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SUMMARY

Purpose—Radiation-induced inflammation and production of reactive oxygen species (ROS)
play a critical role in normal tissue response. In this study we have examined some aspects of
these effects in lung and skin.

Methods—The superoxide dismutase (SOD) catalase mimetic, EUK-207, and genistein, an
isoflavone with anti-inflammatory properties, were given post irradiation and micronuclei (MN)
formation was determined in cells derived from irradiated lung and skin. Changes in breathing rate
were measured using a plethysmograph following irradiation of C57BI6 mice knocked out for
tumour necrosis factor (TNF)-alpha or its receptors, TNFR1/2, or treated with endotoxin
(lipopolysaccharide - LPS).

Results—Both EUK-207 and genistein given after irradiation caused a large reduction in MN
levels observed in lung cells during 14 weeks post-irradiation but ceasing treatment resulted in a
rebound in MN levels at 28 weeks post-irradiation. In contrast, treatment with EUK-207 was
largely ineffective in reducing MN observed in skin cells post-irradiation. Knock-out of TNF-
alpha resulted in a reduced increase in breathing rate (peak at 12 weeks post-irradiation) relative to
wild-type and TNFR1/2 knockout. Treatment with LPS 1 hour post-irradiation also reduced the
increase in breathing rate.

Conclusions—The generation of MN in lung cells after treatment with EUK-207 or genistein
was stopped suggests that continuing ROS production contributes to DNA damage in lung cells
over prolonged periods. That this effect was not seen in skin suggests this mechanism is less
prominent in this tissue. The reduced level of radiation pneumonitis (as monitored by breathing
rate changes) in animals knocked out for TNF-alpha suggests that this cytokine plays a significant
role in inducing inflammation in lung following irradiation. The similar effect observed following
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LPS given post-irradiation suggests the possibility that such treatment modifies the long-term
cyclic inflammatory response following irradiation in lung.

INTRODUCTION

Normal tissue injury involves complex interactions between direct damage to parenchymal
cells, damage to vasculature, particularly endothelial cells, damage to the stroma and
interactions with and response of the tissue micro-environment, particularly the effects of
inflammatory cytokines [1, 2]. Radiation-induced inflammation and the resulting generation
of reactive oxygen and nitrogen species (ROS or RNOS) is increasingly recognized as
playing an important role in normal tissue response to radiation damage [3-6]. Macrophages
are regarded as the primary source of inflammatory cytokines and can help to drive a
persistent cytokine cascade and chronic inflammatory state [7, 8]. However, the exact role of
the pro- and anti-inflammatory cytokines involved and their interactions are often unclear
and may vary from tissue to tissue.

Damage to cellular DNA is one of the primary targets for the biological and lethal effects of
ionizing radiation and is generally thought to occur largely at the time of irradiation as a
direct result of short-lived radiation-produced radicals. We have observed the prolonged
presence of DNA damage in both lung and skin following irradiation by examining MN
formation in fibroblasts in their first division after removal from the tissue [9-16]. In lung
we have observed that treatment of the animals post-irradiation with ROS scavengers can
reduce the high level of MN found in fibroblasts derived from lung and, importantly, that
DNA damage appears to be regenerated if treatment with ROS scavengers is stopped weeks
after the irradiation exposure [11, 14, 17]. This suggests that much of the DNA damage we
observed at late times in lung fibroblasts was actually due to ROS produced in the tissue
post-irradiation.

In the current study we have further examined the effects of ROS scavengers given post-
irradiation on prolonged DNA damage in fibroblasts from the lung and skin of rodents. We
have also investigated the potential role of TNF-alpha, one of the main mediators of
inflammatory responses, by studying radiation-induced pneumonitis in mice bearing
mutations in the TNF-alpha pathway. In addition we examined the effect of exacerbating the
inflammation by intra-tracheal exposure to endotoxin (lipopolysaccharide - LPS)
immediately post-irradiation. Our results demonstrate that ROS scavengers are highly
effective in reducing MN observed in fibroblasts from lung but much less so in fibroblasts
derived from skin. Mice knocked out for either of the TNF receptors (TNFR1 or TNFR2 K/
O) showed similar radiation-induced pneumonitis as wild type mice but mice knocked out
for TNF alpha (TNF alpha K/O) showed a reduced level of pneumonitis. In this context it is
somewhat surprising that an intra-tracheal injection of LPS, which activates inflammatory
pathways also results in some mitigation of pneumonitis in the mice.

