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Hypoxia-inducible factor (HIF-1a) and cyclooxygenase-2

(COX-2) have been implicated in the regulation of inflammatory-

like processes that lead to angiogenesis and fibrotic disorders. Here

we demonstrate that in human lung fibroblasts (HLFs) treated with

mixed exposures to chemical and microbial stimuli, HIF-1a
stabilization plays a pivotal role in the induction of COX-2 mRNA

andprotein, driving the release of vascular endothelial growth factor

(VEGF) and proangiogenic and profibrotic chemokines. Upon

costimulation with Ni and the mycoplasma-derived lipopeptide

macrophage-activating lipopeptide-2 (MALP-2), there was a syner-

gistic induction of CXCL1 and CXCL5 mRNA and protein release

from HLF, as well as an enhanced response in VEGF compared to

either stimulus alone. Consistent with our previous findings that Ni

and MALP-2 stimulates the induction of CXCL8 via a COX-2-

mediated pathway, CXCL1, CXCL5, and VEGF release were also

regulated by COX-2. Ni induced the stabilization of HIF-1a protein

in HLF, which was further enhanced in the presence of MALP-2.

Depletion of HIF-1a using siRNA blocked COX-2 induction by Ni

andMALP-2 along with the release of VEGF, CXCL1, CXCL5, and

CXCL8. Our results indicate that Ni and MALP-2 interact to

promote an angiogenic profibrotic phenotype in HLF. Moreover,

these findings reveal a potential role for HIF-1a in mediating

chemical-induced alterations in cellular response to microbial

stimuli, modulating pulmonary inflammation and its consequences

such as fibrosis and angiogenesis.
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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 that mixed exposures

may have on the development of inflammatory-like conditions

in the lung. Onset of inflammation in the lungs can have many

consequences, including the development of fibrotic disorders

and even angiogenesis. While there are many factors that can

contribute to inflammation, common threads include upregu-

lation of the enzyme cyclooxygenase-2 (COX-2) and the

transcription factor hypoxia-inducible factor (HIF)-1a.

Recently evidence has indicated that in addition to its role in

the adaptation to hypoxia, HIF-1a also participates in various

inflammatory-like processes (Jung et al., 2003). Conditional

deletions of HIF-1a in myeloid cells significantly impairs

chemotaxis and bacteriocidal activity of macrophages in vitro
and inflammation following dermal application of sodium

dodecyl sulfate (SDS) or phorbol ester in vivo (Cramer et al.,
2003). Inflammatory cytokines (e.g., interleukin [IL]-1b) can

also promote HIF-1a stabilization under normoxia (Jung et al.,
2003) and a role for HIF-1a has been identified in chronic

inflammatory diseases such as rheumatoid arthritis (Westra

et al., 2007) and atherosclerosis (Vink et al., 2007). Under

normal oxygen conditions, prolyl hydroxylases regulate HIF-

1a by targeting the protein for degradation by the ubiquitin-

proteasome pathway via association with the von Hippel-

Lindau protein tumor suppressor protein (Ivan and Kaelin,

2001). When prolyl hydroxylase activity is inhibited under

conditions of hypoxia, HIF-1a accumulates and translocates to

the nucleus, where it heterodimerizes with the subunit HIF-1b
to activate gene transcription. Stabilization of HIF-1a can also

occur under normoxic conditions, via activation of signaling

pathways such as p42/p44 MAPK and PI3K/Akt (Fang et al.,
2007; Richard et al., 1999).

COX-2 is upregulated in a variety of cancers and fibrotic

disorders (Hida et al., 1998; Lappi-Blanco et al., 2006), driving

the formation of prostanoids which govern inflammatory-like

processes. In fact, prostaglandin(PG)-E2, a major metabolic

product of COX-2, has been associated with angiogenesis, pro-

moting tumor growth and cellular migration (Finetti et al., 2008;

Rao et al., 2007). Given that both HIF-1a and COX-2 have been

implicated in angiogenesis and cell motility, it is not surprising

that the regulation of HIF-1a has also been linked with COX-2

expression (Csiki et al., 2006; Jung et al., 2003; Liu et al., 2002).

We have previously shown that NiSO4 (Ni), a common com-

ponent of air particulate matter (PM) pollution, synergistically

enhances release of the proangiogenic and profibrotic chemo-

kine CXCL8 by the 2-kDa Mycoplasma fermentans–derived
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Macrophage Activating Lipopeptide-2 (MALP-2), a Toll-like

receptor 2 agonist, yet inhibits formation of the angiostatic,

antifibrotic chemokine CXCL10 in human lung fibroblasts

(HLFs) (Brant and Fabisiak, 2008). This Ni-induced shift in

MALP-2–induced chemokine production in HLF is mediated

via a COX-2/PGE2 pathway (Brant and Fabisiak, 2008). 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, un-

derstanding how HLF respond to chemical and microbial

stimuli can contribute to our understanding of the sequelae of

events leading to pathogenesis of fibrotic lung disease among

others. The current study examines whether mixed exposures

to Ni and MALP-2 alter the regulation of additional angiogenic

and fibrotic chemokines in HLF. Based on our previous

findings with COX-2 and the associations of HIF-1a
stabilization with angiogenesis and inflammation, we further

examined the interactive roles that COX-2 and HIF-1a may

have in driving inflammatory-like processes in HLF in the

presence of chemical and microbial stimuli.

