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Abstract

Rationale—Alveolar epithelial cell (AEC) injury and mitochondrial dysfunction are important in 

the development of lung fibrosis. Our group has shown that in the asbestos exposed lung, the 

generation of mitochondrial reactive oxygen species (ROS) in AEC mediate mitochondrial DNA 

(mtDNA) damage and apoptosis which are necessary for lung fibrosis. These data suggest that 

mitochondrial-targeted antioxidants should ameliorate asbestos-induced lung.

Objective—To determine whether transgenic mice that express mitochondrial-targeted catalase 

(MCAT) have reduced lung fibrosis following exposure to asbestos or bleomycin and, if so, 

whether this occurs in association with reduced AEC mtDNA damage and apoptosis.

Methods—Crocidolite asbestos (100 μg/50 μL), TiO2 (negative control), bleomycin (0.025 

units/50 μL), or PBS was instilled intratracheally in 8–10 week-old wild-type (WT - C57Bl/6 J) or 

MCAT mice. The lungs were harvested at 21 d. Lung fibrosis was quantified by collagen levels 

(Sircol) and lung fibrosis scores. AEC apoptosis was assessed by cleaved caspase-3 (CC-3)/

Surfactant protein C (SFTPC) immunohistochemistry (IHC) and semi-quantitative analysis. AEC 

(primary AT2 cells from WT and MCAT mice and MLE-12 cells) mtDNA damage was assessed 

by a quantitative PCR-based assay, apoptosis was assessed by DNA fragmentation, and ROS 

production was assessed by a Mito-Sox assay.
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Results—Compared to WT, crocidolite-exposed MCAT mice exhibit reduced pulmonary fibrosis 

as measured by lung collagen levels and lung fibrosis score. The protective effects in MCAT mice 

were accompanied by reduced AEC mtDNA damage and apoptosis. Similar findings were noted 

following bleomycin exposure. Euk-134, a mitochondrial SOD/catalase mimetic, attenuated 

MLE-12 cell DNA damage and apoptosis. Finally, compared to WT, asbestos-induced MCAT AT2 

cell ROS production was reduced.

Conclusions—Our finding that MCAT mice have reduced pulmonary fibrosis, AEC mtDNA 

damage and apoptosis following exposure to asbestos or bleomycin suggests an important role for 

AEC mitochondrial H2O2-induced mtDNA damage in promoting lung fibrosis. We reason that 

strategies aimed at limiting AEC mtDNA damage arising from excess mitochondrial H2O2 

production may be a novel therapeutic target for mitigating pulmonary fibrosis.

1. Introduction

Mitochondrial reactive oxygen species (ROS) are implicated in the pathogenesis of aging 

and lung diseases, some of which include idiopathic pulmonary fibrosis (IPF), asbestosis, 

chronic obstructive lung disease (COPD), and lung cancer (see for reviews: [1–7]). ROS, 

including H2O2, oxidize multiple cellular targets (i.e. DNA, proteins, and lipids) which 

activate a wide range of biological processes, such as mitochondrial dysfunction, DNA 

damage-response (i.e. p53 activation), apoptosis, altered cell growth, and signal transduction 

that can result in tissue injury, aberrant wound healing, and fibrosis [1–6]. Alveolar 

epithelial cell (AEC) injury from ‘exaggerated’ lung aging and mitochondrial dysfunction is 

prominently involved in the pathogenesis of pulmonary fibrosis [5–11]. In asbestos-exposed 

AEC, our group has shown that the generation of mitochondrial ROS is necessary for 

asbestos-induced mitochondrial DNA (mtDNA) damage and apoptosis via the mitochondrial 

dependent (intrinsic) pathway. In mice that were deficient in an oxidant-induced DNA repair 

enzyme, 8-oxoguanine DNA glycosylase (Ogg1−/−), we found there was increased alveolar 

type II (AT2) cell mitochondrial dysfunction, mtDNA damage, intrinsic apoptosis, and lung 

fibrosis [12–17]. Collectively, these data support a link between oxidant-induced AEC 

mtDNA damage and apoptosis in the pathophysiology of pulmonary fibrosis, however, 

evidence that mitochondrial ROS are necessary for the development of asbestos-mediated 

lung fibrosis are lacking.

Transgenic mitochondria-targeted human catalase enforced expression (MCAT) mice have a 

prolonged lifespan associated with reduced mitochondrial H2O2 production, mtDNA 

damage, and preserved mitochondrial function [18]. Compared to wild-type (WT), MCAT 
mice are less susceptible to/are protected against degenerative diseases involving the brain, 

cardiac fibrosis, pulmonary hypertension, and lung cancer [18–26]. However, the role of 

MCAT in preventing AEC mitochondria dysfunction and lung fibrosis has not been 

investigated.

