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Abstract

Pulmonary Fibrosis (PF) is a devastating progressive disease in which normal lung structure and function is compromised by
scarring. Lung fibrosis can be caused by thoracic radiation, injury from chemotherapy and systemic diseases such as
rheumatoid arthritis that involve inflammatory responses. CDDO-Me (Methyl 2-cyano-3,12-dioxooleana-1,9(11)dien-28-oate,
Bardoxolone methyl) is a novel triterpenoid with anti-fibrotic and anti-inflammatory properties as shown by our in vitro
studies. Based on this evidence, we hypothesized that CDDO-Me would reduce lung inflammation, fibrosis and lung
function impairment in a bleomycin model of lung injury and fibrosis. To test this hypothesis, mice received bleomycin via
oropharyngeal aspiration (OA) on day zero and CDDO-Me during the inflammatory phase from days -1 to 9 every other day.
Bronchoalveolar lavage fluid (BALF) and lung tissue were harvested on day 7 to evaluate inflammation, while fibrosis and
lung function were evaluated on day 21. On day 7, CDDO-Me reduced total BALF protein by 50%, alveolar macrophage
infiltration by 40%, neutrophil infiltration by 90% (p=0.01), inhibited production of the inflammatory cytokines KC and IL-6
by over 90% (p=0.001), and excess production of the pro-fibrotic cytokine TGFf by 50%. CDDO-Me also inhibited a-smooth
muscle actin and fibronectin mRNA by 50% (p=0.05). On day 21, CDDO-Me treatment reduced histological fibrosis, collagen
deposition and aSMA production. Lung function was significantly improved at day 21 by treatment with CDDO-Me, as
demonstrated by respiratory rate and dynamic compliance. These new findings reveal that CDDO-Me exhibits potent anti-
fibrotic and anti-inflammatory properties in vivo. CDDO-Me is a potential new class of drugs to arrest inflammation and
ameliorate fibrosis in patients who are predisposed to lung injury and fibrosis incited by cancer treatments (e.g.
chemotherapy and radiation) and by systemic autoimmune diseases.
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Introduction chemicals (chemotherapy drugs including bleomycin, busulfan,
carmustine and chlorambucil), or radiation therapy [1,3]. Idio-
pathic pulmonary fibrosis (IPF), in which the cause is unknown, is
the worst form of lung scarring, with a median survival time of
2.9 years and no effective treatments [1].

Pulmonary fibrosis is a fatal complication of chemotherapy and
thoracic radiation. Five to 40% of cancer patients develop drug-

Pulmonary Fibrosis (PF) is a devastating progressive disease in
which normal lung structure and function are compromised by
scarring. One hallmark of the fibrotic lung is excess deposition of
extracellular matrix (ECM) proteins in areas that are enriched in
proliferating fibroblasts and myofibroblasts. Myofibroblasts are
characterized by expression of a-smooth muscle actin ((SMA) and
calponin and produce many ECM proteins including collagen and
fibronectin. Deposition of ECM proteins leads to impairment of
normal lung function and structure, which compromises gaseous
exchange and can lead to respiratory failure [1,2]. PF can be
caused by systemic diseases (such as rheumatoid arthritis and
sarcoidosis), exposure to environmental agents (asbestos, silica),

induced pulmonary injury, inflammation and fibrosis, resulting in
significant morbidity. Mortality rates range from 2%-80% of
cases, depending on the inciting agent [4]. Because the risk of
pulmonary injury rises with cumulative dose of drugs or radiation,
the risk of injury limits the use of otherwise effective therapies
[3,5]. While PF associated with some diseases—such as bronchiolitis
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obliterans organizing pneumonia (BOOP) and sarcoidosis—can be
treated with steroids, other forms of PF due to chemo- and
radiotherapy, including IPF fibrosis, can not be effectively treated.
Current therapies only relieve symptoms and do not alter the
course of the disease [1,6]. However, unlike IPF, in the case of
drug or radiation induced fibrosis, the initiation time of the disease
is known. Therefore, there is an unmet need for effective ant-
inflammatory and antifibrotic therapies, both to treat currently
untreatable disease and for prophylactic use with cancer therapies
to increase the drug dose and lower risk of lung toxicity.

2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO) is a
novel therapeutic, which has potent anti-inflammatory and anti-
neoplastic properties. For example, it blunts the NF-xB pro-
inflammatory pathway and activates the Keap1-Nrf2 anti-oxidant
pathway i vitro [7], and attenuates the response to LPS challenge
in vivo [8]. We have reported that CDDO has potent i vitro anti-
fibrotic activities in primary human lung fibroblasts (HLFs) from
both normal [9-11] and IPF donors [10]. CDDO inhibits
myofibroblast differentiation and expression of ECM proteins i
vitro, by binding to other cellular proteins, such as transcription
factors and signaling molecules, altering their activity [7].

