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Abstract

Radiation-induced pulmonary fibrosis (RIF) is a severe
complication of thoracic radiotherapy that limits its dose, intensity,
and duration. The contribution of the endocannabinoid signaling
system in pulmonary fibrogenesis is not known. Using a well-
established mouse model of RIF, we assessed the involvement of
cannabinoid receptor-1 (CB,) in the onset and progression of
pulmonary fibrosis. Female C57BL/6 mice and CB; knockout mice
generated on C57BL/6 background received 20 Gy (2 Gy/min)
single-dose thoracic irradiation that resulted in pulmonary fibrosis
and animal death within 15 to 18 weeks. Some C57BL/6 animals
received the CB; peripherally restricted antagonist AM6545 at 1 mg/kg
intraperitoneally three times per week. Animal survival and
parameters of pulmonary inflammation and fibrosis were evaluated.
Thoracicirradiation (20 Gy) was associated with marked pulmonary
inflammation and fibrosis in mice and high mortality within 15

to 18 weeks after exposure. Genetic deletion or pharmacological
inhibition of CB; receptors with a peripheral CB; antagonist
AM6545 markedly attenuated or delayed the lung inflammation and
fibrosis and increased animal survival. Our results show that CB,
signaling plays a key pathological role in the development of

radiation-induced pulmonary inflammation and fibrosis, and
peripherally restricted CB; antagonists may represent a novel
therapeutic approach against this devastating complication of
radiotherapy/irradiation.
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Clinical Relevance

We report for the first time the involvement of cannabinoid
receptor 1 (CB;)-mediated signaling in the onset and
progression of radiation-induced pulmonary fibrosis (RIF).
We were able to delay the onset of RIF by genetic targeting of
CB, receptors as well as by its pharmacological inhibition.
Thus, pharmacological targeting of CB; receptors with
peripherally restricted CB; antagonists void of central nervous
system complications may represent a novel strategy to
prevent the development of RIF.
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Radiation-induced pulmonary fibrosis (RIF)
is a severe dose-limiting complication of
thoracic radiotherapy. In most cases, RIF
is preceded by radiation pneumonitis,

but sometimes RIF can develop years

after radiotherapy without symptomatic
manifestations of early pulmonary
inflammation. Regardless the extensive

use of stereotactic radiotherapy, which
limits the exposure of normal lung tissue
to irradiation, as many as 35% of patients
with lung cancer and breast cancer receiving
thoracic radiotherapy develop radiation
pneumonitis and are at strong risk of
developing RIF months and years after
initial radiotherapy (1-3). This risk of
developing RIF limits the dose and intensity
of irradiation, thus leaving a chance for

a noncomplete removal of neoplasia by
radiosurgery. Patients undergoing total
body irradiation before bone marrow
transplant are also at risk for developing
radiation pneumonitis and RIF (3-4).
When developed, pulmonary fibrosis is
incurable and leads to partial loss of
pulmonary functions or even to cor
pulmonale (heart failure due to a long-
term increase in pressure in pulmonary
arteries) when significant lung areas are
affected.

Unfortunately, pulmonary fibrosis,
including RIF, is resistant to the
available, mostly symptomatic, therapeutic
approaches (5, 6). Lung transplantation
is often the only option available to treat
this devastating condition, and its benefits
are limited. Therefore, new strategies
leading to reversal or delay of the
progression of pulmonary fibrosis are
desperately needed. Within a complex
family of pulmonary fibrotic diseases,
RIF stands alone as the only nongenetic
fibrotic disease when time and origin of
the insult leading to the development of
pulmonary fibrosis are known. Therefore,
animal models of RIF provide a direct
view of the events leading to RIF in
patients undergoing radiotherapy and
allow in-depth investigation of these
devastating consequences of thoracic
irradiation.

