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The mechanism for biological effect following exposure to  
combustion-generated particles is incompletely defined. The 
identification of pathways regulating the acute toxicological 
effects of these particles provides specific targets for therapeu-
tic manipulation in an attempt to impact disease following expo-
sures. Transient receptor potential (TRP) cation channels were 
identified as “particle sensors” in that their activation was cou-
pled with the initiation of protective responses limiting airway 
deposition and inflammatory responses, which promote degrada-
tion and clearance of the particles. TRPA1, V1, V4, and M8 have 
a capacity to mediate adverse effects after exposure to combus-
tion-generated particulate matter (PM); relative contributions 
of each depend upon particle composition, dose, and deposition. 
Exposure of human bronchial epithelial cells to an organic extract 
of diesel exhaust particle was followed by TRPV4 mediating Ca++ 
influx, increased RAS expression, mitogen-activated protein 
kinase signaling, and matrix metalloproteinase-1 activation. These 
novel pathways of biological effect can be targeted by compounds 
that specifically inhibit critical signaling reactions. In addition to 
TRPs and calcium biochemistry, humic-like substances (HLS) 
and cell/tissue iron equilibrium were identified as potential mech-
anistic targets in lung injury after particle exposure. In respira-
tory epithelial cells, iron sequestration by HLS in wood smoke 
particle (WSP) was associated with oxidant generation, cell sign-
aling, transcription factor activation, and release of inflamma-
tory mediators. Similar to WSP, cytotoxic insoluble nanosized 
spherical particles composed of HLS were isolated from cigarette 
smoke condensate. Therapies that promote bioelimination of 
HLS and prevent the disruption of iron homeostasis could func-
tion to reduce the harmful effects of combustion-generated PM 
exposure.

Key Words: transient receptor potential channels; vehicle 
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Environmental air pollution is a global concern, and its effect 
on human health, particularly respiratory and cardiovascular 
disease, is firmly established. Despite epidemiological evi-
dence linking ambient air pollutants to human morbidity and 
mortality, a significant void remains in the recognition of the 
cellular and molecular mechanisms through which these expo-
sures produce specific adverse effects. This is especially true for 
particulate air pollution. Similar physiological responses and 
pathology in the lung following exposure to a variety of com-
bustion-generated particles (e.g., diesel exhaust [DE], wood 
smoke, and cigarette smoke) suggest common mechanism(s) 
of toxicity. The identification of these mechanistic pathways 
can provide potential targets for therapeutic strategies aimed at 
reducing human morbidity and mortality following exposures.

We summarize a symposium session entitled “Emerging 
Mechanistic Targets in Lung Injury Induced by Combustion-
Generated Particles,” which was presented on March 15, 2012 
at the 51st Annual Meeting of the Society of Toxicology in San 
Francisco, California. Novel avenues of biological effects are pro-
vided for combustion-generated particles that focus on the partici-
pation of (1) transient receptor potential (TRP) cation channels 
and calcium transport and (2) humic-like substances (HLS) and 
iron homeostasis. These mechanistic pathways are proposed as 
targets for developing therapies to diminish human morbidity and 
mortality following exposures to combustion-generated particles.

Combustion-Generated Particles

Much of the anthropogenic air pollution across the globe 
is produced by emission of particles, gases, and vapors from 
biomass burning and fossil fuel combustion (Lighty et  al., 
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2000). The actual physicochemical makeup of these mixtures is 
extremely complex and varies according to the type of fuel and 
combustion conditions. To illustrate some of these differences, 
Figure 1 shows how biomass such as tobacco and wood have 
approximately equal amounts of carbon and oxygen content 
amounting for more than 90% of the mass, with lower levels 
of hydrogen and nitrogen. Fossil fuels like coal or diesel (from 
oil), on the other hand, lose oxygen during their formation, 
resulting in a material composed of greater than 80% carbon 
with the hydrogen, nitrogen, and oxygen filling out the mass 
balance. It should be noted that while the content of carbon, 
hydrogen, nitrogen, and oxygen is a simple assessment of the 
primary makeup, these constituents are present in a vast array 
of simple and complex molecules in association with other 
elements such as sulfur, halides, and metals.

Combustion temperature is another major variable in how 
well the fuels burn or emit products of incomplete combustion 
(Lighty et al., 2000). Efficient combustion of biomass to car-
bon dioxide and water is largely hampered by low temperature, 
moisture content, and uneven oxygenation of the substrate. 
These factors are less problematic for the combustion of die-
sel and coal, where the temperature and mixing are engineered 
to be higher, and moisture content is closer to zero. Most of 
the mass of emissions from combustion processes is in the 
gas phase in the form of oxides of carbon, nitrogen, and sul-
fur. Organic gases and vapors usually make up the next larg-
est constituent class and can include reactive compounds such 
as formaldehyde and acrolein. The particle phase makes up a 
smaller fraction of the mass and comprises ash, as well as both 
elemental and organic carbon moieties, the latter of which may 
be of low or intermediate volatility.

Inhalation exposure to combustion emissions has long been 
known to impact health depending upon the concentration and 
duration of exposure, as well as the chemistry of the aerosol. At the 
extreme end of the spectrum, smoke asphyxiation occurs through 
hypoxia and carbon monoxide poisoning. At lower levels, many 
of the health effects are reversible following cessation of exposure 
(e.g., an increased carboxyhemoglobin concentration), whereas 
other outcomes such as immune suppression in cigarette smok-
ers may persist (Herr et al., 2009). This article discusses health 

impacts that occur at ambient, occupational or personal levels of 
exposure and the mechanisms that govern these effects.

