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Abstract: Exposure to fine ambient particulate matter (PM.s) is known to be associated with cardiovascular disease.
To uncover the molecular mechanisms involved in cardiovascular toxicity of PM; s, we investigated alterations in the
protein profile of human umbilical vein endothelial cells (HUVECSs) treated with PM; 5 using two-dimensional electro-
phoresis in conjunction with mass spectrometry (MS). A total of 31 protein spots were selected as differentially ex-
pressed proteins and identified by matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) MS. The
results demonstrated that DNA damage and cell apoptosis are important factors contributing to PM2 s-mediated toxicity
in HUVECs. It is further proposed that PM. s can inhibit superoxide dismutase (SOD) activity and increase reactive
oxygen species (ROS) and malonaldehyde (MDA) production in a concentration-dependent manner. Induction of
apoptosis and DNA damage through oxidative stress pathways may be one of the key toxicological events occurring in
HUVECs under PM_ 5 stress. These results indicated that the toxic mechanisms of PM2 5 on cardiovascular disease are
related to endothelial dysfunction.
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1 Introduction

Industrialization, urbanization, and increases in
the population are resulting in pollution of the envi-
ronment (Nicolas et al., 2008). Deterioration of urban
air quality has become an increasing and widespread
concern throughout the world (Singh and Sharma,

¥ Corresponding author
" Project supported by the Medical and Health Science and Technol-
ogy Fund of Zhejiang Province (No. 2016K'YB224) and the Scientific
Research Fund of Zhejiang Chinese Medicine University (No.
2015ZG17), China

ORCID: De-zhao LU, https://orcid.org/0000-0001-5227-6445
© Zhejiang University and Springer-Verlag GmbH Germany, part of
Springer Nature 2018

CLC number: X511

2012). PM; 5, the fine air particle with an aerody-
namic diameter less than 2.5 pum, is the pollutant with
the most undesired health effects (Brook et al., 2010;
Zhang et al., 2018). The surface of PM;5 can also
absorb large quantities of harmful substances such as
sulfates, heavy metals, and organic and inorganic
compounds. It can penetrate deeply into the alveolar
ducts through the respiratory tract, even through the
interstitial lung, and transfer into the circulatory sys-
tem. Thus, it can seriously harm human health (Ter-
zano et al., 2010).

Extensive evidence from epidemiological in-
vestigations has shown that acute and chronic expo-
sure to fine ambient particulate matter (PM,s) is
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associated with cardiovascular disease (Burnett et al.,
1999; Lee et al., 2014). It can increase the incidence
and mortality of cardiovascular disease in hyperten-
sion, coronary heart disease, and diabetes mellitus
patients (Pope et al., 2004; Vallejo et al., 2006; Cheng
et al., 2017). In May 2010, the American Heart As-
sociation (AHA) officially noted that there was a clear
causal relationship between the exposure of fine par-
ticles and the incidence and mortality of cardiovas-
cular disease, and the impact of PM, 5 on cardiovas-
cular disease has become a serious public health
problem in the world (Brook et al., 2010).

Vascular endothelial cell (VEC), a barrier be-
tween blood and blood vessel wall, is widely distrib-
uted in the body. It can produce and secrete a variety
of bioactive substances and plays an important role in
the regulation of vascular tone and vascular smooth
muscle growth, the modulation of the adhesion of
VECs and inflammatory cells, and the inhibition of
platelet aggregation (Lu and Daugherty, 2013).
Therefore, vascular endothelial dysfunction is con-
sidered to be the initial step in atherosclerosis.

Previous studies have demonstrated that elevated
concentrations of ambient PM,s are significantly
related to increased mean pulmonary arterial pressure
and markers of endothelial dysfunction in children
(Calderén-Garciduedias et al., 2008). Healthy adults
exercising for 30 min near main traffic roads can
develop endothelial-dependent vascular diastolic
dysfunction, which indicates that PM; 5 can enter into
the circulatory system through alveoli and has a direct
effect on the VECs (Rundell et al., 2007). The direct
effects of the soluble organic fraction of PM, s on the
fibrinolytic function of endothelial cells were de-
tected using rat heart microvessel endothelial cells
exposed to organic extracts of diesel exhaust particles
(OE-DEP) and urban fine particles (OE-UFP). The
results showed that OE-DEP and OE-UFP exposure
reduced the production of plasminogen activator
inhibitor-1 (PAI-1). This mechanism was related to
oxidative stress and was independent of oxygenase-1
(HO-1) activity (Hirano et al., 2003). After being ex-
posed to different concentrations of PM, 5, the ECV304
cell survival rate and intracellular superoxide dis-
mutase (SOD) and glutathione (GSH) were decreased
in a dose-dependent manner (Rundell et al., 2007).

