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There is now compelling evidence that proteinases and oxidative
stress play pathogenetic roles in the following pathologies in chronic
obstructive pulmonary disease: airspace enlargement; chronic inflammation in the airways, lung interstitium, and alveolar space; and
mucus hypersecretion in the large airways. Proteinases and oxidants
may also contribute to remodeling processes in the small airways.
In addition, data are emerging that show interactions between
classes of proteinases and between proteinases and oxidants, which
amplify lung inflammation and injury in chronic obstructive pulmonary disease. This review discusses the biologic roles of proteinases
and oxidants, their roles in the pathogenesis of chronic obstructive
pulmonary disease, and their potential as targets for therapy.
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PROTEINASES AND OXIDANTS IN THE PATHOGENESIS
OF COPD
The proteinase–antiproteinase hypothesis for the pathogenesis
of chronic obstructive pulmonary disease (COPD) was formulated almost 40 yr ago in response to two key observations. First,
genetic deficiency of ␣1-antitrypsin (AAT, the major inhibitor of
neutrophil elastase [NE] in the lower respiratory tract) is associated with early onset, severe panlobular emphysema (1). Second,
instillation of papain (an enzyme with elastase activity) into rat
lungs results in progressive airspace enlargement (2). Since then,
other elastolytic proteinases have been shown to cause airspace
enlargement when instilled into rodent lungs. Consequently, it
was thought that an imbalance between proteinases (especially
elastases derived from polymorphonuclear neutrophils [PMNs])
and their inhibitors causes pulmonary emphysema. Although
excessive activity of PMN-derived elastases is likely to be important in the panlobular pulmonary emphysema associated with
AAT deficiency, this is probably an oversimplification of mechanisms underlying common, “garden variety” COPD in cigarette
smokers. Other factors have now been implicated in airspace
enlargement in COPD, including other classes of proteinases
(matrix metalloproteinases [MMPs] and cysteine proteinases),
oxidative stress, and apoptosis of lung structural cells. In addition, COPD is clinically and pathologically a heterogeneous disease and includes chronic inflammation in the airways, lung
interstitium, and the alveolar space; mucus hypersecretion; and
subepithelial fibrosis in the small airways. There is evidence
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that proteinases and oxidative stress contribute to all of these
pathologies in COPD.

CLASSIFICATION, CELL BIOLOGY, AND BIOLOGICAL
FUNCTIONS OF PROTEINASES
Classification

Proteinases are enzymes that cleave the internal peptide bonds
of polypeptides (3, 4). They can be classified into four groups
according to the chemical nature of their active site: serine,
metallo-, cysteine, and aspartic proteinases (Table 1). Proteinase
inhibitors are generally targeted against proteinases having a
specific catalytic mechanism (Table 1). Serine proteinases and
MMPs are optimally active at neutral pH (neutral proteinases)
and, therefore, play the major role in extracellular proteolysis.
Most cysteine and aspartic proteinases are optimally active at
acidic pH, and their main role is in intracellular degradation of
proteins in the acidic environment of lysosomes. However, some
aspartic proteinases (such as renin) function in the extracellular
space at neutral pH. Other acidic proteinases degrade extracellular proteins if they retain some of their catalytic activity at neutral
pH (as cathepsin S does) or if they are released into an environment having an acidic pH, such as the pericellular environment
of activated macrophages, as demonstrated for cathepsins S
and L (3). The proteinases implicated in the pathogenesis of
COPD are serine, metallo-, and cysteine proteinases. They are
expressed by PMNs, macrophages, lymphocytes, and structural
cells of the lung (Table 1) (3).
Cell Biology

PMNs do not synthesize proteinases de novo. Serine proteinases
and MMPs are produced in PMN and monocyte precursors in
the bone marrow. They are stored in various granules of PMNs
and are released from degranulating PMNs (3). Unlike PMNs,
human monocytes are heterogeneous in their expression of serine proteinases. Only a subpopulation of circulating monocytes
(ⵑ 30%) having a neutrophil-like proinflammatory phenotype
(proinflammatory monocytes) contains serine proteinases in their
primary granules (5). Cysteine proteinases are stored as processed,
active forms within the lysosomes of many cells. MMPs are generally synthesized and secreted by macrophages and structural
lung cells in response to cellular activation by various mediators
(6). Monocytes have limited capacity to synthesize and secrete
MMPs, producing predominantly MMP-7 when they are activated. As monocytes mature into macrophages, they lose their
complement of serine proteinases, but develop the capacity to
secrete MMP-1, -3, -9, -12, and -14, which increases further when
they are activated (3, 6, 7). Unlike serine proteinases, which are
stored as active enzymes within cells, MMPs are released as
proenzymes and are activated within the extracellular space.
Latency is maintained by an interaction between the active site
zinc and a conserved cysteine residue in the prodomain. Activation of most pro-MMPs occurs after their secretion into the
extracellular space, via disruption of this interaction (the cysteine
switch mechanism), which likely is mediated by proteinases and
oxidants (8–10). However, MMP-11 and four of the membrane-
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TABLE 1. PROTEINASES INVOLVED IN THE PATHOGENESIS OF CHRONIC OBSTRUCTIVE PULMONARY DISEASE
Class of Protein
Serine proteinases

Metalloproteinases

Cysteine proteinases

Optimal pH

Example

Cellular Source

Neutral
Neutral
Neutral

Neutrophil elastase
Cathepsin G
Proteinase-3

PMNs
P monocytes

Neutral

Tissue kallikrein

Neutral

Urokinase-type plasminogen activator

PMNs, monocytes, macrophages,
submucosal glands
PMNs, monocytes, macrophages

Neutral

MMP-1 to MMP-28; ADAMs

Granulocytes

Acidic

Cathepsins B, S, H, L

Monocytes
Macrophages
Epithelial cells
Fibroblasts
Inflammatory cells
T cells
Epithelial cells

