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Abstract 

Vascular endothelial permeability transition does not cause significant lesions, but enhanced 
permeability may contribute to the development of vascular and other diseases, including 
atherosclerosis, hypertension, heart failure and cancer. Therefore, elucidating the effect of 
Particulate Matter 2.5 (PM2.5) on vascular endothelial permeability could help prevent disease that 
might be caused by PM2.5. Our previous study and the present one revealed that PM2.5 significantly 
increased the permeability of vascular endothelial cells and disrupted the barrier function of the 
vascular endothelium in Sprague Dawley (SD) rats. We found that the effect occurred mainly 
through induction of signal transducer and activator of transcription 3 (STAT3) phosphorylation, 
further transcriptional regulation of microRNA21 (miR-21) and promotion of miR-21 expression. 
These changes post-transcriptionally repress tissue inhibitor of metalloproteinases 3 (TIMP3) and 
promote matrix metalloproteinases 9 (MMP9) expression. This work provides evidence that PM2.5 
exerts direct inhibitory action on vascular endothelial barrier function and might give rise to a 
number of vascular diseases. 
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Introduction 
Blood vessels are lined with a single layer of 

cells, called endothelial cells. This layer acts as a 
selective barrier, fulfilling a role in exchanging 
macromolecules between the blood and tissues. This 
property, called permeability, is essential for the 
ability of the body to respond to changes in blood 
pressure and inflammation. Any damage to the 
endothelial barrier results in pathological vascular 
hyperpermeability, and altered monolayer 
permeability occurs before every case of vascular 
disease or cancer [1-3]. Endothelial permeability can 
be enhanced via the transcellular and paracellular 

pathways. Blood components pass directly through 
the cell in the transcellular pathway, while in the 
paracellular pathway, components cross the 
endothelial barrier through intercellular cell-cell 
junctions [3]. Under physiological conditions, the 
endothelial barrier function is maintained by 
junctions among the endothelial cells, extracellular 
matrix and basal membrane. Vascular permeability, 
and thus the paracellular flow of fluids, electrolytes, 
proteins, and cells through the endothelial layer, is 
mainly controlled by molecules involved in cell 
adherence and tight junctions, which are highly 
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relevant to the extracellular matrix. Degradation of 
the extracellular matrix could directly potentiate 
enhanced permeability of the endothelium [4]. 

The exchange of macromolecules between the 
blood and tissues is accomplished through the 
extracellular matrix and is regulated by endogenous 
and exogenous factors: gene expression and 
biomodulators. The stabilization of the dimensional 
structure of the extracellular matrix is due to small 
proteoglycans, which result in the formation of a 
three-dimensional lattice structure surrounding the 
cells. Matrix metalloproteinases (MMPs), a family of 
zinc-dependent endopeptidases, play vital roles in 
degrading basal membranes and the extracellular 
matrix [5]. MMP2 and MMP9, also known as 
collagenases, degrade type IV collagen (gelatin), 
degrade the extracellular matrix and junction 
proteins, and thereby increase endothelial 
permeability [6, 7]. The proteolytic activity of MMPs 
can be regulated at several levels, including gene 
expression, secretion, and conversion from the 
zymogen to the active enzyme [8, 9]. In addition, all 
activated MMPs (including MMP2 and MMP9) are 
specifically inhibited by endogenous tissue inhibitors 
of metalloproteinases (TIMPs) [5, 8]. 