The health hazards from both mainstream and side-stream 
cigarette smoke are well established, with smokers having a 
2- to 4-fold increased incidence of coronary heart disease and 
stroke and a 12- to 13-fold increase in lung cancer and chronic 
obstructive pulmonary disease (COPD) (Centers for Disease 
Control and Prevention, 2012). These effects are thought to occur 
through the many toxic constituents of tobacco smoke that indi-
vidually have been shown to have carcinogenic, fibrogenic, and 
cytotoxic properties. Not surprisingly, emissions from biomass 
burning contain many of these same components, and the inci-
dences of COPD, lung cancer, and acute respiratory tract infec-
tions are all increased in association with use of solid household 
fuels in developing countries (Zhang and Smith, 2003). In addi-
tion to these chronic health effects, inhalation exposures can also 
have significant acute impacts. For example, the incidence of 
heart failure exacerbation and the number of hospital visits for 
asthma were increased in counties in North Carolina that experi-
enced higher concentrations of air pollution from a wildfire in the 
eastern part of the state (Rappold et al., 2011).

Diesel and gasoline (GE) engines are other important 
sources of combustion emissions. The Mobile Source National 
Emissions Inventory estimates that each contributes millions of 
tons of volatile organic compounds, nitrogen oxides (NO

x
), and 

carbon monoxide and hundreds of thousands of tons of PM
10

, 
PM

2.5
 (particulate matter [PM] ≤ 10 µm, PM ≤ 2.5 µm, respec-

tively), sulfur dioxide (SO
2
), and ammonia (U.S. Environmental 

Protection Agency, 2012). Diesel engines release more PM per 
mile travelled than GE engines, and many epidemiological, 
clinical, and animal studies have implicated diesel emissions 
in a broad array of health effects, from increased cancer and 
asthma incidence to elevated risk for cardiovascular disease. 
As a result of these concerns, diesel emissions are being dra-
matically reduced by the introduction of low-sulfur fuels and 
the phasing in of NO

x
 catalysts and PM traps in contemporary 

engines.
Another large source of combustion air pollutants in the 

United States and across the world is coal-fired power plants 
that emit millions of tons of SO

2
 and NO

x
 per year into the air. 

An estimated 36,000 total excess deaths in 2005 were attrib-
uted to PM

2.5
 and ozone formed from emissions from electrical 

generating units, with nonfatal health effects occurring in a far 
greater number of individuals (Fann et al., 2012). As with DE, 
emissions are predicted to decrease with tighter regulations 
such as the Mercury and Clean Air interstate rules although air 
pollution burdens will still be appreciable (U.S. Environmental 
Protection Agency, 2012).

Despite the large body of evidence showing associations 
between air pollution and excess cardiovascular mortality, 
source apportionment of these effects either to specific 
chemical components or to particular sources that have differing 
physicochemical properties has been difficult. Although there 
are numerous health studies of these various mixtures, the most 

FIG.  1.  Chemical constituents, moisture content, calorific value, and 
approximate combustion temperature of cigarette tobacco, wood, diesel oil, 
and bituminous coal under normal operating conditions. (A color image is 
available in the online version.)
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thorough comparative toxicology program was developed at 
the National Environmental Respiratory Center at the Lovelace 
Respiratory Research Institute (LRRI) in Albuquerque, NM. 
Studies examined the relative toxicity of acute and subchronic 
inhalation of hardwood smoke (HWS) and DE, GE, and 
simulated downwind coal combustion atmospheres (SDCCA) in 
several animal models of human respiratory and cardiovascular 
disease. One of the first challenges encountered was how to 
compare these disparate emissions. Because PM atmospheres 
are compared (and regulated) by mass, the investigators first 
established target mass PM concentrations for the inhalation 
exposure studies. Setting a target concentration for PM, they 
discovered that 1000  µg/m3 SCCDA produced relatively low 
levels of gases, whereas the same concentration of HWS PM 
resulted in 20,000 µg/m3 of gases (excluding carbon dioxide, 
water, and methane) and approximately 90,000 µg/m3 of gases 
for DE (Jacob McDonald, LRRI, personal communication). At 
the same minimal dilution as DE (10:1), GE had even higher 
levels of accompanying gases but only 60 µg PM/m3. Despite 
these caveats, the group concluded that DE > GE > HWS 
>>>> SDCCA for most toxicological parameters measured. 
They also noted, however, that gas-phase pollutants in GE were 
responsible for promoting atherosclerosis in mice, whereas 
both gas-phase and PM components of DE contributed to this 
effect (Campen et  al., 2010). They further reported that DE 
from engines operating under different load conditions could 
profoundly affect different pulmonary and cardiovascular 
outcomes (McDonald et al., 2011). It is clear from these types 
of studies that combustion emissions are highly complex and 
dynamic and that the chemistry and physicochemical properties 
and the concentration and duration of exposure influence 
the type and extent of health impacts. Multivariate statistical 
analyses of the relationship between chemical and physical 
components versus biological responses have been reported for 
cardiovascular responses, suggesting putative roles for gases 
such as SO

2
, NH

3
, CO, and NO

x
 (Seilkop et al., 2012).

Differential Activation of TRP Cation 
Channels Ankyrin-1 (TRPA1), Vanilloid-1 (TRPV1), 

and Melastatin-8 (TRPM8) by Combustion-
Derived PM and PM Components

The elucidation of detailed mechanisms by which PM in ambi-
ent air causes adverse effects on human health has been hindered 
by the complexity and variability of these particles commonly 
used in in vitro and animal models. Here, a simplified approach 
and results identifying several members of the TRP family of 
cation channels as “PM sensors” (i.e., gene products that dif-
ferentially detect and initiate specific responses to PM), which 
have been implicated by numerous studies to play important 
roles in PM effects in the respiratory system (Agopyan et al., 
2003a, b; Ghelfi et al., 2008; Oortgiesen et al., 2000; Veronesi 
et al., 1999a, b; Wong et al., 2003), are summarized.

