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Abstract
Evidence has accumulated over the past several years demonstrating that lung injury following
inhalation of irritants like ozone is due, not only to direct effects of the chemical, but also
indirectly to the actions of inflammatory mediators released by infiltrating macrophages. Among
the mediators involved in the cytotoxic process, reactive nitrogen species (RNS) are of particular
interest because of their well-documented cytotoxic potential. Findings that macrophage
suppression blocks RNS production and ozone-induced toxicity provide strong support for a role
of these cells and inflammatory mediators in lung injury. Recent investigations have focused on
understanding pathways by which macrophages become activated to release RNS. One protein
that has attracted considerable attention is caveolin-1, a membrane scaffolding molecule that
functions to negatively regulate cell signaling. The fact that expression of caveolin-1 is down-
regulated in macrophages after ozone inhalation suggests a mechanism controlling the release of
cytotoxic mediators by these inflammatory cells.
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Introduction
Ozone is a ubiquitous urban air pollutant and the main component of photochemical smog. It
remains one of the most problematic air pollutants to control because it is formed from
intermediates originating from many different sources.1 Inhaled ozone has been shown to
irritate and damage the lung in both healthy and susceptible individuals, including children
and the elderly.2 Ozone causes inflammation and constriction of the airways, thus reducing
pulmonary function leading to respiratory symptoms. Ozone also exacerbates asthma and
suppresses nonspecific immunity increasing the susceptibility of exposed individuals to
respiratory infections.2 Epidemiologic studies in the United States have demonstrated that
for every 10 ppb increase in daily ozone levels, the total death rate for that day and for the
two following days increases by 0.87%.3 Potential adverse effects of ozone are even greater
in large cities in the developing world where ozone levels can be significantly higher than in
the United States. Thus, elucidating the specific pro- and anti-inflammatory mechanisms
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contributing to ozone-induced tissue injury is highly relevant in terms of designing strategies
for reducing morbidity and mortality caused by exposure to air pollutants.

Macrophages and inflammatory mediators
Macrophages are key effectors of innate immunity. In addition to ridding the body of
pathogens, dead cells and debris, apoptotic cells, and some tumor cells, they are one of the
most active secretory cells in the body, releasing a wide range of mediators that regulate
inflammation, adaptive immunity, and homeostasis.4–7 They are also considered
professional antigen-presenting cells, triggering specific immune responses of T
lymphocytes. It is now well recognized that these diverse actions of macrophages are
mediated by distinct subpopulations of cells that are phenotypically polarized by
inflammatory mediators in their microenvironment.8 Polarized macrophages are broadly
grouped into two major subtypes: classically activated cytotoxic/proinflammatory M1 cells,
and alternatively activated anti-inflammatory M2 cells. Whereas M1 cells release mediators
that promote inflammation, pathogen destruction, cytotoxicity, and in some instances, tissue
injury, M2 cells release anti-inflammatory, and immunosuppressive mediators that facilitate
wound repair, tissue remodeling, and angiogenesis. Under pathologic conditions, M2 cells
are also key to chronic inflammation and the development of fibrosis.9

