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The purpose of this study was to examine the direct toxicity of PM2.5 collected from Beijing
on human umbilical vein endothelial cells (HUVEC). A Cell Counting Kit 8 (CCK8) assay
demonstrated that PM2.5 exposure decreased the proliferation of HUVECs in a dose-
dependent manner. We also found that PM2.5 exposure induced autophagy in HUVECs, as
evidenced by: (1) an increased number of double-membrane vesicles; (2) enhanced
conversion and punctuation of the microtubule-associated protein light chain 3 (LC3); and
(3) decreased levels of the selective autophagy substrate p62 in a time-dependent manner.
Furthermore, promoting autophagy in PM2.5-exposed HUVECs with rapamycin increased
the cell survival rate, whereas inhibiting autophagy via 3-methyladenine significantly
decreased cell survival. These results demonstrate that PM2.5 exposure can induce
cytotoxicity and autophagy in HUVECs and that autophagy play a protective role against
PM2.5-induced cytotoxicity. The findings of the present study imply a direct toxic effect of
PM2.5 on HUVECs and provide novel insight into the mechanism of cardiovascular diseases
caused by PM2.5 exposure.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Due to the rapid industrialization and motorization of the
world, air pollution has become one of the greatest environ-
mental concerns. Particulate matter (PM) is one of the major
constituents of air pollution, and there is increasing evidence
demonstrating that PM is one of the most harmful pollutants
(Gao et al., 2017). In addition, epidemiologic investigations
have consistently demonstrated a link between PM and the
increased incidence of human cardiovascular morbidity and
mortality (Kaufman et al., 2016; Fang et al., 2016).
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Vascular endothelial cells line the inner surface of blood
vessels and provide an essential structural and biological
barrier for the maintenance of vascular function and homeo-
stasis. Moreover, endothelial dysfunction is now hypothe-
sized to be a dominant mechanism in the development of
cardiovascular diseases, including atherosclerosis and ische-
mic heart disease (Thornburg, 2015). The toxic effects of PMs
are primarily attributed to small inhalable particulates with
an aerodynamic diameter smaller than 2.5 μm (PM2.5) that
can penetrate deep into the airways of the respiratory tract,
reach the alveoli, and even enter into the systemic circulation
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(Martinelli et al., 2013). It is possible that inhalation of PM2.5
induces inflammation in the lungs, promoting the release of
inflammatory cytokines from the pulmonary tissue into the
systemic circulation, leading to endothelial dysfunction and
indirectly amplify vascular damage (Shimada et al., 2006).
PM2.5 may also directly affect the cardiovascular system by
entering into the systemic circulation and causing cardiovas-
cular dysfunction (Nelin et al., 2012). Recently, studies have
demonstrated that PM2.5 exposure is strongly associatedwith a
perturbation in endothelial function in both human and animal
models (Bai and Sun, 2016). The underlying mechanism of
action by which the air pollutant, PM2.5, induces adverse
cardiovascular effects is, therefore, of intense scientific interest.

Autophagy as a biological pathway has been found to be
involved in the occurrence of certain diseases. It is a process
of intracellular bulk degradation, in which cytoplasmic
components (e.g., organelles) are sequestered within double-
membrane vesicles that deliver the contents to the lysosome
or vacuole for degradation (Lockshin, 2016). The LC3 protein is
a homologous body of ATG8 during the formation of autoph-
agy bodies and becomesmodified into an LC3II type (Jiang and
Mizushima, 2015). Moreover, when autophagy occurs, the P62
protein binds directly to LC3, serving as a mechanism for
delivering selective autophagic cargo for degradation by
autophagy. Therefore, the expressions of LC3II/LC3I and P62
are widely used as autophagy markers. Autophagy has con-
ventionally been considered to be a pathway contributing to
cellular homeostasis and adaptation to stress (Shintani and
Klionsky, 2004). In addition, it has been demonstrated that
autophagy also functions as a cytoprotective response against
various types of cellular stress (Rubinstein and Kimchi, 2012).
Recently, it was reported that autophagy was involved in the
PM2.5-mediated cytotoxicity in human lung epithelial cells
(Xu et al., 2016; Deng et al., 2014, 2017; Liu et al., 2015; Y. Wang
et al., 2015; C. Wang et al., 2015; Li et al., 2016).

