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Extracellular superoxide dismutase (ECSOD or SOD3) is highly
expressed in lungs and functions as a scavenger of O,* ~. ECM
fragmentation, which can be triggered by oxidative stress, partic-
ipates in the pathogenesis of chronic obstructive pulmonary dis-
ease (COPD) through attracting inflammatory cells into the lungs.
The level of SOD3 is significantly decreased in lungs of patients
with COPD. However, the role of endogenous SOD3 in the devel-
opment/progression of emphysema is unknown. We hypothesized
that SOD3 protects against emphysema by attenuating oxidative
fragmentation of ECM in mice. To test this hypothesis, SOD3-
deficient, SOD3-transgenic, and WT C57BL/6J mice were exposed
to cigarette smoke (CS) for 3 d (300 mg total particulate matter/m3)
to 6 mo (100 mg/m? total particulate matter) or by intratracheal
elastase injection. Airspace enlargement, lung inflammation, lung
mechanical properties, and exercise tolerance were determined
at different time points during CS exposure or after elastase
administration. CS exposure and elastase administration caused
airspace enlargement as well as impaired lung function and
exercise capacity in SOD3-null mice, which were improved in
mice overexpressing SOD3 and by pharmacological SOD mimetic.
These phenomena were associated with SOD3-mediated protec-
tion against oxidative fragmentation of ECM, such as heparin
sulfate and elastin, thereby attenuating lung inflammatory re-
sponse. In conclusion, SOD3 attenuates emphysema and reduces
oxidative fragmentation of ECM in mouse lung. Thus, pharmaco-
logical augmentation of SOD3 in the lung may have a therapeutic
potential in the intervention of COPD/emphysema.

antioxidants | cigarette smoke | chronic obstructive pulmonary disease |
oxidants | glutathione

Extracellular superoxide dismutase (ECSOD or SOD3) is one
of the three SOD antioxidant enzyme isoforms, and is highly
expressed in lungs and vessels (1, 2). It is located in the ECM, the
junctions of airway epithelial cells, the surface of airway smooth
muscle, and the lining of vessels of the lung. SOD3 functions as a
superoxide anion scavenger, thereby attenuating oxidative stress,
which may play an important role in the pathogenesis of chronic
obstructive pulmonary disease (COPD). Acute loss of SOD3 in
adult mice causes death, whereas low mortality rates are seen in
SOD3-overexpressing animals exposed to hyperoxia, suggesting
an essential role of SOD3 for survival (3, 4). Accumulating evi-
dence shows that SOD3 polymorphism is associated with a de-
cline in lung function in rodents and humans, and susceptibility
to COPD, which may be a result of alteration of its encoding pro-
tein structure, function, and level (5-14). However, it is unclear
whether endogenous SOD3 participates in the development/
progression of the inflammatory response, leading to COPD/
emphysema.

Cigarette smoke (CS) is the major etiological factor in the
pathogenesis of COPD, which is characterized by chronic lung in-
flammation, parenchymal destruction (i.e., emphysema), and ac-
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celerated decline in lung function. In addition to being a direct
exogenous source of reactive oxygen species (ROS), CS also
induces endogenous production of ROS from activated inflam-
matory cells in the lung. ROS can fragment ECM components, such
as elastin, heparan sulfate, and hyaluronan, which is an important
factor in triggering lung inflammation and causing subsequent
airspace enlargement (15-18). SOD3 has been shown to bind to
ECM through its positively charged C-terminal, thereby preventing
oxidative fragmentation of ECM components (15, 19). However,
whether CS exposure is able to fragment ECM leading to lung in-
flammation and emphysema, and/or SOD3 can exhibit protection
against these processes, are unclear. Hence, we hypothesize that
CS-induced lung inflammatory and injurious responses would be
protected by SOD?3 via the prevention of oxidative fragmentation
of ECM. To test this hypothesis, SOD3-null (SOD3 KO), SOD3
overexpressing/transgenic (SOD3 Tg), and WT mice were exposed
to CS for 3 d [at 300 mg total particulate matter (TPM)/m*] to 6 mo
(at 100 mg TPM/m® for 2-6 mo of exposure) or by intratracheal
elastase injection, and the lung inflammatory and injurious re-
sponses were assessed. Furthermore, SOD mimetic (MnTE-2-PyP)
or N-acetyl-L-cysteine (NAC) was administered to WT and SOD3
KO mice to study the effect of these antioxidants on elastase-in-
duced emphysema. Additionally, the oxidative shedding and frag-
mentation of ECM were determined to investigate the molecular
mechanism of how SOD3 protects against CS-induced lung in-
flammation and injury.

