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Abstract

The biological effect of an inorganic particle (i.e., silica) can be associated with a disruption in cell 

iron homeostasis. Organic compounds included in particles originating from combustion processes 

can also complex sources of host cell iron to disrupt metal homeostasis. We tested the postulate 

that (1) wood smoke particle (WSP) sequesters host cell iron resulting in a disruption of metal 

homeostasis, (2) this loss of essential metal results in both an oxidative stress and biological effect 

in respiratory epithelial cells, and (3) humic-like substances (HULIS), a component of WSP, have 

a capacity to appropriate cell iron and initiate a biological effect. BEAS-2B cells exposed to WSP 

resulted in diminished concentrations of mitochondrial 57Fe, whereas preincubation with ferric 

ammonium citrate (FAC) prevented significant mitochondrial iron loss after such exposure. 

Cellular oxidant generation was increased after WSP exposure, but this signal was diminished by 

coincubation with FAC. Similarly, exposure of BEAS-2B cells to 100 μg/mL WSP activated 

mitogen-activated protein (MAP) kinases, elevated NF-E2-related factor 2/antioxidant responsive 

element (Nrf2 ARE) expression, and provoked interleukin (IL)-6 and IL-8 release, but all these 

changes were diminished by coincubation with FAC. The biological response to WSP was 

reproduced by exposure to 100 μg/mL humic acid, a polyphenol comparable to HULIS included in 

the WSP that complexes iron. We conclude that (1) the biological response following exposure to 

WSP is associated with sequestration of cell iron by the particle, (2) increasing available iron in 

the cell diminished the biological effects after particle exposure, and (3) HULIS included in WSP 

can sequester the metal initiating the cell response.
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INTRODUCTION

The human lung is regularly exposed to a variety of particles, including those in air 

pollution, cigarette smoke, environmental tobacco smoke, forest fires, emissions from gas 

and wood stoves, burning of biomass other than wood, and mining/processing of coal and 

mineral oxides. Features of the clinical presentation and changes in human physiology and 

pathology following exposure to many of these diverse particles appear to be comparable to 

some extent and can include (1) respiratory symptoms of cough, wheezing, and shortness of 

breath, (2) an acute, reversible decrement in pulmonary function and elevation in bronchial 

hyperreactivity, (3) histopathological changes of acute neutrophilic inflammation, 

emphysema, and parenchymal fibrosis, (4) hemorrheological changes with elevations in 

white blood cell counts and increases in C-reactive protein, fibrinogen, and blood viscosity, 

and (5) an association with cardiovascular disease.1–7 This shared clinical, physiological, 

and pathological presentation after exposure to many disparate particles suggests a common 

mechanism for their biological effect. Therefore, a single pathway may exist for all particles 

through which a biological effect is generated. If this is true, a proposed explanation for the 

activity of a specific particle could be relevant to all.

One proposal that could explain the biological effect common to these particles is an altered 

iron homeostasis in the host cell following their exposure. Iron is an essential micronutrient 

utilized in almost every aspect of normal cell function. Consequently, life has evolved with a 

dependency on iron availability, and all living organisms require it. Unfortunately, those 

same chemical properties that allow iron to function as a catalyst in reactions involving 

molecular oxygen can make it a threat to life via the generation of O2-based free radicals. In 

an aqueous environment, oxides, oxide minerals, and incompletely combusted carbon 

include oxygen-containing functional groups at their surface (e.g., Si–OH, CHO, and CO–

OH groups). The deposition of particles with surfaces comprised of oxygen-containing 

functional groups introduces an electronegative interface, following deprotonation at 

physiologic pH values, into the lower respiratory tract. As a result of its electropositivity, 

iron cation has a high affinity for such oxygen-donor ligands. Therefore, this metal will react 

with oxygen-containing functional groups at particle surfaces. In the lower respiratory tract, 

retained particles have consistently demonstrated the capacity to accumulate iron from 

available cell sources, reflecting the ability of the surface to complex host iron.8,9

The host responds to a loss of requisite metal with attempts to resequester so as to make it 

less available to the particle surface. This is accomplished, in some measure, through storage 

in a less catalytically reactive state within ferritin. Following the introduction of any particle 

(and fiber) into the lung, this disruption of iron homeostasis and the attempt to re-establish 

normal metal equilibrium in the host can result in the formation of a ferruginous body.9,10 
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The disruption of host iron homeostasis could contribute to the generation of oxidative stress 

and a biological effect following particle exposure.