Several derivatives of CDDO that have improved potency,
bioavailability and stability are in preclinical development [7]. A
more stable and orally available derivative of CDDO, methyl ester
of CDDO (CDDO-Me), has been evaluated for lymphomas and
diabetic kidney disease, which display inflammatory and fibrotic
components [7]. An important knowledge gap is whether CDDO-
Me also exhibits its anti-inflammatory and anti-fibrotic properties
in vivo. Here, we test the concept that CDDO-Me will exhibit anti-
inflammatory and anti-fibrotic properties in the bleomycin model
of pulmonary fibrosis. Our data indicate that CDDO-Me has high
translational potential as a pulmonary anti-inflammatory and anti-
fibrotic therapy.

Materials and Methods

Ethics Statement

All animal procedures were approved and supervised by the
University of Rochester University Committee on Animal
Resources (UCAR permit number 2004-335R). Prior to surgical
1solation of the lungs for analysis, mice were anesthetized with an
LP. injection of avertin (2,2,2-tribromoethanol, 250 mg/kg),
followed by exsanguination; all efforts were made to minimize
suffering. Primary human lung fibroblasts were derived from
anatomically normal areas of lung tissues obtained from patients
undergoing wedge biopsy for other medical reasons and excess
tissue was obtained. All tissue donors provided informed written
consent as described in study protocols approved by the University
of Rochester Institutional Review Board and conforming to the
Helsinki Declarations.

Animals

Male C57BL/6] mice age 8-10 weeks were obtained from The
Jackson Laboratory (Bar Harbor, ME) and housed at the
University of Rochester. The mice were handled and maintained
using microisolation techniques with daily veterinarian monitor-
ing. All experiments were conducted under a protocol approved
by the institutional animal care use committee of the University of
Rochester Medical Center. The number of mice used for each
analysis is shown in the figure legends.

Inflammation model

Bleomycin (Teva Pharmaceuticals, Israel) was diluted in PBS
and 2 U/kg was administered in a volume of 40 ul by
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oropharyngeal aspiration (OA) on day 0. Age-matched C57BL/
6] mice were used as controls and given 40 pl PBS. Methyl 2-
cyano-3,12-dioxooleana-1,9(11)dien-28-oate (CDDO-Me) was ob-
tained from Reata Pharmaceuticals, (Dallas, TX) and dissolved in
DMSO at a concentration of 10 mM. This stock was aliquoted
and kept frozen at —80°C until use. The CDDO-Me stock was
diluted in sterile normal saline immediately prior to use (final
DMSO concentration was 0.1%). The treatment group received
400 ng of CDDO-Me in 40 pl by OA every other day beginning
on day -1 (days -1, 1, 3 and 5). Vehicle control mice received 0.1%
DMSO in saline. Experiments were performed with n=6 mice
per group with one independent experiment.

Inflammation was assessed on day 7 by isolating bronchoalve-
olar lavage (BAL) fluid for differential cell count and protein
measurement. Briefly, mice were anesthetized with 250 mg/Kg
i.p. Avertin (2,2,2-tribromoethanol, Sigma) and euthanized by
exsanguination. The lungs were removed and lavaged twice with
0.5 ml of phosphate-buffered saline (PBS). The lavage fluid was
centrifuged, the total BAL cell number was determined by
hemacytometer and differential cell counts were performed on
Cytospin-prepared slides (Thermo Shandon, Pittsburgh, PA)
stained with Richard Allen three-step stain (Thermo Fisher
Scientific Inc., Pittsburgh, PA). Left lungs were frozen immediately
for later biochemical analysis. A lobe of the right lung was stored
in RNAlater (Qiagen, Valencia, CA) for isolation of mRNA and
remaining right lung lobes were flash frozen in liquid nitrogen for
the analysis of hydroxyproline or SDS-PAGE.

Fibrosis model

After performing the inflammation studies, we obtained a new
lot of bleomycin from a different supplier (Hospira, Lake Forest,
IL) and determined through a pilot experiment that the bleomycin
dose needed to be reduced. Consequently the fibrosis experiments
were performed using 1.5U/Kg of bleomycin. With the reduction
in bleomycin dose we also reduced the amount of CDDO-Me
used. Two independent experiments were performed (n=8-10
mice per group in each experiment) using 300 ng CDDO-Me in
one experiment and 350 ng CDDO-Me in the other. To assess the
results, a general linear model employing a two-way analysis of
variance with interaction was developed to evaluate the effect of
treatment and CDDO-Me dosage (see the supplemental material
for details of the statistical analysis). Mice received 1.5U/kg of
bleomycin in a 40 pl volume of PBS by OA on day 0, and were
treated with either 300 ng or 350 ng CDDO-Me in 40 ul volume
by OA every other day from day -1 to day 9. Control groups
received bleomycin plus vehicle.

