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Pulmonary fibrosis remains a significant public health burden with

noproven therapies. Themitogen-activatedprotein kinase (MAPK)/

MAPK kinase (MEK)/extracellular signal–regulated kinase (ERK) sig-

naling cascade is a major pathway controlling cellular processes

associated with fibrogenesis, including growth, proliferation, and

survival. Activation of the MAPK/ERK pathway is detected in the

lungs of human fibrosis samples; however, the effect of modulating

the pathway in vivo is unknown. Overexpression of transforming

growth factor (TGF)-a in the lung epithelium of transgenic mice

causes a progressive pulmonary fibrosis associated with increased

MEK/ERK activation localized primarily in mesenchymal cells. To

determine the role of the MEK pathway in the induction of TGF-

a–induced lung fibrosis, TGF-awas overexpressed for 4 weekswhile

mice were simultaneously treated with the specific MEK inhibitor,

ARRY-142886 (ARRY). Treatment with ARRY prevented increases in

lung cell proliferation and total lung collagen, attenuated produc-

tion of extracellularmatrix genes, and protectedmice from changes

in lung function. ARRY administered as a rescue treatment after

fibrosis was already established inhibited fibrosis progression, as

assessed by lung histology, changes in body weights, extracellular

matrix gene expression, and lung mechanics. These findings dem-

onstrate that MEK inhibition prevents progression of established

fibrosis in the TGF-amodel, and provides proof of concept of target-

ing the MEK pathway in fibrotic lung disease.
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Pulmonary fibrosis is a progressive and often fatal condition
characterized pathologically by mesenchymal cell proliferation
and differentiation in the lung, expansion of the extracellular ma-
trix, and remodeling of the lung parenchyma and airways (1, 2).
Lung fibrosis develops in a number of clinical diseases, includ-
ing interstitial lung diseases and idiopathic interstitial pneumo-
nias, as part of several systemic connective tissue diseases and
childhood interstitial lung disease syndromes, and in response to
many types of lung injury, including radiation and some chemo-
therapeutic drugs (2–4). Initial therapies focused on aggressive
anti-inflammatory treatment; however, this approach has not
improved loss of lung function or survival (5). Currently, there
are no approved medical antifibrotic therapies for pulmonary

fibrosis (5, 6). Over the past decade, substantial progress has
been made in understanding the pathophysiology of lung fibro-
sis, including evidence that inflammation is not required for the
development of the fibrotic response, which may account for the
observed therapeutic failures (6). Successful antifibrotic therapy
may need to focus on mechanisms or pathways downstream of
inflammation that mediate fibroproliferation. Previous studies
have identified a number of chemokines, cytokines, and growth
factors mediating pulmonary fibrosis (7–12). The identification
of intracellular signaling pathways eliciting the cellular response of
mesenchymal cell proliferation, differentiation, and extracellular
matrix deposition may facilitate development of novel therapeutic
approaches to ameliorate the global burden of fibroproliferative
disease (4, 13, 14).

The epidermal growth factor (EGF) receptor (EGFR;
HER1) belongs to a receptor tyrosine kinase protein family that
consists of four receptor tyrosine kinases: EGFR (HER1),
ERBB2 (also called HER2/neu), ERBB3 (also called HER3),
and ERBB4 (also called HER4). All of these, except HER3,
have tyrosine kinase activity. Binding of secreted growth factors,
such as the EGF and other EGF-like growth factors, including
transforming growth factor (TGF)-a and epiregulin, induces re-
ceptor dimerization, resulting in the phosphorylation of tyrosine
residues in the kinase domain (15–17). Activation of the EGFR
has been shown to regulate diverse cellular functions, many of
which are associated with fibrogenesis, including cell growth, pro-
liferation, differentiation, migration, survival, and transformation
(14, 18). Increases in the EGFR pathway have been associated
with a number of human fibrotic diseases (1, 19, 20). Moreover,
EGFR is activated both directly and indirectly by several agents,
including cytomegalovirus, endotoxin, TNF-a, and IL-13 (21–23).
We previously generated doxycycline (Dox)-regulatable trans-
genic mice wherein lung epithelial–specific expression of TGF-
a caused progressive pulmonary fibrosis (7). Pulmonary fibrosis
in this transgenic model is characterized by a number of specific
phenotypes that are observed in human fibrotic disease, including
epithelial and mesenchymal proliferation with myofibroblast
transformation, extracellular matrix deposition, severe restrictive
changes in lung mechanics, and secondary pulmonary hyperten-
sion (18, 24). Moreover, fibrosis develops and progresses in the
absence of detectable inflammation, demonstrating that EGFR
activation in the lung is a downstream event in pulmonary
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CLINICAL RELEVANCE
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kinase (MEK) inhibition prevents the progression of
established fibrosis in the transforming growth factor-a
model. Previous work has demonstrated activation of the
MEK pathway in human fibrotic disease, and findings from
this study provides proof of concept of pharmacologic
targeting of the MEK pathway in fibrotic lung disease.
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fibrosis. Importantly, the TGF-a transgenic mouse is a powerful
model for identifying the biologic and molecular mechanisms of
pulmonary fibrosis and testing strategies to reverse established
and progressive disease (18).