Inhibitor
␣1-Antitrypsin
␣1-Antichymotrypsin
Secretory leukocyte protease inhibitor
Elafin
␣1-Antitrypsin
Plasminogen activator inhibitors;
␣2-macroglobulin
Tissue inhibitor of metalloproteinase
(types 1 to 4)

␣-Macroglobulin
Cystatins A, C, S
␣2-Macroglobulin

Definition of abbreviations: ADAM ⫽ cell surface proteinase containing a disintegrin and a metalloproteinase domain; MMP ⫽ matrix metalloproteinase; PMN ⫽
polymorphonuclear neutrophils; P monocytes ⫽ proinflammatory monocytes.

type subfamily of MMPs (see the next section) are activated
inside cells. These pro-MMPs have recognition sequences for
proprotein convertase family members, such as furin, which are
intracellular serine proteinases (11). Proprotein convertases are
thought to cleave and activate these pro-MMPs in the Golgi
network before they are secreted from cells.
Membrane-associated Proteinases

A subset of MMPs includes membrane-associated proteinases
(membrane-type MMPs). They are anchored to the cell surface
by either a transmembrane domain or a glycosylphosphatidylinositol link, and they are expressed on the surface of inflammatory and structural cells (12).
ADAMs are a family of 29 cell surface proteinases anchored
to the surface of inflammatory and structural lung cells by a
transmembrane domain (13). They are so called because they
contain a disintegrin and a metalloproteinase domain. The metalloproteinase domain of ADAMs enables them to shed and activate
cell surface molecules involved in inflammation, such as pro⫺tumor
necrosis factor (TNF)-␣. TNF-␣ is produced as an inactive 26-kD
transmembrane protein (pro⫺TNF-␣), and ADAM-17 and -10
cleave it, releasing biologically active 17-kD soluble TNF-␣ (13).
ADAMs also shed other membrane-anchored cytokines, growth
factors, and ligands for apoptosis, as well as the receptors for
these molecules from cells (13). Disintegrins bind to integrins to
regulate integrin-mediated cell adhesion (13). Thus, ADAMs may
contribute to extracellular proteolysis, and may regulate cell adhesion and migration, inflammation, apoptosis, and cell signaling.
Many of the other MMP family members, and also serine
proteinases implicated in the pathogenesis of COPD, lack a
transmembrane domain and have been thought to function exclusively as soluble enzymes. However, studies have shown that
active forms of NE, cathepsin G, proteinase 3, urokinase-type
plasminogen activator, and MMPs, including MMP-8 and -9, are
expressed on the surface of inflammatory cells in an inducible
manner. Although these surface-bound proteinases are similar
in catalytic activity to the soluble forms of the enzymes, they
differ from the soluble enzymes because they are substantially
resistant to inhibition by naturally occurring proteinase inhibitors (14–18). There is evidence that these membrane-bound
forms of proteinases contribute to pathologies in COPD (19–21).

Biological Functions

The main physiologic role of proteinases has been thought to
be in degradation of extracellular matrix (ECM) proteins during
embryonic development, postnatal growth, and menstruation.
During lung inflammation and injury, proteinases may remove
damaged ECM and other tissue debris, regulate coagulation and
fibrinolysis, and possibly participate in repair processes (3). However, NE and MMP-12 are now known to play critical roles in
innate immunity against bacteria and fungi (22, 23). MMP-7
activates antimicrobial defensin polypeptides that lyse bacteria
(24). MMPs and serine proteinases also regulate migration of
inflammatory cells by cleaving cytokines and chemokines to either generate or remove chemotactic gradients (25–27). In addition, MMPs promote tumor growth and metastasis by clearing
paths for tumor cells by locally degrading ECM, activating latent
growth factors, and promoting angiogenesis (28). However,
MMP-12, -9, and -3 prevent tumor growth and metastasis by
generating angiostatin from plasminogen to inhibit angiogenesis
(29). MMP-8 also plays an antitumor role in murine skin (25).

CLASSIFICATION AND BIOLOGICAL ROLES OF
OXIDANTS AND ANTIOXIDANTS
Classification

Oxidants can be classified as reactive oxygen species (ROS) and
reactive nitrogen species (RNS). In health, the main sources of
oxidants is inflammatory cells and resident cells, including lung
epithelial cells (30). Inflammatory cells generate potent ROS
and RNS. They express nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and xanthine oxidase, which convert O2
to the superoxide anion O2⫺, which can directly cause oxidative
injury. This ROS is rapidly dismutated by superoxide dismutase
(SOD) to hydrogen peroxide (H2O2; Figure 1). H2O2 is converted
to a potent ROS by inflammatory cells using myeloperoxidase
(a PMN enzyme), which generates hypochlorous acid (HOCl).
Interaction between H2O2 and Fe2⫹ also generates the potent
hydroxyl radical (OH·) by the Fenton and Haber-Weiss reactions
(Figure 1). Macrophages also express nitric oxide synthase type
2 (NOS2), which converts l-arginine to nitric oxide (NO) (31).
Interaction between O2⫺ and NO generates the potent peroxynitrate (ONOO⫺).
Antioxidants are present in intracellular and extracellular
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Figure 1. Biology of oxidants and antioxidants. Oxidants are shown in red and
antioxidants are shown in blue. AP-1 ⫽
activator protein-1; ELF ⫽ epithelial lining fluid; GCS ⫽ glutamylcysteine synthetase; GSH ⫽ glutathione; MPO ⫽
myeloperoxidase; NADPH ⫽ nicotinamide adenine dinucleotide phosphate;
NO ⫽ nitric oxide; NOS ⫽ nitric oxide
synthase; SOD ⫽ superoxide dismutase.

