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Abstract

Purpose—Our previous studies have shown tissue hypoxia in the lung after irradiation contributing
to radiation-induced injury. The purpose of this study was to determine the temporal onset of hypoxia
following irradiation and show how it relates to pulmonary vascular damage, macrophage
accumulation, production of reactive oxygen species and cytokines.

Methods and Materials—Female Fisher 344 rats were irradiated to the right hemithorax with a
single dose of 28Gy. Serial studies were performed up to 20 weeks following irradiation.
Radionuclide lung perfusion studies were carried out to detect changes in the pulmonary vasculature.
Immunohistochemical studies were conducted to determine macrophages, tissue hypoxia (CA-9
marker), oxidative stress (8-OHdG), as well as expression of profibrogenic (TGF-) and
proangiogenic (VEGF) cytokines.

Results—Significant changes in lung perfusion along with tissue hypoxia were observed at three
days after irradiation. Significant oxidative stress was detected one week post radiation, whereas
macrophages started to accumulate at 4 weeks. Significant increase in TGF-B expression was seen
within one day after radiation and for VEGF at 2 weeks post radiation. Hypoxia, oxidative stress,
and both cytokines continued to rise with time after irradiation. The steepest increase correlated with
vast macrophage accumulation.

Conclusions—Early changes in lung perfusion initiate among other factors the development of
hypoxia and chronic oxidative stress after irradiation. Tissue hypoxia is associated with a significant
increase in activation of macrophages and their continuous production of ROS stimulating production
of fibrogenic and angiogenic cytokines and maintaining the development of chronic radiation-
induced lung injury.

Address correspondence to: Zeljko Vujaskovic, M.D., Ph.D., Department of Radiation Oncology, DUMC, Box 3455, Durham, NC,
27710, USA. Tele: +1 - 919 - 681 1675, Fax: +1 - 919 - 681 2651, e-mail: vujas@radonc.duke.edu

Conflict of interest statement

The authors declare no conflict of interest.

Supported in part by the NIH (National Institutes of Health), Grant RO1 # CA 098452, PI: Zeljko Vujaskovic, and in part by the DFG
(German Research Society), Research Fellowship Grant # FL 551/1-1 for Katharina Fleckenstein

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fleckenstein et al.

Keywords

Page 2

radiotherapy; radiation pneumonitis; lung fibrosis; hypoxia; oxidative stress

Introduction

Radiation induced pulmonary toxicity is a significant cause of morbidity and mortality in
patients treated for tumors in the thoracic region 12 Apparent clinical, radiographic and
histologic changes caused by radiation usually develop within weeks to months following
irradiation and have been well documented 3 4. However, the mechanisms underlying the
pathogenesis are still uncertain. The classical linear “target cell” concept, referring exclusively
to the depletion of clonogenic cells by irradiation, is insufficient to explain the pathogenesis
of radiation induced lung injury. In the last decade, it has been well established that a cascade
of events on the cellular and molecular level begins immediately after exposure to radiation
and proceeds during a period of clinically occult pulmonary injury 5,6, Radiation activates
various cellular signaling pathways that lead to expression and activation of proinflammatory
and profibrotic cytokines, vascular injury, and activation of the coagulation cascade leading to
the development of edema, inflammatory responses, and the initiation of wound-healing
processes -11, Multiple factors in this process have been investigated, but the main initiating
events and driving forces in the perpetuation of radiation-induced lung injury are unknown,
hampering the development of protection strategies and causal treatment of late radiation
sequelae as well as the search for predictive markers.

Our previous studies have shown that hypoxia develops in rodent lung tissue after radiation
and is associated with increased macrophage accumulation and activation, oxidative stress,
and pro—fibrogenic/gro-angiogenic cytokine activity contributing to radiation-induced
pulmonary injury 12-14 general, tissue hypoxia is considered a major signal in wound
healing and tissue remodeling processes 15,16 Another important element in tissue
remodeling processes and specifically in fibrogenesis is the balance of reactive oxygen (ROS)
and nitrogen species (RNS) 17 In our in vitro studies we have demonstrated that hypoxiaelicits
macrophages to produce higher levels of TGF-§ (transforming growth factor-beta), VEGF
(vascular endothelial growth factor) and superoxide leading to enhanced oxidative stress 14,
In addition, superoxide contributed to increased macrophage cytokine production, which was
diminished by applying an antioxidant superoxide dismutase mimetic~.

