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Abstract
Exposure to air pollutants increases the incidence of cardiovascular disease. Recent toxicity
studies revealed that ultra fine particles (UFP, dp<100–200 nm), the major portion of particulate
matter (PM) by numbers in the atmosphere, induced atherosclerosis. In this study, we posited that
variations in chemical composition in diesel exhausted particles (DEP) regulated endothelial cell
permeability to a different extent. Human aortic endothelial cells (HAEC) were exposed to well-
characterized DEP (dp<100 nm) emitted from a diesel engine in either idling mode (DEP1) or in
urban dynamometer driving schedule (UDDS) (DEP2). Horse Radish Peroxidase-Streptavidin
activity assay showed that DEP2 increased endothelial permeability to a greater extent than DEP1
(Control=0.077± 0.005, DEP1=0.175±0.003, DEP2=0.265±0.006, n=3, p<0.01). DEP2 also down-
regulated tight junction protein, Zonular Occludin-1 (ZO-1), to a greater extent compared to
DEP1. LDH and caspase-3 activities revealed that DEP-mediated increase in permeability was not
due to direct cytotoxicity, and DEP-mediated ZO-1 down-regulation was not due to a decrease in
ZO-1 mRNA. Hence, our findings suggest that DEP1 versus DEP2 differentially influenced the
extent of endothelial permeability at the post-translational level. This increase in endothelium
permeability is implicated in inflammatory cell transmigration into subendothelial layers with
relevance to the initiation of atherosclerosis.
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Introduction
Mounting epidemiological evidence demonstrates that exposure to particulate matter (PM)
in the atmosphere increases morbidity and mortality (Dockery et al., 1993; Pope et al., 2004;
Pope et al., 1995). Ambient PM level was statistically linked to an increased incidence of
cardiovascular diseases (Brook et al., 2004), and the concentration of PM was intimately
related to acute coronary syndromes (Dockery et al., 1993; Pope et al., 2004; Pope et al.,
1995). PM also mediated vascular oxidative stress, favoring early atherosclerosis in ApoE-
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null mice (Araujo et al., 2008). However, the mechanisms whereby PM air pollutants
increase the incidence of cardiovascular diseases remain largely unknown.

By virtue of their high surface to volume ratios per unit mass, ultrafine particles (UFP, dp <
100–200 nm) display unique biochemical characteristics in favor of adsorption or absorption
of organic molecules and potential distribution to pulmonary and cardiovascular systems
(Frampton, 2001; Nemmar et al., 2002; Oberdorster, 1996). In a recent animal toxicity
study, diesel exhaust particles (DEP, dp < 180 nm) induced an increase in atherosclerotic
lesions to a greater extent compared to fine particles (PM2.5, dp < 2.5µm) in ApoE knockout
mice (Araujo et al., 2008). Approximately 1 % of inhaled nano-sized particles transmigrate
across human pulmonary epithelium into systemic arterial circulation (Nemmar et al., 2004;
Takenaka et al., 2006; Takenaka et al., 2004). When ultra fine particles accumulate to a high
concentration in the so called “hot spot” (Li et al., 2003), cytotoxicity develops. Studies
from our laboratory and others demonstrated that vascular endothelial cells exposed to DEP
developed oxidative stress and inflammatory responses (Karoly et al., 2007; Li et al., 2009).
However, it remained unknown whether DEP affected endothelial permeability.

Endothelial cells line the inner lumen of vasculature forming a layer of physical barrier
between circulating blood and underlying tissues. Tight junctions between adjacent
endothelial cells modulate vascular homeostasis (Bazzoni and Dejana, 2004). The
permeability of endothelial junctions is maintained by junction proteins, including Zonular
Oclludin-1 (ZO-1) and Occludin (OCLN) that cross-link to cytoskeleton. Disruption of the
tight junctions affects endothelial permeability, promoting leukocyte and lipoprotein
transmigration into the subendothelial layers, thereby initiating atherogenesis (Aghajanian et
al., 2008).