MATERIALS AND METHODS

Materials. NiSO4
d6H2O (Ni) and Mycoplasma fermentans–derived

MALP-2 were from Sigma (St Louis, MO) and Alexis Biochemicals (San

Diego, CA), respectively. Low endotoxin bovine serum albumin (BSA) was

from Intergen (Purchase, NY). The real-time reverse transcriptase (RT2)

Profiler� polymerase chain reaction (PCR) Angiogenesis Array was from

SuperArray Bioscience Corporation (Frederick, MD). RNeasy Mini Kit was

from Qiagen (Valencia, CA). Bradford protein assay reagent was from Bio-Rad

(Hercules, CA). The COX-2 and HIF-1a monoclonal antibodies were from

Cayman Chemical (Ann Arbor, MI) and BD Biosciences (San Jose, CA),

respectively. The rabbit glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

monoclonal antibody, anti-mouse and anti-rabbit IgG-HRP (horse radish

peroxidase)–linked antibodies were obtained from Cell Signaling Technology, Inc

(Danvers, MA). All cell culture reagents were from Invitrogen (Carlsbad, CA).

Cell lines and culture. HLFs were isolated as outgrowths from explanted

surplus transbronchial biopsy tissues obtained during routine follow-up

bronchoscopy of lung transplant recipients as previously described (Fabisiak

et al., 1993) in accordance with a protocol approved by University of

Pittsburgh Institutional Review Board. Routine culture is performed in Minimal

Essential Media (MEM) containing 10% fetal bovine serum, glutamine (2mM),

and 1% penicillin-streptomycin, with weekly passage. All cultures are carried

out at 37�C in a humidified atmosphere of 5% CO2/95% air.

RT2-PCR Angiogenesis Array and ELISA analysis. HLF were cultured in

six-well tissue culture plates (4 x 105 cells per well) and allowed to attach for

1 day. Cells were then treated with 600 pg/ml MALP-2 and/or 200lM Ni, in

serum-free MEM with 0.1% BSA for 48 h. Control cells received serum-free

MEM with 0.1% BSA alone. The amounts of Ni and MALP-2 used in the current

study were chosen based on concentration-response relationships for a synergistic

induction of CXCL8 in HLF reported previously (Brant and Fabisiak, 2008).

Preliminary time course and concentration-response experiments indicated

200lM Ni and 600 pg/ml MALP-2 to be effective for the synergistic release of

CXCL1 and CXCL5 and that maximal response occurred at 48-h postexposure.

Following a 48-h treatment, total RNA was extracted from the cells using the

RNeasy Mini Kit from Qiagen. cDNA was generated from 1 lg total RNA using

the ReactionReady First Strand cDNA Synthesis kit (SuperArray Bioscience

Corporation) according to manufacturer’s instructions. The human RT2-Profiler�

PCR Angiogenesis Array was carried out according to manufacturer’s

instructions using the Opticon 2 Real-Time PCR Detection System (Bio-Rad

Laboratories, Hercules, CA). Relative gene expression was calculated using the

2�DDCt method using RPL13A as the internal control gene to normalize the data

for the amount of RNA added to each RT reaction. Conditioned media from the

same experiments were also collected and stored at �70�C until use. CXCL1,

CXCL5, CXCL8, and VEGF(165 and 121) (vascular endothelial growth factor)

content in the conditioned media samples were analyzed using specific enzyme-

linked immunosorbent assay (ELISA) kits obtained from R&D Systems

(Minneapolis, MN) according to the manufacturer’s instructions.

Western blot analysis. Cell lysates were prepared using 10mM Tris, pH

7.4, with 1% SDS containing a protease-inhibitor cocktail (Calbiochem,

Gibbstown, NJ) and 200mM each Na3VO4 and NaF. Cell lysates (25 lg protein

per lane) were subjected to electrophoresis using NuPAGE 4–12% Bis-Tris gels

(Invitrogen) under denaturing and reducing conditions and transferred to

Polyscreen PVDF Transfer membranes (PerkinElmer, Wellesley, MA).

Membranes were blocked with 5% nonfat dried milk in Tris-buffered saline

containing 1% Tween-20 (TBS-T) for 1 h then incubated with an anti-HIF-1a
(1:500) or anti-COX-2 (1:1000) monoclonal antibody at a TBS-T containing

5% milk or BSA, respectively, overnight at 4�C. Blots were then rinsed with

TBS-T and incubated with an anti-mouse HRP-linked secondary antibody

(1:2500) for 1 hr at room temperature. Immunoreactive bands were detected

using chemiluminescence. Membranes were then reprobed with GAPDH or

a-tubulin (loading controls) as described above.

Transient transfection of siRNA. Double-stranded siRNA sequences

targeting HIF1A (GenBank/EBI accession numbers NM_001530, NM_181054)

and COX-2(PTGS2) (GenBank/EBI accession number NM_000963) mRNAs

were obtained from Dharmacon (Lafayette, CO). A nontargeting siRNA

(Dharmacon) was used as a control, and did not significantly affect HIF1A and

COX-2 mRNA levels compared with nontransfected controls. HLF were cultured

in 12-well tissue culture plates (8.9 x 104 per well) and allowed to attach for

one day. Cells were transfected for 48 h with 50nM of HIF1A, COX-2,

or nontargeting siRNA control (NTC) in OptiMEM using DharmaFECT1

siRNA Transfection Reagent (Dharmacon) according to manufacturer’s

instructions. After the 48-h transfection period, cells were stimulated with Ni

and MALP-2 for 48 h in serum-free MEM containing 0.1% BSA. Levels of

CXCL1, CXCL5, CXCL8, and VEGF in the conditioned medium were

determined using ELISA. Real-time RT-PCR and immunoblot analysis were

carried out to assess knockdown of Ni and MALP-2–induced HIF1a and COX-2

mRNA and protein expression, respectively. Relative gene expression was

calculated using the 2�DDCt method (Livak and Schmittgen, 2001), using

Cyclophilin B as the internal control gene to normalize the data for the amount of

RNA added to each RT reaction. Primer pairs for Cyclophilin B, HIF-1a and

COX-2 were designed using Primer3 (Rozen and Skaletsky, 2000): Cyclophilin B

For:AGATGTAGGCCGGGTGATCTT, Rev: CGCTCACCGTAGATGCT-

CTTT; COX-2 For: GCTCAGCCATACAGCAAATCC Rev: CAACGTTC-

CAAAATCCCTTGA; and HIF-1a For: TTTACCATGCCCCAGATTCAG,

Rev: CTTTGCTTCTGTGTCTTCAGCAA.