Results

SOD3 Protected Lung Against Emphysema. To determine the role of
SOD3 in development/progression of experimental COPD/em-
physema, we exposed SOD3 KO, SOD3 Tg, and WT mice to CS
for 3 d to 6 mo. Lungs from air-exposed WT, SOD3 KO, and
SOD3 Tg mice showed normal structure, and there was no sig-
nificant difference in mean linear intercept (Lm) of airspace
among these mice (Fig. 14). WT C57BL/6J mice exhibited
modest airspace enlargement only after 6 mo of CS exposure,
which was ameliorated in SOD3 Tg mice. SOD3 KO mice star-
ted to show airspace enlargement after 4-mo CS exposure, which
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Fig. 1. SOD3 attenuated CS-induced airspace enlargement and lung func-
tion decline. SOD3 KO, SOD3 Tg, and WT mice were exposed to CS for 3 d to
6 mo (m), and killed at 24 h following their last exposure. (4) SOD3 KO mice
were susceptible to develop airspace enlargement whereas overexpression
of SOD3 attenuated increased Lm of airspace in response to chronic CS ex-
posure. H&E-stained pictures represent three separate experiments. Original
magnification, 100x. (B) Overexpression of SOD3 restored the abnormal
increase of lung compliance in mice exposed to CS for 6 mo. SOD3 exhibited
a protective effect on Ry, although 6-mo CS exposure showed only a de-
creasing trend in R in WT mice. However, Rn was not altered by either CS
exposure or SOD3. Data are shown as mean + SEM (n = 3-4 per group). **P <
0.01 and ***P < 0.001 versus the corresponding air-exposed groups; *P <
0.05 and **P < 0.01 versus the corresponding CS-exposed WT mice.