Cannabinoid receptor-mediated
signaling emerges as a novel signaling
pathway regulating fibrogenesis. Both
cannabinoid receptor-1 (CB;) and
cannabinoid receptor-2 (CB,) were
recently implicated in pathogenesis of
skin (7-10), liver (11-14), cardiac (15),
and renal (16) fibrotic proliferative
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diseases. However, the role of the
endocannabinoid system in pulmonary
fibrogenesis remains enigmatic. Herein,
using a well-established mouse model of
RIF, we demonstrate that CB; receptors
are directly implicated in RIF and that RIF
progression can be delayed by selective
targeting of peripheral CB; receptors
using the brain-impenetrable novel CB;
antagonist AM6545.
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Materials and Methods

Animals and Reagents

All animal experiments were approved by
the University of Illinois at Chicago Animal
Care and Use Committee. Female C57BL/6
mice (8-10 wk old) were purchased from
Jackson Laboratory (Bar Harbor, ME).
Female CB, /™ mice (on C57BL6/J
background) were provided by the National
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Figure 1. Pharmacological or genetic targeting of cannabinoid receptor-1 (CB,) decreases radiation-
induced pulmonary inflammation in mice administered a single thoracic dose (20 Gy) of irradiation.
Here and thereafter, lung tissues from control, irradiated (20 Gy, thoracic, 2 Gy/min), AM6545-
treated, and CB; ~/~ mice were taken when solvent-treated irradiated C57BL/6 mice reached
radiation-induced pulmonary fibrosis (RIF) stage. (A) Lung tissue immune cell infiltration is decreased
in animals that received the peripheral CB; antagonist AM6545 (1 mg/kg intraperitoneally three times
per week) and in CB; ™/~ mice. Hematoxylin and eosin staining of lung sections (representative
images; original magnification: X200). (B and C) BAL fluid was collected and assessed for total
protein and cell counts. Compared with irradiated control animals, CB; receptor inhibition with
AMB545 or the lack of functional CB; receptors in knockout animals substantially decreased
bronchoalveolar lavage (BAL) cell count (B) and protein concentration (C). (D and E) Lung tissue
TNF-a messenger RNA (mMRNA) level (D) and TNF-a BAL level (E) are up-regulated at RIF stage and
normalized by CB; inhibition with AM6545 or in CB; ~/~ animals. ***P < 0.001 versus nonirradiated
control animals. *P < 0.01 and ##P < 0.001 versus irradiated control animals. N.S., not significant.
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Institute on Alcohol Abuse and Alcoholism
(NIAAA) (Intramural Research Program
of NIH/NIAAA, Rockville, MD). CB,
antagonist AM6545 [5-(4-(4-cyanobut-1-
yn-1-yl)phenyl)-1-(2,4-dichlorophenyl)-
N-(1,1-dioxidothiomorpholino)-4-methyl-
1H-pyrazole-3-carboxamide] was provided
by Dr. A. Makriyannis (Center for Drug
Discovery, Northeastern University,
Boston, MA). Halt protease inhibitor
cocktail and a BCA protein determination
kit were purchased from Fisher Scientific
(Pittsburgh, PA). The Sircol Soluble
Collagen Assay kit was purchased from
Biocolor (Carrickfergus, UK). All
antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA).

Animal Model of Radiation-Induced
Pulmonary Fibrosis and AM6545
Administration

Mice were anesthetized with ketamine
(100 mg/kg) and xylazine (0.5 mg/kg)

and administered radiation (20 Gy at the
rate of 2 Gy/min) to the thorax as described
previously (17). AM6545 (1 mg/kg
intraperitoneally as a solution in 2%
Tween-80 in saline) was administered
three times per week starting 2 hours before
irradiation. Control mice received just the
solvent. For survival and biochemical/
histological studies, mice were considered
“dead” when loosing 25% body weight at
the end of RIF phase. For biochemical and
histological comparison of nontreated and
treated C57BL/6 mice and CB, '~ mice,
the same number of animals from each
group was killed in a dependent fashion
each time an animal in a control irradiated
nontreated C57BL/6 group reached
termination criterion (25% body weight
loss). The “paired to control group” animals
were selected based on the biggest decline
in their body weight or at random if

