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Fibrosis is the formation of fibrous connective tissue in response to injury. It is

characterized by the accumulation of extracellular matrix components, particularly

collagen, at the site of injury. Fibrosis is an adaptive response that is a vital component of

wound healing and tissue repair. However, its continued activation is highly detrimental

and a common final pathway of numerous disease states including cardiovascular and

respiratory disease. Worldwide, fibrotic diseases cause over 800,000 deaths per year,

accounting for ∼45% of total deaths. With an aging population, the incidence of fibrotic

disease and subsequently the number of fibrosis-related deaths will rise further. Although,

fibrosis is a well-recognized cause of morbidity and mortality in a range of disease

states, there are currently no viable therapies to reverse the effects of chronic fibrosis.

Numerous predisposing factors contribute to the development of fibrosis. Biological

aging in particular, interferes with repair of damaged tissue, accelerating the transition

to pathological remodeling, rather than a process of resolution and regeneration. When

fibrosis progresses in an uncontrolled manner, it results in the irreversible stiffening of the

affected tissue, which can lead to organ malfunction and death. Further investigation into

the mechanisms of fibrosis is necessary to elucidate novel, much needed, therapeutic

targets. Fibrosis of the heart and lung make up a significant proportion of fibrosis-related

deaths. It has long been established that the heart and lung are functionally and

geographically linked when it comes to health and disease, and thus exploring the

processes and mechanisms that contribute to fibrosis of each organ, the focus of this

review, may help to highlight potential avenues of therapeutic investigation.
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INTRODUCTION

The underlying molecular and cellular events of fibrotic diseases
share many functional similarities, despite differences in etiology
and clinical outcome. At its core, chronic fibrosis is pathological
and continuous wound-healing which can effect multiple organ
systems including but not limited to the heart, lung, kidney,
liver, and skin. Although fibrosis is an initially beneficial process
of repair, continuous accumulation of fibrotic proteins leads to
permanent tissue remodeling and significant organ impairment.
The maladaptive response to injury or challenge results in an
excessive accumulation of extracellular matrix (ECM) proteins,
and is mediated by fibroblasts and myofibroblasts. Elements of
the innate and adaptive immune systems also have important
roles, facilitating fibroblast transdifferentiation and ridding the
damaged tissue of apoptotic cells and ECM debris (Zymek
et al., 2006; Wynn and Ramalingam, 2012; Frangogiannis, 2014).
Fibrosis typically presents as interstitial (reactive) or replacement
(reparative) fibrosis. Interstitial fibrosis refers to a chronic and
progressive expansion or scarring of the interstitium as a means
of maintaining organ function. Replacement fibrosis is activated
by an injury, and is a reparative process in which dead cells
are replaced with a collagen based scar (Krenning et al., 2010;
Biernacka and Frangogiannis, 2011; Shinde and Frangogiannis,
2014). Human organ fibrosis has been estimated to contribute
to 45% of all-cause human death, and yet effective treatments
are currently lacking. The molecular events and processes which
contribute to the onset and development of fibrosis must be
elucidated in order to develop novel efficacious treatments.
Given the intimate connection between the heart and lung, this
review will focus on the pathophysiology of fibrosis in these two
organs.

FIBROTIC DISEASE OF THE HEART

Cardiovascular disease (CVD) is the single leading cause of death
worldwide. The World Health Organization estimates that 31%
of all deaths each year are attributed to CVD (17.5 million per
annum; World Health Organization, 2014). Although, the rate of
CVD-related deaths has dramatically declined over the past four
decades (>28%), the burden of disease is still high (Mozaffarian
et al., 2016). The reduced incidence of CVD-related deaths is
largely due to significant risk factor reduction and improved
post-event management. Cardiac fibrosis is implicated in almost
all forms of CVD. Initially cardiac fibrosis is thought to be an
adaptive, protective mechanism, however over time fibrosis leads
to irreversible ventricular remodeling and significantly impaired

Abbreviations: ACE, Angiotensin Converting Enzyme; AEC, Alveolar Epithelial

Cell; AngII, Angiotensin II; ARDS, Acute Respiratory Distress Syndrome;

ATR1, Angiotensin Receptor 1; BALF, Bronchoalveolar Lavage Fluid; CVD,

Cardiovascular Disease; ECM, Extracellular Matrix; FGFs, Fibroblast Growth

Factors; IFN-γ, Interferon-γ; IL, Interleukin; IPF, Idiopathic Pulmonary Fibrosis;

MMPs, Matrix Metalloproteinases; PDGF, Platelet-Derived Growth Factor;

PDGFR, PDGF Receptor; TGF-β, Transforming Growth Factor-β; Th, T helper;

TIMPs, Tissue Inhibitors of Metalloproteinases; TNF-α, Tumor Necrosis Factor-α;

UIP, Usual Interstitial Pneumonia.

heart function. Two common forms of CVD in which fibrosis
plays a major role are myocardial infarction and heart failure.

Myocardial Infarction
Greater than a third of CVD related deaths are attributed to
myocardial infarction. Myocardial infarction is the result of a
blocked coronary artery, and is most common in those aged
over 65 years. Without the capacity for cellular regeneration,
the cardiac tissue must remodel at the cellular level in order
to meet the physiological demands of the system. The signaling
pathways which are activated following myocyte death initiate
acute reparative changes in the heart which can be broken into
initial and late phases. The initial phase involves the replacement
of necrotic tissue with fibrotic scar formation, elongation of
myocytes and thinning of the infarct zone. The volume of the
ventricle increases as an adaptive mechanism to maintain normal
cardiac output and stroke volume (Sutton and Sharpe, 2000;
Konstam et al., 2011). The late phase of ventricular remodeling
involves hypertrophic myocyte elongation in the non-infarcted
areas, increased wall mass, and chamber enlargement. The
ventricle morphologically elongates and the performance begins
to decline. The late phase will progress indefinitely and ultimately
results in heart failure (Konstam et al., 2011). Replacement of
damaged muscle mass with fibrotic tissue is entirely dependent
on the physiological functioning of cardiac fibroblasts (Furtado
et al., 2016).

Heart Failure
Improved medical care has resulted in a larger population
surviving CVD events, and therefore, the prevalence of
secondary complications such as heart failure has increased.
Currently, one in five people globally will develop heart
failure and survival estimates at 5 and 10 years post-diagnosis
are 50 and 10%, respectively (Taylor et al., 2012). Heart
failure is defined by the American Heart Association as “a
complex clinical syndrome that results from any structural
or functional impairment of ventricular filling or ejection of
blood” (Yancy et al., 2013). Heart failure can be broadly
classified as systolic heart failure or diastolic heart failure.
Systolic heart failure is the result of a reduced ejection
fraction and is characterized by reduced efficiency in the
contraction and ejection of blood by the myocardium. Increased
collagen deposition in systolic dysfunction is largely due
to the need for cardiomyocyte replacement after cardiac
damage. This increased ventricular stiffness results in reduced
contraction and cardiac output, and a reduced systemic perfusion
capacity (Khan and Sheppard, 2006). Disruption of myocardial
excitation-contraction coupling, uncoordinated contraction of
cardiomyocyte bundles, disrupted endomysial homeostasis, and
sliding displacement of cardiomyocytes resulting in ventricular
dilation have been proposed as mechanisms of fibrosis-induced
systolic dysfunction (Biernacka and Frangogiannis, 2011). In
diastolic heart failure, the ejection fraction is preserved, however
there is a disturbance in the accommodation of blood volume
during diastole at low filling pressures. Diastolic heart failure
is largely a consequence of impaired ventricular relaxation or
increasedmyocardial stiffness caused by excessive cardiac fibrosis
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(Gomes et al., 2013). The mechanisms underlying diastolic
heart failure involve abnormal ECM composition and cell-ECM
interactions, as well as alterations in the myocyte cytoskeleton,
both of which impair the passive properties of the ventricular wall
(Gomes et al., 2013).

FIBROTIC DISEASE OF THE LUNGS

Fibrosis is also a characteristic of many respiratory diseases that
differ markedly in etiology, phenotype, and symptoms. Fibrosis
can occur in the airway wall, as in the larger airways in asthma
(Boorsma et al., 2014) and around the small airways in chronic
obstructive pulmonary disease (Jones et al., 2016), or the lung
parenchyma, as in idiopathic pulmonary fibrosis (IPF) and acute
respiratory distress syndrome (ARDS). The fibrosis in IPF is
particularly prominent, causing irreversible lung scarring and
respiratory failure (Boorsma et al., 2014; Burnham et al., 2014;
Wuyts et al., 2014).

Idiopathic Pulmonary Fibrosis
Interstitial lung diseases including IPF are characterized by
abnormalities between the capillaries and alveolar spaces of
parenchymal tissue. In IPF, the aberration is a relentlessly
progressive fibrosis that causes irreversible damage to the lung
structure and function (Ryu et al., 2014). Patients with IPF
have a median survival of only 2–5 years from diagnosis. The
prevalence of IPF in the United States is ∼40 cases per 100,000,
and accounts for over 16,000 deaths per year (Lynch et al.,
2016; Raimundo et al., 2016). The health burden of IPF in other
developed and developing countries is no less significant. IPF is
diagnosed primarily in the elderly, and more so in males and/or
patients with a history of smoking (Smith et al., 2013; Wuyts
et al., 2014). Histologically, the spatially heterogeneous pattern
of fibrosis in IPF, referred to as “usual interstitial pneumonia”
(UIP), comprises architectural distortion, interstitial thickening,
presence of fibroblastic foci and honeycombing cystic remodeling
(Rabeyrin et al., 2015). UIP is primarily associated with IPF,
but also occurs in other less common interstitial lung diseases,
including connective tissue-disease associated interstitial lung
diseases and chronic hypersensitivity pneumonitis (Wuyts et al.,
2014). Whilst of unknown etiology (hence the term “idiopathic”),
IPF is now widely considered to be initiated by persistent injuries
to the alveolar epithelium (Selman et al., 2004). Furthermore,
for reasons that remain incompletely understood, the subsequent
injury-repair response to alveolar injury is highly dysregulated,
resulting in the persistence of fibroblasts and the excessive
accumulation of ECM proteins that scar the lung in IPF.
Following an acute exacerbation, IPF patients display additional
damage known as diffuse alveolar damage, which is characterized
by patterns of inter and intra-alveolar accumulation of fibroblasts
and ECM. This additional damage involves regions of lung
previously spared from fibrosis and scarring (Papiris et al., 2010;
Bhatti et al., 2013). Coupled with the existing UIP pattern,
these exacerbations, typically of unknown cause, accelerate the
normally gradual decline of respiratory function into a rapidly
deteriorating state.

Acute Respiratory Distress Syndrome
ARDS is caused by injuries to the alveolar capillary barrier,
comprising an acute inflammation phase and a subsequent
fibroproliferation phase leading to interstitial fibrosis (Frenzel
et al., 2011). ARDS afflicts ∼200,000 people annually in the
US, accounting for about 75,000 deaths per annum (Rubenfeld
et al., 2005). ARDS prevalence and mortality increases with
age, and is higher in men than women (Rubenfeld et al., 2005;
Cheifetz, 2016; Cochi et al., 2016). ARDS is initiated by increases
in systemic inflammation of pulmonary or extra-pulmonary
origin. Insults range from direct forms, including viral, fungal, or
bacterial pulmonary infections to indirect forms such as sepsis,
peritonitis, or severe acute pancreatitis (Meduri and Eltorky,
2015). Injury is followed by an acute inflammation phase with
leak of edema fluid into the interstitium and alveoli spaces.
Resolution occurs if the damage from the initial injury is not
severe and ongoing, and when repair processes which restore
alveolar capillary barrier integrity occur in a timely manner. Any
adaptive repair response involves a degree of fibroblast activation
and migration to guide tissue repair by supporting epithelial
and vascular regeneration. However, in many cases of ARDS,
an excessive and persistent fibro-proliferation response occurs
leading to interstitial fibrosis (Frenzel et al., 2011). Mechanical
injury as a consequence of low tidal volume ventilation treatment
strategies heightens the maladaptive fibrotic repair response.
ARDS mortality, which is ∼25% in the US, is strongly associated
with the magnitude of pulmonary fibrosis (Rocco et al., 2009).
Histologically, the pattern of tissue damage in ARDS is referred
to as diffuse alveolar damage, which is differentiated in exudative
and fibro-proliferative phases (Meduri and Eltorky, 2015). The
exudative phase shows spatially uniform alveolar damage, fibrin
deposition (hyaline membranes) along the alveolar wall, lung
edema and hemorrhage. The later phase exhibits patterns of inter
and intra-alveolar accumulation of fibroblasts and ECM.

MOLECULAR AND CELLULAR FIBROTIC
MECHANISMS

Fibroblasts
Fibroblasts are a spindle shaped population of mesenchymal cells
that are found in the connective tissue of most organs (Shinde
and Frangogiannis, 2014). Physiological injury or insult activates
fibroblasts near the site of injury to efficiently undergo dynamic
phenotypic changes that aide in scar formation (Shinde and
Frangogiannis, 2014). Recent data has demonstrated that there
is extensive heterogeneity in fibroblasts from different tissues, as
well as those from the same tissue type (Lajiness and Conway,
2014). Fibroblasts are regarded primarily as the producers of the
ECM, and do so via their extensive endoplasmic reticulum. The
ECM scaffold they produce serves multiple roles including the
support of adjacent cells, cell signaling, and cell adhesion (Hynes,
2009; Frantz et al., 2010; Lajiness and Conway, 2014; Shinde
and Frangogiannis, 2014). Maintaining tissue homeostasis under
normal conditions involves a fine balance in the expression
of the ECM network constituents (Meneghin and Hogaboam,
2007). Under pathological conditions, fibroblast activation and
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proliferation is augmented, leading to increased production of
ECM at the site of injury. Over-production of ECM components
is a commonly observed hallmark of fibrotic diseases, and
ultimately results in a severely scarred, inflexible and functionally
compromised organ.

The origin of fibroblasts in both the heart and lung
remain unclear. In the heart it has been proposed that they
may originate either from local interstitial fibroblasts or from
circulating precursor cells from the bone marrow (Yano et al.,
2005). In the lung, the origins of the fibroblasts may also be
derived from resident interstitial fibroblasts or circulating bone
marrow-derived fibrocytes, or could be derived from epithelial-
mesenchymal transdifferentiation (Mubarak et al., 2012; Maharaj
et al., 2013; Burnham et al., 2014). Aside from epithelial
cells, transdifferentiation of pleural mesothelial cells also
possibly contribute to the increased number of myofibroblasts,
particularly as fibrosis in IPF emanates from the sub-pleura
region (Mubarak et al., 2012). Regardless of source, fibroblasts
contribute to fibrosis by proliferating and differentiating into
collagen producing, contractile myofibroblasts as observed in
cardiac and pulmonary pathologies.

