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Abstract
Purpose—To identify temporal changes in protein expression in the irradiated rat lung and generate
putative mechanisms underlying the radioprotective effect of the manganese superoxide dismutase
mimetic, MnTE-2-PyP5+.

Methods and Materials—Female Fischer 344 rats were irradiated to the right hemithorax with a
single dose of 28 Gy and euthanized from day 1 to 20 weeks after irradiation. Proteomic profiling
was performed to identify proteins that underwent significant changes in abundance. Some irradiated
rats were administered MnTE-2-PyP5+ and changes in protein expression and phosphorylation
determined at 6 weeks post irradiation.

Results—Radiation induced a biphasic stress response in the lung as shown by the induction of
heme oxygenase 1 at 1-3 days and at 6-8 weeks post-irradiation. At 6-8 weeks post-irradiation, the
down regulation of proteins involved in cytoskeletal architecture (filamin A and talin), antioxidant
defense (biliverdin reductase and peroxiredoxin II) and cell signaling (β-catenin, annexin II, and rho-
GDI) was observed. Treatment with MnTE-2-PyP5+ partially prevented the apparent degradation of
filamin and talin, reduced the level of cleaved caspases 3 and 9 and promoted Akt phosphorylation
as well as β-catenin expression.
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Conclusion—A significant down regulation of proteins and an increase in protein markers of
apoptosis were observed at the onset of lung injury in the irradiated rat lung. Treatment with MnTE-2-
PyP5+, which has been demonstrated to reduce lung injury from radiation, reduced apparent protein
degradation and apoptosis indicators suggesting that preservation of lung structural integrity and
prevention of cell loss may underlie the radioprotective effect of this compound.
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INTRODUCTION
Radiation-induced lung injury (RILI) remains a major obstacle in the treatment of a variety of
thoracic cancers (1). Some of the untoward effects of pulmonary radiation include pneumonitis
occurring within the first 6 months and pulmonary fibrosis at months to years post-treatment.
However, the molecular mechanisms underlying its pathogenesis remain obscure.

The molecular response to radiation in the lung is not only a function of dose but also time
(2). One of the earliest events is thought to be the generation of reactive oxygen (ROS) and
nitrogen species (RNS) that can promote damage to DNA, proteins and lipids (3). Another
possible consequence of ROS/RNS generation is the induction of pro-inflammatory cytokines.
Radiation of rat (4,5) or mouse (6-8) lungs is known to induce the expression of IL-1α,
IL-1β, IL-6, TNF-α, and TGFβ in a cyclical pattern. The induction of cytokine expression in
the rat occurred at very early times following irradiation (within 1 hour) and was also seen at
later times (up to 16 weeks) (5). In mice, after an initial induction of cytokines, a second wave
of cytokine expression was reported at 4-10 weeks (6-8).

A role for oxidative stress in RILI is supported by evidence showing that increasing manganese
superoxide dismutase (MnSOD) activity through the use of synthetic MnSOD mimetics
(9-13) or by the introduction of MnSOD itself (14,15) reduces lung injury from radiation. The
MnSOD mimetic, MnTE-2-PyP5+, was shown to reduce the breathing rate, amount of lung
fibrosis and levels of TGFβ, HIF-1α, VEGF, and macrophage staining in the irradiated rat lung
at 16 weeks post-IR (11). One proposed mechanism by which MnSOD mimetics may act to
protect normal lung tissue is the prevention of cytokine induction that occurs in response to
irradiation (16).

A temporal study of the molecular, histological and physiological changes in the irradiated rat
lung also suggests a role for oxidative stress in the development of RILI (2). During the early
response, an increase in lung weight and hypoxia is observed along with a decrease in lung
perfusion. The decrease in lung perfusion is consistent with vascular injury and loss of
microvessel density reported in irradiated rat lungs (17). A secondary response occurred at
6-10 weeks and was characterized by an increase in macrophage infiltration and oxidative
stress. As lung injury progresses, parenchymal cell death can stimulate myofibroblast
proliferation and the development of lung fibrosis (18).