the body weight was not yet declining.
Bronchoalveolar lavage (BAL) was collected
by washing the lungs twice with 1 ml HBSS
without calcium and magnesium (only

the first BAL portion was used as “BAL”
preparation; the second portion was needed
to ensure maximum cell recovery) followed
by blood collection via cardiac puncture,
vascular system cleaning by perfusion

with 10 ml HBSS without calcium and
magnesium through the pulmonary artery,
and lung tissue collection. The development
of pulmonary fibrosis was assessed
histologically by staining lung tissue slices
with Sirius Red for collagen deposition and
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by microscopic evaluation, by measuring
acid-soluble collagen content (per Biocolor
instructions), and by determining the
expression of a-smooth muscle actin
(a-SMA) and collagen a2 type I (by
Western blotting) in the lung. Before
biochemical analyses, the harvested lung
tissues were pulverized in liquid nitrogen
to ensure sample homogeneity.

Immunoblotting
Lung tissue lysis and immunoblotting
was performed as described elsewhere (18).

Statistical Analyses
Each animal group contained at least five
animals. One-way ANOVA was used to
determine statistical differences between
groups. Post hoc Student t test was used
where appropriate. A comparison of
survival between different groups of
animals was performed using
Kaplan-Meier analysis. A GraphPad
Prizm 5.02 package was used for statistical
analyses. Differences between groups
were considered statistically significant
at P < 0.05. Results are expressed as
means * SEM. Cluster analysis of gene
expression data was performed using the
Bio-Rad CFX software package (Bio-Rad,
Hercules, CA).

Details of RNA isolation, real-time RT-
PCR analysis, and cytokine quantification
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by ELISA are provided in the online
supplement.

Results

Genetic Deletion or Pharmacological
Inhibition of CB, Attenuates RIF-
Associated Pulmonary Inflammation
To define the role of CB; receptors in
RIF, we compared the effect of thoracic
irradiation (20 Gy, 2 Gy/min) on female
C57BL/6 mice treated with the peripherally
restricted selective CB; antagonist AM6545
(19-21) (1 mg/kg, three times per week
intraperitoneally) or solvent (2% Tween-80
in saline). Treatment was initiated 2 hours
before irradiation and continued until
animals were killed. Animals were killed
and considered “dead for the purpose of
the study” at the terminal stage of RIF
development when mice lose 25% their
body weight and developed massive
pulmonary fibrosis and inflammation. In
C57BL/6 mice this happens between 15
and 20 weeks after irradiation when a
20-Gy single irradiation dose is applied to
the thorax at the rate of 2 Gy/min with
the head, abdomen, and lower part of the
body shielded (18).

When developed, RIF in mice is
characterized by significant collagen
deposition in pulmonary interstitium
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Figure 2. Pharmacological or genetic targeting of CB4 receptors decreases radiation-induced
oxidative and nitrative stress in the lung. Lung tissues were stained for markers of oxidative
(4-hydroxynonenal [4-HNE]) and nitrative (S-nitrotyrosine) stress. RIF results in a marked increase in
lipid peroxidation (4-HNE staining) and protein nitrosylation (nitrotyrosin staining) (original
magnification: X200). Animal treatment with AM6545 or the lack of CB; receptors substantially
decreases lung tissue reactive oxygen species and reactive nitrogen species formation, as evidenced
by normalization of tissue staining for 4-HNE and nitrotyrosine (representative images are shown).
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(18, 22, 23). To define the role of CB,
receptors in RIF progression, we analyzed
lung tissues and BAL fluids collected from
AM6545-treated C57BL/6 mice and from
CB, ™'~ mice for collagen deposition,
expression of fibrotic markers, and cellular
and humoral markers of inflammation.
Because irradiated animals attained RIF
stage within a relatively wide time window
(mostly between 15 and 19 wk), animals
from the C57BL/6 control, AM6545-treated,
or CB, '~ groups were killed, and lung
tissue and BAL were collected each time an
animal from the irradiated C57BL/6 group
attained 25% body weight loss. This
collection pattern allowed minimizing data
spread and creating coherent sets of data.
RIF development is accompanied
by escalating pulmonary inflammation
characterized by increased vascular leakiness,
immune cell infiltration into the lung, and
local and systemic increase in the expression of
multiple inflammatory cytokines (18, 22, 23).
We found that the inhibition of CB;-
mediated signaling by AM6545 or the lack of
functioning CB, receptors markedly reduced
immune cell infiltration into the lung tissue
(Figure 1A), the amount of cells recovered
from alveolar lumens into BAL (Figure 1B),
and the protein level in the BAL (Figure 1C).
This was accompanied by attenuation of
the tissue mRNA level of proinflammatory
cytokine TNF-a (Figure 1D) and by
a marked decline of TNF-a level in BAL
(Figure 1E). Lymphocyte infiltration was
significant at RIF stage in nontreated CB,
mice, but the lack of functioning CB;
receptors in CB; '~ mice did not affect
lymphocyte percentage within the
population of infiltrating cells (see Figure
El in the online supplement). Interestingly,
the long-term (5 mo) application of
AMG6545 markedly decreased lymphocyte
percentage in BAL from irradiated animals
(Figure E1).

