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Numerous epidemiological studies have linked exposure to particulate
matter (PM) air pollution with acute respiratory infection and chronic
respiratoryandcardiovasculardiseases.Wehavepreviously shownthat
soluble nickel (Ni), a common component of PM, alters the release
of CXC chemokines from cultured human lung fibroblasts (HLF) in
response to microbial stimuli via a pathway dependent on disrupted
prostaglandin (PG)E2 signaling. The current study sought to identify
themolecular events underlyingNi-induced alterations in PGE2 signal-
ing and its effects on IL-8production. PGE2 synergistically enhancesNi-
induced IL-8 release from HLF in a concentration-dependent manner.
Theeffects of PGE2weremimickedbybutaprost andPGE1-alcohol and
inhibited with antagonists AH6809 and L-161,982, indicating PGE2
signalsviaPGE2receptors2and4.PGE2andforskolinstimulatedcAMP,
but it was only in the presence of Ni-induced hypoxia-inducible
factor 1, a subunit (HIF1A) that these agents stimulated IL-8 release.
The Ni-induced HIF1A DNA binding was enhanced by PGE2 andmedi-
ated, in part, by activation of p38 MAPK. Negation of cAMP-response
elementbindingprotein1orHIF1Ausingshort interferingRNAblocked
the synergistic interactions between Ni and PGE2. The results of the
current study provide novel information on the ability of atmospheric
hypoxia-mimetic metals to disrupt the release of immune-modulating
chemokines by HLF in response to PGE2. Moreover, in the presence of
HIF1A, cAMP-mediated signaling pathways may be altered to exacer-
bate inflammatory-likeprocesses in lung tissue, impartinga susceptibil-
ity of PM-exposed populations to adverse respiratory health effects.
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Numerous epidemiological studies have linked exposure to partic-
ulatematter (PM) air pollution, originating fromnatural andman-
made sources, with acute respiratory infection and chronic respi-
ratory and cardiovascular diseases (1–4). It is well recognized that
the toxicity of PM is largely determined by surface area, surface-
absorbed organic components, and transition metal content. PM
with an aerodynamic diameter of less than 2.5 mm (PM2.5) is
thought to pose a more significant health hazard than PM with
an aerodynamic diameter of less than 10 mm because PM2.5 is
more likely to penetrate more distal regions of the lung and be

retained (5). PM2.5 also contains a high content of a variety of
toxic heavy metals, such as nickel (Ni), vanadium (V), and chro-
mium (Cr), among others (6, 7).

Ni is a common component of PM and has been shown to me-
diate some of the biological effects of PM in vitro and in vivo.
Lippmann and colleagues report that cardiac dysfunction in
response to fine particulate matter is largely attributable to Ni
(8), which can also contribute to the onset of asthma (9) and
pulmonary fibrosis (10) in the lower airways. Inhaled Ni has also
been linked with immunodysfunction, chronic active inflamma-
tion of the airways, and cancer (11–13). Moreover, in vivo and
in vitro studies have implicated initiation of inflammatory cas-
cades within the lung as mediating Ni-induced toxicity (14–16).
However, the molecular and cell-specific events that are funda-
mental in modulating gene expression after Ni exposure are not
completely understood.

Lung fibroblasts are thought to play an active role in the re-
sponse to tissue injury, contributing to cytokine and chemokine re-
lease as well as their activation and expansion in fibroproliferative
disorders (17, 18). One of the hallmarks of inflammation is in-
creased elaboration of prostaglandins (PGs) through the induction
of the cyclooxygenase-2 enzyme (prostaglandin-endoperoxidase
synthase 2 [PTGS2]). We have previously shown that NiSO4$6H2O
(Ni) alters the pattern of TLR-2–dependent chemokine release
from cultured human lung fibroblasts via a PTGS2-dependent
pathway (19). Further studies revealed Ni synergistically interacts
with PGE2 in the absence of microbial stimuli to promote release
of the immune-modulating chemokine IL-8 in HLF (20). This is of
interest because PGE2 is thought to have antiinflammatory effects
in the lung (21) and has been shown to suppress IL-8 release in
response tomicrobial and bacterial stimuli (19, 20). To gain a better
understanding of how Ni may influence PGE2-mediated response
to inflammation in the lung, the current study focuses on molecular
events underlying stimulation of IL-8 release from HLF after
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CLINICAL RELEVANCE

