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Acute lung injury is caused by many factors including acute pancreatitis. There is no specific therapy directed at underlying
pathophysiological mechanisms for acute lung injury. Transforming growth factor-𝛽 (TGF-𝛽) is involved in the resolution of lung
injury in later phases of the disease. Some evidence exists demonstrating that TGF-𝛽 not only is involved in the late stages, but also
contributes to lung injury early on in the progress of the disease. Acute pancreatitis was induced using ductal ligation inmice. TGF-
𝛽1, 2, and 3, T𝛽RII, ALK-5, Smad2, 3, 4, and 7, and P-Smad2 expression in the lungs were analyzed at 9 and 24 h. We demonstrate
that TGF-𝛽1 levels in the lungs of mice with acute pancreatitis increase as early as 9 h after induction. We observed an increased
expression of ALK-5 in acute pancreatitis at both 9 and 24 h. Inhibitory Smad7 expression was transiently increased at 9 h in acute
pancreatitis, but reduced later at 24 h, with a concomitant increased nuclear translocation of phosphorylated Smad2. Our findings
demonstrate activation of TGF-𝛽 signaling in the lungs as early as 24 h after acute pancreatitis, suggesting that TGF-𝛽may represent
a potential therapeutic candidate in acute pancreatitis-induced acute lung injury.

1. Introduction

Acute lung injury (ALI) is a devastating syndrome and an
important cause of mortality in critically ill patients. The
syndrome is characterized by hypoxemia and respiratory
failure due to exudation to alveolar spaces which impairs
gas exchange. The risk factors for developing this syndrome
include pneumonia, gastric aspiration, sepsis, shock, and
acute pancreatitis. Although acute pancreatitis represents
one of the less common clinical disorders associated with
acute respiratory distress syndrome (ARDS), severe attacks
of pancreatitis are frequently associated with acute lung
injury and respiratory failure [1]. The underlying molecular
mechanisms behind the development of lung injury are not
fully understood, which may explain the lack of specific
pharmacologic therapies.

Transforming growth factor 𝛽 (TGF-𝛽) is a multifunc-
tional cytokine regulating inflammatory and fibrotic dis-
orders. It plays a critical role in embryonic development

as well as in the resolution of tissue injury in multiple
organs, including the lung [2]. TGF-𝛽 exists in three isoforms
and is a member of a large family of soluble proteins that
modulate several cellular processes [3]. Of these isoforms,
TGF-𝛽1 is generated in greatest abundance subsequent to
tissue damage [4]. TGF-𝛽 signaling is initiated via ligand-
induced heteromeric complex formation of the TGF-𝛽 type
I and type II serine/threonine kinases receptors. Upon ligand
binding, the TGF-𝛽 type II receptor (T𝛽RII) phosphorylates
the type I receptor, which then propagates the signal through
phosphorylation of the Smad protein cascade. Smad proteins
constitute three functional classes: the receptor-regulated
Smad (R-Smad), the Comediator Smad (Co-Smad), and
the inhibitory Smad (I-Smad). R-Smads (Smad1, 2, 3, 5,
and 8) are directly phosphorylated and activated by the
type I receptor kinases and form heteromeric complexes
with the Co-Smad, Smad4. The activated Smad complexes
are translocated into the nucleus and, in conjunction with
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other nuclear cofactors, regulate the transcription of target
genes. The I-Smad, Smad6 and Smad7, negatively regulates
TGF-𝛽 signaling by competing with R-Smads for receptor
or Co-Smad interaction and by targeting the receptors for
degradation [5].

TGF-𝛽 has beenmost thoroughly evaluated for its crucial
role in the development of pulmonary fibrosis and airway
remodeling during the late phases of chronic lung injury
[6, 7]. However, the involvement and regulation of TGF-𝛽 in
acute lung injury are largely unknown. Murine models have
demonstrated that the expression levels of several TGF-𝛽-
responsive genes involved in extracellular matrix modulation
and fibrinolysis were dramatically increased in the early
phase after induction of lung injury [8]. In addition, elevated
levels of TGF-𝛽1 as well as TGF-𝛽-inducible genes, such as
procollagen type III and 𝛼1, have been demonstrated in the
lungs of patients with ARDS [9, 10]. Procollagen III is one of
the earliest predictors of the severity of ALI [11–14].

TGF-𝛽 has been shown to directly increase alveolar
epithelial permeability by increasing the gaps between the
endothelial cells [15–18]. Increased epithelial permeability
permits migration of neutrophils, which stimulates repair
of the pulmonary epithelium. Epithelial injury and repair
are essential in determining the clinical fate. However, the
regulating steps for the injury and repair are incompletely
understood [19].

