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Purpose: To determine whether an anti-transforming growth factor-38 (TGF-0) type 1 receptor inhibitor (SM16)
can prevent radiation-induced lung injury.

Methods and Materials: One fraction of 28 Gy or sham radiotherapy (RT) was administered to the right hemi-
thorax of Sprague-Dawley rats. SM16 was administered in the rat chow (0.07 g/kg or 0.15 g/kg) beginning
7 days before RT. The rats were divided into eight groups: group 1, control chow; group 2, SM16, 0.07 g/kg; group
3, SM16, 0.15 g/kg; group 4, RT plus control chow; group 5, RT plus SM16, 0.07 g/kg; group 6, RT plus SM16,
0.15 g/kg; group 7, RT plus 3 weeks of SM16 0.07 g/kg followed by control chow; and group 8, RT plus 3 weeks
of SM16 0.15 g/kg followed by control chow. The breathing frequencies, presence of inflammation/fibrosis, activa-
tion of macrophages, and expression/activation of TGF-3 were assessed.

Results: The breathing frequencies in the RT plus SM16 0.15 g/kg were significantly lower than the RT plus control
chow from Weeks 10-22 (p <0.05). The breathing frequencies in the RT plus SM16 0.07 g/kg group were signifi-
cantly lower only at Weeks 10, 14, and 20. At 26 weeks after RT, the RT plus SM16 0.15 g/kg group experienced
a significant decrease in lung fibrosis (p = 0.016), inflammatory response (p = 0.006), and TGF-81 activity
(p = 0.011). No significant reduction was found in these measures of lung injury in the group that received
SM16 0.7g/kg nor for the short-course (3 weeks) SM16 at either dose level.

Conclusion: SM16 at a dose of 0.15 g/kg reduced functional lung damage, morphologic changes, inflammatory
response, and activation of TGF-3 at 26 weeks after RT. The data suggest a dose response and also suggest the
superiority of long-term vs. short-term dosing. © 2008 Elsevier Inc.

Radiotherapy, Fibrosis, Transforming growth factor-f, Toxicity, Late effects.

INTRODUCTION transmembrane Type II receptor results in recruitment of
the transmembrane Type I receptor, forming a heterodimer,
which is phosphorylated. This activated receptor complex
phosphorylates and activates downstream signaling proteins
(Smad 2/3), which associate with Smad 4, migrate into the
nucleus, bind to promoters, and modulate transcription (7).
The TGF-g Type I receptor is widely distributed in normal
lung, including epithelial, endothelial, smooth muscle, and
inflammatory cells (8). These receptors can be differentially

expressed in response to conditions, such as idiopathic

The lung is one of the tissues most sensitive to injury from ion-
izing radiation (1). Radiation-induced lung injury (RILD), in
the late phase, is characterized by a loss of alveolar epithelium
and excess fibrous tissue formation (2). One key component in
the development of RILD is the profibrogenic cytokine, trans-
forming growth factor (TGF)-6 (3). TGF-g is elevated on
exposure to radiation, increasing dramatically 7-28 days after
radiotherapy (RT) (4, 5), coincident with the increased inflam-
mation and onset of increased breathing frequency, and

remaining elevated as tissue fibrosis develops (6).
The activity of TGF-{ is mediated through its signaling
pathway. Initially, binding of the TGF-§ ligand to the

pulmonary fibrosis (8) or bleomycin injury (9), but to our
knowledge, the effect of ionizing radiation on the expression,
activity, or affinity of these receptors is not known.
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Previous studies have demonstrated the benefits of inhibit-
ing TGF-g8 (10-12). Recently, small-molecule inhibitors of
TGF-G Type I receptor kinase have been discovered and de-
veloped (13). The ability to use these orally available inhib-
itors of TGF-{ signaling to address RT-induced lung injury
would provide a useful therapeutic option. The purpose of
the present study was to determine whether disruption of
the TGF-( pathway through the administration of a small mo-
lecular receptor kinase inhibitor (Biogen-Idec, Cambridge,
MA) could prevent or ameliorate the development of RILD.

METHODS AND MATERIALS

Rats

The Institutional Animal Care and Use Committee (IACUC) at
Duke University Medical Center approved this study before its
initiation. A total of 112 female Sprague-Dawley rats, each weigh-
ing 230-270 g (age 12—-13 weeks), were used in these studies. The
rats were housed 2 per cage and provided with water and food ad
libitum. These animals consumed 16-20 g/d of the chow.

