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Epidemiologic studies have linked exposure to airborne pollutant
particulate matter (PM) with increased cardiopulmonary mortality
and morbidity. The mechanisms of PM-mediated lung pathophysi-
ology, however, remain unknown. We tested the hypothesis that
PM, via enhanced oxidative stress, disrupts lung endothelial cell (EC)
barrier integrity, thereby enhancing organ dysfunction. Using PM
collected from Ft. McHenry Tunnel (Baltimore, MD), we assessed
PM-mediated changes in transendothelial electrical resistance (TER)
(a highly sensitive measure of barrier function), reactive oxygen
species (ROS) generation, and p38 mitogen-activated protein kinase
(MAPK) activation in human pulmonary artery EC. PM induced
significant dose (10-100 pg/ml)- and time (0-10 h)-dependent EC
barrier disruption reflected by reduced TER values. Exposure of
human lung EC to PM resulted in significant ROS generation, which
was directly involved in PM-mediated EC barrier dysfunction, as
N-acetyl-cysteine (NAC, 5 mM) pretreatment abolished both ROS
production and barrier disruption induced by PM. Furthermore, PM
induced p38 MAPK activation and HSP27 phosphorylation, events
that were both attenuated by NAC. In addition, PM-induced EC
barrier disruption was partially prevented by the p38 MAP kinase
inhibitor SB203580 (10 nM) as well as by reduced expression of
either p38 MAPK B or HSP27 (siRNA). These results demonstrate that
PMinduces ROS generation in human lung endothelium, resultingin
oxidative stress—-mediated EC barrier disruption via p38 MAPK- and
HSP27-dependent pathways. These findings support a novel mech-
anism for PM-induced lung dysfunction and adverse cardiopulmo-
nary outcomes.
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Growing epidemiologic evidence supports the linkage of expo-
sure to ambient particulate matter (PM) to deleterious cardio-
pulmonary health effects and increased cardiopulmonary
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CLINICAL RELEVANCE

This study demonstrates that particulate matter (PM)
induces reactive oxygen species generation in human lung
endothelium, resulting in oxidative stress—mediated endo-
thelial cell barrier disruption via p38 mitogen-activated
protein kinase— and HSP27-dependent pathways. These
findings support a novel mechanism for PM-induced lung
dysfunction and potential adverse cardiovascular out-
comes.

mortality and morbidity (1). Exposure risk is especially in-
creased in susceptible populations including individuals with
asthma, chronic obstructive pulmonary disease (COPD), car-
diac arrhythmias, and congestive heart failure (CHF). Various
mechanisms have been proposed to explain the cardiopulmo-
nary health effects of PM, including pulmonary and systemic
oxidative stress and inflammation (2), enhanced coagulation (3),
and altered cardiac autonomic function (4).

After inhalation, fine/ultrafine PM passes rapidly into sys-
temic circulation, potentially interacting with endothelial cells
(ECs) (5) with induction of atherosclerotic plaque formation
(6), endothelium-dependent dilation in the systemic microcir-
culation (7), and increased oxidative stress in vascular EC via
NAD(P)H oxidase and mitochondrial pathways (8). Although
the actual mechanism(s) for PM-mediated acceleration of
cardiopulmonary events is unknown, it is likely to be multifac-
eted, with endothelial dysfunction as a critical component.

We recently described in a murine model strong evidence for
PM-mediated vascular barrier dysfunction with increased pro-
tein leakage into bronchoalveolar lavage (BAL) (9), a marker
of acute inflammatory lung damage (10). Increased endothelial
monolayer permeability is also observed in inflammatory pul-
monary conditions, such as acute lung injury (ALI), acute
respiratory distress syndrome (ARDS), sepsis (11), and devas-
tating lung disorders with mortality exceeding 30% (12), as well
as more subacute and chronic inflammatory disorders such as
asthma.

