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A B O U T  H E I

 v

The Health Effects Institute is a nonprofit corporation chartered in 1980 as an independent 
research organization to provide high-quality, impartial, and relevant science on the effects of air 
pollution on health. To accomplish its mission, the institute

• Identifies the highest-priority areas for health effects research;

• Competitively funds and oversees research projects;

• Provides intensive independent review of HEI-supported studies and related 
research;

• Integrates HEI’s research results with those of other institutions into broader 
evaluations; and

• Communicates the results of HEI’s research and analyses to public and private 
decision makers.

HEI typically receives half of its core funds from the U.S. Environmental Protection Agency and 
half from the worldwide motor vehicle industry. Frequently, other public and private 
organizations in the United States and around the world also support major projects or research 
programs. HEI has funded more than 330 research projects in North America, Europe, Asia, and 
Latin America, the results of which have informed decisions regarding carbon monoxide, air 
toxics, nitrogen oxides, diesel exhaust, ozone, particulate matter, and other pollutants. These 
results have appeared in more than 260 comprehensive reports published by HEI, as well as in 
more than 1000 articles in the peer-reviewed literature.

HEI’s independent Board of Directors consists of leaders in science and policy who are 
committed to fostering the public–private partnership that is central to the organization. The 
Health Research Committee solicits input from HEI sponsors and other stakeholders and works 
with scientific staff to develop a Five-Year Strategic Plan, select research projects for funding, and 
oversee their conduct. The Health Review Committee, which has no role in selecting or 
overseeing studies, works with staff to evaluate and interpret the results of funded studies and 
related research.

All project results and accompanying comments by the Health Review Committee are widely 
disseminated through HEI’s Web site (www.healtheffects.org), printed reports, newsletters and 
other publications, annual conferences, and presentations to legislative bodies and public agencies.
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Research Report 182, Synergistic Effects of Particulate Matter and Substrate Stiffness on Epithelial-
to-Mesenchymal Transition, presents a research project funded by the Health Effects Institute and 
conducted by Dr. Thomas H. Barker of the Wallace H. Coulter Department of Biomedical 
Engineering, Georgia Institute of Technology and Emory University, Atlanta, Georgia, and his 
colleagues. This research was funded under HEI’s Walter A. Rosenblith New Investigator Award 
Program, which provides support to promising scientists in the early stages of their careers. The 
report contains three main sections.

The HEI Statement, prepared by staff at HEI, is a brief, nontechnical summary of the 
study and its findings; it also briefly describes the Health Review Committee’s 
comments on the study.

The Investigators’ Report, prepared by Barker and colleagues, describes the scientific 
background, aims, methods, results, and conclusions of the study.

The Critique is prepared by members of the Health Review Committee with the 
assistance of HEI staff; it places the study in a broader scientific context, points out its 
strengths and limitations, and discusses remaining uncertainties and implications of 
the study’s findings for public health and future research.

This report has gone through HEI’s rigorous review process. When an HEI-funded study is 
completed, the investigators submit a draft final report presenting the background and results of 
the study. This draft report is first examined by outside technical reviewers and a biostatistician. 
The report and the reviewers’ comments are then evaluated by members of the Health Review 
Committee, an independent panel of distinguished scientists who have no involvement in 
selecting or overseeing HEI studies. During the review process, the investigators have an 
opportunity to exchange comments with the Review Committee and, as necessary, to revise 
their report. The Critique reflects the information provided in the final version of the report.
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This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Dr. Thomas H.
Barker at the Georgia Institute of Technology and Emory University, Atlanta, Georgia, and colleagues. Research Report 182 contains both the
detailed Investigators’ Report and a Critique of the study prepared by the Institute’s Health Review Committee.
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Synergistic Effects of Particulate Matter and Substrate 
Stiffness on Epithelial-to-Mesenchymal Transition

BACKGROUND

Exposure to particulate matter (PM) from com-
bustion sources has been associated with lung
inflammation and injury, which trigger repair
responses to restore normal tissue function. Dysreg-
ulation of these responses can result, over time, in
fibrotic changes characterized by increased num-
bers of fibroblasts and myofibroblasts and abnormal
deposition of collagen and fibronectin in the extra-
cellular matrix, with consequent increases in
matrix stiffness and impairment of gas exchange.
One theory proposes that the fibroblasts are derived
from alveolar epithelial cells that differentiate into
mesenchymal cells. This process is referred to as
epithelial-to-mesenchymal transition (EMT). Fibro-
sis in the lung can be progressive and fatal, as in
idiopathic fibrosis, and is also a feature of chronic
pulmonary diseases such as asthma, and it is thus
important to understand profibrotic processes.

In the current study Dr. Thomas H. Barker, who
was a recipient of HEI’s Walter A. Rosenblith New
Investigator Award, and his colleagues tested the
hypotheses that alveolar epithelial cells grown on
fibronectin substrates of increasing stiffness would
undergo EMT and that the addition of fine PM (PM
� 2.5 µm in aerodynamic diameter [PM2.5]) would
enhance these effects.

APPROACH

These hypotheses were tested in cells grown in
vitro using a combination of mechanical and bio-
logic approaches. The investigators addressed the
following specific aims: (1) determine the effects of
substrate stiffnesses that ranged from values seen in
healthy tissue to those seen in fibrotic tissue on
lung-epithelial-cell contractility, induction of EMT,
and activation of transforming growth factor beta

(TGF-�), a key factor in the development of fibrosis,
and (2) determine whether exposure to PM2.5 exac-
erbates the effects of substrate stiffness on EMT and
cell contractility.

The substrates on which the cells were grown
consisted of polyacrylamide–bisacrylamide gels
cross-linked to fibronectin. Various concentrations
of bisacrylamide were used to achieve increasing
degrees of stiffness. After allowing the cells to grow

What This Study Adds
• Barker and colleagues developed a useful 

and novel in vitro cell model to study the 
interaction between extracellular matrix 
stiffness and the transition of lung epithelial 
cells to mesenchymal cells — a process 
that could lead to fibrosis — and the 
potential effects of PM on this process.

• The results showed that ATII epithelial 
cells transitioned to mesenchymal cells on 
substrates of greater stiffness, as 
documented by loss of cell circularity, 
changes in the expression of E-cadherin 
and �-SMA, and increased activation of 
TGF-� and that the addition of ambient PM 
enhanced the effect of substrate stiffness 
on EMT and TGF-� activation, as 
compared with non-exposed cells.

• This study highlights the potential 
importance of cell–matrix interactions when 
evaluating the effects of environmental 
triggers, but more work will be needed to 
understand how PM might affect such 
interactions and to determine whether the 
mechanisms are relevant to in vivo 
processes.
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on the substrates for five days, Barker and col-
leagues assessed EMT through changes in cell
shape, cell contractility (measured as stiffness), and
expression of the cellular protein E-cadherin, a
marker of epithelial cells, and alpha smooth muscle
actin (�-SMA), a marker of mesenchymal cells.
They also measured activation of TGF-�. To study
the effects of ambient PM on EMT, the investigators
grew the cells in the presence of resuspended PM2.5
previously collected on filters in areas near roads in
Atlanta.

RESULTS AND INTERPRETATION

Cultured alveolar type II (ATII) rat epithelial cells
transitioned to mesenchymal cells on substrates of
increased stiffness, as documented by loss of cell
circularity, decreased expression of E-cadherin, and
increased expression of �-SMA. Increased substrate
stiffness was associated with increased cell stiffness
and increased activation of TGF-�. The role of
TGF-� was further demonstrated in an experiment
in which ATII cells were grown on a soft substrate
in media containing various concentrations of
active TGF-� for two or five days. Exposure to
TGF-β for five days was associated with decreased
cell circularity, changes in surface markers, and
increased cell stiffness.

Addition of ambient PM2.5 at the highest concen-
tration (corresponding to 10 µg/cm2) increased
EMT as measured by reduced cell circularity,
decreased expression of E-cadherin, and increased
expression of �-SMA, as compared with the
responses in non-exposed cells at the same sub-
strate stiffness. Cell stiffness also increased after
exposure to PM2.5, as compared with the non-
exposed cells. In addition, ATII cells showed
greater TGF-� activation with increasing substrate

stiffness when exposed to PM2.5 compared with the
non-exposed cells.

In its independent review of the study, the HEI
Health Review Committee noted that this was a
carefully performed study with interesting mecha-
nistic observations. The in vitro model of cell cul-
tures grown on substrates of various degrees of
stiffness was seen as novel and potentially useful
for understanding the role of matrix stiffness in
EMT. The methods used were thought to be appro-
priate and to reflect the state of the art. The combi-
nation of biologic and mechanical techniques for
assessing interactions between airway epithelial
cells and the underlying matrix and for character-
izing EMT was a strength of the work.

Although the Committee had some concerns
about the statistical analyses, it agreed with the
investigators’ overall conclusions that the results
supported the hypothesis that the stiffness of the
extracellular matrix drives EMT and increases cell
contractility and that activation of TGF-� played a
key role in EMT in the investigators’ cell culture
system. The results also supported the investiga-
tors’ hypothesis that exposure to PM would
enhance the effect of substrate stiffness on EMT and
TGF-� activation.

CONCLUSIONS

Overall, the study by Barker and colleagues high-
lighted the potential importance of cell–matrix
interactions when evaluating the effects of environ-
mental triggers and provides a basis for future
research. Considerable work will be needed to con-
firm these initial observations, understand the
mechanisms, and determine whether they are rele-
vant to in vivo processes and the development of
fibrosis.
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INVESTIGATORS’ REPORT

Synergistic Effects of Particulate Matter and Substrate Stiffness on 
Epithelial-to-Mesenchymal Transition

Thomas H. Barker, Marilyn M. Dysart, Ashley C. Brown, Alison M. Douglas,
Vincent F. Fiore, and Armistead G. Russell

Wallace H. Coulter Department of Biomedical Engineering, Georgia Institute of Technology and Emory University, Atlanta,
Georgia (T.H.B., M.M.D., A.C.B., A.M.D., V.F.F.); and School of Civil and Environmental Engineering, Georgia Institute of
Technology, Atlanta, Georgia (A.G.R.)

ABSTRACT

Dysfunctional pulmonary homeostasis and repair,
including diseases such as pulmonary fibrosis, chronic
obstructive pulmonary disease (COPD*), and tumorigen-
esis, have been increasing steadily over the past decade, a
fact that heavily implicates environmental influences.
Several investigations have suggested that the lung
“precursor cell” — the alveolar type II (ATII) epithelial cell
— is central in the initiation and progression of pulmonary
fibrosis. Specifically, ATII cells have been shown (Iwano et
al. 2002) to be capable of undergoing an epithelial-to-
mesenchymal transition (EMT). EMT, the de-differentiation
of an epithelial cell into a mesenchymal cell, has been the-
orized to increase the number of extracellular matrix
(ECM)-secreting mesenchymal cells, perpetuating fibrotic
conditions and resulting in increased lung tissue stiffness.
In addition, increased exposure to pollution and inhala-
tion of particulate matter (PM) have been shown to be
highly correlated with an increased incidence of pulmo-
nary fibrosis. Although both of these events are involved
in the progression of pulmonary fibrosis, the relationship

between tissue stiffness, exposure to PM, and the initiation
and course of EMT remains unclear.

The hypothesis of this study was twofold:

1. That alveolar epithelial cells cultured on increasingly
stiff substrates become increasingly contractile,
leading to enhanced transforming growth factor beta
(TGF-�) activation and EMT; and

2. That exposure of alveolar epithelial cells to PM with an
aerodynamic diameter � 2.5 µm (PM2.5; also known
as fine PM) results in enhanced cell contractility and
EMT.

Our study focused on the relationship between the micro-
mechanical environment and external environmental
stimuli on the phenotype of alveolar epithelial cells.

This relationship was explored by first determining how
increased tissue stiffness affects the regulation of fibro-
nectin (Fn)-mediated EMT in ATII cells in vitro. We cul-
tured ATII cells on substrates of increasing stiffness and
evaluated changes in cell contractility and EMT. We found
that stiff, but not soft, Fn substrates were able to induce
EMT and that this event depended on a contractile pheno-
type of the cell and the subsequent activation of TGF-�. In
addition, we were able to show that activation or suppres-
sion of cell contractility by way of exogenous factors was
sufficient to overcome the effect of substrate stiffness.
Pulse–chase experiments indicated that the effect on cell
contractility is dose- and time-dependent. In response to
low levels of TGF-� on soft surfaces, either added exoge-
nously or produced through contraction induced by the
stiffness agonist thrombin, cells initiate EMT; on removal
of the TGF-�, they revert to an epithelial phenotype.
Overall, the results from this first part of our study identi-
fied matrix stiffness or cell contractility as critical targets
for the control of EMT in fibrotic diseases.

This Investigators’ Report is one part of Health Effects Institute Research
Report 182, which also includes a Critique by the Health Review Committee
and an HEI Statement about the research project. Correspondence concern-
ing the Investigators’ Report may be addressed to Dr. Thomas H. Barker, the
Wallace H. Coulter Department of Biomedical Engineering at Georgia Insti-
tute of Technology and Emory University, 313 Ferst Drive, Suite 2108,
Atlanta, GA 30332-0535; e-mail: thomas.barker@bme.gatech.edu.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award CR-
83467701 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and
no endorsement by them should be inferred.

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.
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For the second part of our study, we wanted to investigate
whether exposure to PM2.5, which might have higher tox-
icity than coarser PM because of its small size and large
surface-to-mass ratio, altered the observed stiffness-
mediated EMT. Again, we cultured ATII cells on increas-
ingly stiff substrates with or without the addition of three
concentrations of PM2.5. We found that exposure to PM2.5
was involved in increased stiffness-mediated EMT, as
shown by increases in mesenchymal markers, cell contrac-
tility, and TGF-� activation. Most notably, on substrates
with an elastic modulus (E) of 8 kilopascals (kPa), a physi-
ologically relevant range for pulmonary fibrosis, the addi-
tion of PM2.5 resulted in increased mesenchymal cells and
EMT; these were not seen in the absence of the PM2.5.

Overall, this study showed that there is a delicate bal-
ance between substrate stiffness, TGF-�, and EMT. Fur-
thermore, we showed that exposure to PM2.5 is able to
further mediate this interaction. The higher levels of EMT
seen with exposure to PM2.5 might have been a result of a
positive feedback loop, in which enhanced exposure to
PM2.5 through the loss of cell–cell junctions during the ini-
tial stages of EMT led to the cells being more susceptible to
the effects of surrounding immune cells and inflammatory
signals that can further activate TGF-� and drive additional
EMT progression. Overall, our work — showing increased
cell contractility, TGF-� activation, and EMT in response to
substrate stiffness and PM2.5 exposure — highlights the
importance of both the micromechanical and biochemical
environments in lung disease. These findings suggest that
already-fibrotic tissue might be more susceptible to further
damage than healthy tissue when exposed to PM2.5.

INTRODUCTION

Dysfunctional pulmonary homeostasis and repair,
including diseases such as pulmonary fibrosis, COPD, and
tumorigenesis, have been steadily increasing over the past
decade. Mounting evidence suggests that the ATII epithe-
lial cell is a key player in the initiation and progression of
these diseases. Although the exact mechanisms have yet to
be elucidated, it is generally accepted that ATII epithelial
cells can undergo EMT, leading to secretory fibroblasts
(Selman and Pardo 2006; Thannickal and Horowitz 2006;
Thiery et al. 2009).

In addition, pollution and PM have been linked to
adverse pulmonary health effects and increased mortality.
Environmental PM is capable of depositing in the airways,
penetrating into the alveoli, increasing respiratory dis-
tress, and exacerbating pre-existing pulmonary conditions.
Previous studies have highlighted the potential role of PM

exposure in predisposing patients to asthma and pulmo-
nary fibrosis (Thevenot et al. 2013). In addition, PM has
been shown to have secondary effects that can induce cel-
lular damage that stimulates fibrotic remodeling. To date,
the link between PM exposure and a predisposition to pul-
monary conditions has remained unclear. In addition, the
interplay between the presence of lung disease, such as
pulmonary fibrosis, and subsequent PM interactions has
yet to be studied.

