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Abstract
Purpose—We examined the effects of genistein and/or Eukarion (EUK)-207 on radiation-
induced lung damage and investigated whether treatment for 0–14 weeks (wks) post-irradiation
(PI) would mitigate late lung injury.

Materials and Methods—The lungs of female Sprague-Dawley (SD) rats were irradiated with
10 Gy. EUK-207 was delivered by infusion and genistein was delivered as a dietary supplement
starting immediately after irradiation (PI) and continuing until 14 wks PI. Rats were sacrificed at
0, 4, 8, 14 and 28 wks PI. Breathing rate was monitored and lung fibrosis assessed by lung
hydroxyproline content at 28 wks. DNA damage was assessed by micronucleus (MN) assay and 8-
hydroxy-2-deoxyguanosine (8-OHdG) levels. The expression of the cytokines Interleukin (IL)-1α,
IL-1β, IL-6, Tumor necrotic factor (TNF)-α and Transforming growth factor (TGF)-β1, and
macrophage activation were analysed by immunohistochemistry.

Results—Increases in breathing rate observed in the irradiated rats were significantly reduced by
both drug treatments during the pneumonitis phase and the later fibrosis phase. The drug
treatments decreased micronuclei (MN) formation from 4–14 wks but by 28 wks the MN levels
had increased again. The 8-OHdG levels were lower in the drug treated animals at all time points.
Hydroxyproline content and levels of activated macrophages were decreased at 28 wks in all drug
treated rats. The treatments had limited effects on the expression of the cytokines.

Conclusion—Genistein, and EUK-207 can provide partial mitigation of radiation-induced lung
damage out to at least 28 wks PI even after cessation of treatment at 14 wks PI.
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Introduction
The lung is one of the most susceptible organs to potentially debilitating radiation toxicity.
The mechanisms involved in the initiation and perpetuation of radiation-induced lung injury
remain incompletely understood but the functional effects of irradiation on lung are
normally separated into two phases. Radiation pneumonitis generally occurs between 2–4
months after irradiation and fibrosis tends to develop after 4–6 months and often follows
acute pneumonitis (Marks et al. 2003). Patients with pneumonitis may present clinically
with cough, dyspnea, fever, chest pain, or only with radiographic changes. Acute
pneumonitis is treated with steroids, but can be life-threatening even with treatment. Lung
fibrosis is regarded as permanent and can cause shortness of breath, coughing, diminished
exercise tolerance and ultimately lead to severe respiratory distress, pulmonary
hypertension, right heart failure, even death. Extensive data suggest that pneumonitis and
fibrosis may arise as a result of the interaction of a cycle of chronic inflammation and
oxidative damage initiated by radiation damage in the lung (Finkelstein et al. 1994,
Fleckenstein et al. 2007, Gauter-Fleckenstein et al., Ghafoori et al. 2008, Johnston et al.
1996, Johnston et al. 2004, Rabbani et al. 2007, Robbins and Zhao 2004, Rube et al. 2008,
Rube et al. 2004, Rube et al. 2004, Yakovlev et al., Zhao and Robbins 2009).

Ionizing radiation exerts immediate biological effects largely through the generation of
reactive oxygen species (ROS) such as hydroxyl radicals (OH•) and to a lesser extent
superoxide (O2

−), and hydrogen peroxide (H2O2), produced directly by radiation. ROS are
also induced by subsequent induction of inflammation and a cascade of cytokine activity
(Rubin et al. 1995) and can oxidize cellular molecular components. ROS can further interact
with nitric oxide to generate peroxynitrite, a reactive nitrogen species (RNOS) that can also
chemically modify cellular biomolecules. Extensive studies implicate cellular DNA as the
primary target for the biological and lethal effects of ionizing radiation (Iliakis et al. 1991,
Olive et al. 1998, Rube et al. 2010). The main reaction products of DNA oxidation are base
modifications, base loss, and strand breaks. ROS generated by ionizing radiation can react
with the various DNA bases but reactions with guanine bases in DNA to form 8-hydroxy-2-
deoxyguanosine (8-OHdG) has been reported as a key biomarker of oxidative damage (van
Loon et al.2010).