+/+

Genetic Deletion or Pharmacological
Inhibition of CB, Attenuates RIF-
Associated Pulmonary Oxidative and
Nitrative Stress

The inflammatory response is associated
with increased reactive oxygen species

and reactive nitrogen species production by
immune cells (24, 25). Lung tissue staining
for 4-hydroxynonenal and nitrotyrosine,
markers of tissue oxidative and nitrative
stress, were substantially increased in
control irradiated C57BL/6 mice at

RIF stage (Figure 2). RIF-associated

558

up-regulation of both markers of oxidative/
nitrative stress was markedly attenuated by
pharmacological inhibition or by genetic
deletion of CB, (Figure 2).

Genetic Deletion or Pharmacological
Inhibition of CB, Attenuates
Radiation-Induced Pulmonary

Fibrosis
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fibrosis, such as transforming growth factor-
B, the connective tissue growth factor,
a-SMA, and collagen a2 type I, showed
substantial increase in mRNA expression
of these fibrosis-associated proteins at RIF
stage (Figure 3A). Cluster analysis of
dysregulation in gene expression associated
with active fibrogenesis and inflammation
at RIF stage clearly demonstrated
attenuation of profibrotic changes by
inhibition of CB, receptors with the
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Figure 3. Pharmacological or genetic targeting of CB4 normalizes radiation-induced dysregulation
in the expression of genes associated with active fibrogenesis and inflammation at RIF stage.

(A) Lung tissue mRNA levels for genes linked to active fibrogenesis were quantified by quantitative
RT-PCR (gRT-PCR), and their expression was normalized to that of 18S. The normalized
expression of each gene was further normalized to the gene expression in solvent-treated
control C57BL/6 mice. *P < 0.05, **P < 0.01, and **P < 0.001 versus nonirradiated control animals.
P <0.05, ™P < 0.01, and P < 0.001 versus irradiated control animals. (8) Cluster analysis of
the effect of pharmacological or genetic targeting of CB; receptors on dysregulation in the
expression of genes associated with active fibrogenesis and inflammation at RIF stage. Cluster
analysis was performed using BioRad software for processing qRT-PCR data. a-SMA, a-smooth
muscle actin; AM, AMB545; Coll-1, collagen a2 type I; CTGF, connective tissue growth factor;
IRRAD, irradiation; Solv, solvent; TGF-B, transforming growth factor B.
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peripherally restricted CB; antagonist
AMS6545 or by the lack of CB; receptors
in CB,/~ animals (Figure 3B). In
parallel to up-regulated gene expression,
RIF was characterized by the increased
lung tissue collagen deposition

(Figure 4A, Sirius red staining), acid-
soluble collagen content (Figure 4D),
and protein expression of a-SMA and
collagen a2 type I (Figures 4B-4D).
Collectively, the peripherally restricted
CB; antagonist AM6545 or the deletion
of CB; receptors markedly attenuated the
expression of these profibrotic markers
at both mRNA and protein levels (Figures
3 and 4).