Furthermore, recent evidence indicates (1) that the
mechanical properties of the ECM, specifically its stiff-
ness, play a critical role in directing the cell phenotype
and (2) that the mechanical properties of lung tissue
change during fibrotic progression. The mechanical prop-
erties of the ECM can exert both biophysical and biochem-
ical (molecular) effects on resident cells. First, cells
actively engage their contractile machinery in order to
“match” their internal stiffness with their extracellular
environment. Second, many ECM proteins, such as Fn,
show force-mediated unfolding, resulting in the exposure
of cryptic, or hidden, sequences that then influence the
cell phenotype. These facts imply a role for lung ECM stiff-
ness, associated with pulmonary fibrosis, in regulating
lung cell behaviors, such as PM-induced EMT. In this
study, we explored the contribution of ECM mechanics to
pulmonary homeostasis and pathologic progression by
examining the relationship between increases in lung ECM
stiffness, exposure to PM2.5, and ATII epithelial cell EMT.

BACKGROUND

ATII CELLS IN PULMONARY HOMEOSTASIS 
AND REPAIR

The ATII epithelial cell is the primary cell type associ-
ated with the proper maintenance of pulmonary tissue
(i.e., alveolar homeostasis and repair). Adult pulmonary
tissue consists of more than 40 cell types and 300 million
alveoli, the primary functional structure of the lung. Two
primary epithelial cells populate the alveolus, alveolar
type I (ATI) and ATII epithelial cells. ATI cells, separated
from capillaries by only a thin basement membrane, are
the primary gas-exchange cells and make up 90% of the
alveolar surface but only 10% of epithelial cells by number
(Fehrenbach 2001; Mason 2006). ATII cells are pseudo-
cuboidal, multifunctional cells that are considered the
“protector of the alveolus” because of their central role in
defense and repair. ATII cells act as the primary surfac-
tant-secreting cell, as precursors to ATI cells, and in many
instances as nonprofessional antigen-presenting cells
(Mason 2006). They also contribute significantly to the
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fluid balance across the epithelial barrier through sodium-
transport functions (Jain et al. 2001). These various func-
tions underscore the vital importance of these cells in
maintaining pulmonary function. During normal repair,
ATII cells are thought to proliferate, migrate onto a provi-
sional matrix, and differentiate into ATI cells. Despite
these cells’ obvious beneficial effects, recent evidence sug-
gests that repeated injury of ATII cells might be a primary
cause of pulmonary fibrotic disorders (Fehrenbach 2001;
Selman and Pardo 2006; Thannickal and Horowitz 2006;
Uhal et al. 1998). Lung biopsies of patients with pulmo-
nary fibrosis show fragmented DNA (indicative of apop-
tosis) in alveolar epithelium (Kuwano et al. 1996), and
apoptotic alveolar epithelial cells have been observed adja-
cent to myofibroblast foci (Batlle et al. 2000; Guaita et al.
2002; Uhal et al. 1998). One emerging, albeit controversial,
hypothesis is that ATII cells undergo a process of EMT,
resulting in an increase in the number of ECM-secreting
mesenchymal cells and subsequent increases in tissue
stiffness.

EPITHELIAL-TO-MESENCHYMAL TRANSITION IN 
LUNG FIBROSIS

Fibrotic pathologies are characterized by excessive ECM
production, formation of interstitial scar tissue, and an
increase in tissue stiffness. During the course of idiopathic
pulmonary fibrosis, functional lung tissue of the alveoli is
replaced with collagen-rich ECM, leading to rapid and
severe decreases in lung compliance and irreversible loss
of lung function (Maher et al. 2007; Meltzer and Noble
2008). Idiopathic pulmonary fibrosis is a currently untreat-
able and ultimately fatal condition with three- and five-
year mortality rates of 50% and 80%, respectively (Spruit
et al. 2009). In addition to the formation of scar tissue,
another hallmark of idiopathic pulmonary fibrosis and
other fibrotic conditions is the influx of extremely contrac-
tile myofibroblasts. This influx further exacerbates the dis-
ease through persistent matrix production and contraction,
contributing to increased cytokine activation. Lack of
effective treatment options for the disease, and for many
other fibrotic diseases, is largely caused by lack of under-
standing of the exact mechanisms that initiate fibrosis.
However, recent studies implicate alveolar EMT in the
onset and progression of fibrosis (Degryse et al. 2011; Kasai
et al. 2005; Kim et al. 2006; Willis et al. 2005; Wynn 2008;
Xu et al. 2009). EMT has been theorized to increase the
number of ECM-secreting mesenchymal cells, and cell
tracking studies have demonstrated that a considerable
number of myofibroblasts arise from EMT (Degryse et al.
2011; Iwano et al. 2002; Kim et al. 2006; Wynn 2008; Xu et
al. 2009).

EMT is the de-differentiation of an epithelial cell into a
mesenchymal cell and is defined through the loss of
apical–basolateral polarity, loss of tight cell junctions, and
a marked down-regulation of E-cadherin. These changes
are accompanied by a concomitant up-regulation of alpha
smooth muscle actin (�-SMA), increased stress-fiber for-
mation and alignment, increased migration through filo-
podia and lamellopodia formation, and increased
synthesis of ECM. EMT is important during normal cel-
lular processes in wound healing, embryogenesis, and
development, contributing to wound closure, blastocyst
implantation, gastrulation, generation of the neural crest,
and palate closure (Duband and Thiery 1982; Hay 1995;
Vicovac and Aplin 1996). Though EMT is an important
cellular transition, it can, if not tightly regulated, lead to
aberrant wound healing and scar tissue formation in
mature tissues, contributing to pathologic conditions such
as pulmonary fibrosis.

EMT has been shown to occur in response to several fac-
tors, including growth factors such as TGF-�, tumor
necrosis factor alpha (TNF-�), and epidermal growth
factor; reactive oxygen species; and ECM proteins such as
Fn (Arnoux et al. 2008; Camara and Jarai 2010; Felton et al.
2009; Gharaee-Kermani et al. 2009; Willis and Borok
2007). The role of TGF-� is the most well defined of these
factors and is known to be a potent inducer of EMT. TGF-�
signaling is quite complex and can activate a number of
different pathways, including SMAD-dependent and
-independent pathways (Derynck and Zhang 2003; Rahimi
and Leof 2007; Shi and Massague 2003). SMAD-dependent
signaling can lead to Snail1 activation, which plays a role
in EMT by down-regulating E-cadherin expression and up-
regulating a number of mesenchymal genes, including
�-SMA (Batlle et al. 2000; Boutet et al. 2006; Guaita et al.
2002). Though many advances have been made in under-
standing the factors contributing to EMT, the exact events
leading to its initiation are still unclear. In this study, we
explored how both increases in tissue stiffness and expo-
sure to PM2.5 affect the induction and progression of EMT.

MECHANICS IN TISSUE HOMEOSTASIS AND REPAIR

The composition of the ECM surrounding a cell has
great consequences for the fate of the cell. However, evi-
dence is mounting that cells also sense and respond to the
ECM’s mechanical properties, particularly the stiffness of
the matrix. This cellular sensing of and responding to the
ECM’s mechanical properties has been termed mechano-
transduction. Matrix stiffness has been shown to influence
many aspects of cellular behavior, including stem cell,
myoblast, and breast epithelial cell differentiation; cellular
motility; contractility; and focal adhesion formation. It has
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also been shown to contribute to or prevent a malignant
phenotype (Choquet et al. 1997; Engler et al. 2004, 2006;
Georges and Janmey 2005; Paszek et al. 2005; Pelham and
Wang 1997, 1998; Vogel and Sheetz 2006; Wozniak et al.
2003). Previous work has shown that stem cell differentia-
tion can be guided by underlying matrix mechanics, with
mesenchymal stem cells on stiff substrates differentiating
down an osteoblastic lineage and, on soft substrates, differ-
entiating down a neuronal lineage, which suggests a
potential mechanism through which stem cells “match”
their differentiation based on the surrounding tissue
(Engler et al. 2006). Interestingly, as previously described
(Abe et al. 1994), changes in tissue stiffness, specifically an
increase in rigidity and hardening of tissue, are associated
with the pathologic progression of fibrotic responses.
Recent atomic force microscopy (AFM) analyses of fibrotic
tissue from mice with bleomycin-induced pulmonary
fibrosis showed a nine-fold increase in the stiffness of
fibrotic tissue, as compared with that of normal tissue (Liu
et al. 2010).

It has also recently been shown that mesenchymal cells
respond to substrate stiffness by engaging their actin–
myosin contractile machinery in a manner that facilitates
cell–ECM compliance matching. This has been demon-
strated by AFM analysis of single-cell stiffness, which
showed that fibroblasts become increasingly contractile
(i.e., stiff) on increasingly stiff substrates, indicating that a
cell might adjust its internal stress through contraction to
“match” its external environment (Georges and Janmey
2005). As a consequence of this mechano-homeostasis
between the cell and its ECM, cells in increasingly stiff
environments show increased activation of contractile sig-
nals such as Rho and Rho-associated kinase (ROCK),
resulting in multiple and diverse secondary effects. An ele-
gant example of this was shown by Wipff and colleagues,
who demonstrated that fibroblast activation of TGF-�
increases on increasingly stiff substrates, leading to greater
myofibroblast differentiation on stiff, but not soft, sub-
strates (Wipff and Hinz 2008; Wipff et al. 2007). Because
fibrotic diseases are characterized by increased tissue stiff-
ness, and because of TGF-�’s prominent role in the onset of
EMT, we hypothesized that a similar mechanism of
increased TGF-� activation with increasing tissue stiffness
would contribute to EMT.

Although the exact mechanism of cell stiffness sensing
remains unknown, it likely involves the transduction of
stiffness-mediated signaling via the ECM. Our study
explored the role of mechanotransduction events in the
onset and progression of EMT by studying the role of sub-
strate stiffness in Fn-mediated EMT.

FIBROTIC RESPONSES TO PM EXPOSURE

A complex set of reactions must occur for the formation
and accumulation of fibrous tissue seen in pulmonary
fibrosis. The pathogenesis of pulmonary fibrosis is thought
to begin as an inflammatory response to injury when
immune cells are excessively or improperly activated.
These immune cells release toxic mediators that compro-
mise epithelial integrity and promote further tissue injury
(Bonner 2007; Maher et al. 2007; Meltzer and Noble 2008;
Spruit et al. 2009; Wynn 2008). The repair process
involves recruitment of mesenchymal cells, which lay
down ECM; re-epithelialization; and restoration of normal
lung structure. However, aberrant tissue remodeling can
occur, which results in excessive matrix deposition
leading to pulmonary fibrosis. Although yet to be studied,
inhalation of PM might under some conditions cause a
sustained inflammatory response that can lead to aberrant
tissue remodeling. This remodeling might be involved in
the initiation and progression of pulmonary diseases such
as pulmonary fibrosis (Holgate et al. 2000).

PM generated from a variety of sources has the ability to
cause or exacerbate lung diseases, including asthma, bron-
chitis, and COPD (Anderson et al. 2008; Becker et al. 1996;
Bonner 2007). Fibrotic responses are seen in each of these
diseases and involve increases in the deposition of ECM by
pulmonary fibroblasts. The fibrogenic potential of PM has
been shown to be caused by several factors, including par-
ticle size, surface area, and composition; smaller inhaled
PM in the range of 1 to 10 µm can reach the distal lung and
have a greater potential to cause injury because of its high
surface-to-mass ratio (Abbey et al. 1999; Bonner 2007;
Oberdörster et al. 2005; Riva et al. 2011). In addition, PM
composition is likely an important determinant of the
effect of the PM on the progression of fibrotic diseases.
Both organic and inorganic agents, such as transition
metals, hydrocarbons, and endotoxins, can contribute to
the composition of PM (Diaz-Sanchez et al. 2000; Dreher et
al. 1997; Oberdörster et al. 2005). Previous studies have
found that many of the components of PM are able to acti-
vate the inflammatory response, leading to widespread
secondary effects. For example, several air pollution
sources have been shown to stimulate the release of TNF-�.
Although TNF-� does not directly promote fibroblast
growth or the deposition of ECM proteins, it stimulates the
production of TGF-�, a major stimulant for EMT that leads
to the presence of myofibroblasts and the subsequent ECM
deposition commonly seen in pulmonary fibrosis (Maz-
zoli-Rocha et al. 2010; Riva et al. 2011; Veljkovic et al.
2011; Zhou et al. 2009).
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SPECIFIC AIMS

The central hypothesis of this study was that increased
stiffness of Fn ECM, which is commonly associated with
pulmonary fibrosis, induces cell contractility, TGF-� acti-
vation, and subsequent EMT — and that the addition of an
environmental stimulus (PM2.5) enhances these effects.
The hypothesis was tested through the completion of the
following specific aims:

SPECIFIC AIM 1

Our first specific aim was to determine the effects of
physiologically relevant healthy and fibrotic matrix stiff-
nesses on cell contractility and the induction of EMT.
Nanoindentation testing of the interstitial spaces of healthy
and fibrotic lung tissues was performed to evaluate differ-
ences in tissue stiffness in vivo. Alveolar epithelial cells
were then cultured on increasing substrate stiffnesses cor-
responding to the range of stiffnesses found in healthy and
fibrotic lung tissues, and cell contraction, TGF-� activity,
and EMT events were evaluated.

SPECIFIC AIM 2

Our second specific aim was to determine whether
exposure to PM2.5 exacerbates the induction of stiffness-
mediated EMT. Alveolar epithelial cells were cultured on
increasingly stiff substrates with or without the addition of
various concentrations of PM2.5-treated media. Cell con-
tractility, TGF-� activity, and EMT events were analyzed
and compared with the results from Aim 1 to determine
whether exposure to the PM2.5 exacerbated the effects of
the stiffness-mediated EMT.

METHODS

ANIMALS AND BLEOMYCIN-INDUCED FIBROSIS

Eight-to-10-week-old C57BL/6 mice were purchased
from Charles River Laboratories (Wilmington, MA) and
housed in an animal facility approved by the National
Institutes of Health (NIH) and the Institutional Animal
Care and Use Committee (IACUC) of the Georgia Institute
of Technology. The mice were housed in laminar-flow
cages under controlled temperature and humidity condi-
tions and a 12-hour light–dark cycle. Food and water were
provided ad libitum. The mice were intubated, and 3.2 U/kg
bleomycin (EMD Chemicals, Gibbstown, NJ) was instilled
intratracheally. The mice were killed after 14 days for lung
tissue harvesting. All experiments were performed in
accordance with guidelines set forth by the NIH and the

IACUC-approved protocols of the Georgia Institute of
Technology.

LUNG TISSUE PREPARATION

The lungs were inflated using 2% ultralow-melting-
point agarose (SeaPrep; Lonza, Allendale, NJ), warmed to
37°C, and subsequently allowed to solidify on ice. The left
lobe was dissected, and 100-µm-thick slices were gener-
ated using a vibratome (VT100S; Leica Microsystems, Buf-
falo Grove, IL). The slices were stained with fluorescein-
labeled lectin from the crybaby tree (Erythrina crysta-galli)
(ECL; Vector Laboratories, Burlingame, CA), red-fluores-
cent dye (LysoTracker Red; Invitrogen, Carlsbad, CA), and
nucleic-acid stain (Hoechst 33258; Invitrogen) to visualize
ATII, ATI, and nuclei, respectively.

NANOINDENTATION ANALYSIS

The lung slices were mounted on a 0.17-mm-thick glass-
bottom Petri dish (World Precision Instruments, Sarasota,
FL) using surgical-grade cyanoacrylate for AFM analysis.
The analysis took place in fully supplemented media
within four to six hours after harvesting the lungs to
ensure tissue and host cell viability. Using an AFM instru-
ment with an inverted optical platform (MFP-3D-BIO;
Asylum Research, Goleta, CA), 20-by-20-µm regions of
tissue were measured by force spectroscopy using the con-
tact mode at a scan rate of 1.2 Hz. Thirty-two measure-
ments were taken per 20-µm line, yielding 1024 data points
per scan field. The silicon nitride AFM tip (Veeco, Plain-
view, NY) was customized with a 4.74-µm-diameter poly-
styrene bead to allow for imaging at appropriate resolution
scales and for elastic-modulus determination using the
Hertz contact model. The single cantilever’s unique spring
constants were determined using the thermal resonance fre-
quency method, with values typically ranging from 0.1 to
0.3 N/m. To determine the Young elastic modulus (E) of
each contact point, the Hertz contact model for determining
the elastic forces between two spheres was used:

(1)

Using known values from the AFM measurements (xs is
the scanner displacement, xc is the cantilever displace-
ment, and cp is the contact point) and predetermined
values for the cantilever spring constant (k) and beaded-tip
radius (R), the equation can be solved for E (bead force, Fb,
is equal to kxc). The assumption of an isotropic material
(i.e., that the Poisson ratio [�] is equal to 0.5) is valid for the
small indentation depths under consideration.



