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Abstract

Rationale—Many mechanically ventilated patients with acute respiratory distress syndrome 

(ARDS) develop pulmonary fibrosis. Stresses induced by mechanical ventilation may explain the 

development of fibrosis by a number of mechanisms (e.g. damage the alveolar epithelium, 

biotrauma).

Objectives—To test the hypothesis that mechanical ventilation plays an important role in the 

pathogenesis of lung fibrosis.

Methods—C57BL/6 mice were randomized into four groups: healthy controls; hydrochloric acid 

(HCl) aspiration alone; vehicle control solution followed 24 h later by mechanical ventilation 

(peak inspiratory pressure 22 cmH2O and PEEP 2 cmH2O for 2h); and acid aspiration followed 

Address for correspondence: Haibo Zhang, MD; PhD, Room 619, LKSKI, 209 Victoria Street, Toronto, Ontario M5B1T8, Canada, 
Tel: (416) 864-6060 Ext. 77654, Fax: (416) 864-5277, zhangh@smh.ca.
*NEC and MP contributed equally to the work

Crit Care Med. Author manuscript; available in PMC 2016 October 12.
Published in final edited form as:

Crit Care Med. 2012 February ; 40(2): 510–517. doi:10.1097/CCM.0b013e31822f09d7.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



24h later by mechanical ventilation. The animals were monitored for up to 15 days after acid 

aspiration. To explore the direct effects of mechanical stress on lung fibrotic formation, human 

lung epithelial cells (BEAS-2B) were exposed to mechanical stretch for up to 48 h.

Measurement and Main Results—Impaired lung mechanics after mechanical ventilation was 

associated with increased lung hydroxyproline content, and increased expression of transforming 

growth factor-β (TGF-β), β-catenin and mesenchymal markers (α-SMA and Vimentin) at both the 

gene and protein levels. Expression of epithelial markers including cytokeratin-8, E-cadherin and 

pro-surfactant protein B decreased. Lung histology demonstrated fibrosis formation and potential 

epithelial-mesenchymal transition (EMT). In vitro direct mechanical stretch of BEAS-2B cells 

resulted in similar fibrotic and EMT formation.

Conclusions—Mechanical stress induces lung fibrosis, and EMT may play an important role in 

mediating the ventilator-induced lung fibrosis.
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Introduction

Despite major advances in management, the mortality of acute respiratory distress syndrome 

(ARDS) remains as high as 44% based on observational studies and 36% based on 

randomized controlled trials (1). Most ARDS patients survive the acute phase, but many go 

on to die, often with evidence of pulmonary fibrosis (2). Pulmonary fibrosis was found in 

open-lung biopsies of 53% of ventilated patients who had ARDS for ≥ 5 days (3). 

Transbronchial lung biopsy revealed that 64% of ARDS patients who were ventilated for an 

average of 12 days developed pulmonary fibrosis, and their mortality rate was 57% 

compared to 0% in patients without pulmonary fibrosis (4). The outcome of ARDS patients 

may be improved by using information from open-lung biopsies to guide anti-fibrotic 

therapy after 5 days of ARDS (3, 5), thus demonstrating that the clinical progress of lung 

fibrosis is potentially reversible in ARDS patients, a finding which is different than typical 

patients with idiopathic pulmonary fibrosis (IPF), in which the disease is usually irreversible 

(6–8).

The mechanisms underlying the fibrotic phase of ARDS are largely unknown. Some 

investigations have focused on the underlying immune cell response in the acute phase of 

ARDS as a key factor in the development of fibrosis (9). Another possibility relates to the 

role of the alveolar epithelium which has largely been thought of asa passive bystander in 

the development of chronic pulmonary fibrosis. However, recent studies have suggested that 

ongoing alveolar epithelial cell apoptosis and retarded wound repair may play an important 

role in the pathogenesis of pulmonary fibrosis (8, 10–13) mediated through epithelial-

mesenchymal transition (EMT) signaling pathways.

Virtually all patients with ARDS receive mechanical ventilation. Regional alveolar 

overdistension during ventilation can induce excessive mechanical stresses to the 

extracellular matrix, leading to the development of interstitial edema, extracellular matrix 
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fragmentation (14), epithelial injury, and biotrauma, characterized by neutrophil infiltration 

and inflammatory cytokine production (14, 15). These mechanisms are also of direct 

relevance to the development of fibrosis. Therefore we hypothesized that ventilator-induced 

lung injury may play a role in ARDS-associated fibrosis, characterized by changes in EMT 

markers, a mechanism that may have previously been overlooked (2–5, 16–18).