We reasoned that MCAT mice would be protected from lung fibrosis in part by mechanisms 

involving reduced AT2 cell mitochondrial ROS production, mtDNA damage, and apoptosis. 

In this study, we show that MCAT mice have decreased lung fibrosis following exposure to 

asbestos or bleomycin as compared to WT mice. Further, we demonstrate that AT2 cells 
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from MCAT mice have reduced AEC mtDNA damage, apoptosis, and mitochondrial ROS 

production following exposure to asbestos. Taken together, these data suggest an important 

role for AEC mitochondrial catalase in limiting mtDNA damage and apoptosis following 

exposure to fibrogenic agents such as asbestos or bleomycin.

2. Material and methods

2.1. Reagents

Crocidolite and amosite amphibole asbestos fibers employed were Union International 

Centere le Cancer (UICC) reference standards kindly supplied by Dr. Andy Ghio (U.S. 

Environmental Protection Agency) as characterized previously [13,14]. Euk-134 were 

purchased from Cayman chemical (Ann Arbor, MI). All other reagents were purchased from 

Sigma (St. Louis, MO) unless specified. Anti-human catalase antibody was purchased from 

Athens Research and Technology (Athens, GA), and anti-cytochrome oxidase IV antibody 

was purchased from Cell Signaling Technology (Danvers, MA).

2.2. Animals

The Institutional Animal Care and Use Committee (IACUC) at Northwestern University and 

the Jesse Brown VA Medical Center approved all animal studies herein. Male and female 8- 

to 10- week old C57Bl/6 J wild-type (WT) mice (Jackson Labs, Bar Harbor, ME) and 

MCAT (C57Bl/6 J background; kindly provided by Peter S. Rabinovitch; [18]) were used for 

lung fibrosis studies [16,27,28]. Using a Mitochondria Isolation kit (Thermo Fisher 

Scientific Inc., Rockford, IL) according to the manufacturer’s recommendations as we 

previously described [6], we obtained mitochondrial protein from lung and heart to show the 

mitochondrial catalase protein.

2.3. Asbestos preparation and instillation into mice

Intratracheal instillation of asbestos or TiO2 to induce pulmonary fibrosis was performed as 

described [16]. Stock solutions (2 mg/mL) of crocidolite asbestos was prepared in Phosphate 

Buffered Saline (PBS) and 15 mM HEPES (Sigma, St. Louis, MO) and sonicated at 40% 

power (Sonicator: Branson, Danbury, CT) for 8 min to disrupt fiber clumps. Eight to ten 

week-old male or female WT (C57Bl/6J) or MCAT-EE mice were anesthetized with 3% 

isofluorane (Butler Animal Health, Dublin, OH), intubated orally with a 20-gauge 

angiocatheter (BD, Sandy, UT), and 100 μg of crocidolite asbestos or TiO2 (negative control 

particle) suspended in 50 μL sterile PBS was instilled in 2 equal aliquots given 2 min apart. 

After each aliquot the mice were placed in the right and then the left decubitus position for 

10–15 s.

2.4. Bleomycin preparation and instillation into mice

Intratracheal instillation of bleomycin to induce pulmonary fibrosis was performed as we 

have described [27,28]. Mice were anesthetized and intubated as described above. 

Bleomycin (0.025 units in 50 μL normal saline, APP Pharmaceuticals, Schaumberg, IL) or 

50 μL normal saline (control) was administered in two equal aliquots given 2 min apart. 

After each aliquot, the mice were placed in the right and then the left decubitus position for 

10–15 s.
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2.5. Lung harvest and semi-quantitative analysis of cleaved caspase-3 (CC-3) and 
surfactant protein C (SFTPC) immunohistochemistry (IHC)

The lungs were harvested 21 days after instillation of asbestos, bleomycin, or control to 

assess the histology as well as CC-3 and SFTPC co-localization by IHC as we have 

previously described [16]. Briefly, a 20-gauge angiocatheter was sutured into the trachea, the 

right lung was ligated at the hilum and after removal of the left lung (which was saved 

separately for collagen determination) was inflated to 15 cm H2O with 10% formalin. The 

right lung was then fixed in paraffin and serial 5 μm sections were stained for hematoxylin 

and eosin, Masson’s trichrome, and subject to CC-3 and pro-SFTPC IHC. In serial sections, 

co-localization of the number of CC-3 and SFTPC positive AEC were counted per alveolar 

branch point, and expressed as the number of CC-3 or SFTPC positive cells per 220 AEC ± 

SEM from 3 or more animals in each group.