88

Effects of PM and Substrate Stiffness on Epithelial-to-Mesenchymal Transition

POLYACRYLAMIDE GEL PRODUCTION

Polyacrylamide (PA) gels of varying bisacrylamide con-
centrations were created on amino-silanated coverslips, as
previously described (Tse and Engler 2010). PA gel solu-
tions were produced by combining acrylamide and
bisacrylamide to final concentrations of 8% acrylamide
(Biorad, Hercules, CA) and 0.048%, 0.117%, 0.208%,
0.260%, or 0.391% bisacrylamide (Biorad) to obtain gels
with final elastic moduli of 2, 8, 16, 24, or 32 kPa, respec-
tively. Fifty µL of each solution was polymerized by the
addition of ammonium persulfate (VWR, West Chester, PA)
and N,N,N�,N�-tetramethylethylenediamine (Biorad) (at
1% and 0.1% final concentrations, respectively). The gels
were allowed to polymerize for approximately 30 minutes,
then washed three times with phosphate-buffered saline.
Fn was covalently attached to the surface using the hetero-
bifunctional cross-linker sulfosuccinimidyl 6-(4�-azido-2�-
nitrophenylamino) hexanoate (sulfo-SANPAH; Pierce
Chemical, Rockford, IL). Following an overnight incuba-
tion with the Fn, the gels were washed three times with
phosphate-buffered saline.

CELL ISOLATION AND MAINTENANCE

RLE-6TN Cell Line

Rat lung epithelial-T-antigen negative (RLE-6TN) cells (an
immortalized cell line derived from ATII cells) (American
Type Culture Collection, Manassas, VA) were maintained in
Dulbecco’s Modified Eagle’s Medium with Ham’s F-12
Nutrient Mixture (DMEM/F12), 10% fetal bovine serum
(FBS), and 1% penicillin–streptomycin at 37°C and 5% CO2.
The medium was refreshed every two to three days, and the
cells were split upon reaching 95% confluency.

Isolation and Culture of Primary ATII Cells

Primary pulmonary ATII cells were isolated from
Sprague Dawley male rats, as previously described (Annes
et al. 2004). Briefly, after pentobarbital–heparin anes-
thesia, the rat renal artery was ligated, the trachea was can-
nulated with a 14-gauge trachea tube, and the chest was
opened. The lungs were perfused with a balanced salt
solution, lavaged with a balanced salt solution containing
ethylene glycol tetraacetic acid, digested with elastase, and
selected through immunoglobulin panning. The cells were
then plated immediately in DMEM/F12 medium with 10%
Fn-depleted FBS and incubated at 37°C and 5% CO2. After
24 hours, the medium was changed to a serum-free mini-
mally defined medium containing DMEM/F12 with 10 mM
HEPES buffering agent, 2mM glutamine, 1% penicillin–
streptomycin, 1% bovine serum albumin, and 0.1 mM non-
essential amino acids.

CELL CULTURE STUDIES OF SUBSTRATE STIFFNESS

To determine the effects of substrate stiffness on EMT in
ATII cells, primary alveolar epithelial cells or RLE-6TN cells
were plated on PA gels with Fn cross-linked on the surface
for various stiffnesses ranging from 2 to 32 kPa or on glass
coverslips coated with 2 µM Fn or laminin (Ln) as positive
and negative controls, respectively. The primary ATII cells
were isolated from Sprague Dawley male rats and plated
immediately on the PA gels or glass controls in DMEM/F12
medium with 10% FBS and incubated at 37°C and 5% CO2.
The RLE-6TN cells were grown in DMEM/F12 medium sup-
plemented with 10% FBS and 1% penicillin–streptomycin.
The cells were plated at a density of 100,000 cells/cm2 in
growth media in the absence or presence of 10 µM ROCK
inhibitor Y-27632 (EMD Millipore, Billerica, MA). To deter-
mine the roles of contractility or TGF-� in stiffness-medi-
ated EMT, the cells were cultured on soft substrates (2 kPa)
in the presence of 0.5–4.0 U/mL thrombin (MP Biomedi-
cals, Santa Ana, CA), 0.01–5 ng/mL active TGF-� (R&D Sys-
tems, Minneapolis, MN), or 5 ng/mL TGF-� and 10 µg/mL
TGF-�-neutralizing antibody (9016, R&D Systems). Cells
were also cultured on stiff substrates (32 kPa) in the pres-
ence of 10 µg/mL TGF-�-neutralizing antibody or 10 µg/mL
integrin-�v�6-inhibiting antibody (10D5, EMD Millipore,
Billerica, MA). The media were changed every 48 hours.
EMT events were analyzed after five days in culture,
because RLE-6TN cells are known to undergo EMT in
response to EMT-inducing stimuli in this time frame
(Felton et al. 2009). In dose–response and time-course
experiments determining the role of the TGF-� and
thrombin in EMT induction on soft substrates, the EMT
was also characterized after two days.

PM2.5 ISOLATION AND CELL CULTURE EXPERIMENTS

PM2.5 samples were collected on Teflon filters in DeKalb
County, in the Atlanta, Georgia, area, as part of the Assess-
ment of Spatial Aerosol Composition in Atlanta (ASACA)
study conducted by the Georgia Tech School of Civil and
Environmental Engineering. The sampling site was in
South DeKalb near two busy interstate highways (I-20 and
I-285) with elevated concentrations of PM generated by
mobile sources.

The samples were collected daily, using three-channel
particle composition monitors (PCMs). In each channel of
the PCMs, the air first passed through a cyclone to remove
particles greater than 10 µm in diameter. In the first
channel, the air next passed through a Well Impactor
Ninety-Six (WINS) impactor to remove particles greater
than 2.5 µm in diameter, and the remaining particles (i.e.,
the PM2.5 fraction) were collected on a Teflon filter. In the
second channel, after passing though the cyclone, the air
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passed through an annular denuder to remove acidic and
alkaline gases. It then passed through a WINS impactor,
and the remaining particles were captured on a nylon filter
for analysis of ionic species. In the third channel, after
passing through the cyclone, the air passed through a
denuder in order to remove organic gases, followed by a
WINS impactor, and the particles were collected on a
quartz filter for analysis of organic and elemental carbon.
After collection, the filters were stored at �20°C for later
chemical analysis; the Teflon filters were stored for explor-
atory studies (such as the work presented in the current
study). The PCM setup is shown in Figure 1.

In order to prepare the PM2.5 fraction for our cell culture
experiments, five different PM2.5-containing Teflon filters
were weighed to determine the total particulate mass on
each filter. The five samples were pooled together to mini-
mize variation based on the day of collection. First, they
were placed in a sterile 50-mL centrifuge tube fully cov-
ered with 5 mL deionized water, and sonicated for 10 min-
utes five times to release the particles captured on the
filters. The solution containing the samples were passed
through a filter with a 5-µm-diameter pore size to remove
any larger particle debris and resuspended in DMEM/F12
medium to a final concentration of 100 µg/mL. Serial dilu-
tions were then performed to prepare our final experi-
mental dilutions of 1:100, 1:1000, and 1:10,000, which
correspond to concentrations of approximately 10, 1.0, and

0.1 µg/cm2, respectively. RLE-6TN cells were maintained
and passaged in DMEM/F12 medium supplemented with
10% FBS and 1% penicillin–streptomycin. The particulate-
containing media were made fresh for each experiment,
keeping the total PM2.5 mass from the pooled filters consis-
tent for each preparation. The fresh media were then added
directly to cell culture wells of varying substrate stiffnesses.
Each cell culture well corresponded to a single experi-
mental condition. Each condition was repeated in triplicate
within each whole experiment, and the whole experiment
was repeated three times.

IMMUNOFLUORESCENCE STAINING FOR EMT 
MARKERS AND CELL SHAPE ANALYSIS

After culturing for five days, the cells were washed with
phosphate-buffered saline, fixed with 4% formaldehyde,
permeabilized with 0.2% Triton-X 100, and blocked with
10% goat serum. Primary anti-�-SMA (1A4, Sigma-
Aldrich, St. Louis, MO) or anti-E-cadherin (36/E-cadherin,
BD Biosciences, San Jose, CA) antibodies were incubated
overnight and then washed thoroughly with phosphate-
buffered saline and 1.5% goat serum. Alexa Fluor 488–
conjugated goat anti-mouse antibody (Invitrogen) was
used as the secondary antibody. To characterize cell shape,
actin was stained with Texas Red phalloidin (Invitrogen),
and nuclei were stained with Hoechst stain (Invitrogen).
Images were acquired with an inverted fluorescence
microscope (Eclipse Ti-E; Nikon, Melville, NY) at 20�

magnification (PlanFluor 20�, 0.5 NA objective; Nikon)
with a monochrome CCD camera (CoolSNAP HQ2; Photo-
metrics; Tucson, AZ). Experiments were performed in trip-
licate, and the images shown are representative from five
to 10 random fields for each independent experiment. To
characterize circularity, the area and perimeter of indi-
vidual cells stained for actin were determined for each
condition using image-processing software (ImageJ free-
ware; NIH, Bethesda, MD), and an equation was then
applied in which circularity = 4	 (area/perimeter2). Three
independent images were analyzed for each condition,
and at least 10 cells were analyzed per image. Data were
pooled from all three images analyzed per condition.

IMMUNOBLOT FOR EMT MARKER PROTEIN LEVELS

RLE-6TN cells were cultured for five days as described
above, washed with phosphate-buffered saline, and lysed
directly in Laemmli buffer containing protease inhibitors
(Roche Applied Sciences, Indianapolis, IN). Total protein
concentrations were determined using a protein assay kit
(BCA; Pierce Chemical). Forty mg of total protein were
separated by electrophoresis on a 4–15% gel, transferred to
a nitrocellulose membrane using a semi-dry transfer
system, blocked with 5% nonfat dry milk in tris buffered

Figure 1. Schematic of particle composition monitor. 1 = 10-mm cyclone
inlet. 2 = WINS impactor. 3 = filter pack with Teflon filter for quantifica-
tion of metal species. 4 = solenoid valves. 5 = annular denuder coated
with sodium carbonate. 6 = annular denuder coated with citric acid. 7 =
mass flow controller. 8 = parallel-plate charcoal-impregnated cellulose
fiber filter denuder. (Adapted from Butler et al. 2003.)
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saline, and incubated with anti-E-cadherin (36/E-cadherin;
BD Transduction Laboratories), anti-pan cytokeratin (5D3 +
LP34; Abcam, Cambridge, MA), anti-�-SMA (1A4; Sigma-
Aldrich), anti-prolyl 4-hydroxylase (1D3; Santa Cruz Bio-
technology, Dallas, TX), or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (14C10; Cell Signaling Technolo-
gies, Danvers, MA) antibodies overnight at 4°C. After
washing with tris buffered saline and 0.1% polysorbate 20
(Tween 20; Sigma-Aldrich), membranes were incubated for
two hours with secondary antibody conjugated with
infrared dye (LI-COR, Lincoln, NE), washed, and imaged
using an infrared imaging system (Odyssey; LI-COR).
Western blots were quantified with the image-processing
software, using GAPDH as the endogenous control.

TGF-� ACTIVATION ASSAY

RLE-6TN cells were cultured on Fn-coated PA gels, Fn-
coated glass, or Ln-coated glass, as described above. TGF-�
activation was determined by the mink lung epithelial cell
(MLEC) co-culture assay, as previously described. MLECs
stably transfected with an expression construct containing
a truncated Pai-1 promoter fused to the firefly luciferase
reporter gene respond in a dose-dependent manner to
active TGF-� but are incapable of activating TGF-�. After
five days of RLE-6TN culture on the various substrates,
MLECs were added at a density of 50,000 cells/cm2 on top
of the RLE-6TN cells in serum-free DMEM/F12 medium
with 1% bovine serum albumin. The cells were co-cultured
for 16 hours and lysed, and luciferase activity was deter-
mined using a luciferase assay (ONE-Glo; Promega, Mad-
ison, WI). To determine total levels of TGF-�, samples
were heated to 85°C for 10 minutes before plating the
MLECs. Luminescence was measured with a multi-mode
plate reader (Synergy H4; BioTek, Winooski, VT). Lumi-
nescence values were normalized to MLECs cultured in
the absence of TGF-�. Levels of active or total TGF-� were
then calculated through interpolation using a standard
curve. Results presented here are from three independent
experiments, each conducted in triplicate.

STUDY DESIGN

Given that one of the hallmarks of fibrotic diseases is an
increase in tissue stiffness, we first characterized the
mechanical environment of the alveolus in normal and
pathologic conditions in order to determine a physiologi-
cally relevant range of stiffnesses that ATII cells encounter
in vivo. Mice were treated intratracheally with 3.2 U/kg
bleomycin and killed after 14 days, and lung tissue was
harvested. Tissue sections of lung were examined by AFM

to measure the range of stiffnesses encountered. These
measurements were then used for our in vitro model of
fibrosis by creating PA gels that matched the range of phys-
iologic healthy and fibrotic stiffnesses.

EXPERIMENTAL PROTOCOL 1

Our preliminary work proposed looking at how tissue
mechanics affect particle uptake by cells.

To explore this relationship, ATII cells were seeded on
PA gels of increasing stiffness or on tissue culture plastic
(TCP) coated with Fn or Ln as positive and negative con-
trols, respectively. The cells were allowed to attach and
spread for 16 hours before being treated with 2-µm fluores-
cent polystyrene particles. The cells were then washed,
and particle uptake was quantified by flow cytometry.

We next wanted to explore whether different conforma-
tions of Fn would affect particle uptake. Fn, a molecularly
flexible molecule, has been hypothesized to display dif-
ferent conformational states in response to cell contractile
forces that direct integrin-specific responses. For this pur-
pose, Fn fragments with different degrees of unfolding
were used that allowed for differential integrin engage-
ment. Much as described above, ATII cells were seeded on
various Fn-fragment substrates and allowed to attach and
spread for 16 hours, polystyrene beads were added, the
cells were washed, and particle uptake was quantified by
flow cytometry.

Finally, in order to determine how cell contractility
affected particle endocytosis, ATII cells were seeded on
the various Fn-fragment substrates and allowed to attach
and spread for 16 hours before Y-27632 (which inhibits
contractility) was added. The polystyrene beads were then
added, the cells were washed, and particle endocytosis
was quantified by flow cytometry.

Overall, the results were not conclusive but gave direction
to our future work. They are summarized in Appendix A
(available on the HEI Web site).

EXPERIMENTAL PROTOCOL 2

We used PA gels of varying stiffnesses ranging from 2 to
32 kPa. ATII cells were cultured for five days on a single
gel per cell culture well for each experimental condition,
on Fn surfaces as positive controls or on Ln surfaces as
negative controls, and then analyzed for EMT events by im-
munofluorescence staining of actin and epithelial and mes-
enchymal markers and by western blotting for epithelial
and mesenchymal markers. Cell circularity was calculated
in order to quantify the observed differences in cell shape in
each of the different stiffness conditions. Decreased cell cir-
cularity was interpreted as an indicator of mesenchymal
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cells. Finally, levels of active TGF-� or total TGF-� were de-
termined by the MLEC assay. In order to look downstream of
TGF-�, levels of Pai-1, a TGF-�-responsive gene, mRNA
were determined in response to increasing gel stiffness.

To look more mechanistically at how increased sub-
strate stiffness affects EMT, we sought to correlate TGF-�
activation with increased cell stiffness, an indicator of cell
contractility. Contractility was measured as stiffness. Here,
the average elastic modulus of individual cells cultured on
the substrates of various stiffnesses was determined by
AFM. To determine the role of cell contractility in cellular
stiffness matching, we measured the elasticity of cells with
the addition of the ROCK inhibitor and again characterized
the EMT events described above. To show more specifically
that stiffness-mediated EMT is associated with increased
cell contractility and subsequent TGF-� activation, EMT
was characterized for ATII cells cultured on soft substrates
(2 kPa) in the presence of active TGF-�, thrombin, or a com-
bination of thrombin and TGF-�-neutralizing antibodies.
For each of these conditions, the MLEC assay was repeated
to characterize the role of TGF-� activation.

Finally, to determine the relative time course of events,
a pulse–chase experiment was performed with cells cul-
tured on soft gels. ATII cells were pulsed with active
TGF-� or thrombin for 48 hours and chased with standard
media for three days, recapitulating the total time of the
earlier five-day experiments. EMT events were then ana-
lyzed. To further elucidate the roles of TGF-� and sus-
tained contraction in the induction of EMT, EMT was
characterized in response to various levels of TGF-� and
thrombin after two or five days in culture.