We hypothesized that TGF-𝛽 signaling might be active
early in the lungs in ALI and plays a significant part in the
flooding of the alveolar spaces and lung injury.The aim of the
present study was to investigate the early activation of TGF-𝛽
signaling in the lungs of amurinemodel of acute pancreatitis-
associated ALI.

2. Material and Methods

2.1. Antibodies. Antibodies against TGF-𝛽1-3, T𝛽RII, and
ALK5 (T𝛽RI) were from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). Antibodies against Smad2, 3, 4, and
7 and P-Smad2 were kindly provided by professors Carl-
Henrik Heldin and Peter ten Dijke. The antibodies were
generated and purified as previously described [20].

2.2. In Vivo Model

Animals. 8–10 -week- old male wild-type C57BL/6 mice were
purchased from Charles River, Germany. The mice were
housed in appropriate facilities at Lund University, under
specific pathogen-free conditions and handled according to
the institute guidelines with approval of the Malmo-Lund
Animal Care Ethics Committee. The animals were kept
under 12/12 h light/dark regime in standard mesh cages with
laboratory chow and drinking water ad libitum.
Animal model. Acute pancreatitis was induced using the
combined pancreatic duct and bile duct (BPD) ligationmodel
as described previously [21]. The BPD ligation model is a
highly acute model that elicits a pronounced pulmonary
inflammatory response as early as 9 h after acute pancreati-
tis induction [21]. Briefly, the mice were anesthetized and

maintained with 2–4% isoflurane. Under aseptic conditions,
a midline laparotomy was performed. The bile duct, prox-
imal to its entry into the pancreas, and the common bile-
pancreatic duct, near its junction with the duodenum, were
dissected and ligated (BPD group). The same procedure was
applied to sham-operated control mice where the common
bile-pancreatic duct and the bile duct were dissected, but
not ligated, after which the abdomen was closed. The mice
recovered rapidly after surgery, and postoperative buprenor-
phine analgesia (0.05mg/kg, s.c.) was administered twice
daily. The animals (𝑛 = 8 in each group) were sacrificed
by exsanguination through puncture of the abdominal aorta
9 and 24 h after pancreatitis-induced surgery. Lung biopsies
were harvested, fixed in 4% paraformaldehyde for further
immunohistochemical processing or snap-frozen in liquid
nitrogen, and stored at −80∘C until Western blot analyses.

2.3. Immunohistochemistry. Paraffin embedded tissues were
sectioned 4 𝜇m thick. Endogenous peroxidase activity was
quenched for 30min in darkness by 1%H

2
O
2
(SigmaAldrich,

St. Louis, MO, USA) in methanol (Histolab, Gothenburg,
Sweden). After blocking with avidin-biotin (Vector Labora-
tories, Burlingame, CA) and normal goat serum (5%) for
60min, the sections were incubated with primary antibod-
ies in Tris-buffered saline (TBS)/saponin buffer overnight.
Biotinylated goat anti-rabbit IgG secondary antibodies were
added in 2% normal blocking serum. Slides were developed
for 5min in diaminobenzidine (DAB, VECTASTAIN, Vector
Laboratories) and counterstained with Mayer’s hematoxylin
(Histolab). Images were analyzed using the ScanScope CS
GL SS5082 and Aperio ImageScope v11.1.2.760. Positively
stained cells were quantified as average number of cells in
10 microscopic fields (20x magnification) by two researchers
blinded to the samples.

2.4. Western Immunoblotting. Snap-frozen lung tissue was
homogenized in liquid nitrogen using a mortar and pestle.
Proteins were extracted in 1% TritonX-100, 10mM Tris-
HCl, 50mM NaCl, 5mM EDTA, 30mM sodium pyrophos-
phate, 50mM NaF, 0.1mM Na

3
VO
4
, and complete pro-

tease inhibitor cocktail (Sigma). Protein concentration was
determined using BCA protein assay reagent kit (PIERCE
ThermoScientific). Lysates were dissolved in Laemmli buffer,
boiled and separated by SDS-PAGE (12%), and transferred
to 0.2 𝜇m Hybond-C extra nitrocellulose membrane (Amer-
sham Biosciences). Blots were blocked in 5% (w/v) milk
in Tris-buffered saline Tween-20 (TBST) and incubated
overnight at 4∘C with the primary antibodies (1 𝜇g/mL).
Following washing, the membranes were incubated for 1 h
with the secondary HRP-linked goat anti-rabbit antibody at
1 : 2000. Immunoblotted proteins were visualized by Super-
Signal West Dura Substrate (PIERCE ThermoScientific)
using LI-COR Odyssey Fc Imager (LI-COR Biosciences) and
Image studio Vr 2.0 software.

