapeutic strategy in the treatment of individuals with I/R injury.

Introduction

Cardiovascular disease is the leading cause of death in advanced and industrialized 
countries; ischemia/reperfusion (I/R) injury is an important aspect of cardiovascular disease 
[1-5]. The prevention and management of I/R injury are key steps in coronary heart disease 
treatment and are becoming important issues in ischemic heart disease [6, 7]. Following 
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I/R injury, the heart suffers from mitochondrial and vascular endothelial cell dysfunction, 
which can result in cardiac remodeling and heart failure [8, 9]. However, the mechanisms 
underlying this dysfunction remain poorly understood.

Angiogenesis plays an important role in inflammatory diseases such as diabetes and 
ischemic heart disease [10]. In addition to their role in the production of growth factors, 
inflammatory mediators are also believed to play an important role in the generation of 
new blood vessels [11-13]. After the onset of myocardial ischemia, reperfusion occurs. 
Reperfusion is followed by the rapid cellular infiltration of neutrophils and monocytes and 
the release of several proinflammatory cytokines, which orchestrate tissue repair processes. 
Among these proinflammatory factors, monocyte chemotactic protein-1 (MCP-1), a key 
cysteine-cysteine (CC) chemokine responsible for both the trafficking and the activation of 
monocytes and macrophages, has been implicated in angiogenesis [14, 15]. Angiogenesis 
is a complex process that involves the activation and conversion of quiescent endothelial 
cells to migratory and proliferative phenotypes and the differentiation of endothelial cells 
to an angiogenic phenotype [16]. Endothelial cell apoptosis was recently implicated in the 
initiation of angiogenesis and the regression of neo-vessels [17-19]. Moreover, mounting 
evidence from in vivo studies have demonstrated that MCP-1-induced angiogenesis is 
mediated by either monocyte chemotaxis [15, 20-22] or the activation of the VEGF pathway 
and the RhoA small G protein [23, 24]. However, the involvement of MCP-1 in the regulation 
of endothelial cell dysfunction and the mechanisms by which MCP-1 mediates this process 
remains unclear.

MCP-1-induced protein 1 (MCPIP1), a novel transcription factor, was originally identified 
in human monocytes treated with MCP-1 and exhibits proapoptotic activity [25, 26]. MCP-1 
induces the expression of MCPIP1, which subsequently up-regulates various members of the 
apoptotic gene family that have been linked to angiogenesis in placental vasculogenesis and 
to vascular remodeling [17-19]. MPCIP1 has also been found to promote glial differentiation 
in NT2 neuroprogenitor cells treated with MCP-1 [26, 27]. Furthermore, MCPIP1 has been 
identified as a negative regulator of macrophage activation [28]. MCP-1 treatment of human 
umbilical vein endothelial cells (HUVECs) results in the increased expression of MCPIP1 and 
MCPIP1-enhanced endothelial cell apoptosis and migration [10, 26]. However, the role of 
MCPIP1 in the I/R-mediated regulation of the migration and apoptosis of HUVECs remains 
unclear.

The present study aimed to study the effect of I/R injury on the expression of MCPIP1 
and to determine the mechanisms by which I/R injury mediates the increased expression 
of MCPIP1 in HUVECs. Furthermore, this study investigates the functional implications of 
I/R injury on cellular migration and apoptosis. The results and conclusions presented may 
aid clinicians and researchers in understanding the regulation of MCPIP1 expression and its 
functional relevance to I/R injury and provide insights into potential therapeutic targets in 
myocardial ischemia.

Materials and Methods

Reagents
Fetal bovine serum (FBS), normal goat serum, Dulbecco’s modified Eagle’s medium (DMEM; #1200-

046), and 10X-MEM (11430-030) were all obtained from Life Technologies. Amphotericin B (BP2645) and 
GlutaMax Supplement (35050-061) were obtained from Gibco, and Pen Strep (15140-122) was obtained 
from Fisher Scientific. PureCol type I bovine collagen (3 mg/mL) was obtained from Advanced Biomatrix. 
The antibodies for p53 (SC6243, rabbit), MCPIP1 (SC136750, goat) and β-actin (SC8432, mouse) were 
obtained from Santa Cruz Biotechnology, Inc. The transfection reagent for the short interfering RNA (siRNA), 
DharmaFECT, was purchased from Thermo Scientific. HUVECs were purchase from Genomeditech.