Hence we hypothesize that hypoxia (and consequently oxidative stress) is one of the driving
forces in initiating and perpetuating radiation induced lung injury. Therefore, the goal of this
study is to determine the temporal onset and course of hypoxia after irradiation of the right
hemithorax of rats and to determine how it correlates to vascular damage, macrophage
accumulation, reactive oxygen species and cytokines which are known to be involved in
processes leading to both immediate and chronic lung tissue injury.

Methods and Materials

Animals

Experiments were performed using 70 female Fisher-344 rats with prior approval from the
Duke University Institutional Animal Care and Use Committee. The animals were housed 3
per cage and maintained under identical standard laboratory conditions. Food and water were
provided ad libitum. Serial studies were performed before and at 1, 3, and 7 days, and 2, 4, 6,
8, 10, 14 and 20 weeks after irradiation.
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At the time of irradiation all rats weighed between 160 and 170 g to minimize possible
variations in lung size. The animals were anesthetized before irradiation with intraperitoneal
injection of ketamine (65 mg/kg) and xylazine (4.5 mg/kg) and placed in a prone position.
Hemithoracic radiation was delivered to the right lung with a single dose of 28 Gy using 150
kV x-rays with a dose rate of 0.71 Gy/min (Therapax 320, Pantak Inc., East Haven, CT). 12
mm lead blocks were used to protect the left thorax and the rest of the body.

Radionuclide Lung Perfusion Assay

Histology

Ten animals were followed up for 10 weeks using lung perfusion assays performed prior to
and longitudinally in time at 1, 3, 5, and 7 days, and 2, 4, 6, 8, and 10 weeks after irradiation.
For the assay, the animals were anesthetized with intraperitoneal injection of pentobarbitol (35
mg/kg) and placed in a prone body position on a flat surface in order to be imaged from the
posterior aspect by scintigraphy (Picker Dyna Camera). For scintigraphic imaging the gamma
camera was collimated with a pin hole collimator and positioned 25 mm above the

animal. 9™ Tc-labeled macroaggregated albumin (2.78-3.78 MBq) in 0.04 ml of 0.9% NaCl
solution was injected into the tail vein. 2 minutes later an accumulative 120s image was
acquired with the gamma camera. Following each imaging segment, the rats were permitted
to recover and were returned to housing until the next imaging date. Scintigraphy images were
analyzed using rectangular regions of interest (ROIs), which circumscribed the left and right
lung fields of each animal separately. Total activity in each lung was recorded (counts/ROI/
120s) and lung perfusion ratio was calculated as the ratio of the right (irradiated) to the left
(non-irradiated) lung activity. The mean and standard errors of lung perfusion ratios were
calculated and evaluated as a function of time.

Five animals each were sacrificed before and at 1, 3, and 7 days, and 2, 4, 6, 8, 10, 14, and 20
weeks after irradiation for immunohistochemistry and histopathology studies. Animals were
euthanized with pentobarbital overdose. Both lungs were infused by tracheal instillation of a
solution containing 10% neutral-buffered formalin, 2% glutaraldehyde, and 0.085 M sodium
cacodylate buffer for 25 minutes for fixation prior to removal of the lung. After removal the
four lobes of the irradiated right lung were separated and embedded in paraffin. The tissue was
then cut into 5um thick sections at a microtome, stored on slides and stained.

Immunohistochemistry

Lungs were assessed for the number and activity of macrophages with ED-1 staining, the level
of expression of CA-9 (carbonic anhydrase-9) as a tissue hypoxia marker, the level of
expression of 8-OHAG (8-hydroxy-2'-deoxyguanosine) as a marker for oxidative stress/ ROS
production, and levels of TGF-p as a profibrogenic and VEGF as a proangiogenic cytokine.