We hypothesized that PM may directly disrupt pulmonary
EC barrier integrity, thereby contributing to acute inflammatory
lung permeability in vivo. To test this hypothesis in vitro, we
cultured human pulmonary artery ECs on gold electrodes and
assessed transendothelial electrical resistance (TER) across EC
monolayers as a marker of barrier integrity. In addition, we
investigated the involvement of reactive oxygen species (ROS)
and mitogen-activated protein kinase (MAPK) signaling path-
ways and now provide evidence that PM produces EC barrier
dysfunction through ROS-dependent p38 MAPK activation.
These results increase our understanding of PM-induced ad-
verse cardiopulmonary outcomes.
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MATERIALS AND METHODS

Reagents and Chemicals

Molecular mass standards, polyacrylamide gels, buffers, and protein
assay reagents were purchased from Bio-Rad (Hercules, CA). Anti-
bodies were purchased from Cell Signaling (Danvers, MA), and all
other chemicals and reagents were obtained from Sigma-Aldrich Co.
(St. Louis, MO) unless stated otherwise.

Collection and Characterization of PM

PM was collected (April of 2005) from the Ft. McHenry Tunnel,
Baltimore, MD using a high-volume cyclone collector. The cyclone
collects particles greater than 0.1-0.3 wm in aerodynamic diameter.
Traffic within the tunnel included both truck and passenger vehicles.
Samples were collected a flow rate of 1.0 m*/minute in the lumen of the
tunnel over a 1-month period. PM was harvested from the collection cup
and the body of the cyclone. The high-volume cyclone collector has been
used to collect PM for a variety of in vivo and in vitro studies (9, 13-18).
Analysis for elemental metals content was conducted by high-
resolution ICP-MS (Element Finnegan, Mat Breman, Germany). Sample
digestion was conducted in a Milestone MEGA microwave digestion oven
(Model Mega MLS 1200; Milestone, Monroe, CT). Nitric acid and
hydrofluoric acid used for sample digestion were Optima Grade (Fisher
Scientific, Columbia, MD). Samples and procedural blanks from digestion
batches were analyzed on the same day. Data were collected for all isotopes
of interest at the appropriate resolving power (RP) to avoid isobaric
interferences. Indium was added to all samples, blanks, and standards
as an internal standard and run in all resolving powers. Quantification was
done by external and internal standardization. Data were drift-corrected
using indium, quantified, converted to a mass, and corrected for blanks.
Samples that were below the LOQ based on daily procedural blanks
were flagged. Indium-corrected elemental sensitivities in either matrix
routinely differ by less than 5% sample for all elements. Elemental
composition (micrograms per gram) representing the most abundant
constituents included aluminum (17,533.74), copper (8,777.886), iron
(132,545.9), lead (240.8274), calcium (47,263.08), sodium (8,068.263),
potassium (5,102.741), magnesium (7,332.056), titanium (3,197.332), and
zinc (8,777.886). PM was stored at ambient temperature in the dark.

Cell Culture

Human pulmonary artery ECs obtained from Lonza (Basel, Switzerland)
were cultured as previously described (19) in EGM-2 complete medium
(Lonza) with 10% fetal bovine serum at 37°C in a humidified atmosphere
of 5% CO2/95% air, with passages 6 to 10 used for experimentation.
Before PM challenge (24 h), EC media was changed to EGM-2 with 2%
fetal bovine serum (Lonza).

Transendothelial Electrical Resistance

Endothelial cells were grown to confluence in polycarbonate wells
containing evaporated gold microelectrodes, and TER measurements
obtained using an electrical cell-substrate impedance sensing system
(ECIS) (Applied Biophysics, Troy, NY) as previously described in
detail (20, 21). TER values from each microelectrode were pooled at
discrete time points and plotted versus time as the mean * SE (21).
The effect of PM was calculated as A (TERpy — TERcontrol), OF
A(TERinhibilor + PM — TERinhibilor only) when an inhibitor or siRNA
was used. The confluent EC on the electrode achieves a TER value
around 1,400 to 1,700 ohm.

ROS Detection by Fluorescence Microscopy

Formation of ROS in ECs was quantified by fluorescence microscopy
(22). Human lung ECs (~ 90% confluent) in 35-mm dishes were loaded
with DCFDA (10 uM) in EBM-2 basal medium for 30 minutes at 37°C in
a 95% air, 5% CO, environment. After 30 minutes of incubation, the
medium containing DCFDA was aspirated, and the cells were rinsed
once with EGM-2 complete medium and then pre-incubated with agents
for the indicated time periods. At the end of the incubation, the cells were
washed twice with phosphate-buffered saline (PBS) at room temperature
and examined under a Nikon (Melville, NY) Eclipse TE 300 microscope
and Sony (New York, NY) Digital Photo camera DKC 5000 with all
images recorded and stored.