EXPERIMENTAL PROTOCOL 3

PM2.5 from the Atlanta area was collected on Teflon fil-
ters and analyzed for water-soluble sulfate, nitrate, and
ammonium as well as for elemental and organic carbon.
The measurements were used to conduct a chemical-mass-
balance source apportionment. After analyzing the parti-
cles, total PM2.5 was isolated from the filters by sonication
and resuspended in cell culture media at 1:100, 1:1000,
and 1:10,000 dilutions. These dilutions were used for each
of the following experiments.

Again, PA gels cross-linked with Fn were used in a range
of stiffnesses that corresponded with those used in protocol
2. ATII cells were cultured for five days on the various gels,
with or without the addition of each concentration of
PM2.5. For each experiment, each cell culture well corre-
sponded to a single experimental condition, containing a
single gel of a specific stiffness with or without the addition
of a specific concentration of PM2.5. Each experimental

condition was performed in triplicate. This resulted in
experiments involving 72 separate cell culture wells. After
five days, the cells were analyzed for EMT events, including
cell circularity as well as expression of various epithelial
and mesenchymal markers by immunofluorescent staining
and western blot. Each experiment was then repeated in
triplicate (on different days).

As described previously, epithelial cell stiffness was mea-
sured by AFM to determine if the addition of PM2.5 resulted
in increased cell stiffness with increased substrate stiffness.

Finally, we used the MLEC assay to correlate increases
in TGF-� activation with the induction of EMT events.
Again, cells were cultured on PA gels of various stiffnesses
for five days with or without the addition of the various
concentrations of PM2.5 and analyzed using the MLEC
assay. Cells with no PM added were used as a control.

STATISTICAL METHODS AND DATA ANALYSIS

In Aim 1 of this study, all the described experiments
were performed as three independent triplicate experi-
ments (i.e., triplicates of each experimental condition,
each repeated three times on different days in order to
show repeatability despite any minor changes in experi-
mental conditions caused by day [e.g., temperature or
humidity]). To confirm the repeatability of our experi-
ments on different days, two-way analysis of variance
(ANOVA) using graphing and statistics software (Prism;
GraphPad Software, La Jolla, CA) was undertaken to make
sure there were no interactions based on day. After this, all
statistical analysis was performed by one-way ANOVA
using this software. Statistical significance between
groups was determined by the Tukey post hoc analysis. All
data are presented as the mean ± standard deviation, and
statistical significance is shown for P < 0.05 (*), P < 0.01
(**) or P < 0.001 (***).

In Aim 2 of this study, similar analyses were performed,
again repeating each experiment three times to take into
account any innate variations in experimental conditions
caused by the day on which they were performed, specifi-
cally any differences in PM2.5 collection. The statistical
analysis was first performed by three-way ANOVA using
statistical analysis software (SPSS Statistics; IBM,
Armonk, NY), for which the three independent variables
were the batch of PM2.5, the concentration of PM2.5 added,
and the stiffness of the gel. This analysis allowed us to
determine if there were interactions caused by the pooling
of PM2.5 from different filters on different days. Five dif-
ferent filters were pooled for each batch of PM2.5 treatment
to minimize differences between collection days. In addi-
tion, each PM2.5 stock solution was made to a consistent
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100 µg/mL. Because we took these factors into consider-
ation in the preparation of our samples, we did not expect
to see any significant differences in our results caused by
the batches of PM2.5. All reported analyses were per-
formed by two-way ANOVA using the statistical analysis
software. Statistical significance between groups was
determined for each experiment by again performing the
Tukey post hoc analysis. Results were statistically signifi-
cant (P < 0.05) and are shown for each experimental group,
as compared with controls of the same substrate stiffness
without the added PM2.5.

RESULTS

AIM 1: THE ROLE OF SUBSTRATE STIFFNESS IN EMT

EMT is a fundamental hallmark of fibrotic pathologies,
in which enhanced fibroblastic cellularity within scarring
regions can arise from epithelial origin (Coward et al.
2010; Iwano et al. 2002). EMT has been theorized to
increase the number of ECM-secreting mesenchymal cells
perpetuating the fibrotic conditions and resulting in
increased tissue stiffness. However, recent reports indicate
that an increase in tissue stiffness might actually precede
fibrotic responses (Georges et al. 2007). It remains unclear

precisely how tissue stiffness contributes to EMT in
fibrosis. Understanding the relationship between and the
course sequence of tissue stiffness and EMT during fibrotic
progression has major implications in how we approach
these diseases therapeutically. EMT has previously been
shown to occur in response to stiff (i.e., glass or TCP) Fn
surfaces through contraction-dependent TGF-� activation
mechanisms (Kim et al. 2006, 2009). In the first part of the
current study, we aimed to expand on these findings and to
determine the role of stiffness in Fn-mediated EMT. We
hypothesized that as alveolar epithelial cells engage
increasingly stiff Fn substrates, they become increasingly
contractile, leading to enhanced TGF-� activation and EMT.

Alveolar Epithelial Cells Experience Significantly 
Greater Stiffness in Fibrotic Versus Normal Lung

Given that one of the hallmarks of fibrotic diseases is an
increase in tissue stiffness, we characterized the mechanical
environment of the alveolus in normal and pathologic con-
ditions to determine the range of stiffnesses encountered by
ATII cells in vivo. Intratracheal instillation of bleomycin
was used to model pulmonary fibrosis in C57BL/6 mice.
Fixed lung sections isolated from fibrotic lung showed
increased cellularity and alveolar-wall thickening com-
pared with lung from saline-treated mice, as observed
through hematoxylin and eosin staining (Figure 2).

Figure 2. Lung slices from mice exposed to bleomycin show higher elastic moduli than those from healthy mice. Hematoxylin and eosin staining was per-
formed on (A) normal and (B) bleomycin-treated lung sections, and living lung slices were imaged using vital stains for (A and B insets) ATI and ATII cells.
The average elastic modulus of the lung tissue was measured using AFM. Representative (C) ATI (AlexaFluor 488-e. cristagalli lectin) and ATII epithelial
cell (LysoTracker Red) vital stain fluorescence overlay and (D) vital stain fluorescence-only images were used to guide the position of the AFM tip.
(E) Mean and standard deviation (95th percentile) values of the elastic modulus versus bleomycin-treated lungs are shown. (F) A force-indentation profile
for the depicted region is shown.
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Figure 3. Living lung slices remain viable for up to 24 hours. The time course of cell viability in tissue slices used for AFM analysis was assayed using cal-
cein acetomethoxy dye and ethidium homodimer-1 stain. (Left and top right) Cells were viable for more than 24 hours after harvesting; some cell death was
observed at 48 hours. (Bottom right) The average elastic modulus of lung tissue was characterized through AFM analysis. Samples were obtained from indi-
vidual mice. Mean and standard deviation (95th percentile) values are shown.

In addition, isolated lung slices from these mice were
used for AFM nanoindentation testing of tissue elasticity.
The lung tissue was tested within six hours of harvesting
to ensure tissue integrity and resident cell viability
(although lung slices were found to remain viable for up
to 24 hours) (Figure 3). Lung architecture observed in
fixed tissues was recapitulated in thick (~100-µm) living
lung slices as observed by fluorescence microscopy of
vital stains for ATI and ATII cells (Figure 2A and 2B
inserts). Mean and standard deviations are shown for all
samples (5 mice per condition, n  = 180 measure-
ments/mouse; Figure 2E); values for the elastic moduli of
samples obtained from individual mice are shown in

Figure 3. The average elastic moduli of normal lung tissue
and of lung tissue from the bleomycin-treated mice were
1.96 kPa (±1.21) and 17.25 kPa (±11.06), respectively.
This was in agreement with previously published work
exploring the micro-scale tissue mechanics of lung (Liu et
al. 2010). The range of stiffnesses seen in healthy and
fibrotic tissues in vivo was used to create an in vitro cell
culture system using as substrates PA gels in the same
stiffness range (2 to 32 kPa). The following experiments
used this system to explore how microenvironmental
stiffness affects alveolar epithelial cell phenotype and
morphogenesis.
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ATII Cells Undergo EMT on Increased Substrate 
Stiffnesses

EMT has previously been observed in vivo in fibrotic
lung regions of both human idiopathic pulmonary fibrosis
patients and bleomycin-treated mice (Kim et al. 2006).
Because we observed a range of stiffness in vivo in fibrotic
mouse lung regions, we sought to determine if increases in
stiffness alone would be sufficient to induce EMT in vitro.
Using PA gels with surface-immobilized Fn and various
stiffnesses from 2 to 32 kPa, primary ATII cells were cul-
tured for five days on PA gels or Fn- or Ln-coated glass and
then analyzed for EMT by immunofluorescence staining of
actin and epithelial and mesenchymal markers. Primary
ATII cells cultured on substrates of the lower stiffnesses
(E = 2 or 8 kPa) showed typical rounded epithelial mor-
phology and diffuse cortical staining for actin, clear cell–
cell borders observed through actin staining, and minimal
staining for �-SMA-containing stress fibers. In contrast,
cells cultured on substrates of the higher stiffnesses
(E = 16, 24, or 32 kPa on Fn-coated glass) became elongated
and showed increasingly aligned, thick actin filaments
characteristic of stress fibers, minimal staining for E-cad-
herin, and positive staining for �-SMA-containing stress
fibers (Figure 4 A–U). E-cadherin staining was observed on
2-kPa surfaces at cell–cell contacts; however, staining at
these contacts was less apparent on 8-kPa surfaces, and E-
cadherin was predominantly localized intracellularly.
ATII cells have previously been shown to undergo EMT on
Fn-coated glass surfaces (~30 kPa) but to retain epithelial
phenotypes on Ln-coated glass (Kim et al. 2006). Using
these conditions as control experiments, we observed
identical results. Cell circularity was calculated in order to
quantify observed differences in cell shape (Figure 4V) and
decreased significantly with increasing substrate stiffness
(P < 0.001). Freshly harvested alveolar epithelial cells from
rats expressed high levels of surfactant protein C, an ATII
cell marker, and low levels of �-SMA (Figure 4W), indi-
cating low levels of fibroblast contamination in an isolated
cell population (however, even low levels of fibroblast con-
tamination can confound EMT analysis). RLE-6TN cells, an
ATII cell line that is widely used for studying ATII EMT
events (Aoyagi-Ikeda et al. 2011; Felton et al. 2009; Jain et
al. 2007; Willis et al. 2005; Xu et al. 2007; Zhou et al. 2009),
were therefore used for all remaining analyses. Like pri-
mary ATII cells, the RLE-6TN cells underwent EMT on
increasingly stiff Fn surfaces but retained an epithelial phe-
notype on Ln surfaces (Figure 5). Representative western
blots for epithelial and mesenchymal protein levels are
shown in Appendix B (available on the HEI Web site).

Stiffness-Mediated EMT Is Driven by Increased 
Contraction and Integrin-Mediated TGF-�

To characterize TGF-� activation, the MLEC assay was
performed (Figure 6A). RLE-6TN cells were found to acti-
vate TGF-� increasingly in response to increasing sub-
strate stiffness; total levels of TGF-� were similar on all PA
gels (Figure 7A). As expected, control groups cultured on
Fn-coated glass activated TGF-� to a significantly greater
degree than those cultured on Ln-coated glass (P < 0.01).
We also observed an increase in levels of expression of the
TGF-�-responsive gene Pai-1 as determined in the experi-
ment described below (Figure 8).

RLE-6TN cells were cultured for five days on substrates
of various stiffnesses in the absence (Figure 8A) or pres-
ence of 10 µM Y-27632 (Figure 8B). Levels of expression of
the TGF-�-responsive gene Pai-1 were determined by quanti-
tative polymerase chain reaction (qPCR). Fold changes in
gene expression were determined by the comparative
method of analyzing qPCR data, using �-actin and GAPDH
as endogenous controls and comparing expression with that
of cells cultured on 2-kPa substrates in the absence or pres-
ence of Y-27632, respectively. Controls included cells cul-
tured on Fn- or Ln-coated glass coverslips in the absence or
presence of Y-27632 and on Fn-coated coverslips incubated
with a combination of both Y-27632 and active TGF-�
(Figure 8C). In addition, TGF-� mRNA expression was
determined in the absence (Figure 8D) or presence of 10 µM
Y-27632 (Figure 8E). Levels of expression of TGF-� mRNA
were determined by qPCR in the same manner as
described for Pai-1. Finally, Pai-1 mRNA expression was
characterized in cells cultured on 32-kPa substrates in the
presence of 10 µg/mL TGF-�-neutralizing antibodies,
10 µM HA-1077, 50 µM blebbistatin, 100 nM cytochalasin
D, or media only (Figure 8F). Pai-1 expression was signifi-
cantly lower in the presence of all contractility inhibitors
analyzed, as compared with that of cells cultured on
32-kPa substrates in media alone (P < 0.01). These results
further demonstrate a stiffness-dependent increase in
active TGF-�.

We then sought to correlate increased TGF-� activation
with increased ATII cell stiffness, an indicator of cell con-
tractility. Using AFM nanoindentation testing, the average
elastic modulus of individual cells was measured
(Figure 6B); average cell stiffness increased with increasing
substrate stiffness, reaching a maximum at approximately 6
kPa. Interestingly, cells on Ln-coated glass showed values
similar to those of cells on soft Fn substrates, with average
elastic moduli of approximately 1 kPa, suggesting that cellu-
lar stiffness matching is dependent on the ECM composition.

To determine the role of cell contractility in cellular
stiffness matching, we measured the stiffness of cells on
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Figure 6. Stiffness-mediated EMT is driven by increased contraction and integrin-mediated TGF-� activation. RLE-6TN cells were cultured for five
days on substrates of increasing stiffness, and (A) levels of TGF-� activation were determined using the MLEC assay. (B) Single-cell elasticity was mea-
sured using AFM nanoindentation to characterize cell stiffening in response to substrate stiffness and/or ECM ligand. Averages of cell stiffness and stiff-
ness of each gel mixture are shown. RLE-6TN cells were also cultured for five days on either soft (2-kPa) substrates in the presence of (C, H, M) active
TGF-�, of (D, I, N) the contractility agonist thrombin, or of (E, J, O) thrombin and TGF-�-neutralizing antibodies (TGF-� AB) or on stiff (32-kPa) substrates
in the presence of (F, K, P) TGF-� or of (G, L, Q) integrin-�v�6-neutralizing antibodies (�v�6 AB). EMT events were analyzed through (C–G) changes in
actin cytoskeleton alignment and (R) cell circularity and changes in epithelial and mesenchymal protein expression through immunofluorescence
staining for (H–L) E-cadherin and (M–Q) �-SMA. (S) TGF-� activation was determined for these conditions through the MLEC assay. A minimum of three
independent experiments were performed; representative images are shown. In A, R, and S, ** and *** denote P < 0.01 and P < 0.001, respectively.



1818

Effects of PM and Substrate Stiffness on Epithelial-to-Mesenchymal Transition

Figure 7. Levels of total TGF-� on substrates of various degrees of stiffness and active and total TGF-� on soft substrates in the presence of 5 ng/mL
TGF-�. (Left) RLE-6TN cells were cultured for five days on substrates of increasing stiffness, and total levels of TGF-� activation were determined using
the MLEC assay. It was found that cells cultured on Fn-coated glass (Fn–Glass) expressed significantly more TGF-� than cells cultured on PA gels (P <
0.01) or Ln-coated glass (Ln–Glass) (P < 0.01). No statistical differences in total TGF-� levels were observed between cells cultured on PA gels and Ln-
coated glass. ** and *** denote P < 0.01 and P < 0.001, respectively. (Right) RLE-6TN cells were also cultured for 48 hours or five days on soft (2-kPa) sub-
strates in the presence of 5 ng/mL active TGF-�. Levels of both active and total TGF-� were determined through the MLEC assay. Results shown were
pooled from three independent triplicate experiments. 