Therefore, vascular endothelial dysfunction is
one of the important mechanisms in PM, s-induced

cardiovascular toxicity (Li et al., 2014; Wang et al.,
2017). The real biological mechanism underlying
the correlation between PM,; 5 exposure and endothe-
lial dysfunction is not yet clear. As we all know,
proteins are crucial for our health, and they play an
important role in living systems and are essential to
almost all life activities. Alterations in the protein
activity or content, which are caused by environ-
mental, physiological, or pathological conditions, can
cause any adaptive responses (Alaoui-Jamali and Xu,
2006). Proteomics is regarded as a powerful tool to
explore the cellular responses to PM,s, which can
provide effective data for toxicological studies.
Therefore, we mainly analyzed the proteomic altera-
tions in human umbilical vein endothelial cells
(HUVEC:S) after they were exposed to PM; 5 in order
to explore the mechanism of PM; s-induced endothe-
lial dysfunction.

2 Materials and methods
2.1 Materials

Airborne PM; 5 was kindly donated by Professor
LI (Institute of Environmental Science, Shanxi Uni-
versity, Taiyuan, China). PM, 5 was collected on the
rooftop of a 5-storey building (approximately 25 m
above ground) at Shanxi University. This site is lo-
cated approximately 300 m away from a major
roadway (Wucheng Road). There are no obvious
industrial pollution sources around. Thus, the obser-
vations could be typical of the general urban pollution
in Taiyuan (Li et al., 2014). For exposure in vitro,
airborne PM, 5 was dissolved in sterilized water at a
final concentration of 10 mg/ml and sonicated 30 min
before use.

2.2 Cell culture

HUVECs were purchased from the Type Culture
Collection of the Chinese Academy of Sciences
(Shanghai, China). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 10% (0.1 g/ml) heat-inactivated foetal bovine
serum (FBS) and 1% (0.01 g/ml) penicillin-
streptomycin and maintained at 37 °C in a humidified
atmosphere of 5% CO,. The study was performed
when cells reached 70%—-80% confluence.
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2.3 Cell viability

Cells (1x10* cells/well) were seeded into 96-
well plates and adhered to the well after 16 h. Then,
the cells were treated with 10-150 pg/ml PM, 5 for
24 h; cells in the control group were not treated with
PM, 5, and the blank group contained neither cells nor
PM, 5. Cell viability was measured using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay kit (Keygen, China) according to
the manufacturer’s instructions. MTT (20 pl, 5 mg/ml)
was added to every well and incubated for 4 h at 37 °C
in a humidified atmosphere of air plus 5% CO,. Then,
150 pl of dimethyl sulfoxide (DMSO) was added to
solubilize the formazan salt formed, and the amount
was determined spectrophotometrically at 570 nm
using a SpectraMax190 microplate reader (Molecular
Devices Inc., USA). Relative cell mass was deter-
mined from the amount of MTT converted to forma-
zan salt.

2.4 Preparation of protein samples for two-
dimensional (2-D) electrophoresis

HUVECs (1x10° were seeded into 75-cm” cul-
ture flasks with supplemented culture medium. The
cells at exponential phase were then treated with 0, 50,
and 100 ug/ml PM, 5 for 24 h. Cells were harvested by
centrifugation at 1500g for 10 min and lysed in 1 ml
of lysis buffer (30 mmol/L Tris, 8 mol/L urea, 4%
(0.04 g/ml) 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonic acid (CHAPS), 1% (0.01 g/ml)
protease inhibitor, at pH 8.5). The sample solutions
were gently mixed and kept on ice for 15 min with
sonication for 10 s every 20 s and then centrifuged at
12000 r/min for 30 min at 4 °C. The supernatant was
collected, and its protein concentration was deter-
mined using the bicinchoninic acid (BCA) protein
assay (Solarbio Science & Technology, Beijing,
China). The procedure was repeated twice, and a pool
of extract was analyzed. The samples were stored at
—80 °C until use.