2.6. Lung collagen detection

For soluble collagen measurement, the left lung was homogenized with acetic acid using a 

polytron (Kinematica, Bohemia, NY) then a dounce homogenizer and cleared by 

centrifugation. Equal volumes of cleared homogenate were subject to the Sircol assay for 

soluble collagen based on a modified Picosirius Red collagen precipitation assay as 

previously described by our group [16,27].

2.7. Fibrosis scoring system

The lung fibrosis score, which is based upon the severity and extent of lung fibrosis and not 

inflammation present in the peribronchial and interstitial tissues, was assessed by one of us 

who is a pulmonary pathologist (AY) as previously described [16]. Lungs were assigned a 

severity score from 0 (no fibrosis) to 4 (severe fibrosis) while the extent of involvement was 

quantified on a scale of 1 (occasional alveolar duct and bronchiole involvement) to 3 (more 

than half of the alveolar ducts and respiratory bronchioles involved). The fibrosis score was 

calculated as the severity (0–4) multiplied by the extent (1–3).

2.8. Murine alveolar type II cell isolation

Murine AT2 cells were isolated as initially described [30] and modified by our group [14–

17]. The AT2 cells obtained routinely display > 90% purity as assessed by pro-SFTPC 

(Millipore, Temecula, CA) immunofluorescence analysis and > 95% viability via trypan 

blue staining.

2.9. Cell culture

The MLE-12 cell line was purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA). All cultured AECs were maintained in DMEM (Invitrogen, Grand 

Island, NY) with 2 mM L-glutamine supplemented with 10% fetal bovine serum, penicillin 

(100 units/mL) and streptomycin (100 μg/mL). Cells were plated in 6-well plates or 100-mm 

dishes and grown to confluence before adding asbestos or H2O2 for up to 24 h as previously 

described [13] and harvesting protein extracts for Western blotting or, in separate 

experiments, obtaining nuclear and mitochondrial DNA for DNA fragmentation and a PCR-

based DNA damage assay.
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2.10. Quantitative PCR-based mtDNA damage assay

Nuclear and mtDNA damage were assessed by Q-PCR exactly as previously described [15]. 

Briefly, genomic DNA was extracted using the Qiagen Genomic-Tip 20/G and Qiagen DNA 

Buffer Set (Qiagen, Gaithersberg, MD) per the manufacturer’s protocol. PCR was performed 

using Ex-Taq (Clontech, Mountain View, CA) with specific primers to amplify a 

mitochondrial genomic fragment in both short and long form and nuclear DNA (beta globin) 

as previously described [15]. DNA was quantified by Pico-Green (Life Technologies) using 

the FL600 microplate fluorescence reader with excitation and emission wavelengths of 485 

nm and 530 nm, respectively. The data obtained from the mitochondria small fragment were 

used to normalize the results of the mitochondria long fragment. The number of 

mitochondrial lesions was calculated by the equation, D=(1 – 2−(Δlong-Δshort)) × 10,000 (bp)/

size of the long fragment (bp).

2.11. DNA fragmentation assay

Apoptosis was evaluated using a histone-associated DNA fragmentation (mono- and 

oligonucleosomes) Cell Death Detection ELISAPLUS kit (Sigma-Aldrich, St Louis, MO) as 

previously described using the manufacturer’s protocol [12–17].

2.12. Assessment of mitochondrial ROS production

To detect mitochondrial ROS in AT2 cell from WT or MCAT-EE mice, we used a redox-

sensitive MitoSOX Red O2
− reagent (Molecular Probes, Eugene, OR), which detects O2

− as 

well as other mitochondrial free radicals [29]. Briefly, the cells were exposed to asbestos or 

H2O2 for 3 h and incubated with 2.5 μM MitoSOX Red for the final 10 min. Cells were 

fixed with 4% paraformaldehyde and counterstained with Hoechst (Molecular Probes, 

Eugene, OR). Cells were imaged on a Zeiss Axioskiop, using identical detector settings for 

the red channel. Semi-quantitative analysis of relative fluorescence intensity was obtained 

via Image J. Identically sized regions in AT2 cells from both group of mice were drawn on 

~40 cells per condition on monochrome red channel images. Scatterplots of relative 

fluorescence were generated using Graph Pad prism.

