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Particulate matter (PM) in ambient air is a risk factor for human

respiratory and cardiovascular diseases. Thedeliveryof PMtoairway

epithelial cells has been linked to release of proinflammatory

cytokines; however, the mechanisms of PM-induced inflammatory

responses are not well-characterized. This study demonstrates that

PM induces cyclooxygenase (COX)-2 expression and IL-6 release

through both a reactive oxygen species (ROS)-dependent NF-kB

pathway and an ROS-independent C/EBPb pathway in human

bronchial epithelial cells (HBEpCs) in culture. Treatment of HBEpCs

with Baltimore PM induced ROS production, COX-2 expression, and

IL-6 release. Pretreatment with N-acetylcysteine (NAC) or EUK-134,

in a dose-dependent manner, attenuated PM-induced ROS pro-

duction, COX-2 expression, and IL-6 release. The PM-induced ROS

was significantly of mitochondrial origin, as evidenced by increased

oxidationof themitochondrially targetedhydroethidine tohydroxy-

ethidium by reaction with superoxide. Exposure of HBEpCs to PM

stimulated phosphorylation of NF-kB and C/EBPb, while the NF-kB

inhibitor, Bay11–7082, or C/EBPb siRNA attenuated PM-induced

COX-2 expression and IL-6 release. Furthermore, NAC or EUK-134

attenuated PM-induced activation of NF-kB; however, NAC or EUK-

134 had no effect on phosphorylation of C/EBPb. In addition,

inhibition of COX-2 partly attenuated PM-induced Prostaglandin

E2 and IL-6 release.

Keywords: ambient particulate matter; cytokine; reactive oxygen

species; transcriptional factors; airway epithelium

Recent epidemiologic studies have linked short-term exposure
to ambient particulate matter (PM) with increased morbidity
and mortality associated with cardiovascular and cardiopulmo-
nary illnesses such as myocardial infarction, congestive heart
failure, asthma, and bronchitis (1–4).The assessment of the
health effects of PM is challenging because the chemical and
physical properties of PM vary greatly with time, region, mete-
orology, and source category (5–9). Furthermore, sex, age, and
pre-existing health conditions seem to influence the morbidity
and mortality associated with acute exposure to PM (10).
However, mechanism(s) of PM-induced exacerbations of car-
diopulmonary diseases are not yet well characterized. Rodents
and airway epithelial cells have been widely used as model
systems to better understand the pathophysiology of acute ex-
posure of PM in exacerbation of cardiovascular/cardiopulmo-
nary diseases (7, 8, 11–13). In vivo exposure of rodents to PM

increases secretion of cytokines/chemokines (such as IL-1b, IL-
6, IL-8, and TNF-a), generation of reactive oxygen species, and
infiltration of neutrophils; induces airway hyperresponsiveness
to acetylcholine; and compromises host defense, leading to lung
injury and inflammation (9, 14–20). While impaired host de-
fense may arise from enhanced apoptosis of alveolar macro-
phages and decreased phagocytosis, inflammation seems to
result from elevated cytokines/chemokines production in airway
epithelial, endothelial, and Th1/Th2 lymphocytes. In vitro, ex-
posure of alveolar macrophages, epithelial cells, neutrophils,
and dendritic cells to PM stimulates ROS production and
cytokine/chemokine secretion, which are consistent with find-
ings of in vivo studies (7, 9, 13, 17, 21). In vivo, among the
various cytokines, secretion of IL-6 from the lung is significantly
higher in response to environmental toxins and stimuli, in-
cluding PM (9, 16, 19). Exposure of healthy people and indi-
viduals with coronary artery disease to PM increases IL-6 levels
in the serum (22), while elevated IL-6 level in the circulation is
linked to cardiovascular dysfunction (23–26). A recent study in
mice suggests that PM accelerates arterial thrombosis via an IL-
6–dependent mechanism, linking PM exposure to thrombosis
(19). IL-6 is a pleotropic cytokine that is involved in proin-
flammatory, antiinflammatory, and proliferative responses in
lung (22, 27, 28), where different cell types, including alveolar
macrophages, epithelial cells, endothelial cells, lymphocytes,
and dendritic cells, secrete IL-6 (21, 29–34). A variety of stimuli
enhances IL-6 production via transcriptional regulation of the
IL-6 gene by NF-kB, AP1, MRE, and C/EBPb regulatory
elements (34, 35). Activation of NF-kB by PM and residual
oil fly ash induces IL-6 gene expression in the human airway
epithelial cell line, BEAS-2B (7, 14), and generation of ROS is
associated with PM-induced NF-kB activation (36–38).

In developing a human bronchial epithelial cell model to
study the biochemical and toxicologic effects of PM exposure,
we observed that PM less than 10 mM in aerodynamic diameter
collected from Baltimore ambient air elicited increased ROS
generation and IL-6 production in primary cultures of human
bronchial epithelial cells (HBEpCs). As molecular mechanisms
linking PM-induced ROS generation to transcriptional regula-
tion of IL-6 gene expression and secretion have not been well
characterized, we hypothesized that ROS may provide a link as
an intracellular signal, generated in response to PM, in tran-
scriptional regulation of IL-6 secretion in HBEpCs. Here we
provide evidence for a novel pathway that involves COX-2
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Particulate matter (PM) is a risk factor for human re-
spiratory and cardiovascular diseases. Mechanisms linking
PM-induced cyclooxygenase-2 expression and IL-6 secre-
tion via mitochondrial reactive oxygen species (ROS)-
dependent and ROS-independent pathways are provided.
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signaling in IL-6 secretion through ROS-dependent and ROS-
independent pathways in HBEpCs. Furthermore, our results
show the participation of mitochondrial electron transport, but
not NADPH oxidase, in PM-induced ROS production in these
cells.

MATERIALS AND METHODS

Materials

N-acetylcysteine (NAC) was purchased from Sigma-Aldrich (St. Louis,
MO).C/EBPb siRNAand antibodies to phospho-JNK1/2, JNK1,NF-kB
(RelA), and C/EBPb were from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Antibodies to phospho-C/EBPb and phospho-IkB (ser 32)
were procured from Cell Signaling Technology (Beverly, MA). Scram-
bled siRNA was from Dharmacon (Chicago, IL). Mito-hydroethidine
(MitoSOX Red), Dihydroethidium (hydroethidine), 6-carboxy-29,79-
dichlorodihydrofluorescein diacetate (DCFDA), Mito Tracker, and
Alexa Fluor 488 rabbit secondary antibody were purchased from
Molecular Probes (Eugene, OR). Transmembrane Transfection reagent
was from Qiagen (Valencia, CA). EUK-134, NS-398, prostaglandin
(PG)E2, and antibodies for COX-1 and COX-2 were from Cayman
Chemical, Inc. (Ann Arbor, MI). DCFDA Horseradish peroxidase–
conjugated goat anti-rabbit and anti-mouse second antibodies were
purchased from Molecular Probes (Eugene, OR). Rotenone, stigmatel-
lin, and apocynin were procured from Sigma. The ECL kit for detection
of proteins by Western blotting was obtained from Amersham Pharma-
cia, Inc. (Piscataway, NJ). The EIA kit for PGE2 measurement and
antibodies for COX-1 and COX-2 were from Cayman Chemical, Inc.
(Ann Arbor, MI). All other reagents were of analytical grade.

