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Idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible disease of the lung,
characterised by excessive extracellular matrix (ECM) deposition and loss of pulmonary
function.
Fibroblasts are the main cell type responsible for ECM deposition and peptides from the
renin-angiotensin system (RAS) have been shown to modulate fibroblast function. Angiotensin
(ANG)-II, has been shown to exert profibrotic effects on human cardiac fibroblasts, such as
increased collagen deposition. ANGII is known to bind to two receptors (AT1R and AT2R), with
profibrotic effects attributed to AT1R.
ANGII is cleaved to form ANG(1-7). This peptide has been shown to exert antifibrotic effects
on fibroblasts, such as decreased cell proliferation, via binding to the Mas receptor. However,
most investigations have been performed in rat fibroblasts. Another related peptide called
ANG(1-9), has also been shown to exert antifibrotic effects on fibroblasts, via binding to AT 2R,
again this work has only been performed in rat fibroblasts.
The main aims of this thesis were to investigate the effects of ANGII and related peptides on
signalling pathways in both IPF derived and healthy human lung fibroblasts (HLFs) and to
explore the effects of ANG peptides on HLF function. A second aim was to characterise Mas
receptor expression on HLFs.
The effects of ANGII, ANG(1-7) and six related peptides on intracellular Ca2+ release were
explored and the ability of ANGII to phosphorylate ERK was also investigated. Fibroblast
functions in response to both ANGII and ANG(1-7) were also examined, including proliferation,
collagen deposition, matrix metalloproteinase (MMP) and cytokine secretion. Receptor
involvement was investigated with telmisartan (AT1R antagonist), PD-123319 (AT2R
antagonist) and A-779 (Mas receptor antagonist). Mas receptor expression on HLFs was also
investigated with immunocytochemistry and radioligand binding studies.
ANGI ANGII and ANGIII caused intracellular Ca2+ release via AT1R. ANGII also induced ERK
phosphorylation, although this did not translate to fibroblast function. No effects of ANGII were
observed on cell proliferation, collagen deposition, MMP secretion or IL-6 production.
In the Ca2+ assay, ANG(1-7) and ANG(1-9) partially inhibited the responses to both ANGII and
ANGIII. These effects did not appear to be modulated by AT2R or the Mas receptor, indicating
a novel binding site for these two peptides. The effects of ANG(1-7) did not appear to correlate
with functional activity, with no reduction in cell proliferation or collagen deposition observed
with this peptide. Immunocytochemistry showed clear nuclear expression of the Mas receptor
in HLFs, with very low cell surface expression, providing an explanation for the lack of
functional response.
Together these results indicate that although many ANG peptides can affect intracellular
signalling pathways, peptides from the RAS do not affect functional responses of HLFs.
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1.1
1.1.1

Idiopathic Pulmonary Fibrosis
Introduction

Idiopathic pulmonary fibrosis (IPF) is characterized by the progressive deposition of scar
tissue in the lungs and loss of pulmonary function. The prognosis for a patient with IPF is poor,
with an average life expectancy of 3 to 5 years after diagnosis (Raghu et al., 2006). The only
therapy available for patients with advanced IPF is lung transplantation; however, this only
offers a 5 year post-transplantation survival rate of 44% (King et al., 2011), indicating the need
for research into new treatments for this disease.
1.1.2

Diagnosis

IPF is classified by the American Thoracic Society and the European Respiratory Society
(ATS/ERS, 2000) as ‘a specific form of chronic fibrosing interstitial pneumonia limited to the
lung and associated with the histological appearance of usual interstitial pneumonia (UIP) on
surgical (thoracoscopic or open) lung biopsy. The aetiology is unknown’.
IPF is one of many fibrotic diseases that can affect the lung, that are collectively known as
interstitial lung disease (ILD). Accurate diagnosis of IPF is often difficult, with four major and
three minor criteria needing to be met before a diagnosis of IPF can be considered, these are
set out in Table 1-1 below. All diagnostic criteria discussed in this section are taken from the
ATS/ERS international consensus statement for IPF.
IPF is a peripheral, bibasilar disease, usually beginning in the subpleural regions of the lower
lobes of the lung. The classic histopathological pattern for IPF is usual interstitial pneumonia
(UIP), this is characterised by a heterogeneous pattern of areas of normality, fibrosis and
honeycombing (degradation of the alveolar walls and enlargement of air spaces). This pattern
is unique to IPF and allows distinction from many other ILDs, such as asbestosis and
scleroderma.
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Major

Minor

Exclusion of other known causes of ILD, such as Age >50
certain drug toxicities, environmental exposures
and connective tissue diseases
Abnormal pulmonary function studies that Insidious onset of
include evidence of restriction (reduced vital dyspnoea on exertion
capacity often with an increased FEV1/FVC ratio)
and impaired gas exchange (increased AaPo2
with rest or exercise or decreased DLCO

otherwise

unexplained

Bibasilar reticular abnormalities with minimal Duration of illness ≥3 months
ground glass opacities on high resolution CT
scans
Transbronchial lung biopsy or bronchoalveolar Bibasilar, inspiratory crackles (dry or ‘Velcro’
lavage showing no features to support an type in quality)
alternative diagnosis
Table 1-1. IPF diagnostic criteria. All four major and at least three of the minor criteria must be met before a
diagnosis of IPF can be considered. FEV1 is the forced expiratory volume in one second. FVC (forced vital capacity),
is the total volume that can be expelled from the lungs after maximum inhalation. Table taken from the ATS/ERS
international consensus statement for IPF.

The age of the patient is also important in determining the likelihood of an IPF diagnosis, with
most patients typically above 40 years of age. Incidence increases further with ageing, with two
thirds of patients above 60 years with an average diagnosis age of 66.
1.1.3

Prognosis

Determining the prognosis of individual patients is difficult, due to the lack of definitive and
widely accepted clinical markers for the indication of disease progression. Also IPF is a highly
variable disease with patients either being classified as ‘slow’ or ‘rapid’ progressors. Another
reason for the unpredictability of patient prognosis is that a high number of patients may
undergo periods of acute exacerbations with no obvious cause; these periods lead to a
worsening of symptoms and are linked with high mortality rates (Moeller et al., 2009).
Although the course of IPF is extremely variable between patients, the underlying
histopathological features are consistent. As mentioned above, most patients have increased
collagen deposition, large areas of lung fibrosis and honeycombing with areas of dense
populations of fibroblasts and myofibroblasts (Figure 1-1) known as fibroblastic foci (Yamashita
et al., 2009). The numbers of these fibrotic foci are an important marker and correlate well
with the speed of disease progression and prognosis.
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FF

Figure 1-1. Fibroblastic foci. Fibroblastic foci (indicated by arrows) are characteristic of a patient with IPF
(Katzenstein et al., 2008). The number of fibroblastic foci present in the lung generally correlates to the rate of
disease progression.

1.1.4

Treatment

There are currently two licensed drugs for patients with IPF. Pirfenidone, (licensed for use in
Europe in 2011) is an antifibrotic drug that has proved effective for the treatment of IPF. The
exact mechanism of action of this drug is unclear, but it has been shown to decrease fibroblast
proliferation, transforming growth factor (TGF)-β levels, as well as TGF-β induced collagen
production (Di Sario et al., 2002; Lin et al., 2009). There are, however, many limitations with
this treatment; although pirfenidone significantly slows disease progression, it does not
actually cure or halt the development of disease (Taniguchi et al., 2010). Although this drug is
quite well tolerated in patients, there are many serious adverse effects associated with
pirfenidone, such as photosensitivity and anorexia (Maher, 2010). Ongoing treatment with
pirfenidone is also extremely expensive, at approximately £25000 per annum (Raghu and
Thickett, 2013).
Nintedanib, a small molecule tyrosine kinase inhibitor, has also been approved (Feb 2015) for
the treatment of IPF. Nintedanib has been shown to interfere with a number of important
process involved in IPF disease progression, such as fibroblast proliferation and migration, as
well as extracellular matrix (ECM) secretion (Wollin et al., 2015). However, in a similar manner
to pirfenidone, nintedanib does not actually cure IPF, but only slows disease progression. A
significantly slower decline in force vital capacity (FVC) was observed with nintedanib in two
12 month, random, double-blind placebo controlled trials (Richeldi et al., 2014). This drug also
seems to have less serious adverse effects than pirfenidone, with gastrointestinal effects, such
as diarrhoea and nausea, being the most commonly reported adverse events in these clinical
trials.
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Both currently available IPF treatments, pifendione (for patients with mild to moderate
disease), and nintedanib (for mild to severe disease) have serious downfalls in that they only
slow disease progression, with mortality still the end point for every patient with IPF. This
therefore still represents a major unmet medical need, with the need for more research into
this disease area.
1.1.5

Aetiology

The aetiology of IPF is currently unknown, with a number of potential causes and risk factors
all contributing to the onset of disease. These include inhaled toxins such as cigarette smoke
and dust from metal, wood and asbestos. Viral infections, in particular the herpes virus have
also been implicated in the pathogenesis of IPF, although no definitive link has been proven
(Gross and Hunninghake, 2001). Genetics are also thought to play a role in some patients with
IPF, with 0.5-3.7% of cases thought to have a genetic component, although this value may be
higher as many cases of familial IPF are often missed (King et al., 2011). IPF also has a slightly
higher prevalence in males with an incidence of 7 cases per 100,000 in females and 10 cases
per 100,000 in males. The incidence of IPF also increases with age, with most patients being
between the ages of 50 and 75 (Selman et al., 2001).
1.1.6

Pathogenesis

IPF is a multifactorial condition, with a number of processes contributing to disease
progression (Figure 1-2). An increased number of fibroblasts are present in the lungs of patients
with IPF (as shown in Figure 1-1), leading to an increase in ECM deposition and fibrosis. TGF-β
is well known to increase fibroblast ECM production and has been shown to be upregulated in
IPF lungs (Bergeron et al., 2003). An upregulation of platelet derived growth factor (PDGF) has
also been demonstrated (Antoniades et al., 1990), PDGF is a well known mitogen and
chemoattractant for fibroblasts and smooth muscle cells, and is also capable of stimulating
fibroblast collagen production.
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Figure 1-2. IPF is a multifactorial disease. IPF is driven by a number of different factors, dysregulation of
transforming growth factor (TGF)-β, platelet derived growth factor (PDGF), plasminogen activator inhibitors (PAI),
matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) lead to epithelial cell
apoptosis, increasing numbers of fibroblasts and myofibroblasts as well as upregulated ECM deposition. (Selman et
al., 2001).

It is thought that this increased number of fibroblasts could also be a response to increased
alveolar epithelial cell (AEC) damage and death, with AECs in IPF shown to have an increase in
the apoptotic Fas-signalling pathway (Selman and Pardo, 2006). Also in patients with lung
fibrosis, areas of alveolar type II cell damage were associated with increased levels of proapoptotic BAX and p53 expression, with a loss of anti-apoptotic Bcl-2 expression (Guinee et al.,
1997). There are many environmental factors that may be responsible for the initial AEC
damage, such as viruses and cigarette smoke (see section 1.1.5).
Although many of the defective mechanisms that seem to contribute to IPF are well
characterised, it is unknown what is actually responsible for altering these processes, and what
causes these patients to develop an irreversible fibrotic response to injury.
Many of the factors that are involved in the progression of IPF are discussed in more detail
below.
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1.2

Extracellular matrix

1.2.1

Collagens

Collagens are the main class of structural proteins present in ECM and over 20 different types
of collagen have been identified (Suki et al., 2005). Although there are differences in the
structure of each collagen, the basic architecture is similar with the presence of a well
characterised collagen triple-helix. (Brodsky and Ramshaw, 1997). The fibrillar collagens I, II
and III are the most abundant collagens present in the human lung (van Kuppevelt et al., 1995).
Collagen I mainly co-localises with collagen III and together these are responsible for
maintaining the structural architecture of the alveolar wall and vasculature (Suki et al., 2005).
Collagen II is another significant structural collagen, but is mainly confined to cartilage in the
large airways (van Kuppevelt et al., 1995). Collagen IV, another key collagen in the lung, is
found in the basement membrane and is responsible for maintaining tensile strength at the
blood-air interface (Berg et al., 1998). Other key, but less common collagens include type V and
VI, which are responsible for adhesion and fibril formation. Increased collagen production is a
pivotal feature of IPF, with many differences in collagen expression in IPF lungs previously
described.
Studies have shown that collagen deposition is not only elevated in IPF, but is also
dysregulated. Although early studies showed there to be no change in collagen amount
between healthy and IPF lungs (Fulmer et al., 1980), and rather suggested that the fibrotic
response observed in IPF was entirely due to irregular deposition of collagen, in response to
high enzymatic degradation of previously existing ECM. Bronchoalveolar lavage fluid (BALF)
from patients with IPF also showed an upregulation in collagenase content indicating a high
enzymatic breakdown of collagen (Gadek et al., 1979). It was also demonstrated that IPF lungs
had a higher ratio of collagen I to collagen III than control lungs (Seyer et al., 1976), further
indicating that the composition of newly deposited collagen is unusual in IPF. In a more recent
finding (Leeming et al., 2012), breakdown products of collagen I, III, V and VI were significantly
increased in the serum of IPF patients when compared to controls, again indicating high
collagen degradation in these patients.
Other investigations have demonstrated that collagen content in IPF lungs is elevated (Selman
et al., 1986), although in this study the specific collagen types that were upregulated were not
investigated. The authors also demonstrated a reduction in collagen breakdown, which does
not agree with previous findings. One explanation for this is the area of the lung under
investigation, Gadek et al (1979) looked at BALF and this may not be representative of the
7
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alveolar environment, which is the main site of fibrosis in the IPF lung. Leeming et al examined
the serum of IPF patients, which again may not be indicative of the fibrotic environment.
However, Selman et al (1986) analysed parenchymal biopsies from fibrotic lung, which is likely
to be more indicative of localised areas of disease.
Although there is a large body of evidence illustrating defective collagen deposition and excess
production of ECM in IPF, the cause of these abnormal processes is relatively unknown and
need to be further explored.
1.2.2

Matrix-metalloproteases.