was further increased in response to 6-mo CS exposure (Fig. 14).
Moreover, exposure to CS for 6-mo increased lung compliance in
WT mice, which was augmented in SOD3 KO mice, whereas
overexpression of SOD3 significantly attenuated the increased
lung compliance in response to chronic (6-mo) CS exposure
compared with WT mice (Fig. 1B). There was a decrease in trend
(not significant) in total lung resistance (Ry) of WT mice after
6-mo CS exposure, which was significantly improved by SOD3
(Fig. 1B). However, the resistance of central airway (Rn) was not
altered either by chronic CS exposure or by SOD3 deficiency/
overexpression (Fig. 1B). Exercise capacity is a useful parameter to
evaluate cardiopulmonary and skeletal muscle function, which is
impaired in patients with COPD/emphysema (20, 21). We also
found that 2-, 4- and 6-mo CS exposures significantly decreased the
exercise capacity in WT mice, which was improved by SOD3 (Fig.
S1). Moreover, SOD3 overexpression protected against 6 mo of
CS-induced decrease in arterial oxygen saturation in mice (WT-
air, 98.1%; WT-CS, 93.8%; SOD3 KO-air, 97.8%; SOD3 KO-CS,
90.2%; SOD3 Tg-air, 98.5%; SOD3 Tg-CS, 97.1%; P < 0.05).
Elastase was intratracheally injected into WT, SOD3 KO,
and SOD3 Tg mice to further document the protective role
of SOD3 in COPD/emphysema. Overexpression of SOD3 pro-
tected against intratracheal injection of elastase-induced air-
space enlargement and decline in lung function versus WT and
SOD3 KO mice (Fig. 2 4 and B). Furthermore, administration
of SOD mimetic (MnTE-2-PyP) (22) significantly reduced air-
space enlargement as well as redressed abnormal lung mechan-
ical properties in both WT and SOD3 KO mice (Fig. 3 4 and B).
Interestingly, NAC did not exhibit any beneficial effects in re-
sponse to elastase-induced emphysema in SOD3 KO mice, al-
though the airspace enlargement was reduced and abnormal lung
compliance as well as resistance were redressed by NAC in WT
mice exposed to elastase (Fig. 3 A and B). Furthermore, the
efficacy of MnTE-2-PyP was higher than that of NAC in atten-
uating elastase-induced airspace enlargement (MnTE-2-PyP,
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Fig. 2. SOD3 protected against elastase-induced airspace enlargement and
lung function decline. (A) Elastase administration significantly increased the
value of Lm, which was decreased by SOD3 overexpression. H&E-stained
panels represent three separate experiments. Original magnification, 100x.
(B) Deficiency of SOD3 increased lung compliance, whereas lung compliance
was decreased in SOD3 transgenic mice compared with WT mice adminis-
tered with elastase. Elastase-induced decrease of R, was attenuated in SOD3
Tg mice compared with WT mice. However, Rn was not altered by either CS
exposure or SOD3. Data are shown as mean + SEM (n = 3-4 per group). *P <
0.05, **P < 0.01, and ***P < 0.001 versus corresponding saline solution—
exposed groups; **P < 0.01 and ***P < 0.001 versus corresponding elastase-
exposed WT mice.

12.9% vs. NAC, 7.3%; P < 0.05) and increased lung compliance
(MnTE-2-PyP, 28.6% vs. NAC, 14.2%; P < 0.01) in WT mice.
Elastase-induced reduction in exercise endurance was also im-
proved by MnTE-2-PyP, but not by NAC, in SOD3 KO mice
(Fig. S2). These results suggest that SOD3 and SOD mimetic are
beneficial in attenuating pulmonary emphysematous changes
caused by both CS and elastase exposures in mice.

SOD3 Attenuated Lung Inflammatory Response Induced by CS and
Elastase. Abnormal lung inflammation is a hallmark of COPD/
emphysema. We therefore assessed lung inflammation in SOD3
KO, SOD3 Tg, and WT mice exposed to CS or administered with
elastase. As shown in Fig. S34, overexpression of SOD3 reduced
the 3-d CS-induced neutrophil influx in bronchoalveolar lavage
(BAL) fluid. Macrophage influx into BAL fluid was not altered in
WT and SOD3 Tg mice in response to 3-d CS exposure. In-
terestingly, disruption of SOD3 decreased macrophage influx in
BAL fluid compared with CS-exposed WT mice (Fig. S3B). This
was a result of greater macrophage infiltration into lung inter-
stitium of SOD3 KO mice than that in WT mice exposed to CS for
3 d (Fig. S3C). The number of total cells and macrophages in BAL
fluid was significantly lowered by SOD3 overexpression in re-
sponse to CS exposure for 2 to 6 mo using the Teague smoking
machine (Model TE-10) (Fig. 44). Furthermore, overexpression
of SOD3 attenuated CS exposure (3 d)-induced release of proin-
flammatory mediators (e.g., GM-CSF, INF-y, IL-13, IL-17, IL-1p,
IL-6, keratinocyte-derived chemokine, monocyte chemotactic pro-
tein—1, macrophage inflammatory protein-2, and TNF-a) in the
lungs (Fig. S4). In addition, elastase-induced neutrophil influx into
BAL fluid was significantly reduced by SOD3 overexpression (Fig.
4B). Overall, attenuation of emphysema by SOD3 was associated
with reduction of lung inflammation in mice.