Transfection and Infection of Endothelial Cells

The siRNA sequence(s) targeting «, B, -y, and delta isoforms of human
p38 MAPK and human HSP27 were purchased from Dharmacon
RNA Technologies, Inc. (Lafayette, CO). Human lung ECs were then
transfected with siRNA using siPORT Amine (Ambion, Austin, TX)
as the transfection reagent according to the manufacturer’s protocol.
Cells (~40% confluent) were serum-starved for 1 hour, followed by
incubation with 100 ng/ml total target siRNA (or control siRNA) for 6
hours in serum-free medium. Serum-containing medium was then
added (10% serum final concentration) for 42 hours before biochem-
ical experiments and/or functional assays were conducted.

Western Blot

EC cell lysate was prepared after indicated treatment as previously
described (18). Equal amounts of protein samples were separated on
SDS/PAGE, transferred to nitrocellular membranes, blocked with 5%
BSA in TBS-Tween20 (0.5%) for 1 hour, and incubated with primary
antibodies in 5% (wt/vol) BSA in TBS-Tween20 overnight at 4°C. The
primary antibody was detected by incubation with horseradish peroxidase—
coupled second antibody (1:2,000 in TBS-Tween20 with 5% BSA) at room
temperature for 2 hours. The chemiluminescence detection was performed
by using Chemiluminescence Reagent from Cell Signaling (Danvers, MA).

Endothelial Cell Imaging

ECs were grown on gelatinized coverslips before exposure to various
conditions as described for individual experiments. EC were then fixed
in 3.7% formaldehyde and permeabilized with 0.25% Triton X-100 for
5 minutes. Cells were washed in PBS, blocked with 2% bovine serum
albumin in PBS for 30 minutes, and then incubated for 60 minutes at
room temperature with Texas Red—-conjugated phalloidin for F-actin
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Figure 1. Baltimore tunnel particulate matter (PM) induces human

lung endothelial cell barrier disruption. (A) Both the intact PM
preparation and PM insoluble fraction (PM-ISF), but not PM soluble
fraction (PM-SF), produced a time-dependent (0-6 h) decline in elec-
trical resistance, indicative of endothelial cell (EC) barrier disruption. (B)
Bar graph summarized from three independent experiments represents
PM-induced dose-dependent (10-100 pn.g/ml) EC barrier disruption.
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staining for 60 minutes at room temperature. After further washing
with PBS, coverslips were mounted using Slow Fade (Molecular
Probes, Inc., Eugene, OR) and analyzed using a Nikon Eclipse TE
300 microscope and Sony Digital Photo camera DKC 5000. Confocal
microscopy was performed using the Radiance Laser scanning 2100
system (Bio-Rad). Images were recorded and stored.

Statistical Analysis

Data are presented as group means = SE. We performed statistical
comparisons by an unpaired Student’s ¢ test for two groups. In all cases,
we defined statistical significance as P < 0.05.

RESULTS

PM Disrupts Endothelial Cell Barrier Function

Our initial experiments assessed the effect of PM and water
soluble/insoluble PM fractions on human pulmonary EC barrier
function as measured by TER, a highly sensitive measure of
permeability. PM produced a sustained dose-dependent de-
crease in TER (indicative of enhanced EC barrier dysfunction)
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over a range of 10 to 100 pg/ml, with a maximal effect observed
at 100 pg/ml (50% decrease in TER). The TER value achieved
a steady state approximately 6 hours after PM treatment
(Figure 1A). In contrast, the water-soluble PM fraction (super-
natant of 100 wg/ml of the intact PM preparation, PM-SF)
caused a transient 10% increase in TER, which returned to
a baseline value after 30 to 60 minutes. The water-insoluble PM
fraction (PM-ISF, 100 pg/ml of the intact PM preparation)
induced an effect similar to that of the whole PM preparation.
The TER reached a steady state after 5 to 6 hours of PM-ISF
treatment (25% decrease in TER). PM did not induce signifi-
cant EC cell death within 24 hours of treatment (see Figure E1
in the online supplement), which strongly suggests that PM
mediates significant cytoskeleton rearrangement resulting in EC
barrier disruption.