2.5 2-D electrophoresis and image analysis

Samples (300 pg per gel) were loaded onto
24-cm Immobiline Dry strips with a pH 4-7 gradient
(GE Healthcare, USA), and isoelectric focusing was
carried out using an Ettan IPGphor 3 IEF system (GE
Healthcare, USA). After isoelectric focusing, the

strips were equilibrated for 15 min in a buffer con-
taining 6 mol/L urea, 30% (0.3 g/ml) glycerol, and 1%
(0.01 g/ml) dithiothreitol (DTT) and for 15 min in the
same buffer but with DTT replaced by 4% (0.04 g/ml)
iodoacetamide. The second-dimensional sodium do-
decyl sulfate polyacrylamide gel -electrophoresis
(SDS-PAGE) was carried out on all 6 gels simulta-
neously using Ettan DALTsix (GE Healthcare, USA)
at 5 W/strip for 45 min and then at 15 W/strip until the
bromophenol blue reached the bottom of the poly-
acrylamide gels. The spots were stained with the
sensitive silver staining and scanned with Image
Scanner (GE Healthcare, USA) at 300 pixels per
square inch, and the maps were analyzed using Image
Master 2D Platinum 6.0 software (GE Healthcare,
USA). Triplicate gels for each group were used to
reduce experimental errors. Protein with average
increase or decrease more than 1.5-fold compared
with the control group was designated as differen-
tially expressed protein and identified with a matrix-
assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometer (Applied Biosys-
tem, USA).

2.6 In-gel digestion and MALDI-TOF mass spec-
trometry (MS) identification

Differentially expressed proteins were excised
from the gels and de-stained by washing with a 1:1
solution of 100 mmol/L sodium thiosulfate and
30 mmol/L potassium ferricyanide for 20 min. The
spots were dehydrated by addition of acetonitrile after
being washed twice in Milli-Q water followed by
drying in a Speed Vacuum (Eppendorf, USA) for
30 min. Subsequently, the gel spots were rehydrated
in 5 ul of trypsin solution (20 ng/ul) and incubated at
37 °C for 16 h. Next, peptides were extracted in two
washing steps with 50% (v/v) acetonitrile and 5% (v/v)
trifluoroacetic acid for 1 h and dried in a Speed
Vacuum. A 1-pl aliquot of peptide mixture was mixed
with an equal volume of 10 mg/ml cyano-4-
hydroxycinnamic acid (Sigma, USA) and analyzed
using MALDI-TOF MS (4800 Proteomics Analyzer,
Applied Biosystem, USA). Positive MS reflector
mode was used to acquire data from 900 to 4000 Da,
and the spectra were used to automatically search the
NCBI or protein database using Mascot software
(Applied Biosystem, USA) (Vallejo et al., 2006).
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2.7 Western blotting

Proteins (20 pg/sample) were resolved on 10%
(0.1 g/ml) polyacrylamide gels by SDS-PAGE and
then transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were blocked with 5%
non-fat dry milk in Tris-buffered saline with Tween
20 (TBST) for 1 h at room temperature and incubated
overnight at 4 °C with primary antibodies against
B-actin (CWbio, Beijing, China), Merl1A, Rad50,
and Rad51 (Abcam, Cambridge, UK) at 1:1000 dilu-
tion and primary antibodies against heterogeneous
nuclear ribonucleoprotein HI (HNRNPHTI) and eno-
lase (Santa, Cruz Biotechnology) at 1:400 dilution.
After washing with TBST, the membranes were in-
cubated with secondary antibody, and immunoblot-
ting was visualized using a ChemiScope series (Clinx
Science Instruments Co., Ltd., Shanghai, China).
Normalization involved blotting the same samples
with mouse anti-actin.

2.8 Cell apoptosis assay

To further explore whether PM, ;s causes the
apoptosis of HUVECs, an Annexi V-fluorescein
isothiocyanate (FITC) Apoptosis Detection kit (Be-
yotime, Beijing, China) was used to distinguish
normal, apoptotic, and necrotic cells. HUVECs
(2x10° cells/well) were plated on 6-well plates and
treated with 0, 50, and 100 pg/ml PM,; s for 24 h; and
then, the cells were collected and detected by flow
cytometry according to the manufacturer’s instructions.

2.9 Detection of 8-hydroxy-2'-deoxy-guanosine

8-Hydroxy-2'-deoxy-guanosine (8-OHdG), a
biomarker of DNA base-modified product, was de-
tected using an enzyme-linked immunosorbent assay
(ELISA) kit (Amylet Scientific, Wuhan, China).
After 24 h of treatment with PM, s, HUVECs were
harvested and washed twice with PBS. Cells were
suspended in PBS (pH 7.4) and homogenized by
sonication and centrifuged at 3000 r/min for 20 min,
and then the supernatant was collected to measure the
8-OHdG content according to the manufacturer’s
protocol.