Cells were engineered to overexpress TRPA1, M8, V1, V2, 
V3, V4 (Deering-Rice et  al., 2011), C4α, and M2 channels. 
These specific TRP channels were chosen because they detect 
and respond to a wide range of environmental variables, endog-
enous mediators, and xenobiotics including numerous proto-
typical irritants and pneumotoxicants (Venkatachalam and 
Montell, 2007; Voets et al., 2005; Vriens et al., 2009). These 
TRP channels play essential roles in airway reflex control 
and the regulation of inflammation (Agopyan et al., 2003a, b; 
Deering-Rice et al., 2012; Ghelfi et al., 2008; Oortgiesen et al., 
2000; Reilly et al., 2003, 2005; Thomas et al., 2012; Veronesi 
et al., 1999a, b; Wong et al., 2003), and they potentially medi-
ate PM toxicity (e.g., TRPV1) (Agopyan et  al., 2003a, b; 
Deering-Rice et al., 2012; Ghelfi et al., 2008; Oortgiesen et al., 
2000; Veronesi et al., 1999a, b; Willis et al., 2011; Wong et al., 
2003). The PM used as agonists included ambient samples 
(NIST 1648 and fresh, size-fractionated PM collected in Salt 
Lake City, UT in December 2011), cigarette smoke and wood 
(pine and mesquite) smoke (WSP), coal fly ash (one collected 
from a local power plant and a second prepared in the labora-
tory by burning coal in a low oxygen atmosphere), Min-U-Sil 5 
silica, a size-fractionated dust from Utah’s West Desert, and DE 
samples (DEP; NIST 2975 and PM collected from an on-road 
“black smoker” truck).

Screening of these particles for TRP channel agonist activity 
revealed that TRPA1, M8, V1, and V4 were differentially acti-
vated by ambient PM (A1 > M8 > V1 and V4), DEP (A1 > V1, 
V4, and M8) (Deering-Rice et al., 2011), cigarette and WSP 
(A1), authentic coal fly ash PM (V1 and M8 > A1) (Deering-
Rice et al., 2012), and silica (V1 > M8).

TRPA1 was potently activated by chemicals associated with 
the DEP (aldehydes, quinones, and ketones) via modifica-
tion of the electrophile/oxidant sensing site of TRPA1 (C621/
C641/C665/K710) and multiple unsaturated dienes resembling 
1,3-butadiene (Fig.  2A) (Deering-Rice et  al., 2011). Two di-
tert-butylphenol analogues, presumably arising on diesel PM 
from their use as a fuel/oil preservative, activated TRPA1 via 
the propofol/menthol binding site (S673/T674) (Fig. 2A), and 
the fully extracted residual “stripped” DEP mass activated 
TRPA1, V1, and M8 equivalently and to the same level as 
the authentic coal fly ash PM, whose potency at TRPA1 was 
unaffected by solvent extraction (Figs. 2A–C). These results, 
coupled with residual activity of the electrophile/oxidant site 
deletion mutant to the stripped DEP, supported a third minor 
mechanism of TRPA1 activation by PM, involving mechani-
cal perturbation of extracellular receptor components. Finally, 
TRPA1 was activated by ambient air PM, cigarette smoke, and 
WSP via the electrophile/oxidant and menthol/propofol agonist 
recognition sites, presumably by similar and unique source-
specific chemical components of these particles. Additional 
discussion of TRPV4 activation by organic extracts of DEP, 
and the potential role of this pathway in lung toxicology, is pro-
vided in the next section. Accordingly, future studies to differ-
entiate the mechanistic basis for TRPA1 and TRPV4 by various 
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FIG. 2.  PM activation of TRPV1, M8, and A1. (A) Activation of TRPA1 via mechanical stimuli is proposed to be similar to that of TRPV1 and M8. TRPA1 
is also activated by organic extracts of combustion-derived PM through the electrophilic and menthol/propofol binding sites. (B) TRPV1 activation by coal fly 
ash is proposed to occur through charge and mechanical interactions with the poor-loop region, as described in our most recent publication (Deering-Rice et al., 
2012), resulting in cell-type specific responses (epithelial vs. neuronal). (C) Due to sequence similarity between TRPM8 and V1, mechanical activation by PM is 
proposed to occur in the poor-loop region. (A color image is available in the online version.)
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chemical constituents of DEP and the elucidation of the relative 
importance in these seemingly redundant and complimentary 
pathways for pneumotoxicity are of great interest.

TRPV1 was activated by coal fly ash also via a mechanism 
involving mechanical perturbation of extracellular components 
(Deering-Rice et al., 2012). Enrichment of TRPV1 at the cell 
surface exacerbated activation and neither repeated aqueous 
nor solvent extraction reduced coal fly ash potency. TRPV1 
activation was equally and fully inhibited by the selective 
cell-permeable antagonist LJO-328 and by a combination of 
the nonselective cell-impermeable inhibitor ruthenium red and 
the chelator EGTA (Deering-Rice et  al., 2012). Finally, site-
directed mutagenesis of the capsaicin binding site on TRPV1 
(Y511; capsaicin is the prototypical soluble agonist of TRPV1) 
did not inhibit activation by coal fly ash PM. However, neutrali-
zation of E649 on the pore-loop segment increased activity, and 
mutation of E600 (voltage/proton sensor), C578 (an ion chan-
nel helix component), and N604 (the glycosylation site adjacent 
to the pore-loop segment) inhibited activation (Deering-Rice 
et al., 2012). It was concluded that the pore-loop functions as 
a “mechanical switch,” where physical displacement by PM, 
particularly negatively charged PM, resulted in pore dilation 
and ion flux (Fig.  2B) (Deering-Rice et  al., 2012). Results 
also indicate that TRPM8 activation by coal fly ash involves 

specific interactions at the extracellular surface (Fig. 2C). This 
mechanism also appears to be critical in determining TRPV1 
and M8 responses to ambient PM, but not for more soluble 
PM such as the DEP, cigarette, or WSP that appear to have a 
greater capacity to release chemicals into the cells/cell culture 
treatment media.