Administration of drug in feed and irradiation

A 430MW inhibitor of TGF-BRI kinase, SM16 (14, 15), was
formulated into rat chow (Research Diets, New Brunswick, NJ) at
0.07 g/kg and 0.15 g/kg. SM16 binds to the TGF-g Type I receptor
with high affinity (K;, 10 nmol/L). It has also been shown to block
TGF-g-induced Smad 2 phosphorylation at concentrations of 100—
620 nmol/L. It can be administered through multiple routes (15).
Recent studies have demonstrated no systemic toxicity at the doses
used in this study, although at greater doses, failure to thrive has
been reported (15, 16).

Initially, the level of circulating drug after ad libitum administra-
tion of SM16 chow was determined in normal Sprague-Dawley rats
of similar age and size to that used in the RT studies described.
Plasma samples were collected by way of tail vein bleeds at 7 and
14 days after administration. For the 24-h plasma time points, the
rats were implanted with a jugular catheter (Charles River Laborato-
ries, Wilmington, MA), administered 0.07 g/kg SM16 chow ad libi-
tum for 4 days, and then placed in a Culex Automated Pharmacology
System (Bioanalytical Systems, Lafayette, IN) for automated
plasma sampling every 2 h with continued SM16 chow ad libitum.

For the lung RT study, the rats received SM16-containing chow
or matched control chow beginning 7 days before RT to ensure
that circulating levels of SM16 had reached steady state levels at
RT. The rats were divided into the following groups with 14 rats
in each group. Group 1, no RT plus control chow; Group 2, no
RT plus chow mixed with the anti—-TGF-8 small molecule receptor
kinase inhibitor SM16 at a dose of 0.07 g/kg (low-dose chow);
Group 3, no RT plus chow with SM16 at a dose of 0.15 g/kg
(high-dose chow); Group 4, RT at 28 Gy in one fraction to the right
hemithorax plus control chow; Group 5, RT plus low-dose chow;
Group 6, RT plus high-dose chow; Group 7, RT plus low-dose
chow given for only 3 weeks after RT, followed by control chow;
and Group 8, RT plus high-dose chow for 3 weeks, followed by con-
trol chow. RT and sham-RT was performed under anesthesia with
intraperitoneal administration of sodium pentobarbital (35 mg/kg),
using 135-kV orthovoltage X-rays (Therapax 320, Pantak, East Ha-
ven, CT), with appropriate lead shielding for the rest of the body.
Plasma samples were obtained before the rats were killed at 6 and
26 weeks from the rats in each group receiving SM16 to determine
the circulating drug levels. The body weights were recorded weekly.
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Table 1. Histopathologic evaluation scale

Criteria Score

Pulmonary fibrosis assessment scale
No damage
Minimal
Moderate
Severe
Total damage
Immunoreactivity score (TGF-3, 8-OHdG, ED1)
None
Minimal
Moderate
Strong

0NN O

W = o

Abbreviations: TGF = transforming growth factor; 8-OHdG =
8-hydroxydeoxyguanosine.

Functional assessment of lung damage

The pulmonary function of the rats was evaluated by measuring
the change in breathing frequency over time. Before recording the
measurements, the rats were desensitized to minimize the stress
response. The measurements were taken at baseline and then every
2 weeks using a respiration monitoring system (Model RM-80,
Columbus Instruments, Columbus, OH). The mean of four measure-
ments was recorded for each rat at each point.

Histopathologic findings

One-half of the rats in each group were killed at 6 weeks and the
rest at 6 months after RT and assessed for early or late histopatho-
logic changes, respectively. The rats were killed with sodium pento-
barbital (100 mg/kg). Both lungs were fixed using intratracheal
instillation of a solution of 10% neutral-buffered formalin, 2%
glutaraldehyde, and 0.085 M sodium cacodylate buffer and then im-
bedded in paraffin. Only the right lungs were used for this study. The
left lungs were not evaluated to avoid the potential of confounding
out-of-field effects. The 5-um sections were stained with hematox-
ylin-eosin and Masson’s trichrome to visualize the fibrosis and
collagen deposition. The lung tissue was imaged using a 40 x objec-
tive, and 10 representative fields/slide were assessed. The histopath-
ologic examinations and immunohistochemistry readings were
performed with the examiners unaware of the grouping of the rats.