Alveolar macrophages play an important role in the upregulation of the inflammatory
process post irradiation. These inflammatory mediators are regarded as a source of
proinflammatory cytokines and can help to drive the persistent cytokine cascade and chronic
inflammatory state indicative of early and late radiation-induced pulmonary injury (Rubin et
al. 1995). The production of ROS by exposure to radiation followed by the activation of
inflammatory cells and the generation of persistent autocrine and paracrine messages from
soluble mediators gives rise to changes in pulmonary cell populations and organization that
are believed to be ultimately responsible for generating clinically evident early and late
responses (Robbins and Zhao 2004, Rubin et al. 1992). The superoxide dismutases (SOD)
are a family of metalloprotein enzymes that have a significant role in protection from
oxidative damage. Since their discovery in 1969 (McCord and Fridovich 1969, 1969), there
have been several reports that SOD can decrease radiation damage in a wide range of
biological systems including lung (Abou-Seif et al. 2003, Epperly et al. 2000, Epperly et al.
2001, Kang et al. 2003, Khan et al. 2003, Petkau 1987, Quinlan et al. 1994, Rabbani et al.
2005, Tai et al. 2009, Tsan 1997). SOD functions by converting superoxide to H2O2 and O2.
H2O2 is further reduced by catalase or glutathione peroxidase to water and oxygen (McCord
and Fridovich 1969b).

We previously found that genistein, a soy isoflavone and Eukarion (EUK)-189, a superoxide
dismutase-catalase mimetic showed some promising mitigating effects on radiation-induced
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lung damage in Sprague-Dawley (SD) rats (Calveley et al. 2010, Langan et al. 2006)). In the
current study we addressed the questions of whether these drugs would give increased levels
of mitigation when combined and whether discontinuation of treatment after the initial wave
of pneumonitis (14 weeks PI) would allow for maintenance of the mitigation out to 28
weeks (wks) during the fibrosis phase. We used EUK-207 rather than EUK-189 in these
studies because they have similar antioxidant activity but EUK-207 has improved
pharmacokinetic properties, including greater stability and greater potency in certain cellular
and in vivo models (Rosenthal et al. 2009, Vorotnikova et al. 2010).

Materials and Methods
Animal treatments

Female Sprague-Dawley (SD) rats (Charles River Laboratories International, Inc.,
Wilmington, MA, USA) aged seven to eight wks and weighing 180–200g were used in all
experiments. The animals were housed in animal facilities accredited by the Canadian
Council on Animal Care and treated in accordance with approved protocols. Each
experimental time point was repeated with 3–4 rats and control (age-matched) animals were
also studied at several time-points during the experiments. In the main experiment the rats
were divided into six experimental groups: young controls sacrificed for analysis at the start
of the experiment (N=4), control diet alone (N=12), irradiation only with control diet
(N=16), irradiation with Genistein diet (N=16), irradiation with EUK-207 infusion (N=16)
and irradiation with combined genistein diet and EUK-207 infusion (N=16). Rats were
randomly selected (3 for control or 4 for treated groups) at the start of the experiment and
sacrificed at each time point (4, 8, 14 and 28 wks PI) during the course of the experiment.
No animals had to be prematurely sacrificed due to morbidity.

The AIN-76A diet (Harlan Teklad, Madison, WI, USA), a semi-purified casein-based diet
containing no detectable phytoestrogens (limit of detection 5pmol/l) was selected as the
control diet. The genistein diet was formulated from the control diet by supplementing with
750 mg/kg of genistein. The genistein was chemically synthesized (Toronto Research
Chemicals Inc, Toronto, Ontario) and incorporated into the AIN-76A diet at Harlan Teklad.
These diets were used in our previous study (Calveley et al. 2010). The diet has been
reported to yield serum concentration levels in mice (1–2 umol/L) similar to those observed
in humans consuming a diet containing modest amounts of soy products. Our measurements
of dietary consumption in the rats indicated the food intake was 25–30g/day representing a
genistein intake of 18.5–22.5 mg/rat/day. Assuming an oral bioavailability of approximately
10–15% the rats should have absorbed a dose of 10–13 mg/kg (Coldham et al. 2002, Soucy
et al.2006, Wang et al. 2000). The Genistein diet was withdrawn at 14 wks after radiation
and changed to control diet until 28 wks. Measurements in a separate group of 17 rats after
8, or 14 wks on the diet gave a mean plasma level of free genistein of 55.9 (SD 52.2) nmol/L
with no significant difference between the time points (Calveley et al. 2010), although this
likely represents only 3–5% of the total genistein in the plasma since most is conjugated
(Michael McClain et al. 2006).