To test this hypothesis we used an in vivo mouse model of acid aspiration-induced acute 

lung injury followed by mechanical ventilation, and employed an in vitro mechanical stretch 

system on human lung epithelial cells to examine specifically the effects of mechanical 

stress on the development of fibrosis and EMT.

Materials and methods (see Supplementary Materials for details)

Acid aspiration model and mechanical ventilation

The study protocol was approved by the institutional Animal Care and Use Committee of St. 

Michael’s Hospital. Male C57BL/6 mice (8 – 12 weeks) were anesthetized with 

intraperitoneal injection of Ketamine (200 mg/kg) and Xylazine (10 mg/kg), and randomly 

divided into 3 groups: (1): acid aspiration (HCl, n = 24); (2): vehicle control + mechanical 

ventilation (MV, n = 24); (3): acid aspiration + mechanical ventilation (HCl+MV, n = 24). 

Animals received instratracheal instillation of either hydrochloric acid (HCl, pH 1.2, 2 

mL/kg) or equal volume of vehicle control solution (PBS, pH 7.4). The animals recovered 

from anesthesia and were housed in an animal facility with free access to water and food. 

After 24 h, mice in the MV and HCl+MV groups were anesthetized, intubated, and 

mechanically ventilated for 2h using FiO2 0.4, PIP 22 cmH2O, PEEP 2 cmH2O, and 

respiratory rate (RR) 120 breaths/min. The animals were then sent back to the animal facility 

with free access to water and food and observed for 3 days, 8 days and 15 days after HCl or 

PBS instillation. Additional healthy mice were sacrificed using an anesthetic overdose (n = 

6) and served as a Control group. Upon completion of the experiments the right lung was 

snap frozen in liquid nitrogen and stored at −80°C for mRNA and protein measurements.

Respiratory mechanics

At the indicated time points 8 mice were anesthesized, paralyzed and tracheotomized for 

measurement of lung mechanics (FlexiVent rodent ventilator system, Scireq, Montreal, 

Canada). Lung elastance was assessed using the multifrequency forced oscillation technique 

and a constant phase model fit (19).

Lung histopathology and immunohistochemistry

The left lung was stained with Masson’s trichrome for identification of collagen. 

Histological examination of the lungs was performed by a pathologist (FV) blinded to the 

experimental groups. Lung injury was scored using five grades from 0 to 4 using 9 

parameters, including microscopic atelectasis, microscopic emphysema, perivascular edema, 

alveolar edema, congestion, alveolar hemorrhage, perivascular hemorrhage, alveolar and 

interstitial polymorphonuclear leukocytes (PMN) infiltration, and hyaline membrane 

formation (20). Lung fibrosis was quantitatively evaluated on a numerical scale (21).
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Fluorescent dual stainings for cytokeratin and α-smooth muscle actin (α-SMA) were 

performed (22). Briefly, the sections were blocked by a mixture of Fab fragments of goat 

anti-mouse IgG (Jackson ImmunoResearch) and bovine serum albumin (Sigma Chemicals, 

St. Louis, MO, USA). Incubation with a mouse monoclonal anti-cytokeratin (Santa Cruz 

Biotechnology, CA) overnight was followed by goat-anti-mouse Alexa-484 (Invitrogen). 

After careful washing, a mouse monoclonal anti-α-SMA antibody conjugated with Cy3 

(Sigma) was applied. Slides were counterstained by DAPI (Sigma Chemical Co.) if 

necessary. Slides were analyzed using a confocal scanning laser microscope (Zeiss510, 

Oberkochen, Germany).

Hydroxyproline measurements

Lung hydroxyproline content (23, 24) was assessed as described in the Supplementary 

Materials.