Fibrotic Process in the Heart and Lung
Disease
Myocardial infarction induced fibrosis occurs in three distinct
and controlled phases: the inflammatory, proliferative, and
maturation phases (Zymek et al., 2006; Frangogiannis, 2014;
Table 1). Myocardial necrosis induced by sudden acute death
of cardiomyocytes initiates the inflammatory phase, in which
innate immune pathways are activated, inflammatory mediators
are released, leukocytes are recruited to the infarcted site and
neutrophils are activated (Zymek et al., 2006; Frangogiannis,
2014). The primary inflammatory phase is then actively
suppressed to prepare the site for the proliferative phase. In
this phase, mononuclear cells and macrophage subpopulations
secrete growth factors that recruit and activate reparative
cells including fibroblasts and myofibroblasts (Frangogiannis,
2014). These cells accumulate in granulation tissue, depositing
ECM proteins that contribute to scar formation and preserve
the structural integrity of the tissue (Zymek et al., 2006).
The reparative cells then undergo apoptosis and the wound
transitions into thematuration phase and inflammation begins to
resolve. The resolution of the inflammatory phase results in the
replacement of the vascular granular tissue with a collagen scar
(Zymek et al., 2006; Frangogiannis, 2014). As the scar matures,
significant collagen cross-linking ensues, increasing the tensile
strength of the scar (Czubryt, 2012). This scarring impairs cardiac
contractility and relaxation, leading to ventricular remodeling
and ultimately heart failure, as well as impairments in electrical
signaling synchronicity which can lead to arrhythmogenesis
(Miragoli et al., 2007; Czubryt, 2012). It was long thought that,
unlike other organs, the heart did not contain endogenous stem
cells, and thus, the cells of the heart could not regenerate nor
recellularize after damage, rendering the damage and scarring
irreversible. In 2003, however, a small, yet biologically important
population of endogenous cardiac stem cells were discovered

in rats and subsequently in humans (Beltrami et al., 2003;
Torella et al., 2007). These findings suggested the heart also
has regenerative capacity, albeit limited, and exciting ongoing
research, whilst in its infancy, is exploring the impact on cardiac
fibrosis.

Whilst cardiac fibrosis is largely an adaptive response to
myocyte loss and/or cardiac pressure overload, pulmonary
fibrosis is a response to epithelial injury. The onset and extent
of pulmonary fibrosis depends on the severity and persistence
of the initial injury, as well as the regenerative capacity of
the epithelium. Inadequate re-epithelialization following injury
triggers a cascade of events leading to pathological fibrosis.
Increased type II alveolar epithelial cell (AECII) apoptosis
and senescence are considered to have important roles in the
development of pathological fibrosis in IPF and ARDS (Matute-
Bello et al., 1999; Plataki et al., 2005; Hecker et al., 2014;
Lopez et al., 2015). Following injury, the stages of fibrosis in
cardiac and respiratory disease are similar, as are the cellular
and molecular mechanisms that lead to scar formation. However,
an important difference distinguishing the fibrosis of IPF to
that of many other respiratory and cardiac diseases is the
nature and extent of inflammation. Whilst both the innate and
adaptive immune systems have roles in IPF, the inflammatory
response is far less active than in other forms of fibrosis
(Feghali-Bostwick et al., 2007; Gilani et al., 2010;Margaritopoulos
et al., 2016). As in cardiac fibrosis, pulmonary fibrosis has
consecutive and overlapping fibroproliferative and maturation
stages (Table 1). During these stages, epithelial, endothelial,
and fibroblast cells undergo migration and/or proliferation
in a coordinated process to repair the damaged tissue. The
proliferation and transdifferentiation of fibroblasts leads to an
increase in the myofibroblast population at the site of injury.
These cells facilitate the exaggerated deposition of ECM in
aberrant tissue repair, leading to the formation of an irreversible
scar. As previously outlined, this scar significantly impairs organ
function and ultimately leads to dysfunction and failure. Distinct
from cardiac fibrosis, epithelial cells in IPF and ARDS are a major
source of mediators essential to the migration, proliferation, and
differentiation of resident fibroblasts.

Inflammation
It is well documented that fibrosis is closely linked to
the inflammatory response (Krenning et al., 2010; Biernacka
and Frangogiannis, 2011). Emerging evidence suggests that
cardiac fibrosis in general is primarily due to complications
associated with acute and prolonged inflammation (Biernacka
and Frangogiannis, 2011; Van Linthout et al., 2014), suggesting
that even low-grade, persistent inflammation is enough to
promote cardiac fibrosis. The cellular and molecular events
that underpin the inflammatory processes in cardiac disease are
complex and poorly understood, with many tissue and disease
specific mechanisms. In pulmonary fibrosis however, the role
of inflammation is less clear. Certainly, an active inflammatory
response following injury to the alveolar epithelium contributes
to fibrosis in ARDS. However, the role of inflammation in the
development of IPF pathology is less certain. Whether an initial
injury event(s) and a subsequent acute inflammatory response
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TABLE 1 | Effect of myocardial infarction and idiopathic pulmonary fibrosis on the extracellular matrix in the early and late stages of fibrosis.

Fibrosis Myocardial Infarction Idiopathic Pulmonary Fibrosis

Early fibrosis • Migration of monocytes, macrophages and neutrophils to the infarct zone

• TGF-β stimulated increase in fibroblast chemotaxis

• Fibroblast proliferation and TGF-β stimulated myofibroblast

trans-differentiation

• Cellular inflammation

• Cardiomyocyte necrosis

• Expansion of infarct zone

• Increased MMP activity; breakdown of collagen network

• TIMP expression in infarct zone (peaks 48 h post-infarct), allowing

collagen activity

• High Col-III to Col-I ratio

• Increased systolic and diastolic wall stress, wall thinning and ventricular

dilation

• Deformation of border zone and remote zone tissue

• Augmented myocardial shortening and increased heart rate leading to

hyperkinesis (spasm) of non-infarcted myocardium

• Injury to the alveolar epithelium, accompanied by increased epithelial

cell apoptosis and senescence

• Release of inflammatory mediators by epithelial and endothelial cells

• Extravascular hypercoagulation involving activation of coagulant

proteases in association with the formation of a provisional matrix

• Recruitment of neutrophils, macrophages, lymphocytes and

eosinophils to the site of injury

• Cellular inflammation

• Activation and migration of fibroblasts to site of injury

• IncreasedMMP activity; collagen processing andmaturation, localized

collagen denaturation

• High Col-III to Col-I ratio

• Formation of fibrotic foci comprised of a core of fibroblasts surrounded

by hyperplastic or apoptotic/senescent epithelial cells

• Fibrogenesis emanates from sub-pleural regions of the lower lung

Late fibrosis • Continuous LV dilation

• Overall LV remodeling and distorted shape

• Cardiomyocyte hypertrophy (∼70% increase in cell volume)

• Continuing cardiomyocyte necrosis; replacement of myocytes with fibrotic

tissue

• Mural LV wall hypertrophy

• Decreased Col-III and Col-I ratio

• Collagen accumulation (mostly type-III and type-I) in infarct zone

• Scar formation

• Whole LV hypertrophy

• Collagen accumulation (mostly type-III and type-I) in fibrotic lesions

• Heterogeneous architectural distortion

• Lower Col-III to Col-I ratio

• Increased numbers of mast cells, macrophages and lymphocytes

• Increased ECM stiffness leading to a self-perpetuating fibrosis

involving a positive feedback loop

• Bronchiolisation-activation and migration of basal cells in the

conducting airways

• Honeycombing cystic remodeling

• Areas of marked fibrosis and scar formation

Note that the early fibrotic stages of IPF are proposed only, and are still not entirely understood.

occurs is difficult to establish because of the lengthy delay before
the diagnosis of IPF is made (Wuyts et al., 2014). The role
of inflammation in the progression of fibrosis in IPF has been
challenged because anti-inflammatory and immunosuppressive
agents are ineffective as therapies (Davies et al., 2003; Richeldi
et al., 2003). The current prevailing hypothesis is that IPF is
a result of persistent micro-injuries to the alveolar epithelium,
rather than a phenomenon driven by inflammation (Selman
et al., 2004). Despite this conception, there are increased numbers
of inflammatory cells, including mast cells, macrophages, and
lymphocytes in the fibrotic lung and circulation of IPF patients
(Nagai et al., 2007; Peteranderl et al., 2016). Furthermore, the
lung immune cell profiles in IPF and ARDS are similar (Schupp
et al., 2015).

Following cardiac tissue injury, inflammatory and immune
cells such as monocytes, granulocytes, macrophages, mast cells,
dendritic cells, as well as B and T lymphocytes are recruited
to the site of injury. These infiltrating cells are responsible
for producing and secreting an array of both inflammatory
and anti-inflammatory cytokines such as interleukins (e.g., IL-1
and IL-13), tumor necrosis factor-α (TNF-α) and transforming
growth factor-β (TGF-β; Afanasyeva et al., 2004; Blyszczuk
et al., 2008; Kania et al., 2009; Van Linthout et al., 2014).
More recently, these inflammatory cells have been identified to
release fibrogenic cytokines and growth factors which promote
the fibrotic tissue formation following the initial inflammatory
cell infiltrate (Frangogiannis, 2006; Wynn, 2008; Biernacka
and Frangogiannis, 2011). Studies aimed at elucidating the

role of inflammatory cells in the development of cardiac
fibrosis, have focused on the involvement of T helper (Th)
lymphocytes, specifically Th1, Th2, and Th17 lymphocytes (Van
Linthout et al., 2014). Such studies identify that in cardiac
inflammatory wound healing, Th2 lymphocytes act directly and
indirectly (via expression of factors such as IL-4, -5, and -
13) with fibroblasts to promote myofibroblast activation and
suppress matrix metalloproteinase (MMP) activity leading to
the accumulation of ECM proteins and formation of fibrotic
tissue (Yu et al., 2006; Marra et al., 2009; Wei, 2011; Bailey
et al., 2012). Similarly, studies suggest that Th1 lymphocytes
have the ability to play both a pro- and anti-fibrotic role.
The anti-fibrotic role of Th1 lymphocytes has long been
recognized to act via induction of interferon-γ (IFN-γ), which
reduces TGF-β expression (Ulloa et al., 1999; Eickelberg et al.,
2001), and inhibits IL-4 and -13 (Fairweather et al., 2004),
suppressing the formation of fibrotic tissue (Van Linthout et al.,
2014). The pro-fibrotic activity of Th1 lymphocytes is also
achieved via secretion of IFN-γ, which results in production
of pro-fibrotic and pro-inflammatory mediators such as TNF-
α (Nathan et al., 1984; Piguet et al., 1989; Chen et al., 2001;
Marko et al., 2012). Further studies suggest Th1 cells control
activation, migration and differentiation of macrophages, and
macrophage dependent monocyte chemoattractant protein-1
expression, leading to further inflammation and fibrosis (Wynn,
2004; Han et al., 2012; Van Linthout et al., 2014). Finally,
Th17 cells play an essential role in the development of cardiac
fibrosis via the expression of IL-17 (Feng et al., 2009). The
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pro-fibrotic characteristics of IL-17 are derived from its ability
to induce the expression of pro-inflammatory factors, which
in turn, promote the recruitment and activation of neutrophils
(Ouyang et al., 2008; Pelletier et al., 2010), promote MMP-1
expression in cardiac fibroblasts (Cortez et al., 2007), and induce
cardiac fibrosis directly via protein kinase C activation (Liu et al.,
2012).

Interactions between inflammatory cells and resident
structural cells are likely to contribute to pulmonary fibrosis.
Increased numbers of mast cells in the lung of IPF and
ARDS patients elicit fibrogenic actions in a manner involving
direct contact with fibroblasts (Liebler et al., 1998; Wygrecka
et al., 2013). Alternatively activated (M2) macrophages, the
predominant macrophage phenotype in the lungs of IPF
patients, have an impaired innate immune function but produce
fibrogenic mediators such as TGF-β, IL-13, and chemokine
(C-C motif) ligand 18 (CCL18; Pechkovsky et al., 2010). The
latter mediates a fibrogenic axis between M2 macrophages and
fibroblasts in IPF by inducing fibroblast collagen production,
which in turn up-regulates M2 macrophage CCL18 expression
(Prasse et al., 2006; Stahl et al., 2013). Increased numbers of
non-proliferating, antigen-activated T and B cells are also
detected in lung tissue and the circulation of IPF patients
(Daniil et al., 2005; Marchal-Sommé et al., 2006; Kahloon
et al., 2013; Xue et al., 2013). CD8+ T lymphocyte numbers in
particular correlate with measures of respiratory disease severity
in IPF, implicating a role in pulmonary fibrosis (Daniil et al.,
2005). Autoantibodies produced by activated B cells may also
contribute to the development of IPF (Donahoe et al., 2015).
Whilst most autoantibodies are benign, some, such as those
against heat shock protein 70 are pathological (Kahloon et al.,
2013). Therapies that reduce autoantibody production, including
the B cell targeting rituximab, show potential as treatments for
IPF (Donahoe et al., 2015). In lungs of IPF patients, mature
lymphocytes, and dendritic cells form aggregates resembling
lymphoid follicles, which act autonomously to recruit maturing
dendritic cells and recently activated T cells (Marchal-Sommé
et al., 2006). One possible explanation for why IPF is refractory
to anti-inflammatory therapeutics is that these agents primarily
target immature naïve immune cells, not the mature lymphocyte
and dendritic cells detected in IPF.

Pro-Fibrogenic Mediators
Heart

TGF-β has been extensively studied as a mediator of cardiac
fibrosis. The TGF-β signaling cascade is an essential component
of the inflammatory and reparative phases. TGF-β has pleiotropic
effects on cell types important to cardiac injury, repair and
remodeling (Dobaczewski et al., 2011). Latent TGF-β stores exist
in the myocardium for rapid activation following cardiac insult
(Frangogiannis, 2014; Kong et al., 2014). The differentiation
of fibroblasts into myofibroblasts involves the release of TGF-
β, which induces α-smooth muscle actin expression, as well as
the secretion and deposition of ECM proteins and the removal
of the pro-inflammatory mediators which inhibit myofibroblast
conversion. The production of reactive oxygen species, induction
of matricellular proteins and activation of proteases, contribute

to activation of preformed TGF-β at the site of infarction.
Furthermore, platelets, leukocytes and fibroblasts migrate to the
site of cardiac injury and contribute to the increase in TGF-β
levels at the site of injury immediately after infarction. However,
the abundance of circulating pro-inflammatory mediators at
the early stage post-infarction is likely to reduce cellular
responsiveness to TGF-β delaying cellular differentiation to
myofibroblasts and the secretion and deposition of ECM proteins
until the infarct is clear of necrotic cells and matrix debris
conversion (Dobaczewski et al., 2011; Westermann et al., 2011;
Frangogiannis, 2014). Upon completion of the inflammatory
process which clears the infarct, TGF-β signaling is then
able to promote myofibroblast differentiation, thus activating
molecular signaling that releases ECM proteins such as collagen,
and promotes matrix preservation as well as upregulating the
synthesis of protease inhibitors (Frangogiannis, 2014).

