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Abstract:



Exposure to particulate matter (PM2.5–10), including diesel exhaust particles (DEP) has been reported to induce lung injury and exacerbation of asthma and chronic obstructive pulmonary disease. Alveolar macrophages play a major role in the lung’s response to inhaled particles and therefore, are a primary target for PM2.5–10 effect. The molecular and cellular events underlying DEP-induced toxicity in the lung, however, remain unclear. To determine the effect of DEP on alveolar macrophages, RAW 264.7 cells were grown in RPMI 1640 with supplements until confluency. RAW 264.7 cultures were exposed to Hank’s buffered saline solution (vehicle), vehicle containing an NF-κB inhibitor, BAY11-7082 (25μM with 11/2 hr pre-incubation), or vehicle containing DEP (250μg/ml) in the presence or absence of BAY11-7082 (25μM with 11/2 hr pre-incubation) for 4 hr and TNF-α release was determined by enzyme-linked immunosorbent assay and confirmed by western blots. RAW 264.7 apoptotic response was determined by DNA fragmentation assays. U937 cells treated with campothecin (4 μg/ml × 3 hr), an apoptosis-inducing agent, were used as positive control. We report that exposure to the carbonaceous core of DEP induces significant release of TNF-α in a concentration-dependent fashion (31 ± 4 pg/ml, n = 4, p = 0.08; 162 ± 23 pg/ml, n = 4, p < 0.05; 313 ± 31 pg/ml, n = 4, p < 0.05 at 25, 100, and 250 μg/ml, respectively). DEP exposure, however, failed to induce any apoptotic response in RAW 264.7 cells. Moreover, inhibition of NF-κB binding activity has resulted in DEP-induced apoptotic response in alveolar macrophages, as demonstrated by the NF-κB inhibitor, BAY11-7082 studies. The results of the present study indicate that DEP induce the release of TNF-α in alveolar macrophages, a primary target for inhaled particles effect. DEP-induced TNF-α gene expression is regulated at the transcriptional level by NF-κB. Furthermore, DEP-induced increase in NF-κB-DNA binding activity appears to protect against apoptosis.











Introduction


Particulate matter (PM) is released into the ambient air from the combustion of fossil products by industrial and agricultural processes, and transportation. Diesel exhaust particles generated and emitted from diesel engines are a major component of atmospheric PM. The pulmonary epithelium and resident macrophages are primary targets of inhaled particulate matter (PM2.5–10). Increased morbidity and mortality from cardiopulmonary complications have been associated with exposure to PM2.5–10. Diesel exhaust particles are of the criteria air pollutants that are implicated in inducing lung disease and injury [1]. Many studies have implicated fine particles, including DEP in airway inflammation and hyper-responsiveness [2] and in exacerbation of asthma and chronic obstructive pulmonary disease (COPD) [3–5]. Benzo[a]pyrene, a major aromatic hydrocarbon constituent coupled with DEP was shown to induce the release of inflammatory cytokines in human airway epithelial cells [1]. Suppression of human alveolar macrophage phagocytic activity has been correlated with exposure to DEP [6]. Exposure to PM2.5–10 has been reported to induce significant release of the inflammatory cytokine IL-8, a potent neutrophil chemoattractant in human monocytes [7]. Moreover, urban air particulates, including DEP have been reported to cause apoptosis of human alveolar macrophages [8]. Macrophage programmed cell death may provide a mechanistic approach to understanding lung inflammation and injury attributed to exposure to ambient air particulates [9].



In vitro studies have indicated that airway epithelial cells and macrophages can bind and ingest various types of PM [10]. Increased binding activity, in addition to released inflammatory cytokines will stimulate the alveolar macrophage (AM) to release increased amounts of TNFα that may induce apoptotic cell response in macrophages through the activation of DNA-binding nuclear factors, in particular, nuclear factor-κB (NF-κB). The signaling cascade of TNF-α-induced AM apoptosis may provide a mechanistic approach to the molecular mechanisms underlying PM-induced lung inflammation and injury. Therefore, the present study aimed at determining whether: 1) DEP activate alveolar macrophages and induce TNF-α gene expression, and 2) DEP induces an apoptotic response in alveolar macrophages.