Fibrocyte detection

Buffy coat was obtained from whole blood collected using sodium citrate anticoagulant 

tube. Cells were seeded to 96-well plates (Falcon, BD Biosciences) at 100 μL/well at a 

density of 1 × 106 cells per well, and stained for the surface marker CD45 (PerCP Rat anti-

mouse CD45 antibody, BD Pharmingen) at 5 μg/mL or isotype control antibody (IgG1, BD 

Biosciences) for 30 min, followed by washes. Cells were permeabilized with0.25% Triton 

X-100 and then incubated with rabbit anti–mouse collagen-1 antibody (Millipore, Billerica, 

MA) or IgG isotypecontrol antibody (R&D Systems, Minneapolis, MN) for 30 min and 

washed, followed with secondary antibody (Goat polyclonal secondary antibody to rabbit 

IgG, DyLight® 488, Abcam, Cambridge, MA) at 1:20,000 dilution and fixation. Flow 

cytometry was performed with FACSCanto and FACSDiva software (BD Biosciences). Cells 

gated for CD45 were analyzed for collagen-1 expression. A matched IgG isotype control 

was used to set negative control thresholds (25). Fibrocyte numbers are expressed as percent 

total leukocyte counts.

Cells and mechanical stretch system

Human lung epithelial cells (BEAS-2B, ATCC, Manassas, VA, USA) were seeded into 

BioFlex Culture 6-well plates (FlexcelI International Corporation, Hillsborough, NC) at a 

density 5 × 105 cells/well in cDMEM containing 10% FBS for 30 h, and in DMEM 

containing 1% FBS for 24 h. The cells were then subjected to cyclic stretch for 24 and 48h 

at a frequency of 30 cycles/min and 30% elongation (FX-4000® FlexcelI International 

Corporation, Hillsborough, NC).

Reverse transcriptase-polymerase chain reaction (RT-PCR) assay

The mouse lung tissue was homogenized and human BEAS-2B cells were lyzed and total 

RNA was extracted by using the Isol-RNA Lysis Reagent (5 PRIME, Markham, ON, 

Canada). The primers used to amplify the conserved regions of the genes of interest in 

BEAS-2B cells and mouse lung tissue are shown in Tables 1 and 2, respectively. PCR 

products were resolved on a 1% agarose gel, stained with ethidium bromide, photographed 
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under ultraviolet illumination. The band intensity was quantified by Image J 1.42q software 

(Scion Corporation, Frederick, MD).

SDS-polyacrylamide gel electrophoresis and Western blotting

Lung tissue was homogenized and BEAS-2B cells were detached in lysis buffer, resolved on 

10% SDS-PAGE using a Mini-Protean 3 Electrophoresis Cell (Bio-Rad) at 150 V, 100 

mAmp for 1 h, and transferred to polyvinylidene fluoride (PVDF, Bio-Rad) membrane. The 

membrane was washed and blocked with Tris-buffered saline (TBS) containing 0.1% 

Tween-20 and 10% nonfat dry milk before overnight incubation with appropriate primary 

antibodies (i.e., cytokeratin-8 (Santa Cruz Biotechnology, CA), E-Cadherin (Santa Cruz), 

vimentin (Santa Cruz) and α-SMA (Abcam, Cambridge, UK) in blocking buffer at 4°C. The 

secondary antibodies were then used with 1:6000goat anti-mouse IgG-Horseradish 

Peroxidase (HRP) for cytokeratin-8, E-Cadherin, vimentin or 1:6000goat anti-rabbit IgG-

HRP for α-SMA (Pierce, Thermo Scientific, Ottawa, ON, Canada) in blocking buffer for 1 

hat room temperature. The bands were visualized using enhanced chemiluminescence 

(Amersham ECL Western Blotting Detection Reagents, GE Healthcare, Baie d’Urfe, QC, 

Canada). Anti-human or anti-mouse β-actin antibodies (Santa Cruz Biotechnology Inc.) 

were used as loading controls.

Statistical analysis

Data are reported as mean ± SEM. A two-way analysis of variance for multiple comparisons 

with group and time factors was conducted followed by a Bonferroni test. A non-parametric 

test was performed to compare cells with and without stretch in the in vitro cell experiments. 

GraphPad Prism 5.0 (GraphPad Software Inc, La Jolla, CA) was used for the analysis. 

Differences were considered statistically significant if p<0.05.

Results

Lung mechanics and hydroxyproline

The tidal volume was 11 – 13 mL/kg using pressure controlled ventilation. Lung elastance 

(Elung) increased at day 3 in the HCl+MV group, and at days 8 and 15 in the MV and HCl

+MV groups, compared to Control (Fig. 1A). Hydroxyproline levels in the lung increased at 

day 15 in the ventilation alone group compared to the HCl alone or control group (Fig. 1B).