MicroRNAs (miRNAs) are a family of small 
non-coding RNA molecules that regulate the 
expression of protein-coding genes at the 
post-transcriptional and translational level. Each 
miRNA can repress multiple gene targets, and 
repression occurs by translational inhibition. Among 
the regulatory mechanisms that control gene 
expression patterns, microRNAs 
post-transcriptionally regulate gene expression by 
binding to sequences on the 3’untranslated region 
(3’UTR) with perfect or imperfect complementarity, 
resulting in cleavage or translational repression of the 
target mRNA. Recently, miRNAs have been proposed 
to play a role in regulating intestinal tight junction 
permeability [10]. Other reports demonstrated that 
microRNAs were up-regulated in patients with 
ulcerative colitis and that microRNA 
over-transcription led to intestinal epithelial barrier 
impairment [11, 12]. Furthermore, S-Z Chen reported 
that microRNA could lead to extracellular matrix 
remodeling through Adamts1 [13], resolving the 
question of whether microRNA can degrade the 
extracellular matrix by acting through a protein. 

Recently, both epidemiological and clinical 
research has demonstrated that short- and long-term 
exposure to ambient particulate matter that is <2.5 μm 
in aerodynamic diameter (PM2.5, fine particles) is 
linked to an increase in cardiovascular disease. In the 
atmosphere, PM2.5 can reach the alveolar regions of 
the lung. Several mechanisms have been proposed to 

explain how inhalation of PM and diesel exhaust 
particles (DEPs) can cause cardiovascular health 
effects. However, there are few reports regarding the 
effects of PM on endothelial permeability. Previously, 
we collected PM2.5 from Beijing, consisting of heavy 
metals and polycyclic aromatic hydrocarbons (PAHs). 
Although we found that concentrated PM2.5 decreased 
membrane integrity and enhanced permeability in 
vascular endothelial cells (VECs) [14], the underlying 
mechanisms have yet to be fully determined. Herein, 
we focus on the role of miRNAs in increased vascular 
endothelial permeability resulting from PM2.5 
exposure. 

Materials and Methods 

Chemicals and reagents 
PM2.5 samples were collected from Beijing and 

analyzed as previously described [14]. Fluorescein 
isothiocyanate dextran (FITC-dextran) was obtained 
from Santa Cruz Biotechnology (CAS 60842-46-8 
Dallas, Texas, USA). Evans Blue was obtained from 
Dingguo (AR-0762, Guangzhou, Guangdong, China). 
The following primary antibodies were used for the 
Western blotting (WB) assay and the 
immunohistochemistry (IHC) assay: rabbit 
anti-STAT3 (4904T, diluted to 1:2000, Cell Signaling 
Technology, Inc., MA, USA), rabbit anti-p-STAT3 
(BA1709, diluted at 1:100 for IHC and 1:400 for WB, 
Boster, Wuhan, China), rabbit anti-TIMP3(ab39184, 
diluted at 1:100 for IHC and 1:1000 for WB, Abcam, 
Cambridge, USA), mouse anti-MMP9 (sc-21733, 
diluted at 1:100 for IHC and 1:500 for WB, Santa Cruz, 
Texas, USA), rabbit anti-VE-cadherin (BA3032, 
diluted at 1:100 for IHC and 1:400 for WB, Boster, 
Wuhan, China) and rabbit anti-β-actin(20536-1-AP, 
diluted at 1:2000 for WB, Chicago, USA). miR-21 
mimics and inhibitor and negative control RNA (NC) 
were obtained from RiboBio Co., Ltd., China. 

Animals and treatment 
SD rats (6 weeks old, male) were purchased from 

the Guangzhou University of Chinese Medicine 
(Guangzhou, Guangdong, China). All the rats were 
housed on a 12:12-h day/night cycle at aroom 
temperature of 24 ± 2°Cin the Center of Laboratory 
Animals, Guangzhou Medical University 
[permitnumber: SYXK (Yue) 2015-0104]. All the 
experiments were carried out according to protocols 
approved by the Ethics Committee of the Center of 
Laboratory Animals at Guangzhou Medical 
University. All the surgeries were performed under 
10% chloral hydrate, and all possible efforts were 
made to minimize suffering. 
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Cell lines and transfection 
Human umbilical vein endothelial cells 

(HUVECs) were isolated from human umbilical veins 
(Guangzhou Medical College Affiliated Hospital) as 
previous described [15] and were maintained in 
endothelial cell growth medium EBM (CC-3162, 
Lonza). HEK-293T cells were obtained from the cell 
bank of the Chinese Academy of Sciences (Shanghai, 
China) and maintained in 1640 medium (12633012, 
GIBCO), which was supplemented with 10% fetal 
bovine serum (FBS), penicillin (100 U/mL) and 
streptomycin (100 mg/mL). All the cells were 
incubated in a humidified chamber at 37°C 
supplemented with 5% CO2. 