Platelet-derived growth factor (PDGF) has a well-established
role in regulating fibrosis and angiogenesis via interactions
with PDGF receptor alpha (PDGFR-α) and beta (PDGFR-β).
Activation of these two receptors induces fibroblast migration,
proliferation and activation (Yu et al., 2001; Raines, 2004). Both
PDGF receptors have been shown to have regulatory roles in
scar formation. For example, over-expression of the PDGFR-α
ligand, PDGF-C, has been shown to induce increased cardiac
fibrosis, collagen deposition, vascular defects, and myocardial
hypertrophy (Ponten et al., 2003). Moreover, overexpression of
the PDGFR-β ligand, PDGF-D, results in cardiac fibrosis followed
by dilated cardiomyopathy and heart failure (Ponten et al., 2003).
PDGFR-β has also been shown to have an additional role in
regulating vascular maturation, by acquiring a mural muscle
coat for the infarct’s micro-vessels (Gerhardt and Betsholtz,
2003; Ponten et al., 2003; Zymek et al., 2006). Furthermore,
genetic disruption of PDGFR-β has been shown to result in
increased microvascular leaks, lethal hemorrhages and edema
in late embryogenesis (Leveen et al., 1994; Zymek et al., 2006).
Inhibition of PDGFR-β activity resulted in impaired vascular
maturation in healing infarcts whereas PDGFR-α inhibition had
no effect on vessel maturation, but significantly reduced the
amount of collagen deposition at the site of infarct (Ponten et al.,
2003; Zymek et al., 2006).

The renin-angiotensin system is another well-established
regulator of cardiac fibrosis (Leask and Abraham, 2004;
Haudek et al., 2010; Frangogiannis, 2014; Kong et al., 2014).
Angiotensin II (AngII) is the primary effector molecule of
renin-angiotensin system and is formed by enzymatic cleavage
of angiotensinogen into angiotensin I by renin, which is
subsequently cleaved into AngII by angiotensin converting
enzyme (ACE; Leask and Abraham, 2004; Haudek et al., 2010;
Kong et al., 2014). Myofibroblasts and inflammatory cells such
as macrophages are known sources of renin and ACE, and
thus are capable of modulating circulating levels of AngII
(Katwa et al., 1997; Haudek et al., 2010). In vitro studies
have demonstrated that AngII can increase fibroblast activation
and proliferation, collagen production and cardiomyocyte
hypertrophy and apoptosis (Sadoshima and Izumo, 1993; Mehta
and Griendling, 2007; Xu et al., 2013; Frangogiannis, 2014).
Furthermore, in vivo rodent studies have demonstrated that
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the intravenous administration of AngII results in significant
myocardial fibrosis, and that serum and tissue levels of AngII
were elevated in animals with pressure-overloaded hearts
(Misaka et al., 2013). Moreover, AngII inhibition using either
ACE inhibitors or AngII type I receptor blockers significantly
improved cardiac function in patients with hypertension as
well as animal models of myocardial infarction remodeling
(Patterson, 2003; Liu et al., 2015). Additionally, the use of
these AngII-inhibiting agents induced the regression of cardiac
remodeling (Figure 1).

Lung

TGF-β is also a central mediator of pulmonary fibrosis. The
expression of TGF-β and/or its receptors are increased in lung
epithelial cells, macrophages and fibroblasts in IPF and non-
resolving ARDS (Khalil et al., 2001; Fahy et al., 2003). Increased
TGF-β affects the alveolar-capillary barrier by disturbing fluid
dynamics and inducing AECII apoptosis. Conversely, TGF-β
inhibits fibroblast apoptosis, a key step in the resolution of
wound repair responses. Furthermore, TGF-β also expands the
mesenchymal compartment by inducing epithelial-mesenchymal
transdifferentiation and fibroblast proliferation, cytokine
production and their differentiation into myofibroblasts. The
genes encoding myofibroblast-associated contractile proteins,
such as α-smooth muscle actin and the ECM molecules, pro-
collagens-I and -III, all contain TGF-β response elements in
their promoters and are regulated by Smad signaling pathways.
In support of its role in pulmonary fibrosis, the selective gene
transfer of TGF-β into AECs induces fibrotic responses ex vivo,
whereas blocking TGF-β-signaling in experimental models of
lung injury attenuates pulmonary edema and fibrosis (Nakao
et al., 1999; Lee et al., 2004; Peters et al., 2014; Dadrich et al., 2016).
In an acute manner, the addition of ectopic TGF-β to alveolar
airspaces in vivo or lung slices ex vivo augments fluid retention by
impairing Na2+ and fluid transport (Peters et al., 2014).

TGF-β is a validated drug target in models of pulmonary
fibrosis. However, the direct targeting of TGF-β or its canonical
Smad signaling pathways is unfeasible as an anti-fibrotic therapy
because of the essential role of TGF-β in immunity and tissue
homeostasis. However, down-stream mediators of TGF-β, or
modifiers of TGF-β effector function, are plausible alternative
therapeutic targets. TGF-β up-regulates the expression of
fibroblast growth factors (FGFs), a family of soluble protein
mediators involved in lung development and tissue homeostasis.
Members of the FGF family, including FGF-1, FGF-2, and FGF-9,
along with their receptors, are increased in fibrotic lung and
implicated in pulmonary fibrosis (Coffey et al., 2013; MacKenzie
et al., 2015). The proliferative effects of TGF-β on pulmonary
fibroblasts are mediated by autocrine actions of FGF (Khalil
et al., 2005). Interestingly, FGF when applied ectopically, can be
protective in experimental pulmonary fibrosis (Fang et al., 2010).
These opposing roles are possibly explained by its dual roles
in epithelial reparation and fibroblast migration/proliferation.
The PDGF family of TGF-β-regulated cytokines are also potent
mitogens, contributing to the expansion of fibroblasts in the
fibro-proliferative phases of IPF and ARDS (Kelly et al., 2003;
Piednoir et al., 2012;Wollin et al., 2015). The expression of PDGF

and its receptors are increased in the epithelium, macrophages
and fibroblasts of fibrotic lung tissue, and targeting PDGF
signaling by either pharmacological or genetic approaches in
experimental fibrosis is protective (Homma et al., 1995; Yoshida
et al., 1999; Dadrich et al., 2016). The efficacy of the FDA-
approved treatment for IPF, nintedanib, is due to its inhibition
of PDGF, FGF and vascular endothelial growth factor-signaling
pathways (Fala, 2015). Connective tissue growth factor is also
a downstream mediator of TGF-β, which has been shown to
mediate fibrosis in several organs, including the heart and lung
(Lipson et al., 2012).

Interactions between the signaling pathways of TGF-β and
AngII (Uhal et al., 2007), amphiregulin (Lee et al., 2014),
wingless/int, or IL-13 (Murray et al., 2008) all contribute
to pulmonary fibrosis. The cross-talk between the TGF-β
and AngII pathways is of particular importance, as they
act synergistically in the development and progression of
pulmonary fibrosis. The role of AngII in pulmonary fibrosis
is evidenced by studies that show ACE inhibitors or AT1R-
selective antagonists attenuate experimental pulmonary fibrosis
(Uhal et al., 2012). Furthermore, polymorphisms in the gene
encoding ACE are associated with IPF and ARDS susceptibility
or outcome (Marshall et al., 2002; Uh et al., 2013). Fibroblasts
and AECs in lung tissue of IPF patients synthesize AngII
de novo, by expressing components of the renin-angiotensin
system, including the AngII precursor, angiotensinogen (Li et al.,
2006). AngII contributes to pulmonary fibrosis by stimulating
pulmonary fibroblast proliferation via angiotensin receptor 1
(ATR1), involving autocrine TGF-β signaling (Marshall et al.,
2000). AngII also induces apoptosis in AECIIs via ATR1
(Papp et al., 2002). The interactions between the AngII and
TGF-β pathways occurs in a reciprocal manner. In pulmonary
fibroblasts, TGF-β is a potent stimulus of angiotensinogen and
ATR1 expression, whereas AngII up-regulates TGF-β expression
(Abdul-Hafez et al., 2009). The synergy between both pathways
suggests that the targeting of AngII synthesis or function is a
potential treatment for IPF (Figure 1).

Regulation of the Extracellular Matrix
In fibrosis, the ECM is substantially thickened by an increase
in the abundance of fibrillar collagens I and III. Fibril
formation is facilitated by increases in fibronectin, a nucleator
of fibrillogenesis (i.e., collagen fibril assembly), whereas collagen
XII and XIV have roles in collagen distribution and organization
(Fukuda et al., 1998). Crosslinking of collagen catalyzed by lysyl
oxidase and glycation contributes to the increased rigidity and
stiffness of fibrotic tissue (Tzortzaki et al., 2006; Barry-Hamilton
et al., 2010). Interestingly, alterations in lysyl oxidase family
members have been linked to IPF (Barry-Hamilton et al., 2010;
Aumiller et al., 2017). Collectively, these biophysical changes to
the ECM in a disease context possibly perpetuate fibrosis as the
proliferative and contractile responses of pulmonary fibroblasts
increase when they are attached to rigid matrices (Marinkovic
et al., 2013; Zhou et al., 2013). Such a detrimental positive
feedback loop involving increased ECM stiffness is thought to
contribute the distinctive expansive pulmonary fibrosis of IPF
(Marinkovic et al., 2013; Zhou et al., 2013).
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FIGURE 1 | Commonly secreted pro-fibrogenic growth factors, inflammatory proteins, matrix metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases

(TIMPs) during the fibrotic processes of myocardial infarction and idiopathic pulmonary fibrosis. Fibrotic disease of the heart and lung is the result of a range of cellular

and molecular responses activated by tissue injury. The fibrotic process is tightly regulated and involves three distinct phases: the inflammatory, proliferative, and

maturation phase. During the inflammatory and proliferative phases, a number of pro-fibrogenic, and inflammatory mediators are released to recruit and activate

reparative mesenchymal cells such as fibroblasts and myofibroblasts. These cells aid scar formation and maintains the structural integrity of the tissue. MMPs and

TIMPs are released by fibroblasts. Their release can be further mediated by various chemokines, cytokines, and growth factors released during the remodeling

process. MMPs and TIMPs work in concert to control the remodeling and degradation of extracellular matrix proteins at the site of injury. ANGII, Angiotensin II; CTGF,

Connective Tissue Growth Factor; FGFs, Fibroblast Growth Factors; PDGF, Platelet-Derived Growth Factor; TGF, Transforming Growth Factor; VEGF, Vascular

Endothelial Growth Factor; IFN-γ, Interferon-γ; IL, Interleukin; TNF, Tumor Necrosis Factor.

Homeostatic balance of the ECM network involves complex
modulation by multiple factors, and includes the ongoing
process of production and deposition of ECM proteins. Two
of the major ECM modulators are localized non-structural
proteins that facilitate the rearrangement of the ECM under
physiological and pathological conditions. These proteins are
the MMPs which degrade ECM proteins and their inhibitors:
tissue inhibitors of metalloproteinases (TIMPs). MMPs and
TIMPs are released throughout the process of tissue healing by
fibroblasts, and they work together to control the remodeling
and degradation of the existing ECM in and around the
site of injury (Fan et al., 2012; Rienks et al., 2014). Several
chemokines, cytokines and growth factors have been shown
capable of regulating the production of MMPs and TIMPs by
fibroblasts. For example, pro-inflammatory cytokines such as
TNFα and IL-1β can induce the transcription of several MMPs
along with TIMP-1 and -2 in the myocardium (Fan et al.,
2012).

MMPs are synthesized and secreted as inactive zymogens
(pro-MMPs) which are activated by removal of an amino-
terminal propeptide domain, which exposes a catalytic domain
(Vanhoutte and Heymans, 2010; Fan et al., 2012). There are
∼26 identified MMPs to date, and of these MMP-1, -2, -3,
-8, -9, -12, -13, and -28 have been implicated in myocardial

remodeling (Fan et al., 2012). MMP-1, -8, and -13 cleave native
(fibrillar) forms of collagen types I, II and III, whereas the
gelatinolytic MMP-2 and -9 cleave collagen types I, IV, and V
(Fan et al., 2012). MMPs are additionally responsible for the
release of growth factors from the ECM, cleavage of receptors
for these growth factors at the cell’s surface and activation
of other MMPs (Vanhoutte and Heymans, 2010). In addition,
the membrane-type MMP (MT1-MMP/MMP14), which cleaves
several ECM proteins, has been highlighted to be of importance
in the heart, as a reduction in MT1-MMP improves survival
and heart function post myocardial infarction in mice, whilst
overexpression lowers survival and function (Zavadzkas et al.,
2011). In IPF and ARDS, the levels of MMP-1, -3 , -7, -8,
-9, -13, and/or -28 in lung tissue are increased, correlating
with disease severity (Selman et al., 2000; Henry et al., 2002;
Fligiel et al., 2006; Craig et al., 2015). Furthermore, several
membrane- type MMPs have been shown to be associated with
IPF. MT1-MMP and MT2-MMP are increased in the lungs
of IPF patients and murine lung fibrosis models, and MT3-
MMP was expressed by fibroblasts and AECs in IPF (Craig
et al., 2015; Pardo et al., 2016). MT6-MMP was also shown to
be decreased in lung tissue of patients with IPF (Pardo et al.,
2016). Other proteases involved in collagen remodeling including
urokinase plasminogen activator and fibroblast activation protein
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α are increased in the lung interstitium of IPF patients (Acharya
et al., 2006; Schuliga et al., 2017). A potential mechanism by
which MMPs and other matrix degrading proteases contribute
to pulmonary fibrosis is by remodeling collagen into forms that
evoke fibrogenic actions. MMP-1, -8, and -13 and fibroblast
activation protein α are collagenolytic enzymes that cleave
and subsequently release native collagen I and III fibrils.
The resulting collagen fragments retain the triple helical
conformation that binds α2β1 integrin on pulmonary fibroblasts
to augment proliferation (Schuliga et al., 2009). Conversely,
native collagen I and III bind α2β1 integrin in a different manner
that suppresses pulmonary fibroblast proliferation (Schuliga
et al., 2009, 2010). The pericellular proteolytic denaturation
of collagen immediately surrounding pulmonary fibroblasts
possibly preserves the proliferative, synthetic phenotype of
fibroblasts with little impact on net tissue stiffness. The spread
of fibrosis from discrete regions of the lower lung, as happens in
IPF, may occur because of pericellular proteolysis at the leading
edge, where fibroblast proliferation is most active (Acharya et al.,
2006; Nkyimbeng et al., 2013). Asides from their direct role
in ECM remodeling, MMPs possibly contribute to fibrosis by
inducing epithelial-mesenchymal transdifferentiation, fibrocyte
infiltration, and the polarization of alveolar macrophages into a
M2 phenotype via activation of fibrogenic cytokines (Craig et al.,
2015).