EGFRactivatesmultiple downstreameffecter pathways, includ-
ing the mitogen-activated protein kinase (MAPK)/extracellular
signal–regulated kinase cascade (ERK), the janus kinase–signal
transducer and activator of transcription pathway, and phosphati-
dylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) 1 signaling pathway (14, 25). A recent study from our lab-
oratory demonstrated that TGF-a–induced pulmonary fibrosis is
associated with activation of the PI3K and mTORC1 pathways
(18, 26). However, inhibition of PI3K or mTOR1 was not suf-
ficient for a complete reversal of established and progressive fi-
brosis, suggesting that alternative pathways may contribute to the
maintenance of fibrosis (18).

MAPK has been shown to control cellular processes associ-
ated with fibrosis, including cell growth, proliferation, migration,
protection from apoptosis, and myofibroblast transformation
(27, 28). To date, there have been no studies examining the
efficacy of ERK1/2 inhibition in reversal of progressive fibrotic
disease. However, the recent development of potent, highly
specific, allosteric inhibitors of MAPK kinase (MEK) allows
the precise dissection of the contributions of the MAPK/ERK
pathway in the development and progression of fibrogenesis
(29). The purpose of this study was to determine if ERK1/2 is
activated during the progression of lung fibrosis in the TGF-a
model and identify the cellular distribution. A second goal was
to examine the contribution of ERK1/2 activation in mediating
lung fibrosis in vivo by administering TGF-a transgenic mice
the allosteric MEK inhibitor, ARRY-142886 (ARRY), during
the initiation of fibrosis as well as a rescue therapy when fibrosis
was already established.

MATERIALS AND METHODS

Transgenic Mice and Administration of ARRY

All mice were derived from the FVB/NJ inbred strain. TGF-a transgenic
mice were generated and maintained as described previously (7, 30). Single
transgenic Clara cell–specific protein (CCSP)-rtTA1/2 (abbreviated as
CCSP/-) mice and bitransgenic CCSP-rtTA1/2/(TetO)7-cmv TGF-a1/2

(abbreviated as CCSP/TGF-a) mice were produced within the same
litter by mating homozygous CCSP/- mice to hemizygous (TetO)7-
cmv TGF-a1/2 mice. All mice were housed under specific pathogen–free
conditions and protocols were approved by the Institutional Animal Care
and Use Committee of the Cincinnati Children’s Hospital Research
Foundation. To induce TGF-a expression, Dox (Sigma-Aldrich, St. Louis,
MO) was administered in food (62.5 mg/kg).

Stock solutions of AZD6244 (ARRY) were prepared in 0.5%
methocellulose/0.4%Tween 80. Mice were anesthetized (Isoflurane; Abbott
Labs,Chicago, IL), and sterile vehicle orARRYwas administeredby gavage
usinga 20-gauge feeding catheter (HarvardApparatus,Holliston,MA).Dos-
ing throughout the study was based on original baseline weights, and not
adjusted for weight changes.Mice were treated with vehicle or ARRY twice
daily for up to 4 weeks.

Fluorescence Microscopy

Lungs were harvested from CCSP/TGF-a and CCSP/- mice treated with
Dox for 4 or 28 days and embedded in OCT medium (Tissue-Tek; Sakura
Finetek USA, Torrance, CA) for cryosectioning at 6 mm in thickness.
Sections were immunostained as described previously (31). In brief, lung
sections were blocked at room temperature for 1–2 hours with 3% normal
goat or donkey sera. Primary antibodies used for staining included anti-
phosphoERK1/2 (Thr202/Tyr204, 1:500; Cell Signaling Technology,
Danvers, MA), anti–a-smooth muscle actin (a-SMA) (clone 1A4, 1:500;
Sigma-Aldrich), anti-CCSP (sc-9772, 1:500; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-vimentin (clone 3B4, 1:250; Millipore, Billerica,
MA), and appropriate secondary antibodies (1:1,000 dilution) conjugated

with Alexa488 or Alexa647 (Life Technologies, Grand Island, NY). Stain-
ing controls included lung sections stained with secondary antibody con-
jugated with Alexa488 or Alexa647. Image exposures were held constant
to reflect changes in staining intensities. Images were pseudocolored on
a Zeiss Axioplan2 microscope equipped with AxioVision Software (Zeiss,
Thornwood, NY) and analyzed using Adobe Photoshop version 7.0
(Adobe Systems Inc., San Jose, CA).

