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Activator protein-1 (AP-1) and nuclear factor of activated T cells
(NFAT) are two important transcription factors responsible for
the regulation of cytokines, which are involved in cell prolifera-
tion and inflammation. Coal workers’ pneumoconiosis (CWP)
is an occupational lung disease that may be related to chronic
inflammation caused by coal dust exposure. In the present
study, we demonstrate that coal from the Pennsylvania (PA)
coalmine region, which has a high prevalence of CWP, can
activate both AP-1 and NFAT in JB6 mouse epidermal cells. In
contrast, coal from the Utah (UT) coalmine region, which has
a low prevalence of CWP, has no such effects. The PA coal
stimulates mitogen-activated protein kinase (MAPK) family
members of extracellular signal-regulated kinases (ERKs) and
p38 MAPK but not c-Jun-NH,-terminal kinases, as determined
by the phosphorylation assay. The increase in AP-1 by the PA
coal was completely eliminated by the pretreatment of cells
with PD98059, a specific MAPK kinase inhibitor, and SB202190,
a p38 kinase inhibitor, further confirming that the PA coal-
induced AP-1 activation is mediated through ERKs and p38
MAPK pathways. Deferoxamine (DFO), an iron chelator, syner-
gistically enhanced the PA coal-induced AP-1 activity, but inhib-
ited NFAT activity. For comparison, cells were treated with fer-
rous sulfate and/or DFO. We have found that iron transactivated
both AP-1 and NFAT, and DFO further enhanced iron-induced
AP-1 activation but inhibited NFAT. These results indicate that
activation of AP-1 and NFAT by the PA coal is through bioavaila-
ble iron present in the coal. These data are in agreement with
our previous findings that the prevalence of CWP correlates
well with levels of bioavailable iron in coals from various mining
regions.

Coal remains a very significant part of U.S. energy needs.
Nationwide, 55% of electricity is generated in coal-fired
plants. With the current energy crisis in California, coal is
more appealing now than it has been in years. Coal mining,
however, causes health problems in coal workers. Among
the respiratory diseases, coal workers’ pneumoconiosis
(CWP) has received the most attention in the past decades
because of its clear occupational association. Epidemiologic
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studies of the relationship between the prevalence of CWP
and environmental measurements have consistently re-
vealed that the predominant adverse exposure factor is
respirable mixed coal dusts (1). Since CWP can become
progressive after cessation of dust exposure, extensive at-
risk populations consist of retired or ex-coal miners and
those currently active in a workplace.

Despite comparable dust exposure levels, marked re-
gional differences in the prevalence of CWP are well docu-
mented (2, 3). For example, there was a decline in preva-
lence from East to West in the United States, the disease
being most common in Pennsylvania (PA) coalminers and
least common in miners from Utah (UT) (4, 5). It has
been found that quartz was a minor contributor to CWP
development in general (6). Working on a large number of
coal samples (a total of 28) representative of three coal
mining regions, we have found that coals from the PA coal
mine regions with a high prevalence of CWP release large
amounts of bioavailable iron (BAI) in cells (7, 8). Coals
from West Virginia (WV), with an intermediate prevalence
of CWP, release moderate levels of BAI. In contrast, coals
from UT, with a low prevalence of CWP, release little BAI.
Iron is a well-known transition metal, capable of catalyzing
oxidant formation by interacting with oxygen and/or hydro-
gen peroxide. These results suggest that BAI may play an
important role in coal dust-induced CWP through oxidative
stress pathways. Although CWP is considered to be one of
the human lung pathologies related to oxidative stress (9),
little evidence exists that an oxidant burden, which origi-
nates from the inhalation of high levels of iron-containing
coal dusts, is an intrinsic mechanism in the development of
CWP. The goal of the present study was to determine the
early biologic responses of cells to BAl-induced oxidative
stress caused by inhalation of coal dust, which may contrib-
ute to cell injury in vitro, and possibly lead to the develop-
ment of CWP. Therefore, differences in levels of BAI in
coals may be one of the important contributors to the ob-
served regional differences in the prevalence of CWP. If
this is the case, levels of BAI in coals could be used as a
marker for predicting coal’s toxicity, even before its large-
scale mining.

