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Abstract

Introduction—Chronic production of reactive oxygen and nitrogen species is an underlying
mechanism of radiation (IR)-induced lung injury. The purpose of this study was to determine the
optimum time of an antioxidant and redox-modulating Mn porphyrin, MnTE-2-PyP>*, delivery to
mitigate and/or treat IR-induced lung damage.

Methods—Female Fischer-344 rats were irradiated to their right hemithorax (28 Gy). Irradiated
animals were treated with PBS or MnTE-2-PyP>* (6 mg/kg/24h) delivered for 2 weeks by s.c.-
implanted osmotic pumps (beginning after 2, 6, 12, 24, 72 hours or 8 weeks). Animals were
sacrificed 10 weeks post IR. Endpoints were: body weight, breathing frequency, histopathology,
and immunohistochemistry (8-OHdG; ED-1; TGF-B; HIF-1a; VEGF [A]).

Results—A significant radioprotective effect on functional injury, measured by breathing
frequencies, was observed for all animals treated with MnTE-2-PyP>*. Treatment with MnTE-2-
PyP>* starting 2 h, 6 h, and 12 h but not after 24 h or 72 h resulted in a significant decrease in
immunostaining for 8-OHdG, HIF-1a, TGF-B, and VEGF (A). A significant decrease in HIF-1a.,
TGF-B, and VEGF (A), as well as an overall reduction in lung damage (histopathology) was
observed in animals beginning treatment at the time of fully developed lung injury (8 weeks post
IR).

Conclusion—The catalytic manganese porphyrin antioxidant and modulator of redox-based
signalling pathways, MnTE-2-PyP>*, mitigates radiation-induced lung injury when given within
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the first 12 hours after IR. More importantly, this is the first study to demonstrate MnTE-2-PyP>*
can reverse overall lung damage when started at the time of established lung injury 8 weeks post
IR. The radioprotective effects are presumably mediated through both its ability to suppress
oxidative stress as well as to decrease activation of key transcription factors and proangiogenic
and profibrogenic cytokines.

Keywords
radiation; lung injury; oxidative stress; manganese porphyrin; radioprotector; MnTE-2-PyP>*

Introduction

Recent investigations support the notion that radiation-induced lung injury is initiated and
sustained by oxidative stress [1, 2]. The initial source of oxidative stress arises from
radiolytic hydrolysis of water to produce hydroxyl radical which rapidly reacts with cellular
macromolecules to cause DNA, lipid and protein damage. Studies from cell culture
irradiation point to both phagocytic/nonphagocytic NADPH oxidase, nitric oxide synthases,
and mitochondria as major sources of reactive oxygen/nitrogen species (ROS/RNS),
initiating and sustaining a highly oxidized microenvironment [3-6]. This results in a plethora
of reactive oxygen and nitrogen species such as carbonate radical (CO3™™), peroxynitrite
(ONOQ7), hypochlorous acid (HOCI), hydrogen peroxide (H,05), superoxide (O,"7), and
hydroxyl radical (HO"). At later stages of the inflammation process, recruitment and
activation of macrophages contribute to further increasing levels of superoxide and
hydrogen peroxide through NADPH oxidase with successive formation of the
aforementioned species. Several transcription factors (NF-xB, HIF-1a, AP-1, and SP-1) and
subsequently their downstream products (TGF-B, VEGF(A), EGF, and CA IX) are known to
be directly or indirectly regulated by oxidative stress; i.e. oxidation, nitration and/or
nitrosation events [3, 7-9]. Consequently, compounds which exhibit antioxidant properties
have been evaluated as modulators of radiation-induced lung injury [10-17]. The most
promising compounds are mimics of superoxide dismutase enzymes (SOD) — a first line
enzyme of endogenous antioxidant systems. So far several groups of SOD-mimics have
been developed and tested in different models of oxidative stress such as manganese
porphyrins (MnPs) [18, 19], manganese (Il) penta-azamacrocyclic complexes [20],
manganese (I11) salen complexes [21], and nitroxides [22]. The in vitro and in vivo effects
have been recently reviewed [23]. In addition, other synthetic antioxidants such as MitoQ
compounds targeting mitochondria have also been studied [24]. Only few comparative
studies have been thus far performed. In an £. coli study manganese (1) penta-
azamacrocyclic complexes (M40403), and manganese (I11) salen complexes (EUK-8 and
EUK-134) were ineffective. Only MnTE-2-PyP5* and MnTM-2-PyP>* were able to rescue
aerobic growth of SOD-deficient £. coli[25]. Another recent study again compared the
aforementioned compounds (manganese (1) penta-azamacrocylclic complexes M40403,
manganese (I11) salen complexes EUK-8 and EUK-134, and 6 MnPs) with MnCl, as a
control. Only the hexyl analogue of MnTE-2-PyP%*, MnTnHex-2-PyP>*, was able to
radioprotect ataxia telangiectasia cells [26].