It was proposed that the cellular expression of specific TRP 
channels would determine if, and how, a cell and/or the lungs 
are impacted by various PM. TRPA1 is primarily expressed 
by airway C-fiber neurons that also express TRPV1 and 
substance P, but recent studies indicate that TRPA1 may also be 
expressed in nonneuronal lung cells where they also participate 
in proinflammatory signaling (Mukhopadhyay et  al., 2011; 
Nassini et  al., 2012). Therefore, bronchoconstriction, cough, 
and inflammation/edema, which have been shown to be caused 
by PM such as diesel, cigarette, wood, and even ambient PM, 
should be, in part, TRPA1 mediated. Analysis of calcium flux 
elicited by the ethanol extract of DEP, which contains ~90% of 
the activity at TRPA1, demonstrated that TRPA1 was the primary 
mediator, based on near-complete inhibition by the TRPA1 
selective antagonist HC-030031 and colocalization of neuronal 
responses to DEP extracts with those of the prototypical TRPA1 
agonist allyl-isothiocyanate (AITC) (Deering-Rice et  al., 
2011). In agreement with this, DEP triggered action potentials 

FIG. 2.  Continued.
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in AITC-sensitive vagal C-fibers, but not in AITC-negative 
neurons, and instillation of DEP into lungs of rats rapidly 
decreased lung compliance, which was attenuated by cotreating 
with HC-030031. However, based on recent reports of TRPA1 in 
nonneuronal lung cells and its involvement in proinflammatory 
signaling, it is of great interest to better ascertain the relative 
contributions of neuronal TRPA1-mediated responses to those 
mediated by TRPA1, V1, M8, and V4 in lung epithelial cells.

In the airways, TRPV1 is expressed by substance P-positive 
C-fibers and epithelial cells of the conducting bronchi and alve-
oli. Coal fly ash activated capsaicin-sensitive neurons in culture, 
which was inhibited by the antagonist LJO-328 (Deering-Rice 
et  al., 2012). Activation of TRPV1-expressing C-fibers by 
select forms of PM would also be predicted to elicit comparable 
neuronally mediated responses as those discussed for TRPA1, 
including cough and neurogenic inflammation, provided that 
the PM can physically interact with TRPV1 on nerve termini. 
Conversely, particles that activate TRPV1 also have the abil-
ity to initiate epithelial cell–mediated immune responses that 
are often described by PM toxicology studies (Agopyan et al., 
2003a, b; Deering-Rice et al., 2012; Reilly et al., 2003, 2005; 
Veronesi et al., 1999a, b). Studies using airway epithelial cells 
demonstrated a role for TRPV1 in coal fly ash–induced cal-
cium flux, as well as immunomodulatory cytokine/chemokine 
(IL-6 and IL-8) production; both calcium influx and cytokine/
chemokine production were inhibited by LJO-328 and EGTA + 
ruthenium red (Deering-Rice et al., 2012). Furthermore, instil-
lation of coal fly ash into mouse lungs increased IL-6, MIP2α/
CXCL2, and KC/CXCL1 mRNA expression in the bronchioles 
(and much less in the trachea, bronchi, or alveoli), comparable 
to the prototypical soluble TRPV1 agonist nonivamide, which 
were attenuated in TRPV1˗/˗ mice (Deering-Rice et al., 2012).

The collective results outlined above suggest that TRPA1, 
V1, and M8 are important sensors of various environmental 
PM in the airways. Additionally, TRPV4 may be an important 
determinant of responses to select forms of PM, as detailed 
in the following section. The activation of various TRP chan-
nels, alone or possibly in combination, appears to be coupled 
with the initiation of protective neuronal reflex-type responses 
intended to limit deposition of materials in the airways and the 
initiation of protective inflammatory responses intended to pro-
mote degradation and clearance of foreign substances from the 
lung. Although these physiological responses are essential for 
human survival, they can also underlie many of the more severe 
toxicological manifestations that have been associated with 
human exposure to PM.

Finally, although it is likely that TRPA1, V1, M8, and pre-
sumably V4 will continue to emerge as vital molecular sensors 
and mediators of adverse effects for inhaled environmental PM, 
it must be emphasized that the relative contributions of each 
of these receptors (and likely other PM sensors yet to be char-
acterized) to coordinate airway and systemic responses will 
depend upon several inherent variables that must be considered 
in experimental design and data interpretation. First, one must 

consider the PM source and the relative chemical and physi-
cal composition of the PM because variations will influence 
both the relative potency and specificity of PM at these, and 
presumably other, PM sensors. Second, individual variations 
in the expression and function of these PM sensors, such as 
gain- (e.g., TRPA1-E179K and others) or loss-of-function (e.g., 
TRPV1-I585V) polymorphic variants, should be evaluated 
(Cantero-Recasens et al., 2010; May et al., 2012; Smit et al., 
2012). Third, the relative dose/deposition of the PM in the lung 
will determine which cells are most likely to be responsive, as 
a factor of relative expression levels of PM sensors, and which 
physiological responses are most likely to transpire.