Activator protein-1 (AP-1) and nuclear factor of acti-
vated T cells (NFAT) are important transcription factors
controlling the upregulation of proinflammatory cytokines,
which contribute to the development of fibrosis, an ad-
vanced disease of pneumoconiosis (9, 10). AP-1 consists of
a family of Jun/Fos dimers that include different Jun pro-
teins (c-Jun, JunB, and JunD) and Fos proteins (c-Fos,
FosB, Fra-1, Fra-2, and FosB2) (11). AP-1 activation is
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regulated at multiple levels by the activation of mitogen-
activated protein kinases (MAPK), involving three major
pathways of extracellular signal-related kinases (ERKs),
stress-activated protein kinases/c-Jun NH,-terminal kinases
(JNKs), and p38 MAPK (12). The ERKs pathway is consid-
ered responsive to the growth/differentiation signals, while
the JNKs and p38 pathways are responsive to environmental
stresses such as heat shock. A variety of environmental
pollutants, which include arsenic, vanadium, and quartz,
activate all or part of the ERKs and JNKs/p38 pathways
(13-17). The NFAT was originally described as a transcrip-
tion factor expressed in activated but not in resting T cells.
Growing evidence indicates that NFAT is also expressed
in a variety of lymphoid tissues, including heart, ovary, lung,
skin, as well as liver (18). In contrast to AP-1, dephosphory-
lation activates NFAT protein. This is achieved through
the activation of signaling pathways that produce a rise in
intracellular free calcium levels. An increase in intracellular
free calcium induces activation of the phosphatase cal-
cineurin, which dephosphorylates NFAT proteins. In the
present study, we have found that the coals from PA coal-
mine regions transactivate both AP-1 and NFAT transcrip-
tion factors, whereas those from UT do not, and that this
activation is mediated by the BAI present in the coals. This
finding may provide an explanation for the known regional
differences in the prevalence of CWP.

Materials and Methods
Chemical Agents

Fetal bovine serum (FBS) was from Life Technologies, Inc. (Grand
Island, NY); Eagle’s minimal essential medium (MEM), PD98059,
and SB202190 were purchased from Calbiochem (San Diego, CA);
Dulbecco’s modified Eagle’s medium were from BioWhittaker
(Walkersville, MD); luciferase assay substrate was from Promega
(Madison, WI); phospho-MAPK antibody kits were from Cell
Signaling (Beverly, MA); Deferoxamine (DFO) and ferrous sul-
fate heptahydrate (FeSO,7H,0O) were obtained from Sigma (St.
Louis, MO).

Selection of Coal Samples

Two bituminous coal samples, one from the PA coal mine region
(PSOC no. 1,198), with a prevalence of 26% CWP, the other from
UT (PSOC no. 459), with a prevalence of 4% CWP, were selected
from the 28 coal samples pool that we have studied in relation to

coal’s toxicity (7, 8). The time periods during which the coals were
sampled ranged from the 1970s to the 1980s, the same period
during which the first and second rounds of a national study of
CWP were performed (4, 5). In our opinion, these two coal samples
are representative of the two coalmine regions. They were pur-
chased from the Penn State Coal Sample Bank (Pennsylvania State
University, University Park, PA). The coal samples for the present
study were selected based on the published epidemiologic data,
which indicated a different prevalence of CWP for coal seams in
specific counties and states, as previously described (8). Physico-
chemical characteristics of the coal that are thought to play an
important role include coal rank (carbon content or molar ratio
of carbon to hydrogen), quartz content, and BAI and are presented
in Table 1.