Fibrosis was assessed on day 21. The mice were anesthetized
and euthanized as described. The lungs were removed without
lavaging. The left lung was inflated in 10% neutral buffered
formalin at 25 cm water pressure, and used for histology. A lobe of
the right lung was stored in RNAlater (Qiagen, Valencia, CA) for
isolation of mRNA and remaining right lung lobes were flash
frozen in liquid nitrogen for the analysis of hydroxyproline or

SDS-PAGE.

ELISA

Inflammatory cytokines were measured in lung homogenates as
described [12]. Briefly, lungs were homogenized in Buffer A
(10 mM HEPES, pH 7.9, 10 mM KCL, 0.1 mM EDTA, and
I mM DTT), centrifuged, and the clarified homogenate was
assayed for IL-6, KC and TGFp using commercial ELISA kits
according to the manufacturer’s directions (R&D Systems,
Minneapolis MN). To measure total TGFP, samples were acid
activated as directed by the manufacturer to release latent TGF
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in the sample. Cytokine values were normalized to total protein in
the homogenate as determined by the bicinchoninic acid (BCA)
assay (Pierce, Rockford, IL) and expressed as pg cytokine/mg total
protein.

Hydroxyproline assay

Hydroxyproline content was measured in the right lung using
the modified Woessner method as previously reported [13]. Lung
tissue was homogenized in water and protein was precipitated
using 10% TCA. Samples were then hydrolyzed overnight in 6 N
HCL at 110°C. Samples were neutralized with the addition of
NaOH, and chloramine T reagent solution was added to the
samples for 20 minutes and then inactivated with 3.15 N
perchloric acid. Ehrlich’s solution was then added to the samples
and they were incubated at 60°C for 20 minutes. A standard curve
was prepared from purified hydroxyproline (Sigma-Aldrich, St.
Louis, MO). Absorbance was read at 560 nM.

Histology

Mice were euthanized and left lungs inflated at 25 mmHg H,O
pressure with 10% neutral buffered formalin and incubated
overnight in formalin for fixation. Lungs were dehydrated in 70%
ethanol, processed using standard procedures and embedded in
paraffin sections. Sections of 5 pm thickness were cut, mounted on
slides, and stained with Gomori Trichrome (Richard Allen brand,
Thermo Fisher Scientific Inc., Pittsburgh, PA) using the manu-
facturer’s suggested protocol. The histology slides were scored for
fibrosis by a blinded pathologist on the scale of 0 (minimum) to 4
(maximum) as described previously [14]. Immunohistochemistry
was performed as described [13] using primary antibodies to
aSMA (Sigma-Aldrich, St. Louis, MO). Antigen retrieval was
performed using pH 6.0 citrate buffer in a 95°C water bath for
20 minutes. Slides were blocked with 1% goat serum in PBS and
incubated with primary antibody overnight. The slides were
washed and incubated with secondary antibody conjugated to
biotin (Vector, Burlingame, CA) then streptavidin HRP (Jackson
ImmunoResearch, West Grove, PA), and developed using Nova
Red (Vector, Burlingame, CA) staining solution. Slides were then
counterstained with hematoxylin (Richard Allen brand, Thermo
Fisher Scientific Inc., Pittsburgh, PA) and mounted.

RNA preparation and real-time PCR

Total lung tissues were immersed in RNAlater (Qiagen,
Valencia, CA) at 4°C prior to processing using RNeasy, according
to the manufacturer’s protocol (Qiagen, Valencia, CA). RNA
(1.0 pg) was incubated with PCR buffer, 0.5 pg of oligo (dT)12-18
primer (Life Technologies, Grand Island, NY), 10 mM deoxy-
nucleotide-triphosphate (ANTP) for 10 minutes at 70°C and
5 minutes in ice water, followed by addition of 40 U of
recombinant RNasin RNase inhibitor (Promega, Madison, WI),
0.1 mM DTT, and 200 U of Superscript III reverse transcriptase
(RT; Life Technologies, Grand Island, NY). The mixture was
further incubated for 5 minutes at room temperature, 60 minutes
at 50°C, and 15 minutes at 70°C. The reaction contents were
diluted to 80 pl volume and stored at —20°C. Negative controls
contained no RT enzyme.

Quantitative real-time RT-PCR reactions were performed
using a Bio-Rad iCycler with SYBR Green Supermix (Bio-Rad,
Hercules, CA) according to the supplier’s recommended protocol,
with the following modifications. For amplification of the mouse
collagen I (COLIAL), aSMA (ACTA2), fibronectin and 18S
rRINA, the reactions contained 3 mM MgCl, and 0.15 pM of each
primer. Oligomer primers were obtained from Integrated DNA
Technologies (Coralville, IA). Primer sequences were described
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previously [14] except for 18S sense: GCTTGCTCGCGCT-
TCCTTACCT and anti-sense: TCACTGTACCGGCCGTGC-
GTA.