As mentioned briefly in section 1.2.1, collagenase in BALF was upregulated in IPF patients
(Gadek et al., 1979). Collagenase, otherwise known as MMP-1 is a member of the matrix
metalloproteinase (MMP) family. MMPs are zinc dependent endopeptidases that are
collectively responsible for the degradation of most ECM components (Birkedal-Hansen et al.,
1993). Depending on substrate and amino acid sequence similarities, the MMP family can be
sorted into distinct separate subtypes (Verma and Hansch, 2007), as shown in Table 1-2.
Subtype

MMPs

Collagenases

1,8,13,18

Gelatinases

2,9

Stromelysins

3,10,11,27

Membrane-type MMPs

14,15,16,17,24,25

Matrilysins

7,26

Other

12,19,20,21,22,23,28,29

Table 1-2. Matrixmetalloproteinase (MPP) family subtypes (Verma and Hansch, 2007).

As MMPs are responsible for the degradation of ECM components, normal lung architecture is
dependent on a delicate balance between MMP activity and collagen production. Therefore,
differences in the expression of MMPs could play important roles in IPF disease progression,
with many MMPs implicated in the pathogenesis of IPF. Microarray analysis revealed that
MMP-1, MMP-2, MMP-7 and MMP-28 gene expressions are increased in IPF lung (Pardo et al.,
2008). At the protein and gene level, MMP-3 has also been shown to be highly upregulated in
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the lungs of patients with IPF when compared to control (Yamashita et al., 2011). These
authors also demonstrated that rats, which had transient adenoviral vector-mediated
recombinant MMP-3 expression, showed increased pulmonary myofibroblast accumulation
and fibrosis, further illustrating the role of this MMP in IPF.
The gelatinases MMP-2 and MMP-9 have also been shown in many studies to be upregulated
in IPF; MMP-9 mRNA expression was significantly elevated in fibroblasts derived from IPF lung
(Ramos et al., 2001), with the same study also revealing a trend towards higher MMP-2 mRNA
expression in IPF fibroblasts. Both MMP-2 and MMP-9 levels were also shown to be
significantly higher in BALF from IPF patients (Lemjabbar et al., 1999), with the same
investigation also demonstrating elevated MMP-9 production by alveolar macrophages
derived from these patients. This increased MMP-9 level in IPF patient BALF was further
confirmed by more recent research (Willems et al., 2013), with an upregulation in MMP-8
expression also observed in this study.
The most confounding of these observations is the increased level of MMP-1 in IPF (Pardo et
al., 2008), with the main substrates for this MMP being the fibrous collagens type I and III, both
of which are elevated in IPF. These findings appear to be paradoxical; however, when studied
more closely, MMP-1 has been shown to localise with AECs and macrophages, with no
expression observed in myofibroblastic foci (Selman et al., 2000). This finding indicates that
MMP-1 may play a more pivotal role in the honeycombing features of IPF rather than the
fibrotic component. It was also established that tissue inhibitor of metalloproteinase (TIMP) 2 expression was increased in myofibroblastic foci (Fukuda et al., 1998; Selman et al., 2000),
this highlights the profibrotic nature of these foci, with TIMP-2 providing a stable nondegrading environment, allowing cumulative and progressive ECM deposition.

These

observations demonstrate the complex nature of IPF, with varying microenvironments within
the lung all contributing to disease progression.

1.3

Transforming Growth Factor-β

TGF-β1, a well-known profibrotic cytokine, is part of the TGF-β superfamily that consists of
over 40 different genes, coding for TGF-β1 to β5. TGF-β1, β2 and β3 are found in humans and
other mammals and are known to have very diverse effects on embryonic development and
tissue function.
TGF-β is secreted in its latent form as a dimeric complex, consisting of C-terminal mature TGFβ non-covalently linked to N-terminal latency associated peptide (LAP). Two molecules of this
pro-TGF-β are linked by disulphide bonds and form the small latent TGF-β complex. This small
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latent complex can also associate with latent TGF-β binding protein (LTBP) to form the large
latent TGF-β complex (Saharinen et al., 1999), (Figure 1-3) most cells secrete TGF-β in the form
of this large latent complex. The main function of LTBP is to interact with ECM components via
its N-terminus, allowing for direct co-localisation of TGF-β with the ECM. This large latent
complex can be cleaved to allow the release of the small latent complex.

Figure 1-3. Basic structure of TGF-β large latent complex. TGF-β as part of the large latent complex exists as a
TGF-β homodimer, bound to two molecules of latency associated peptide (LAP). LAP then binds a further protein,
known as latent TGF-β binding peptide (LTBP), which interacts with extracellular matrix (ECM) via its N-terminus.

A number of factors cause release of active TGF-β from the small latent complex, such factors
include proteases such as cathepsin D and plasmin (Lyons et al., 1988), integrin αvβ6 (Munger
et al., 1999) and nitric oxide (Metukuri et al., 2009). Upon activation, TGF-β is then free to bind
to TGF-β receptors, there are two main TGF-β receptors, named TGFβR1 and 2, these receptors
are serine/threonine kinases that exist as homodimers in the cell membrane (Figure 1-4) and
are present on most mammalian cell types (Kingsley, 1994).
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Figure 1-4. Basic TGF-β signalling pathway. TGF-β dissociates from latency associated peptide (LAP) and binds
to TGF-β receptor II. This interaction causes heterodimerisation of the two receptor subtypes I and II (R-I and R-II),
causing activation of receptor I. Receptor type I then causes phosphorylation of regulatory (R) Smads allowing them
to localise with common mediator (Co) Smads. This R/Co-Smad complex then translocates to the nucleus where it
can modulate gene transcription. Inhibitory (I) Smads can negatively regulate this pathway by competing for the
receptor or for Co-Smads (adapted from (Miyazono, 2000)).

TGF-β peptides have high affinity for TGFβR2, with no binding affinity for TGFβR1. Upon
binding of the ligand dimer to TGFβR2, this receptor co-localises with a TGFβR1 dimer to form
a large complex, consisting of two receptor homodimers (Figure 1-4), this interaction causes
activation of TGFβR1.
The main intracellular signalling pathway activated by TGFβR1 is the Smad pathway. Many
different types of Smad proteins exist and are classified into three groups known as regulatory
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(R), common mediator (Co) and inhibitory (I). The main R-Smads phosphorylated by TGFβR1
are Smad2/3, upon phosphorylation, these R-Smads form complexes with Co-Smads, with
Smad 4 being the only Co-Smad known to exist in humans. This Smad complex then
translocates to the nucleus, where it affects the transcription of mRNA for many different
cellular processes including cell growth and ECM production. I-Smads (Smad6/7) negatively
regulate TGF-β signalling by competing for interaction with either Co-Smad or the receptor
(Miyazono, 2000).
TGF-β1 has been shown to positively regulate expression of itself in a number of cells types,
including a human embryonic lung fibroblast line (MRC5s) (Van Obberghen-Schilling et al.,
1988). TGF-β1 mRNA expression was upregulated at 3 hours following treatment with TGFβ1, with this upregulated expression still maintained at 18 hours. The same study also
demonstrated the secretion of TGF-β1 protein by normal rat kidney (NRK) cells following
treatment with TGF-β1. If uncontrolled, due to low levels of I-Smad for example, this cycle of
positive regulation by TGF-β1 could easily lead to high levels of this cytokine in many organ
systems, including the lung.
TGF-β1 is a highly profibrotic cytokine and has been shown to play important roles in the
pathogenesis of IPF. TGF-β1 has been shown to be upregulated in epithelial cells and the subepithelial matrix in later stage IPF, the amount of TGF-β2 and β3, however, appears to be
unaffected (Khalil et al., 1996). It is important to note, however, that this study measured both
latent and active TGF-β and therefore the proportion of active TGF-β present may vary from
the total cytokine measured.
Khalil et al (Khalil et al., 2001) observed detectable levels of active TGF-β1 in the BALF of IPF
patients, whereas no active cytokine was observed in healthy control samples. Interestingly in
the IPF patients, higher levels of active TGF-β1 were observed in BALF from the lower
compared to upper lobes. This fits well with IPF disease progression, with the first clinical
features of the disease appearing in the lower lobes of the lung, highlighting the role of TGFβ1 in the pathogenesis of IPF. The same authors observed decreased expression of TGFβR1 in
all cells around areas of honeycomb cysts in IPF patients, except for interstitial fibroblasts that
expressed both receptor types. As downstream processes mediated by TGFβR1 include
decreased cell growth and increased ECM deposition, this reduced expression in epithelial cells
around honeycomb cysts allows for proliferation and regeneration of this cell type. The coexpression of receptors on mesenchymal cells promotes ECM deposition; this differential
expression in receptor levels in both cell types is likely to maintain the IPF lung in a constant
repair state.
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TGF-β exerts many of its profibrotic effects directly on fibroblasts; although this cytokine has
been shown to inhibit proliferation of most cell types, including human AECs (Fjellbirkeland et
al., 2003), it actually induces proliferation in fibroblasts via the induction of fibroblast growth
factor (FGF) -2 (Kay et al., 1998; Strutz et al., 2001). TGF-β1 also stimulates the release of PDGF
and tumour necrosis factor (TNF)-α by monocytes (McCartney-Francis et al., 1990), both of
which are mitogenic for fibroblasts, hence further promoting proliferation. Proliferation of this
cell type will inevitably lead to increased ECM deposition. Another mechanism by which TGFβ drives an increase in fibroblast population is via epithelial mesenchymal transition (EMT),
TGF-β1 demonstrates the ability to induce EMT in rat (Willis et al., 2005) as well as human
(Kasai et al., 2005) AECs, marked by an increase in α-smooth muscle actin (α-SMA) staining.
TGF-β not only promotes an increased population of fibroblasts, but also stimulates fibroblasts
to increase ECM production, both TGF-β1 and β3 were shown to increase collagen production
in HLFs (Eickelberg et al., 1999), another study also demonstrated that TGF-β1 increased the
expression of collagen I and fibronectin in human serosal fibroblasts (Mulsow et al., 2005).
One study demonstrated the ability of both TGF-β1 and β3 to decrease MMP-1 and increase
MMP-2 expression in HLFs (Eickelberg et al., 1999). Both of these changes are important in
driving a profibrotic state in the pulmonary environment, a decrease in MMP-1 production will
lead to a reduction in collagen degradation, contributing to fibrosis. Collagen IV, an integral
component of epithelial cell basement membrane is a known substrate for MMP-2 (Zeng et al.,
1999). Increases in the expression of this MMP is likely to cause high degradation of the
basement membrane, and to trigger the wound healing response (see section 1.4.1). Repeated
degradation of the basement membrane may lead to the dysregulated wound healing response
observed in IPF, where the lung undergoes repeated cycles of damage and repair. Further
research into the effects on MMP-1 expression also demonstrated a decrease in the expression
of this MMP in response to TGF-β in human dermal fibroblasts (Yuan and Varga, 2001), this
effect was also likely mediated by the Smad pathway.
The effects of TGF-β on MMP-1 expression, however, do appear to be controversial; in contrast
to the findings in the two studies described above, Asano et al observed an increase in both
MMP-1 and MMP-2 in response to TGF-β1 in HLFs (Asano et al., 2010). An increase in MMP-1
may also be capable of promoting a fibrotic environment, as excess degradation of collagen I
and III may lead to increased and dysregulated deposition of these collagens by fibroblasts, a
feature which is characteristic of fibrosis. Also, as discussed in section 1.2.2, upregulation in
MMP-1 expression in IPF may actually be responsible for honeycombing features of the
disease, rather than the fibrosis itself.
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The evidence supporting the increase in MMP-2 in response to TGF-β1 appears to be
resounding, with further investigations supporting this finding in both human dermal (Lee et
al., 2010) and gingival (Overall et al., 1989) fibroblasts. The induction of MMP-2 by TGF-β1 may
play an important role in further activation of latent TGF-β1. Yu and Stamenkovic (Yu and
Stamenkovic, 2000) observed that both membrane bound MMP-9 and MMP-2 have the ability
to cleave and therefore activate latent TGF-β1. This suggests another positive feedback loop
upon which TGF-β1 is able to cause further activation of itself and therefore drive a profibrotic
environment. This finding also further demonstrates the profibrotic nature of MMP-2.

1.4
1.4.1

Fibroblasts
Fibroblasts in normal epithelial repair

It is thought that fibrogenesis associated with IPF is caused either by long-term exposure to
tissue damaging irritants, or by dysregulation of the normal wound healing response (Wynn,
2011). In normal response to injury (shown in Figure 1-5) fibroblasts and circulating fibrocytes
are recruited to the site of injury where many differentiate into myofibroblasts.

Figure 1-5. Wound healing response. Upon initial injury (1), leukocytes are recruited to the site of damage (2).
These cells release a number of cytokines inducing fibroblast recruitment, proliferation and activation (3), activated
myofibroblasts deposit extracellular matrix (ECM) (4), and then undergo apoptosis in healthy conditions. Failure to
apoptose can lead to excess ECM deposition and fibrosis. (Wynn, 2011).

Myofibroblasts are the main cells responsible for the deposition of ECM components
(fibronectin, collagen and proteoglycans etc). Myofibroblasts are contractile fibroblasts and
once deposition of the ECM is complete, myofibroblasts contract this matrix, bringing healthy
epithelial cells to the edge of the wound. These epithelial cells then migrate over the ECM
forming a new monolayer before re-differentiating into a functional epithelium.
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Upon ECM contraction in normal pulmonary conditions, β1 integrin on the fibroblast cell
surface acts as a mechanoreceptor, inducing dephosphorylation of focal adhesion kinase (FAK),
inactivating phosphotidylinositol 3-kinase (PI3K) and Akt and therefore initiating cell
apoptosis (Xia et al., 2004; Nho et al., 2005), as depicted in Figure 1-6.