PM-Induced ROS Generation Contributes to Endothelial Cell
Barrier Disruption

Strong evidence supports PM as a stimulus for increased
endothelial oxidative stress via NADPH oxidase activation

Figure 2. Baltimore tunnel PM
increases endothelial reactive
oxygen species (ROS) produc-

+ tion and mediates EC barrier
~

disruption. (A) PM induced EC
ROS production (DCFDA fluo-
rescence) in a time-dependent
manner. N-acetyl-cysteine (NAC,
5 mM, 1 h pretreatment) pre-
vented PM-induced ROS produc-
tion in human lung ECs. (B) NAC
(5 mM, 1 h pre-treatment) in-
hibits PM-induced EC barrier dis-
ruption significantly. Bar graph

0 10
Time (min)
B NAC 5 mM

75, + PM 100 pg/ml

1.0

0.84

—mu— Control

0.64 - ::'p\:c
—a— NACHPM

04— T T r T r r )
60 0 60 120 180 240 300 360

Normalized Resistance

Time (min)

20 30 40 50

80 summarizes PM-reduced nor-
malized resistance (6 h) in three
repeated assays (*P < 0.05).

+NAC
o 00

o

c

T

o

[)]

‘» -0.24

o)

o T
-

8 041 %
©

£

5 I

2 06




Wang, Chiang, Moreno-Vinasco, et al.: PM Disrupts Lung Endothelial Barrier Function 445

PM 100 pg/ml (min)

Con 5 15 30 60 120

Phospho p38 MAPK

p38 MAPK

J ) T « |Phospho HSP27

- HSP27

Figure 3. PM Activates p38 mitogen-activated protein kinase (MAPK)
and Increases HSP27 Phosphorylation. PM (100 wg/ml) promoted
activation of p38 MAPK via phosphorylation in a time-dependent
manner (0-1 h), which starts from 5 minutes and peaks at 1 hour.
PM also induced phosphorylation of the actin-binding protein HSP27,
in a time-dependent manner (0-1 h), which starts from 10 minutes and
keeps elevated until 1 hour.

in vitro (8, 23). To directly address whether PM-induced EC
barrier function disruption is dependent on stimulation of ROS
production, we determined that PM (100 pg/ml) induces sub-
stantial EC ROS production as measured by DCFDA oxidation
(Figure 2A). EC pretreatment with N-acetyl-cysteine (NAC,
5 mM, 1 h), an ROS scavenger, prevented ROS production
induced by PM and significantly inhibited PM-mediated EC
barrier disruption (Figure 2B). The PM-insoluble fraction (PM-
ISF), the PM component that produced EC barrier disruption,
generated increased EC ROS, whereas the soluble PM fraction
(PM-SF) failed to do so (Figure E2). These results indicate that
PM induces EC barrier disruption, which is partially dependent
on ROS generation.

Involvement of p38 MAPK in PM-Induced EC
Barrier Disruption

We next examined cell signaling pathways potentially activated
via PM-stimulated ROS generation. Initial experiments de-
termined that PM challenge increases p38 MAPK phosphory-
lation (indicating kinase activation) for up to 60 minutes (Figure
3). We confirmed p38 MAPK activity activation by PM in
a time-dependent manner (Cell Signaling) (Figure E3A) and
subsequently determined that a prominent p38 MAPK target,
the Ser/Thr kinase MAPKAP2, is also activated by PM, as
evidenced by phosphorylation of the actin-binding protein,
HSP27. These events are again consistent with PM-mediated
activation of p38 MAPK (10). Consistent with a role for p38
MAPK in PM-mediated EC barrier dysfunction, pretreatment
with the selective p38 MAPK inhibitor, SB 203580 (10 wM),
partially attenuated declines in EC TER values induced by PM
(~40% inhibition) (Figure 4). Furthermore, reductions in ex-
pression of p38 MAPK subtypes (a, B, v, 8) via siRNA
treatment resulted in attenuation of EC barrier disruption
induced by PM in an isotype-specific manner (data not shown).
For example, reductions in expression of p38 MAPK o or vy
subtype failed to alter PM-induced EC barrier disruption,
whereas reduced expression of the p38 MAPK [ isoform
significantly inhibited PM-induced barrier disruption (~50%)
(Figure 5). Finally, we observed increased phosphorylation of
the stress-induced protein kinase known as JNK by EC expo-
sure to PM treatment. Although JNK was reported to promote