METHODS

Animals and drugs

Female Sprague-Dawley (SD) rats (Charles River Laboratories International, Inc.,
Wilmington, MA, USA) and C57BI6 wild type (C57WT) or C3H/HeJ mice (Jax Labs, Bar
Harbor, ME, USA) used in the studies were housed in animal facilities accredited by the
Canadian Council on Animal Care and treated in accordance with approved protocols.
C57BI6 mice bearing mutations in the TNF alpha pathway were obtained from Drs Tak Mak
and Rama Khokha at OCI and were bred in house. The genistein diet (750 mg/kg of
genistein) was formulated as described previously [11, 14]. The salen-manganese(Mn)
superoxide dismutase(SOD)-catalase mimetic, EUK-207 was custom-synthesized and
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characterized as described previously [18]. For long term treatment in the lung studies, the
animals received doses of 8mg/kg body weight/day administered by Alzet 2ML4 infusion
pump (delivery rate 2.5 pl/hr) (Alzet Osmotic Pumps, Durect Corporation, Cupertino, CA,
USA) implanted subcutaneously and changed every 4 wks as described previously [14]. For
short term treatment in the skin studies the animals received daily doses of 30 mg/kg
injected intraperitoneally (i.p.).

The animals were anesthetised by isofluorane inhalation and placed in custom-designed
Lucite holding containers. For lower lung irradiation the rats were treated with a Co-60
gamma ray source at 0.6 Gy/min with 10 cm thick lead collimators used to define the
radiation field [11]. For whole lung irradiation the rats and the initial groups of mice
(C57WT and TNFR1 and TNFR2 K/O) were irradiated with a double-headed 100 kVp X-
ray unit [14, 17]. Two circular surface collimators made of lead were inserted on both sides
of the jig to confine the radiation only to the lung volume. The animals were set-up
individually by eye to ensure the whole lung was in the beam. The remaining groups of mice
(C57WT and TNF alpha K/O) were irradiated with an image-guided micro-irradiator (CX-
Rad-225, Precision X-ray Inc. North Branford, CT, USA) that allowed targeting and
irradiating the desired volume in each animal. The details of this unit have been reported
[19]. The mice received 10 Gy at 100 kVp to the whole lung given at approximately 3.5 Gy/
min with anterior-posterior (a-p) and (p-a) beams. The mid-plane of the animal was located
at the iso-center. For the skin studies the mice were irradiated locally on their back (3 x 4 cm
field) with a single beam from the image guided small animal irradiator at 100 kVp at a dose
rate of approximately 3.5Gy/min.

Breathing Rate Measurement

We measured the breathing frequency of mice using a respiration rate monitor (Columbus
Instruments, Columbus, Ohio, USA). The animals were acclimatised to the method several
times in the two weeks preceding the start of the experiment. At each time point the
breathing rate of each animal was monitored for two minutes after an initial 45 second
acclimatization period. Breathing rate was then determined by taking the mean of a
maximum of five 6 second intervals of calm breathing within the two minutes measurement
period. Due to movement it was not always possible to obtain data at each time point for
every animal. The number of animals contributing to the various data points varied between
four and ten.

Micronuclei Assay

Assay of micronuclei in lung or skin cells (largely fibroblasts) was performed as described
previously [10, 12, 16].

PCR analysis

The RT-PCR analysis of TNF-alpha expression was performed essentially as described [12].
Briefly lungs of rats were removed and a strip measuring approximately 0.5cm around the
centre of the lung (the expected position of the radiation field edge) was removed. The
remaining tissue lung was minced, placed in 5ml of RNAlater (Qiagen, Mississauga,
Canada) and held at 4°C for up to one month, prior to analysis. Total RNA was isolated
from 60 mg of tissue, reverse transcribed and analysed by Real-Time RT-PCR (ABI
Prism7700® Sequence Detection System). The housekeeping gene GAPDH was used to
calculate the relative mMRNA expression. The RT-PCR analysis was done twice on each
sample and the mean Ct value was used for analysis.
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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. Mixed modeling was used to
examine time trends in the breathing rate data. SAS (enterprise guide-4) software was used
for the analysis. A p value less than 0.05 was considered as significantly different.

