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Abstract. Previous studies have confirmed that exposure to 
particulate matter with a diameter of ≤2.5 µm (PM2.5) is 
associated with inflammation. PM2.5 decreases cardiac cell 
viability and increases apoptosis through overproduction of 
reactive oxygen species (ROS). In the present study, the role 
of PM2.5 in ECs was investigated in vitro. Human umbilical 
vein endothelial cells and human microvascular endothelial 
cells (ECs) were incubated with PM2.5 (100‑800 µg/ml) to 
investigate the effects of PM2.5 on EC viability, migration, 
tube formation and intracellular levels of ROS. Cell viability 
and cell apoptosis were determined by MTT assay and flow 
cytometry analysis. Cell migration was assessed using a 
Boyden chamber assay, and tube formation was determined 
by matrigel assay. Tumor necrosis factor‑α and interleukin‑8 
levels were measured by ELISA, and ROS levels were assessed 
with 2',7'‑dichlorofluorescin diacetate. The results indicated 
that PM2.5 decreases EC viability and increases EC apoptosis 
in a concentration‑dependent manner. PM2.5 also decreased 
EC tube formation in a dose‑dependent manner. The results 
also demonstrated that PM2.5 suppresses adhesion to EC 
extracellular matrix proteins. Furthermore, PM2.5 exposure 
significantly induced ROS generation, indicative of oxidative 
stress. Finally, it was demonstrated that PM2.5 decreased 
angiogenesis in vivo. These results suggested that repeated 
exposure to PM2.5 induces vascular inflammation.

Introduction

Epidemiological studies have demonstrated that particu-
late matter (PM) is a serious environmental contaminant 
and is responsible for multiple human diseases, including 

cardiopulmonary diseases and cancers (1‑5). Toxicological 
studies have revealed that PM with a diameter of ≤2.5 µm 
(PM2.5) has a higher toxicity than larger particles  (5,6). 
Long‑term contact with high doses of PM2.5 enhances cardio-
vascular disease mortality rates (7). However, the underlying 
mechanisms of PM2.5 have yet to be elucidated.

Endothelial cell (EC) dysfunction is necessary for a number 
of diseases, including cardiovascular diseases (8,9). There have 
not been many studies on the effects of PM2.5 on ECs, however, 
previous studies have demonstrated that PM2.5 induces oxidative 
stress in human umbilical vein endothelial cells (HUVECs) (10) 
and endothelial progenitor cells (11). However, the effects of 
PM2.5 on ECs and its mechanisms remain to be elucidated.

PM2.5 can be quickly released via the respiratory tract 
and then affect the organs and blood vessels. PM2.5 also 
can be phagocytosed by macrophages, releasing a number 
of pro‑inflammatory cytokines, such as tumor necrosis 
factor (TNF)‑α (12). PM2.5 exposure is capable of inducing 
inflammation, which is regarded as the major mechanism of 
PM2.5‑mediated toxicity (13‑15).

It has also been demonstrated that oxidative stress is a 
key target of PM2.5‑mediated cytotoxicity, however, these 
studies mainly focused on human lung epithelial cells (16,17). 
The present study focused on ECs exposed to high doses of 
PM2.5 and evaluated the effect on cell viability, migration and 
tube formation. The current understanding of whether PM2.5 
exposure accelerates cell damage via ROS‑mediated inflam-
mation is limited and warrants more investigation. The present 
study, therefore aimed to determine the potential mechanisms 
underlying PM2.5‑induced vascular toxicity.

To the best of our knowledge, the data in the present study 
has demonstrated for the first time that PM2.5 effectively 
suppressed migration, tube formation and adhesion to extra-
cellular matrix (ECM) proteins in ECs. The present study 
also demonstrated the mechanisms by which PM2.5 induced 
vascular toxicity in ECs, at least in part, via a ROS‑dependent 
signaling pathway. These findings may provide a strategy 
for the prevention and treatment of PM2.5‑induced vascular 
inflammation in the clinical setting.

Materials and methods

Materials and reagents. PM2.5 was purchased from the 
National Institute of Standards and Technology (NIST; 
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Gaithersburg, MD, USA), 2',7'‑dichlorofluorescin diacetate 
(DCFH‑DA) and fetal bovine serum (FBS) were purchased from 
Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany), MTT 
reagents were obtained from Dojindo Molecular Technologies, 
Inc. (Shanghai, China) and the Annexin V‑fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) kit was purchased from 
Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China).