Statistical analysis. Data presented are expressed as mean ± SEM. Ni and

MALP-2 induced changes in gene expression analyzed using the RT2-Profiler�
PCR Array were evaluated using a Student t-test. ELISA results were analyzed

using a one-way ANOVA with Tukey’s multiple comparison tests or a two-way

ANOVA with Bonferroni post hoc comparison, as appropriate. Statistical

analyses were performed using GraphPad PRISM, version 5.0 (GraphPad

Software, San Diego, CA), with p < 0.05 considered significant.

RESULTS

Ni and MALP-2 Interact to Promote a Proangiogenic
Phenotype in HLF

We have previously reported that Ni enhances MALP-2-

induced CXCL8 release, yet suppresses MALP-2–induced
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CXCL10 release from HLF (Brant and Fabisiak, 2008). Here

we sought to investigate whether other genes involved in

angiogenesis are modified during mixed exposures to Ni and

MALP-2 by utilizing an RT2-Profiler� PCR Angiogenesis

Array. Following a 48-h exposure to Ni, MALP-2, or the two

stimuli together, HLF were harvested for use in the array as

described under the materials and methods section. Data were

normalized to the housekeeping genes included in the array

(e.g., RPL13A) and the Ni and MALP-2–induced fold-changes

in gene expression relative to control-treated cells are presented

in Table 1. Exposure to Ni induced the expression of several

genes involved in the angiogenesis pathway. Levels of

Angiopoietin-like 4 (ANGPTL4), leptin (LEP), and VEGF

expression were all increased several-fold following a 48 h Ni

treatment, among others (e.g., ephrin-A3 and placental growth

factor). Also elevated following Ni exposure was the expression

of interleukin-6 and several proangiogenic CXC chemokines

including CXCL1, 3 6, and 8. In contrast, expression of the

chemokine CCL11, thymidine phosphorylase (ECGF1), fibro-

blast growth factor 1 (FGF1), and plasminogen activator

urokinase (PLAU) were decreased in the presence of Ni. A

48-h treatment with MALP-2 alone also stimulated the

TABLE 1

Effects of Ni and MALP-2 on Angiogenesis-Related Gene Expression in HLFa

Ni MALP-2 Ni þ MALP-2 Ni MALP-2 Ni þ MALP-2

AKT1 0.9 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 IGF1 0.5 ± 0.1 1.0 ± 0.2 0.5 ± 0.1