Immunohistochemistry

Lung tissue was assessed for macrophage activity, the expression
of TGF-(, and the presence and activation of the Smad 2/3 compo-
nents of the TGF-§ signaling pathway, as previously described (11).
The tissue sections were deparaffinized with xylene and graded con-
centrations of ethanol (80-100%) and then rehydrated. Endogenous
peroxidase activity was blocked with 3% hydrogen peroxide for 15
min. For antigen retrieval, the sections were heated in a microwave
for 10 min in citrate buffer (Biogenex, San Ramon, CA). The sec-
tions were rinsed with phosphate-buffered saline and incubated
with the following primary antibodies: activated macrophage
marker ED1 (MCA341 1:100, Serotec, Oxford, UK), TGF-g1,
Smad 3, and phosphorylated Smad 2/3 (Santa Cruz Biotechnology,
Santa Cruz, CA) overnight at 4°C. The slides were then incubated
with the appropriate secondary antibodies for 30 min at room tem-
perature. The sections were then incubated with ABC-Elite (Vector
Laboratories, Burlingame, CA), washed three times in phosphate-
buffered saline for 5 min, following each incubation with an anti-
body. The sections were developed with diaminobenzidine working
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Fig. 1. (a) Circulating SM16 levels during 2 weeks of ad libitum
dosing of 0.07 and 0.15 g/kg SM16 chow. Sprague-Dawley rats
(n = 3) were given SM16 chow ad libitum for 14 days. Plasma
SM16 levels determined at 7 and 14 days. (b) Circulating SM16
levels during 24-h circadian period determined after administration
of 0.07 g/kg SM16 chow for 4 days. Jugular vein—catheterized
Sprague-Dawley rats (n = 3—6) were given SM16 chow ad libitum,
and plasma was drawn every 2 h for 24 h. Data shown as average
and standard error of mean.

solution (Laboratory Vision, Fremont, CA) and then counterstained
with hematoxylin (Fisher Scientific, Pittsburgh, PA).

Lung damage analysis

Radiation-induced fibrosis was quantified on hematoxylin-eosin—
stained sections (17). The slides were systematically scanned in
a microscope, and 10 representative fields were selected using
a low-power objective lens. The extent of radiation-induced fibrosis
for each field was graded on a scale of 0 (normal lung) to 8 (total
fibrous obliteration of the field) (18). The average score was calcu-
lated for each rat and each group.

The immunoreactivities of TGF-3, ED1, and 8-hydroxydeoxygua-
nosine (8-OHAG) were assessed semiquantitatively and scored on
a scale of 0 to 3 in increments of 0.5, according to the extent and in-
tensity of staining (17) (Table 1). The extent of staining was assessed
as the number of stained cells/100 total cells with 40x magnification.
In addition, the intensity of staining was scored as 0, no staining; 1,
weak staining; 2, moderate staining; and 3, strong staining.

Normalized Body Weight
1.500 —e— Control
1.450 —=— Control + 0.07|
’ Chow
. 1400 Control + 0.15
5, 1.350 Chow
© | RT + Control
= 1.300 Chow
q>) 1.250 A —— RT +0.07
£ 1200 Chow
% 1150 —e— RT +0.15
r - ) Chow
1.100 4 —+— RT + 3 Wks
0.07 Chow
1.050 —— RT +3 Wks
1.000 T T T T T T T T 0.15 Chow
0 3 6 9 12 15 18 21 24
Week

Fig.2. Animal body weights. Body weights were measured for each
rat before and once weekly for 26 weeks after radiotherapy (RT). RT
plus control group weight significantly lower than that of RT plus
0.15 g/kg chow group for Weeks 3-26 and also RT plus 3 weeks
of 0.15 g/kg chow group for every week (Weeks 1-26). Data ex-
pressed as relative weight using pre-RT weight as normalization.

Quantification of SM16 in plasma

The concentration of SM16 in plasma was analyzed by high-
performance liquid chromatography on a MercuryMS Synergi
2.5u Max-RP (2.0 x 20 mm) column (Phenomenex, Torrance,
CA) followed by mass spectrometry on a triple quadrupole mass
spectrometer (SCIEX API 4000, Applied Biosystems, Foster City,
CA) equipped with a Turbo Ion Spray probe operated in positive
ion mode. Plasma SM 16 was first subjected to solid phase extraction
on an Oasis HLB pElution SPE plate (Waters, Milford, MA) pre-
conditioned with methanol and water (SPE), washed with 5% meth-
anol, and eluted with acetonitrile/isopropanol (40:60). The samples
were further diluted with 20:80:0.1 acetonitrile/water/formic acid
(vol/vol/vol) before analysis by liquid chromatography/mass spec-
trometry/mass spectrometry (LC/MS/MS) using multiple reaction
monitoring. Data were collected and processed using Analyst,
version 1.4.1 (Applied Biosystems).