2.10 Detection of DNA double strand breaks
(DSBs) by immunofluorescence assay

HUVECs were cultured on sterile glass co-
verslips overnight at 37 °C, and exposed with 0, 50,

and 100 pg/ml PM; s, respectively, for 24 h. Then the
cells were fixed with 4% paraformaldehyde for
15 min and incubated with 0.2% Triton X-100 at 4 °C
for 15 min. After washes with PBS, the samples were
blocked with goat serum to suppress nonspecific
binding of IgG for 2 h, and incubated with yYH2AX
antibody for 2 h. The samples were washed three
times and incubated for 1 h with FITC-conjugated
secondary antibody, and then washed with PBS
and incubated with nuclei dye (4',6-diamidino-2-
phenylindole (DAPI)) for 15 min in a dark chamber.
After washing with PBS and mounting on a coverslip
with 90% glycerol, images were taken from the
specimens using a fluorescence microscope (Leica
DMi8, Germany).

2.11 Measurement of reactive oxygen species

Intracellular reactive oxygen species (ROS)
production in HUVECs was measured by 2'7'-
dichloro-dihydro-fluorescein diacetate (DCHF-DA,
10 umol/L; Beyotime, China). The cells were treated
with DCFH-DA for 30 min at 37 °C and immediately
washed three times with PBS. The fluorescence
intensity was read by a fluorescence microplate
reader at 485 nm excitation and 525 nm emission
wavelengths, and images were captured by a multi-
functional fluorescence microscope (Leica DMi8,
Germany).

2.12 Measurement of SOD activity and MDA
production

Both SOD activity and malonaldehyde (MDA)
production were measured with commercial kits
(Beyotime Biotechnology, Shanghai, China) accord-
ing to the manufacturer’s protocols. Cells were
treated with an ultrasonic homogenizer. SOD activity
was determined from the absorbance at 560 nm,
which was detected using a microplate reader (Mo-
lecular Devices, USA), and the results were averaged
and expressed as U/mg of sample protein. The ab-
sorbance of MDA production was detected at 532 nm.
The MDA concentration was calculated using ab-
sorbance complex and expressed as nmol/mg of pro-
tein. Both assays were performed in triplicate.

2.13 Statistical analysis

Experimental data were expressed as meant
standard deviation (SD). GraphPad Prism 5 was used
to analyze the data, Student’s ¢-test was used to assess
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the significant differences between the treatment
groups and the control group, and the P-value was set
at 0.05.

3 Results

3.1 Effects of PM,s on the proliferation of
HUVECs

HUVECs were treated with various concentra-
tions of PM, 5 for 24 h, and the cell proliferation was
evaluated by the MTT assay. PM;s was found to
inhibit HUVECs proliferation in a concentration-
dependent manner when its concentration was greater
than 50 pg/ml (Fig. 1).
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Fig. 1 Effect of PM,5 on the cell viability by MTT
method

HUVECs were treated with the indicated concentrations of
PM, s for 24 h. Data are expressed as the meantSD of
triplicate experiments. ~ P<0.05, ~ P<0.01, compared with
the control

3.2 2-D gel electrophoresis analysis of differential
protein expression

To elucidate the PM, s-induced alterations of
protein expression in HUVECS, proteins extracted
from the cells treated with PM, 5 of different concen-
trations were separated by 2-D electrophoresis. Image
analysis software (Image Master 2D, Version 6.0, GE
Healthcare, USA) typically detected about 1000 pro-
teins on each gel. The results showed that a total of 31
proteins exhibited statistically significant changes
(increase or decrease, P<(.05), and the variations in
abundance were more than 1.5-fold in contrast to the
control cells. Among them, thirteen proteins were up-
regulated in PM; s-treated HUVECs, while eighteen
proteins were down-regulated. Fig. 2 shows the posi-
tions of differentially expressed proteins in master gel.

Fig. 2 Representative proteomic maps showing the
protein expression profiles obtained from HUVECs
exposed to PM, 5

Proteomic maps of HUVECs treated with 0 (a), 50 (b), and
100 pg/ml (c) PM, s for 24 h. (d) Distribution of differen-
tially expressed proteins in master gel which has the
maximum protein points among all gels

3.3 Identification of differentially expressed proteins

All of the differentially expressed proteins were
further identified using MALDI-TOF MS. The MALDI-
TOF MS peptide maps of in-gel tryptic digest re-
sulting from HNRNPH1 are shown in Fig. 3. Table 1
lists the protein names, accession numbers, protein
names, scores, and fold changes of these molecules.
Table 2 shows the biological procession clustering of
differentially expressed proteins in HUVECs treated
with PM, 5. As a result, HNRNPH1, ENO1, DYNCI1HI,
ST20, ZSCANSA, CRK, PSMA3, and ZNF812 were
related with DNA damage and RNA processing,
which suggests the importance of DNA damage and
RNA processing in PM;s-induced cytotoxicity. In
addition, the expression changes of some proteins,
including HNRNPHI1, ENOI, FGG, DYNCIHI,
ARHGDIA, PSMA3, and ST20, also indicate that
apoptosis is one of the important toxic effects of PM, s.

