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Particulate matter air pollution (PM) has been linked with chronic
respiratory diseases. Real-life exposures are likely to involve a mix-
ture of chemical and microbial stimuli, yet little attention has been
paid to the potential interactions between PM components (e.g., Ni)
and microbial agents on the development of inflammatory-like
conditions in the lung. Using the Toll-like receptor (TLR)-2 agonist
MALP-2 as a lipopeptide relevant to microbial colonization, we
hypothesized that nickel sensitizes human lung fibroblasts (HLF)
for microbial-driven chemokine release through modulation of
TLR signaling pathways. NiSO4 (200 mM) synergistically enhanced
CXCL8, yet antagonized CXCL10 mRNA expression and protein
release from HLF in response to MALP-2. RT2-PCR pathway-focused
array results indicated that NiSO4 exposure did not alter the
expression of TLRs or their downstream signaling mediators, yet
significantly increased the expression of cyclooxygenase 2 (COX-2).
Moreover, when NiSO4 was given in combination with MALP-2,
there was an amplified induction of COX-2 mRNA and protein along
with its metabolic product, PGE2, in HLF. The COX-2 inhibitor, NS-
398, attenuated NiSO4 and MALP-2–induced PGE2 and CXCL8 re-
lease and partially reversed the NiSO4-dependent inhibition of
MALP-2–induced CXCL10 release from HLF. These data indicate that
NiSO4 alters the pattern of TLR-2–dependent chemokine release
from HLF via a COX-2–mediated pathway. The quantitative and
qualitative effects of NiSO4 on microbial-driven chemokine release
from HLF shed new light on how PM-derived metals can exacerbate
respiratory diseases.
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Particulate matter air pollution (PM) is a contributing risk factor
for many adverse health effects, including respiratory diseases
(1). Real-life scenarios are likely to involve exposures not only to
chemical stresses such as PM, but microbial stimuli as well. While
much attention has been paid to microbial-driven inflammation in
the lung, limited information is available regarding the potential
interactions between PM exposures and microbial stress on
respiratory function. There are reports, however, of increased
numbers of hospitalizations for respiratory disorders including
infections on days of increased levels of PM (2). In support of
these epidemiologic findings, several rodent models have shown
PM exposure can increase susceptibility to infectious bacteria such
as Listeria monocytogenes and Streptococcus pneumoniae (3, 4).

Recent evidence suggests that colonization with species orig-
inally considered commensal and not causing overt disease (e.g.,
Mycoplasma fermentans) also has the potential to interact with

other stimuli and/or alter biological responses in infected host
cells (5, 6). For example, we have previously shown that exposure
of human lung fibroblast cells (HLF) to M. fermentans synergis-
tically enhances the release of IL-6 by PM in the form of residual
oil fly ash (ROFA) compared to either stimulus alone (7). It is
well recognized that toxicity of PM depends, in part, on the
specific chemicals present in PM, and metals are often implicated
as causative agents. For example, using data from the Six Cities
studies, Laden and coworkers (8) demonstrated that nickel was
positively associated with daily deaths. A recent finding by
Lippmann and colleagues suggests cardiac dysfunction in re-
sponse to fine particulate matter is largely attributable to nickel
(9), which can also contribute to the onset of asthma (10) and
pulmonary fibrosis (11) in the lower airways. In fact, the large
synergistic release of IL-6 from HLF seen with ROFA can be
recapitulated using NiSO4 (Ni) (but not other metals such as V,
Cu, or Fe) and the 2-kD M. fermentans–derived macrophage-
activating lipopeptide (MALP-2) (7).

Lung fibroblasts play an active role in the response to tissue
injury, contributing to cytokine and chemokine release and the
development of fibroproliferative disorders. As such, under-
standing how HLF respond to chemical and microbial stimuli
can contribute to our understanding of the sequela of events
leading to pathogenesis of fibrotic lung disease, among others. In
order to gain a better understanding of how Ni may influence
microbial-driven inflammation in the lung, the current study
focuses on changes in CXCL8 and CXCL10 expression in HLF
after mixed exposures to Ni and MALP-2. Although any number
of chemokines may be modulated during mixed exposures of
chemical and microbial stimuli, CXCL8 and CXCL10 were
chosen because both of these chemokines can be up-regulated
during inflammation (12–14), yet display differential properties
that can affect the development of respiratory disorders (e.g.,
fibrosis). Also included in the study is CCL2, another pro-
inflammatory chemokine shown previously to be up-regulated
after exposure to M. fermentans and MALP-2 (5, 15). Because
MALP-2 stimulates the production of innate immune defense
mediators via activation of Toll-like receptor (TLR)-2 (16), we
used RT2-PCR pathway-focused arrays to examine the hypoth-
esis that Ni-induced changes in expression of TLR signaling
components and/or their downstream targets contribute to alter-
ations in MALP-2–induced release of CXCL8, CXCL10, and
CCL2 from HLF. Pathway-focused array results showed that Ni
stimulates the expression of cyclooxygenase-2 (COX-2) mRNA.
Based on these results, we further addressed the potential role of
COX-2 in the Ni-dependent alterations of MALP-2–induced
chemokine release from HLF.