compartments and protect cells from oxidative injury by rapidly
inactivating oxidants (30, 32). Antioxidants can be classified as
enzymes, such as catalase, SOD, and glutathione (GSH) peroxidase (GSH peroxidase), or as nonenzymatic scavengers (Figure 1). Scavengers include the low molecular weight reduced
GSH, vitamins A and E, and high molecular weight proteins
containing many sulfhydryl and/or disulfide groups, such as albumin and mucins (30, 32). Reduced GSH is a major intracellular
antioxidant. Important antioxidants in interstitial fluids and airway secretions are GSH, vitamin C, and mucins. Important antioxidants in plasma include albumin and iron-binding proteins,
such as ceruloplasmin.
Biological Roles

The main biological role of oxidant is in host defense against
infection (33). Bacteria are engulfed by PMNs and macrophages
into phagosomes. The lysosomal granules of these phagocytes
fuse with the phagosome, releasing proteinases and myeloperoxidase into the phagosome. NADPH oxidase present in the membranes of primary granules of phagocytes generates massive
amounts of O2⫺ inside the phagolysosome (34). It has been
thought that inflammatory cells use O2⫺ to generate potent ROS
and RNS (see the preceding section) that kill bacteria. However,
studies show that increased O2⫺ generated inside the phagolysosome causes an anionic load that stimulates a pH-dependent
influx of K⫹ into the phagolysosome, increasing the ionic strength
inside the vacuole. This releases serine proteinases bound to
sulfated proteoglycans inside the phagolysosome, permitting serine proteinase⫺mediated bacterial cell wall lysis (35).
Other physiologic roles for oxidants include regulation of
growth factor– and cytokine-mediated signaling, and of cell
growth and survival by altering the cellular redox state or by
modifying oxidative proteins (36, 37). Oxidants also regulate the
activity of proteinases. For example, ROS and RNS activate
latent pro-MMPs (9, 10). However, HOCl also limits the activity

of active MMP-7 in vitro by oxidatively modifying two amino
acids within its catalytic domain, preventing its efficient interaction with substrates (38). However, it is unclear whether regulation of MMP activity is an important function of oxidants in vivo.

PROOF OF CONCEPT FOR THE ROLES OF PROTEINASES
IN COPD
In addition to the seminal observations by Laurell and Eriksson
(1) and Gross and coworkers (2), evidence of roles for proteinases in COPD comes from in vitro studies of the activities of
proteinases, correlative studies of proteinase expression in cells
and lung samples from human cigarette smokers and patients
with COPD, and animal models of COPD. These studies show
that proteinases contribute to airspace enlargement, chronic inflammation in the lower respiratory tract, and mucus hypersecretion and other changes in the airways of smokers and patients
with COPD (Figure 2).
In Vitro Studies of Proteinases

In vitro studies of the catalytic activities of MMPs, serine proteinases, and cysteine proteinases indicate that they have the capacity
to contribute to all the pathologies listed above.
Airspace enlargement. Proteinases act together to degrade all
components of the lung ECM, including structural components
(elastin and interstitial collagens) and basement membrane proteins (3), all of which must be degraded when alveolar units are
lost to produce airspace enlargement. Proteinases also promote
inflammation by several mechanisms (Figure 2). First, MMP and
serine proteinase family members cleave and activate cytokines
and chemokines. For example, MMP-9 and MMP-8 process interleukin (IL)-8 (39) and lipopolysaccharide-induced CXC chemokine (25), respectively, generating more potent forms of these
chemokines. MMP-7 sheds syndecan-1 from epithelial cells, releasing KC (a murine PMN chemokine), which is bound to
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Figure 2. Mechanisms of proteinase-mediated lung injury in
COPD. ADAM ⫽ cell surface proteinase containing a disintegrin
and a metalloproteinase domain;
CG ⫽ cathepsin G; ECM ⫽ extracellular matrix; EGFR ⫽ epithelial
growth factor receptor; Macs ⫽
macrophages; MMP ⫽ matrix
metalloproteinase; NE ⫽ neutrophil elastase; PMN ⫽ polymorphonuclear neutrophils; PR3 ⫽
proteinase-3; TK ⫽ tissue kallikrein.

syndecan-1 (40). Pro⫺TNF-␣ is shed and activated by ADAMs
and MMPs (13, 41). Serine proteinases activate pro–TNF-␣ and
pro–IL-1␤ (27). Second, NE stimulates the release of cytokines
and chemokines from epithelial cells and mononuclear phagocytes (42, 43). Third, NE and several MMPs cleave elastin (44, 45)
and AAT (46, 47), generating fragments that are chemotactic
for inflammatory cells. By promoting inflammation, proteinases
have the potential to further increase the lung proteinase burden
and, thereby, amplify proteinase-mediated inflammation and
ECM destruction (Figure 2). It is noteworthy that in human
patients with COPD, other mechanisms also amplify and perpetuate inflammation (Figure 2), including recurrent bacterial respiratory tract infections. There is also evidence that in patients
with COPD, latent adenoviral infection of epithelial cells amplifies lung inflammation (even when patients have stopped smoking)
by increasing synthesis of proinflammatory mediators by activating
NF-B, a proinflammatory gene transcription factor (48).
Airway pathologies. Proteinases including NE and ADAMs
family members contribute to more airway pathologies, including mucus hypersecretion and small airway fibrosis (Figure 2).
Mucus hypersecretion. Mucus hypersecretion occurs in the