MnPs and manganese (111) salen complexes [27] have been tested as radioprotectors in
models of radiation-induced lung damage. In this respect, MnPs have proven to be potent
radioprotectors in the rat model of radition-induced lung injury [10-13, 28]. At least in part,
the in vivo efficacy of MnPs is due to their localization in mitochondria [29], where
MnTE-2-PyP5* was shown to protect the mitochondrial respiratory chain from ONOO™ -
mediated damage [30]. The efficacy of most potent SOD mimics in dismuting superoxide
parallels their ability to scavenge ONOO" and its decomposition product CO3*~ [31]. The
ability to reduce HCIO has been indicated [23]. Furthermore, by scavenging reactive
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species, MnPs were shown to inhibit activation of major redox-regulated transcription
factors NF-xB, AP-1, and HIF-1a, and expression of their downstream gene targets [8,
Zhao et al 2005, 9, 15].

Our recent investigations have focused on preemptive or early (within a few hours following
the irradiation insult) administration of MnPs to prevent and ameliorate lung injury after
irradiation (IR) [10-13]. In the event of a nuclear accident [32] or deliberate attack resulting
in a large population exposure to ionizing radiation, victims will need to be triaged
according to the severity of acute radiation illness. Acutely, lung injury is not of paramount
importance. However, with successful treatment of gastrointestinal and hematologic
syndromes with modern medical advances, mortality from respiratory distress may later
become an issue [33]. Furthermore, many victims at risk for development of chronic injury
will not be symptomatic for months to years following exposure. Therefore, it is necessary
to identify therapeutic compounds, which are effective when delivered after the onset of
symptomatic injury.

Although the threat of nuclear terrorism or accident has increased in recent years, the major
benefit for normal tissue radioprotectors will be for cancer patients undergoing radiotherapy
for tumors in the thoracic region. Up to 20% of these patients will eventually develop
radiation (IR)-induced normal lung tissue injury. Furthermore, with respect to lung cancer,
several clinical studies have shown a direct relationship between tumor cell killing and
increasing radiation dose which points to the importance of dose escalation for achieving
improved local control and possible increasing overall survival [34-38]. However, dose
escalation and improved tumor control is limited by the unacceptable risk for normal tissue
toxicity. At present, no strategy exists which robustly identifies patients who will develop
normal tissue injury after IR [39]. Therapeutic interventions which could be delayed until
the onset of symptoms may lower cost, preserve drug availability, and eliminate possible
side effects of prolonged administration.

The purpose of this study was to investigate the efficacy of our lead compound, MnTE-2-
PyP>*, in treating radiation-induced lung injury in our established model, if applied at early
(within 72 hours) or late (up to 8 weeks) time points after radiation.

Materials and Methods

Animals

Drug

Fifty-four female Fischer-344 (F344) rats were used in this study with prior approval from
the Duke University Institutional Animal Care and Use Committee. Three animals were
housed per cage and maintained under identical conditions with food and water provided ad
libitum. All rats were sacrificed at a predetermined time of ten weeks post-radiation by
pentobarbital overdose.

MnTE-2-PyP5* was synthesized and characterized as previously described [40]. The
manganese porphyrin used in this study was dissolved in PBS.

Irradiation and Sod Mimetics

At the time of irradiation all rats weighed between 175 and 185 g to minimize possible
variations in lung size. The 54 animals were divided equally into the following groups to
receive: 1) right hemithoracic irradiation (IR) and PBS starting 2 hours after IR; 2) no IR
and MnTE-2-PyP>*; 3) no IR and PBS; 4) IR and MnTE-2-PyP® starting 2 hours after IR; 5)
IR and MnTE-2-PyP>* starting 6 hours after IR; 6) IR and MnTE-2-PyP>* starting 12 hours
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after IR; 7) IR and MnTE-2-PyP>* starting 24 hours after IR; 8) IR and MnTE-2-PyP>*
starting 72 hours after IR; and 9) MnTE-2-PyP>* starting 8 weeks after IR.