Although a number of factors have been identified to play a role in RILI, other undiscovered
factors or processes may also be involved. Therefore, to gain further insight into the underlying
mechanisms of lung injury from radiation and determine how MnSOD mimetics function to
reduce lung injury, we performed a proteomic analysis on irradiated rat lung tissue collected
from a previously published study (2).
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METHODS AND MATERIALS
Animals and irradiation

All rats were housed, irradiated, and euthanized at Duke University with prior approval from
the Institutional Animal Care and Use Committee of Duke University (Durham, NC). Female
Fischer-344 rats, aged 10-12 weeks, were housed three per cage and food and water were
provided ad libitum. The animals were anesthetized before irradiation with an intraperitoneal
injection of ketamine (65 mg/kg) and xylazine (4.5 mg/kg) and placed in a prone position.
Hemithoracic radiation was delivered to the right lung with a single dose of 28 Gy as previously
described (2). A total of 5 rats were euthanized at each time point before and at 1, 3, and 7
days, and 2, 4, 6, 8, 10, 14, and 20 weeks after irradiation for immunohistochemistry and
histopathology studies as reported by Fleckenstein et al (2). Lung tissue samples were harvested
for each time point and analyzed in this study. Because mass spectrometry is generally not
quantitative, the initial proteomic analysis was conducted with a single animal per time point.
The mass spectrometry data were confirmed in two additional sets of animals by Western
blotting so that a total of 3 animals were analyzed for each time point.

Administration of MnSOD mimetic
MnTE-2-PyP5+ was administered to control or irradiated rats at a dose of 6 mg/kg/24h,
delivered subcutaneously by osmotic pumps (Alzet® Model 2ML2, Durect Corporation,
Cupertino, CA) at a dose rate of 5.0 μL/h for 14 days starting two hours after irradiation.
Irradiated and non-irradiated control animals received an equivalent volume of PBS. Three
animals were utilized in each of the following groups: control animals, MnTE-2-PyP5+ only,
radiation only, and radiation with MnTE-2-PyP5+.

Tissue homogenization
Rat lungs were excised and immediately snap frozen in liquid nitrogen. Frozen rat lungs were
weighed and pulverized using a ratio of 20 mL of ice-cold RIPA lysis buffer/g of tissue. RIPA
lysis buffer: 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, and a 1X concentration of the HALT protease and protein
phosphatase inhibitor cocktail (Pierce). Following homogenization, samples were centrifuged
at 13,000 × g and supernatants recovered. Protein assays were performed using a BCA protein
assay and equal amounts of protein used for SDS-PAGE and Western blotting.

Antibodies, immunoprecipitation and Western blotting
Antibodies included: HO-1 (Stressgen; SPA-895), eNOS (BD Transduction Laboratories;
610296), MnSOD (Chemicon International; MAB4081), and biliverdin reductase (Gene Tex;
19260). Antibodies to actin (sc-1615), filamin A (sc-17749), talin (sc-H-300), annexin II
(sc-9061), Rho-GDI (sc-360), peroxiredoxin II (sc-33571), and xanthine oxidase (sc-20991),
were from Santa Cruz Biotechnology. Antibodies to caspase 3 (9662), caspase 9 (9508), Akt
(2967), phospho-Akt (9271S), and β-catenin (9587) were from Cell Signaling. Secondary
antibodies were IRDye800-conjugated rabbit anti-IgG antibody (Rockland), Alexa Fluor®
680-conjugated goat anti-mouse IgG antibody (Molecular Probes) and Alexa Fluor® 680-
conjugated rabbit anti-goat IgG antibody (Invitrogen) respectively. Fluorescence was
visualized using the Odyssey Infrared Imaging System (Li-Cor Biosciences).