CLINICAL RELEVANCE

This study examines how metals such as nickel can
sensitize cells to microbial-driven inflammation in the lung.
These findings will increase our understanding of how
environmental exposures interact to modulate pulmonary
inflammation.
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MATERIALS AND METHODS

Materials

Minimum essential medium (MEM), penicillin-streptomycin, SYBR
GreenER qPCR SuperMix Universal, and fetal bovine serum (FBS)
were from Invitrogen (Carlsbad, CA). Low endotoxin bovine serum
albumin (BSA) was from Intergen (Purchase, NY). NiSO4 and M.
fermentans–derived MALP-2 were from Sigma (St. Louis, MO) and
Alexis Biochemicals (San Diego, CA), respectively. The RT2-PCR-
Profiler PCR Array Human Toll-Like Receptor Signaling Pathway was
from SuperArray Bioscience Corporation (Frederick, MD). Omniscript
Reverse Transcriptase, RNAse inhibitor, oligo-dT, and RNAeasy Mini
Kit were from Qiagen (Valencia, CA). Bradford protein assay reagent
was from Bio-Rad (Hercules, CA). The COX-2 monoclonal antibody,
NS-398, PGE2, and PGE2 EIA Kit were from Cayman Chemical (Ann
Arbor, MI). The rabbit GAPDH monoclonal antibody, anti-mouse, and
anti-rabbit IgG-HRP–linked antibodies were obtained from Cell Sig-
naling Technology, Inc. (Danvers, MA).

Cell Lines and Culture

HLF were isolated as outgrowths from explanted surplus transbronchial
biopsy tissues obtained during routine follow-up bronchoscopy of lung
transplant recipients as previously described (17) in accordance with
a protocol approved by University of Pittsburgh Institutional Review
Board. Routine culture was performed in MEM containing 10% FBS,
glutamine (2 mM), and 1% penicillin-streptomycin, with weekly passage.
All cultures are carried out at 378C in a humidified atmosphere of 5%
CO2/95% air.

RNA Isolation and RT-PCR for Cytokine mRNA Measurement

HLF were treated with 600 pg/ml MALP-2, 200 mM Ni, or the two
stimuli in combination in serum-free MEM with 0.1% BSA for 48
hours. Control cells received serum-free MEM with 0.1% BSA alone
for 48 hours. The amounts of Ni and MALP-2 used in the current study
were chosen on the basis of previous concentration–response analyses
that indicate 200 mM NiSO4 and 600 pg/ml MALP-2 are effective at
achieving a synergistic induction of IL-6 in HLF (7). These concen-
trations are also within the range of what others have used in vitro with
regard to IL-6 and CXCL8 release in response to MALP-2 (18) or
NiSO4 alone (19). After treatment, total RNA was extracted from the
cells and cDNA was generated from 1 mg total RNA using Omniscript
reverse transcriptase with oligo d(T) as a primer. Reactions were
incubated at 378C for 75 minutes in an Eppendorf Mastercycler
Gradient. Real-time RT-PCR analysis was carried out to quantify
changes in cytokine mRNA using SYBR GreenER qPCR SuperMixes
Universal from Invitrogen. Reactions were carried out for 40 cycles of
958C for 15 seconds and 608C for 60 seconds after an initial 10-minutes
incubation at 958C using an Opticon 2 Real-Time PCR Detection
System. Relative gene expression was calculated using the 22DDCt
method (20), using RPL13A as the internal control gene to normalize
the data for the amount of RNA added to each RT reaction. CXCL8
primers were kindly provided by Dr. Aaron Barchowsky (21). Specific
primer pairs for CXCL10, CCL2, COX-2, and RPL13A were designed
using Primer3 (22). CXCL10: forward TCCCATCACTTCCCTACA
TGG, reverse AGATGGGAAAGGTGAGGGAAA; CCL2: forward
TGCTCATAGCAGCCACCTTC, reverse CTTGGCCACAATGGT
CTTGA; COX-2: forward GCTCAGCCATACAGCAAATCC, re-
verse CAACGTTCCAAAATCCCTTGA; and RPL13A: forward
CGAGGTTGGCTGGAAGTACC, reverse ATTCCAGGGCAACA
ATGGAG.

Chemokine Production

Cells were seeded in 6-well plates at a density of 4 3 105 cells/well and
allowed to attach for 1 day. Complete medium was removed, and serum-
free MEM containing 0.1% BSA in the absence (controls) or presence of
200 mM NiSO4 and 600 pg/ml MALP-2 was added for 48 hours.
Conditioned medium was then collected and stored at 2708C until use.
CXCL8, CXCL10, and CCL2 content in the conditioned media samples
were analyzed using specific enzyme-linked immunosorbent assay
(ELISA) kits obtained from R&D Systems (Minneapolis, MN) accord-
ing to the manufacturer’s instructions.

PCR Array Analysis of TLR Signaling Pathway

Cells were seeded in 6-well plates at a density of 4 3 105 cells/well and
allowed to attach for 1 day. Complete media was then removed and cells
were treated with 200 mM NiSO4 in serum-free MEM with 0.1% BSA for
24 hours. Control cells received serum-free MEM with 0.1% BSA alone
for 24 hours. After exposure, total RNA was extracted from the cells
using the RNAeasy Mini Kit according to manufacturer’s instructions.
cDNA was generated from 1 mg total RNA using the ReactionReady
First Strand cDNA Synthesis kit (SuperArray Bioscience Corporation)
according to manufacturer’s instructions. The human TLR signaling
pathway RT2-PCR-Profiler PCR Array was carried out according to
manufacturer’s instructions using the Opticon 2 Real-Time PCR De-
tection System (Bio-Rad).