HSP27 phosphorylation (24), unlike p38 MAP kinase, selective
JNK inhibition by JNKI1 failed to alter PM-induced EC barrier
disruption (data not shown). Together, these observations
indicate that the p38 MAPK B isoform, but not JNK, is involved
in mediating PM-induced EC barrier disruption.

Involvement of HSP27 in PM-Induced Paracellular Gap
Formation and Barrier Disruption

We next examined the role of the actin-binding protein, HSP27,
in the regulation of PM-induced EC barrier disruption. Like p38
MAPK, reductions in HSP27 expression (siRNA) reduced PM-
induced EC barrier disruption (~36%) (Figure 6A), whereas
pretreatment with NAC (5 mM) abolished PM-induced p38
MAPK phosphorylation and HSP27 phosphorylation (Figure
6B). Similar results were observed with SB203580 (10 uM),
a selective inhibitor of p38 MAPK « and  subtypes, which
inhibited p38 MAPK activity (Figure E3B) and dramatically
attenuated both PM-induced p38 MAPK phosphorylation and
HSP27 phosphorylation (Figure 6B).

Alterations in endothelial barrier functions are intimately
linked to alterations in the endothelial actin cytoskeleton
(21), and it is well known that the phosphorylation of HSP27
leads to stress fiber and paracellular gap formation in EC (10).
We examined actin organization in PM-challenged EC mono-
layers and noted that under basal conditions, actin was ar-
ranged in a fine reticular pattern partially localized at the cell
periphery (Figure 7). In contrast, PM challenge (10-100 pg/ml, 1
h) increased F-actin fluorescence, increased actin organiza-
tion into axially oriented stress fibers, and resulted in formation
of paracellular gaps (Figure 7, solid arrow). Pretreatment of EC
monolayers with either NAC (5 mM) or SB (10 uM) prevented
gap formation induced by PM (Figure 7). These data strongly
suggest that PM induces EC barrier disruption via cytoskeletal
rearrangement into a contractile phenotype, which is dependent
on ROS and p38 MAPK activation.

DISCUSSION

Epidemiologic studies have firmly linked increased ambient PM
exposure to increased cardiopulmonary morbidity and mortality
(1). Despite strong epidemiologic evidence, our understanding
of the biological mechanisms for these adverse outcomes re-
mains incomplete. We recently determined that intratracheal
delivery of an ambient PM suspension in mice induced acute
lung inflammation marked by leukocyte recruitment into the
lung and highly significant protein leakage into bronchoalveolar
fluid, reflecting breach of endothelial and epithelial cell barriers
(9). As our preliminary studies failed to observe obvious PM-
mediated disruption of epithelial monolayer barrier integrity
reflected by TER (unpublished observations), we hypothesized
that active PM components may disrupt lung endothelial barrier
integrity, resulting in elevated vascular permeability and protein
leakage into lung tissues. In addition to the lung microcircula-
tion, PM gain access to multiple vascular beds including
coronary and arterial circulations, with the potential for in-
creasing local oxidative stress and proinflammatory effects.

In the present study, we have demonstrated that PM in-
creases paracellular gap formation with significant loss of EC
barrier integrity. This disruption in vascular integrity with
resultant increases in permeability is an essential feature of
inflammatory processes such as acute lung injury and sepsis, and
contributes significantly to the high morbidity and mortality of
these conditions. This study provides evidence of the direct
disruption of EC barrier by PM in vitro, and explains the
potential molecular mechanism of PM-induced acute/chronic
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Figure 4. p38 MAPK significantly contributes
to PM-induced EC barrier disruption. (A) The
p38 MAPK inhibitor, SB203580 (10 pM, 1 h
I pretreatment), prevented PM-induced EC bar-
* rier disruption significantly. (B) Bar graph sum-
marizes PM-reduced normalized resistance (6 h)
in three repeated assays (*P < 0.05).