2.13. Statistical analysis

The results of each experimental in vitro condition were determined from the mean of 

duplicate or triplicate trials. The data were expressed as the means ± SEM (n=3 unless 

otherwise stated). For the in vivo studies, 6 animals per group were used unless noted. An 

independent sample two-tailed Student’s t-test was used to assess the significance between 

two groups. Analysis of variance was used when comparing more than two groups to a 

single control; differences between two groups within the set were analyzed by a Fisher’s 

protected least significant differences test. Probability values < 0.05 were considered 

significant.
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3. Results

3.1. Asbestos- and bleomycin-induced pulmonary fibrosis is attenuated in MCAT mice

To determine whether MCAT overexpression reduces lung fibrosis, we studied WT and 

MCAT mice using both the asbestos and bleomycin model of lung fibrosis as we previously 

[16,27,28]. We confirmed that all of our MCAT mice overexpressed the transgene based 

upon PCR on genomic DNA obtained from tail samples of MCAT and WT mice to identify 

a 645-bp product of the MCAT gene as compared with the 324-bp product in WT mice (Fig. 

1A). As previously described in MCAT mice [18,20], human catalase protein (62 kDa) and 

catalase activity are markedly increased in heart mitochondrial homogenates as compared to 

WT mice; we extended these findings to show that human catalase expression is also 

increased in lung homogenates in MCAT as compared to WT mice (Fig. 1B). As anticipated, 

crocidolite asbestos (100 μg in 50 μL PBS) induced significant bronchoalveolar duct (BAD) 

junction-centered lung fibrosis in WT mice at 3 weeks as compared to TiO2 (100 μg TiO2 in 

50 μL PBS) (Fig. 2A and B) which was associated with increased lung fibrosis scores (Fig. 

2C) and lung collagen levels (Fig. 2D). Similar to WT, MCAT mice exposed to TiO2 had 

normal lung architecture and negligible increases in lung fibrosis score and lung collagen 

(Fig. 2). Notably, asbestos-induced lung fibrosis was significantly decreased in MCAT mice 

as assessed by histopathology, lung fibrosis scoring and lung collagen levels (Fig. 2). To test 

the generalizability of our findings, we used the bleomycin model of lung fibrosis. As 

expected, a single IT instillation of bleomycin (0.025 IU in 50 μL PBS) significantly 

increased pulmonary fibrosis at 21d in WT mice as assessed histology, fibrosis score and 

collagen levels (Fig. 3). Compared to WT, MCAT mice were significantly protected against 

bleomycin-induced fibrosis in a manner similar to asbestos. These findings demonstrate that 

MCAT mice are less susceptible to asbestos- and bleomycin-induced lung fibrosis as 

compared to their WT counterparts.

3.2. Asbestos-induced AEC mtDNA damage and apoptosis are decreased in MCAT mice

Asbestos-induced fibrotic changes and AEC apoptosis are first evident in cells, including 

AT2 cells, located at the BAD junction where asbestos fiber deposition initially occurs 

[3,16,30]. To determine whether MCAT mice have fewer apoptotic cells at the BAD junction 

as compared to WT mice, we evaluated CC-3 staining using IHC and semi-quantitative 

analysis of serial mouse lung sections as we previously described [16]. TiO2 induced 

negligible increases in CC-3 positive cells at the BAD junctions in WT and MCAT mice (0.8 

vs. 1.0% positive cells per 220 BAD junction cells, respectively, p= NS). However, in WT 

mice, asbestos significantly increased CC-3 positive cells at the BAD junction in WT mice 

(0.8 vs. 10% positive cells per 220 BAD junction cells, respectively, p < 0.05 vs. TiO2) and 

this was significantly reduced in MCAT mice (10% vs. 3% positive cells per 220 BAD 

junction cells, respectively, p < 0.05 vs. WT) (Fig. 4A and B). Furthermore, IHC apoptosis 

co-localization studies using CC-3 and SPFTC confirmed the presence of apoptotic AT2 

cells in asbestos-exposed WT mice was reduced in MCAT mice though this difference did 

not reach statistical significance (4% vs. 3% co-positive cells per 220 BAD junction cells, 

respectively) (Fig. 4C).
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We previously reported a causal role for oxidant-induced AEC mtDNA damage in mediating 

asbestos-induced intrinsic AEC apoptosis in vitro [14,15] and in vivo [16]. Work by others 

in non-lung cells suggests that MCAT overexpression reduces mtDNA damage thereby 

reducing mitochondrial ROS production and preserving mitochondrial function [18,24]. To 

directly test whether MCAT overexpression decreases asbestos-induced AT2 cell mtDNA 

damage, we exposed WT and MCAT mice to IT-instilled TiO2 or crocidolite asbestos for 3 

weeks and then evaluated mtDNA damage in primary isolated AT2 cells. As expected, AT2 

cells from WT mice had increased mtDNA damage following exposure to crocidolite 

asbestos as compared to TiO2 (2.6 vs. 1 ratio of lesions/10 kB frequency per fragment, p < 