ANGPT1 1.1 ± 0.2 0.9 ± 0.1 1.2 ± 0.1 IL1B 2.6 ± 1.1 1.4 ± 0.4 1.9 ± 0.4

ANGPT2 1.9 ± 1.1 0.9 ± 0.2 1.2 ± 0.2 IL6 2.1 ± 0.4* 1.4 ± 0.1 7.1 ± 0.4*

ANGPTL3 2.4 ± 0.3 1.1 ± 0.3 3.1 ± 1.5 ITGAV 0.6 ± 0.1 1.0 ± 0.2 0.8 ± 0.3

ANGPTL4 25.0 ± 9.9* 0.6 ± 0.2 34.6 ± 14.7* ITGB3 1.5 ± 0.5 1.1 ± 0.3 2.0 ± 0.6

ANPEP 0.8 ± 0.1 1.1 ± 0.1 0.9 ± 0.2 JAG1 2.0 ± 0.4 0.9 ± 0.1 1.8 ± 0.1

BAI1 1.5 ± 0.5 1.0 ± 0.4 1.7 ± 1.1 KDR 1.9 ± 0.3 1.2 ± 0.5 1.6 ± 0.3

CCL11 0.4 ± 0.1* 1.4 ± 0.2 0.6 ± 0.1 LAMA5 1.3 ± 0.3 0.9 ± 0.1 1.2 ± 0.2

CCL2 1.4 ± 0.2 2.6 ± 0.1* 3.7 ± 0.2* LECT1 2.6 ± 0.7 0.7 ± 0.1 1.5 ± 0.3

CDH5 3.2 ± 0.6 0.8 ± 0.1 1.7 ± 0.2 LEP 8.2 ± 4.7* 0.8 ± 0.1 6.6 ± 3.5*

COL18A1 0.7 ± 0.1 0.8 ± 0.2 0.6 ± 0.1 MDK 0.8 ± 0.1 1.3 ± 0.1 1.0 ± 0.1

COL4A3 1.1 ± 0.1 1.1 ± 0.2 1.1 ± 0.2 MMP2 0.9 ± 0.3 1.0 ± 0.1 1.0 ± 0.2

CXCL1 8.7 ± 3.6* 34.8 ± 6.9* 104.3 ± 16.1* MMP9 1.0 ± 0.5 1.5 ± 0.8 2.6 ± 1.1

CXCL10 1.3 ± 0.8 61.4 ± 26.0* 5.0 ± 1.8* NOTCH4 1.6 ± 0.3 1.3 ± 0.5 1.7 ± 0.3

CXCL3 9.1 ± 4.4* 16.6 ± 4.7* 101.4 ± 17.3* NRP1 0.7 ± 0.1 1.0 ± 0.1 0.7 ± 0.1

CXCL5 2.2 ± 0.4 2.6 ± 0.5 25.6 ± 7.8* NRP2 0.5 ± 0.1* 1.1 ± 0.1 0.6 ± 0.1

CXCL6 3.9 ± 0.3 37.3 ± 17.0* 138.9 ± 55.4* PDGFA 1.0 ± 0.1 0.9 ± 0.1 1.4 ± 0.3

CXCL8 32.0 ± 23.0* 16.8 ± 0.5* 301.6 ± 20.0* PECAM1 3.5 ± 0.4 0.9 ± 0.1 3.1 ± 0.7

CXCL9 3.3 ± 0.4 0.7 ± 0.2 2.1 ± 0.7 PF4 1.8 ± 0.7 0.8 ± 0.2 2.4 ± 1.2

ECGF1 0.4 ± 0.1* 2.2 ± 0.1* 0.5 ± 0.1* PGF 3.7 ± 0.6* 0.7 ± 0.3 4.1 ± 0.6*

EDG1 0.5 ± 0.1* 0.9 ± 0.2 0.5 ± 0.1* PLAU 0.2 ± 0.1* 1.0 ± 0.1 0.2 ± 0.1*

EFNA1 2.2 ± 0.4 0.9 ± 0.3 2.7 ± 1.1* PLG 2.4 ± 0.2 1.1 ± 0.4 1.8 ± 0.6

EFNA3 8.2 ± 2.2* 1.0 ± 0.2 8.0 ± 2.0* PLXDC1 2.2 ± 0.4 1.1 ± 0.2 1.7 ± 0.5

EFNB2 1.6 ± 0.4 1.1 ± 0.2 1.5 ± 0.5 PROK2 2.4 ± 0.4 1.4 ± 0.7 2.2 ± 0.4

EGF 1.9 ± 0.6 0.7 ± 0.1 1.5 ± 0.2 PTGS1 1.1 ± 0.3 1.0 ± 0.2 1.2 ± 0.5

ENG 0.7 ± 0.1 1.1 ± 0.2 0.8 ± 0.1 SERPINF1 0.7 ± 0.2 1.0 ± 0.2 0.7 ± 0.2

EPHB4 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 SPHK1 1.5 ± 0.1* 1.1 ± 0.2 1.7 ± 0.2*

EREG 2.4 ± 0.8 1.0 ± 0.1 1.3 ± 0.3 STAB1 2.2 ± 0.4 1.0 ± 0.4 2.5 ± 0.7

FGF1 0.3 ± 0.1 0.9 ± 0.1 0.3 ± 0.1 TEK 0.9 ± 0.2 1.3 ± 0.6 0.7 ± 0.2

FGF2 1.8 ± 0.3 1.2 ± 0.2 2.2 ± 0.5 TGFA 2.7 ± 0.4 1.3 ± 0.6 1.9 ± 0.4

FGFR3 2.0 ± 0.4 0.8 ± 0.1 1.4 ± 0.4 TGFB1 2.1 ± 0.2* 0.9 ± 0.1 2.4 ± 0.2*

FIGF 1.2 ± 0.3 1.1 ± 0.2 0.9 ± 0.3 TGFB2 0.7 ± 0.1 0.9 ± 0.1 0.6 ± 0.1

FLT1 1.2 ± 0.3 1.3 ± 0.4 1.2 ± 0.2 TGFBR1 0.5 ± 0.1* 1.0 ± 0.1 0.7 ± 0.1

HAND2 2.6 ± 0.2 1.5 ± 0.8 2.6 ± 0.9 THBS1 0.8 ± 0.1 1.1 ± 0.1 0.7 ± 0.1

HGF 0.6 ± 0.1 1.1 ± 0.3 0.7 ± 0.2 THBS2 2.2 ± 0.4* 1.1 ± 0.2 2.3 ± 0.3*

HIF1A 0.5 ± 0.1* 1.0 ± 0.2 0.5 ± 0.1* TIMP1 1.4 ± 0.3 1.0 ± 0.2 1.5 ± 0.2

HPSE 1.9 ± 0.3 1.2 ± 0.2 1.8 ± 0.1 TIMP2 0.7 ± 0.1 0.9 ± 0.1 0.7 ± 0.1

ID1 0.9 ± 0.1 1.0 ± 0.3 0.7 ± 0.1 TIMP3 2.3 ± 0.8 1.4 ± 0.5 1.5 ± 0.4

ID3 0.7 ± 0.4 0.8 ± 0.3 0.6 ± 0.2 TNF 2.7 ± 0.1 1.0 ± 0.3 2.2 ± 0.5

IFNA1 4.6 ± 2.0 1.1 ± 0.4 7.4 ± 5.2 TNFAIP2 1.2 ± 0.3 3.9 ± 0.5* 2.7 ± 0.3

IFNB1 2.0 ± 0.7 0.7 ± 0.2 1.2 ± 0.4 VEGF 41.3 ± 16.5* 1.0 ± 0.2 47.1 ± 10.3*

IFNG 1.2 ± 0.3 1.2 ± 0.3 1.2 ± 0.1 VEGFC 3.1 ± 0.7 1.0 ± 0.1 3.1 ± 0.3

Note. EFNA3, ephrin-A3; PGF, placental growth factor.
aData represent mean ± SEM of Ni and MALP-2 induced fold-change in gene expression relative to control-treated cells (n ¼ 3), *p < 0.05.
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expression of several proangiogenic CXC chemokines in HLF.