large airways of many patients with COPD. Several proteinases
have been shown to be involved in increasing mucin synthesis
by activating the epithelial growth factor receptor (EGFR) expressed by serous cells in the submucosal glands by shedding
inactive, membrane-associated ligands for this receptor. This permits EGFR ligands to bind to, and to activate, this receptor. For
example, cigarette smoke activates the EGFR on airway epithelial
cells by inducing ADAM-17–mediated shedding and activation of
the EGFR ligand amphiregulin (20). NE and ADAM-17 activate
the EGFR by shedding another membrane-associated EGFR
ligand, pro⫺transforming growth factor (TGF)-␣, leading to an
increase in the expression of MUC5AC, a major mucin protein
(49, 50). However, NE also increases mucin synthesis by an
oxidant-dependent mechanism (51). Tissue kallikrein, a serine
proteinase expressed by inflammatory cells and submucosal glands,
also stimulates mucin synthesis in COPD airways by shedding
and activating pro-EGF, another EGFR ligand (52). Mucus hypersecretion and mucociliary dysfunction in the airways of patients
with COPD predispose them to recurrent bacterial infection.
The latter may amplify mucus hypersecretion in COPD airways
by at least two mechanisms. First, lipoteichoic acid, a product
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of the cell walls of gram-positive bacteria, stimulates ADAM-10
to shed and activate another EGFR ligand [membrane heparinbinding epithelial growth factor (19, 53)], leading to increased
mucin synthesis. Second, PMNs are recruited into the airways of
patients with COPD during bacterial infection, and NE, cathepsin
G, and proteinase-3 released by activated PMNs or expressed on
the surface of PMNs potently stimulate goblet cells to degranulate
and release mucus (21).
Small airway fibrosis. Proteinases also activate latent growth
factors in vitro and thus have the potential to induce fibroblasts
to deposit interstitial collagens in the walls of the small airways in
patients with COPD. For example, plasmin and MMP-9 activate
latent TGF-␤ (54, 55). Insulin-like growth factors circulate in a
latent form bound to insulin-like growth factor–binding proteins.
Several MMPs and ADAM-9 degrade these binding proteins,
releasing active insulin-like growth factors (56, 57). ADAMs
may also regulate small airway remodeling by shedding and
activating cell surface⫺bound ligands for the EGFR (see the
previous section). However, it is not known whether proteinases
contribute to subepithelial fibrosis in the small airways of patients with COPD.
Correlative Studies of Human Patients with COPD

Many studies have shown that the expression of serine proteinases and MMPs (MMP-1, -2, -8, -9, and -14) is increased in
bronchoalveolar lavage (BAL) cells (58–61), BAL fluid (62–64),
sputum (65–68), and lung tissue (69–71) from smokers and patients with COPD when compared with healthy subjects. In addition, several studies have demonstrated a direct relationship between proteinase levels and disease severity (58, 63, 64, 66–69, 71).
Animal Models of COPD