0.05; Fig. 5A). Remarkably, AT2 cells from asbestos-exposed MCAT mice, as compared to 

WT mice, had reduced mtDNA damage (1.1 vs. 2.6 lesions/10kB frequency per fragment, p 

< 0.05; Fig. 5A) which was comparable to our negative control particle, TiO2. As an 

alternative in vitro approach, we isolated primary AT2 cells from WT and MCAT mice and 

exposed them to amosite asbestos (25 μg/cm2) or H2O2 (250 μM) for 24 h. Asbestos- and 

H2O2-induced mtDNA damage in AT2 cells from WT mice were completely blocked in AT2 

cells from MCAT mice (Fig. 5B). Collectively, these data show that MCAT blocks oxidant-

induced AT2 cell mtDNA damage.

3.3. Euk-134 prevents oxidative stress-induced AEC mtDNA damage and apoptosis

Using highly sensitive ratiometric sensors (RoGFP) to detect ROS production in the 

mitochondria and cytosol, asbestos fibers and particulate matter preferentially induce 

mitochondrial ROS production. Euk-134, a cell-permeable combined SOD and catalase 

mimetic, prevents mitochondrial ROS production as well as toxin-induced endoplasmic 

reticulum (ER) stress response and intrinsic apoptosis in a variety of cells types including 

primary isolated rat AT2 cells [17,31–34]. To determine whether Euk-134 attenuates 

oxidant-induced AEC mtDNA damage that promotes apoptosis, we examined the protective 

effects of Euk-134 (20 μM) against amosite asbestos (25 μg/cm2) and H2O2 (200 μM)-

induced MLE-12 cell mtDNA damage and apoptosis. Euk-134 completely blocked both 

asbestos- and H2O2-induced mtDNA damage (Fig. 6A) as well as apoptosis at 24 h (Fig. 

6B). Taken together with the previous studies, these findings suggest an important role for 

mitochondria-derived ROS in mediating asbestos-induced AEC mtDNA damage that results 

in apoptosis.

3.4. Asbestos-induced AT2 cell mitochondrial ROS production is decreased in MCAT as 
compared to WT mice

To establish whether MCAT overexpression reduces AEC mitochondrial ROS production 

that can result in subsequent mtDNA damage and apoptosis, we assessed mitochondrial ROS 

production using a MitoSox assay in primary isolated AT2 cells from both WT and MCAT 
mice following a 24 h exposure period to amosite asbestos (25 μg/cm2). As expected, 

asbestos significantly augmented WT AT2 cell mitochondrial ROS production 

approximately 4-fold compared to control (10,000 vs. 40,000 MitoSox fluorescence units; p 

< 0.05) (Fig. 7A and B). Notably, compared to WT, AT2 cells from MCAT mice have 

significantly reduced levels of asbestos-induced ROS production (40,000 vs. 20,000 

MitoSox fluorescence units, respectively; p < 0.05) (Fig. 7A and B). These data 
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convincingly show that AT2 cells from MCAT mice have markedly reduced levels of 

mitochondrial ROS production following asbestos exposure.

4. Discussion

Accumulating evidence demonstrate that AEC mitochondrial dysfunction and apoptosis are 

important in the pathogenesis of pulmonary fibrosis but the role of mitochondrial catalase in 

attenuating these effects has not been investigated. The major findings of this study are that 

overexpression of mitochondrial-targeted catalase reduces the severity of pulmonary fibrosis 

following exposure to asbestos and bleomycin. In cultured epithelial cells, mitochondrial 

targeted catalase reduced asbestos-induced ROS production, mtDNA damage and apoptosis. 

Collectively, these findings support an important role for AEC mitochondrial catalase in 

limiting ROS-induced AEC mtDNA damage to prevent AEC apoptosis and ameliorate lung 

fibrosis (see hypothetical model – Fig. 7C).

Catalase, which converts H2O2 to water, is one important regulator of ROS. There is 

evidence that exogenously administered catalase, either as subcutaneously polyethylene 

glycol-conjugated catalase or intratracheal instillation of extracellular catalase, can each 

attenuate asbestos-induced lung fibrosis [35,36]. However, it is unclear whether 

mitochondrial catalase is important in limiting pulmonary fibrosis. Because there is no ideal 

experimental murine model that duplicates all the features of IPF, the importance of 

mitochondrial catalase as a putative protective mechanistic pathway was assessed using two 

modes of lung fibrosis (i.e. asbestos and bleomycin) with the MCAT mice. A novel finding 

in this study is that MCAT mice have markedly diminished pulmonary fibrosis in both 

murine experimental lung fibrosis models when compared to their WT counterparts. Our 

data showing that MCAT affords similar levels of protection in both lung fibrosis models 

firmly supports the importance of mitochondrial catalase in limiting pulmonary fibrosis. The 

protective effects of mitochondrial catalase against lung fibrosis noted herein are in accord 

with studies showing that MCAT in mice attenuates other degenerative diseases involving 

the brain, heart, pulmonary vasculature, and lung cancer [18–26,37]. Interestingly, given the 

crucial role of aging in IPF and asbestosis [8,9,16], the beneficial effects of mitochondrial 

catalase reported here concur with the observation that MCAT mice have a prolonged 

survival as compared to their WT counterparts [18].