3.4 Verification of differentially expressed proteins

HNRNPHI1 and ENO1 expression was measured
by Western blotting, using the B-actin protein band
as a homogeneous control, which was useful for
analyzing the experimental data. A comparison of the
Western blotting results was consistent with our dif-
ferent proteomic analysis (Fig. 4).
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Table 1 Information of differentially expressed proteins
Fold changes
%st Protein name Accession No. pI/MW Scl\;[ris/ccolto % 50 pg/ml 100 pg/ml
vs. control  vs. control
1 Calpain small subunit 1 (CAPNS1) sp|P04632|CPNSI_  5.05/28297.7 180/100.00 2.88 3.21
HUMAN
2 B-Actin-like protein (ACTBL2) sp|Q562R1JACTBL_  5.39/41976.0  86/100.00 2.49 2.98
HUMAN
3 Rho GDP-dissociation inhibitor 1 ~ sp[P52565|GDIR1_ 5.02/23192.7  86/100.00  —2.38 —2.76
(ARHGDIA) HUMAN
4 Tumor protein D52 (TPD52) sp|P55327|TPD52  4.79/24312.2  50/81.50 2.13 2.65
HUMAN
5  Cytoplasmic dynein 1 heavy chain 1 sp|Q14204DYHC1_  6.01/532071.8  60/98.00 —2.04 -2.12
(DYNCIHI) HUMAN
6  Fibrinogen gamma chain (FGG) sp/P02679|FIBG _ 5.37/51478.9  98/100.00 -1.98 —2.35
HUMAN
7 o/ Hydrolase domain-containing ~ sp|Q96IU4/ABHEB_ 5.94/22331.6  66/99.53 -1.94 -2.29
protein 14B (ABHD) HUMAN
8  Heat shock 70 kDa (HSP70) protein sp|P34932|HSP74_ 5.11/942712  65/99.39 -1.84 -1.97
4 (HSPA4) HUMAN
9  Ras-related protein Rab-14 sp|P61106|RAB14  5.85/23881.9  47/56.66 1.73 1.92
(RAB14) HUMAN
10 Uracil phosphoribosyltransferase sp|Q96BW1|UPP _ 5.71/33765.0  39/78.00 1.71 2.10
homolog (UPRT) HUMAN
11 F-box only protein 4 (FBX 4) sp|QOUKTS5|FBX4  5.77/44108.0  33/45.00 —1.68 -1.59
HUMAN
12 tRNA methyltransferase 112 sp|QOUI30/TRI12  5.21/14190.3  67/69.00 1.65 1.87
homolog (TRMT112) HUMAN
13 Zinc finger and SCAN domain- sp|QIBUG6|ZSASA_ 8.70/55829.8  42/49.00 -1.65 -1.77
containing protein SA (ZSCANSA) HUMAN
14  MAGUK p55 subfamily member 2 sp|Q14168MPP2 6.32/64540.2  51/84.26 -1.65 -1.83
(MPP2) HUMAN
15  Myosin regulatory light chain 12A  sp/P19105ML12A_ 4.67/19781.5 176/100.00 —1.64 -1.91
(MYLI12A) HUMAN
16  Heterogeneous nuclear sp/P31943[HNRH1_ 5.89/49198.4 178/100.00 1.63 1.65
ribonucleoprotein H (HNRNPH1 ) HUMAN
17 Adapter molecule crk (CRK) sp|P46108|CRK _ 5.38/33810.0 152/100.00 1.53 2.19
HUMAN
18  Filamin-A-interacting protein 1 sp|Q7Z7BO|FLIP1  846/1380239  51/83.14 1.52 1.76
(FILIP1) HUMAN
19  Protein monoglycylase Tubulin- splA6PVC2|TTLL8  8.55/94616.0 44/19.29 1.77 1.74
tyrosine ligase-like protein 8 HUMAN
(TTLLS)
20  Exocyst complex component 6B sp|Q9Y2D4|EXC6B_ 6.03/94141.1  48/63.95 1.58 1.64
(EXOC6B) HUMAN
21  o-Enolase (ENOL1) sp|P06733[ENOA_ 7.01/47139.3  61/98.00 1.58 1.52
HUMAN
22 Proteasome subunit a type-3 sp|P25788|PSA3 5.19/28415.1  81/99.98 -1.62 -1.53
(PSMA3) HUMAN
23 Neural cell adhesion molecule 2 sp|O15394[NCAM2_ 5.44/92988.2  46/46.68 -1.63 -1.54
(NCAM2) HUMAN
24 Proteasome subunit f type-2 sp|P49721|PSB2_ 6.51/22821.7  87/89.00 —1.58 —1.55
(PSMB2) HUMAN

