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Abstract. A previous study demonstrated that particulate 
matter (≤2.5 µm in diameter; PM2.5) may promote atheroscle-
rosis. However, the underlying mechanisms of PM2.5 in human 
microvascular endothelial cells (HMEC‑1) remain to be eluci-
dated. It has been reported that inflammation and oxidative 
stress can be reduced by curcumin, and in the present study, 
the aim was to investigate the protective effects of curcumin 
on PM2.5‑induced oxidative stress and inflammatory response 
in HMEC‑1. HMEC‑1 were stimulated with curcumin and 
PM2.5. The HMEC‑1 viability and apoptosis were detected 
by MTT and annexin V‑fluorescein isothiocyanate/propidium 
iodide assays. The levels of oxidized low‑density lipoprotein 
(oxLDL), tumor necrosis factor (TNF)‑α and interleukin 
(IL)‑8 were detected by ELISA. The intracellular reactive 
oxygen species formation in HMEC‑1 was detected using flow 
cytometry and 2',7'‑dichlorofluorescin diacetate. Nuclear factor 
(NF)‑κB, caspase 3 activity and adhesion molecule expression 
were also investigated. The results suggested that curcumin 
reduced PM2.5 (300 µg/ml)‑induced cell apoptosis and 
intracellular caspase 3 activity in HMEC‑1. ELISA analysis 
demonstrated that curcumin reduced PM2.5‑induced oxLDL, 
TNF‑α and IL‑8 levels. Curcumin induced NF‑κB, cell adhe-
sion molecule 1 and vascular cell adhesion protein 1 expression. 
Thus, curcumin treatment may reduce PM2.5‑induced oxida-
tive stress and inflammation in HMEC‑1. In summary, it was 
indicated that the effects of PM2.5 are associated with oxLDL 
via the NF‑κB signaling pathway, thereby inducing PM2.5 
mediated oxidative and inflammatory responses. The results 

also suggested that curcumin may be able to reduce the oxida-
tive and inflammatory effects of PM2.5 in HMEC‑1.

Introduction

Curcumin is regarded as a direct and an indirect antioxi-
dant agent through its reduction of reactive oxygen species 
(ROS) (1,2) and enhancement of the expression of cytoprotec-
tive enzymes, including glutathione‑S‑transferase (3,4). It has 
been reported that curcumin induces antioxidant response 
mechanisms by regulating transcription factors including 
the nuclear factor (NF)‑κB pathway (5-7). The nuclear factor 
(NF)‑κB pathway modulates DNA repair enzymes and the 
expression of anti‑inflammatory response proteins. These 
proteins increased the ability of the cell to repair oxidative 
damage. Curcumin is therefore able to induce a protective 
effect and activate the NF‑κB pathway in cells following 
exposure to oxidative and inflammatory influences.

There is a connection between the exposure to PM2.5 and 
cardiopulmonary diseases (8-10). Between 2014 and 2016, the 
concentration of PM2.5 has risen to >600 µg/m3 in Shanghai 
and Beijing, particularly in winter (11-15). There is growing 
concern about protecting people from PM2.5 injury. Although 
a number of findings have produced experimental data 
confirming that PM2.5 injures the cardiovascular system and 
other organs (16,17), knowledge of the biological mechanisms 
remains limited.

The vascular endothelial cells (ECs) are the primary organ 
system exposed to PM2.5, and have therefore been inferred 
to be susceptible. In previous studies, HUVECs were treated 
with PM2.5 to detect the effects on ECs viability and apop-
tosis (18,19). These studies demonstrated that PM2.5 induced 
HUVECs apoptosis via ROS expression. ECs dysfunction is 
regarded as an important marker in the development of athero-
sclerosis (AS) (20). A previous study also demonstrated that 
air pollution enhanced the atherosclerosis pathogenesis via 
abnormal oxidized lipid accumulation in vessels in vivo (21). 
Oxidized low‑density lipoprotein (oxLDL), a key risk factor 
for atherosclerosis, has several functions during AS develop-
ment, including inducing EC apoptosis (22,23). Ox‑LDL 
induces EC apoptosis by eliciting ROS expression. A previous 
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study demonstrated that PM2.5 (200 µg/ml) induces apoptosis 
in HUVECs via the activation of ROS and that a direct cyto-
toxic effect was observed in HUVECs (24). Therefore, new 
strategies are required to counter PM2.5‑induced injury. The 
strategies may enhance the antioxidant potential of EC and 
in this context, curcumin has a number of biological effects 
including direct and indirect antioxidant response in animal 
and cell models. 