Role of TRPV4-Mediated Calcium Influx in DE 
Particle-Induced Lung Toxicity

DEP is a critical component of urban smog. It constitutes 
PM that is environmentally relevant and exerts a strong impact 
on human health. Inhalation of DEP has been implicated in 
worldwide increases in COPD and chronic asthma, both of them 
sharing a hyperreactive bronchial system. DEP has also been 
suggested to enhance the likelihood of malignant transformation 
of human airway epithelia given their stimulating effects upon 
cell proliferation (Bayram et  al., 2006; Boland et  al., 1999; 
Cao et  al., 2007; Doornaert et  al.,  2003; Ghio et  al., 2000; 
Hashimoto et al., 2000; Koike et al., 2004; McClellan, 1987; 
McClellan et al., 1985; Nikula et al., 1995; Parent et al., 2007; 
Sydbom et al., 2001). DEP exerts its effect also on bronchial 
epithelial cells, eliciting a number of signaling events that are 
very likely to contribute to respiratory toxicity, especially long 
term (Fahy et  al., 2000; Ghio et  al., 2000; McClellan et  al., 
1985; Parent et al., 2007; Sydbom et al., 2001). Upon exposure 
to DEP, human primary airway epithelia show reduced ciliary 
beat frequency, increased oxidative damage, an activation of the 
NF-κB pathway, and secretion of proinflammatory cytokines 
with some of the secreted mediators also sensitizing airway 
sensory neurons (Bayram et al., 1998, 2006; Bonvallot et al., 
2001; Costa et al., 2010; Daniel and O’Byrne, 1991; Li et al., 
2009, 2011; Takizawa et  al., 1999, 2003; Tal et  al., 2010; 
Totlandsdal et al., 2010). Specific signal transduction pathways 
underlying these DEP-evoked events are incompletely 
understood.

The underlying mechanism of biological effect by DEP has 
been addressed in two recent publications, where a novel and 
specific signaling mechanism is described in human respiratory 
epithelia (Fig.  3) (Li et  al., 2009, 2011). This molecular 
mechanism involves proteinase-receptor 2, a G-protein 
coupled receptor, the G-protein G

i/o
, membrane bound enzymes 

PI 3-kinase and phospholipase-C (β3 isoform), the TRP 
ion channel, TRPV4, and via TRPV4-mediated Ca++ influx, 
mitogen-activated protein (MAP)–kinase signaling via RAS, 
RAF, MEK, and ERK. The ERK is rapidly phosphorylated 
and translocates to the nucleus, where it activates the matrix 
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metalloproteinase-1 gene (collagenase; MMP-1), and the 
product, MMP-1, functions as a propathogenic mediator 
in human airways (Fig.  4). In addition, the secretion of 
chemokines RANTES and IP-10 was also found to be increased 
with DEP exposure. Both of these are “airway tropic” with 
proinflammatory actions on specific cells in airways, and, 
importantly, with sensitizing effect on airway-innervating 
sensory neurons. Highlighting the relevance of MMP-1 in 
COPD, immunohistochemistry of human lung specimens 
showed strongly upregulated MMP-1 expression, especially in 
bronchial epithelial cells (Fig. 4) (Segura-Valdez et al., 2000). 
There is no orthologue in rodent genomes for MMP-1, which 
is found only in primates; Mmp-2 and Mmp-9 are believed to 
be functional MMP-1 orthologues in rodents (Chung, 2001; 
Joos et  al., 2002; Schütz et  al., 2002; Segura-Valdez et  al., 
2000). This will be relevant for future work in mice that seeks 
to confirm the findings obtained with human cells. It is clear 
that increased MMP secretion by respiratory epithelia exposed 

to PM is significantly linked to airway diseases, at least in 
part, because of a neurotropic effect on MMP-1 that likely will 
lead to sensitization of airway innervating sensory neurons, 
augmenting the function of RANTES and IP-10. Also, evidence 
that MMP-1 secretion, or that of other MMPs, leads to direct 
activation of PAR-2 similar to the effects of secreted MMP-1 
on PAR-1 activation in breast cancer was not found. Rather, 
the effects were on MAP-kinase signaling, downstream of 
Ca++ influx via TRPV4, yet these effects were critical because 
pan-β-arrestin knockout (using siRNA) completely eliminated 
MMP-1 activation by DEPs.

These findings have relevance on human disease beyond the 
characterization of a novel and pathophysiologically relevant 
signaling pathway. They highlight the known susceptibil-
ity of different human individuals to air pollution by demon-
strating that the TRPV4

P19S
 human polymorphism augments 

TRPV4-mediated Ca++ influx and MMP-1 activation strik-
ingly. Importantly, TRPV4

P19S
 has been shown to significantly 

FIG. 3.  Signaling cascades, as outlined by our two recent papers (Li et al., 2009, 2011). (A–C) Membrane-proximal signaling evoked by DEP-organics 
(DEP-OE) leading to Ca++ influx via TRPV4 and (D) activation of RAS (by Ca++) and subsequent MAP-kinase signaling that leads to MMP-1 activation. (A color 
image is available in the online version.)
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predispose individual subjects to develop COPD (Zhu et  al., 
2009). TRPV4 was found expressed on respiratory cilia in 
human primary airway epithelia (Li et al., 2009, 2011) and in 
the same location on mouse tracheal epithelia (Lorenzo et al., 
2008). Furthermore, with regard to human health, this investi-
gation encompasses yet another human genetic polymorphism 
linked to respiratory health, namely the promoter polymor-
phism, MMP-1(-1607G/GG), thus highlighting the concept 
of disease susceptibility as a function of genetic (epigenetic) 
“makeup” in combination with environmental insults.