In vivo endothelial permeability assays 
Twelve SD rats were randomly divided into two 

groups, namely, a normal saline (NS) group and a 
PM2.5 group. The rats were exposed to PM2.5 or normal 
saline via trachea drip at a dose of 4 mg/kg body 
weight every 3 days for 36 days. Then, 2% Evans Blue 
(solution in normal saline) at a dose of 50 mg/kg body 
weight was injected via the tail vein into the rats, 
which were sacrificed 90 min later. Normal saline was 
injected from the apex, after which the arcus aortae 
was removed. The dye was extracted from the arcus 
aortae into formamide at 60°C for 24 h, and the 
absorbance was measured at 620 nm. 

In vitro FITC-dextran transwell assay 
HUVEC monolayers were planted on transwell 

inserts, which were washed with EBM medium, then 
cultured until confluent. The cells were exposed to 
PM2.5 or vehicle for 24 h, and FITC-dextran was added 
to the top chamber. Samples were removed from the 
bottom chamber 24 h later and analyzed with a 
fluorometer at an excitation of 485 nm and an 
emission of 620 nm. Data represent the mean of three 
independent experiments. 

miRNA expression analysis 
Total RNAs were extracted using TRIzol reagent 

(15596-018, Invitrogen) from HUVECs or aortic arches 
of SD rats treated with normal saline, PM2.5(100 
μg/mL), NC or miR-21 inhibitor. The miRNA 
expression was analyzed using the Affymetrix 
GeneChip miRNA 1.0 Array (RiboBio Co., Ltd., 
China).The data analysis was carried out according to 
previously reported procedures[16]. The expression of 
miR-21 was analyzed using a real-time quantitative 
PCR (qRT-PCR) assay. The total RNA (500 ng) was 
reverse transcribed using a PrimeScriptTM RT 
Reagent Kit (RR014A, TaKaRa, Japan), and the 
real-time PCR was performed on a 7500 Real-Time 
PCR System (ABI) using the SYBR® Premix ExTaq™ 

II (TliRNaseH Plus) PCR Kit (RR820A, TaKaRa, 
Japan). All the primers were obtained from RiboBio 
Co., Ltd., China. The data were analyzed using the 
2-ΔΔCT methodology as previously described [17]. 

Luciferase assay 
The TIMP3 3’UTR was predicted using RNA22, 

while the human miR-21 promoter was predicted 
using the Promoter 2.0 prediction server, and both 
were then amplified by PCR from the cDNA or 
genomic DNA of HUVECs. The PCR products were 
digested and inserted into psiCHECK-2 or 
pGL3-Basic vectors. Mutations were introduced 
within the TIMP3 3’UTR or STAT3 and miR-21 
binding sites via PCR with mutation site primers. The 
pRL-TK vector was co-transfected with the 
pGL3-Basic constructs and used as a spike-in control 
to normalize transfection efficiency. After transfection 
for 24 h, the activity was measured using a 
Dual-Glo™ Luciferase Assay System (E2920, 
Promega, USA) according to the manufacturer’s 
protocol. All primer sequences are provided in the 
supplementary material (Table S1). 

Immunoblot analysis  
Proteins were collected using lysis buffer (50 mM 

Tris–HCl, pH 8.8, 150 mM NaCl, 0.1% SDS, 1% NP-40, 
1% sodium deoxycholate, 1% PMSF, 1% 
phosphotransferase inhibitor), and the concentration 
was estimated by BCA quantification. Total protein 
(30 μg) was separated on an SDS–PAGE gel to analyze 
the expression levels of TIMP3, MMP9, STAT3, and 
p-STAT3 according to previously described 
procedures [18]. β-Actin was used as a loading control 
to normalize protein levels. 