Mouse and Human Fibroblast Cultures

Mouse primary fibroblasts were generated by culturing the lungs of CCSP/-
mice for 10 days as described previously (32). For signaling studies using
Western blots, mouse primary fibroblasts were seeded at 0.5 million cells
per well using 1% FBS containing Dulbecco’s modified Eagle’s medium
in 12-well plates. After 12 hours of resting, fibroblasts were pretreated for
30 minutes with 0.1, 5, and 10 mM of ARRY in DMSO. Final concen-
tration of DMSO in cultures was less than 0.1%, and no effect of DMSO
was observed on signaling or viability of fibroblasts. Control or ARRY-
added cells were treated with or without TGF-a (10 ng/ml; R&D Sys-
tems, Minneapolis, MN). After 30 minutes of treatment, media were
removed and cell lysates were prepared for Western blot analysis in
RIPA buffer (Santa Cruz Biotechnology, Santa Cruz, CA).

Normal human fibroblasts derived from lungs, ALF CCD-19 Lu
(CCL-210; ATCC,Manassas, VA), were cultured in 10%FBSDulbecco’s
modified Eagle’s medium (Invitrogen). Cells were seeded and treated
with ARRY and/or TGF-a as described previously here for mouse pri-
mary fibroblasts.

Western Blots

Western blot analysis was performed on lung homogenates and lung fi-
broblast lysates from culture, and quantified using the volume integra-
tion function on PhosphorImager software Imagequant 5.2 (Molecular
Dynamics, Piscataway, NJ), as previously described (26). Primary anti-
bodies used included anti–glyceraldehyde 3-phosphate dehydrogenase
(Bethyl Labs, Montgomery, TX), total and phosphorylated Akt (Ser
473), total and phosphorylated Erk 1/2 (pERK1/2) (Thr 202/Tyr 204),
total and phosphorylated p70S6K (Thr 389), total RSK1/RSK2/RSK3
and phosphorylated RSK (Ser 380), total and phosphorylated PS6 (Ser
235/236), and PTEN (all Cell Signaling Technology).

Lung Histology, Immunostaining, and Total Lung Collagen

Lungs were inflation fixed using 4% paraformaldehyde and stained with
hematoxylin and eosin as described previously (18). For immunohisto-
chemical detection of proliferation, paraffin sections were immunostained
with anti-mouse Ki67 antigen (Dako, Glostrup, Denmark). The total num-
bers of Ki67-staining nuclei were counted, as well as the total number of
nuclei in 10 randomly selected uniform fields (26.2 mm2) that encom-
passed alveolar, pleural, and adventitial regions of the lung for each
mouse. The proliferation index was determined by counting the total
number of Ki-67–staining nuclei and dividing by the total number of nuclei
in each field. Total lung collagen was determined by quantifying total
soluble collagen (Sircol Collagen Assay; Biocolor, Dublin, Ireland).

RNA Preparation and Real-Time PCR

Total RNAwas extracted from lung tissue and cells using theRNeasyMini
Kit (Qiagen Sciences, Valencia, CA), as described previously (31). Real-
time primer sequences for hprt, Col1a, Col3a, Col5a, and Elastin are
provided in the supplementary MATERIALS AND METHODS section.

Pulmonary Mechanics

Lung mechanics were assessed on mice with a computerized Flexi
Vent system (SCIREQ, Montreal, PQ, Canada), as previously de-
scribed (33, 34).

Statistical Analysis

All data were analyzed with Prism (version 5; GraphPad Inc., La Jolla,
CA). One-way ANOVA with Tukey’s multiple comparison post test
was used to compare different experimental groups, and data were
considered statistically significant with P values less than 0.05.
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RESULTS

Activation of ERK1/2 in the Lung Cells during TGF-a–Induced

Pulmonary Fibrosis

CCSP/TGF-a mice were treated with Dox to induce TGF-a ex-
pression for 1 and 4 days. Induction of TGF-a caused increased
pERK1/2 as measured by Western blot of whole-lung homogenate
(Figures 1A) and quantified using the volume integration func-
tion on PhosphorImager software when comparing the ratio of
pERK1/2 to total ERK1/2 (P , 0.05 versus CCSP/- control).

To investigate the cellular sources of ERK1/2 activity, immu-
nofluorescence staining with anti-pERK1/2 antibody was performed
on lung sections from CCSP/- and CCSP/TGF-a transgenic mice
at 4 days on Dox when fibrosis was developing and at 4 weeks
when fibrosis was established. In CCSP/TGF-a mice, pERK1/2
colocalized with a-SMA staining in the peribronchial and peri-
vascular adventitia at 4 days and 4 weeks (Figure 1B), as well as
in pleural fibrotic lesions at 4 weeks (Figure 1C). To characterize

ERK1/2 activation in epithelial cells, lung sections were stained with
anti-CCSP (Figure 1D). In contrast to the myofibroblasts, pERK1/2
immunofluorescence was less prominent in airway epithelial cells in
CCSP/TGF-a mice, suggesting that ERK1/2 activation is more
dominant in mesenchymal cells compared with epithelial cells
during TGF-a–induced pulmonary fibrosis. Colocalization of
pERK1/2 with vimentin further supports ERK1/2 activation in lung
mesenchymal cells of the lung during TGF-a–driven fibrosis (see
Figure E1 in the online supplement). These immunofluorescence
studies support a selective activation of MEK/ERK pathway in
mesenchymal cells in CCSP/TGF-a transgenic mice in areas of
developing and mature fibrotic lesions.