Takano et al. [11] have shown that DEP (250 μg/ml) increases NF-κB-DNA binding activity in the lung of mice associated with over-expression of macrophage-activating protein-1 (MP-1) and interleukin-1β (IL-1β) genes. Hiura et al. [12] have reported that DEP induces apoptosis in RAW 264.7 macrophages. There is increased evidence that apoptosis in macrophages may be regulated by the transcription factor, NF-κB. Furthermore, Koay et al. [13] have shown that macrophage counts are associated with TNF-α release in response to LPS in the lung and are essential for initiation of NF-κB-dependent immune response.



Over-expression of pro-inflammatory genes in the lung is regulated at the transcription level [14, 15]. Many pro-inflammatory genes, for example, IL-8, IL-6, tumor necrosis factor-α (TNF-α), and granulocyte macrophage-colony stimulating factor (GM-CSF) have κB sites in their 5′-flanking regions [16]. Activation of several transcription factors, notably, NF-κB results in the expression of various proinflammatory genes, for example, TNF-α, IL-6, IL-8, and GM-CSF [17]. Increased activation of NF-κB has been demonstrated in airways and in sputum macrophages of asthmatics [18]. Glucocorticoids that inhibit NF-κB activation have been shown to reduce the survival of eosinophils, a characteristic in asthma [19].



We report here that DEP induce the release of TNF-α in the alveolar macrophage cell line, RAW 264.7. Over-expression of TNF-α gene was found to be regulated through increased NF-κB-DNA binding activity. Furthermore, DEP-induced activation of NF-κB appears to protect against apoptosis in cultured RAW 264.7 cells.




Materials and Methods


Materials


The murine alveolar macrophage cell line, RAW 264.7, RPMI 1640, antibiotics and supplements, and fetal bovine serum (FBS) were obtained from American Type Culture Collection (Rockville, MD). Hank’s buffered saline solutions (HBSS containing 30mM Hepes) were obtained from Clonetics (San Diego, CA). TNF-α antibodies and IL-1β were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse recombinant sandwich immunosorbent assay (ELISA) kit specific for tumor necrosis factor-α (TNF-α) was purchased from Pierce-Endogen (Springfield, IL). Diesel-exhaust particulates (DEP, SRM 1975, treated for lipopolysaccharide, LPS and the organic fraction extracted) with a mean diameter of 0.3 μm were purchased from the National Institute of Standards and Technology (NIST, Rockville, MD).




Alveolar Macrophages (AM)


RAW 264.7 cells were cultured in RPMI 1640 with 10% FBS optimized for macrophage growth and supplemented with penicillin (100 units/ml) and streptomycin (100 μg/ml) (Gibco BRL) until confluency. RAW 264.7 cells were grown on plastic, 6-well format plates. Before exposure to DEP, the growth medium was aspirated and Hank’s Saline Solution buffered with Hepes (30 mM) (HBSS/Hepes; pH 7.4) was added.




Measurement of TNF-α Release


TNF-α is an important cytokine that plays a role in the activation of macrophages and induces macrophage apoptosis. To measure the effect of DEP exposure on TNF-α release in the alveolar macrophage, confluent monolayers of the alveolar macrophage cell line, RAW 264.7, were exposed to vehicle (HBSS/30 mM Hepes) alone, or DEP at 25, 100, or 250 μg/ml for 4 hr, and TNF-α release was determined using sandwich mouse TNF-α ELISA. Briefly, the plate was coated with a TNF-α-specific antibody by biotin. The sample is added where TNF-α will bind to its antibody. Following washing the residue of unbound protein, another specific TNF-α antibody is added to which a horse radish peroxidase (HRP) enzyme is attached by streptavidin. Methyl tert-butadiene is added as the substrate for HRP. Measurements were performed in duplicates and the assay is specific for TNF-α without any interference from other cytokines. TNF-α protein levels in the culture supernatants were calculated from corresponding absorbances measured at 450 nm using a Bio-Tek EL311 autoplate reader (Bio-Tek, Winooski, VT) and standard calibration curves. The ELISA kit has a 5 pg/ml lower limit of detection. Following ELISA determinations, western blots were performed to confirm TNF-α proteins.