Consistent with its protective effects against emphysema, phar-
macological administration of MnTE-2-PyP significantly attenu-
ated 3 d of CS-induced neutrophil influx into BAL fluid in both WT
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Fig. 3. SOD mimetic attenuated elastase-induced airspace enlargement and lung function decline in WT and SOD3 KO mice. (A) Elastase administration
increased the value of Lm in WT and SOD3 KO mice, which was lowered by SOD mimetic. Treatment with NAC reduced elastase-induced airspace enlargement
only in WT mice. H&E-stained panels represent three separate experiments. Original magnification, x100. (B) s.c. injection of SOD mimetic reduced lung
compliance and increased R in both WT and SOD3 KO mice after elastase injection. Elastase-induced reduction in R_ was significantly attenuated by NAC
only in WT mice. However, Rn was not altered by either SOD mimetic or NAC in both WT and SOD3 KO mice. Data are shown as mean + SEM (n = 3 per group).
**P < 0.01 and ***P < 0.001 versus corresponding saline solution—-exposed groups; *P < 0.05, **P < 0.01, and ***P < 0.001 versus corresponding elastase-
exposed control mice; $p < 0.05, $p < 0.01, and $3$p < 0.001 versus corresponding elastase-exposed WT mice. Con, control; Mimetic, SOD mimetic.

and SOD3 KO mice (Fig. 4C). The protection of MnTE-2-PyP ~ WT mice exposed to elastase (Fig. S5). Hence, pharmacological
against acute CS-induced neutrophils influx was stronger in SOD3 ~ SOD mimetics are effective in reducing lung inflammation even in
KO mice than that in WT mice (23.6% inhibition in WT mice vs. = SOD3 KO mice in response to CS and elastase exposures.

35.4% inhibition in SOD3 KO mice; P < 0.05). Similarly, elastase-

induced neutrophil influx into BAL fluid was also significantly re- SOD3 Protected Against CS-Induced Heparan Sulfate Shedding and
duced by MnTE-2-PyP, but not by NAC, in SOD3 KO mice, al- Elastin Fragmentation in the Lung. SOD?3 has high affinity to ECM
though both NAC and MnTE-2-PyP decreased neutrophil influx in components, and their shedding and fragmentation trigger the in-
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Fig. 4. SOD3 protected lung against inflammation in mice exposed to CS and elastase. Inflammatory cell influx into BAL fluid were decreased in SOD3 Tg
mice, whereas deficiency of SOD3 enhanced the lung inflammatory response compared with WT mice exposed to CS for 2, 4, and 6 mo (A), or intratracheally
injected with elastase (B). (C) s.c. injection of SOD mimetic significantly attenuated 3-d CS-induced neutrophil influx in lungs of both WT and SOD3 KO mice.
Data are shown as mean + SEM (n = 3-5 per group). *P < 0.05, **P < 0.01, and ***P < 0.001 versus corresponding air- or saline solution-exposed groups; *P <
0.05, **P < 0.01, and ***P < 0.001 versus corresponding CS- or elastase-exposed WT mice; $P < 0.05 and %3P < 0.001 versus corresponding air- or CS-exposed
control groups.
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flammatory response caused by a variety of stimuli (15-18, 23-25).
Hence, immunoblotting was performed to determine whether the
protective effect of SOD3 on lung inflammation and subsequent
emphysema is caused by an increased integrity of ECM in mouse
lung exposed to CS. Both 3-d and 6-mo CS exposures significantly
increased the levels of heparan sulfate and its fragmentations in
BAL fluid of WT mice, which were reduced by SOD3 over-
expression (Fig. 54). Furthermore, CS exposure increased the
levels of elastin fragments in lung of WT mice, indicated by 45- and
30-kDa bands (Fig. 5B). Deficiency of SOD3 enhanced CS-induced
elastin fragmentation, whereas the levels of elastin fragments were
decreased in SOD3 Tg mice compared with WT mice exposed to
CS for 3 d and 6 mo (Fig. 5SB). To further study whether enhanced
lung inflammation was related to increased ECM fragmentation in
SOD3 KO mice in response to CS exposure, intratracheal in-
stillation of antielastin antibody was performed daily for3d at2 h
before CS exposure to WT and SOD3 KO mice. These experiments
revealed that increased neutrophil influx was significantly attenu-
ated by anti-elastin antibody treatment in WT and SOD3 KO mice
exposed to CS for 3 d (Fig. 5C). Furthermore, the efficacy of
antielastin antibody against CS-induced neutrophils influx into the
BAL fluid was higher in SOD3 KO mice than that in WT mice
(WT, 27.5%; SOD3 KO, 37.5%; P < 0.05). These results suggest
that protection against CS-induced ECM shedding and fragmen-
tation by SOD3 contributes to the decreased lung inflammatory
response and subsequent lung damage, implicating a role of SOD3
in elastin-mediated inflammation and autoimmunity.

