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 Urban ambient pollution particles, especially those derived from industrial/combustion 
processes, are composed of a complex array of organic and inorganic components, often adsorbed to a 
carbonaceous core.  Exposure to ambient particles of a variety of sizes has been associated with 
increased cardiopulmonary morbidity and mortality and elevation of pro-inflammatory cytokines in vivo 
and in vitro (1-7).  Ultrafine particles (PM0.1; aerodynamic diameter < 0.1 μm) and nanoparticles 
(aerodynamic diameter < 0.150 μm) have received little attention from regulatory agencies (8), but in 
numerous experimental settings have been found to elicit a range of toxicological effects (9, 10). The 
surface characteristics and crystalline structure of ambient particles can be major determinants of 
pulmonary inflammation and injury (11, 12).  Individually or in concert, complex chemicals adsorbed to 
particles can promote disease processes.  Residual oil fly ash (ROFA) containing transition metals 
induces pulmonary inflammatory infiltrate, edema, and hemorrhage (13).  Diesel exhaust particles 
(DEPs) containing a variety of oxygen radical-generating quinones, polyaromatic hydrocarbons (PAHs), 
and metal species (14-16) produce pulmonary inflammatory cell infiltration and cytokine production (17-
19).  A body of in vitro and in vivo literature has characterized the effects of parent particles and their 
isolated constituents in humans, as well as in animals (20, 21). 

 
In urban areas, combustion of gasoline, diesel fuels, and industrial organics (simple aliphatics 

and/or fossil fuels) contributes significantly to the ambient PM2.5 fine (22) and ultrafine particulate 
fractions (22-23).  Incomplete combustion of low molecular weight hydrocarbons, e.g. during flaring at 
refineries, is a real source of complex environmental particulate contamination.  Petrochemical-derived 
particulates resulting, by accident or sabotage, from refinery or pipeline explosions and fires also 
represent a real hazard both in the United States and abroad.  Radicals formed early in combustion 
interact to form PAHs, including some carcinogens, from less complex structures.  PAHs aggregate into 
nanoparticles, which can extend into branched-chain structures (soots).  We have previously 
characterized the product of incomplete combustion of 1,3-butadiene.  This product, butadiene soot 
(BDS), is both a model mixture and a real-life example of PAH-laden, combustion-derived nanoparticles 
with potential for environmental contamination and for acute and/or chronic health effects (24).  BDS is 
an organic-rich mixture of 30-50 nm carbonaceous particles to which hundreds of PAH species, 
including benzo(a)pyrene [B(a)P] and other carcinogens, are adsorbed (24, 25).  Both, human 
bronchoepithelial cells and mouse alveolar macrophages display a distinct punctate blue, PAH-
associated cytoplasmic fluorescence following exposure to BDS in vitro. The fluorescence localizes to 
cytoplasmic lipid droplets even as Phase I biotransformation enzymes are induced (26).  We 
hypothesized that inhalation of PAH-containing BDS will result in activation of aryl hydrocarbon receptor 
(AhR)-associated genes, as is the case with other PAH-rich mixtures (DEPs, cigarette smoke), will 
cause oxidative stress, and will result in inflammatory changes  
 



METHODS 
 
BDS Exposures:  Eighteen 6-week old female Balb/c mice were obtained from Jackson Laboratories (Stock 000651, Bar 
Harbor, ME).  All procedures were IACUC approved and in accord with NIH Guide for the Care and Use of Laboratory 
Animals (27).  Ten mice inhaled BDS mixed with HEPA-filtered air (5.0 mg/m3,4 hr/day, 4 days) and eight inhaled only HEPA-
filtered air.  Six BDS-exposed mice and four control mice were euthanized and sampled immediately following the fourth day 
of exposure. The remaining four mice from each group were euthanized and sampled the following day.  
 
Airway Hyperresponsiveness:  We assessed airway hyperresponsiveness in unrestrained mice by whole body 
plethysmography (Buxco, Troy, NY) immediately following the final BDS exposure. 
   
Bronchoalveolar lavage fluid (BALF) Collection and Analysis:  We lavaged lungs with phosphate-buffered saline.  
Leukocytes were categorized by type (macrophage, neutrophil, eosinophil) and macrophages were further graded by particle 
burden.  Group 1 macrophages (MΦ1) had <10% cytoplasmic particle burden.  Group 2 macrophages (MΦ2) had 10-50% of 
the cytoplasm occupied by particles. Group 3 macrophages (MΦ3) had > 50% of their cytoplasm occupied by particles.  
BALF was analyzed by enzyme-linked immunosorbent assay (ELISA; BD-Pharmingen, San Diego, C) for TNFα, IL-6, and 
Cxcl2. 
   