The Peripherally Restricted CB,
Antagonist AM6545 or Genetic
Deletion of CB; Receptors Improves
Survival of Mice Subjected to
Thoracic Irradiation

Control female C57BL/6 mice subjected
to 20 Gy (2 Gy/min) thoracic irradiation
die predominantly between 15 and 18
weeks after irradiation. The treatment
of animals with AM6545 statistically
significantly prolonged animal survival
by 2 to 3 weeks in comparison to solvent-
treated irradiated control mice (Figure 5).
To further confirm the role of CB,;
receptors in pulmonary RIF, we subjected
female global knockout CB, /™ mice
generated on the same C57BL/6 background
(Intramural Research Program of NIH/
NIAAA) to the same dose and intensity
of thoracic irradiation (20 Gy, 2 Gy/min).
Animals received solvent treatment in the
same way as it was done to C57BL/6
mice. As shown in Figure 5, the lack

of functioning CB; receptor provided
significant extension in animal survival
that superseded that provided by
AM6545.

Thus, our data clearly demonstrate
the involvement of CB; receptors in the
process of radiation-induced pulmonary
fibrogenesis and support the notion that
pharmacological or genetic targeting
of CB, receptor-mediated signaling
represents a novel strategy to alleviate
long-term deleterious consequences of
high-dose irradiation to the lung.

Discussion

RIF represents the most deleterious side-
effect of thoracic radiotherapy and is capable
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Figure 4. Pharmacological or genetic targeting of CB; decreases radiation-induced pulmonary fibrosis in
mice administered a single thoracic dose (20 Gy) of irradiation. (A) Collagen deposition is decreased in
animals that received the peripheral CB; antagonist AM6545 (1 mg/kg intraperitoneally three times

per week) and in CB; ™/~ mice. Sirius red staining of lung sections. (B-D) The lung tissue levels of the
markers of fibrogenesis a-SMA (B), Coll a2 (C), acid-soluble collagen (D), and BAL level of TGFB (E) are
decreased or completely normalized in C57BI/6 mice treated with AM6545 and in CB; ™/~ mice. GAPDH,
glyceraldehyde 3-phosphate dehydrogenase. *P < 0.05, *P < 0.01 versus irradiated control animals.

of leading to cor pulmonale within a few
years after patient treatment. Being part of
the process called “radiation-induced lung

injury,” RIF is preceded in most cases with
radiation pneumonitis but can develop
without prior manifestations of pulmonary
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Figure 5. Pharmacological or genetic targeting of CBy improves survival of mice subjected
to thoracic irradiation. Female C57BL/6 (CB;™'™) or CB; ™/~ mice weighing 18 to 22 g were
subjected to a single 20 Gy (2 Gy/min) dose of thoracic irradiation. Some animals received
AMB545 (1 mg/kg intraperitoneally three times per week) as a solution in 2% Tween-80 in
saline; control mice received just the solvent. Inhibition of CB; receptors with AM6545 or the
lack of CB; receptors extended animal survival. Statistical difference was calculated using

a log-rank (Mantel-Cox) test.

inflammation. Noncontrolled “healing”
of normal lung tissue in response to
radiation-induced damage leads to
excessive matrix deposition in the
alveolar space that excludes the affected
area of the lung from air exchange.

RIF represents a special concern when
significant lung areas are subjected to
radiotherapy and when concomitant
chemotherapy is applied that increases
the risk of RIF development (26, 27).
RIF is incurable, and all efforts are
required to minimize the risk of its
development and/or to delay its onset.
Although the use of animal models of RIF
identified several promising targets, like
kinases linked to transforming growth
factor-B and PDGF receptor-mediated
signaling taking part in RIF progression
(28-30), so far such approaches have
failed to translate into targeted therapies
for the treatment of radiation-induced
fibrosis in humans. This failure is due
in part to the complexity of pulmonary
fibrogenesis, which is an intricate
process involving multiple cell types
and signaling pathways (5, 31). Therefore,
the identification of novel therapeutic
targets involved in pulmonary
fibrogenesis is absolutely needed.