In this study, we examined whether DEP emitted from a diesel engine operating in either
idle mode (DEP1) or in the urban dynamometer driving schedule (UDDS) (DEP2) have
differential influences on the endothelial permeability. We observed that DEP-2 increased
permeability of human aortic endothelial cells (HAEC) to a greater extent compared to
DEP1. This effect was not caused by the direct cytotoxic effects on HAEC, rather, by a
reduction in ZO-1 protein at the post-translational level.

Materials and Methods
Materials and Reagents

Endothelial cell culture media and reagents were obtained from Cell Application Inc. Fetal
bovine serum (FBS), M199 media, anti-Occludin antibody and anti-ZO-1 antibody were
purchased from Invitrogen Inc. Protease inhibitor (PI) and phosphotase inhibitor cocktail
were purchased from Sigma Inc. Anti-β-Tubulin was obtained from Millipore. Real time
PCR reagents were from Applied Biological Materials Inc.

Preparation of Ultra fine Particles
DEP used in the present study were collected from a 1998 Kenworth truck operating without
any emission control technology, as part of a separate project to investigate the effect of
emission control technologies, designed to meet the 2007 and 2010 emission standards for
heavy-duty diesel vehicles (HDDV) (Biswas, 2008) on the physic-chemical and
toxicological characteristics of the emitted PM. Experiments were carried out at the
California Air Resource Board (CARB) heavy duty diesel emission testing laboratory
(HDETL) in downtown Los Angeles. Holmen and Ayala (Holmen and Ayala, 2002)
described the dynamometer specifications in details and the schematic particle collection set
up was described by Biswas et al (Biswas, 2008).
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A micro-orifice uniform deposited impactor (MOUDI) upstream of a NanoMOUDI
(MOUDI-Nano MOUDI, MSP Corp., MN) operating at a nominal flow rate of 10 liters per
minute (lpm) was used to collect size-resolved PM samples (10–18nm, 18–32nm, 32– 56nm,
56–100nm, 100–180nm, 180nm-2.5<mu>m). Each stage was loaded with pre-cleaned
aluminum foil substrates, which were pre- and post-weighted to determine their gravimetric
PM mass. A high volume sampler (Misra et al., 2002) operating at 450 lpm was deployed to
collect PM mass on Teflon coated glass fiber filters (20 × 25 cm) (Pallflex Fiberfilm
T60A20-8×10, Pall Corp., East Hills, NY). 47 mm Teflon filters (PTFE membrane filter, 2
µm, Pall Life Sciences, Ann Arbor, MI, USA) were deployed to collect particles denuded of
volatile species downstream of the dilution channel at 50 lpm. These substrates were
subsequently used for the analysis of water-soluble metals and trace elements.

The PM mass of the high volume samples were determined by normalizing the gravimetric
PM mass of MOUDI samples based on the flow ratio of the two samplers. The Teflon
coated glass fiber filters were then analyzed by Shimadzu TOC-5000A liquid analyzer
(Decesari et al., 2001) for water soluble organic carbon (WSOC) and by ion chromatography
(IC) technique for the chemical species. A portion of these high volume samples was
analyzed by gas chromatography-mass spectrometry (GC/MS) for organic
compounds(Schauer et al., 2002). Water-soluble metals and elements were determined by
means of Inductively Coupled Plasma - Mass Spectroscopy (ICP-MS) on 47 mm Teflon
filters (Lough et al., 2005).

The remaining portion of the high volume samples was used to prepare the DEP suspension
for the cell exposure tests. The filters were first soaked in the 10 ml of ultra-pure water (USP
grade) for 30 minutes in endotoxin-free glass vial, followed by sonication for 30 minutes.
After the particle suspension was transferred to endotoxin-free tube, another 10 ml of ultra-
pure water was used to repeat the aforementioned process. Our control suspension was made
extracting a blank filter, identical to the ones used for PM collection, with USP grade water,
using the exact same procedures described above.

Cell Culture
Human aortic endothelial cells (HAEC) (Cell Application) were cultured with endothelial
cell growth media (Cell Application). The cells were used between passages 5 and 11. For
DEP treatment, HAEC were incubated with 50 µg/ml of DEP in M199/0.1%FBS for
specified time.