The complexation of iron by the particle surface with consequent oxidant generation is 

especially pertinent to particles that contain organic compounds including a wood smoke 

particle (WSP). Following exposure to the particle, organic constituents (e.g., humic-like 

substances or HULIS) retained in the lung can complex available metal.11,12 This can be 

observed in vivo with the formation of ferruginous bodies in survivors of fires involving 

wooden structures.13 We tested the postulate that (1) WSP sequesters host cell iron resulting 

in a disruption of cell metal homeostasis, (2) this loss of essential metal results in both an 

oxidative stress and biological effect in respiratory epithelial cells, and (3) HULIS are a 

component of WSP with the capacity to appropriate host iron and initiate a biological effect.

EXPERIMENTAL PROCEDURES

Materials

All reagents were from Sigma Co. (St. Louis, MO) unless otherwise specified. Wood smoke 

was generated by heating red oak wood on an electric heating element (Brinkmann 

Corporation, Dallas, TX) in a Quadra-fire 3100 woodstove (Colville, WA). The log was 

heated slowly over 4 to 6 h to maximize particle release. WSP was obtained by its 

mechanical disruption from the chimney above the woodstove followed by sonication in 

water to disaggregate the particles. Prior to precipitation on the chimney, the number median 

diameter was 0.14 ± 0.01 μm. The ratio of elemental to total carbon in the particle was 0.005 

± 0.006 (n = 2). Ionizable metal in the WSP was quantified as that concentration displaced 

into 1 N HCl (1.0 mg/1.0 mL) after 1 h agitation. These metals were quantified in triplicate 

using inductively coupled plasma optical emission spectroscopy (ICPOES; Model Optima 

4300D, PerkinElmer, Norwalk, CT) and were (in ppm): 0.31 ± 0.02 aluminum, 7.66 ± 0/09 

calcium, 0.09 ± 0.00 chromium, 0.02 ± 0.00 copper, 0.76 ± 0.01 iron, 0.35 ± 0.01 

magnesium, 0.06 ± 0.00 nickel, 0.00 ± 0.00 vanadium, and 0.10 ± 0.01 zinc. HULIS in the 

WSP was isolated as that fraction soluble in aqueous solution at pH 8.5 but insoluble at pH 

2.0. After drying, this was weighed and demonstrated to be 21.2 ± 4.7% total particle mass 

(n = 2).

Cell Culture

The respiratory epithelial cells used in all studies were BEAS-2B cells (S6 subclone; 

obtained from Dr. Curtis Harris). This is an immortalized line of normal human bronchial 

epithelium derived by transfection of primary cells with SV40 early region genes. Cells were 

grown to 90–100% confluence on uncoated plastic 12-well plates in keratinocyte growth 

medium (KGM; Lonza Inc., Allendale, NJ). Iron homeostasis in BEAS-2B cells has been 

previously demonstrated to be comparable to that in primary human bronchial epithelial 

cells.14

Mitochondrial Iron Concentrations

BEAS-2B cells in 75 cm2 flasks were exposed to 1.0 μM 57Fe FAC for 4 h. The cells were 

washed with phospate buffered saline (PBS) and exposed to PBS, 100 μg/mL WSP (WSP 
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100), or 200 μg/mL WSP (WSP 200) for 15 min. Nuclear and mitochondrial fractions were 

isolated, hydrolyzed in 1.0 mL of 3 N HCl/10% TCA for 24 h, and nonheme 57Fe in the 

fraction supernatants were measured using inductively coupled plasma mass spectroscopy 