Figure 1-6. Intracellular signalling in fibroblasts important in ECM and β1 integrin interaction. β1 integrin
interactions with ECM in either the contracted or non-contracted state induces differences in the phosphorylation
of focal adhesion kinase (FAK) and eventually protein kinase B (Akt), initiating either apoptosis and cell cycle arrest
via FoxO3a or cell proliferation and protein synthesis via mTOR1 signalling.

1.4.2

Fibroblasts in idiopathic pulmonary fibrosis

As mentioned briefly, patients with IPF have high number of fibroblasts within the lung, which
accumulate in areas known as fibroblastic foci (Figure 1-1). As fibroblasts and myofibroblasts
are responsible for the deposition of ECM, they are important cells in the progression of IPF
disease, and are a widely studied cell population.
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There are a number of factors that may influence this increased population of fibroblasts in the
IPF lung. AECs from IPF patients have been shown to be susceptible to apoptosis (Guinee et
al., 1997); high alveolar cell death means higher numbers of fibroblasts are recruited to the site
of damage to aid the normal repair response. These fibroblasts can be recruited, either from
the circulation or from a resident fibroblast population in the lung. Another source of
fibroblasts is from EMT, where differentiated epithelial cells undergo conversion into
fibroblasts and myofibroblasts. EMT has been found to be an important process in IPF, and (as
mentioned in section 1.3) TGF-β has been found to be a major inducer of EMT in a number of
different tissues including the lung (Crosby and Waters, 2010). TGF-β is also thought to play
other important roles in tissue repair such as activation of matrix formation, by increasing
fibroblast expression of fibronectin and collagen (Sacco et al., 2004). TGF-β also causes
activation of FAK and Akt in fibroblasts (Figure 1-6), both of which are components of antiapoptotic pathways (Horowitz and Thannickal, 2006). Myofibroblasts from IPF patients have
also been shown to be resistant to FasL induced apoptosis (Moodley et al., 2004).
As mentioned in section 1.4.1, once wound healing is complete, contraction of the ECM induces
fibroblast apoptosis in normal pulmonary conditions. However, it has been shown recently that
IPF cells are resistant to this mechanically induced apoptosis, due to unusually low levels of
PTEN in turn leading to higher Akt activity (Nho et al., 2013) and protection against apoptosis
(Figure 1-6). Abnormalities in this pathway have also been shown to drive proliferation of IPF
fibroblasts cultured on collagen I matrices (Nho et al., 2011). These anti-apoptotic
characteristics may lead to an excess population of fibroblasts in this patient group; however
observations in this area vary, with fibroblasts from IPF lung shown to have a higher number
of spontaneously apoptotic cells in culture (Ramos et al., 2001).
Fibroblasts cultured from IPF lung have also been shown to have higher staining of the
myofibroblast marker α-SMA than healthy fibroblasts (Ramos et al., 2001; Moodley et al., 2004;
Bocchino et al., 2010), providing further evidence for higher numbers of myofibroblasts in this
patient population. As myofibroblasts are highly profibrotic, increased number of these cells is
likely to lead to elevated collagen production by IPF fibroblasts compared to control cells,
which has been confirmed in culture (Ramos et al., 2001; Bocchino et al., 2010).
Proliferation rates of fibroblasts from fibrotic human lung have also been shown to differ to
those of HLFs (Raghu et al., 1988), fibroblasts from patients with early fibrosis with alveolitis
demonstrate highly upregulated growth rates compared to control, whereas growth of
fibroblasts from densely fibrotic tissue was markedly impeded. Another investigation (Jordana
et al., 1988) also illustrated the difference between healthy and fibrotic lung fibroblasts, with
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high rates of proliferation observed in the fibrotic phenotype. These fibroblasts were also taken
from patients with early stage fibrosis (3-12 months since onset of symptoms). In contradiction
to Jordana et al, Ramos et al (Ramos et al., 2001) observed a reduced growth rate in fibroblasts
from IPF lung, although the disease state in this patient population was likely to be progressed
(22 ± 6 months after onset of symptoms). These observations indicate that the highly
proliferative fibroblast phenotype may be responsible for driving the initial fibrotic response
and disease progression, but may become less important in later, more fibrotic stages of the
disease.
Interleukin (IL)-6, a cytokine involved in inflammation, is released by fibroblasts in response
to a number of profibrotic substances, including TGF-β and PDGF. It has been demonstrated
that IL-6 inhibits proliferation of HLFs, but is actually mitogenic for fibroblasts derived from
IPF lung (Moodley et al., 2003b). This again highlights the differences in the proliferative
response between the two phenotypes. As TGF-β is upregulated in IPF lung, this is likely to
induce IL-6 release from IPF fibroblasts, and hence further drive proliferation in this cell type.
The same group (Moodley et al., 2003a) also demonstrated differential effects of IL-6 on
fibroblast apoptosis, with IL-6 enhancing Fas-induced apoptosis in HLFs and inhibiting this
apoptosis in IPF derived fibroblasts. The effects of IL-6 on both proliferation and apoptosis are
likely to contribute to the increased fibroblast population observed in the IPF lung.
It has also been demonstrated more recently, that the ECM in the pulmonary environment can
have a direct effect on fibroblast function. Marinković et al (Marinković et al., 2013) cultured
both healthy and IPF fibroblasts on surfaces with varying stiffness that spanned the range of
healthy and fibrotic lung matrix. Both fibroblast phenotypes demonstrated increasing basal
proliferation rates on stiffer matrices, with HLFs proliferating at a much higher rate than IPF
cells on these surfaces. The same study also illustrated increased contractile ability of both cell
phenotypes on stiffer matrices (representative of later stage lung fibrosis), with IPF cells
demonstrating higher contractile capability that healthy cells. This increased contractile ability
is indicative of higher numbers of profibrotic myofibroblasts, although the levels of α-SMA
were not investigated. Interestingly, no differences in fibroblast function were observed
between the two phenotypes when cultured on the ‘softer’ matrices, representative of healthy
lung parenchyma.
These results fit well with the proliferative differences observed between healthy and IPF
fibroblasts discussed earlier. Increasing matrix stiffness (as observed in later stage IPF)
appears to cause decreased proliferation and increased contractile function of IPF fibroblasts
compared to healthy controls, indicating a higher proportion of the contractile myofibroblasts
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phenotype in these cultures. These results indicate that the ECM itself may be responsible for
promoting the IPF phenotype, creating a feedback loop, leading to progressive ECM deposition
and worsening of disease.
Fibroblasts, more importantly myofibroblasts, are the main cells responsible for the deposition
of ECM in response to epithelial injury, and play an important role in repairing and remodelling
the pulmonary environment. These basic and very important functions of fibroblasts and their
potential dysregulation in IPF, make these cells an interesting therapeutic target for the
treatment of this disease.

1.5

Renin-angiotensin system

There are many processes that are abnormally regulated in the fibrotic lung; however, the
factors responsible for initiating and driving these profibrotic mechanisms remain unknown.
Peptides of the renin-angiotensin (RAS) system (primarily angiotensin (ANG) II) have recently
been implicated in the pathogenesis of IPF; the RAS is discussed in more detail below.
1.5.1

Basic renin-angiotensin system

The RAS (depicted in Figure 1-7) is one of the most widely studied hormonal systems and plays
an important role in the regulation of blood pressure, and fluid and electrolyte balance
(Schwacke et al., 2013). The primary precursor component of the RAS is angiotensinogen
(AGT), this is an α2-globulin consisting of 452 amino acids (Eggena et al., 1976). The 10 amino
acid peptide ANG I, is cleaved from the N-terminus of AGT by renin (Schwacke et al., 2013).
Two further amino acids are cleaved from the C-terminal end of ANGI by ANG converting
enzyme (ACE) or chymase to produce ANGII. ANGII is the most widely studied peptide of the
RAS and is the endogenous ligand for both ANG receptor 1 and 2 (AT1R and AT2R respectively)
(de Gasparo et al., 2000).
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Figure 1-7. The basic renin angiotensin system. The enzymatic formation and molecular weights of the main
angiotensin peptides, ANGI, ANGII and ANG(1-7) and their binding sites.

ANGII acts to cause vasoconstriction via binding to AT1R and vasodilation via binding to AT2R.
ANGII also stimulates the adrenal cortex to release the hormone aldosterone, which causes
reabsorption of sodium (and hence water) by the kidney, acting to increasing blood pressure
(de Gasparo et al., 2000). The enzyme ACE2 further cleaves ANGII to ANG(1-7) (Tipnis et al.,
2000) which is the endogenous ligand for the recently characterised G-protein coupled
receptor (GPCR) Mas (Santos et al., 2003b) (Figure 1-7). ANG(1-7) is a vasodilatory peptide,
acting via Mas to oppose the effects of ANGII (Benter et al., 1993).
1.5.2

Peptides and receptors of the renin-angiotensin system

The RAS peptide family consists of many more peptide fragments than the well known, ANGI,
ANGII and ANG(1-7). Schwake et al (2013) detected 20 different peptide fragments that were
composed of five or more amino acids, nine of which are shown in Figure 1-8 (the peptides in
colour indicate peptides that were investigated in the current study). The authors also
proposed that ACE, ACE2, chymase, neprilysin (NEP), and aminopeptidases (AP) A and N are
the main proteolytic enzymes responsible for the breakdown of ANG peptides.
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Figure 1-8. ANGII and related peptides. Diagram showing the enzymatic formation of ANGII and related peptides,
adapted from (Schwacke et al., 2013). ACE – Angiotensin converting enzyme, NEP – Neprilysin, AP –
Aminopeptidase,
= Aspartic acid, = arginine,
= valine, = tyrosine,
= isoleucine,
= histidine,
=
proline, = phenylalanine,
= leucine.

As mentioned previously, ANGII is cleaved to ANG(1-7) by ACE2. Another substrate for ACE2
is ANGI, with one amino acid cleaved to form ANG(1-9), ANG(1-9) itself is then cleaved by ACE
to form ANG(1-7) (Donoghue et al., 2000), providing an alternative pathway for the production
of this peptide. As mentioned above, ANG(1-7) acts via the Mas receptor to oppose the effects
of ANGII. This is not the only mechanism by which ANG(1-7) opposes the actions of ANGII,
ANG(1-7) is also a substrate for ACE and therefore competes with ANGI. ANG(1-7) has been
shown to completely inhibit ACE in human plasma and atrial tissue (Roks et al., 1999), which
would lead to reduced ANGII production and thus prevent increases in blood pressure. ACE
also degrades bradykinin, a vasodilatory peptide, therefore ANG(1-7) can also compete with
this peptide, prolonging its presence in the blood and enhancing its vasodilatory properties
(Tom et al., 2001).
Other peptides derived from ANGI include ANGIII, ANGIV, ANG(3-7) and ANG(1-5); the
circulating plasma concentrations for most of these peptides can be found in Table 1-3. Of the
nine peptides depicted above, most have been shown be biologically active. Although ANG(15) is widely regarded to be biologically inactive (Schwacke et al., 2013), this peptide has been
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shown to inhibit ACE with similar potencies to that of ANGI (Roks et al., 1999). However,
ANG(1-5) did not affect arterial contractions in the same investigation.
Peptide

Human plasma concentration (pM)

ANGI (1-10)

19.5±2.4 – 304±43

ANGII (1-8)

13.9±2.0 - 32±6.0

ANGIII (2-8)

2.9±1.0

ANGIV (3-8)

>30

ANG(1-7)

1.0±0.2

ANG(1-9)

<2.1

Table 1-3. Circulating plasma concentrations of angiotensin peptides. Values from normotensive male subjects
(Lawrence et al., 1990; Matsui et al., 1999).

ANGII is well known to bind to AT1R and AT2R; these receptors are class A (rhodopsin like)
GPCRs (Oliveira et al., 2007) with about 30% sequence identity (Kambayashi et al., 1993;
Hunyady et al., 2000). However, despite similarities in their basic structures, these two
receptors have been shown to act differently upon agonist binding. AT1R is rapidly internalised,
whereas AT2R remains on the cell surface (Thomas et al., 1996). Upon binding of ANGII to AT1R
the main signalling pathway is activation of phospholipase C (PLC), initiating inositol
phosphate responses and hence generating intracellular Ca2+ release (Figure 1-9). AT1R also
activates further intracellular signalling pathways such as stimulation of tyrosine kinase and
the JAK-STAT pathway; whereas AT2R binding stimulates tyrosine phosphatases and causes
apoptosis (Hunyady et al., 2000).
The binding characteristics of ANGII to AT1R are fairly well characterised, with Tyr4 and Phe8
important in both binding and agonistic properties of ANGII, by interacting with Asp111 and
His256 of AT1R respectively (Miura et al., 1999). The COOH terminal end of ANGII has been
shown to be essential for binding of this peptide, with ANG(5-8) shown to be the smallest COOH
terminal peptide to demonstrate inhibitory effects against

125[I]-ANGII

(Capponi and Catt,

1979). The same study also showed that in order to stimulate release of aldosterone from
canine adrenal medulla cells, Tyr4 was also required, demonstrating the need for this amino
acid in the activation of AT1R. Asp1 does not appear to be required for the activation of AT1R as
the COOH terminal peptide ANG(2-8) exhibited similar binding affinities for AT1R, and was also
capable of stimulating aldosterone release in a similar manner to ANGII.
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Figure 1-9. The signalling pathway involved in intracellular calcium release. Upon binding of ANGII to AT1R,
phospholipase C (PLC) is activated and cleaves phosphatidylinositol-4,5-bisphosphate (PIP2) to form inositol 1,4,5trisphospate (IP3) and diacyl glycerol (DAG). IP3 then binds to IP3 sensitive calcium channels on the smooth
endoplasmic reticulum (ER) surface to allow influx of calcium into the cell cytosol.