Permeability assay
HAEC were seeded into clear transwell ( from Corning Inc, 6.5mm diameter, 0.4µm pore
size)at 1×105 per well in 24-well plate. Cells were grown to complete confluence in 5–7
days with media change every 2 days. Cells were then rinsed with treatment media
(M199/0.1%FBS) and treated with or without DEP in treatment media in the presence of
1µg/ml of Horse Radish Peroxidase-Streptavidin (HRP-Streptavidin, from Pierce Inc) in the
top transwell. One ml of treatment media was added to the bottom well. Changes in
endothelial permeability were analyzed by the HRP activities of media in the bottom well.

For the HRP activity assay, five µl of media from bottom well were taken and mixed with
100 µl of TMB solution (HRP substrate, from Pierce Inc) in wells of 96-well plate. After
incubation for 5–30 minutes at a room temperature, one hundred µl of 2M sulfuric acid was
added to stop the reaction. The absorbance at 450 nm (OD 450) was read as relative to HRP
activities.
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LDH activity assay
Potential cytotoxicity of DEP on endothelial cells was analyzed by measuring LDH
activities. The assay was done with the LDH activity assay kit from BioVision Inc. HAEC
cells were seeded in 12 well plates and grown to confluence. Cells were then treated with or
without DEP in M199/0.1% FBS for 4 hours. Ten µl of conditioned media was used to
measure LDH activities released. For total LDH activity, the cells were lysed by adding 1/5
volume of passive lysis buffer (PLB, Promega Inc) into the wells for 5 min. The lysate were
collected after centrifugation. Ten µl of clear cell lysate was used for total LDH activity
assay. LDH activities were measured following manufacturer’s instructions. The relative
cytotoxicity was expressed as LDH activities released as percentage of total LDH activities.

Caspase-3 Activity Assay
The apoptosis of HAEC was examined by measuring Caspase-3 activities. HAEC were
treated with or without DEP or with 10 uM of Camptothecin (CPT, positive control) for 4
hours. The cells were then lysed with passive lysis buffer (PLB). After spin, the clear lysate
were used for Caspase-3 activity assay using Caspase-3 colorimetric assay kit from
Genscript. The protein concentration of the lysate was measured and the relative Caspase-3
activities were normalized to protein concentration.

Western Blot
HAEC were grown to confluence and treated with or without DEP in M199/0.1%FBS for 4–
6 hours. Cells were washed twice with cold PBS and lysed in proper volume of RIPA buffer
(50 mM Tris-HCl, pH 8.0, 150mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate
supplemented with protease inhibitor (PI) cocktail) and phosphotase inhibitor cocktail at 4
°C for 30 min. After centrifugation for 5 min at 4 °C, supernatant was collected as whole
cell lysates. Protein concentration was determined with DCP protein assay kit from Bio-Rad
Inc. Samples with equal protein amount of lysates were run on a 4–20% gradient SDS-
PAGE gel. The proteins were then transferred to PVDF membrane and blotted with
indicated primary and secondary antibodies. Signal was developed with Supersignal
Western Pico (Pierce) and recorded with FluorChem FC2 (Alpha Inotech Inc). Densitometry
scans of western blots were performed with the software bundled with the FlorChem FC2
machine.

Measurement of ZO-1 expression by Quantitative RT-PCR
Total RNA was isolated using the Bio-Rad kit following manufacturer’s instruction.
Potential genomic DNA contamination was removed with on-column DNase I digestion.
0.5–1 µg of total RNA was reverse transcribed with Bio-Rad’s iScript cDNA synthesis kit.
The expression of ZO-1 was analyzed at the mRNA levels using quantitative RT-PCR as
previously described (Li et al., 2009). The expression of ZO-1 mRNA was normalized to
GAPDH. Primers used for ZO-1 were as follows: forward:
CGCCAAGAGCACAGCAATGGAGGAA, reverse: CCCACTCTGAAAATGAGGATT-
ATCTCGTCC.

Statistical Analysis
All experiments were performed for three or more trials. Data were expressed as mean ±
standard deviation (SD). For comparisons between two groups, student t-test was used for
significance analysis. For comparisons among multiple values one-way analysis of variance
(ANOVA) was used. A P value less than 0.05 was considered statistically significant.
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Results
DEP chemical composition

The detailed chemical composition of the DEP used in the present study has been described
previously (Li et al., 2010). A list of the mass ratios of the water soluble organic carbon,
inorganic ions, organic compounds and trace metals in DEP1 and DEP2 has been provided
in the supplemental table.