Collection and Characterization of PM

The cyclone used for collection of ambient PM in Baltimore, MD was
a commercially available unit (model HVS3; CS3, Inc., Sandpoint, ID),
which was designed to collect PM as a part of vacuum carpet dust
sampler for lead and pesticide analysis (39). We have used this cyclone
for PM collection in previous studies of ambient PM toxicity (40, 41).
The cyclone collector has a theoretical particle size cut point (D50) of
0.8 mm when operated at 1 m3/minute. The sampling pump used for the
system is a BRL-3300M (HI-Q Environmental, San Diego, CA),
commonly used for high-volume environmental sampling. Analysis
for elemental metals content was conducted by high-resolution ICP-
MS. Sample preparation and analysis were performed at the Lamont-
Doherty Earth Observatory, Columbia University. Sample digestion
was conducted in a Milestone MEGA microwave digestion oven
(Model Mega MLS 1200; Milestone, Italy). Nitric acid and hydrofluoric
acid used for sample digestion were Optima Grade (Fisher Scientific,
Columbia, MD). Ultra-high-purity water (Millipore, Billerica, MA)
and Teflon round bottom vials (Savillex, Minnetonka, MN) were used
for all sample digestion processes. Before digestion, the sample was
added to a Teflon vial along with 20 ml ethanol, 60 ml ultrapure water,
and 225 ml nitric acid. The vial was sealed and placed in a Teflon
microwave digestion bomb containing 10 ml 65% nitric acid to ensure
uniform heating. Samples were then irradiated in two steps under an
identical four-phase power cycle. After step 1, 40 ml concentrated
hydrofluoric acid were added to the vial. Once step 2 was completed,
the digests were diluted with 5 ml ultrapure water, and 1% or 2% nitric
acid to achieve a final acid concentration of approximately 4% nitric
acid and 0.8% hydrofluoric acid. Samples were sonicated for 20
minutes and the membrane was removed. Fifteen to twenty percent
of digests in each digest batch were procedural blanks (acids only).
Field blanks were treated as samples, and 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. Be, Ag, Cd, Sn, Sb, Cs, La,
Pt, Tl, and Pb, for which interferences are not a problem, were run at
RP 400; Na, Mg, Al, S, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn at RP
of 3,000 to 4,300; and K, As, and Se at RP greater than or equal to
9,300. Indium was added to all samples, blanks, and standards as an
internal drift corrector and run in all resolving powers. Quantification
was done by external and internal standardization, and data were drift-
corrected using indium. The output was converted to a mass value and

blank corrected. Samples that were below the limit of detection based
on daily procedural blanks were flagged. Indium-corrected elemental
sensitivities in either matrix normally differed by less than 5% sample
for all elements. The metal content of the PM used in the present study,
derived from the digestion of 0.328 mg of sample, is presented in
Table 1.

Cell Culture

Primary human bronchial epithelial cells were isolated from normal
human lung obtained from lung transplant donors following typical
procedures as previously described (42–44). The isolated P0 HBEpCs
were then seeded, at a density of 1.53 104 cells/cm2, onto T-75 flasks in
Basal Essential Basal Medium (BEBM; Lonza, Walkersville, MD) that
was serum free, and supplemented with growth factors. Cells were
incubated at 378C in 5% CO2 and 95% air to approximately 80%
confluence and subsequently propagated in 6-well plates. All experi-
ments were performed between passages 1 and 4.

Treatment of Cell Cultures with PM

PM was added to BEBM to produce a stock PM suspension at
a concentration of 1.0 mg/ml. After sonication in a water bath for 2
minutes and shaking at room temperature for 1 hour, BEBM or BEBM
containing PM was added to the surfaces of the cultures. After
incubation for the prescribed period, the medium was removed from
the surfaces of the cultures for analysis by enzyme-linked immunosor-
bent assay (ELISA), and protein was extracted from the underlying
cells, as described. The dose of PM used ranged from 10 to 100 mg/ml.
After incubation for the indicated time period, the medium was
removed from the cultures for analysis of cytokines by ELISA, and
total protein content was determined from the cell lysates using a Pierce
protein assay kit (Pierce Chemical Co., Rockford, IL). Using estimates
of normal breathing volumes over a 24-hour period and airway surface
area, these doses range from 20 to 200 times the amount of PM
predicted to deposit on epithelial surfaces during exposures to PM less
than 10 microns in aerodynamic diameter (PM10) at the National
Ambient Air Quality Standard level of 150 mg/m3. This may represent
an overestimation of dose in that it assumes that none of the size
fractions of the PM remain in suspension in the overlaying 1.0 ml of
medium and that the entire dose deposits on the surfaces of the cell
cultures during the treatment period.

Preparation of Cell Lysates and Western Blotting

After indicated treatments, HBEpCs were rinsed twice with ice-cold
PBS and lysed in 200 ml of lysis buffer containing 20 mM Tris-HCl (pH
7.4), 150 mM NaCl, 2 mM EGTA, 5 mM b-glycerophosphate, 1 mM
MgCl2, 1% Triton X-100, 1 mM sodium orthovanadate, 10 mg/ml
protease inhibitors, 1 mg/ml aprotinin, 1 mg/ml leupeptin, and 1 mg/ml
pepstatin. Cell lysates were incubated at 48C for 15 minutes, sonicated
on ice for 15 seconds, and centrifuged at 5,0003 g for 5 minutes at 48C.
Protein concentration was determined with a BCA protein assay kit
(Pierce) using bovine serum albumin (BSA) as standard. Equal
amounts of protein (20 mg) were subjected to 10% SDS/PAGE gels,
transferred to polyvinylidene difluoride membranes, blocked with 5%
(wt/vol) BSA in TBST (25 mM Tris-HCl, pH 7.4, 137 mM NaCl and

TABLE 1. METAL CONTENT OF BALTIMORE
PARTICULATE MATTER

Metal mg/g Metal mg/g Metal mg/g

Be 9 0.6 Cr 52 326.0 Sr 88 110.8

Na 23 6222.4 Mn 55 2133.9 Ag 109 1.7

Mg 25 10750.1 Fe 57 28273.9 Cd 111 2.1

Al 27 12439.7 Co 59 9.7 Sn 118 20.8

S 34 6122.7 Ni 60 59.6 Sb 121 15.8

K 39 5824.3 Cu 63 2329.5 Cs 133 0.7

Ca 43 39619.8 Zn 66 645.6 La 139 21.3

Sc 45 3.3 As 75 4.3 Pb 204 119.7

Ti 47 2135.2 Se 78 7.4 Tl 205 0.3

V 51 76.3 Sr 86 111.0 Pb 208 122.1
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0.1% Tween 20) for 1 hour, and incubated with primary antibodies in
5% (wt/vol) BSA in TBST for 1 hour at room temperature. The
membranes were washed at least three times with TBST at 15-minute
intervals and then incubated with either mouse or rabbit horseradish
peroxidase–conjugated secondary antibody (1:3,000 dilution) for 1 to
2 hours at room temperature. The membranes were developed with an
enhanced chemiluminescence detection system according to the manu-
facturer’s instructions.