Preparation of Coal Samples for Cell Treatment

Coal samples were ground and size-classified using the Mercer
Impactor (Intox, Albuquerque, NM). Coal samples were ground
in a ball mill with 5-mm diameter glass beads for 24 h. A 30 g
aliquot of the ground coal sample was resuspended in a 1-L glass
jar with 5 L of nitrogen (N,) per minute. Coal dusts larger than
10 wm were removed by passing them through a cyclone (BGI,
Waltham, MA) with a 10-pum cut-off size, and the respirable frac-
tion of the coal dusts were collected on teflon filters (0.45 wm pore
size; Millipore, Bedford, MA). The size distribution of the coal
dusts collected on the teflon filter was determined using the Mercer
Impactor, and the diameter of over 80% of the coal particles was
less than 5 um (data not shown).

Cell Culture

AP-1-luciferase reporter stably-transfected mouse epidermal JB6
P*1-1 cells were cultured in monolayers in MEM containing 5%
FBS, 2 mM L-glutamine, and 25 pg of gentamicin/ml (19, 20);
Mouse embryo fibroblast PW cells and its transfectant, PW NFAT
mass] cells, were cultured in Dulbecco’s modified Eagle’s medium
with 10% FBS, 2 mM L-glutamine, and 25 g gentamicin/ml (21).

AP-1 Activity Assay

Confluent monolayers of JB6 P*1-1 cells were trypsinized, and
8 X 10° viable cells suspended in 100 pl of 5% FBS MEM were
added to each well of a 96-well plate, and incubated at 37°C in a
humidified atmosphere of 5% CO, and 95% air for 12 to 24 h.
Cells were starved by culturing them in 0.1% FBS MEM for 12-24 h
and were then exposed to the PA (PSOC-1198) or UT (PSOC-

TABLE 1
Characteristics of two bituminous coals from the Pennsylvania and Utah coal mine regions

Bioavailable Iron (ppm)*

CWP Carbon Atomic C/H Quartz
Coal (% )* (%)* (Molar Ratio)' (%) Fe?* Fe’*
PSOC-1198 (PA) 26 72.44 1.39 3.50 15,010 8,588.0
PSOC-459 (UT) 4 71.32 1.16 3.63 0 4.6

Definition of abbreviations: carbon to hydrogen ratio, C/H; coal workers’ pneumoconiosis, CWP; Pennsylvania, PA; Utah, UT.

* Prevalence of CWP was obtained from Morgan and coworkers (4).

f Data on carbon content or molar ratio of carbon/hydrogen as indicators of coal rank and quartz content in the coals are provided by the Penn State Coal Sample

Bank and Database.

* Levels of bioavailable iron (both Fe?* and Fe’*) were determined spectrophotometrically by 2,2-dipyrydil-Fe’* and deferoxamine-Fe** complexes at 520 nm and
430 nm, respectively. Bioavailable iron is defined as iron released in 10 mM phosphate solution, pH 4.5, which mimics the phagolysosomes of cells (7).
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Figure 1. Effects of coals from
PA (PSOC-1198) and UT
(PSOC-459) on AP-1 activa-
tion in mouse epidermal JB6
cells. A total of 8 X 10° P*1-1
cells were seeded into each
well of 96-well plates. After
being cultured at 37°C over-
night, the cells were starved
for 12 h by replacing medium
with 0.1% FBS MEM. Then,
the cells were treated with the
PSOC-1198 or PSOC-459 coals
at a dose of 40 p.g/cm? for 36 h.
The luciferase activity was
then measured and the results
are presented as relative AP-1
activity. Each bar indicates the
mean and standard deviation
of four identically treated
assay wells.

Relative AP-1 Activity

459) coals for AP-1 induction. The reason for using 0.1% FBS was
to ensure that BAI present in the coals would not be chelated
by transferrin in serum. As a negative control, each experiment
included plates with cells to which nothing had been added. After
different periods of culture times, cells were extracted with lysis
buffer, and luciferase activity was measured using a luminometer
(Monolight 2,010; Monolight, Gaithersburg, MD). The results are
expressed as relative AP-1 activity (15, 22).