The strongest support for the roles of proteinases in COPD
comes from animal models of COPD. These models include
subjecting mice (and other animals) to acute and chronic cigarette smoke. This results in airspace enlargement, inflammation,
and subepithelial fibrosis in the small airways, similar to that
occurring in human cigarette smokers. Other investigators have
studied transgenic mice overexpressing proteinases in the lung,
or overexpressing cytokines in an inducible manner in the airway
epithelium of adult murine lungs, to induce lung inflammation
associated with an increased lung burden of proteinases. Studies
of mice genetically deficient in proteinases by gene targeting in
these models have provided insights into the pathogenetic roles
of individual proteinases. As outlined below, MMP-12, MMP-9,
and NE have been shown to contribute significantly to regulating
lung inflammation and airspace enlargement in murine models
of COPD (72–74). However, little is currently known about the
roles of proteinases in airway pathologies in animal models of
COPD.
Cigarette smoke exposure models of airspace enlargement. Mice
deficient in MMP-12 (MMP-12⫺/⫺ mice) exposed to cigarette
smoke for 6 mo are 100% protected from developing airspace
enlargement, indicating that MMP-12 plays a major role in airspace enlargement in mice (72). MMP-12 also regulates chronic
lung inflammation in this model, because wild-type mice exposed
to cigarette smoke develop a fivefold increase in macrophage
accumulation in the distal airspaces, but this does not occur
in MMP-12⫺/⫺ mice (72). The latter is not due to inability of
monocytes from MMP-12⫺/⫺ mice to migrate into the lung, because delivery of a monocyte chemokine to MMP-12⫺/⫺ mice
fully restores macrophage accumulation in response to cigarette
smoke without leading to airspace enlargement. However, BAL
fluid from wild-type, but not MMP-12⫺/⫺, mice contains chemotactic activity for monocytes. Thus, cigarette smoke likely stimulates constitutive lung macrophages to produce MMP-12, which
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generates a chemokine gradient, stimulating the recruitment of
monocytes from the vasculature into the lung.
Studies of NE⫺/⫺ mice in the chronic cigarette smoking model
showed that NE also plays a major role in airspace enlargement
in mice, because NE⫺/⫺ mice are 60% protected from airspace
enlargement (73). Recruitment of PMNs and monocytes is also
significantly impaired in NE⫺/⫺ mice exposed to cigarette smoke,
by unknown mechanisms. Thus, NE is required for full PMN
and monocyte recruitment during chronic cigarette smoke exposure in mice. However, MMP-9⫺/⫺ mice are not significantly
protected from airspace enlargement in the chronic cigarette
smoke exposure model (T. Betsuyaku and S. D. Shapiro, personal communication).
Studies of NE⫺/⫺ and MMP-12⫺/⫺ mice exposed to cigarette
smoke also demonstrated interactions between these different
classes of proteinases. This may explain, in part, the overlapping
protection from airspace enlargement that deficiency of either
enzyme provides. First, wild-type mice had lower whole-lung
levels of AAT than did MMP-12⫺/⫺ mice, and lower levels of
tissue inhibitor of metalloproteinase-1 than did NE⫺/⫺ mice (73).
In vitro, NE cleaves and inactivates tissue inhibitor of metalloproteinase-1 (75), and MMP-12 cleaves and inactivates AAT
(76). Thus, it is likely that NE and MMP-12 promote each other’s
deleterious activities in the lung by inactivating their inhibitors.
Second, in mice acutely exposed to cigarette smoke, MMP-12
regulates PMN influx (and the lung NE burden). This is likely
mediated by MMP-12 shedding and activating pro⫺TNF-␣ from
cell surfaces; soluble, active TNF-␣ upregulates E-selectin expression by endothelial cells, which may promote PMN adhesion
and transendothelial migration (41).
Transgenic murine models of airspace enlargement. Transgenic
mice overexpressing MMP-1 in the lung develop enlarged airspaces (77). However, it is unclear whether this represents abnormal alveolar development or destruction of mature interstitial
collagens by MMP-1. Inducible overexpression of MMP-1 (and
other interstitial collagenases) in the mature murine lung would
determine the importance of collagenolytic proteinases in the
development of pulmonary emphysema.
Transgenic mice overexpressing cytokines in an inducible
manner in the adult lung have been used to assess the roles of
immune-mediated inflammation in COPD. Immune cells play
important roles in COPD, because CD8⫹ lymphocytes are present in increased numbers in the lung, along with PMNs and
macrophages (78), and immune cells interact with macrophages
to stimulate macrophage MMP production (79). Adult transgenic mice overexpressing a helper T cell type 1 cytokine (interferon-␥) or a helper T cell type 2 cytokine (IL-13) in the airway
epithelium develop impressive pulmonary inflammation associated with increased production of MMPs and cysteine proteinases, and airspace enlargement (80, 81). In mice overexpressing
IL-13, genetic deletion of MMP-12 and -9 confirmed roles for
these proteinases in causing airspace enlargement, and MMP-12
was shown to mediate, at least partially, the expression of other
MMPs in the lung (74). In addition, genetic deletion of MMP-12
in mice overexpressing IL-13 reduced lung inflammation (74),
confirming a role for MMP-12 in promoting pulmonary inflammation in this model.
Proteinases and other mediators in COPD. Other murine models have shown roles for MMP-12 in airspace enlargement in
mice through interactions between MMP-12 and other mediators. TGF-␤ is one such mediator. TGF-␤ is known to inhibit
macrophage activation and MMP-12 production (82). In addition, ␣v␤6 integrin expressed by lung epithelial cells is involved
in activation of latent TGF-␤ in the lung (83). In ␣v␤6⫺/⫺ mice,
the associated loss of TGF-␤ activation in the lung leads to
markedly increased MMP-12 expression by macrophages and
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airspace enlargement (84). This process is prevented by overexpression of active TGF-␤ in the lungs of ␣v␤6⫺/⫺ mice. Another
molecule interacting with MMPs in the lung is surfactant protein
D (SP-D). SP-D⫺/⫺ mice have increased numbers of activated
lung macrophages producing increased amounts of MMPs. These
mice develop abnormally large airspaces during the first 3 weeks
of postnatal lung development (85).
Alveolar septal cell apoptosis models of airspace enlargement.
Apoptosis of the endothelial and epithelial cellular components
of the alveolar walls is thought to contribute to airspace enlargement during the development of emphysema. Apoptosis of alveolar septal cells (86–90) and leukocytes (90–92) occurs in patients
with COPD. Additional evidence of roles for septal cell apoptosis
in emphysema pathogenesis comes from animal studies. For
example, pharmacologic blockade of vascular endothelial growth
factor receptors (VEGFR) leads to apoptosis of endothelial cells
followed by airspace enlargement in the absence of inflammation
(93). In addition, transfection of alveolar epithelial cells with
the active caspase-3 (a proapoptotic aspartic proteinase) leads
to epithelial cell apoptosis followed by airspace enlargement
(87). These studies indicate that alveolar septal cell apoptosis
is sufficient to cause airspace enlargement in mice. However,
increased elastase activity (mediated by proteinases active at
acidic pH) is also detected in BAL samples after transfection
of alveolar epithelial cells with caspase-3 (87). Thus, proteinases
released from dying cells may act synergistically with septal cell
apoptosis to cause loss of alveolar units and airspace enlargement
by degrading the structural components of the lung ECM. NE
hinders clearance of apoptotic PMNs by lung macrophages by
cleaving the phosphatidylserine receptor on macrophages, which
recognizes phosphatidylserine expressed on the surface of PMNs
in the early phase of PMN apoptosis (94). Thus, during acute
bacterial exacerbations in patients with COPD, NE released
from PMNs recruited into the airways may hinder clearance
of PMNs by macrophages, and the prolonged persistence of
apoptotic PMN products, including PMN proteinases, may further contribute to proteinase-mediated lung inflammation and
injury. Uptake of apoptotic PMNs by macrophages also stimulates macrophage production of antiinflammatory signals such
as TGF-␤ by macrophages, which enhances resolution of inflammation (94). Thus, NE-mediated cleavage of the phosphatidylserine
receptor on macrophages may also promote lung inflammation in
COPD by inhibiting the generation of antiinflammatory signals
by macrophages.
Relevance of murine models of COPD to human disease. Studies
of genetically engineered mice in murine models of COPD indicate that serine proteinases, cysteine proteinases, and metalloproteinases, especially MMP-12, play major roles in airspace
enlargement and lung inflammation. However, the exact roles
of proteinases in airway pathologies in COPD have yet to be
investigated in murine models of COPD.
The relevance of animal models to human COPD depends
on the extent to which murine biology mirrors human biology.
It is noteworthy that there are important differences in the structure of the respiratory tracts of mice and humans. Mice have
fewer branching airways, no respiratory bronchioles, and no
submucosal glands. There are also important differences in the
profiles of proteinase expressed by murine and human inflammatory and resident lung cells. For example, mice do not express
the collagenase MMP-1. MMP-12 is a more prominent MMP in
murine macrophages compared with human macrophages. Thus,
MMPs other than MMP-12 (e.g., MMP-1, -2, -9, and -14) may
be more important in pathologies occurring in human patients
with COPD. There are also differences in the pathologies and
course of the disease in murine models of COPD versus the
human disease. Mice do not develop mucus hypersecretion in
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the murine cigarette smoke exposure model. Furthermore, mice
have fewer circulating PMNs than do humans. Unlike in human
patients with COPD, mice housed in barrier facilities, and exposed chronically to cigarette smoke alone, do not develop recurrent respiratory tract bacterial or viral infections. Thus, the PMN
and its complement of serine proteinases and MMPs may be
relatively more important in human COPD, especially during
acute exacerbations.