Statistical analysis

The data are presented as the mean + standard error of the mean
for each parameter. The two-tailed Student’s 7 test was used to test
the significance of any differences between groups. A p value of
<0.05 was considered significant.

RESULTS

Circulating SM16

The rats administered SM16 chow ad libitum for 2 weeks
showed similar plasma levels of SM16 at 7 and 14 days.
The plasma levels of SM16 showed a consistent delivery of
800-1,000 ng/mL of SM16 at a dose of 0.07 g/kg SM16 in
chow and approximately 2,100 ng/mL of SM16 at a dose of
0.15 g/kg SM16 in chow after 7 and 14 days (Fig. 1a). Addi-
tionally, the effect of a potential variation in feeding during
the 24-h circadian light cycle was determined by sampling
multiple points during the 24-h cycle after 4 days of SM16
chow. Although a slight decrease in plasma levels appeared
during the early afternoon, overall, the circulating levels of
SM16 varied no more than 1.6-fold during the 24-h period
(Fig. 1b). Because the circulating SM16 level was similar
after 4, 7, and 14 days of dosing, SM16 chow administration
began 7 days before RT to achieve steady state exposure
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Fig. 3. (a). Breathing frequency data displayed for all treatment
groups. Respiratory rates of each rat obtained before radiotherapy
(RT) and every 2 weeks after RT for 26 weeks. (b) Breathing fre-
quencies only for groups receiving control chow and 0.15 g/kg
chow. Significant difference found between RT plus control chow
group and RT plus 0.15 g/kg chow group from Weeks 10-22 (p <
0.05). No significant difference found between groups receiving
no RT. Respiratory rates of each rat obtained before RT and every
2 weeks after RT for 26 weeks.

levels. The effect of SM16 at doses of 0.07 and 0.15 g/kg on
rats receiving RT and sham-RT was determined as detailed in
the following sections.

Body weight

As an indication of systemic toxicity of radiation-induced
lung injury, the rats’ body weight was measured at baseline
and then weekly until death (Fig. 2). The rats receiving RT
plus control chow had a significantly lower body weight
than either the rats receiving RT plus high-dose chow for the
duration of the experiment (p <0.05 for Weeks 3-26) or the
group receiving RT plus 3 weeks of high-dose chow followed
by control chow (p <0.05 for Weeks 1-26). Figure 2 demon-
strates that consumption of SM16 in the doses used in this
experiment did not result in weight loss in any animal group.

Breathing frequency
The changes in breathing frequency with time, as a mea-
sure of global pulmonary function, are displayed in Fig. 3.

Fig. 4. Semiquantitative scoring for lung tissue damage. Radiother-
apy plus control rats had significantly greater amount of damage
compared with radiotherapy plus 0.15 g/kg chow rats (5.17 £
0.22 vs. 3.29 £ 0.11, p = 0.016). Scoring scale included in graph;
error bars indicate standard error of mean.

None of the unirradiated groups had a significant change in
breathing frequency over time. In all the irradiated groups,
a significant increase (p <0.05) was found in the respiratory
rate compared with that of the unirradiated controls. The
increase began 4 weeks after RT and continued for the dura-
tion of the experiment. The average breathing frequencies at
Weeks 10-22 after RT in the RT plus high-dose chow group
was significantly lower than that in the RT plus control chow
group (Fig. 3b). Other treatment groups did not show as con-
sistent a benefit from the drug and were only significantly
lower than the RT plus control chow group at certain points
(i.e., RT plus low-dose chow group at Weeks 10, 14, and 20;
RT plus 3 weeks of low-dose chow group at Weeks 2 and 4;
and RT plus 3 weeks of high-dose chow group at Weeks 4,
10, 16, and 20).