The salen-manganese(Mn) SOD-catalase mimetic, EUK-207 was custom-synthesized and
characterized as described previously (Rosenthal et al. 2009). The animals received doses of
8mg/kg body weight/day administered by Alzet 2ML4 infusion pump (Alzet Osmotic
Pumps, Durect Corporation, Cupertino, CA, USA) implanted subcutaneously (delivery rate
2.5 µl/hr) and changed every 4 wks until 14 wks after irradiation. For the drug combination
(G+E) group, genistein was delivered in the diet and EUK-207 by Alzet pump. The
genistein diet was initiated within 1 hr after irradiation and continued until 14 wks when the
rats were switched to the AIN-76A control diet until 28 wks. EUK-207 was given by Alzet
pumps inserted within 1 hr after irradiation and maintained until 14 wks after irradiation
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(pumps replaced every 4 wks). We selected EUK-207 for this study because it has similar
antioxidant activity to other salen-Mn complexes, particularly EUK-189, the analog we have
studied previously (Langan et al. 2006) but has greater stability (Rosenthal et al. 2009) and
greater potency in cell culture systems (Rosenthal et al. 2009); Vorotnikova et al. 2010) than
EUK-189. In addition, EUK-207 is more effective than EUK-189 at mitigating radiation-
induced renal injury in a rat model (Rosenthal et al. 2009), while the two compounds have
comparable effectiveness in a mouse model for age-associated cognitive impairment
(Clausen et al. 2010, Liu et al. 2003).

Irradiation
The rats were anesthetized by isoflurane inhalation and placed in custom-designed Lucite
holding containers. Two circular surface collimators, made of lead, were inserted on both
sides of the jig to confine the radiation only to the lung volume. All irradiated animals
received a single dose of 10 Gy delivered by a double-headed 100 kVp X-ray unit, with a
half-value layer (HVL) of 4mm Al, operating at 10 mA with a dose-rate of 10.7 Gy per
minute (Bristow et al. 1990). Initial studies with a digital x-ray unit (Faxitron, Lincolnshire,
IL, USA) had indicated that lead shielding around the lungs using a circular field of 4 cm
diameter for irradiation would allow whole lung irradiation. However, subsequent studies
revealed that only approximately 90% of the lung was actually in the field due to the
geometry of the system and a small volume of the lower lung (~ 10%) was out of the
radiation field.

Lung Extraction and Immunohistochemistry
For the lung tissue removal from the euthanized animals, alpha MEM (Minimum Essential
Medium) media supplemented with antibiotics was perfused through the right ventricle of
the hearts of deeply anaesthetized (ketamine/xylazine) animals to remove as much blood in
the lungs as possible. The lung lobes were then separated and the upper and lower lobes of
right lung were used for hydroxyproline assay and micronuclear assay respectively. The
whole left lobe of the lung was used for immunohistochemical analysis. In the majority of
the animals we injected a volume (0.5–1.0 ml) of 10% formalin into the left lobe of the lung
to expand the alveoli and then placed the lobes in 10% formalin for at least 48 hours for
fixation. The whole left lobe of lungs was embedded in paraffin and sections 5µm thick
were cut and placed on slides in preparation for immunohistochemical staining as described
in our previous paper (Calveley et al. 2005). Slides were incubated with primary antibodies
for the activated macrophage marker ED-1 (MCA341, 1:100, AbD Serotec, Oxford, UK),
for cytokines interleukin (IL)-1α (sc-1254, 1:100, Santa Cruz Biotechnology Inc, Santa
Cruz, CA, USA), IL-1β (AAR15G, 1: 1000, AbD Serotec), IL-6 (sc-1265, 1:200, Santa Cruz
Biotechnology Inc), Tumour necrosis factor (TNF)-α (sc-1357, 1:200, Santa Cruz
Biotechnology Inc), Tumour growth factor (TGF)-beta (MCA797, 1:50, AbD Serotec,) and
for 8-hydroxy-2-deoxyguanosine (8-OHdG) (MOG-110P, 1:1000, JaICA, Shizuoka, Japan).
Secondary antibodies included biotinylated anti-mouse immunoglobulin G (IgG) (BA-1000,
1:200, Vector Laboratories, Burlingame, CA, USA), biotinylated anti-rabbit IgG (BA-1000,
1: 200, Vector Laboratories) and biotinylated anti-goat IgG (BA-5000, 1: 300, Vector
Laboratories,) for 30 minutes at room temperature.