ANG(2-8) (otherwise known as ANGIII), produced by cleavage of ANGII, is another relatively
important peptide of the RAS. This peptide has been shown to have comparable functions to
ANGII, with elevated blood pressure and increased aldosterone release observed in humans
following ANGIII infusion (Suzuki et al., 1984). ANGIII also has a similar affinity to ANGII for
both AT1R and AT2R (Bosnyak et al., 2011). Table 1-4 lists the affinities of ANGII, ANGIII, ANGIV
and ANG(1-7) for different ANG receptors.
Peptide

AT1R

AT2R

AT4R

Mas

ANGII

7.92x10-9

5.22x10-10

1.10x10-5

5.33x10-8

ANGIII

2.11x10-8

6.48x10-10

N/A

4.52x10-7

ANGIV

>1x10-5

4.68x10-8

2.40x10-8

1.24x10-6

ANG(1-7)

>1x10-5

2.46x10-7

0.80x10-5

6.90x10-9

Table 1-4. Affinity of different angiotensin peptides at angiotensin receptors. All data shown are IC50 values
from competitive binding studies (Handa, 2000; Santos et al., 2003a; Bosnyak et al., 2011).

Specific ligand/receptor amino acid interactions responsible for ligand binding can be
identified using the methionine proximity assay (MPA), where site-directed mutagenesis
replaces specific amino acids in the receptor structure with a methionine (Met) residue. One
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amino acid of the peptide of interest (usually Val3 in the case of ANGII) is also replaced with pbenzoyl-l-phenylalanine (Bpa) to produce a photoreactive radiolabelled peptide (125ISar1Bpa3-ANGII). Bpa has been shown to have high selectivity towards binding Met residues
within physical proximity. Proteolytic cleavage of this Met residue with cyanogen bromide
causes detectable release of the radiolabelled peptide, and thus confirms binding of the peptide
to this residue, establishing this site as a ligand contact point. This method has been adopted
by Fillion et al, who have shown there to be at least 38 ligand/receptor contact points between
ANGII and AT1R. The authors used these results together with 15 ligand/receptor contact
points already determined by previous MPA studies, to perform homology modelling (Fillion
et al., 2013). The amino acid sequence of AT1R was fit to GPCR crystal structure templates of
bovine rhodopsin, human β2-adrenergic receptor and human chemokine receptor type 4
(CXCR4). Results from this showed extracellular loop 2 in AT1R to be important in the binding
of ANGII. A β-hairpin fold in this extracellular loop, together with two disulphide bridges, is
responsible for opening and shaping the ligand binding site (Fillion et al., 2013). The authors
also observed that ANGII adopted a vertical binding mode, allowing for multiple contacts along
the extracellular surface, as well as within the transmembrane domain of the receptor. Another
earlier study investigating the binding of ANGII to AT1R with MPA demonstrated Ile172 in
transmembrane domain 7 of AT1R as a ligand contact point (Boucard et al., 2000). This further
confirms the ‘extended’ structure of ANGII when binding AT1R, with contact points spanning
from extracellular loop 2, to transmembrane domain 7.
Further publications using conventional x-ray crystallography and site-directed mutagenesis,
investigated the binding of ANGII and the AT1R inverse agonist olmesartan to AT1R (Zhang et
al., 2015a). Tyr35, Trp84 and Arg167 of AT1R were shown to be essential for the binding of both
olmesartan and ANGII. Displacement of [125I]-olemartan from different AT1R mutants by other
AT1R inhibitors such as candesartan and telmisartan demonstrated that these ligand/receptor
contact points were conserved amongst all the inhibitors tested. The same group also studied
the binding of the AT1R antagonist ZD7155 by crystallography in another publication (Zhang
et al., 2015b). This antagonist was also shown to adopt a similar binding mode to olmesartan,
with the binding pocket for both compounds consisting of residues from all seven
transmembrane domains, as well as from extracellular loops one and two, further
demonstrating a conserved binding pocket for AT1R antagonists.
There is also evidence to support the existence of an AT4 receptor, AT4R is a transmembrane
insulin-regulated aminopeptidase (IRAP). ANGIV is thought to be the main ligand for AT4R,
with this peptide causing vasodilation via this receptor (Patel et al., 1998). ANG(3-7) has also
been shown to bind to this receptor with relatively high affinity (Handa, 2000). AT4R
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expression has been shown in many physiological systems such as the heart, kidneys and on
vascular smooth muscle (Paul et al., 2006), expression has also been illustrated in porcine
pulmonary aortic endothelial cells, indicating a presence of this receptor in the lung (Patel et
al., 1998).
The actions of ANG(1-9) have been more recently investigated, and this peptide has been
shown to exert functions that potentially oppose those of ANGII. Cha et al (Cha et al., 2013)
found that ANG(1-9) induced atrial natiuretic peptide release in isolated rat atria via AT2R,
implicating the importance of ANG(1-9) in vasodilation. ANG(1-9) has also been shown to
protect against hypertrophy in cardiomyocytes, again via AT2R (Flores-Muñoz et al., 2011),
further demonstrating the protective effects of this peptide.
As mentioned previously, the Mas receptor has recently been characterised as an endogenous
receptor for ANG(1-7). Gironacci et al (Gironacci et al., 2011) investigated the early fate of the
Mas receptor upon binding by ANG(1-7). This group demonstrated both a time and dose
dependent reduction in receptor sensitivity to ANG(1-7), indicating internalisation of the Mas
receptor. In an agonist free environment, Mas was mostly located on the cell membrane and
the endoplasmic reticulum of human embryonic kidney (HEK)-293T cells, but began to
relocate to intracellular vesicles within five minutes of stimulation with 1µM ANG(1-7). By 10
minutes, half of the Mas receptor had undergone endocytosis with this effect partially inhibited
by the Mas antagonist A-779.
There is also emerging evidence to suggest that a second ANG(1-7) receptor subtype exists. In
the aorta of Sprague-Dawley rats it was demonstrated that the vasodilatory effects of ANG(17) were not inhibited by the addition of A-779; this vasodilatory effect was, however, blocked
by the addition of D-Pro7-ANG(1-7). This indicates that D-Pro7-ANG(1-7) and A-779 are acting
on two separate receptor populations, and that ANG(1-7) was causing vasodilation via a
receptor population separate from the Mas receptor (Silva et al., 2007). Another study looking
at hepatic perfusion pressure in rats, showed inhibition of ANGII induced increases in
perfusion pressure in the presence of ANG(1-7). This vasodilatory effect of ANG(1-7) was once
again inhibited by D-Pro7-ANG(1-7) but not A-779, indicating a novel receptor population for
ANG(1-7) (Herath et al., 2013), although this effect is currently rodent specific and has not yet
been documented in humans.
This separate ANG(1-7) receptor population could be attributed to Mas-related G proteincoupled receptor member D (mrgD). ANG(1-7) has been shown to activate this receptor in
transfected COS (fibroblast like cells) and HEK293 cells (Gembardt et al., 2008). Other more
novel members of the RAS peptide family have also been shown to bind to mrgD. Alamandine,
a peptide very similar in structure to ANG(1-7), has been shown to have similar effects to
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ANG(1-7) upon binding to mrgD (Lautner et al., 2013). The only difference between these two
peptides is the replacement of the N-terminal alanine in ANG(1-7) with an aspartate residue.
Lautner et al demonstrated a relaxation in mouse aortic rings in response to both ANG(1-7)
and alamandine. Interestingly the relaxation in response to ANG(1-7) was inhibited by both A779 and D-pro7-ANG(1-7), but the response to alamandine was only inhibited by D-pro7ANG(1-7). The role of mrgD in these alamandine induced effects was confirmed by binding
studies with fluorescently labelled alamandine. Binding was observed in mrgD transfected
CHO cells that was blocked by both D-pro7-ANG(1-7) and β-alanine, which is a known agonist
for mrgD (Milasta et al., 2006). The results from this study indicate that ANG(1-7) is able to
bind both Mas and mrgD to induce vasorelaxation and that alamandine is only capable of
binding to mrgD to induce the same effects.
Alamandine is known to be formed by two distinct mechanisms, one is the direct
decarboxylation of the ANG(1-7) N-terminal alanine. The other is by cleavage of another novel
ANG peptide, ANG A, by ACE2. Both of these mechanisms were demonstrated in the Lautner et
al study described above. ANG A is a peptide similar in structure to ANGII, with the N terminal
alanine replaced with an aspartate molecule, the same difference that is observed between
ANG(1-7) and alamandine. ACE2 can cleave the C-terminal phenylalanine of ANG A to form
alamandine.
The presence of ANG A in human serum was first reported by Jankowski et al (Jankowski et al.,
2007). The formation of this peptide was shown to be via decarboxylation of Ala 1. ANG A was
also shown to cause vasocontriction in isolated rat kidney (although at a lower level to that
observed with ANGII), via AT1R dependent mechanisms. This peptide has also been shown to
cause increases in blood pressure in Wistar rats, in similar manner to ANGII. The effects of both
of these peptides on blood pressure were blocked by the AT1R antagonist losartan (Coutinho
et al., 2014).
1.5.3
1.5.3.1

Inhibitors of the renin angiotensin system.
Angiotensin receptor 1 antagonists

As AT1R is an extremely important receptor involved in vasoconstriction and blood pressure
regulation, many AT1R receptor antagonists are clinically available for the treatment of
hypertension. This class of drugs all share the common suffix ‘sartan’ and there are many
available compounds in this family, such as losartan, olmesartan and candesartan.
Telmisartan is another member of this class, and is the AT1R antagonist chosen for use in the
current investigation. Telmisartan is a potent antagonist, preventing binding of [125I]-ANGII to
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intact rat VSMCs with an IC50 of 9.2 ± 0.8 x10-9 M. An even higher potency for AT1R was observed
in VSMC membrane preparations, with an IC50 of 2.9 ± 0.5 x10-9 M. [H3]-telmisartan was also
shown to reach equilibrium with AT1R approximately one hour after addition to intact rat
VSMCs (Maillard et al., 2002).
Telmisartan demonstrates a clear competitive profile when added simultaneously with a
competing agonist (such as ANGII), with a clear rightward shift in the ANGII dose response
curve observed in the presence of telmisartan. However, telmisartan also demonstrates
insurmountable antagonism, causing a reduction in the maximal response to ANGII and this
occurs when cells are preincubated with the antagonist prior to ANGII addition. This
insurmountable antagonism appears to be due, at least in part, to slow dissociation of
telmisartan from AT1R, with a dissociation half-time of approximately 75 mins. The addition of
other competing agonists (ANGII) or antagonists (candesartan, losartan) did not affect this
dissociation half-time. (Maillard et al., 2002).
Telmisartan was shown to specifically antagonise AT1R in rat lung tissue preparations against
[125I]-ANGII, losartan was also shown to cause complete displacement of the radioligand in
these preparations, whereas the AT2R antagonist PD-123319 (discussed below) had no effect.
In contrast, neither telmisartan nor losartan inhibited [125I]-ANGII binding to rat adrenal
medulla tissue preparations, but PD-123319 caused complete inhibition of radioligand
binding. These results show that telmisartan does not antagonise AT 2R (Wienen et al., 1993).
Telmisartan was also shown in the same study to have no effect on either renin or ACE activity.
1.5.3.2

Angiotensin receptor 2 antagonists

AT2R is less clinically exploited than AT1R and therefore few characterised antagonists are
targeted to this receptor. One available antagonist for this receptor is PD-123319 (also named
EXP655), one of the first studies investigating the selectivity of this non-peptide compound
was performed by Chiu et al, in the rat adrenal cortex (Chiu et al., 1989). EXP655 (as this
compound was currently known at the time) was shown to inhibit 20% of the binding of [125I]ANGII, while Dup753 (AT1R antagonist) blocked 80% of [125I]-ANGII binding, indicating these
compounds were acting on two distinct receptor sites. Further experiments performed in rat
adrenal medulla showed that EXP655 blocked 90% of [125I]-ANGII binding with an IC50 of 3 x
10-8M.
EXP655 was also synthesised in 1991 by Blankley et al (Blankley et al., 1991), who renamed
this compound PD-123319 (as it is mostly known today). Following the blocking of AT1R, PD123319 was shown to antagonise binding of ANGII to the remaining receptor population with
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an IC50 of 3.4 x 10-8M. This was a similar value to that obtained by Chiu et al above. This
compound was also shown to have no antagonistic effects on other receptor systems such as
α1 or α2 adrenergic receptors, dopamine or muscarinic receptors. Most importantly, PD123319 did not demonstrate any inhibitory actions against ACE. PD-123319 also did not inhibit
ANGII induced contractions in rabbit aortic preparations, indicating that this compound has no
antagonistic effects on AT1R.
1.5.3.3

Mas receptor antagonists

The Mas receptor was defined as a receptor for ANG(1-7) fairly recently in 2003 (Santos et al.,
2003b). Prior to this discovery, work from the same group also characterised a specific
antagonist against ANG(1-7) (Santos et al., 1994), this antagonist was d-ala7-ANG(1-7), or as it
is better known, A-779. This antagonist was shown to inhibit many of the in vivo effects of
ANG(1-7), such as antidiuretic effects and changes in blood pressure. Also, A-779 did not
significantly compete with [125I]-ANGII in adrenal cortical membrane preparations, even at a
concentration of 1µM. A-779 also did not affect contractile effects of ANGII, bradykinin or
substance P in rat ileum. Indicating that this antagonist is extremely selective for ANG(1-7)
(Santos et al., 1994).
In Mas transfected CHO cells, A-779 was shown to antagonise binding of [125I]-ANG(1-7) with
an IC50 of 0.3nM in whole cell preparations. Neither AT1R or AT2R antagonists (CV-11974 or
PD-123319 respectively) competed with [125I]-ANG(1-7) for the Mas receptor (Santos et al.,
2003b). More recent studies have further demonstrated the lack of affinity of A-779 for both
AT1R and AT2R, with minimal displacement of the non-specific antagonist [125I]-Sar1Ile8-ANGII
from HEK293 cells transfected with either receptor. IC50 values of greater than 1 x 105 M were
reported for A-779 against both receptor types (Bosnyak et al., 2011).
1.5.3.4

Angiotensin converting enzyme inhibitors

Angiotensin converting enzyme (ACE) is important for the endogenous production of ANGII
and is therefore another important therapeutic target for the treatment of hypertension. There
are many clinically available ACE inhibitors that belong to the drug family with the common
suffix ‘pril’. Compounds from this class include lisinopril, enalapril and ramipril.
The ACE inhibitor chosen for use in the current investigation is captopril. Captopril has been
shown to inhibit ACE activity with an IC50 of 16.71µM when the competing substrate is ANGI
(Ben Henda et al., 2013). Captopril has also been shown to inhibit binding of another inhibitor
(ramiprilat) to ACE in a number of rat tissues, with the IC50 of captopril ranging from 2.86 ±
0.22 x107 M (rat lung) to 10.85 ± 2.96 x107 M (rat kidney cortex) (Grima et al., 1991).
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Captopril also exerts many actions that are RAS independent. ACE is also known to degrade
bradykinin (Hornig et al., 1997), therefore some of the vasodilatory effects of ACE inhibitors
(such as captopril) have been attributed to the prolonged vasodilatory effects of bradykinin via
binding to the B2-receptor. Captopril has also been shown to inhibit prolidase (Ganapathy et
al., 1985), an enzyme important in collagen resynthesis. Captopril has been shown to inhibit
rat prolidases with a Ki (inhibitory constant) of 25-35µM (Ganapathy et al., 1985). Human skin
fibroblasts deficient in prolidase have been shown to have impaired collagen production
(Dolenga and Hechtman, 1992).