This manuscript contains novel information regarding the
potential for hypoxia-mimetic metals found in particulate
matter (PM) pollution to dysregulate eicosanoid signaling in
the lung. The current findings show that nickel synergisti-
cally interacts with prostaglandin (PG)E2 to promote IL-8
release from human lung fibroblasts via enhanced activation
of the transcription factor hypoxia inducible factor 1, alpha
subunit (HIF1A) and that activation of HIF1A can switch
a normally suppressive role of PGE2/cAMP signaling on
IL-8 synthesis to a stimulatory role. These findings suggest
that HIF1A disrupts PGE2-mediated signaling pathways to
exacerbate inflammatory-like processes in lung tissue, im-
parting a susceptibility of PM-exposed populations to ad-
verse respiratory health effects.
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mixed exposures to Ni and PGE2. These studies highlight inter-
actions between hypoxia-inducible factor 1, a subunit (basic helix-
loop-helix transcription factor) (HIF1A) and cAMP-response
element binding protein 1 (CREB1) as a pivotal step in Ni-induced
dysregulation of PGE2 signaling in HLF.

MATERIALS AND METHODS

Experimental Design

In human lung fibroblasts, IL-8 release was measured after exposure to
200 mM NiSO4$6H2O (Ni), PGE2 (0–10 mM), or the two treatments in
combination using specific ELISA. The concentration of Ni used in the
current study was chosen based on the concentration–response relation-
ships for IL-8 release in HLF reported previously (19, 20). To determine
which PGE2 receptor(s) mediate the synergistic interactions between
PGE2 and Ni on IL-8 release from HLF, cells were coexposed to Ni
with or without 0 to 1,000 nM of the individual PTGER receptor agonists
17-phenyl trinor PGE2 (PTGER1/PTGER3), Butaprost (PTGER2),
Sulprostone (PTGER3), and PGE1-alcohol (PTGER3/PTGER4). In
a separate set of experiments, HLF were pretreated with 10 mM of PGE2
receptor antagonists SC-19220 (PTGER1), AH6809 (PTGER1, -2, and
-3-III), or L 161,982 (PTGER4) before stimulation with Ni and 10 nM
PGE2 for 48 hours. Levels of cAMP in HLF treated with Ni and/or
PGE2 were determined using the cAMP EIA kit (Cayman Chemical,
Ann Arbor, MI) and normalized to total protein content. Activation of
HIF1A after mixed exposures to Ni and PGE2 was measured using
a DNA-binding ELISA (TransAM HIF-1; Active Motif, Carlsbad,
CA). To determine the role of HIF1A, cAMP, and mitogen-activated
protein kinase (MAPK) signaling in IL-8 release, cells were transiently
transfected with small interfering RNA (siRNA) to HIF1A and CREB1
or pretreated with p38 MAPK inhibitor (SB 203,580) before stimulation
with Ni and PGE2. Data are presented as means 6 SE and were con-
sidered significant when P , 0.05 as determined by one- or two-way
ANOVA, as appropriate, using an all-pairwise, multiple-comparison pro-
cedure (GraphPad PRISM, version 5.0; GraphPad Software, San Diego,
CA). Addition details are provided in the online supplement.

RESULTS

PGE2 Signals through PTGER2 and PTGER4 to Synergistically

Enhance Ni-Induced IL-8 Release from HLF

We have previously reported that Ni enhances the TLR2-
mediated release of IL-8 from HLF in a mechanism involving
induction of PTGS2 and consequent release of PGE2 (19, 20).
Here we sought to determine the underlying mechanism by
which PGE2 interacts with Ni to stimulate IL-8 release and
identify the PGE2 receptor(s) involved in this process. PGE2
alone does not stimulate IL-8 release from HLF, even at con-
centrations up to 10 mM (Figure 1A, gray symbols). In contrast,
in the presence of 200 mM Ni, PGE2 elicits a concentration-
dependent release of IL-8 from HLF (Figure 1A, black sym-
bols) to levels significantly greater than what was observed in
media from control-treated cells or cells receiving either stimuli
alone (P , 0.001). PGE2 enhanced Ni-induced IL-8 release by
10-fold with concentrations as low as 10 nM and enhanced IL-8
release up to 30-fold in cells cotreated with 1 and 10 mM PGE2
compared with cells receiving Ni or PGE2 alone. Additional
dose–response analysis indicates that when PGE2 is held con-
stant at 10 nM Ni begins to synergistically enhance IL-8 release
at a concentration of 150 mM (see Figure E1 in the online sup-
plement). Figure 1B shows immunoblot analysis indicating the
presence of all four PTGER receptor subtypes in unstimulated
HLF. No changes in PTGER expression were observed in cells
treated with Ni in the presence or absence of PGE2 compared
with control-treated cells (data not shown).