RESULTS AND DISCUSSION

Figure 1 shows results for micronucleus (MN) formation in fibroblasts derived from the
lungs of SD rats at various times after a dose of 12Gy. Two of the groups of rats were given
EUK-207 by infusion pump or a genistein diet starting about 1 hr after the irradiation and
finishing at 14 weeks post irradiation. Groups of four animals were sacrificed and analysed
at various times after irradiation. The results (radiation-only group) demonstrate that the
presence of MN is prolonged in the lung fibroblasts after irradiation and that treatment with
either EUK-207 or genistein for up to 14 weeks can significantly reduce the number of MN
detected in the cells. The EUK-207 infusion appears to be somewhat more effective in this
regard since the MN levels decline more rapidly (see 8 week time point) than with genistein
diet. However, further studies would be necessary to clarify this effect. The genistein diet
caused a similar decline in MN in the lungs of C3H/HeJ mice following fractionated
irradiation [20]. Importantly, after the drug treatment is stopped at 14 weeks, the number of
MN observed at 28 weeks returns to levels similar to that seen in the radiation-only group. It
is possible that death or terminal differentiation of severely damage cells coupled with the
influx of myofibrocytes from circulating blood affects the number of MN observed, since
the cells are required to undergo one division in vitro for the assay procedure. Such effects,
however, could not account for the increase of DNA damage seen at the 28-week time point.
These results suggest that generation of DNA damage occurs in the lung fibroblasts post
irradiation, presumably due to the production of ROS or RNOS. Such ROS (RNOS) could
be produced by the inflammatory cells but possibly also by leakage from damaged
mitochondria, activation of NAD oxidases or iNOS in the cells. Considering the reactivity of
these radicals, the extent of production of them inside the cell relative to outside (by
inflammatory cells) may be critical for DNA damage. Studies of bystander effects in cells in
vitro have demonstrated a role of ROS and RNOS in MN formation in bystander cells,
although it is unclear how extensive such effects might be in vivo [21].

Since EUK-207 was so effective in lung we also examined its efficacy in skin where we had
previous found similar prolonged presence of MN in fibroblasts following irradiation of
human, rat and mouse skin [13, 15, 16, 22]. Figure 2 shows results for MN in cells derived
from the skin of C3H/HeJ mice analysed at 1 day, 1 week and 4 weeks after dose of 5 Gy.
The animals were given one i.p. injection of EUK-207 (30 mg/kg) immediately after
irradiation for studying the mitigation effect at 1 day or 5 i.p. injections (daily) of EUK-207
for the analysis at 7 or 28 days. For the protection effect 5 i.p. injections (daily) of EUK-207
were started 4 days before radiation with the last dose of drug delivered 30 mins before
irradiation. The results demonstrate that treatment with EUK-207 had only a small effect on
MN levels in the skin, even though a larger dose of the drug was used than in the lung
studies. Studies in which a whole body dose of 10 Gy, similar to that used in the lung, was
given to the mice also showed only a small effect of EUK-207 treatment on MN formation
in skin fibroblasts (Jelveh and Hill, 2011, unpublished data). A dose of 5 Gy was used in the
current study because our detailed analyses of MN in skin showed that a dose of 5 Gy is in
the steeply rising part of the dose response curve, whereas above a dose of 7-8 Gy the MN
level is starting to plateau [16].

The reason for the difference between lung and skin remains unclear but may reflect
different levels or timing of inflammation in lung and skin at the radiation doses used. The
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results are consistent with our observations that contrary to lung [9, 10] there is no out-of-
field effect for MN formation following skin irradiation (Hill, unpublished data). There may
also be differences in proliferation and turnover of the fibroblasts in these two tissues
following irradiation. Previous studies in skin and oral mucosa of rats and hamster using
larger radiation doses have indicated that EUK-207 does provide protection and mitigation
against radiation-induced wound healing delay and radiation dermatitis respectively [23]. It
is thus unlikely that our results reflect lack of drug distribution to the skin. However, these
different results for different endpoints raise the question of the importance of long term
DNA damage in fibroblasts to wound healing and radiation dermatitis, although, particularly
for wound healing, fibroblasts would be expected to play an important role. A possible
explanation may be that there is recruitment of myofibrocytes from the circulation or other
sites [24] to assist healing following large radiation doses. Studies in animals bearing
labelled bone marrow cells could help to address this issue. Such studies could also examine
whether labelled cells recruited from the circulation can pick-up ‘bystander’ DNA damage
from ROS produced by radiation-exposed cells in the tissue, either by examining MN
formation or by examining yH2AX foci in tissue sections[25].