Macrophages and ozone toxicity
Our laboratories have been investigating the role of macrophages and inflammatory
mediators in the pathogenesis of lung injury induced by exposure to pulmonary toxicants
such as ozone. We hypothesize that macrophages accumulating in the lung in response to
ozone-induced injury are classically activated into M1 cells, and release RNS which
contribute to toxicity. To test this hypothesis, we used a whole body exposure system for
rodents.10,11 Acute (3 h) inhalation of ozone by both rats (2 ppm) and mice (0.8 ppm) was
found to cause structural alterations in the lung including disruption of the alveolar epithelial
barrier, followed by Type II cell hypertrophy and hyperplasia. These changes were most
notable 24 h post-ozone exposure and were accompanied by alterations in lung functioning
including decreases in compliance (Fig. 1). Increases in tissue damping and tissue elastance
were also noted in lungs of animals exposed to ozone. These findings indicate that early
functional alterations induced by ozone were evident in airways, as well as lung
parenchyma. Further analysis of lung sections, as well as bronchoalveolar lavage fluid
(BAL) revealed that ozone-induced alterations in lung structure and function were correlated
with an accumulation of inflammatory macrophages in the tissue. When these cells were
isolated, they were found to exhibit morphologic and functional characteristics of classically
activated macrophages. Thus, they were significantly enlarged, relative to macrophages
from control animals, were highly vacuolated and possessed ruffled membranes and an
increased cytoplasmic:nuclear ratio. In addition, they released increased quantities of
proinflammatory/cytotoxic mediators including tumor necrosis factor (TNF)-α, eicosanoids
(e.g., PGE2), RNS (e.g., nitric oxide and peroxynitrite), and reactive oxygen species (e.g.,
superoxide anion and hydrogen peroxide).12,13 They also expressed high levels of mRNA
for inducible nitric oxide synthase (iNOS), the enzyme-mediating nitric oxide production by
macrophages. In contrast, expression of interleukin (IL)-10 and arginase was suppressed in
these cells (Fig. 2, and not shown). These are prototypical characteristics of M1
macrophages.14 To assess whether proinflammatory/cytotoxic M1 macrophages contribute
to ozone-induced nitric oxide production and lung injury, we used gadolinium chloride, a
rare earth metal reported to block the activity of these cells.15 Pretreatment of animals with
gadolinium chloride was found to suppress ozone-induced iNOS expression in the lung, as
well as macrophage production of RNS.15 Moreover, animals pretreated with gadolinium
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chloride were protected from ozone-induced lung injury. These data demonstrate a role for
M1 macrophages in the pathogenic response to ozone.

RNS and lung injury
RNS, including nitric oxide and peroxynitrite, have been implicated in lung injury induced
by diverse pulmonary toxicants including silica, particulate matter, and bleomycin.16–18

They have also been shown to be important in the pathogenesis of diseases such as ARDS,
COPD, bronchitis, and asthma.19,20 To analyze the role of RNS in ozone toxicity, we used
transgenic mice with a targeted disruption of the iNOS gene. Macrophages isolated from
iNOS knockout mice were unable to generate nitric oxide or peroxynitrite.12 Ozone-induced
expression of TNFα was also suppressed in these mice. Importantly, iNOS knockout mice
were protected from ozone-induced lung injury, as measured by levels of BAL protein and
inflammatory cells. There was also no evidence of peroxynitrite-mediated lung damage in
these animals. Similar results were observed in mice overexpressing superoxide dismutase
(SOD), which are unable to generate peroxynitrite.21 Ozone-induced increases in
macrophage expression of iNOS, as well as TNFα, and decreases in IL-10 were also
suppressed in SOD overexpressing mice.21 These data demonstrate that nitric oxide
generated via iNOS and its reactive oxidative product, peroxynitrite, play critical roles in
ozone-induced inflammation, production of inflammatory mediators, and lung injury.

The precise biochemical mechanisms underlying the pathogenic actions of RNS in the lung
following ozone inhalation have not been elucidated. Nitric oxide is a highly reactive
molecule that readily diffuses into membranes and cells where it reacts with molecular
targets such as heme- and thiol-containing proteins and amines, and these actions may be
important in its cytotoxic activity.22 RNS can also posttranslationally modify proteins
resulting in altered functioning. For example, RNS-mediated S-nitrosylation of the
pulmonary collectin, surfactant protein-D (SP-D) results in a change in its biological activity
from anti-inflammatory to proinflammatory.23 Following ozone inhalation, we detected
increased levels of S-nitrosylated SP-D in BAL. This was correlated with increases in the
ability of BAL from ozone-treated animals to induce macrophage chemotaxis and
production of reactive oxygen species. These findings suggest that one mechanism whereby
RNS contributes to pulmonary inflammation and oxidative stress following ozone inhalation
involves alterations in protein functioning.