To determine which PTGER receptors mediate PGE2-
enhanced IL-8 release by Ni, HLF were cotreated with different
PTGER agonists alone or in combination with 200 mM Ni or

pretreated with PTGER antagonists before stimulation with Ni
and 10 nM PGE2. The PTGER1/3 agonist, 17-phenyl trinor
PGE2, stimulated a 4-fold increase in IL-8 release from HLF
after exposure at the highest concentration tested (1,000 nM)
compared with cells receiving Ni alone (Figure 2A). PTGER2
and PTGER3/4 receptor agonists (butaprost [Figure 2B] and
PGE1-alcohol [Figure 2D], respectively) synergistically interact
with Ni to promote IL-8 release fromHLF, similar to the findings
observed with PGE2. Butaprost (10 nM) enhanced Ni-induced
IL-8 release approximately 7-fold above that observed in con-
trol cells or cells receiving butaprost or Ni alone. The effects of
butaprost were further enhanced at 100 and 1,000 nM, with ap-
proximately 20-fold more IL-8 released in the presence of Ni
compared with cells receiving Ni alone. The PTGER3/4 agonist
PGE1-alcohol amplified Ni-induced IL-8 release 3- to 20-fold
over a 10 to 1,000 nM concentration range compared with cells
receiving Ni alone (Figure 2D). No significant interactions were
observed between Ni and the PTGER3 agonist sulprostone on
IL-8 release from HLF (Figure 2C).

Given the findings that stimulation of both Gs-coupled PTGER
receptors enhanced IL-8 release by Ni, we next determined the
effects of dual receptor stimulation. Figure 2E shows that at
concentrations of 10 and 100 nM, butaprost and PGE1-alcohol

Figure 1. Prostaglandin (PG)E2 enhances Ni-induced IL-8 release from
human lung fibroblasts (HLF). (A) Cells were stimulated with 200 mM

nickel (Ni) with or without PGE2 for 48 hours as described in MATERIALS

AND METHODS. IL-8 levels in conditioned medium were measured using

ELISA. Points with different letters have means that are significantly
different within the Ni-treated group; ***different from respective con-

centration of PGE2 in the absence of Ni (P , 0.01) as determined by

two-way ANOVA with Bonferroni multiple comparison test. (B) Western
blot analysis indicating expression of PGE2 receptors (PTGER)1–4 in

human lung fibroblasts. Glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) is shown as a loading control. Con, control.
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have an additive effect on Ni-mediated IL-8 release from
HLF. Although absolute levels of IL-8 released varied among
HLF from different donors, similar observations were made
when examining the effects of Ni and PTGER stimulation on
IL-8 release. Consistent with PGE2 signaling via PTGER2
and PTGER4 to enhance Ni-induced IL-8 release from HLF,
chemokine levels after Ni and PGE2 cotreatment were signif-
icantly attenuated by AH 6809 and L-161,982 (Figure 2F). AH
6809 is an antagonist with near equal affinity for PTGER1,
PTGER2, and PTGER3-III receptors. When HLF were pre-
treated with 10 µM AH 6809 for 1 hour before a 48-hour
exposure with Ni and 10 nM PGE2, IL-8 release was attenu-
ated by approximately 80%. Given that no inhibition was
observed in the presence of the PTGER1 antagonist (SC-
19220), combined with the findings that the sulprostone
(PTGER3 agonist) had no effect on Ni-induced IL-8 re-
lease, the attenuation by AH 6809 is likely mediated by
PTGER2 receptors. The PTGER4 antagonist L-161,982 also
attenuated IL-8 release by 60% compared with cells receiv-
ing Ni and PGE2 in the absence of inhibitor, consistent with
the results shown in Figure 2D. Inhibition of Ni and PGE2-
induced IL-8 release when HLF were pretreated with both
AH 6809 and L-161,982 was comparable to the response
observed when cells were pretreated with either inhibitor
alone (Figure 2F).

