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Abstract
Exposure of civilian populations to radiation due to accident, war or terrorist act is an increasing
concern. The lung is one of the more radiosensitive organs that may be affected in people
receiving partial-body irradiation and radiation injury in lung is thought to be associated with the
development of a prolonged inflammatory response. Here we examined how effectively damage to
the lung can be mitigated by administration of drugs initiated at different times after radiation
exposure and examined response in adolescent animals for comparison with the young adult
animals that we had studied previously. We studied the mitigation efficacy of the isoflavone
genistein (50 mg/kg) and the salen-Mn superoxide dismutase-catalase mimetic EUK-207 (8 mg/
kg), both of which have been reported to scavenge reactive oxygen species and reduce activity of
the NFkB pathway. The drugs were given by subcutaneous injection to 6- to 7-week-old Fisher
rats daily starting either immediately or 2 weeks after irradiation with 12 Gy to the whole thorax.
The treatment was stopped at 28 weeks post irradiation and the animals were assessed for levels of
inflammatory cytokines, activated macrophages, oxidative damage and fibrosis at 48 weeks post
irradiation. We demonstrated that both genistein and EUK-207 delayed and suppressed the
increased breathing rate associated with pneumonitis. These agents also reduced levels of
oxidative damage (50–100%), levels of TGF-β1 expression (75–100%), activated macrophages
(20–60%) and fibrosis (60–80%). The adolescent rats developed pneumonitis earlier following
irradiation of the lung than did the adult rats leading to greater severe morbidity requiring
euthanasia (~37% in adolescents vs. ~10% in young adults) but the extent of the mitigation of the
damage was similar or slightly greater.

INTRODUCTION
The recent earthquake and subsequent tsunami that inundated the Fukushima nuclear power
plants, followed by radionuclide releases outside the crippled reactors have renewed
awareness of such potential exposures (1). However, the appropriate management of persons
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exposed to significant doses of radiation due to accident, war or terrorist act is uncertain (2–
7). Effects on the bone marrow may be treatable by bone marrow transplantation but the
lung is also radiation sensitive and may become of significant concern in patients exposed to
partial-body or nonuniform exposures. Appropriate strategies to mitigate or treat such
exposures are currently very limited (8–12) and there is a serious need to develop effective
radioprotectors and mitigators against radiation-induced tissue damage. The ideal such
agents must be easy to administer, inexpensive and relatively nontoxic to normal cells (13,
14).

We and others have previously reported on the use of genistein and other antioxidants as
potential protectors or mitigators of radiation-induced lung damage (15–18). In the current
study, we extended our previous work (18) studying genistein as a mitigator by altering the
administration from a dietary supplement to daily subcutaneous injection to avoid issues
with intestinal absorption and reduced food intake. We compared genistein treatment to
similar treatment with the antioxidant EUK-207, a salen-manganese superoxide dismutase
(SOD)-catalase mimetic (19, 20) and examined how effectively damage to the lung can be
mitigated by administration of the drugs when initiated at later times after radiation
exposure. Both of these agents have been reported to scavenge reactive oxygen species and
to reduce activity of the NFkB pathway (19–29) and are well-tolerated, suggesting low
toxicity.

The current study was planned to examine effects on a younger age group than those
examined previously, consistent with the overall goals of the Center for Medical
Countermeasures against Radiation (CMCR) program (30). It was also designed to address a
possible situation after a radiation accident where some exposed people may get rapid
treatment while others may not get treatment for 1 or 2 weeks after the radiation exposure.
Consequently, we used adolescent Fischer rats (31) and started the drug treatment at 0 or 2
weeks after irradiation for comparison to our previous studies that used young adult rats
with treatment started at 1 week post irradiation. (10, 32). We terminated treatment with
both agents at 28 weeks, but extended the time of analysis to 48 weeks to strengthen our
previous findings that showed stopping the treatment at 28 weeks did not decrease the
mitigating efficacy measured at late times. Both drugs had significant effects in mitigating
radiation-induced lung damage. In some groups we crossed over the drug treatments at 14
weeks to test for possible drug resistance issues but we found no greater mitigation.