Cell-simulated ischemia/reperfusion model
The simulated I/R model was a modified version of a method described previously [29-31]. First, 

normal culture medium was replaced with serum-free DMEM before the start of the experiment. Following 
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pregassing with 95% N2 and 5% CO2 for a minimum of 5 min, the ischemic buffer (1 mM NaH2PO4, 24 mM 
NaHCO3, 2.5 mM CaCl2, 118 mM NaCl, 16 mM KCl, 0.5 mM sodium EDTA, 20 mM sodium lactate, pH 6.8, 
37°C) was added to the cells, which were then placed in a sealed chamber containing the deoxygenation 
reagent, leading to the consumption of O2 and the production of CO2. This Anaero-Pack system created 
near-anaerobic conditions, with an O2 concentration of <1% and a CO2 concentration of approximately 
5% following 1 h of incubation at 37°C [32]. To directly determine the efficacy of the equilibrating system, 
the PO2 of the medium was measured directly in a few of the experiments using a phosphorescence decay 
method [33, 34]. The actual supernatant PO2 values were 4.5 ± 0.3 mm Hg (mean ± SEM). Cells in a 24-well 
plate were treated with an ischemic buffer solution  (1 mL/well) for 2 h before being incubated in glucose-
containing DMEM at 37°C in 95% O2 and 5% CO2 (reperfusion) for 24 h.

Reverse transcription and real-time PCR
Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. Total mRNA (1 μg) was reverse transcribed using cDNA RT kits (Thermo, 
Rockford, IL, USA) according to the manufacturer’s instructions. Real-time PCR was performed using SYBR 
Green Master Mix (SA Biosciences, Frederick, MD, USA) on an Applied Biosystems 7500 Fast Real-Time 
PCR System (Foster City, CA, USA). The cycle threshold (Ct) values were analyzed using the comparative 
Ct (ΔΔCt) method following MIQE Guidelines. The amount of target was normalized to an endogenous 
reference (GAPDH) and expressed relative to a control (non-treated cells). The following oligonucleotides 
were used as primers for human MCPIP1: (forward, 5’-GTC TGA CGG GAT CGT GGTTT-3’; reverse, 5’- TGA 
GTG GCT TCT TAC GCAGG-3’); and human GAPDH: (forward, 5’- CAA TGA CCC CTT CAT TGACC-3’; reverse, 
5’- TTG ATT TTG GAG GGA TCTCG -3’) [35].

Lentiviral transduction of HUVECs
HUVECs were transduced with LV-RFP lentivirus (Hanbio, Inc., Shanghai, CN) as previously described 

[36, 37]. Briefly, HUVECs were cultured in a 24-well plate (1 x 104 cells/well) in 10% FBS in DMEM for 48 
h. The medium was then replaced with 1 mL fresh medium and 8 µg/mL polybrene. Fifty microliters of 
lentivirus solution (107 IU/mL) was added to each well, and the plates were incubated at 37°C and 5% CO2 
for 24 h. Following incubation, the treatment medium was replaced with fresh 10% FBS in DMEM, and the 
cells were cultured at 37°C and 5% CO2 until >50% confluence was reached. The transduced cells were 
selected using puromycin. For selection, the medium was replaced with 10 µg/mL puromycin in 10% FBS 
in DMEM, followed by culture at 37°C and 5% CO2 for 24 h. The cells were subsequently washed twice with 
fresh 10% FBS in DMEM. The pure and transduced HUVEC cultures were expanded and stored in liquid 
nitrogen as previously described [38].