Transfection of Small Interfering RNA of C/EBPb

HBEpCs (P1 or P2) were cultured onto 6-well plates. At 50 to 60%
confluence, transient transfection of small interfering (si)RNA was
performed using Transmessenger TransfectionReagent (Qiagen, Chats-
worth, CA). Briefly, siRNA (50 nM) was condensed with Enhancer R
and formulated with Transmessenger reagent, according to the manu-
facturer’s instructions. The transfection complex was diluted into 900 ml
of BEBM medium and added directly to the cells. The medium was
replaced with complete BEGM medium after 3 hours. Cells were
analyzed at 72 hours after transfection by Western blotting (44).

ROS Detection and Quantification in Cells by

Epifluorescence Microscopy

PM-induced formation of ROS was quantified by fluorescence micros-
copy (45, 46). HBEpCs (z 80% confluent) in chamber slides or glass-
bottom 35-mm dishes were loaded with DCFDA (10 mM) in EBM-2
basal medium for 30minutes at 378C in a 95%air, 5%CO2 environment.
After 30 minutes of loading, the medium containing DCFDA was
aspirated and the cells were rinsed once with BEBM medium, then
preincubated with agents for the indicated time periods, followed by
exposure to PM. At the end of the incubation, the cells were examined
under a Nikon Eclipse TE 2000-S fluorescence microscope (Nikon,
Tokyo, Japan) with a Hamamatsu digital CCD camera (Hamamatsu,
Iwata, Japan), using a320 or360 objective lens and MetaVue software
(Molecular Devices, Downingtown, PA).

Mitochondrial Superoxide Generation

PM-induced mitochondrial superoxide (O2
.-) production was quantified

by MitoSOX Red, a redox-sensitive dye composed of hydroethidine
linked to hexyl carbon chain to triphenylphosphonium group to target
mitochondrial matrix because of the negative membrane potential
across inner mitochondrial membrane. HBEpCs (z 90% confluence)
grown on glass-bottom 35-mm dishes were rinsed with BEBM, then
challenged with vehicle or vehicle plus Baltimore PM (100 mg/ml). Then
cells were loaded with MitoSOX Red (1 mM) for 10 minutes, washed,
and used for imaging using immunofluorescence microscopy (47).

Measurement of IL-6 Secretion

HBEpCs grown on 6-well plates were challenged with PM for the
indicated times and media were collected and centrifuged at 5,000 3 g
for 10 minutes at 48C. The supernatants were transferred to new
Eppendorf tubes and frozen at 2808C for later analysis of IL-6 with
IL-6 ELISA kit according to the manufacturer’s instructions.

Immunocytochemistry

HBEpCs grown on coverslips to approximately 80% confluence were
challenged with LPA (1 mM) for 15 minutes. Coverslips were rinsed
with PBS and treated with 3.7% formaldehyde in PBS at room
temperature for 20 minutes. After washing with PBS, coverslips were
incubated in blocking buffer (1% BSA in TBST) for 1 hour, and cells
were subjected to immunostaining with antibody to NF-kB (RelA)
(1:200 dilution) for 1 hour and washed four times with TBST followed
by staining with a secondary antibody with Alexa Fluor 488 (1:200
dilution in blocking buffer) for 1 hour. After washing four times with
TBST, the coverslips were mounted using commercial mounting
medium for fluorescent microscopy (Kirkegaard and Perry Laborato-
ries, Gaithersburg, MD) and were examined by immunofluorescent
microscope with Hamamatsu digital camera using a 360 oil immersion
objective and MetaVue software.

Statistical Analyses

All results were subjected to statistical analysis using one-way
ANOVA and, where appropriate, analyzed by Student–Newman-
Keuls test. Data are expressed as means 6 SD of triplicate samples
from at least three independent experiments, and level of significance
was taken as P , 0.05.

RESULTS

Inflammatory Cytokine Production by Baltimore PM

in HBEpCs

An important function of airway epithelial cells is the ability to
secrete proinflammatory cytokines in response to inhaled
particles, allergens, and other environmental pollutants. To
determine the ability of Baltimore PM to stimulate release of
proinflammatory cytokines, we investigated HBEpCs grown
under submerged or air–liquid interface (ALI) conditions.
Consistent with earlier studies from PM collected from different
locations (9), Baltimore PM (100 mg/ml, 24 h) stimulated GM-
CSF, IL-1b, IL-6, and IL-8 secretion in submerged HBEpCs;
however, cells grown under ALI showed significant stimulation
of IL-6, but not GM-CSF, IL-1b, or IL-8 (Figures 1A and 1B).
Furthermore, over 95% of PM-induced IL-6 was secreted
toward the apical side of ALI cells with no significant change
in the basolateral side of the ALI cells (data not shown). As our
results show that Baltimore PM stimulated IL-6, but not GM-
CSF, IL-1b, or IL-8, and that the magnitude of IL-6 produced
after exposure to PM was very similar, if not identical, between
the submerged and ALI cells, all further experiments were
performed with primary HBEpCs grown under submerged
conditions. The Baltimore PM–induced IL-6 secretion was dose
dependent, which was statistically significant at 10, 50, and 100 mg/ml
of PM exposure for 24 hours (Figure 2A). Interestingly,
exposure of cells to Baltimore PM (100 mg/ml) did not stimulate
IL-6 production at 6 hours; however, a significant release of IL-6

Figure 1. Inflammatory cytokine production by Bal-

timore particulatematter (PM) in submerged and air–

liquid interface grown human bronchial epithelial

cells (HBEpCs). HBEpCs grown (A) submerged or (B)

at air-liquid interface were challenged with Baltimore

PM (100 mg/ml) for 24 hours. Media were collected

and centrifuged at 2,000 3 g at 48C, and cytokine

levels were quantified by enzyme-linked immunosor-

bent assay (ELISA). Values are mean 6 SD of three

independent determinations in triplicate and

expressed as picograms of cytokine released per milli-

gram of protein in cell lysates. *Significantly different

from cells exposed to vehicle alone (P, 0.05).
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was observed at 24 hours of PM exposure (Figure 2B). Mea-
surement of lactate dehydrogenase in the medium revealed no
significant difference between control cells and cells treated with
PM (100 mg/ml) for 24 hours (vehicle, 22.5% of total LDH; PM,
24.6% of total LDH), suggesting that the Baltimore PM, under
the experimental conditions, exhibited minimal cytotoxicity.