Wood Smoke Particles and Sequestration of 
Mitochondrial Iron

The burning of wood impacts domestic, occupational, and 
environmental exposures with elevations in PM to levels 
exceeding milligrams per cubic meter (Ezzati and Kammen, 
2001; Kocbach Bølling et al., 2009; Larson and Koenig, 1994; 
Naeher et al., 2007; Riojas-Rodríguez et al., 2001). Respiratory 
symptoms, lower respiratory tract infections, exacerbations of 
chronic disease with hospitalizations, and systemic inflam-
mation can all be associated with exposures to wood smoke 
(Bruce et al., 2000; Dennis et al., 1996; Koenig et al., 1993; 
Ozbay et al., 2001; Pérez-Padilla et al., 1996; Sharma et al., 
1998; Tan et al., 2000; van Eeden et al., 2001). This clinical 
presentation following wood smoke exposure is similar to 
that after exposure to many diverse particles including those 
of cigarette smoke, environmental tobacco smoke, gas stoves, 
and mining/processing of coal and mineral oxides. These 
particle-related exposures can cause cough and phlegm pro-
duction (Aditama, 2000; Jarvis et al., 1996; Jinot and Bayard, 
1996; Larson and Koenig, 1994; Riojas-Rodríguez et  al., 
2001; Sydbom et al., 2001), and wheeze (Chilmonczyk et al., 
1993; Donaldson et al., 2000; Gamble et al., 1987; Larson and 
Koenig, 1994); an acute, reversible decrement in pulmonary 

function and elevation in bronchial hyperreactivity (Chen 
et  al., 2001; Koenig et  al., 1993; Larson and Koenig, 1994; 
Morgan et al., 1997; Pope et al., 1991; Sheppard et al., 1986; 
Sherman et al., 1989); an induction of an acute neutrophilic 
inflammation, an emphysema, and a parenchymal fibrosis 
(Ghio et al., 2012b; Ozbay et al., 2001; Pinkerton et al., 2000); 
inflammatory changes in the peripheral blood (e.g., elevations 
in white blood cell counts and increases in C-reactive protein, 
fibrinogen, and blood viscosity) (Pekkanen et al., 2000; Seaton 
et al., 1999); and cardiovascular, cerebrovascular, and periph-
eral vascular disease (Glantz and Parmley, 1995; Havas et al., 
1989; Melius, 1995). This shared presentation after exposure 
to dissimilar particles suggests a common mechanism for their 
biological effect. That mechanism is widely considered to be 
a generation of an oxidative stress that provokes increasing 
kinase activity, transcription factor activation, and mediator 
release with inflammation expressed histopathologically (Ghio 
et al., 2012a). Therefore, a common pathway may exist for all 
PM by which an oxidative stress and subsequent biological 
effects are generated.

One postulate that can explain a common pathway for 
oxidative stress and the clinical presentation following PM 
exposure is an altered iron homeostasis. Life evolved with 
an absolute dependency on iron availability, but those same 
chemical properties that allow this metal to function as a catalyst 
in reactions involving molecular oxygen can make it a threat 
to life via the generation of oxygen-based free radicals. Iron 
will react with oxygen-containing functional groups at particle 
surfaces (Ghio et al., 2004). In the lower respiratory tract, retained 
particles accordingly accumulate metal from available sources in 
a cell and tissue via complexation (Koerten et al., 1986). During 
such mobilization of iron from host sources, oxidants may be 
produced. Cells and tissues attempt to transfer iron away from the 
particle where it is catalytically active and capable of presenting 
an injurious stress. The resultant disruption in iron homeostasis, 
and the attempt to re-establish normal metal equilibrium in the 

FIG. 4.   Expression of MMP-1 in bronchial epithelial cells of human COPD lungs (Segura-Valdez et al., 2000). (A) Differentiated bronchial epithelium  
(control; also note MMP-1+ macrophages in the bronchial lumen); (B) in striking contrast, a strongly MMP-1-expressing bronchial epithelium from a COPD case. 
(A color image is available in the online version.)
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host, can be observed following the introduction of any particle 
into the lung as a ferruginous body (Ghio et al., 2004).

With wood smoke exposure, there is formation of ferrugi-
nous bodies supporting an involvement of iron in the biological 
response to this specific PM (Fig. 5). Therefore, we evaluated 

the postulate that WSP sequesters host cell iron resulting in 
disruption of normal homeostasis and that this loss of essen-
tial metal results in both an oxidative stress and biological 
effect. With exposure to WSP, respiratory epithelial cells were 
observed to import iron. RNA for divalent metal transporter 1 
(a major iron importer) increased after WSP exposure. With 
24-h exposure to WSP, cell ferritin concentrations were also 
elevated. Using 57Fe labeling, sequestration of mitochondrial 
iron by WSP was confirmed. Oxidant generation, the activa-
tion of a transcription factor controlling the expression of genes 
involved in the antioxidant and inflammatory response, and 
release of proinflammatory mediators following cell exposure 
to WSP were all shown to be dependent on the sequestration of 
cell iron by the particle.

As a result of a capacity of WSP to bind cell iron, host 
sources of this metal are sequestered (Fig. 6). Accordingly, the 
cell responds to the particle, its sequestration of host iron, and 
the relative iron deficiency by upregulating import of iron. The 
attempts by the cell to reacquire iron necessitate ferrireduction 
including superoxide generated by the mitochondria. A  new 
iron homeostasis is determined by the interaction between 
the cell and the particle. Total cell iron is increased, ferritin 
is increased, and organelle concentrations of metal return to 
normal. Subsequently, the cell has sufficient iron to meet its 

FIG.  5.  Ferruginous body following exposure to wood smoke. This is 
human lung tissue collected at autopsy, stained with hematoxylin and eosin, 
and viewed at approximately 100× magnification. (A color image is available 
in the online version.)

