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The mechanisms of cell signaling and altered gene
expression by asbestos, a potent inflammatory, fibro-
genic, and carcinogenic agent, are unclear. Activation
of the transcription factor, nuclear factor (NF)-tcB, is
critical in up-regulating the expression ofmany genes
linked to inflammation and proliferation. Inhalation
models of crocidolite- and chrysotile-induced inflam-
mation and asbestosis were used to study the localiza-
tion of p65, a protein subunit of the NF-ucB transcrip-
tion factor, in sham control rats and those exposed to
asbestos. In addition, we investigated, using electro-
phoretic mobility shift analysis, whether in vitro ex-
posure of rat lung epithelal cells and rat pleural me-
sothelial cells to asbestos increased binding of
nuclear proteins, including p65, to the NF-icB DNA
response element. Furthermore, translocation of p65
into the nucleus was determined by confocal micros-
copy. In comparison with sham animals, striking in-
creases in p65 immunofluorescence were observed in
airway epithelial cells of rats at 5 days after inhalation
of asbestos. These increases were diminished by 20
days, the time period necessary for development of
fibrotic lesions. In contrast, although inter-animal
variability was observed, immunoreactivity for p65
was more dramatic in the interstitial compartment of
asbestos-exposed rat lungs at both 5 and 20 days.
Changes in p65 expression in pleural mesothelial
cells exposed to asbestos in inhalation experiments
were unremarkable. Exposure to asbestos also caused
significant increases in nuclear protein complexes
that bind the NF-cB consensus DNA sequence in both
rat lung epithelial and rat pleural mesothelial cells.
Using confocal microscopy, we observed partial nu-
clear translocation of p65 in rat pleural mesothelial
cells exposed to asbestos. This partial response con-
trasted with the effects of lipopolysaccharide, which

caused rapid and complete translocation of p65 from
cytoplasm to nucleus. Our studies are the first to show
the presence of the NF-#cB system in lung tissue and
evidence of activation in vitro and in vivo after expo-
sure to a potent inflammatory, fibrinogenic, and car-
cinogenic environmental agent. (AmJ Pathol 1997,
151:389-401)

Asbestos fibers are a family of hydrated silicate fibers
associated with the development of lung cancers, me-
sothelioma, and asbestosis.1-3 The molecular events that
precede development of lung disease and are triggered
in pulmonary target cells by asbestos are unclear. Work
to date suggests that asbestos may act through a num-
ber of mechanisms that include generation of active ox-
ygen species (AOS; reviewed in Ref. 3) and inflammatory
cytokines.6 For instance, in human mesothelial cells
and in lungs of rodents exposed by inhalation, asbestos
causes an oxidant stress response that is characterized
by increases in gene expression of the antioxidant pro-
teins manganese-containing superoxide dismutase7 and
heme oxygenase.5 Rodent alveolar and peritoneal mac-
rophages generate increased amounts of oxidants after
phagocytosis of asbestos fibers,910 and fibers also cat-
alyze formation of the hydroxyl radical (OH') from hydro-
gen peroxide (H202).11 Furthermore, exposure of rat
pleural mesothelial (RPM) cells to asbestos causes a
depletion of cellular glutathione levels, indicating that
asbestos also may alter the redox state of the cells.12
Stimulation of an oxidant burst in phagocytic cells con-
tacting asbestos fibers or inhalation of asbestos also
causes release of a spectrum of cytokines including tu-
mor necrosis factor (TNF)56 and interleukin (IL)-1.413
These inflammatory cytokines and AOS may act in con-
cert to cause alterations in cell signaling pathways and
gene expression that are critical to the development of
pulmonary fibrosis and tumorigenesis.14
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AOS and inflammatory cytokines both cause activation
of the transcription factor nuclear factor (NF)-KB in a
number of cell types.1-117 Recently, we have demon-
strated that asbestos causes transcriptional activation of
NF-KB-dependent genes in transient transfection assays
using hamster tracheal epithelial cells.18 Therefore, acti-
vation of NF-KB may be integral in the development of
asbestos-associated lung diseases, as this transcription
factor modulates expression of a number of genes im-
portant in inflammation,19-21 proliferation, 18.22,23 and ap-
optosis.24-26 Activation of NF-KB has been demonstrated
in a number of in vitro models that involve oxidant stress
by radiation27'28 and chemical generating systems of
oxidants.1-117 The process of NF-KB activation involves
cytoplasmic phosphorylation of inhibitory protein com-
plexes (IKBa, etc), which then are ubiquitinated and tar-
geted for rapid degradation through the proteasome
pathway.29-31 Active transcription factor complexes,
which include p65 protein subunits, then translocate to
the nucleus where they up-regulate expression of a vari-
ety of genes with diverse functions, including nitric oxide
synthase,32 c-myc,33 the cytokines IL-6 and IL-8, and
monocyte chemoattractant protein-i.21.2234 Activation of
NF-KB-dependent genes may contribute to lung disease
associated with exposure to asbestos. For example, we
have recently demonstrated increased mRNA levels of
c-myc, a proto-oncogene with NF-KB regulatory se-
quences in its promoter region in tracheal epithelial cells
after exposure to asbestos.18