PM Induces COX-2 Expression and PGE2 Release in HBEpCs

The expression of COX-2 is up-regulated by inflammatory
stimuli, and it has been reported that incinerator fly ash enhances
liberation of arachidonic acid and expression of COX-2 in human
airway epithelial cells (48) and RAW264.7 macrophages (49). As
Baltimore PM induces IL-6 in HBEpCs, we evaluated the effect
of Baltimore PM on COX-2 expression and PGE2 release.
Exposure of HBEpCs to Baltimore PM resulted in an induction
of COX-2, but not COX-1 (Figures 3A and 3B). In HBEpCs,
COX-2 expression, compared with COX-1, was much lower
under basal nonstimulatory condition, whereas an increase in
COX-2 expression was seen at 6 and 24 hours of exposure to
Baltimore PM. The induction of COX-2 expression was followed
by an increased secretion of PGE2 (Figures 3C and 3D). These
results demonstrate that Baltimore PM induces COX-2 expres-
sion and PGE2 release in HBEpCs.

Mitochondria as a Source of PM-Induced ROS/O2
.- in HBEpCs

Previous studies indicate that exposure of alveolar macrophages
and epithelial cells to PM produces large quantities of ROS (7,

13, 50); however, the exact source of ROS is poorly defined.
Further, the ROS generated by environmental particulate
pollutants may function as intra- and/or extracellular signaling
molecule involved in cellular functions such as cytokine release
and apoptosis. Therefore, we examined the effect of Baltimore
PM on ROS generation in HBEpCs. Exposure of HBEpCs to
Baltimore PM (100 mg/ml) enhanced ROS production in a time-
dependent manner (Figure 4A), as measured by DCFDA oxi-
dation. Further, an increase in hydrogen peroxide levels was
also observed with exposure to PM (Figure 4B), suggesting
enhanced ROS production and release into the medium. Next,
we addressed the potential source of ROS generation by PM
using the mitochondrial O2

.- indicator MitoSOx Red (47), and
specific inhibitors of mitochondrial electron transport and
NADPH-oxidase (51, 52). Exposure of HBEpCs, loaded with
MitoSOX Red, to Baltimore PM for varying time periods re-
sulted in enhanced oxidation of MitoSOX Red to 2-hydroxye-
thidine, which gave a strong orange fluorescence because of
binding to mitochondrial DNA (Figure 4C). The oxidation of
MitoSOX by Baltimore PM was time-dependent, with a 3-fold
increase in fluorescence at 60 minutes of PM challenge (Figures
4C and 4D). The involvement of mitochondrial electron trans-
port in PM-induced ROS generation was investigated using
rotenone and stigmatellin. HBEpCs were pretreated with rote-
none or stigmatellin before PM challenge. As shown in Figure
5A, rotenone and stigmatellin (blockers of state 1 and 3 of
mitochondrial electron transport, respectively) significantly at-

Figure 3. Baltimore PM induces cyclooxygenase

(COX)-2 expression and prostaglandin (PG)E2 release.

In A and C, HBEpCs grown to approximately 90%

confluence were treated with varying concentrations

of Baltimore PM (1, 10, and 100 mg/ml) for 24 hours.

(A) Cell lysates (20 mg proteins) were subjected to SDS-

PAGE and Western blotted with anti–COX-1 and

–COX-2 antibodies. Shown are representative blots

from three independent experiments. Quantitative

analyses from three independent experiments (mean 6

SD). *P , 0.05 versus vehicle. (C ) Total PGE2 released

in the medium was quantified by ELISA. Values are

mean 6 SD of three independent experiments in

triplicate and expressed as pg of PGE2/ml of medium.

*Significantly different from vehicle-treated cells (P ,

0.01). In B and D, HBEpCs (z 90% confluence) were

exposed to Baltimore PM (100 mg/ml) for 1, 3, 6, and

24 hours. At each time point, media were collected

and cell lysates were prepared. (B) Cell lysates (20 mg

proteins) were subjected to SDS-PAGE and Western

blotted for COX-1 and COX-2. Shown are representa-

tive blots from three independent experiments. Quan-

titative analyses from three independent experiments

(mean 6 SD). *P , 0.05 versus 0 hours. (D) Media

from the various time points were analyzed for

PGE2 release by ELISA. Values are mean 6 SD of

three independent experiments in triplicate and expressed as pg of PGE2/ml of medium. *Significantly different from vehicle-treated cells

(P , 0.01).

Figure 2. Dose- and Time-dependent release of IL-6 by

Baltimore PM. HBEpCs grown to approximately 90% conflu-

ence were exposed to (A) varying concentrations or (B)

different time periods with 100 mg/ml of Baltimore PM. At

the end of the experiment, media were collected, centrifuged

to remove any floating cells, and analyzed for IL-6 release by

ELISA. Values are mean 6 SD of at least three independent

experiments. *Significantly different from cells exposed to

0 hours (P , 0.05).
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tenuated Baltimore PM–induced ROS production. However,
apocynin, which blocks flavin-containing enzyme(s), had no
effect on PM-mediatedDCFDAoxidation (Figure 5A). Analysis
of DCFDA oxidation in living cells by immunofluorescence
microscopy revealed that oxidation of DCFDA co-localized with
Mito Tracker, a marker for mitochondria (Figure 5B) and
pretreatment of cells with rotenone or stigmatellin, but not
apocynin, attenuated the colocalization (yellow) of DCFDA
oxidation (green) with fluorescence ofMito Tracker (red) (Figure

5B). These results support the role of mitochondrial electron
transport, but not NADPH oxidase, in PM-induced ROS/O2

.-

production in HBEpCs.

N-Acetylcysteine and EUK-134 Attenuate PM-Induced ROS

Generation, COX-2 Expression, and IL-6 Secretion in HBEpCs

To elucidate the putative role of PM-induced ROS in COX-2
expression and IL-6 secretion, we pretreated cells with vary-
ing concentration of antioxidants, N-acetylcysteine (NAC), or

Figure 4. Baltimore PM induces reactive oxygen

species (ROS) generation in HBEpCs. (A) HBEpCs

grown on glass bottom-dishes to approximately

90% confluence were loaded with 10 mM DCFDA

for 30 minutes. Cells were rinsed in basal medium

without growth factors and exposed to Baltimore

PM (100 mg/ml) for 15, 30, and 60 minutes. At the

end of exposure, ROS formation was visualized

under fluorescence microscope and quantified us-

ing image analysis. (B) HBEpCs grown on 35-mm

dishes to approximately 90% confluence were

challenged with 10 or 100 mg/ml of Baltimore PM

for 60 minutes. Media were collected and H2O2

levels were measured using the Amplex Red assay.

Values are mean 6 SD of three experiments.