HSP27 phosphorylation, and a marked disruption in EC mono-
layer integrity and barrier function via cytoskeletal rearrange-
ment. As endothelial cell barrier integrity is key to lung
homeostasis and the prevention of environmental toxins from
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Figure 5. p38 MAPK  but not p38 MAPK a contributes
to PM-induced EC barrier disruption. siRNA samples of
P38 MAPK o, p38 MAPK B, or p38 MAPK y (100 ng/ml)
greatly reduced their protein levels in EC (> 90%). (A)
p38 MAPK o or p38 MAPK vy siRNA did not affect PM-
induced EC barrier disruption; instead, siRNA of p38
MAPK B partially prevented PM-induced EC barrier
disruption. (B) Bar graph summarizes corresponding
PM-reduced normalized resistance in three repeated
assays in ECs with different siRNA treatment (*P < 0.05).
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Figure 6. HSP27 contributes to PM-
induced EC barrier disruption. (A) PM-
induced EC barrier disruption is significantly
prevented by HSP27 siRNA treatment,
which greatly decreased EC HSP27 protein
level (> 80%). Bar graph summarizes PM-
reduced normalized resistance (6 h) in three
repeated assays (*P < 0.05). (B) PM (100
wg/ml, 1 h) induced HSP27 phosphoryla-
tion was dependent on an ROS-p38 MAPK
pathway. ROS scavenger NAC (5 mM, 1 h
pretreatment) inhibited PM-induced p38
MAPK activation and HSP27 phosphoryla-
tion. p38 MAPK inhibitor SB203580
(10 wM, 1 h pretreatment) prevented phos-
phorylation of HSP27 by PM. Phosphoryla-
tion of J]NK or Src was not affected by NAC or
SB203580 pretreatment.

accessing other physiologic systems, this pathway contributes to inflammation, autonomic nervous system dysfunction, procoagu-
acute inflammatory lung injury (25) and potentially contributes lant effects, and covalent modification of cellular components (26,

to PM-induced cardiopulmonary dysfunction.

27). Extensive ROS activation by PM induces increased activity

ROS and other mechanisms have been proposed to explain of the transcription factor, nuclear factor erythroid 2-related
the adverse health effects of particulate pollutants including factor 2 (Nrf2), which leads to protective responses via transcrip-
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Figure 7. NAC and SB203580 inhibit PM-
induced gap formation. PM (100 pwg/ml, 1 h)
induced increases in stress fiber and forma-
tions of paracellular gap (shown by arrows) in
human lung ECs. NAC (5 mM, 1 h pretreat-
ment) or SB203580 (10 wM, 1 h pretreat-
ment) prevented both the increase of stress
fiber and formation of gap induced by PM
challenge.



448 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 42 2010

tional activation of over 200 antioxidant and detoxification
enzymes, collectively known as the phase 2 response (28). A
further increase in ROS production can result in proinflammatory
and cytotoxic effects. In the endothelium, it is necessary to point
out that other PM chemicals and transition metals play a key role
in ROS overproduction. For example, it has been demonstrated
that metals associated with PM exert a proinflammatory effect in
the respiratory system and the generation of ROS, possibly via
transition metals (e.g., Fe, Ni, Cu, Co, and Cr) or polycyclic
aromatic hydrocarbon (PAH) (29). These components mainly
exist as water-insoluble components of PM, which exert effects
similar to those of whole PM. These transitional metal compo-
nents are potentially inhaled, translocated to endothelium, and
induce local increases in ROS production. In this present study,
we have focused on the ROS-mediated effects on EC barrier
dysfunction evoked by PM. Future studies will be designed
to resolve the non—-ROS-dependent pathways, such as ROS-
independent IL-6 activation (18).