METHODS
Animals

Female Fischer 344 rats (Harlan Teklad, Madison, WI) were used throughout the studies,
housed in animal facilities accredited by the Canadian Council on Animal Care and treated
in accordance with approved protocols. The rats were 6–7 weeks old, weighing 160–180 g at
the start of the study. The rats were divided into 6 treatment groups each containing 8 rats
and were treated with 12 Gy whole-thorax irradiation (LR), LR + PEG-400, LR + genistein
started immediately after irradiation (within 1 h), LR + EUK-207 started immediately after
irradiation, LR + genistein started at 2 weeks after irradiation and LR + EUK-207 started 2
weeks after irradiation. In the latter 2 groups, the drugs were crossed over at 14 weeks. All
drug treatments were stopped at 28 weeks and the animals were held until 48 weeks after
irradiation for sacrifice. There were 2 control groups, one (48-week control) also contained 8
rats and was held for 48 weeks until the end of the experiment, the other (6-week control)
contained 4 rats that were sacrificed at the beginning of the experiment.
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Drugs
The isoflavone genistein (Sigma Aldrich, Canada) was dissolved in polyethylene glycol
(PEG)-400 and given by daily subcutaneous injection (sc) at 50 mg/kg/day. This compound
has been reported to scavenge reactive oxygen species (ROS) and to block the activation of
NFkB by preventing phosphorylation of IkB, its binding partner (20–25). We used the
AIN-76A diet (Harlan Teklad, Madison, WI), which contains no detectable phytoestrogens,
during the whole 48 weeks of the experiment. Plasma levels of free genistein were measured
in rats given 50 mg/kg/day on days 3 and 7 after initiation of the drug treatment by mass
spectrometry as described previously (18). The plasma was sampled 12 h after sc injection
of genistein on the relevant day. Results of the measurements are shown in Fig. 1 and
compared to plasma levels in animals receiving a genistein diet (750 mg/kg) similar to that
which we have used previously (18). The sc injection gave significantly higher levels of
genistein than did the diet.

The salen-manganese (SOD)-catalase mimetic, EUK-207, was custom-synthesized and
characterized, as described previously (33). This compound is currently the best of the
available compounds in this series in terms of activity and pharmacokinetics (34). The drug
acts primarily as an antioxidant but also has activity against NFkB (19, 26–29). The animals
received doses of 8 mg/kg/day by daily sc injection. It has previously been shown (34) that
EUK-207 given by sc injection results in readily detectable plasma levels that persist for
several hours. Such data, along with other efficacy and pharmacokinetics studies conducted
with this and other salen Mn complexes (34), informed our choice of a daily sc injection
regimen for this study.

Irradiation
An image guided micro-irradiator (CX-Rad-225, Precision X-ray Inc., North Branford, CT)
was used for targeting and irradiating the thoracic cavity in each animal as described
previously (18). The details of the unit and its calibration for these studies have been
reported previously (18, 35). The dose rate at 225 kVp, 13 mA (HVL: 0.93 mm Cu, added
filtration: 0.3 mm Cu) was estimated as 3.51 Gy/ min at the depth of 1.5 cm in solid water
for the whole-thorax irradiation. Animals were first imaged and adjusted inside the jig for
targeting the whole thorax inside lead surface collimators. The total imaging dose was
estimated at less than 1 cGy. The animal then received a total of 12 Gy with anterior-
posterior (a-p) and posterior-anterior (p-a) beams. The mid-plane of the animal was located
at the iso-center. The radiation dose was chosen based on results from our previous studies
as a dose required to induce measurable radiation damage (17, 18, 25).