CXCL1, CXCL3, CXCL6, and CXCL8 were all significantly

increased following MALP-2 treatment, with MALP-2 having

minimal to no effects on the expression of the other genes

contained in the array. An interesting pattern emerged regarding

the expression of the proangiogenic CXC chemokines when

HLF were treated with Ni and MALP-2 in combination for 48 h.

Namely, there was a synergistic induction of CXCL1, CXCL3,

CXCL5, and CXCL6 compared with cells receiving either

stimulus alone (Table 1).

Ni and MALP-2 Interact to Promote the Release of CXC1,
CXCL5, and VEGF from HLF

VEGF has been well established in contributing to

angiogenesis and both CXCL1 and CXCL5 have both been

implicated in profibrotic and proangiogenic changes (Keane

et al., 2001; Strieter et al., 2002). We therefore sought to

validate the changes in expression of these genes observed in

the array by measuring protein levels. VEGF, CXCL1, and

CXCL5 in conditioned medium from HLF treated with Ni and/

or MALP-2 were analyzed using ELISA. Figure 1A shows that

a 48-h exposure to Ni stimulated an approximate 12-fold

increase in VEGF release from HLF compared with controls

(p < 0.001), consistent with the RT2-Profiler� PCR array

results. Whereas MALP-2 alone failed to stimulate the release of

VEGF, MALP-2 did enhance Ni-induced VEGF release to 995

± 108 pg/ml, levels that were significantly greater compared

with Ni and control-treated cells (705 ± 25 and 57 ± 7 pg/ml,

respectively; p < 0.01).

ELISA analysis also showed that Ni and MALP-2 interact to

synergistically promote the release of the proangiogenic and

profibrotic chemokines CXCL1 and CXCL5 from HLF (Figs.

1B and C), confirming the findings observed in the array

analysis. When cells are coexposed to Ni and MALP-2 for 48

h, levels of CXCL1 and CXCL5 in conditioned media were

remarkably greater than what was observed in media from

control-treated cells or cells receiving either stimuli alone (p <
0.001). These results are consistent with our previous

observations with CXCL8 (Brant and Fabisiak, 2008).

Induction of COX-2 Mediates Ni and MALP-2–Induced
Release of Proangiogenic Factors from HLF

Based on our previous findings that Ni and MALP-2–

induced stimulation of CXCL8 is mediated via COX-2

induction, we sought to determine what role this enzyme plays

FIG. 1. Ni and MALP-2 interact to promote release of VEGF, CXCL1 and

from HLF. Cells were stimulated with 200lM Ni and 600 pg/ml MALP-2 alone

or combined for 48 h as described under ‘‘Materials and Methods.’’

Conditioned medium was analyzed using specific enzyme-linked immuno-

assays for (A) VEGF, (B) CXCL1, (C) CXCL5. Data shown are mean ± SEM

and are representative of three to five independent experiments performed in

triplicate. ***Different from untreated control (p < 0.001); D, different from

both Ni and MALP-2 treatment alone (p < 0.01).
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in the release of VEGF, CXCL1, and CXCL5 from HLF. Cells

were transiently transfected with COX-2 siRNA for 48 h prior to

Ni and MALP-2 exposure as described under ‘‘Materials and

Methods.’’ Under basal conditions, COX-2 protein is not

expressed in HLF, but is readily induced upon coexposure to

Ni and MALP-2. Transfection of HLF with 50nM COX-2 siRNA

was sufficient to block the Ni and MALP-2–mediated induction

of COX-2 protein as analyzed by Western blot (Fig. 2A).

Compared with the NTC, HLF transfected with COX-2

siRNA exhibited a marked reduction in VEGF, CXCL1,

CXCL5, and CXCL8 release following Ni and MALP-2

stimulation (Figs. 2B–E). VEGF and CXLC8 levels in the

FIG. 2. COX-2 silencing attenuates Ni and MALP-2–stimulated release of proangiogenic factors from HLF. HLF were transiently transfected with 50nM of

COX-2 siRNA or a NTC prior to a 48 h combined Ni and MALP-2 exposure. (A) Western blot analysis indicating siRNA-mediated knockdown of Ni and MALP-2

(NiM)–induced COX-2 protein expression. GAPDH is shown as a loading control. Conditioned medium from the different treatment groups was analyzed using

specific enzyme-linked immunoassays for (B) VEGF, (C) CXCL1, (D) CXCL5, (E) CXCL8. Data shown are mean ± SEM and are representative of three independent

experiments performed in triplicate. **p < 0.01 compared with NTC.
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conditioned medium taken from cells stimulated with Ni and

MALP-2 were decreased by approximately 60% in the

presence of the COX-2 siRNA (p < 0.01; Figs. 2B and E).

Knockdown of COX-2 also significantly attenuated Ni and

MALP-2-induced CXCL1 and CXCL5 release from HLF by

50 and 30%, respectively (p < 0.01; Figs. 2C and D).

HIF-1a Mediates Ni and MALP-2–Induced Release of VEGF
and CXC Chemokines from HLF

In addition to COX-2, HIF-1a plays an important role in

angiogenic processes and has more recently been speculated to

have a role in the pathogenesis of pulmonary fibrotic disorders

(Tzouvelekis et al., 2007). Ni has previously been shown to

stabilize HIF-1a (Salnikow et al., 2003), and HIF-1a-mediated

stimulation of VEGF has been proposed as an angiogenic

switch during tumorigenesis (Fang et al., 2001). Based on these

reports, we examined whether Ni could stabilize HIF-1a in

HLF and what role HIF-1a stabilization may have in release of

the proangiogenic factors from HLF. Western blot analysis

revealed that Ni did induce HIF-1a protein in HLF (Fig. 3).