(ICPMS; Elan DRC II, PerkinElmer).15 BEAS-2B cells were grown in 75 cm2 flasks, 

incubated in media with 200 μM FAC for 4 h, and then treated with 1.0 μM 57Fe FAC for 4 

h. The cells were washed with PBS and exposed to PBS, 100 μg/mL WSP, or 200 μg/mL 

WSP for 15 min. Nuclear and mitochondrial fractions were collected, hydrolyzed in 1 N 

HCl/10% TCA for 24 h, and 57Fe in the fraction supernatants was measured.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated using a Qiagen kit (Qiagen, Valencia, CA) and reverse transcribed 

to generate cDNA using a High Capacity cDNA Reverse Transcription kit (Applied 

Biosystems, Foster City, CA). Oligonucleotide primer pairs and fluorescent probes for 

divalent metal transporter 1 (DMT1) and GAPDH were designed using a primer design 

program (Primer Express, Applied Biosystems) and obtained from Integrated DNA 

Technologies (Coralville, IA). Quantitative fluorogenic amplification of cDNA was 

performed using the ABI Prism 7500 Sequence Detection System (Applied Biosystems), 

primer/probe sets of interest, and TaqMan Universal PCR Master Mix (Applied Biosystems). 

The relative abundance of GAPDH mRNA was used to normalize mRNA levels.

Cell Iron Concentrations

BEAS-2B cells were exposed to PBS, 100 μg/mL WSP, or 200 μg/mL WSP with or without 

200 μM FAC. After 4 h of incubation, the buffer and exposure were removed, and the cells 

were washed with PBS and scraped into 1.0 mL of 3 N HCl/10% trichloroacetic acid (TCA). 

After hydrolysis at 70 °C, iron (nonheme) concentration in the supernatant was determined 

using inductively coupled plasma optical emission spectroscopy (ICPOES; Model Optima 

4300D, PerkinElmer, Norwalk, CT).

Cell Ferritin Concentrations

BEAS-2B exposures to PBS, 100 μg/mL WSP, or 200 μg/mL WSP with or without 200 μM 

FAC were repeated for 24 h. After the media was removed, cells were washed with PBS, 

scraped into 1.0 mL of PBS, and disrupted using five passes through a 25 gauge needle. The 

concentrations of ferritin in the lysates were quantified using an immunoturbidimetric assay 

(Kamiya Biomedical Company, Seattle, WA).

Cellular Oxidant Generation

Oxidant generation by BEAS-2B cells was determined using Amplex Red (Molecular 

Probes, Eugene, OR) fluorescence. Cells grown on 96 well Co-Star (Corning Corp., 

Corning, NY) white-walled tissue culture plates to confluence were preloaded with the dye 

prior to exposure for 20 min at 37 °C/5% CO2. BEAS-2B cells were pretreated with either 

PBS or 200 μM FAC and then exposed to PBS or 100 μg/mL WSP in PBS. The reported 

value is fold change over control cells that have been preloaded with dye and exposed to 

only PBS. In addition, the cells were pretreated with 1.0 μM rotenone for 15 min and 

exposed to 100 μg/mL WSP.
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Mitogen-Activated Protein (MAP) Kinase Activation

Protein kinase phosphorylation was analyzed by Western blotting. Cells were pretreated with 

PBS or 200 μM FAC and then exposed to PBS or 100 μg/mL WSP in PBS for 4 h. After 

washing with PBS, the cells were lysed with RIPA lysis buffer. Following normalization for 

protein content, cell extracts were subjected to SDS-PAGE on 11% gradient PAGE gels with 

a Tris-glycine-SDS buffer. Proteins were then electroblotted onto nitrocellulose. The 

membranes were incubated with 1:1,000 phospho-specific extracellular signal-regulated 

kinase (ERK) 1/2 and p38 antibodies (Cell Signaling Technology, Danvers, MA) followed 

by incubation with 1:2000 horse radish peroxidase (HRP)-conjugated secondary antibody.