Protein Kinase Phosphorylation Assay

Immunoblotting for the phosphorylation of ERKs, JNKs, and p38
kinase was performed as described in the protocol from Cell Sig-
naling Technology using phosphospecific antibodies against phos-
phorylated sites of ERKs, JNKs, and p38 kinase, respectively. Non-
phosphospecific antibodies against ERKs, JNKs, and p38 kinase
proteins provided in each assay kit were used to normalize the
phosphorylation assay using the same transferred membrane blots.

Assay for Transactivation of NFAT

Confluent monolayers of PW NFAT mass1 cells were trypsinized,
and 5 X 10° viable cells suspended in 100 pl of medium were added
to each well of a 96-well plate. Plates were incubated at 37°C in
a humidified atmosphere of 5% CO, and 95% air. These cells were
exposed to the PA coal (PSOC-1198) or UT coal (PSOC-459) for
the indicated times and doses. The control and coal-treated cells
were extracted with lysis buffer and luciferase activity was mea-
sured as previously described (21). The results are expressed as
NFAT activity relative to untreated controls (21).

Results

Induction of AP-1 in JB6 Cells by the PA but Not the UT
Coal Dusts

To study the regulation of AP-1 transcription activity by
coals from different coal mine regions, we used stable AP-1-
luciferase reporter plasmid-transfected mouse epidermal
JB6 P* cells. The results observed from this stable transfec-
tant show that AP-1 activity was markedly induced by expo-
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Figure 2. Time course and dose response studies on AP-1 trans-
activation by coals from PA (PSOC-1198; closed circles) and UT
(PSOC-459; open circles). A total of 8 X 10° P*1-1 were seeded,
cultured, and processed as described in the legend for Figure 1.
(a) For the dose response study, cells were treated with different
amounts of PSOC-1198 or PSOC-459. After being cultured for 36
h, the luciferase activity was measured. (b) For the time course
study, cells were treated with the PSOC-1198 or PSOC-459 coals at
40 pg/cm? and harvested at time points indicated for the luciferase
activity assay. The results are presented as relative AP-1 activity.
Each bar indicates the mean and standard deviation of four identi-
cally treated assay wells.

sure of the cells to the PA coal dust but not to the UT
coal dust. At a dose of 40 pg/cm? (or 160 wg/ml), relative
luciferase activity was increased 8-fold by the PA coal sam-
ple (Figure 1). In contrast, luciferase activity in cells treated
with the UT coal remained unchanged, as compared with
the control cells. The activation of AP-1 by the PA coal
appears to be time- and dose-dependent (Figures 2A and
2B). The maximum induction of AP-1 by the PA coal oc-
curred at 40 pg/cm? for a 36-h incubation.

Activation of ERKs and p38 MPAK but Not JNKs by the
PA Coal

AP-1 activation is regulated at multiple levels by the activa-
tion of MAPK, involving ERKs, JNKs, and p38 MAPK.
Using antibodies specific for the MAPKs and phosphospec-
ific for the phosphorylated MAPKs, we studied ERKs,
JNKSs, and p38 kinase proteins and their phosphorylation.
Figure 3 shows that exposure to the PA coal with a high
prevalence of CWP significantly stimulated the phosphory-
lation of ERKSs and p38 kinase, but not JNKs. Interestingly,
the coal from the UT coal mine region with a low prevalence
of CWP did not induce phosphorylation of ERKs or JNKs,
although it activated the phosphorylation of p38 kinase as
the PA coal did, but to a lesser extent. The positive control,
2 pM benzo(a)pyrene diol-epoxide did activate the phos-
phorylation of JNKs, indicating that coals from the PA and
UT coal mine region did not induce phosphorylation of
JNKSs under our experimental conditions. Phosphorylation
of ERKs was maximal at 30 min after exposure to the PA
coal, while that of p38 kinase was maximal at 90 min after
exposure.
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Figure 3. Effects of the PA (PSOC-1198) and UT (PSOC-459)
coals on the phosphorylation of ERKs, JNKs, and p38 MAPK.
8 X 10° P*1-1 were seeded, cultured, and processed as described
in the legend of Figure 1. Cells were then exposed to the PA
(PSOC-1198) and UT (PSOC-459) coals for different periods of
time as indicated, or various amounts of coal. After lysis, phosphor-
ylated and nonphosphorylated ERKs, JNKs, and p38 kinase pro-
teins were assayed using the corresponding specific antibodies. The
phosphorylated and nonphosphorylated proteins were analyzed
using the same transferred membrane blots. Benzo(a)pyrene diol-
epoxide was used as a positive control for JNKs.