The goals of the studies here, using well defined rodent
351-38models of inflammation and asbestosis, were to char-

acterize p65 (ReIA) protein localization, the subunit respon-
sible for the transcriptional activation potential of NF-KB39 in
lung. Moreover, we examined binding of nuclear proteins to
the NF-KB consensus sequence and nuclear translocation
of p65 in RPM cells and rat lung epithelial (RLE) cells
exposed to asbestos or nonpathogenic particles (eg, glass
or riebeckite) in vitro. In parallel studies, we demonstrate
prominent localization of p65 protein in bronchial epithelium
and alveolar epithelial cells in vivo and striking increases in
reactivity after brief inhalation of either crocidolite or chry-
sotile asbestos. Both RPM and RLE cells in vitro exhibited
dose-dependent increases in p65/p5O nuclear protein com-
plexes in response to crocidolite asbestos fibers but not
nonfibrous particulates. Asbestos-associated elevations in
NF-KB binding activity were less in magnitude in compari-
son with responses obtained with lipopolysaccharide (LPS)
and may reflect partial as opposed to complete nuclear
translocation of p65 as observed by confocal microscopy.
Our findings in vivo and in vitro support a correlative rela-
tionship between exposure to an important environmental
toxicant, NF-KB activation, and the development of lung
disease.

Materials and Methods

Inhalation Models of Lung Injury
Previously characterized rodent inhalation models of as-
bestos-induced inflammation and fibrosis35-38 were used

here to relate patterns of p65 immunoreactivity to the
development of disease. The chemical and physical
characteristics of National Institute of Environmental
Health Sciences reference samples of chrysotile and cro-
cidolite asbestos used here (Thermal Insulation Manufac-
turers Association Fiber Repository, Littleton, CO) have
been reported previously.40 Male Fischer 344 rats weigh-
ing 200 to 250 g were exposed to room air and to either
chrysotile or crocidolite asbestos. Rats were exposed for
6 hours/day, 5 days/week for a total of 5 or 20 days.
Asbestos fibers were aerosolized using a modified Tim-
brell generator.41 Gravimetric concentrations in cham-
bers were measured and recorded on a daily basis. The
respirability of the two fiber types was determined by
analysis of aerodynamic fiber distributions using a Sierra
cascade impactor (Sierra Instruments, Carmel, CA). The
median average fiber diameter of chrysotile and crocido-
lite was 0.34 and 0.40 ,um with average daily gravimetric
chamber concentrations of 8.25 ± 0.23 and 7.20 ± 0.27
mg/m3 of air. Sham control rats were transferred to cham-
bers with clean air and treated identically.

Cell Cultures and in Vitro Studies
A spontaneously immortalized, differentiated line of rat
type 11 epithelial cells (RLE-6TN)42 was propagated in
DMEM/F12 medium containing penicillin and streptomy-
cin (GIBCO-BRL, Grand Island, NY) and 10% newborn
bovine serum (GIBCO-BRL). RPM cells were isolated
from Fischer 344 rats43 and propagated in DMEM/F12
medium containing 50 U/ml penicillin, 50 jig/ml strepto-
mycin, 10% fetal bovine serum, 100 ng/ml hydrocorti-
sone, 2.5 ,ug/ml insulin, 2.5 ,ug/ml transferrin, and 2.5
ng/ml selenium (Sigma Chemical Co., St. Louis, MO).
Cells were grown to confluency, and 24 hours before
addition of test agents, the growth medium was replaced
with medium containing 2% serum.