HUVEC-populated collagen matrix (HPCM)
A collagen matrix model was utilized as previously described [38, 39]. The final matrix parameters 

were as follows: volume = 0.2 mL; diameter = 12 mm; collagen concentration = 1.5 mg/mL; and cell 
concentration = 1.0 × 106 cells/mL. The matrices were established in 24-well plates (BD#353047) and were 
incubated in the attached state with 5% FBS in DMEM (supplemented with 50 μg/mL ascorbic acid) for 
approximately 48 h prior to the initiation of the experiments.

Knockdown of MCPIP1 using siRNA in CPCM
Knockdown of MCPIP1 was performed on HPCMs as previously described [40] with some modifications. 

The protocol for a single collagen matrix was as follows: 17.5 µL serum-free DMEM was combined with 3 µL 
transfection reagent and 3 µL siRNA stock, separately, followed by incubation at room temperature (RT) for 
15 min. The transfection reagent and the siRNA solutions were mixed together and incubated at RT for an 
additional 15 min. Meanwhile, HUVECs were prepared according to the HPCM protocol at a concentration of 
5.0 x 106 cells/mL in serum-free DMEM. The siRNA-vehicle solution was mixed with 40 µL cell suspension 
and incubated at RT for 15 min. The cell/siRNA/vehicle solution was added during the HPCM setup. The 
transfected matrices were cultured in serum-free DMEM for 24 h, after which the medium was replaced 
with 10% FBS in DMEM for 48 h prior to additional experiments. The knockdown efficiency of the siRNAs 
was determined via Western blot after 2 days of transfection.
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In vitro scratch assay
Cell migration in a 2D culture system was evaluated using an in vitro scratch assay. Briefly, 1 × 105 

HUVECs were seeded into 24-well tissue culture plates and cultured in growth medium for 24 h until 
approximately 70-80% confluence. Using a sterile 200 µL pipette tip, a straight line was carefully scratched 
into the monolayer across the center of the well in a single direction; the tip remained perpendicular to the 
plate bottom throughout this process. Similarly, a second straight line was scratched perpendicular to the 
first line to create a cross-shaped cellular gap in each well. Each well was washed twice with 1 mL of fresh 
growth medium to remove any detached cells. Digital images of the cell gaps were captured at different 
timepoints, and the gap widths were quantitatively evaluated using ImageJ software.

Nested matrix model and cell migration
A nested collagen matrix model was utilized as previously described [37, 41, 42] with some 

modifications. For the nested attached matrix, a standard CPCM was incubated in the attached state for 72 h 
with 10% FBS in DMEM; the CPCM was subsequently removed from the culture well and placed into a 60 µL 
aliquot of fresh acellular collagen matrix solution (neomatrix solution) centered inside a 12-mm diameter 
score on the bottom of a new culture well. A 140 µL aliquot of neomatrix solution was then used to cover 
the newly transferred CPCM. The neomatrix was allowed to polymerize for 1 h at 37°C and 5% CO2; 2 mL of 
DMEM with 10% FBS was subsequently added to the well.

Cell migration out of the nested FPCM and into the acellular neomatrix was quantified 24 h following 
nesting using fluorescence microscopy. Digital images (1000 × 800 µm) were captured using an EVOS FL 
Cell Imaging microscope (Life Technologies, Grand Island, NY) from 3-5 randomly-selected microscopic 
fields at the interface of the nested CPCM with the acellular neomatrix. HUVEC migration out of the nested 
CPCM was quantified by counting the number of cells that had migrated from the nested matrix into the 
cell-free matrix. The maximum migration distance of the cells was also quantified by counting the cells that 
migrated the furthest from the nested matrix into the cell-free matrix using ImageJ software. The number 
of cells that had migrated out of the nested matrix and the maximum migration distance per field were 
averaged using these digital micrographs.