To elucidate the adverse cardiovascular effects induced by
air pollution PM, we will further explore the autophagic effect
in PM2.5-exposed human umbilical vein endothelial cell
(HUVECs), and investigate its contribution to HUVEC cytotox-
icity mediated by PM2.5 exposure.
1. Materials and methods

1.1. Materials

Rabbit polyclonal antibodies against GAPDH(AP0063) and P62
(BS7360), were purchased from BioWorld Biotech Co. Ltd.
(Nanjing, China). Rabbit monoclonal antibodies against LC3 I/II
(MP28F8) were purchased from NOVUS (MO, USA). The
RDye800® conjugated goat anti-rabbit IgG (072-07-15-06) was
purchased from KPL (MN, USA). Polyvinylidene difluoride
(PVDF)membranes (IPVH00010) and the ultrapurewater system
were obtained from Millipore (Millipore Ltd. China, Beijing,
China). The 3-methyladenine (3-MA) (HY-19312) and rapamycin
(Rap) (HY-10219) were obtained from Selleck Chemicals (USA).
All other reagents, including penicillin and streptomycin
(15050-065) were obtained from Gibco (Grand Island, NY, USA),
BCA protein assay kit (PC0020), SDS-PAGE gel preparation kit
(B1027), and Annexin-V-FITC/PI apoptosis kits (AD10) were
purchased from Zoman Biological Technology Co. Ltd. (Beijing,
China).

1.2. PM2.5 sample preparation

Sampling was performed at a typical urban sampling site
located on the roof of the School of Environment at Tsinghua
University, Beijing, China, from January 1st to January 31st,
2015. Fig. 1 illustrates the air quality index (AQI) data in Beijing
during the January of 2015. The good, lightly polluted,
moderately polluted, and heavily polluted days based on the
AQI of PM2.5 accounted for 9%, 13%, 52%, and 26%, respec-
tively, of the month. The monitoring data were from the
Chinese Ministry of Environmental Protection (http://www.
zhb.gov.cn). PM2.5 was sampled using high-volume samplers
at a flow rate of 1 m3/min, and collected on quartz filters
(47 mm, 2 μm, Whatman). The samples were stored at −80°C
until further extraction. The quartz fibers containing the
PM2.5 sample were moistened with a small amount of 75%
ethyl alcohol. The filters were then immersed in 5 mL sterile
water and subjected to an ice-bath sonication of four cycles of
5 min each to fully elute the PM. The eluate was collected and
filtered through six layers of sterile gauze. We weighed the
filtered eluate after freezing and vacuum drying, and added
sterilewater tomake a PM2.5 sample stock solution of 4 mg/mL.
The stock solution was then stored in the dark at −80°C.

Thirty nine elements were investigated and the concen-
tration of each was determined in the PM2.5 sample: total
carbon (TC), organic carbon (OC), elemental carbon (EC), Cl,
NO3, SO4, Indeno(1,2,3-cd)pyrene (IP), DBahA, Coronene (COR),
BbFA, Fluoranthene (FA), BaA, Chrysene (CHR), BaP, BeP, BkFA,
Sb, Cr, Cu, Pb, Mg, Ca, Zn, Fe, Al, S, Sc, Ti, V, Mn, Co, Ni, As, Se,
Sr, Mo, Cd, Ce, and Eu. Data remained to be published.