Figure 8. Pai-1 mRNA expression increases in ATII cells cultured on increasingly stiff substrates. RLE-6TN cells were cultured for five days on sub-
strates of various degrees of stiffness in (A) the absence or (B) the presence of 10 µM ROCK inhibitor Y-27632. Levels of expression of the TGF-�-respon-
sive gene Pai-1 were determined by qPCR. Fold changes in gene expression were determined by the comparative method of analyzing qPCR data, using
�-actin and GAPDH as endogenous controls and comparing expression with that of cells cultured on 2-kPa substrates in the absence or presence of Y-
27632, respectively. (C) Controls included cells cultured on Fn-coated (Fn–Glass) or Ln-coated (Ln–Glass) glass coverslips in the absence or presence of Y-
27632 (FNRI or LNRI) and on Fn-coated coverslips incubated with a combination of both Y-27632 and active TGF-� (FNRI + TGF-�). Levels of TGF-�
mRNA expression in (D) the absence or (E) the presence of 10 µM Y-27632 were determined by qPCR. Fold changes in gene expression were determined
by the comparative method of analyzing qPCR data, using �-actin and GAPDH as endogenous controls and comparing expression with that of cells cul-
tured on 2-kPa substrates in the absence or presence of Y-27632, respectively. (F) Pai-1 mRNA expression was then characterized in cells cultured on
32-kPa substrates in the presence of 10 µg/mL TGF-�-neutralizing antibodies (TGF-� AB), 10 µM HA-1077, 50 µM blebbistatin, 100 nM cytochalasin D, or
media only. Pai-1 expression was significantly lower in the presence of all contractility inhibitors analyzed compared with that of cells cultured on
32-kPa substrates in media alone (P < 0.01). Reactions were performed in triplicate; results shown were pooled from three independent experiments
(N = 9). ** and *** denote P < 0.01 and P < 0.001, respectively.
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Fn-coated glass with the addition of 10 µM ROCK inhibitor
Y-27632 and found that cell contractility decreased to levels
similar to those observed on soft Fn substrates and Ln-
coated glass (data not shown). To initially characterize the
role of cell contractility in the observed stiffness-mediated
EMT events, RLE-6TN cells were cultured for five days on
substrates of various stiffnesses in the presence of Y-27632,
and EMT events were characterized. In the presence of the
Y-27632, the cells retained an epithelial morphology
regardless of the underlying substrate (Figure 9). The inhi-
bition of ROCK likely has global effects on many aspects of
cell signaling; we therefore sought to confirm more specif-
ically that stiffness-mediated EMT in ATII cells is caused
by increased cell contractility and subsequent increased
activation of TGF-�.

We analyzed EMT in ATII cells cultured for five days on
soft substrates (E = 2 kPa) in the presence of 5 ng/mL active
TGF-�, 0.5 U/mL of the contractility agonist thrombin, or a
combination of thrombin and TGF-�-neutralizing anti-
bodies. In addition to thrombin’s direct proteolytic activa-
tion of TGF-� at concentrations above 5 U/mL (Taipale et
al. 1992; Wipff et al. 2007), thrombin has also been shown
to lead to nonproteolytic integrin-mediated activation of
TGF-� through binding to protease-activated receptor 1
(Jenkins et al. 2006). Cells were cultured on stiff substrates
(E = 32 kPa) in the presence of TGF-�-neutralizing anti-
bodies or integrin-�v�6-neutralizing antibodies to prevent
integrin-mediated mechano-activation of TGF-�. In the
presence of active TGF-� or thrombin, cells cultured on
soft substrates showed a predominantly mesenchymal
phenotype (Figure 6 C–D, H–I, M–N, and R), whereas cells
cultured in the presence of both thrombin and TGF-�-neu-
tralizing antibodies showed a predominantly epithelial
phenotype (Figure 6 E, J, O, and R). The converse was
observed on stiff substrates in the presence of TGF-�- or
integrin-�v�6-neutralizing antibodies, with cells showing
a predominantly epithelial morphology (Figure 6 F–G, K–
L, P–Q, and R). Western blots for the epithelial and mesen-
chymal markers corresponding to each of these results can
be seen in Appendix B. These data indicate that contrac-
tility-induced EMT involves TGF-� signaling. However, in
addition to inducing contractility, thrombin signaling
through additional pathways might account, in part, for
some of the subtle observed differences in phenotype, as
compared with those observed in response to exogenous
TGF-�.

To characterize the role of TGF-� activation in the
observed events, the MLEC assay was performed (Figure
6S). Cells cultured on soft gels in the presence of thrombin
activated TGF-� significantly more than those in soft con-
trol conditions (P < 0.001). Further addition of TGF-�-neu-
tralizing antibodies as a control abrogated the thrombin-
induced enhanced TGF-� signal. In addition, cells

cultured on stiff gels in the presence of either TGF-�- or
integrin-�v�6-neutralizing antibodies showed an abroga-
tion of active TGF-� (data not shown). To further charac-
terize the role of thrombin in integrin-mediated TGF-�
activation and rule out possible proteolytic activation of
TGF-� by thrombin, cells were cultured on soft substrates
in the presence of both thrombin and integrin-�v�6-
neutralizing antibodies and were found to show a predomi-
nantly epithelial phenotype (Figure 10). To determine if stiff-
ness affects TGF-� receptor activation, cells were cultured
on soft or stiff substrates in the presence of exogenously
added active TGF-�- and integrin-�v�6-neutralizing anti-
bodies and were found to show predominantly mesen-
chymal phenotypes on soft substrates and robust
mesenchymal phenotypes on stiff substrates (Figure 10).

Pulse of Active TGF-� Is Sufficient to Induce EMT on 
Soft Substrates

To determine the relative time-course of events, a pulse–
chase experiment with cells cultured on soft gels was per-
formed. ATII cells were pulsed with 5 ng/mL active TGF-�
or 0.5 U/mL thrombin for 48 hours and chased by
replacing the medium with standard media for three days,
recapitulating the total time of the earlier five-day experi-
ments. EMT was then analyzed. Cells pulsed with TGF-�
were found to undergo EMT (Figure 11 A, C, E, and G).
Furthermore, blocking additional residual matrix-bound
TGF-� signaling through the addition of a TGF-�-neutral-
izing antibody after the TGF-� pulse resulted in cells with
a predominantly mesenchymal morphology (Figure 12);
however, cells cultured in these conditions began to regain
cytokeratin expression (Appendix B).

In contrast, cells pulsed with thrombin for two days
showed an epithelial morphology on day five (Figure 11 B,
D, F, and G). These data suggest that a minimum level of
TGF-� signaling might be required to initiate the EMT pro-
gram and that only a sustained contraction of epithelial
cells is capable of achieving this threshold. Cell contrac-
tility was measured to determine if the addition of active
TGF-� or thrombin resulted in an increase in cell contrac-
tility, either acutely or long term. Cells were cultured for
24 hours on soft substrates in the presence or absence of
active TGF-� or thrombin, and cell contractility was found
to increase significantly (P < 0.05) in the presence of either
stimulant, as compared with cells cultured in standard
media alone. Interestingly, upon removal of the cell cul-
ture additives, the cells initially incubated with thrombin
showed a decrease in single-cell contractility over the
course of three days, whereas the cells initially incubated
with TGF-� maintained their increase in cell contractility
over the time course and did not return to basal levels
(Figure 11H).
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Induction of EMT Events on Soft Substrates by TGF-� or 
Thrombin Pulses Is Dose-Dependent

To further elucidate the role of TGF-� and sustained
contraction in the induction of EMT, EMT was character-
ized in response to various levels of TGF-� and thrombin
after two or five days in culture. RLE-6TN cells were cul-
tured on soft substrates in the presence of various levels of
either active TGF-� (0.01, 0.1, or 5 ng/mL) or thrombin
(0.5, 1, or 4 U/mL) for the initial 48 hours and then media

with (continuous) or without (pulse) these same additives
for three additional days (Figure 5). The levels of TGF-�
chosen were based on the amount of TGF-� activated by
RLE-6TN cells in the presence of 0.5 U/mL thrombin in
previous experiments.

EMT events were then analyzed at two or five days as
before. It was found that after two or five days in culture
with continuous exposure to TGF-� or thrombin, cells
showed a predominantly mesenchymal phenotype. Cells

Figure 10. Integrin-�v�6-neutralizing antibodies inhibit thrombin-induced EMT on soft substrates but do not affect TGF-�-mediated EMT on either soft
or stiff substrates. RLE-6TN cells were cultured for five days on (A, D, G) soft (2-kPa) substrates or (C, F, I) stiff (32-kPa) substrates in the presence of both
TGF-� and integrin-�v�6-neutralizing antibodies (�v�6 AB) or on (B, E, H) soft (2-kPa) substrates in the presence of both thrombin and integrin-�v�6-
neutralizing antibodies. EMT events were then analyzed through (A, B, C) changes in actin cytoskeleton alignment and (J) cell circularity (data pooled
from three experiments; at least 10 cells analyzed per experiment, for a minimum of N = 30 for each condition) and changes in epithelial and mesen-
chymal protein expression through immunofluorescence staining for (D, E, F) E-cadherin and (G, H, I) �-SMA. Experiments were performed in triplicate;
representative images are shown. In J, *** denotes P < 0.001.
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pulsed with 4 U/mL thrombin, like cells pulsed with
5 ng/mL TGF-� (Figure 11, Appendix B), were found to
maintain a mesenchymal phenotype at day five. However,
cells pulsed with low levels of TGF-� (0.01 ng/mL), like cells
pulsed with low levels of thrombin (0.5 U/mL, Figure 11,
Appendix B), reverted to a predominantly epithelial pheno-
type (Figure 13). Cells pulsed with intermediate doses
(1 U/mL thrombin or 0.1 ng/mL TGF-�) showed a mixed
phenotype on day five. These data strongly suggest that,
although low levels of TGF-� signaling can initiate an EMT
program with continuous exposure, a threshold is required
to maintain the program after removal of the TGF-�. Below
this critical threshold, EMT can be reversed on soft sub-
strates. It was also found that cells increasingly activated

TGF-� in response to increasing concentrations of
thrombin (Figure 13 T–U). As expected, addition of exoge-
nous active TGF-� resulted in a dose-dependent increase
in the observed levels of active TGF-�. Amounts of both
active and total TGF-� were lower after five days, as com-
pared with identical conditions after 48 hours, except with
the addition of 5 ng/mL TGF-�, which produced similar
values of approximately 10 ng/mL for both time points
(Figure 7B).

Overall, we were able to demonstrate that there is a del-
icate balance between ECM stiffness, TGF-�, and EMT.
Because we found that matrix stiffnesses that mimic
fibrotic lung led to increased cell contractility, TGF-� acti-
vation, and spontaneous EMT, we sought to understand if

Figure 11. EMT events are induced on soft substrates with a TGF-� pulse but not a thrombin pulse. RLE-6TN cells were cultured for five days on soft
(2-kPa) substrates in the presence of (A, C, E) 5 ng/mL active TGF-� or (B, D, F) 0.5 U/mL thrombin for the initial 48 hours and then standard media
without additives for three additional days. EMT events were analyzed through (A–B) changes in actin cytoskeleton alignment and (G) cell circularity
(data pooled from three experiments; at least 10 cells analyzed per experiment, for a minimum of N = 30 for each condition) and changes in epithelial and
mesenchymal protein expression through immunofluorescence staining for (C–D) E-cadherin and (E–F) �-SMA. (H) Single-cell elasticity was measured
using AFM force mapping to characterize cell stiffening on 2-kPa substrates in response to overnight stimulation with either active TGF-� or thrombin and
3, 24, and 72 hours after washout (N = a minimum of 10 cells with multiple measurements per cell; for single-cell analysis, single force points were taken
from at least five perinuclear regions that were > 300 nm in height). Experiments were performed a minimum of three times (N = 3; multiple cell were ana-
lyzed per experiment); representative images are shown. *** denotes P < 0.001.
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exposure to external stimuli associated with the progres-
sion of fibrotic pathologies exacerbates the effects seen
with stiffness-mediated EMT.

AIM 2: PM2.5 EXACERBATES STIFFNESS-INDUCED 
EMT EVENTS IN A CONCENTRATION-DEPENDENT 
MANNER

Exposure to PM2.5 has been associated with a number of
lung diseases, including asthma, bronchitis, COPD, and
fibrosis (Abbey et al. 1998, 1999; Goss et al. 2004; Mazzoli-
Rocha et al. 2010; Riva et al. 2011; Veljkovic et al. 2011).
Previous studies have shown that exposure to small parti-
cles, in the submicron range, results in more toxic and
fibrotic effects on alveolar cells than exposure to larger

particles because of the smaller particles’ higher surface-
to-mass ratio, which creates a greater oxidant-generating
potential (Bonner 2007). In addition, various components
of the particles can activate cytokines and growth factors,
including TGF-� (Anderson et al. 1997, Barry-Hamilton et
al. 2010; Bonner 2007; Dagher et al. 2005). As shown in
Aim 1, TGF-� is a potent inducer of EMT. To date, no
studies have examined the effect of PM2.5 in conjunction
with substrate stiffness on alveolar epithelial cell EMT,
one of the possible mechanisms that drive pulmonary
fibrosis. We hypothesized that exposure of alveolar epithe-
lial cells to PM2.5 would exacerbate the induction of the
stiffness-mediated EMT observed in Aim 1. This combined
effect, if demonstrated, would provide validation that

Figure 12. EMT events are induced on soft substrates with a TGF-� pulse when residual matrix-bound TGF-� is blocked after the pulse. RLE-6TN cells
were cultured for five days on soft (2-kPa) substrates in the presence of 5 ng/mL active TGF-� for the initial 48 hours and then standard media without
TGF-� for three additional days. To block any residual matrix-bound TGF-� after the pulse, a TGF-�-inhibiting antibody (AB) was added to the media for
the last three days of culture. EMT events were then analyzed through (A, D) changes in actin cytoskeleton alignment and cell circularity and changes in
epithelial and mesenchymal protein expression through immunofluorescence staining for (B) E-cadherin and (C) �-SMA. Experiments were performed a
minimum of three times; representative images are shown for each independent experiment. *** denotes P < 0.001.
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Figure 13. Induction of EMT events on soft substrates by a thrombin or TGF-� pulse is dose-dependent. RLE-6TN cells were cultured for two days on soft
(2-kPa) substrates in the presence of various levels of active TGF-� (�) (0.01, 0.1, or 5 ng/mL) or thrombin (T) (0.5, 1, or 4 U/mL). EMT events were analyzed
at two days through (A–F) changes in actin cytoskeleton alignment and (S) cell circularity (N = at least 30 per condition; data were pooled from three experi-
ments, and 10 or more cells were analyzed per condition) and changes in epithelial and mesenchymal protein expression through immunofluorescence
staining for (G–L) E-cadherin and (M–R) �-SMA as well as through (Appendix B) western blotting for E-cadherin, cytokeratin, �-SMA, P4H, and GAPDH. (T–
U) Levels of active and total TGF-� were determined through the MLEC assay (T and � denote thrombin and TGF-� concentrations in U/mL and ng/mL,
respectively) (N = 9; data were pooled from three experiments). RLE-6TN cells were also cultured for two days as described above and then for three addi-
tional days in media with (Continuous [C]) or without (Pulse [P]) the same additives. EMT events were analyzed at five days through (W–DD) changes in
actin cytoskeleton alignment and (V) cell circularity (N = at least 30 per condition; data were pooled from three experiments, and 10 or more cell were ana-
lyzed per condition) and changes in epithelial and mesenchymal protein expression through immunofluorescence staining for (EE–LL) E-cadherin and
(MM–TT) �-SMA as well as through (Appendix B) western blotting for E-cadherin, cytokeratin, �-SMA, P4H, and GAPDH. Experiments were performed in
triplicate; representative images are shown. *, **, and ***denote P < 0.05, P < 0.01, and P < 0.001, respectively. (Figure continues next page.)
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Figure 13 (Continued).
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exposure to PM2.5 can further drive a fibrotic state, leading
to increased progression of lung disease. For Aim 2, then,
we cultured alveolar epithelial cells on PA gels of
increasing substrate stiffness with or without the addition
of PM2.5 and evaluated EMT events and TGF-� activation
through immunohistochemistry, western blotting, AFM,
and the MLEC assay.

Setup of Particle Composition Monitor

The PM2.5 used in this analysis was collected between
March 1 and June 30, 2004, at the ASACA site (as part of
the longer-term ASACA study), using three-channel PCMs
(Butler et al. 2003). The PCMs collected PM2.5 samples for
24 hours. The samples were analyzed for metallic, ionic,
and carbonaceous species in the PM2.5 size range. The
monitors were controlled by a data acquisition system that
activated sampling, sequenced the filters, and controlled
sample flow to a flow rate of 16.7 L/min through each
channel. The filters were installed approximately one day
before sampling and removed one day after exposure to
ambient air. The PCMs were mounted approximately 2.5 m
above the ground (Butler et al. 2003). Regular maintenance
of the PCMs was performed over the collection period.