Inhibition of the PA Coal-induced AP-1 Activation
by PD98059 and SB202190

To further confirm that ERKs and p38 kinase pathways are
activated by the PA coal, specific inhibitors of each pathway
were added to the tissue culture media 30 min before coal
treatment. Inhibitors remained in the culture medium for
the duration of experiments. PD 98059, a selective and cell-
permeable inhibitor of MAPK kinase, and SB202190, a
potent and cell-permeable inhibitor of p38 MAPK with no
effect on the activity of the ERKs or JNKs subgroups,
were used in these experiments. We have found that the
pretreatment of cells with PD98059 and SB202190 resulted
in the inhibition of the PA coal-induced AP-1 luciferase
activity (Figures 4A and 4B). These results suggest that
AP-1 activation by the PA coal occurs through at least two
major pathways of ERKs and p38 MAPK.

Opposite Effects of DFO on the PA Coal-induced NFAT
and AP-1 Activation

The identification of active compound(s) in the complicated
mixes of coal dusts is a key step for predicting coal’s toxicity
and for monitoring early adverse effects on and health of
coal workers. To prove that BAI in the coal is the likely
active component in the activation of AP-1, possibly leading
to the development of CWP, JB6 cells were pretreated with
DFO, a chelator that specifically binds iron. To our surprise,
DFO exhibited a synergistic augmentation of the PA coal-
induced AP-1 activation (Figure 5A), whereas DFO alone
did not induce AP-1 activity in the cells (data not shown).
Preincubation of the PA coal with DFO also synergistically
increased AP-1 activity (data not shown), similar to the
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Figure 4. Effects of the pretreatment of cells with PD98059 or
SB202190 on AP-1 activity induced by the PA coal (PSOC-1198).
JB6 P*1-1 cells were seeded, cultured and processed as described
in Figure 1. Cells were first treated for 30 min with different
concentrations of (a) PD98059 or (b) SB202190, as indicated, and
then were exposed to 40 pg/cm? of PSOC-1198 coal for 36 h;
luciferase activity was measured, and results are presented as rela-

tive AP-1 activity.

pretreatment of cells with DFO followed by the coal. To
test whether the synergistic effect of DFO is AP-1 specific,
confluent monolayers of PW NFAT massl cells were also
used for the PA coal and DFO treatments. Interestingly,
the PA coal also transactivated NFAT in a dose-dependent
manner, while pretreatment of cells with DFO inhibited
the PA coal-induced NFAT activation (Figure 5B). The
distinct effects of DFO on the PA coal-induced AP-1 and
NFAT activation indicate that, although DFO is both effec-
tive and efficient in preventing iron-catalyzed oxidant for-
mation (23), there may be some side-effects caused by DFO
treatment, due to its contribution to AP-1 activation.
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Figure 5. Effects of DFO on AP-1 and NFAT activities induced
by the PA coal (PSOC-1198). (a) JB6 P*1-1 cells or (b) PW NFAT
mass] cells were seeded and cultured in 96-well plates. Cells were
treated with 0.2 mM of DFO plus different amounts of PSOC-
1198 coal as indicated for 36 h. The luciferase activity was measured
and results are presented as relative AP-1 activity or relative NFAT
activity, respectively.
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Figure 6. Activation of AP-1 and NFAT by FeSO, and opposite
effects of DFO on their activities. (a) JB6 P*1-1 cells or (b) PW
NFAT massl cells were seeded and cultured in 96-well plates.
Cells were treated with 0.2 mM of DFO plus 0.2 mM FeSO4, as
indicated, for 36 h. Luciferase activity was measured and results
are presented as relative AP-1 activity or relative NFAT activity,
respectively.