Animals were anesthetized before IR with intraperitoneal injection of ketamine (65 mg/kg)
and xylazine (4.5 mg/kg) and placed in a prone position. Non-irradiated control animals
were kept during the sham-irradiation procedure without anesthesia in a cage near the X-ray
machine while mates were irradiated. Hemithoracic radiation was delivered to the right lung
with a single dose of 28 Gy using 150 kV x-rays with a dose rate of 0.71 Gy/min (Therapax
320, Pantak Inc., East Haven, CT). 12 mm lead blocks were used to protect the left thorax
and the rest of the body. MnTE-2-PyP>* was applied at a dose of 6 mg/kg/24h, the most
effective dose determined in previous studies [10]. MnTE-2-PyP>* or PBS were delivered
subcutaneously by osmotic pumps (Alzet® Model 2ML2, Durect Corporation, Cupertino,
CA) at a dose rate of 5.0 pI/h for 14 days. The total volume per osmotic pump was 2 ml.
Drug delivery began at the following time points post-IR: 2, 6, 12, 24, 72 hours, and 8
weeks for the treatment groups and 2h after IR for controls.

Follow-Up and Functional Assessment of Lung Injury

Histology

All animals were followed for ten weeks after IR (see time table). Body weight was
measured bi-weekly. Breathing frequency using whole-body plethysmography (Model
RM-80, Columbus Instruments, Columbus, OH, USA) was measured as an indicator of
functional pulmonary injury. Measurements were taken every 2 weeks for 10 weeks, starting
4 weeks after IR. The mean values from five measurements per animal were recorded for 5
animals in each group.

At the time of sacrifice, the right upper lobes of all animals were obtained for
immunohistochemistry and histopathology studies. Animals were euthanized with
pentobarbital overdose. Both lungs were infused by tracheal instillation of a solution
containing 2% glutaraldehyde and 0.085 M sodium cacodylate buffer for 25 minutes for
fixation prior to removal of the lung. After removal, the four lobes of the irradiated right
lung were separated and embedded in paraffin. The tissue was then cut into 5 wm thick
sections at a microtome and stored on slides.

Histopathology

Five-micrometer thick sections of paraffin-embedded lung tissue were stained with
hematoxylin and eosin (H&E) to visualize histopathologic damage to lung structures. Slides
were systematically scanned under a microscope using a 10x objective and eight to ten
fields containing the highest degree of damage were selected. The extent of radiation-
induced damage for each field was graded on a scale from 0 (normal lung) to 8 (total
obliteration of the field) as described by Ashcroft et al. [41]. Average scoring below grade 4
(moderate thickening of walls without obvious damage to lung architecture) resulted in the
animal placement in the “no damage” group while average scoring above grade 4 (increased
fibrosis with definite damage to lung architecture) led to the respective animal placement in
the “damage” group.

Immunohistochemistry

Lungs were assessed: (A) for the number of activated macrophages with ED-1 staining; (B)
the level of expression of 8-OHdG (8-hydroxy-2’-deoxyguanosine) as a marker for
oxidative stress/ DNA damage; (C) levels of TGF-B (transforming growth factor-beta), a
profibrogenic cytokine; (D) HIF-1a (hypoxia inducible factor 1a), a pro-angiogenic
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transcription factor; and (E) VEGF (A) (vascular endothelial growth factor A), a pro-
angiogenic cytokine.

Immunohistochemistry was performed as described by Hsu et al. [42]. Briefly, the tissue
sections were deparaffinized and rehydrated with xylene and decreasing alcohol
concentrations from 100% to 80%. Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide for 15 minutes. The slides were then placed in a citrate buffer (Biogenex,
San Ramon, CA) and heated in a microwave for 2 x 5 minutes for antigen retrieval. The
tissue sections were rinsed with phosphate-buffered saline and incubated with primary
antibodies to activated macrophage marker ED1 (MCA341, 1:100, Serotec, Oxford, UK), 8-
OHdG (MOG-020P, 1:1000, JalCA, Shizuoka, Japan), VEGF (A) (Sc-152, 1:100, Santa
Cruz Biotechnology Inc., Santa Cruz, CA), active TGF-B1 (Sc-146, 1:200, Santa Cruz
Biotechnology Inc., Santa Cruz, CA), and HIF-1a (NB 100-105, 1:100, Novus Biologicals,
Littleton, CO) overnight at 4°C. Slides were then washed three times in phosphate-buffered
saline for 5 minutes followed by incubation with the appropriate secondary antibody
(1:1000, Jackson ImmunoResearch, West Grove, PA) for 30 minutes at room temperature.
Again slides were washed three times in phosphate-buffered saline for 5 minutes followed
by incubation with ABC-Elite (VVector Laboratories, Burlingame, CA) for 30 minutes at
room temperature and developed using DAB working solution (Laboratory Vision, Fremont,
CA). Finally, the slides were counterstained with Harris hematoxylin (Fisher Scientific,
Pittsburgh, PA) and mounted with coverslips. For negative controls, consecutive tissue
sections were processed by the same immunostaining protocols. Primary antibodies were
ommitted and processed tissues were incubated with secondary antibodies. No staining due
to unspecific antibody binding was seen in negative staining controls.