Analyses of Treatment Response
To assess pneumonitis we measured the breathing frequency of the rats using a respiration
rate monitor (Columbus Instruments, Columbus, OH) as described previously (18). At the
end of the experiment, alpha-MEM media supplemented with antibiotics was perfused
through the right ventricle of the hearts of deeply anesthetized (ketamineIxylazine) animals
to remove as much blood in the lungs as possible. The lungs were removed and the lobes of
the right lung were immediately frozen in liquid nitrogen and stored frozen until analysis for
hydroxyproline content, soluble collagen and malondialdehyde (TBARs assay). In the
majority of the animals, a volume (0.5–1.0 ml) of 10% buffered formalin was injected into
the left lobe of the lung to expand the alveoli and the lobes were placed in 10% formalin for
at least 48 h for fixation. The whole left lobe of the lungs was embedded in paraffin and
sections 5 μm thick were cut and placed on slides in preparation for immunohistochemical
staining by the research pathology laboratory in our facility. All of the lungs were process
and stained at the same time. The primary antibodies used were activated macrophage
marker ED-1 (MCA341, 1:100, AbD Serotec, Oxford, UK), cytokines IL-1α (sc-1254,
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1:100, Santa Cruz Biotechnology Inc., Santa Cruz, CA), IL-1β (AAR15G, 1: 1000, AbD
Serotec), IL-6 (sc-1265, 1:200, Santa Cruz Biotechnology Inc.), TNF-α (sc-1357, 1:200,
Santa Cruz Biotechnology Inc.), TGF-β1 (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), biotinylated anti-rabbit IgG (BA-1000, 1: 200, Vector
Laboratories) and biotinylated anti-goat IgG (BA-5000, 1: 300, Vector Laboratories) for 30
min at room temperature.

Fibrosis was assessed by analyzing part of the right lung for hydroxyproline content using a
colorimetric assay on papain-digested lung tissue (P3125) (Sigma-Aldrich Canada, Oakville,
ON, Canada). Lung tissue (100 mg) was digested at 60°C for 48 h and then subjected to acid
hydrolysis for 18 h at 110°C. Free hydroxyproline was released from protein and peptides
into the solution, which was then neutralized. The hydroxyproline was oxidized into a
pyrrole with chloramine T (857319, Sigma-Aldrich). This intermediate turned pink in color
with the addition of Ehrlich’s Reagent (4-dimethylamino-benzaldehyde) (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).
We separately assessed recently synthesized collagen using the Sircol collagen assay
(Biocolor Ltd., Belfast, UK), which was performed following the manufacturer’s
instructions. It is a colorimetric procedure that uses a dye reagent containing Sirius Red in
picric acid, which specifically binds to soluble collagen. Part of the right lung (25 mg) was
used for the analysis. A standard curve was derived from the kit and was used to determine
the collagen content of samples.

Lipid peroxidation was assessed using a TBARS Assay to measure malondialdehyde (MDA)
levels in the lung tissue. A part of the right lung (25 mg) of each rat was analyzed for MDA
levels using a TBARS assay kit (Cayman Chemical Company, Ann Arbor, MI). The flash-
frozen sample was thawed, sonicated for 15 s in RIPA buffer with protease inhibitors
(Roche Applied Science, Laval, Quebec) and then centrifuged (1600g). The supernatant
containing the lipid fraction was used for the assay. A standard curve was derived from the
kit and used to determine the MDA content of the samples.

Image Analysis
Following staining, the slides were scanned using the ScanScope XT (Aperio Technologies,
Vista, CA) and the whole lung section was analyzed using the Positive Pixel Algorithm,
Aperio ImageScope (Aperio Technologies, Toronto, ON). The positive pixel count
algorithm is used to quantify the amount of a specific stain present in a scanned slide image
by assessing the number of positive pixels/ number of positive and negative pixels × 100 (%
positivity). Air spaces were excluded. Details of this procedure have been reported
previously (18). Sections were cut from the left lobe of the lung in the coronal plane. We
analyzed one section from each surviving rat for each time point.

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. The radiation-only group was
set as the primary comparison group for these analyses since the purpose of the study was to
determine the efficacy of treatments relative to this group. A P value of less than 0.05 was
considered as significantly different. Mixed modeling was used to examine time trends in
the breathing rate data.
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RESULTS
Breathing Rate Changes in Irradiated Rats