1.6

Angiotensin peptides in the pathogenesis of IPF

There is a large body of evidence indicating the existence of a local RAS in the pulmonary
environment. High expression of the two main RAS enzymes ACE and ACE2 has been
demonstrated in the lung. ACE is highly expressed in the alveolar capillary endothelium (Orte
et al., 2000), and ACE2 expression has been illustrated in both airway epithelium and
parenchyma (Jia et al., 2005). The presence of locally expressed ACE is likely to lead to high
concentrations of ANGII, which when coupled with high pulmonary ACE2 expression could
lead to increased levels of ANG(1-7) and related peptides within the lung. High levels of RAS
peptides could feasibly affect the pathogenesis of many lung diseases including IPF. Differential
expression levels of these enzymes may also play important roles in the pathogenesis of IPF, Li
et al (Li et al., 2008) demonstrated a 92% and 74% reduction in levels of ACE2 mRNA and
enzyme activity respectively in IPF derived lung tissue, which is in turn likely to drive increased
levels of ANGII in the lungs of these patients.
1.6.1

Angiotensin II

The profibrotic characteristics of ANGII and its potential role in the pathogenesis of IPF have
been widely explored. Much of the evidence available for ANGII in IPF comes from in vivo
systems; elevated ACE levels in the BALF from IPF patients has been demonstrated (Specks et
al., 1990), which could feasibly lead to increased levels of ANGII in these patients (Figure 1-7).
Molteni et al (Molteni et al., 2007) also determined that two ACE inhibitors (captopril and
lisinopril) attenuated radiation induced pulmonary fibrosis in rats. Captopril has also been
shown to reduce AEC apoptosis and fibrosis in the bleomycin rat model of pulmonary fibrosis
(Wang et al., 2000).
Further to ACE inhibitors, there is a large body of evidence demonstrating that AT1R
antagonists such as candesartan (Otsuka et al., 2004) and losartan (Yao et al., 2006) also
28

1. Introduction
attenuate bleomycin induced pulmonary fibrosis. Waseda et al (Waseda et al., 2008) not only
confirmed that AT1R antagonists protect against bleomycin induced fibrosis, but also indicated
a similar role for AT2R antagonists, with PD-123319 reducing lung fibrosis in a similar manner
to the AT1R antagonist olmesartan. Lung samples obtained from IPF patients also showed an
upregulation in both AT1R and AT2R mRNA levels when compared to healthy donor tissue,
further indicating a role for these receptors in IPF disease progression (Königshoff et al., 2007).
Although the benefit of blocking both ANGII production and its receptor mediated effects is
evident, there is little investigation into the individual profibrotic mechanisms exerted by this
peptide in vivo. However, there are a number of in vitro studies investigating the effects of
ANGII on individual cell types, most notably, the pulmonary fibroblast.
ANGII has been shown to induce proliferation in HLFs and mouse lung fibroblasts (Marshall et
al., 2000; Königshoff et al., 2007). Marshall et al also suggested that this increase in cell
proliferation was at least in part due to ANGII induced TGF-β. This idea that ANGII may increase
TGF-β expression in HLFs was more recently confirmed (Uhal et al., 2007), and it was also
determined, by addition of a TGF-β1 neutralising antibody, that this cytokine was capable of
reducing fibroblast AGT expression. These results may indicate an autocrine feedback loop
involving TGF-β1 and ANGII. It was also confirmed that the mitogenic effect of ANGII on HLFs
was via AT1R, demonstrated by the addition of losartan (Marshall et al., 2000). Another study
also observed a link between ANGII and TGF-β1 release, this time in rat cardiac fibroblasts (Lee
et al., 1995). Treatment with ANGII increased TGF-β1 mRNA levels by four hours that was
maintained to at least 24 hours, also active TGF-β1 release by fibroblasts in response to ANGII
was not only detected but also neutralised by TGF-β1 antibody.
ANGII has also been shown to induce collagen synthesis in HLFs, and this was again shown to
be via binding to AT1R (Marshall et al., 2004), the same study also confirmed this in vivo; ANGII
levels in rat lung were elevated in response to bleomycin, correlating with an increase in lung
collagen production. Ramipril and losartan both significantly reduced these ANGII and lung
collagen levels. This ability of ANGII to increase collagen production both in vitro and in vivo
again appears to be at least partially due to TGF-β1 activation (Marshall et al., 2004). The
evidence for the effects of ANGII on HLFs is limited; however, many of the profibrotic actions
of ANGII have been extensively studied in human cardiac fibroblasts (HCFs). As with the
previous study in HLFs, ANGII has been shown to induce collagen synthesis in HCFs in a
number of studies (Hafizi et al., 1998; Chen et al., 2004), with this being demonstrated as an
AT1R dependent response (Hafizi et al., 1998; Hafizi et al., 2004). The observed effect of ANGII
on HCF proliferation in vitro appears to be highly variable, ANGII was shown to induce protein
synthesis in HCFs via AT1R but to have no effect on DNA synthesis or cell number (Hou et al.,
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2000), indicating that ANGII has no effect on fibroblast proliferation. This observation was
supported by further studies; Hafizi et al (Hafizi et al., 2004) showed that whilst ANGII induced
a dose-dependent increase in collagen production, fibroblast proliferation was unaltered.
However, in a number of other studies, ANGII has been shown to increase fibroblast
proliferation (Agocha et al., 1997; Kawano et al., 2000). The variability in the response to ANGII
is likely due to the difficulty in reproducing the in vivo environment, as cells cultured on plastic
are likely to behave in a different manner to those cultured in 3D matrices such as collagen gel.
Another cell type on which the effects of ANGII have been well characterised is the AEC. As
mentioned earlier, one of the main driving forces of IPF disease progression is thought to be
AEC apoptosis, causing a constant activation of the wound healing response and hence
increased ECM production.
Captopril has been shown to inhibit Fas-induced apoptosis in human AECs (Uhal et al., 1998),
further investigations demonstrated that ACE inhibitors blocked AGT induced apoptosis but
had no effect on apoptosis induced by purified ANGII (Wang et al., 1999). As ACE is a key
enzyme involved in the production of ANGII from AGT and is blocked by captopril, these
observations clearly indicate that the production of ANGII plays an important role in this
apoptotic pathway. Additional research from the same laboratory demonstrated that the ANGII
driven apoptosis was purely mediated by AT1R (Papp et al., 2002), with complete inhibition of
the apoptotic response observed in the presence of losartan.
Further evidence to suggest ANGII is involved in IPF disease progression comes from the
comparative studies between healthy and IPF lung tissue and fibroblasts. Uhal et al (Uhal et al.,
2007) demonstrated that IPF derived fibroblasts expressed AGT and TGF-β1 mRNA, at higher
levels than HLFs. IPF fibroblasts also produced higher levels of AGT, ANGII and TGF-β1 protein,
suggesting an upregulation of RAS activity in this cell population.
1.6.2

Angiotensin(1-7)

In contrast to ANGII, ANG(1-7) has been shown to exhibit antifibrotic properties, with a
number of in vivo studies providing evidence of the protective functions of ANG(1-7). Shenoy
et al (Shenoy et al., 2010) demonstrated an abrogation of bleomycin induced pulmonary
fibrosis, in rats treated intratracheally with either ANG(1-7) or ACE2 lentiviral delivered genes.
ANG(1-7) has also been shown to protect against fibrosis caused by lipopolysaccharide
induced lung injury (Chen et al., 2013), and that this protective effect was generated via binding
to the Mas receptor. These antifibrotic effects of ANG(1-7) were likely to be, at least in part, due
to altered TGF-β signalling as decreased levels of this cytokine were observed in ANG(1-7)
treated animals. This study, amongst others have shown that ANG(1-7) not only protects
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against the fibrotic response caused by lung injury, but also against acute lung injury (ALI)
itself.
The observation that ANG(1-7) is capable of modulating TGF-β signalling has been confirmed
in the in vitro setting. Morales et al (Morales et al., 2014) showed an increase in TGF-β mRNA
expression in mouse myoblasts in response to ANGII, they also demonstrated that ANG(1-7)
was capable of inhibiting this increased TGF-β expression and that this was via the Mas
receptor. A second study also showed the inhibitory effects of ANG(1-7) on both TGF-β mRNA
expression and secretion of active cytokine in rat proximal tubular NEK-52E cells, a reversal in
this inhibitory activity of ANG(1-7) was observed in the presence of the Mas antagonist A-779
(Chou et al., 2013).
As with ANGII, there are a number of studies investigating the effects of ANG(1-7) on
fibroblasts. However, most studies exploring these effects of ANG(1-7) have been performed
in rat cardiac fibroblasts, with an extremely limited number of investigations in human
fibroblasts. ANG(1-7) has been shown to decrease foetal calf serum (FCS) induced proliferation
and collagen production in rat fibroblasts (McCollum et al., 2012). The authors also concluded
that ANG(1-7) inhibited proliferation via the Mas receptor (by the addition of A-779); however,
the mechanism by which collagen synthesis was inhibited was not investigated. A second study
in rat cardiac fibroblasts (Iwata et al., 2005) again illustrated the antifibrotic effects of ANG(17), this peptide was shown not only to reduce baseline collagen production (in the absence of
serum), but also to inhibit ANGII induced collagen synthesis in this cell type. This group also
investigated the binding of [125I]-ANG(1-7) to rat cardiac fibroblasts and found a receptor
density of 131 fmol/mg, this population was likely to be the Mas receptor as specific binding
was displaced by A-779 and by increasing concentrations of ANG(1-7).
1.6.3

Related peptides

There is limited information on the potential roles of other ANG peptides in the pathogenesis
of IPF. As mentioned in section 1.5.2, ANG(1-9) has been shown to have opposing effects to
ANGII in a number of systems via binding to AT2R. Antifibrotic actions of ANG(1-9) have also
been demonstrated in rat cardiac fibroblasts (Flores-Munoz et al., 2012), with decreased
proliferation and downregulation of collagen I mRNA observed in the presence of this peptide.
Both of these ANG(1-9) mediated effects were blocked by the addition of PD-123319,
indicating that this peptide was again acting via AT2R.
ANGIII has been shown to upregulate TGF-β gene expression and to increase production of the
ECM component fibronectin in rat kidney fibroblasts (Ruiz-Ortega et al., 1998). This may
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suggest a profibrotic role of ANGIII, although this remains relatively unexplored. This peptide
has been shown to behave in similar manner to ANGII in a number of systems, causing
increased blood pressure and aldosterone release in humans (discussed in section 1.5.2), as
well as demonstrating similar affinities for AT1R and AT2R. These similarities with ANGII,
indicate that ANGIII is likely to have a similar role in IPF pathogenesis.
Proliferative effects of ANGIV have been demonstrated in rabbit cardiac fibroblasts (Wang et
al., 1995), with increases in DNA and RNA synthesis observed in the presence of this peptide.
The same group has also demonstrated the presence of AT4R in this cell type. In contrast to
these results, Marshall et al (Marshall et al., 2000) found no proliferative effect of ANGIV in a
study on a human foetal fibroblast cell line (HFL-1). Although as the latter study was not
performed in primary cells, care needs to be taken not to over compare these results.
Currently, investigations into the effects of ANG(1-5) and ANG(3-7) on fibroblasts are limited.
Also none of the studies discussed in this section were performed in primary human
fibroblasts, or in pulmonary fibroblasts. This indicates a need for more research in this area to
determine the potential effects, if any, of these peptide fragments in the pathogenesis of IPF.
1.6.4

Clinical Evidence for the role of the RAS in IPF

The clinical evidence for the effectiveness of RAS manipulation in IPF is limited, one small
clinical trial (Couluris et al., 2012) indicated that the AT1R antagonist losartan stabilised lung
function (% predicted forced vital capacity) in 12 of 17 IPF patients over the 12 month course
of the study. These results are promising and represent the need of a larger, placebo-controlled
clinical trial to investigate the effects of AT1R inhibition in IPF.
The evidence for the effectiveness of ACE inhibition in IPF does not appear to be as promising.
One study (Nadrous et al., 2004), although retrospective, found no beneficial effects of ACE
inhibitors in the mean survival time of IPF patients. The results of this study should not be
over-interpreted, however, as many factors could reduce the effectiveness of ACE inhibitors in
this setting. Although many factors were accounted for, such as smoking status, age and FVC,
patient compliance in taking their drug is a major limitation in this study. Also six different ACE
inhibitors were the focus of investigation, with many patients also likely to have been
prescribed varying drug concentrations.
The small number of clinical trials in this field, indicate the need for more investigations into
the clinical relevance of RAS manipulation in patients with IPF.
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1.7