Image Analysis

For image analysis, tissue sections from the upper right lobe from each animal were
examined. Image analysis was carried out as previously described [10-12]. Eight digital
images were acquired from each slide using a 20x (VEGF, TGF-B, ED-1) or 40x (HIF-1a.,
8-OHDG) objective. Activated macrophage marker ED1, 8-OHdG and HIF-1a staining
were quantified by manual counting per image. Results were expressed as the number of
positively stained macrophages or percent of 8-OHdG/HIF-1a positive nuclei per digital
image (average of eight digital images per animal, average of five to six animals per group).

Active TGF- and VEGF were analyzed in Adobe Photoshop (Version 9.0.2; Adobe
Systems, San Jose, CA). After quantifying the positive expression per image, the total tissue
area regardless of expression was quantified. Results represent the average percentage of
positive staining as the ratio of positive staining over total tissue area per digital image.

Statistical Analysis

The discrepancies between binomial proportions were tested using Fisher's exact test [43].
The distributions of the biomarkers with respect to drug (or dose) were compared in a
pairwise fashion using the exact two-sample Wilcoxon test [44]. For breathing frequencies
and body weight, an aggregate measure was computed as the empirical area under the curve.
The distributions of these curves were compared in a pairwise fashion using the exact two-
sample Wilcoxon test [44]. Time-course trajectories of the treatments were compared within
the framework of two-way multiplicative mixed-linear effects model [45]. The R statistical
environment [46] was used for all statistical analyses.

Free Radic Biol Med. Author manuscript; available in PMC 2013 July 08.
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Results

All animals tolerated treatment with MnTE-2-PyP>* well. Subcutaneous (s.c.) injections of
MnTE-2-PyP5* [10], resulted in decreased mobility, local edema, hyperemia/vasodilation
(as seen in snout and ears), and reduced body weight during the injection period. In contrast,
the controlled injection rate (5pl/h) by s.c. implanted osmotic pumps did not cause any such
negative effects.

Body Weight and Breathing Frequencies

Body weight was measured two weeks prior to IR, on the day of IR, and biweekly starting
from week two until week ten, the time point of sacrifice (Table 1). Average body weight
over all groups was 181.1 + 2.2 g on the day of irradiation. The weight of the MnP-filled
osmotic pump was substracted from the measured body weight. The unirradiated control
groups gained weight throughout the entire process. In contrast, irradiated animals receiving
no treatment (IR only group) gained significantly less weight (Table 1). With respect to the
entire time course over ten weeks, irradiated animals receiving MnTE-2-PyP®* starting at 2
h, 6 h, 24 h, 72 h, and 8 w after IR did not statistically differ in body weight from the
irradiated, untreated animals. Animals receiving MnTE-2-PyP>* 12 h after IR displayed
significantly higher body weight in comparison to the IR only-group (P = 0.031).

Breathing rates were measured in a representative group (n = 10) before IR and in 5 animals
per group biweekly starting 4 weeks after IR until 10 weeks post IR (Fig. 1; Table 1). In
comparison to unirradiated animals, significantly higher breathing rates were measured in
animals receiving no treatment after IR (P = 0.008). Animals which were irradiated and
received early treatment with MnTE-2-PyP>* after IR displayed significantly lower
breathing rates irrespective of different starting points (regarding sensitivity of breathing
frequency test, see Gauter-Fleckenstein et al. [10]). Animals in which treatment was delayed
until 8 weeks post IR, displayed elevated breathing frequencies until MnTE-2-PyP>* was
given. Only five days after initiation of MnTE-2-PyP5* administration, a significant drop in
breathing frequencies was noted (implantation of pumps at day 5 of week 7; measurement of
breathing frequencies five days later at day 3 of week 8). In this group, in comparison to the
IR only group, breathing frequencies continued to be decreased until the end of the
experiment (P = 0.032).