For in vitro studies, we used National Institute of Envi-
ronmental Health Sciences processed crocidolite asbes-
tos, the most potent asbestos type in the causation of
human mesothelioma1l3 and asbestosis in our inhalation
models.3536 In comparative studies to determine the
specificity of fiber-induced effects, the nonfibrous partic-
ulate analogue of crocidolite, riebeckite, was prepared
according to procedures described previously.44 In ad-
dition, glass beads (1 to 4 ,um in size) were obtained from
Particle Information Services, Kingston, WA. Particulates
were sterilized at 225°F for 12 to 15 hours and suspended
in Hanks' balanced salt solution (GIBCO-BRL). Asbestos
fibers were triturated eight times through a 22-gauge
needle to obtain a homogeneous suspension, as de-
scribed elsewhere.44 Minerals were added directly to the
medium at noncytolytic concentrations ranging from 1.25
to 20 jig/cm2 area of dish.44 LPS (Escherichia coli 026:B6,
Sigma) was used as a positive control for NF-KB activa-
tion.
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Figure 1. Confocal microscopy showing immunoreactivity of p65 protein in bronchiolar epithelial cells of sham (A to D), chrysotile-exposed (E to H), and
crocidolite-exposed (I to L) rat lungs at 5 days. Note the striking epithelial cell fluorescence in discrete bronchioles (B) and alveolar duct epithelium (AD) and
lack of fluorescence in vessels (V). n = 4/group; magnification, x200.

Immunofluorescence Technique and Confocal
Microscopy
To determine patterns of p65 (ReIA) immunofluorescence
in lung and their relationship to the development of pul-
monary fibrosis, Fischer 344 rats were exposed to chry-
sotile or crocidolite asbestos for 5 or 20 days.35-38 At the
former time point, increased proliferation in bronchial
epithelial cells, interstitial cells, and mesothelial cells is
observed in both models of asbestosis. In asbestos-
exposed rat lungs, focal lesions of inflammation also are
observed in the alveolar duct region, which are accom-
panied by increased neutrophil infiltration in bronchoal-
veolar lavage fluids.35-37 At 20 days, focal areas of pul-
monary fibrosis occur that are more striking in severity
and extent in crocidolite-exposed rats.35 38 At each time
point, rats (n = 3 to 4/group) were sacrificed, and lungs

were perfused through the vasculature with heparinized
phosphate-buffered saline (PBS). Lungs then were re-
moved, fixed in 70% ethanol, and paraffin embedded.
For immunofluorescence, 5-,um-thick lung sections were
deparaffinized with xylene and rehydrated in a graded
series of ethanol according to standard procedures. All
subsequent incubations were done at room temperature.
Permeabilization was performed with PBS containing
0.1% Triton X-100 for 30 minutes, followed by blocking of
sections in 1% bovine serum albumin (BSA) containing
PBS (twice for 30 minutes each). Slides were incubated
with a polyclonal rabbit anti-p65 antibody (SC-372, Santa
Cruz Biotechnology, Santa Cruz, CA) at 2.5 jig/ml for 1
hour. This antibody recognizes both active and inactive
NF-KB complexes. Hence, p65 immunostaining is ex-
pected both in cytoplasmic and nuclear compartments.
After three 20-minute incubations in PBS/BSA, lung sec-
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Figure 2. Confocal microscopy showing immunoreactivity of p65 protein in bronchiolar epithelial cells of sham (A to C), chrysotile-exposed (E to H), and
crocidolite-exposed (I to K) rat lungs at 20 days. B, bronchiole; AD, alveolar duct; V, vessel. D: Secondary antibody control. L: Peptide neutralization control.
Magnification, X 200.

tions were incubated with a Cy5-conjugated secondary
antibody (20 Ag/ml; Jackson lmmunoResearch Labora-
tories, West Grove, PA) for 1 hour, washed in PBS, and
mounted in Vectashield (Vector Laboratories, Burlin-
game, CA). To determine the specificity of p65 immuno-
fluorescence in lung tissue or cells in vitro (see below),
p65 antibody was incubated with a 10-fold excess of
antigen overnight, according to the instructions of the
manufacturer (Santa Cruz Biotechnology). This proce-
dure and sections treated only with secondary antibody
resulted in a diminution or lack of visible fluorescence
(see Figures 2, D and L, and 4L). Sections were then
examined on a Bio-Rad confocal microscope (Hercules,
CA). To scan p65 immunofluorescence, identical instru-
ment settings were used for all samples. The instrument
gain was at 1000 V, the iris at 3.0 mm, and the laser
power at 30%. Subsequently, images were averaged
using five Kalman collections.