Histopathology:  The right lung was excised and stored in 0.02 M periodate-0.1 M lysine-0.25% paraformaldehyde (PLP) 
fixative prior to standard histological sectioning, staining, and evaluation. Histopathology was scored according to 6 
parameters; particles found within 1) alveolar macrophages, 2) interstitial macrophages, and 3) bronchial epithelium; 
numbers of 4) peribronchial neutrophils, and 5) transmigratory neutrophils; and by 6) epithelial damage.   Scoring was 0/1 
(present or absent) for particulate matter in macrophages and epithelium.  All other parameters were scored 0-3 (0, none; 1, 
mild; 2, moderate; 3, severe). 
  
RNA Isolation: The left lung was stored in RNAlater (Applied Biosystems, Foster City, CA).  Total RNA was extracted in 
TRIzol Reagent (Invitrogen, Carlsbad, CA).  
  
Gene Microarray Assay:  Global gene expression was assessed from total RNA on Mouse Genome 430 2.0 Arrays 
(Affymetrix, Santa Clara, CA).  All data collected and analyzed here adhere to the guidelines for Minimal Information About a 
Microarray Experiment (MIAME). 
 
Gene Expression Analysis: Expression Analysis Systems (Durham, NC) eliminated data from poor performing probe sets 
(REDI).  Principle component analysis was used to determine clustering of experimental units.  Treatment group data 
underwent permutation analysis for differential expression (PADE); including a false discovery rate (FDR) based on a 
permutation-generated reference curve (technical information on REDI and PADE analyses available at 
www.expressionanalysis.com).  All transcripts included in this study had a fold change of at least 1.5 (up or down), and both 
an individual p-value and FDR ≤0.05. 
 
Pathway Analysis:  We analyzed gene expression data with the network- and pathway-building software, Ingenuity 
Pathways Analysis 4.0 and examined gene networks and canonical pathways using the Ingenuity Analysis Knowledge 
Database (Ingenuity Systems, Redwood City, CA). 
   
Quantitative Real Time RT-PCR:  We performed quantitative RT-PCR (qRT-PCR) for selected genes on cDNA from lung 
homogenates with inventoried TaqMan Gene Expression Assays primer-probe sets (Applied Biosystems, Foster City, CA). 
   
Statistical Analysis:  We used the UNIVARIATE and TTEST procedures of the SAS statistical package (version 9.1.3; SAS 
Institute, Inc., Cary, NC) to compare qRT-PCR data from lungs.  We used SigmaStat 3.1 software (Systat Software Inc., San 
Jose, CA) to analyze cytokine data.    
 
RESULTS 
 
Airway Hyperresponsiveness:  No significant differences between BDS-exposed mice and controls 
were noted with unrestrained whole body plethysmography (data not presented). 



BALF Cytokines:  IL-8 was significantly higher in BDS-exposed mice (data not presented).  Following a 
day of recovery, IL-8 was further elevated in BDS-exposed mice.   This finding is consistent with the 
increased BALF neutrophilia (described below) in these mice.  No significant differences were detected 
in TNFα and IL-6 levels between BDS-exposed and control mice. 
   
BALF Differentials:  The differential cytology of BALF from air- and BDS-exposed mice, as well as the 
grouping of macrophages by particle burden, is presented in Figure 1.  
 

                                
Figure 1: Differential Leukocyte Counts of BALF from Mice Exposed to Filtered Air or BDS.   In air 
control mice, essentially all the BALF cells were MΦ1 macrophages with fewer than five particles per cell.  The 
source of those particles is unknown.  In the BDS-exposed mice, neutrophil concentration was profoundly 
increased (>10X); < 1% of neutrophils contained particles.  The particle burden of alveolar macrophages also was 
increased (> 50% of the macrophages present were Mφ2 or Mφ3); with one day recovery after BDS exposure, BALF 
neutrophilia increased in BDS-exposed mice (>2X; p=0.002).   
   