2.5. Statistics. The data is presented as mean ± SEM. Sta-
tistical analyses were performed by two-tailed Student’s t-
test using Prism software. A 𝑃 value of <0.05 was considered
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statistically significant. Densitometry analysis was performed
using Image studio Vr 2.0 software.

3. Results

3.1. Increased TGF-𝛽1 Expression in the Lungs following Acute
Pancreatitis. To investigate the role of the TGF-𝛽 system
in the progression of ALI due to acute pancreatitis, levels of
TGF-𝛽1, -𝛽2, and -𝛽3 were examined in the lungs of ligated
animals with acute pancreatitis compared to sham. In the
lungs of the animals with AP, TGF-𝛽1 was associated pre-
dominantly with the bronchial epithelium and macrophages
at both time points. Smooth muscle cells and endothelial
cells were stained. Occasional fibroblast-like cells and type II
alveolar epithelial cells were also stained (Figure 1(b)). There
was a 1.68-fold enhanced expression of TGF-𝛽1 in the lungs
of this group compared to the sham-operated animals (𝑃 <
0.05; Figures 1(a), 1(b), 1(g), and 1(h)). These changes were
more pronounced after 24 h as compared to 9 h (𝑃 < 0.01;
Figures 1(g) and 1(h)).

Staining for TGF-𝛽2 in airways of the animals with
AP showed similar pattern to that for TGF-𝛽1. Bronchial
epithelial cells and smooth muscle cells were stained more
intensely compared to other cell populations and fibroblast-
like cells were stainedmore consistently compared toTGF-𝛽1.
Neutrophilswere positive for TGF-𝛽2 aswell asmacrophages,
sub-epithelial fibroblast-like cells which were stained moder-
ately. No obvious difference between the sham-operated and
ligated animals at any of the time points (Figures 1(c) and
1(d)).

TGF-𝛽3 staining was also predominantly associated with
bronchial epithelial cells. Macrophages, fibroblast-like, and
smooth muscle cells were also showing expression. In the
ligated group, macrophages were generally stained; subep-
ithelial fibroblast-like cells showed mixed but predominantly
positive staining. The bronchial epithelial cells showed a
stronger staining tendency in the ligated group in both 9
(Figures 1(e) and 1(f)) and 24 h (data not shown).

Protein extracts from the lungs of the sham-operated
and ligated animals were analyzed by Western blotting. Total
TGF-𝛽1 protein levels were higher in the lung extracts of
the ligated animals at 9 and 24 h compared to the lungs of
the sham-operated group (Figures 1(g) and 1(h)). There was
not any difference for TGF-𝛽2 and 3 protein levels between
the sham-operated animals and the acute pancreatitis group
(data not shown).These results indicate that earlymodulation
of TGF-𝛽 ligands in the lungs of mice with acute pancreatitis
mostly relates to induction of the TGF-𝛽1 isoform rather than
TGF-𝛽2 and TGF-𝛽3.

3.2. High Expression of ALK5 in the Lungs of the Ani-
mals with Acute Pancreatitis. To assess modulation of two
candidate receptors for TGF-𝛽 signaling, the lung sec-
tions were stained for T𝛽RII and ALK5 (T𝛽RI). Both the
acute pancreatitis (Figure 2(b)) and sham-operated groups
(Figure 2(a)) demonstrated high levels of T𝛽RII in bronchial
epithelial and smooth muscle cells, while alveoli, fibroblasts,
endothelial, and infiltrating cells showed moderate to weak

staining (Figures 2(a) and 2(b)). No obvious difference in
the expression pattern of T𝛽RII was observed between the
acute pancreatitis group and sham controls at the time points
studied.

Bronchial epithelial and vascular endothelial cells were
strongly positive for ALK5, while fibroblasts and alveoli
were moderately positive for ALK5 in the lungs of the
pancreatitis-induced group (Figures 2(d) and 2(f)). A similar
staining pattern was observed in the lungs of the sham-
operated groups (Figures 2(c) and 2(e)). Interestingly, the
bronchial epithelial cells demonstrated an enhanced nuclear
accumulation of ALK5 after 9 h that was further enhanced
at 24 h after acute pancreatitis induction compared to sham
controls. In addition, acute pancreatitis following BPD-
ligation was further associated with enhanced number of
infiltrating cells that were more ALK5-positive compared to
sham (Figures 2(d) and 2(f)). A significant overall increase in
the number of ALK5-positive cells per field was found in the
pancreatitis-induced groups compared to sham at both 9 and
24 h (Figure 2(g), 53 versus 32; 𝑃 < 0.001 and 45 versus 32;
𝑃 < 0.05; resp.).

The elevated ALK5 levels in the lungs following acute
pancreatitis induction were further confirmed by Western
blot of total protein extracts. A pronounced increase in the
total protein levels of ALK5 was detected at both 9 and
24 h in the pancreatitis group compared to sham control
(Figure 2(h)). These data indicate that the acute pancreatitis
mediated regulation of TGF-𝛽 responses at the receptor level
predominantly involves induction of ALK5 instead of T𝛽RII.