Immunoblot Detection of COX-2

Cell lysates were prepared using 10 mM Tris, pH 7.4 with 1% SDS
containing a cocktail of protease (200 mM PMSF, 1 mg/ml leupeptin,
aprotinin, and pepstatin) and phosphatase inhibitors (200 mM each
Na3VO4 and NaF). Cell lysates (25 mg protein/lane) were subjected to
electrophoresis using NuPAGE 4 to 12% Bis-Tris gels (Invitrogen)
under denaturing and reducing conditions using sample buffer contain-
ing dithiothreitol (80 mM, final concentration). Proteins were transferred
to Polyscreen PVDF Transfer membranes (PerkinElmer, Wellesley,
MA). Immunoblots were blocked with 5% nonfat dried milk in Tris-
buffered saline containing 1% Tween-20 (TBS-T) for 1 hour, then
incubated with an anti–COX-2 monoclonal antibody at a 1:1,000 dilution
in TBS-T containing 5% BSA for 2 hours at room temperature. Blots
were then rinsed with TBS-T and incubated with an anti-mouse HRP-
linked secondary antibody (1:1,000) for 1 hour at room temperature.
Immunoblots were developed using chemiluminescence. Membranes
were then stripped and reprobed with antibodies to GAPDH (loading
control) as described above.

COX-2 Inhibitor and PGE2 Assays

To determine the effects of COX-2 on Ni- and MALP-2–induced PGE2
and chemokine release from HLF, cells were pretreated with 10 mM of the
COX-2 inhibitor NS-398 for 30 minutes before the addition of Ni and
MALP-2. Dimethyl sulfoxide (DMSO) at a final concentration of 0.1%
served as the solvent control. PGE2 and chemokines in conditioned media
taken from HLF after exposure were analyzed with enzyme immunoassay
(EIA) (Cayman Chemical) or ELISA (R&D Systems), respectively. In
subsequent experiments, the effects of exogenously added PGE2 on
chemokine release from HLF were examined. Stock solutions of PGE2
were prepared by dissolving the PGE2 in ethanol. On the day of
experimental treatment, PGE2 was further diluted in MEM and then
added to HLF at a final concentration of 1027 M alone or in combination
with Ni and MALP-2. Levels of CXCL8 and CXCL10 in conditioned
medium 48 hours after exposure were measured using ELISA.

Statistical Analysis

Data presented are expressed as mean 6 SEM. Ni-induced changes
in gene expression using the RT2-PCR-Profiler PCR Array were ana-
lyzed using a Student t test. Comparisons between Ni and/or MALP-2
treatment groups were made using a one-way ANOVA with Tukey’s
multiple comparison tests. Comparisons between treatment groups in
the presence or absence of NS-398 and PGE2 were made using two-
way ANOVA with Bonferroni post hoc comparison. As needed, data
were transformed by the log transformation to correct for the non-
normal distribution of data before ANOVA analysis. Statistical
analyses were performed using GraphPad PRISM, version 3.0 (Graph-
Pad Software, San Diego, CA), with P , 0.05 considered significant.

RESULTS

Ni Alters CXCL8 and CXCL10 Chemokine Profiles in HLF in

Response to TLR-2 Agonist, MALP-2

HLF were treated with MALP-2 alone, Ni alone, or the two
stimuli in combination for 48 hours, and control cells received
medium alone for 48 hours. Changes in CXCL8, CXCL10, and
CCL2 expression and their release into conditioned medium were
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analyzed using RT2-PCR and ELISA, respectively (Figure 1).
Treatment of HLF with MALP-2 alone for 48 hours induced the
expression and release of all three chemokines compared with
control-treated cells. Although exposure to Ni alone had no
appreciable effects on chemokine expression, the presence of
Ni both quantitatively and qualitatively altered CXCL8 and
CXCL10 profiles in HLF in response to MALP-2. Figures 1A
and 1B show that the stimulation of CXCL8 gene expression was
more enhanced when MALP-2 was given in combination with Ni
for 48 hours compared with either stimuli alone. Quantitative
analysis using real-time PCR indicated a clear, synergistic in-
duction of CXCL8 mRNA in HLF, to levels that were approx-
imately 1,100-fold greater than control-treated cells (Figure 1A;
P , 0.001). ELISA analysis of secreted protein in the conditioned
media show CXCL8 release from HLF in response to 48 hours of
Ni and MALP-2 mixed exposures parallel the changes observed
in mRNA (Figure 1B). When cells are co-exposed to Ni and

MALP-2 for 48 hours, levels of CXCL8 in conditioned media
were synergistically greater than what was observed in media
from control-treated cells or cells receiving either stimuli alone
(P , 0.001).