Histological and immunohistological staining 
The arcus aortaesamples from NS- and 

PM2.5-treated rats were fixed in 4% paraformaldehyde 
overnight and then embedded in optimal cutting 
temperature (OCT) compound and sectioned. The 
sections were stained with hematoxylin & eosin 
(H&E) and IHC. For IHC staining, the sections were 
incubated with primary antibodies against TIMP3, 
MMP9 or VE-cadherin at 4°C overnight, washed with 
PBS and incubated with HRP-conjugated second 
antibody, then stained with DAB and counterstained 
with hematoxylin. 

Chromatin immunoprecipitation (ChIP) 
ChIP was performed using the ChIP-IT Express 

Enzymatic Kit (53035, Active Motif, China) according 
to the manufacturer's instructions. In brief, chromatin 
from cells was cross-linked with 1% formaldehyde (10 
min at 22°C), sheared to an average size of ~500 bp, 
and then immunoprecipitated with anti-STAT3 
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antibody. The ChIP-PCR primers were designed 
using Primer Premier 5. 

Statistical analysis 
Statistical significance was assessed using SPSS 

16.0. All data are presented as the mean ± standard 
deviation (S.D.) from 3 independent experiments. 
Pairwise differences between groups were analyzed 
using a two-sided Student’s t-test. Statistical 
significance was defined as P<0.05. The intensities of 
immunoblotting bands were quantitated and 
normalized to β-Actin using Quantity One software 
(Bio-Rad, USA). IPP software (Media Cybernetics, 
Inc., USA) was used to quantify the protein 
expression levels in the IHC staining slices by 
measuring the cumulative integrated optical density 
(IOD). 

Results 
Exposure to PM2.5 alters the permeability of 
the aortic arch in SD rats 

In our previous work, it has been demonstrated 
that the permeability of vascular endothelial cells 
significantly increased upon exposure to PM2.5 in vitro 
[14]. In this study, Evans Blue dye was injected via the 
tail vein to examine whether the vascular 
permeability could also increase upon exposure to 
PM2.5 in vivo. We showed that PM2.5 exposure 
accelerated the accumulation of Evans blue in the 
region of the aortic arch (Fig. 1A). This work further 
demonstrated that exposure to PM2.5 could 
significantly increase vascular permeability. In 
addition, to explore the effect of PM2.5 exposure on 
vascular structure, a detailed histological analysis of 
the aortic arches of NS- or PM2.5-treated rats was 
performed. As revealed in Fig. 1B, mild injury could 
be observed in the vascular endothelium. These 
results indicate that PM2.5 increased the vascular 
permeability and injured the vascular endothelial 
structure in vivo. 

PM2.5 promotes vascular endothelial cell 
permeability by up-regulating the expression 
of miR-21 

A previous report has indicated that miRNA 
plays a key role in regulating vascular endothelial 
barrier function [19]. Therefore, differential 
expression analysis of miRNAs was carried out with 
an Affymetrix GeneChip miRNA 1.0 Array to detect 
the potential miRNAs involved in the alteration of 
vascular endothelial cell permeability by PM2.5. As 
shown in Fig. 2A and 2B, the analysis results revealed 
that 11 miRNAs were significantly up-regulated and 4 
miRNAs were down-regulated in PM2.5-treated 
compared with NS-treated HUVECs(>2-fold change, 

P<0.01). In addition, miR-21 was the most 
significantly changed miRNA during the 
PM2.5-induced increase of vascular endothelial cell 
permeability, and the expression of miR-21 was 
further verified by qRT-PCR (Fig. 2C). Moreover, the 
expression of miR-21 was significantly up-regulated 
in the aortic arches of PM2.5-treatedrats compared 
with the NS-treated group (Fig. 2D).  