Immunoblotting
Immunoblotting was utilized as previously described [38] with minor modifications. The cells were 

washed with PBS and lysed using a Mammalian Cell Lysis kit (MCL1-1KT, Sigma-Aldrich) according to 
the manufacturer’s instructions. Western blots were probed using different antibodies. The secondary 
antibodies were either goat anti-mouse or anti-rabbit IgG antibodies conjugated to alkaline phosphatase 
(1:5000). The signals were detected via chemiluminescence (SuperSignal West Dura Chemiluminescent 
Substrate, Thermo Scientific). Each Western blot was repeated in three different experiments. A single 
representative immunoblot for all related blots is presented in each figure. Densitometry was performed 
using ImageJ software (http://rsb.info.nih.gov/ij/), and the results for each of the repeated experiments 
were combined into one plot.

MTT assay 
Cell viability was measured via the 3-(4,5-dmethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT) method [36]. Briefly, cells were collected and seeded into 96-well plates. Different seeding densities 
were optimized at the beginning of the experiments. The cells were exposed to the I/R medium. Following 
incubation for different time periods (3-24 h), 20 μL of MTT tetrazolium salt dissolved in Hank’s balanced 
salt solution was added to each well at a final concentration of 5 μg/mL, and the plates were incubated in a 
CO2 incubator for 1-4 h. Finally, the medium was aspirated from each well, and 200 μL of dimethyl sulfoxide 
was added to dissolve the formazan crystals. The absorbance of each well was obtained using a microtiter 
plate spectrophotometer and reference wavelengths of 570 nm and 630 nm. Each of the experiments was 
repeated at least three times.

Hoechst staining
To quantify the number of apoptotic cells, the cells were fixed and stained with 5 μM Hoechst 33324 

(Invitrogen) for 15 min at room temperature [35]. The morphological features of apoptosis (cell shrinkage, 
chromatin condensation, and fragmentation) were monitored using fluorescence microscopy (Nikon 
TE2000E microscope).
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Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling staining (TUNEL) 
assay
TMR Red (Roche), an in situ cell death detection kit, was used to label apoptotic cells according to the 

manufacturer’s instructions as described previously [43, 44]. Briefly, HUVECs subjected to I/R were fixed for 
30 min with 4% paraformaldehyde at RT. The fixed cells were then permeabilized using 1% Triton X-100 for 
30 min, followed by staining with a terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick 
end labeling (TUNEL) reaction mixture for 60 min according to the manufacturer’s instructions (Roche).

Statistics
Data are expressed as the means ± SEMs. Unpaired numerical data were compared using either an 

unpaired t-test (two groups) or ANOVA (more than two groups); significance was set at p <0.05.

Results

I/R-mediated up-regulation of MCPIP1 in HUVECs
MCP-1 is well-documented to play a crucial role in the pathogenesis of I/R [10, 11, 45]. 

As MCP-1 is known to induce the expression of MCPIP1, we examined the effect of I/R on 
the expression of MCPIP1. As shown in Fig. 1A-B, I/R treatment of HUVECs resulted in a 
two-fold induction of MCPIP1 expression compared with the control cells. Given that I/R 
exposure induced the expression of MCPIP1 at the protein level, we next examined the effect 
of I/R on the transcription of MCPIP1 mRNA. As shown in Fig. 1C, I/R exposure induced 
MCPIP1 transcription. Collectively, these data demonstrate that I/R mediates the induction 
of MCPIP1 expression in HUVECs.

I/R-mediated activation of the MAPK (ERK, JNK, p38) and PI3K/Akt pathways
Because the MAPK kinase [1, 6] and PI3K/Akt [46] pathways play crucial roles in I/R-

mediated signaling, we next examined the involvement of these pathways in the I/R-mediated 
induction of MCPIP1. First, we examined the effect of I/R on the activation of MAPKs.  
As shown in Fig. 2A-F, the exposure of HUVECs to I/R resulted in the increased phosphorylation 
of both ERK and JNK with a peak response at 30 min, whereas I/R induced the transient 