In contrast to CXCL8, the addition of Ni to MALP-2 during
co-treatment for 48 hours antagonized MALP-2-induced
CXCL10 mRNA expression (Figure 1C). Real-time RT-PCR
analysis revealed that MALP-2 alone stimulated a 12-fold in-
crease in CXCL10 mRNA expression over controls (Figure 1C;
P , 0.05). In the presence of Ni, however, the increase in CXCL10
transcripts was reduced to levels that were only 3-fold greater
than those of control-treated cells. The TLR-2 agonist, MALP-2,
also elevated CXCL10 levels in conditioned medium after a 48-
hour exposure to levels ranging from 3- to 7-fold greater than
what was observed in control-treated cells. Although the extent to
which MALP-2 induced CXCL10 release varied across experi-
ments, the response to MALP-2 was always significantly greater

Figure 1. Ni alters the pattern of macrophage-

activating lipopeptide (MALP)-2–induced chemo-
kine expression and release in HLF. A, C, and E

represent real-time RT-PCR analysis of Ni- and

MALP-2–induced changes in chemokine mRNA

expression after a 48-hour exposure. Data were
normalized to the housekeeping gene RPL13A

and are expressed as mean 6 SEM fold-increase

over control-treated cells (n 5 3). B, D, and F
represent enzyme-linked immunosorbent assay

(ELISA) analysis of Ni- and MALP-2–induced che-

mokine release in conditioned medium after a 48-

hour exposure. Data shown are mean 6 SEM
(n 5 3). (A and B) CXCL8, *different from control,

**different from Ni or MALP-2 alone (P , 0.01).

(C and D) CXCL10, *different from control, Ni

and Ni and MALP-2 co-treated cells (P , 0.05). (E
and F). CCL2, *different from control and Ni-

treated cells (P , 0.01).
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when compared with control-treated cells (Figure 1D; P , 0.001).
Although Ni exposure alone had no effect, Ni antagonized
MALP-2–induced CXCL10 release from HLF. The data in
Figure 1D show that in the presence of Ni, MALP-2–induced
release of CXCL10 was significantly less than what was seen in
cells treated with MALP-2 alone (P , 0.001).

The addition of Ni to HLF did not alter MALP-2–induced
CCL2 mRNA expression or protein release into the conditioned
medium. The stimulatory effects of MALP-2 on CCL2 mRNA
expression were maintained when cells were co-treated with Ni
for 48 hours (Figure 1E). Real-time RT-PCR analysis revealed an
approximate 7.5-fold increase in CCL2 expression over control-
treated cells after treatment with MALP-2 alone or in combina-
tion with Ni (Figure 1E, P , 0.01). Figure 1F shows that the
stimulatory effect of MALP-2 on release of CCL2 protein from
HLF was also unaltered in the presence of Ni.

Ni Exposure Does Not Alter Expression of TLR Signaling

Pathway Components

In subsequent experiments it was found that pre-treatment of
HLF with Ni for 24 hours synergistically enhanced induction of
CXCL8 yet inhibited induction of CXCL10 during a subsequent
24-hour MALP-2 challenge (data not shown), similar to the ob-
servations reported above. These data suggest that Ni exposure
may modulate components of the TLR signaling pathway, thereby
sensitizing HLF cells for an amplified response to MALP-2. In
order to assess the ability of Ni to modulate specific components
of the TLR signaling pathway, and thereby alter MALP-2–
induced release of immune-modulators, an RT2-PCR Profiler
Human Toll-Like Receptor Signaling Pathway array was used to
screen for Ni-induced changes in 84 genes involved in TLR
signaling pathways. Array data indicated that a 24-hour Ni ex-
posure (200 mM) did not alter the mRNA level for TLR receptors
1 through 9, nor did Ni alter the expression of downstream
signaling mediators such as MyD88, TRAF6, TBK1, or TICAM1
and 2, among others (Table 1). Three genes contained in the array
that were significantly increased in response to Ni exposure are
downstream targets of TLR activation: IL-6, CXCL8, and COX-2
(Table 1; P , 0.05). The Ni-induced increase in TLR-10 expres-
sion (an orphan member of the TLR family), however, was not

consistent in the three replicate experiments that were con-
ducted. Only two of the three array analyses indicated an increase
in TLR10 expression after Ni exposure. In addition, the apparent
induction could not be repeated in follow-up PCR experiments
using independently designed TLR-10 primers. Furthermore,
Western blot analysis indicated that a 24-hour exposure to Ni
did not alter the expression of TLR-10 protein in HLF compared
with control-treated cells (data not shown).

Ni and MALP-2 Synergistically Induce COX-2 Expression

in HLF

Because COX-2 plays an important contribution to the onset of
inflammatory processes, and the Human Toll-Like Receptor
Signaling Pathway array revealed Ni treatment alone induced
COX-2 expression (Table 1), we hypothesized that this enzyme
might contribute to the mechanism whereby Ni modulates
MALP-2–induced chemokine production in HLF. Real-time
RT-PCR analysis revealed that a 48-hour exposure to Ni alone
stimulates an 8-fold induction in COX-2 gene expression over
control-treated cells (Figure 2A). Moreover, a synergistic in-
duction in COX-2 mRNA expression was observed in HLF
treated with both stimuli for 48 hours, to levels that were 110-
fold greater than those of control-treated cells (Figure 2A; P ,

0.05). As shown in Figure 2B, this stimulatory effect of Ni and
MALP-2 combined exposure on COX-2 is also observed at the
protein level.