A number of previous studies have demonstrated that 
PM2.5 and oxLDL induce the inflammatory response (18,25). 
The EC adhesion molecules vascular cell adhesion molecule-1 
(VCAM‑1) and intercellular adhesion molecule‑1 (ICAM‑1) 
are the mark of the inflammatory response. A previous study 
demonstrated that oxLDL increased the surface expression 
of ICAM‑1 in HUVECs (26). The present study investigated 
whether curcumin could regulate PM2.5‑treated HMEC‑1 
adhesion molecule expression. 

The purpose of the present study was to investigate the 
protective effects of curcumin on PM2.5‑induced HMEC‑1 
cytotoxicity. It demonstrated, for the first time to the best of the 
authors' knowledge, that curcumin reduced PM2.5‑induced 
oxLDL‑mediated vascular inflammation in HMEC‑1. In addi-
tion, curcumin countered PM2.5‑enhanced ROS, ICAM‑1 
and VCAM‑1 expression levels, which serve a key role in 
the inflammatory process via the expression of NF‑κB. An 
improved understanding of the multiple functions of curcumin 
against PM2.5‑induced vascular inflammation may inform the 
prevention and treatment of PM2.5‑induced injury.

Materials and methods

Materials. Curcumin [1,7‑bis (4‑hydroxy‑3‑methoxyphenyl)‑ 
1,6‑heptadiene‑3,5‑dione; high purity ≥98.5%] was obtained 
from Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). 
PM2.5 (National Institute of Standards and Technology 
Boulder Laboratories, Boulder, CO, USA) was suspended in 
PBS for 24 h and centrifuged at 17,000 x g and 4˚C for 10 min.

HMEC‑1 culture. Human microvascular endothelial cells 
(HMEC‑1) were purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). Cells were cultured 
in RPMI 1640 medium containing 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
and 100 U/ml penicillin with 100 µg/ml streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.) in a humidified atmosphere 
under 5% CO2 at 37˚C.

Cell viability assay. MTT assay was used to evaluate cell 
viability. In the MTT assay, HMEC‑1 (1x104 cells/ml) were 
plated in 96‑well plates and treated with curcumin (0‑50 µM) 
or PM2.5 (0‑600 µg/ml) for 24 h. Then, 20 µl MTT was added 
to each well, and the cells were incubated at 37˚C for 4 h. The 
supernatant was removed and 150 µl dimethyl sulfoxide was 
added to each well for 10 min in darkness. The optical density 
was calculated at 490 nm with a microplate reader.

Analysis of apoptotic cells. Apoptotic cells were determined 
by flow cytometry using annexin V‑fluorescein isothiocya-
nate/propidium iodide staining following the manufacturer's 
protocols.

Measurement of intracellular oxidative stress. To deter-
mine whether PM2.5 affected the ROS levels of HMEC‑1, a 
2',7'‑dichlorofluorescin diacetate (DCFDA) kit (Sigma‑Aldrich; 
Merck KGaA) was used. Curcumin/PM2.5 treated HMEC‑1 
(2x105 cells/well) were added to DCFDA (20 µM) for 20 min, 
washed with PBS and then the ROS expression was analyzed 
by flow cytometry All experiments were repeated three times.

The malondialdehyde (MDA) level and superoxide 
dismutase (SOD) activity of HMEC‑1 were detected by a 
Lipid Peroxidation (MDA) assay kit (Sigma‑Aldrich; Merck 
KGaA) and SOD assay kit (Sigma‑Aldrich; Merck KGaA), 
respectively.

Measurement of cytokine levels. The plasma oxLDL was 
measured using an ELISA kit (cat. no. ABIN366743; 
Cusabio Biotech Co., Ltd., Wuhan, China) as a marker of 
oxidative stress. Levels of tumor necrosis factor (TNF)‑α 
(cat. no. DTA00C; R&D Systems, Inc., Minneapolis, MN, 
USA), interleukin (IL)‑8 (cat. no. D8000C; R&D Systems, 
Inc.), ICAM‑1 (cat. no. ELHS‑ICAM1‑1; RayBiotech, Inc., 
Norcross, GA, USA) and VCAM‑1 (cat. no. ab100661; Abcam, 
Cambridge, UK) were also measured by ELISA kits, according 
to the manufacturer's protocols.

NF‑κB p65 transcription factor assay. To determine 
NF‑κB activity, the nuclear fractions of curcumin/PM2.5 
treated HMEC‑1 were isolated and measured by NF‑κB 
p65 Transcription Factor Assay kit (Abcam). The assay was 
conducted according to the manufacturer's protocols.