Image Analysis
Following staining, the slides were scanned using the ScanScope XT (Aperio Technologies,
Vista, CA, USA). This is a brightfield scanner that digitizes the whole microscope slide at
20× and 40× magnification and provides high resolution images. The images can then be
viewed with ImageScope (Aperio Technologies) for quantitative analysis. Using the Positive
Pixel Algorithm, the whole slide was analyzed and the number of positive pixels/number of
positive and negative pixels × 100 was recorded (% positivity). The positive pixel count
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algorithm is used to quantify the amount of a specific stain present in a scanned slide image.
We specified a color (range of hues and saturation) and three intensity ranges (weak,
positive, and strong). For pixels which satisfied the color specification, the algorithm
counted the number and intensity-sum in each intensity range, along with three dimensional
quantities: average intensity, ratio of strong/total number, and average intensity of weak
+positive pixels. The algorithm has a set of default input parameters when first selected.
These inputs were pre-configured for brown color quantification in the three intensity ranges
(220-175, 175-100, and 100-0). Pixels which are stained, but do not fall into the positive-
color specification, are considered negative and are counted as well, so that the fraction of
positive to total stained pixels is determined. We analyzed 1 section from each rat for each
time point.

Assessment of fibrosis
To assess fibrosis, part of the upper right lung tissue was analyzed for hydroxyproline
content using a colorimetric assay to quantify the amount of hydroxyproline (OH-Pro) in
papain (P3125, Sigma-Aldrich Canada, Oakville, ON, Canada) digested rat lung tissue.
Lung tissue (100 mg) was digested at 60°C for 48 hours and then subjected to acid
hydrolysis for 18 hours at 110°C. Free hydroxyproline was released from protein and
peptides into the solution that was then neutralized. The hydroxyproline was oxidized into a
pyrrole with chloramine T (857319, Sigma-Aldrich). This intermediate turns pink in color
with the addition of Ehrlich`s Reagent (4-dimethylaminobenzaldehyde) (156477, Sigma-
Aldrich). The samples were loaded into a 96-well microplate and the absorbance was
measured at 560 nm using a plate reader. The concentrations of the samples were
determined from a standard curve using cis-4-hydroxy-L-proline (H1637, Sigma-Aldrich).

Breathing Rate Measurement
We measured the breathing frequency of rats using a respiration rate monitor (Columbus
Instruments, Columbus, Ohio, USA) as a measure of functional damage. The rats were
acclimatized to the method several times in the 2 wks preceding the start of the experiment.
Breathing frequencies were measured once a week at 2, 4 and 6 wks and then weekly from 7
to 28 wks post irradiation. The breathing rate of each animal was measured for two minutes,
after an initial 45 second acclimatization period. Breathing rate was determined by taking
the mean of a maximum of five 6 second intervals of calm breathing within the two minutes
measurement period.

Micronuclei Assay
An assay of micronuclei in lung cells was used to assess DNA damage in the rat lungs at
different times following irradiation as described previously (Calveley et al. 2005, Khan et
al. 1998, Khan et al. 2003). Briefly, upon sacrifice one lobe (lower right) from each rat was
used for the micronuclei assay. The tissue was minced and digested with 0.25% trypsin
(T3924, Sigma-Aldrich), for 80 minutes at 37°C. The digest was mixed with an equal
volume of culture medium, filtered, centrifuged and suspended in culture medium. The cell
suspension was plated on single-chambered sterile Permanox slides for 24 hours in alpha
MEM plus 10% fetal calf serum (FCS). The culture medium was then replaced with medium
containing 3 µg/ml Cytochalasin B (C6762, Sigma-Aldrich) to halt cytoplasmic division to
produce binucleated cells. The cells were fixed after 72 hours with 95% methanol following
incubation with a hypotonic solution for 10 minutes. For scoring, the slides were stained
with Acridine Orange (Difco, Burlington, ON, Canada) and 400–500 binucleate cells were
scored for micronuclei under a fluorescent microscope. The results were recorded as number
of micronuclei per 1000 binucleated cells.
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Statistical analysis
Multiple linear regressions and Tukey’s method for the adjustment of least square means in
multiple comparisons were used for analysis of the data sets. A p value less than 0.05 was
considered as significantly different. Mixed modeling was also used to examine time trends
in the data. SAS (enterprise guide-4) software was used for the analysis. In all figures the
error bars represent standard errors.

Results
Breathing rate

Figure 1 shows the average breathing rate for the rats over 28 wks following irradiation. For
rats on the control diet with no radiation their breathing rate stayed at approximately 140–
150 breaths per minutes, over the 28 wks. At 28 wks, the body weight of the normal control
rats was higher than the irradiated rats. The body weight increased more gradually in the
radiation-only group of rats than in other treated groups during the pneumonitis time
window (4–10 wks). However, by 28 wks there was no difference in body weight among the
treated rats (data not shown). The rats given 10 Gy and put on the control diet demonstrated
two waves of increase in breathing rate over the period. The first increase over 4–10 wks
peaked at approximately 240 bpm at 6 wks PI. A second increase in breathing rate to similar
high levels occurred starting about 14 wks PI and continued to increase till 20 wks and then
plateaued until sacrifice at 28 wks. The rats on the genistein diet, or EUK-207 or their
combination (G+E) all showed a significant reduction (p<0.05) in breathing rate relative to
the radiation-only group over the whole time period. For the genistein diet and the combined
group there was a significant increase (p<0.05) relative to the control from 8–28 wks but the
EUK-207 treatment group showed no significant increase relative to the control over the
entire time period. It is noteworthy that the treatments significantly mitigated the second rise
in breathing rate at greater than 14 wks even though the treatment stopped at 14 wks.