IPF and asbestosis are diseases of aging that lack highly effective treatment options [8,9,16]. 

Our study implicating the anti-fibrogenic effects of mitochondrial catalase enforced 

expression extends the work of others showing that asbestos-induced lung fibrosis is reduced 

by global catalase enhanced expression delivered either by infusing polyethylene glycol-

conjugated catalase subcutaneously into rats [35] or by IT-instillation of catalase daily for 20 

d into mice to target the alveolar space [36,38]. Our data also support studies in humans with 

IPF and bleomycin-induced lung fibrosis suggesting a pathogenic role for reduced alveolar 

and bronchiolar epithelium catalase levels and activity in association with increased 

oxidative stress [39–41]. An important beneficial role for mitochondrial catalase 

demonstrated in this study advances the work of others using genetic and pharmacologic 

approaches to globally modulate lung antioxidant defenses to subsequently alter bleomycin-

induced lung fibrosis [42–45].
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Although the mechanisms underlying the protective effects of mitochondrial catalase in our 

model are not entirely established, we explored two possibilities. First, we directly 

demonstrated that AT2 cells from MCAT as compared to WT mice had reduced levels of 

asbestos-induced mitochondrial ROS production as assessed by a Mito-Sox assay (Fig. 7A 

and B). Our finding suggesting that asbestos augments mitochondrial ROS production in 

AT2 cells from WT mice herein is in accord with our previous study utilizing RoGFP 

sensors targeted to the mitochondria and cytosol to demonstrate that asbestos induces 

preferential mitochondrial ROS production in AECs [17]. Recognizing the limitation of the 

Mito-Sox assay for precisely identifying specific free radicals as described in detail 

elsewhere [29], we chose this assay as a general marker of mitochondrial free radical 

production, as others have working with MCAT mice [20,24], because Mito-Sox localizes to 

the mitochondria enabling detection of mitochondrial O2
− as well as other intracellular 

oxidants (e.g. iron and H2O2 or cytochrome c and H2O2). We also showed that Euk-134, a 

SOD/catalase mimetic that can attenuate toxin-induced mitochondrial ROS production as 

well as apoptosis [17,31,32], blocks amosite asbestos- and H2O2-induced MLE-12 cell 

mtDNA damage as well as apoptosis (Fig. 6). We reason that the excess lung AT2 cell 

mitochondrial ROS levels noted in WT mice in this study may have broader significance in 

promoting lung fibrosis as oxidized collagen is more resistant to degradation [46] and 

because asbestos-induced mitochondrial ROS can activate latent TGF-β [47–49].

A second mechanistic pathway that we explored focused on the accumulating evidence 

implicating ongoing AEC mitochondrial dysfunction, mtDNA damage and apoptosis in 

promoting lung fibrosis. Using the asbestos model, we provide two lines of evidence 

supporting a prominent role for these pathways. First, MCAT mice, as compared to WT, 

demonstrated reduced levels of apoptosis as assessed by CC-3 activation in cells at the BAD 

junction (Fig. 4). Co-localization studies using CC-3 and SFTPC IHC confirmed that at least 

some of these cells are AT2 cells. Second, using primary isolated AT2 cells from both WT 

and MCAT mice, we show that oxidative stress both in vivo (asbestos) and in vitro (asbestos 

or H2O2) each augments mtDNA damage and that mitochondrial catalase is protective (Fig. 

5). Our findings showing that MCAT mice have reduced AEC mtDNA damage and 

apoptosis compared to their WT counterparts are in agreement with our previous study 

showing that Ogg1−/− mice, which are deficient in oxidative stress-induced DNA repair, 

have increased AEC mtDNA damage and apoptosis along with enhanced lung fibrosis 

following asbestos [16]. The protection afforded AT2 cells of MCAT mice following 

asbestos exposure noted here concur with work by others demonstrating that mitochondrial 

catalase reduces mtDNA damage and preserves mitochondrial function in cardiac and brain 

cells [18–24]. Our findings showing that mitochondrial catalase prevents lung fibrosis in part 

by mitigating asbestos-induced AEC mtDNA damage and apoptosis is in line with work of 

others as well as our group showing a direct link between the levels of mtDNA damage and 

intrinsic apoptosis following asbestos or bleomycin exposure that can promote lung fibrosis 

[15,16,50–53].