Lung histology analysis

Lung injury and interstitial PMN infiltration were observed at day 3 in all experimental 

groups, compared to Control (Fig. 2A). The total lung injury score increased in all 3 

experimental conditions with the greatest injury seen in the HCl+MV group (Fig. 2B).

At day 15, the classical histological presentation of lung fibrosis was more evident in the 

HCl+MV groups compared to the HCl or MV alone group with larger areas of collagen 

deposition in the alveolar epithelium, associated with thickened alveolar walls and tissue 

patches (Fig. 3A&B). The increased staining of collagen was associated with more 

myofibroblasts positive for α-SMA in alveolar walls of the MV and HCl+MV groups (Fig. 

3C). Smooth muscle surrounding vascular walls served as an endogenous positive control 
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(arrow in Fig. 3C). In contrast, control histological samples were devoid of the concentrated 

blue staining regions, indicative of the lack of collagen deposition in healthy lung (Fig. 3D). 

Lung fibrosis scores were higher in all three experimental conditions at day 3 and further 

increased over time (Fig. 3E). Lung fibrosis scores were greater in the HCl+MV group than 

in the other two groups (Fig. 3E).

Fibrotic mediators and EMT markers in vivo mechanical ventilation conditions

The mRNA expression of transforming growth factor β1 (TGF-β1) increased dramatically at 

day 3 and day 8, and β-catenin mRNA expression elevated throughout the study in the HCl

+MV group, indicating a multiplicative effect of the 2 stimuli; levels returned to baseline on 

day 15 (Fig. 4).

The expression of cytokeratin-8, E-Cadherin and pro-SP-B decreased while expression of α-

SMA and vimentin at both mRNA (Fig. 5A) and protein (Fig. 5B) levels increased; these 

changes were more pronounced in the HCl+MV group compared to HCl or MV alone (Fig. 

5).

Taken together, our results demonstrate increased fibrotic markers and decreased epithelial 

markers when the two hits were combined, suggesting an additive effect.

Immunohistochemistry analysis

We further examined whether lung epithelial cells differentiated into myofibroblasts in vivo 
by investigating colocalization of EMT markers. The dual staining for the lung epithelial cell 

marker cytokeratin and myofibroblast marker α-SMA demonstrated co-localization in some 

alveolar cells at day 15 after HCl + MV (Fig. 6A and 6B). These data suggest that EMT may 

be involved in the mechanism underlying ventilator-induced lung fibrosis. However, in some 

areas the staining for cytokeratin and α-SMA did not show colocalization, suggesting 

ongoing α-SMA-positive myofibroblast proliferation (Fig. 6C).

Circulating fibrocyte counts

Circulating fibrocytes, defined as CD45 and collagen 1 expressing cells, were not 

significantly different at day 15 after HCl, MV or HCl and MV (Fig. 7).

Fibrotic mediators and EMT markers under in vitro mechanical stretch conditions

We examined the contribution of the direct effect of mechanical stretch on EMT using in 
vitro human lung epithelial BEAS-2B cells. The cells treated with mechanical stretch 

expressed high mRNA levels of TGF-β1 and β-catenin at 48 h (Fig. 8A), and a progressive 

decrease in expression of cytokeratin-8, E-cadherin and pro-SPB and an increase in 

expression of α-SMA and vimentin at mRNA (Fig. 8B) and protein levels (Fig. 8C).

To confirm the EMT phenotype observed in vivo, the lung epithelial cell marker E-cadherin 

and myofibroblast marker α-SMA were stained in BEAS-2B cells with and without 

mechanical stretch. There was decreased expression of E-cadherin and increased expression 

of α-SMA, suggesting an EMT process after direct stretch of the lung epithelial cells (Fig. 

9A and 9B).
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Discussion

Pulmonary fibrosis is a common finding in patients with ARDS in the post acute phase; 

however, the mechanisms mediating the fibrosis are largely unknown. Since the stresses 

induced by mechanical ventilation can damage the alveolar epithelium (26–28), and can 

cause biotrauma with release of multiple mediators, we hypothesized that mechanical 

ventilation plays an important role in initiating/propagating the fibrosis. In the current study, 

using a mouse model of acute lung injury we demonstrated that mechanical ventilation can 

induce lung fibrosis that is evident as early as one week after injury. Both our in vivo and in 
vitro studies suggest that the mechanisms underlying these changes may be epithelial-

mesenchymal transition (EMT) and release of pro-fibrotic mediators induced by cell stretch 

and mechanical ventilation.