SDS-PAGE, silver staining and Mass spectrometry
Proteins were resolved using 8 or 12% 1-D SDS-PAGE and visualized by silver staining and
protein bands excised, destained, and in-gel digested with trypsin as previously described
(19). Protein identification was performed using an Applied Biosystems QSTAR® pulsar XL
mass spectrometer as previously described (19).
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Statistical analysis
All data are presented as mean +/- standard error of the mean. Non-irradiated controls were
compared to each condition using one-way ANOVA followed by a post-hoc test. P-values
<0.05 indicated statistical significance.

RESULTS
To better understand the molecular mechanisms underlying RILI, we analyzed irradiated lung
samples from a previously conducted study (2) for temporal changes in protein levels. Total
lung cell lysates were prepared from each time point after radiation, resolved by SDS-PAGE,
and proteins visualized by silver staining. Proteins that were observed to change in abundance
were excised and identified by mass spectrometry (Fig. 1A and Table 1). The proteins identified
are involved in cytoskeletal organization, antioxidant defense and signal transduction (Table
1). Validation of the mass spectrometry data was performed by Western analysis against the
target proteins (Fig. 1B and C) unless the protein was readily observed by silver staining (e.g.
hemoglobin) or in those cases where commercial antibodies were not available.

Radiation was shown to decrease lung perfusion in rats as soon as 3 days after radiation (2).
In agreement with these data, we observed a steady decline in hemoglobin levels in lung
homogenates with the greatest decrease observed between 2 and 4 weeks post-irradiation (Fig.
1A). However, the most conspicuous changes in protein abundance commenced at ~6 to 8
weeks post-radiation and continued until the end of the experiment at 20 weeks. During this
time, several proteins including filamin, talin, annexin II, biliverdin reductase, rho-GDI, and
peroxiredoxin II exhibited a dramatic decline in abundance. In the case of annexin II, at 10
weeks post-irradiation, a lower molecular weight species was detected that reacted with the
annexin II antibody suggesting generation of a proteolytic fragment. In contrast, proteins such
as MnSOD, xanthine oxidase and actin remained constant in abundance throughout the entire
time course indicating that the protein changes observed were not due to non-specific protein
degradation. Although protein levels remained constant, the activities of MnSOD and xanthine
oxidase were not determined and therefore their enzymatic contribution to protection from
radiation damage remains to be explored (Fig. 1 B and C).

Previous studies indicated that irradiation induces mRNA for the stress response enzyme, HO-1
in various tissues (20,21). Therefore, we examined irradiated rat lungs over the period from
one day to 20 weeks post-irradiation for HO-1 protein expression as one indicator of cellular
stress. We observed a significant increase in HO-1 protein expression at 1-3 days and again at
6-8 weeks post-irradiation suggesting the appearance of a secondary inflammatory response
(Fig. 2). The second induction of HO-1 was also transient and was not maintained for the entire
time course. Because of the potential contribution of Wnt signaling in fibrosis (22) we also
analyzed the protein levels of β-catenin in the irradiated rat lung. The protein level of β-catenin
exhibited a significant decline commencing at ~4-6 weeks post-irradiation and remained
diminished throughout the rest of the time course (Fig. 2).

To test the role of irradiation-induced oxidative stress in regulating protein levels in the lung,
we administered rats MNTE-2-PYP5+ continuously for the first two weeks after radiation. This
regimen was chosen based upon a previous study that showed an identical treatment schedule
with MNTE-2-PYP5+ mitigated lung injury in rats treated with 28 Gy (11). MNTE-2-PYP5+