Limitations of pulmonary fibrosis animal models

As mentioned in section 1.6.1, candesartan has been shown to reduce bleomycin induced
fibrosis in vivo, indicating that ANGII may induce fibrosis via this receptor (Otsuka et al., 2004).
Losartan has also been shown to attenuate bleomycin induced fibrosis in vivo (Yao et al., 2006).
However, both of these studies looked at the effects of bleomycin up to 21 days after a single
intratracheally administered dose. It has been demonstrated that the fibrosis induced by a
single dose of intratracheal bleomycin does not resemble human IPF (Borzone et al., 2001),
with the main reason being the reversible nature of the fibrosis induced in this model;
therefore care should be taken when extrapolating data from this model to the human disease
state.
There are several animal models of fibrosis available with a number of methods and substances
used to induce lung injury, these include bleomycin, FITC and irradiation. These models allow
for histological and biological changes during fibrosis to be observed; however, none are able
to replicate the complicated progressive nature of human IPF (Moeller et al., 2006). In these
animal models, the main aim is to attempt to prevent the formation of fibrosis or to completely
reverse it, and all these studies were performed in animals with the known ability to regenerate
their alveolar structures (Gauldie and Kolb, 2008). Therefore the fibrotic response begins to
reverse once the stimulus is removed and this does not appear to occur in humans (Moeller et
al., 2006). Also, humans do not usually present for treatment for the disease until chronic stage,
whereas animal models are mainly working to prevent fibrosis from developing (Gauldie and
Kolb, 2008). Another consideration to take into account with fibrosis animal models is the age
factor, with IPF not usually developing in humans until age 50 and above, whereas the animals
used in these models are usually used within a few weeks or months after birth, which again
may not provide a suitable comparison to the human disease (Gauldie and Kolb, 2008).
The irradiation model is a reliable method of inducing fibrosis, with the fibrotic response
dependent on the size and length of the radiation dose administered; this makes the model
extremely predictable and also closely mimics the long time frame required for induction of
fibrosis in humans. However, this advantage is also the model’s main practical disadvantage
(Moeller et al., 2006), with fibrosis taking more than 30 weeks to develop in some cases (Moore
and Hogaboam, 2008). This model is also extremely variable between strains of mice, with
C3H/HeJ and CBA/J being resistant to irradiation induced fibrosis and C57Bl/6 being prone to
irradiation induced fibrosis. There also appears to be gender based differences in this model
with female C57Bl/6 mice being more sensitive to fibrosis than males (Moore and Hogaboam,
2008).
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The bleomycin model is the most widely used fibrosis model today. Although there are a
number of advantages associated this model, such as a wide variety of administration routes
(intratracheal and intravenous etc) and with it being the most characterised animal model of
fibrosis with reproducible induction of fibrotic changes, there are also a number of
disadvantages with this model. The main one of which is the variability observed between
different mice strains and the reversible nature of the fibrotic response (Moore and Hogaboam,
2008). Balb/c mice show limited fibrosis in this model, while C57Bl/6 mice are more
susceptible to fibrosis. While the fibrotic response observed between days 14-21 after
intratracheal administration of bleomycin is quite reproducible, the fibrosis observed 28 days
post-dose becomes more variable, with many reports documenting a reversal of fibrosis after
this point, indicating that the disease may be self-limiting in mice (Moore and Hogaboam,
2008). As IPF is not reversible, this model may not be a particularly representative model of
the disease, and this reversal of the fibrotic response does not allow for the long-term study of
disease progression. Also whilst the bleomycin model is clinically relevant for patients
developing pulmonary fibrosis whilst undergoing chemotherapy, this model is not
representative of the idiopathic nature of IPF disease pathology.
As there are no real transferable models of human IPF, other methods to investigate
mechanisms of fibrosis are required. It is hoped that human, primary, pulmonary derived
fibroblasts in culture will allow for more accurate study of fibrotic mechanisms. The effects of
RAS peptides on this cell population will be the main focus of this thesis.

1.8

Aims

As there are very few studies investigating the effects of ANGII, ANG(1-7) and related peptides
on HLF activity, there are three main aims to this project:
1. To determine the effects of ANGII, ANG(1-7) and related peptides on fibroblast activity,
such as intracellular calcium release, collagen deposition and MMP production.
2. To determine any differences in the effects of ANG peptides on fibroblast activity
between healthy and IPF derived HLFs.

3. To investigate the ANG receptors present on HLFs, with the main focus on the Mas
receptor.
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We hypothesise that ANG receptors are present on HLFs and that there are differences in the
effects of ANG peptides on healthy and IPF derived fibroblasts. This may provide evidence for
the RAS being a useful beneficial therapeutic target for the future treatment of IPF.
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2.1

Materials.

Angiotensin peptides were from Bachem; Radioligands [125I]-[Sar1,Ile8]-ANGII, [125I]-ANG(1-7)
(Custom made) and [125I]-D-ala7-ANG(1-7) were from PerkinElmer; Cytoplasmic and
extracellular Anti-Mas (Rabbit IgG) were from Cambridge Biosciences; Alexa fluor 488™
conjugated Goat anti-Rabbit IgG and Hoechst dye were from Invitrogen; p44/42 MAPK
(ERK1/2) and phospho-p44/42 MAPK (ERK1/2) rabbit monoclonal antibodies were from New
England Biolabs; SupersignalTM west pico chemiluminescent substrate, PageRulerTM prestained
protein ladder and TMB chromagen solution were from Life Technologies; Ionomycin,
Saturated picric acid, collagen type I , protease inhibitor cocktail and standard experimental
reagents were from Sigma Aldrich; tissue culture reagents were from either GE healthcare, Life
Technologies or Sigma Aldrich; Plasticware was from greiner bio-one or BD-Biosciences.

2.2

Buffers and Reagents

All buffers were made up in distilled water unless otherwise stated.
2.2.1

Basic Buffers

PBS contained 137mM NaCl, 2.7mM KCl, 1.8mM KH2PO4 and 10mM Na2HPO4 ; PBS tween
contained PBS with 0.05% tween; Saline contained 155mM NaCl; Tyrodes buffer contained
1.8mM CaCl2, 5.6mM D-glucose, 2.7mM KCl, 1.05mM MgCl2, 137mM NaCl, 0.4mM NaH2PO4.
2.2.2

Cell Culture

GSK DMEM contained DMEM with 25mM HEPES, supplemented with 4mM L-glutamine, 100
units/ml penicillin, 100µg/ml streptomycin, 2.5µg/ml amphotericin B and 10% foetal calf
serum (FCS);
Soton DMEM contained DMEM supplemented with 2mM L-glutamine, 100 units/ml penicillin,
100µg/ml streptomycin, 1/100 dilution of commercially available non-essential amino acids
(GE healthcare), 1mM sodium pyruvate and 10% newborn calf serum (NCS).
Two different media compositions were used, depending on the previously existing cell culture
protocols at the stated institutions. This was the only reason for the differences between the
two types of media used in this project.
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2.2.3

FLIPR buffers

FLIPR buffer contained Tyrodes buffer supplemented with 20mM HEPES, 11.9mM NaHCO3,
500µM brilliant black, 2.5mM probenicid and 0.1% BSA and balanced to a pH of 7.4 with NaOH;
Loading Buffer contained FLIPR buffer with 2mM FLUO4-AM.
2.2.4

Collagen Assays

Sirius red contained 1mg/ml Sirius red dissolved in saturated aqueous picric acid; Bouins
fluid contained 15ml saturated picric acid, 5ml formaldehyde and 1ml glacial acid.
2.2.5

Zymography

Running buffer contained 0.325M Tris; 0.1% SDS with a final pH of 8.8; Stacking buffer
contained 0.125M Tris, 0.1% SDS, final pH of 6.8; Electrode buffer contained 25mM Tris, 0.1%
SDS, 0.192M glycine with a final pH of 8.3; Zymography sample buffer contained 125mM Tris,
0.2% SDS and 50% glycerol final pH of 6.8; Zymography wash buffer contained 20mM Tris,
2.5% Triton-X 100, with a final pH of 7.8; Ca2+ Zymography wash buffer contained 20mM Tris
10mM, CaCl2, 5µM ZnCl2 and 1% Triton-X 100 with a final pH of 7.8; Coomassie blue stain
contained 0.5% Coomassie blue, 45% Methanol, 10% acetic acid; Destain contained 10%
methanol and 10% acetic acid.
2.2.6

Western blotting

Resolving buffer contained 1.5M Tris base, final pH of 8.8; Stacking buffer contained 0.5M
Tris base, final pH of 6.8; Laemmli buffer (2X) contained 500mM Tris base, 138.7mM SDS,
522.4µM bromophenol blue and 20% v/v glycerol, final pH of 6.8; Running Buffer (5X)
contained 125mM Tris Base, 959.2mM glycine and 17.3mM SDS.
2.2.7

Radioligand Binding

HEPES buffer contained 50mM HEPES, balanced to pH 7.4 with KOH; Binding buffer
contained HEPES buffer with 0.1% BSA.
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2.3
2.3.1

Cell Culture
Isolating fibroblasts from human lung tissue.

Human lung samples were either obtained from patients undergoing lung resection surgery
for lung carcinoma at Southampton General Hospital (SGH) (Approved by Southampton and
South West Hants A ethical committee; NREC number 08/H0502/32), or from deceased organ
donors at GlaxoSmithKline [GSK]. Both IPF and non-fibrotic lung donors were available at GSK.
The human biological samples were sourced ethically and their research use was in accord
with the terms of the informed consents. Lung tissue was chopped into cubic fragments of
approximately 8mm3 and fibroblasts allowed to grow out over 10-14 days in DMEM, at 37°C
with 5% CO2 in 6-well plates. Fibroblasts were monitored closely to ensure that areas of over
confluency did not develop, if this began to occur then cells were passaged as normal into
25cm2 flasks (two wells of a 6 well plate were combined into one 25cm2 flask).
Cultured cells were shown to be fibroblasts by immunocytochemistry, with positive staining
for CD90 (anchoring protein expressed by many cell types including leukocytes, endothelial
cells and fibroblasts) and negative staining for CD45 (leukocytes) and epcam (epithelial cells).
Only a small proportion of fibroblasts stained positive for α-SMA, until 48 hour treatment with
9ng/ml TGF-β1 which induced positive staining in most cells, indicating a shift to the more
active myofibroblastic phenotype.
2.3.2

Cell maintenance

Fibroblasts were maintained in DMEM, at 37°C with 5% CO2, with media changed three times
weekly. Cells were grown to 90% confluency in 25cm2 flasks before trypsinisation and passage
into 75cm2 flasks. Once confluent, cell number was determined with either a haemocytometer
(at Southampton) or cell counter (chemometec nucleocounter NC-300) (at GSK) and plated out
at the cell density required for individual experiments. All experiments were performed in
fibroblasts at passage 3-8.

2.4

Fluorescence imaging plate reader

Fluorescence imaging plate reader (FLIPR) experiments were performed at GSK Stevenage.
Cells were seeded at 1x104 cells per well in clear bottomed, black-walled 96 well plates, grown
to confluency, and treated with 2ng/ml TGF-β1 (in serum free GSK DMEM) overnight before
starting the experiment. Pretreatment with TGF-β1 increases the Ca2+ release observed in the
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presence of ANGII (previously established at GSK), which was likely due to increased AT1R
expression (Renzoni et al., 2004).
All reagents for the experiment were diluted in FLIPR buffer.
Serum free DMEM was replaced with loading buffer and cells were incubated at 37°C for 1 hour
to allow the FLUO-4AM to enter the cell cytoplasm. Increases in the fluorescence of FLUO-4AM
indicates increases in cytoplasmic Ca2+ concentration.
Using a FLIPR tetra, 50µl of peptide was added to each well containing loading buffer.
Fluorescence was measured every 2 seconds for 3 minutes before simultaneous addition of
5mM MnCl2 and 5μM ionomycin (final concentrations), fluorescence was measured for a
further 3 minutes at 6 second intervals.

Figure 2-1. Diagrammatic representation of FLIPR experiment. The fluorescence emitted upon both peptide
and ionomycin/MnCl2 addition was recorded by a FLIPR tetra. Graph shows a typical trace plotted by the FLIPR
tetra, peaks represent high transient levels of intracellular calcium release upon peptide addition. This is an original
trace plotted from fluorescence values upon ANGII addition.

Addition of ionomycin raises intracellular Ca2+ levels causing saturation of FLUO-4AM (second
peak in Figure 2-1), which is then quenched by the high concentrations of Mn2+ ions. The value
of the fluorescent plateau reached after the addition of the MnCl2 mixture (Figure 2-1) was used
to calculate the changes in cytosolic calcium concentration over the course of the experiment,
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using the following equation, as previously described by Grynkiewicz et al (Grynkiewicz et al.,
1985).
[𝐹−𝐹𝑚𝑖𝑛]

[Ca2+] = 𝐾𝑑 × [𝐹𝑚𝑎𝑥−𝐹]
Equation 2-1. Calculation of Ca2+ concentration from fluorescent values. F is fluorescence; Kd is the dissociation
constant of FLUO-4AM binding to calcium and is known to be 345nM. Fmax and Fmin are the maximum and minimum
fluorescence intensities possible when FLUO-4AM is saturated with calcium (Fmax) and when FLUO-4AM is in a
calcium free environment (Fmin).

MnCl2 does not completely quench the FLUO-4AM signal, but does reduce fluorescence to a
consistent level each time. This value is used to calculate Fmin and Fmax, using correction factors
that were previously determined at GSK (as shown below).

𝐹𝑚𝑖𝑛 =

𝐹𝑀𝑛𝐶𝑙2
8.3

𝐹𝑚𝑎𝑥 = 𝐹𝑀𝑛𝐶𝑙2 × 9.4
Equation 2-2. Equation for calculation of Fmin and Fmax. The correction factors shown above can be used to
calculate the minimum and maximum fluorescence of FLUO-4AM (Fmin and Fmax respectively).