TIMPs, as their name suggests, inhibit MMP activity
by binding to active sites on their respective MMPs, thus
preventing them from cleaving ECM components (Vanhoutte
and Heymans, 2010). TIMP-2, -3, and -4 are expressed in
the healthy heart, whilst TIMP-1 expression is low, although
it is upregulated under pathological conditions (Fan et al.,
2012). It is becoming increasingly apparent however that TIMPs
have MMP-independent functions including the regulation
of apoptosis, cell survival, growth, migration, differentiation,
angiogenesis, and inflammation (Vanhoutte and Heymans,
2010). Adenovirus-mediated overexpression of TIMP-1, -2, -3, or
-4 in cardiac fibroblasts increases proliferation and myofibroblast
differentiation, whereas TIMP-2 overexpression alone increases
collagen production, and TIMP-3 induces apoptosis (Lovelock
et al., 2005). TIMPs are also important regulators of ECM
turnover in the lung. However, information regarding TIMP
levels and distribution in fibrotic respiratory disease is either
limited or inconsistent. To our knowledge, no study has assessed
TIMP levels in human fibrotic ARDS, besides measurements in
bronchoalveolar lavage fluid (BALF), tracheal aspirates or serum,
none of which accurately reflect tissue levels (Miller et al., 2006).
Initial studies indicated that ECM accumulation in IPF is a
consequence of increased TIMP production and a resulting non-
degrading collagen environment. Immunohistochemical analysis
of lung tissue of IPF patients showed an association between
TIMP-2 antigen and fibroblasts, whereas TIMP-1 antigen was
present in interstitial macrophages and TIMP-3 and -4 antigens
were confined to the epithelium (Selman et al., 2000; Garcia-
Alvarez et al., 2006). Garcia-Alvarez et al. also detected TIMP-3 in
fibrotic regions (including fibroblasts) of IPF lung tissue in situ,
and showed that IPF-derived pulmonary fibroblasts expressed
higher levels of TIMP-1, -2, and -3 in vitro characterized by

compared to fibroblasts characterized by from control donors
(Garcia-Alvarez et al., 2006). However, Nkyimbeng et al. (2013)
recently showed that mRNA and protein levels of TIMPs in
the lung of IPF patients and controls were similar, whereas the
levels of MMP-1, -7, and -13 were higher in IPF. They also
showed that MMP-1 and -13 antigenicity in lung of IPF patients’
in situ overlap with collagenolytic activity in certain regions
of fibrosis, particularly the airways where honeycombing cysts
develop. Based on these findings, the authors suggested that the
levels of TIMPs in regions of IPF lung are inadequate to counter
increased collagenolytic MMP production. However, despite
these local increases in collagenolytic activity, overwhelming
matrix production in IPF results in a net increase in ECM.
Another potentially important role of TIMPs in IPF and ARDS
is the regulation of inflammatory responses that drive fibrosis.
TIMP-3 in particular has important roles in M2 macrophage
polarization in lung injury and disease (Gill et al., 2010,
2013).

CURRENT THERAPIES FOR FIBROSIS

Current treatments for heart failure include administration of
ACE inhibitors, β-blockers and spironolactone, which taken
together, target vasodilatation, heart rate and diuresis. This
standard clinical combination of therapeutics has been shown
to reduce death following heart failure, but does not cure or
reverse it. As it stands, there are currently no viable therapeutic
options for heart failure (Breckenridge, 2010). Traditionally,
cardiac fibrosis has not been a major therapeutic target in
heart disease, however it is now believed that targeted cardiac
fibrosis therapy may reduce the progression of heart failure.
The potential therapeutic benefits of inhibition of the TGF-
β pathway via targeting of Smad transcription factors are
under investigation at varying stages of the scientific process
(Roubille et al., 2014). For example targeting Smad3 has
been shown to exert antifibrotic effects, and does so by
attenuating cardiac remodeling (Bujak et al., 2007). Moreover,
other pathways linked to the TGF-β signaling pathways have
been identified as potential therapeutic targets in a number
of pulmonary fibrotic conditions (Roubille et al., 2014). These
investigations are currently in the early pre-clinical stage, and
thus, therapies for fibrosis attenuation in heart failure are not yet
available.

Until 2014, there was no effective IPF treatment.
Glucocorticoids were used as standard therapy for IPF, but
showed no appreciable effect on clinical outcome (Selman et al.,
2004). Whilst the anti-oxidant, N-acetylcysteine combined
with glucocorticoids decelerates loss of lung function for
IPF patients, there is no effect on mortality rates (Demedts
et al., 2005). However, two relatively recent FDA-approved
therapies, pirfenidone, and nintedanib, reduce the rate of
decline in lung function and increase survival, in some
patients, albeit modestly (King et al., 2014; Richeldi et al.,
2014). The mechanism underlying the anti-fibrogenic and
inflammatory actions of pirfenidone are not well understood,
but are thought to involve suppression of TGF-β and TNF-α
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at the translational level (Nakazato et al., 2002). Nintedanib, a
receptor tyrosine kinase inhibitor, inhibits the actions of FGF,
PDGF and vascular endothelial growth factor (Fala, 2015) with
IC50 values <100 nM. The polypharmacology of nintedanib,
targeting several down-stream signaling cascades involved in
angiogenesis and fibroblast proliferation, differentiation and
collagen production, is likely to contribute to its effectiveness
as an IPF therapy. Whilst the effects of both pirfenidone
and nintedanib are small and with significant side effects,
they do provide clinicians and patients hope that IPF is
treatable. Given the relative success of pirfenidone in IPF,
recent trials have investigated its use in animal models of
cardiac fibrosis. These studies demonstrated a reduction in
ventricular remodeling, and reduced cardiac fibrosis in a canine
and murine model of heart failure, respectively (Lee et al.,
2006; Wang et al., 2013; Yamagami et al., 2015). Clinical trials
for Pirfenidone, however, have yet to be undertaken in human
cardiac disease. Furthermore, a recent clinical trial investigating a
monoclonal antibody, FG-3019, which interferes with the action
of connective tissue growth factor was shown to be safe and
well-tolerated in IPF patients, and demonstrated good outcomes
in pulmonary function and extent of fibrosis (Raghu et al.,
2016). Larger phase two clinical trials are currently underway
(NCT01890265).

The mainstay treatment for ARDS has also been
glucocorticoids. However, whilst glucocorticoids were once
thought to reduce fibroproliferation in ARDS, recent studies
show that they have no effect on mortality rates for patients
who display ongoing ARDS criteria 7 days after injury, although
glucocorticoids improve lung function and shorten time on
mechanical ventilation (Meduri et al., 1994; Hudson and
Hough, 2006). A major negative effect of glucocorticoids
treatment for persistent ARDS is the development of intensive
care unit-acquired weakness (Zorowitz, 2016). However,
the beneficial effects of glucocorticoids on overall clinical
improvement appear to outweigh their harmful neuromuscular
effects which include muscle wasting (Meduri et al., 2016). In
the United States, ARDS mortality, which is closely related
to the degree of fibrosis, was reduced from ∼40 to ∼25%
in 5 years from 2000 (National Heart, Lung, and Blood
Institute Acute Respiratory Distress Syndrome (ARDS) Clinical
Trials Network et al., 2006). This reduction was mainly
a result of mechanical ventilation therapy and improved
management practices, rather than the development of
new drug-interventions. Whilst numerous pharmacological
treatments have been evaluated for ARDS in clinical trials,
none have shown any real measurable therapeutic effect, except
in small subgroups of patients with specific causes of lung
injury.

An exciting advance in the treatment of chronic fibrosis
may be the use of stem and progenitor cell-based therapies in
which substantial pre-clinical, and early phase clinical studies
suggest efficacy in multiple organ systems. Pre-clinical trials
of cell-based therapies in animal models of heart failure
and IPF have demonstrated substantial reductions in fibrotic
tissue in the left ventricle and lungs, respectively, and have

led to several Phase I/II clinical trials (Toonkel et al., 2013;

Le et al., 2017). These studies include the use of bone
marrow, placenta, and adipose tissue derived mesenchymal
stem cells, with one study investigating autologous lung stem
cells (NCT02745184). A 2017 systematic review of autologous
stem cell therapy in ischemic heart disease and heart failure
demonstrated that of the 21 randomized controlled trials
included, mortality was significantly reduced at 12 months
post-treatment (4.8 vs. 15.4% in non-treated) with no major
adverse events (Fisher et al., 2017). Although, fibrosis or
therapeutic mechanisms were not investigated in this review,
preclinical studies suggest that reduction in left ventricular
remodeling could be playing a role. Authors cautioned,
however, that the included studies were small and despite
the promising results, larger clinical studies are needed. The
majority of the pulmonary fibrosis cell-based therapy studies
are still ongoing, however two phase-1 trials have recently
been published and suggest allogeneic placental and bone
marrow derived mesenchymal stem cells were feasible and well
tolerated in IPF patients (Chambers et al., 2014; Glassberg
et al., 2017) and future studies to determine efficacy are
warranted.

SUMMARY

Cardiac and pulmonary fibrosis differ markedly in etiology
and outcome of disease. Such divergences relate to the specific
structure and function of the heart and lungs. However,
many similarities between cardiac and pulmonary fibrosis exist,
including shared biochemical pathways and cellular processes
involving inflammatory cells, fibroblasts and ECM. A mutual
pathological theme for both forms of fibrosis involves the ECM.
In a detrimental feed-forward loop, increased accumulation of
stiffened ECM appears to perpetuate an ongoing fibrogenic
response. In cardiac fibrosis, the adaptive accumulation and
remodeling of fibroblast-derived ECM contributes to pressure
overload, subsequent cardiomyocyte death and the formation
of more ECM as replacement. With the exception of myocyte
participation, a comparable self-perpetuating cycle occurs in
the pulmonary fibrosis of IPF, involving the progressive
accumulation of fibroblasts and ECM. Although, further
investigations are required to fully understand the mechanisms
of chronic fibrosis, given the similarities between cardiac and
pulmonary fibrosis, investigating targets and testing future
treatments in both organs seems justifiable and may lead to
better treatment opportunities for diseases such as CVD and
IPF.

AUTHOR CONTRIBUTIONS

LM, MS, NM, DK, and AB were involved in the conception
and design of the review article. LM, MS, and NM drafted
the manuscript and figures. SH, JB, and DW assisted with
drafting the manuscript. All authors reviewed and edited the final
manuscript, gave final approval of the version to be published,
and agree to be accountable for all aspects of the work.

Frontiers in Physiology | www.frontiersin.org 10 October 2017 | Volume 8 | Article 777

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Murtha et al. Cardiac and Pulmonary Fibrosis

REFERENCES

Abdul-Hafez, A., Shu, R., and Uhal, B. D. (2009). JunD and HIF-1alpha mediate

transcriptional activation of angiotensinogen by TGF-beta1 in human lung

fibroblasts. FASEB J. 23, 1655–1662. doi: 10.1096/fj.08-114611

Acharya, P. S., Zukas, A., Chandan, V., Katzenstein, A.-L. A., and Puré, E.

(2006). Fibroblast activation protein: a serine protease expressed at the

remodeling interface in idiopathic pulmonary fibrosis. Hum. Pathol. 37,

352–360. doi: 10.1016/j.humpath.2005.11.020

Afanasyeva, M., Georgakopoulos, D., and Rose, N. R. (2004). Autoimmune

myocarditis: cellular mediators of cardiac dysfunction. Autoimmun. Rev. 3,

476–486. doi: 10.1016/j.autrev.2004.08.009

Aumiller, V., Strobel, B., Romeike, M., Schuler, M., Stierstorfer, B. E., and Kreuz,

S. (2017). Comparative analysis of lysyl oxidase (like) family members in

pulmonary fibrosis. Sci. Rep. 7:149. doi: 10.1038/s41598-017-00270-0

Bailey, J. R., Bland, P. W., Tarlton, J. F., Peters, I., Moorghen, M., Sylvester, P. A.,

et al. (2012). IL-13 promotes collagen accumulation in Crohn’s disease fibrosis

by down-regulation of fibroblast MMP synthesis: a role for innate lymphoid

cells? PLoS ONE 7:e52332. doi: 10.1371/journal.pone.0052332

Barry-Hamilton, V., Spangler, R., Marshall, D., McCauley, S., Rodriguez, H. M.,

Oyasu, M., et al. (2010). Allosteric inhibition of lysyl oxidase-like-2 impedes

the development of a pathologic microenvironment. Nat. Med. 16, 1009–1017.

doi: 10.1038/nm.2208

Beltrami, A. P., Barlucchi, L., Torella, D., Baker, M., Limana, F., Chimenti, S.,

et al. (2003). Adult cardiac stem cells are multipotent and support myocardial

regeneration. Cell 114, 763–776. doi: 10.1016/S0092-8674(03)00687-1

Bhatti, H., Girdhar, A., Usman, F., Cury, J., and Bajwa, A. (2013). Approach to acute

exacerbation of idiopathic pulmonary fibrosis. Ann. Thorac. Med. 8, 71–77.

doi: 10.4103/1817-1737

Biernacka, A., and Frangogiannis, N. G. (2011). Aging and cardiac fibrosis. Aging

Dis. 2, 158–173.

Blyszczuk, P., Valaperti, A., and Eriksson, U. (2008). Future therapeutic strategies

in inflammatory cardiomyopathy: insights from the experimental autoimmune

myocarditis model. Cardiovasc. Hematol. Disord. Drug Targets 8, 313–321.

doi: 10.2174/1871529X10808040313

Boorsma, C. E., Dekkers, B. G., van Dijk, E. M., Kumawat, K., Richardson,

J., Burgess, J. K., et al. (2014). Beyond TGFbeta–novel ways to target

airway and parenchymal fibrosis. Pulm. Pharmacol. Ther. 29, 166–180.

doi: 10.1016/j.pupt.2014.08.009

Breckenridge, R. (2010). Heart failure and mouse models. Dis. Model. Mech. 3,

138–143. doi: 10.1242/dmm.005017

Bujak, M., Ren, G., Kweon, H. J., Dobaczewski, M., Reddy, A., Taffet,

G., et al. (2007). Essential role of Smad3 in infarct healing and in

the pathogenesis of cardiac remodeling. Circulation 116, 2127–2138.

doi: 10.1161/CIRCULATIONAHA.107.704197

Burnham, E. L., Janssen, W. J., Riches, D. W., Moss, M., and Downey,

G. P. (2014). The fibroproliferative response in acute respiratory distress

syndrome: mechanisms and clinical significance. Eur. Respir. J. 43, 276–285.

doi: 10.1183/09031936.00196412

Chambers, D. C., Enever, D., Ilic, N., Sparks, L., Whitelaw, K., Ayres, J., et al.