treatment decreased breathing rate, lung fibrosis, and staining of 8-OHdG, TGF-β, HIF-1α,
VEGF, and CA-IX in the lung at 16 weeks post-IR (11). We analyzed how treatment with the
MnSOD mimetic altered protein levels at 6 weeks post-IR, a time chosen because it corresponds
to macrophage infiltration into the lung and because it is at the cusp of a large increase in
oxidative stress as shown by 8-OHdG staining (2). We found that administration of the MnSOD
mimetic had no significant effect on HO-1 protein expression, suggesting that radiation-
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induced cell stress was not completely eliminated by this treatment (Fig. 3A, B). However,
MnTE-2-PyP5+ significantly increased the level of phosphorylated Akt, the level of β-catenin,
and decreased the apparent degradation of filamin, and cleaved caspase 3 (Fig. 3B) compared
to radiation alone (Fig. 3A, B). The effect of the MnSOD mimetic was not due to a non-specific
affect on protein expression as shown by similar levels of eNOS protein after treatment with
MnTE-2-PyP5+.

DISCUSSION
Although many factors have been identified to contribute to RILI, evidence suggests that
additional undiscovered processes are involved. Therefore, we utilized mass spectrometry to
identify proteins that changed in abundance in the irradiated rat lung over a time course from
one day to 20 weeks post-irradiation. The lung samples were obtained from a previous study
that documented physiological and histological changes after radiation (2) permitting
functional correlations between protein levels and physiological outcomes. From silver
staining of total lung homogenates, it was clear that the abundance of several proteins
dramatically decreased between 6 and 20 weeks post-irradiation (Fig. 1A). Although it was
not possible to identify all of the down-regulated proteins due to the complex nature of the
samples, the most prominent proteins were identified. These proteins are involved in processes
ranging from cellular architecture to cell signaling (Table 1) and have not yet been reported to
undergo radiation-induced changes in the lung. One protein that underwent a dramatic change
is filamin, whose protein level dropped precipitously at 6 weeks post-IR and remained low
throughout the remainder of the time course. Filamin is a large scaffolding protein involved in
cross-linking actin filaments and organization of the cytoskeleton (23). Interestingly, filamin-
A knock-out mice show vascular defects with abnormal epithelial and endothelial organization
and aberrant adherens junctions in developing blood vessels (24). Thus, loss of filamin A may
contribute to vascular damage and subsequent hypoxia in the lung. Another protein identified
to be down regulated was talin which plays a critical role in integrin activation and actin
cytoskeleton dynamics (25).

Other proteins down-regulated between 8 and 20 weeks post-IR were biliverdin reductase and
peroxiredoxin II. Both biliverdin reductase and peroxiredoxin II contribute to antioxidant
defense by production of bilirubin (26) and reduction of hydrogen peroxide to water
respectively. The decrease in the level of these enzymes correlates with a steep increase in
oxidative stress in rat lungs as measured by 8-OHdG staining between 6 and 10 weeks post-
radiation (2). Thus, loss of biliverdin reductase and peroxiredoxin II may be one mechanism
by which radiation contributes to establishment of chronic oxidative stress. In agreement with
our results, biliverdin reductase and peroxiredoxin II were previously shown to be down
regulated in abundance in mouse lungs 5 weeks after treatment with 12 Gy (27).

In addition to the proteins mentioned above, we found that Rho-GDI and annexin II were down
regulated in abundance. Rho-GDI inhibits GDP dissociation from Rho GTPases, keeping the
latter in an inactive state (28). The Rho GTPases are involved in the regulation of a diverse
array of cellular processes including actin dynamics, gene transcription, and motility (29).
Thus, alteration of their activity could potentially impact a large number of processes in the
lung including cell migration. Annexin II was shown to undergo a dramatic reduction in
apparent molecular weight at 10 weeks post-irradiation. Since the newly generated species
reacted with the annexin II antibody, one possibility is limited proteolysis. Annexin II has been
shown to be cleaved by proteases into a 33 kDa C-terminal core domain and a 3 kDa N-terminal
domain of 30 amino acids (30) and Annexin II forms in the 32-36 kDa range were identified
by mass spectrometry (31). Interestingly, antibodies to annexin were detected in the sera and
bronchoalveolar lavage fluid from patients with idiopathic pulmonary fibrosis (32).
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In contrast to the proteins identified by mass spectrometry, we found that the HO-1 expression
was upregulated by radiation. HO-1 is a low molecular weight stress protein that catalyzes the
oxidative degradation of heme to biliverdin, carbon monoxide and iron and is induced by a
wide variety of stress signals (26). Previous studies of HO-1 and radiation have shown increases
in HO-1 in response to ionizing radiation in rat liver (33), intestine (34) and mouse lung (20,
21). However, the studies of mouse lung only showed mRNA changes for HO-1 (20,21). We
have shown for the first time that HO-1 protein expression is increased after irradiation of the
lung and that in addition to the first induction, a second induction of HO-1 protein expression
occurs at 6-8 weeks post-irradiation suggesting the onset of a second wave of cellular stress.