Mechanisms regulating RNS production by lung macrophages
As described earlier, nitric oxide is generated in macrophages by an inducible form of the
enzyme nitric oxide synthase. This enzyme is upregulated by inflammatory mediators such
as bacterially derived lipopolysaccharide, and Type I cytokines like interferon-γ and TNFα.
TNFα is of particular interest because it has direct cytotoxic and proapoptotic activity. It
also stimulates the release of other proinflammatory and cytotoxic mediators including IL-1,
IL-6, platelet activating factor, colony-simulating factor, and eicosaniods, as well as reactive
oxygen and nitrogen species from inflammatory phagocytes which can exacerbate tissue
injury.24 TNFα also regulates cellular proliferation and, at later stages of inflammation, is
thought to activate antioxidants and initiate wound healing.

In humans, TNFα plays a key role in allergic reactions in the pulmonary airways, and in the
pathogenesis of ARDS. It also mediates bronchial hyperresponsiveness in rats following
exposure to aerosolized endotoxin and ozone.24 TNFα production by alveolar macrophages
is increased in experimental models of tissue injury induced by inhaled particulates, as well
as endotoxin and is thought to be the major cytotoxic effector in bleomycin and silica-
induced fibrosis.24
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Following ozone inhalation, we found that TNFα was rapidly upregulated in the lung,
predominantly in alveolar macrophages.10,11,25 To investigate the role of TNFα in ozone-
induced iNOS induction and lung injury, we used knockout mice with a targeted deletion of
the gene for TNFα. In contrast to wild-type mice, ozone inhalation had no effect on
macrophage expression of iNOS induction in TNFα knockout mice. Ozone-induced
increases in nitric oxide and peroxynitrite production by macrophages was also suppressed
in TNFα knockout mice. These data, together with the observation that TNFα knockout
mice were protected from ozone-induced toxicity, demonstrate that TNFα produced early
after ozone inhalation contributes to lung injury, in part, by stimulating the production of
cytotoxic inflammatory mediators such as RNS.

TNFα exerts its biological activity by binding to a receptor on macrophages; two major
receptors have been identified: TNFR1 (p55) and TNFR2 (p75). Evidence suggests that the
proinflammatory actions of TNFα are mediated predominantly via activation of TNFR1.
This receptor is localized in both lipid raft and nonraft regions of the plasma membrane. In
response to TNFα, TNFR1 rapidly associates with lipid rafts where it complexes with
TNFα.26 This leads to the recruitment of adaptor proteins and activation of a cascade of
signaling molecules including phosphatidylinositol 3 (PI 3)-kinase, p44/42 mitogen-
activated protein (MAP) kinase, and consequent activation of NF-κB, a transcription factor
important in regulating many inflammatory genes including iNOS.27

Following ozone inhalation, we observed rapid and persistent activation of NF-κB in
alveolar macrophages.10,28 This was associated with induction of PI 3-kinase and its down
stream target, protein kinase B (PKB). Treatment of alveolar macrophages from ozone
exposed mice with the PI 3-kinase inhibitors, wortmanin, and LY294002, blocked excessive
nitric oxide production by these cells; NF-κB activation was also suppressed. These data
suggest that PI 3-kinase and PKB are important in regulating NF-κB activation and
expression of iNOS. To investigate this further, we used transgenic mice with a targeted
disruption of the NF-κB p50 gene. Ozone-induced increases in NF-κB nuclear binding
activity were significantly attenuated in NF-κB p50 knockout mice.10 In addition, the loss of
NF-κB p50 was associated with a marked reduction in the ability of ozone to upregulate
iNOS in the lung. We also found that alveolar macrophages from NF-κB p50 knockout mice
were unable to generate nitric oxide or peroxynitrite, even after ozone inhalation. Moreover,
mice lacking NF-κB p50 were protected against ozone-induced toxicity. These data
demonstrate that ozone-induced expression of iNOS and nitric oxide production in the lung
are dependent on NF-κB.