Fig. 1. I/R-induced MCPIP1 expression in HUVECs. 
(A) Representative blots demonstrating that I/R 
induced MCPIP1 expression in a time-dependent 
manner. (B) Densitometric analyses of MCPIP1 
from four separate experiments. * p <0.05 vs. the 0 
h group. (C). I/R induced MCPIP1 mRNA transcrip-
tion in a time-dependent manner. Gene expression 
was examined via real-time RT-PCR with gene-spe-
cific primers. Relative fold changes compared with 
the control group were calculated with a CT value.  
* p < 0.05 vs. the 0 h group.
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phosphorylation of p38 at 5 min. In addition to the induction of the MAPK pathways, I/R also 
induced a sustained phosphorylation of Akt for 5-180 min (Fig. 2G-H).

Involvement of the MAPK (ERK, JNK, p38) and the PI3K/Akt pathways in I/R-induced 
MCPIP1 expression
We next attempted to determine the functional role of the MAPK and PI3K/Akt pathways 

in MCPIP1 expression induced by I/R. HUVECs were pretreated with inhibitors specific for 
the respective signaling pathways prior to stimulation with I/R, and MCPIP1 expression 
was subsequently assessed. As shown in Fig. 3A-B, the pretreatment of the cells with MEK 
(U0126, 10 μM), JNK (SP600125, 10 μM), p38 (SB203580, 10 μM) and PI3K (LY294002, 5 μM) 
inhibitors resulted in the amelioration of the I/R-mediated induction of MCPIP1. Together, 
these findings suggested the involvement of the ERK, JNK, p38 and PI3K/Akt pathways in the 
I/R-mediated induction of MCPIP1 in HUVECs.

Involvement of MCPIP1 in I/R-mediated migration of HUVECs in 2-D cell culture
Endothelial cell migration is a critical component of angiogenesis [10]; therefore, we 

next determined the role of MCPIP1 in I/R-mediated migration. Using a scratch wound 
healing assay, we determined that HUVEC migration increased following exposure to I/R 
(Fig. 4A-B).

Because proline-rich tyrosine kinase 2 (Pyk2) is involved in cell migration [47, 48], we 
next examined the effect of I/R exposure on this cell signaling pathway. Interestingly, the 
exposure of HUVECs to I/R induced the activation of Pyk2 with a peak response at 5 min 
(Fig. 4C-D). The transfection of the cells with Pyk2 siRNA resulted in the inhibition of the 
I/R-mediated induction of HUVEC migration (Fig. 4E), which was indicative of a role of Pyk2 
in this process. Moreover, the transfection of MCPIP1 siRNA inhibited the phosphorylation 
of Pyk2 induced by I/R, as shown in Fig. 4F-G. In addition, the transfection of the cells with 
MCPIP1 siRNA resulted in the inhibition of the I/R-mediated induction of HUVEC migration 
(Fig. 4H-I), further supporting the role of MCPIP1 in this process.

Fig. 2. I/R induced MAPK pathway and PI3K/Akt pathway activation in HUVECs. Representative blots de-
monstrating I/R-induced phosphorylation of ERK1/2 (A), p-38 (C), JNK (E) and Akt (G) in a time-dependent 
manner. Densitometric analyses of ERK1/2 (B), p-38 (D), JNK (F) and Akt (H) from four separate experi-
ments are presented.
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Involvement of MCPIP1 in the I/R-mediated migration of HUVECs in 3-D cell culture
Given that that I/R exposure induced the migration of HUVECs in a 2-D cell culture system, 

we attempted to validate these findings by monitoring HUVEC migration in 3-dimensional 
(3-D) cell culture systems, which have been used for endothelial cell functional investigations 
[49, 50]. As shown in Fig. 5A, increased migration was observed in response to I/R with 
respect to the number of migrating cells (Fig. 5B) and the increased maximal migration 
distance (Fig. 5C). Similarly, we examined the role of MCPIP1 in the cellular migration of 
HUVECs in a 3-D cell culture system. As shown in Fig. 5D-F, the transfection of HUVECs with 
MCPIP1 siRNA significantly inhibited the cell migration induced by I/R as determined by the 
number of migrated cells and the migration distance compared with the control group.