Western blots

Lung tissue was homogenized in ice cold PBS with protease and
phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO),
diluted in 2x NP-40 lysis buffer supplemented with protease
inhibitor, phosphatase inhibitor and 1 mM PMSF (Sigma-Aldrich,
St. Louis, MO). Total protein (30-50 pg) were resolved by 10%
SDS-PAGE, electrophoretically transferred to nitrocellulose mem-
branes, and specific proteins were detected by standard Western
blotting and chemiluminescence (Western Lightning, Perkin-
Elmer, Wellesley, MA). Kodak Molecular Imaging Software
(Rochester, NY) was used to perform densitometry on Western
blot films and the band intensities were normalized to the loading
control. The following primary antibodies were used: aSMA (Cat
no: A2547, Sigma-Aldrich, St. Louis, MO), GAPDH (Cat
no:ab8245, Abcam, Cambridge, MA) as primary and goat anti-
mouse (Cat no:115-035-146, Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA) as the secondary antibody.

Lung function testing

Lung compliance and respiratory rate were measured as
described by us [15,16]. Respiratory rate was measured using
whole body unrestrained chambers (BUXCO Electronics Inc.,
Wilmington, NC) on live mice on day 20, one day before
cuthanasia and harvest. Compliance was determined immediately
prior to cuthanasia on day 21. Briefly, live ventilated mice were
anesthetized and placed in a whole body plethysmograph
(BUXCO Electronics Inc., Wilmington, NC) connected to a
Harvard rodent ventilator (Harvard Apparatus, Southnatic, MA).
Dynamic lung compliance was normalized to the peak body
weight of the animal. Data was collected and analyzed using the
Biosystems XA software package (BUXCO Electronics Inc.,
Wilmington, NC).

Statistical analysis

Inflammation-related outcomes (7 day harvest) were assessed by
one-way ANOVA using GraphPad Prism version 5. Because
fibrosis was assessed in two independent experiments using
different doses of CDDO-Me (300 ng and 350 ng), a general
linear model employing a two-way analysis of variance with
interaction was developed to assess the effect of treatment and
CDDO dosage and analyzed using R 2.12.2 (The R Foundation
for Statistical Computing, Vienna, Austria) on a Windows XP
platform. Please see the Supporting Information for the details of
the statistical analysis (Tables S1 to S4).

Results

CDDO-Me limits lung inflammation following bleomycin
injury

We previously reported that CDDO has potent anti-fibrotic
effects i witro [9-11]. Several reports have indicated that the
derivative CDDO-Me is 5-10-fold more potent than the parent
compound and has increased bioavailability [17-20]. To verify
these observations in primary human lung fibroblasts, we
performed a comparison of CDDO-Me with CDDO. As
CDDO-Me at 120 nM is at least as effective at inhibiting
expression of aSMA (Figure S1A) and calponin (not shown), as
480 nM CDDO, we conclude that CDDO-Me is at least 4-fold
more potent than CDDO in this in vitro assay. Even though
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CDDO-Me is a more potent inhibitor of myofibroblast differen-
tiation, it has similar cytotoxicity to CDDO (Figure S1B).

Inhalation of bleomycin causes acute lung injury and inflam-
mation that peaks around day 7 [21]. Therefore to evaluate the
efficacy of CDDO-Me i vwo at reducing bleomycin-induced
inflammation, groups of 6 mice received a single dose of
bleomycin by OA and were treated with either vehicle or
CDDO-Me on days -1, 1, 3 and 5. Mice were sacrificed on day
7 and BALF was isolated. Bleomycin alone increases BAL total
protein, an indicator of edema and epithelial barrier breakdown.
CDDO-Me reduced BAL total protein levels 50% (Fig. 1A).
Bleomycin also promoted acute cellular inflammation as demon-
strated by a strong influx of total inflammatory cells, alveolar
macrophages and neutrophils (Fig. 1B-D). CDDO-Me potently
and significantly reduced total bleomycin-induced cell infiltration
in the BALF by 90%, neutrophils by 90% and BAL macrophages
by 50%.

CDDO-Me reduces inflammatory and fibrotic cytokine
expression in lung homogenate

Next, we examined key pro-inflammatory cytokines in lung
homogenates as another marker of inflammation. IL-6 is involved
in the pathogenesis of various inflammatory diseases and is also
implicated in the pathogenesis of bleomycin-induced lung injury
and subsequent fibrotic changes [22]. KC (CXCL1) is a key
neutrophil chemokine in mice and is also upregulated in the
bleomycin model [23]. CDDO-Me significantly reduced the
expression of both KC and IL-6 by 90% (Fig 2A-B). We also
measured TNF-o, but the levels were not elevated in the
bleomycin group (data not shown), therefore we are unable to

CDDO-Me Inhibits Pulmonary Fibrosis/Inflammation

conclude whether CDDO-Me reduces the levels of TNF-a.. We
also examined the concentration of the pro-fibrotic cytokine
TGFp in the lung homogenates using ELISA. As expected,
bleomycin treatment significantly upregulated total TGFp, which
was inhibited more than 50% by CDDO-Me (Fig. 2C).