Cell culture. HUVECs and HMEC‑1 human microvascular 
endothelial cells were obtained from AllCells, LLC (H‑001F; 
Shanghai, China). Cells were cultured in RPMI 1640 medium 
with 20% FBS, 60 µg/ml of endothelial cell growth supple-
ment (BD Biosciences, San Jose, CA, USA) and 100 U/ml of 
penicillin with 100 µg/ml of streptomycin (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) in a humidified 
atmosphere with 5% CO2 at 37˚C.

PM2.5 was resuspended in PBS and the solutions were 
stored at ‑20˚C until use. ECs were treated with various concen-
trations of PM2.5 to select the optimal concentration and time.

Detection of cell viability. Cell viability was determined 
by MTT assay. The ECs were cultured in 96‑well plates 
(1.0x104 cells/well) in 100 µl medium for 24 h. ECs were then 
exposed to 0‑800 µg/ml PM2.5 for 0‑24 h. Following expo-
sure, 20 µl of MTT was added to the wells for 1 h at 37˚C. 
Cells were then treated with 100 µl of dimethyl sulfoxide. The 
absorbance was measured at 570 nm using a microplate reader. 
The viability of the treated cells was calculated as a percentage 
of the untreated control group, which was regarded as 100%.

Detection of cell apoptosis. ECs were cultured in 6‑well 
plates (2x105 cells/well) for 24 h. ECs were then exposed to 
0‑800 µg/ml PM2.5 for 24 h. The ECs were harvested and 
resuspended in PBS. EC apoptosis was evaluated by flow 
cytometry analysis using an Annexin V‑FITC/PI kit according 
to the manufacturer's protocols. The number of apoptotic 
cells was calculated by FlowJo (version 9.6.2; FlowJo LLC, 
Ashland, OR, USA).

Detection of cell migration. EC migration assays were 
performed using a modified Boyden chamber (8 µm pore size; 
BD Biosciences, Oxford, UK). ECs (5x104 cells/well) were 
treated with 0‑800 µg/ml PM2.5 in RPMI 1640 medium for 
6 h. RPMI 1640 medium supplemented with 500 µl 10 ng/ml 
vascular endothelial growth factor (VEGF; 293‑VE‑050; R&D 
Systems, Inc., Minneapolis, MN, USA) was added into the 
bottom chambers and the PM2.5‑treated ECs were added to 
the upper chambers for 8 h. The migrating cells were stained 
with 1% calcein‑AM and quantified by counting under a fluo-
rescence microscope. Experiments were repeated at least three 
times, and the migrated cells were counted in five random 
fields of each filter.

Detection of tube formation. The 96‑well plates were pre‑coated 
with Matrigel for 2 h. ECs were exposed to 0‑800 µg/ml PM2.5 
in RPMI 1640 medium for 6 h. Then 2x104 ECs/well were 
incubated in RPMI 1640 medium with 10 ng/ml VEGF for 
24 h at 37˚C. Quantification of tube formation was performed 
by using IncuCyte angiogenesis version 2.0 image analysis 
(Essen Bioscience, Ann Arbor, MI, USA).

Detection of ECM cell adhesion. Cell adhesion of ECs was 
evaluated by an Extracellular Matrix Cell Adhesion Array kit 
(ECM545; Chemicon; EMD Millipore, Billerica, MA, USA). 
The assay was carried out according to the manufacturer's 
instructions. The wells were pre‑coated with different human 
ECM proteins (collagen I, collagen II, collagen IV, fibronectin, 
laminin, tenascin and vitronectin) and a BSA‑pre‑coated well 
as control. The ECs were treated with 0‑800 µg/ml PM2.5 for 
6 h. Following washing with PBS, attached cells were stained 
with CyQuant GR® Dye (ECM545; Chemicon; EMD Millipore) 
according to the manufacturer's protocol and the cell‑bound 
stain was then extracted in extraction buffer (0.05% trypsin in 
Hanks Balanced Salt Solution containing 25 mM HEPES). The 
absorbance of the stain was determined at 450 nm. The change 
in absorbance was presented as the fold of untreated control.

ROS detection. ECs (2x105 cells/well) were cultured in 35 mm 
dishes and exposed to PM2.5 (0‑800 µg/ml) for 24 h, when 
the cells were harvested for intracellular ROS detection using 
DCFH‑DA. First, ECs were washed with PBS and resuspended 
in RPMI 1640 medium containing 10 µM of DCFH‑DA at 
37˚C for 40 min in the dark. Then the ECs were washed with 
PBS and ROS were detected using a confocal fluorescence 
microscope and analyzed by flow cytometry.