Western Blot Analysis of TNF-α Protein


Denatured total proteins (30μg) of cytosolic and nuclear fractions were separated on 12% denaturing polyacrylamide gels and electrotransferred to Hybond-C nitrocellulose membranes. Following standard blocking and washing procedures, the membranes were incubated with polyclonal antibodies against TNF-α, and horseradish peroxidase-conjugated anti-goat IgG secondary antibodies. Detection of proteins was performed by enhanced chemiluminescence (ECL). Blotted membranes were exposed to Kodak hyperfilm to determine protein production.




Detection of Apoptosis


To determine whether exposure to DEP induces an apoptotic response in alveolar macrophages, 3–4 × 105 of RAW 264.7 cells were grown in plastic 6-well format plates for 3 days. Monolayers were treated with vehicle (HBSS/Hepes) alone (control), vehicle containing DEP at 250μg/ml (DEP), or IL-1β at 100ng/ml (IL-1β), for 4 hr in triplicate wells. Following treatment, floating and adherent cells were pooled together and lysed with 500 μl of lysis buffer (1% SDS, 10 mM Tris, pH 7.4) for 10 min. Lysed cells were transferred to 1.5ml Eppendorf tubes and centrifuged at 1,000 × g for 10min to separate low molecular weight DNA (oligonucleosome-sized fragments derived from apoptotic cells) from high molecular DNA (derived from viable cells). A 20μl aliquot of a 1:5 dilution of the supernatant containing oligonucleosomes was used to detect apoptosis using a DNA fragmentation kit (Roche Molecular Biochemicals) according to the manufacturer’s directions. DNA fragments were separated by electrophoresis on agarose gels. U937 cells treated with campothecin, an apoptosis-inducing agent were used as positive control.



To determine the role of NF-κB in regulating the expression of TNF-α gene in alveolar macrophages, or the apoptotic response, monolayers of RAW 264.7 cells were pre-treated with BAY11-7082 (25 μg/ml × 1 1/2 hr), an NF-κB inhibitor. Following pre-treatment, RAW 264.7 cultures were treated with vehicle (HBSS/Hepes) alone, or vehicle containing DEP (250 μg/ml × 4 hr) and TNF-α release or DNA fragmentation were determined as discussed earlier.





Statistical Analysis


Experiments were replicated three times to ensure reproducibility. Comparisons of TNF-α protein levels between control and DEP-exposed groups were performed using one-way analysis of variance (ANOVA) (20). Data are expressed as mean ± standard error of the mean (SEM).




Results


Induction of TNF-α by DEP in Alveolar Macrophages


To determine the effect of DEP exposure on TNF-α release, confluent RAW 264.7 monolayers were exposed to vehicle alone (HBSS/30mM Hepes) alone, or vehicle containing 25, 100, or 250μg/ml DEP for 4 hr, and TNF-α release was measured using mouse TNF-α ELISA. As shown in figure 1, DEP exposure induced significant release of TNF-α at the concentration levels 100 and 250 μg/ml (162 ± 23 pg/ml, n = 4, p < 0.05, and 313 ± 31 pg/ml, n = 4, p < 0.05, respectively). Exposure of RAW 264.7 cultures to a concentration level of 25 μg/ml for 4 hr did not result in any significant release of TNF-α (31 ± 4pg/ml, n = 4, p = 0.08) compared to control cultures (23 ± 4pg/ml, n = 4). The results in figure 1 show that DEP exposure induces TNF-α release in a dose-dependant fashion. In additional experiments, treatment of cultures of alveolar macrophages with IL-1β at a concentration of 100 ng/ml for 4 hr, resulted in a significant release of TNF-α (139 ± 31 pg/ml, n = 4, p < 0.05) compared to control cultures (23 ± 3 pg/ml, n =4). The effect of DEP exposure at a concentration of 100 μg/ml for 4 hr is similar to the effect induced by IL-1β, as demonstrated in figure 1.