Histopathology

H&E staining showed no damage in the unirradiated control groups (average scoring grade
= 0.29 for PBS only and 0.43 for MnTE-2-PyP>* only (Table 1, Fig. 2 and 3). In
comparison, 10 weeks after IR the average damage score for animals in the IR-only group
was 5.3 (min 0, max 8). The histopathological damage was composed of severe distortion of
lung structure, accumulation of alveolar macrophages, interstitial/alveolar edema, and
beginning formation of fibrous masses (Fig. 3).

Animals which received MnTE-2-PyP°* starting 2 hours and 12 hours as well as 8 weeks
after IR displayed significantly less histopathological damage in comparison to the IR-only
group (Table 1, Rank-sum-Test).

With respect to a (true) treatment or amelioration effect after IR, animals receiving MnTE-2-
PyP>* begun 2 hours post IR displayed a trend towards decreased damage of lung structure
(P = 0.06, Fisher's test). Animals whose treatment started 8 weeks post IR showed no
significant damage (P = 0.0152, Fisher's test). In this group, the picture seen was composed
of thickening of the alveolar wall, interstitial/alveolar edema, and sporadic accumulation of
macrophages reflecting a score < 4 on the Ashcroft scale (“no obvious damage to lung
structure” [41]).

Free Radic Biol Med. Author manuscript; available in PMC 2013 July 08.
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Immunohistochemistry

Activated macrophages stain positive for ED-1. Activation and recruitment of macrophages
is a hallmark of radiation-induced lung injury. There were no activated macrophages in
unirradiated animals. In all irradiated animals, activated macrophages were seen. However, a
significantly smaller number of activated macrophages were seen in animals which received
MnTE-2-PyP5* after 12 h and after 8 weeks, respectively (both groups P = 0.0043; Fig. 2
and 3, Table 1).

A footprint of oxidative DNA damage is 8-OHdG [47]. No 8-OHdG was detected in the
unirradiated control groups. 10 weeks post IR, in comparison to the control groups, DNA
oxidation was seen in animals which received no MnTE-2-PyP>* after IR (P = 0.002).
Significantly decreased positive immunostaining for 8-OHdAG positive nuclei was seen in
animals whose treatment with MnTE-2-PyP>* was started 2h, 6h, 12 h, and 24 h post IR,
respectively. Starting treatment with MnTE-2-PyP°™ at later time points (3 days and 8
weeks) did not result in decreased 8-OHdG levels (Fig. 2 and 3, Table 1).

Active TGF-f seems to be linked with development of fibrosis after irradiation. No positive
immunostaining for TGF-f was observed in unirradiated control animals. In comparison,
active TGF-p was significantly elevated in the IR-only group (P = 0.0021). Treatment with
MnTE-2-PyP5* resulted in decreased active TGF-B levels. Elevated levels of activated TGF-
B were observed only in animals receiving MnTE-2-PyP>* starting 24 hrs after IR (Fig. 2
and 3, Table 1).

No positive staining for the transcription factor HIF-1a was seen in the unirradiated control
groups. 10 weeks after IR, animals not receiving treatment displayed highly elevated levels
of HIF-1a in comparison to unirradiated controls (P = 0.0021). In animals which received
MnTE-2-PyP5* at 2 h, 6 h, 12 h, and 8 weeks post IR, decreased levels of HIF-1a were seen
(Fig. 2 and 3, Table 1).

HIF-1a is the transcription factor that regulates pro-angiogenic factor VEGF (A) expression.
VEGF (A) promotes angiogenesis and endothelial leakage and has been linked to the
development of lung fibrosis. Consequently, no positive staining for VEGF (A) was seen in
both unirradiated control groups. Significant positive staining for VEGF (A) could be
detected in the IR-only group (P = 0.0021). Significantly decreased VEGF (A) levels were
seen in the groups of animals, which received MnTE-2-PyP>* starting after 2 h, 6 h, 72h,
and 8 w. Furthermore, in comparison to the IR only-group a trend towards decreased
VEGF(A) levels was observed in animals receiving MnTE-2-PyP>* starting 12 h after IR (P
=0.082; Fig. 2 and 3, Table 1).

Discussion

Our study describes the efficacy of MnTE-2-PyP>* to ameliorate and/or treat radiation-
induced lung injury in a rodent model if given after the insult. Early treatment with
MnTE-2-PyP5* between 2 h to 12 h after irradiation and lasting for two weeks, ameliorated
radiation-induced lung damage. Most importantly, delay of treatment for up to 8 weeks after
radiation exposure, and at the time of symptomatic injury, was strikingly effective in treating
radiation-induced lung injury.