3.3. No Modulation of Smad2, 3, and 4 Levels in the Lungs.
Next, modulation of the levels of Smad signaling effectors
was investigated. Smad2 was detected at moderate levels in
bronchial epithelium, infiltrating cells, and fibroblasts, while
low levels were observed in alveoli and vascular endothelial
cells in both sham controls and 9 h after acute pancreatitis
induction (Figures 3(a) and 3(b)). High levels of Smad3 were
observed in bronchial epithelium, vascular endothelium,
infiltrating, and fibroblast-like cells, while low levels were
detected in alveolar cells in both sham controls and with
acute pancreatitis induction (Figures 3(c) and 3(d)). Simi-
larly, lungs from both sham controls and acute pancreatitis-
associatedALI showedmoderate levels of Smad4 in bronchial
epithelial, vascular endothelial and infiltrating cells (Figures
3(e) and 3(f)). A moderate Smad4 induction was noted in
the infiltrating cells in the ligated animals compared to sham
controls (Figure 3(f)). However, neither immunostainings
nor Western blot (Figures 3(g) and 3(h)) analyses showed
a significant modulation of the Smad2–4 protein levels in
the lungs following 9 or 24 h acute pancreatitis induction
compared to sham controls.

3.4. Transient Induction of Inhibitory Smad7 in the Lungs
following Acute Pancreatitis. To further study regulation of
the TGF-𝛽 signaling pathway, levels of inhibitory Smad7
were evaluated. Bronchial epithelial cells as well as vascular
endothelial, smooth muscle, and inflammatory cells showed
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Figure 1: Expression of three different isotypes of TGF-𝛽 in the lungs. Immunostaining of TGF-𝛽1 (a and b), TGF-𝛽2 (c and d), and TGF-𝛽3
(e and f) levels in lung tissue from sham controls (a, c, and e) and 9 h after acute pancreatitis induction (b, d, and f). Positive staining is
visualized in brown by DAB and counterstained in blue by haematoxylin. Results from one representative of eight samples per group are
shown. Original magnification, ×20. Western blot analysis of TGF-𝛽1 protein levels in lung extracts of sham-operated and ligated animals
at time points indicated (g). Two of five similar analyses per group are shown. Graph shows densitometry evaluation of fold difference in
TGF-𝛽1 intensity compared to sham control and represents mean ± SEM of five samples per group (h). ∗𝑃 < 0.05; ∗∗𝑃 < 0.01.
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Figure 2: Expression level of the TGF-𝛽 receptors. Representative images of the levels of T𝛽RII at 9 h (a and b) and ALK5/T𝛽RI at 9 h (c
and d) and 24 h (e-f), and in lung tissue from sham controls (a, c, and e) and after acute pancreatitis induction (b, d, and f). Results from one
representative of eight samples per group are shown.Originalmagnification,×20.Number of ALK5-positive cells in the lungs of sham controls
and ligated groups at 9 and 24 h (g). Graph represents number of positive cells as mean ± SEM in 10 microscope fields (×20 magnification),
𝑛 = 8 per group. ∗𝑃 < 0.05; ∗∗∗𝑃 < 0.001 versus sham control, two-tailed Student’s t-test. Western blot analysis of total ALK5 protein levels in
lung extracts of sham-operated and ligated animals at the early 9 h and advanced 24 h time points (h). Two of five similar analyses per group
are shown.
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Figure 3: Distribution of Smad proteins in the lungs. Immunostaining of Smad2 (a and b), Smad3 (c and d), and Smad4 (e and f) levels in
lung tissue at 9 h from sham controls (a, c, and e) and acute pancreatitis groups (b, d, and f). Results from one representative of eight samples
per group are shown. Original magnification, ×20.Western blot analysis of Smad2, Smad3, and Smad4 protein levels in lung extracts of sham-
operated and ligated animals at the indicated time points (g). Two of five similar analyses per group are shown. Graphs show densitometry
measurements of fold difference in Smad2, Smad3, and Smad4 levels compared to sham control and represent mean ± SEM of five samples
per group (h).
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Figure 4: Transient induction of inhibitory Smad7 in the lungs. Representative images of Smad7 levels in lung tissue at 9 h (a and b) and 24 h
(c and d) following sham operation (a and c) and acute pancreatitis induction (b and d). Results from one representative of eight samples per
group are shown. Original magnification, ×20. Western blot analysis of Smad7 protein levels in lung extracts of sham-operated and ligated
animals at two time points (e). Two of five similar analyses per group are shown. Graph displays densitometry measurement of fold difference
in Smad7 levels compared to sham control and represents mean ± SEM of five samples per group (e). ∗𝑃 < 0.05.