Time course analysis revealed that Ni and coexposures to Ni

and MALP-2 stimulate HIF-1a protein levels in HLF as early

as 4 h (Fig. 3A). HIF-1a expression appeared to decrease

slightly at 8 h, then increase again at 24- and 48-h

postexposure. Interestingly, HLF cotreated with Ni and

MALP-2 for 48-h showed an enhanced expression of HIF-1a
protein compared with Ni treatment alone (Fig. 3B). Increases

in HIF-1a protein following exposure to Ni, both alone and in

combination with MALP-2, likely reflects an increase in

protein synthesis and/or stabilization as there were no observed

increases in the levels of HIF-1a mRNA (Table 1). MALP-2

alone failed to stimulate HIF-1a expression at any of the time

points examined, nor were there any changes in HIF-1a protein

levels in control-treated cells between the 1-, 4-, 8-, 24-, and

48-h time points (data not shown). It is of note that differences

in COX-2 protein levels were only observed between control-

treated cells and the coexposed Ni and MALP-2-treated cells at

time points after which HIF-1a stabilization occurs. A slight

increase in COX-2 protein levels following a 24-h exposure to

Ni and MALP-2, with COX-2 protein levels even further

increased following a 48-h exposure (Supplementary Data

S1A). MALP-2 treatment alone had no observable effects on

COX-2 expression compared with controls at any of the time

points examined. The time-dependent increase in COX-2

protein levels are consistent with the pattern of PGE2 release

as well as the time-dependent release of CXCL1, 5, and 8 from

HLF (Supplementary Data S1B–F).

Ni and MALP-2 stimulate release of PGE2 from HLF (Brant

and Fabisiak, 2008). Consistent with reports indicating PGE2

to have anti-inflammatory properties in the lung (Vancheri

et al., 2004), PGE2 significantly attenuated CXC chemokine

release from HLF following exposure to MALP-2 and the

proinflammatory stimuli LPS (Supplementary Data S2). We

therefore examined whether exposure to Ni could alter how

HLF respond to PGE2. Supplementary data provided indicate

that under normal conditions, PGE2 alone has no effect on

HIF-1a and COX-2 expression in HLF, nor does it stimulate

the release of VEGF and CXC chemokines. However, when

given in the presence of Ni, PGE2 enhances the expression of

HIF-1a and COX-2. Additionally, PGE2 significantly enhances

release of VEGF and CXCL8 from HLF compared with Ni

alone (p < 0.001), similar to the observations made when Ni is

given with MALP-2. Additional COX-2–derived products

likely contribute to the release of CXCL1 and CXCL5 from

HLF given the findings that PGE2 does not significantly

enhance Ni-induced release of these chemokines from HLF

(Supplementary Data S3).

To further explore whether the increased levels of HIF-1a
protein observed in HLF contribute to the synergistic release of

the profibrotic and proangiogenic growth factors and chemo-

kines by Ni and MALP-2, cells were transfected with HIF-1a
siRNA prior to treatment. Transfection of HLF with 50nM of

HIF-1a siRNA effectively blocked the Ni and MALP-2–

induced HIF-1a protein expression compared with the non-

targeting siRNA control (Fig. 4A). Similar to the findings with

COX-2 siRNA, the Ni and MALP-2 stimulated VEGF, CXCL1,

CXCL5, and CXCL8 release was significantly attenuated in

HLF transfected with HIF-1a siRNA (Figs. 4B–E). VEGF,

CXCL1, and CXCL8 levels in the conditioned medium taken

from cells stimulated with Ni and MALP-2 were decreased by

approximately 70–80% in the presence of the HIF-1a siRNA

compared with the nontargeting siRNA control (Figs. 4B, C, E;

p < 0.01). Knockdown of HIF-1a also significantly attenuated

Ni and MALP-2–induced CXCL5 release from HLF by

approximately 50% compared with the nontargeting siRNA

control (Fig. 4D; p < 0.01).

FIG. 3. Effect of MALP-2 on Ni-induced stabilization of HIF-1a. HLFs

were stimulated with Ni and MALP-2 for 1, 4, 8, 24 h (A) and 48 h (B) as

described under ‘‘Materials and Methods.’’ For detection of HIF-1a, 25 lg of

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

gel electrophoresis and western blotting with anti-HIF-1a antibody. GAPDH is

shown as a loading control. Representative data typical of four independent

experiments are shown.
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Ni and MALP-2 Induce COX-2 Expression via
HIF-1a–Mediated Pathway

HIF-1a stabilization has been linked with induction of COX-2

(Liu et al., 2002) just as COX-2 induction and PGE2 have

been linked with HIF-1a stabilization (Csiki et al., 2006). In

order to determine the relative sequence and interdependence

of these two events in HLF following Ni and MALP-2 treatment,

cells were transfected with either 50nM HIF-1a or COX-2

siRNA, and COX-2 and HIF-1a protein expression were

determined using western blot. Figure 5A shows that 50nM

FIG. 4. HIF-1a silencing attenuates Ni and MALP-2–stimulated release of proangiogenic factors from HLF. HLF were transiently transfected with 50nM of

HIF-1a siRNA or an NTC prior to a 48-h combined Ni and MALP-2 exposure. (A) Western blot analysis indicating siRNA-mediated knockdown of Ni and

MALP-2 (NiM)–induced HIF-1a protein stabilization. GAPDH is shown as a loading control. Conditioned medium from the different treatment groups was

analyzed using specific enzyme-linked immunoassays for (B) VEGF, (C) CXCL1, (D) CXCL5, (E) CXCL8. Data shown are mean ± SEM and are representative of

three independent experiments performed in triplicate. **p < 0.01 compared with NTC.
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COX-2 siRNA prevents Ni and MALP-2–induced COX-2

expression, yet had no effect on the expression of HIF-1a. In

contrast, when cells are transfected with 50nM HIF-1a siRNA,

there was a marked reduction in both HIF-1a stabilization as

well as COX-2 protein induction by Ni and MALP-2. Silencing

of HIF-1a also prevented Ni and MALP-2–induced COX-2

mRNA (Fig. 5B; p < 0.05) as well as PGE2 release (data not

shown). Taken together, these findings indicate that Ni and

MALP-2–induced COX-2 expression in HLF occurs secondary

to HIF-1a stabilization.