SOD3 Attenuated CS Exposure-Induced Oxidative Stress in the Lung.
ECM can be subjected to oxidation, which affects its stability,
leading to ECM fragmentation and shedding (15, 18, 26). There-
fore, we determined elastin oxidation/carbonylation in lungs of
WT, SOD3 KO, and SOD3 Tg mice after CS exposures. Both 3-d
and 6-mo CS exposures led to elastin oxidation/carbonylation,
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Fig. 5. SOD3 protected against CS-induced shedding and fragmentation of
heparan sulfate and elastin, resulting in reduction of neutrophil influx into
the lung. SOD3 KO, SOD3 Tg, and WT mice were exposed to CS for 3 d and
6 mo, and the levels of heparan sulfate in BAL fluid (A) and elastin in lung
tissues (B) were determined using immunoblotting. (A and B) CS exposure
increased the levels/fragments of heparan sulfate in BAL fluid and elastin
fragmentation in lung tissues in WT mice, which was prevented by SOD3
overexpression. Gel pictures shown are representative of at least three
separate experiments. HS1 (heparan sulfate 1), HS2 (heparan sulfate 2), and
HS3 (heparan sulfate 3), which are the species of heparan sulfate, are pre-
dicted by molecular mass. (C) Three days of CS-induced neutrophil influx into
BAL fluid was attenuated by intratracheal antielastin antibody administra-
tion in WT and SOD3 KO mice. Data are shown as mean + SEM (n = 3-5 per
group). ***P < 0.001 versus corresponding air-exposed groups; *P < 0.05
and ***P < 0.001 versus corresponding CS-exposed WT or SOD3 KO mice.
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which was protected by SOD3 overexpression in mouse lung (Fig.
6). Lung levels of lipid peroxidation products [4-hydroxy-2-non-
nenal (4-HNE) and malondialdehyde (MDA)] were also attenu-
ated by SOD?3 in response to 3-d and 6-mo CS exposures (Fig. S6).
Furthermore, SOD3 protected against CS-induced ROS release in
BAL cells in response to 3-d CS exposure (Fig. S7). Both acute
and chronic CS exposures increased the levels of GSSG in lungs of
WT mice, which were augmented in SOD3 KO mice whereas
overexpression of SOD3 protected against CS-induced increase in
oxidized glutathione (GSSG; Fig. S8). The level of reduced gluta-
thione (GSH) was not altered by SOD3, although increased levels
of reduced GSH were observed in mouse lung in response to CS
exposure for 3 d (Fig. S8). However, chronic CS exposure signifi-
cantly decreased the levels of reduced GSH in WT mouse lung,
which was further lowered in SOD3 KO mice. The level of reduced
GSH was increased in lungs of mice overexpressing SOD3 com-
pared with WT mice exposed to CS for 6 mo (Fig. S8). Both 3-d and
6-mo CS exposures led to a decrease in SOD3 activity in lungs of
WT and SOD3 Tg mice (Fig. S94). Interestingly, the level of SOD3
was increased in response to 3-d CS exposure, whereas 6 mo of CS
exposure significantly decreased SOD3 protein levels in lungs of
WT mice (Fig. S9B). There was no detectable expression/activity of
SOD3 in SOD3 KO mouse lung, whereas the level/activity of SOD3
was significantly increased in lungs of SOD3 Tg mice compared
with WT mice (Fig. S9 A-C). In addition, the expression of SOD3
was mainly observed in extracellular areas, such as connective tis-
sues around bronchi and vessels in WT and SOD3 transgenic mice
by using an antibody that can recognize both human and mouse
SOD3 (Fig. S9C). This was identical to the pattern of murine SOD3
distribution in mouse lung (27). These results suggest that CS-in-
duced reduction of SOD3 activity contributes to enhanced oxida-
tive stress and elastin oxidation/carbonylation in mouse lung.