DNA damage
Figure 2A shows the micronuclei (MN) counts at 4, 8, 14 and 28 wks after irradiation in
comparison to the control values at time zero for all the treatment groups. MN numbers were
significantly increased at 4 wks after radiation to greater than 7-fold higher than the
untreated group (p<0.01). All the drug-treated groups showed a significant reduction (about
3-fold) in MN levels compared to the radiation-only group at this time (p<0.01). The MN
levels in the radiation-only group remained significantly higher than the control and drug-
treated groups at 8 and 14 wks (p<0.01). However, after stopping the drug treatment at 14
wks after irradiation, the MN formation in all the drug-treated groups increased again to the
high level seen in the radiation-only group at 28 wks.

To further examine the possible role of ROS in causing DNA damage we assessed 8-
hydroxy-2-deoxyguanosine (8-OHdG) staining in the lung tissue. Figure 2B shows
quantitation of the staining in the various groups. Following irradiation the positivity of
staining of 8-OHdG increased rapidly in the first 8 wks and then more slowly to 28 wks. The
drug-treated groups also showed an increase but this was significantly less at 8 wks than that
observed for radiation alone. From 8–28 wks the drug-treated groups increased with a
similar slope to that of the radiation-only group and over this time range there was a
significant difference between the drug-treated groups and the radiation-only group
(p<0.01). Thus even though the drug treatment ended at 14 wks, the 8-OHdG levels in the
drug treated rats did not increase to the levels observed in the radiation-only rats in contrast
to the MN levels. Interestingly the control rats also showed an increase in 8-OHdG levels in
the first 8 wks suggesting that this increase is partly due to aging. The levels of 8-OHdG in
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the drug-treated groups were all similar and not significantly different from the control
group except for the combined treatment group at 28 wks (p<0.05).

Fibrosis
Figure 3A shows the hydroxyproline content of the lung tissue at 28 wks after PI. We found
that the rats given radiation only showed a significant increase in hydroxyproline content
relative to the young control and normal control rats (p<0.01). The treatment with Genistein
and EUK-207 alone and their combination showed a significant decrease in hydroxyproline
content to the level of the normal control rats (p< 0.01). The cytokine TGF-β has been
widely associated with radiation-induced fibrosis in lung (Anscher et al. 2008, Finkelstein et
al. 1994, Ritzenthaler et al. 1993, Roberts et al. 1986, Rube et al. 2000, Sime et al. 1997).
Figure 3B shows TGF-β staining in the lungs of the various treatment groups. Following
irradiation the positivity of TGF-β staining increased steadily from 4 wks to 28 wks
compared to control rat group. There was a similar increased trend of positivity of TGF-β
staining in the drug-treated groups following irradiation until 14 wks. However, at 28 wks,
there was a significant decrease (p<0.01) in positive staining for these groups relative to the
radiation-only group to levels similar to that seen in control rats.

Radiation-induced inflammation
The expression of the inflammatory cytokines IL-1α, IL-1β, IL-6, TNF-α, as analysed by
immunohistochemical staining, in lung tissue from rats sacrificed at the different time points
is shown in Figure 4. Irradiation caused an increase in all four cytokines over the course of
the experiment although the pattern of the increases was somewhat different for the four
cytokines. In general the staining was diffusely spread throughout the lung and did not
appear to be specifically limited to one cell type. For IL-1α, IL-1β and IL-6 the control rats
also showed a small increase with age but this was not seen for TNF–α. For IL-1α (Figure
4A) there was a large increase at 4 wks PI (significantly different from the control p<0.01)
followed by decreased levels at 8 wks and no change out to 28 wks. The drug treatment
groups showed a similar pattern with no significant differences to the radiation-only group
of rats over the whole time course of the study. Expression of IL-1β (Figure 4B) was
significantly increased after irradiation from 8 wks until 28 wks compared to the normal
control rats (p<0.01). The drug treatment groups showed a similar trend of increased
expressions of IL-1β until 28 wks but were intermediate between the control and radiation-
only groups. Statistical significance varied but generally these groups were significantly
different from both the control and the radiation-only group (p<0.05) For IL-6 expressions
(Figure 4C) all the treated groups showed a steady and significant increase from 4–28 wks
compared to normal control rats (p<0.01) but the drug treatments showed no difference from
the radiation-only group. A significant increase in expression of TNF-α (Figure 4D) was
observed in all irradiated rats from 4 to 28 wks after radiation compared to normal control
rats (p<0.01). The drug treatments involving the genistein diet caused a significant reduction
from the radiation-only group when analyzed over the period 8–28 wks (p<0.05) but spot
analysis specifically at the 28 wks time point showed similar levels of expression to the
radiation-only group. The EUK-207 treatment group was not significantly different from the
radiation-only group at any time point.