CDDO-Me reduces early upregulation of fibrotic gene
expression

In the bleomycin model, lung fibrosis is strongly evident
histologically by day 21. Upregulation of pro-fibrotic genes such as
aSMA, collagen and fibronectin occurs as early as day 3 [21].
aSMA is a marker for myofibroblasts while collagen and
fibronectin are ECM proteins secreted by fibroblasts and
myofibroblasts. Here, mRNA levels for fibronectin, collagen I,
and aSMA mRNA were all significantly increased 7 days after
bleomycin exposure (Fig. 3). CDDO-Me inhibited 50% of the
increase in fibronectin and aSMA RNA levels (Fig. 3A, B).
CDDO-Me also reduced the increase in collagen mRNA by 30%,
although this trend was not significant (p =0.07) (Fig. 3C). These
data show that CDDO-Me alters the early fibrotic events and
decreases expression of pro-fibrotic genes.

CDDO-Me inhibits the development of lung fibrosis after
bleomycin challenge

Because CDDO-Me was effective at reducing early inflamma-
tion and expression of pro-fibrotic genes, we tested whether early
treatment with CDDO-Me (days -1 to 9) would prevent late
development of lung fibrosis (day 21). Mice received a single dose
of bleomycin, and were treated with CDDO-Me using a pre-
treatment strategy (day -1 to day 9) (Fig. 4A). Mice were
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Figure 1. CDDO-Me reduces total BALF protein and cellular infiltration. Groups of mice (6 per group) were treated with bleomycin or PBS
by inhalation on day 0, and with either CDDO-Me (400 ng/day) or control vehicle (Veh) by inhalation on days -1, 1, 3 and 5 and harvested on day 7.
Lungs were lavaged and BALF was analyzed for total protein (A), total cell number (B), neutrophils (C) and alveolar macrophages (D). CDDO-Me
potently reduces BALF protein, total cells, neutrophils and alveolar macrophages. These data are the mean =+ SE of n=6 mice per group (*p=0.05, **
p=0.01, compared to bleomycin+vehicle and #p=0.01 compared to PBS+veh by one-way ANOVA).

doi:10.1371/journal.pone.0063798.9001
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Figure 2. CDDO-Me inhibits production of IL6, KC and TGFf in total lung homogenate. Mice were treated either with bleomycin or CDDO-
Me as described and harvested on day 7. Cytokines in total lung homogenate were measured by ELISA and normalized to total protein. Bleomycin
induces, and CDDO-Me significantly inhibits, KC (A), IL6 (B) and TGFp (C). These data represent six independent animals and analyzed using one-way
ANOVA (mean = S.E. shown, *** p=0.001, compared to bleomycin+vehicle and #p=0.001 compared to PBS+veh).
doi:10.1371/journal.pone.0063798.g002

euthanized on day 21 and fibrosis was evaluated by histochem- (Fig. 5A). Consistent with our observation at day 7 (Fig. 3C), the
ical staining for collagen (Gomori’s Trichrome method). CDDO- expression of fibronectin was significantly higher in the bleomycin-
Me restricted deposition and overall distribution of collagen, a treated mice as compared to PBS alone but was approximately
key outcome measure of fibrosis (Fig. 4B). Bleomycin-induced 70% lower in CDDO-Me treated mice as compared to the

histological fibrosis was scored by a blinded pathologist and was bleomycin treated mice (Fig. 5B). These results indicate that early
significantly reduced by treatment with CDDO-Me (Fig. 4C). We administration of CDDO-Me have long-lasting effects on the
also measured total lung hydroxyproline, a measure of collagen expression of fibrotic genes.

content. Bleomycin alone increased lung hydroxyproline content

by 100%, this increase was reduced by 30% with CDDO-Me  CDDO-Me treatment reduces distribution and expression
treatment, although the results were not quite significant aSMA

(p=0.058). (Fig. .4D>' Taken together, these datzll indicate  that aSMA is a marker for myofibroblast differentiation and is a
carly administration of CDDO-Me reduces fibrotic outcomes. sensitive indicator of the presence of fibrogenic cells in lung
tissue. However, in contrast to collagen mRNA levels which