Inhibition of COX-2 Attenuates Ni- and MALP-2–Induced

CXCL8 Release and Partially Reverses the Inhibitory Effects of

Ni on MALP-2–Induced CXCL10 Release from HLF

Supporting a role for COX-2 in Ni and MALP-2–induced CXCL8
release, the COX-2–specific inhibitor NS-398 attenuated CXCL8
production in HLF after Ni and MALP-2 co-exposure (Figure
3A). Levels of CXCL8 released by Ni and MALP-2 in the
presence of the COX-2 inhibitor were reduced by approximately
70%, significantly less than the levels observed in solvent control–
treated cells (P , 0.001). Levels of CXCL8 released by HLF in
response to Ni or MALP-2 alone were unaffected by the presence
NS-398 and were not different from those in control-treated cells
(data not shown).

TABLE 1. NI-INDUCED CHANGES IN TLR SIGNALING PATHWAY COMPONENTS

Symbol Fold Change Symbol Fold Change Symbol Fold Change Symbol Fold Change

BTK 1.14 6 0.29 IFNG 1.30 6 0.15 MAP3K7 1.20 6 0.08 SITPEC 4.88 6 4.24

CASP8 0.37 6 0.02 IKBKB 0.97 6 0.06 MAP3K7IP1 0.77 6 0.06 TBK1 0.82 6 0.10

CCL2 0.88 6 0.09 IL10 2.54 6 1.72 MAP4K4 1.24 6 0.14 TICAM2 1.19 6 0.14

CD14 0.71 6 0.29 IL12A 0.93 6 0.15 MAPK8 1.12 6 0.01 TIRAP 1.24 6 0.20

CD80 1.30 6 0.15 IL1A 1.58 6 0.56 MAPK8IP3 1.36 6 0.05 TLR1 1.25 6 0.27

CD86 1.64 6 0.36 IL1B 1.95 6 0.86 MYD88 0.78 6 0.09 TLR10 5.03 6 2.11*

CHUK 0.70 6 0.23 IL2 1.30 6 0.15 NFKB1 0.87 6 0.20 TLR2 2.10 6 0.76

CLEC4E 1.18 6 0.25 IL6 5.66 6 0.53* NFKB2 1.41 6 0.14 TLR3 0.64 6 0.07

CSF2 1.71 6 0.34 CXCL8 6.64 6 0.57* NFKBIA 1.39 6 0.46 TLR4 1.30 6 0.19

CSF3 1.63 6 0.47 IRAK1 0.66 6 0.15 NFKBIL1 1.15 6 0.11 TLR5 2.51 6 1.77

CXCL10 1.30 6 0.15 IRAK2 0.70 6 0.06 NFRKB 1.13 6 0.09 TLR6 1.13 6 0.16

EIF2AK2 1.33 6 0.56 IRF1 0.64 6 0.03 NR2C2 1.13 6 0.14 TLR7 1.27 6 0.25

ELK1 0.91 6 0.41 IRF3 0.84 6 0.07 PELI1 1.49 6 0.20 TLR8 1.30 6 0.15

FADD 0.97 6 0.03 JUN 2.71 6 0.67 PPARA 1.42 6 0.16 TLR9 2.03 6 1.14

FOS 1.21 6 0.29 LTA 1.12 6 0.30 PRKRA 0.94 6 0.12 TNF 1.45 6 0.56

HMGB1 0.67 6 0.06 CD180 2.55 6 1.69 COX-2 3.91 6 0.63* TNFRSF1A 1.01 6 0.31

HRAS 1.28 6 0.10 LY86 1.68 6 0.65 REL 1.63 6 0.29 TOLLIP 0.83 6 0.05

HSPA1A 1.15 6 0.20 LY96 1.74 6 0.72 RELA 1.18 6 0.09 TRAF6 1.13 6 0.12

HSPD1 0.89 6 0.08 MAP2K3 0.91 6 0.12 RIPK2 0.79 6 0.17 TICAM1 1.20 6 0.17

IFNA1 2.50 6 0.34 MAP2K4 0.86 6 0.10 SARM1 0.90 6 0.26 UBE2N 0.92 6 0.06

IFNB1 2.33 6 1.53 MAP3K1 0.72 6 0.09 SIGIRR 1.30 6 0.15 UBE2V1 1.61 6 0.41

Data represent the mean 6 SEM (n 5 3) of Ni-induced fold-change in gene expression over control-treated cells.

* Significantly different from control (P , 0.05).
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Figure 3B shows that inhibition of COX-2 using NS-398
significantly, albeit not fully, restored the cellular response to
MALP-2–induced CXCL10 release in the presence of Ni. In NS-
398–treated cells, levels of CXCL10 in conditioned medium from
HLF co-treated with Ni and MALP-2 are increased to 47.1 6 1.4
pg/ml, levels that were significantly greater than cells co-treated
with Ni and MALP-2 in the absence of inhibitor, as well as NS-398
control-treated cells (Figure 3B; P , 0.001).

MALP-2–induced stimulation of CCL2 release by human lung
fibroblasts was also sensitive to COX-2 inhibition. In the presence
of NS-398, levels of CCL2 in conditioned medium from cells
treated with MALP-2 were reduced by approximately 41%
(Figure 3C; P , 0.01). A similar inhibition of CCL2 release by
NS-398 was also observed in cells that were co-exposed to Ni and
MALP-2.