Discussion

The level of SOD3 is significantly decreased in lungs of patients
with COPD (28). We also found the reduction of SOD3 level/ac-
tivity in lungs of mouse model of emphysema. However, the role of
endogenous SOD3 in the development/progression of COPD/
emphysema remains unclear. We hypothesized that SOD3 pro-
tects the lung against emphysema through decreasing oxidative
stress-mediated ECM fragmentation and inflammation. Our
findings show that SOD3 KO mice were susceptible to develop
airspace enlargement and abnormal lung mechanics, whereas
overexpression of SOD3 improved these pathophysiological ab-
normalities in response to CS exposure or intratracheal elastase
administration compared with WT mice. Interestingly, SOD3
also improved CS- and elastase-induced reduction of exercise
capacity and arterial oxygen saturation, which are the character-
istic features of COPD (20, 21). Hence, SOD3 exhibits a beneficial
role in attenuating pulmonary emphysema in mouse models of
this disease.

Sustained lung inflammatory response is a key feature in driving
the progression of COPD/emphysema. Hence, we determined
whether protection against emphysema by SOD3 is a result of
decreased lung inflammation in mice exposed to CS or elastase.
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Lung inflammation was significantly decreased by SOD3 over-
expression in mice exposed to CS and elastase. This is in agree-
ment with previous studies showing a protective effect of SOD3
on lung inflammatory responses to hyperoxia, bleomycin, and
asbestos (4, 17, 29, 30). Furthermore, the SOD mimetic exhibited
a protective effect in lung inflammation in SOD3 KO as well as in
WT mice. The efficacy of SOD mimetic against lung neutrophil
influx in SOD3 KO mice was higher than that in WT mice exposed
to CS and elastase. This may be attributed to increased oxidative
stress in lungs of SOD3 KO mice compared with WT mice in
response to these stimuli. These results indicate that attenuation
of pulmonary emphysema in mice by SOD3 overexpression and
SOD mimetic is associated with the reduction of lung inflam-
mation. In agreement with previous observations (31, 32), we did
not observe neutrophil influx into BAL fluid in WT mice after 2, 4,
and 6 mo of smoke exposures using a Teague smoking machine,
whereas 3-d CS exposure significantly increased neutrophil influx
using a Baumgartner-Jaeger smoking machine in WT mice. In
contrast, the number of macrophages was not altered after 3-d CS
exposure, whereas subchronic and chronic CS exposure induced
a significant increase in macrophages influx in BAL fluid of
C57BL/6]J mice. These discrepancies are likely caused by differ-
ences in CS doses, and pattern/composition of smoke delivered by
different CS generating systems (31, 32).