CDDO-Me reduces expression of type | collagen and remain elevated, consistent with the observations by Phan et al.
fibronectin [24] we observe that aSMA levels are transiently upregulated in
Since we noted a decrease in collagen I and fibronectin mRNA this model, with higher levels on day 7 and 14 but little increased
with CDDO-Me treatment at day 7 (Fig. 3C), we also evaluated on day 21 (data not shown). Therefore, to assess myofibroblast
their mRNA expression at day 21. As expected, mice treated with differentiation and proliferation we measured aSMA protein by
bleomycin alone had significantly higher collagen I expression Western blot and immunohistochemistry. Bleomycin strongly
than untreated mice (p=0.01). We observed that CDDO-Me induced expression of ’SMA in mouse lungs at 21 days. The
significantly inhibited the bleomycin-induced increase in collagen I appearance of aSMA positive cells was reduced by treatment
B o
« . Fibronectin <. . aSMA g Collagen =
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Figure 3. CDDO-Me decreases fibrotic gene expression. Mice were treated with bleomycin with or without CDDO-Me (as described in
methods and materials). On day 7, the mice were euthanized and RNA prepared from a right lung lobe analyzed by RT-qPCR. Bleomycin significantly
upregulates expression of fibronectin (A), «SMA (B) and type 1 collagen (C) at day 7. CDDO-Me significantly inhibited expression «SMA and FN. There
was also a trend toward inhibition of collagen expression but this was not significant. These data represent six independent animals and analyzed
using one-way ANOVA (mean * S.E. shown, *p=0.05, ** p=<0.01, compared to bleomycin+vehicle and #p=0.01 compared to PBS+veh).
doi:10.1371/journal.pone.0063798.9003
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Figure 4. CDDO-Me reduces fibrosis in mice treated with bleomycin. Mice received bleomycin on day 0, and CDDO-Me or vehicle was given
from day -1 to day 9 and lungs were harvested on day 21 (A). The left lungs were processed for histology and stained with Gomori’s trichrome to
visualize collagen deposition (blue) and overall fibrosis. Representative sections from each group are shown (B). Sections were scored by a blinded
reviewer; CDDO-Me significantly reduced fibrosis score (C). Results shown are the mean= SEM for 14-16 mice per group and were analyzed using a
two-sided t-test as described in methods and materials. A portion of the right lung was homogenized and hydroxyproline content was determined.
Hydroxyproline contents increased in bleomycin-treated lungs and was reduced by CDDO-Me treatment (D) (mean * SEM for n=14-16, p=0.0578
using two-sided t-test as described in the statistical supplement. Scale bar =100 um.

doi:10.1371/journal.pone.0063798.g004

with CDDO-Me (Fig. 6). aSMA expression was quantified by CDDO-Me improves lung functions after bleomycin
Western blot analysis of whole lung homogenates. CDDO-Me challenge
dramatically and significantly reduced upregulation of aSMA by

- We also assessed lung function in these animals. Lung function
bleomycin.

testing is the primary method of clinical diagnosis of fibrosis in
patients, but is generally not performed in animal studies.
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Figure 5. CDDO-Me inhibits expression of collagen | and fibronectin. Mice received bleomycin on day 0, and 350 ng of CDDO-Me or vehicle
was given from day -1 to day 9 and lungs were harvested on day 21, a portion of right lung was used to measure mRNA and analyzed by RT-qPCR for
collagen | (Col1A1) specific primers and normalized to 185 mRNA. CDDO-Me inhibited bleomycin-induced up-regulation of collagen | mRNA *p=0.05
(A). CDDO-Me also reduced bleomycin-induced up-regulation of fibronectin expression, *p=0.05 (B). These data represent 8-10 independent
animals and analyzed using one-way ANOVA (mean = S.E. shown, *p=0.05, ** p=<0.01, compared to bleomycin+vehicle and #p=0.01 compared to
PBS+veh).

doi:10.1371/journal.pone.0063798.9g005

Bleomycin increases respiratory rates due to lung scarring [25].
Respiratory rates of bleomycin and CDDO-Me treated mice were
assessed non-invasively on day 20, one day prior to euthanasia.
Mice treated with bleomycin alone had significantly higher
respiratory rates than untreated mice (p=0.05). Importantly,

IHC aSMA

CDDO-Me potently and significantly lowered bleomycin-induced
increases in respiratory rates (p=0.01) (Fig. 7A). Decreased
compliance is one of the cardinal clinical signs of lung fibrosis,
as the accumulation of ECM proteins and scar tissue increases
lung stiffness [25-27]. On day 21, immediately prior to

R.E.
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Figure 6. CDDO-Me reduces aSMA deposition and expression. Treatment of mice was carried out as described in Figure 4. Left lung sections
processed for histological analysis and stained using an antibody against aSMA (brown) and counterstained with hematoxylin (blue). CDDO-Me
reduces amount and distribution of aSMA positive cells in the treatment schedule. Scale bar =100 um (A). Immunoblots were performed on total
lung homogenate to detect expression of aSMA. CDDO-Me inhibited bleomycin-induced up-regulation of aSMA (B). Protein lysates from all the
indicated samples were electrophoretically separated on the same gel, and representative lanes from a single experiment (n=2) are shown here.
Relative changes in the average expression of ®SMA/GAPDH (R.E.) are as indicated in the figure for PBS, Bleo and Bleo+CDDO-Me.
doi:10.1371/journal.pone.0063798.9g006
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Figure 7. CDDO-Me improves lung functions of bleomycin treated mice. Mice (n=13-16) were treated with bleomycin and CDDO-Me as
described in Figure 4. (A) Respiratory rates (respirations/minute) were monitored on day 20 prior to harvesting the lungs on day 21.(B) Specific
dynamic lung compliance was measured on day 21 immediately prior to euthanasia. (p=0.05, using two-sided t-test as described in methods and

materials).
doi:10.1371/journal.pone.0063798.g007

euthanasia, the mice were immobilized and specific dynamic lung
compliance was measured. Bleomycin alone induced a dramatic
loss of lung compliance, which is partially and statistically
significantly rescued by early treatment with CDDO-Me
(p=0.05) (Fig. 7B).