Confocal Microscopy to Determine Nuclear
Translocation ofp65

Activation of the transcription factor NF-KB involves cyto-
plasmic dissociation of the inhibitor protein lKB and trans-
location of the active NF-KB complex into the nucleus. To
determine whether nuclear translocation of p65 occurred
after exposure of cells to asbestos in vitro, immunofluo-
rescence studies were performed in RPM cells exposed
to crocidolite asbestos or glass beads for 8 hours or LPS
for 2 hours. Sham control cells were left untreated and
manipulated identically. Cells were harvested and rinsed
in PBS followed by fixation in methanol for 20 minutes at
room temperature. Sections then were permeabilized
with 0.1% Triton X-100 and 4% fetal bovine serum in PBS
for 20 minutes and subsequently blocked in PBS/BSA for
15 minutes. Coverslips were then incubated with anti-p65

I
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Figure 3. Confocal microscopy showing immunoreactivity of p65 protein in interstitial compartments of the lung in sham (A to D), chrysotile-exposed (E to H),
and crocidolite-exposed (I to L) rats at 5 days. Note increases in immunofluorescence in asbestos-exposed lungs. Magnification, X400.

antibody as described above. Sections were then
washed with PBS (three times for 5 minutes each) and
incubated with a rhodamine/lissamine-conjugated sec-
ondary antibody (Jackson ImmunoResearch Laborato-
ries) at 20 ,ug/ml for 1 hour in the presence of 500 nmol/L
YOYO-1 iodide (YOYO, Molecular Probes, Eugene, OR)
to stain nuclei. Coverslips were washed in PBS and
mounted in Vectashield mounting medium (Vector). Im-
munofluorescence of p65 or YOYO was examined using
a confocal microscope (Bio-Rad). From 100 to 300 ran-
dom cells on two coverslips per treatment (n = 2 dishes/
group) were examined for p65 fluorescence, and results
were expressed as a percentage of cells staining posi-
tive/total cells examined. Merged images of p65 and YOYO
were analyzed to confirm nuclear localization of p65.

Electrophoretic Mobility Shift Analyses (EMSAs)
After various time periods of exposure to particulates or
LPS, nuclear extracts were isolated as described by Staal

et al.45 Cells were lysed in hypotonic buffer and incu-
bated on ice for 15 minutes, and 0.6% Nonidet P-40 was
added and lysates were vortexed for 15 seconds. Nuclei
were pelleted by centrifugation at 14,000 rpm for 30
seconds at 40C. Nuclear proteins were then extracted
and stored at -800C.45 EMSAs were performed using
procedures as described previously."8 Briefly, 4 stg of
nuclear protein extract was incubated for 20 minutes at
room temperature in DNA-binding buffer containing 40
mmol/L Hepes buffer, 4% Ficoll 400, 200 ng of
poly(dl)-(dC) per ,ul, 1 mmol/L MgCl2, 0.1 mmol/L dithio-
threitol, and 0.175 pmol of a 32P-end-labeled double-
stranded oligonucleotide containing a consensus NF-KB
site (Promega, Madison, WI). Samples were loaded onto
a 5% polyacrylamide gel and electrophoresed in 0.25X
Tris borate-EDTA buffer for 2 hours at 120 V. Gels were
dried and visualized by exposure to Kodak X-Omat film.
Subsequently, radioactivity in retarded binding com-
plexes was quantitated on a phosphoimager (Bio-Rad) or
by densitometric analysis of autoradiographs (Technolo-
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Figure 4. Confocal microscopy illustrating immunoreactivity of p65 protein in the interstitial compartments in sham (A to C), chrysotile-exposed (E to H), and
crocidolite-exposed (I to K) lungs at 20 days. D: Pleural mesothelial cells (M) at 5 days. L: Peptide neutralization control section from a chrysotile-exposed animal.
Magnification, X400.

gy Resources, Nashville, TN). The specificity of DNA-
binding patterns was characterized using antibodies rec-
ognizing p65 and p50 proteins SC-109 (or SC-372) and
SC-114, respectively (Santa Cruz Biotechnology). The
p65 antibody supershifts the upper binding complex (see
Figure 5A) whereas the p50 antibody affects both com-
plexes, demonstrating the presence of these proteins in
two binding complexes. An excess of unlabeled NF-KB
oligonucleotide competed away all binding complexes,
whereas excess of AP-1 oligonucleotide did not modify
gel shift complexes, demonstrating the specificity of
NF-KB gel shift patterns.18

Statistical Analyses
Data were analyzed by analysis of variance corrected for
multiple comparisons according to the Student-Newman-
Keuls procedures. Trend analyses also were performed
to examine linear trends over time and dose.