Figure 1. Effect of Diesel Exhaust Particles (DEP) on Tumor Necrosis Factor-α (TNF-α) Production in Alveolar Macrophages. Confluent cultures of alveolar macrophages (RAW 264.7) were exposed to vehicle (HBSS/30 mM Hepese) alone, vehicle containing DEP at 25, 100, or 250μg/ml, or IL-1β at 0.1μg/ml for 4 hours. Following exposure, TNF-α release was measured in control and exposed cultures using mouse ELISA. Data (pg/ml) are presented as mean ± SEM (n). *Significant difference (p < 0.05) from control values.
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Determination of TNF-α Protein by Western Blotting


Figure 3 demonstrates the effect of DEP exposure on TNF-α protein production as determined by western blotting techniques.


Figure 3. Effect of Diesel Exhaust Particles (DEP) on Alveolar Macrophage Apoptosis. Confluent monolayers of RAW 264.7 cells were treated with vehicle (HBSS/Hepes) alone (control), vehicle containing DEP at 250 μg/ml (DEP), or IL-1β at 0.1 μg/ml for 4 hr. Following treatment, DNA was isolated and fragmentation was assessed by DNA ladder kit on agarose according to the manufacturer’s directions. U937 cells treated with campothecin, an apoptosis-inducing agent were used as positive control. Pane shows bands corresponding to treatment groups: molecular weight marker, 1; positive control, 2; control cultures, 3, 4, 5, in triplicate; DEP-treated cultures, 6, 7, 8, in triplicate; and IL-1β-treated cultures, 9, 10, 11, in triplicate.
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Inhibition of DEP-induced TNF-α Expression by Inhibiting NF-κB Binding Activity


Many studies have demonstrated that TNF-α gene expression is regulated at the transcriptional level by NF-κB. Inhibition of NF-κB by BAY-11 (25 μM × 1 ½ hr pre-incubation) which inhibits the phosphorylation of IκB, resulted in total abrogation of TNF-α release (83 ± 5% inhibition, n = 4, p < 0.05), as demonstrated in figure 4. Treatment of RAW 264.7 cultures with BAY-11 (25 μM with 1 ½ hr pretreatment) also significantly inhibited IL-1β-induced TNF-α release (77 ± 4% inhibition, n = 4, p<0.05), similar to the inhibitory effect on DEP-induced TNF-α release (Fig. 4).


Figure 4. Effect of Nuclear Factor-κB (NF-κB) Inhibition on Tumor Necrosis Factor-α (TNF-α) Production in Alveolar Macrophages. Monolayers of RAW 264.7 cells were pre-treated with BAY11-7082 (25μg/ml × 1 1/2 hr), an NF-κB inhibitor. Following pre-treatment, RAW 264.7 cultures were treated with vehicle (HBSS/Hepes) alone, or vehicle containing DEP (250 μg/ml × 4 hr) or IL-1β (0.1μg/ml × 4 hr), and TNF-α release in cellular supernatants were determined by enzyme-linked immunosorbent assays (ELISA). The data (pg/ml) are presented as mean ± SEM (n). *Significant inhibition (p < 0.05) from DEP-, or IL-1β-treated cultures.
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Effect of DEP Exposure on Alveolar Macrophage Apoptotic Response


Figure 5 demonstrates that treatment of cultures of RAW 264.7 cells with DEP at a concentration of 250 μg/ml for 4 hr failed to induce any apoptotic response. Apoptosis was clearly induced in U 937 cells treated with campothecin (3μM × 4 hr), an apoptosis-inducing agent, and served as positive controls (Fig. 5). However, inhibition of NF-κB binding activity by BAY-11 resulted in DEP-induced apoptotic response as demonstrated by DNA fragmentation studies (Fig 5).