Further confirmation of the induction of a prolonged inflammatory response was seen in the
analysis of macrophage activation as demonstrated by ED-1 staining in Figure 5. The
positivity of ED-1 staining increased sharply at 4 wks and then increased more gradually out
to 28 wks in the radiation-only group. These changes were significant relative to normal
control rats (p<0.01). All the drug treatment groups showed a significant increase in ED-1
staining relative to the control group (p<0.01) but this was significantly less than that seen in
the radiation-only group over the whole period from 4 wks to 28 wks (p<0.01).
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Discussion
As previously, we observed that SD rats irradiated to the lungs demonstrated two waves of
increase in breathing rate over the period of our study (Calveley et al. 2010). The first
increase occurred over 4–10 wks PI, a timing consistent with pneumonitis. The second
increase started after about 14 wks PI and continued out to sacrifice at 28 wks. This would
be consistent with the development of fibrosis in these rats. The rats on the genistein diet,
the EUK-207 infusion and their combination (G+E) showed significantly reduced breathing
rate increases during both periods of breathing rate increase.

In our previous study (Calveley et al. 2010) we also observed that genistein treatment
similar to that used in the current study could reduce the early breathing rate increase
induced by 18 Gy (Co-60 γ-rays) to the whole SD rat lung but we did not observe a
reduction in the second wave of breathing rate increase in the rats that survived to 28 wks.
This difference may be related to the fact that many of the animals had to be sacrificed
during the course of the previous experiment because lung problems caused severe
morbidity. This was not apparent in the current study suggesting that the treatment was less
severe. A possible explanation may be that in the current study approximately 10% of the
lower lung was not in the direct radiation field. Also different irradiation facilities were used
in the two studies (due to the decommissioning of the Co-60 treatment facility) with
different dose rates and different expected relative biological effectiveness. The difference
in the doses delivered was designed to address these latter two issues based on our previous
experience (Newcomb et al. 1993, Haston et al. 1994) but the accommodation may not have
been exact. Regardless, the difference in the results from these two experiments could be
very important, since it suggests the possibility that the mitigation of radiation-induced
pneumonitis and functional lung damage may be more effective at lower levels of overall
lung damage.

We have previously reported, using rodent models, that radiation induces significant
expression of DNA damage in lung in the form of micronuclei (MN) in pulmonary
fibroblasts using a well established cytokinesis-block MN assay (Calveley et al. 2005,
Calveley et al. 2010, Khan et al. 1998, Khan et al. 2003, Langan et al. 2006, Para et al.
2009)). In the current studies we demonstrated a significant (P<0.01) reduction in MN
formation in fibroblasts from rats treated with either EUK-207 or genistein at 4, 8 and 14
wks post irradiation while the animals were being treated with the drugs. Interestingly,
however, we observed a rebound in the level of MN in these groups to levels similar to that
in the radiation only group at 28 wks when the animals had been removed from the drug
treatment. Since the drug treatments were initiated after the radiation treatment, the early
reduction in DNA damage cannot be due to the scavenging of the initial radiation-produced
radicals. Thus these findings suggest that the DNA damage leading to the MN observed
probably occurs as a result of secondary radicals induced at later times, possibly due to
leakage of Reactive Oxygen Species (ROS) from damaged mitochondria or produced by the
radiation-induced inflammatory response. The rebound in the number of micronuclei
observed after the cessation of the drug treatment is consistent with the idea that DNA
damaging ROS are being continually produced in the lung tissue.