We measured breathing rate to compare the effects of genistein and EUK-207 on radiation-
induced pneumonitis after whole-thorax irradiation (LR). We initiated treatment with
genistein (50 mg/kg/day) or EUK-207 (8 mg/kg/day) by subcutaneous injection either
immediately after irradiation or starting 2 weeks after irradiation. In the latter case we
crossed over the drugs at 14 weeks post irradiation to address the possibility of developing
drug resistance (Gen/ EUK or EUK/Gen). Even though both drugs are known to be
antioxidants and suppress NFkB activation, any resistance mechanisms that might develop
may not be identical at the molecular level. All of the treated groups had 8 rats per group
and the drugs were withdrawn at 28 weeks post irradiation. The animals were monitored
until euthanasia at 48 weeks post irradiation to assess late development of functional effects
due to the irradiation. An extra radiation “control” group of rats received radiation plus the
vehicle (polyethylene glycol-LR + PEG) used for dissolving the genistein prior to sc
injection. EUK-207 is water-soluble and was injected in saline. There were two untreated
control groups. One was euthanized at the time of irradiation (6-week control, 4 rats/group)
and the other was maintained throughout the study until they were euthanized at 48 weeks
post irradiation (48-week control, 8 rats/group).

The rats were irradiated at 6–7 weeks of age (160–180 g) and we observed (Fig. 2A) an
early sharp increase in breathing rate at 2–7 weeks in rats given LR alone or LR + PEG, with
a peak of 310–315 BPM at 5–6 weeks. Data from our previous study (18) with young adult
Fischer rats (12–14 weeks old) given identical radiation treatment is shown in Fig. 2 for
comparison (LR-Adult) and demonstrates a later rise in the breathing rate indicating that the
adolescent rats respond more rapidly to lung irradiation than adult rats. The groups treated
with genistein and EUK-207 immediately after LR showed a significant (P < 0.05) shift and
damping of the increased breathing rate peaks (280–285 at 7–8 weeks) compared to LR
alone or LR + PEG with the increases occurring at 6–9 weeks post irradiation (Fig. 2B). The
group given LR plus Gen/EUK starting at 2 weeks post irradiation demonstrated an earlier,
but damped, increase in breathing rate at 2–4 weeks but it then returned to a profile similar
to the other treated groups. The reason for this early increase is unclear. The breathing rate
of all of the adolescent animals had returned to normal control levels by 9 weeks and
remained at the same levels until 48 weeks after radiation. This return to normal levels did
not occur until 13–15 weeks in the older animals in our previous study (18).

Survival of Irradiated Rats
We observed significant morbidity (requiring euthanasia) in the irradiated rats occurring at
6–8 weeks consistent with the earlier onset of the pneumonitis phase in adolescent rats (Fig.
3A). Taken as a group, the rats receiving LR were significantly different (P < 0.05) from the
control but the differences were not significant for the individual irradiated groups.
Although a number of animals had to be euthanized in this time window, the rapid drop seen
in the mean breathing rate at 7 weeks (Fig. 2) was not due to these early deaths. The rats that
did not develop severe morbidity at this early time survived until the end the study period at
48 weeks, except for 3 rats that died at 37–38 weeks post irradiation. There was an initial
decrease of body weight in irradiated rats during the pneumonitis stage. However, after the
pneumonitis stage, the irradiated rats gained weight similarly to the other rats (data not
shown). A combined analysis of these results with those from similarly treated young adult
rats in our previous study (18) showed that the adolescent rats were significantly (P < 0.05)
more sensitive (Fig. 3B) to developing severe morbidity requiring euthanasia (~37% in the
adolescent rats vs. ~10% for the adult animals).
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Lung Fibrosis
We measured hydroxyproline levels at 48 weeks as a quantitative measure of total lung
collagen (Fig. 4A). Both LR and LR + PEG caused a large increase in hydroxyproline levels
relative to the two untreated controls (P < 0.05). All of the drug treatment groups had
significantly (P < 0.05) lower hydroxyproline content (61–81% reduction of the difference
between the LR group and the 48-week control group), with only small differences among
the groups (see supplementary Table S1; http://dx.doi.org/10.1667/RR2954.1.S1). A second
measure of collagen in the lungs was obtained using the Sircol Assay that assesses the
amount of recently synthesized (RS) collagen in the tissue. The RS collagen levels were
increased to a lesser extent (than for total collagen as assessed by hydroxyproline) in the LR
and LR + PEG groups relative to the 48-week control, but the decreases in these RS collagen
levels expressed as a percentage of the difference between the LR group and the 48-week
control group (50–78%) were similar to those for the hydroxyproline (see supplementary
Table S1; http://dx.doi.org/10.1667/RR2954.1.S1). All of the drug treatments resulted in a
significant decrease (P < 0.05) relative to the LR group (Fig. 4B) but the results for the
different treatment groups were not significantly different from one another.