Synergistic Interaction between PGE2 and Ni on IL-8 Involves

Activation of cAMP

Of the four PGE2 receptor subtypes, PTGER2 and PTGER4 are
coupled to Gs, which stimulates cAMP synthesis. Based on
our evidence that PGE2 signals through PTGER2 and PTGER4
to enhance Ni-induced IL-8 release from HLF (Figure 2), we
sought to determine whether Ni alters cAMP production after
exposure to PGE2. Figure 3A shows that levels of cAMP pro-
duction in unstimulated cells are 78 6 10 pmol/mg protein. Upon
10-minute stimulation with 10 nM PGE2, levels of cAMP are
increased approximately 2-fold compared with control-treated
cells, consistent with activation of PTGER2 and -4. Although
Ni alone was without effect, when given in combination with
PGE2, cAMP production increased to 227 6 20 pmol/mg pro-
tein, levels that were 3-fold greater than control-treated cells
and significantly greater than cells treated with PGE2 alone
(Figure 3A). Levels of cAMP in cells treated with Ni and
PGE2 in combination were similar to those observed with the
positive control (forskolin; 1 mM). Forskolin, like PGE2, signif-
icantly interacts with Ni to promote IL-8 release from HLF,
further supporting that activation of cAMP enhances Ni-induced
IL-8 release from HLF (Figure 3B).

CREB1 has previously been reported to regulate IL-8 expres-
sion (22). HLF treated with Ni and PGE2 in combination for

Figure 2. Stimulation of PTGER2 and PTGER4 enhances Ni-induced IL-8 release from HLF. Cells were stimulated with 200 mM Ni in the presence or
absence of the PGE2 receptor agonists 17-phenyl trinor PGE2 (PTGER1/3) (A), Butaprost (PTGER2) (B), Sulprostone (PTGER3) (C), PGE1-alcohol

(PTGER3/4) (D), and Butaprost and PGE1-alchohol in combination for 48 hours (E). Data shown are mean 6 SEM and are representative of three

independent experiments performed in triplicate. Points with different letters have means that are significantly different within the Ni-treated group;

*different from respective concentration of PGE2 in the absence of Ni (P , 0.05); ^^different from either agonist alone in the presence of Ni (P ,
0.05) as determined by two-way ANOVA with Bonferroni multiple comparison test. (F) HLF were pretreated with DMSO solvent control (no

inhibitor) or 10 mM AH 6809 (PTGER1, PTGER2, and PTGER3-III antagonist), L-161,982 (PTGER4 antagonist), SC-19220 (PTGER1 antagonist), or

AH 6809 and L-161,982 for 1 hour before a 48-hour exposure to 200 mM Ni and 10 nM PGE2. Data shown are mean 6 SEM and are representative
of three independent experiments performed in triplicate. *Different from Ni- and PGE2-treated cells in the absence of inhibitor (P , 0.05) as

determined by ANOVA with Tukey’s multiple comparisons test.
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48 hours showed an increase in CREB1 protein expression com-
pared with control-treated cells and cells treated with Ni or
PGE2 alone (Figure 4). IL-8 release induced by Ni and PGE2
was significantly attenuated by approximately 65% in HLF
transfected with CREB1 siRNA compared with the nontarget-
ing siRNA control (P , 0.001) (Figure 4A).

PGE2 Enhances Activation of HIF1A by Ni

We have previously shown that Ni stabilizes HIF1A in HLF and
that this response is enhanced in the presence of TLR2 receptor
ligands that promote PGE2 production (20). In the current
study, we examined HIF1A activation using a DNA-binding
ELISA in which nuclear protein from HLF was incubated in

a 96-well plate on which an oligonucleotide containing the hyp-
oxia response element (59-TACGTGCT-39) from the erythro-
poietin gene has been immobilized (HIF TransAM kit; Active
Motif). Figure 5 shows that 200 mM Ni stimulated a 3.5-fold
increase in HIF1A activation compared with control-treated
cells (open bars). Ni-dependent activation of HIF1A was even
further enhanced in the presence of 10 nM PGE2. Levels of
HIF1A binding activity in nuclear extracts from cells treated
with Ni and PGE2 were 6.5-fold greater than control-treated
cells and significantly greater than extracts from cells treated with
Ni alone, whereas PGE2 alone did not activate HIF1A.