DISCUSSION

Ni is a common component of air PM pollution that can

stimulate inflammation of the lower airways, linking PM

exposure to numerous respiratory disorders including fibrosis

and cancer (Cruz et al., 2006; Oller et al., 1997). Un-

fortunately, limited information is available regarding the

potential interactions between metals found in PM and

microbial stress and their consequences on respiratory function.

Epidemiological reports have indicated an increased number of

hospitalizations for respiratory disorders including infections

on days of increased levels of PM (Schwartz, 1994). In support

of these epidemiological findings, several rodent models have

shown PM exposure can increase susceptibility to infectious

bacteria such as Listeria monocytogenes and Streptococcus
pneumoniae (Sigaud et al., 2007; Yang et al., 2001). Here we

present the novel findings that although Ni stimulates HIF-1a,

it is only when given in combination with the microbial toxin,

MALP-2, that HIF-1a becomes important in the induction of

COX-2 and the release of proangiogenic and profibrotic CXC

chemokines from HLF.

Similar to hypoxia, disruption of prolyl hydroxylase activity

has been indicated as a mechanism for Ni-induced HIF-1a
stabilization (Davidson et al., 2005; Salnikow et al., 2004). As

such, the current finding that MALP-2 enhances Ni-induced

stabilization of HIF-1a would be consistent with previous

reports showing an interaction between hypoxia and other

microbial toxins (e.g., LPS) on HIF-1a stabilization (Mi et al.,
2008). However, unlike previous reports with LPS (Kim et al.,
2007), the current findings did not indicate any changes in

HIF-1a protein or mRNA levels in HLF following treatment

with MALP-2. The enhanced expression of HIF-1a protein

during mixed exposures to Ni and MALP-2 may result from

cross-talk or activation of converging signaling pathways that

can contribute to HIF-1a stabilization. For example, Ni has been

shown to activate p42/44 MAPK (Tessier and Pascal, 2006). In

addition, stimulation of Toll-like receptor-2 can phosphorylate

Akt (Cario et al., 2007). We can speculate that the Toll-like

receptor 2 agonist, MALP-2, activates PI3K/Akt signaling

pathways in HLF. Activation of PI3K/Akt by MALP-2, in

combination with disruptions in prolyl hydroxylase and

activation of p42/44 MAPK by Ni, may, in turn, lead to

enhanced accumulation of HIF-1a. The potential roles of p42/44

MAPK and PI3K/Akt activation by Ni and/or MALP-2, and

how they contribute to HIF-1a stabilization in HLF is currently

under investigation.

The role of HIF-1a in the stimulation of VEGF release is

well established. Less information is known, however, on how

HIF-1a may contribute to the regulation of CXCL1, 5, and 8.

Hypoxia has been shown to stimulate CXCL8 release in

ovarian carcinoma cells, in part through the cooperation of

NF-jB and AP-1 binding sites on the CXCL8 promoter region

(Xu et al., 1999). More recently, HIF-1a has been shown to

bind a functional hypoxia-response element within the CXCL8

promoter and transcriptionally activate the CXCL8 gene in

cooperation with NF-jB (Kim et al., 2006). Although Ni alone

stabilizes HIF-1a, it has minimal effects on COX-2 expression

(Brant and Fabisiak, 2008) and the release of CXCL1, 5, and 8.

It is only when Ni is given in combination with the mi-

crobial toxic, MALP-2, that enhanced stabilization of HIF-1a
with subsequent induction of COX-2 and proangiogenic

chemokines are observed (Fig. 6).

FIG. 5. Induction of COX-2 protein by Ni and MALP-2 is dependent on

stabilization of HIF-1a. HLF were transiently transfected with 50nM of COX-2

siRNA, HIF-1a siRNA or an NTC prior to a 48-h combined Ni and MALP-2

exposure. (A) Western blot analysis of HIF-1a and COX-2 protein expression

following Ni and MALP-2 stimulation in cells transfected with HIF-1a and

COX-2 siRNA. GAPDH is shown as a loading control. Representative data

from three independent experiments are shown. (B) RT2-PCR analysis of Ni

and MALP-2–induced COX-2 mRNA following transfection with HIF-1a
siRNA. Data represent mean ± SEM (n ¼ 3). *p < 0.05 compared with NTC.
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Numerous reports speak to the ability of HIF-1a and COX-2

to act in concert to regulate each other’s expression and/or

activity. We have previously reported that Ni and MALP-2

synergistically promote the release of PGE2 from HLF (Brant

and Fabisiak, 2008). PGE2 has been shown to stabilize HIF-1a
(Liu et al., 2002) and PGE2 can stimulate MAPK and P13K/

Akt (George et al., 2007) signaling pathways, which have been

implicated in stabilization of HIF-1a (Fang et al., 2007;

Richard et al., 1999). Results of the current study indicate,

however, that Ni and MALP-2-interaction on HIF-1a stabili-

zation lies upstream of COX-2 (and therefore PGE2) induction.