(2014). A phase 1b study of placenta-derived mesenchymal stromal cells

in patients with idiopathic pulmonary fibrosis. Respirology 19, 1013–1018.

doi: 10.1111/resp.12343

Cheifetz, I. M. (2016). Year in review 2015: pediatric ARDS. Respir. Care 61,

980–985. doi: 10.4187/respcare.05017

Chen, E. S., Greenlee, B. M., Wills-Karp, M., and Moller, D. R. (2001).

Attenuation of lung inflammation and fibrosis in interferon-gamma-deficient

mice after intratracheal bleomycin. Am. J. Respir. Cell Mol. Biol. 24, 545–555.

doi: 10.1165/ajrcmb.24.5.4064

Cochi, S. E., Kempker, J. A., Annangi, S., Kramer, M. R., and Martin, G.

S. (2016). Mortality trends of acute respiratory distress syndrome in the

united states from 1999–2013. Ann. Am. Thorac. Soc. 13, 1742–1751.

doi: 10.1513/AnnalsATS.201512-841OC

Coffey, E., Newman, D. R., and Sannes, P. L. (2013). Expression of fibroblast

growth factor 9 in normal human lung and idiopathic pulmonary fibrosis. J.

Histochem. Cytochem. 61, 671–679. doi: 10.1369/0022155413497366

Cortez, D.M., Feldman,M. D.,Mummidi, S., Valente, A. J., Steffensen, B., Vincenti,

M., et al. (2007). IL-17 stimulates MMP-1 expression in primary human cardiac

fibroblasts via p38 MAPK- and ERK1/2-dependent C/EBP-beta, NF-kappaB,

and AP-1 activation. Am. J. Physiol. Heart Circ. Physiol. 293, H3356–H3365.

doi: 10.1152/ajpheart.00928.2007

Craig, V. J., Zhang, L., Hagood, J. S., and Owen, C. A. (2015). Matrix

metalloproteinases as therapeutic targets for idiopathic pulmonary fibrosis.

Am. J. Respir. Cell Mol. Biol. 53, 585–600. doi: 10.1165/rcmb.2015-0020TR

Czubryt, M. P. (2012). Common threads in cardiac fibrosis, infarct

scar formation, and wound healing. Fibrogenesis Tissue Repair 5:19.

doi: 10.1186/1755-1536-5-19

Dadrich, M., Nicolay, N. H., Flechsig, P., Bickelhaupt, S., Hoeltgen, L.,

Roeder, F., et al. (2016). Combined inhibition of TGFbeta and PDGF

signaling attenuates radiation-induced pulmonary fibrosis. Oncoimmunology

5:e1123366. doi: 10.1080/2162402X.2015.1123366

Daniil, Z., Kitsanta, P., Kapotsis, G., Mathioudaki, M., Kollintza, A., Karatza, M.,

et al. (2005). CD8+ T lymphocytes in lung tissue from patients with idiopathic

pulmonary fibrosis. Respir. Res. 6:81. doi: 10.1186/1465-9921-6-81

Davies, H. R., Richeldi, L., and Walters, E. H. (2003). Immunomodulatory

agents for idiopathic pulmonary fibrosis. Cochrane Database Syst. Rev.

2003:CD003134. doi: 10.1002/14651858.CD003134

Demedts, M., Behr, J., Buhl, R., Costabel, U., Dekhuijzen, R., Jansen, H. M., et al.

(2005). High-dose acetylcysteine in idiopathic pulmonary fibrosis. N. Engl. J.

Med. 353, 2229–2242. doi: 10.1056/NEJMoa042976

Dobaczewski, M., Chen, W., and Frangogiannis, N. G. (2011). Transforming

Growth Factor (TGF)-β signaling in cardiac remodeling. J. Mol. Cell. Cardiol.

51, 600–606. doi: 10.1016/j.yjmcc.2010.10.033

Donahoe, M., Valentine, V. G., Chien, N., Gibson, K. F., Raval, J. S.,

Saul, M., et al. (2015). Autoantibody-targeted treatments for acute

exacerbations of idiopathic pulmonary fibrosis. PLoS ONE 10:e0127771.

doi: 10.1371/journal.pone.0127771

Eickelberg, O., Pansky, A., Koehler, E., Bihl, M., Tamm, M., Hildebrand, P.,

et al. (2001). Molecular mechanisms of TGF-(beta) antagonism by interferon

(gamma) and cyclosporine A in lung fibroblasts. FASEB J. 15, 797–806.

doi: 10.1096/fj.00-0233com

Fahy, R. J., Lichtenberger, F., McKeegan, C. B., Nuovo, G. J., Marsh, C. B., and

Wewers, M. D. (2003). The acute respiratory distress syndrome: a role for

transforming growth factor-beta 1. Am. J. Respir. Cell Mol. Biol. 28, 499–503.

doi: 10.1165/rcmb.2002-0092OC

Fairweather, D., Frisancho-Kiss, S., Yusung, S. A., Barrett, M. A., Davis, S. E.,

Gatewood, S. J. L., et al. (2004). Interferon-γ protects against chronic viral

myocarditis by reducing mast cell degranulation, fibrosis, and the profibrotic

cytokines transforming growth factor-β1, interleukin-1β, and interleukin-4

in the heart. Am. J. Pathol. 165, 1883–1894. doi: 10.1016/S0002-9440(10)

63241-5

Fala, L. (2015). Ofev (Nintedanib): first tyrosine kinase inhibitor approved for the

treatment of patients with idiopathic pulmonary fibrosis. Am. Healt0068 Drug

Benefits 8, 101–104.

Fan, D., Takawale, A., Lee, J., and Kassiri, Z. (2012). Cardiac fibroblasts, fibrosis

and extracellular matrix remodeling in heart disease. Fibrogenesis Tissue Repair

5:15. doi: 10.1186/1755-1536-5-15

Fang, X., Bai, C., and Wang, X. (2010). Potential clinical application of KGF-2

(FGF-10) for acute lung injury/acute respiratory distress syndrome. Expert Rev.

Clin. Pharmacol. 3, 797–805. doi: 10.1586/ecp.10.59

Feghali-Bostwick, C. A., Tsai, C. G., Valentine, V. G., Kantrow, S.,

Stoner, M. W., Pilewski, J. M., et al. (2007). Cellular and humoral

autoreactivity in idiopathic pulmonary fibrosis. J. Immunol. 179, 2592–2599.

doi: 10.4049/jimmunol.179.4.2592

Feng, W., Li, W., Liu, W., Wang, F., Li, Y., and Yan, W. (2009). IL-17

induces myocardial fibrosis and enhances RANKL/OPG and MMP/TIMP

signaling in isoproterenol-induced heart failure. Exp. Mol. Pathol. 87, 212–218.

doi: 10.1016/j.yexmp.2009.06.001

Fisher, S. A., Doree, C., Mathur, A., Taggart, D. P., and Martin-Rendon, E.

(2017). Cochrane Corner: stem cell therapy for chronic ischaemic heart disease

and congestive heart failure. Heart. doi: 10.1136/heartjnl-2017-311684. [Epub

ahead of print].

Fligiel, S. E., Standiford, T., Fligiel, H. M., Tashkin, D., Strieter, R. M.,

Warner, R. L., et al. (2006). Matrix metalloproteinases and matrix

metalloproteinase inhibitors in acute lung injury. Hum. Pathol. 37, 422–430.

doi: 10.1016/j.humpath.2005.11.023

Frontiers in Physiology | www.frontiersin.org 11 October 2017 | Volume 8 | Article 777

https://doi.org/10.1096/fj.08-114611
https://doi.org/10.1016/j.humpath.2005.11.020
https://doi.org/10.1016/j.autrev.2004.08.009
https://doi.org/10.1038/s41598-017-00270-0
https://doi.org/10.1371/journal.pone.0052332
https://doi.org/10.1038/nm.2208
https://doi.org/10.1016/S0092-8674(03)00687-1
https://doi.org/10.4103/1817-1737
https://doi.org/10.2174/1871529X10808040313
https://doi.org/10.1016/j.pupt.2014.08.009
https://doi.org/10.1242/dmm.005017
https://doi.org/10.1161/CIRCULATIONAHA.107.704197
https://doi.org/10.1183/09031936.00196412
https://doi.org/10.1111/resp.12343
https://doi.org/10.4187/respcare.05017
https://doi.org/10.1165/ajrcmb.24.5.4064
https://doi.org/10.1513/AnnalsATS.201512-841OC
https://doi.org/10.1369/0022155413497366
https://doi.org/10.1152/ajpheart.00928.2007
https://doi.org/10.1165/rcmb.2015-0020TR
https://doi.org/10.1186/1755-1536-5-19
https://doi.org/10.1080/2162402X.2015.1123366
https://doi.org/10.1186/1465-9921-6-81
https://doi.org/10.1002/14651858.CD003134
https://doi.org/10.1056/NEJMoa042976
https://doi.org/10.1016/j.yjmcc.2010.10.033
https://doi.org/10.1371/journal.pone.0127771
https://doi.org/10.1096/fj.00-0233com
https://doi.org/10.1165/rcmb.2002-0092OC
https://doi.org/10.1016/S0002-9440(10)63241-5
https://doi.org/10.1186/1755-1536-5-15
https://doi.org/10.1586/ecp.10.59
https://doi.org/10.4049/jimmunol.179.4.2592
https://doi.org/10.1016/j.yexmp.2009.06.001
https://doi.org/10.1136/heartjnl-2017-311684
https://doi.org/10.1016/j.humpath.2005.11.023
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Murtha et al. Cardiac and Pulmonary Fibrosis

Frangogiannis, N. G. (2006). Targeting the inflammatory response

in healing myocardial infarcts. Curr. Med. Chem. 13, 1877–1893.

doi: 10.2174/092986706777585086

Frangogiannis, N. G. (2014). The inflammatory response in myocardial

injury, repair and remodeling. Nat. Rev. Cardiol. 11, 255–265.

doi: 10.1038/nrcardio.2014.28

Frantz, C., Stewart, K. M., and Weaver, V. M. (2010). The extracellular matrix at a

glance. J. Cell Sci. 123(Pt 24), 4195–4200. doi: 10.1242/jcs.023820

Frenzel, J., Gessner, C., Sandvoss, T., Hammerschmidt, S., Schellenberger, W.,

Sack, U., et al. (2011). Outcome prediction in pneumonia induced ALI/ARDS

by clinical features and peptide patterns of BALF determined by mass

spectrometry. PLoS ONE 6:e25544. doi: 10.1371/journal.pone.0025544

Fukuda, Y., Ishizaki, M., Kudoh, S., Kitaichi, M., and Yamanaka, N. (1998).

Localization of matrix metalloproteinases-1, -2, and -9 and tissue inhibitor of

metalloproteinase-2 in interstitial lung diseases. Lab. Invest. 78, 687–698.

Furtado, M. B., Costa, M. W., and Rosenthal, N. A. (2016). The cardiac fibroblast:

origin, identity and role in homeostasis and disease. Differentiation 92, 93–101.

doi: 10.1016/j.diff.2016.06.004

Garcia-Alvarez, J., Ramirez, R., Checa, M., Nuttall, R. K., Sampieri, C. L., Edwards,

D. R., et al. (2006). Tissue inhibitor of metalloproteinase-3 is up-regulated

by transforming growth factor-beta1 in vitro and expressed in fibroblastic

foci in vivo in idiopathic pulmonary fibrosis. Exp. Lung Res. 32, 201–214.

doi: 10.1080/01902140600817481

Gerhardt, H., and Betsholtz, C. (2003). Endothelial-pericyte interactions in

angiogenesis. Cell Tissue Res. 314, 15–23. doi: 10.1007/s00441-003-0745-x

Gilani, S. R., Vuga, L. J., Lindell, K. O., Gibson, K. F., Xue, J., Kaminski, N.,

et al. (2010). CD28 down-regulation on circulating CD4 T-cells is associated

with poor prognoses of patients with idiopathic pulmonary fibrosis. PLoS ONE

5:e8959. doi: 10.1371/journal.pone.0008959

Gill, S. E., Gharib, S. A., Bench, E. M., Sussman, S. W., Wang, R. T., Rims,

C., et al. (2013). Tissue inhibitor of metalloproteinases-3 moderates the

proinflammatory status of macrophages. Am. J. Respir. Cell Mol. Biol. 49,

768–777. doi: 10.1165/rcmb.2012-0377OC

Gill, S. E., Huizar, I., Bench, E. M., Sussman, S. W., Wang, Y., Khokha, R.,

et al. (2010). Tissue inhibitor of metalloproteinases 3 regulates resolution

of inflammation following acute lung injury. Am. J. Pathol. 176, 64–73.

doi: 10.2353/ajpath.2010.090158

Glassberg, M. K., Minkiewicz, J., Toonkel, R. L., Simonet, E. S., Rubio, G. A.,

DiFede, D., et al. (2017). Allogeneic human mesenchymal stem cells in patients

with idiopathic pulmonary fibrosis via intravenous delivery (AETHER): a

phase I safety clinical trial. Chest 151, 971–981. doi: 10.1016/j.chest.2016.

10.061

Gomes, A. C., Falcao-Pires, I., Pires, A. L., Bras-Silva, C., and Leite-Moreira, A. F.

(2013). Rodent models of heart failure: an updated review. Heart Fail. Rev. 18,

219–249. doi: 10.1007/s10741-012-9305-3

Han, Y. L., Li, Y. L., Jia, L. X., Cheng, J. Z., Qi, Y. F., Zhang, H. J., et al.

(2012). Reciprocal interaction between macrophages and T cells stimulates

IFN-gamma and MCP-1 production in Ang II-induced cardiac inflammation

and fibrosis. PLoS ONE 7:e35506. doi: 10.1371/journal.pone.0035506

Haudek, S. B., Cheng, J., Du, J., Wang, Y., Hermosillo-Rodriguez, J., Trial,

J., et al. (2010). Monocytic fibroblast precursors mediate fibrosis in

angiotensin-II-induced cardiac hypertrophy. J. Mol. Cell. Cardiol. 49, 499–507.

doi: 10.1016/j.yjmcc.2010.05.005

Hecker, L., Logsdon, N. J., Kurundkar, D., Kurundkar, A., Bernard, K.,

Hock, T., et al. (2014). Reversal of persistent fibrosis in aging by

targeting Nox4-Nrf2 redox imbalance. Sci. Transl. Med. 6:231ra47.

doi: 10.1126/scitranslmed.3008182

Henry, M. T., McMahon, K., Mackarel, A. J., Prikk, K., Sorsa, T., Maisi,

P., et al. (2002). Matrix metalloproteinases and tissue inhibitor of

metalloproteinase-1 in sarcoidosis and IPF. Eur. Respir. J. 20, 1220–1227.

doi: 10.1183/09031936.02.00022302

Homma, S., Nagaoka, I., Abe, H., Takahashi, K., Seyama, K., Nukiwa, T., et al.

(1995). Localization of platelet-derived growth factor and insulin-like growth

factor I in the fibrotic lung. Am. J. Respir. Crit. Care Med. 152(6 Pt 1),

2084–2089.