Structural injury

Damage to the structure and integrity of the right lung, as
an indication of the ability of SM16 to preserve normal
pulmonary architecture, is shown in Figs. 4 and 5. The RT
plus high-dose chow group (3.29 + 0.11) displayed signifi-
cantly less damage than the RT plus control chow group
(5.17 £ 0.22, p = 0.016) at 6 months after RT. However, at
the same point, no significant difference was found between
the RT plus low-dose chow group (4.00 £ 0.12, p = 0.098)
and the RT plus control chow group. No significant protec-
tion was visible in the RT plus 3 weeks of low-dose chow
group (4.14 £ 0.22, p = 0.23) or in the RT plus 3 weeks of
high-dose chow group (3.83 + 0.14, p = 0.065). Figure 5
displays the histologic changes at 6 months. Evidence of a re-
duction in all measures of lung injury was found with both
high- and low-dose SM16. The effect of high-dose SM16
seemed to be more pronounced.

TGF-(3 expression

Transforming growth factor-g is itself known to be a TGF-
B—inducible gene in certain circumstances, which could
contribute to increased tissue injury after exposure to ioniz-
ing radiation. Therefore, we measured the expression of
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Fig. 5. (a) Histopathologic and immunohistochemical demonstration of protective effect of treatment with SM16 for 6
months. Columns, from left to right, display control group (no radiotherapy [RT] plus control chow), RT group (no
drug), RT plus low-dose drug, and RT plus high-dose drug. Rows, from top to bottom, display expression of 8-OHdG
(measure of overproduction of reactive oxygen species), integrin av(36 (activator of transforming growth factor [TGF]-
G in the lung), TGF-$1, Smad 3 (component of TGF-§ signaling pathway), phosphorylated, or active, form of pSmad
2/3 (signaling protein), and activated macrophages. Reduction found in all measures of lung injury with both low- and
high-dose SM16 compared with RT-alone group, although effect of high-dose therapy was more pronounced (16). (b) His-
topathologic and immunhistochemical demonstration of protective effect of treatment with SM16 for 6 months. Columns,
from left to right, display control group (no RT plus control chow), RT group (no drug), RT plus low-dose drug, and RT
plus high-dose drug). Top row shows hematoxylin-eosin (H&E) staining. Bottom row shows Masson’s trichrome staining
(collagen is blue). Reduction in collagen expression found with both low- and high-dose SM16 compared with RT-alone
group, although effect of high-dose therapy was more pronounced.
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Effect of SM16 Treatment for 6 Months
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Fig. 5. (Continued)

TGF-(, as well as the effect of SM16 on its expression. As
shown in Fig. 6, a significant increase occurred in TGF-31
expression at 6 months after RT for all RT groups compared
with the sham RT plus control chow group. However, the RT
plus high-dose chow rats (1.20 + 0.06) had significantly
lower TGF-B1 expression than did the RT plus control
chow rats (2.42 4+ 0.13, p = 0.012). The RT plus high-dose
chow rats also had significantly lower expression than did
the lower drug dose group of RT plus 0.07 g/kg chow
(2.00 £ 0.09, p = 0.018). However, no difference was found
between the RT plus control chow and RT plus low-dose
chow groups (p = 0.33). The RT plus 3 weeks of high-dose
chow rats (1.58 £ 0.06, p = 0.054) and RT plus 3 weeks of
low-dose chow animals (1.83 £ 0.09, p = 0.17) also showed
no significant difference in expression compared with the RT
plus control chow groups.
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Fig. 6. Transforming growth factor (TGF)- activity. Semiquantita-
tive scoring of immunohistochemical staining for TGF-61 in right
lung at 6 months. Radiotherapy (RT) plus control chow and RT
plus 0.07 g/kg chow rats had significantly more TGF-g than did
RT plus 0.15 g//kg chow rats. Scoring scale included in graph; error
bars indicate standard error of mean.

ED] staining

Macrophages are a key cellular component of the tissue
response to ionizing radiation and are involved in cytokine
release, activation, and maintenance of a chronically hypoxic
environment that promotes chronic injury. The macrophage
response was assessed using semiquantitative scoring of im-
munohistochemical staining for the macrophage marker ED1
(Fig. 7a). At 6 months, a significant reduction in macrophage
response was found in RT plus low-dose chow (1.857 =+
0.05, p = 0.048) and RT plus high-dose chow (1.50 +
0.07, p = 0.006) groups compared with RT plus control
chow group (2.42 £ 0.08; Fig. 8). The rats receiving RT
plus 3 weeks of high-dose chow also experienced a significant
reduction in macrophage response (1.75 £ 0.04, p = 0.02),
although those receiving RT plus 3 weeks of low-dose
chow did not (1.83 + 0.09, p = 0.07).