Discussion

Therapy for inflammatory and scarring lung diseases 1is
challenging [1]. While there is much attention on the disease
IPF —where inflammation is not prominent, especially in later
stages [1,27] —there are many fibrotic diseases where inflammation
is likely key in pathogenesis. For example, chemotherapy agents
such as bleomycin, busulfan, carmustine and chlorambucil incite
both inflammation and fibrosis [3,4]. In addition, thoracic and
whole body radiation used for the treatment of lymphoma, breast
and lung cancer and for bone marrow transplantation causes dose-
dependent fibrosis and pneumonitis in approximately 10% of
patients [3]. Lung is the dose-limiting organ for bleomycin [28]
and for radiation conditioning for bone marrow transplant [29].
The development of prophylactic treatment for therapy-induced
lung fibrosis could benefit hundreds of thousands of patients per
year, by preventing life-threatening disease and by relaxing
constraints that limit the effectiveness of therapy.

CDDO-Me is a novel triterpenoid compound with anti-
inflammatory, anti-proliferative and anti-neoplastic properties
[7,30]. We previously reported that the parent compound CDDO
strongly inhibited TGFB-induced myofibroblast differentiation of
primary human lung fibroblasts [2,5,11]. We and others have
reported that CDDO [31-33] and its derivatives [30,34] are
potent inhibitors of inflammation  vivo [34,35] and in vitro [7,36].
CDDO-Me was found efficacious in a phase 2 study [37] for
diabetic kidney disease, which has inflammatory and fibrotic
components. Here, we report that CDDO-Me inhibited bleomy-
cin-induced lung inflammation and fibrosis in a mouse model

PLOS ONE | www.plosone.org

when given during the inflammation phase. At day 7, the peak of
the inflammatory phase, CDDO-Me significantly reduced cellular
inflammation, pro-inflammatory and pro-fibrotic cytokines. Of
particular note, CDDO-Me strongly suppresses TGFB and IL-6.
TGFB is a key profibrotic cytokine that drives differentiation of
lung fibroblasts to myofibroblasts [1,38,39]; TGFp has also been
shown to upregulate IL-17A which promotes fibrosis in multiple
models [40,41]. IL-6, in addition to being a broad pro-
inflammatory marker, is a target for IL-1B-induced lung fibrosis
[42]. Although we did not directly measure IL-13, CDDO-Me has
broad anti-inflammatory effect against multiple cytokines involved
in fibrosis.

At day 21, early administration of CDDO-Me reduced late
histological fibrosis and accumulation of collagen and prevented
bleomycin-associated declines in lung function. Early administra-
tion of CDDO-Me also inhibited both early and late expression of
ECM proteins including fibronectin. Fibronectin is a key effector
in fibrosis as it is involved in cell adhesion, migration, and binding
to integrins, collagen, and other matrix proteins, thus contributing
to the overall fibrotic milieu. We observed that the repression of
collagen mRNA (Fig. 5) is greater than the reduction of the total
hydroxyproline contents of the lung (Fig. 4). It may be that the
moderately elevated collagen mRNA levels are sufficient to lead to
a larger increase in total hydroxyproline over time, or it may be
that collagen mRINA levels vary on different time scales.

Bleomycin exposed fibrotic mouse lungs have low dynamic
compliance due to thickened pulmonary parenchyma caused by
scarring [25]. Mice treated with bleomycin also increase their
respiratory rate to compensate for poor ventilation and gas
exchange abnormalities. Not only did CDDO-Me improve
biochemical and histological measures of fibrosis, it also signifi-
cantly improved lung function. CDDO-Me significantly reduced
the increase in respiratory rate and significantly improved
compliance in bleomycin treated mice (Fig. 7). Our study
underscores the utility of pulmonary function studies, which are
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usually not done in preclinical animal models. We show that
CDDO-Me reduced markers of fibrosis and, importantly, it
significantly improved overall lung function in this mouse model
and ‘translates’ the observed antifibrotic and strong anti-inflam-
matory actions of CDDO-Me into clinically relevant measure-
ments (Fig. 5). This is the first report that demonstrates the efficacy
of bardoxolone methyl (CDDO-Me) as an anti-inflammatory, as
well as antifibrotic drug, in the bleomycin mouse model i vivo.
Taken together these data showed that early administration of
CDDO-Me potently inhibited inflammation, reduced fibrotic
outcomes and significantly improved lung function in bleomycin
treated mice.