Involvement of MCPIP1 in I/R-mediated apoptosis of HUVECs
Because MCPIP1 expression increased following the exposure of HUVECs to I/R, we 

next attempted to determine the role of MCPIP1 in the viability of HUVECs subjected to I/R. 
The exposure of HUVECs to I/R resulted in significantly decreased cell viability in a time-
dependent manner, as shown in Fig. 6A. We next used RNA interference to determine the role 
of MCPIP1 in the decreased cell viability. As shown in Fig. 6B, MCPIP1 siRNA significantly 
inhibited the decreased viability of HUVECs subjected to I/R as determined with an MTT 
assay.

This finding was confirmed via cellular staining with Hoechst 33342, a nuclear dye that 
specifically stains nuclei. The HUVECs in the control group were characterized by regular and 
round nuclei (Fig. 6C-D). In contrast, condensation and fragmentation of nuclei characteristic 
of apoptotic cells were evident in the HUVECs subjected to I/R for 24 h. The transfection of 
the HUVECs with MCPIP1 siRNA significantly ameliorated the cell death induced by I/R, as 
shown in Fig. 6E.

To corroborate the above findings, TUNEL staining demonstrated that 25.8% of the 
cells subjected to I/R were TUNEL positive at 24 h (Fig. 6F-G). This increased cell death 
was significantly ameliorated among the cells transfected with MCPIP1 siRNA (Fig. 6H). The 
findings in Fig. 6 suggest that MCPIP1 mediated an I/R-induced decrease in HUVEC viability.

Fig. 3. Inhibition of the MAPK and PI3K/Akt pathways attenuated I/R-induced MCPIP1 expression. (A) 
Representative blots demonstrating that I/R-induced MCPIP1 expression was attenuated via pretreatment 
with LY294002 (Akt inhibitor), SP600125 (JNK inhibitor), SB203580 (p-38 inhibitor) and U0126 (ERK inhi-
bitor). (B) Densitometric analyses of MCPIP1 from four separate experiments. * p <0.05 vs. the correspon-
ding timepoint in the I/R group.
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Fig. 4. MCPIP1-mediated I/R-induced HUVEC migration. (A) Representative images depicting I/R-induced 
cell migration in monolayer cultured HUVECs. Scale bar = 80 μm (B) The quantification of the scratch gap 
distance from six separate experiments is presented. * p < 0.05 vs. the corresponding time point of the con-
trol group. (C) Representative blots depicting the I/R-induced phosphorylation of Pyk2 in a time-dependent 
manner. (D) Densitometric analyses of p-Pyk2 from four separate experiments. * p < 0.05 vs. the 0 h group. 
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Discussion

Myocardial ischemia is a common antecedent event that predisposes patients to 
congestive heart failure [51]. The loss of cardiac function following myocardial ischemia occurs 
in the setting of myocyte death and interstitial fibrosis, processes collectively referred to as 
ventricular remodeling [52]. Recent studies have demonstrated that inflammatory responses 
may cause myocardial damage and fibrosis, resulting in a progressive impairment of cardiac 
function [53]. Abnormalities of the microvasculature, including impaired angiogenesis, are 
important contributors to the pathogenesis of various heart diseases, including myocardial 
infarction and post-infarct remodeling [54]. The enhancement of angiogenic processes and 
the establishment of collateral circulation likely would be helpful in the setting of ischemic 
myocardial disease [2, 3, 55, 56].