Immunohistochemistry was performed as described by Hsu et al 18, Briefly, the tissue sections
were deparaffinized and rehydrated with xylene and alcohol concentrations between 100% and
80%. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 minutes.
The slides were then placed in a citrate buffer (Biogenex, San Ramon, CA) and heated in a
microwave for 10 minutes for antigen retrieval. The tissue sections were rinsed with phosphate-
buffered saline and incubated with primary antibodies to activated macrophage marker ED1
(MCA341, 1:100, Serotec, Oxford, UK), CA-9 (ab15086, 1:2000, Abcam Inc, Cambridge,
MA), 8-OHdG (mouse monoclonal, 1:2000, JalCA, Shizuoka, Japan), VEGF (SC-152, 1:100,
Santa Cruz Biotechnology Inc., Santa Cruz, CA), and active TGF-B1 (Sc-146, 1:200, Santa
Cruz Biotechnology Inc., Santa Cruz, CA) overnight at 4°C. Slides were then washed three
times in phosphate-buffered saline for 5 minutes followed by the incubation with the
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appropriate secondary antibody (1:200, Jackson ImmunoResearch, West Grove, PA) for 30
minutes at room temperature. Again slides were washed three times in phosphate-buffered
saline for 5 minutes followed by incubation with ABC-Elite (Vector Laboratories, Burlingame,
CA) for 30 minutes at room temperature and developed using DAB working solution
(Laboratory Vision, Fremont, CA). Finally, the slides were counterstained with Harris
hematoxylin (Fisher Scientific, Pittsburgh, PA) and mounted with coverslips.

Image Analysis

For image analysis tissue sections from the lower right lobe from each animal were examined.
Image analysis was carried out as previously described 19 Briefly, slides were systematically
scanned under lower magnification in a microscope to define the injury of that specific
timepoint by evaluating hematoxylin and eosin stained slides along with
immunohistochemistry stained consecutive slides by an experienced pathologist. Then, five
digital images representing the injury of that timepoint were acquired from each slide using a
20x objective. Activated macrophage marker ED1 and 8-OHdG staining were quantified
through image analysis with ImageJ (Version 1.32j; National Institute of Health, Bethesda,
MD). The digital image was thresholded to have a clear visualization of the positive expression.
Using an automatic analyse particle function the positive expression was quantified. Results
were expressed as the number of positively stained macrophages or 8-OHdG positive nuclei
per digital image (average of five digital images per animal, average of five animals per time-
point).

CA-9, active TGF-f and VEGF were analysed in Adobe Photoshop (Version 6.0; Adobe
Systems, San Jose, CA). The magic wand tool was used to select a dark brown positive stain
on the digital image. The “Similar” and “Grow” functions were then used to select all positive
expression. After quantifying the positive expression per image the total tissue area regardless
of expression was quantified. The percentage of positively stained pixels as the ratio of positive
staining over total tissue area per digital image acquired at low magnification was recorded.
Results represent the average percentage of positive staining from five digital images per
animal and five animals per time point.

Statistical Analysis

Results

All data are presented as mean + standard error of the mean for each parameter. Time points
for each parameter were compared against the pre-irradiation controls by t tests. All p values
reported were two-sided and statistical significance was defined as p <0.05. All statistical
analyses were performed using the JMP software version 6.0 (SAS Institute, Inc., Cary, North
Carolina).

Radionuclide lung perfusion studies were carried out up to 10 weeks after irradiation and the
perfusion ratio of the irradiated right versus non-irradiated left lung was compared. Right/left
perfusion ratio allows data comparison between animals even if the amount of tracer reaching
the lungs varied due to tail vein injection difficulties (about 5% of animals) and inter-individual
differences.

The baseline ratio of the perfusion of the right lung to the left lung before irradiation was 1.3.
A significant decrease in lung perfusion occurred within three days following irradiation (Fig.
1) (perfusion ratio at 3 days vs. pre-radiation; p=0.0322). There was a short-term recovery
(reperfusion) after the initial decline ending at week 2. After the second week, there was a
significant and steady fall in perfusion of the irradiated right lung until the completion of the
10 weeks observation period (perfusion ratio at 4 weeks vs. pre-radiation; p=0.0259). At 10
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weeks post irradiation, the lung perfusion was significantly reduced in the irradiated lung; for
example, attaining only ~15% of the initial perfusion values that were assessed prior to
irradiation. These findings correlated with the histopathologic evidence of damage of the
irradiated lung.

Five animals were harvested at each timepoint and the weight of the right lung was recorded
immediately (Fig. 2). One day after irradiation an increase in the weight of the irradiated right
lung was seen (p=0.0117), slightly decreasing again around 1 week following irradiation and
steadily increasing afterwards peaking at week 6. Hereafter the weight of the irradiated right
lung continued to decline reaching a lower weight 20 weeks after irradiation compared to the
initial weight before irradiation (p=0.0384).

As expected, there was an increase in the number of total and activated macrophages detected
in the right lung with time after irradiation (Fig. 3a and Fig. 4a). The number of macrophages
increased significantly in the fourth week post radiation (p=0.0231) and continued to rise
steadily until week 10. From this time point until the end of the study (week 20) the number
of macrophages declined but still sustained on higher levels compared to the pre-radiation
status.