PROOF OF CONCEPT FOR OXIDATIVE STRESS IN THE
PATHOGENESIS OF COPD
Oxidative stress occurs when an imbalance develops between
oxidants and antioxidants because of an increased burden of oxidants and/or depletion of antioxidants. The evidence that oxidative
stress contributes to the pathogenesis of COPD comes from
studies showing oxidant–antioxidant imbalance in smokers and
human patients with COPD, and from studies showing that oxidants contribute to pathologies occurring in the lungs of patients
with COPD (Figure 3).
Sources of Oxidants in COPD

An important source of the increased burden of oxidants in
cigarette smokers and patients with COPD is cigarette smoke
itself, which contains large numbers of free radicals and other
oxidants (95). The gas phase of cigarette smoke contains predominantly alkyl and peroxyl radicals (1015 radicals per puff). The
tar phase of cigarette smoke also contains high concentrations
(1017 spins/g, as observed by electron spin resonance) of radicals
such OH·, and the semiquinolone radical (which converts O2 to
O2⫺). It also contains H2O2, which is converted to OH· by Fe2⫹
present in the epithelial lining fluid (30, 96). Modification of the
polyunsaturated fatty acids of cell membranes (lipid peroxidation) by free radicals generates peroxides and aldehydes that
amplify oxidative stress during smoking (97). Inflammatory cells
recruited and activated in the lungs in response to cigarette
smoking also contribute to the increased oxidative stress in
COPD by generating various ROS and RNS (30, 96). Lipopolysaccharide and TNF-␣, which are present in the lungs of patients
with COPD, also upregulate NOS2 production of NO by inflammatory cells (31).
Evidence of Increased Oxidative Stress in COPD

Oxidative stress is measured directly by quantifying oxidant production by cells. It is also measured indirectly by quantifying
the effects of oxidants on lipids: lipid peroxidation is measured
indirectly as thiobarbituric acid–reactive substances or urinary
isoprostane F2␣-III (98), or more directly as F2-isoprostane (99).
Antioxidant capacity or antioxidant responses to oxidative stress
are other, indirect measures of oxidative stress (30).
Increased oxidative stress occurs in exhaled breath condensates, BAL fluid, plasma, urine, and leukocytes from cigarette
smokers and patients with COPD (98–101). For example, patients with COPD have higher levels of H2O2 in exhaled breath
condensates than do healthy smokers, and levels increase further
during infective exacerbations (102). Urinary isoprostane F2␣III is increased in patients with COPD and is further increased
during exacerbations (98). Cigarette smokers have higher blood
levels of F2-isoprostane than do nonsmokers, and healthy smokers (99) and patients with COPD have higher levels of thiobarbituric acid–reactive substances in BAL fluid and plasma than
do nonsmokers (101). PMNs from patients with COPD with
exacerbations generate more O2⫺ than do cells from patients
with COPD in a stable clinical state (103). Alveolar macrophages
from cigarette smokers release more ROS (104–106), and also

Owen: Proteinases and Oxidants as Targets

379

Figure 3. Mechanisms of oxidant-mediated lung injury in
COPD. ECM ⫽ extracellular matrix; EGFR ⫽ epithelial
growth factor receptor; Macs ⫽
macrophages; MMP ⫽ matrix
metalloproteinase; NF-B ⫽
nuclear factor-B; PMN ⫽ polymorphonuclear neutrophils;
ROS ⫽ reactive oxygen species.

more Fe2⫹ (107), than do cells from nonsmokers, facilitating the
generation of the reactive OH·.
The plasma antioxidant capacity is decreased by cigarette
smoking (108, 109), and it decreases further in patients with
acute exacerbations of COPD (110). It also correlates negatively
with the release of oxidants from circulating PMNs in patients
with exacerbations of COPD (110). However, there are adaptive
responses in the antioxidant shield to chronic cigarette smoking.
Chronic cigarette smokers have increased GSH in BAL fluid
(111, 112). This may be due to oxidant-mediated activation of
the redox-sensitive transcription factor AP-1 (Figure 1), which
upregulates expression of ␥-glutamylcysteine synthetase, the
rate-limiting enzyme in GSH synthesis (113, 114). However, in
human chronic cigarette smokers, 1 h after smoking one to two
cigarettes, there is significant depletion of GSH levels in the
epithelial lining fluid (30). Acute depletion of intracellular GSH
also occurs when epithelial cells are exposed to oxidant in cigarette smoke condensates (112, 115). This is mediated by decreased activity of ␥-glutamylcysteine synthetase and leads to
increased epithelial permeability (96, 115). These observations
suggest that the adaptive increase in antioxidant shield in the

epithelial lining fluid of chronic cigarette smokers is not sufficient
to protect the lung epithelium during acute smoking.
Mechanisms of Oxidant-mediated Injury in COPD