To be continued
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Table 1
Fold changes
Spot . . Mascot
No. Protein name Accession No. pI/MW score/CI% S0 ug/ml 100 ug/ml
vs. control  vs. control
25  Zinc finger CCCH domain- sp|QOUGR2|Z3H7B_ 6.82/111506.5  48/64.77 —1.68 —-1.61
containing protein 7B (ZC3H7B) HUMAN
26  Transcription factor-like 5 protein ~ sp|QOUL49|TCFLS _ 6.44/52664.2  48/65.57 -1.69 -1.82
(TCFLS) HUMAN
27  Suppressor of tumorigenicity 20 sp|Q9HBF5|ST20 _ 8.52/9017.6  48/71.36 -1.74 -1.85
protein (ST20) HUMAN
28  Putative zinc finger protein 812 sp|POC7VS|ZN812_ 8.71/51484.2  65/99.39 —-1.53 -2.15
(ZNF812) HUMAN
29  Deoxyuridine 5'-triphosphate sp|P33316|DUT _ 9.46/26546.6  80/99.98 -2.12 -3.21
nucleotidohydrolase (DUT) HUMAN
30 Reticulocalbin-1 (RCN1) sp|Q15293|RCN1_ 4.86/38866.2 114/100.00 -2.39 —4.37
HUMAN
31 Putative malate dehydrogenase 1B sp|Q5I0G3|MDHIB_ 5.85/58613.4  56/78.00 —2.47 —4.39
(MDH1B) HUMAN
pl: isoelectric point; MW: molecular weight; C1%: minimum ion score
Table 2 Determination of toxicity rank
Biological procession Protein name
DNA damage and RNA processing HNRNPHI1, ENOI1, PSMA3, DYNCI1HI1, ST20, ZSCANSA, CRK, ZNF812
Cell apoptosis HNRNPHI, ENO1, PSMA3, ST20, DYNCIH]1, FGG, ARHGDIA
Cell proliferation CAPNSI1, TPD52, ENO1, PSMA3
Cell adhesion and platelet aggregation ARHGDIA, FGG, MYLI12A, CRK, NCAM2
Cell cycle DYNCIHI, PSMA3
100 -
90 997.0364
80 1
70 A
g 60 -
= 097.9514
2 50
1%}
Ay 1684.8086 P142.0779
1092.5930
13.9353
4958 12563,359
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Fig. 3 MALDI-TOF MS peptide maps of HNRNPH1
Protein spot of interest was excised from the gels and de-stained, washed, dehydrated, and enzymolyzed. Peptides were ex-
tracted and freeze-dried. The peptide mixture was analyzed with MALDI-TOF MS
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Fig. 4 Western blot analysis of representative protein of differentially expressed proteins
(a) Expression of HNRNPH1 and enolase (ENO1) in HUVECs treated with 0, 50, and 100 pg/ml PM, 5 for 24 h. (b) Relative
intensities of HNRNPH1 and ENOI1 were quantified. Data are expressed as the mean+SD of triplicate experiments.

™ P<0.01, compared with the control
3.5 PM,s-induced apoptosis in HUVECs

Flow cytometry was used to detect the propor-
tion of apoptosis in total cells to verify whether PM, 5
induced apoptosis in HUVECs. The results showed
that the percentage of early apoptosis (Annexin
V'/PI" (PI: propidium iodide)) increased to 17.3%
and 25.5%, respectively, compared to 1.7% in the
control cells when the HUVECs treated with 50 and
100 pg/ml PM, 5 for 24 h (Fig. 5).

3.6 DNA damage in HUVECs exposed to PM, 5

After 24 h of treatment with PM, s, the cells were
collected and broken by sonication and then centri-
fuged at 3000 r/min for 20 min; the supernatant was
used for ELISA. As shown in Fig. 6, the DNA dam-
age involving production of 8-OHdG was up-
regulated at 100 pg/ml. The results indicated that
PM, 5 induced oxidative stress-related DNA damage.

3.7 Formation of DNA DSBs in HUVECs exposed
to PMZ.S

PM, s-induced DNA DSBs in HUVECs were
assayed by the formation of YH2AX foci after 24 h
treatment with different concentrations of PM, 5. The
accumulated bright green spots were marked as the
formation of YH2AX foci. A significant increase in
foci number was detected in HUVECs treated with 50
and 100 pg/ml PM,; 5, which indicated that PM, s can
cause the DNA DSBs in HUVECs (Fig. 7).

3.8 Expression of DNA damage repair proteins

The expression of DNA damage repair proteins
Merl1A, Rad50, and Rad51 was measured by Western

blotting using p-actin protein band as a homogeneous
control, which was useful for analyzing the experi-
mental data. A comparison of the Western blotting
results was consistent with our different proteomic
analysis (Fig. 8).