Tissue hypoxia is associated with the increased expression of CA-9. A significant increase in
CA-9 positive staining was observed at day 3 compared to the control (p=0.000327) (Fig. 3b
and Fig. 4b) and corresponding to the drop in perfusion at day 3. Severe hypoxia (> 60%
positive staining) developed between weeks 6-20 after irradiation. CA-9 positive staining was
most intensely seen in macrophages but also in pulmonary epithelial cells.

Oxidative stress is associated with increased expression of 8-OHdG which was detected in the
irradiated lung tissue as well (Fig. 3c and Fig. 4c). The amount of tissue positive for 8-OHdG
rose significantly within the first week after irradiation (p=0.0097) and continued to increase
during the entire 20 weeks of the study.

The proangiogenic cytokine VEGF was another marker used to examine the change in the
irradiated lung (Fig. 3d and Fig. 4d). A significant rise in VEGF positive staining was seen at
2 weeks after radiation (p=0.0284) and continued to rise thereafter.

As expected, the expression of TGF- began to increase shortly after irradiation (1 day post
radiation vs control; p=0.00146) and continuously increased over time (Fig. 3e and Fig. 4e).

Discussion

In the present study we detected early vascular changes associated with hypoxia in rat lungs
three days after irradiation. Our previous studies had shown hypoxia in rat lungs at 6 weeks
after irradiation, before the onset of functional or histopathologic changes 12 Fourteen and
twenty four weeks after irradiation more severe hypoxia was seen using pimonidazole and
CA-9, respectively 12-14 Hypoxia was associated with macrophage accumulation and
activation, oxidative stress and upregulation of TGF-f and VEGF. The results suggested
hypoxia to be a significant driving force in maintaining the cycle of repair processes that lead
to chronic injury. In the present study, we wanted to more closely examine earlier events within
days to weeks and the timeline after irradiation. We used CA-9 in order to visualize hypoxia
in the lung tissue at different time points. The CA-9 protein is strongly induced by hypoxia
and its transcription is regulated by the von Hippel-Lindau tumor suppressor gene (VHL)/ HIF
1o system 20 In tumors, CA-9 was confirmed as a useful endogenous marker of hypoxia and
showed an excellent co-localization with pimonidazole and a strong correlation with oxygen
electrode measurements 21 22 Our immunohistochemical studies using CA-9 showed a surge
in expression at 3 days following 28 Gy single dose irradiation to the right lung. Tissue hypoxia
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steeply increased to more severe hypoxia (>60% positive staining) within 6 to 8 weeks after
irradiation and further progressed throughout the observation period of 20 weeks.

We hypothesized that tissue hypoxia results from both an increase in oxygen consumption by
activated macrophages and a decrease in oxygen delivery in the tissue resulting from the
damage to the vasculature and reduced tissue perfusion. A reduction in lung perfusion
following irradiation has already been described 23-25 previous radionuclide lung perfusion
studies were performed at 2, 4, 10, 16, and 34 weeks after 18-Gy single-dose irradiation to the
right hemithorax in rats. 25 This prior study revealed a significant decrease in relative blood
flow in the irradiated right lung 4 weeks after irradiation. In the study by Kwock et al 244
single dose of 30 Gy delivered to the right hemithorax of rats resulted in a 70% decrease in
pulmonary perfusion in the irradiated lung by 2-3 weeks after irradiation. In accordance to
these previous investigations, our present study showed a significant decline in lung perfusion
at 4 weeks post radiation. Looking at earlier time points, we observed a significant decrease
in lung perfusion three days following irradiation along with the occurrence of tissue hypoxia
at the same time. While tissue hypoxia progressed, we found a brief period of reperfusion until
the perfusion of the right lung declined steadily from two weeks post radiation, again
contributing to the progression of hypoxia in the irradiated tissue. At three days after irradiation
no histopathologic changes were seen with light microscopy. From electron microscopy studies
it is described that within hours to days a destruction of the alveolo-capillary membrane occurs
with enhanced vascular permeability, interstitial edema, and fibrin exudation in the alveolar
space 34 Inour study these acute changes were expressed in an immediate rise in lung weight
one day after irradiation. Edema and exudation can both contribute to the development of
hypoxia and reduced perfusion. Hypoxia in addition might have further lowered perfusion by
hypoxic vasoconstriction. Another possibly intervening factor could be Angiotensin I1, a potent
vasoconstrictor. Recent research has brought up the role of the renin-angiotensin system in
radiation induced injury 26,27 Radiation via ROS could induce Angiotensin II, which in turn
produces superoxide, upregulates TGF-f and mediates the release of proinflammatory
cytokines through activation of transcription factors like protein-1 and NFxB. Other factors to
be considered in this context are endothelin and connective tissue growth factor. Also, an initial
depletion of nitric oxide (NO") through reaction with superoxide to peroxynitrite could play a
role in these early vascular events 28 In addition to the degradation of NO" by ROS, hypoxia
decreases the formation of NO* 29, Reduced NO" levels are assumed to be an initiating event
in the pathogenesis of microvascular injury. Figure 5 depicts the timeline and correlations of
the observed events of this study and a simplified view of possibly other intervening factors.
The reperfusion period between 3 days and 2 weeks post radiation correlated with a drop in
lung weight. This could indicate that edema and exudation partially resolved allowing for better
perfusion. With time endothelial cells separate from the basement membrane due to the
vascular damage and many capillaries swell and obstruct 30 contributing again to the decrease
in perfusion and increasing hypoxia and overall tissue damage. As the cycle of tissue damage
and repair continues causing fibrosis and shrinking of the lung, we recorded a decline in weight
of the irradiated lung after week 6.