considerably higher levels of Smad7 9 h after acute pancre-
atitis induction compared to sham controls (Figures 4(a) and
4(b)). However, the Smad7 induction appeared transient and
with disease progression the levels of Smad7 were reduced.
After 24 h the levels were not altered notably compared to
control (Figures 4(c) and 4(d)). Analysis of the Smad7 protein
levels in lung extracts confirmed the immunohistochemistry
findings, with 2.41-fold increased levels of Smad7 (𝑃 < 0.05)
in the ligated group at 9 h, but not at 24 h, compared to sham
controls (Figure 4(e)).

3.5. Enhanced Nuclear Translocation of Phosphorylated Smad2
in the Ligated Animals. In order to study the level of active
TGF-𝛽 signaling during acute pancreatitis-associated acute
lung injury, the activation and subcellular distribution of
phosphorylated Smad2 (P-Smad2) were evaluated in lung
sections. Bronchial epithelial, vascular endothelial, infiltrat-
ing, and fibroblast-like cells in the sham-operated animals
had a weak cytoplasmic expression of P-Smad2 at both 9
and 24 h, with scattered cells showing a nuclear localization
(Figures 5(a) and 5(c)). In contrast, enhanced levels of
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Figure 5: Redistribution and nuclear translocation of P-Smad2. Representative images of P-Smad2 in lung tissue at 9 h (a and b) and 24 h (c
and d) following sham operation (a and c) and acute pancreatic induction (b and d). Original magnification, ×20. Arrows indicate nuclear
translocation of P-Smad2 after 24 h in the ligated animals (f). More cytoplasmic (arrows) and less nuclear staining of P-Smad2 were observed
in the sham-operated group (e). Original magnification, ×40. Results from one representative of eight samples per group are shown.Western
blot analysis of total P-Smad2 protein levels in lung extracts of sham-operated and ligated animals (g). Two of five similar analyses per group
are shown.

cytoplasmic and importantly nuclear translocated P-Smad2
were detected in the lungs, especially in vascular endothelial
cells, 24 h after acute pancreatitis induction compared to
sham control (Figures 5(c)–5(f)). Despite differences at the
cellular level, the total protein level of P-Smad2 was not
altered between the sham-operated and ligated animals at any
of the time points (Figure 5(g)).

A summary of the changes in expression of the TGF-𝛽
signaling molecules is presented in Table 1.

4. Discussion

TGF-𝛽 has a well-established role in the fibrotic processes
during chronic lung diseases. In the present study, we show
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Table 1: Changes in expression patterns of TGF-𝛽 signalingmolecules in the lungs during acute pancreatitis at two time points.The expression
of TGF-𝛽 signaling molecules in the lungs of AP compared to sham-operated animals based on immunohistochemistry and Western blot
analyses at 9 and 24 h. AP: acute pancreatitis.

9 h 24 h
TGF-𝛽1 ↑ Expression in AP (𝑃 < 0.05) ↑↑ Expression in AP (𝑃 < 0.01)
TGF-𝛽2 and 3 No difference between sham and AP No difference between sham and AP
T𝛽RII No difference between sham and AP No difference between sham and AP
ALK-5 ↑ Expression in AP, ↑↑ positive cells in AP (𝑃 < 0.001) ↑↑ Expression in AP, ↑↑ positive cells in AP (𝑃 < 0.05)
Smad2, 3 and 4 No difference between sham and AP No difference between sham and AP
Smad7 ↑ Expression in AP (𝑃 < 0.05) No difference between sham and AP
P-Smad2 No difference between sham and AP ↑ Nuclear translocation in AP

that TGF-𝛽 signaling modulation starts as early as 9 h in
the lungs of animals with acute pancreatitis-associated acute
lung injury. These changes included an early increase in the
levels of TGF-𝛽1 and ALK5 (T𝛽RI). A parallel increase in
the signaling regulator and general inhibitor of the TGF-
𝛽 signaling transduction, Smad7, was found at 9 h. Later
in the course of the disease at 24 h the levels of TGF𝛽1
and ALK5 remained high, while levels of the inhibitory
Smad7 were reduced back to the level of the sham-operated
animals. These changes were associated with an enhanced
nuclear translocation of phosphorylated Smad2 indicating an
active TGF-𝛽 signaling. This is the first report on the early
modulation of TGF-𝛽 signaling pathway in the acute lung
injury due to acute pancreatitis.