DEP increased HAEC permeability
DEP exposure promotes atherogenesis in ApoE-null mouse model (Araujo et al., 2008). We
and others have shown that DEP induced endothelial cell dysfunctions including the
induction of vascular oxidative stress via JNK activation and pro-inflammatory responses by
up-regulating inflammatory cytokines such as MCP-1, IL-8 and VCAM (Karoly et al., 2007;
Li et al., 2009). Both oxidative stress and inflammatory cytokines such as MCP-1 and IL-8
affected cellular permeability (DeMaio et al., 2006; Gavard et al., 2009). Hence, we assessed
whether DEP1 and DEP2 modulated vascular endothelial permeability with differential
effects.

HAEC cells were seeded in transwells to form endothelial monolayers. Streptavidin-HRP
migration from the upper chamber through the endothelial monolayer to the lower chamber
was used as a marker of endothelium permeability. HRP activities were measured as an
index for HAEC permeability. Endothelial cells permeability significantly increased after
four hours of exposure to 50 µg/ml of DEP1 or DEP2 (Figure 1A: C = 0.077± 0.005, DEP1
= 0.175±0.003, DEP2 = 0.265±0.006; n=3; versus control, *p < 0.01). DEP2 (emitted from
truck engine running under UDDS mode) increased HAEC permeability to a greater extent
compared to DEP1 (from truck engine running under idle mode). A lower dose of DEP at 25
µg/ml also significantly increased endothelial permeability, but there seemed to be a
significant increase in endothelial permeability at 50 µg/ml DEP (Fig. 1B, C = 0.113± 0.004,
12.5µg/ml = 0.1203±0.02, 25µg/ml = 0.147±0.01, 50µg/ml = 0.284±0.036 ; n=3; versus
control, *p < 0.05, # p<0.01). While the base levels of endothelial cell permeability
increased with time, DEP-induced increase in permeability occurred mostly after 4 hours of
exposure (Fig. 1C).

UF-mediated cellular permeability was not caused by direct cytotoxic effect
To assess whether DEP-induced increase in cell permeability was due to direct cytotoxicity
or cell apoptosis, we measured LDH activities released from HAEC and caspase-3 activities
in HAEC exposed to DEP1 and DEP2. Exposure of HAEC to DEP1 or DEP2 at 50 µg/ml
for 4 hours did not significantly affect the percentage of LDH released (Fig.2A). Similarly,
Caspase-3 activities in HAEC were not significantly changed after exposure to DEP1 or
DEP2 at 50 µg/ml for 4 hours (Fig. 2B). Thus, DEP did not cause direct cytotoxicity and
apoptosis at the concentration levels and exposure durations used in our studies.

Exposure to DEP reduced the levels of tight junction protein ZO-1
Tight junctions (TJ) are the apical intercellular junction that maintains the physiologic
barrier among adjacent endothelial cells. TJ is composed of peripheral membrane proteins
such as ZO-1 and transmembrane proteins such as occludin (Aghajanian et al., 2008). ZO-1
plays an important role in assembling the transmembrane protein to the junction sites (Mitic
and Anderson, 1998) via linking transmembrane protein such as occludin to actin
cytoskeleton (Aghajanian et al., 2008). Thus, ZO-1 is critical in scaffolding the integrity of
cellular tight junction. We assessed whether DEP-induced permeability change was
associated with junction protein expression. At 50 µg/ml, both DEP1 and DEP2 significantly
reduced the protein levels of ZO-1(Fig. 3A, Fig. 3B). We consistently observed that DEP2
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reduced ZO-1 levels to a great extent compared to DEP1, although the difference was
statistically insignificant (Fig. 3B). The levels of junction protein, Occludin, were not
significantly influenced by either DEP1 or DEP2 exposure (Fig 3A).