Hudson, L. D., and Hough, C. L. (2006). Therapy for late-phase acute

respiratory distress syndrome. Clin. Chest Med. 27, 671–677; abstract ix-x.

doi: 10.1016/j.ccm.2006.08.001

Hynes, R. O. (2009). The extracellular matrix: not just pretty fibrils. Science 326,

1216–1219. doi: 10.1126/science.1176009

Jones, R. L., Noble, P. B., Elliot, J. G., and James, A. L. (2016). Airway remodelling

in COPD: it’s not asthma! Respirology 21, 1347–1356. doi: 10.1111/resp.12841

Kahloon, R. A., Xue, J., Bhargava, A., Csizmadia, E., Otterbein, L., Kass, D. J.,

et al. (2013). Patients with idiopathic pulmonary fibrosis with antibodies to

heat shock protein 70 have poor prognoses. Am. J. Respir. Crit. Care Med. 187,

768–775. doi: 10.1164/rccm.201203-0506OC

Kania, G., Blyszczuk, P., and Eriksson, U. (2009). Mechanisms of cardiac

fibrosis in inflammatory heart disease. Trends Cardiovasc. Med. 19, 247–252.

doi: 10.1016/j.tcm.2010.02.005

Katwa, L. C., Campbell, S. E., Tyagi, S. C., Lee, S. J., Cicila, G. T., and Weber, K. T.

(1997). Cultured myofibroblasts generate angiotensin peptides de novo. J. Mol.

Cell. Cardiol. 29, 1375–1386.

Kelly, M., Kolb, M., Bonniaud, P., and Gauldie, J. (2003). Re-evaluation

of fibrogenic cytokines in lung fibrosis. Curr. Pharm. Des. 9, 39–49.

doi: 10.2174/1381612033392341

Khalil, N., Parekh, T. V., O’Connor, R., Antman, N., Kepron, W., Yehaulaeshet, T.,

et al. (2001). Regulation of the effects of TGF-β1 by activation of latent TGF-β1

and differential expression of TGF-β receptors (TβR-I and TβR-II) in idiopathic

pulmonary fibrosis. Thorax 56, 907–915. doi: 10.1136/thorax.56.12.907

Khalil, N., Xu, Y. D., O’Connor, R., and Duronio, V. (2005). Proliferation

of pulmonary interstitial fibroblasts is mediated by transforming growth

factor-beta1-induced release of extracellular fibroblast growth factor-2 and

phosphorylation of p38 MAPK and JNK. J. Biol. Chem. 280, 43000–43009.

doi: 10.1074/jbc.M510441200

Khan, R., and Sheppard, R. (2006). Fibrosis in heart disease: understanding the

role of transforming growth factor-beta in cardiomyopathy, valvular disease

and arrhythmia. Immunology 118, 10–24. doi: 10.1111/j.1365-2567.2006.

02336.x

King, T. E. Jr., Bradford, W. Z., Castro-Bernardini, S., Fagan, E. A., Glaspole,

I., Glassberg, M. K., et al. (2014). A phase 3 trial of pirfenidone in

patients with idiopathic pulmonary fibrosis. N. Engl. J. Med. 370, 2083–2092.

doi: 10.1056/NEJMoa1402582

Kong, P., Christia, P., and Frangogiannis, N. G. (2014). The pathogenesis of cardiac

fibrosis. Cell. Mol. Life Sci. 71, 549–574. doi: 10.1007/s00018-013-1349-6

Konstam, M. A., Kramer, D. G., Patel, A. R., Maron, M. S., and Udelson, J.

E. (2011). Left ventricular remodeling in heart failure: current concepts in

clinical significance and assessment. JACC Cardiovasc. Imaging 4, 98–108.

doi: 10.1016/j.jcmg.2010.10.008

Krenning, G., Zeisberg, E. M., and Kalluri, R. (2010). The origin of

fibroblasts and mechanism of cardiac fibrosis. J. Cell. Physiol. 225, 631–637.

doi: 10.1002/jcp.22322

Lajiness, J. D., and Conway, S. J. (2014). Origin, development, and

differentiation of cardiac fibroblasts. J. Mol. Cell. Cardiol. 70, 2–8.

doi: 10.1016/j.yjmcc.2013.11.003

Le, T. Y., Thavapalachandran, S., Kizana, E., and Chong, J. J. (2017). New

developments in cardiac regeneration. Heart Lung Circ. 26, 316–322.

doi: 10.1016/j.hlc.2016.11.002

Leask, A., and Abraham, D. J. (2004). TGF-beta signaling and the fibrotic response.

FASEB J. 18, 816–827. doi: 10.1096/fj.03-1273rev

Lee, C. G., Cho, S. J., Kang, M. J., Chapoval, S. P., Lee, P. J., Noble, P. W.,

et al. (2004). Early growth response gene 1-mediated apoptosis is essential for

transforming growth factor beta1-induced pulmonary fibrosis. J. Exp.Med. 200,

377–389. doi: 10.1084/jem.20040104

Lee, C. M., Park, J. W., Cho, W. K., Zhou, Y., Han, B., Yoon, P.

O., et al. (2014). Modifiers of TGF-beta1 effector function as novel

therapeutic targets of pulmonary fibrosis. Korean J. Intern. Med. 29, 281–290.

doi: 10.3904/kjim.2014.29.3.281

Lee, K. W., Everett, T. H. IV., Rahmutula, D., Guerra, J. M., Wilson, E., Ding, C.,

et al. (2006). Pirfenidone prevents the development of a vulnerable substrate for

atrial fibrillation in a canine model of heart failure. Circulation 114, 1703–1712.

doi: 10.1161/CIRCULATIONAHA.106.624320

Leveen, P., Pekny, M., Gebre-Medhin, S., Swolin, B., Larsson, E., and Betsholtz,

C. (1994). Mice deficient for PDGF B show renal, cardiovascular, and

hematological abnormalities. Genes Dev. 8, 1875–1887.

Li, X., Molina-Molina, M., Abdul-Hafez, A., Ramirez, J., Serrano-Mollar, A.,

Xaubet, A., et al. (2006). Extravascular sources of lung angiotensin peptide

Frontiers in Physiology | www.frontiersin.org 12 October 2017 | Volume 8 | Article 777

https://doi.org/10.2174/092986706777585086
https://doi.org/10.1038/nrcardio.2014.28
https://doi.org/10.1242/jcs.023820
https://doi.org/10.1371/journal.pone.0025544
https://doi.org/10.1016/j.diff.2016.06.004
https://doi.org/10.1080/01902140600817481
https://doi.org/10.1007/s00441-003-0745-x
https://doi.org/10.1371/journal.pone.0008959
https://doi.org/10.1165/rcmb.2012-0377OC
https://doi.org/10.2353/ajpath.2010.090158
https://doi.org/10.1016/j.chest.2016.10.061
https://doi.org/10.1007/s10741-012-9305-3
https://doi.org/10.1371/journal.pone.0035506
https://doi.org/10.1016/j.yjmcc.2010.05.005
https://doi.org/10.1126/scitranslmed.3008182
https://doi.org/10.1183/09031936.02.00022302
https://doi.org/10.1016/j.ccm.2006.08.001
https://doi.org/10.1126/science.1176009
https://doi.org/10.1111/resp.12841
https://doi.org/10.1164/rccm.201203-0506OC
https://doi.org/10.1016/j.tcm.2010.02.005
https://doi.org/10.2174/1381612033392341
https://doi.org/10.1136/thorax.56.12.907
https://doi.org/10.1074/jbc.M510441200
https://doi.org/10.1111/j.1365-2567.2006.02336.x
https://doi.org/10.1056/NEJMoa1402582
https://doi.org/10.1007/s00018-013-1349-6
https://doi.org/10.1016/j.jcmg.2010.10.008
https://doi.org/10.1002/jcp.22322
https://doi.org/10.1016/j.yjmcc.2013.11.003
https://doi.org/10.1016/j.hlc.2016.11.002
https://doi.org/10.1096/fj.03-1273rev
https://doi.org/10.1084/jem.20040104
https://doi.org/10.3904/kjim.2014.29.3.281
https://doi.org/10.1161/CIRCULATIONAHA.106.624320
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Murtha et al. Cardiac and Pulmonary Fibrosis

synthesis in idiopathic pulmonary fibrosis. Am. J. Physiol. Lung Cell. Mol.

Physiol. 291, L887–L895. doi: 10.1152/ajplung.00432.2005

Liebler, J. M., Qu, Z., Buckner, B., Powers, M. R., and Rosenbaum, J. T. (1998).

Fibroproliferation and mast cells in the acute respiratory distress syndrome.

Thorax 53, 823–829.

Lipson, K. E., Wong, C., Teng, Y., and Spong, S. (2012). CTGF is a

central mediator of tissue remodeling and fibrosis and its inhibition can

reverse the process of fibrosis. Fibrogenesis Tissue Repair 5(Suppl. 1):S24.

doi: 10.1186/1755-1536-5-S1-S24

Liu, J.-J., Huang, N., Lu, Y., Zhao, M., Yu, X.-J., Yang, Y., et al. (2015). Improving

vagal activity ameliorates cardiac fibrosis induced by angiotensin II: in vivo and

in vitro. Sci. Rep. 5:17108. doi: 10.1038/srep17108

Liu, Y., Zhu, H., Su, Z., Sun, C., Yin, J., Yuan, H., et al. (2012). IL-17 contributes

to cardiac fibrosis following experimental autoimmune myocarditis by a

PKCbeta/Erk1/2/NF-kappaB-dependent signaling pathway. Int. Immunol. 24,

605–612. doi: 10.1093/intimm/dxs056

Lopez, B., Maisonet, T. M., and Londhe, V. A. (2015). Alveolar NF-kappaB

signaling regulates endotoxin-induced lung inflammation. Exp. Lung Res. 41,

103–114. doi: 10.3109/01902148.2014.977461

Lovelock, J. D., Baker, A. H., Gao, F., Dong, J. F., Bergeron, A. L., McPheat,W., et al.

(2005). Heterogeneous effects of tissue inhibitors of matrix metalloproteinases

on cardiac fibroblasts. Am. J. Physiol. Heart Circ. Physiol. 288, H461–H468.

doi: 10.1152/ajpheart.00402.2004

Lynch, J. P. III., Huynh, R. H., Fishbein,M. C., Saggar, R., Belperio, J. A., andWeigt,

S. S. (2016). Idiopathic pulmonary fibrosis: epidemiology, clinical features,

prognosis, and management. Semin. Respir. Crit. Care Med. 37, 331–357.

doi: 10.1055/s-0036-1582011

MacKenzie, B., Korfei, M., Henneke, I., Sibinska, Z., Tian, X., Hezel, S., et al. (2015).

Increased FGF1-FGFRc expression in idiopathic pulmonary fibrosis. Respir.

Res. 16:83. doi: 10.1186/s12931-015-0242-2

Maharaj, S., Shimbori, C., and Kolb, M. (2013). Fibrocytes in pulmonary fibrosis: a

brief synopsis. Eur. Respir. Rev. 22, 552–557. doi: 10.1183/09059180.00007713

Marchal-Sommé, J., Uzunhan, Y., Marchand-Adam, S., Valeyre, D., Soumelis, V.,

Crestani, B., et al. (2006). Cutting edge: nonproliferating mature immune cells

form a novel type of organized lymphoid structure in idiopathic pulmonary

fibrosis. J. Immunol. 176, 5735–5739. doi: 10.4049/jimmunol.176.10.5735

Margaritopoulos, G. A., Lasithiotaki, I., and Antoniou, K. M. (2016). Toll-like

receptors and autophagy in interstitial lung diseases. Eur. J. Pharmacol. 808,

28–34. doi: 10.1016/j.ejphar.2016.09.032

Marinkovic, A., Liu, F., and Tschumperlin, D. J. (2013). Matrices of physiologic

stiffness potently inactivate idiopathic pulmonary fibrosis fibroblasts. Am. J.

Respir. Cell Mol. Biol. 48, 422–430. doi: 10.1165/rcmb.2012-0335OC

Marko, L., Kvakan, H., Park, J. K., Qadri, F., Spallek, B., Binger, K.

J., et al. (2012). Interferon-gamma signaling inhibition ameliorates

angiotensin II-induced cardiac damage. Hypertension 60, 1430–1436.

doi: 10.1161/HYPERTENSIONAHA.112.199265

Marra, F., Aleffi, S., Galastri, S., and Provenzano, A. (2009).

Mononuclear cells in liver fibrosis. Semin. Immunopathol. 31, 345–358.

doi: 10.1007/s00281-009-0169-0

Marshall, R. P., McAnulty, R. J., and Laurent, G. J. (2000). Angiotensin II is

mitogenic for human lung fibroblasts via activation of the type 1 receptor.

Am. J. Respir. Crit. Care Med. 161, 1999–2004. doi: 10.1164/ajrccm.161.6.

9907004

Marshall, R. P., Webb, S., Bellingan, G. J., Montgomery, H. E., Chaudhari,

B., McAnulty, R. J., et al. (2002). Angiotensin converting enzyme

insertion/deletion polymorphism is associated with susceptibility and

outcome in acute respiratory distress syndrome. Am. J. Respir. Crit. Care Med.

166, 646–650. doi: 10.1164/rccm.2108086

Matute-Bello, G., Liles, W. C., Steinberg, K. P., Kiener, P. A., Mongovin, S., Chi, E.

Y., et al. (1999). Soluble Fas ligand induces epithelial cell apoptosis in humans

with acute lung injury (ARDS). J. Immunol. 163, 2217–2225.

Meduri, G. U., and Eltorky, M. A. (2015). Understanding ARDS-

associated fibroproliferation. Intensive Care Med. 41, 517–520.

doi: 10.1007/s00134-014-3613-0

Meduri, G. U., Chinn, A. J., Leeper, K. V., Wunderink, R. G., Tolley, E., Winer-

Muram, H. T., et al. (1994). Corticosteroid rescue treatment of progressive

fibroproliferation in late ARDS. Patterns of response and predictors of

outcome. Chest 105, 1516–1527.

Meduri, G. U., Schwingshackl, A., and Hermans, G. (2016). Prolonged

Glucocorticoid Treatment in ARDS: Impact on Intensive Care Unit-Acquired

Weakness. Front Pediatr. 4:69. doi: 10.3389/fped.2016.00069

Mehta, P. K., and Griendling, K. K. (2007). Angiotensin II cell signaling:

physiological and pathological effects in the cardiovascular system. Am. J.

Physiol. Cell Physiol. 292, C82–C97. doi:10.1152/ajpcell.00287.2006

Meneghin, A., andHogaboam, C.M. (2007). Infectious disease, the innate immune

response, and fibrosis. J. Clin. Invest. 117, 530–538. doi: 10.1172/JCI30595

Miller, T. L., Touch, S. M., and Shaffer, T. H. (2006). Matrix metalloproteinase

and tissue inhibitor of matrix metalloproteinase expression profiles in tracheal

aspirates do not adequately reflect tracheal or lung tissue profiles in neonatal

respiratory distress: observations from an animal model. Pediatr. Crit. Care

Med. 7, 63–69.