ECM fragments are shown to trigger lung epithelial proin-
flammatory response, thereby inducing chemotactic activity for
inflammatory cells or to generate neoantigens leading to an au-
toimmune response, thereby driving the progression of COPD/
emphysema (16, 33-35). In the present study, CS exposure sig-
nificantly induced ECM shedding and fragmentation in mouse
lung, which was protected by SOD3. Importantly, pretreatment of
antielastin antibody, which neutralizes elastin and its fragments,
was more effective in decreasing neutrophil influx in lungs of
SOD3 KO mice than in WT mice in response to CS exposure. This
was a result of increased elastin fragmentation in SOD3 KO mice
after CS exposure compared with WT mice. Moreover, the levels
of ECM fragments were increased in lungs of patients with COPD
and in mouse lungs with emphysema (16, 33, 34). Hence, in-
hibition of ECM fragmentation by SOD3 contributes to its pro-
tection against CS- and elastase-induced lung inflammation and
subsequent emphysema.

In addition to proteases, oxidative stress is also shown to cause
ECM oxidation, degradation, and fragmentation (15, 18). We
therefore proposed that SOD3 attenuates CS-induced ECM ox-
idation, degradation, and fragmentation in mouse lung through
reduction of oxidant stress. As expected, overexpression of SOD3
protected against CS-induced elastin oxidation/carbonylation in
mouse lung. Furthermore, decreased levels of lipid peroxidation
products by SOD3 would further reduce the formation of MDA-
or 4-HNE-elastin adducts, which possibly ameliorate ECM frag-
mentation/shedding or autoimmunity in mouse lung exposed to
CS. Further study is required to investigate whether these oxi-
dized/carbonylated ECM or ECM adducts (with MDA, 4-HNE,
or acrolein) are key factors to induce its fragmentation or auto-
immunity in the progression of COPD. Enhanced oxidative stress
is also involved in the development of elastase-induced emphy-
sema (36, 37). Hence, decreased oxidative stress by SOD3 con-
tributes to reduced ECM oxidation/carbonylation and subsequent
fragmentation/shedding leading to inflammatory response in
mouse lung in response to CS exposure. It is also likely that SOD3
may indirectly intervene the inflammatory signaling (e.g., redox-
dependent NF-xB activation) via maintaining the physiological
intracellular GSH/GSSG redox status (e.g., lowering GSH de-
pletion and oxidation) in response to CS exposure. The protection
against oxidative stress by SOD3 was not a result of compensatory
regulation of SOD1, SOD2, catalase, or glutathione peroxidase,
as these enzymes were not influenced by SOD3 deficiency or
overexpression (4, 38, 39). Interestingly, the germline SOD3 KO
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mice used in the present study survived without lung inflammation
and injury, whereas acute loss of SOD3 in adult mice results in
lung damage and 85% mortality in the presence of ambient air
(3, 38). The mechanism for these discrepancies is unclear and
remains to be investigated.

Antioxidants and antiinflammatory agents are promising ther-
apies for COPD/emphysema because oxidative stress and ab-
normal inflammation initiate and aggravate COPD progression.
Unfortunately, currently available antioxidants (e.g., NAC) and
antiinflammatory therapies (e.g., corticosteroids and the anti—
TNF-a antibody infliximab) are ineffective or show limited effi-
cacy in improving lung function and quality of life, with patients
becoming resistant or having side effects from the use of these
therapies (40-42). Recently, a redox-sensitive transcription fac-
tor, Nrf2, has been suggested to be an interesting target to in-
tervene in the progression of experimental COPD/emphysema
(43). However, it remains to be seen how effective Nrf2 activators
will be in the treatment of COPD/emphysema, as it is post-
translationally modified, destabilized, and degraded in lungs of
patients with COPD, and in rodent lungs exposed to CS (44-47).
In light of this, we compared the efficacy of SOD mimetic with
NAC on elastase-induced emphysema in WT C57BL/6J and
SOD3 KO mice. We found that SOD mimetic was more effica-
cious than NAC in attenuating elastase-induced airspace en-
largement and lung function decline in WT mice. This is
corroborated by the studies that show a slight protective effect of
NAC against rat emphysema induced by elastase and CS exposure
(48, 49). Interestingly, SOD mimetic, but not NAC, exhibited
a protective effect on elastase-induced emphysematous changes
in SOD3 KO mice. These results indicate the importance of
SOD3 in comparison with NAC in attenuating elastase-induced
emphysema. Overall, specific SOD3 mimetics could be promising
drug candidates to prevent ROS-mediated ECM oxidation and
fragmentation, as well as to protect against COPD.