We should note some limitations with our study. Our studies have not excluded an important 

role for mitochondrial catalase in preventing activation of other cell types important in lung 

fibrosis, especially lung macrophages and fibroblasts. Carter and colleagues have shown a 

key role for alveolar macrophages in mediating asbestos-induced lung fibrosis that is due in 
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part to mitochondrial electron transfer from cytochrome c to Rac1 in augmenting 

mitochondrial H2O2 production [36,38,54–56]. Moreover, recent flow cytometric studies of 

macrophage phenotypes in lung fibrosis have suggested an important role for monocyte-

derived tissue macrophages [57–59]. In this regard, future studies exploring macrophage 

phenotypes in the MCAT mice as well as developing MCAT selectively targeted to AT2 cells 

will be of considerable interest. Our studies suggesting an important protective effect of 

mitochondrial catalase in preventing lung fibrosis do not exclude a role for other anti-

oxidant lung defenses (e.g. thioredoxin-1, glutathione, Mn-SOD, Cu, Zn-SOD) or 

mitochondrial iron (e.g. iron-responsive element-binding protein 2), both of which have been 

implicated in modulating lung injury/fibrosis [54,56,60–62]. Furthermore, glutathione 

peroxidase-1 (GPX1), which can also reduce mitochondrial H2O2 [63], will be of interest in 

future studies addressing its role in mitigating lung fibrosis.

In summary, we have shown that MCAT mice, as compared to WT, have decreased lung 

fibrosis following exposure to asbestos or bleomycin. Furthermore, we show that the 

protective effects of mitochondrial catalase are in part due to decreasing AT2 cell 

mitochondrial ROS production, mtDNA damage and apoptosis. Given the crucial role of 

AEC mitochondrial dysfunction and apoptosis in promoting pulmonary fibrosis, we reason 

that strategies aimed at preventing AEC mtDNA damage arising from excess mitochondrial 

ROS levels may be a novel therapeutic target for preventing pulmonary fibrosis and possibly 

other degenerative diseases.
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Fig. 1. 
Phenotypic validation of mice expressing human mitochondrial catalase (MCAT) targeted to 

the mitochondrion. A. Genomic PCR of wild-type (WT) and catalase overexpressing 

(MCAT tail DNA: 645 bp MCAT and 324 bp (WT) amplification product. B. Lung and heart 

mitochondrial fractions from WT and MCAT mice showing an overabundance of human 

catalase protein in MCAT transgenic mice (Upper panels) as compared to WT mice. 

Cytochrome Oxidase IV (COX IV) was used as a loading control for mitochondrial protein 

(lower panels).
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Fig. 2. 
Compared to WT mice, MCAT mice are protected from pulmonary fibrosis after asbestos 

exposure. WT and MCAT Mice were treated with a single intra-tracheal (IT)-instillation of 

100 μg in 50 μL PBS titanium dioxide (TiO2, an inert particle) or 100 μg crocidolite asbestos 

in 50 μL PBS and three weeks later the lungs were harvested as described in the Material 

and Methods and subjected to hematoxylin and eosin (H & E, A) and trichrome (B) staining, 

lung collagen levels (C) and lung fibrosis scores (D) as described in the Material and 

Methods. (A and B) Shown is representative histology from 4 to 9 mice in each group. 

Upper row, scale bar=0.05 mm; lower row scale bar=0.1 mm. Squares on the upper rows 

were enlarged in the respective lower rows. TiO2-WT or MCAT (n=4–6); crocidolite-WT or 

MCAT (n=7–9). The Fibrosis score =(severity: 0–4)×(extent: 1–3). (C) Lung fibrosis scores. 

*p < 0.05 vs. TiO2, †p < 0.001 vs. WT+crocidolite asbestos, n =4–6. (D) Collagen levels. *p 

< 0.05 vs. TiO2, †p < 0.05 vs. WT+crocidolite asbestos. n=7–9.
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Fig. 3. 
MCAT mice are protected against bleomycin-induced pulmonary fibrosis. WT and MCAT 
mice were treated with a single IT-instillation of 50 μL saline or 0.025 U bleomycin in 50 μL 

saline and three weeks later the lungs were harvested for H & E (A), Trichrome staining (B), 

lung collagen levels (C) and lung fibrosis scores (D) as described in the METHODS. 