TGF-𝛽 signaling regulates various cellular processes,
including cell proliferation, recognition, differentiation,
apoptosis, and specification of developmental fate during
embryogenesis as well as in mature tissues [5]. Previous
studies have indicated that TGF-𝛽 not only participates
in the late phase of acute lung injury, but also might be
active early in acute lung injury and potentially could
contribute to the development of pulmonary edema [22].
TGF-𝛽 mRNA level increased in murine intraparenchymal
mononuclear cells and in alveolar macrophages within 1 h
in a hemorrhage-induced acute lung injury model [23].
In addition to its classical role in fibrotic and extracellular
matrix remodeling, TGF-𝛽 signaling has a pivotal role in
angiogenesis and vascular defects. The in vitro effect of TGF-
𝛽 on the integrity of vascular endothelium started within
1-2 h and was maximal 8-9 h after exposure to TGF-𝛽 [24].
TGF-𝛽1-induced lung endothelial cell barrier dysfunction is
mediated by activation of Rho and Rho-kinase, which induce
endothelial cell permeability [25].This effect appears to result
from endothelial cell contraction through the activation of a
myosin light chain kinase-dependent signaling cascade [24].

Our results showed an early increase (9 h) in the protein
level of TGF-𝛽1 in the lungs of animals with acute pancreati-
tis. This can be a contributing factor to the lung injury due to
TGF-𝛽 effects on the vascular integrity. Endothelial damage
facilitates inflammatory cell recruitment to the injured area.
Wehave previously shown a significant enrichment of inflam-
matory cells (neutrophils and macrophages), recruited into
the lung tissue of animals with acute pancreatitis at 9 h [21].
In addition to its effects on vascular permeability, TGF-𝛽1

has been shown to enhance monocyte migration. TGF-𝛽1-
driven monocyte motility was mediated via ALK5-induced
PI3 K and p38 signaling, independently of Smad2/3 [26].The
early rise in both TGF-𝛽1 and ALK5 observed herein may
thus contribute to stimulate the monocyte enrichment in the
lungs at 9 h.

Disruption of the vascular integrity is not the only way
that TGF-𝛽 signaling can play a role in the initiation and
progression of acute lung injury. TGF-𝛽 activation plays
a role in the development of acute lung injury through
alteration of fibroproliferative responses, lung permeability,
and inflammatory cell influx [18, 27–29]. TGF-𝛽 and TGF-
𝛽-inducible genes are able to modify lung permeability,
epithelial ion transport, fibrinolysis, extracellular matrix, and
surfactant homeostasis. The integration of the changes in
these molecular pathways by TGF-𝛽 implicates it as a central
mediator of acute lung injury [30]. In addition, TGF-𝛽 has
potent proinflammatory and immune regulatory properties.
Mice treated with anti-TGF-𝛽 antibodies showed decreased
levels of pro-inflammatory cytokines compared to untreated
one in a hemorrhage-induced acute lung injury model [23].

Different human diseases have been associated with
dysregulation of TGF-𝛽 signaling, which shows the impor-
tance of a well-regulated signaling process.The TGF-𝛽-Smad
signaling pathway is regulated at different levels. Smad7 is
part of an autoinhibitory feedback control, which interacts
with ALK5 through various mechanisms. Smad7 activation
is highly regulated and is induced by TGF-𝛽 stimulation
[31]. Smad7 resides in the nucleus in unstimulated cells
and translocates to the plasma membrane following receptor
activation [32], where it binds the receptors and inhibits
further signaling. Smad7 has a central role in pathological
processes by its antifibrotic and anti-inflammatory properties
[33]. The anti-inflammatory activities of increased Smad7 at
early phase in our model can be interpreted as a protective
mechanism in the lungs of the animals with acute pancreati-
tis.

In this study, we showed increased levels of both TGF-𝛽1
and ALK5 in the lungs as early as 9 h after the induction of
acute pancreatitis. However, increased TGF-𝛽 signaling via
the Smad2 pathway was observed first after 24 h following
acute pancreatitis induction. Increased nuclear translocation
of phosphorylated Smad2 at 24 h can be due to the decreased
Smad7 levels in the lungs. This time point was the peak
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of the inflammatory response associated with inflammatory
cells recruitment to the lungs as well as pathological changes
indicating the acute lung injury, in a previous report [21].The
later activation of the signaling pathway can be of interest in
the acute lung injury, making the TGF-𝛽 pathway a potential
therapeutic target. This is in accordance with previous report
of attenuated lung injury by administration of a TGF-𝛽
inhibitor 24 h after the injury [18].