Oxidative Damage
The presence of oxidative damage in the lung tissue was measured using both levels of 8-
hydroxy-2-deoxyguanosine (8-OHdG), a marker of oxidative damage in the DNA and levels
of malondialdehyde (MDA), a measure of lipid peroxidation. Analysis of staining of the
lung sections for 8-OHdG (see supplementary Fig. S1; http://dx.doi.org/10.1667/
RR2954.1.S2) showed that the LR only and the LR + PEG groups showed a significant
increase relative to the 6-week control and only a trend for increased levels of 8-OHdG
compared to the 48-week control rats after irradiation (Fig. 5A). All of the drug treatment
groups showed a trend for a reduction in 8-OHdG levels to values similar to those seen in
the 48-week controls, but only the Gen/EUK group that received treatment starting 2 weeks
after irradiation showed a significant (P < 0.05) decrease. Results from the TBARS assay
(Fig. 5B) to quantify the concentrations of MDA at 48 weeks showed a significant (P <
0.05) increase in the LR group relative to both controls (P < 0.05). All of the treatment
groups showed significant (P < 0.05) lowering of MDA concentration at 48 weeks post
irradiation to levels similar to or lower than the 48-week control. The reductions in these
levels, expressed as a fraction of the difference between the LR group and the 48-week
control group are shown in supplementary Table S1; http://dx.doi.org/10.1667/
RR2954.1.S1.

Levels of Inflammatory Cytokines and Activated Macrophages
We assessed levels of inflammatory cytokines (IL-1α, IL-1β, IL-6 and TNF-α) using
immunohistochemistry. All four of the cytokines were increased at 48 weeks post irradiation
relative to the controls but the treatments had limited effects on these levels at 48-weeks post
irradiation (see supplementary Fig. S2; http://dx.doi.org/10.1667/RR2954.1.S2). We also
assessed levels of activated macrophages using ED-1 and levels of TGF-β1, since this
cytokine is one of the key players in the formation of radiation-induced fibrosis in lung
tissue. For ED-1 staining (see supplementary Fig. S3; http://dx.doi.org/10.1667/
RR2954.1.S2) the analysis of staining levels showed that the LR and the LR + PEG groups
were significantly (P < 0.05) elevated relative to both controls (Fig. 6A). All of the drug
treatment groups showed a trend for a reduction relative to the reference LR group. For the
TGF-β1 staining (see supplementary Fig. S4; http://dx.doi.org/10.1667/RR2954.1.S2),
analysis of the staining levels is shown in Fig. 6B. In both the LR and the LR+ PEG groups,
there was a significant (P < 0.05) increase in levels of TGF-β1 expression at 48 weeks post
irradiation. All of the drug treatment groups showed a similar significant (P < 0.05)
reduction in TGF-β1 to levels close to those observed in the 48-week control (Fig. 6B).
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These reductions, expressed as a fraction of the difference between the LR group and the 48-
week control group, are shown in supplementary Table S1; http://dx.doi.org/10.1667/
RR2954.1.S1.

DISCUSSION
Lung is one of the most susceptible late-responding organs to potentially debilitating
radiation toxicity. It has been proposed that radiation-induced late effects are caused, in part,
by chronic oxidative stress and inflammation. Increased production of reactive oxygen
species, which leads to lipid peroxidation, oxidation of DNA and proteins, as well as
activation of proinflammatory factors has been observed in vitro and in vivo following
irradiation (12, 36, 37). The work presented here builds on our previous studies with
genistein and EUK-207 as mitigators of radiation-induced lung damage. These agents are
both antioxidants and can block activation of NFkB and they also have low toxicity (19–29).
We previously found that treatment with both agents starting 1 week after irradiation could
largely prevent breathing rate increases (radiation-induced pneumonitis) in Sprague-Dawley
rats after irradiation, even when treatment was ceased at 14 weeks. There was also a
substantial decrease in fibrosis (17). In another study (18), we found in young adult Fischer
rats that genistein could delay the onset of a breathing rate increase, but caused only limited
suppression suggesting that radiation damage in Fischer rats may be less responsive to these
compounds. In the current study, we observed a similar effect in adolescent Fischer rats with
a delay and limited suppression of the breathing rate increase, although the effect was
observed earlier after irradiation in the young adolescent rats. It is unlikely that the lesser
effect in the Fischer rats is due to the different dosing schedule for genistein, since plasma
levels were higher than in those rats given genistein in the diet we used previously (17).