Effects of FeSO, on AP-1 and NFAT Activation

Our previous studies have indicated that FeSO, is one of
the major bioavailable iron compounds in the sampled
coals, some of which originate from the oxidation of pyrite,
a typical contaminant of coals (24). To confirm that iron is
the active compound in the coal for the activation of the
transcription factors, both stable transfectants of AP-1 and
NFAT were treated with pure FeSO, and/or DFO. We have
found that iron can activate both AP-1 and NFAT (Figures
6A and 6B), and that pretreatment of cells with DFO syner-
gistically enhances iron-induced AP-1 activation (Figure
6A), but inhibits iron-induced NFAT activation (Figure
6B). These results are in agreement with the effects ob-
served in the PA coal-treated cells. Our results strongly
suggest that BAI present in the PA coals is likely the active
component responsible for the activation of AP-1 and
NFAT transcription factors in the exposed cells.

Discussion

Occupational exposure to coal dust is associated with the
development of pneumoconiosis. Pneumoconiosis can re-
sult in progressive massive fibrosis, even after cessation of
coal dust exposure. Increasing evidence demonstrates that
CWP is one of the human lung pathologies related to oxida-
tive stress and chronic inflammation (9). For example, previ-
ous studies on symptomatic coal miners have shown that
alveolar macrophages recovered from bronchoalveolar la-
vage released excessive amounts of oxidants and inflamma-
tory cytokines (25-29). Our previous studies have shown
that BAI present in the coals may be responsible for the oxi-
dant formation and a subsequent cytokine release in the
lung after inhalation (8, 30). Therefore, differences in the
levels of BAI in the coals may contribute to the observed
regional differences in the prevalence of CWP. However,
there is little direct evidence that BAI in the coal is the
active compound in inducing lung injury, and the molecular

mechanisms involved in coal dust-induced pneumoconiosis
and fibrosis are unclear.

In the present study, the results show that BAI in the
PA coal with a high prevalence of CWP stimulates the AP-1
and NFAT transactivation in a time- and dose-dependent
manner. The coal from UT with a low prevalence of CWP
does not exhibit these effects. We realize that the mouse
epidermal JB6 cell line used in the present study may not
be the best cell model for studies on lung disease. However,
this cell line is a unique cell model sensitive to oxidative
stress (31). Coal dusts, which often elicit weak or no biologic
response in cell or animal models as compared with that
of quartz (32), triggered distinctive effects on AP-1 activa-
tion in the present study.

Our results suggest that simultaneous activation of AP-1
and NFAT induced by the PA coal may be an important
mechanism contributing to cytokine formation and possibly
leading to the development of CWP, since a high prevalence
of CWP was observed in workers of the PA coal mine
region. The promoter/enhancer regions of many genes con-
tain adjacent AP-1 and NFAT binding sites. The coopera-
tive binding of AP-1 and NFAT proteins to these sites
greatly enhances the DNA binding affinity and the tran-
scriptional activity of the AP-1-NFAT ternary complex
compared with either NFAT or AP-1 alone (33). Coopera-
tion between AP-1 and NFAT transcription factors has
been demonstrated in many genes, such as interleukin
(IL)-2, IL-4, IL-5, IL-8, IL-13, granulocyte macrophage-
colony stimulating factor (GM-CSF), and tumor necrosis
factor-a (33-36). For example, upstream of the GM-CSF
gene lies an enhancer element that controls GM-CSF ex-
pression and contains four NFAT sites, three of which sup-
port cooperative binding with AP-1 (36). Previous studies
have indicated that the expression of IL-8, tumor necrosis
factor-a, and other cytokines is associated with the initiation
and control of effective immune and inflammatory re-
sponses and may be related to cancer development (31).
Our results suggest that AP-1 and NFAT may be involved
in the coal dust-induced lung inflammation following inhala-
tion and may subsequently be involved in the fibrogenic
effects of the coal.