Figure 5. Effect of Nuclear Factor-κB (NF-κB) Inhibition on Diesel Exhaust Particles (DEP)-induced apoptosis in Alveolar Macrophages. Monolayers of RAW 264.7 cells were pre-treated with BAY11-7082 (25 μg/ml × 1 1/2 hr), an NF-κB inhibitor. Following pre-treatment, RAW 264.7 cultures were treated with vehicle (HBSS/Hepes) alone, or vehicle containing DEP (250 μg/ml × 4 hr). Following treatment, DNA was isolated and fragmentation was assessed by DNA ladder kit on agarose according to the manufacturer’s directions. U937 cells treated with campothecin (3 μM × 4 hr), an apoptosis-inducing agent were used as positive control (positive control). Lanes are as follows: molecular weight marker, 1; positive control, 2; DEP-exposed cultures pre-treated with BAY11-7082, 3; DEP-exposed cultures, 4; control cultures, 5; and control cultures pre-treated with BAY11-7082, 6.
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Discussion


Alveolar macrophages are the lung cells responsible for ingestion and clearance of inhaled particles [21]. They play a key role in lung inflammation, asthma pathogenesis, and regulation of airway remodelling.



This view has been supported by correlation between the severity of asthma and the level of macrophage activation [22]. Activation of macrophages has been associated with increased production of the pro-inflammatory cytokines, IL-1β, TNF-α, IL-6, IL-4, platelet activating factor, and leukotrienes [22, 23]. TNF-α is a potent mediator of inflammatory and immune responses. Increased production of TNF-α by activated macrophages has been associated with pulmonary inflammation [24, 25]. TNF-α has been shown to rapidly induce NF-κB activation in cells expressing TNF-α receptors, TNFR-1 and TNFR-2 [26].



The results of the current study demonstrate that DEP exposure activates alveolar macrophages by inducing the release of the inflammatory cytokine TNF-α (Fig. 3). The release of TNF-α was found to be regulated at the transcriptional level by the nuclear factor NF-κB, as demonstrated by BAY11-70811, an inhibitor of IκB phosphorylation and its subsequent degradation (Fig. 4). Adamson et al. [27] have shown that urban particulate matter where DEP are a major component, instilled into rat lung induced significant release of TNF-α. The results of the current study are in agreement with the reported findings by Adamson and co-workers, and demonstrate that the RAW 264.7 in vitro model is useful in studying the effect of DEP in the lung.



Takano et al. [11] have shown that DEP (250μg/ml) increases NF-κB-DNA binding activity in the lung of mice with significant increase in macrophage-activating protein-1 (MP-1) and IL-1β release. In the present study, inhibition of NF-κB binding activity completely abrogated TNF-α protein expression (Fig. 4), indicating that DEP-induced TNF-α expression is regulated by NF-κB. IL-1β and TNF-α are pro-inflammatory cytokines and are both regulated at the transcriptional level by NF-κB. Moreover, TNF-α and IL-1β induce rapid nuclear translocation of NF-κB by inducing rapid phosphorylation and degradation of the inhibitory protein, IκB [15, 28–30]. Our results also demonstrate that IL-1β-induced TNF-α expression is regulated by NF-κB, as demonstrated by the inhibitor BAY-11 studies (Fig. 4). NF-κB has been implicated in proapoptotic as well as antiapoptotic signaling pathways in the lung [31–34]. Recently, however, many studies have suggested that translocation of NF-κB subunits to the nucleus serves to protect against apoptosis and enhance resistance to stimuli-induced cytotoxicity [35–38].



The apoptotic response in macrophages may be regulated by the transcription factor NF-κB. Koay et al. [13] have shown that macrophage counts are associated with TNF-α release in response to LPS in the lung, and are essential for initiation of NF-κB-dependent immune response. Blocking of NF-κB binding activity has been shown to increase inflammatory cell apoptosis [39, 40]. Alveolar macrophages are the primary cells involved in the clearance of inhaled particles, pathogens, and apoptotic cells in the lung. Recent studies have indicated that clearance of apoptotic neutrophils by macrophages may be a determining step in the regression of COPD [41, 42]. Hiura et al. [8] have reported that DEP induce apoptosis in RAW 264.7 macrophages. However, in the same studies by Hiura and co-workers, exposure to DEP after its organic constituents have been extracted failed to induce any apoptotic response in RAW 264.7 cells. DEP-bound polycyclic aromatic hydrocarbons (PAHs), halogenated aromatic hydrocarbons (HAHs), and quinones have been implicated in the induction of apoptosis in alveolar macrophages [8], rather than extracted DEP.