Results

Immunofluorescence Studies in Lung

Rodent inhalation models were used to determine which
cell types in lung exhibited localization of p65 (ReIA)
protein and whether inhalation of asbestos caused alter-
ations in the immunoreactivity or distribution of p65 pro-
tein. Confocal microscopy showed that localization of
p65 was most striking in bronchial epithelial cells of both
sham and asbestos-exposed rats at both 5 (Figure 1) and
20 days (Figure 2). Inhalation of asbestos for 5 days
resulted in more pronounced increases in p65 immuno-
fluorescence in bronchial epithelial cells (Figure 1, E-L).
At 20 days, immunoreactivity of p65 was comparable in
bronchiolar epithelium of sham animals (Figure 2, A-C)
and those exposed to either chrysotile (Figure 2, E-H) or
crocidolite (Figure 2, I-K). Immunofluorescence was less
dramatic in interstitial compartments of the lung in sham
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Figure 5. Airway bifurcation (A and B) and alveolar duct region (C and D) of an animal exposed to crocidolite asbestos for 20 days. B and D show the widespread
occurrence of p65 immunofluorescence. The same regions were also scanned uising the reflecting mode (A and C) to visualize asbestos fiber.s(indicated by
arrowheads). Note that p65 occurs in regions where no asbestos can be detected. Magnification, X 1500.

controls (Figures 3 and 4), but focal increases in p65
localization were apparent in rats exposed to both fiber
types at 5 and 20 days. At 20 days, lung sections from
both chrysotile-exposed (Figure 4, E-H) and crocidolite-
exposed (Figure 4, I-K) rats showed marked fluores-
cence of p65 in discrete cells lining both the alveolar
ducts and within the interstitium (arrowheads). The pat-
terns of localization of these cells and morphology sug-
gested that they were alveolar macrophages or type 11
alveolar epithelial cells. Figure 5 further illustrates a
higher magnification of p65 immunofluorescence in air-
way bifurcations (B) and alveolar ducts (D) after 20 days
of inhalation of crocidolite asbestos. Using the reflection
mode on the confocal microscope to visualize reflecting
substances such as asbestos, asbestos fibers were ap-
parent in airway bifurcations (Figure 5A) and alveolar
ducts (Figure 5C). These findings illustrate the general-
ized patterns of p65 immunofluorescence in the absence
of asbestos fibers. Immunoreactivity of p65 was apparent
in the mesothelium of sham or asbestos-exposed animals
at both time points (Figure 4D). However, no clear in-
creases in immunofluorescence were observed at any time
point after asbestos exposure.

EMSA Studies in Vitro
We next determined by EMSA whether crocidolite asbes-
tos caused increases in nuclear proteins that bind to the

NF-KB consensus DNA sequence in RLE and RPM cells
in vitro. In both cell types, after exposure to crocidolite
asbestos (Figures 6 to 8), increases in DNA binding
activity to the NF-KB sequence were observed. Nuclear
extracts from asbestos-exposed RPM and RLE cells
showed increased binding of multiple complexes to the
NF-KB consensus sequence. Using antibodies recogniz-
ing p65 and p50 proteins, we showed that the predomi-
nant upper binding complex was composed of both p65
and p50 protein, whereas the lower complex contained
p50 (Figure 6A).18 Unlabeled NF-KB oligonucleotide
competed away all of the binding, whereas unlabeled
AP-1 oligonucleotide did not modify binding patterns (not
shown).

To demonstrate the specificity of asbestos-mediated
increases in protein binding to the NF-KB DNA sequence,
we exposed RPM cells to nonpathogenic particulates for
8 hours, the time point of maximal increases by asbestos
as observed above (Figure 6B). As shown in Figure 7,
exposure of RPM cells to the nonfibrous, chemically sim-
ilar analogue of crocidolite asbestos, riebeckite, at 5
,.g/cm2, caused insignificant increases in nuclear protein
complexes binding the NF-KB sequence. Exposure of
RPM cells to 10 tLg/cm2 of glass beads also did not alter
nuclear protein complexes. In contrast, a 2-hour expo-
sure to the inflammatory mediator LPS caused striking
increases in binding activity to the NF-KB sequence.
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Figure 6. A: Specificity of nuclear proteins that bind to the NF-KB consensus sequence as shown by EMSA in RPM cells exposed to asbestos. Nuclear extracts from
asbestos-exposed cells were incubated for 20 minutes at room temperature at which time 2 gl of antibodies recognizing p65 or p50 were added for an additional
30 minutes. Left lane, DNA binding pattern from nuclear extract from asbestos-exposed RPM cells; middle lane, DNA binding in the presence of p65 antibody;
right lane, DNA binding in the presence of p50 antibody. B: EMSA showing dosage-dependent increases of binding of nuclear proteins to the NF-KB consensus
DNA sequence in RPM cells exposed to crocidolite asbestos (1.25 or 5 Lg/cm2) for 4 or 8 hours. *Significantly increased (P < 0.05 compared with sham controls
at the same time point. *Significantly increased (P < 0.05 compared with the group exposed to 1.25 JLg/cm2 asbestos at the same time point. Error bars show
mean + SEM of duplicate samples as determined by phosphoimage analysis.