*Significantly different from cells exposed to vehicle

alone (P , 0.05). (C) HBEpCs grown on glass-

bottom dishes to approximately 90% confluence,

challenged with Baltimore PM (100 mg/ml) for 15,

30, and 60 minutes. At the end of each time point,

cells were washed with EBM phenol red free media

and were loaded with MitoSOX (1 mM) for 10

minutes. Cells were washed three times with EBM

phenol red free media and intracellular MitoSOX

Red-emitted fluorescence was visualized by immu-

nofluorescence microscopy. (D) Intracellular Mito-

SOX Red-emitted fluorescence of C quantified by

image analysis using MetaVue software. Values are

mean 6 SD of three independent experiments.

*Significantly different from cells exposed to vehicle

(P , 0.05).

Figure 5. PM-induced ROS generation is dependent on mitochondrial

electron transport. (A) HBEpCs grown to approximately 90% conflu-

ence were pretreated with apocynin (50 mM) or rotenone (2 mM) or

stigmatellin (1 mM) for 1 hour before loading with 10 mM DCFDA for

30 minutes. Cells were rinsed and challenged with vehicle or vehicle

plus Baltimore PM (100 mg/ml) for 30 minutes. Formation of ROS was

quantified by immunofluorescence microscopy. Values are mean 6 SD

of three independent experiments. *Significantly different from cells

exposed to vehicle (P , 0.05); **significantly different from cells

challenged with Baltimore PM (P , 0.01). (B) HBEpCs grown on glass

coverslips to approximately 90% confluence were pretreated with

apocynin (50 mM), rotenone (2 mM), or stigmatellin (1 mM) for 1 hour

before loading with 10 mM DCFDA and 50 nM Mito Tracker for

30 minutes. Cells were challenged with vehicle or vehicle plus Baltimore

PM (100 mg/ml) for 30 minutes, and cells were visualized for ROS

generation (green) and Mito Tracker (red) marker using fluorescence

microscope. Co-localization of ROS (green) in mitochondria with Mito

Tracker (red) is shown as yellow. Shown is a representative immunoflu-

orescence micrograph from three independent experiments.
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EUK-134 before challenge with PM (100 mg/ml). NAC (0.5 and
5 mM) or EUK-134 (5 and 25 mM) attenuated PM-induced
DCFDA oxidation (Figures 6A and 6D), COX-2 expression
(Figures 6B and 6E), and IL-6 production (Figures 6C and 6F)
in HBEpCs. These data suggest the involvement ROS/cellular
thiol redox status in PM-induced COX-2 expression and IL-6
secretion in HBEpCs.

PM Induces COX-2 Expression and IL-6 Secretion via NF-kB

As NF-kB is a key transcriptional activator of COX-2 and IL-6
genes (53, 54), we investigated the role of NF-kB in PM-induced
COX-2 expression and IL-6 generation. Exposure of HBEpCs to
Baltimore PM (100 mg/ml) for 15 minutes increased IkB phos-
phorylation, and translocation of NF-kB to the nucleus (Figures
7A and 7B). To study the role of NF-kB, cells were treated with
the IkB kinase inhibitor, Bay11–7082 (1 and 5 mM). Bay11–7082
blocked PM-induced translocation of NF-kB to the nucleus
(Figure 7B), COX-2 protein expression (Figure 7C), and IL-6
secretion (Figure 7D). These results suggest that PM-induced
activation of NF-kB partly regulates COX-2 expression and IL-6
secretion in HBEpCs.

PM-Induced NF-kB Activation Is Attenuated by NAC and

EUK-134

To determine the role of ROS in PM-induced NF-kB activation,
we studied the effect of NAC and EUK-134 on IkB phosphor-
ylation. As shown in Figures 8A and 8B, NAC (0.5 and 5.0 mM)
or EUK-135 (5 mM) pretreatment for 1 hour attenuated PM-
induced IkB phosphorylation. Further, pretreatment with NAC
(5 mM) blocked PM-induced translocation of NF-kB to the
nucleus of HBEpCs (Figure 8C). These results show that ROS
generated by PM stimulate NF-kB activation in HBEpCs.

C/EBPb Regulates PM-Induced COX-2 Expression and IL-6

Secretion via ROS-Independent Pathway

Our results with NAC and EUK-134 suggest a role for ROS-
dependent activation of NF-kB in PM-induced COX-2 expres-
sion and IL-6 secretion. However, NAC and EUK-134 did not
completely block either COX-2 expression or IL-6 production
mediated by Baltimore PM, suggesting the involvement of other
signaling pathways independent of ROS in COX-2 expression
and IL-6 secretion in HBEpCs. As C/EBPb is another tran-
scriptional regulator of COX-2 and IL-6, we investigated the
role of C/EBPb in PM-induced COX-2 and IL-6 in HBEpCs. As
shown in Figures 9A and 9B, PM exposure (100 mg/ml) for 15
minutes increased serine phosphorylation of C/EBPb, which
was not blocked by NAC (0.05–5.0 mM) or EUK-134 (5 mM),
suggesting ROS-independent activation. To further establish
the involvement of C/EBPb in COX-2 expression and IL-6
secretion, we used C/EBPb siRNA to knockdown C/EBPb
(Figure 9C). The effect of C/EBPb siRNA was specific, as it had
no effect on the protein expression of actin or ERK (results not
shown). Knockdown of C/EBPb blocked PM-mediated COX-2
expression (z 50% compared with scrambled siRNA plus PM)
(Figure 9C) and IL-6 secretion (z 45% compared with scram-
bled siRNA plus PM) (Figure 9D). These results indicate the
involvement of an ROS-independent pathway in PM-induced
C/EBPb activation and regulation of COX-2 and IL-6 in
HBEpCs.

Involvement of COX-2 and PGE2 in PM-Induced IL-6

Secretion in HBEpCs

To further determine the role of COX-2 in Baltimore PM-
induced IL-6 secretion, HBEpCs were transfected with COX-2
siRNA (100 nM) for 72 hours or treated with NS-398 (50 mM),

an inhibitor of COX-2, for 1 hour before challenge with PM
(100 mg/ml). The efficacy of the siRNA employed was de-
termined by Western blotting for the protein expression of
COX-2. As shown in Figure 10A, transfection of cells with
siRNA for COX-2 blocked the expression of COX-2 without
affecting COX-1 level, indicating a high degree of specificity.
Furthermore, the PM-induced IL-6 secretion was attenuated
by COX-2 siRNA (z 50% inhibition) (Figure 10B) and NS-398
(z 60% inhibition) (Figure 10C). Induction of COX-2 results in
conversion of AA to PGE2 and PGD2 in mammalian cells.
Having established a role for COX-2 in PM-mediated IL-6
release, we next determined if PGE2 is involved in IL-6
secretion via PGE2 receptors. Exposure of HBEpCs to PGE2
(10 and 100 ng/ml) for 24 hours resulted in increased IL-6
production (Figure 10D), suggesting PGE2-dependent IL-6
production. These results show a role for COX-2-mediated
and PGE2-dependent production of IL-6 in HBEpCs.