Ambient PM Characterization

The average ambient PM concentration measured at the
South DeKalb monitoring site over the period during
which the filter samples used for this analysis were col-
lected was 14.2 µg/m3. Concentrations of water-soluble
sulfate, nitrate, and ammonium as well as elemental and
organic carbon were determined from these samples. In
addition, data on these species, as well as on elemental
analyses, were available from a nearby (approximately
30 m) monitoring site (also in South DeKalb) run by the
Georgia Environmental Protection Division (GaEPD). The
same data are also reported as part of the U.S. EPA Air
Quality System. The ASACA data (and the filters used)
were available daily during the period; the GaEPD data
were collected at the South DeKalb site every third day.
Table 1 summarizes and compares our data on the compo-
sition of these components (sulfate, nitrate, ammonium,
elemental carbon, and organic carbon) with the GaEPD
data reported for the site. The ionic and carbonaceous
composition of the PM2.5 shows that the bulk of the PM2.5
was sulfate and organic carbon (Table 1), of which a signif-
icant fraction was elemental carbon. It is important to note
that both our collected data and the GaEPD data were
highly similar and showed approximately a 1:1 relation-
ship, as shown in Figure 14. A more complete presentation
of the PM2.5’s composition, including elemental concen-
trations measured at the GaEPD site and a comparison of

the average ionic and carbonaceous PM concentrations
measured in our study versus those measured in the sam-
ples collected every third day during the same period
by the GaEPD (for source apportionment), is shown in
Appendix C (available on the HEI Web site).

Source-Apportionment Modeling of PM2.5

Measurements were used to conduct chemical-mass-
balance source apportionment for the days that coincided
with the samples used in our analysis, as previously
described (Lee et al. 2007) and where GaEPD data were
available (i.e., every third day). The reason for conducting
source apportionment using the GaEPD data was the need
to have concentrations for elemental species. The good
agreement between the ASACA and GaEPD sampling data
(and the close proximity of the two sets of monitors) sug-
gests that very similar air masses were being sampled and
that the source apportionment conducted using the con-
centrations measured at the GaEPD site was applicable to
the filter samples collected as part of the ASACA moni-
toring. On average, the most prominent sources for the
analyzed PM2.5 were ammonium sulfate and bisulfate,
which are largely formed from coal burning in the region
and which together accounted, on an average day, for 45%
of the apportioned mass, with biomass burning at 11%,
gasoline-fueled vehicles at 10%, and diesel vehicles at 7%.
Secondary sulfate and ammonium — formed from gas-
phase reactions of SO2, forming sulfuric acid, which then
reacts with ammonia — dominate the primary (directly
emitted) coal PM in the data shown in Table 2. Coal com-
bustion is the largest contributor to SO2 emissions in the
region (Blanchard et al. 2013). Secondary organic carbon
— formed from the oxidation of organic gases from bio-
genic emissions, biomass burning, mobile sources, and
solvents — accounted, on a daily average basis, for 12% of
the PM2.5 mass. (As is often done with chemical-mass-bal-
ance results, secondary species are presented separately,
without attribution to a specific source, because they are
not included in the source profiles and, as seen in the case
of the secondary organic carbon, can come from many
sources.) The source distribution summarized in Table 2
was expected, because coal is a major fuel for electricity
generation, the sampling site was near two freeways,
March and April are the months when prescribed fires are
most common in the Southeast, and organic gas emissions
can be significant during this period, particularly from bio-
genic and mobile sources.

In summary, results from our particle analysis showed
that the composition was primarily sulfate, related ammo-
nium, and organic carbon with smaller amounts of ele-
mental carbon and that the primary sources were those
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leading to sulfate, biomass burning, and mobile sources.
After analyzing the composition of our particles, we iso-
lated total PM2.5 from the Teflon filters and added it to cell
culture media at 1:100, 1:1000, and 1:10,000 dilutions,
which correspond to concentrations of 0.1, 1, and
10 µg/cm2, respectively. These dilutions were used for all
of the following experiments.

Addition of PM2.5 from DeKalb County Further Drives 
EMT on Higher Substrate Stiffnesses

As described in the previous experiments, we used PA
gels of various stiffnesses cross-linked with surface-
immobilized Fn, cultured alveolar epithelial cells for five
days with or without the addition of various concentrations
of PM2.5, and analyzed the cells for differing EMT responses.
EMT was characterized through analysis of cell circularity
and the expression of various epithelial and mesenchymal

Table 1. Comparison of Species Analyses for PM from the GaEDP and ASACA Sites at South DeKalb

GaEDP Data (µg/m3) ASACA Data (µg/m3)

Date NH4 NO3 SO4 OC EC NH4 NO3 SO4 OC EC

March 2004
 1 0.43 0.85 1.72 3.72 0.45 0.58 0.52 1.92 3.78 0.33
 4 1.06 0.85 3.38 6.79 1.75 1.20 0.58 3.77 10.03 1.59
 7 0.34 0.22 1.41 3.38 1.09 0.40 0.15 1.37 4.06 1.16

10 1.85 1.57 4.41 3.63 0.74 1.85 1.42 4.62 3.91 0.64
13 0.77 1.04 1.71 5.59 0.59 0.87 1.09 1.91 5.44 0.33
16 0.98 0.52 3.02 4.99 0.85 1.06 0.43 3.16 5.25 0.64

19 1.04 0.59 3.06 6.53 2.25 0.91 0.56 2.94 8.31 2.21
22 1.28 0.98 2.99 2.19 0.28 1.40 0.97 3.50 1.59 0.24
25 1.23 0.75 3.37 7.62 1.19 1.12 0.61 3.68 8.91 0.75

28 0.63 0.73 2.24 6.76 1.38 0.87 0.59 2.65 7.24 1.10
31 1.00 0.81 2.51 1.87 0.40 1.09 0.75 2.76 1.94 0.54

April 2004
 3 1.13 0.73 3.38 3.22 0.52 1.32 0.67 3.74 2.77 0.32
 6 0.46 0.29 1.37 5.07 1.47 0.38 0.30 1.52 4.55 1.56
12 3.10 2.13 7.86 4.54 0.58 3.43 2.03 7.93 4.80 0.27

15 0.78 0.55 2.22 3.76 0.91 0.71 0.53 2.32 3.71 1.00
18 1.43 0.42 4.50 7.14 1.33 1.48 0.57 5.00 8.81 1.08
21 0.82 0.67 2.74 4.32 0.80 0.78 0.50 2.69 4.30 0.52

24 1.33 0.69 4.38 6.72 1.86 1.54 0.78 4.38 8.15 1.60
27 0.98 0.58 3.23 3.88 1.05 1.06 0.48 3.14 3.30 0.88
30 2.03 0.75 6.53 3.41 0.25 2.57 0.51 7.07 2.84 0.06

May 2004
 3 1.21 0.36 3.86 2.15 0.34 1.32 0.32 3.84 1.79 0.48
 9 2.00 0.59 5.90 7.96 0.82 3.25 0.81 8.93 7.65 0.67
12 1.89 0.69 6.58 3.62 0.27 1.88 0.59 5.55 3.54 0.17

15 0.72 0.69 2.71 3.60 0.35 1.06 0.53 3.43 4.77 0.44
18 0.98 0.72 3.28 4.26 1.08 2.30 0.52 7.06 4.16 1.13
21 2.12 0.52 7.80 6.42 2.21 2.44 0.62 7.92 6.42 1.14

24 1.55 0.51 6.73 4.28 1.21 1.82 0.59 6.10 4.95 1.36
30 1.10 0.59 5.31 4.09 0.47 0.57 0.24 2.38 0.92 0.28
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markers by immunofluorescence staining and western
blots. We had previously shown that alveolar epithelial
cells undergo EMT on Fn-coated glass coverslips but retain
an epithelial phenotype on Ln-coated glass coverslips;
these conditions were used as controls. As expected, EMT
was observed in the cells on the Fn-coated glass, as indi-
cated by high levels of �-SMA expression and low levels of
E-cadherin expression at cell–cell contacts. Conversely,
the cells cultured on the Ln-coated glass showed an epi-
thelial phenotype, as indicated by low levels of �-SMA
expression and maintenance of E-cadherin expression at
cell–cell contacts. Cells cultured without PM2.5 that were
stained for either epithelial or mesenchymal markers after
five days showed a loss of epithelial markers and subse-
quent gain of mesenchymal markers as substrate stiffness
was increased. This effect was enhanced with the addition
of PM2.5. As seen in Figure 15, when PM2.5 was added at
the 1:100 concentration, the cells showed an increase in
the expression of �-SMA at lower substrate stiffnesses
when compared with stiffness-matched controls (with no
PM2.5 added). In addition, there appeared to be a concen-
tration threshold for PM2.5 that was correlated with the
observed increase in EMT.

EMT was also analyzed by cell circularity and cytoskel-
etal organization. Again, alveolar epithelial cells were cul-
tured for five days on substrates of various stiffnesses with
or without the addition of PM2.5 at 1:100, 1:1000, or
1:10,000 dilutions and then stained to visualize the actin
cytoskeleton. The cells cultured on the soft substrates and
on the Ln-coated glass without the addition of PM2.5
showed typical rounded epithelial morphology and dif-
fuse cortical staining for actin. As substrate stiffness was
increased, the cells showed an elongated morphology and
thick, aligned actin filaments indicative of stress fibers. In
addition, when PM2.5 was added to the cultures, most
notably at the 1:100 concentration, the cells showed
increased EMT events, as shown by enhanced staining for
actin filament stress fibers. Interestingly, cells cultured on
8-kPa gels showed a considerable increase in mesen-
chymal phenotype with the addition of PM2.5 when com-
pared with controls matched for substrate stiffness. This
substrate stiffness is of particular interest because it most
closely matches that of slightly fibrotic lung tissue. In
addition, the increase appeared to be concentration-
dependent, with a slightly more significant EMT response
seen at the 1:100 concentration, as compared with the
1:1000 and 1:10,000. Finally, cell circularity was calculated

Figure 14. Measurements of major studied PM components are in agreement with previously reported measurements. Teflon filters from the ASACA
monitoring site in South DeKalb were collected and analyzed for ammonium, nitrate, sulfate, organic carbon, and elemental carbon. The results were com-
pared with data from the nearby (30 m) GaEPD monitoring site and showed a nearly 1:1 agreement. 
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Table 2. Source Apportionment for PM2.5 from the GaEPD Site at South DeKalba,b

Date
GV
(%)

DV
(%)

Dust
(%)

Burn
(%)

Coal
(%)

AMSULF
(%)

AMBSULF
(%)

AMNITR
(%)

SOC
(%)

March 2004
 1 13.22 0.00 3.01 19.41 0.75 0.00 28.76 15.52 19.33 
 4 9.73 12.65 1.26 17.23 0.68 9.58 22.59 8.50 17.80 
 7 14.14 19.92 12.31 13.62 1.73 0.84 25.48 4.47 7.48 

10 8.81 4.45 2.45 7.57 1.50 36.49 13.68 17.73 7.31 
13 8.06 4.36 2.83 11.17 1.76 12.11 12.04 15.44 32.23 
16 10.45 6.09 2.76 16.18 0.39 19.10 20.76 6.97 17.30 

19 16.53 21.24 3.47 8.53 0.58 16.75 12.87 5.75 14.28 
22 11.24 0.00 3.87 10.08 1.45 45.05 10.53 17.77 0.00 
25 10.13 7.41 6.26 10.50 0.58 20.04 11.36 6.97 26.75 

28 7.61 11.73 3.18 9.05 1.01 0.00 25.10 8.98 33.34 
31 9.94 3.40 2.47 5.59 0.56 38.77 19.88 18.73 0.66 

April 2004
 3 15.10 0.00 2.92 11.65 2.07 25.90 26.60 11.69 4.08 
 6 18.82 20.42 6.87 11.43 1.88 10.86 9.55 4.52 15.65 
12 3.47 0.00 2.24 5.97 0.50 43.37 17.47 16.22 10.75 

15 17.12 9.74 4.50 11.49 1.48 20.40 17.26 9.64 8.36 
18 18.16 0.33 4.44 13.19 0.17 24.27 17.66 3.93 17.84 
21 12.03 0.82 16.59 19.07 1.51 7.93 26.28 8.92 6.85 

24 14.29 12.47 4.37 14.70 0.49 15.00 22.10 5.99 10.58 
27 13.84 10.87 9.41 9.86 0.73 16.08 25.94 7.81 5.47 
30 1.21 0.00 5.95 11.90 0.45 33.68 32.67 7.70 6.45 

May 2004
 3 11.75 2.08 1.57 5.21 0.23 40.93 31.52 6.71 0.00 
 9 5.81 2.94 5.42 8.62 0.41 31.92 14.92 4.63 25.32 
12 1.49 0.00 6.90 10.54 0.40 26.31 39.87 7.05 7.45 

15 5.89 0.00 7.69 17.90 0.65 0.08 44.41 12.31 11.06 
18 6.32 10.63 3.74 8.78 0.34 12.59 32.86 10.40 14.34 
21 7.39 16.61 2.52 4.69 0.72 20.71 32.76 3.59 11.02 

24 6.15 9.45 1.97 5.44 0.71 8.19 54.60 4.98 8.51 
30 3.02 0.00 2.96 16.72 0.20 0.00 59.77 7.26 10.08 

June 2004
 2 8.62 11.23 2.50 4.69 0.14 3.85 63.35 2.45 3.18 

Average 10.01 6.86 4.70 11.06 0.83 18.65 26.64 9.06 12.19 

a The percentages of source-apportioned mass are shown by day. These differ somewhat from the average of the mass contributed over the measurements 
divided by the average total PM mass for the period.

b GV denotes gasoline-fueled vehicles; DV, diesel vehicles; Burn, biomass burning; AMSULF, ammonium sulfate; AMBSULF, ammonium bisulfate; AMNITR, 
ammonium nitrate; and SOC, secondary organic carbon.
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Figure 15. Analysis of EMT in RLE-6TN cells cultured with added PM2.5 on Fn substrates of increasing stiffness. RLE-6TN cells were cultured for five
days on Fn PA gels or Fn- or Ln-coated glass with the addition of 1:100, 1:1000, or 1:10,000 concentrations of PM2.5. EMT responses were analyzed
through changes in epithelial and mesenchymal protein expression through immunofluorescence staining for (A–R) E-cadherin and (S–jj) �-SMA as well
as (kk–bbb) changes in the actin cytoskeleton. Experiments were performed in triplicate; representative images are shown. (Figure continues next page.)
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Figure 15 (Continued).
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to quantify differences in the observed cell shapes. Values
closer to 1 indicate a more rounded, epithelial-like cell
(Figure 16). Statistical significance is shown for each
experimental group, as compared with its same-substrate-
stiffness group with no PM2.5 added. The results supported
the observed immunohistochemistry results, showing that
the addition of PM2.5, most notably at the 1:100 concentra-
tion, resulted in decreased circularity values (indicative of
more elongated cells and hence of EMT events).

The differentiation from an epithelial to a mesenchymal
phenotype was further quantified by western blot analysis for
E-cadherin and cytokeratin (epithelial) and �-SMA and pro-
lyl 4-hydroxylase (P4H) (mesenchymal) protein expression.
The western blots were quantified as fold change, as com-
pared with expression on 2-kPa gels, normalizing for protein
loading with GAPDH. Higher expression of E-cadherin and
cytokeratin was seen on the lower substrate stiffnesses, as
compared with the higher substrate stiffnesses with or with-
out the addition of PM2.5. Although expression of E-cadherin
was seen on all substrate stiffnesses, the localization was lost
from cell–cell contacts, a finding that agreed with previous
literature, which found that E-cadherin was still expressed
intracellularly. When cells were cultured with the addition
of PM2.5, we observed an increase in the expression of P4H at
lower substrate stiffnesses, as compared with the same sam-
ples with no PM2.5 added. In addition, we observed de-
creased expression of both of the measured epithelial
markers, E-cadherin and cytokeratin, with the addition of
PM2.5 at the 1:100 concentration on matched substrate stiff-
nesses. For example, the expression of E-cadherin and cyto-
keratin decreased markedly at 8 kPa with the addition of a
1:100 concentration of PM2.5, whereas the expression of P4H
increased significantly, as compared with the control (no
added PM2.5). This phenomenon was observed for all con-
centrations of added PM2.5 but was most significant at the
higher 1:100 concentration, suggesting that there is a dose-
dependent effect on EMT (Figure 17). Statistical significance
is shown for each experimental group, as compared with its
same-substrate-stiffness group with no PM2.5 added.