We next determined, using RLE cells, whether asbes-
tos- and LPS-induced binding to the NF-KB sequence
were comparable to patterns observed in RPM cells.
Similar to results in RPM cells, RLE cells exhibited multi-
ple distinct bands of nuclear NF-KB binding activity.
Dose-related increases in both p65/p5O complexes, ob-
served in this cell type after 6 hours of exposure to
asbestos, are depicted in Figure 8A. Trend analysis con-
firmed a significant linear trend in binding of the p65/p50
complex with increasing doses of asbestos (P < 0.05).
As was seen in RPM cells, LPS (50 ng/ml) caused more
dramatic increases in nuclear proteins that bound to the
NF-KB sequence (Figure 8B). This time course study in
RLE cells employing 10 ,ug/cm2 crocidolite asbestos also
revealed that increases in nuclear proteins recognizing
the NF-KB consensus sequence became more striking
over time (Figure 8B).

p65 (ReIA) is a major component of the NF-KB family
that is associated with transcriptional activation of target
genes.39 As this protein complex increased most dramat-
ically in EMSA studies evaluating asbestos-treated RPM
and RLE cells, subsequent experiments focused on nu-
clear translocation of this protein in RPM cells in response
to asbestos, LPS, and glass beads (negative control).
Figure 9 shows p65 immunofluorescence in RPM cells
exposed to 5 Ag/cm2 crocidolite asbestos for 8 hours or
100 ng/ml LPS for 2 hours, the time points of maximal
increases of p65/p50 complexes observed by EMSA. In
control RPM cells, p65 occurred almost exclusively in the
cytoplasm, and nuclear staining was virtually absent.
However, the majority of RPM cells exposed to LPS for 2
hours exhibited complete nuclear translocation of p65
and an absence of cytoplasmic fluorescence. In RPM
cells exposed to asbestos, a large percentage of cells
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Figure 7. EMSA in RPM cells showing stimulatory effects of LPS (100 ng/ml
for 2 houLrs) and crocidolite asbestos (8-hour exposure) on binding of
nuclear protein complexes to the NF-KB consensus DNA sequence (*P <
0.05 compared with sham controls at the same time point). Note the lack of
significant increases in DNA binding with nuclear extracts obtained from
RPM cells exposed to the particles, riebeckite, or glass for 8 hours. Error bars
show mean ± SEM of duplicate samples as determined by phosphoimage
analysis.

exhibited p65 fluorescence in both the cytoplasm and
nucleus (Figure 9; Table 1). Table 1 summarizes the data
from quantitative experiments in which RPM cells were
examined for nuclear p65 immunofluorescence after ex-
posure to test agents. Whereas approximately 1 to 3% of
total cells showed nuclear localization of p65 in cultures
after addition of medium alone (sham) or glass beads,
approximately 50% of total cells were labeled after expo-
sure to crocidolite asbestos. In contrast, exposure to LPS
resulted in 90% of cells showing immunofluorescence of
p65 in the nucleus. To further illustrate this phenomenon,
we performed dual-labeling confocal microscopy to con-
firm nuclear p65 using the DNA stain YOYO. Nuclear p65
immunofluorescence merged with YOYO results in an

orange color. Results in Figure 9 confirm the absence of
nuclear p65 in untreated controls and complete translo-
cation of p65 into the nucleus of cells exposed to LPS.
However, merged images of p65 and YOYO demonstrate
that p65 immunofluorescence occurs in both the cyto-
plasm and nucleus of RPM cells exposed to crocidolite
asbestos, indicating partial translocation of the p65 sub-
unit of NF-KB.

Discussion
In studies here, we used rodent inhalation models of
asbestosis and differentiated cultures of pleural mesothe-
lial and alveolar type 11 epithelial cells to demonstrate
activation of the NF-KB system in response to asbestos
fibers. These in vivo and in vitro approaches allowed us to
study the patterns of activation of this transcription factor
in relationship to the development of lung disease and
the specificity of asbestos-induced responses in compar-
ison with the inflammatory agent LPS or the noninflam-
matory inert particles riebeckite and glass beads.