Transcription Factor Activation

For trans-activation of NF-E2-related factor 2/antioxidant responsive element (Nrf2/ARE) 

promoter to be measured, BEAS-2B cells were cotransfected with Nrf2/ARE-luciferase 

reporter plasmid along with 0.02 μg of thymidine kinase-Renilla luciferase using Fugene 6 

(Roche) according to the manufacturer’s recommendations. After 24 h, cells were pretreated 

with PBS or without 200 μM FAC and then exposed to PBS or 100 μg/mL WSP in PBS. 

Cells were then pelleted and lysed in passive lysis buffer (Promega, Madison, WI). The 

trans-activation activity was measured as luciferase light units as described previously.16

Interleukin (IL)-6 and IL-8 Release

BEAS-2B cells were pretreated with PBS or without 200 μM FAC and then exposed to PBS 

or 100 μg/mL WSP in PBS for 24 h. IL-6 and IL-8 concentrations in cell media were 

measured using immunoassays (MesoScale Discovery, Rockville, MD).

Humic Acid Studies

BEAS-2B cell exposure to 57Fe FAC was repeated but followed by exposure to 100 μg/mL 

of humic acid for 15 min. Nuclear and mitochondrial fractions were isolated, and 

nonheme 57Fe was measured using ICPMS. Following incubation with 100 μg/mL of humic 

acid for 4 h, RT-PCR for DMT1 was quantified, and cell iron uptake was determined. 

Finally, Amplex Red fluorescence for oxidant generation and IL-6 and IL-8 release by cells 

exposed to 100 μg/mL humic acid were measured.

Statistics

Data are expressed as mean values ± standard error unless otherwise specified. The 

minimum number of replicates for all measurements was three. Differences between two and 

multiple groups were compared using t tests of independent means and one-way analysis of 

variance, respectively. The posthoc test employed was Duncan’s Multiple Range test. Two-

tailed tests of significance were employed. Significance was assumed at p <0.05.

RESULTS

To determine if sequestration of host iron by WSP would immediately diminish intracellular 

iron concentrations, BEAS-2B cells were preloaded with 1.0 μM 57Fe FAC and then exposed 

to 100 or 200 μg/mL WSP for 15 min, and the nuclear and mitochondrial fractions were 
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collected. Although concentrations of 57Fe decreased in the mitochondria, those in the 

nuclear fraction increased after exposure to WSP (Figure 1A). This supported the postulate 

that there is sequestration of host iron by the particle. BEAS-2B cells were then pre-exposed 

to 200 μM FAC for 4 h, augmenting intracellular iron levels. The cells were again incubated 

with 57Fe, and the exposure to WSP was repeated. There were no differences noted in 57Fe 

in either the nuclear or mitochondrial fractions in cells exposed to WSP (Figure 1B). These 

results established that making excess iron available in the cell diminished sequestration of 

host mitochondrial metal by the particle.

When an appropriation of host iron by the WSP immediately diminishes intracellular iron 

concentrations, metal import must increase accordingly for cell survival. Some portion of 

such intracellular transport is predicted to result in elevations in the storage protein ferritin 

and metal stored therein. After exposure to 100 μg/mL of WSP for 4 h, RNA for DMT1 (a 

major iron importer) significantly increased 1.8 ± 0.4 fold. Following exposure to either 

WSP or 200 μM FAC, cell nonheme iron increased relative to PBS (Figure 1C). However, 

cell incubations that included both WSP and FAC showed the greatest elevations in cell iron 

concentrations. This established that WSP significantly increased metal import, supporting 

an increased cell avidity for iron following exposure to this particle. Furthermore, cell 

concentration of the iron-storage protein ferritin was elevated following 24 h exposure of 

BEAS-2B cells to either FAC or WSP but was greatest when both were included (Figure 

1D). This further supported that cell iron homeostasis was impacted by exposure to WSP.

Cell oxidant generation after exposure to WSP was measured using Amplex Red. 