3.9 PM,s-regulated oxidative stress in vitro

We evaluated the effects of PM, s on oxidative
stress of endothelial cells. The results showed that
ROS generation was significantly increased after cell
exposure to PM; 5 (Fig. 9a). Consistently, PM, 5 led to
a more significant down-regulation of SOD activity
and up-regulation of MDA expression (Figs. 9b and
9c). These results suggested that PM;s-induced
apoptosis and DNA damage may be related to oxida-
tive stress.

4 Discussion

Recent studies suggested that the increases of
ambient particular matter levels were associated with
an increase in mortality rate from cardiovascular
disease. VECs, the first barrier between the blood and
the vessel wall, play important roles in cardiovascular
disease. VECs can produce and secrete a variety
of bioactive substances to regulate vascular tone,
smooth muscle cell proliferation, adhesion of VECs
and inflammatory cells, and inhibit platelet aggrega-
tion (Lu and Daugherty, 2013).

Our study showed that PM, 5 can inhibit HUVEC
proliferation in a concentration-dependent manner.
To elucidate the toxicology mechanism of PM; s in
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(d) Mean percentages of the early stage apoptotic cells. Data are expressed as the mean+SD of triplicate experiments.

ook

Relative value of 8-OHdG

2.0 4
1.5 -
1.0 4 —J—
05
0.0 .
0

50

P<0.001, compared with the control

100

Concentration of PMy 5 (ug/ml)
Fig. 6 Effects of PM,s on DNA damage production
8-OHdG of HUVEC: after 24 h treatment
Data are expressed as the meantSD of triplicate experi-
ments. ~ P<0.05, ™" P<0.01, compared with the control

HUVECs, the comparative proteomic analysis was
performed in our experiments to reveal the PM, s-
induced proteins in HUVEC:s in order to accumulate
novel toxicological data on environmental exposure
to particulate matter. Thirty-one differentially ex-
pressed proteins related to exposure to PM,s were
selected and identified, of which eight proteins,
namely, HNRNPHI1, ENOI1, DYNCIHI1, ST20,
ZSCANSA, CRK, PSMA3, and ZNF812, were in-
volved in DNA damage and RNA processing. As
DNA damage is usually induced by oxidative stress
and other stresses, which may be more representative
of PM, 5 toxicity, this was raised as a concern in our
studies.
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Fig. 7 PM, s-induced DNA DSBs in HUVECS treated with PM, 5 at 0, 50, and 100 pg/ml
(a) Cells were fixed and processed for immunofluorescence assay by incubation with YH2AX antibody and nuclei dye
DAPI. The arrows represent the formation of YH2AX foci. (b) Percentage of the DNA double break in HUVECs was
quantified accurately. Data are expressed as the mean+SD of triplicate experiments. ~ P<0.01, compared with the control
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Fig. 8 Western blot analysis of representative DNA damage repair proteins
(a) Expression of DNA damage repair proteins in HUVECs treated with 0, 50, and 100 pg/ml PM, 5 for 24 h. (b) Relative
intensities of DNA damage repair proteins were quantified. Data are expressed as the mean+SD of triplicate experiments.

* P<0.05, ™ P<0.01, compared with the control

Oxidative stress is the damage of intracellular
antioxidant defense system, and the accumulation of
metabolite-related oxygen free radicals due to exces-
sive oxygen free radical production results in a variety
of pathological conditions (Brigelius-Flohe, 2009).
Recent research shows that oxidative stress is one of
the important causes of damage to cardiovascular
system structure and function and is associated with a
variety of cardiovascular diseases (Azad et al., 2009).

ROS, the most important molecules of oxidative
stress, are produced in the body both through natural

biological processes as well as in response to external
stimuli such as air pollution. The mechanisms have
evolved to maintain cellular redox equilibrium and to
counter the potential adverse health effects of oxida-
tive stress including damage to cellular macromole-
cules such as proteins and DNA, inflammation, and
cytotoxicity (Li et al., 2003; Ghio et al., 2012).
A number of antioxidant-related genes have been
identified, and several studies have examined the
degree to which polymorphisms in these genes may
modify responses to PM; 5 (Weichenthal et al., 2013).
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Polycyclic aromatic hydrocarbons in organic com-
pounds and transition metals, the main component of
PM, 5, can increase reactive oxygen radicals and
DNA damage (Torres-Ramos et al., 2011). It has been
shown that the organic substances in PM, 5 can lead to
DNA adduct synthesis and oxidative DNA damage
in vitro studies, which may result in gene mutation
and formation of a tumour if the DNA damage is not
repaired timely (Lee and Yang, 2012). The results of
our experiment also showed that the levels of MDA
and ROS increased while the activity of SOD de-
creased in HUVECs exposed to 50 or 100 pg/ml
PM, s for 24 h. In addition, 8-OHdG, a biological
marker of oxidative damage to DNA by endogenous
or exogenous factors, increased in PM,s-treated
HUVECs, which indicated that PM, s could induce
DNA damage of VECs by increasing the generation
of ROS.