Previous studies have shown that MnSOD mimetics have the ability to reduce RILI in animal
models (9-13). Although they are capable of reducing RILI, the mechanisms underlying their
protective effects are not fully elucidated. Therefore, we analyzed protein expression changes
in the irradiated rat lung from animals treated with the MnSOD mimetic, MnTE-2-PyP5+ at 6
weeks post-radiation, a time corresponding to macrophage and other inflammatory cell
infiltration (2). Treatment of rats with MnTE-2-PyP5+ did not result in a reduction in the amount
of HO-1 expression at 6 weeks post-IR. This result may be due to the fact that many different
types of signals, other than ROS/RNS, induce HO-1 expression (26) or because MnTE-2-
PyP5+ does not completely eliminate lung injury (2). However, MnTE-2-PyP5+ treatment did
reduce the apparent degradation of filamin as shown by a decrease in the amount of a ~250
kDa band which reacts with the filamin antibody and was identified as filamin by mass
spectrometry (Fig. 1 and Table 1, ID #3). Therefore, one mechanism of MnSOD mimetics may
be to reduce levels of protein proteolysis.

β-catenin protein levels were significantly down regulated in abundance beginning at ~4-6
weeks post-irradiation and remained diminished until the end of the study (Fig. 2). MnTE-2-
PyP5+ treatment significantly increased β-catenin protein levels at 6 weeks post-radiation
compared to radiation alone (Fig. 3A and B). β-catenin is an integral part of the Wnt signaling
pathway and irradiation has been shown to inhibit β-catenin signaling in epithelial cells (35).
Moreover, activation of β-catenin in epithelial cells improves cell survival after irradiation
(36). However, there are also studies that show that aberrant Wnt signaling may contribute to
pulmonary fibrosis (22).

Treatment with MnTE-2-PyP5+ also increased the level of phosphorylated Akt in the irradiated
rat lung. Activation of Akt in normal tissues is generally thought to promote cell survival and
proliferation and exposure of normal cells to a variety of forms of stress, including ionizing
radiation, reduces Akt activation (37). In agreement with these findings, we found that
irradiation decreased Akt phosphorylation at 6 weeks post-IR. Therefore, the increased level
of Akt phosphorylation observed after MnTE-2-PyP5+ treatment may reflect an increase in cell
survival signaling. In support of this, treatment with MnTE-2-PyP5+ produced a corresponding
decrease in the amount of cleaved caspase 3. This is in agreement with a previous study that
found that a MnSOD mimetic reduced irradiation-induced caspase 3 activation in U937 cells
(13). Taken together, these data suggest that one mechanism by which the MnSOD mimetics
act to reduce RILI is to reduce the level of cell death.