Interestingly, there was also no secondary elevation of breathing rate at 20–40 weeks in the
Fischer rats after irradiation as we have observed in Sprague-Dawley rats in our previous
studies (16, 17). Similar differences in breathing rate changes in Sprague-Dawley and
Fischer rats have been reported previously (38). This might suggest that Fischer rats are
more resistant to radiation-induced fibrosis. However, our analyses of collagen content in
the lungs of the rats demonstrated significant increases in collagen content (consistent with
fibrosis) at 48 weeks post irradiation (Fig. 4). Treatment with both genistein and EUK-207
resulted in a significant reduction in hydroxyproline levels in the rat lungs at 48 weeks,
indicating that even though the treatment was stopped at 28 weeks it had a prolonged effect.
These results are similar to those we reported previously for adult Fischer rats (18), but the
reduction is less than that which we observed in Sprague-Dawley rats (17), again suggesting
that radiation damage in the Fischer rats may be less responsive to these compounds.
Interestingly, levels of recently synthesized collagen were still slightly elevated at these late
times relative to the 48-week control (Fig. 4), implying an ongoing stimulation of collagen
production. This is not entirely consistent with the measured TGF-β1 levels (Fig. 6) where
all of the drug treatments caused a 75–100% reduction of the increase in the TGF-β1 levels.

Because of the importance of a chronic inflammatory response and the expected resulting
exposure to ongoing oxidative stress, we also assessed both DNA oxidation (8-OHdG) and
lipid peroxidation (MDA). Both drug treatments significantly reduced levels of radiation-
induced lipid peroxidation, as assessed by MDA in the lungs of the rats (Fig. 5) to levels
similar to, or below, the 48-week control level, consistent with a reduction in the chronic
inflammatory response. The 8-OHdG levels were also reduced to levels similar or below the
48-week control, but assessing this as a mitigating effect is uncertain because, unlike with
MDA, radiation alone did not increase 8-OHdG significantly above the levels of the age-
matched (48-week) controls. Only one treatment group showed a significantly lowered 8-
OHdG versus radiation alone, and this result was modest (Fig. 5). These smaller changes in
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DNA oxidative damage may reflect the fact that ROS produced by a chronic inflammatory
response would likely be mostly extracellular and hence have better access to lipid
membranes than to cellular DNA. A long-term reduction in oxidative stress is consistent
with the lower levels of activated macrophages and TGF-β1 levels (Fig. 6) at 48 weeks post
irradiation, which is 20 weeks after the end of the drug treatment. In this context, it is also of
interest that crossing-over the drugs at 14 weeks had no significant impact on the results
obtained suggesting that there is no development of specific resistance to the actions of the
drugs, although the similarity in the activities might mask such an effect if it is downstream
from the site of action.

Overall, these results might suggest that the cessation of the treatment at 28 weeks does not
result in a resurgence of an ongoing chronic inflammatory response. However, increased
levels of several inflammatory cytokines were observed at this late time point and were,
except for TGF-β1 levels (Fig. 6), little affected by the drug treatments (supplementary Fig.
S2; http://dx.doi.org/10.1667/RR2954.1.S2). The results on oxidative damage are of
particular interest because, depending on repair and turnover rates, the lesions measured
should reflect ongoing levels of oxidative stress rather than that induced at the time of
irradiation. The higher levels of MDA in the irradiated groups at 48 weeks thus suggest that
chronic oxidative stress is prolonged in the irradiated animals. However, the control data
with both MDA and 8-OHdG show that there is also an age-associated increase in oxidative
injury that is unrelated to irradiation.