5. Conclusions

In summary, the present study shows an early rise in TGF-𝛽1
and ALK5 whichmay activate the TGF-𝛽/Smad2 signaling or
alternative pathways to contribute toALI. Acute lung injury is
a critical syndrome due to a variety of precipitants, including
acute pancreatitis. ALI remains a significant health burden
with substantial morbidity and mortality. Improvements in
outcome followingALI over the past decade are in part due to
improved strategies of mechanical ventilation and advanced
support of other failing organs and not a specific treatment.
Clinical and experimental studies indicate a role of TGF-
𝛽 in the early phases of ALI, where TGF-𝛽 contributes to
the lung injury through epithelial and endothelial injuries.
Our data showed an early rise in Smad7 which can block
the TGF-𝛽/Smad2 signaling. With disease progression, the
Smad7 levels were reduced with a concomitant increase in
nuclear translocation of phosphorylated Smad2, an indicator
of active TGF-𝛽/Smad2 signaling. An active TGF-𝛽 signaling
can be a critical mediator for ALI.
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[5] Y. Shi and J. Massagué, “Mechanisms of TGF-𝛽 signaling from
cell membrane to the nucleus,” Cell, vol. 113, no. 6, pp. 685–700,
2003.

[6] S. N. Giri, D. M. Hyde, and M. A. Hollinger, “Effect of antibody
to transforming growth factor 𝛽 on bleomycin induced accu-
mulation of lung collagen in mice,” Thorax, vol. 48, no. 10, pp.
959–966, 1993.

[7] T. J. Broekelmann, A. H. Limper, T. V. Colby, and J. A.
McDonald, “Transforming growth factor 𝛽1 is present at sites
of extracellular matrix gene expression in human pulmonary
fibrosis,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 88, no. 15, pp. 6642–6646, 1991.

[8] N. Kaminski, J. D. Allard, J. F. Pittet et al., “Global analysis of
gene expression in pulmonary fibrosis reveals distinct programs
regulating lung inflammation and fibrosis,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 97, no. 4, pp. 1778–1783, 2000.

[9] R. J. Fahy, F. Lichtenberger, C. B. McKeegan, G. J. Nuovo, C.
B. Marsh, and M. D. Wewers, “The acute respiratory distress
syndrome: a role for transforming growth factor-𝛽1,” American
Journal of Respiratory Cell and Molecular Biology, vol. 28, no. 4,
pp. 499–503, 2003.

[10] A. N. Chesnutt, M. A. Matthay, F. A. Tibayan, and J. G. Clark,
“Early detection of type iii procollagen peptide in acute lung
injury: pathogenetic and prognostic significance,” American
Journal of Respiratory and Critical Care Medicine, vol. 156, no.
3 I, pp. 840–845, 1997.

[11] J. G. Clark, J. A. Milberg, K. P. Steinberg, and L. D. Hudson,
“Type III procollagen peptide in the adult respiratory distress
syndrome. Association of increased peptide levels in bron-
choalveolar lavage fluid with increased risk for death,” Annals
of Internal Medicine, vol. 122, no. 1, pp. 17–23, 1995.

[12] S. Shahzeidi, B. Mulier, B. de Crombrugghe, P. K. Jeffery, R. J.
McAnulty, and G. J. Laurent, “Enhanced type III collagen gene
expression during bleomycin induced lung fibrosis,” Thorax,
vol. 48, no. 6, pp. 622–628, 1993.

[13] S. Shahzeidi, P. K. Jeffery, G. J. Laurent, and R. J. McAnulty,
“Increased type I procollagen mRNA transcripts in the lungs of
mice during the development of bleomycin-induced fibrosis,”
European Respiratory Journal, vol. 7, no. 11, pp. 1938–1943, 1994.

[14] R. E. Swiderski, J. E. Dencoff, C. S. Floerchinger, S. D.
Shapiro, and G. W. Hunninghake, “Differential expression of
extracellular matrix remodeling genes in a murine model of
bleomycin-induced pulmonary fibrosis,”The American Journal
of Pathology, vol. 152, no. 3, pp. 821–828, 1998.

[15] J. H. Finigan, G. P. Downey, and J. A. Kern, “Human epidermal
growth factor receptor signaling in acute lung injury,”American
Journal of Respiratory Cell and Molecular Biology, vol. 47, pp.
395–404, 2012.

[16] V. Hurst IV, P. L. Goldberg, F. L. Minnear, R. L. Heimark,
and P. A. Vincent, “Rearrangement of adherens junctions by



Mediators of Inflammation 11

transforming growth factor-𝛽1: role of contraction,” American
Journal of Physiology—Lung Cellular and Molecular Physiology,
vol. 276, no. 4, pp. L582–L595, 1999.

[17] A. S. Antonov, G. N. Antonova, M. Fujii et al., “Regulation of
endothelial barrier function by TGF-𝛽 type I receptor ALK5:
potential role of contractile mechanisms and heat shock protein
90,” Journal of Cellular Physiology, vol. 227, no. 2, pp. 759–771,
2012.