We used a two-hit model of acid aspiration and mechanical ventilation which is commonly 

used and clinically relevant. We found that the animals treated in this way developed 

increased levels of hydroxyproline, a major component of the protein collagen that is 

considered to be an early marker and contributor to lung fibrosis (29). We have no data to 

suggest that there is anything specific about these particular 2 “hits”, and it is possible that 

any combination of 2 or more hits (e.g. chemical, infectious, mechanical) with mechanical 

ventilation might have resulted in a similar response. Increased levels of collagen type I in 

lung tissue have been reported in patients with ARDS (30, 31). In addition, as early as 24 h 

after diagnosis of ARDS, the N-terminal procollagen peptide-III (N-PCP-III) is elevated in 

lavage fluid and in serum of patients with ARDS compared to controls (16). N-PCP-III 

concentrations are significantly higher at 24h and 7 days in ARDS nonsurvivors than in 

survivors (67% vs 31%) (16).

Damage to alveolar epithelium has been documented in ~90% of ARDS patients who had 

lung biopsies (18). Inadequate alveolar epithelial repair and remodeling can initiate and/or 

accelerate fibrosis by several mechanisms: 1) loss of epithelial proliferation, impaired 

epithelial migration capacity and/or inadequate differentiation of alveolar epithelial cells 

from their progenitor cells may lead to proliferation of fibroblasts and smooth muscle cells. 

For example, severe injury and retarded repair of alveolar epithelium in response to 

hyperoxia has been shown to disturb normal epithelial-fibroblast balance and is sufficient to 

promote fibrotic proliferation in association with increased collagen production in lung 

tissue (32); 2) alveolar epithelial cells act as progenitors for fibroblasts via EMT, regulated 

largely by the extracellular matrix during alveolar epithelial repair and remodeling (10); and 

3) lung epithelial cells secrete inflammatory mediators (e.g. TGF-β and Wnt/β-catenin) in 

response to various stimuli which can contribute to persistent activation of fibrotic mediators 

(33–35). Taken together, these dysregulated repair mechanisms determine the resolution of 

ARDS and may lead to lung fibrosis.

We found two major mechanisms associated with the ventilator-induced lung fibrosis in our 

model. 1) EMT: We observed colocalization of the epithelial marker cytokeratin-8 and the 

mesenchymal marker α-SMA in lung tissue after mechanical ventilation, and in lung 

epithelial cells after exposure to mechanical stretch. The decreased expression of 

cytokeratin-8, E-cadherin, pro-SPB with a simultaneous increase in the expression of α-
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SMA and vimentin further supports the development of EMT. The increased expression of 

TGF-β1 and β-catenin may have played a role in the process of EMT (36–38). Recent 

evidence suggests that the lung epithelium plays a key role in driving the fibrotic response 

(22). Failure of epithelial repair promotes fibroblast proliferation derived from the 

epithelium (39) through the EMT process. 2) Lung fibroblast proliferation: In some regions 

of the lung we found that after mechanical ventilation the expression of α-SMA increased 

without colocalization with lung epithelial cell protein markers, indicating ongoing α-SMA-

positive myofibroblast proliferation. Collagen deposition due to abnormal wound repair and 

remodeling plays an important role in fibroproliferation (39, 40).

We also examined the possibility that fibrocytes, defined as cells that dually express 

leukocyte (CD45) and mesenchymal (Collagen I) markers (41, 42), could play a role in 

development of fibrosis since previous studies have shown that fibrocytes express α-SMA, 

indicative of myofibroblast differentiation (43) after stimulation with TGF-β. Fibrocytes 

have also been found to respond to the pro-fibrotic cytokines, IL-4 and IL-13 and 

differentiated to α-SMA positive cells (44). However, the counts of circulating fibrocytes 

were not different among the experimental groups.