MCP-1 facilitates angiogenesis [15, 20-22]. MCP-1 has been shown to play an important 
role in the development of vascular inflammation and endothelial dysfunction in the setting 
of I/R. In the present study, we demonstrated that the exposure of HUVECs to I/R results 
in the induction of MCPIP1. To delve deeper into the molecular mechanisms of the I/R-
mediated induction of MCPIP1 expression, the roles of the MAPK and PI3K/Akt intercellular 
pathways were assessed. Using a pharmacological approach, we examined the activation 
of the MAPK and PI3K/Akt pathways in the setting of I/R-mediated induction of MCPIP1. 
Our findings are consistent with those of previous reports with respect to the role of these 
signaling pathways in the induction of MCPIP1 [35].

The functional significance of I/R-induced MCPIP1 was examined in an in vitro model 
of cell migration. The exposure of HUVECs to I/R resulted in the increased migration of 
HUVECs. This effect was significantly inhibited via the transfection of cells with MCPIP1 
siRNA, thereby highlighting the role of MCPIP1 in I/R-induced cell migration in both 2D and 
3D cell migration systems. Three-dimensional culture systems have been widely used in 
endothelial cell functional investigation, in which endothelial cells have shown differential 
responses to stimuli compared with conventional 2D culture systems [57, 58]. Increasing 
evidence suggests that 3D culture systems have morphologic and physiologic similarities to 
physiological environments [59-62]. The activation of the cytoskeletal contractile machinery 
is critical for cell motility [63]. The contractile force is generated via actin-myosin binding 
triggered by the phosphorylation of Pyk2 [48]. Pyk2, a member of the focal adhesion kinase 
(FAK) non-receptor tyrosine kinase family, is a cytoplasmic tyrosine kinase that regulates 
cell adhesion, migration and invasion [64, 65]. The exposure of HUVECs to I/R induced the 
activation of Pyk2, which is consistent with these findings. The I/R-induced migration of 
HUVECs was significantly inhibited by transfection with Pyk2 siRNA.

In addition to cell migration, cell apoptosis was implicated in the initiation of angiogenesis. 
Interestingly, the exposure of HUVECs to I/R induced apoptosis, which was also significantly 
inhibited by MCPIP1 siRNA. This finding is consistent with that of a previous study in which 
MCPIP1 enhanced cell apoptosis [25, 26]. Although mounting evidence indicates that 
MCPIP1 was involved in the enhancement of cellular apoptosis, the previous study failed to 
determine the role of MCPIP1 in apoptosis in neural stem cells (NSCs). These findings lead 

(E) Pyk2 siRNA, but not nonsense siRNA, reversed the I/R-mediated increase in cell migration in the 2D 
model. Small panel showed efficiency of siRNA of Pyk2. The effect of Pyk2 siRNA on expression of MCPIP1 
was also provided. * p < 0.05 vs. the corresponding time point of the nonsense siRNA group. # p < 0.05 vs. 
the corresponding I/R time point of the nonsense siRNA group. (F) Representative blots demonstrating that 
MCPIP1 siRNA, but not nonsense siRNA, attenuated the IR-induced increased expression of MCPIP1 and 
p-Pyk2. (G) Densitometric analyses of p-Pyk2 from four separate experiments. * p < 0.05 vs. the correspon-
ding 0 time point. (H) The quantification of the scratch gap distance from six separate experiments is pre-
sented. Small panel showed efficiency of siRNA of MCPIP1. * p < 0.05 vs. the corresponding time point of the 
nonsense siRNA group. (I) The representative images demonstrating that MCPIP1 siRNA, but not nonsense 
siRNA, attenuated the IR-induced increased cell migration of HUVECs. Scale bar = 80 μm. Con-siRNA: control 
siRNA; Con-siRNA I/R: control siRNA of I/R group; Pyk2-siRNA I/R: Pyk2 siRNA of I/R group.
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Fig. 5. MCPIP1 mediates I/R-induced HUVEC migration in a nested matrix model. (A) Representative images 
depicting the I/R-induced HUVEC migration in a nested matrix model. Scale bar = 80 μm (B) The number 
of migrating cells from the nest gel in six separate experiments is presented. * p < 0.05 vs. the correspon-
ding time point of the control group. (C) The quantification of the maximum migration distance from the 
nest gel of six separate experiments is presented. * p < 0.05 vs. the corresponding time point of the control 
group. (D) Representative images demonstrating that MCPIP1 siRNA, but not nonsense siRNA, attenuated 
the I/R-induced HUVEC migration in a nested matrix model. Scale bar = 80 μm (E) The number of migra-
ting cells in the nest gel was quantified in six separate experiments. * p < 0.05 vs. the corresponding time 
point of the control group. (F) Small panel showed efficiency of siRNA of MCPIP1. The quantification of the 
maximum migration distance from the nest gel of six separate experiments is presented. * p < 0.05 vs. the 
corresponding time point of the nonsense siRNA group.
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us to suggest that the novel transcription factor, MCPIP1, may be critical in the regulation of 
multiple biological processes in the same cell type and may also exhibit additional functions 
in other cell types. However, the HUVECs used in the current study were from a cell line that 
may not necessarily represent the physiological behavior and biology of endothelial cells 
from the arteries of aged individuals. Vascular endothelial dysfunctions have been shown to 
correlate with aging [66]. Further investigations are required to determine the effect of aging 
on endothelial function in I/R. 