Ni and MALP-2 Stimulate PGE2 from HLF

Consistent with the induction of COX-2 mRNA and protein, co-
exposure to Ni and MALP-2 for 48 hours stimulated the
elaboration of PGE2, a major metabolic product of COX-2, from
HLF (Figure 4A). PGE2 in conditioned medium from cells
treated with Ni and MALP-2 was stimulated to levels that were
7-fold greater than what was observed in control-treated cells and
cells receiving Ni or MALP-2 alone (P , 0.01). The stimulatory
effects of co-treatment with Ni and MALP-2 on PGE2 release
were likely mediated via COX-2, as opposed to COX-1, as the
COX-2–specific inhibitor NS-398 completely attenuated this
response (Figure 4B; P , 0.001). Given that MALP-2 alone did
not stimulate PGE2 release, the attenuation of CXCL10 release
by NS-398 implicates a regulatory role for other COX-2–derived
eicosanoids. In addition, the similar levels of CCL2 inhibition by

NS-398 observed in cells treated with MALP-2 alone or co-
treated with Ni and MALP-2 for 48 h (Figure 3C) suggest a COX-
2–mediated pathway in CCL2 release that is PGE2 independent.

To further investigate the potential role of PGE2 in mediating
the Ni-dependent alterations in MALP-2–induced CXCL8 and
CXCL10 release, HLF were exposed to Ni and/or MALP-2 alone
or in combination with PGE2 (1027 M) for 48 hours. ELISA
analysis revealed that a 48-hour exposure to PGE2 alone had no

Figure 2. Combined exposures to Ni and MALP-2 synergistically

induce the expression of cyclooxygenase 2 (COX-2) in HLF. (A) Real-
time RT-PCR analysis of Ni- and MALP-2–induced COX-2 expression

after a 48-hour exposure. Data were normalized to the housekeeping

gene RPL13A and are expressed as mean 6 SEM fold-increase over

control-treated cells (n 5 3). *Different from control, Ni or MALP-2
treatment (P , 0.05). (B) For detection of COX-2 protein, 25 mg of

total cellular protein was loaded per lane and subjected to SDS-PAGE

and Western blotting with anti–COX-2 antibody. GAPDH is shown as

a loading control.

Figure 3. Inhibition of COX-2 alters Ni-dependent modulation of
chemokine release by MALP-2. Cells were pretreated with NS-398

(10 mM) for 30 minutes before the addition of Ni or MALP-2 (48 h).

Chemokine levels in conditioned medium were measured using ELISA.

Data are shown as mean 6 SEM (n 5 3); (A) CXCL8, (B) CXCL10, (C)
CCL2. *Different from respective treatment in absence of inhibitor (P ,

0.01); Ddifferent from control in presence of inhibitor (P , 0.001).
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effect on CXCL8 release from human lung fibroblasts compared
to control-treated cells or cells treated with MALP-2 (Figure 5A).
However, ELISA analysis on conditioned medium taken from
cells co-exposed to Ni and PGE2 showed that PGE2 enhanced
Ni-induced CXCL8 release by 9-fold. CXCL8 was stimulated to
552.4 6 127.8 pg/ml in cells treated with PGE2 and Ni compared
to the 62.0 6 10.1 pg/ml observed in cells treated with Ni alone
(Figure 5A; P , 0.05). Furthermore, this stimulation of CXCL8 in
response to Ni and PGE2 is greater than the predicted additive
response of the two stimuli (552.4 pg/ml vs. 75.1 pg/ml, respec-
tively). Additional studies revealed PGE2 enhanced Ni-induced
CXCL8 release from HLF in a dose-dependent manner, begin-
ning at 5 3 1029 M (data not shown). PGE2 also enhanced the
synergistic release of CXCL8 in response to combined Ni and
MALP-2 exposure to levels that were significantly greater
compared with cells receiving Ni and MALP-2 in the absence of
PGE2 (P , 0.05). PGE2 (1027 M) did not effect CXCL10 release
in control, Ni, or combined Ni- and MALP-2–treated cells.
However, PGE2 mimicked the effects of Ni in that PGE2
significantly attenuated MALP-2–induced CXCL10 release from
human lung fibroblasts (Figure 5B; P , 0.001).

DISCUSSION

Despite the fact that real-life exposures are likely to involve
a mixture of chemical and microbial stimuli, little attention has
been paid to the potential interactions between chemical and
microbial stress on the evolution of inflammatory-like conditions
in the lung. Here we report the novel findings that NiSO4, a metal
commonly found in particulate matter air pollution, modulates
MALP-2–induced CXCL8 and CXCL10 release from human
lung fibroblast cells through a mechanism involving COX-2.

Initially identified as a chemotactic factor for neutrophils
released from monocytes (23), CXCL8 has since been shown to
be synthesized and released by nonimmune cells such as endo-
thelial cells and fibroblasts and has been implicated in the
regulation of angiogenesis (24) and contraction of airway smooth
muscle cells (25). Our data showing synergistic induction of
CXCL8 in human lung fibroblasts demonstrate the potential
impact of combined exposures to chemical and microbial stimuli.
PGE2 has been shown to increase CXCL8 gene expression in
human colonic epithelial cells through stabilization of CXCL8
mRNA (26). It will be of interest to learn whether the PGE2
released by Ni and MALP-2 behaves similarly to stabilize CXCL8
mRNA in HLF. Alternatively, one cannot overlook interactions
at the gene promoter level where Ni, MALP-2, or PGE2 may
activate specific sets of transcriptional activators that interact to
maximally drive target gene expression. This could explain, in

part, the dramatic increases in observed in both mRNA expres-
sion and protein release after exposure. The Ni and MALP-2–
mediated synergistic induction of CXCL8 in HLF is also remi-
niscent of our previous observations with IL-6 (7). This is of
particular concern in regards to pulmonary health given the