Measurement of oxidative DNA damage as assessed by levels of 8-OHdG, did not show as
much of a rebound effect. The reasons for the discrepancy between these two measures of
DNA damage are currently unclear but may relate to differential increases in levels of
antioxidant or DNA repair enzymes induced by the treatment and the possibility that
different radicals are responsible for the two types of damage. It is also noteworthy that MN
formation reflects strand breakage which may be a more difficult lesion to repair than
induction of 8-OHdG. Regardless of the mechanism, comparison of the MN data with the
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breathing rate and fibrosis data suggest that the presence of DNA damage in the fibroblasts
is not critical for this functional lung damage, since we observed significant mitigation in the
breathing rate and in fibrosis at 28 wks by all the drug treatments. These observations on
breathing rate and fibrosis are more consistent with the results from the 8-OHdG staining
but these differences raise the question of the importance of oxidative stress in the induction
of this functional damage.

Activation of alveolar macrophages is generally thought to play an important role in the
upregulation of the inflammatory process PI and to be largely responsible for the persistent
cytokine cascade and chronic inflammatory state indicative of early and late radiation-
induced lung injury (Johnston et al. 2004) Consistent with this concept we saw an early
significant increase in ED-1 staining which was maintained throughout the experiment (4–
28 wks) in the radiation-only group of rats. The irradiated and drug-treated groups of rats
also showed a significant increase in ED-1 staining relative to the control but this was
significantly damped relative to the radiation only group and was not increased after 14 wks
when the drug treatment ceased. The activation of macrophages was consistent with the
rapid increases in the expression of the inflammatory cytokines IL-1α, IL-1β, IL-6, TNF-α
observed but the effects of the drug treatments on the ED-1 levels was not very consistent
with the limited effects of the drug treatment on the levels of cytokines present in the tissue.
Only IL-1β and TNF-α levels were reduced in the drug treated groups and, in the case of
TNF-α, this occurred only in the animals consuming genistein as we have observed
previously (Calveley et al. 2010). These results may suggest that other inflammatory cell
populations (e.g. lymphocytes, neutrophils) or lung parenchymal cells can also be stimulated
to produce these cytokines as time progresses PI, consistent with our observation of diffuse
staining for these cytokines in the lung tissue and with the work of others (Rube et al 2000,
2005).

The late phase of fibrosis is characterized by increased collagen deposition and depends on
the species and strain of animal, suggesting a genetic variability (Down and Yanch 2010,
Franko et al. 1991, Franko et al. 1996, Haston et al. 2002, Haston et al. 2007, van Eerde et
al. 2001). We analyzed hydroxyproline content in pieces of lung tissue at 28 wks PI. The
results showed a significant increase in hydroxyproline content in the irradiation-only group
of rats compared to young control and normal control rats. The treatment with genistein,
EUK-207 or their combinations resulted in significantly lower hydroxyproline content to
levels which were not significantly different from the levels in the control rats, indicating
that the level of fibrosis 28 wks after radiation is significantly attenuated by both drug
treatments

Other groups have demonstrated the partial efficacy of SOD in preventing radiation damage
using different modes of drug delivery. Epperly at al. (Epperly et al. 1998, 2000, 2001)
demonstrated that intratracheal injection of Mn-SOD plasmid-liposome gene therapy prior
to irradiation may attenuate lung damage and improve survival in mice. However, the SOD
plasma-liposome gene therapy must be administered early, in order to enable time for the
antioxidant enzyme to be expressed. Whereas, the direct administration of SOD by
intratracheal or other means is of limited effectiveness because, as a protein, SOD would
have limited access to target cells and tissues. Therefore, the development and testing of
small molecule SOD-mimetics is a potentially valuable approach. The combined SOD and
catalase activities of low molecular weight Mn complexes like EUK-207 provides a further
advantage, since SOD does not scavenge hydrogen peroxide but, instead, generates it.
Similar to our findings, Rabbani et al. (Rabbani et al. 2007a, Rabbani et al. 2007b) reported
that the chronic administration of the Mn porphyrin catalytic antioxidant Aeolus
(AEOL)10150 via osmotic pump in female Fisher rats (1 week and 10 wks after irradiation)
showed protective effects against radiation-induced lung injury. They also found that
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administering the drug before and for a short time after irradiation had no significant benefit.
They strongly suggested that long term administration of the drug can significantly reduce
lung damage, inflammation, oxidative stress, tissue hypoxia, etc. This finding validated their
previous work in which constitutive overexpression of extracellular SOD had been shown to
be effective in a mouse model of lung injury (Kang et al. 2003, Rabbani et al. 2005), though,
like EUK-207, AEOL 10150 also acts intracellularly. Interestingly, these studies used 28 Gy
single-dose irradiation to the right hemithorax, which if given to the whole lung would have
been lethal. Their results may thus be consistent with our findings which suggested that less
severe overall damage may be more amenable to protection/mitigation.