S8OHdG staining

Exposure to ionizing radiation results in chronic overpro-
duction of reactive oxygen species, contributing to the suste-
nance of the injury phenotype. Immunohistochemical
staining for the free radical marker of DNA/protein oxida-
tion, 80OhdG, revealed that the RT plus high-dose chow group
(1.25 £0.25, p = 0.035) experienced a significant decrease in
free radical production compared with that of the RT plus
control chow group (2.33 £ 0.36) at 6 months after RT.
The RT plus low-dose chow group (1.70 £ 0.37, p = 0.25),
RT plus 3 weeks of low-dose chow group (1.75 4 0.28,
p = 0.23), and RT plus 3 weeks of high-dose chow group
(1.88 £ 0.38, p = 0.40) all experienced no significant change
in free radical production at 6 months compared with the RT
plus control chow group (Fig. 7b).

Smad3 expression

Smad 3 is the downstream effecter of TGF-§ signaling,
known to be important in the development of fibrosis after
exposure to ionizing radiation. Immunohistochemical
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Fig. 7. (a) Macrophage activation (ED1 staining). Semiquantitative scoring of immunohistochemical staining for macro-
phage marker ED1 in right lung at 6 months. Radiotherapy (RT) plus 0.07 g/kg chow and RT plus 0.15 g/kg chow rats had
significantly less macrophage activation than did RT plus control chow rats. (b) Free radical production (8-hydroxydeox-
yguanosine [8-OHdG] staining). Semiquantitative scoring of immunohistochemical staining for free radical marker
8-OHdG in right lung at 6 months. Only RT plus 0.15 g/kg chow rats had significantly less free radical production than
did RT plus control chow rats. (c) Smad 3 expression. Semiquantitative scoring of immunohistochemical staining for sig-
naling protein Smad 3 in right lung at 6 months. Significant reduction in Smad 3 expression in both high-dose chow groups
compared with RT plus control chow group. (d) Phosphorylated Smad 3 expression. Semiquantitative scoring of immu-
nohistochemical staining for activated form of signaling protein Smad 3 (pSmad 2/3) in right lung at 6 months. Significant
reduction in Smad 3 expression in both groups receiving SM16 for 6 months compared with RT plus control chow group.
(e) Integrin expression. Semiquantitative scoring of immunohistochemical staining for transforming growth factor (TGF)-8
activator integrin av(6 in right lung at 6 months. Significant reduction in integrin expression in both groups receiving
SM16 for 6 months compared with RT plus control chow group. Scoring scale included in graphs; error bars indicate
standard error of mean.

staining for Smad3 demonstrated a significant reduction in
positive expression 6 months after RT between the RT plus
control chow group (1.80 £ 0.12) and the RT plus high-
dose chow group (0.88 £ 0.13, p = 0.001). However, no re-
duction was found between the RT plus control chow group
and the RT plus low-dose group (1.42 + 0.15, p = 0.08).
Also, a significant decrease in positive expression was found
in the RT plus 3 weeks of high-dose chow group (1.38 £
0.13, p = 0.046) compared with the RT plus control chow
group, but not in the RT plus 3 weeks of low-dose chow
group (1.50 £+ 0.21, p = 0.26; Fig. 7c).

Phosphorylated Smad2/3 expression

To transmit the signal initiated by the binding of TGF-£
to its transmembrane receptors, Smad 3 must be phosphor-
ylated to its active form. At 6 months after RT, a significant
reduction had occurred in phosphorylated Smad 2/3 expres-
sion between the RT plus control chow group (2.38 + 0.24)
and the RT plus high-dose chow group (1.33 £ 0.21,
p = 0.028), as well as between the RT plus control chow
group and the RT plus low-dose chow group (1.57 &£ 0.25,
p = 0.049). Neither the RT plus 3 weeks of high-dose chow
group (1.67 = 0.17, p = 0.06) nor the RT plus 3 weeks of
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low-dose chow group (1.63 + 0.24, p = 0.068) exhibited
a significant decrease in positive expression (Fig. 7d).