DISCUSSION

The data presented in this study demonstrate that PM-induces
IL-6 secretion in primary human airway epithelial cells and that
this secretion is mediated through ROS-dependent activation
of NF-kB/COX-2/PGE2 and ROS-independent activation of
C/EBPb/COX-2/PGE2 signaling pathways. Further, evidence is
provided for the participation of the mitochondrial electron
transport chain, but not NADPH oxidase, in Baltimore PM–
induced ROS generation. Our finding that PM-induces IL-6
secretion via ROS-dependent and ROS-independent activation
of COX-2/PGE2 pathways implies a novel signaling mechanism
linking air pollution particles to the inflammatory response in
the epithelium (Figure 11).

IL-6 is a multifunctional cytokine that is central to innate
and acquired immune responses. In the airway, epithelial cells
secrete IL-6 as a primary response to an external stimulus or as
a secondary response to inflammatory mediators such as TNF-a
or IL-1b (14, 15, 17, 27, 28). The increases in IL-6 levels
observed in this study with Baltimore PM are similar to those
described earlier using ROFA collected from the cyclone of
a power plant in Florida (14); however, they differ from those
described using ambient PM2.5 collected from Cache Valley
locations in Utah (20). The earlier studies were performed in
the BEAS-2B transformed cell line (14), whereas primary
cultures of HBEpCs were employed in the present investiga-
tion. ROFA stimulated IL-6/IL-8 gene expressions; however, in
that study IL-6 secretion was not measured (14). Secretion of
IL-6 in BEAS-2B cells exposed to PM2.5 from Cache Valley,
Utah was approximately 1.3- to 1.5-fold higher compared with
control cells (20), while the Baltimore PM–induced IL-6 se-
cretion in HBEpCs was at least 4- to 5-fold higher (Figure 2).
This variation in IL-6 secretion between Cache Valley PM and
Baltimore PM could be due to differences in the particle size,
variation in particle composition, time, and collection location.
It appears that the size of the particle PM from Baltimore
versus PM2.5 from Utah may contribute to the observed differ-
ences in IL-6 secretion. Endotoxin is a natural constituent of
PM, which may contribute to the cytokine production in the
epithelium (55); however, pretreatment of Baltimore PM with
polymyxin B had no appreciable effect on IL-6 secretion (data
not shown), suggesting no significant role of endotoxins as
a contaminant in IL-6 production. In addition to IL-6, PM10

(EHC-93), obtained from the Environmental Health Director-
ate, Health Canada (Ottawa, ON, Canada) induced mRNA and
protein expression of LIF, an IL-6–related glycoprotein, in
HBEpCs (56). Similar to Baltimore PM, exposure of HBEpCs
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Figure 6. N-Acetylcysteine and EUK-134 attenuate

Baltimore PM–induced ROS generation, COX-2

expression, and IL-6 secretion. HBEpCs grown in

35-mm dishes to approximately 90% confluence

were pretreated with varying concentrations of N-

acetylcysteine (NAC) (0.05, 0.5, and 5 mM) or

EUK-134 (0.5, 5, and 25 mM) for 1 hour. In A and D,

cells were loaded with 10 mM DCFDA for 30

minutes before addition of Baltimore PM (100

mg/ml) and ROS generation was quantified after

60 minutes using immunofluorescence microscopy.

Values are mean 6 SD of three independent experi-

ments. *Significantly different from cells treated

with vehicle (P , 0.01); **significantly different

from cells exposed to Baltimore PM (P , 0.05). In B

and E, cells after pretreatment with vehicle or NAC

or EUK-134 were challenged with Baltimore PM

(100 mM) for 24 hours, and cell lysates (20 mg

proteins) were subjected to SDS-PAGE and Western

blotted with anti–COX-2 and actin antibodies.

Shown are representative blots from three inde-

pendent experiments. Quantitative analyses from

three independent experiments (mean 6 SD). *P ,

0.05 versus vehicle; **P , 0.05 versus PM chal-

lenge. In C and F, media were collected from cells

(B and E), and analyzed for IL-6 by ELISA. Values are

mean6 SD from three independent experiments in

triplicate and represented as pg/ml of medium.

*Significantly different from vehicle treated cells

(P , 0.05); **significantly different from cells

challenged with Baltimore PM (P , 0.001).

Figure 7. Baltimore PM-induced COX-2 expression

and IL-6 secretion via NF-kB. In A, HBEpCs grown in

35-mm dishes to approximately 95% confluence were

starved in basal EBM medium without any growth

factors for 3 hours, and then challenged with Baltimore

PM (10 and 100 mg/ml) for 15 minutes. Cell lysates

(20 mg proteins) were subjected to SDS-PAGE andWestern

blotted with phospho-IkB and ERK2 antibodies. Shown

are representative blots and quantitative analyses from

three independent experiments (mean 6 SD). *P ,

0.05 versus vehicle. **P , 0.05 versus PM challenge. In

B, HBEpCs in glass coverslips (z 95% confluence) were

pretreated with Bay compound (5 mM) for 60 minutes,

cells were challenged with vehicle or vehicle plus

Baltimore PM (100 mg/ml) for 15 minutes. Cells were

washed, fixed, permeabilized, probed with anti-p65

antibody, and examined by immunofluorescence

microscopy using a 360 oil objective. Shown is

a representative image from several independent

experiments. In C, HBEpCs grown on 35-mm dishes

were pretreated with varying concentrations of Bay

compound (1 and 5 mM) for 60 minutes. Cells were

challenged with vehicle or vehicle plus Baltimore PM

(100 mg/ml) for 24 hours, cell lysates (20 mg proteins)

were subjected to SDS-PAGE, and Western blotted

with anti–COX-2 and actin antibodies. Shown are

representative blots and quantitative analyses from

three independent experiments (mean 6 SD). *P ,

0.05 versus vehicle; **P , 0.05 versus PM challenge. In

D, media from C were analyzed by ELISA for IL-6.

Values are mean 6 SD from three independent experiments in triplicate. *Significantly different from cells exposed to vehicle (P , 0.01);

**significantly different from cells exposed to Baltimore PM (P , 0.05).
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to a standard PM, SRM 1648, also increased ROS production,
COX-2 expression, PGE2 release, IkB phosphorylation, and
IL-6 release (data not shown). These earlier studies and our
present results demonstrate the ability of different sources of
PM to stimulate IL-6 in immortalized and primary cultures of
HBEpCs, in vitro.