Exposure to DEP did not reduce ZO-1 expression at the mRNA level
To examine the underlying mechanism of reduced ZO-1 protein levels in endothelial cells
by DEP, we measured ZO-1 mRNA expression by quantitative RT-PCR. DEP2 did not
affect ZO-1 mRNA levels (Fig. 3C). This result suggest that down-regulation of ZO-1
protein by DEP is a post-transcriptional event.

Discussion
The novelty of our study is that diesel exhausted particles (DEP) increased endothelial cell
permeability in association with a down-regulation of junction protein, ZO-1. Specifically,
DEP2 (emitted from diesel engine running under UDDS mode) increased HAEC
permeability to a greater extent compared to DEP1 (from engine running under idle mode).

The increase in DEP-mediated endothelial permeability is in agreement with previous
observations reported in epithelial cells, in which DEP reduced the transepithelial electric
resistance (Lehmann et al., 2009). DEP exposure also enhanced histamine-induced vascular
and nasal mucosal permeability in Guinea pigs in a dose-dependent fashion (Hiruma et al.,
1999). DEP further enhanced lipopolysaacharide-induced pulmonary permeability (Inoue et
al., 2006). In this context, the changes in permeability suggest a common mechanism for
DEP-induced pathological effects.

HAEC exposed to DEP as low as 12.5 µg/ml resulted in trend towards an increase in
permeability while DEP at 25 and 50 µg/ml induced a statistically significant effect. Despite
a low concentration, chronic exposure to DEP in vivo may generate a similar pathological
effect as observed at high dose in response to an acute exposure. Hence, the use of relatively
high concentration of DEP in our in vitro studies was deemed necessary to assess responses
from the cultured endothelial cells (Li et al., 2003).

Our data indicated that DEP had no direct effects on cytotoxicity and apoptosis in
endothelial cells in response to the specific levels and durations of DEP exposure in this
study. Our findings were similar to the reports by Baulig et al. and Lemann et al. in which
epithelial cells exposed to DEP for 24 hours did not cause significant cytotoxicity and
apoptosis at concentrations up to 125 µg/ml (Baulig et al., 2004; Lehmann et al., 2009).
However, Boland et al reported that cytotoxicity developed when epithelial cells were
exposed to DEP for 48 hours (Boland et al., 1999). Hence, acute versus chronic exposures to
DEP may implicate a distinct cellular response in terms of cytotoxicity.

Loss of tight junction protein expression can negatively impact on barrier function of
endothelial cells (Aghajanian et al., 2008). For example, angiotensin receptor-1 blocker,
Telmisartan, increased endothelial permeability via down-regulation of ZO-1 (Bian et al.,
2009). Also notable was exposure to histamine, a vasoactive compound, that altered
endothelial permeability via reduction of ZO-1 expression (Gardner, 1995). Oxidized
phospholipids and VEGF down-regulated junction protein expression such as occludin,
leading to an increased in endothelial permeability (DeMaio et al., 2006; Wang et al., 2001).
We hereby demonstrate that DEP increased endothelial cell permeability and decreased
ZO-1 protein in HAEC without change ZO-1 mRNA levels, suggesting that DEP increased
endothelial permeability via ZO-1 at the post-translational level.
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The levels of junction protein, Occludin, were not altered by DEP in HAEC. Thus, DEP
could reduce the ZO-1 to occludin association ratio, leading to a dissociation of occludin
from cytoskeleton and a consequent disruption of tight junction (TJ). Interestingly, epithelial
cell exposed to cigarette smoke increased permeability via a decrease in ZO-1/occludin
association ratio (Olivera et al., 2009). High concentration of DEP was reported to increase
the permeability of 16HBE14o epithelial cells, which may be due to the change in occludin
expression (Lehmann et al., 2009). The discrepancy of diesel particle effects on occludin
between our observation and that of Lehmann et al. could stem from possible differences in
cell types, particle concentrations, and chemical compositions.