ELISA. ECs (2x105 cells/well) were cultured in 35  mm 
dishes and exposed to PM2.5 (0‑800 µg/ml) for 24 h. The 
ECs were centrifuged at 10,000 x g for 10 min at 4˚C, and 
TNF‑α (RAB1089) and interleukin (IL)‑8 (RAB0595) levels 
were determined by ELISA (Sigma‑Aldrich; Merck KGaA) 
according to the manufacturer's instructions.

In vivo matrigel plug assay. All animal care and experimental 
procedures complied with the guidelines of the Animal 
Experimentation Ethics Committee of Tongji University. Male 
C57BL/6 mice (24‑25 g, 6 weeks old, n=15) were supplied and 
maintained by Tongji University Laboratory Animal Service 
Center at 23±2˚C, 55±5% humidity on a 12 h light/dark cycle 
with food and water supplied ad libitum. Matrigel (500 µl) with 
heparin (10 U/ml), VEGF 100 ng/ml and PM2.5 (0‑800 µg/ml) 
were mixed and injected into the right flanks of mice. Negative 
controls were obtained by injecting mice with Matrigel and 
twice‑distilled water. The mice were sacrificed by cervical 
dislocation after 7 days, and the Matrigel plugs were removed 
and photographed. The hemoglobin content of the Matrigel 
plugs was calculated using a Drabkin's reagent kit (5252; 
Sigma‑Aldrich; Merck KGaA).

Statistical analysis. All data are presented as mean ± standard 
deviation obtained from at least three experiments. Statistical 
analysis of two samples was performed with Student's t‑test 
analysis. Statistical analyses among multiple groups were 
performed using one‑way analysis of variance followed by 
Bonferroni's post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

PM2.5 decreases HUVEC and HMEC‑1 viability. The cyto-
toxicity of PM2.5 was determined by MTT assay in HUVECs 
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and HMEC‑1 after 24 h. PM2.5 at 200‑800 µg/ml significantly 
reduced EC viability compared with the 0 µg/ml PM2.5 control 
group (Fig.  1). As demonstrated in Fig.  1, PM2.5 signifi-
cantly inhibited the viability of HUVECs and HMEC‑1 in a 
dose‑dependent manner following 24 h treatment. The concen-
trations producing 50% growth inhibition of PM2.5 on HUVEC 
and HMEC‑1 were ~200 µg/ml and 300 µg/ml, respectively.

PM2.5 induces HUVECs and HMEC‑1 apoptosis. Annexin V‑ 
FITC/PI assays demonstrated that PM2.5 induced apoptosis 
in ECs in a dose‑dependent manner: PM2.5 at 200‑800 µg/ml 
significantly increased the proportion of apoptotic ECs after 
24 h compared with the 0 µg/ml PM2.5 control group (Fig. 2).

PM2.5 decreases HUVECs and HMEC‑1 migration. The effect 
of PM2.5 on the migration of ECs was explored using Transwell 
migration assays. Compared with basal medium, RPMI 1640 
medium with VEGF triggered EC migration; however, this 
effect was dose‑dependently inhibited by PM2.5 treatment 
(Fig. 3). In the Boyden chamber assay, 200‑800 µg/ml PM2.5 
treatment significantly inhibited EC migration (Fig. 3).

PM2.5 decreases HUVEC and HMEC‑1 tube formation. The 
effects of PM2.5 on the angiogenesis of ECs were explored with 
a tube formation assay. ECs in RPMI 1640 medium containing 
10 ng/ml VEGF were planted on Matrigel and the amount of 
tube formation was measured. As demonstrated in Fig. 4, 
compared with untreated ECs, tube formation was inhibited in 
ECs by treatment with PM2.5 in in a dose‑dependent manner.

PM2.5 decreases EC adhesion to ECM proteins. EC adhesion 
to various ECM proteins (collagen I, collagen II, collagen IV, 
fibronectin, laminin, tenascin and vitronectin) was measured 
in cells were treated with 0 or 800 µg/ml PM2.5. The decreased 
adhesions were observed in the two cell lines (P<0.05). 
Collagen IV, tenascin and vitronectin adhesion was signifi-
cantly reduced in PM2.5‑treated HUVECs and HMEC‑1s, 
compared with control (P<0.05; Fig. 5).

PM2.5 increases intracellular HUVEC and HMEC‑1 ROS 
generation. DCFH‑DA staining demonstrated that PM2.5 
treatment increased ROS accumulation in a dose‑dependent 
manner; flow cytometry demonstrated that the mean fluores-
cence intensity of ECs incubated with PM2.5 at 200, 400 and 
800 µg /ml for 24 h was significantly increased compared with 
the 0 µg/ml PM2.5 control group (P<0.05; Fig. 6).