Late radiation damage in most tissues is characterized by loss of parenchymal cells and
excessive formation of fibrous tissue. The classical target cell concept describes radiation-
induced late tissue injury as a consequence of a critical depletion of clonogenic target cells
triggered by radiation-induced double strand breaks leading to mitotic cell death [48]. The
prolonged latent period preceding development of late sequelae had been attributed to the
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long cell cycle time of target cells. However, this simplistic, linear sequence of interaction of
ionizing radiation with a specific target cell is not sufficient to describe the rather complex,
dynamic and, particulary, multicellular process in radiation-induced lung damage [39, 49,
50]. It is assumed that within hours after radiation, apoptotic cell death of endothelial
vascular cells [51] leads to enhanced vascular permeability, edema, and protein exudation
[52, 53]. Our group recently identified the temporal onset of events at the molecular level
underlying radiation-induced lung injury in an animal model [1]. In those studies, lung
perfusion was significantly decreased within the first 3 days after irradiation. This was
followed by a brief period of reperfusion prior to a steady and significant decrease in
perfusion beginning at 2 weeks and continuing throughout the follow-up period (20 weeks).
Throughout this episode of ischemia and reperfusion (I/R), oxidative stress is generated
[54]. Early formation of ROS/RNS can activate transcription factors (NF-xB, HIF-1a, Nrf2,
AP-1) and signaling kinase pathways (MAPK, PI13K/Akt, Caspases, Bcl-2) crucial for cell
survival [3, 55]. Among the first cytokines detected hours after radiation in lung tissue are
TGF-p and TNF-a [56, 57]. Other factors, such as endothelin, connective-tissue growth
factor, and angiotensin Il are hypothesized to play a role within these processes [1, 58].
Subsequently, a perpetual cascade of cytokines is initiated [59]. Within this environment,
ROS/RNS and redox-regulated transcription factors as well as redox-sensitive cytokines
provide strong targets for antioxidant therapy and prevention, mitigation, and treatment of
radiation-induced lung injury [60, 61]. However, during increasing ischemia and pulmonary
vasoconstriction, transportation of MnTE-2-PyP5* to affected areas in the lung could be
limited. We therefore assume that the observed efficacy of MnTE-2-PyP>* in the lung
throughout the early phase up to 12 hours after IR, but not thereafter (24 h and 72 h), reflects
at least partially a distribution problem as seen in the lung perfusion study. In addition,
increasingly overwhelming activation of inflammation-mediating transcription and growth
factors, cytokines, and signaling cascades could result in a critical, relative shortage of the
compound leading to its ineffectiveness.

When early treatment cannot be achieved, the question arises whether delayed treatment
after several weeks can ameliorate or even reverse radiation-induced lung injury. In other
organ systems, studies with ACE inhibitors in treating experimental radiation nephropathy
have shown that a delay of treatment 3 weeks after total body irradiation of rats did not
compromise efficacy of prophylaxis [62]. Moreover, renal function was maintained after
treatment was stopped. In adolescent rats, treatment was most potent during a critical period
between 3.5 and 9.5 weeks after total body irradiation [62]. The therapeutic effect was
linked to inhibition of angiotensin Il and not to antioxidative properties of the drug. Early
studies with ACE inhibitors in treating radiation-induced lung fibrosis indicated
effectiveness, but cessation of treatment led to rapid deterioration in lung function [63-66].
Similar, clinical studies with pentoxifylline and vitamin E for treating radiation-induced
fibrosis demonstrated that long-term treatment was needed to sustain benefit [67]. Lung
tissue contains a rather small stem cell pool and a large compartment of functional cells
competent of proliferation [68]. The inflammatory response of the lung consists of both a
tissue destructive component and a tissue healing effort with unpredictable outcome [69].
Our data suggest that treatment with MnTE-2-PyP>* during the highly active inflammatory
phase can redirect tissue remodeling from destruction and fibrosis into tissue healing and
reconstruction. At eight weeks, macrophages are activated and hypoxia can be detected.
Furthermore, a significantly elevated level of 8-OHdG reflective of ongoing oxidative stress
is already present. In addition, VEGF (A) and TGF-p are significantly elevated [1], which
was resolved after treatment with MnTE-2-PyP>*. The picture of lung damage as seen in
animals treated with MnTE-2-PyP>* starting 8 weeks after radiation until sacrifice at 10
weeks was remarkably different in several ways in comparison with animals whose
treatment was initiated at early time points after IR. Although a significant level of
cumulative oxidative damage was present, a significantly decreased number of activated
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macrophages were noted. Furthermore, the least histopathological damage comprising
increased alveolarwall thickness, rarefication of alveolar wall architecture, and interstitial
fluid deposition was seen in the 8 weeks group. These altered lung structures might be
residual from prior inflammation and eventual remodeling processes.