1.3. Cell culture and PM2.5 exposure

In this study, human umbilical vein endothelial cells
(HUVECs) were obtained from Allcells, China. The cells were
routinely maintained in an HUVEC complete culture medium
(Allcells, China) supplemented with 10% fetal bovine serum
(FBS), 2% growth factors, 100 U/mL penicillin, and 100 U/mL
streptomycin. The cells were grown at 37°C, with 5% CO2. For
exposure, the cells were seeded in triplicate 24 hr prior to
exposure. A small aliquot of the PM2.5 suspension was mixed
with the culture medium by sonication for 10 min and then
applied evenly to the cultured cells with blank samples
(unexposed filters) used as controls running in parallel. For
following CCK8 cell viability assay, the final concentrations of
PM2.5 suspension were 0, 5, 25, 50, 100 and 200 μg/mL,
respectively. Rap (100nmol/L, Sigma-Aldrich) or 3-MA
(5 mmol/L, Sigma-Aldrich) was added for 1 hr before the
addition of the PM2.5 suspension.

1.4. CCK8 cell viability assay

A WST-8 assay was applied to evaluate HUVEC cell viability
using Cell Counting Kit 8 (CCK-8) (Dojindo Molecular Tech-
nologies, Inc., MD, USA). After exposing the cells to PM2.5 for
24 hr, 10 μL CCK8 reagent was added to each well. After
incubating for 4 hr at 37°C, the absorbance was detected using
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Fig. 1 – Trend chart of AQI changes from January 1st to January 31st, 2015 in Beijing. AQI: air quality index.
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Fig. 2 – Toxicity of PM2.5 to the HUVECs. The HUVECs were
exposed to 0, 5, 25, 50, 100 and 200 μg/mL for 24 hr. Cell
viability was expressed as a percentage of the unexposed
control (mean ± SD). (**) indicates significant difference
(p < 0.05) compared to the control. PM2.5: particulate with an
aerodynamic diameter smaller than 2.5 μm; HUVECs: human
umbilical vein endothelial cells; SD: standard deviation.
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an EnSpire® Multimode Plate Reader (PerkinElmer Inc., MA,
USA) at 450 nm. To exclude interference by sample PM and
other sources of background absorbance, the absorbance was
measured in comparison with the control wells containing
PM2.5 without cells. The survival rate of the untreated cells
was set as 100%. The WST-8 experiment was repeated three
times and the final figures were presented as the mean
percent (±standard deviation [SD]).

1.5. Transmission electron microscopy (TEM)

TEM analysis was carried out after the cells were exposed to the
PM2.5 suspension for 24 hr. Treated and untreated cells were
harvested and pelleted by centrifugation at 800 r/min for
10 min and fixed in ice-cold 2.5% glutaraldehyde for 2 hr.
Afterward, samples were post-fixed in 1% OsO4 for 1 hr,
dehydrated through an ethanol series, and embedded in
epoxy resin, then ultra-thin sections (60 nm) were double
stained with uranyl acetate and lead citrate (Y. Wang et al.,
2015; C.Wang et al., 2015). Representative areas were examined
with an electron microscope (FEI Tecnai Spirit; USA) at 120 kV.

1.6. Western blot analysis

Following exposure to PM2.5, the cells were collected and
dissociated with RIPA lysis buffer and placed on ice for 30 min.
After centrifuging for 10 min at 12,000g at 4°C, the proteinswere
separated on a 10% SDS-PAGE gel and electrotransferred to a
nitrocellulose membrane. The blots were blocked for 2 hr at
room temperature with 5% nonfat milk in 0.01 mol/L PBS, then
incubated overnightwith different dilutions of rabbit polyclonal
antibodies toGADPH, LC3II/LC3I, and P62. Themembraneswere
washed three times with TBST for 10 min each at room
temperature, and incubated for 45 min with a 1:5000 dilution
of RDye800® conjugated goat anti-rabbit IgG (KPL, MN, USA).
The membranes were visualized using an Odyssey infrared
imaging system (LI-COR Biosciences, CA, USA) following three
rinses in TBST.