We next examined the role of TNF alpha, one of the major proinflammatory cytokines, in
the radiation-induced inflammatory process. The effects of the genistein diet on the mRNA
expression of this cytokine at various times after irradiation (10 Gy) of the lower lung of SD
rats are shown in Figure 3. They confirm previous work indicating a cyclic pattern of
increased expression following irradiation [26-28] and show an early peak at about 7 hours
followed by a second rise at 5-12 days and a third rise at 4-20 weeks. Notably this pattern
of expression of TNF alpha is the same in the upper (shielded) region of the lung as in the
lower irradiated region indicating that the inflammatory response is organ-wide. This result
is consistent with our previous findings that irradiation of the lower lung results in the
production of MN in fibroblasts from the shielded upper part of the lung and that this
damage can be reduced by ROS (RNOS) scavengers [9, 10]. When the animals were put on
a genistein diet, this largely prevented the increase in TNF alpha over the whole time period.
These results are consistent with our observations of a reduction in MN described above.

We further analysed the role of TNF alpha by examining the effects of lung irradiation (10
Gy) on breathing rate in C57BI6 mice knocked out for TNF-alpha or its two receptors
TNFR1 and TNFR2. The results (Figure 4) show that knocking out either receptor has little
effect on the overall increase in breathing rate which occurred after the irradiation (peaking
at about 12 weeks), although the results show that the increase in breathing rate occurred
significantly earlier for the TNFR1 knock-out mice. These findings are inconsistent with a
recent report of early protection of lung function in mice at 4-8 weeks by knocking out
TNFR1[29]. Most notably in our studies the animals knocked out for TNF alpha showed a
significantly damped increase in breathing rate following irradiation over the whole time
course of the study. These results are consistent with our previous observations in SD rats
using genistein [12] and suggests that TNF alpha plays a significant role in the induction of
radiation-induced pneumonitis. Previous studies have reported that TNF blockade reduces
production of VEGF by macrophages following irradiation, which could reduce protection
of vasculature [30]. Analysis of MN formation in lungs of mice knocked out for TNF-alpha
is needed to determine if the cytokine also plays a role in the prolongation of DNA damage.

Finally we examined whether further stimulation of the inflammatory response through the
TNF pathway by exposure of the animals to LPS 1 hr post irradiation would further enhance
the effects of irradiation. We first studied whether LPS given intratracheally would induce
MN formation in the lung fibroblasts. Results of this experiment, shown in figure 5, indicate
a very small effect in comparison to that observed following irradiation, but the data do
suggest that at 1 week the LPS treatment may induce a small additive increase to the level of
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MN observed with irradiation alone. However, only a small number of animals were used in
this study and while the data clearly indicate that LPS treatment is much less effective than
irradiation in MN formation, it is not sufficient to determine whether there is a true additive
increase. Despite the small effect on MN formation, analysis of cytokine levels in the lung
did indicated a significant inflammatory effect of the doses of LPS used in this treatment
(data not shown).

We next determined whether additive LPS treatment would affect breathing rate changes
associated with lung irradiation of C57WT mice. The results (Figure 6) indicate that the LPS
exposure actually mitigated the increased breathing rate, contrary to what might have been
expected based on the previous data. These results raise the possibility that treatment with
LPS may modify the expression of inflammatory cytokines following irradiation. It has been
reported that it is the secondary waves of chronic inflammation rather than the early
induction of cytokines that are more important in the induction of radiation—induced
pneumonitis. [31]. Analysis of cytokine levels at different times after lung irradiation and
exposure to LPS are needed to determine whether combination treatment modifies these
secondary waves of chronic inflammation following irradiation. A similar effect of exposure
to LPS following irradiation has been reported for early damage to the intestine in mice [32],
however, prior irradiation has been reported to sensitize lung to increased inflammation
following late (6—15 months post irradiation) exposure LPS [7, 33].