A striking finding in this study was decreased breathing frequencies only 5 days after
starting MnTE-2-PyP>*-treatment in the 8 weeks group (Figure 1). A major cause of
elevated breathing frequencies is systemic hypoxemia or hypercapnia. In normocapnic rats,
it has been shown that breathing frequencies depend on hypoxia [70]. In previous studies it
was shown that local hypoxia developed in lung tissue after radiation [1]. This was linked to
edema, deposition of intercellular matrix material, destruction of the alveolar
histoarchitecture and, accumulation of activated macrophages, which heavily consume
oxygen by their endogenous enzyme NADPH-oxidase [71, 72]. However, considering the
histopathologically focal picture of radiation-induced lung damage, it is unlikely that
systemic hypoxia developed in our model since the adjacent healthy lung tissue, as well as
the contralateral lung, most likely were able to compensate for local tissue hypoxia.
Recently, it was shown that central stimulation of basal ventilation is enhanced by
upregulation of activity in carotid artery bodies without detection of hypoxia [73]. It has
been suggested that proinflammatory cytokines (IL-1, IL-6) may be responsible for
sensitization of oxygen sensing of chemoreceptors as the rat carotid artery body expresses
interleukin receptors [74, 75]. In contrast, ROS do not seem to be involved in modulating
chemoreceptor activity [76]. MnTE-2-PyP>* obviously decreases IL-1 induced myocardial
depression [77] and protects NIT-1 insulinoma cells from IL-1 induced cytotoxicity [78].
Therefore, the observed decrease in breathing frequencies could be an indirect MnTE-2-
PyP>*-mediated effect leading to diminished expression of inflammatory cytokines and
subsequently reduced chemoreceptor activity.

A somewhat conflicting finding in our study was the lack of efficacy of MnTE-2-PyP°* on
macrophage activation in the very early (2 h and 6 h) treatment groups. This was in contrast
to significantly decreased numbers of activated macrophages in the 12 h and 8 w groups.
This lack of effect of MnTE-2-PyP>* on macrophage activation in early treatment time
points has been seen in a former study in which the first injection of MnTE-2-PyP>* (6 mg/
kg) was started 2 hours after IR and was continued for 2 weeks [10]. In another study, the
chronological sequence of macrophage activation after IR was investigated [1]. It was noted
that infiltration of activated macrophages into the rat lung started 4 weeks after IR. The
number of macrophages rose until the tenth week before it started to decline. At present,
there is no sufficient explanation for the observed treatment effect in the 12 h group.
Nevertheless, at 8 weeks after IR, macrophages are activated and contribute to the chronic
inflammation [1]. For the 8 weeks group, we therefore propose that this inflammatory
process is disrupted by MnTE-2-PyP>*. Evidence comes from an in-vitro-study, in which
MnTE-2-PyP>* proved effective in decreasing O~ production by alveolar macrophages
with direct consequence for macrophage derived production of VEGF and TGF-B [79].

8-OHdG was increased in almost every irradiated group with a trend towards higher levels
of DNA oxidation at later treatment time-points and was significantly elevated in animals
being treated 72 h after irradiation or later (8 w). This reflects the ongoing process of
oxidation of critical biological molecules. 8-OHdG can be detected as long as cell turnover
has not abolished 8-OHdG residues from the DNA compartment. Therefore increased DNA
oxidation could be detected as well in the 8w-group despite prominent treatment effects of
MnTE-2-PyP5*,

Oxidation/nitrosation of key molecules at physiological levels participates in intracellular
signaling processes [3, 55]. However, perpetual elevation of oxidation/nitration/nitrosation -
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chronic oxidative/nitrosative stress - is a hallmark of normal tissue radiogenic injury [1, 2, 7,
17, 27]. It is unclear, whether therapeutics like MnTE-2-PyP5* only suppress this elevated
state or even terminally reconstitute the steady state in physiological redox signaling. In this
respect, the optimal length of treatment has to be evaluated. Our group recently showed that
treatment with MnPs for the duration of ten weeks after radiation, but not for only one week,
is able to robustly suppress radiation-induced lung inflammation [11]. Future studies should
address two main issues: (1) would treatment provide beneficial effects long after the
cessation of therapy; and (2) would treatment longer than 2 weeks be necessary for the best
outcome of radiation-induced lung damage.