Results presented here show that exposure to crocido-
lite asbestos in vitro increases nuclear protein complexes
binding the NF-KB sequence in RLE and RPM cells,
progenitor cells of the asbestos-induced diseases, lung
cancer, and mesothelioma. In contrast to asbestos, the
inflammatory mediator LPS caused more dramatic in-
creases in nuclear complexes binding to the NF-KB se-
quence. This may be due to the soluble nature and
receptor affinity of LPS, enabling its rapid association
with cells, as opposed to asbestos fibers that make focal
contact with and precipitate onto cells in vitro over several
hours.44 Our results also demonstrate that the nonpatho-
genic particles, glass and riebeckite, do not enhance
nuclear NF-KB complexes. As riebeckite is a chemically
similar analogue of crocidolite, differing only in its geom-
etry as it is defined as a particle (<3:1 length to diameter
ratio) as opposed to a fiber (>3:1 length to diameter
ratio), results indicate that the fibrous nature of asbestos
is essential for activation of NF-KB. AOS may be media-
tors of the NF-KB response to asbestos, based on several
observations. First, nonfibrous particles are phagocy-
tized effectively, whereas incomplete phagocytosis of
long, thin crocidolite asbestos fibers generates elevated
amounts of AOS,9 documented activators of the NF-KB
pathway in other cell types.15-17 Addition of N-acetyl-L-
cysteine to tracheal epithelial cells also ameliorates as-
bestos-induced activation of NF-KB, an observation sug-
gesting that oxidant generation triggered by asbestos
fibers may be critical in activation of the NF-KB system.18
We show here for the first time the localization of p65

protein, an active component important in the transacti-
vation of NF-KB target genes39 in lung and apparent
increases in immunoreactivity as early as 5 days after
exposure to either crocidolite or chrysotile asbestos. At
high airborne concentrations used here, both types of
asbestos cause rapid inflammatory and proliferative
changes in lung and the development of focal asbestosis
at 20 days.35 38 In comparison with other cell types in
normal rat lungs, the extent of p65 immunofluorescence
was most remarkable in bronchiolar epithelial cells, in-
cluding those occurring at the alveolar duct region where
asbestos fibers are initially deposited after inhalation.46
Higher basal levels of p65 protein in airway epithelial
cells may be important in responses to a number of
inhaled oxidative stresses. Thus, the early increases in
p65 immunofluorescence that occur in these areas in
response to asbestos are consistent with other findings
showing increased expression of antioxidant en-
zymes7'47 and cytokines6 48 and reversible increases in
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Figure 8. A: Dose-dependent increases in p65/p50 and p50 protein complexes binding to the NF-KB DNA sequence in RLE cells exposed to increasing
concentrations of asbestos for 6 hours (P < 0.05, linear trend analysis). B: EMSA complexes in RLE cells exposed to crocidolite asbestos (10 Ag/cm2) or LPS (50
ng/ml) for 2, 4, or 6 hours. Nuclear extracts were examined for binding of p65/p5O or p50 protein complexes to the NF-KB consensus DNA sequence (IP < 0.05).
Error bars represent mean + SEM of duplicate samples as measured by densitometry.

cell proliferation38'49 after short exposures to mineral
dusts. Coincidentally, immunoreactivity of p65 in bron-
chiolar epithelial cells decreased at 20 days as does cell
proliferation in this compartment of the lung after expo-
sure to asbestos. In contrast, inflammation is striking at
both 5 and 20 days in asbestos-exposed lungs. The
increases of p65 immunofluorescence in airways after
inhalation of asbestos are generalized and do not appear
related to sites of fiber deposition (Figure 5). Release of
inflammatory cytokines at these time points may account
for the generalized increases of p65 immunofluores-
cence observed here. Despite immunolocalization of p65
in mesothelium, no clear increases were observed in this
compartment after inhalation of asbestos. The lack of
effect may be due to the lack of translocation of asbestos
to the mesothelium at these time points of investigation. In
addition, inflammation may be more pronounced in the
airways or the interstitium, accounting for increases of
p65 in these compartments versus the mesothelium.
The mechanisms intrinsic to the development of as-

bestos-induced pulmonary disease are unclear to date.
However, an increasing body of evidence suggests that
both AOS and inflammatory mediators are important fac-
tors in the induction of asbestos-associated pulmonary
disease (reviewed in Ref. 3). For example, several stud-