ARRY Selectively Inhibits TGF-a–Induced Phosphorylation

of ERK1/2 in Fibroblasts

To determine if TGF-a directly activates ERK1/2 in fibro-
blasts, primary lung fibroblasts were isolated from FVB/N

Figure 1. Phosphorylation of extracellular signal–

regulated kinase ERK1/2 in the lung cells during

transforming growth factor (TGF)-a–induced pulmo-

nary fibrosis. (A) Clara cell–specific protein (CCSP)-

rtTA1/2 (CCSP/-) and CCSP-rtTA1/2/(TetO)7-cmv

TGF-a1/2 (CCSP/TGF-a) mice were on doxycycline

(Dox) for 1 day or 4 days. Whole-lung cell extracts

were prepared and 50 mg of protein were subjected

to SDS-PAGE and Western blot analysis. Blots were

probed with antibodies against the phosphorylated

form of ERK (pERK1/2) and total ERK1/2. (B) Repre-

sentative photomicrographs of lung tissues stained

for pERK1/2 (red) and a-smooth muscle actin

(a-SMA) (green). CCSP/- and CCSP/TGF-a mice

were treated with Dox for 4 days or 4 weeks. Lungs

were snap frozen and embedded in OCT. a-SMA,

a marker for smooth muscle cells, was specifically

stained only in the cells surrounding the large air-

ways (A) and blood vessels (V). Overlaid and en-

larged images show a colocalization of signals for

pERK1/2 with a-SMA–positive cells, indicating that

these pERK1/2-positive cells were mesenchymal

cells. Scale bar, 200 mM. (C) Representative photo-

micrographs of lung plural regions stained for

pERK1/2 (red) and a-SMA (green). a-SMA specifi-

cally stained the thickened pleural fibrotic regions

of fibrotic lungs. Overlaid and enlarged images

show a colocalization of signals for pERK1/2 with

a-SMA–positive cells, indicating that these pERK1/

2-positive cells were mesenchymal cells. Scale bar,

200 mM. (D) Representative photomicrographs of

lung tissues stained for pERK1/2 (red) and CCSP

(green). CCSP/- and CCSP/TGF-a mice were treated

with Dox for 1 day or 4 weeks. CCSP, a marker for

bronchiolar epithelial cells, was specifically stained

only in the cells of airways. Overlaid and enlarged

images show minimal colocalization between

pERK1/2- and CCSP-positive cells. Airways and

blood vessels are indicated by A and V, respec-

tively. Scale bar, 200 mm. Images represent two

independent fluorescence staining of lung tissues

with similar results. (B–D) Dashed rectangles in

third column (Merge) indicate the area shown in

forth column (Enlarged).
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CCSP/- mice and stimulated with TGF-a. Cell signaling inter-
mediates downstream of EGFR were then measured from
fibroblast cell lysates without and with incubation of the
MEK pharmacological inhibitor, ARRY. TGF-a added to

fibroblasts directly induced phosphorylation of Erk and the
downstream substrate, P90RSK (Figure 2A). TGF-a also in-
duced activation of the PI3K pathway, evident by phosphoryla-
tion of Akt, as well as the mTOR downstream substrate, pS6.

Figure 2. Inhibition of mitogen-activated protein ki-

nase (MAPK)/ERK pathway in mouse and human lung

primary fibroblasts using MAPK kinase (MEK)–specific

inhibitor, ARRY-142886 (ARRY). (A) Collagenase-

digested lungs from CCSP/- mice were cultured for

10 days to obtain primary fibroblasts as described in

MATERIALS AND METHODS. Serum-starved mouse primary

fibroblasts were pretreated with 0.1, 5, and 10 mM

ARRY for 30 minutes before stimulation with vehicle

or TGF-a (20 ng/ml) for 30 minutes. Cells were lysed

and analyzed by immunoblotting. Treatment with

ARRY resulted in a dose-dependent inhibition of

pERK1/2 and p90 ribosomal S6 kinase (p90RSK), but

no effect on phosphorylation of AKT (pAKT) and S6K

(pS6). (B) Serum-starved human primary fibroblasts

were pretreated with ARRY for 30 minutes before

stimulation with vehicle or TGF-a (20 ng/ml) for 30

minutes. As in mouse fibroblasts, treatment with ARRY

resulted in a dose-dependent inhibition of pERK1/2 and p90RSK, but no effect on pAKT or pS6. Equal loading is confirmed using glyceraldehyde

3-phosphate dehydrogenase (GAPDH) antibody staining. For the gels illustrated in this figure, phosphorylated and total proteins were run on the

same samples on separate gels under the same conditions and are combined for illustrative purposes.