 
Lung Histopathology:  Figure 2 shows histopathological changes in the lungs of control mice (2A), 
BDS-exposed mice sacrificed immediately after their final BDS exposure (2B), and BDS-exposed mice 
sacrificed one day following final exposure (2C).  An inflammatory response in BDS-exposed mice 
sacrificed immediate after final exposure (2B) was evidenced by peribronchial neutrophilia and migration 
of neutrophils into the bronchoalveolar space. BDS-exposed mice sacrificed one day post-exposure, 
exhibited increasing neutrophilia, bronchiolar epithelial damage, including basement membrane 
disruption accompanied by the neutrophilic infiltration (Figure 2C).  The BALF and histopathology results 
indicate that inhalation of these combustion-derived nanoparticles elicits a time-dependent increase in 
particle accumulation by alveolar macrophages, an associated deep lung neutrophilia, and persistence 
of particles in the pulmonary interstitium. 
 



         
 
Figure 2:  BDS-exposed mice experience a neutrophilic inflammatory pulmonary infiltrate.   
A:  Photomicrograph of a lung from a mouse exposed to HEPA-filtered air.  Notice the scattered resident population 
of macrophages, in the interstitium and alveolar spaces (black arrowheads).  H&E stain. 
B.  Photomicrograph of a lung from a mouse exposed to 5mg/m3 of BDS for 4 consecutive days and sacrificed 
immediately.  Soot particles are within macrophages (red arrowhead) and bronchiolar epithelial cells (red arrow).  
Neutrophils are migrating into the bronchiolar interstitium (black arrows) but not through the epithelium.  H&E stain. 
C:  Photomicrograph of a lung from a mouse exposed to 5 mg/m3 of BDS for four consecutive days then allowed 
rest for one day.  Soot particles are within alveolar (red arrowheads) and interstitial macrophages.  There is a focus 
of moderate neutrophilic infiltration and transmucosal exocytosis (black arrowheads) with mild disruption of the 
continuity of the bronchiolar epithelium (black arrows).  An interstitial lymphatic vessel is filled with neutrophils 
(green arrowhead), most of which contain 1-3 individual soot particles (not apparent at this magnification).  H&E 
stain. 
 
Microarray:    A total of 261 transcripts (73 down-regulated and 188 up-regulated) passed all criteria (≥ 
1.5 fold-change, p ≤ 0.05, FDR ≤ 0.05) in mice sacrificed immediately following 4 days of BDS exposure.  
Ingenuity Systems identified 248 of these transcripts as154 unique genes (33 down-regulated and 121 
up-regulated).  Aryl hydrocarbon receptor (Ahr)-related genes, oxidative stress response genes, and 
genes associated with inflammation were up-regulated (Table 1).   
 
Quantitative RT-PCR:    We performed qRT-PCR on lung tissue to confirm that BDS inhalation elicited 
up-regulation of biotransformation enzyme and inflammatory cytokine genes (Table 2).  In the lungs of 
mice sacrificed immediately after BDS exposure, significant increases in expression were confirmed for 
selected AhR-responsive biotransformation enzymes.  Chemokine (C-X-C motif) ligand 2 (Cxcl2; MIP-2; 
human IL-8 analog) up-regulation was confirmed by qRT-PCR.  Il6 up-regulation was demonstrated by 
qRT-PCR but was not seen on microarray, a phenomenon that we have previously reported for other 
BALF-derived interleukins (28).   

 
DISCUSSION 

 We have demonstrated that inhalation of combustion-derived BDS nanoparticles causes acute 
pulmonary inflammation in the bronchoalveolar space of mice.  Metals-rich ROFA, oxygen-rich DEPs, 
and tobacco smoke particles also produce inflammatory lung infiltrate.  Effects of these combustion 
products have been attributed to metals (13) hydroquinones oxidized to semiquinone radicals that 
ultimately produce superoxide (29) and other PAH oxidation products.  Although oxidation of PAHs in 
BDS clearly occurs within the cell (Tables 1 & 2), the low oxygen content of BDS indicates that, unlike 
DEP and cigarette smoke, the initial chemical presentation of BDS to the cell is not primarily in the form 
of quinones, hydroquinones, and semiquinones.  The numerous PAHs, including extensively 
investigated carcinogens, e.g., B(a)P, found in DEPs and cigarette smoke are metabolized for 



detoxification and excretion (30, 31).  The first step in this process is Phase I biotransformation.  Our 
results reveal up-regulation of Phase I biotransformation genes in response to BDS inhalation.  