Miragoli, M., Salvarani, N., and Rohr, S. (2007). Myofibroblasts

induce ectopic activity in cardiac tissue. Circ. Res. 101, 755–758.

doi: 10.1161/CIRCRESAHA.107.160549

Misaka, T., Suzuki, S., Miyata, M., Kobayashi, A., Ishigami, A., Shishido, T., et al.

(2013). Senescence marker protein 30 inhibits angiotensin II-induced cardiac

hypertrophy and diastolic dysfunction. Biochem. Biophys. Res. Commun. 439,

142–147. doi: 10.1016/j.bbrc.2013.08.002

Mozaffarian, D., Benjamin, E. J., Go, A. S., Arnett, D. K., Blaha, M. J.,

Cushman, M., et al. (2016). Heart disease and stroke statistics-2016 update:

a report from the american heart association. Circulation 133, e38–e360.

doi: 10.1161/CIR.0000000000000350

Mubarak, K. K., Montes-Worboys, A., Regev, D., Nasreen, N., Mohammed, K.

A., Faruqi, I., et al. (2012). Parenchymal trafficking of pleural mesothelial

cells in idiopathic pulmonary fibrosis. Eur. Respir. J. 39, 133–140.

doi: 10.1183/09031936.00141010

Murray, L. A., Argentieri, R. L., Farrell, F. X., Bracht, M., Sheng, H., Whitaker,

B., et al. (2008). Hyper-responsiveness of IPF/UIP fibroblasts: interplay

between TGFbeta1, IL-13 and CCL2. Int. J. Biochem. Cell Biol. 40, 2174–2182.

doi: 10.1016/j.biocel.2008.02.016

Nagai, S., Handa, T., Ito, Y., Takeuchi, M., and Izumi, T. (2007). Bronchoalveolar

lavage in idiopathic interstitial lung diseases. Semin. Respir. Crit. Care Med. 28,

496–503. doi: 10.1055/s-2007-991522

Nakao, A., Fujii, M., Matsumura, R., Kumano, K., Saito, Y., Miyazono, K., et al.

(1999). Transient gene transfer and expression of Smad7 prevents bleomycin-

induced lung fibrosis in mice. J. Clin. Invest. 104, 5–11.

Nakazato, H., Oku, H., Yamane, S., Tsuruta, Y., and Suzuki, R. (2002).

A novel anti-fibrotic agent pirfenidone suppresses tumor necrosis

factor-α at the translational level. Eur. J. Pharmacol. 446, 177–185.

doi: 10.1016/S0014-2999(02)01758-2

Nathan, C. F., Prendergast, T. J., Wiebe, M. E., Stanley, E. R., Platzer, E., Remold,

H. G., et al. (1984). Activation of human macrophages. Comparison of other

cytokines with interferon-gamma. J. Exp. Med. 160, 600–605.

National Heart, Lung, and Blood Institute Acute Respiratory Distress Syndrome

(ARDS) Clinical Trials Network, Wheeler, A. P., Bernard, G. R., Thompson, B.

T., Schoenfeld, D., Wiedemann, H. P., et al. (2006). Pulmonary-artery versus

central venous catheter to guide treatment of acute lung injury. N. Engl. J. Med.

354, 2213–2224. doi: 10.1056/NEJMoa061895

Nkyimbeng, T., Ruppert, C., Shiomi, T., Dahal, B., Lang, G., Seeger, W.,

et al. (2013). Pivotal role of matrix metalloproteinase 13 in extracellular

matrix turnover in idiopathic pulmonary fibrosis. PLoS ONE 8:e73279.

doi: 10.1371/journal.pone.0073279

Ouyang, W., Kolls, J. K., and Zheng, Y. (2008). The biological functions of

T helper 17 cell effector cytokines in inflammation. Immunity 28, 454–467.

doi: 10.1016/j.immuni.2008.03.004

Papiris, S. A., Manali, E. D., Kolilekas, L., Kagouridis, K., Triantafillidou,

C., Tsangaris, I., et al. (2010). Clinical review: idiopathic pulmonary

fibrosis acute exacerbations–unravelling Ariadne’s thread. Crit. Care 14:246.

doi: 10.1186/cc9241

Papp, M., Li, X., Zhuang, J., Wang, R., and Uhal, B. D. (2002). Angiotensin

receptor subtype AT(1) mediates alveolar epithelial cell apoptosis in response

to ANG II. Am. J. Physiol. Lung Cell. Mol. Physiol. 282, L713–L718.

doi: 10.1152/ajplung.00103.2001

Pardo, A., Cabrera, S., Maldonado, M., and Selman, M. (2016). Role of matrix

metalloproteinases in the pathogenesis of idiopathic pulmonary fibrosis. Respir.

Res. 17:23. doi: 10.1186/s12931-016-0343-6

Frontiers in Physiology | www.frontiersin.org 13 October 2017 | Volume 8 | Article 777

https://doi.org/10.1152/ajplung.00432.2005
https://doi.org/10.1186/1755-1536-5-S1-S24
https://doi.org/10.1038/srep17108
https://doi.org/10.1093/intimm/dxs056
https://doi.org/10.3109/01902148.2014.977461
https://doi.org/10.1152/ajpheart.00402.2004
https://doi.org/10.1055/s-0036-1582011
https://doi.org/10.1186/s12931-015-0242-2
https://doi.org/10.1183/09059180.00007713
https://doi.org/10.4049/jimmunol.176.10.5735
https://doi.org/10.1016/j.ejphar.2016.09.032
https://doi.org/10.1165/rcmb.2012-0335OC
https://doi.org/10.1161/HYPERTENSIONAHA.112.199265
https://doi.org/10.1007/s00281-009-0169-0
https://doi.org/10.1164/ajrccm.161.6.9907004
https://doi.org/10.1164/rccm.2108086
https://doi.org/10.1007/s00134-014-3613-0
https://doi.org/10.3389/fped.2016.00069
https://doi.org/10.1172/JCI30595
https://doi.org/10.1161/CIRCRESAHA.107.160549
https://doi.org/10.1016/j.bbrc.2013.08.002
https://doi.org/10.1161/CIR.0000000000000350
https://doi.org/10.1183/09031936.00141010
https://doi.org/10.1016/j.biocel.2008.02.016
https://doi.org/10.1055/s-2007-991522
https://doi.org/10.1016/S0014-2999(02)01758-2
https://doi.org/10.1056/NEJMoa061895
https://doi.org/10.1371/journal.pone.0073279
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1186/cc9241
https://doi.org/10.1152/ajplung.00103.2001
https://doi.org/10.1186/s12931-016-0343-6
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Murtha et al. Cardiac and Pulmonary Fibrosis

Patterson, J. H. (2003). Angiotensin II receptor blockers in heart failure.

Pharmacotherapy 23, 173–182.

Pechkovsky, D. V., Prasse, A., Kollert, F., Engel, K. M., Dentler, J.,

Luttmann, W., et al. (2010). Alternatively activated alveolar macrophages

in pulmonary fibrosis-mediator production and intracellular signal

transduction. Clin. Immunol. 137, 89–101. doi: 10.1016/j.clim.2010.

06.017

Pelletier, M.,Maggi, L., Micheletti, A., Lazzeri, E., Tamassia, N., Costantini, C., et al.

(2010). Evidence for a cross-talk between human neutrophils and Th17 cells.

Blood 115, 335–343. doi: 10.1182/blood-2009-04-216085

Peteranderl, C., Morales-Nebreda, L., Selvakumar, B., Lecuona, E., Vadasz, I.,

Morty, R. E., et al. (2016). Macrophage-epithelial paracrine crosstalk inhibits

lung edema clearance during influenza infection. J. Clin. Invest. 126, 1566–1580.

doi: 10.1172/JCI83931

Peters, D. M., Vadasz, I., Wujak, L., Wygrecka, M., Olschewski, A., Becker, C.,

et al. (2014). TGF-beta directs trafficking of the epithelial sodium channel

ENaC which has implications for ion and fluid transport in acute lung

injury. Proc. Natl. Acad. Sci. U.S.A. 111, E374–E383. doi: 10.1073/pnas.13067

98111

Piednoir, P., Quesnel, C., Nardelli, L., Lecon, V., Bouadma, L., Lasocki, S.,

et al. (2012). Alveolar fluid in acute respiratory distress syndrome promotes

fibroblast migration: role of platelet-derived growth factor pathway∗. Crit. Care

Med. 40, 2041–2049. doi: 10.1097/CCM.0b013e31824e65ba

Piguet, P. F., Collart, M. A., Grau, G. E., Kapanci, Y., and Vassalli, P. (1989). Tumor

necrosis factor/cachectin plays a key role in bleomycin-induced pneumopathy

and fibrosis. J. Exp. Med. 170, 655–663.

Plataki, M., Koutsopoulos, A. V., Darivianaki, K., Delides, G., Siafakas, N. M.,

and Bouros, D. (2005). Expression of apoptotic and antiapoptotic markers

in epithelial cells in idiopathic pulmonary fibrosis. Chest 127, 266–274.

doi: 10.1378/chest.127.1.266

Ponten, A., Li, X., Thoren, P., Aase, K., Sjoblom, T., Ostman, A., et al. (2003).

Transgenic overexpression of platelet-derived growth factor-C in the mouse

heart induces cardiac fibrosis, hypertrophy, and dilated cardiomyopathy. Am.

J. Pathol. 163, 673–682. doi: 10.1016/S0002-9440(10)63694-2

Prasse, A., Pechkovsky, D. V., Toews, G. B., Jungraithmayr, W., Kollert, F.,

Goldmann, T., et al. (2006). A vicious circle of alveolar macrophages and

fibroblasts perpetuates pulmonary fibrosis via CCL18. Am. J. Respir. Crit. Care

Med. 173, 781–792. doi: 10.1164/rccm.200509-1518OC

Rabeyrin, M., Thivolet, F., Ferretti, G. R., Chalabreysse, L., Jankowski, A., Cottin,

V., et al. (2015). Usual interstitial pneumonia end-stage features from explants

with radiologic and pathological correlations. Ann. Diagn. Pathol. 19, 269–276.

doi: 10.1016/j.anndiagpath.2015.05.003

Raghu, G., Scholand, M. B., de Andrade, J., Lancaster, L., Mageto, Y., Goldin,

J., et al. (2016). FG-3019 anti-connective tissue growth factor monoclonal

antibody: results of an open-label clinical trial in idiopathic pulmonary fibrosis.

Eur. Respir. J. 47, 1481–1491. doi: 10.1183/13993003.01030-2015

Raimundo, K., Chang, E., Broder, M. S., Alexander, K., Zazzali, J., and

Swigris, J. J. (2016). Clinical and economic burden of idiopathic

pulmonary fibrosis: a retrospective cohort study. BMC Pulm. Med. 16:2.

doi: 10.1186/s12890-015-0165-1

Raines, E. W. (2004). PDGF and cardiovascular disease. Cytokine Growth Factor

Rev. 15, 237–254. doi: 10.1016/j.cytogfr.2004.03.004

Richeldi, L., Davies, H. R., Ferrara, G., and Franco, F. (2003). Corticosteroids for

idiopathic pulmonary fibrosis. Cochrane Database Syst. Rev. 2003:CD002880.

doi: 10.1002/14651858.CD002880

Richeldi, L., du Bois, R. M., Raghu, G., Azuma, A., Brown, K. K., Costabel, U., et al.

(2014). Efficacy and safety of nintedanib in idiopathic pulmonary fibrosis. N.

Engl. J. Med. 370, 2071–2082. doi: 10.1056/NEJMoa1402584

Rienks, M., Papageorgiou, A.-P., Frangogiannis, N. G., and Heymans,

S. (2014). Myocardial extracellular matrix: an ever-changing and

diverse entity. Circ. Res. 114, 872–888. doi: 10.1161/CIRCRESAHA.114.

302533

Rocco, P. R., Dos Santos, C., and Pelosi, P. (2009). Lung parenchyma remodeling

in acute respiratory distress syndrome.Minerva Anestesiol. 75, 730–740.

Roubille, F., Busseuil, D., Merlet, N., Kritikou, E. A., Rheaume, E., and Tardif, J. C.

(2014). Investigational drugs targeting cardiac fibrosis. Expert Rev. Cardiovasc.

Ther. 12, 111–125. doi: 10.1586/14779072.2013.839942

Rubenfeld, G. D., Caldwell, E., Peabody, E., Weaver, J., Martin, D. P., Neff, M.,

et al. (2005). Incidence and outcomes of acute lung injury. N. Engl. J. Med. 353,

1685–1693. doi: 10.1056/NEJMoa050333

Ryu, J. H., Moua, T., Daniels, C. E., Hartman, T. E., Yi, E. S., Utz, J. P., et al.

(2014). Idiopathic pulmonary fibrosis: evolving concepts. Mayo Clin. Proc. 89,

1130–1142. doi: 10.1016/j.mayocp.2014.03.016

Sadoshima, J., and Izumo, S. (1993). Molecular characterization of angiotensin II–

induced hypertrophy of cardiacmyocytes and hyperplasia of cardiac fibroblasts.

Critical role of the AT1 receptor subtype. Circ. Res. 73, 413–423.

Schuliga, M. J., See, I., Ong, S. C., Soon, L., Camoretti-Mercado, B., Harris, T., et al.

(2009). Fibrillar collagen clamps lung mesenchymal cells in a nonproliferative

and noncontractile phenotype. Am. J. Respir. Cell Mol. Biol. 41, 731–741.

doi: 10.1165/rcmb.2008-0361OC

Schuliga, M., Jaffar, J., Harris, T., Knight, D. A., Westall, G., and Stewart, A. G.

(2017). The fibrogenic actions of lung fibroblast-derived urokinase: a potential

drug target in IPF. Sci. Rep. 7:41770. doi: 10.1038/srep41770

Schuliga, M., Ong, S. C., Soon, L., Zal, F., Harris, T., and Stewart, A. G. (2010).

Airway smooth muscle remodels pericellular collagen fibrils: implications

for proliferation. Am. J. Physiol. Lung Cell. Mol. Physiol. 298, L584–L592.

doi: 10.1152/ajplung.00312.2009

Schupp, J. C., Binder, H., Jager, B., Cillis, G., Zissel, G., Muller-Quernheim, J., et al.

(2015). Macrophage activation in acute exacerbation of idiopathic pulmonary

fibrosis. PLoS ONE 10:e0116775. doi: 10.1371/journal.pone.0116775

Selman, M., Ruiz, V., Cabrera, S., Segura, L., Ramirez, R., Barrios, R., et al.

(2000). TIMP-1, -2, -3, and -4 in idiopathic pulmonary fibrosis. A prevailing

nondegradative lung microenvironment? Am. J. Physiol. Lung Cell. Mol.