Figure 3. Effect of in vivo inhi-

bition of ERK1/2 phosphor-

ylation using MEK-specific

inhibitor, ARRY, attenuates

TGF-a–induced lung cell pro-

liferation and expression of

matrix genes. Effect of ARRY

on ERK (A) and Akt (B) phos-

phorylations. CCSP/- and

CCSP/TGF-a mice on Dox for

4 days were cotreated with ve-

hicle or ARRY (12.5 mg/kg

twice daily). Total lung lysates

were analyzed by immunoblot-

ting. Treatment with ARRY

inhibited pERK1/2, but had

no effect on pAKT. For the

gels illustrated in this figure,

phosphorylated and total pro-

teins were run on the same

samples on separate gels un-

der the same conditions and

are combined for illustrative

purposes. (C) Effect of ARRY

on lung cell proliferation.

CCSP/- and CCSP/TGF-a mice

on Dox for 4 days were co-

treated with vehicle or different

doses of ARRY (12.5, 25, and

37.5 mg/kg twice daily). Prolif-

eration was assessed at Day 4

using immunohistochemistry

for the proliferation marker,

Ki67. Data are percent of Ki67

cells per total lung cells in ran-

domly counted lung fields.

Data shown are mean values

(6SEM). (D–F) Effect of ARRY on expression of extracellular matrix genes, col1a, col3a, and elastin. Real-time PCR analysis was performed in the lungs

of CCSP/- and CCSP/TGF-amice on Dox for 4 days and treated with vehicle or ARRY (37.5 mg/kg twice daily) for 4 days. The fold change was obtained

by normalizing the gene expression number to those of HPRT, then comparing the samples to the CCSP/- mice treated with vehicle for 4 days. Data

shown are mean values (6SEM) (n = 6–10/group). Statistical significance for data was measured using one-way ANOVA (n ¼ 4–5/group).
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Incubation of fibroblasts with ARRY prevented phosphoryla-
tion of ERK1/2, while not inhibiting phosphorylation of Akt or
S6. Studies were repeated in normal adult human lung fibro-
blasts incubated with TGF-a with patterns of signaling interme-
diate phosphorylation and inhibition with ARRY alike to
mouse lung fibroblasts (Figure 2B). These in vitro fibroblast
studies demonstrate that TGF-a directly activates the MEK
pathway with signaling conserved between mouse and human
fibroblasts. ARRY selectively inhibits Erk phosphorylation in
fibroblasts without altering phosphorylation of PI3K or mTOR
downstream intermediates.

MEK Inhibition Prevents TGF-a–Induced Lung Cell

Proliferation and Matrix Gene Production In Vivo

CCSP/TGF-a mice were treated in vivo with either ARRY
(12.5 mg/kg twice per day) or vehicle while concomitantly
administering Dox to induce TGF-a expression. Mice were
killed after 4 days of Dox, and lungs were homogenized to
measure phosphorylation of ERK1/2 and Akt. Mice treated
with ARRY demonstrated inhibition of ERK1/2 phosphoryla-
tion with no changes in phosphorylation of Akt (Figures 3A
and 3B). These studies demonstrate that ARRY selectively
inhibits ERK1/2 phosphorylation in vivo without altering Akt
phosphorylation.

Previous preclinical oncology studies in mice used prolifera-
tion with Ki67 staining as the method to verify adequate dosing

regimens (35). We previously demonstrated that activation of
TGF-a for 4 days was sufficient to increase the proliferation of
mesenchymal and epithelial cells (7). Therefore, to determine if
modulation of Erk phosphorylation is associated with physio-
logic changes of fibroproliferation, we measured proliferation
with Ki67 staining in CCSP/TGF-a mice after 4 days of Dox
administration with ARRY treatment. Compared with CCSP/
TGF-a mice treated with vehicle, proliferation was unchanged
in mice treated with ARRY at 12.5 mg/kg twice daily, whereas
higher doses of 25 and 37.5 mg/kg twice daily inhibited prolif-
eration (Figure 3C). To assess the efficacy of ARRY at inhibit-
ing lung matrix gene expression at the higher dose (37.5 mg/kg),
RT-PCR for collagen 1a, collagen 3a, and elastin were also per-
formed on lung homogenates on mice receiving 4 days of both
Dox and ARRY (37.5 mg twice daily). ARRY administration
significantly attenuated increased transcript levels for the matrix
genes compared with vehicle-treated controls (Figures 3D–3F).
These studies demonstrate that inhibition of the MEK pathway in
a dose–response manner is sufficient to prevent TGF-a–induced
proliferation, as well as matrix gene expression. The inability of
the 12.5 mg/kg dose to inhibit proliferation is likely due to the
short half-life of ARRY (8 h) (35), and is consistent with previous
preclinical tumor xenograft studies, which found doses in the 25–
50 mg/kg of body weight range sufficient to sustain Erk inhibition
(36, 37). The ensuing MEK inhibition studies used ARRY at
a dose of 37.5 mg/kg twice daily to ensure Erk inhibition was
sustained during the 12-hour dosing interval.