Background fluorescence (the level of free FLUO-4AM that remained in the supernatant) was
calculated by adding loading buffer to four wells of cells, incubating for 1 hour and transferring
the supernatant to four empty wells containing no cells. The average background fluorescence
was then subtracted from the fluorescent values of the experiment.

2.5

Western blots

Fibroblasts were seeded at a density of 4x105 per well in a 6 well plate and incubated at 37°C
with 5% CO2 overnight in Soton DMEM.
Prior to treatment, HLFs were serum starved for 30 minutes in hanks balanced salt solution
(HBSS) containing Mg2+ and Cl-. Cells were treated with varying concentrations of ANGII or with
H2O2 (as a positive control) for 10 minutes and lysed with Laemmli buffer containing 40mM
DL-Dithiothreitol (DTT). Lysate was denatured by boiling, and 30µl of each sample was run at
100v for approximately 2 hours, through a 10.6% acrylamide, 0.02% SDS resolving gel with a
4% acrylamide 0.1% SDS stacking gel poured on top. Molecular weight marker (PageRulerTM)
was run alongside samples.
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Protein bands were then transferred to nitrocellulose membrane under a current of 300mA for
1.5 hours, between blotting pads soaked in running buffer containing 20% methanol.
Membranes were then blocked with 3% milk protein in 0.5% PBS tween before overnight
incubation at room temperature with primary antibody. Membranes were then washed with
0.5% PBS tween, prior to a 1 hour incubation at room temperature with secondary HRP
conjugated antibody (goat anti-Rabbit). Membranes were then washed 3 times in 0.5% PBS
tween and treated with SupersignalTM west pico chemiluminescent substrate for 2 mins.
Membranes were then exposed to x-ray film to allow visualisation of protein bands. Bands
were quantified by densitometric analysis using image J.

2.6

Fibroblast proliferation assay

Fibroblasts were seeded at a density of 1x104 per well in flat-bottomed 96 well plates,
incubated at 37°C with 5% CO2 overnight and maintained in Soton DMEM containing 10% NCS.
Fibroblasts were then treated with the relevant peptides/inhibitors and NCS concentrations.
Cells were fixed in formyl saline at 24, 48, 72 and 120 hour time points (depending on the
individual experiment), rinsed with PBS and air dried overnight. Methylene blue was added to
each well for one hour to allow staining of the cell nuclei; cells were then rinsed thoroughly
with saline solution to remove all free dye. Plates were air dried overnight, dye liberated with
acid:alcohol and absorbance read at 650nm. Fibroblasts were also seeded at known density (0
– 50 cells per well) and stained in the same manner to allow for the production of a standard
curve. Experimental cell numbers were then calculated from absorbance values using this
standard curve.

2.7

Collagen Assays

HLFs were seeded at 5x104 cells per well in 24 well plates, incubated at 37°C with 5% CO2
overnight in Soton DMEM before peptide treatments.
Cells were then maintained in DMEM with 0.5% NCS containing 100µM L-ascorbate for 6 days
(Chen et al., 2009) without media change. Ascorbate was added as this is an important
component required for synthesis of hydroxyproline in collagen. Collagen staining was carried
out following peptide treatments as described previously (Tullberg-Reinert and Jundt, 1999);
in brief, cell layers were fixed in Bouins fluid, washed extensively with PBS and stained with
Sirius red. Any unbound dye was removed by extensive washing with 0.01M HCl. Bound dye
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was then dissolved using 0.5M NaOH, the solutions transferred to a 96 well plate and read at
550nm. Collagen amount per well was calculated from absorbance values using a standard
curve.

2.8

Gelatin Zymography

Cell supernatants were prepared in zymography sample buffer with added bromophenol blue
to ensure samples were visible upon gel loading. Samples (10µl) were run at 30mA for
approximately 1 hour on a 0.1% gelatin and 7.5% acrylamide gel, to allow separation of protein
bands (Figure 2-2); MMP standards and molecular weight marker (Pageruler™) were run
alongside samples.

Figure 2-2. Gelatin zymography method. Matrix metalloproteinases (MMP) were separated by gel
electrophoresis, washed and incubated at 37°C overnight in zymography buffer containing calcium. Gels were then
stained with coomassie blue, white bands indicate MMP activity.

After electrophoresis, gels were given two 20-minute washes in zymography wash buffer to
remove SDS and to allow refolding of proteins, before a further 20-minute wash in Ca2+
zymography buffer. Gels were then incubated overnight at 37°C in fresh Ca2+ zymography
buffer to allow the reactivation of gelatinases. Coomassie blue stain was then added to the gels,
to fix the gelatinases and to stain any undigested gelatin. Excess stain was then removed by
washing with destain, rendering any bands on the gel visible. Gels were then scanned and
densitometric analysis used to calculate relative changes in MMP activity.
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2.9

Enzyme-linked immunosorbent assay

Cells were seeded at a density of 5x104 cpw in 24 well plates and incubated at 37°C with 5%
CO2 overnight in Soton DMEM. Cells were treated with various ANG peptide concentrations or
2ng/ml TGF-β1. Supernatants were harvested at 24, 48 and 72 hours and run through
sandwich enzyme linked immunosorbent assays (ELISA) for MMP-1, IL-6, TGF-β1 or latency
associated peptide (LAP) according to manufacturer’s instructions.
In brief, high binding 96 well plates were coated with specific capture antibody for the protein
of interest overnight at room temperature. Plates were blocked with 1% BSA for one hour,
washed with PBS tween and supernatants added to the plate for two hours. Plates were washed
again and incubated with specific detection antibody for the protein of interest for a further
two hours. Plates were washed again and incubated in the dark for 20 minutes with
streptavidin-horse radish peroxidase (HRP). Plates were washed a final time before the
addition of 3,3',5,5'-tetramethylbenzidine (TMB) substrate solution for a further 20 minutes.
Reaction was stopped with 1M HCl and absorbances were read at 450nm.

2.10 Immunocytochemistry
HLFs, seeded at a density of 3x104 on 12mm2 cover slips coated in 1% BSA, were incubated at
37°C with 5% CO2 overnight in soton DMEM. Cells were then fixed with 4% paraformaldehyde
(PFA) for 30 minutes on ice. For long-term storage, PBS was added to each well and the plate
sealed and stored at 4°C.
Cells were permeabilised with 0.1% Triton-x before incubation with primary anti-Mas
antibody (rabbit IgG) for 2 hours at room temperature in the dark. Cells were then rinsed three
times with PBS tween before the addition of Alexo fluor® 488 conjugated anti-rabbit IgG, for
1 hour at room temperature in the dark. This allowed for the detection of cell bound Anti-Mas
with Hoechst stain used as a nuclear marker. Cells were rinsed again in PBS tween, coverslips
mounted on to slides with ProLong® diamond mounting solution and imaged used a
fluorescence microscope.

2.11 Fibroblast membrane preparation for radioligand
binding
All binding experiments and preparations were performed at GSK Stevenage.
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2.11.1

Preparation of fibroblast membranes

Cells from 30-40 T175 flasks of confluent fibroblasts (maintained with GSK DMEM) were
scraped from flasks using a cell scraper and combined to form one cell pellet, which was kept
at -80°C until needed. To make the membrane suspension, the pellet was defrosted on ice, in
HEPES buffer supplemented with protease inhibitor cocktail (2mM AEBSF, 0.3µM Aprotinin,
130µM Bestatin, 1mM EDTA, 14µM E-64 and 1µM Leupepin). The cell suspension was
homogenised and then spun at 500g for 20 minutes at 4°C. The supernatant was withdrawn
and re-spun at approximately 48,000g for 30 minutes. The membrane pellet was resuspended
in HEPES buffer and aliquots were stored at -80°C.
2.11.2

Protein Assays for membrane protein concentration

A BSA standard curve (in PBS) of 0.1-2mg/ml was produced in duplicate and 6 serial dilutions
of stock membrane suspension (produced in method section 2.11.1) were produced in PBS. A
solution of BCA (reagent A) and CuS04 (reagent B) was prepared according to manufacturer’s
instructions and added to a 96 well plate containing the membrane samples above. The plate
was incubated at 37°C for 30 minutes and then read at 565nm. The amount of protein per
membrane sample was then calculated from the standard curve.

2.12 Radioligand binding
2.12.1

Simple binding experiments

To determine whether the receptors of interest were present on fibroblast membrane, simple
radioligand binding experiments were performed.
Fibroblast membrane suspension (containing varying amounts of membrane protein) was
incubated with either 0.1 or 0.3nM of [125I]-labelled ligand. To determine the total and nonspecific binding (NSB), this experiment was performed, in parallel, in the presence and absence
of unlabelled cold ligand (Figure 2-3).
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Figure 2-3. Radioligand binding experimental set up. Fibroblast membrane was incubated in the presence and
absence of cold ligand to measure non-specific binding (NSB) and total binding of the radioligand respectively.

Cold ligand is a non-radiolabelled ligand that binds to the receptor of interest, as well as NSB
sites, but the cold ligand has a separate population of NSB sites from the radiolabelled ligand
and hence does not displace the radiolabelled ligand from its own NSB sites (as depicted in
Figure 2-4). This allows specific binding of the radioligand to be determined.

Figure 2-4. Total and non-specific binding of the radioligand. Total binding (top) measures the binding of
radioligand to its specific and non-specific binding (NSB) sites in the absence of cold ligand. NSB (bottom) is the
binding of the radioligand to NSB binding sites only, and is measured in the presence of 10µM cold ligand.
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Total binding of the radioligand (measured in the absence of cold ligand) is the binding of the
radioligand to both the receptor of interest and to its NSB sites. NSB of the radioligand is
determined in the presence of cold ligand. Together these two values allow for the calculation
of the specific binding of the radioligand.
At the end of the incubation step, the suspensions were vacuum filtered through GF/B, filter
mats, rinsing three times with HEPES buffer (at 4°C). The filter mat was then dried and placed
in polypropylene tubes. Filtration removed unbound radioligand and allowed the membrane
bound radioligand alone to be measured using a gamma counter. The disintergrations per
minute (DPM) that were measured directly related to radioligand concentration.
To allow for the measurement of the exact radioligand concentration that was used for each
individual experiment, 10µl of the radioligand solution was added to three polypropylene
tubes, and DPMs of these samples along with the specific activity of the radioligand were used
to calculate radioligand concentration.
2.12.2

Competitive binding assays

Homologous competition assays were run in duplicate in the presence of 30µg of fibroblast
membrane per well, two single concentrations of [125I]-ligand were run in the presence of
increasing concentrations of the unlabelled [I] version of the same ligand. Heterologous
competition assays were run in a similar manner, however, the cold ligands in this case were
antagonists, used to determine the specific receptor(s) responsible for the binding signal
observed. All reagents were diluted in binding buffer for this experiment.
After a two-hour incubation at room temperature, the plate was filtered and dried as described
in section 2.12.1.

2.13 Statistical analysis.
All statistical analysis was carried out using GraphPad Prism.
Two way ANOVA with Bonferroni correction for multiple comparisons was used to compare
dose response curves where stated, ANOVA was structured with repeated measures for both
peptide concentration and cell line to allow comparison between inhibitors.
Statistical comparisons were performed using non-parametric tests, either Wilcoxon matchedpairs signed rank. Mann-Whitney test or Friedman test (where stated).
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3.1

Background

The RAS (as shown in Figure 1-7) has been implicated in the pathogenesis of IPF. As mentioned
earlier, the two mostly widely studied peptides of this system for their potential roles in
fibrosis are ANGII and ANG(1-7). There are however many more peptides derived from ANGI
whose implications in fibrosis remain relatively unexplored. Figure 1-8 depicts the more
complicated renin angiotensin peptide system and the enzymatic formation of these peptides.
Currently there are four known ANG receptors, AT1R, AT2R, AT4R and Mas (Unger et al., 2011),
with the binding of many ANG peptides to these receptors investigated. As mentioned
previously, ANGII is a potent agonist for both AT1R and AT2R and has also been shown to bind
with low affinity to both AT4R (Handa, 2000) and the Mas receptor (Santos et al., 2003a).
ANGIII, ANGIV and ANG(1-7) have also been shown to bind to these receptors with varying
affinities, all of which can be found in Table 3-1.
Peptide

AT1R

AT2R

AT4R

Mas

ANGII

7.92x10-9

5.22x10-10

1.10x10-5

5.33x10-8

ANGIII

2.11x10-8

6.48x10-10

N/A

4.52x10-7

ANGIV

>1x10-5

4.68x10-8

2.40x10-8

1.24x10-6

ANG(1-7)

>1x10-5

2.46x10-7

0.80x10-5

6.90x10-9

Table 3-1. Affinity of different angiotensin peptides at angiotensin receptors. All data shown are IC50 values
from competition binding studies (Handa, 2000; Santos et al., 2003a; Bosnyak et al., 2011)