Pretreatment of cells with FAC diminished the oxidant generation following exposure to 

both PBS and 100 μg/mL WSP (Figure 2A), reflecting a decrease in the production of 

superoxide and dependent products. Cellular oxidant production corresponded to the 

disruption in iron homeostasis following WSP exposure with increased metal availability 

decreasing the fluorescence signal. Cell oxidant generation after exposure to WSP was again 

determined using Amplex Red fluorescence, but pretreatment of cells was with 1.0 μM 

rotenone, which interferes with the electron transport chain at Complex I in the 

mitochondria. Pretreatment with rotenone diminished oxidant generation following exposure 

to 100 μg/mL of WSP (Figure 2B). This implied that some portion of the oxidant generation 

after WSP exposure was mitochondrial in origin.

The biological effects of particles can include a cascade of events, such as MAP kinase 

activation, transcription factor activation, and release of inflammatory mediators. Using 

Western blotting, activation of both ERK 1/2 and p38 was observed (Figure 3A and B). Cell 

pretreatment with FAC diminished MAP kinase activation, supporting an association 

between MAP kinase activation and disruption of iron homeostasis by the particle. 

Activation of the transcription factor nrf2 in transfected cells by WSP was then quantified. 

Incubation of BEAS-2B cells with 100 μg/mL of WSP for 4 h activated Nrf2/ARE 

expression (Figure 4), whereas pretreatment of these cells with FAC diminished this 

response. Finally, the release of pro-inflammatory mediators after particle exposure was 

measured. Exposure to 100 μg/mL of WSP for 24 h increased concentrations of both IL-6 

and IL-8 released into the media (Figure 5A and B). The inclusion of 200 μM FAC in the 
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BEAS-2B cell incubation diminished interleukin release after particle exposure, supporting 

an association of pro-inflammatory effect with a disruption in iron homeostasis.

Humic acid, a compound chemically similar to HULIS previously demonstrated to be 

included in WSP, was then tested to determine its ability to disrupt iron homeostasis and 

impact biological effect following particle exposure.11 Fifteen minute exposure to 100 

μg/mL humic acid decreased concentrations of 57Fe in the mitochondria, supporting the 

hypothesis of a sequestration of host iron by this component of WSP (Figure 6A). With 

exposure to 100 μg/mL humic acid, DMT1 RNA was increased 2.7 ± 0.9 fold. Comparable 

to WSP, 4 h coexposures to both FAC and humic acid demonstrated a greater impact on cell 

concentrations of both iron and ferritin relative to iron and humic acid alone (Figure 6B and 

C, respectively). Oxidant generation following exposure of BEAS-2B cells to 100 μg/mL 

humic acid was increased relative to PBS (Figure 7A). This production of superoxide-related 

products was significantly decreased with elevated availability of iron. Similar to the 

Amplex Red signal after WSP exposure, preincubation of cells with 1.0 μM rotenone 

diminished oxidant generation following exposure to 100 μg/mL humic acid (Figure 7B). 

The interaction between iron availability and biological effect of humic acid was determined 

by measuring mediator release. Concentrations of both IL-6 and IL-8 in the cell media were 

elevated following 24 h incubation with 100 μg/mL humic acid (Figure 7C and D). Inclusion 

of FAC in the cell incubation diminished interleukin release.

DISCUSSION

Following exposure to WSP, sources of iron in BEAS-2B cells were sequestered by the 

particle, reflecting a capacity to bind the metal via oxygen-containing functional groups.17 

Mitochondrial concentrations of metal were shown to decrease following exposure to the 

particle; other intracellular sources of metal are likely to also be appropriated. Function in 

both the cell and specific individual organelles, including the mitochondria, will be 

compromised following such metal loss unless the normal intracellular iron concentration is 

re-established. The cell therefore responds to the WSP, its sequestration of host iron, and a 

relative iron deficiency associated with the immediate exposure by upregulating import of 

iron. DMT1 RNA was significantly elevated following exposure to WSP, reflecting 

insufficient iron concentrations available in the respiratory epithelial cells.18 Increased 

concentrations of imported iron were demonstrated following exposure of respiratory 

epithelial cells to WSP and FAC. Some portion of the newly imported metal affects an 

increased expression of storage protein in the cell and ferritin concentrations, which were 

also increased following WSP and FAC. A new iron homeostasis is determined by the 