To determine whether PGE2-enhanced activation and stabi-
lization of HIF1A by Ni plays a role in IL-8 release from
HLF, cells were transfected with 50 nM HIF1A siRNA or non-
targeting siRNA control before stimulation. Figure 6 shows that
PGE2 enhances HIF1A stabilization by Ni, consistent with the
findings described above. As depicted in the immunoblot, 50
nM HIF1A siRNA was sufficient to prevent HIF1A activation

Figure 3. PGE2 increases cAMP levels in HLFs. (A) Cells were seeded

into 60-mm dishes at a density of 5.5 3 104 cells/cm2 and allowed to
attach overnight before stimulation with 10 nM PGE2 in the presence

or absence of 200 mM Ni in serum-free modified Eagle’s medium con-

taining 0.1% BSA for 10 minutes. Forskolin (1 mM) was used as a pos-

itive control. Activation of cAMP was determined using an enzyme
immunoassay kit. Data shown are mean6 SEM pmol cAMP/mg protein

(n ¼ 4–5 dishes). *Different from control-treated cells (P , 0.05) as

determined by ANOVA with Tukey’s multiple comparisons test. (B)
Cells were stimulated with 200 mM Ni in the presence or absence of

forskolin (1 mM) for 48 hours. Data shown are mean 6 SEM and are

representative of three independent experiments performed in tripli-

cate. Points with different letters have means that are significantly dif-
ferent (P , 0.001) as determined by two-way ANOVA with Bonferroni

multiple comparisons test.

Figure 4. cAMP-response element binding protein 1 (CREB1) silencing

attenuates Ni- and PGE2-stimulated release of IL-8 from HLF. Cells were

transiently transfected with 50 nM of CREB1 small interfering RNA

(siRNA) or a nontargeting siRNA control (NTC) before a 48-hour com-
bined Ni and PGE2 exposure. (A) IL-8 levels in conditioned medium

from the different treatment groups were analyzed using specific en-

zyme-linked immunoassay. Data shown are mean 6 SEM and are rep-

resentative of three independent experiments performed in triplicate.
***P , 0.001 compared with NTC as determined by two-way ANOVA

with Bonferroni multiple comparisons test. (B) Western blot analysis

indicating Ni- and PGE2-induced CREB1 protein expression after
a 48-hour exposure and siRNA-mediated knockdown of CREB1 protein

expression in HLF. Alpha-tubulin is shown as a loading control.
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in cells treated with Ni or Ni and PGE2 in combination. More-
over, 50 nM HIF1A siRNA attenuates Ni and PGE2-induced
IL-8 release by 60% (Figure 6A). Activation of HIF1A may
serve as a common mechanism whereby PM-derived metals
interact with PGE2 to promote IL-8 release from lung fibro-
blasts. Figure E2 indicates that PGE2 synergistically interacts
with vanadium to promote IL-8 release from HLF via a HIF1A-
mediated pathway.

Activation of the p38 MAPK signaling pathway can lead to
activation of CREB1 and HIF1A (23, 24). PGE2 has been
shown to phosphorylate p38 MAPK, and we have previously
reported Ni-dependent phosphorylation of p38 MAPK in
HLF after a 24- and 48-hour exposure, which was potentiated
by stimulation of toll-like receptor 2 (25). Here we show that Ni
and PGE2 interact to promote phosphorylation of p38 MAPK
in HLF after prolonged exposures. Figure 7A shows a slight
increase in p38 MAPK phosphorylation after a 24-hour mixed
exposure to Ni and PGE2, and this effect is further enhanced at
36 hours. To determine if activation of p38 MAPK is involved in
the synergistic release of IL-8 from HLF after exposure to Ni
and PGE2, cells were pretreated for 1 hour with the p38 MAPK
inhibitor SB 203580 (10 mM). Figure 7B shows that SB 203580
attenuated IL-8 release in the presence of Ni and PGE2 by
approximately 75% (P , 0.01). Inhibition of p38 MAPK also
decreased HIF1A stabilization in response to Ni alone or in
combination with 10 nM PGE2 (Figure 7C). Inhibition of addi-
tional MAPK pathways (ERK 1/2 and JNK) had no observable
effect on IL-8 release, and no interactions between Ni and
PGE2 on phosphorylation of ERK1/2 and JNK were observed
in HLF (data not shown).

DISCUSSION

Limited information is available regarding the potential for metals
found in PM to dysregulate eicosanoid signaling in the lung. The
function of lung fibroblasts extends beyond extracellular matrix
protein and collagen production. Once thought to be relatively in-
ert, fibroblasts are now considered to play an active role in the
response to tissue injury, contributing to cytokine and chemokine
release and the development of fibroproliferative disorders. The

results provided in the current study provide novel information
regarding how exposure to metals found in PM may enhance sus-
ceptibility of lung fibroblasts to production of IL-8 through dys-
regulation of PGE2.