In summary, we have identified novel protein changes occurring both during the early response
and during the progression and development of RILI at 6-20 weeks after irradiation. It is not
yet determined if the changes in protein levels are due to differential protein expression, protein
turnover, or from reorganization/remodeling of lung tissue. A model summarizing a potential
mechanism for the protective effects of MnSOD mimetics is shown in Fig. 4. In this model,
radiation induces lung injury in part through the generation of ROS/RNS, which in turn, can
induce significant protein down regulation. The loss of proteins involved in oxidative stress
metabolism may further contribute to the generation of ROS/RNS. Alternatively, the loss of
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cytoskeletal proteins could disrupt connections to the extracellular matrix and induce apoptotic
processes. Increased cell death may then stimulate the recruitment of macrophages and other
inflammatory cells that can further increase levels of ROS/RNS creating a cycle of chronic
inflammation. To maintain structural integrity of the lung, dead cells are replaced by
myofibroblasts that ultimately can contribute to the fibrotic process (18). Thus, MnSOD
mimetics may function to reduce radiation-induced lung injury by interrupting the cycle of
chronic inflammation through reduction of ROS/RNS and by reducing the level of protein
down regulation and apoptosis to preserve structural integrity of the lung.
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Abbreviations

HO-1 Heme oxygenase I

MnSOD Manganese superoxide dismutase

IR irradiation

RILI radiation-induced lung injury

ROS Reactive oxygen species

RNS reactive nitrogen species
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Fig. 1.
Temporal changes in protein abundance in irradiated rat lungs. (A) Rat lung homogenates were
prepared at the indicated times after radiation, resolved by one-dimensional SDS-PAGE and
proteins visualized by silver staining. Numbered arrows denote proteins that were excised and
subjected to mass spectrometry with protein identity shown in Table 1. Abbreviations: “-”
indicates non-irradiated control; “d” = days, “w”= weeks. The amount of hemoglobin was
quantitated by densitometry, normalized to actin, and shown as a percent of the non-irradiated
control. (B) Validation of mass spectrometry results by Western analysis. Total cell lysates
from rat lung homogenates were immunoblotted with the indicated antibodies. Actin served
as a loading control. (C) A separate group of rats were treated identically and lung tissues
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harvested and analyzed by Western analysis. For all samples, the amount of each protein was
quantitated by densitometry, normalized to actin levels, and presented as a percent of the non-
irradiated control above each lane.
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Fig. 2.
Temporal changes in Heme oxygenase 1 and β-catenin protein levels in the irradiated rat lung.
(A) Rats were exposed to a single dose of 28 Gy to the right hemithorax and whole lung
homogenates immunoblotted with HO-1 or β-catenin antibodies at the indicated times post-
irradiation. Abbreviations: “-” indicates non-irradiated control; “d” = days, “w”= weeks.
MnSOD served as a loading control. (B) A separate group of rats were treated as described in
panel A. The amount of each protein was quantitated by densitometry, normalized to MnSOD
levels, and presented as a percent of the non-irradiated control above each lane.
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Fig. 3.
Reduction of apparent protein degradation and protein indicators of apoptosis in the irradiated
lung by MnTE-2-PyP5+. (A) Western analysis of rat lung samples prepared from 3 separate
rats for each condition including: mock irradiation, irradiation alone, MnTE-2-PyP5+

treatment, and MnTE-2-PyP5+ plus irradiation at 6 weeks post-irradiation. Samples were
resolved by SDS-PAGE and immunoblotted with the indicated antibodies. Actin served as a
loading control. (B) Quantitation of the Western blot data shown in Fig. 3A. The amount of
each protein was quantitated by densitometry, normalized to actin levels, and the mean
presented as a percent of the non-irradiated control along with standard error. One-way
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ANOVA and post-hoc tests were performed to determine significance. ‘*’ indicates
significance with a p-value <0.05. ns= not significant.
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Fig. 4.
A model for the mechanism of action of MnTE-2-PyP5+, in reducing lung injury from radiation.
Radiation induces the generation of ROS/RNS, which in turn contributes to protein down
regulation. Loss of proteins involved in ROS/RNS metabolism may contribute to further
increases in ROS/RNS levels, generating a cycle of chronic inflammation. The SOD mimetic,
through reduction of ROS/RNS, interrupts the cycle of chronic inflammation, reduces the level
of protein down regulation and apoptosis and acts to preserve structural integrity of the lung.
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