Effect of PM2.5 on IL‑8 and TNF‑α expression in HUVECs 
and HMEC‑1. To investigate whether PM2.5 treatment affected 
IL‑8 and TNF‑α expression, ECs were incubated with PM2.5 
for 24 h. PM2.5 (100‑800 µg/ml) induced IL‑8 (Fig. 7A) and 
TNF‑α (Fig. 7B) expression in ECs compared with the 0 µg/ml 
PM2.5 control group, indicating that PM2.5 induced vascular 
inflammation via IL‑8 and TNF‑α overexpression.

PM2.5 inhibits angiogenesis in vivo. To confirm the effect 
of PM2.5 on angiogenesis in vivo, a Matrigel plug assay was 
performed. The plugs containing VEGF demonstrated greater 
levels of angiogenesis compared with the negative control 
diluent plugs. In the presence of PM2.5 treatment, the number 

of blood vessels in the plugs was decreased. The hemoglobin 
concentration was quantified in the plugs; the hemoglobin 
content was significantly decreased in the 200‑800 µg/ml 
PM2.5 treated groups compared with the 0 µg/ml PM2.5 group 
(P<0.05; Fig. 8B). This result is consistent with the inhibition 
of angiogenesis by PM2.5 in vivo (Fig. 8C).

Figure 1. Effect of PM2.5 on HUVEC and HMEC‑1 viability. Cells were 
treated with 0‑800 µg/ml PM2.5 for 24 h, then cell viability was determined 
by MTT assay. *P<0.05 vs. control group (0 µg/ml PM2.5). PM2.5, particu-
late matter with a diameter of ≤2.5 µm; HUVEC, human umbilical vein 
endothelial cell; HMEC, human microvascular endothelial cell.

Figure 2. Effect of PM2.5 on HUVEC and HMEC‑1 apoptosis. (A) Cells 
were treated with 0‑800 µg/ml PM2.5 for 24 h, then cell apoptosis was 
assessed by Annexin V‑fluorescein isothiocyanate/propidium iodide assay. 
(B) Quantification of cell apoptosis. *P<0.05 vs. control group (0 µg/ml 
PM2.5). PM2.5, particulate matter with a diameter of ≤2.5 µm; HUVEC 
human umbilical vein endothelial cell; HMEC, human microvascular endo-
thelial cell.
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Figure 5. Effect of PM2.5 on cell adhesion of (A) HUVEC and (B) HMEC‑1 
to ECM proteins. Cells were treated with 0‑800 µg/ml PM2.5 for 24 h, then 
the absorbance of ECM proteins was determined. *P<0.05 vs. control group. 
PM2.5, particulate matter with a diameter of ≤2.5 µm; HUVEC, human 
umbilical vein endothelial cell; HMEC, human microvascular endothelial 
cell; ECM, extracellular matrix; Group 1, control.

Figure 6. Effect of PM2.5 on HUVEC‑ and HMEC‑1‑induced ROS produc-
tion. Cells were treated with 0‑800  µg/ml PM2.5 for 24  h, then ROS 
production was determined by 2',7'‑dichlorofluorescin diacetate assay. 
*P<0.05 vs.  control group (0 µg/ml PM2.5). PM2.5, particulate matter 
with a diameter of ≤2.5 µm; HUVEC, human umbilical vein endothelial 
cell; HMEC, human microvascular endothelial cell; ROS, reactive oxygen 
species. 

Figure 3. Effect of PM2.5 on HUVEC and HMEC‑1 migration. (A) Cells 
were treated with 0‑800 µg/ml PM2.5 for 24 h, then cell migration was 
determined by Boyden chamber assay Transwell assay. (B) Quantitative 
analysis of cell migration. *P<0.05 vs. control group (0 µg/ml PM2.5). PM2.5, 
particulate matter with a diameter of ≤2.5 µm; HUVEC, human umbilical 
vein endothelial cell; HMEC, human microvascular endothelial cell. 