Figure 4. Prevention of TGF-

a–induced pulmonary fibrosis

by ARRY. CCSP/- and CCSP/

TGF-a mice on Dox were trea-

ted with vehicle or ARRY

(37.5 mg/kg twice daily) for 4

weeks. CCSP/TGF-a mice ad-

ministered ARRY at the initiation

of TGF-a induction demon-

strated marked attenuation of

fibrosis as compared with vehicle-

treated CCSP/TGF-a mice.

(A) Representative photomicro-

graphs of lung tissues for each

group stained with hematoxylin

and eosin (H&E) and taken at

103 magnification. Upper panel

shows the area of airways, ves-

sels, and parenchyma of the

lung. Lower panel shows the

pleural regions of the lung.

Scale bar, 200 mm. (B) ARRY ad-

ministered at the time of TGF-a

induction prevented expression

of extracellular matrix genes,

col1a, col3a, and elastin. Real-

time PCR analysis was per-

formed using total lung RNA

isolated from the lungs of

CCSP/- and CCSP/TGF-a mice.

Data are means (6SEM) (n¼ 5/

group). (C) ARRY administered

at the time of TGF-a induction

prevented increases in total

lung collagen. Data are means

(6SEM) (n ¼ 7–10/group). (D)

ARRY administered at the time of TGF-a induction prevented increases in airway resistance and compliance compared with vehicle-treated CCSP/TGF-a

transgenic mice receiving 4 weeks of Dox. Data are means (6SEM) (n ¼ 7–10/group). Statistical significance between groups was measured using one-

way ANOVA.
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MEK Inhibition Prevents TGF-a–Induced

Pulmonary Fibrosis

To determine if MEK inhibition prevents the physiologic conse-
quences of progressive lung fibrosis, CCSP/TGF-a mice were
treated with Dox to induce TGF-a expression and concomitantly
treated with either ARRY (37.5 mg/kg) or vehicle twice per day
for 4 weeks and compared with CCSP/- nonfibrotic control mice.
Induction of TGF-a caused extensive pleural, perivascular, and
peribronchial fibrosis on lung histology, whereas CCSP/TGF-a
mice treated with ARRY demonstrated no fibrosis (Figure
4A). RT-PCR for collagen 1a, collagen 3a, and elastin from lung
homogenates revealed a marked increases in transcripts in CCSP/
TGF-a mice administered vehicle, with significant blunting of
transcript changes in ARRY-treated mice (Figure 4B). In agree-
ment with the transcriptional changes, total lung collagen levels
were over threefold higher in CCSP/TGF-a mice compared with
Dox-treated CCSP/- control mice, with collagen levels signifi-
cantly reduced in ARRY treated mice (Figure 4C). Lung com-
pliance decreased by over 50%, and airway resistance increased
threefold in CCSP/TGF-a vehicle–treated mice compared with
CCSP/- control mice, whereas CCSP/TGF-a mice treated with
ARRY did not show any differences in lung mechanics compared
with CCSP/- control mice (Figure 4D). Together, these studies
demonstrate that inhibition of MEK at the time of TGF-a over-
expression prevents collagen accumulation and changes in lung
mechanics.

MEK Inhibition Prevents Progression of Established

Pulmonary Fibrosis

To determine whether MEK inhibition influences the progres-
sion of established fibrosis, after 4 weeks of Dox treatment when
fibrosis is already manifest, CCSP/TGF-a mice were adminis-
tered ARRY while remaining on Dox for an additional 4 weeks
(8 wk total) (Figure 5A). Controls included CCSP/- and CCSP/
TGF-amice treated with vehicle while remaining on Dox for an
additional 4 weeks. Body weights of CCSP/TGF-a mice treated
with vehicle decreased 35% from baseline after 8 weeks of Dox
(Figure 5B). ARRY administered at the beginning of Week 5
decelerated body weight loss compared with vehicle-treated
CCSP/TGF-a mice, with body weights remaining lower than
CCSP/- control mice. At the initiation of the study, there were
8 mice in the CCSP/- control group, 10 mice in the CCSP/TGF-a
vehicle group, and 9 mice in the CCSP/TGF-a ARRY–treated
group. No deaths occurred in either the controls or ARRY-
treated group, with three deaths in the vehicle-treated CCSP/
TGF-a mice on Dox. However, two of the three deaths in this
group were unrelated to the fibrosis (cage malfunctions), and
occurred early in the study before fibrosis became prominent.
There were no differences in mortality among the groups adjust-
ing for the unrelated deaths in the vehicle-treated group.