The number of macrophages significantly increased 4 weeks after irradiation and escalated
from there until 10 weeks after irradiation. Afterwards the number of macrophages fell until
the end of the observation period of 20 weeks, but still remaining at elevated levels compared
to unirradiated tissue. The observed increase in macrophages between week 4 and 10 post
radiation falls within the inflammatory response phase. Looking at the CA-9 expression data,
after the initial surge between 1 day and 2 weeks post radiation, there is a second steep rise
starting at week 4. This second steep rise correlates with the macrophage accumulation and
supports the hypothesis that tissue hypoxia also results from an increase in oxygen consumption
by activated macrophages. It is known, that in turn hypoxia promotes macrophage migration
into the disturbed microenvironment. Once recruited, macrophages become stimulated 31
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32 Our in vitro studies confirmed that hypoxia stimulates the oxidative burst in macrophages,
increasing the extracellular superoxide concentration along with a pronounced upregulation of
TGF-B (p<0.05) and VEGF (positive trend) 14.

To assess the oxidative damage we used 8-OHdG. 8-OHdG is a product of oxidative DNA
damage and a well known marker for oxidative stress 33, our study showed that oxidative
stress occurs in previously healthy tissue within the first week following irradiation and
continues for the entire 20 weeks of our study. This indicates chronic oxidative stress in the
tissue is initially caused by irradiation and continues to persists after irradiation as a part of the
repair processes. During the peak of macrophage accumulation in weeks 4 to 10 after irradiation
we found the steepest rise in positive 8-OHdG staining, assuming that macrophages highly
contribute to the production of reactive oxygen species.

As described above, hypoxia and oxidative stress induce marked changes in the secretory
activity of macrophages and a wide variety of other cells involved in tissue repair. ROS have
been implicated in cell signaling pathways, regulating transcription factors and changes in gene
expression. ROS are also known to upregulate TGF-f and VEGF 14, 34-36 Both cytokines
play essential roles in the process of radiation induced lung injury. Here, we have demonstrated
that the level of VEGF, a main factor in angiogenesis and vascular permeability, is significantly
elevated 2 weeks after irradiation when hypoxia and oxidative stress were already present. An
explicit association with macrophage accumulation was not found.

TGF-B is a profibrogenic cytokine, which has a critical role in wound healing and appears to
be one of the central factors in the development of radiation induced pulmonary injury *+ -+

0. In accordance to other studies, we demonstrated an immediate increase in TGF-p after
irradiation 4143, Levels of TGF-B continued to rise steadily for the entire duration of the study
underlining its central role in the process of radiation induced lung injury.