1.7. Data analysis

All results were expressed as the mean ± SD from three
independent experiments. All of the study data were analyzed
by one-way Analysis of Variance (ANOVA). The Least Signif-
icant Difference (LSD) test was used to calculate statistical
significance between the control group and each treatment
group. The statistical significance was defined as p < 0.05 for
all tests.
2. Results

2.1. The effects of PM2.5 on the survival rate of HUVECs

To investigate the potential cardiovascular toxicity of PM2.5
extracted from Beijing air samples, we incubated HUVECs
with various concentrations of PM2.5 and measured cell
viability with a CCK8 assay after 24 hr of exposure. A
progressive decrease in the cell viability was observed with
increasing concentrations of PM2.5 (Fig. 2). When the concen-
tration of PM2.5 was 25 μg/mL, the cell survival rate was
significantly lower than that of the control group. Moreover, a
progressive decrease in cell viability was observed following
PM2.5 exposure in a concentration-dependent manner. The
IC50 and IC60 values required for PM2.5 to reduce the HUVEC
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Fig. 3 – PM2.5 induced autophagosome in HUVECs. (a) the unexposed control; (b) after being treated with 100 μg/mL of PM2.5
for 6 hr; (c) after being treated with 100 μg/mL of PM2.5 for 24 hr. Cells were harvested and observed by TEM (10,000×). PM2.5:
particulate with an aerodynamic diameter smaller than 2.5 μm; HUVECs: human umbilical vein endothelial cells; TEM:
transmission electron microscopy.
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cell viability by 50% and 60% were 63 μg/mL and 100 μg/mL,
respectively.

2.2. PM2.5 induced autophagy in HUVECs

To detect whether the PM2.5 could induce autophagy in the
HUVECs, the cells were exposed to a PM2.5 concentration of
100 μg/mL (IC60) for 6 and 24 hr, respectively. TEM was used
to observe the morphological changes in the cells. As shown
in Fig. 3, a typical autophagosome with a bilayer membrane
structure was exhibited by the cells from both exposures of 6
and 24 hr (Fig. 3b, c). To further confirm this observation, the
autophagy-associated proteins LC3I, LC3II and P62 were
detected by performing a Western blot. The conversion of
LC3I to LC3II and changes in P62 expression were reflective of
autophagy. After the HUVECs had been exposed to 100 μg/mL
of PM2.5 for 0, 6, 12, and 24 hr, the ratio of LC3II/LC3I
expression increased (Fig. 4a, b); whereas P62 expression was
reduced (Fig. 4a, c), confirming that PM2.5 exposure had
induced autophagy in HUVECs.

2.3. Effects of the autophagy on PM2.5-induced HUVEC toxicity

We further investigated the role of autophagy in the process
of PM2.5-mediated HUVEC toxicity. 5 mmol/L of 3-MA was
added as an inhibitor of autophagy, while 100 nmol/L of Rap
was used to induce autophagy. When autophagy was
inhibited by 3-MA, the cell survival rate significantly de-
creased after PM2.5 exposure (Fig. 5a). However, pretreating
the cells with Rap significantly improved the cell survival rate
(Fig. 5b). These results suggest that autophagy reduced the
cytotoxicity in PM2.5-exposed HUVECs.
3. Discussion

The exposure to PM is currently one of themost pressing public
health issues, particularly in relation to the effects on the
cardiovascular system. Human exposure to PM, particularly
PM2.5, has been linked to anumberof cardiovascular conditions
(Kaufman et al., 2016; Fang et al., 2016; Ghauri et al., 2012). The
pooled effect estimate expressed as the excess risk per 10 μg/m3
increase in PM2.5 exposure was 6% (95% Confidence Interval
(CI): 4%, 8%) for all-cause and 11% (95% CI: 5%, 16%) for
cardiovascular mortality (Hoek et al., 2013). Although it has
been reported that PM2.5-mediated oxidative stress and in-
flammation are potential causes of various cardiovascular
diseases (Deng et al., 2017), the mechanisms underlying
PM2.5-induced health effects remain unknown.

It was reported that the toxic effect of PM on the
cardiovascular system could be subdivided into two general
pathways: 1) direct; and 2) indirect (Nelin et al., 2012). The
majority of these studies have focused on the indirect effects
of PM on the cardiovascular system and are thought to be the
only mechanism whereby particulate exposure to the respi-
ratory system induced a release of an inflammatory/cytokine
milieu that circulated through the bloodstream and affected
the heart (Bai and Sun, 2016; Sun et al., 2008; Y. Wang et al.,
2015; C. Wang et al., 2015). Recently, it was demonstrated
that small, inhalable PM2.5 could penetrate deeper into the
airways of the respiratory tract and reach the alveoli.
Furthermore, such particles can even enter into the systemic
circulation, and cause a direct toxic effect on the heart and
blood vessels (Shimada et al., 2006).