CCSP/TGF-a mice treated with Dox and vehicle for 8 weeks
demonstrated manifest pleural thickening with advanced peri-
vascular and peribronchial fibrosis affecting large and small
vessels and airways (Figure 6A). CCSP/TGF-a mice treated
with ARRY demonstrated reduced pleural fibrosis, as well as
reduced perivascular and peribronchial fibrosis, compared with
vehicle-treated mice (Figure 6A). RT-PCR for collagen 1a, col-
lagen 3a, and collagen 5a from lung homogenates demonstrated
increases in transcripts for CCSP/TGF-a mice administered ve-
hicle, with significant attenuation of transcript changes in
ARRY-treated mice (Figure 6B). Total lung collagen demon-
strated significantly increased collagen in CCSP/TGF-a mice
treated with vehicle or ARRY, with no differences detected
between the latter two groups (Figure 6C). The discrepancy in
lung collagen measured by RT-PCR and seen on lung histology

likely reflects the limitations of the Sircol assay, which detects
only soluble collagen and cannot detect aged covalent cross-
linked insoluble collagen, which would be more prevalent in
the vehicle-treated mice. Treatment of CCSP/TGF-a mice with
Dox and vehicle for 8 weeks caused significant changes in the
lung mechanics compared with CCSP/- mice (Figure 6D). When
ARRY was administered at the beginning of Week 5, CCSP/
TGF-a transgenic mice exhibited reduced increases in airway
resistance and decreased compliance (Figure 6D). Together,
these studies demonstrate that MEK inhibition administered
at the time of extensive and established fibrosis modulates
the progression of disease based on physiologic and histologic
parameters.

DISCUSSION

The present study provides three novel insights in the TGF-a lung
fibrosis model: (1) pharmacologic MEK inhibition prevents the
evolution of fibrosis that is already embedded and progressing;

Figure 5. ARRY prevents progressive weight loss during TGF-a–induced

fibrosis. To assess the efficacy of phosphatidylinositol 3-kinase (PI3K)

inhibition in established fibrosis, CCSP/TGF-a transgenic mice were

treated with ARRY after 4 weeks of Dox, while remaining on Dox for

an additional 4 weeks. (A) The treatment protocol is represented sche-

matically. Controls included CCSP/- and CCSP/TGF-a mice treated

with vehicle while remaining on Dox an additional 4 weeks. Mice were

weighed weekly during treatments as described in MATERIALS AND METH-

ODS. (B) Dox-induced expression of TGF-a for 8 weeks caused progres-

sive weight loss in vehicle-treated mice (red line), whereas mice treated

with ARRY 4 weeks after TGF-a induction did not have changes in body

weight (green line), but weights remained below CCSP/- controls (blue

line). No change in bodyweight of mice is represented as 0%. Data are

means (6SEM) and statistical significance between groups was mea-

sured using one-way ANOVA (n ¼ 7–9/group).
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(2) inhibition of the MEK pathway prevents fibrosis independent
of persistent PI3K activation; and (3) MEK/ERK is primarily
activated in mesenchymal cells of fibrotic lesions.

Using biochemical, histologic, and physiologic methods, our
data demonstrate that MEK inhibition prevented the progres-
sion of established disease when administered as a rescue ther-
apy. To our knowledge, this is the first study to successfully
demonstrate that inhibition of the MEK/ERK pathway in vivo
attenuates the progression of fibrosis and physiologic alterations
in lung mechanics. The clinical relevance for this finding is the
strong evidence demonstrating up-regulation of ERK/MAPK in
human fibrotic disease (38, 39). Yoshida and colleagues (39)
analyzed transcripts for Akt and MAPK signaling pathways in
lung tissue of patients with idiopathic pulmonary fibrosis (IPF),
and found increased levels of serine/threonine-protein kinase B-
Raf (BRAF) compared with normal lung control subjects.
BRAF is a major signaling intermediate protein that regulates
the MAPK/ERK pathway. Western blot of human lung biopsy
samples also demonstrates increased ERK1/2 signaling in IPF
samples compared with normal lungs (38). The recent develop-
ment of pharmacologic inhibitors of MAPK/ERK that are in
clinical oncology trials, coupled with the findings of this study,
support additional studies in animal models and humans to ver-
ify MAPK/ERK as a therapeutic target in fibrotic disease.

We previously demonstrated that inhibition of the PI3K/Akt
pathway with the specific PI3K inhibitor, PX-866, prevented fibro-
sis in the CCSP/TGF-a model, despite unaltered activation of the
MAPK/ERK pathway (18). In the current study, Akt remained
phosphorylated both in vitro and in vivo (Figures 2 and 3B) after

TGF-a induction, confirming the specificity of ARRY inhibition.
The effectiveness of either PX-866 or ARRY in preventing fibro-
sis development suggests that inhibition of either the PI3K or
MEK/ERK pathway is sufficient to prevent significant fibrosis
from becoming established. Together, these findings would sug-
gest that both pathways need to be active in vivo to induce fibro-
proliferation, but the mechanism for this observation remains
under investigation. One possible explanation for these findings
includes cell-selective pathway activation. We previously demon-
strated Akt phosphorylation primarily in airway and type II
epithelial cells after TGF-a induction (40). In contrast, we ob-
served elevated ERK activity primarily in a-SMA and vimentin-
positive mesenchymal cells of lungs from CCSP/TGF-a mice on
Dox for 4 days or 4 weeks (Figure 1). Interestingly, similar to the
CCSP/TGF-a model, immunohistochemistry of human lung sec-
tions from patients with IPF demonstrates increased pERK1/2,
primarily in smooth muscle cells, with little activation in the ep-
ithelium (41). An alternative explanation includes a common
converging pathway downstream of both PI3K and MAPK/
ERK, whereby input from both pathways is required for activa-
tion. The mTOR is a highly conserved intracellular serine/
threonine kinase and a major downstream component of the
PI3K pathway (42). Activation of mTOR, in complex with
raptor (mTORC1), leads to phosphorylation of p70S6K and
4E-binding proteins (4E-BPs) (43, 44). p70S6K and 4E-BPs
control the translation of specific mRNAs and protein synthesis
involved in cell cycle regulation, with effects on cellular growth,
proliferation, and translation (44). The p70S6K and 4E-BP
pathways possess several phosphorylation sites that are points