Expression of the IL-6 gene is regulated by binding of
a number of transcription factors, including NF-kB, CREB,
AP-1, and NF–IL-6 (C/EBP), to the 59 region of the IL-6 gene
(17). Transcriptional regulation of the IL-6 gene could be
stimulus and/or cell specific, and activation of NF-kB has been

shown to control ROFA-induced IL-6 expression in cells of the
BEAS-2B line (14). The results from this study show that
Baltimore PM–induced IL-6 secretion is dependent on NF-kB,
in that blocking NF-kB activation with Bay 117082 antagonized
PM-induced IkB phosphorylation and IL-6 secretion. Further,
the PM-induced NF-kB activation and IL-6 secretion were
attenuated by NAC, suggesting a link between ROS generation
to NF-kB activation and IL-6 expression. Although an earlier
study with ROFA suggests a potential link between ROS and
IL-6 expression in BEAS-2B cell line (14), the current study
establishes a direct link between PM-dependent ROS genera-
tion in NF-kB activation and IL-6 secretion in primary
HBEpCs. It has been shown that redox-active transition metals,
redox-cycling quinones, and polycyclic aromatic hydrocarbons
present in diesel exhaust particles (DEP) and PM generates
ROS and oxygen free radicals in cultured macrophages, epithe-
lial cells, and suspensions (13, 17). The source of ROS after
exposure to DEP or PM is unclear, but may involve activation
of NADPH oxidase (50) and/or leak from the mitochondrial
electron transport chain (50, 57–59). In the present study, we
have demonstrated that the mitochondrial inhibitors stigmatel-
lin and rotenone, but not apocynin, attenuated Baltimore PM–
stimulated ROS production, suggesting participation of the
mitochondrial electron transport chain at complex I and III as
the major source of ROS. While the nature of the redox-active
metal(s) present in Baltimore PM that induces ROS production
in primary HBEpCs has not been established, earlier studies
indicate that vanadium present in ROFA may mediate ROS
production (50), cytokine gene expression, and airway epithelial
injury (60). Analyses of the Baltimore PM revealed the pres-
ence of vanadium (Table 1).

In addition to NF-kB, our results show a regulatory role for
COX-2 in PM-induced IL-6 secretion in HBEpCs, as evidenced
by COX-2 siRNA and COX-2 inhibitor studies. In accordance
with the human COX-2 promoter having two NF-kB–binding
sites, blocking NF-kB with Bay compound attenuated PM-
mediated IL-6 secretion in HBEpCs. Interestingly, we have
identified ROS-dependent and ROS-independent mechanisms
of COX-2 expression in HBEpCs, demonstrating multiple sig-
naling pathways of IL-6 regulation by PM. The ROS-dependent
stimulation of COX-2 expression is via transcriptional regula-
tion by NF-kB, while the ROS-independent expression of
COX-2 requires activation of C/EBPb in HBEpCs (Figure 9).
Induction of COX-2 results in subsequent production of PGE2,
and in the present study we show that exposure of HBEpCs to
PM stimulated PGE2 secretion. Further, exogenous addition of

Figure 8. N-Acetylcysteine and EUK-134 attenuate Baltimore PM-

induced NF-kB activation. HBEpCs grown in 35-mm dishes to approx-

imately 90% confluence were pretreated with varying concentrations

of N-acetylcysteine (NAC) (0.05, 0.5, and 5 mM) or EUK-134 (5 mM)

for 1 hour. In A and B, cells were challenged with vehicle or vehicle plus

Baltimore PM (100 mg/ml) for 15 minutes, and cell lysates (20 mg

proteins) were subjected to SDS-PAGE and Western blotted with anti–

phospho-IkB and actin antibodies. Shown are representative blots and

quantitative analyses from three independent experiments (mean 6

SD). *P , 0.05 versus vehicle; **P , 0.05 versus PM challenge. In C,

HBEpCs grown on glass coverslips (z 95% confluence) were pretreated

with NAC (5 mM) for 60 minutes, cells were challenged with vehicle or

vehicle plus Baltimore PM (100 mg/ml) for 15 minutes, and cells were

washed, fixed, permeabilized, probed with anti-p65 antibody, and

examined by immunofluorescence microscopy using a 360 oil objec-

tive. Shown is a representative image from several independent

experiments.

b
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Figure 9. C/EBPb regulates Balti-

more PM–induced COX-2 expres-

sion and IL-6 secretion via ROS-

independent pathway. In A and B,

HBEpCs grown on 35-mm dishes

to approximately 90% confluence

were pretreated with varying con-

centrations of NAC (0.05, 0.5,

and 5 mM) or EUK-134 (5 mM)

for 1 hour. Cells were challenged

with vehicle or vehicle plus Balti-

more PM (100 mg/ml) for 15

minutes, and cell lysates (20 mg

proteins) were subjected to SDS-

PAGE and Western blotted with

anti–phospho-C/EBPb or C/EBPb

antibodies. Shown are representa-

tive blots and quantitative an-

alyses from three independent

experiments (mean 6 SD). *P ,

0.05 versus vehicle. In C, HBEpCs

grown on 35-mm dishes to ap-

proximately 50% confluence were

transfected with scrambled siRNA

or C/EBPb siRNA (100 nM) for

72 hours. Cells were challenged with

vehicle or vehicle plus Baltimore

PM (100 mg/ml) for 24 hours, and

cell lysates (20 mg proteins) were

subjected to SDS-PAGE and West-

ern blotted with anti–COX-2 or C/EBPb antibodies as described in MATERIALS AND METHODS. Shown are representative blots and quantitative analyses

from three independent experiments (mean6 SD). *P , 0.05 versus vehicle; **P , 0.05 versus PM challenge. In D, media from C were analyzed for

IL-6 by ELISA. Values are mean 6 SD from three independent experiments. *Significantly different from vehicle-challenged cells (P , 0.05);

**significantly different from cells challenged with Baltimore PM (P , 0.01).

Figure 10. Involvement of COX-2 and

PGE2 in Baltimore PM–induced IL-6 secre-

tion. InA and B, HBEpCsgrownon35-mm

dishes to approximately 50% confluence

were transfected with scrambled siRNA

(50 nM) or COX-2 siRNA (50 nM) for 72

hours before challenge with vehicle or

vehicle plus Baltimore PM (100 mg/ml)

for 24 hours. In A, cell lysates (20 mg

proteins) were subjected to SDS-PAGE,

and Western blotted with anti–COX-2 or

–COX-1 antibodies. Shown are represen-

tative blots andquantitative analyses from

three independent experiments. * and

** significantly different from scrambled

siRNA-transfected cells exposed to vehicle

(P, 0.01); *** significantly different from

COX-2 siRNA-transfected cells exposed to

PM (P , 0.01). In B, media from A were

collected and analyzed for IL-6 by ELISA.