Squares on the upper rows were enlarged in the respective lower rows. Upper row, scale 

bar=0.05 mm; lower row scale bar=0.1 mm. *p < 0.05 vs. saline, †p < 0.001 vs. WT

+bleomycin, n =4–6.
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Fig. 4. 
Asbestos-induced apoptosis (CC-3 activation) in cells at the BAD junction is reduced in 

MCAT mice versus WT mice and co-localization of CC-3- and SFTPC-(AT2)-positive cells 

in asbestos-exposed mice. Lungs from WT and MCAT mice were harvested 3 weeks after 

the IT-instillation of TiO2 or crocidolite asbestos and serial sections were subjected to IHC 

for CC-3 (marker of apoptosis) or SFTPC (marker for AT2 cells) IHC as detailed in the 

Material and Methods. (A) Apoptosis as assessed by anti CC-3 IHC in WT mice (top row) 

and MCAT (bottom row). (B) Semi-quantitative analysis of 220 cells at the BAD junctions. 

*p < 0.05 vs. TiO2, †p < 0.001 vs. WT+crocidolite asbestos, n =4–6. (C) IHC for CC-3 and 

SFTPC was performed on serial lung sections. Red arrows mark CC-3 and SFTPC positive 

cells (apoptotic AT2 cell). Yellow arrows mark CC-3 positive, SFTPC negative cells 

(apoptotic non-AT2 cells). Squares on the upper rows were enlarged in the respective lower 

rows.
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Fig. 5. 
Compared to WT, AT2 cell from MCAT mice have reduced mtDNA damage after asbestos 

exposure in vivo (A) and in vitro (B). (A) Primary AT2 cells were isolated from the lungs of 

WT and MCAT mice three weeks after IT instillation of TiO2 or crocidolite asbestos and 

mtDNA damage were assessed by a fluorescent-based PCR mtDNA damage assay as 

described in the Material and Methods (expressed as the ratio of lesion frequency per 

fragment as compared to WT AT2 cells exposed to control – TiO2). *p < 0.05 vs. TiO2, †P < 

0.05 vs. WT +crocidolite asbestos, n=4. (B) Primary AT2 cells were isolated from WT and 

MCAT mice, then treated with amosite asbestos or H2O2 in vitro and mtDNA damage was 

assessed as above (expressed as the ratio of lesion frequency per fragment as compared to 

WT AT2 cells exposed to control media). *p < 0.05 vs. Control of WT, †p < 0.05 vs. WT, 

n=4.
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Fig. 6. 
Euk-134 blocks AEC cell mtDNA damage and apoptosis. MLE 12 cells were pre-treated 

with vehicle (PBS) or Euk-134 (20 μL) for 4 h before exposure to oxidative stress (25 μg/ m2 

amosite asbestos or 200 μM H2O2). Cells were harvested 24 h post-treatment and mtDNA 

damage assessed as described in the Methods, or apoptosis assessed by a DNA 

fragmentation ELISA assay. (A) Mitochondrial DNA damage expressed as the ratio of lesion 

frequency per fragment as compared to MLE-12 cells exposed to control media. (B) DNA 

fragmentation expressed as percent of control cells; n =3. *p < 0.05 vs. control. †p < 0.05 vs. 

oxidative stress (asbestos or H2O2) in PBS (vehicle control).
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Fig. 7. 
Asbestos-induced mitochondrial ROS production is reduced in AT2 cells from MCAT as 

compared to WT mice. (A) Primary AT2 cells were isolated from WT and MCAT mice and 

exposed to control media or amosite asbestos (25 μg/cm2). After 24 h, the AT2 cells were 

incubated with MitoSox red (90 nM) according to the manufacturer’s recommendation; 

shown is a representative panel from a total of 3 experiments. White punctate cytosolic 

staining indicative of mitochondrial ROS production as well as DAPI-stained nuclei were 

assessed. (B) Semi-quantitative analysis of 3 separate AT2 cell isolations from WT and 

MCAT mice. The graph depicts the MitoSox fluorescence intensity (mean ± SEM) in WT 

and MCAT murine AT2 cells; each point represents individual AT2 cell fluorescence 

intensities from 10 to 15 cells per experiment, lines represent mean fluorescence and 

brackets show standard error. *p < 0.05 vs. control/WT. †p < 0.05 vs. control/MCAT. (C) A 

proposed model showing that strategies aimed at reducing AEC mitochondrial ROS 

production (i.e. mitochondrial catalase [MCAT] or Euk-134) will attenuate AEC 

mitochondrial dysfunction, mtDNA damage, and apoptosis important for promoting lung 

fibrosis.
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