Overall our study clearly demonstrated that genistein, EUK-207 and their combination
provided substantial mitigation against the functional effects of lung irradiation particularly
breathing rate changes consistent with pneumonitis. Furthermore, even after stopping the
drugs at 14 wks following radiation this mitigation persisted out to at least 28 wks, when the
experiment was terminated. The extent of the inflammatory response and of radiation-
induced fibrosis was also reduced by the drug treatment suggesting the possibility that
reductions in the inflammatory process during the pneumonitis stage may lead to a partial
short-circuiting of the chronic cyclic inflammatory response induced by lung irradiation and
thus to more long term benefit in functional outcome. Whether this effect would be
prolonged beyond 28 wks remains to be determined. DNA damage was also mitigated in the
rat lungs by the drug treatment but for the MN endpoint this mitigation did not seem to be
prolonged after the end of the drug treatment. The combination of the two drugs did not
demonstrate effects greater than either drug alone. This finding is consistent with our
understanding that both act via an antioxidant mechanism. Genistein is known to inhibit
NFkB activation, one of the major activators of the inflammatory response, and it has
antioxidant activity. EUK-207 and other salen-manganese complexes have SOD and
catalase activities, and suppress the activation of transcription factors associated with
oxidative stress, such as Nuclear Factor Kappa B (NFkB) and Activator Protein-1 (AP-1), in
vivo (Peng et al. 2005, Rong et al. 1999, Zhang et al. 2004). Further studies are needed to
elucidate in more detail whether different doses or scheduling of the drugs would further
improve their mitigating effects. In addition, it would be of interest to examine whether
combinations of genistein or EUK-207 with other radiation mitigators such as angiotensin
converting enzyme (ACE) inhibitors (Ghosh et al. 2009), potentially acting via distinct
mechanisms, would be more effective than either drug alone.
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Figure 1.
Breathing rate (mean breaths per minute) as a function of time after irradiation (10 Gy) for
rats receiving no radiation or radiation only on the control diet, rats irradiated with 10 Gy
lung irradiation with genistein, EUK-207 or combination treatment (G+E). All drug
treatments started immediately after irradiation and finished at 14 wks. Each point represents
the mean (±Standard Error of the Mean -SEM) for all rats available for analysis at the
different times.
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Figure 2.
A) Micronucleus yield (MN/1000BN) in fibroblasts from rat lungs and B) percent positivity
of 8-OHdG staining following lung irradiation (10 Gy) with Genistein, EUK-207 and
combination (G+E) treatment. All drug treatments started immediately after irradiation and
finished at 14 wks. The assays were performed at 0, 4, 8, 14 and 28 wks following
irradiation. Percent positivity is the ratio of positive pixels/total number of positive and
negative pixels in the tissue section (air spaces excluded). Each bar (A) or each point (B)
represents the mean (±SEM).
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Figure 3.
A) Hydroxyproline content (µg of hydroxyproline/100 mg of wet lung tissue) at 28 wks
following lung irradiation (10 Gy) with Genistein, EUK-207 and combination (G+E)
treatment. All drug treatments started immediately after irradiation and finished at 14 wks.
Each bar represents the mean (±SEM). B) Protein expression of TGF-β at 0, 4, 8, 14 and 28
wks following lung irradiation (10 Gy) with Genistein, EUK-207 and combination (G+E)
treatment. All drug treatments started immediately after irradiation and finished at 14 wks.
Percent positivity is the ratio of positive pixels/total number of positive and negative pixels
in the tissue section (air spaces excluded). Each point represents the mean (±SEM).
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Figure 4.
Protein expression of cytokines IL-1α (A), IL-1β (B), IL-6 (C), TNF-α (D) staining at 0, 4,
8, 14 and 28 wks following lung irradiation (10 Gy) with Genistein, EUK-207 and
combination (G+E) treatment. All drug treatments started immediately after irradiation and
finished at 14 wks. Percent positivity is the ratio of positive pixels/total number of positive
and negative pixels in the tissue section (air spaces excluded). Each bar represents the mean
(±SEM).
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Figure 5.
ED-1 staining for activated macrophages in the rat lung at 0, 4, 8, 14 and 28 wks following
lung irradiation (10 Gy) with genistein, EUK-207 and combination (G+E) treatment. All
drug treatments started immediately after irradiation and finished at 14 wks. Percent
positivity is the ratio of positive pixels/total number of positive and negative pixels in the
tissue section (air spaces excluded). Each bar represents the mean (±SEM).
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