DEP was observed to down-regulate ZO-1 expression at the post-translational level in this
study. One of the possible mechanisms is that DEP promote ZO-1 protein degradation. DEP
activates JNK (Li et al., 2009), and phosphorylation of ZO-1 has been shown to be
associated with cell permeability (Aghajanian et al., 2008; Gonzalez-Mariscal et al., 2008).
We therefore examined whether inhibition of JNK by JNK inhibitor, SP600125, affected
endothelial permeability. Although SP600125 partially inhibited DEP induced permeability,
it also reduced the background levels of permeability (Supplemental Fig. 1). We further
examined if ZO-1 phosphorylation and ZO-1 ubiquitination were increased by DEP.
However, the difference between control and DEP-exposed cells was insignificant
(Supplemental Fig. 2). Other proteases may be implicated in the degradation of ZO-1. For
example, diabetes-associated blood-brain-barrier permeability increase is associated with
increased metalloproteinase activities (Hawkins et al., 2007). Matrix-metalloproteinase-13
has been shown to degrade ZO-1 and is associated with an increase in permeability in brain
endothelial cells (Lu et al., 2009). Calpain was also reportedly to degrade proteins in the
PDZ family, to which ZO-1 belongs (Jourdi et al., 2005). ZO-1 also undergoes endocytosis
with junction protein, Cx43, suggesting possible degradation via lysosome (Fiorini et al.,
2008). However, the precise mechanism(s) by which DEP down-regulated ZO-1 protein
remains to be defined.

In summary, we demonstrate that both DEP1 and DEP2 increased HAEC permeability while
DEP2, containing a higher level of redox active organic compounds and metals on a per PM
mass basis, induced a more potent effect. This increase in permeability was associated with
the down-regulation of junction protein ZO-1. Hence, our findings provide a new insight
into the mechanism whereby DEP promoted the initiation of atherosclerosis by altering
vascular endothelial permeability..

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig.1. DEP increased the permeability of endothelial cells
(A) HAEC cells were grown to confluence in transwell to form an endothelial monolayer.
The cells were then treated with or without 50ug/ml DEP1 or DEP2 for 4 hours in the
presence of 1ug/ml of Streptavidin-HRP. HRP activity from the bottom well was measured
as the permeability of endothelial cells. (* vs. control, n=3, p<0.01; # DEP2 vs. DEP1, n=3,
p<0.01). (B) Dose effect of DEP2 on HAEC permeability: HAEC were treated with
indicated dose of DEP2 for 4 hours and HRP activity was measured as the permeability of
endothelial cells. (n=3, ** vs. control, p<0.05; # # vs. control, p<0.01). (C) Time effect of
DEP2 on HAEC permeability: HAEC were treated with 50ug/ml dose of DEP2 for 2, 4 and
6 hours, and HRP activity was measured as the permeability of endothelial cells. (C
=Control)
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Fig.2. DEP did not cause direct toxicity to HAEC
(A) HAEC cells grown to confluence were treated with or without 50ug/ml DEP1 or DEP2
for 4 hours. The supernatant was used to measure the activity LDH as indication of
cytotoxicity. DEP did not increase the LDH levels released by HAEC. (B) HAEC cells
grown to confluence were treated with or without 50ug/ml DEP1 or DEP2 for 4 hours,
HAEC apoptosis was examined by measuring Caspase-3 activity. DEP did not cause
significant apoptosis of HAEC after 4 hours of treatment. Camptothecin (CPT) at 10uM was
used as positive control of apoptosis. (C= control)
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Fig.3. DEP down-regulated the protein levels of ZO-1
(A) HAEC cells were grown to confluence in 6-well plate. The cells were then treated with
or without 50ug/ml of DEP1 and DEP2 for 4 hours. Cell lysate was prepared and ZO-1 and
Occludin protein levels were assessed by western blotting. β-Tubulin blot was performed as
loading control and density scan data were used to calculate the relative ratios of ZO-1/
Tubulin and Occludin/tubulin. Shown is a representative blot of three independent
experiments. (B) The ratio of ZO-1/ β-Tubulin from three independent experiments were
calculated based on density scan data and plotted (* vs. control, n=3, p<0.01). (C) HAEC
cells were treated with or without DEP2 at 25ug/ml or 50ug/ml for 4 hours. RNA’s were
isolated and ZO-1 mRNA expression was measured by quantitative RT-PCR. The level was
normalized to GAPDH. DEP did not significantly change the ZO-1 mRNA levels. (C=
Control)
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