An interesting finding in the current study was that I/R induced HUVEC apoptosis and 
migration, which seem to be opposing effects. Mounting evidence suggests that angiogenesis 
is a complex process that involves endothelial cell activation, proliferation, migration, and 
apoptosis [16-19]. This may due to the role of those functions at different time intervals 
after I/R. As shown in Fig. 6A, a significant decrease in cell viability occurred within 6 h of 
I/R and reached a stable state after 12 h of I/R, which indicated a role of apoptosis in the 
early stage of I/R. The migration of HUVECs started 6 h after I/R. These findings revealed the 
multifunctional capacity of MCPIP1 in HUVECs after I/R.

Fig. 6. MCPIP1 mediates I/R-induced cell survival. (A) I/R decreased HUVEC viability in a time-dependent 
manner with MTT assay. p < 0.05 vs. the corresponding time point of the control group. (B) MCPIP1 siRNA, 
but not nonsense siRNA, rescued HUVEC survival following 24 h of I/R in a nested matrix model. Small panel 
showed efficiency of siRNA of MCPIP1. * p < 0.05 vs. the corresponding time point of the control group. # 
#'##p < 0.05 vs. the corresponding I/R time point of the nonsense siRNA group. (C) Representative images of 
Hoechst 33342 staining depicting apoptosis of HUVECs after 24 h of I/R. Scale bar = 5 μm (D) The percen-
tages of apoptotic cells from six separate experiments are presented. * p < 0.05 vs. the control group. (E) 
MCPIP1 siRNA but not nonsense siRNA attenuated I/R-induced apoptosis in the HUVECs. * p < 0.05 vs. the 
corresponding time point of the control group. # p < 0.05 vs. the corresponding I/R time point of the nonsen-
se siRNA group. (F) Representative pictures of TUNEL staining depicting HUVEC apoptosis after 24 h of I/R. 
Scale bar = 80 μm (G) The number of apoptotic cells per field from six separate experiments is presented.  
*p < 0.05 vs. the control group. (H) MCPIP1 siRNA, but not nonsense siRNA, attenuated I/R-induced HUVEC 
apoptosis. * p < 0.05 vs. the corresponding time point of the control group. # p < 0.05 vs. the corresponding 
I/R time point of the nonsense siRNA group.
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In summary, our findings have identified a molecular pathway that activates the 
MAPK and PI3K/Akt pathways in response to IR, ultimately resulting in increased MCP1P 
expression. Furthermore, the I/R-mediated expression of MCPIP1 played a vital role in cell 
migration and apoptosis, resulting in increased angiogenesis and apoptosis during the late 
stages of I/R. These findings have implications for I/R among individuals with heart failure. 
Understanding the regulation of MCPIP1 expression and function may aid in the development 
of adjunct therapeutic strategies in the treatment of individuals with I/R.
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