Similar to our findings, Rabbani et al. (39) have demonstrated that chronic administration of
small molecular weight catalytic metalloporphyrin antioxidants over a 10 week period post
irradiation to female Fisher rats mitigated the effects of a single dose of 28 Gy given to the
hemithorax. These studies were performed with rats irradiated at 160–180 g weight
suggesting that they were equivalent to the adolescent rats used in our study. A more recent
study (40) using the same model also reported mitigation with treatments of small molecular
weight catalytic metalloporphyrin antioxidants that were started at various times after
irradiation. These authors measured effects at 10 weeks post irradiation and found maximal
mitigation occurred when the treatment was initiated within the first 12 h after irradiation.
Both of these studies support our findings of mitigation with antioxidants, although they are
not entirely in agreement with our findings that starting treatment at 1–2 weeks post
irradiation is equally effective.

An interesting novel aspect of these studies is the finding of increased sensitivity and earlier
onset of radiation-induced pneumonitis in the adolescent rats (4–8 weeks post irradiation)
relative to older rats (7–13 weeks post irradiation) (see Fig. 2A). The observation that these
adolescent rats also had a greater level of severe morbidity leading to euthanasia than we
saw previously with older animals given identical radiation treatment (18), and that this
occurred in the same (early) time window as the increased breathing rate (Fig. 3), further
emphasizes the increased sensitivity of the animals. No obvious differences were observed
for hydroxyproline levels at late times [comparison data not shown, but can be accessed in
ref. (18)]. Further studies are required to confirm this possible effect of age but the results
are consistent with our earlier report in mice that time of onset of severe morbidity after lung
irradiation is prolonged in older animals, although in this study the age of the animals at
time of irradiation was 3–12 months (41). Travis et al. (42) reported no difference in LD50
values (at 180 days post irradiation) for mice at 3, 5 and 8 months of age at the time of
whole-lung irradiation and van den Aardweg et al. (43) reported no difference to late rectal
toxicity in rats at 12 weeks vs. 77–80 weeks of age at the time of irradiation. It is possible
that our results with the younger rats may reflect more rapid proliferation of alveolar cells in
these rats as they grow. Damage to alveolar Type II cells is one of the mechanisms that has
been implicated in radiation-induced pneumonitis (44–47). A recent review of radiation-
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induced lung damage in clinical studies did not clearly show an increased level of
pneumonitis in children but the authors emphasized the difficulty in making comparisons
across age groups because of different indications for treatment (and often different volumes
irradiated) (48).