Measurement of caspase 3 activity. The activity of caspase 
3 was measured using a Caspase Activity Detection kit 
(Sigma‑Aldrich; Merck KGaA) was detected according to the 
manufacturer's protocols. The cells were lysed using the colo-
rimetric buffers included in the Caspase Activity Detection 
kit. Proteins were centrifuged at 12,000 x g for 10 min at 4˚C 
and measured by the BCA Protein assay kit (Pierce; Thermo 
Fisher Scientific, Inc.). Subsequently, 100 µg protein was 
incubated with 5 µl caspase 3 substrate (Ac‑DEVD‑pNA) in a 
96‑well plate. The activity of caspase 3 was determined using 
a spectrophotometer at 405 nm.

Statistical analysis. The experimental results are expressed as 
the mean ± standard error and are accompanied by a number 
of observations. For analysis of the results, one‑way analysis 
of variance was used with the post‑hoc Bonferroni's test for 
multiple comparisons using SigmaStat software, version 
3.5 (Systat Software, Inc., San Jose, CA, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Curcumin reduces PM2.5‑induced HMEC‑1 apoptosis. 
HMEC‑1 viability was assessed using the MTT assay and 
the data demonstrated that PM2.5 reduced HMEC‑1 viability 
(Fig. 1A). HMEC‑1 viability remained unchanged following 
5‑50 µM curcumin treatment for 24 h (data not shown). 
Therefore, 50 µM curcumin was used for subsequent experi-
ments. In the cells exposed to PM2.5, curcumin pretreatment 
increased HMEC‑1 viability (Fig. 1B).
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Figure 1. Effect of curcumin on PM2.5‑induced proliferation and apoptosis of HMEC‑1. (A) Effect of PM2.5 on HMEC‑1 proliferation by MTT. (B) Effect 
of curcumin against PM2.5‑induced proliferation by MTT. (C) Apoptosis of HMEC‑1 following PM2.5 treatment assessed using annexin V‑fluorescein 
isothiocyanate/propidium iodide assay. (D) Apoptosis of HMEC‑1 pretreated with curcumin following PM2.5 treatment assessed using annexin V‑fluorescein 
isothiocyanate/propidium iodide assay. Cells in Q2 and Q3 were regarded as apoptotic cells. *P<0.05 vs. control (n=3 independent experiments). PM2.5, 
particulate matter ≤2.5 µm diameter; HMEC‑1, human microvascular endothelial cells.
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HMEC‑1 apoptosis was detected using flow cytometry. 
As presented in Fig. 1C, PM2.5 enhanced HMEC‑1 apop-
tosis. In addition, the protective effect of curcumin against 
PM2.5‑induced HMEC‑1 injury was also assessed. Curcumin 
eliminated PM2.5‑induced HMEC‑1 apoptosis (Fig. 1D).

Curcumin reduces PM2.5‑induced oxidative stress in 
HMEC‑1. The key hypotheses concerning the effects of 
PM2.5 is the ability to enhance oxidative stress. The ROS 
production was observed using H2DCF‑DA by flow cytometry. 
It was observed that PM2.5 treatment induced the production 
of ROS in HMEC‑1 (Fig. 2A). However, ROS production was 
decreased following curcumin (50 µM) pretreatment for 24 h 
prior to PM2.5 exposure (Fig. 2B).

The MDA level was markedly increased in the PM2.5 group 
(Fig. 2C). By contrast, SOD activity decreased in the PM2.5 
group compared with the control group (Fig. 2D). PM2.5 
significantly decreased the MDA level (Fig. 2C) and enhanced 
SOD activity (Fig. 2D) in the curcumin pretreated HMEC‑1 
group compared with the PM2.5 group. Therefore, curcumin 
may block PM2.5‑induced oxidative stress in HMEC‑1.

Curcumin reduces PM2.5‑induced oxLDL expression in 
HMEC‑1. Fig. 3 demonstrates that plasma oxLDL level was 
overexpressed in the PM2.5 group compared with the control 
group. The data suggested that PM2.5 induces oxidative 
stress via the oxLDL level. Treatment with curcumin (50 µM) 
decreased the expression of oxLDL in HMEC‑1 exposed to 
PM2.5 (Fig. 3).