Consistent with these findings, the human COX-2 promoter

contains a hypoxia-response element that interacts with HIF-1a
(Csiki et al., 2006). It remains possible, however, that once

COX-2 is induced in HLF PGE2 may act in an autocrine

manner to further amplify the accumulation of HIF-1a and

COX-2 protein, thereby maintaining the elevated production

and release of the CXC chemokines and VEGF from HLF.

The role of PGE2 in the immune-inflammatory response is

complex. Throughout most of the body PGE2 is well known as

a proinflammatory mediator and contributes to the pathogen-

esis of a variety of disorders including rheumatoid arthritis and

even cancer growth (Harris et al., 2002; McCoy et al., 2002).

However, there is also evidence that PGE2 possesses anti-

inflammatory properties in the lung, and can also attenuate

fibroblast proliferation, myofibroblast transition and collagen

synthesis (Vancheri et al., 2004). The differential roles of

PGE2 in regulating inflammation are dependent, in part, upon

tissue- and cell-specific expression of individual PGE2 receptor

subtypes (EP1–4) which mediate the biological actions of

PGE2. Resistance to the protective effects of PGE2 in fibrotic

lung fibroblasts has been reported (Huang et al., 2008; Moore

et al., 2005). Here we show that PGE2 can have differential

effects of PGE2 on chemical and microbial-driven CXC release

in HLF, in line with our previous findings (Brant and Fabisiak,

2008; Brant et al., 2008). Exogenously added PGE2 suppresses

MALP-2 and LPS-induced CXC chemokine release, yet

enhances the release of CXC chemokines following exposure

to Ni (Supplementary Data and Brant and Fabisiak, 2008). In

HLF, PGE2 can enhance Ni-induced stabilization of HIF-1a,

COX-2 expression and release of VEGF and CXCL8 release

(Supplementary Data), similar to what is seen when Ni is given

in combination with MALP-2. Given that in HLF, stimulatory

effects of PGE2 are only observed in the presence of Ni, these

findings indicate that Ni can alter cellular responses to PGE2.

The synergistic release of CXCL1, 5, and 8 from HLF

following combined Ni and MALP-2 exposures may result

from cooperation between the downstream transcriptional/

post-translational events modulated via COX-2 and PGE2

production in combination with a direct effect of HIF-1a on the

promoter regions of the individual chemokines. Such an effect

would explain, in part, the greater attenuation in the release of

these factors by Ni and MALP-2 in cells transfected with

HIF-1a siRNA compared with those receiving COX-2 siRNA.

It is of note that the profiles of CXC chemokines release,

along with VEGF, following Ni and MALP-2 exposures are

similar to those seen in angiogenic and profibrotic disorders of

the lung. CXCL1, 5, and 8 contain the structural and functional

Glutamate–Leucine–Arginine (ERL) motif, classifying them as

proangiogenic, consistent with their role in the stimulation of

neutrophil recruitment and endothelial cell migration (Addison

et al., 2000). Following Ni and MALP-2 exposure, levels of

CXCL8 in the conditioned medium from HLF reached

approximately 1000–2000 pg/ml, within the range of concen-

trations shown to stimulate proliferation and migration of

endothelial cells (Li et al., 2003). HIF-1a has been established

as a pivotal transcription factor in the regulation of genes

involved in angiogenesis, and overexpression of COX-2 is

commonly observed in nonsmall cell lung cancer (Hida et al.,
1998), where it regulates expression of CXCL5 and CXCL8

(Pold et al., 2004). These findings are consistent with the

current observations that HIF-1a and COX-2 mediate CXCL5

and 8 release from HLF. Recent reports have also indicated that

in addition to their role in angiogenesis, HIF-1a and VEGF

expression may also play a role in pulmonary fibrotic disorders

(Tzouvelekis et al., 2007). Levels of CXCL1, 5, and 8 are also

upregulated in patients with idiopathic pulmonary fibrosis

compared with control subjects (Keane et al., 2001; Strieter

et al., 2002), implicating an additional role for these chemo-

kines in pulmonary disorders.

There were several other genes of interest on the RT2-PCR

array that warrant further investigation, for example,

ANGPTL4 and LEP among others. Little is known regarding

the specific cells types that express ANGPTL4, a gene induced

by hypoxia, which can promote endothelial cell survival and

FIG. 6. Proposed mechanism whereby Ni and MALP-2 interact to promote

the release of VEGF and CXC chemokines from HLF. Solid arrows indicate

pathway stimulated by Ni alone, dashed arrows indicate enhanced pathways of

stimulation occurring in the presence of MALP-2.
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formation of tubule-like structures (Hermann et al., 2005).

Here we show that HLF express ANGPLT4 mRNA and that

expression is enhanced following exposure Ni, both with and

without added MALP-2. Leptin expression is also elevated

following exposures to Ni and MALP-2. Recently, leptin has

been described as a potent angiogenic factor stimulating early

incisional wound angiogenesis, promoting cellular invasion

and migration (Liapakis et al., 2007).

In conclusion, the current findings indicate that Ni and

MALP-2-induced stabilization of HIF-1a, with subsequent

COX-2 expression, drives the release of proangiogenic and

profibrotic mediators VEGF, CXCL1, CXCL5, and CXCL8

from HLF. These findings highlight a novel role for HIF-1a
in mediating chemical-induced alterations in cellular response

to microbial stimuli, imparting a susceptibility to fibrotic

changes and the development of a proangiogenic environment

in the lung.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.

oxfordjournals.org/.
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