Values are mean 6 SD from three inde-

pendent experiments. *Significantly dif-

ferent from scrambled siRNA-transfected

cells exposed to vehicle (P , 0.01); **sig-

nificantly different from scrambled siRNA-

transfected cells exposed to Baltimore PM

(P , 0.01). In C, HBEpCs grown to ap-

proximately 90% confluence were pre-

treated with COX-2 inhibitor, NS-398

(50 mM) for 1 hour, cells were challenged

with vehicle or vehicle plus Baltimore PM (100 mg/ml) for 24 hours, and media were analyzed for IL-6 by ELISA. Values are mean 6 SD from three

independent experiments. *Significantly different fromcells challengedwith vehicle (P,0.05); **significantly different fromcells exposed to Baltimore

PM(P,0.01). InD, PGE2 (10, and100ng/ml)was added toHBEpCsgrownon35-mmdishes for 6hours,mediawere collected, andanalyzed for IL-6by

ELISA. Values are mean6 SD from three independent experiments. *Significantly different from cells exposed to vehicle (P , 0.05).
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PGE2 to HBEpCs resulted in enhanced IL-6 production sug-
gesting a role for PM-induced secretion of PGE2 in ROS-
dependent and ROS-independent release of IL-6. Our results
show that at 10 mg/ml of PM exposure, there was no significant
increase in COX-2 expression (Figure 3) and phosphorylation
of IkB (Figure 7). Although PM (10 mg/ml)-induced generation
of ROS (Figure 4B) and IL-6 production (Figure 2A) are
statistically significant, the changes are much smaller compared
with exposure of cells to 100 mg/ml of PM (Figures 2 and 4). As
ROS production via the mitochondrial electron transport
system is upstream of NF-kB and COX-2 pathways, some of
the observed effects of varying PM concentrations may be due
to the downstream signaling involved in IL-6 production. While
the ability of the coarse PM fraction and incinerator fly ash to
induce the expression of COX-2 has been described earlier (17,
49), we report for the first time an ROS-dependent expression
of COX-2 via NF-kB and ROS-independent activation of COX-2
via C/EBPb by PM in HBEpCs. Although the mechanism(s) of
PGE2-induced IL-6 release was not investigated in HBEpCs,
addition of PGE2 stimulated IL-6 production via PGE2 recep-
tors EP-2/4 linked to adenylate cyclase in BEAS-2B cell line
(T59). A role for nickel, a component of PM also present in
Baltimore PM, was demonstrated in Toll-like receptor-2–de-
pendent chemokines released from human lung fibroblasts
through a COX-2–mediated pathway (61). Nickel has been
linked to human cardiac dysfunction and daily deaths in re-
sponse to inhalation of fine PM (62). Future studies in murine
models of asthma and cardiac hypertrophy will address the role
of metal ions such as nickel and vanadium in ROS generation,
COX-2 expression, PGE2 release, and IL-6 secretion in the
airway and lung, which could contribute to the cardiopulmonary
dysfunctions associated with inhalation of PM. Instillation of
Baltimore PM to mice induced airway inflammation, increased
influx of activated PMNs and eosinophils in alveolar space, and

stimulated IL-6 secretion in BAL fluid (data not shown)
indicating the utility of this model for in vivo studies related
to PM inhalation, ROS generation, and lung inflammation.

The present study has identified that PM-mediated activa-
tion of the transcriptional factor, C/EBPb, regulates ROS-
independent activation of COX-2 in HBEpCs. Several proin-
flammatory mediators stimulate COX-2 expression via C/EBPb,
and recently lysophosphatidic acid–mediated transactivation of
EGF-R was shown to regulate COX-2 expression and PGE2
release via C/EBPb inHBEpCs (63). Interestingly, recent studies
show up-regulation of several EGF-R ligands in 16HBE14o
airway epithelial cells exposed to PM with an aerodynamic
diameter less than 2.5 mm (64). Intratracheal instillation of
ROFA into perfused rabbit lungs activatedEGF-Randmediated
pulmonary vasoconstriction (65), and Zn21,also present in Balti-
more PM, induced EGF-R activation and signaling in A431
cells (66). It is hypothesized that activation of C/EBPb by PM
might involve activation of EGF-R either by EGF-ligands and/
or transactivation mechanism(s) involving G protein–coupled
receptors in HBEpCs and which are currently under investiga-
tion.

Epidemiologic studies suggest an association between acute
exposure to PM and increased hospitalization of patients with
cardiovascular events (1–4). Exposure of normal individuals and
people with cardiovascular disease to PM increases serum levels
of IL-6 and C-reactive protein (22), which are independently
associated with increased incidence of cardiovascular disease
(23–26). These PM effects on humans have been partly sup-
ported by studies in murine models, which suggest that exposure
to PM can modulate IL-6 production by alveolar macrophages
and lead to reduced clotting times, intravascular thrombin
formation, and accelerated arterial thrombosis (19). Therefore,
PM-induced IL-6 generation, either independently or in associ-
ation with other mediators, may be responsible for the devel-
opment of cardiovascular events. As ROS play a key role in the
development of cardiovascular diseases (67), and regulate
COX-2 expression, PGE2 release, and IL-6 production in
HBEpCs and other cell types, the targeting of excess ROS
generation may represent a reasonable approach to alleviate
PM-induced cardiopulmonary complications and reduce hospi-
talizations. The relationship between the doses used in the
present studies and in vivo dose levels is difficult to accurately
determine, but were, as indicated, many fold higher than those
experienced in the Baltimore environment. While it is possible
that variation in pathway activities may differ somewhat at
lower concentrations, the present data identify PM-responsive
targets within respiratory epithelial cells that may play crucial
modulatory roles in respiratory signaling.

In summary, this study demonstrates ROS-dependent and
ROS-independent stimulation of COX-2 expression, PGE2
release, and IL-6 secretion by PM in primary HBEpCs. While
ROS-dependent activation of NF-kB regulates IL-6 secretion
independent of COX-2, enhanced COX-2 expression by ROS
resulted in PGE2 release, which also triggered IL-6. Further,
ROS-independent activation of COX-2 was mediated by acti-
vation of the transcriptional factor C/EBPb, with subsequent
release of IL-6 via PGE2 signaling. We also show that the
mitochondrial electron transport chain, but not NADPH oxi-
dase, regulates PM-induced ROS production in HBEpCs. These
novel ROS-dependent and ROS-independent pathways that
regulate COX-2 expression, PGE2 release, and IL-6 secretion
present potential targets to minimize the pro-inflammatory
responses and cardiopulmonary events associated with inhala-
tion of environmental air pollutants.
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Figure 11. Proposed signaling pathways of ROS-dependent and -

independent activation of COX-2 in PM-induced IL-6 secretion in

HBEpCs. Exposure of epithelium to PM results in ROS generation and

activation of NF-kB, which regulates COX-2 and IL-6 secretion. PM-

induced expression of COX-2 enhances PGE2 that stimulates IL-6 in

HBEpCs. Independent of ROS generation, PM also stimulates COX-2

expression via C/EBPb signaling. These results suggest multiple path-

ways involved in ambient PM–mediated IL-6 generation in airway

epithelium, which involve ROS-dependent and -independent activation

of COX-2 and PGE2 signal transduction.
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