Alveolar Epithelial Cells Show Increased Cortical 
Stiffness with the Addition of PM2.5

We showed previously that during EMT epithelial cell
stiffness increases with increasing substrate stiffnesses. Us-
ing AFM, we therefore investigated whether the EMT ob-
served with the addition of PM2.5 resulted in increased cell
contractility. Because of the significant increases in the ex-
pression of the mesenchymal marker P4H at 8 kPa with the
addition of PM2.5, as compared with the control, we cultured
alveolar epithelial cells for five days on 8-kPa gels with the
various added concentrations of PM2.5 or no added PM2.5.
Statistical significance is shown in comparison with the con-
trol. We observed a concentration-dependent increase in cell

Figure 16. Cell circularity decreases when cells are cultured with added
PM2.5. RLE-6TN cells were cultured for five days on PA gels of increasing
degrees of stiffness or Fn- or Ln-coated glass, and PM2.5 was added at var-
ious concentrations. Cells were stained with Texas Red phalloidin to visu-
alize the actin cytoskeleton, and circularity was analyzed. Values closer to
1 indicate a more rounded, epithelial-like cell (N = 3). Significance is
shown for comparisons with controls of the same substrate stiffness and
no added PM2.5. * denotes P < 0.05.

contractility with the addition of the increasing concentra-
tions of PM2.5, as compared with the 8-kPa control. When
the cells were cultured with the addition of either 1:100 or
1:1000 concentrations of PM2.5, cell contractility increased
(with average elastic moduli of 2.8 and 2.4 kPa, respec-
tively), as compared with that of cells cultured with the
1:10,000 concentration or no addition of PM2.5 (with aver-
age elastic moduli of 1.5 and 1.4 kPa, respectively). These
results indicate that the addition of PM2.5 increases cell
contractility and likely contributes to the observed in-
creases in EMT events (Figure 18). Statistical significance is
shown compared with the control (with no PM2.5 added).

Alveolar Epithelial Cells Show Increased TGF-� 
Activation with the Addition of PM2.5

In Aim 1, we showed that increased matrix stiffness
leads to contractile forces, ultimately enabling the activa-
tion of TGF-�, a primary EMT inducer. Because we saw
increases in cell contractility with the addition of PM2.5, we
investigated whether the addition of PM2.5 also resulted in
differences in TGF-� activation, which could be an expla-
nation for the increases in EMT events. To determine if the
addition of various concentrations of PM2.5 to alveolar cells
on various substrate stiffnesses induced TGF-� activation,
the MLEC assay was performed (Figure 19). The same
experimental groups and controls were used as for the
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Figure 17. Addition of PM2.5 induces EMT. RLE-6TN cells were cultured for five days on substrates of increasing degrees of stiffness with or without the
addition of PM2.5. Cells were lysed and analyzed by western blot for changes in protein expression of (A–B) cytokeratin and E-cadherin and (C–D) p4H
and �-SMA (N = 3). Significance is shown for comparisons with controls of the same substrate stiffness and no added PM2.5. Representative blots are
shown in Appendix B. * denotes P < 0.05.

immunohistochemistry and western blot experiments. In
the controls (i.e., with no PM2.5 added), alveolar epithelial
cells were found to activate TGF-� increasingly in
response to increases in substrate stiffness. As expected,
the control groups cultured on Fn-coated glass showed
high levels of TGF-� activation, whereas those cultured on
Ln-coated glass showed significantly less TGF-� activa-
tion. When PM2.5 was added to the cultures for five days,
the cells were found to activate significantly greater
amounts of TGF-� in a dose-dependent manner, as com-
pared with the cells at the same substrate stiffnesses and
no PM2.5 added. Of particular interest was the comparison

of TGF-� activation across the PM2.5 concentrations at
8 kPa, a physiologically relevant stiffness for human lung
fibrosis. With the addition of PM2.5 at this substrate stiff-
ness, an increase was observed in TGF-� activation similar
to that observed on higher substrate stiffnesses and Fn-
coated glass without the PM2.5 (Figure 19). Statistical sig-
nificance is shown for each experimental group, as com-
pared with its same-substrate-stiffness group with no
PM2.5 added. PM2.5 addition to a solution of inactive TGF-
� was found insufficient to activate the TGF-� strongly,
suggesting that the observed increases in TGF-� activation
are mediated by the cells (data not shown).
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DISCUSSION, CONCLUSIONS, AND 
IMPLICATIONS

The work in Aim 1 provided evidence that the microme-
chanical environment with which epithelial cells interact
is a strong driving force for EMT. The stiffer the substrate
is, the stronger the pressure on the epithelial cell to
undergo EMT. This unique finding raises questions about
what is currently known about EMT. Specifically, the vast
majority of in vitro EMT research to date has been per-
formed on substrates with nonphysiologic (i.e., gigapascal)
stiffness (Chang et al. 2011; Kim et al. 2006; Thiery and
Sleeman 2006; Thiery et al. 2009; Willis and Borok 2007;
Willis et al. 2006; Yang et al. 2010).

Although the stiffness of the cellular microenvironment
clearly plays a significant role in defining the resident cell
phenotype (Engler et al. 2006; Liu et al. 2010; Paszek et al.
2005; Wipff and Hinz 2008; Wipff et al. 2007), the origins
of increased tissue stiffness are still poorly understood. It
is likely that stiffness arises from the residential cell popu-
lation and the overproduction or activation of cross-
linking enzymes. Fibroblasts that have differentiated
down a contractile, myofibroblastic pathway are known to

show significant contractile force (Wipff and Hinz 2008;
Wipff et al. 2007). Such cell-derived forces are capable of
stressing the surrounding ECM, leading to increased
microenvironmental stiffness. Additionally, recent evi-
dence suggests that even normal fibroblast subpopulations
might show significant differences in their capacity to
exert force on their matrix (Barker et al. 2004; Zhou et al.
2010). Several investigations have shown that lysyl oxi-
dase in the tumor microenvironment is sufficient to cross-
link and stiffen the tumor stroma (Levental et al. 2009),
and transglutaminases have long been known to catalyze
ECM cross-linking and have recently been shown to result
in tissue stiffening (Santhanam et al. 2010). As mentioned
previously, the prevailing thought is that EMT precedes
tissue stiffening, yet several reports indicate that tissue
stiffening occurs prior to the onset of fibrosis.

The data reported for Aim 1, in the first part of the study,
indicated that tissue–substrate stiffness is necessary but
not sufficient to induce spontaneous EMT. Stiffness in the
context of EMT depends on the ECM ligand. Increased
stiffness acts synergistically with Fn to promote EMT
through contraction-mediated TGF-� activation, whereas
Ln substrates inhibit EMT. These data corroborate previous

Figure 19. Stiffness-mediated EMT with PM2.5 is mediated by TGF-� ac-
tivation. RLE-6TN cells were cultured for five days on substrates of in-
creasing degrees of stiffness with or without the addition of PM2.5, and
levels of TGF-� activation were determined using the MLEC assay.
* denotes P < 0.05.

Figure 18. Cell stiffness increases with increasing PM2.5 doses. RLE-6TN
cells were cultured for five days on substrates with or without the addition
of PM2.5. Single-cell elasticity was measured using AFM nanoindentation
to characterize cell stiffening in response to substrate stiffness and PM2.5.
Averages of cell stiffness for each gel mixture are shown (N = 10). Signifi-
cance is reported for differences between each PM concentration and the
control (i.e., no PM2.5 added) (P < 0.01). Significance is shown for each
group compared with its same-substrate-stiffness group with no PM2.5
added. Boxes denote the 25th to 75th percentile of values, with central
horizontal line as the median; whiskers extend vertically to the most
extreme measurements within 1.5 times the interquartile range of the 25th
and 75th percentile values, respectively. * denotes P < 0.05. 
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findings on tissue culture on glass and TCP with respect to
the role of ECM proteins in EMT (Kim et al. 2006) and sup-
port recent evidence that integrin-specificity drives mech-
anotransduction and compliance matching.

Furthermore, the application of force to the focal adhe-
sion complex leads to recruitment and activation of sig-
naling proteins such as focal adhesion kinase (FAK),
sarcoma kinase (Src), and Src homology 2 domain
containing–transforming protein 1 (Shc), whose major
downstream targets are Rho guanosine triphosphatases.
Importantly, activation of the Rho signaling cascade leads
to cytoskeletal rearrangement and increased cell contrac-
tility. These cytoskeletal and contractile perturbations are
now directly linked to activation of TGF-� by way of
integrin-mediated release of the active growth factor from
latency-associated protein (Hinz 2009; Kim et al. 2006;
Wipff and Hinz 2008; Wipff et al. 2007). The consequence
of this “secondary effect” of tissue stiffness is the transfor-
mation of cell types — from fibroblasts to myofibroblasts
(Wipff and Hinz 2008; Wipff et al. 2007), EMT, etc. Overall,
our work has demonstrated that tissue compliance is a crit-
ical factor in the determination of EMT and that matrix
stiffness acts as a mediator of cell contractility and subse-
quent TGF-� activation. These findings, along with
others’, suggest that therapeutic approaches to fibrosis that
focus only on the cell are critically flawed. A pathologic
extracellular microenvironment (the ECM and its mechan-
ical properties) sends profibrotic signals that promote the
progression of the disease despite any acute eradication of
the resident cells. How one modifies the biochemical and
biophysical microenvironment might be a greater determi-
nant in the success of future therapeutics.

The data reported for Aim 2, in the second part of the
study, showed that on cultures with matched substrate
stiffnesses, the addition of PM2.5 was associated with the
exacerbation of stiffness-induced EMT. We first showed by
immunohistochemistry, cell phenotype analyses, and
western blotting for EMT protein markers that, at higher
concentrations of PM2.5 (1:100), mesenchymal markers
were expressed in cultures with lower substrate stiffnesses
that had lacked mesenchymal marker protein expression
without added PM2.5. We found, furthermore, that PM2.5
was also involved in increasing epithelial cell contrac-
tility. Although no experiments were done to measure cell
contractility directly, our findings for Aim 1 led us to infer
that increased cell stiffness likely leads to increased cell
contraction. As shown in Aim 1, this increased cell con-
traction might be a prominent mechanism for the activa-
tion of TGF-� and the observed spontaneous EMT.

Although there were several limitations to this prelimi-
nary study, our results are a first step toward elucidating

how environmental stimuli might exacerbate existing pul-
monary pathologies by leading to increased fibrotic pheno-
types. Future studies are needed to directly determine the
specific role of particle composition and size on the
observed EMT effects. In the current study, our particle-
extraction methods might have resulted in slight biasing
effects of particle size and surface area. In order to deter-
mine if the EMT effects seen were based solely on particle
composition, a control study focusing on a nonreactive
particle such as elemental carbon should be included to
show whether the observed effects were caused by treat-
ment with our particular PM2.5 rather than by treatment
with any nanoparticle.

In addition, based on our observations in Aim 1 and the
fact that addition of PM2.5 increases cell stiffness, one pos-
sible mechanism by which the addition of PM2.5 results in
increased EMT is by further increasing cell contractility,
leading ultimately to the observed increases in TGF-�.
Future control studies will be needed to test whether the
PM2.5 is acting through cell contraction–mediated TGF-�
signaling pathways. Specifically, ATII cells will need to be
cultured in a manner similar to that described in the cur-
rent study with the addition of PM2.5 in the presence of
cell-contraction inhibitors. In addition, there are several
different mechanisms that might lead to ATII cell contrac-
tion, including but not limited to Rho–ROCK activity,
myosin light-chain kinase phosphorylation, actin polym-
erization, and myocardin-related transcription factor-A
signaling. Future studies exploring each of these pathways
will elucidate more clearly how PM2.5 affects ATII EMT.

Although we predict that PM2.5 leads to increased cell
contraction, resulting in mechanical activation of TGF-�,
several other biochemical activation mechanisms are pos-
sible. The alveolar epithelium forms a continuous, highly
regulated physical barrier that serves as a protector against
inhaled environmental agents, including PM2.5. During
EMT, the tight cell junctions and E-cadherin expression
commonly seen in the epithelium are lost. This loss of
structure has been implicated in allowing enhanced sig-
naling between the epithelium and underlying immune
cells (Nawijn et al. 2011). Previous studies have impli-
cated enhanced immune-cell activation and inflammation
in the release of reactive oxygen species that leads to the
activation of TGF-� (Bonner 2007; Mazzoli-Rocha et al.
2010; Veljkovic et al. 2011; Zou et al. 2013). Furthermore
TGF-� itself is able to induce the production of reactive
oxygen species as part of its signal transduction pathway.
As shown in the current study, TGF-� is a potent inducer
of EMT. These facts taken together suggest that the higher
levels of EMT seen on exposure to PM2.5 might be the
result of a positive feedback loop in which enhanced
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exposure to the PM2.5 through loss of cell–cell junctions
exposes the cell to being more susceptible to the effects of
surrounding immune cells and inflammatory signals,
which can further activate TGF-� and drive additional
EMT progression.

Overall, our work — showing increased cell contrac-
tility, TGF-� activation, and EMT events in response to
PM2.5 exposure — highlights the importance of studying
not only the micromechanical environment in lung dis-
ease, but also the exposure to environmental injury adju-
vants in already diseased lung models. Our findings
indicate that increased substrate stiffness is able to lead to
increased cell contraction, TGF-� activation, and subse-
quent EMT, representing one of the initial stages of pulmo-
nary fibrosis. Furthermore, exposure to environmental
stimuli, such as PM2.5, is associated with increases in EMT
events. These preliminary results suggest that PM2.5 might
play a role in additionally driving a pre-existing fibrotic
phenotype in pulmonary cells. Because of the possible
implications of our study, future work should focus on fur-
ther elucidation of the pathways that both tissue stiffness
and PM2.5 engage to initiate the EMT program and of how
these pathways intersect. The principal unanswered ques-
tion that remains is how PM2.5 engages the cell cytoskel-
etal signaling mechanisms. The logical culprits are
reactive oxygen and nitrogen species; however, based on
current literature, it remains unclear what the critical sig-
naling protein targets of reactive oxygen species are that
induce cell cytoskeletal contraction.
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from ASACA and GaEPD Monitoring Sites in South
DeKalb
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 CRITIQUE

Health Review Committee

Research Report 182, Synergistic Effects of Particulate Matter and Substrate Stiffness on 
Epithelial-to-Mesenchymal Transition, T. H. Barker et al.

INTRODUCTION

Exposure to particulate matter (PM*) from combustion
sources has been associated with lung inflammation and
injury, which trigger repair responses to restore normal tis-
sue function. Dysregulation of these responses can result,
over time, in fibrotic changes that include an increase in
myofibroblasts, which promote abnormal deposition of col-
lagen in the subepithelial layer of alveoli, with consequent
stiffness of the extracellular matrix (ECM) and impairment
of gas exchange. Fibrosis in the lung can be progressive and
fatal, as in idiopathic fibrosis, and is also a feature of
chronic pulmonary diseases such as asthma, and it is thus
important to understand profibrotic processes.

In March 2008, Dr. Thomas H. Barker of the Georgia In-
stitute of Technology and Emory University in Atlanta sub-
mitted an application entitled “Extracellular Matrix
Stiffness Associated with Pulmonary Fibrosis Sensitizes
Alveolar Epithelial Cells” in response to Request for Appli-
cations 07-1, the “Walter A. Rosenblith New Investigator
Award.” This award was established to provide support for
an outstanding new investigator at the assistant professor
level to conduct work in the area of air pollution and health
and is unrestricted with respect to the topic of research.

In his application to HEI, Barker proposed to study the ef-
fects of PM on fibrosis using both biophysical and biochemi-
cal approaches. He hypothesized that increases in the
stiffness of the ECM would enhance alveolar type II (ATII)
epithelial cell endocytosis of particles and would involve ac-
tivation of Rho guanosine triphosphate hydrolase (GT-Pase),
a key regulator of cell contractility (Provenzano and Keely

2011). The study would utilize both a mouse model of fibro-
sis and cultured epithelial cells. The HEI Health Research
Committee thought that Barker was a strong candidate for
the award and that his proposal was innovative and so rec-
ommended the study for funding. During the course of the
study, the scope of the research evolved and the aims of the
study were modified, with the elimination of the mouse
work, with approval from the Committee. The work pre-
sented in the Investigators’ Report focuses on the role of
matrix stiffness on epithelial-to-mesenchymal transition
(EMT) and on how ambient PM affects this transition. The
study of PM uptake by epithelial cells is provided in Ap-
pendix A of the Investigators’ Report (available on the HEI
Web site).

This Critique is intended to aid the sponsors of HEI and
the public by highlighting both the strengths and limita-
tions of the study and by placing the Investigators’ Report
into a broader scientific perspective.