IL-8 plays an important role in host defense by activating and
recruiting neutrophils to sites of inflammation and injury. In ad-
dition to inducing chemotaxis of neutrophils and T lymphocytes,
IL-8 has also been implicated in the regulation of cell adhe-
sion (26), angiogenesis (27), and contraction of airway smooth
muscle cells (28). Initially identified as a chemokine released
from monocytes (29), IL-8 has since been shown to be synthe-
sized and released by nonimmune cells such as endothelial cells
and fibroblasts. Given the considerable evidence that fibroblasts
play an active role in the immune response and contribute to
the recruitment of inflammatory infiltrate (30, 31), elevated pro-
duction of IL-8 from fibroblasts in response to Ni and PGE2
could promote wound healing and limit tissue injury. In support
of this, levels of IL-8 in the conditioned medium from HLF after
Ni and PGE2 exposure reached 400 to 1200 pg/ml, within the
range of concentrations shown to stimulate proliferation and
migration of endothelial cells (30). However, the balance of
immunomodulatory cytokines synthesized, and the inability of
fibroblasts to maintain tight control over their production may
contribute to the persistence of inflammatory infiltrates, leading
to chronic inflammation and fibrosis (32–34).

Figure 5. PGE2 interacts with Ni to promote HIF1A activation in HLF.

Cells were stimulated with 200 mM Ni with or without 10 nM PGE2 for

48 hours, and activation of nuclear HIF1A was determined using

a DNA-binding ELISA. Data shown are mean 6 SEM and are represen-
tative of three independent experiments. *Different from 0 mM NiSO4

within PGE2 treatment; =different from 200 mM NiSO4 in the absence

of PGE2 (P , 0.05) as determined by two-way ANOVA with Bonferroni

multiple comparisons test.

Figure 6. Ni- and PGE2-stimulated release of IL-8 from HLF is mediated

by HIF1A. Cells were transiently transfected with 50 nM of HIF1A siRNA

or a NTC before a 48-hour combined Ni and PGE2 exposure. (A) IL-8
levels in conditioned medium from the different treatment groups were

analyzed using specific enzyme-linked immunoassays. Data shown are

mean6 SEM and are representative of three independent experiments.

***Different compared with NTC (P , 0.001) as determined by two-
way ANOVA with Bonferroni multiple comparisons test. (B) Western

blot analysis indicating siRNA-mediated knockdown of HIF-1A protein

expression in HLF. Alpha-tubulin is shown as a loading control.
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It is well recognized that Ni stabilizes HIF1A and that Ni has
been shown to induce profibrogenic and proinflammatory cyto-
kine gene expression, including IL-8, by hypoxia-like responses
in airway epithelial cells (35–38). Here we show that, in contrast

to findings in epithelial cells, Ni exposures alone have no effect
on IL-8 release, despite an induction in HIF1A. It is only in the
presence of PGE2 that HIF1A plays a pivotal role in modulat-
ing IL-8 release from human lung fibroblasts. Given our obser-
vation that HIF1A has the potential to reprogram fibroblast
response to PGE2, this could enhance susceptibility to pro-
longed inflammation and tissue instability during Ni exposures.

Ambient air concentrations of Ni range between 7 and 12 ng/m3

over different United States geographic areas, with concentrations
up to 150 ng/m3 near point sources (39). Moreover, ambient levels
approaching 50 ng/m3 are routinely recorded in the winter months
in New York City (40). We previously estimated that, assuming
normal respiration, 50% deposition, and negligible elimination,
breathing 100 ng/m3 over a 24-hour period would produce approx-
imately 1 mM concentration of Ni within the extracellular space of
the lung (41). Although this is less than the concentration used in
this study for synergistic interactions with PGE2, accumulation of
Ni over time, heterogenous distribution, and altered breathing
patterns could produce regional concentrations sufficient to reca-
pitulate the effects seen here.