Normally, cells will initiate different damage
repair mechanisms according to the degree of DNA
damage. The repair system can repair minor DNA in
time, but severe DNA damage often leads to cell
apoptosis and even generates oncogenic mutations.
DSBs are the most important type of DNA damage, in
which a double-stranded DNA molecule breaks in the
relative position or adjacent number base. There are
two mechanisms involved in DNA double-strand
repair; one is homologous recombination (HR), and
the other is non-homologous end joining (NHEJ).
These two types of repair mechanisms involve a
complex process of multiple repair proteins to main-
tain the stability of the genome, of which HR is of
more interest to researchers. DNA damage repair
protein 52 (Rad52) is the most important protein in
HR, which can connect to the end of the DNA chain

and promote the annealing of complementary chain.
Under the action of Rad52, the homologous recom-
bination repair complex (Rad50-Mrell-Nbsl) is
connected to the fracture of DSBs and initiates the
chain exchange reaction of DNA mediated by Rad51
protein. Up-regulation of the expression of Rad51,
Rad50, and MRE11A in HUVECs exposed to PM; 5
further demonstrates the role of PM,;s in inducing
DNA damage.

In the different proteins involved in DNA dam-
age, several proteins such as HNRNPH1, ENOI1, and
PSMA3 are also related to apoptosis. The HNRNPs
are RNA-binding proteins that form a complex with
heterogeneous nuclear RNA. HNRNPH1 has been
implicated in various processes, including chromatin
remodelling, DNA damage and repair, transcription,
mRNA splicing, and protein translation, by interac-
tions with a range of biomolecules related to the reg-
ulation of gene expression. Heterogeneous nuclear
ribonucleoprotein F/H proteins modulate the alterna-
tive splicing of the apoptotic mediator Bcl-x. The
addition of HNRNP to a HeLa extract improved the
production of the pro-apoptotic Bcl-xS variant and
small interfering RNA-mediated RNA interference
targeting HNRNP F and H decreased the Bcl-xS/
Bcl-xL ratio of plasmid-derived and endogenously
produced Bcl-x transcripts (Garneau et al., 2005).

ENOL1 is a key enzyme involved in sugar me-
tabolism. In recent years, research has shown that
ENOI participates in the regulation of fibrinolytic
enzyme activation and fibrinolytic enzyme activity
processes, promoting muscle generation and muscle
regeneration, and regulating the development process
of cell apoptosis and tumour. Ucker et al. (2012)
found that a large number of secretions of glycolytic
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enzymes (especially ENO1) are common in early cell
apoptosis. In apoptotic cells, ENO1 has lost its in-
herent glycolytic activity, but the original receptors
can be used as a fibrinolytic enzyme involved in reg-
ulation of cell apoptosis process (Singh and Sharma,
2012). The proteasome is a multi-catalytic proteinase
complex, which is characterized by its ability of
cleaving peptides; however, proteasome also has the
function of inhibiting cell apoptosis. PSMA3 is a
proteasomal protein of the T1A peptidase family,
which is involved in some biological processes such
as transcription, replication, and DNA repair. In ad-
dition, a study has also shown that PSMA3 can in-
crease the expression of Bim and induce cell apopto-
sis to some extent (Brook et al., 2010). Based on the
apoptotic analysis with cytometry (Fig. 4), apoptosis
is confirmed as one of the key mechanisms for PM s
toxicity.

Our results also showed increased expression of
TPD52 and decreased expression of suppressor of

ST20 in the HUVECsS exposed to 50 or 100 pg/ml PM, s.

Transcriptional regulation of some oncogenic genes
and tumour suppressor genes is also an important
cause for cytotoxicity of PM; 5.

In summary, considering the function of the
different proteins in HUVECs under PM, 5 stress and
the result of experiments of DNA damage and cell
apoptosis, we proposed that the modulation of several
proteins such as HNRNPH1, ENO1, and PSMA3
contributes to the DNA damage induced by PM, 5 and
promotes cell apoptosis, which could result in endo-
thelium dysfunction, the initial factor in atheroscle-
rosis. In addition, our experiment also proposed the
regulation of TPD52 and ST20 as key carcinogenic
mechanisms for PM; s.
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