Curcumin reduces PM2.5‑induced inflammatory responses 
in HMEC‑1. To further investigate the inflammatory effects of 
PM2.5 in HMEC‑1, the expression of inflammatory chemokines 
was measured by ELISA. As demonstrated in Fig. 4, PM2.5 

exposure induced IL‑8 (Fig. 4A) and TNF‑α (Fig. 4B) levels in 
the PM2.5 groups. A significant decrease of the expression of 
IL-8 (Fig. 4A) and TNF‑α was identified in HMEC‑1 pretreated 
with curcumin prior to PM2.5 exposure (Fig. 4B).

Curcumin reduces PM2.5‑induced caspase 3 activity in 
HMEC‑1. The caspase family of cysteine proteases have a 
key role in cell death, and caspase 3 is an important member 
of the caspase family. Therefore, the caspase 3 activity in 
PM2.5‑treated HMEC‑1 was investigated. As demonstrated 
in Fig. 5, the activity of caspase 3 in the PM2.5 group was 
increased. Furthermore, the activity of caspase 3 was 
suppressed in HMEC‑1 pretreated with curcumin prior to 
PM2.5 exposure.

Curcumin reduces PM2.5‑induced NF‑κB signaling in 
HMEC‑1. To investigate whether NF‑κB is regulated by 

Figure 2. Effect of curcumin on PM2.5‑induced oxidative stress in HMEC‑1. (A) Intracellular ROS production in HMEC‑1 with PM2.5 treatment. (B) Effect 
of curcumin against PM2.5‑induced ROS levels. (C) Effect of curcumin against PM2.5‑induced MDA levels. (D) Effect of curcumin against PM2.5‑induced 
SOD levels. *P<0.05 vs. control (n=3 independent experiments). PM2.5, particulate matter ≤2.5 µm diameter; HMEC‑1, human microvascular endothelial cells; 
ROS, reactive oxygen species; MDA, malondialdehyde; SOD, superoxide dismutase.

Figure 3. Effect of curcumin on PM2.5‑induced oxLDL expression in 
HMEC‑1. The intracellular oxLDL production in HMEC‑1 with treatment 
as indicated. *P<0.05 vs. control (n=3 independent experiments). PM2.5, 
particulate matter ≤2.5 µm diameter; oxLDL, oxidized low‑density lipopro-
tein; HMEC‑1, human microvascular endothelial cells.
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PM2.5 treatment, phosphorylated (p)NF‑κB expression was 
examined. As presented in Fig. 6, PM2.5 induced intracellular 
pNF‑κB levels in HMEC‑1 (P<0.05). Fig. 6 demonstrates the 
effects of pretreatment with curcumin on PM2.5‑induced 
pNF‑κB upregulation in HMEC‑1.

Curcumin attenuates PM2.5 induced adhesion molecules 
expression in HMEC‑1. To further analyze the potential 
inflammatory effect of PM2.5 in HMEC‑1 cells, ICAM‑1 
and VCAM‑1 expression were identified. As demonstrated in 
Fig. 7, the levels of ICAM‑1 and VCAM‑1 were significantly 
upregulated by PM2.5 treatment.

In addition, pretreated with curcumin induced a significant 
reduction of ICAM‑1 and VCAM‑1 levels in PM2.5 exposed 
HMEC‑1 (Fig. 7).

Discussion

Vascular endothelial injury leads to vascular disease in patients. 
Previous studies have demonstrated that PM2.5 induces 
oxidative stress (27-30). Notably, epidemiological and clinical 
studies have indicated that air pollution is associated with the 
development of vascular disease. However, the exact cellular 
mechanisms of PM2.5‑induced vascular endothelial injury 

Figure 4. Effect of curcumin on PM2.5‑induced the expression of (A) IL‑8 and (B) TNF‑α in HMEC‑1. ELISA analysis for IL‑8 and TNF‑α in HMEC‑1 
following treatment with curcumin and PM2.5. *P<0.05 vs. control (n=3 independent experiments). PM2.5, particulate matter ≤2.5 µm diameter; IL‑8, 
interleukin‑8; TNF‑α, tumor necrosis factor‑α; HMEC‑1, human microvascular endothelial cells. 

Figure 5. Effect of curcumin on PM2.5‑induced expression of caspase 3 in 
HMEC‑1. *P<0.05 vs. control (n=3 independent experiments). PM2.5, partic-
ulate matter ≤2.5 µm diameter; HMEC‑1, human microvascular endothelial 
cells.

Figure 6. Effect of curcumin on PM2.5‑induced activity of NF‑κB in 
HMEC‑1. *P<0.05 vs. control (n=3 independent experiments). PM2.5, partic-
ulate matter ≤2.5 µm diameter; NF‑κB, Nuclear factor κ B; HMEC‑1, human 
microvascular endothelial cells.