[18] J.-F. Pittet, M. J. D. Griffiths, T. Geiser et al., “TGF-𝛽 is a
critical mediator of acute lung injury,” The Journal of Clinical
Investigation, vol. 107, no. 12, pp. 1537–1544, 2001.

[19] R. L. Zemans, N. Briones, M. Campbell et al., “Neutrophil
transmigration triggers repair of the lung epithelium via 𝛽-
catenin signaling,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 108, no. 38, pp.
15990–15995, 2011.

[20] A. Rosendahl, D. Checchin, T. E. Fehniger, P. ten Dijke, C.-H.
Heldin, and P. Sideras, “Activation of the TGF-𝛽/activin-Smad2
pathway during allergic airway inflammation,” American Jour-
nal of Respiratory Cell and Molecular Biology, vol. 25, no. 1, pp.
60–68, 2001.

[21] H. Akbarshahi, M. Menzel, M. Posaric Bauden, A. Rosendahl,
and R. Andersson, “Enrichment of murine CD68(+)CCR2(+)
and CD68(+)CD206(+) lung macrophages in acute pancreati-
tis-associated acute lung injury,” PLoS ONE, vol. 7, Article ID
e42654, 2012.

[22] J. Dhainaut, J. Charpentier, and J. Chiche, “Transforming
growth factor-𝛽: a mediator of cell regulation in acute respi-
ratory distress syndrome,” Critical Care Medicine, vol. 31, pp.
S258–S264, 2003.

[23] R. Shenkar,W. F. Coulson, and E. Abraham, “Anti-transforming
growth factor-beta monoclonal antibodies prevent lung injury
in hemorrhagedmice,”American Journal of Respiratory Cell and
Molecular Biology, vol. 11, no. 3, pp. 351–357, 1994.

[24] A. B. Sutton, A. E. Canfield, S. L. Schor, M. E. Grant, and
A. M. Schor, “The response of endothelial cells to TGF𝛽-1 is
dependent upon cell shape, proliferative state and the nature of
the substratum,” Journal of Cell Science, vol. 99, part 4, pp. 777–
787, 1991.

[25] A. A. Birukova, K. G. Birukov, D. Adyshev et al., “Involvement
of microtubules and Rho pathway in TGF-𝛽1-induced lung
vascular barrier dysfunction,” Journal of Cellular Physiology, vol.
204, no. 3, pp. 934–947, 2005.

[26] S. Olieslagers, E. Pardali, V. Tchaikovski, P. ten Dijke, and
J. Waltenberger, “TGF-𝛽1/ALK5-induced monocyte migration
involves PI3K and p38 pathways and is not negatively affected
by diabetes mellitus,” Cardiovascular Research, vol. 91, no. 3, pp.
510–518, 2011.

[27] R. J. Fahy, F. Lichtenberger, C. B. McKeegan, G. J. Nuovo, C.
B. Marsh, and M. D. Wewers, “The acute respiratory distress
syndrome: a role for transforming growth factor-𝛽1,” American
Journal of Respiratory Cell and Molecular Biology, vol. 28, no. 4,
pp. 499–503, 2003.

[28] X. Cui, F. Zeni, Y. Vodovitz et al., “TGF-𝛽1 increases microbial
clearance but worsens lung injury during Escherichia coli
pneumonia in rats,” Cytokine, vol. 24, no. 4, pp. 115–127, 2003.

[29] R. I. Bechara, L. A. S. Brown, J. Roman, P. C. Joshi, and D.
M. Guidot, “Transforming growth factor 𝛽 expression and
activation is in the alcoholic rat lung,” American Journal of
Respiratory and Critical Care Medicine, vol. 170, no. 2, pp. 188–
194, 2004.

[30] S. C. Wesselkamper, L. M. Case, L. N. Henning et al., “Gene
expression changes during the development of acute lung
injury: role of transforming growth factor 𝛽,” American Journal
of Respiratory and Critical Care Medicine, vol. 172, no. 11, pp.
1399–1411, 2005.

[31] C. Dasgupta, R. Sakurai, Y. Wang et al., “Hyperoxia-induced
neonatal rat lung injury involves activation of TGF-𝛽 and Wnt
signaling and is protected by rosiglitazone,” American Journal
of Physiology—Lung Cellular andMolecular Physiology, vol. 296,
no. 6, pp. L1031–L1041, 2009.

[32] S. Itoh, M. Landström, A. Hermansson et al., “Transforming
growth factor 𝛽1 induces nuclear export of inhibitory Smad7,”
The Journal of Biological Chemistry, vol. 273, no. 44, pp. 29195–
29201, 1998.

[33] X. Yan, Z. Liu, and Y. Chen, “Regulation of TGF-𝛽 signaling by
Smad7,” Acta Biochimica et Biophysica Sinica, vol. 41, no. 4, pp.
263–272, 2009.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