It is widely recognized that PTGS2 plays an important role in
the onset of inflammation in the lung (42), yet the role of PGE2
in the immune-inflammatory response is complex. Differences
in the cellular response to PGE2 are mediated by cell-specific
expression of PGE2 receptor subtypes and differential coupling
to signal transduction pathways. Four transmembrane G pro-
tein–coupled receptor subtypes mediate the biological actions
of PGE2 (PTGER1–4). PTGER1 contributes to calcium mobi-
lization through phosphatidylinositol turnover, and multiple al-
ternate splice forms of PTGER3 offer a broad range of effects,
including the modulation of cellular cAMP levels and activation
of protein kinase C and phosphatidylinositol 3 kinase (43, 44).
PGE2 signaling through PTGER2 and PTGER4 leads to the
generation of cAMP. The IL-8 promoter, located between
21,491 and 143 bp of the transcriptional start site, contains
multiple putative transcription factor binding sites, including
a cAMP response element–like site (22), suggesting a regulatory
role for cAMP on IL-8 release. PGE2 has been shown to reg-
ulate IL-8 release via PTGER4, albeit with different results
depending on cell type. Activation of PTGER4 with subsequent
cAMP stimulation induces IL-8 secretion in pulmonary micro-
vascular endothelial cells (45). Conversely, in human macro-
phages, PGE2 suppresses IL-8 via PTGER4 (46). Our findings
indicate that, in lung fibroblasts, PGE2/cAMP-induced IL-8 re-
lease depends on the presence of additional environmental fac-
tors. Consistent with PTGER2 and PTGER4 signaling, PGE2
and forskolin stimulated a significant increase in cAMP in lung
fibroblasts (Figure 4). However, activation of cAMP alone is
not enough to stimulate IL-8 release from HLF because no
differences were observed after stimulation with PGE2 or for-
skolin compared with controls. It was only in the presence of
HIF1A, induced by the hypoxia-mimetic metal Ni, that PGE2
enhanced the production of IL-8 in lung fibroblasts. This en-
hanced production also requires CREB1 because negation of
CREB1 using siRNA blocked the synergistic interactions by Ni
and PGE2. This phenomenon may not be unique to Ni because
other hypoxia-mimetic metals present in PM, like vanadium,
have similar results (Figure E2). A recent finding by Maybin
and colleagues (47) that hypoxia and PGE2 synergistically stim-
ulate the release of IL-8 from human endometrial stromal cells
corroborates our results that HIF1A and CREB1 can interact to
positively regulate IL-8 release.

The PGE2/cAMP-dependent regulation of pulmonary fibro-
blast function has focused primarily on inhibition of collagen syn-
thesis and proliferation mediated predominantly via PTGER2
(48–51). For example, fibrotic lung fibroblasts have been shown

Figure 7. Activation of p38 MAPK contributes to IL-8 release and HIF1A

expression in HLF after stimulation with Ni and PGE2. HLF were cul-

tured in 6-well plates and treated as described in MATERIALS AND METHODS.

(A) Representative Western blot indicating the time-dependent inter-
actions between Ni and PGE2 on p38 MAPK phosphorylation. (B and C)

Cells were pretreated with the p38 MAPK inhibitor, SB203580 (10

mM), or DMSO (solvent control, 0.1%) for 1 hour before stimulation

with 200 mM Ni in the presence or absence of 10 nM PGE2. IL-8 levels
in conditioned medium from the different treatment groups were an-

alyzed using specific enzyme-linked immunoassay. Data shown are

mean6 SEM and are representative of three independent experiments.
**Different compared with DMSO control (P , 0.01) as determined by

two-way ANOVA with Bonferroni multiple comparisons test. Western

blot analysis indicates changes in HIF1A expression after Ni 1 PGE2

with and without SB203580. Alpha-tubulin was included as a loading
control. Blot is representative of three independent experiments.
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to exhibit resistance to inhibitory effects of PGE2 through
down-regulation of PTGER2 (52). It is possible that chemical
and other environmental exposures can modulate PTGER re-
ceptor expression or subcellular localization, thereby altering
cellular response to PGE2 (53). However, we did not observe
changes in PTGER2 or PTGER4 expression in response to Ni
exposure (data not shown), and PGE2-induced cAMP produc-
tion via PTGER2 and PTGER4 is maintained in the presence of
Ni (Figure 4). We have previously shown that, in the absence of
Ni and HIF1A induction, PGE2 suppresses IL-8 release from
HLF in response to microbial and bacterial stimulation (20),
and these findings can be recapitulated by forskolin, indicating
that suppressive effects of PGE2 in lung fibroblasts are medi-
ated via cAMP. The added presence of HIF1A may therefore
facilitate a switch in the role of PGE2 from antiinflammatory to
proinflammatory, enhancing IL-8 release (Figure 6; Figure E2),
consistent with our previous findings (20). These results indicate
that PGE2 may use different receptor subtypes to regulate cy-
tokine production (PTGER2 versus PTGER4) than it does for
collagen synthesis and cellular proliferation (PTGER2). In ad-
dition, Ni may modulate the coupling efficiency of PTGER2/4
to subsequent cAMP generation in response to PGE2.