Caveolin-1 and ozone toxicity
Caveolae are small (50–100 nm) vesicular invaginations of the plasma membrane. Because
of their unique lipid composition, caveolae are classified as plasma membrane lipid rafts.
The chief structural proteins of caveolae are caveolins. To date, three caveolins (Cav-1,
Cav-2, and Cav-3) with unique tissue distribution have been characterized. Cav-1 is a 21–24
kDa protein that has been identified as the main structural and functional protein of
caveolae, required for their formation and stabilization. Cav-1 functions as a membrane-
organizing center, concentrating signaling molecules within a scaffolding domain, and
negatively regulating their activation state.29 Functional caveolin-binding motifs have been
identified in a number of signaling molecules including TNFR1, in several serine/threonine
kinases (e.g., p44/42 MAP kinases, PI 3-kinase) and tyrosine kinases (e.g., src kinase), as
well as in endothelial nitric oxide synthase (eNOS), and heme-oxygenase-1 (HO-1).30–33

Downregulation of Cav-1 leads to activation of these signaling pathways.
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Alveolar macrophages from control animals constitutively express Cav-1 protein.25

Treatment of mice with ozone caused a marked decrease in Cav-1 expression, which was
observed immediately after exposure and persisted for 3 h. Subsequently, levels of Cav-1
returned to control. The suppressive effects of ozone on Cav-1 expression were not observed
in TNFR1 knockout mice demonstrating that ozone-induced alterations in Cav-1 are
dependent on TNFα signaling via this receptor. This conclusion is supported by our findings
that TNFα was effective in suppressing Cav-1 expression in macrophages in culture. To
further investigate the role of Cav-1 in ozone toxicity, transgenic mice with a targeted
disruption of the Cav-1 gene were used. Ozone-induced toxicity and inflammation were
significantly exacerbated in these mice. Thus, it appears that Cav-1 may be key to limiting
release of proinflammatory/cytotoxic mediators by macrophages in the lung in response to
inhaled ozone.

Model of macrophages and ozone toxicity
Based on our findings we have developed a mechanistic model for the role of macrophages
and inflammatory mediators in ozone toxicity (Fig. 3). According to this model, exposure to
toxic levels of ozone results in injury to Type I alveolar epithelial cells, classical M1
activation of resident and infiltrating macrophages, and release of TNFα. TNFα binds to
TNFR1 and downregulates Cav-1 in macrophages in an autocrine and paracrine manner.
This leads to activation of signaling pathways like PI 3 kinase/PKB, subsequent activation
of NF-κB, upregulation of iNOS, and excessive production of RNS and tissue injury.
Understanding inflammatory mechanisms of ozone-induced tissue injury is critical for the
development of clinical approaches for treating or abrogating toxicity induced not only by
air pollutants, but also potentially, by chronic and episodic inflammatory lung diseases.
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Figure 1.
Effects of ozone on lung function. Female Wistar rats were exposed to air (white bars) or
ozone (black bars; 2 ppm, 3 h) in whole body Plexiglas divided chambers. After 24 h,
animals were anesthetized and tracheotomy performed. Animals were attached to a
flexiVent (SciReq) and measurements of whole lung resistance and compliance, and tissue
damping and elastance were made. Each bar is the mean ± SE (n = 3).
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Figure 2.
Effects of ozone on iNOS and Arginase1 mRNA expression. Alveolar macrophages
collected from animals exposed to ozone were analyzed by real-time PCR for iNOS and
Arginase1 (Arg1) gene expression. Data are presented relative to GAPDH and expressed as
fold-change over air control. Each bar is the mean ± SE (n = 3).
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Figure 3.
Model for the role of macrophages and RNS in lung injury. Macrophages responding to
ozone-induced lung injury become phenotypically polarized into M1 cells; TNFα released
from M1 macrophages acts in an autocrine and paracrine manner to downregulate Cav-1,
leading to activation of PI3 K/PKB signaling, NF-κB, and induction of iNOS. RNS
generated via iNOS contributes to ozone-induced lung injury.
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