 

 
Figure 1. Aortic arch permeability alteration in SD rats exposed to 
PM2.5. PM2.5 or normal saline was injected PM2.5 intratracheally at 4 mg/kg body 
weight in each SD rat once every 3 days for 4 weeks. (A) 2% Evans Blue 
(solution in normal saline)  was injected into the caudal vein of SD rats, and the 
aortic arch was lavaged using normal saline and photographed after 90 min, after 
which the Evans Blue was extracted with formamide at 60 ˚C for 24 h and 
quantified at 620 nm. (B) Hematoxylin and eosin staining analysis of the aortic 
arch from SD rats treated or untreated with PM2.5. Labels indicate areas of 
endothelial injury. **P< 0.01. Bar = 50 μm. 

 
However, whether miR-21 is involved in the 

alteration of vascular endothelial cell permeability by 
PM2.5 remains to be further clarified. FITC-dextran 
was employed to confirm endothelial cell 
permeability after exposure with PM2.5. As shown in 
Fig. 2E, the diffusion of FITC-dextran across the 
HUVEC sheet was significantly after PM2.5 treatment 
compared with NS treatment. However, miR-21 
inhibitor co-applied with PM2.5 could reverse the 
action of PM2.5 on the permeability of HUVECs. These 
data suggest that miR-21 is involve in the acceleration 
of vascular endothelial cell permeability induced by 
PM2.5.  

TIMP3/MMP9 signaling is the direct target of 
miR-21 in PM2.5-induced increasing of vascular 
endothelial cell permeability. 

A previous report has indicated that the 
angiogenic effect of miR-21 acts by targeting 
TIMP3/MMP signaling [20]. Moreover, 
TIMP3/MMP9 signaling plays an important role in 
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regulating vascular permeability [21, 22]. However, 
whether TIMP3/MMP9 signaling is involved in 
miR-21-mediated increasing of vascular endothelial 
cell permeability under PM2.5 treatment is unclear. 
The analysis result in RNA22 showed that TIMP3 was 
the potential direct target of miR-21 (Fig. 3A). A 
luciferase reporter assay was carried out to determine 
the direct binding of miR-21 to the TIMP3 3’UTR, and 
the assay showed that miR-21, compared with the 
control treatment, significantly suppressed the 
expression of Renilla luciferase carrying the wild-type 
target site of TIMP3 (Fig. 3B). In addition, the effect 
was reversed when the seed sequences 
complementary to the miR-21 were mutated (Fig. 3B). 
Furthermore, the protein expression of TIMP3 and 
MMP9 was measured and miR-21 significantly 
inhibited TIMP3 expression and up-regulated MMP9 

expression (Fig. 3C). All the results indicated that 
TIMP3/MMP9 signaling is the target pathway of 
miR-21. However, whether TIMP3/MMP9 signaling 
takes part in the PM2.5-induced increase of vascular 
endothelial permeability through miR-21 is not 
known. Therefore, we measured the expression of 
TIMP3 and MMP9 in PM2.5-treated HUVECs and rat 
aortic arches. It was shown that PM2.5 treatment could 
significantly inhibit TIMP3 expression and increase 
MMP9 expression both in HUVECs and in aortic 
arches (Fig. 3D and 3E). In addition, a miR-21 
inhibitor co-applied with PM2.5 could reverse the 
alteration of TIMP3 and MMP9 expression in 
HUVECs (Fig. 3F). These data demonstrated that 
TIMP3/MMP9 signaling is the direct target of miR-21 
in the PM2.5-induced increase in vascular endothelial 
permeability. 