Most importantly, we have found that the phosphoryla-
tion of ERKs and p38 kinase, but not of JNKs, is induced
by the PA coal, as shown by Western immunoblotting. AP-1
is a downstream target of these three MAPK members. The
signal transduction pathways leading to the AP-1 activation
have been extensively studied in the last several years. It
is known that stress-related signals such as ultraviolet light
induce the activation of all three MAPK pathways (ERKs,
JNKs, and p38). To further confirm our finding, we have
shown that the pretreatment of cells with the p38 and ERK
inhibitors SB203580 and PD98059 suppressed AP-1 trans-
activation induced by the PA coal. Thus, these results sug-
gest that the PA coal-induced AP-1 activation may occur
through ERKs and p38 MAPK pathways, at least in the
JB6 cells that we have tested.

Using DFO, a chelator binding iron, we found that DFO
synergistically increased the PA coal-induced AP-1 activa-
tion. To test whether the synergistic effect of DFO is AP-1
specific, we then studied the effects of the PA coal with
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and without DFO on NFAT activities. Interestingly, the PA
coal also transactivated NFAT. In contrast to its enhancing
effect on AP-1, DFO inhibited the PA coal-induced NFAT
activation, suggesting two different mechanisms of DFO on
iron-induced AP-1 and NFAT activities. DFO can bind
Fe’t, as well as AP and Ga**. However, neither A" nor
Ga’* ions are likely to be found in aqueous coal suspensions
at high concentrations. Al and Ga are trace metals in the
parts-per-million or parts-per-billion range according to the
data provided by the Penn State Coal Sample Bank. There-
fore, the biologic responses inhibited by pretreatment with
DFO are solely due to the presence of iron. To further
support this conclusion, the pure iron compound FeSO, was
used. Similar to the PA coal, iron activated both AP-1
and NFAT, while DFO synergistically augmented the iron-
induced AP-1 activation but inhibited the iron-induced
NFAT activation. These data demonstrate for the first time
that iron present in the coals induces AP-1 and NFAT
activation. Our results suggest that the inhalation of iron-
containing coals, such as those from the PA coal mine
region, imposes a threat to the lungs of coal workers, leading
to pulmonary oxidative stress and the development of CWP.
These results are well correlated with BAI content in the
coals, but not with coal rank or levels of quartz in the coals.

The mechanisms of synergistic effects of DFO on the
PA coal or iron-induced AP-1 activation remain unclear.
DFO alone had no effect on AP-1 activation. It is the
DFO-Fe** complex (ferroxamine), which caused an in-
creased activation of AP-1 in comparison with iron alone.
This may be due to a reducing milieu within the cells when
DFO was used to prevent iron from redox cycling. Redox
factor 1, a Class I hydrolytic apurinic/apyrimidinic endonu-
clease, has been shown to stimulate the DNA-binding activ-
ity of AP-1 proteins by a redox-dependent mechanism in
cooperation with thioredoxin (37, 38). Thioredoxin was
shown to increase DNA binding activity of AP-1 by reduc-
ing Cys-154 in c-Fos and Cys-272 in c-Jun (39, 40). Whether
ferroxamine reacts with thioredoxin is unknown and needs
further investigation.

In conclusion, our studies have shown that the PA coal
with a high prevalence of CWP transactivates both AP-1
and NFAT. These data support our hypothesis that BAI
in the coal may be the active compound in inducing activa-
tion of AP-1 and NFAT. Since AP-1 and NFAT are impor-
tant transcription factors that have been demonstrated in
the promoter/enhancer region of genes of several cytokines
and chemokines, such as IL-2, IL-6, IL-8, and GM-CSF,
the biologic outcomes of AP-1 and NFAT activation by the
coals may be a powerful mechanism in coal-induced lung
disease.
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