Figure 6. ARRY attenuates pro-

gression of lung fibrosis. (A)

Representative photomicro-

graphs of lung tissues for each

group stained with H&E and

taken at 103 magnification.

Upper panel shows the area of

airways, vessels, and paren-

chyma of the lung. Lower panel

shows the pleural regions of

the lung. Scale bar, 200 mm.

(B) ARRY administered 4 weeks

after the initiation of TGF-a

induction demonstrated atten-

uation of transcripts for extra-

cellular matrix genes, col1a,

col3a, and col5a. Real-time

PCR analysis was performed

using total lung RNA isolated

from the lungs. Data are

means (6SEM) (n ¼ 4/group).

(C) ARRY administered 4 weeks

after the initiation of TGF-a

induction demonstrated no

change in total lung collagen

compared with vehicle-treated

mice. Data are means (6SEM)

(n ¼ 7–9/group). (D) ARRY

prevents progression of TGF-

a–dependent changes in lung

mechanics. CCSP/TGF-a trans-

genic mice administered ARRY

4 weeks after treatment with

Dox demonstrated reduced

increases in airway resistance

and compliance as compared with vehicle-treated CCSP/TGF-a transgenic mice receiving 8 weeks of Dox. Data are means (6SEM) and statistical

significance between groups was measured using one-way ANOVA (n ¼ 7–9/group).
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of convergence not only for mTORC1, but also for MAPK (43,
44). Together, these findings provide a basis to further inves-
tigate molecular events and downstream targets in both the
PI3K and MEK/ERK pathways that contribute to pulmonary
fibrosis initiation.

CCSP/TGF-a mice administered ARRY as a rescue therapy
4 weeks after beginning Dox demonstrated significant improve-
ments with 4 weeks of treatment in lung histology, lung mechan-
ics, body weights, and collagen gene transcripts compared with
vehicle-treated mice, demonstrating that Erk inhibition pre-
vented the progression of fibrosis. However, all parameters
remained altered compared with control mice. We previously
reported that fibrosis in the CCSP/TGF-a model is completely
reversible when TGF-a overexpression is extinguished after 4
weeks of induction (18). Therefore, if ARRY was successful in
completely reversing the fibrosis, endpoints in the ARRY-
treated rescue group would be expected to return to no
fibrosis/control levels. As all endpoints in the ARRY-treated
group remained above the control values, these findings dem-
onstrate that prevention of fibrosis does not guarantee reversal
once the fibrotic process is initiated. Further resolution of ex-
isting fibrosis may have required longer treatment times than
4 weeks. Alternatively, once fibrosis is established and pro-
gressing, multiple signaling pathways are likely activated and
contribute toward the maintenance of lung fibrosis. We previ-
ously demonstrated that TGF-b1 is not activated during the
induction of fibrosis in the CCSP/TGF-a model, but is detected
in advanced fibrotic lesions (7). Therefore, inhibition of multi-
ple pathways, such as TGF-b, may be required to accelerate or
complete fibrosis resolution. The concept of combined signal-
ing pathway inhibition has proved effective in transgenic and
xenograft models of cancer (45–47), and our findings support
that the resolution of existing and progressing fibroprolifera-
tive diseases is likely complex, involving multiple pathways.

In summary, overexpression of TGF-a in the lung epithelium
is associated with mesenchymal cell activation of the MEK/
ERK signaling pathway. There are strong data supporting acti-
vation of ERK in human fibrotic disease, and the MEK/ERK
pathway is a logical target for potential fibrosis therapy, as sev-
eral fibrogenic cytokines signal through MEK/ERK, including
noncanonical TGF-b, platelet-derived growth factor, IL-13, and
TNF-a (14, 48). In addition, cell cycle progression in lung
mesenchymal cells is regulated through ERK1/2 by altering ex-
pression of cyclin D1 and CDK4 (49). In the TGF-a model,
selective inhibition of MEK prevented the development of
fibrosis and attenuated the progression of fibrosis when ad-
ministered as a rescue therapy. These findings support the con-
cept that MEK/ERK activation may play a significant role in
human lung fibrotic disease, which could be amenable to tar-
geted therapy.
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