Furthermore, additional toxicity studies are necessary. In respect to acute toxicity in our
model, subcutaneous (s.c.) implantation of osmotic pumps was better tolerated than s.c.
injections as done in a previous study [10]. Furthermore, continuous application of MnTE-2-
PyP>* is preferable to single s.c. daily injections due to the compound's half-life in plasma
of 60 min [80].

With respect to the possible use of MnP in protecting normal tissue during tumor
radiotherapy, it is important to note that MnTE-2-PyP>* will not protect tumors against
radiation. While it is not toxic to tumor cells in its own right [8, 81, 82], MnTE-2-PyP°*
suppresses tumor growth via anti-angiogenic effects at the level of tumor vasculature [83].
Thus, by suppressing tumor oxidative stress which in turn suppresses redox-based activation
of HIF-1a and downstream VEGF, angiogenesis is downregulated [83]. Moreover in
combination with radiation [81] and chemotherapy [84], MnTE-2-PyP>* enhanced tumor
growth suppression was observed.

In conclusion, the current results provide further evidence that MnTE-2-PyP5* is effective in
ameliorating and treating radiation-induced lung injury presumably via scavenging signaling
reactive species and therefore suppressing excessive upregulation of inflammatory and
immune pathways. In the past, we have shown that preemptive or early treatment after
radiation can effectively reverse activation of transcription factors (HIF-1a, NF-xB), reduce
hypoxia (CA-1X positive staining), prevent activation of alveolar macrophages (ED-1),
decrease activation of latent TGF-p and production of VEGF, and subsequently prevent
higher degree of histopathological (H&E and Masson's Trichrome staining) and functional
lung damage (breathing frequencies) [10-14]. Our results presented now suggest that there is
a crucial temporal time span in which early therapy of radiation-induced lung injury with
antioxidants should be initiated. Nevertheless, late (rescue) treatment might become an
option if early therapy is not achievable.
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HIF-1la Hypoxia inducible factor 1a
VEGF (A) Vascular endothelial growth factor A
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Figure 1.

Breathing frequencies, as recorded bi-weekly from week zero (pre-IR) to week ten (time-
point of sacrifice). In comparison to nonirradiated control animals, significantly higher
breathing rates were measured in animals which received no treatment after IR (P = 0.0079).
Animals, which were irradiated and received MnTE-2-PyP>* post-IR displayed significantly
lower breathing rates in comparison to the IR-only group. Animals, which received late
treatment starting 8 weeks post-IR displayed a trend towards elevated breathing frequencies
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which was not more seen 5 days after starting of treatment (implantation of pumps at day 5
of week 7; measurement of breathing frequencies five days later at day 3 of week 8).
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Figure 2.
Comparison of experimental groups on histopathological damage, macrophage activation
(ED-1), oxidative stress (8-OHdG), transforming growth factor-p (TGF-B), hypoxia
inducible factor-1a (HIF-1a), and vascular endothelial growth factor (A) (VEGF(A)).
Results are displayed as vertical bar plots with standard deviation. Asterixes indicate
statistical significant differences between IR-only group and IR + MnP treatment groups (p
< 0.05).
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Figure 3.

Representative images of histotpathology (H&E staining) and Immunohistchemistry (8-
OhDG, HIF-1a, VEGF (A), TGF-B, ED-1) studies. Magnification 100x for H&E, TGF-B,
VEGF(A), ED-1, Magnification 400x for 8-OHdG and HIF-1a. Groups: Control (no IR +
PBS), IR + PBS (TGF-B8 and HIF-1a images with 400x insert), IR + MnTE-2-PyP5* (6 mg/
kg) 2h group, IR + MnTE-2-PyP>* 8 weeks group. Negative control shows normal lung
structure, no positive (brown) immunostaining. IR + PBS shows large area of alveolar
edema and cell infiltrates with beginning formation of fibrous masses and prominent
immunostaining as well as activated macrophages (brown, localized interstitial and intra-
alveolar). IR + MnTE-2-PyP>* (2 h and 8 weeks groups) depict focal localized damage with
thickening of alveolar wall, interstitial edema, diminished immunostaining and localized
activated macrophages.
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