We and others have previously demonstrated that mechanical stretch of alveolar epithelial 

type II cells can alter actin filaments associated with increased expression of chemokines 

and adhesion molecules (45–47). High Vt ventilation in in vivo rat models leads to increased 

mRNA expression of various extracellular matrix components (48–50). Increased gene 

expression of procollagen III and fibronectin, fibroblast growth factor, and TGF-β has been 

observed in lungs ventilated with high airway pressures and high PEEP in vivo and in rat 

lung parenchymal strips (49, 51–55). Mechanical forces can also result in modification of 

proteoglycans in healthy rats ventilated with low Vt, which is magnified with higher Vt (48, 

56, 57). Mechanical ventilation of healthy mice causes lung injury associated with higher 

levels of proinflammatory cytokines and fibrin deposition (58). Therefore, a deficiency of 

lung repair is characterized by persistent and exaggerated inflammation, changes in 

extracellular matrix architecture and alveolar epithelial damage following mechanical 

ventilation. Our results extend previous findings by demonstrating that mechanical stress 

induces decreased expression of lung epithelial markers and increased levels of 

hydroxyproline content in lung tissue, resulting in potentiation of lung fibrosis.

In a previous study Willis et al reported that rat alveolar epithelial type II cells exposed to 

TGF-β1 for 6 days demonstrated increased expression of mesenchymal cell markers and a 

fibroblast-like morphology (36). Studies of in vitro alveolar epithelial cell cultures using 

cyclic stretch suggest that a 25% elongation corresponds to an 8–12% linear distension of 

the alveolar epithelium, whereas cyclic stretch at 37–50% elongation corresponds to about 

17–22% linear distension, which is relevant to pathophysiological conditions produced by 

mechanical ventilation (59, 60). We used a 30% elongation for 48 h as a stimulus in 

BEAS-2B cells. This magnitude of stimulation and timing likely reflects pathological 

conditions and may explain the rapid increase in mesenchymal markers. We used the 

BEAS-2B cell line derived from human bronchial epithelium; ideally our findings should be 

confirmed in primary alveolar epithelial type II cells at multiple magnitudes of mechanical 

stretch.

Cabrera-Benítez et al. Page 8

Crit Care Med. Author manuscript; available in PMC 2016 October 12.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Our study focuses on the potential mechanisms of fibrosis in the context of VILI. The direct 

contribution of each fibrotic marker (TGF-β1 and β-catenin) and possible down-stream 

signaling pathways are yet to be elucidated. Protective mechanical ventilation is the only 

treatment that has been shown to decrease mortality in patients with ARDS. To date, this has 

been ascribed to the acute effects of lung protective strategies on inflammation and lung 

injury. If our hypothesis that mechanical ventilation is a key contributor to the ALI/ARDS-

associated pulmonary fibrosis is correct, this hypothesis would need to be refined. This 

finding could potentially explain the observation that the separation of the Kaplan-Meier 

mortality curves observed in studies using lung protective ventilation often do not begin to 

separate for at least 2 weeks (59–61). For example, in the study examining the use of 

neuromuscular blockade in patients with ARDS, the mortality curves did not begin to 

separate until about 18 days, even though the intervention was limited to the first 48 hours 

(59, 60). In many patients, it will not be possible to provide a ventilatory strategy that is 

protective for all lung units because of the severity of the underlying disease. In these 

patients, a therapy that could modulate the fibrotic response could be beneficial. Future 

mechanistic studies will suggest novel pharmacologic approaches to specifically minimize 

the pulmonary fibrosis associated with mechanical ventilation, and hopefully lead to 

improved outcomes in patients who suffer from ARDS.
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Figure 1. 
Effects of HCl aspiration and/or mechanical ventilation (MV) on lung compliance and tissue 

content of hydroxyproline over time. Ctrl = healthy control mice receiving anesthesia but not 

HCl or MV; Elung = lung elastance. * p<0.05 vs Ctrl; † p<0.05 vs HCl at identical 

conditions, respectively.
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Figure 2. 
Representative high-power (x40) lung histological features (A) and lung injury score (B). 

Hematoxylin-eosin (H&E)-stained, formalin-fixed, paraffin-embedded lung tissues from 

mice, subjected to HCl aspiration alone, high pressure mechanical ventilation alone (MV), 

and HCL + MV for 15 days. Mice that received anesthesia alone served as controls (Ctrl). 