CONCLUSION

The MN damage observed in fibroblasts from lung both in and out of the radiation field and
the finding that MN levels increase again when treatment with a ROS(RNOS) scavenger is
halted suggests that this DNA damage is due to ROS(RNOS) arising from radiation-induced
inflammatory effects in lung. The inability of ROS(RNOS) scavengers to affect MN
formation in skin and the lack of an out-of-field effect in skin suggests that the lung mounts
a much more extensive inflammatory response than skin following irradiation. ROS(RNOS)
can be produced by inflammatory cells but also by leakage from damaged mitochondria,
activation of NAD oxidases or iNOS inside the cells. Considering the reactivity of such
radicals the extent of production of them inside the cell relative to outside (by inflammatory
cells) may be critical for DNA damage observed. The balance of these effects may be
different in lung and skin although the absolute levels of MN formed in-field are similar in
the two tissues following the same radiation dose.

Extensive data in the literature suggest that radiation-induced lung damage arises as a result
of the interaction of a cycle of chronic inflammation and oxidative damage and may be
modified by ROS scavengers [3, 7, 24, 26-28, 34-41]. Our results with the TNF-alpha
knock-out mice are consistent with this concept, although the results with LPS treatment
seem contrary to this idea. This might reflect the fact that LPS-induced inflammation is
normally short-lived [42]. and that the early induction of inflammation following irradiation
in mice is reported to play little role in the later development of pneumonitis [31]. However,
a study in patients with FDG, which is taken up in areas of inflammation, has suggested that
increased uptake at 1-2 weeks during lung radiotherapy may reflect the later development of
pneumonitis [43]. Possibly, as noted above, treatment with LPS may modify the expression
of inflammatory cytokines following irradiation. ROS(RNOS) can produce oxidation of
lipids and proteins as well as DNA damage and these effects in lung cells may play a more
important role in functional endpoints, such as pneumonitis, than DNA damage in
fibroblasts. However, the DNA damage we observed in lung fibroblasts, particularly in
shielded regions, presumably reflects the inflammatory environment in the irradiated lung.
The production of ROS(RNOS) intracellularly vs extracellularly (by inflammatory cells)
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may be critical for the balance between the development of functional effects and DNA
damage in surviving lung cells.
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Figure 1.
Number of micronuclei (MN) per 1000 binucleate (BN) cells in fibroblasts taken from lungs

of Sprague-Dawley rats either before irradiation or at the indicated times after a dose of 10
Gy given to the lung. The animals were treated with EUK-207 or genistein starting 1 hr after
irradiation and stopped at 14 weeks after irradiation. Modified from [14].
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Figure 2.
Number of micronuclei per 1000 binucleated cells in fibroblasts taken from skin 1, 7 or 28

days after a dose of 5Gy (4mice per group). (a) One i.p. injection of EUK-207 (30mg/kg)
was delivered 30 mins after radiation (1 day) or five i.p. injections were given daily starting
30 mins after irradiation (7 and 28 days) (b) Five i.p. injections of EUK-207 (30mg/kg) were
delivered daily before irradiation. The last injection was 30 mins before irradiation.
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Figure 3.
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Expression of TNF-alpha mRNA relative to GAPDH in the upper or lower region of the
lungs of groups (4 rats per group) of Sprague-Dawley rats given a dose of 10 Gy to the
lower lung. Some of the rats were put on a genistein diet immediately after irradiation and
maintained on the diet throughout the experiment.

rad upper/lower = upper or lower lung of rats which received radiation only. gen upper/
lower = upper or lower lung of rats which received radiation and the genistein diet.
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Figure 4.

Mean breathing rate (+/— SD) for groups of mice as a function of time after being given
either 0 or10 Gy to the whole lung at time zero. The solid lines and black symbols indicate
the non-irradiated mice. The grey dashed lines and symbols indicate the irradiated animals.
All mice have a C57BI6 background WT = wild type, TNFR1—/— = TNFR1 K/O, TNFR2—/
— = TNFR2 K/O, TNF alpha —/— + TNF alpha K/O.
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Figure 5.

Micronuclei (MN) per 1000 binucleate (BN) cells in fibroblasts from lungs of C57WT mice
at 1day or 7 days after exposure to radiation and or lipopolysaccharide (LPS) at different
doses as indicated. Each column represent mean data from 2 mice.
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Figure 6.

Mean breathing rate (+/— SD) for groups of C57WT mice as a function of time after being
given either 0 or10 Gy to the whole lung at time zero. The solid black lines and square
symbols indicate the non-irradiated mice. The dark grey triangles and dashed lines indicate
the irradiated animals. The light grey dotted lines and inverted triangles indicate animals
given LPS (30 ug) intratracheally 1 hr after irradiation.
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