ies have demonstrated that asbestos-mediated cell dam-
age and inflammation is prevented by antioxidants or iron
chelators.50 52 More importantly, asbestos-induced cell
injury, inflammation, and asbestosis in rats is ameliorated
by systemic administration of the antioxidant enzyme
catalase.35 Inflammatory cytokines such as TNF are re-
leased from different cell types of the lung in response to
asbestos fibers in vitro and in vivo and may also contribute
to the development of disease.4 6,48,53 The ramifications
of NF-KB activation in lung by asbestos are undoubtedly
complex. A number of laboratories have shown in-
creased expression of genes with NF-KB binding se-
quences in their regulatory regions in lungs and cells in
vitro after exposure to asbestos. For example, inhalation
of crocidolite asbestos (8 mg/m3 of air) for 3 or 6 hours
leads to increases in lung of steady-state mRNA levels of
macrophage inflammatory protein-2 and cytokine-in-
duced neutrophil chemoattractant, chemokines involved
in the recruitment of inflammatory cells to the site of
injury.6,4' Nitric oxide synthase (NOS) is another protein
under transcriptional control of NF-KB that can be in-
duced by cytokines and LPS54 and contributes to lung
inflammation.55 Recent work by our laboratory (T. R.
Quinlan, K. A. Berube, M. P. Hacker, D. J. Taatjes, C. R.
Timblin, J. Goldberg, P. Kimberley, P. O'Shaughnessy, D.
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Figure 9. Confo)cal microscopy showing YOYO DNA stain (green) and ceillilar localization of p65 protein in RPM cells (red). Sham control RPM cells (sham) or
RlPM exposed to LPS for 2 hours (LPS) or crocidlolite ashestos (5 jig/cm2) for 8 hootis (asbestos) were examined for p65 immunotluorescence and co-localization
with YOYO. Cells were incubated with an antilbody recognizing p65 protein ancl sUbseqciently with a lissaimine-rhodamline-conjuLgated secondary antihody in the
presence of 500 nmol/L YOYO-1 iodlide. YOYO and p65 imilages were collected indcisidcially and imilages were then merged (YOYO + p65) to confirilm ncilear
localization of p65 in resp)onse to LPS or asbestos (orange). Magnification, X1080.

Hemenway, J. Torino, L. A. Jimenez, and B. T. Mossman,
submitted for publication) and others56 documents in-
creased levels of nitrates and nitrites in alveolar macro-
phages exposed to asbestos and in bronchoalveolar la-
vage fluids from rats after inhalation of asbestos. These
increases appear to be indicative of up-regulation of
inducible NOS (iNOS) as increases in iNOS mRNA are
observed in alveolar macrophages exposed to asbestos
in vitro (T. R. Quinlan, K. A. Berube, M. P. Hacker, D. J.
Taatjes, C. R. Timblin, J. Goldberg, P. Kimberley, P.
O'Shaughnessy, D. Hemenway, J. Torino, L. A. Jimenez,
and B. T. Mossman, submitted for publication).

Table 1. Nuclear Fluorescence of p65 in RPM Cells

Treatment

Sham
LPS (100 ng/ml, 2 hours)
Crocidolite (5 jig/cm2, 8 hours)
Glass (10 jIg/cm2, 8 hours)

Total
cell Cells

number with NF % NF

290 3
280 250
127 66
278 7

89
52
3

Cells were exposed to test agents and examined for p65
immunofluorescence as described in text. Cells were counted in
random fields in duplicate cultures using a blind code system, and the
percentage of those exhibiting nuclear fluorescence was determined.
NF, nuclear fluorescence.

Unlike LPS, which induces a rapid nuclear transloca-
tion of p65, asbestos causes only a partial nuclear trans-
location of p65 in RPM and RLE cells. This response, as
quantitated using confocal microscopy, may explain why
EMSA changes are less striking in magnitude in asbes-
tos-exposed cells compared with LPS. In contrast to LPS,
a soluble agent, target cells of asbestos-induced disease
interact with asbestos fibers either directly by contact or
indirectly via oxidant stress. Thus, partial nuclear trans-
location of p65 may reflect localized responses to fibers
or the limited diffusion capacity of AOS released during
phagocytosis of fibers. Our studies suggest that sus-
tained activation of NF-KB by asbestos and transactiva-
tion of NF-KB-dependent genes may contribute to the
chronic inflammatory process occurring in the lungs of
experimental animals35-38 and workers after occupa-
tional exposures to asbestos.57
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