CDDO targets multiple anti-fibrotic pathways using m vitro
systems. For example, CDDO-Me is a PPARY ligand [43], and we
[11] and others [44] have shown that activation of the PPARY
transcription factor inhibits differentiation of lung fibroblasts to
myofibroblasts. Additionally, CDDO-Me is a potent electrophile
and activates multiple cellular pathways via multiple PPARY-
independent mechanisms, including the activation of Keapl-Nrf2
pathway and inhibition of the PI3K-Akt pathway [45]. Nrf2 is a
master regulator of the antioxidant response and, by inducing
oxidative stress response genes, CDDO-Me may reduce the initial
bleomycin injury. PI3K-Akt is a pro-survival and anti-apoptosis
factor that is activated in fibrosis and inhibited by CDDO [10].
We do not yet know which of these mechanisms are most
important n vivo, but it is interesting that bleomycin and thoracic
radiation both induce DNA damage, oxidative stress and apoptosis
[46], which implicates the Keapl-Nrf2 and Akt pathways.
Interestingly, CDDO-Me reduced levels of total TGFp in the
lungs of bleomycin-treated mice at day 7, although whether this is
related to its anti-inflammatory properties or one of its anti-fibrotic
effects is unknown.

The risk of lung fibrosis from chemotherapy and thoracic
radiation is dose-dependent, a factor that influences therapeutic
planning and limits the potential usefulness of these treatments.
Following chemotherapy between 5-40% of patients develop lung
injury and fibrosis depending on the dose and the drug [15]. It
important to human health to develop a prophylactic treatment
that could be given at the same time as the therapy, or shortly
thereafter, that would reduce the risk of developing fibrosis. Here,
it is especially worth noting that CDDO-Me given only during the
initial inflammation phase not only inhibited early injury, but also
later development of fibrosis, and that reductions in fibrotic gene
expression and proteins (fibronectin, type 1 collagen and aSMA)
were persistent, seen at day 21, ie. 12 days after last drug
treatment.

This present study does not address the possibility of using
CDDO-Me to treat established fibrosis such as IPF. We did carry
out an initial study using a late treatment model (beginning on day
9) and found a trend toward reduced fibrosis that was not
statistically significant (data not shown). While it may be that we
only need to optimize the dose, timing or other variables, it is
worth noting that early inflammation is a significant component of
the bleomycin model that complicates efforts to confirm an anti-
fibrotic role for CDDO-Me in the absence of inflammation. We
suggest that future animal studies should use a less inflammatory
lung fibrosis model, such as transient overexpression of TGFp
[47]. However, because CDDO-Me is effective in preventing
bleomycin-induced fibrosis when given at the early inflammatory
stage, we suggest it may be useful in lung fibrotic diseases with
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more classical inflammatory component, such as sarcoidosis or
rheumatoid arthritis.

Based on our studies, prophylactic treatment with CDDO-Me is
a novel strategy in drug-induced ILD, as well as in radiation-
induced lung disease, which have major inflammatory compo-
nents. If we can mitigate the side effects of these useful therapies,
patients can continue to receive the life-saving treatments longer
and at higher dose. It is also important to note that CDDO-Me
was effective when given by inhalation, which may limit systemic
side effects. We believe CDDO-Me has high translational potential
as a human therapy to arrest the cellular pathology underlying
lung inflammation and fibrosis, and we expect that CDDO-Me or
its derivatives can be rapidly translated to human subjects who are
predisposed to lung injury, inflammation and fibrosis.

Supporting Information

Figure S1 CDDO and CDDO-Me inhibit TGFf-induced
0SMA in a dose dependent manner. (A) Primary HLFs were
grown until 70-80% confluent, serum starved for 24 hours and
treated with the indicated concentrations of CDDO or CDDO-
Me for 48 hours. Total cell lysates were prepared, and subjected to
SDS-PAGE followed by immunoblotting. The blot was probed
with antibodies against aSMA and loading control GAPDH. (B)
Primary HLFs were treated with TGFB alone, in combination
with different doses of either CDDO or CDDO-Me for 72 hours
with indicated concentrations or left untreated, and LDH release
was measured (nmol/min/ml). n=3, mean * S.E. shown,
groups were not significantly (n.s.) different from one another as
measured by one way ANOVA). These data indicate that LDH
release does not increase in response to either CDDO or CDDO-
Me.

(TIF)

Table S1 Preliminary analysis of the four control

groups.
(DOCX)

Table S2 Tests for the significance of the interaction
term in the full model.
(DOCX)

Table S3 Adjusted mean responses for the one treat-
ment strategy and one positive control group.

(DOCX)

Table S4 Test for the treatment strategy versus the
positive control.
(DOCX)
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