Physiol. 279, L562–L574.

Selman, M., Thannickal, V. J., Pardo, A., Zisman, D. A., Martinez, F. J., Lynch, J.

P., et al. (2004). Idiopathic pulmonary fibrosis: pathogenesis and therapeutic

approaches. Drugs 64, 405–430. doi: 10.2165/00003495-200464040-00005

Shinde, A. V., and Frangogiannis, N. G. (2014). Fibroblasts in myocardial

infarction: a role in inflammation and repair. J. Mol. Cell. Cardiol. 70, 74–82.

doi: 10.1016/j.yjmcc.2013.11.015

Smith, M., Dalurzo, M., Panse, P., Parish, J., and Leslie, K. (2013). Usual

interstitial pneumonia-pattern fibrosis in surgical lung biopsies. Clinical,

radiological and histopathological clues to aetiology. J. Clin. Pathol. 66,

896–903. doi: 10.1136/jclinpath-2013-201442

Stahl, M., Schupp, J., Jager, B., Schmid, M., Zissel, G., Muller-Quernheim,

J., et al. (2013). Lung collagens perpetuate pulmonary fibrosis

via CD204 and M2 macrophage activation. PLoS ONE 8:e81382.

doi: 10.1371/journal.pone.0081382

Sutton, M. G., and Sharpe, N. (2000). Left ventricular remodeling after myocardial

infarction: pathophysiology and therapy. Circulation 101, 2981–2988.

doi: 10.1161/01.CIR.101.25.2981

Taylor, C. J., Roalfe, A. K., Iles, R., and Hobbs, F. D. R. (2012). Ten-year prognosis

of heart failure in the community: follow-up data from the Echocardiographic

Heart of England Screening (ECHOES) study. Eur. J. Heart Fail. 14, 176–184.

doi: 10.1093/eurjhf/hfr170

Toonkel, R. L., Hare, J. M., Matthay, M. A., and Glassberg, M. K. (2013).

Mesenchymal stem cells and idiopathic pulmonary fibrosis. Potential

for clinical testing. Am. J. Respir. Crit. Care Med. 188, 133–140.

doi: 10.1164/rccm.201207-1204PP

Torella, D., Ellison, G. M., Karakikes, I., and Nadal-Ginard, B. (2007).

Resident cardiac stem cells. Cell. Mol. Life Sci. 64, 661–673.

doi: 10.1007/s00018-007-6519-y

Tzortzaki, E. G., Koutsopoulos, A. V., Dambaki, K. I., Lambiri, I., Plataki, M.,

Gordon, M. K., et al. (2006). Active remodeling in idiopathic interstitial

pneumonias: evaluation of collagen types XII and XIV. J. Histochem. Cytochem.

54, 693–700. doi: 10.1369/jhc.5A6835.2006

Uh, S. T., Kim, T. H., Shim, E. Y., Jang, A. S., Park, S. W., Park, J. S.,

et al. (2013). Angiotensin-converting enzyme (ACE) gene polymorphisms

are associated with idiopathic pulmonary fibrosis. Lung 191, 345–351.

doi: 10.1007/s00408-013-9469-1

Uhal, B. D., Kim, J. K., Li, X., and Molina-Molina, M. (2007). Angiotensin-TGF-

β1 crosstalk in human idiopathic pulmonary fibrosis: autocrine mechanisms

in myofibroblasts and macrophages. Curr. Pharm. Des. 13, 1247–1256.

doi: 10.2174/138161207780618885

Frontiers in Physiology | www.frontiersin.org 14 October 2017 | Volume 8 | Article 777

https://doi.org/10.1016/j.clim.2010.06.017
https://doi.org/10.1182/blood-2009-04-216085
https://doi.org/10.1172/JCI83931
https://doi.org/10.1073/pnas.1306798111
https://doi.org/10.1097/CCM.0b013e31824e65ba
https://doi.org/10.1378/chest.127.1.266
https://doi.org/10.1016/S0002-9440(10)63694-2
https://doi.org/10.1164/rccm.200509-1518OC
https://doi.org/10.1016/j.anndiagpath.2015.05.003
https://doi.org/10.1183/13993003.01030-2015
https://doi.org/10.1186/s12890-015-0165-1
https://doi.org/10.1016/j.cytogfr.2004.03.004
https://doi.org/10.1002/14651858.CD002880
https://doi.org/10.1056/NEJMoa1402584
https://doi.org/10.1161/CIRCRESAHA.114.302533
https://doi.org/10.1586/14779072.2013.839942
https://doi.org/10.1056/NEJMoa050333
https://doi.org/10.1016/j.mayocp.2014.03.016
https://doi.org/10.1165/rcmb.2008-0361OC
https://doi.org/10.1038/srep41770
https://doi.org/10.1152/ajplung.00312.2009
https://doi.org/10.1371/journal.pone.0116775
https://doi.org/10.2165/00003495-200464040-00005
https://doi.org/10.1016/j.yjmcc.2013.11.015
https://doi.org/10.1136/jclinpath-2013-201442
https://doi.org/10.1371/journal.pone.0081382
https://doi.org/10.1161/01.CIR.101.25.2981
https://doi.org/10.1093/eurjhf/hfr170
https://doi.org/10.1164/rccm.201207-1204PP
https://doi.org/10.1007/s00018-007-6519-y
https://doi.org/10.1369/jhc.5A6835.2006
https://doi.org/10.1007/s00408-013-9469-1
https://doi.org/10.2174/138161207780618885
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Murtha et al. Cardiac and Pulmonary Fibrosis

Uhal, B. D., Li, X., Piasecki, C. C., and Molina-Molina, M. (2012). Angiotensin

signalling in pulmonary fibrosis. Int. J. Biochem. Cell Biol. 44, 465–468.

doi: 10.1016/j.biocel.2011.11.019

Ulloa, L., Doody, J., and Massague, J. (1999). Inhibition of transforming growth

factor-beta/SMAD signalling by the interferon-gamma/STAT pathway. Nature

397, 710–713.

Van Linthout, S., Miteva, K., and Tschope, C. (2014). Crosstalk between fibroblasts

and inflammatory cells. Cardiovasc. Res. 102, 258–269. doi: 10.1093/cvr/cvu062

Vanhoutte, D., and Heymans, S. (2010). TIMPs and cardiac remodeling:

‘Embracing the MMP-independent-side of the family’. J. Mol. Cell. Cardiol. 48,

445–453. doi: 10.1016/j.yjmcc.2009.09.013

Wang, Y., Wu, Y., Chen, J., Zhao, S., and Li, H. (2013). Pirfenidone attenuates

cardiac fibrosis in a mouse model of TAC-induced left ventricular remodeling

by suppressing NLRP3 inflammasome formation. Cardiology 126, 1–11.

doi: 10.1159/000351179

Wei, L. (2011). Immunological aspect of cardiac remodeling: T lymphocyte

subsets in inflammation-mediated cardiac fibrosis. Exp. Mol. Pathol. 90, 74–78.

doi: 10.1016/j.yexmp.2010.10.004

Westermann, D., Lindner, D., Kasner, M., Zietsch, C., Savvatis, K., Escher, F., et al.

(2011). Cardiac inflammation contributes to changes in the extracellular matrix

in patients with heart failure and normal ejection fraction. Circ. Heart Fail. 4,

44–52. doi: 10.1161/CIRCHEARTFAILURE.109.931451

Wollin, L., Wex, E., Pautsch, A., Schnapp, G., Hostettler, K. E., Stowasser, S., et al.

(2015). Mode of action of nintedanib in the treatment of idiopathic pulmonary

fibrosis. Eur. Respir. J. 45, 1434–1445. doi: 10.1183/09031936.00174914

World Health Organization (2014). Global Status Report on Noncommunicable

Diseases 2014. Geneva: World Health Organization.

Wuyts, W. A., Cavazza, A., Rossi, G., Bonella, F., Sverzellati, N., and Spagnolo, P.

(2014). Differential diagnosis of usual interstitial pneumonia: when is it truly

idiopathic? Eur. Respir. Rev. 23, 308–319. doi: 10.1183/09059180.00004914

Wygrecka, M., Dahal, B. K., Kosanovic, D., Petersen, F., Taborski, B., von

Gerlach, S., et al. (2013). Mast cells and fibroblasts work in concert to

aggravate pulmonary fibrosis: role of transmembrane SCF and the PAR-

2/PKC-alpha/Raf-1/p44/42 signaling pathway. Am. J. Pathol. 182, 2094–2108.

doi: 10.1016/j.ajpath.2013.02.013

Wynn, T. A. (2004). Fibrotic disease and the T(H)1/T(H)2 paradigm. Nat. Rev.

Immunol. 4, 583–594. doi: 10.1038/nri1412

Wynn, T. A. (2008). Cellular and molecular mechanisms of fibrosis. J. Pathol. 214,

199–210. doi: 10.1002/path.2277

Wynn, T. A., and Ramalingam, T. R. (2012). Mechanisms of fibrosis: therapeutic

translation for fibrotic disease. Nat. Med. 18, 1028–1040. doi: 10.1038/nm.2807

Xu, Y., Sharma, D., Li, G., and Liu, Y. (2013). Atrial remodeling: New

pathophysiological mechanism of atrial fibrillation.Med. Hypotheses 80, 53–56.

doi: 10.1016/j.mehy.2012.10.009

Xue, J., Kass, D. J., Bon, J., Vuga, L., Tan, J., Csizmadia, E., et al. (2013). Plasma

B lymphocyte stimulator and B cell differentiation in idiopathic pulmonary

fibrosis patients. J. Immunol. 191, 2089–2095. doi:10.4049/jimmunol.1203476

Yamagami, K., Oka, T., Wang, Q., Ishizu, T., Lee, J. K., Miwa, K., et al. (2015).

Pirfenidone exhibits cardioprotective effects by regulating myocardial fibrosis

and vascular permeability in pressure-overloaded hearts. Am. J. Physiol. Heart

Circ. Physiol. 309, H512–H522. doi: 10.1152/ajpheart.00137.2015

Yancy, C. W., Jessup, M., Bozkurt, B., Butler, J., Casey, D. E., Drazner,

M. H., et al. (2013). 2013 ACCF/AHA Guideline for the Management

of Heart FailureA Report of the American College of Cardiology

Foundation/American Heart Association Task Force on Practice

Guidelines. J. Am. Coll. Cardiol. 62, e147–e239. doi: 10.1016/j.jacc.2013.

05.019

Yano, T., Miura, T., Ikeda, Y., Matsuda, E., Saito, K., Miki, T., et al. (2005).

Intracardiac fibroblasts, but not bone marrow derived cells, are the origin of

myofibroblasts in myocardial infarct repair. Cardiovasc. Pathol. 14:241–246.

doi: 10.1016/j.carpath.2005.05.004

Yoshida, M., Sakuma-Mochizuki, J., Abe, K., Arai, T., Mori, M., Goya, S.,

et al. (1999). In vivo gene transfer of an extracellular domain of platelet-

derived growth factor beta receptor by the HVJ-liposome method ameliorates

bleomycin-induced pulmonary fibrosis. Biochem. Biophys. Res. Commun. 265,

503–508.

Yu, J., Moon, A., and Kim, H. R. (2001). Both platelet-derived growth

factor receptor (PDGFR)-alpha and PDGFR-beta promote murine

fibroblast cell migration. Biochem. Biophys. Res. Commun. 282, 697–700.

doi: 10.1006/bbrc.2001.4622

Yu, Q., Horak, K., and Larson, D. F. (2006). Role of T lymphocytes in hypertension-

induced cardiac extracellular matrix remodeling. Hypertension 48, 98–104.

doi: 10.1161/01.HYP.0000227247.27111.b2

Zavadzkas, J. A., Mukherjee, R., Rivers, W. T., Patel, R. K., Meyer, E. C., Black, L.

E., et al. (2011). Direct regulation of membrane type 1matrix metalloproteinase

following myocardial infarction causes changes in survival, cardiac function,

and remodeling. Am. J. Physiol. Heart Circ. Physiol. 301, H1656–H1666.

doi: 10.1152/ajpheart.00141.2011

Zhou, Y., Huang, X., Hecker, L., Kurundkar, D., Kurundkar, A., Liu, H.,

et al. (2013). Inhibition of mechanosensitive signaling in myofibroblasts

ameliorates experimental pulmonary fibrosis. J. Clin. Invest. 123, 1096–1108.

doi: 10.1172/JCI66700

Zorowitz, R. D. (2016). Intensive care unit acquired weakness: a rehabilitation

perspective of diagnosis, treatment, and functional management. Chest 150,

966–971. doi: 10.1016/j.chest.2016.06.006

Zymek, P., Bujak, M., Chatila, K., Cieslak, A., Thakker, G., Entman, M.

L., et al. (2006). The role of platelet-derived growth factor signaling

in healing myocardial infarcts. J. Am. Coll. Cardiol. 48, 2315–2323.

doi: 10.1016/j.jacc.2006.07.060

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Murtha, Schuliga, Mabotuwana, Hardy, Waters, Burgess,

Knight and Boyle. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 15 October 2017 | Volume 8 | Article 777

https://doi.org/10.1016/j.biocel.2011.11.019
https://doi.org/10.1093/cvr/cvu062
https://doi.org/10.1016/j.yjmcc.2009.09.013
https://doi.org/10.1159/000351179
https://doi.org/10.1016/j.yexmp.2010.10.004
https://doi.org/10.1161/CIRCHEARTFAILURE.109.931451
https://doi.org/10.1183/09031936.00174914
https://doi.org/10.1183/09059180.00004914
https://doi.org/10.1016/j.ajpath.2013.02.013
https://doi.org/10.1038/nri1412
https://doi.org/10.1002/path.2277
https://doi.org/10.1038/nm.2807
https://doi.org/10.1016/j.mehy.2012.10.009
https://doi.org/10.1152/ajpheart.00137.2015
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1016/j.carpath.2005.05.004
https://doi.org/10.1006/bbrc.2001.4622
https://doi.org/10.1161/01.HYP.0000227247.27111.b2
https://doi.org/10.1152/ajpheart.00141.2011
https://doi.org/10.1172/JCI66700
https://doi.org/10.1016/j.chest.2016.06.006
https://doi.org/10.1016/j.jacc.2006.07.060
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	The Processes and Mechanisms of Cardiac and Pulmonary Fibrosis
	Introduction
	Fibrotic Disease of the Heart
	Myocardial Infarction
	Heart Failure

	Fibrotic Disease of The Lungs
	Idiopathic Pulmonary Fibrosis
	Acute Respiratory Distress Syndrome

	Molecular and Cellular Fibrotic Mechanisms
	Fibroblasts
	Fibrotic Process in the Heart and Lung Disease
	Inflammation
	Pro-Fibrogenic Mediators
	Heart
	Lung

	Regulation of the Extracellular Matrix

	Current Therapies for Fibrosis
	Summary
	Author Contributions
	References