  
The oxidized products of select PAHs metabolized by the cytochrome P450 system are capable 

of forming carcinogenic DNA adducts and/or eliciting oxidative stress responses in cells (32).  These 
effects may be exacerbated by the presence of particles, as in the case of DEPs, where cellular 
oxidative stress 

 
 

Table 1:  Up-Regulated AhR, Oxidative Stress, and Inflammatory Genes in Lungs of BDS-Exposed 
Mice 

 
All gene symbols presented are for the human homolog.  These data are from female mice that were sacrificed 
immediately following final BDS exposure; n = 4 in both groups.  Individual microarrays were analyzed for each 
mouse (non-pooled samples).  Gene expression changes were considered significant only if they passed all filtering 
criteria (p ≤ 0.05, FDR ≤ 0.05, fold-change ≥ 1.5).  
 

Fold Change 
(versus Control) Affymetrix ID Name Description 

AhR    

5.913  1420796_at  AHRR  aryl-hydrocarbon receptor repressor 

8.272  1418752_at ALDH3A1  aldehyde dehydrogenase 3 family, memberA1 
1.917  1417910_at  CCNA2  cyclin A2 

15.919  1422217_a_at  CYP1A1  cytochrome P450, family 1, subfamily A, polypeptide 1 

64.77  1416613_at  CYP1B1  cytochrome P450, family 1, subfamily B, polypeptide 1 
1.506  1423828_at  FASN  fatty acid synthase 

2.432  1452160_at  TIPARP  TCDD-inducible poly(ADP-ribose) polymerase 

Oxidative Stress    
1.685  1423100_at  FOS  v-fos FBJ murine osteosarcoma viral oncogene homolog 

1.823  1455959_s_at  GCLC  glutamate-cysteine ligase, catalytic subunit 

1.585  1449279_at  GPX2  glutathione peroxidase 2 (gastrointestinal) 
1.603  1448239_at  HMOX1  heme oxygenase (decycling) 1 

1.523  1416543_at  NFE2L2  nuclear factor (erythroid-derived 2)-like 2 

6.139  1423627_at  NQO1  NAD(P)H dehydrogenase, quinone 1 
1.582  1421529_a_at  TXNRD1  thioredoxin reductase 1 

Inflammatory/Immune    

2.152  1418133_at  BCL3  B-cell CLL/lymphoma 3 
3.407  1422029_at  CCL20  chemokine (C-C motif) ligand 20 

2.564  1455577_at  CCL28  chemokine (C-C motif) ligand 28 

1.529  1423466_at  CCR7  chemokine (C-C motif) receptor 7 
2.294  1417268_at  CD14  CD14 molecule 

10.433  1419209_at  CXCL2  chemokine (C-X-C motif) ligand 2 

1.722  1449984_at  CXCL3  chemokine (C-X-C motif) ligand 3 
2.619  1419728_at  CXCL6  chemokine (C-X-C motif) ligand 6 (granulocyte chemotactic protein 2) 

1.71  1421034_a_at  IL4R  interleukin 4 receptor 

1.612  1417483_at  NFKBIZ  nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, zeta 
5.191  1417262_at  PTGS2  prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase) 

2.195  1455899_x_at  SOCS3  suppressor of cytokine signaling 3 



Table 2:  Quantitative RT-PCR of lung tissue reveals up-regulation of aryl hydrocarbon receptor 
responsive biotransformation and inflammatory cytokine genes following inhalation exposure to 
BDS 
 

 

 

 

 

 

 

 

 

 

 
Results are reported as fold change over control ± standard error of the mean [(2-ΔΔCT) ± SEM]. 
*significance p<0.05; **significance p<0.0001; †Unequal variance among samples; therefore, Satterthwaite’s 
approximation was used for degrees of freedom in determining significance. 
 
has been linked directly to inflammatory endpoints (17).  We have demonstrated up-regulation both of 
Nrf2 oxidative stress response genes and of pro-inflammatory genes in the lungs of mice following BDS 
exposure.  NRF2 induces expression of HMOX1, NQO1, GPX2, and TXNRD1 in human tissues (33).  
Here, expression of Nfe2l2 (mouse homolog of NRF2) induces each of these genes in the lungs BDS-
exposed mice.  With increasing oxidative stress, inflammatory responses also escalate.  In support of 
this, we demonstrate oxidative stress responses and inflammatory responses in the lungs of mice that 
have inhaled BDS. 