In conclusion, SOD3 was shown to protect lung against em-
physema induced by CS and elastase, which was attributed to
reduction of oxidative ECM fragmentation and oxidative post-
translational modifications of elastin fragments (leading to auto-
antibody production) in the lung. Administration of SOD mimetic
significantly attenuated elastase-induced emphysema in both WT
and SOD3 KO mice. Furthermore, the level/activity of SOD3
was decreased in the emphysematous mouse lung. Therefore, the
development of specifically pharmacological mimetics to re-
plenish/augment SOD3 in the lung may have a therapeutic po-
tential in the intervention of COPD/emphysema.

Materials and Methods

Mice and CS Exposure. The generation of SOD3 KO and SOD3 Tg mice were
described previously, with their background WT mice being the C57BL/6J strain
(38, 39, 50). Allanimal procedures described in this study were approved by the
University Committee on Animal Research Committee of the University of
Rochester. For studies involving 3-d CS exposure, research-grade cigarettes
(3R4F; University of Kentucky, Lexington, KY) were used to generate smoke,
and 8-wk-old male mice were exposed to mainstream CS using a Baumgartner-
Jaeger CSM2072i automatic CS generating machine (CH Technologies) as de-
scribed previously (31). The smoke concentration was set at a value of ap-
proximately 300 mg TPM/m? (31, 37). Mice received two 1-h exposures (1 h
apart) daily for 3 consecutive d, and were killed at 24 h after last exposure. For
2-,4-, and 6-mo CS exposures, 3R4F cigarettes were used to generate a mixture
of sidestream smoke (89%) and mainstream smoke (11%) by a Teague
smoking machine (model TE-10; Teague Enterprises) at a concentration of
approximately 100 mg TPM/m? to avoid the possible toxicity to mice at a high
concentration of long-term CS exposure (32, 43). Mice received 5-h exposures
per day, 5 d/wk, for 2, 4, or 6 mo, and were killed at 24 h after last CS exposure.
Control mice were exposed to filtered air in an identical chamber according to
the same protocol described for CS exposure.

Intra/Endotracheal Administration of Porcine Pancreatic Elastase and Anti-

Elastin Antibody in Mice. Fifty microliters of saline solution alone or saline
solution containing 1 U of porcine pancreatic elastase (Sigma) was sprayed

PNAS | August 31,2010 | vol. 107 | no.35 | 15575

MEDICAL SCIENCES



into the trachea (36, 51). Mice were killed at day 1, 7, or 21 after elastase
injection. Similarly, 50 pL of saline solution alone or saline solution con-
taining 10 pg of antielastin antibody (Santa Cruz Biotechnology) was intra-
tracheally injected daily at 2 h before CS exposure for 3 d (16). Mice were
killed at 24 h after the last CS exposure.

Administration of SOD Mimetic and NAC in Mice. SOD mimetic (MnTE-2-PyP)
was administered daily through s.c. injection at 2 h before CS exposure (two
1-h exposures, 1 h apart) for 3 d. The dose of MnTE-2-PyP was chosen based on
our previous study with slight modification (52). Briefly, a 2.5 mg/kg body
mass loading dose of MnTE-2-PyP was used on day 1, then 5 and 10 mg/kg of
SOD mimetic was administered on days 2 and 3, respectively. Animals that
did not receive the drug were injected with equivalent volumes of sterile
saline solution as control. To study the effect of SOD mimetic or NAC on
elastase-induced emphysema, MnTE-2-PyP (5 mg/kg) was s.c. injected daily or
NAC (Sigma) was included in drinking water at the dose equivalent to 2.0 g/
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