 

 
Figure 2. miR-21 is involved in the PM2.5-induced increase in vascular endothelial cell permeability. Total RNAs were extracted from NS- or 
PM2.5-treated HUVECs and aortic arches of SD rats. (A) Affymetrix GeneChip miRNA 1.0 Array analysis of the differential expression miRNAs in NS or PM2.5 treated 
HUVECs. Hierarchical clustering was performed using 84 miRNAs selected from among 2,536 miRNAs. Each row corresponds to one miRNA, and the two columns 
correspond to the NC and PM2.5 groups. (B) Volcano plot of miRNA analysis. Plots of log P value versus log2fold change for HUVECs treated and untreated with PM2.5. 
The two vertical lines in each panel mark twofold changes. Red spots indicate miRNAs with highly significant fold changes. Labels indicate miR-21. (C) miR-21 
expression was verified using qRT-PCR from HUVECs treated or untreated with PM2.5 (80 µg/mL) for 24 h. (D) The expression of miR-21 in the aortic arches of rats 
treated with NS or PM2.5 was measured using qRT-PCR. (E) Effect of PM2.5 on HUVEC monolayer permeability. Cells were cultured until confluent in transwell inserts 
and incubated with or without the miR-21 inhibitor for 24 h and then stimulated with PM2.5 (80 µg/mL) or left untreated for 24 h, and then FITC-dextran was added 
to the top chamber. Samples were removed from the bottom chamber 24 h later and analyzed with a fluorometer.*P< 0.05, ***P< 0.001. 
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Figure 3. TIMP3/MMP9 is the direct target of miR-21 and is involved in miR-21-induced increases in vascular endothelial cell permeability 
underexposure to PM2.5. (A) The formation and regulation of miR-21 in inhibiting TIMP3 translation, and the putative binding site and mutation site of miR-21 in the 
TIMP3 3’UTR predicted by RNA22. (B) Luciferase assays indicated that miR-21 directly down-regulated the expression of TIMP3. psi-check2-TIMP3 3’UTR vector 
and the mutation vector were built, and then relative luciferase values were normalized to the group cotransfected with the NC. Renilla luciferase activity was 
normalized to firefly luciferase expression. (C) Western blotting shows the expression of TIMP3 and MMP9 in miR-21-overexpressing HUVECs. Western blotting (D) 
and IHC staining (E) show the expression of TIMP3 and MMP9 in NS- and PM2.5-treated HUVECs and aortic arches of SD rats. (F) Western blotting shows that the 
expression of TIMP3 was inhibited and MMP9 was up-regulated by PM2.5, and the effect was abolished by restraint of miR-21 in HUVECs. β-actin served as an internal 
control.*P< 0.05,**P< 0.01, ***P< 0.001. Bar = 50 μm. 

 

VE-cadherin is also involved in the 
miR-21-mediated increase of vascular 
endothelial cell permeability underPM2.5 
treatment. 

It has been reported that vascular endothelial 
cadherin (VE-cadherin) down-regulation could 
compromise barrier integrity in HUVECs [23, 24]. 
Reports indicated that miR-21 could indirectly 
regulate E-cadherin expression, which inhibits the 
epithelial to mesenchymal transition (EMT) [25, 26]. 
E-cadherin and VE-cadherin are both members of the 

cadherin family. Therefore, whether miR-21 regulates 
VE-cadherin expression in the PM2.5-induced increase 
of vascular endothelial permeability should be 
investigated. We found that PM2.5 treatment could 
significantly inhibit VE-cadherin expression in 
HUVECs and aortic arches (Fig. 4A and 4B). In 
addition, the inhibitory effect could be reversed by 
co-treatment with miR-21 inhibitor and PM2.5 in 
HUVECs (Fig. 4C). These data demonstrated that 
miR-21 could also target VE-cadherin to regulate 
vascular endothelial permeability under PM2.5 
treatment. 
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Figure 4. VE-cadherin is regulated by miR-21 and is involved in PM2.5-induced increases in vascular endothelial cell permeability. Western blotting (A) 
and IHC staining (B) show the expression of VE-cadherin was inhibited in PM2.5-treated HUVECs and aortic arches of SD rats. (C) Western blotting shows that the 
expression of VE-cadherin was inhibited by PM2.5, and the effect was abolished by restraint of miR-21 in HUVECs. β-actin served as an internal control.*P< 0.05,**P< 
0.01, ***P< 0.001. Bar = 50 μm. 