interaction between the cell (including the mitochondria and probably other organelles) and 

the particle. This homeostasis includes increased total cell iron concentrations, elevated cell 

ferritin levels, and mitochondrial metal concentrations sufficient to meet requirements for 

continued function. In addition, some portion of cell metal will be complexed by functional 

groups on the surface of an intracellular particle. Accordingly, WSP residing in the cell 

binds some portion of the total metal but available iron concentrations can be adjusted and 

made to be adequate for continued cell survival.
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Following sequestration of cell iron by a particle, an attempt to reacquire iron will 

necessitate ferrireduction to chemically reduce the metal to the ferrous state prior to 

transporting it across a membrane. Such chemical reduction can be accomplished by a 

superoxide generated by the cell and mitochondria (i.e., an oxidative stress). Immediate 

decrements (within 1 hr) in mitochondrial iron concentrations in the respiratory epithelial 

cells corresponded to increased generation of oxidants. An increased availability of iron (i.e., 

pretreatment with FAC) diminished both the relative iron deficiency in the organelle and the 

production of oxidants. The oxidative stress was generated by the cells (i.e., the host) and 

specifically by mitochondria because rotenone inhibited some portion of the oxidant 

generation by BEAS-2B cells. The mitochondrial electron transport chain is a major location 

of oxidant production; specific sites include complex I and complex III.19–21 Cellular 

oxidant generation, specifically superoxide, follows exposure to iron chelators.22–24 The 

evidence from this study suggests that decreased iron concentrations following exposure to 

WSP induce a mitochondrial response that includes cellular oxidant generation. It is 

proposed that this cellular and mitochondrial oxidant production after WSP exposure 

functions in a remedial response to iron loss following sequestration of the metal by the 

particle surface. Superoxide, produced by mitochondria in response to a metal deficit, may 

assist in the import of required iron. Ferrireduction is an essential, and frequently limiting, 

reaction in such iron import and can be accomplished in many cell types using 

superoxide. 25–27 Furthermore, such ferrireduction can be dependent on the electron 

transport chain with the mitochondria serving as a source of reducing equivalents.28–30

The biological effects of WSP were associated with a decreased concentration of cell and 

mitochondrial iron. The sequestration of host iron by the particle initiated a series of events 

that can culminate in a pro-inflammatory response. Comparable to numerous other particles, 

exposure of respiratory epithelial cells to WSP impacted an activation of MAP kinases.31–36 

Activation of the MAP kinase cascade represents a signaling pathway by which exposure to 

particulate matter mediates specific biological effects.37 MAP kinase phosphorylation has 

also been demonstrated following reduction in cell iron levels.38 Phosphorylation of ERK 

1/2 and p38 following WSP exposure was diminished by increasing the cell concentration of 

available iron. Comparable to MAP kinases, the transcription factor Nrf2 can be activated by 

particle exposure.39–42 Like the MAP kinases, the activation of this nuclear transcription 

factor was inhibited by elevating concentrations of cell iron. These nuclear transcription 

factors control the activity of genes involved in inflammation.43–46 Changes in protein 

expression for IL-6 and IL-8 after WSP exposure were diminished by cell treatment with 

iron. All these results demonstrate a relationship of the biological effect exerted by WSP 

with iron homeostasis.

Humic acid functioned to sequester host cell iron. Incomplete oxidation of carbon-based 

materials can produce HULIS. These heterogeneous, amorphous, organic materials are 

ubiquitous, occurring in all terrestrial and aqueous environments including soils, composts, 

sediments, peat bogs, coals, rivers, lakes, and oceans. HULIS in soil can include three 

different fractions: humic acids, fulvic acids, and humin. Humic acid is that fraction of these 

organic materials observed to be insoluble in water under acidic conditions (pH <2) but 

soluble at higher pH values. As a result of a variety of acidic functional groups, humic acid 

complexes metal cations to facilitate their mobilization and transport in soils and waters. 
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These substances regulate the provision of trace metals to plants. However, such 