A key finding of our study is that PM-induced endothelial
disruption is selectively regulated by p38 MAPK B isoform. p38
MAPK isoforms are members of a larger group of serine/
threonine protein kinases, which allow the transduction of
extracellular stress signals to the cell nucleus. There are four
p38 MAPKs in mammals: «, B, vy, and 8, which are further
divided into two distinct subsets (a/f versus /3). This is evident
not only from amino acid sequence identity, but also from their
susceptibilities to inhibition by SB203580 and SB202190 with
p38 MAPK « and p38 MAPK B inhibited by these compounds,
whereas p38 MAPK v and p38 MAPK 3 are unaffected (30). In
the endothelial cells, p38 MAPK « and p38 MAPK B are the
major types with mRNA levels of 41% and 36%, respectively,
and 10 pM SB203580 inhibits over 80% of this p38 activity (31).
Very few studies have characterized differences in substrate
selectivity of p38 MAPK « and p38 MAPK B, and a selective
inhibitor of either p38 MAPK « or p38 MAPK B does not
currently exist. Our finding that PM selectively activates p38
MAPK B provided a novel approach to potentially define
differential biochemical functions of p38 MAPK « and p38
MAPK B. In this regard, prior reports indicate that the
chrysene component in PM stimulate MAPK activation (32)
with benzopyrene-7,8-diol-9,10-epoxide (BPDE) as well as
chrysene-1,2-diol-3,4-epoxide, common components in partic-
ulate air pollution, rapidly activate p38 MAPK and JNK (33).
Further interrogation of the specific PM component or cellular
factor that selectively activates p38 MAPK B may provide
novel insights into p38 MAPK f activities in endothelial cells.

In this study, we demonstrated that a solution of PM at
concentrations of 10 to 100 wg/ml are sufficient to induce EC
barrier disruption, a finding of interest when one considers that
the concentration of PM within tunnels may exceed 100 pg/m?3.
A healthy adult working or driving in this environment with an
average ventilation of 10 L/minute causes his or her alveolar
epithelial cell exposure to a PM concentration as high as 1.5 to
3 pg/ml/hour in the 20 to 40 ml epithelial lining fluid (34).
Under these conditions, a single work week of PM exposure
(5 d or 40 h) will result in accumulated total exposure of 60 to
120 pg/ml, a concentration which induces significant endothelial
permeability changes (35). Future studies will localize PM in
lung tissue of different animal models by use of fluorescent
labeled PM via intratracheal instillation, allowing the tracking
of PM absorption/translocation/elimination, and further address
PM-induced EC barrier disruption in vivo.

The translocation of PM particles, especially fine compo-
nents, across the alveolar-blood barrier has been demonstrated
in animal studies with PM delivered by inhalation and in-
stillation (35-37). The fine particles are the most likely to

account for the induced endothelial oxidative stress generated
in this model. Elevations in oxidative stress within lung epithe-
lium exposed to PM (18) produces subsequent increases in IL-6
and increases lung inflammation via increased neutrophil in-
filtration and lung vasculature permeability (38). As noted
earlier, besides human pulmonary artery endothelium (which
we have used in these studies), lung microvascular EC is also
a primary target of PM. We observed PM to induce similar
activation of the pathway involving ROS-p38 MAPK-HSP27 in
microvascular EC (Figure E4). More studies should be designed
to compare the effects of PM on different EC types in terms of
the phenotypic heterogeneity in lung endothelium before these
findings could be translated to further in vivo studies.

In summary, this study demonstrates the direct capacity for PM
to induce ROS and mediate ROS-dependent signaling, which
results in paracellular gap formation and endothelial barrier
disruption. EC barrier disruption induced by PM is dependent on
ROS-activated p38 MAPK B and subsequent phosphorylation of
HSP27, which resultsin cytoskeletal rearrangement and EC barrier
disruption. Scavenging of ROS, inhibition or reduced expression of
p38 MAPK (especially p38 MAPK B), or reduced expression of
HSP27 prevented EC barrier disruption caused by PM. These
novel ROS-dependent pathways that regulate p38 MAPK subtype
activation, HSP27 phosphorylation, and EC barrier disruption by
PM elucidate potential targets to minimize the proinflammatory
responses and cardiopulmonary events associated with the in-
halation of environmental air pollutants. These results demon-
strate that PM induces ROS generation in human lung
endothelium, resulting in oxidative stress—mediated EC barrier
disruption via p38 MAP kinase— and HSP27-dependent pathways.
These findings support a novel mechanism for PM-induced lung
dysfunction and potential adverse cardiovascular outcomes.
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