  
Up-regulation of Il6, Cxcl2 (mouse homolog of IL8), Cxcl3, and Cxcl6 can lead to recruitment of 

neutrophils and macrophages to the lungs and is consistent with the neutrophilic inflammatory response 
observed histopathologically in lung sections.  These inflammatory effectors may be produced by 
pulmonary epithelial cells (34) or fibroblasts (35).  A significant influx of neutrophils to the 
bronchoalveolar space also was observed via BALF cytology.  Consistent with the neutrophilia, BALF IL-
8 levels were elevated in BDS-exposed mice.  Increasing neutrophilia was accompanied by the 
emergence of MΦ2s and MΦ3s in the BALF and pulmonary interstitium (Figure 2C).  

  
 Inhalation of particles may elicit not only local effects in the respiratory tract, but systemic effects, 

as well.  An increase in circulating levels of inflammatory cytokines subsequent to PM10 exposure has 
been associated with progression of atherosclerosis (36).  Direct translocation of particles from the 

 
 

Gene Abbreviation 

Applied Biosystems
Primer-Probe Set 

ID Number 4d+0d 4d+1d 

 

AhR-Responsive 
Genes 

    

Ahr Mm00478932_m1 -1.03 ± 0.16 1.00 ± 0.20  
Ahrr Mm00477443_m1 59.93 ± 8.95** 5.97 ± 1.22**  
Aldh3a1 Mm00839312_m1 7.37 ± 1.05** 1.31 ± 0.28  
Cyp1a1 Mm00487218_m1 35.87 ± 4.27**† 11.61 ± 2.44**  
Cyp1b1 Mm00487229_m1 67.99 ± 9.83** 9.74 ± 2.11**  
Tiparp Mm00724822_m1 1.90 ± 0.28** -1.19 ± 0.16  
     
Cytokines     
Cxcl2 (MIP-2; IL-8) Mm00436450_m1 7.82 ± 1.08** 4.94 ± 0.91**  
Ifng Mm00801778_m1 -1.37 ± 0.13 1.14 ± 0.30  
Il-1b Mm00434228_m1 1.22 ± 0.25 1.91 ± 0.44*  
Il-4  Mm00445259_m1 -1.20 ± 0.14 1.07 ± 0.19†  
Il-6 Mm00446190_m1 5.51 ± 1.30** 3.17 ± 0.72*  
Tgfb1 Mm00441724_m1 1.01 ± 0.11 1.02 ± 0.15  
Tnf Mm00443258_m1 1.50 ± 0.24 1.63 ± 0.45  
     



respiratory tree to the systemic circulation has been described as influencing the subsequent 
development of cardiovascular disease conditions (37), although this conclusion has been actively 
challenged by more recent human exposure studies (38, 39).  Ultrafine particles deposited in the 
nasopharyngeal area access the central nervous system via olfactory neuronal transport (40).  Studies 
in rats and dogs have demonstrated that pulmonary epithelial cells have a saturation point with respect 
to PAHs (41).  Combustion-derived ultrafine particles have the potential to translocate to extrapulmonary 
sites with their PAH payload intact, if this PAH saturation point is exceeded.  This is unlikely through 
exposure to ambient environmental particles which usually are present in relatively low concentration 
and have a low overall PAH burden (42).  The saturating concentration might be exceeded however, 
during an acute exposure to high levels of such particles among firefighters, rescue workers, and local 
residents following a terrorist attack (as in September 11th), petrochemical industrial accidents, or 
soldiers and civilian populations exposed to petroleum fires (as in the Gulf Wars).  

 
In summary, we have reported that brief inhalation exposure to a moderate dose of PAH-rich, 

metals-poor combustion-derived ultrafine BDS particles initiates 1) AhR-responsive biotransformation 
responses capable of transforming PAHs into more toxic metabolites, as evidenced by increased 
expression of AhR-responsive genes; 2) cellular oxidative stress, as reflected by up-regulation of Nrf2-
mediated oxidative stress response genes and 3) acute pulmonary inflammation, as demonstrated by 
inflammatory cell infiltration and up-regulation of pro-inflammatory cytokine genes.  Finally, our 
histopathological analyses indicate that freshly-generated inhaled BDS nanoparticles reach the deepest 
bronchoalveolar spaces in lungs of exposed mice. 

 
All figures and tables are reprinted with the permission of the American Thoracic Society and originally 
appeared in a manuscript by Rouse R, Murphy G, Boudreaux M, Paulsen D, and Penn A in 2008 
entitled “Soot nanoparticles promote biotransformation, oxidative stress, and inflammation in murine 
lungs” published in American Journal of Respiratory Cell and Molecular Biology, volume 39 (2), pages 
198-207. 
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