In our studies, DEP were treated for LPS and the organic constituents were extracted. The failure of DEP to induce an apoptotic response in RAW 264.7 cultures in the present study may be attributed to the absence of active organic constituents bound to DEP surfaces, notably, PAHs. Alveolar macrophages are rich in enzymes active in the transformation of foreign substances, for example, cytochrome P4501A1 (CYP 1A1) that contribute to the generation of reactive oxygen species (ROS). These enzymes are induced by PAHs and other DEP-bound constituents. DEP-adsorbed organic compounds have been shown to generate ROS by activating CYP 1A1 and NADPH quinine oxidoreductase in human airway epithelial cells [43]. Inhibition of NF-κB activation by antioxidants in a Jurkat T cell line has suggested that reactive oxygen intermediates are involved in the signalling pathways of NF-κB activation [44–46]. Despite the numerous studies that have addressed the cytotoxic effect of DEP on the alveolar macrophage and their role in NF-κB activation, the mechanisms underlying DEP-induced NF-κB activation remain not well defined. Earlier studies by Janssen-Heininger et al. [47] have demonstrated different signaling pathways for ROS and TNF-α in the activation of NF-κB. Using dominant negative Ras constructs, the authors were able to demonstrate the involvement of Ras in ROS-induced NF-κB activation in human airway epithelial cells. In the same studies, TNF-α-induced NF-κB activation, however, was reported to be Ras-independent. Whereas, the signaling pathways underlying TNF-α-induced NF-κB activation are well defined, oxidant-induced signaling events leading to NF-κB activation remain not well characterized. In the present study, uptake of DEP by alveolar macrophages may have resulted in a respiratory burst associated with superoxide and H2O2 generation. Released H2O2 and superoxide may have activated the mitogen-activated protein kinases/extracellular-regulated kinase kinase kinase-1 (MEKK-1) downstream from Ras. MEKK-1 has been shown to activate IκB kinase (IKK) and the c-Jun N terminal kinases (JNK), both capable of activating NF-κB downstream [48]. The activation of NF-κB and the transcription and release of TNF-α may have created an autocrine loop, where binding of released TNF-α to its receptor activates TNF receptor-associated factor (TRAF). The activation of TRAF and the subsequent activation of NF-κB-inducing kinase (NIK) would augment NF-κB activation and prevent apoptosis.



In summary, the results of our study show that exposure to DEP at physiologically relevant concentrations (25–250 μg/ml) significantly induce the release of TNF-α, a cytokine implicated in inflammatory and immune responses. This effect is induced by the carbonaceous core of DEP since DEP utilized in the present study were treated for LPS and the adsorbed organic constituents extracted. Moreover, our results indicate that TNF-α release and activation of NF-κB may protect against apoptosis in the alveolar macrophage cell line, RAW 264.7.
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Figure 2. Tumor Necrosis Factor-α (TNF-α) Protein Analysis by Western Blotting. Confluent monolayers of RAW 264.7 cells were treated with vehicle (HBSS/Hepes) alone, vehicle containing DEP (250 μg/ml), or IL-1β (0.1μg/ml) for 4 hours. Following the various treatments cells were harvested and lysed by sonication in lysis buffer on ice. Denatured total proteins (20 μg) of cytosolic and nuclear fractions were separated on 12% denaturing polyacrylamide gels and electrotransferred to Hybond nitrocellulose membranes. Following standard blocking and washing procedures, the membranes were incubated with polyclonal antibodies against TNF-α, and horseradish peroxidase-conjugated anti-goat IgG secondary antibodies. Detection of proteins was performed by enhanced chemiluminescence (ECL). Panel shows bands corresponding to treatment groups: 1. Control Cultures, 2. DEP-Treated Cultures, and 3. IL-1β-Treated Cultures. 
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