SUMMARY
In this study, we demonstrated that the antioxidant and anti-inflammatory agents genistein
and EUK-207 can provide mitigation of radiation damage to the lung even when treatment is
initiated 2 weeks after irradiation. Furthermore ceasing treatment at 28 weeks did not result
in a re-emergence of lung damage at late times (48 weeks) post irradiation. We observed
that the drugs appear to be somewhat less effective in the Fischer rats relative to Sprague-
Dawley rats. We also found evidence of increased lung sensitivity to irradiation in the
adolescent rats used in this study relative to that observed in our previous study with young
adult rats. Further studies are needed to confirm this observation. Although the initial
impetus for these studies related to the treatment of accidentally exposed individuals,
genistein is also of interest therapeutically for cancer patients. It has been reported to inhibit
invasion, metastasis and angiogenesis in vitro and in vivo in a number of cancers, including
breast cancer, although recent data have questioned its effect in prostate cancers (49–57). A
recent pilot study has reported that treatment with an isoflavone cocktail including genistein
can reduce side effects after radiation treatment of prostate cancer (58). Our results suggest
that this agent should be tested in clinical studies involving lung irradiation and the
possibility of radiation-induced lung injury.
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FIG. 1.
Analysis of free plasma genistein levels (ng/ml) using mass spectrometry at 3 and 7 days
after initiation of treatment either in the diet (750 mg/kg diet) or by daily subcutaneous
injection of 50 mg/kg dissolved in polyethylene glycol. Plasma was sampled 12 h after the
daily subcutaneous injection.
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FIG. 2.
Breathing rate (mean breaths per minute) as a function of time after irradiation. Panels A
and B: CON = no irradiation (soy-free diet); LR = whole lung irradiation (12 Gy); LR +
PEG = whole lung irradiation (12 Gy) plus daily injections of polyethylene glycol (PEG);
Gen = daily subcutaneous (sc) injections of 50 mg/kg genistein (dissolved in PEG); EUK =
daily sc injections of EUK-207. The drug treatments were started 0 or 2 weeks post
irradiation and terminated at 28 weeks. In two groups of rats, the drugs were crossed over at
14 weeks post irradiation (Gen/EUK or EUK/Gen). The rats were euthanized at 48 weeks.
Also shown in panel A is data from our previous experiment (18) for adult rats given 12 Gy
whole-lung irradiation, as indicated. Each point represents the mean (±SEM) for all rats
available for analysis at different times.
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FIG. 3.
Panel A: Survival of the rats as a function of time after irradiation. Labeling of the treatment
groups is as indicated in the legend to Fig. 2. Panel B: Comparison of survival of the
adolescent (Adol) rats in the current experiment with adult rats given similar treatment in
our previous study (18). An analysis of these results showed that the adolescent rats were
significantly (P < 0.05) more sensitive to developing severe morbidity that required
euthanasia. In our previous study, the rats were euthanized at 36 weeks vs. 48 weeks in the
current study
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FIG. 4.
Measures of fibrosis in the lungs of the rats at time of euthanasia at 48 weeks after
irradiation. Panel A: Hydroxyproline (μg of hydroxyproline/100 mg of wet lung tissue)
content of the lung tissue. Panel B: recently synthesized collagen (μg of soluble collagen/ 25
mg of wet lung tissue). Each bar represents the mean (±SEM) for all rats available for
analysis (Group 1 n = 4; Group 2 n = 8; Group 3 n = 3, Group 4 n = 5; Group 5 n = 5; Group
6 n = 3; Group 7 n = 4 and Group 8 n = 4). Labeling of the treatment groups is as indicated
in the legend to Fig. 2. Six-week control animals were euthanized at the start of the
experiment and 48-week controls were euthanized at 48 weeks post irradiation. The asterisks
indicate groups that are significantly different from the LR group in each panel.
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FIG. 5.
Measures of oxidative damage in the lungs of the rats at time of euthanasia at 48 weeks after
irradiation. Panel A: Analysis of 8-OHdG staining as percent positivity (the ratio of positive
pixels/total number of positive and negative pixels in the tissue section with air spaces
excluded). Panel B: Analysis of MDA levels (μM) in the lung tissue. Each bar represents the
mean (±SEM) for all rats available for analysis (Group 1 n = 4; Group 2 n = 8; Group 3 n =
3; Group 4 n = 5; Group 5 n = 5; Group 6 n = 3; Group 7 n = 4 and Group 8 n = 4). Labeling
of the treatment groups is as indicated in the legend to Fig. 2. Six-week control animals were
euthanized at the start of the experiment and 48-week controls were euthanized at 48 weeks
post irradiation. The asterisks indicate groups that are significantly different from the LR
group in each panel.

Mahmood et al. Page 17

Radiat Res. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 6.
Analysis of macrophage activation and TGF-β1 levels in the lungs of the rats at time of
euthanasia at 48 weeks after irradiation. Panel A: Analysis of macrophage activation (ED-1
staining) as percent positivity (the ratio of positive pixels/total number of positive and
negative pixels in the tissue section with air spaces excluded). Panel B: Analysis of TGF-β1
staining as percent positivity. Each bar represents the mean (±SEM) for all rats available for
analysis (Group 1 n = 4; Group 2 n = 8; Group 3 n = 3; Group 4 n = 5; Group 5 n = 5; Group
6 n = 3; Group 7 n = 4 and Group 8 n = 4). Labeling of the treatment groups is as indicated
in the legend to Fig. 2. Six-week control animals were euthanized at the start of the
experiment and 48-week controls were euthanized at 48 weeks post irradiation. The asterisks
indicate groups that are significantly different from the LR group in each panel.
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