FIG. 6.  Schematic of interaction between particle and airway epithelial cells in altering iron homeostasis. Endocytosed particle will complex available iron 
from intracellular sites (A). The cell recognizes a functional deficiency in the metal and responds by generating more ferrireductant (e.g., superoxide) and increasing 
importers (e.g., divalent metal transporter; rectangular box spanning basolateral membrane [left side of cell]) (B). Following import of iron, a new homeostasis is 
achieved in the respiratory epithelial cells with higher intracellular iron concentrations allowing the cell to function while the particle sequesters some portion of the 
metal (C). Ferritin (rectangular box in the cell) is increased as a result of elevated cellular concentrations of iron. (A color image is available in the online version.)
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requirements for function despite the particle sequestering 
portions of this pool. If sufficient iron concentrations can-
not be obtained by the cell, the response proceeds to include 
inflammation. Should this fail to re-establish an iron homeo-
stasis adequate to meet all needs in the cell, apoptosis will be 
initiated.

A component of WSP responsible for complexation and 
sequestration of cell iron is likely to be humic acid (Ghio et al., 
1994). This is a naturally occurring heterogeneous organic 
substance, which is ubiquitous and occurs in all terrestrial and 
aqueous environments. As a result of a variety of acidic func-
tional groups, humic acid complexes metal cations to facili-
tate their mobilization, transport, and deposition in soils and 
waters. A variety of cations are bound by humic acid, but of 
those metals with kinetics favoring complexation, iron is that 
trace metal in the highest available concentrations. In addition 
to soils and waters, other sources of humic acid can include 
coal, coal fly ash, tobacco smoke particulate, oil fly ash, DEPs, 
ambient air particles, and WSP (Ghio et al., 1996). An oxida-
tive stress is initiated by WSP exposure following sequestra-
tion of host cell iron via humic acid. This pilfering of host iron 
by the humic acid ultimately results in a pulmonary and sys-
temic inflammation.

Cytotoxic Insoluble Nanosized Particles in 
Reference Cigarette Smoke Condensate

Humans have smoked tobacco for centuries. Consequently, 
there exists a wealth of epidemiological data indicating that 
cigarette smoking can cause human disease. Repeated human 
exposure to smoke generated during the combustion of a vari-
ety of different materials appear to result in similar physiologi-
cal responses and pathologies in the lung. For example, though 
tobacco smoking is clearly an important risk factor for devel-
oping COPD, approximately 25–45% of patients with COPD, 
worldwide, have never smoked tobacco (Salvi and Barnes, 
2009). Many of these nontobacco smokers with COPD have 
been chronically exposed to biomass smoke. Such observations 
suggest a shared mechanism for the development of combus-
tion material–induced lung disease. Surely, a better understand-
ing of the critical cellular events and smoke constituents that 
are responsible for combustion material–induced lung disease 
may lead to novel strategies to reduce the potential harmful 
effects of smoke exposure.

It is difficult to overstate the chemical complexity of cigarette 
smoke. The basic principles of cigarette smoke formation and 
the properties that influence smoke complexity have been well 
summarized (Baker, 1999; Thielen et al., 2008). Smoke generated 
from a lit cigarette is a dense aerosol composed of microscopic 
liquid droplets, known as the particulate, dispersed in a vapor of 
air and other gases (Fig. 7). The particulate component of cigarette 
smoke is often referred to as wet total particulate matter (TPM) or 
cigarette smoke condensate (CSC). There are approximately 10 

billion liquid droplet particles per cubic centimeter in mainstream 
cigarette smoke with particle sizes ranging from 0.1 to 1.0 µm 
in diameter (0.35 µm, average). Mainstream cigarette smoke is 
composed of more than 5000 chemicals distributed between gas/
vapor phase (GVP) and TPM (Haussmann, 2012).

Considerable resources over the past half century have been 
directed at understanding the critical role of chemicals in ciga-
rette smoke on lung injury. Despite these research efforts, the 
individual smoke constituent(s) responsible for pulmonary dis-
ease have yet to be identified. However, it is interesting to note 
the persistence of oxidative stress and inflammation in the lung, 
even after prolonged smoking cessation (Brusselle et al., 2011). 
One possible explanation for these findings is the accumulation 
of biopersistent material in the lung that may play an important 
role in cigarette smoke–induced lung disease. Examples of sub-
stances reported to accumulate in smokers’ lungs include iron 
(Ghio et al., 2008; Weinberg, 2009), HLS (Ghio et al., 1994), 
and elemental carbon (Saxena et al., 2011).

Another possible biopersistent substance to consider 
may be the presence of insoluble nanotube-like material in 
CSC. Hajaligol and coworkers (Baliga et al., 2012) observed 
the formation of nanotube-like structures during tobacco 
combustion (see Fig. 8). We hypothesized that these structures 
are insoluble nanotubes that survive combustion and are 
captured in the liquid droplet particles that make up CSC. To 
test this hypothesis, we isolated insoluble material from CSC 
followed by physical and chemical characterization (manuscript 
in preparation). CSC was produced from 180 research cigarettes 
(2R4F) smoked mechanically using the FTC method. The CSC 
underwent multiple extractions with methanol and heptanes, 
followed by centrifugation at 104,000 × g after each extraction 
to capture potential nanosized insoluble material. Results from 
these studies demonstrated that approximately 0.25% of CSC 
(5.6 mg/2.24 g CSC) appears to be insoluble material. In fact, 
the ratio of insoluble material to CSC produced under varying 
smoking parameters (number of cigarettes, ventilation, and 
puffing intensity) was remarkably constant at 0.25%.