Mice in the experimental conditions exhibited evidence of extensive lung injury with 

interstitial and alveolar edema, hemorrhage, and inflammatory cell infiltration compared 

with control conditions. n = 9 mice/group. * p<0.05 vs Ctrl; † p<0.05 vs HCl at identical 

conditions, respectively.
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Figure 3. 
Pulmonary fibrosis after challenge with HCl and mechanical ventilation. Mice were 

challenged with intratracheal HCl, high pressure mechanical ventilation (MV) or HCl and 

MV (HCl + MV). After 15 days, lung histologic analysis was performed with Masson’s 

trichrome staining (A, low-power x40 and B, high-power x60) to localize collagen fibers 

(blue) or α-SMA [(red) C, high-power x60] to identify myofibroblasts. Mice receiving 

anesthesia alone served as controls (D, low-power at upper panel and high-power at lower 

panel). Lung fibrosis score (E). n = 9/group. * p<0.05 vs Ctrl; † p<0.05 vs HCl and MV 

alone.
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Figure 4. 
mRNA expression of TGF-β and β-Catenin after challenge with HCl and mechanical 

ventilation (MV). Data are reported as relative densitometry of TGF-β or β-catenin over β-

actin in bar graphs. * p<0.05 vs Control (Ctrl); † p<0.05 vs HCl or MV alone.
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Figure 5. 
EMT markers in lung tissue of mice after challenge with HCl and mechanical ventilation 

(MV). A. mRNA expression of the epithelial markers cytokeratin-8, E-Cadherin and SP-B, 

and the mesemchymal marker α-SMA and Vimentin in lung homogenates at indicated time 

points. B. Protein expression of the EMT markers in lung homogenates. Data are reported as 

relative densitometry of the EMT markers over β-actin in bar graphs. * p<0.05 vs Control 

(Ctrl); † p<0.05 vs HCl; ‡ p<0.05 vs MV.
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Figure 6. 
Confocal microscopic analysis of colocalization of cytokeratin-8 (red fluorescence) with α-

SMA-positive myofibroblasts (green) in lung tissue at day 15 after intratracheal instillation 

of HCl followed 24 h later by high pressure mechanical ventilation (A). Z stack 

demonstrates colocalization of red and green signals by yellow color corresponding to those 

in panel A, indicative of EMT (B). α-SMA-positive myofibroblasts without cytokeratin-8 

colocalization is present in some area of the lung tissue (C).

Cabrera-Benítez et al. Page 18

Crit Care Med. Author manuscript; available in PMC 2016 October 12.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Figure 7. 
Fibrocyte counts in control mice (Ctrl), and mice 15 days after receiving intratracheal 

instillation of HCl, mechanical ventilation (MV) or HCl+MV. There are no statistical 

differences between any groups.
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Figure 8. 
Expression of fibrotic mediators and EMT markers after mechanical stretch of human lung 

epithelial cells. BEAS-2B cells were subjected to cyclic stretch for 24 and 48h at a 

frequency of 30 cycles/min and 30% elongation. A. Representative mRNA expression of 

TGF-β and β-Catenin in BEAS-2B cells in response to mechanical stretch. Average relative 

densitometry of TGF-β or β-catenin over β-actin is reported in bar graphs. B. mRNA 

expression of the epithelial markers cytokeratin-8, E-Cadherin and SP-B, and the 

mesemchymal marker α-SMA and Vimentin in the BEAS-2B cell lysates after mechanical 

stretch. C. Protein expression of the EMT markers in lung homogenates. Data are reported 

as relative densitometry of the EMT markers normalized for β-actin. * p<0.05 vs non-stretch 

control cells (Ctrl) at identical conditions.

Cabrera-Benítez et al. Page 20

Crit Care Med. Author manuscript; available in PMC 2016 October 12.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Figure 9. 
Immunofluorescent staining for epithelial and mesenchymal markers in human lung 

epithelial cells after mechanical stretch. BEAS-2B cells were subjected to cyclic mechanical 

stretch for 48h at a frequency of 30 cycles/min and a 30% elongation. A. Cells receiving no 

mechanical stretch served as control (Ctrl). B. Exposure of the cells to mechanical stretch 

results in a reduction and redistribution of the epithelial marker E-cadherin from intercellular 

junction areas into the cytoplasm, compared to control. Mesenchymal marker F-actin is 

enhanced after stretch. Immunofluorescent staining for α-SMA is not detected in the cells 

under basal conditions but is noticeable after stretch (n = 5 experiments).
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