Figure 4. COX-2 mediated PGE2 release
from HLF after stimulation with Ni and

MALP-2. Data shown are mean 6 SEM

(n 5 3). (A) PGE2 release after a 48-hour

exposure to Ni and MALP-2. *Different
from control, Ni-, or MALP-2–treated

cells (P , 0.01). (B) PGE2 release after

a 48-hour exposure to Ni and MALP-2 in
the presence of NS-398 (10 mM). *Dif-

ferent from respective treatment in the

absence of NS-398 (P , 0.001).

Figure 5. Effects of PGE2 on Ni- and MALP-2–induced CXCL8 and
CXCL10 release from HLF. Cells were treated with Ni and MALP-2 in

the presence or absence of PGE2 (1027 M) for 48 hours. (A) CXCL8.

Data are shown as mean 6 SEM (n 5 3). (B) CXCL10. Data are

expressed as fold change in CXCL10 release over control (n 5

3).*Different from respective treatment in absence of PGE2 (P ,

0.05); Ddifferent from control in presence of PGE2 (P , 0.05).
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correlation of elevated CXCL8 and IL-6 production with numer-
ous respiratory disorders, including asthma (12, 27) and pulmo-
nary fibrosis (13, 28).

In the present study we show Ni not only quantitatively
changes chemokine release in response to MALP-2, but also
qualitatively alters the chemokine profile in HLF. While Ni
promotes the elaboration of the inflammatory mediators CXCL8
and IL-6 (7), Ni antagonizes the release of CXCL10 in response to
microbial stimuli. CXCL10 is anti-fibrotic and has been shown to
have a protective effect in the bleomycin-induced fibrosis model,
limiting drug-induced fibroblast migration (29). The fact that Ni
attenuates MALP-2-induced CXCL10 suggests any protective
effect offered by chemokines such as CXCL10 may be lost during
combined exposures to chemical and microbial stimuli.

Of particular interest are the similarities observed in chemo-
kine profiles after combined Ni and MALP-2 exposures, en-
hanced elaboration of CXCL8, and decrease in CXCL10, with
previous observations made in drug-induced animal models of
pulmonary fibrosis and what is seen in human patients with
idiopathic pulmonary fibrosis (IPF). Levels of CXCL8 are
significantly elevated, whereas levels of CXCL10 are significantly
lower in patients with IPF compared with control subjects (30). In
the current study, MALP-2–induced CCL2 levels remain ele-
vated in the presence of Ni. CCL-2 mRNA levels in lung epithelial
cells from patients with IPF are elevated compared with those
from patients without IPF (31), and levels of CCL-2 mRNA are
also up-regulated in rat and other rodent models of pulmonary
fibrosis (32, 33). The elevated levels of CCL2 in combination with
the dichotomous effects of Ni on MALP-2–incuded CXCL8 and
CXCL10 release raise the possibility that exposure to Ni and
microbial stimuli can set up a pro-fibrotic environment in the lung.

A common thread in the Ni-dependent alterations in MALP-
2–induced CXCL8 and CXCL10 release from HLF is the in-
duction of COX-2 and subsequent production of PGE2. COX-2
plays an important role in inflammation. Particulate Ni and air
pollution in the form of diesel exhaust particles (DEP) stimulates
COX-2 expression in bronchial epithelial BEAS-2B cells (34, 35),
which suggests that induction of COX-2 may provide a mecha-
nism whereby air particulate matter pollution stimulates an
inflammatory response in pulmonary cells. Microbial stimuli in
the form of MALP-2 have also been shown to activate COX-2
(36). It would therefore stand to reason that combined exposures
to chemical and microbial stimuli could interact to enhance
induction of COX-2 as was observed in the current study. In
HLF, Ni and MALP-2 stimulated an approximate 100-fold
increase in COX-2 mRNA levels over those of control-treated
cells. The human COX-2 promoter contains multiple DNA
binding sites including two NF-kB–binding sites, an NF/IL6 site
and a CRE/E-box site. It has yet to be determined whether Ni and
MALP-2 synergistically induce COX-2 mRNA through tran-
scriptional or post-transcriptional mechanisms. Given that NF-
kB and C/EBP are important signaling pathways in inflammatory
responses (37, 38), and both MALP-2 and NiSO4 can activate NF-
kB (19, 39), one possible explanation is that Ni and MALP-2
activate C/EBP in concert with members of the NF-kB/Rel family
to induce COX-2 promoter activity. Alternatively, it is also
possible that the dramatic increase in COX-2 may be mediated,
in part, through enhanced stabilization of COX-2 mRNA levels.
Interestingly, PGE2 has a positive regulatory effect on COX-2
protein expression in mouse lung fibroblasts (40) and can stabilize
COX-2 mRNA (41). The possibility that PGE2 stabilizes COX-2
mRNA stability and protein expression through a positive feed-
back mechanism in HLF after Ni and MALP-2 exposure is of
interest and warrants further investigation.