BACKGROUND

Fibrosis can result from dysregulation of healing pro-
cesses after lung injury. The hallmark of fibrosis is the
accumulation and proliferation of fibroblasts and their dif-
ferentiation to myofibroblasts in interstitial spaces. Fibro-
blasts can be derived from various cell sources. One theory
proposes that they are derived from alveolar epithelial
cells undergoing EMT (Chambers 2008).

During EMT, epithelial cells lose their polarity and
shape and undergo either apoptosis or transition to mesen-
chymal cells with an elongated spindle-shaped mor-
phology. These mesenchymal cells can migrate to the
interstitium and further evolve into fibroblasts and myofi-
broblasts (Willis and Borok 2007). During EMT, epithelial
cells stop synthesizing E-cadherin, a cell adhesion mole-
cule, and produce mesenchymal markers such as the cyto-
skeletal protein alpha smooth muscle actin (�-SMA),
which confers internal contractile properties on fibro-
blasts. These steps and the mediators involved are illus-
trated in Critique Figure 1.

EMT is also associated with activation of the profibrotic
transforming growth factor beta (TGF-�), a key regulator of
fibroblast proliferation and ECM production, and with
consequent accumulation of collagen (Fernandez and

Dr. Thomas H. Barker’s 3-year study, “Extracellular Matrix Stiffness Associ-
ated with Pulmonary Fibrosis Sensitizes Alveolar Epithelial Cells,” began
in October 2009. Total expenditures were $250,000. The draft Investigators’
Report from Barker and colleagues was received for review in February
2013. A revised report, received in October 2013, was accepted for publica-
tion in February 2014. During the review process, the HEI Health Review
Committee and the investigators had the opportunity to exchange com-
ments and to clarify issues in both the Investigators’ Report and the Review
Committee’s Critique. (As a coinvestigator on the report by Barker et al.,
Review Committee member Dr. Armistead G. Russell was not involved in
the report’s evaluation.)

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.

* A list of abbreviations and other terms appears at the end of the Investiga-
tors’ Report.
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Eickelberg 2012). TGF-� is produced by a wide variety of
cell types, including epithelial cells and fibroblasts (Fer-
nandez and Eickelberg 2012). The majority of TGF-� is
present in the ECM in a latent form and becomes activated
during EMT through various pathways (Willis and Borok
2007). The ECM consists of proteins (primarily collagen
fibers) and sugars and serves two primary roles: to provide
structural support to the surrounding tissue and to provide
biomechanical cues that modulate the behavior of cells
and tissue (Cox and Erler 2011).

The accumulation of excessive levels of ECM components
(primarily collagen and fibronectin) leads to altered bio-
chemical and mechanical matrix properties, such as loss of
elasticity. It has been shown that changes in ECM stiffness
can affect the behavior of the surrounding cells. In their re-
view of ECM, Provenzano and Keely (2011) defined matrix
stiffness as “internal resistance to deformation produced by
force.” They explained that cells sense this stiffness and re-
spond by generating internal forces that pull against the
ECM (i.e., the cells become more contractile). A key media-
tor of these processes is Rho GTPase (Chambers 2008).

In summary, EMT is a process by which the lung
responds to injury. Under normal healing conditions,
apoptosis (programmed cell death) of fibroblasts termi-
nates the progression of EMT to fibrosis. However, persis-
tence of TGF-� and collagen deposition promotes the
development of fibrosis (Chambers 2008). Exposure to PM

has been associated with airway inflammation and asthma
exacerbation and might therefore play a role in the devel-
opment of fibrosis. However, the clinical effects of ambient
air pollution on pulmonary fibrosis have not been studied.

In the current study, Barker and colleagues developed
and evaluated an in vitro cellular model that mimics EMT
and studied the effects of exposure to PM on this process.

AIMS

The central hypotheses of the study were that alveolar
epithelial cells grown on fibronectin substrates of increas-
ing degrees of stiffness would become increasingly con-
tractile and undergo EMT and that the addition of fine
particulate matter (PM � 2.5 µm in aerodynamic diameter
[PM2.5]) would enhance these effects.

These hypotheses were tested in cells grown in vitro us-
ing a combination of mechanical and biologic approaches
by addressing the following specific aims:

• Determine the effects of substrate stiffnesses that
ranged from values seen in healthy tissue to those
seen in fibrotic tissue on lung-epithelial-cell contrac-
tility, induction of EMT, and activation of TGF-�.

• Determine whether exposure to PM2.5 exacerbates the ef-
fects of substrate stiffness on EMT and cell contractility.

Critique Figure 1. Schematic representation of EMT. EMT involves a functional transition of polarized epithelial cells into mobile mesenchymal cells
that secrete components of the extracellular matrix. The epithelial and mesenchymal cell markers commonly used by EMT researchers are listed in the
figure. Abbreviations: ZO-1 denotes zonula occludens protein-1; MUC1, mucin-1, cell-surface associated; a1 (IV) collagen, collagen alpha-1(IV) chain;
miR, microRNA; FTS binding protein FAP, serum thymic factor–binding fibroblast activation protein; FSP-1, fibroblast-specific protein-1; N-cadherin,
neural cadherin; �-catenin, catenin (cadherin-associated protein), beta 1, 88kDa; OB-cadherin, osteoblast cadherin; ETS, E26 transformation–specific tran-
scription-factor family; SIP1, survival of motor neuron protein–interacting protein 1; LEF-1, lymphoid enhancer–binding factor 1; and FOXC2, forkhead
box protein C2. (Reprinted from Kalluri and Weinberg 2009 with permission from the American Society for Clinical Investigation.)
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STUDY DESIGN AND METHODS

Before addressing these aims, Barker and colleagues
used a well-characterized model of fibrosis — intratra-
cheal administration of bleomycin into mice (reviewed in
Mouratis and Aidinis 2011) — to determine relevant values
of matrix stiffness (also referred to as substrate stiffness) to
use in their in vitro experiments. They then explored the
role of substrate stiffness in particle uptake by cultured
epithelial cells, one of the original aims stated in the appli-
cation (presented in Appendix A).

The in vitro experimental model consisted of rat ATII
epithelial cells cultured on increasingly stiff substrates
with or without the addition of various concentrations of
ambient PM2.5 to the culture media (in multi-well plates).
Barker and colleagues used two types of ATII cells: pri-
mary cells isolated from the lungs of male Sprague Dawley
rats and RLE-6TN, a spontaneously immortalized cell line
derived from a Fischer 344 rat.

The substrate consisted of polyacrylamide–bisacryl-
amide gels cross-linked to fibronectin, with varying con-
centrations of bisacrylamide to achieve increasing degrees
of stiffness (reported as the elastic modulus, in Pascal
units), ranging from 2 to 32 kPa. The elastic modulus was
measured by atomic force microscopy. Glass coverslips
coated with fibrin (a protein shown to stiffen alveolar epi-
thelial cells) and laminin (a protein in the ECM that modu-
lates cell functions) were used as positive and negative
controls, respectively. The cells were grown on these sub-
strates for five days before EMT analysis. Apart from the
initial experiments to evaluate the EMT model (Figure 4 of
the Investigators’ Report), all subsequent experiments
used the RLE-6TN cell line.

Particle uptake was measured by exposing RLE-6TN cells
grown on substrates of increasing stiffness for 16 hours to
2-µm fluorescent polystyrene particles for four hours. At the
end of the exposure period the cells were analyzed by flow
cytometry for the presence of particles inside the cells.

EMT was analyzed through changes in cell shape, cell
contractility, expression of the cellular markers E-cadherin
and �-SMA, and TGF-� activation. Specifically, the inves-
tigators characterized changes in cell shape (also referred
to as circularity) by staining the cells with fluorescent dyes
specific for actin (the key protein that makes up the cel-
lular cytoskeleton) and for the cell nucleus and measuring
the area and perimeter of individual stained cells; circu-
larity is calculated from the ratio between the two mea-
sures. Cell contractility was measured as stiffness (using
atomic force microscopy). Y-27632, an inhibitor of Rho
GTPase, was added to the culture medium to evaluate the
role of cell contractility in EMT.

Barker and colleagues used fluorescent antibodies spe-
cific to E-cadherin and �-SMA and examined the results
by both fluorescent microscopy and western blots. The
latter technique consists of separating proteins tagged with
their specific antibody by gel electrophoresis. The levels of
these proteins were quantified using image-processing
software.

TGF-� activation was measured by the luminescence
product of genetically engineered mink lung epithelial
cells, which respond only to activated TGF-�. The cells
were added on top of the ATII epithelial cells at the end of
the experiment and co-cultured for 16 hours before the lu-
minescence assay. For the total serum TGF-� assay, the ATII
epithelial cells were heated at 85°C before adding the mink
lung epithelial cells.

Ambient PM2.5 for Aim 2 was collected on Teflon filters
placed near two highways and a school in Atlanta in spring
and summer 2004. The particles were extracted from the
filters by sonication and resuspended in culture media af-
ter filtration to remove any large particles. Compositional
data for sulfate, nitrate, ammonium, elemental carbon, and
organic carbon were obtained from filters collected in par-
allel. Metal composition was measured in PM from filters
collected during the same period at a nearby monitoring site
operated by the Georgia Environmental Protection Division
that was sampled every three days. Source apportionment
was conducted using the chemical balance model.

STATISTICAL ANALYSIS

For Aim 1, each analysis data set consisted of measure-
ments from multiple wells with substrates of increasing
stiffness overlaid with epithelial cells. Each substrate stiff-
ness was replicated in three wells, and the entire experi-
mental procedure was repeated three or more times (on
different days), for a total of nine or more observations for
each substrate stiffness. Each measurement was treated as
an independent observation regardless of whether measure-
ments were obtained on the same or different days. The
independent variable was substrate stiffness. The data were
analyzed using one-way analysis of variance (ANOVA) after
determining that there were no interactions between days
and substrate in a two-way ANOVA.

For Aim 2, each analysis data set consisted of measure-
ments obtained by adding various concentrations of PM or
culture media with no PM (the control) to wells of increas-
ing substrate stiffness. Each PM concentration was tested in
triplicate at each substrate stiffness. As in Aim 1, the entire
procedure was repeated on three or more different days
using new batches of particulate-containing media, and
there were thus nine or more replicates for each substrate
stiffness at a given PM concentration. The independent vari-
ables were substrate stiffness and PM concentration. The
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data were analyzed using two-way ANOVA after determin-
ing that there were no interactions with day of the experi-
ment when using three-way ANOVA.

SUMMARY OF KEY RESULTS

AIM 1: ROLE OF SUBSTRATE STIFFNESS IN EMT

Cultured ATII epithelial cells transitioned to mesen-
chymal cells on substrates of increased stiffness, as docu-
mented by loss of cell circularity, decreased expression of
E-cadherin, and increased expression of �-SMA. Increased
substrate stiffness was associated with increased cell con-
tractility and increased activated TGF-�, while total TGF-�
was unchanged. The addition of the Rho GTPase inhibitor
prevented EMT.

The role of TGF-� was further demonstrated in an exper-
iment in which ATII cells were grown on a soft substrate in
media containing various concentrations of active TGF-�
for two or five days. Exposure to TGF-� for five days was
associated with decreased cell circularity, changes in sur-
face markers, and increased cell stiffness. However, the
development of EMT after exposure to TGF-� for only the
first two days was dependent on the TGF-� concentration;
cells exposed to a low concentration of TGF-� did not
develop the mesenchymal phenotype.

AIM 2: ROLE OF PM2.5 IN SUBSTRATE-STIFFNESS-
MEDIATED EMT

Addition of ambient PM2.5 at the highest concentration
(10 µg/cm2 at a 1:100 dilution of the PM sample) reduced the
circularity of cells grown on substrates of 8-kPa stiffness and
higher. No effects of PM2.5 were observed in cells cultured
on laminin. The E-cadherin surface marker decreased and
�-SMA increased at the 1:100 dilution, as compared with the
response in non-exposed control cells at the same substrate
stiffness. Cell stiffness was also increased by PM2.5 on sub-
strates of the same stiffness, as compared with non-exposed
cells. Alveolar epithelial cells also showed increased TGF-�
activation with increasing substrate stiffness when exposed
to PM2.5, as compared with non-exposed cells.

PARTICLE UPTAKE

The results showed that the polystyrene particles were
internalized by the ATII cells but that the process was not
affected by increased substrate stiffness. Cells pretreated
with an inhibitor of Rho GTPase had increased particle
endocytosis, disproving the original hypothesis that

increased Rho activity would be associated with increased
particle uptake.

HEALTH REVIEW COMMITTEE EVALUATION

In its independent review of the study, the Committee
thought that the study was carefully performed, with inter-
esting mechanistic observations. The in vitro model of cell
cultures grown on substrates of various degrees of stiffness
was novel and potentially useful in understanding the role
of matrix stiffness in EMT.

The methods used were thought to be appropriate and to
reflect the state of the art. The combination of biologic and
mechanical techniques for assessing interactions between
airway epithelial cells and the underlying matrix and for
characterizing EMT was a strength of the work. The anal-
ysis of particle composition was a useful addition to the
study. A limitation was that most of the experiments were
conducted using immortalized cells, which have different
properties from primary cells.

The Committee expressed concerns about the statistical
analyses used. It noted that the investigators did not use
standard methods for the analysis of randomized block
designs, such as the design used in this study, where the
entire experiment was repeated on three different days and
treatments were randomly assigned within each day. Thus
the one-way ANOVA used for Aim 1 did not properly
adjust for the variation caused by the experiments’ being
conducted on different days (a blocking factor). The inves-
tigators explained that they had tried a two-way ANOVA,
but because they found no interactions between day and
the variable of interest (substrate stiffness), they conducted
only the one-way ANOVA. However, the Committee con-
cluded that each replication of the experiment on a dif-
ferent day should properly be viewed as a blocking factor;
these blocks could be an important source of variation, and
omitting them from the analysis could lead to incorrect
estimation of the variance of the data even if the factors did
not interact with the variable of interest. The Committee’s
comments are even more relevant for the analyses in Aim
2, in which two-way ANOVA was used to assess the effects
of substrate stiffness and PM concentration without
accounting for day as a blocking factor. As in the analyses
for Aim 1, this approach also excluded replication of the
experiment on different days as an important source of
variation, but in this case the day-to-day variation was
potentially more important because it was associated with
the use of PM from different filters (with different compo-
sitions). The Committee thought that this blocking factor
should be included in all the statistical analyses and that,
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without additional information, it is impossible to be sure
what effect it might have had on the results. The preferred
analyses would have used two- and three-way ANOVA
models appropriate for completely randomized designs.

Despite these concerns, the Committee agreed with the
investigators’ overall conclusion that, in their cell culture
system, the results supported their hypothesis that greater
stiffness of the extracellular substrate drives EMT, as mea-
sured by decreased expression of E-cadherin and increased
expression of �-SMA and cell contractility. In addition,
using an inhibitor of cell contractility and treating cells
grown on a soft substrate with TGF-�, the investigators
showed that cell contractility and activation of TGF-� play
a key role in EMT. The results also supported the investiga-
tors’ hypothesis that exposure to PM would enhance the
effect of substrate stiffness on EMT and TGF-� activation,
as compared with those of non-exposed cells.

The possibility of PM effects on EMT was also sup-
ported in a recent study of bronchial EMT in infant mice
exposed by inhalation to 0.2-µm amorphous silica parti-
cles coated with an organic compound that generates free
radicals (Thevenot et al. 2013). Cells stained with both
E-cadherin and �-SMA were observed in the subepithelial
layers, suggesting that epithelial cells had acquired the
mesenchymal phenotype. However, in that study TGF-�
did not appear to be involved.

Overall, the study by Barker and colleagues highlights
the potential importance of cell–matrix interaction when
evaluating the effects of environmental triggers and pro-
vides a basis for future work. However, the question of
how PM taken up by the cells might affect EMT remains
open, in part because there was no increase in PM uptake
with increased substrate stiffness. Barker and colleagues
speculate that the higher levels of EMT seen with exposure
to PM2.5 might be a result of a positive feedback loop in
which loss of cell–cell junctions (associated with decreased
levels of E-cadherin) makes the cell more susceptible to the
effects of surrounding immune cells and inflammatory sig-
nals that can further activate TGF-� and drive additional
EMT progression. Alternatively, PM might increase cell con-
tractility, which in turn might lead to mechanical activation
of TGF-�. The Committee thought that considerable work
will be needed to confirm these initial observations, under-
stand the mechanisms, and determine whether they are rele-
vant to in vivo processes and the development of fibrosis.
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