The PGE2concentration capable of eliciting a synergistic inter-
action withNi on IL-8 release (10 nM) is within the range of PGE2
levels reported in the epithelial lining fluid of the lower respiratory
tract of normal individuals (z 50 nM) (54). This suggests that Ni
can interact with physiologic levels of PGE2 to disrupt chemo-
kine production. The possibility that Ni could interact with ad-
ditional endogenous mediators to promote chemokine release
cannot be ignored. Glista-Baker and colleagues recently reported
that Ni synergistically interacts with platelet-derived growth fac-
tor to promote increased expression of profibrogenic chemokines
in pleural mesothelial cells (55). The synergistic interactions with
Ni and PGE2 in the current study and those of Ni with platelet-
derived growth factor reported by Glista-Baker and colleagues
involve enhanced stabilization of HIF1A.

Recent evidence has indicated that HIF1A plays a significant
contribution to various inflammatory-like processes (56). For ex-
ample, conditional deletions of HIF1A impair chemotaxis and
bacteriocidal activity of macrophages in vitro (57). Prolyl hydrox-
ylases regulate HIF1A under normal oxygen conditions by tar-
geting the protein for degradation by the ubiquitin-proteasome
pathway via association with the von Hippel-Lindau protein tu-
mor suppressor protein (58). Under hypoxic conditions, prolyl
hydroxylase activity is inhibited, and HIF1A accumulates, trans-
locates to the nucleus, and activates gene transcription. Similar to
hypoxia, disruption of prolyl hydroxylase activity has been indi-
cated as a mechanism for Ni-induced HIF1A stabilization (59,
60). The current findings show that Ni stabilizes and activates
HIF1A, and this process is enhanced in the presence of PGE2.
The precise mechanism whereby Ni stabilizes HIF1A in lung
fibroblasts is unknown but may result from disruptions in prolyl
hydroxylase activity as indicated above. How Ni-induced disrup-
tions in prolyl hydroxylase may be altered by PGE2 warrants
further investigation.

The contribution of p38 MAPK in the regulation of inflamma-
tory and innate immune responses has been reported, and activa-
tion of p38 MAPK has been implicated in HIF1A stabilization
(23). Consistent with these reports, we found that inhibition of
p38 MAPK attenuated HIF1A stabilization along with synergis-
tic release of IL-8 by Ni and PGE2 from HLF (Figure 7). We
have previously reported that prolonged exposure to Ni (24 or 48 h)
stimulates phosphorylation of p38 MAPK (25), consistent with
findings reported by others (61, 62). We did not find evidence
that PGE2 alone activates p38 MAPK (Figure 7). However, en-
hanced activation of HIF1A by Ni and PGE2 stimulated PTGS2

expression in HLF (Figure E3). PTGS2 has been shown to be
autoamplified in a PGE2-dependent manner, a process that is in
part dependent on p38 activation (63, 64). It is likely that once
PTGS2 is induced in HLF, subsequent production of PGE2
establishes a positive feedback loop that, in the presence of Ni,
further amplifies activation of p38 MAPK signaling and accumu-
lation of HIF1A, thereby maintaining IL-8 release.

Increased IL-8 production has been associated with numerous
respiratory disorders, including asthma (65) and pulmonary fibrosis
(66). As such, elaborated production of IL-8 in response to chem-
ical stimuli could set up an environment in the lung that would
have detrimental effects on respiratory health, promoting pro-
longed tissue inflammation (67). The current study suggests that
PGE2-dependent regulation of human lung fibroblasts is context
specific. PGE2 is generally thought to be a protective factor oc-
curring after lung injury, possessing antiinflammatory and immu-
nosuppressive properties that inhibit chemotaxis (68) and reduce
collagen deposition and fibroblast proliferation (21). However,
the findings described herein indicate that HIF1A-dependent dis-
ruptions in PGE2 signaling can enhance IL-8 release. The path-
ologic consequences of HIF1A-dependent modifications in PGE2
signaling pathways in the lung after prolonged Ni exposures
in vivo is unknown and warrants further investigation.

In conclusion, the current study provides novel information on
the ability of atmospheric hypoxia-mimetic metals to modulate
PGE2-dependent release of immune-modulating chemokines in
HLF. Moreover, in the presence of HIF1A, cAMP-mediated sig-
naling pathways may be altered to exacerbate inflammatory-like
processes in lung tissue, imparting a susceptibility of PM-exposed
populations to adverse respiratory health effects.

Author disclosures are available with the text of this article at www.atsjournals.org.
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