FIG. 7.  Burning cigarette processes. (Adapted from Thielen et al., 2008. 
Reproduced with permission of Urban & Fischer Verlang via Copyright 
Clearance Center.) (A color image is available in the online version.)
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The physical properties of the isolated, insoluble material 
were determined by transmission electron microscopy. Though 
nanotube structures were not found, numerous spherical parti-
cles with a median diameter of 34 nm were observed (Fig. 9). 
These particles were composed of predominately amorphous 
carbon; their chemical properties were determined by elemen-
tal analysis, fourier transform infrared spectroscopy (FTIR), 
and electron paramagnetic resonance spectroscopy (EPR). The 
findings from the elemental analysis and FTIR studies indicated 
a striking similarity to HLS that was previously reported by 
Ghio and coworkers to be present in CSC (Ghio et al., 1994). In 

addition, very stable, carbon-centered radicals were observed 
in these isolated particles of HLS, as determined by EPR analy-
sis. A similar EPR signal (g value of about 2.0028, consistent 
with a semiquinone) was previously observed in CSC gener-
ated from cigarette smoke (Pryor et al., 1983; Wooten et al., 
2006) and from humic acid (Jezierski et al., 2000). The cyto-
toxicity of these insoluble particles was examined in human 
BEAS-2B cells in culture. Cell death was observed at levels as 
low as 2.5 µg/ml and was found as early as 3 h following expo-
sure. After 24-h exposure, 100% cell death was observed. In 
contrast, exposure to 50 µg/ml carbon black particles (16 nm) 
induced approximately 25% cell death after 24-h exposure.

In conclusion, insoluble material has been isolated and 
quantified from CSC and appears to be composed of HLS and 
nanosized spherical particles. As previous studies have clearly 
demonstrated potent toxic characteristics for HLS (Ghio et al., 
1996), humic acids (Paciolla et al., 1999; van Eijl et al., 2011), 
and nanoparticles (Maynard et al., 2012; Renwick et al., 2001), 
the existence of HLS in the form of nanoparticles in cigarette 
smoke appears to represent a potential novel mechanistic target 
for lung injury.

Future Directions

The identification of TRP ion channels (i.e., TRPA1, M8, 
V1, and V4) as cellular sensors for and mediators of discrete, 
pathologically relevant molecular processes in lung cells 
represents an advancement in the understanding of how 
particulate matter might cause adverse effects in the respiratory 
tract. Much research remains to define a role for TRP channels in 
the cell and tissue response to combustion-generated particles. 
Biomarkers reflecting the selective activation of different TRP-
mediated events such that the precise contributions of different 
pathways can be appropriately linked to the composite response 
in respiratory tissue after exposure to combustion-derived PM 
should be identified. Cellular expression of TRP channels and 
variants, including gain- or loss-of-function polymorphisms 
and splice variants, must be accounted for in assessing cellular 
responses to a particle. Dynamic changes in the expression of TRP 
channels and individual variation in activity must be considered 
in order to establish plausible links between the environment 
exposure and specific genes and clinical phenotypes.

Modifying the expression and activity of TRP channels in 
cell and animal models will allow insight into potential thera-
peutic benefit. Nonspecific agents with a capacity to alter TRP 
channel activity include mustard oil, capsaicin, and chloroquine. 
Alternatively, channels can be activated by signaling molecules 
released by other receptors (e.g., muscarinic, histamine, and Mas-
related G-protein coupled receptors). The advent of specific ther-
apeutics that target TRP channels will be instrumental in linking 
TRP channel function with disease by facilitating animal-based 
and clinical trials. Combining comprehensive chemical and bio-
chemical, genetic, in vitro cellular, animal, and epidemiological 

FIG. 8.   Scanning electron photomicrograph of cigarette coal morphology 
at the base of the combustion zone. Shreds from the puff burn coal base with a 
smoking regime of 70 cm3 puff volume, 2 s puff duration, and puffed once every 
minute were extinguished with nitrogen gas, 1 s into the fourth puff. Coal base 
morphology shows the growth of tube-like projections.

FIG. 9.   Transmission electron photomicrograph of insoluble material iso-
lated from cigarette smoke condensate shows numerous spherical particles with 
a median diameter of 34 nm.
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data with clinical characterization of phenotypes attributable to 
exposure to complex mixtures resulting from incomplete com-
bustion of various materials will confirm or refute the hypothesis 
that TRP channels, individually or as a group, are important early 
mediators of processes that culminate in the well-established 
adverse effects of these materials on human health.

The existence of HLS in the form of nanoparticles in ciga-
rette smoke clearly represents a potentially important mecha-
nistic target for lung injury. However, as this report is the first to 
describe the existence of HLS nanoparticles (34 nm), confirma-
tion by other investigators is required. For example, are these 
nanosized particles an artifact of the isolation procedure or are 
they formed in cigarette smoke and deposited in the lung during 
smoking? Once their presence in cigarette smoke is confirmed, 
it would be interesting to determine the similarities of these 
particles to those generated during combustion of other mate-
rials (e.g., wood and biomass). Other important questions to 
answer include whether these HLS nanoparticles play a critical 
role in smoke-induced lung disease?

To address these questions, determinants of HLS in com-
bustion-derived particles must be defined. Likewise the rela-
tionship between HLS and its complexation of host iron with 
indices of biological effect must be determined. It is possible 
that sequestration of host iron by this organic compound results 
in oxidant generation, cell signaling, transcription factor acti-
vation, and inflammatory mediator release. If true, the cascade 
of reactions which culminate in inflammation after WSP, ciga-
rette smoking, and other combustion-generated particles can be 
interrupted with the provision of excess iron through either oral 
or inhaled routes. In addition, utilization of HLS in in vitro and 
in vivo exposures (cell, animal, and human) may function as a 
model for combustion-derived particles and allow assays for 
therapeutic interventions.
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