complexation of metals in cells and tissues by humic acid can impact oxidative stress and 

can consequently be associated with injury. Cells exposed to humic acid demonstrated 

decreased mitochondrial iron concentrations, elevated RNA for the major importer DMT1, 

and greater import of the metal. In addition, exposure of respiratory epithelial cells to humic 

acid resulted in greater oxidant generation and higher release of interleukins. Oxidant 

generation and release of interleukins after humic acid exposure were dependent on 

sequestration of cell iron and were inhibited by treatment with FAC. Oxidant generation by 

other organic compounds (e.g., quinones) can similarly be dependent on iron 

complexation.47 HULIS similar to humic acid in soil can be isolated not only from organic 

materials in natural environments but also in tobacco smoke particulate and both ambient 

and emission source particles.11,12 The instillation of such HULIS into a living system has 

been demonstrated to be associated with a disruption in iron homeostasis and metal 

accumulation, supporting the relevance of this same pathway following in vivo exposure.11 

Oxalate and mineral oxides are also potentially included in emission and ambient air 

pollution particles and can similarly affect iron complexation at their surface. Accordingly, 

both could also contribute to the biological effects following exposure.

We conclude that the biological effect of WSP was dependent on sequestration of host iron 

by the particle. Following exposure to WSP, mitochondrial concentrations of metal 

decreased, reflecting the capacity of the particle to appropriate metal from cell sources. The 

cell responded to the WSP, its sequestration of host iron, and the relative iron deficiency 

associated with the immediate exposure by upregulating the import of iron. DMT1 RNA was 

significantly upregulated, reflecting insufficient iron concentrations available to the cells 

following exposure to WSP. Oxidant generation and indices of biological effect after 

exposure to WSP also showed a dependence on concentrations of available iron. Humic 

acid, similar to HULIS included in the WSP, supported participation in iron sequestration, 

oxidant generation, and biological effects.
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ABBREVIATIONS

DMT1 divalent metal transporter 1

ERK extracellular signal-regulated kinase

FAC ferric ammonium citrate

HRP horse radish peroxidase

HULIS humic-like substances

ICPMS inductively coupled plasma mass spectroscopy

ICPOES inductively coupled plasma optical emission spectroscopy
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IL interleukin

KGM keratinocyte growth medium

PBS phosphate buffered saline

RT-PCR reverse transcription-polymerase chain reaction

TCA trichloroacetic acid

WSP wood smoke particle
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Figure 1. 
Nonheme 57Fe concentrations in nuclear and mitochondrial fractions, cell iron, and ferritin 

concentrations after exposure to WSP. Cells were incubated with 57Fe FAC and exposed to 

100 or 200 μg/mL WSP (WPS 100 and WPS 200, respectively) for 15 min. Collected 

fractions were hydrolyzed, and ICPMS was employed to measure 57Fe. After WSP 

exposure, 57Fe concentrations were increased in the nuclear fraction and decreased in the 

mitochondrial fraction (A). Cells were incubated with FAC followed by 57Fe FAC, and the 

exposures were repeated. Relative to PBS exposure, there were no differences in 57Fe in 

either the nuclear or the mitochondrial fraction after WSP (B). With exposure to 200 μM 

FAC, cells imported iron with increased nonheme iron concentrations at 4 h by ICPOES (C). 

Inclusion of 100 or 200 μg/mL WSP also elevated cell iron concentrations. However, 

coexposure to both FAC and WSP further increased cell metal levels to their highest levels. 

Exposures were repeated for 24 h, and ferritin was measured in cell lysate using an 

immunoturbidimetric assay. Exposures to FAC, 100 μg/mL, or 200 μg/mL WSP, or both 

increased cell ferritin concentration, but coexposure was associated with the greatest 

elevation in levels of the storage protein (D). In (A) and (B), * indicates a significant 

increase relative to the same fraction collected from BEAS-2B cells exposed to PBS, and ** 

indicates a significant decrease relative to the same fraction collected from BEAS-2B cells 

exposed to PBS. In (C) and (D), * indicates a significant increase relative to BEAS-2B cells 

exposed to PBS, and ** indicates a significant increase relative to BEAS-2B cells exposed to 

either FAC alone or WSP alone.
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Figure 2. 
Cell oxidant generation after exposure to wood stove particle. Oxidant generation was 

determined using Amplex Red fluorescence. The reported value is fold-change over control 

cells that were exposed to PBS at time zero. Oxidant generation by BEAS-2B cells was 

significantly increased by 100 μg/mL of WSP (A and B). Incubation of cells with 200 μM 

FAC diminished the oxidant generation following exposure to both PBS and WSP (A). 