 

STAT3 promotesmiR-21 transcription in 
response toPM2.5 treatment 

Putative transcription factor binding sites 
associated with the miR-21 promoter were predicted, 
and STAT3, a transcription factor may directly bind to 
the miR-21 promoter at two different sites (Fig. 5A). 
Additionally, STAT3 canactivatemiR-21 in cancer cells 
[25, 27]. Whether STAT3 promotes the transcription of 
miR-21 under PM2.5 treatment needs to be further 
confirmed. We found that the expression of STAT3 in 
HUVECs and aortic arches did not differ between the 
NS and PM2.5 groups, and the expression of p-STAT3 
was significantly up-regulated in PM2.5-treated 
HUVECs and aortic arches compared with the NS 
group (Fig. 5B). The similar expression trend of 
miR-21 and p-STAT3 suggested that p-STAT3 might 
regulate the transcription of miR-21 in PM2.5-treated 

HUVECs compared with NS-treated ones. The 
luciferase reporter assay showed that STAT3 could 
significantly promote the expression of luciferase that 
carried the wild-type promoter of miR-21 compared 
with the control group (Fig. 5C). Remarkably, binding 
site 1, but not binding site 2, was a crucial site, because 
its mutation completely abolished the effects of 
p-STAT3 on the miR-21 promoter reporter (Fig. 5C). 
This conclusion was further confirmed by a chromatin 
immunoprecipitation assay. As shown in Fig. 5D, 
p-STAT3 directly binds to binding site 1 of the miR-21 
promoter in HUVECs, and PM2.5 treatment could 
promote the binding effect of p-STAT3 in miR-21 
promoter. Together, these results showed that miR-21 
functions as an effector of p-STAT3 in PM2.5-treated 
HUVECs. 
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Figure 5. p-STAT3 is involved in the promotion of transcriptional regulation of miR-21 in PM2.5-treated HUVECs. (A) Schematic representation of predicted 
binding sites of STAT3 in the human miR-21 gene and information on the STAT3 binding site mutations in the miR-21 promoter region. (B) Western blotting shows that p-STAT3 
was up-regulated by PM2.5, but there was no differential expression of STAT3 in NS- and PM2.5-treated HUVECs or aortic arches of SD rats. β-Actin served as an internal control. 
(C) Luciferase assays show the effects of STAT3 on the reporter constructs containing the wild-type and mutant miR-21 promoter. pGL3-miR-21 promoter and the mutation 
vectors were built, and then the constructs were co-transfected into HEK-293T cells with vectors expressing STAT3 as well as the pRL-TK vector as a transfection control. A 
vector expressing red fluorescence protein (dsRed) serves as a negative control for STAT3. The relative luciferase activities are the ratio of Firefly/Renilla luciferase normalized 
to the negative control. The data of the luciferase assays are presented as the mean ± SD from three separate experiments. (D) Chromatin immunoprecipitation assays show the 
in vivo interaction between p-STAT3 and miR-21 promoter binding site 1 as well as the increasing binding induced by PM2.5. HUVEC chromatin fragments were 
immunoprecipitated with antibodies against p-STAT3 or a negative control antibody (normal human immunoglobulin). HUVECs were treated or untreated with PM2.5 (80 µg/mL) 
for 24 h. The ChIP-enriched DNA levels were measured by qPCR and then normalized to the quantity of input DNA, followed by subtraction of nonspecific binding as determined 
by control IgG. All results represent three independent experiments, and the data are expressed as the mean±SD. *P< 0.05,**P< 0.01, ***P< 0.001. 