In vitro and in vivo studies show that oxidants have the potential
to contribute to airspace enlargement by inducing septal cell
death, lung inflammation, and mucus hypersecretion. Oxidants
may also promote proteinase-mediated lung injury (Figure 3).
Airspace enlargement. As outlined above, there is evidence
that apoptosis of the cellular components of the alveolar walls
contributes to airspace enlargement during the development of
pulmonary emphysema. There is also evidence that oxidative
stress in patients with COPD contributes to this process. Oxidants from cigarette smoke injure epithelial cells in vitro (116)
and also in vivo, because chronic human cigarette smokers have
increased lung epithelial permeability, which increases further
during acute smoking (101, 117). Oxidative stress modifies cellular signaling involved in apoptosis. VEGFR blockade leads to
septal cell apoptosis in the murine lung associated with increased
expression of markers of oxidative stress, leading to airspace
enlargement (93, 118). When VEGFR inhibitor–treated mice
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are given an SOD mimetic, not only are all these processes
inhibited, but there is also an increase in septal cell proliferation
and enhanced phosphorylation of the antiapoptotic protein Akt
(118). In addition, inhibition of caspases in mice treated with
the VEGFR inhibitor results in reduced expression of markers
of oxidative stress (118). This indicates that oxidative stress and
septal cell apoptosis interact to contribute to loss of alveolar
units in COPD. Oxidants may also promote proteinase-mediated
injury to the ECM components of the alveolar walls (Figure 3)
by activating proteinases or inactivating proteinase inhibitors
(see below). Together, these oxidant activities may contribute
to airspace enlargement in COPD.
Inflammation. Oxidants increase the lung burden of PMNs
during smoking. PMN transit time in the pulmonary microcirculation is delayed after smoking (119). PMNs have a larger diameter (7 m) than that of the pulmonary capillaries (5 m) and
must deform to transit the pulmonary capillary bed. Oxidants
in cigarette smoke decrease PMN deformability by inducing
actin polymerization (120). This increases PMN sequestration
in the pulmonary microvasculature in human cigarette smokers,
allowing more time for PMNs to adhere to the endothelium and
migrate through it into the lung. Oxidants in cigarette smoke
also increase PMN–endothelial adhesion in rodents by upregulating the expression of CD18 integrins on PMNs (121). In addition, oxidants promote inflammation by regulating the production of proinflammatory mediators in the lung. For example,
the levels of TNF-␣ and IL-8, which promote PMN–endothelial
adhesion and PMN chemotaxis, respectively, are increased in
sputum and BAL fluids of patients with COPD (122, 123). Oxidants increase the expression of proinflammatory mediators by
macrophages and epithelial cells in vitro by increasing nuclear
translocation of NF-B (124, 125), and this process can be inhibited by treating cells with antioxidants (126).
Mucus hypersecretion. ROS and RNS stimulate the release
of mucus by airway epithelial cells (127–129). ROS increase
MUC5AC mucin production by airway epithelium by stimulating ligand-independent activation of the EGFR (128).

Repair in COPD

Oxidant and Proteinase Interactions in COPD

Proteinase Inhibition

Oxidants may potentiate proteinase-mediated pathologies in
COPD by regulating the activities of proteinases. As outlined
previously, oxidants increase MMP activity by activating latent
pro-MMPs in vitro (Figure 3), but it is unclear whether this
occurs in vivo. ROS also activate the serine proteinase, tissue
kallikrein. Tissue kallikrein is present in the airways in a latent
form that is bound to polymerized hyaluronan. ROS release
active tissue kallikrein by inducing hyaluronan depolymerization
(52). Thus, ROS promote tissue kallikrein–mediated activities
in the airways such as mucus hypersecretion (Figure 3). Oxidants
may potentiate serine proteinase activity by oxidatively inactivating two serine proteinase inhibitors, AAT and secretory leukocyte protease inhibitor (130, 131). Both of these inhibitors
have a methionine residue at their active sites. Oxidants convert
the methionine to methionine sulfoxide, which reduces their
capacity to inhibit serine proteinases. Studies in the 1980s yielded
conflicting results on whether oxidative inactivation of serine
proteinase inhibitors occurs in smokers or patients with COPD
(reviewed in Reference 132). However, oxidants are short-lived
molecules and are likely to be active only at short distances
from the cells that generate them before they are inactivated by
antioxidants. Thus, oxidative inactivation of serine proteinase
inhibitors could contribute to proteinase-mediated lung injury
in cell microenvironments in the lung. Although most of the
evidence points to a role for oxidants in increasing proteinase
activity, it is noteworthy that oxidants may also limit the activity
of MMPs after they have been activated (38).

AAT augmentation therapy is being used in the United States
in AAT-deficient patients who have impaired lung function.
Although there have been no controlled, randomized clinical
trials of AAT augmentation therapy, observational studies of
AAT-deficient patients indicate that AAT augmentation slows
the rate of decline in lung function, increases quality of life
scores, and decreases exacerbation frequency (139).
There have been no long-term clinical trials of proteinase
inhibitors in patients with COPD with normal levels of AAT,
mainly because of the high cost of funding such trials. However,
on the basis of evidence indicating key pathogenetic roles for
proteinases in animal models of COPD, it is likely that proteinase
inhibition would be an effective new therapeutic strategy. Further
support for this approach comes from in vitro studies showing that
low molecular weight, synthetic inhibitors of serine proteinases
and MMPs effectively inhibit both soluble and membrane-bound
proteinases (14, 15, 17, 18), and from studies of proteinase inhibitors in various animal models of COPD showing that proteinase
inhibitors effectively block both airspace enlargement and lung
inflammation. For example, delivery of synthetic inhibitors of
MMPs and cysteine proteinases to mice overexpressing IL-13
significantly prevents airspace enlargement and macrophage accumulation in the lung (74). In animals acutely exposed to cigarette smoke, delivery of synthetic or natural inhibitors of serine
proteinases and synthetic inhibitors of MMPs blocks PMN influx
into the lung and ECM destruction (140–142). Furthermore,
daily oral delivery of synthetic MMP inhibitors to mice prevents