Integrin avB6 expression

The upregulation of integrin av36 can cause an increase in
the mature form of TGF-g. It also has been shown to be in-
volved in the activation of TGF-{ in the lung. A significant
decrease in integrin av(36 expression was found at 6 months
after RT between the RT plus control chow group (2.33 £
0.17) and the RT plus high-dose chow group (1.17 £ 0.21,
p = 0.004) as well as between the RT plus control chow
group and the RT plus low-dose chow group (1.60 £ 0.19,
p = 0.028). However, no significant reduction in positive ex-
pression was found in the RT plus 3 weeks of high-dose
chow group (1.80 £ 0.20, p = 0.09) and the RT plus 3 weeks
of low-dose chow group (1.90 £ 0.19, p = 0.13) when either
was compared with the RT plus control chow group
(Fig. 7e).

DISCUSSION

The lung is one of the most sensitive tissues to ionizing ra-
diation (1), and subclinical or overt injury to the lung is a com-
mon consequence of high-dose RT (19-21). Clinically,
radiation-induced lung injury is typically divided into two
phases: pneumonitis and fibrosis. The former usually de-
velops within 3 months of RT completion and tends to re-
solve with treatment. The fibrotic phase tends to manifest
>3 months after treatment, might or might not have been pre-
ceded by symptomatic pneumonitis, and might or might not
produce symptoms, depending on the extent of the damage
(20, 21). The fibrotic response has been thought to be irre-
versible, but recent evidence has suggested, at least in skin
and underlying connective tissue, that radiation-induced
fibrosis might be partially reversible (22). Whether radia-
tion-induced fibrosis in the lung is reversible once established
is not known. Biologically, however, the molecular events
leading to the development of lung injury do not demonstrate
a latent period, but rather begin immediately after the initial
radiation exposure (23). Multiple cellular elements are in-
volved in this process (24) and release the various cytokines
and chemokines involved in the wound healing process (25).
Also important, but not as well understood, are genetic fac-
tors, which could predispose individuals to injury (26).
Chronic radiation injury is, essentially, a disorder of wound
healing, and increasing evidence has shown that the injury
phenotype is sustained by chronic inflammation and hypoxia,
resulting in overexpression and activation of TGF-3, which
leads to parenchymal cell depletion and excess fibrosis (6,
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27). Thus, targeting the TGF-3 pathway might be an impor-
tant strategy in the prevention of radiation-induced fibrosis
(10, 12, 28-31).

The present study, to our knowledge, is the first to report
on the use of a small molecular receptor kinase inhibitor tar-
geting the TGF-( pathway to prevent the development of
radiation-induced lung injury in rats. Our study had two im-
portant findings. First, the drug was successful in reducing
the severity of radiation-induced lung injury, particularly at
the greater dose of 0.15 mg/kg, without noticeable toxicity.
The rats treated with high-dose SM16 were less short of
breath and had less chronic oxidative stress, less TGF-8 ex-
pression, and less fibrosis than either the control rats or rats
treated with low-dose SM16. The drug did not completely
eliminate injury, because all measures of injury were greater
in the irradiated rats than in the unirradiated controls. This
finding is consistent with the results of studies using different
approaches to blocking the TGF-( pathway (10, 12), suggest-
ing that an optimal dosing schedule has not yet been
achieved, other TGF-f—independent pathways might need
to be targeted, or that TGF-§ is activated, in part, through
a different pathway (32).

The second important finding was that long-term adminis-
tration of the drug was more effective in eliminating radiation-
induced lung injury than was short-term administration. This
finding is consistent with the molecular data suggesting
that radiation-induced injury is a chronic phenomenon. The
optimal duration of therapy to prevent radiation-induced
injury ultimately will need to be determined in prospective
clinical trials. The available human clinical data would
suggest that for established injury, short-term therapy is asso-
ciated with a greater rate of relapse than long-term therapy
(22, 33). The animal data would suggest that this might also
be the case for the prevention of injury. However, as yet, no
comparisons have been made of short- vs. long-term drug
administration for the prevention of radiation injury.

CONCLUSION

The results of our study have shown that a small mole-
cular inhibitor of the type 1 TGF-8 receptor was effective
in reducing the extent of radiation-induced lung injury in
a rat model. Targeting the TGF-8 pathway appears to be
a promising strategy to prevent the development of radia-
tion-induced fibrosis and might ultimately result in improve-
ment of the therapeutic ratio for patients with thoracic
malignancies.
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