Discussion 
This study provided support for a model in 

which exposure to PM2.5 can up-regulate the 
expression of p-STAT3, which is involved in 
promoting the transcriptional regulation of miR-21. It 
directly inhibits TIMP3/MMP9 signaling and 
indirectly inhibits VE-cadherin expression, both of 
which are involved in the control of vascular 
endothelial cell permeability (Fig. 6).  

It has been demonstrated that the small-diameter 
particulate matter known as PM2.5 can enter the 
respiratory system and diffuse into the blood 
circulation, after which it induces endothelial 
dysfunction in pulmonary and systemic arteries 
[28-30]. Vascular permeability refers the capacity of a 
blood vessel wall to allow the passage of small 
molecules or whole cells in and out of the vessel. A 
single layer of endothelial cells line the inner layer of 

blood vessel walls. Therefore, the endothelial cell is 
the first barrier that maintains vascular permeability. 
Our previous study clarified that PM2.5 disrupts 
vascular endothelial cell barrier function [14]. 
Therefore, the totality of the evidence suggested that 
PM2.5 may induce endothelial dysfunction through 
direct damage to vascular endothelial cells. In this 
work, we observed that the inner layer of the blood 
vessel wall was injured and the permeability of the 
vascular endothelium was increased by PM2.5. The 
dysfunction of the vascular endothelium as a barrier 
can contribute to the development of atherosclerosis, 
hypertension, heart failure and cancer [31-34]. Our in 
vivo work is consistent with previously reported 
effects of PM2.5 on endothelial dysfunction and further 
demonstrate that the barrier function of vascular 
endothelial was abolished by PM2.5, suggesting that 
PM2.5 might induce cardiovascular diseases by 
altering vascular endothelial cell permeability. 
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Figure 6. A schematic illustration of how PM2.5 might increase endothelial permeability. 

 
MicroRNAs are small non-coding RNAs that 

bind to the 3’UTR of target genes and leading to 
translational repression. Recent research has shown 
that miR-147b regulates endothelial permeability [19]. 
However, whether there are more miRNAs involved 
in the regulation of endothelial permeability remains 
to be further explored. Our in silico analyses have 
identified 15 miRNAs whose expression were 
markedly changed in PM2.5-treated HUVECs. Since 
miR-21 is the most significantly changed miRNA 
among them, it became the focus of this study. It has 
been demonstrated that miR-21 plays an important 
role in tumors and heart disease [35-40]. In addition, 
miR-21 is involved in the regulation of intestinal 
permeability, angiogenesis and retinal blood vessel 
caliber upon exposure to PM10 [20, 41-43].Although 
miR-21 has been identified as an important regulator 
of blood vessel and intestinal permeability, there is no 
information available concerning its function in 
vascular endothelial cell permeability. Thus, the 
purpose of our study is to clarify this novel role of 
miR-21 in vascular endothelial cells with regard to 
permeability regulation. In vivo and in vitro studies 
have indicated that changes in miR-21 expression are 
associated with exposure to PM2.5. We were the first to 
confirm associations between expression of miR-21 
and vascular endothelial cell permeability. 

The mechanisms by which miR-21 up-regulation 
alters endothelial barrier function in response to PM2.5 
exposure are not well understood. TIMP3/MMP9 
signaling is the direct target of miR-21 in angiogenesis 
[20]. Recently, studies have indicated that 
TIMP3/MMP9 signaling and VE-cadherin are known 
to be dominant pathways for maintaining the 
endothelial barrier [44]. In this study, we clarified that 

miR-21 promotes vascular endothelial cell 
permeability by not only inhibiting TIMP3/MMP9 
signaling but also suppressing VE-cadherin. 

In summary, the current study reports miR-21 as 
a novel target of PM2.5 through which it alters vascular 
endothelial cell permeability to disrupt vascular 
barrier function. Our data suggest that targeting of 
TIMP3/MMP9 signaling and VE-cadherin by miR-21 
promotes vascular endothelial cell permeability. 
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