The present study confirms our hypothesis that tissue hypoxia is a key player in the onset and
perpetuation of injury and early hypoxia is related to perfusion changes. It is generating a non-
healing wound response through continuous generation of ROS and expression/activation of
cytokines. We have further shown a correlation between macrophage accumulation and
increase in hypoxia, oxidative stress and cytokines. This indicates that irradiation induced
damage is not confined to events solely involving cells within the irradiated lung, but numerous
recruited inflammatory cells may play a significant role. In addition, we were able to
demonstrate a continuous pathogenetic process, assuming that the acute inflammatory and late
ﬁgrﬂtsic stages of radiation induced lung injury do not represent separate pathogenetic entities

Although our study is descriptive in character and the pathogenesis of radiation-induced lung
injury is not a linear process but rather complex multifactorial, where one event causes many
others, our findings are an important step in understanding the chronology of radiation induced
lung injury and how different events correlate to each other. We had chosen high single-dose
experiments to determine the temporal onset of hypoxia and oxidative stress. Studies with more
clinically relevant fractionated radiation regiments are currently under investigation.
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Fig 1.

Time related changes in lung perfusion after 28 Gy single dose irradiation to the right
hemithorax of rats. Mean perfusion ratio (see Methods) as a function of time (at pre-irradiation
time point, T=0, for a period of 10 weeks post-irradiation). A significant decrease in lung
perfusion was observed 3 days after irradiation (p=0.0322). After a short recovery period lung
perfusion progressively declined from the 2 week post-irradiation time point, until the
conclusion. Data are represented as mean (+ 1 SEM) observed in 10 animals per time point.
*p<0.05 compared with no radiation. Representative scintigraphic images (see Methods) in
one animal at pre-irradiation (control) and throughout the 10 week time-course (3 days — 10
weeks) are shown for comparison. Color ramp is used to demonstrate radiolabled perfusion
marker with activity levels from low to high indicated by orange < yellow < green < blue <
majenta.
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Fig 2.

The wet weight of the right lung was recorded immediately after harvesting. At 6 weeks after
irradiation the increase in lung weight coincides with edema and inflammation. This is followed
by a steady decline in lung weight related to shrinkage and progressive fibrotic changes of the
lung.

Data are represented as mean obtained from five animals per timepoint, error bars are + 1 SEM.
*p<0.05 compared with no radiation.
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Fig 3.
Representative immunohistochemistry staining of the right lung of rats prior to and at different
times after irradiation. Brown staining indicates positive staining. Bars represent 100um.

a. activated macrophages (ED-1)
b. hypoxia (CA-9)

c. ROS (8-OHdG)

d. VEGF
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Fig 4.

Quantitative analyses from immunohistochemistry images prior to and at different times after
irradiation of the right hemithorax with a single dose of 28 Gy. Data are represented as mean
obtained from 5 animals per timepoint, error bars are + 1 SEM. *p<0.05, first significant change

compared with no radiation.

a.  Number of activated macrophages (ED-1): A significant increase in macrophages was
seen 4 weeks after irradiation (p=0.0231) and peaked at 10 weeks (p=0.00979).

b. Hypoxia (CA-9): A significant increase in CA-9 expression was already seen 3 days
after irradiation (p=0.000327) and increased further with time.
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c. ROS (8-OHdG): A significant increase in 8-OHdG expression started 1 week after
irradiation (p=0.0097) and increased further with time.

d. VEGF: A ssignificant increase in VEGF expression started 2 weeks after irradiation
(p=0.0284).

e. TGF-p: A significant increase in TGF- expression was already seen 1 day after
irradiation (p=0.00146) and continuously increased further with time.
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Fig 5.

Proposed time related events: Based on the results of this study we hypothezise that early events
in radation induced lung injury are based on early vascular changes. This is most likely
mediated by several mechanisms: First, an imbalance of ROS and RNS leading to a depletion
of nitric oxide (NO") due to reaction with superoxide ("O5") to peroxynitrite (ONO,") 28 could
cause vasoconstriction as seen in Fig. 1. Initial ‘O,™ and ONO>" production activates TGF-f
that continuously contributes to radiation induced damage. Second, an enhanced exgression of
other vasoconstrictive mediators such as Angiotensin 11 (Ang Il) and Endothelin 26, 27 ¢an
also be implicated in this process. Endothelin may also lead to acute pulmonary edema. These
early vascular changes contribute to the development of hypoxia, which further enhances
oxidative stress, depletion of nitric oxide (NO") 29 and expression of HIF-1a and its
downstream genes like VEGF and Antiotensin 1. The combination of circumstances facilitates
the recruitment of inflammatory cells like macrophages, which in turn enhance cytokine and
ROS production and further promote hypoxia due to enhanced activation and proliferation
maintaining the cycle of repair processes that lead to chronic injury.
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