Pretreatment of cells with 1.0 μM rotenone for 15 min decreased oxidant generation after 

WSP, suggesting a mitochondrial origin (B).
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Figure 3. 
Activation of MAP kinases after exposure to WSP. Bands were detected using enhanced 

chemiluminescence (ECL) detection reagents 1 and 2 and high-performance 

chemiluminescence ECL films (Amersham Pharmacia Biotech) with a model SRX-101 

Konica medical film processor (Konica). BEAS-2B demonstrated greater phosphorylation of 

both ERK 1/2 (A) and p38 (B) after exposure to 100 μg/mL of WSP for 4 h. Co-incubation 

with 200 μM FAC diminished signals for p-ERK 1/2 and p-p38. * indicates a significant 

increase relative to all other exposures.
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Figure 4. 
Activation of transcription factor after exposure to wood stove particle. Although exposure 

of BEAS-2B cells to 100 μg/mL of WSP for 4 h activated nrf2 ARE, treatment with 200 μM 

FAC diminished this response. * indicates a significant increase relative to all other 

exposures, and ** indicates a significant increase relative to PBS exposure.
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Figure 5. 
Release of pro-inflammatory mediators after exposure to WSP. Exposure to 100 μg/mL of 

WSP for 24 h increased the release of IL-6 (A) and IL-8 (B) by BEAS-2B cells. FAC 

treatment diminished this response to WSP. * indicates a significant increase relative to all 

other exposures, and ** indicates a significant increase relative to media exposure.
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Figure 6. 
Nonheme 57Fe concentrations in nuclear and mitochondrial fractions, cell iron, and ferritin 

concentrations after exposure to humic acid. Cells were incubated with 57Fe FAC and 

exposed to humic acid for 15 min. Collected fractions were hydrolyzed, and ICPMS was 

employed to measure 57Fe concentrations, which were decreased in the mitochondrial 

fraction following humic acid exposure (A). In (A), * indicates a significant decrease relative 

to the same fraction collected from BEAS-2B cells exposed to PBS. With exposure to 200 

μM FAC, cells imported iron (B). Inclusion of both FAC and 100 μg/mL of humic acid 

increased metal levels further. Exposures were repeated for 24 h, and ferritin was measured 

in cell lysate using an immunoturbidimetric assay. Exposures to FAC and both FAC and 

humic acid increased cell ferritin concentration (C). Co-exposure to both FAC and humic 

acid resulted in the highest levels of cell ferritin. In (B) and (C), * indicates a significant 

increase relative to BEAS-2B cells exposed to PBS, and ** indicates a significant increase 

relative to BEAS-2B cells exposed to either FAC alone or humic acid alone.
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Figure 7. 
Cell oxidant generation and release of IL-6 and IL-8 after exposure to humic acid. Oxidant 

generation by BEAS-2B cells was increased following exposure to 100 μg/mL of humic acid 

(A). Incubation of cells with 200 μM FAC diminished the oxidant generation following 

exposure to PBS and humic acid. Pretreatment of cells with rotenone for 15 min inhibited 

oxidant generation after humic acid, suggesting a mitochondrial origin (B). Exposure of 

BEAS-2B cells to 100 μg/mL of humic acid for 24 h increased the release of IL-6 (C) and 

IL-8 (D), whereas the 200 μM FAC treatment diminished the pro-inflammatory response. In 

(C) and (D), * indicates a significant increase relative to all other exposures, and ** indicates 

a significant increase relative to media exposure.
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