Based on the use of global (brain-
penetrable) CB; antagonists, which were
withdrawn from the clinical development
because of introduction of increased
anxiety in human subjects, cannabinoid-
mediated signaling emerges as a promising
therapeutic target in liver (11-14, 32, 33),
skin (7-10), and cardiac (15, 34)
fibrogenesis. Accumulating evidence also
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suggests that activation of CB; may exert
proinflammatory or prooxidant effects
(34-39). CB, receptors are known to be
expressed in the lung tissue (40), bronchial
epithelial cells (41), and alveolar type II
cells (42), yet no information is available on
the role of CB; in pulmonary fibrotic
diseases. In this study we provide evidence
on the key role of CB, receptor signaling in
the development of radiation-induced
pulmonary inflammation and fibrosis and
show that it can be targeted for therapeutic
gain by novel peripherally restricted CB,
antagonists.

Irradiation resulted in marked
inflammation, oxidative and nitrative
stress, and fibrosis in lungs of control
mice; these results were associated with
high mortality within 15 and 18 weeks
after exposure. Genetic deletion or
pharmacological inhibition of CB;
with AM6545 not only significantly
attenuated the radiation-induced lung
inflammation, oxidative and nitrative
stress, and fibrosis; it also prolonged the
survival of animals, which is extremely
important from a clinical point of view.
Of note, the above-mentioned radiation-
induced pathological pulmonary
alterations were affected by a relatively
moderate dose of peripherally restricted
CB; antagonist (1 mg/kg three times per
week), in contrast to the usually used
high daily dose of antagonist (5-10 mg/kg)
in most published studies (19, 21, 43).
Therefore, it is expected that more
intensive regiments of AM6545
application will approach maximal
protection seen in CB; '~ mice in terms

of survival benefits (Figure 5). Although
not fully blocking RIF development
(animals still die from RIF; selected
analysis of the lung tissues from AM6545-
treated and CB, ' -irradiated animals
reaching the end-point criterion showed
the development of fibrosis and
inflammation similar to that in C
mice [data not shown]), the observed
delay in RIF progression through CB;
inhibition is significant and may provide
important benefits when combined with
other antiinflammatory and antifibrotic
therapies.

When targeting CB; receptors for
therapeutic gain, it is important to
remember the consequences of prolonged
inhibition of CB, receptors in the central
nervous system (CNS) (in particular,
neuropsychiatric complications in patients
receiving the CB,; antagonist SR141716A
[rimonabant] as an antiobesity drug [44]).
Therefore, the development of a novel
generation of peripherally restricted CB,
antagonists provides an important tool to
selectively affect CB;-mediated signaling
in peripheral organs without affecting
neurotransmission in CNS. AM6545
represents one of the first new-generation
CB, antagonists largely excluded from CNS
(~0.03 as brain/plasma ratio) (21, 45);
hence, the long-term use of AM6545 or
similar CB, antagonists required to affect
RIF development should be void of
significant neurological complications.
Conversely, CB; agonists (A9-
tetrahydrocannabinol, marinol) should
be used with caution in the treatment of
cachexia in cancer patients receiving
chemotherapy together with thoracic
radiosurgery due to the unveiled novel role
of CB;-mediated signaling in pulmonary
fibrogenesis.

In summary, we provide the first
evidence on the key pathological role
of CB; signaling in radiation-induced
pulmonary fibrogenesis and show that
peripherally restricted CB; antagonists
may represent a novel therapeutic
approach against this devastating
and untreatable complication of
radiotherapy/irradiation. Our results
also suggest that targeting CB; may
provide benefits in other lung
diseases associated with inflammation
and fibrosis.
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Author disclosures are available with the text
of this article at www.atsjournals.org.
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