Figure 4. Effect of PM2.5 on HUVEC and HMEC‑1 tube formation. 
(A) Cells were treated with 0‑800 µg/ml PM2.5 for 24 h, then tube formation 
was determined by Matrigel tube formation assay. (B) Quantitative analysis 
of tube formation. *P<0.05 vs. control group (0  µg/ml PM2.5). PM2.5, 
particulate matter with a diameter of ≤2.5 µm; HUVEC, human umbilical 
vein endothelial cell; HMEC, human microvascular endothelial cell. 
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Discussion

PM2.5 has previously been demonstrated to exercise adverse 
effects on ECs (18‑20); however, its effect on angiogenesis 
in ECs remains unclear. In the present study, the vascular 
inflammation activities of PM2.5 were demonstrated for the 
first time in HUVEC and HMEC‑1. Although the molecular 
mechanisms of PM2.5 in ECs have not been verified, the data 
from the present study demonstrated that high doses of PM2.5 
decreased EC viability, migration and tube formation. High 
doses of PM2.5 also increased ROS production and IL‑8 and 
TNF‑α expression. Based on the results of the ECs lines, high 
doses (>200 µg/ml) of PM2.5 are able to significantly inhibit 
angiogenesis. Therefore, it is possible that high‑doses of PM2.5 
can induce vascular inflammation.

Angiogenesis requires a number of steps, including cell 
proliferation, migration, tube formation and remodeling (21). 
The results of the present study demonstrated that the inhibi-
tory effect of PM2.5 on viability were stronger in HUVECs 
than HMEC‑1s. PM2.5 treatment may also inhibit migration 
and tube formation in the two EC lines, implying that PM2.5 
can inhibit angiogenesis. The endothelial recovery involved 
endothelial proliferation and migration to the injury site; the 
findings of the present study add a previously unrecognized 
role of PM2.5 exposure in the regulation of ECs biological 
function following vascular injury.

To further investigate mechanisms through which PM2.5 
induces inhibitory effects on migration of ECs, the effects of 
PM2.5 on the ECs ability to adhere to ECM proteins were 
investigated. PM2.5 decreased the ability to adhere to collagen 

Figure 7. Effect of PM2.5 on HUVEC‑ and HMEC‑1‑induced IL‑8 and TNF‑α expression. Cells were treated with 0‑800 µg/ml PM2.5 for 24 h, then (A) IL‑8 
and (B) TNF‑α expression was determined by ELISA. *P<0.05 vs. control group (0 µg/ml PM2.5). PM2.5, particulate matter with a diameter of ≤2.5 µm; 
HUVEC human umbilical vein endothelial cell; HMEC, human microvascular endothelial cell; IL, interleukin; TNF, tumor necrosis factor.

Figure 8. (A) Effect of PM2.5 on VEGF‑induced angiogenesis in vivo. (B) Hemoglobin content and (C) angiogenesis of Matrigel plugs was determined. 
Magnification, x10. *P<0.05 vs. control group (0 µg/ml PM2.5). PM2.5, particulate matter with a diameter of ≤2.5 µm; VEGF, vascular endothelial growth 
factor. 
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type IV, tenascin and vitronectin. Collagen IV serves an impor-
tant role in cell adhesion and motility (22) and tenascin has an 
important role in promoting cell survival and migration (23,24). 
Vitronectin is a high molecular weight glycoprotein known to 
promote cell adhesion and affect cell migration (25). Therefore, 
treatment with PM2.5 resulted in decreased adhesion of endo-
thelial cells to these matrix proteins. It is suggested that the 
consequent effect was to disrupt endothelial cell‑cell junctions 
leading to an increase in vascular permeability to the environ-
ment affected by local injury to blood vessels.

The effect of PM2.5 on ROS production in ECs was also 
evaluated. ROS have key roles in EC apoptosis. The data from 
the present study suggested that PM2.5‑induced ECs apop-
tosis may act through the ROS overproduction. PM2.5 also 
caused the release of the pro‑inflammatory cytokines IL‑8 and 
TNF‑α. A previous study demonstrated that intracellular ROS 
contributed to the release of pro‑inflammatory cytokines (26). 
In the present study, TNF‑α and IL‑8 were secreted from 
the ECs following 24 h exposure to PM2.5, which may have 
induced endothelial permeability. Promotion of inflammation 
is considered a key step in the adverse health effects associated 
with PM2.5 exposure.

The effects of PM2.5 were studied using an in vivo Matrigel 
plug model. PM2.5 decreased the hemoglobin content in plugs 
in comparison with the 0 µg/ml VEGF group (Fig. 8B). The 
data are consistent with the inhibition of angiogenesis by 
PM2.5 in vitro.

In conclusion, the anti‑angiogenic effects by high‑dose 
PM2.5 exposure on ECs may be exerted through increased 
ROS production and IL‑8 and TNF‑α expression, leading 
to reduced EC proliferation and migration. These findings 
suggest that high‑dose PM2.5 exposure may be an important 
mediator of vascular inflammation in ECs.
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