Historically, autophagy was exclusively considered to be a
cell death process. However, accumulating evidence suggests
that autophagy can be involved in both cell survival and cell
death (Rubinstein and Kimchi, 2012). For example, autophagy is
transiently induced as a survival response to various stress
stimuli, including nutrient starvation and oxidative stress
(Galluzzi et al., 2016). Moreover, autophagy is now acknowl-
edged to perform a largely cytoprotective function in physio-
logically relevant conditions by negatively regulating apoptosis.
Recently, autophagy was reported to play a critical role in the
pulmonary toxicity induced by environmental toxicants, such
as increased air pollution (Xu et al., 2016; Deng et al., 2014, 2017;
Liu et al., 2015; Y.Wang et al., 2015; C. Wang et al., 2015; Li et al.,
2016). Additionally, it was reported that autophagy might be a
survival mechanism for PM2.5-induced cytotoxicity in human
bronchial epithelial cells (A549) (Xu et al., 2016; Liu et al., 2015).
However, it remains unclear whether PM2.5 can induce
autophagy in vascular endothelial cells.

In the present study, we revealed that in vitro short-term
exposure to airborne PM2.5 collected from Beijing, China,
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Fig. 4 – Western blot of the LC3 II/LC3 I and P62 following
exposure to 100 μg/mL of PM2.5 for 0, 6, 12, and 24 hr. (a)
Western blot representatives of the LC3I, LC3II and P62
expression in HUVECs; (b and c) Densitometric analysis was
used for calculating the ratio between LC3 II to LC3 I and the
ratio of P62 to GAPDH from three independent experiments.
The quantitative data are presented as themean ± SD (n = 3),
where **p < 0.05 versus the unexposed control group (0 hr).
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Fig. 5 – Effects of the autophagy on cell death of HUVECs
induced by PM2.5. TheHUVECswere exposedwith 100 μg/mL
of PM2.5 for 24 hr following exposures to 5 mM 3-MA (a) and
100 nM Rap (b) for 1 hr. Cell death was measured by CCK8
assay. The quantitative data are presented as the mean ± SD
from three independent experiments, where **p < 0.05 versus
PM2.5 exposure only group. HUVECs: human umbilical vein
endothelial cells; PM2.5: particulate with an aerodynamic
diameter smaller than 2.5 μm; 3-MA: 3-methyladenine; Rap:
rapamycin; SD: standard deviation.
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caused significant cytotoxicity to HUVECs. We also found that
the exposure to PM2.5 induced an increased conversion of LC3
I to LC3 II, decreased expression of p62, and the appearance
of multivesicular and membrane-rich autophagosomes in
HUVECs. Furthermore, the inhibition of autophagy by 3-MA
significantly decreased the cell survival rate, whereas the
induction of autophagy by Rap enhanced the cell survival.
Our findings clearly demonstrate that PM2.5 is effective at
inducing cytotoxicity and an autophagic effect in HUVECs.
Moreover, autophagy appears to be protective against PM2.5-
induced cytotoxicity.
4. Conclusions

The results of the present study provide the first evidence
indicating that PM2.5 induces autophagy in human endothe-
lial cells. Autophagy may act as a protective mechanism to
reduce the damage mediated by PM2.5 on vascular endothe-
lial cells. This work provides novel insight into the mecha-
nisms underlying PM2.5-induced cardiovascular disease. As
the direct pathways are poorly characterized but important in
triggering severe cardiovascular events, our ongoing research
is concentrated on elucidating the signaling pathway associ-
ated with the induction of autophagy in PM2.5-exposed
HUVEC cells, and exploring its role in PM2.5-induced cardio-
vascular disease.
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