Figure 7. Curcumin suppresses PM2.5‑induced expression of (A) VCAM‑1 and (B) ICAM‑1 in HMEC‑1. *P<0.05 vs. control (n=3 independent experiments). 
PM2.5, particulate matter ≤2.5 µm diameter; VCAM‑1, vascular cell adhesion molecule‑1; ICAM‑1, intercellular adhesion molecule‑1; HMEC‑1, human 
microvascular endothelial cells. 
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remain to be elucidated. There are no studies, to the best of the 
authors' knowledge, concerning the potential protective effects 
of curcumin on PM2.5‑induced vascular endothelial injury. The 
implication of the present study is that PM2.5 markedly induced 
oxidative stress and inflammation in HMEC‑1. Curcumin 
reversed the effects of PM2.5 by decreasing the expression of 
ROS and inhibiting inflammation via the NF‑κB pathway.

Increasing evidence has suggested that PM2.5 induces 
cells apoptosis (31-33), however the precise molecular mecha-
nisms of PM2.5‑induced apoptosis remain unclear, although 
it is known that PM2.5 decreases viability of HUVECs 
in vitro (14). The present study documented that PM2.5 could 
promote HMEC‑1 apoptosis by activity the caspase 3.

Certain previous studies have suggested that lipid levels 
are associated with PM2.5 (34-36), although this remains to 
be confirmed. A previous study indicated that exposure to air 
pollution aggravated the oxLDL levels in vivo (21). OxLDL is 
well known to trigger the ECs to induce adhesion molecules 
and chemotactic cytokines expression, attracting monocytes 
to the vascular wall for an inflammatory response. ECs secrete 
inflammatory cytokines that promote the proliferation and 
migration of smooth‑muscle cells, resulting in atherosclerotic 
lesion formation. It was identified that PM2.5 exposure induced 
an increase in oxLDL levels in the present study and it has 
been previously reported that PM2.5 exposure is a potential 
pathogenic mediator for atherogenesis in vivo (37). Therefore, 
oxLDL levels were associated with PM2.5 exposure. Further 
studies are required to explain the effects of PM2.5 exposure 
on lipid metabolism and its role.

Activation of IL‑8 and TNF‑α has been associated with 
vascular inflammation. The data from the present study 
demonstrated that PM2.5 induced IL‑8 and TNF‑α release 
in HMEC‑1. ROS overexpression is a mediator of numerous 
biological processes, including cell inflammation. ROS 
overproduction has additionally been regarded as a potential 
mediator of vascular diseases. The present study suggested 
that PM2.5 induced vascular inflammation via ROS activa-
tion. It also identified that PM2.5 increased the expression of 
ICAM‑1 and VCAM‑1, which mediate vascular inflammation. 
The results of the present study suggested that PM2.5 exhibits 
a number of effects on vascular inflammation. In addition, it 
confirmed that curcumin reversed PM2.5‑induced oxidative 
stress in HMEC‑1 through the inhibition of ROS. Curcumin 
decreased oxLDL, IL‑8, TNF‑α, ICAM‑1 and VCAM‑1 
expression and increased cell viability in the context of PM2.5 
treatment. These results suggested that curcumin protected 
HMEC‑1 from PM2.5‑induced injury at least in part by 
decreasing the activation of inflammation.

A previous study reported that the activation of the NF‑κB 
pathway was involved in the apoptosis process (38). Additional 
studies have also demonstrated that the NF‑κB pathway 
participates in PM2.5‑induced oxidative stress (29,39,40). The 
present study demonstrated that PM2.5 significantly increased 
the NF‑κB activity in HMEC‑1. Therefore, the downregula-
tion of NF‑κB may be required for the protective effects of 
curcumin against PM2.5‑induced injury in HMEC‑1.

In conclusion, the key results of the present study suggested 
that curcumin reduces PM2.5‑induced injury in HMEC‑1 and 
curcumin is able to reverse PM2.5‑induced oxidant activity 
via decreased ROS, oxLDL, ICAM‑1 and VCAM‑1 levels 

in HMEC‑1. The present study demonstrated that curcumin 
inhibited PM2.5‑induced vascular inflammation in HMEC‑1. 
These results suggested that curcumin may be able to be used 
as a potential agent for the prevention of vascular inflamma-
tory processes. However, further in vivo investigations are 
required to confirm the results of the present study.
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