Repair mechanisms are activated in the lung after tissue injury
mediated by proteinases and oxidants. However, in patients with
COPD, there is inadequate (or abnormal) repair of injured alveolar and airway structures. Our understanding of lung repair
mechanisms in COPD has lagged far behind our understanding
of the inflammatory and destructive pathways leading to pathologies in COPD. However, the administration of retinoic acid
stimulates the formation of new alveoli after the development of
airspace enlargement in elastase-exposed adult rats (133), indicating that the injured lung can undergo repair and that exogenous
agents can promote repair of injured alveoli. It is likely that structural cells such as epithelial cells, endothelial cells, and fibroblasts
play important roles in lung repair processes.
Components of cigarette smoke inhibit fibroblasts and epithelial cell migration and proliferation in vitro (134–136), indicating
that cigarette smoke itself interferes with normal repair processes in the lung. However, there is currently little information
about the roles of proteinases and oxidants in lung repair in
COPD. Proteinases may contribute to scarring around the small
airways, which likely represents abnormal repair in patients with
COPD (Figure 2). MMPs and ADAMs have the potential to
contribute to this process by regulating the activity of growth
factors (Figure 2). Oxidants, by activating pro-MMPs could also
contribute to this process (Figure 3). Oxidants also inhibit elastin
cross-linking and thereby inhibit efficient repair of elastic fibers
in the lung interstitium (137). In the bleomycin model of lung
injury in mice, MMP-9 promotes migration of epithelial cells in
the distal airways into injured alveoli [alveolar bronchiolization
(138)], which is probably an aberrant lung repair mechanism.
However, it is not clear whether MMP-9 and other proteinases
play roles in lung repair processes in COPD.

POTENTIAL OF PROTEINASE INHIBITION/
ANTIOXIDANT APPROACHES IN THE
TREATMENT OF COPD
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airspace enlargement and macrophage accumulation in the lung
during 6 mo of exposure to cigarette smoke (143). In further
experiments, in which MMP inhibitor therapy was initiated after
mice were exposed to cigarette smoke for 3 mo to initiate airspace enlargement, therapy prevented progression of airspace
enlargement as smoking continued (143). Thus, proteinase inhibition potentially could prevent disease progression in human
patients with COPD. However, it is still unclear which proteinases should be targeted in patients. In addition, proteinases have
been shown to have beneficial as well as deleterious roles in the
lung (including roles in innate host defense, dampening inflammation, and inhibiting tumor growth and metastasis), which may
prove to limit the usefulness of proteinase inhibition.
Antioxidant Therapy

In view of the potential roles of oxidative stress in COPD pathogenesis, approaches to redress the imbalance between oxidants
and antioxidants may also prove useful in COPD. There are
various options to increase the lung antioxidant defense. The simplest way is to administer antioxidants to patients with COPD.
Antioxidants that have been administered to cigarette smokers
and patients with COPD include vitamins C and E, ␤-carotene,
and GSH precursors, but the results have been mixed (reviewed
in Reference 144). Although vitamin E supplementation in patients with COPD reduces some measurements of lung oxidative
stress, vitamin E supplementation for 12 weeks did not augment
the depleted levels of vitamin E (145). GSH supplementation
has been tried (146), but GSH is not transported well into cells,
and an excess of GSH may generate thiyl radicals when oxidative
stress is present. Supplementation with cysteine-containing derivatives (cysteine is the rate-limiting amino acid in GSH synthesis) has been assessed in patients with COPD. N-Acetyl cysteine
(NAC) and nacystelyn are cysteine-donating molecules that increase cellular GSH synthesis. They also function directly as
antioxidants by the interaction of their free thiol groups with
electrophilic groups of oxidants. Both compounds are also mucolytic: they split the disulfide bonds in mucin proteins to decrease
mucus viscosity and enhance airway clearance of mucus (147).
In clinical trials of patients with COPD, oral administration of
NAC or nacystelyn increased plasma and BAL fluid GSH levels,
increased intracellular levels of GSH in alveolar epithelial cells,
and inhibited ROS release from phagocytes (148–151). In open
and double-blinded trials of patients with chronic bronchitis and
COPD, NAC improved symptoms (decreased sputum viscosity,
sputum purulence, and cough severity), decreased bacterial colonization, and reduced the rate of rehospitalization among patients with COPD by 30% (152). In a Swedish study, patients
with COPD older than 50 yr were given NAC for 2 yr, which
slowed the rate of decline in FEV1 (153). However, there are
conflicting reports on the effects of NAC on rates of acute exacerbations in patients with COPD (154–156).
Other potential antioxidant approaches include using more
lipophilic methyl esters of GSH, which pass through cell membranes, to increase intracellular GSH, or using thiazolidine, an
alternative cysteine donor that protects cells against oxidant injury
in vitro (157). However, these have not been tested in clinical
trials. Alternative approaches include developing compounds
with activity similar to that of catalase or SOD, or upregulating
GSH synthesis in vivo by targeting AP-1⫺mediated activation
of ␥-glutamylcysteine synthetase. The development and testing
of new antioxidant therapies are justified on the basis of evidence
indicating the pathogenetic roles of oxidative stress in COPD.
Antiinflammatory Strategies

Approaches to reduce lung inflammatory cell would reduce the
lung burden of both proteinases and oxidants in COPD. Inhibi-
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tors of phosphodiesterase E4, the major isoenzyme in inflammatory cells, decrease inflammatory cell migration, activation, and
release of proteinases. Clinical trials of phosphodiesterase E4
inhibitors in COPD are underway, and the data are promising
(see Reference 158). Other antiinflammatory approaches, such
as inhibiting NF-B activation to reduce proinflammatory gene
expression, could also potentially inhibit proteinase- and oxidantmediated lung injury in patients with COPD.

CONCLUSIONS
There is now considerable evidence that proteinases and oxidants can act synergistically to mediate injury to the ECM and
lung structural cells and promote inflammation, mucus hypersecretion, and remodeling of the small airways in COPD. Strategies to directly inhibit proteinases and oxidants, alone or in
combination with novel antiinflammatory strategies, have the
potential to reduce symptoms, disease progression, and mortality
in COPD. Determining the safety and efficacy of proteinase
inhibitors, antioxidant approaches, and antiinflammatory agents
should be a priority for the treatment of COPD.
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