PGE2 has been shown to have regulatory role in both CXCL10
and CXCL8 release. Exogenously added PGE2 (1027 M) can

suppress stimulus-induced release of CXCL10 in A431 cells (42),
consistent with current findings that 1027 M PGE2 inhibited
MALP-2–induced CXCL10 release from HLF. It was also
observed in the current study that PGE2 levels are increased
after combined exposures to Ni and MALP-2, and that inhibition
of COX-2 with NS-398 partially restores the cellular response to
MALP-2 in the presence of Ni. Although levels of exogenously
added PGE2 used in the current study (1027 M) are higher than
what is released from HLF after co-treatment with Ni and
MALP-2, the proportion of PGE2 that gets into the cells is likely
to be less than 1027 M, as oxidation of PGE2 after cellular uptake
leads to loss of biological activity (43). In addition, there may be
higher levels of PGE2 retained in the nucleus of HLF after
treatment with Ni and MALP-2 that would go undetected in the
ELISA analysis of conditioned medium. Nonetheless, these
findings provide evidence that PGE2 contributes, in part, to the
mechanism whereby Ni antagonizes MALP-2–induced CXCL10
release from HLF. However, the contribution of COX-2–
independent pathways in the Ni-dependent inhibition of
MALP-2-induced CXCL10 release cannot be ignored, as NS-
398 was unable to completely restore the sensitivity of fibroblast
cells to MALP-2 in the presence of Ni.

Although PGE2 is thought to have a suppressive effect on lung
fibroblasts, in part through attenuation of proliferation and
collagen synthesis, the role of PGE2 in the immune-inflammatory
response is more complex. Four transmembrane G protein–
coupled PGE2 receptor subtypes (EP1-4) mediate the biological
actions of PGE2. Depending on cell-specific expression of the
different EP receptor subtypes, PGE2 can either suppress (44) or
stimulate CXCL8 production (26, 45). In the current study, PGE2
alone (1027 M) did not stimulate CXCL8. However, PGE2
significantly enhanced the elaboration of CXCL8 release from
HLF in response to Ni alone and combination with MALP-2.
Moreover, while the inhibitory effects of PGE2 on MALP-2–
induced CXCL10 were only apparent at the 1027 M concentra-
tion, PGE2 could enhance Ni-induced CXCL8 release at much
lower concentrations (5 3 1029 M). This finding suggests that
chemical stimuli can alter cellular responsiveness to PGE2,
allowing for a stimulatory, as opposed to an inhibitory, effect on
pulmonary fibroblasts. In fact, a recent finding by Moore and
coworkers (46) show a loss of PGE2 suppression in BLEO-
induced pulmonary fibrosis associated with reduced cellular
expression of EP2. Furthermore, it was found that PGE2 can
stimulate fibroblast proliferation 14 and 21 days after BLEO
administration (46). The possibility that Ni can alter EP receptor
profiles in human lung fibroblast cells, allowing for a stimulatory
effect of PGE2 on CXCL8 release, is currently under investiga-
tion.

Epidemiologic studies, although limited, have indicated an
increased number of hospitalizations for respiratory disorders on
days of increased levels of PM (2). These reports have been
supported by studies in rodent models that provide evidence that
PM can modulate pulmonary immune responses (47). The
observed interactions between Ni and MALP-2 on the elabora-
tion of chemokine release from HLF suggest that pulmonary
immune responses in humans may also be altered as a conse-
quence of PM exposure. As always, it is difficult to extrapolate
whether the doses of stimuli employed in in vitro studies are
relevant to real-world exposures. To our knowledge, MALP-2
has never been measured during an in vitro infection with
Mycoplasma; however, we should point out that MALP-2 is at
least three orders of magnitude more potent that the classically
used microbial stimulus, LPS. We have previously estimated (7)
that exposure to 100 ng Ni/m3 would produce approximately
1 mM concentration of Ni in the noncellular volume of the human
lung. While this is indeed less than the concentrations chosen
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here, it should be noted that the synergistic interactions with
MALP-2 can be seen with as little as 20 mM (7),and heteroge-
neous deposition, alterations in breathing patterns, and accumu-
lation over time may produce regional concentrations similar to
those used here. Nonetheless, given their important role in the
onset of fibroproliferative disorders, understanding how HLF
respond to PM and microbial stimuli is an important step in
learning how such exposures contribute to disease onset. Epithe-
lial cells and macrophages also play a vital role in inflammation
and fibrotic disorders. How chemokine production in these cells
may be altered in response to mixed exposures of PM-derived
metals and microbial stimuli, and the resultant effects on fibro-
blast phenotype and behavior, are also of interest and warrant
further investigation.

In summary, this is the first study to show that combined
exposures to Ni and MALP-2 can synergistically enhance COX-2
expression. This is of importance as (1) real life exposures are
more like to involve mixtures of chemical and microbial agents,
and (2) induction of COX-2 plays an important role in the
production of immune-modulators and is widely recognized as
having an important role in the onset of inflammation in the lung
(39, 48–50). The findings that COX-2 contributes to the synergis-
tic production of CXCL8 and inhibition of CXCL10 in HLF
present a potential mechanism whereby exposure to PM-derived
metals can exacerbate cellular responses to microbial stimuli and
modulate pulmonary inflammation and its consequences such as
fibrosis and angiogenesis.
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