ANG(1-9) has also been shown to bind to both AT1R and AT2R with pKi values of 6.61 and 6.28
respectively (Flores-Muñoz et al., 2011). ANG(3-7) has been shown to bind to AT4R with high
affinity (pKi of 8.97) (Handa, 2000). However, little is known about the activity of ANG(1-5),
with this peptide thought to be biologically inactive (Schwacke et al., 2013).
As mentioned in section 1.5.2, the main signalling pathway activated by ANGII upon binding to
AT1R is activation of PLC, which is responsible for the cleavage of phosphatidylinositol-4,5bisphosphate (PIP2) to inositol 1,4,5-trisphospate (IP3) and diacyl glycerol (DAG). IP3 then acts
on IP3 dependent calcium channels on the endoplasmic reticulum (ER) (Figure 1-9) causing an
influx of Ca2+ from the ER into the cell cytoplasm, as reviewed by Clapham (Clapham, 2007).
Elevated intracellular Ca2+ levels can then act on plasma membrane Ca2+ channels causing
further influx of Ca2+ from the extracellular environment. This can cause downstream
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activation of extracellular signal-related kinase (ERK)-1/2 (May et al., 2014), a member of the
mitogen activated protein kinase (MAPK) family. Rises in intracellular Ca2+ are detected by
calmodulin (CaM), a Ca2+ binding protein. The calcium-calmodulin complex is then able to
activate calcium-calmodulin dependent kinase (CaMK)-II (Clapham, 2007), which in turn can
lead to downstream ERK phosphorylation (Abraham et al., 1997). ERK1/2 phosphorylation can
affect many cellular functions, such as proliferation, ECM deposition and cell survival. Increases
in intracellular Ca2+ can also cause downstream phosphorylation of ERK1/2 via PKC dependent
mechanisms (Booz et al., 1994).
The ability of ANGII to induce intracellular Ca2+ release has been demonstrated in a number of
different organ derived fibroblasts such as skin (Nickenig et al., 1997; Ceolotto et al., 1998) and
cardiac fibroblasts (Fareh et al., 1995).
Previous work has suggested that at least ANGI, ANGII, ANGIII and ANGIV are capable of
inducing intracellular Ca2+ release in other cell types, such as neuroblastoma cells (Ransom et
al., 1992). ANG(1-7) has been shown previously to have no effect on basal Ca2+ levels in
mesangial cells (Chansel et al., 2001; Zimpelmann and Burns, 2009). However the actions of
ANG(1-5), ANG(3-7) and ANG(1-9) on intracellular Ca2+ release remain relatively unexplored.
None of the work described above was carried out in human lung fibroblasts (HLFs); therefore
one aim of this chapter was to determine the ability of eight ANG peptides (as shown in colour
in Figure 1-8) to manipulate intracellular Ca2+ release in HLFs. The second aim of this chapter
was to determine whether there were any differences in the activity of these ANG peptides in
healthy and IPF derived HLFs, as this has not been investigated previously. IPF derived
fibroblasts are known to be phenotypically different to healthy fibroblasts, they have been
shown to be more proliferative and to have much higher α-SMA staining (Moodley et al.,
2003b) indicating a higher number of myofibroblast cells in culture. These differences suggest
that they may respond in a different manner to healthy fibroblasts.
The ability of ANGII to induce intracellular signalling processes downstream of intracellular
Ca2+ release were also explored. ERK1/2 phosphorylation in response to ANGII was
investigated in HLFs.
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3.2
3.2.1

Protocols
Calcium signalling experiments

Intracellular Ca2+ mobilisation was performed using a FLIPR tetra, according to section 2.4.
Dose response curves to ANGI, ANGII, ANGIII, ANGIV, ANG(1-7), ANG(1-9), ANG(1-5) and
ANG(3-7) were constructed, with concentrations ranging from 0.5nM to 10µM. Any peptides
that successfully increased intracellular Ca2+ were retested following a 15 minute
preincubation with the AT1R antagonist telmisartan (10nM), the AT2R antagonist PD-123319
(1µM) or the Mas antagonist A-779 (10µM) to determine mechanism of action.
Peptides that did not cause intracellular Ca2+ release were retested as antagonists, ANGII and
ANGIII dose response curves were constructed in both HLFs and IPF derived fibroblasts that
were preincubated with 10µM ‘inactive’ peptide for 15 minutes. Peptides that demonstrated
antagonistic properties against ANGII were retested in the presence of PD-123319 (1µM), A779 (10µM) and D-pro7-ANG(1-7) (10µM) (a second ANG(1-7) inhibitor discussed in section
1.5.2) to further explore this mechanism.
The ability of increasing concentrations of ANGI and ANGII to desensitise the response to a
subsequent high dose of ANGII (10µM) was also investigated as depicted in Figure 3-1.

Figure 3-1. Diagrammatic representation of desensitisation experiments. Diagram showing the time course of
additions used for investigation into receptor desensitisation.

Fibroblasts were incubated for 15 minutes with increasing concentrations of either ANGI or
ANGII before the addition of 10µM ANGII. The change in fluorescence induced by the addition
of 10µM ANGII was recorded by the FLIPR tetra and calcium values calculated as described in
section 2.4.
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3.2.2

ERK phosphorylation

ERK1/2 MAPK phosphorylation was analysed by Western blot (as described in section 2.5).
HLFs were incubated with 0.01 - 10µM ANGII or 8mM H2O2 (positive control) for 10 minutes
before cells were lysed and run as described above.
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3.3
3.3.1

Results
Reproducibility of Fibroblast Ca2+ responses

ANGII has been reported to induce Ca2+ mobilisation in many organ derived fibroblasts such as
skin fibroblasts (Ceolotto et al., 1998). As ANGII is a well described Ca2+ agonist, this peptide
was used a positive control to ensure that the fibroblast lines used were responding in the
expected manner. ANGII was able to induce Ca2+ mobilisation in both healthy and IPF
fibroblasts. Although the peak Ca2+ responses for both cell types were variable with average
responses of 309 ± 50.5nM for healthy fibroblasts and 137.9 ± 28.1nM for IPF fibroblasts
(ranges of 225.9 ± 19.07 to 400.4 ± 28.9nM and 91.5 ± 23.9 to 188.5 ± 35.8nM respectively),
the potency of ANGII remained consistent between cell lines (Figure 3-2). IPF fibroblasts also
appeared to have higher variability between experiments from the same cell line.
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Figure 3-2. Ca2+ responses to ANGII. Ca2+ responses were expressed as a percentage of the fitted maximum ANGII
response in a) healthy fibroblasts and b) IPF derived fibroblasts. ANGII dose response curves were run a minimum
of three times per cell line. Data shown are mean ± SEM

54

3. Calcium signalling in human lung fibroblasts
3.3.2

Effects of angiotensin peptides on calcium mobilisation

Dose response curves to eight ANG peptides were performed. ANGI, ANGII, ANGIII and ANGIV
were able to mobilise Ca2+ in both healthy and IPF cell lines (Figure 3-3). ANGII and ANGIII had
similar maximal effects and no significant difference was observed in the EC50 values between
healthy and IPF fibroblast lines (Table 3-2). ANG(1-5), ANG(1-7), ANG(1-9) and ANG(3-7) did
not induce Ca2+ mobilisation in this assay.

Figure 3-3. Dose response curves to angiotensin peptides. Treatment with increasing concentrations of four
angiotensin peptides caused dose dependent increases in intracellular Ca 2+ release in both healthy (n=3) (A) and
IPF fibroblasts (n=3) (B). ANGII and ANGIII acted as full agonists, ANGI acted as a partial and ANGIV as a weak
agonist. The remaining peptides tested had no effect on Ca2+ mobilisation in either healthy (C) or IPF fibroblasts (D).
All data are expressed as percentage of the fitted maximum ANGII response and are the pooled mean ± SEM from
all experiments.

A significant difference was observed in the maximal responses (Table 3-3) to ANGII between
healthy and IPF fibroblasts (p<0.0001). A similar effect was observed with ANGIII (p<0.05).
ANGI acted as a partial agonist with maximal responses of 54.9±6.4% and 53.6±10.9% of the
ANGII responses in healthy and IPF cells respectively. As ANGIV acted as very weak agonist,
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the maximal responses for this peptide were not well defined and therefore not included in
analysis.
Peptide

Healthy pEC50

IPF pEC50

Statistically
significant?

ANGI

5.87 ± 0.2

6.12 ± 0.1

No

ANGII

7.67 ± 0.01

7.72 ± 0.04

No

ANGIII

7.43 ± 0.02

7.22 ± 0.2

No

ANGIV

4.92 ± 0.15

4.67 ± 0.11

No

Table 3-2. pEC50 values of peptides in healthy and IPF cells. Data shown are mean ± SEM

Peptide

Healthy maximal
response (nM)

IPF maximal
response (nM)

Statistically
significant?

ANGI

170.4 (105.2-269.1)

57.62 (33.94-134.1)

p<0.05

ANGII

277.5 (240.3-403.7)

133.5(115.7-158.5)

p<0.0001

ANGIII

308.8 (157.2-373.0)

119.5 (77.82-174.3)

p<0.01

Table 3-3. Maximal responses to peptides in healthy and IPF cells. Data shown are median with IQR
(Statistical comparison with Mann Whitney U-test).

To determine the site of action of the four active ANG peptides, fibroblasts were pre-incubated
with either 10nM telmisartan (AT1R antagonist), 1µM PD-123319 (AT2R antagonist) or 10µM
A-779 (Mas receptor antagonist) for 15 minutes before peptide addition. Ca2+ responses were
completely inhibited in the presence of telmisartan, with no effect on peak Ca2+ responses
observed in the presence of the remaining two antagonists (Figure 3-4).
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Figure 3-4. Dose-response curves to angiotensin peptides in the presence of antagonists. Healthy human lung
fibroblasts were pre-treated for 15 minutes with telmisartan (10nM), PD-123319 (1µM) or A-779 (10µM).
Telmisartan caused complete inhibition of the Ca2+ response to ANGI (A), ANGII (B), ANGIII (C) and ANGIV (D); PD123319 and A-779 had no effect on Ca2+ mobilisation induced by any of the angiotensin peptides in healthy
fibroblasts (n=3). All data are expressed as percentage of the fitted maximum ANGII response and are the pooled
mean ± SEM from all experiments.

Telmisartan also completely inhibited Ca2+ mobilisation in IPF cells in the same manner as
shown in Figure 3-4 (data not shown).
3.3.3

Inhibitory effects of angiotensin peptides

As ANG(1-5), ANG(1-7), ANG(1-9) and ANG(3-7) failed to mobilise Ca2+ in this assay, the ability
of these peptides to act as antagonists was investigated. Fibroblasts were pre-incubated with
10µM of each peptide, 15 minutes before the addition of either ANGII or ANGIII.
ANG(1-7) and ANG(1-9) caused significant inhibition of the Ca2+ responses to ANGII (Figure 3-5)
and ANGIII (Figure 3-6) in both healthy and IPF fibroblasts.
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Figure 3-5. The ability of angiotensin peptides to inhibit ANGII. Pretreatment with ANG(1-7) or ANG(1-9)
(10µM) for 15 minutes caused partial inhibition of ANGII induced Ca2+ responses in both healthy (A) (n=3 and n=5
respectively) and IPF fibroblasts (B) (n=5 and n=4 respectively). Pretreatment with ANG(1-5) or ANG(3-7) (10µM)
had no significant effect on calcium mobilisation in healthy or IPF fibroblasts (C & D respectively). * indicates
p<0.05, ** p<0.01, *** p<0.001 and # p<0.0001 when compared to the ANGII control (two way ANOVA). All data are
expressed as percentage of the fitted maximum ANGII response and are the pooled mean ± SEM from all
experiments.
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Figure 3-6. The ability of angiotensin peptides to inhibit ANGIII. Pretreatment with ANG(1-7) or ANG(1-9)
(10µM) for 15 minutes caused partial inhibition of ANGIII induced Ca 2+ responses in both healthy (A) (n=4 and n=3
respectively) and IPF fibroblasts (B) (n=3). Pretreatment with ANG(1-5) or ANG(3-7) (10µM) had no significant
effect on Ca2+ mobilisation in healthy or IPF fibroblasts (C & D respectively). * indicates p<0.05, ** p<0.01, ***
p<0.001 and # p<0.0001 when compared to ANGIII control (two way ANOVA). All data are expressed as percentage
of the fitted maximum ANGII response and are the pooled mean ± SEM from all experiments.

The percentage of inhibition observed in the presence of ANG(1-7) or ANG(1-9) can be found
in Table 3-4 (healthy fibroblasts) and Table 3-5 (IPF fibroblasts). ANG(1-5) and ANG(3-7)
showed no ability to inhibit Ca2+ responses in this assay.
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Agonist

Inhibitor

% inhibition

ANGII

ANG(1-9)

59.1 ± 5.5

ANGII

ANG(1-7)

40.5 ± 20.1

ANGIII

ANG(1-9)

55.6 ± 12.8

ANGIII

ANG(1-7)

29.0 ± 7.4

Table 3-4. The percentage of inhibition of ANGII and ANGIII in the presence of ANG(1-7) and ANG(1-9) in
healthy fibroblasts. Percent inhibition of ANGII and ANGIII by ANG(1-7) (n=3 and n=4 respectively) and ANG(19) (n=5 and n=3 respectively). Data shown are mean ± SEM.

Agonist

Inhibitor

% inhibition

ANGII

ANG(1-9)

63.9 ± 10.9

ANGII

ANG(1-7)

46.1 ± 8.3

ANGIII

ANG(1-9)

77.0 ± 13.4

ANGIII

ANG(1-7)

63.8 ± 14.4

Table 3-5. The percentage of inhibition of ANGII and ANGIII in the presence of ANG(1-7) and ANG(1-9) in IPF
fibroblasts. Percent inhibitions of ANGII and ANGIII in the presence of ANG(1-7) (n=5 and n=3 respectively) and
ANG(1-9) (n=4 and n=3 respectively). Data shown are mean ± SEM.

Both ANG(1-7) and ANG(1-9) showed a trend towards a higher percentage inhibition of ANGIII
than ANGII in IPF cells, although this did not reach statistical significance.
The potency of ANGII and ANGIII in the presence of inhibitors has been summarised for both
healthy and IPF fibroblasts (Table 3-6 and Table 3-7 respectively). A significant decrease in the
pEC50 for ANGII in IPF cells was observed in the presence of both ANG(1-7) (7.70 ± 0.04 versus
7.21 ± 0.07); p<0.01) and ANG(1-9) (7.67 ± 0.07 versus 7.56 ± 0.07; p<0.05). A trend towards
lower ANGIII pEC50 values was also observed in the presence of both inhibitors but this failed
to reach significance.
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Agonist

pEC50

Inhibitor

pEC50

Statistically
significant?

ANGII

7.51 ± 0.08

ANG(1-7)

7.41 ± 0.10

No

ANGII

7.48 ± 0.09

ANG(1-9)

7.61 ± 0.10

No

ANGIII

7.31 ± 0.11

ANG(1-7)

7.06 ± 0.07

No

ANGIII

7.39 ± 0.08

ANG(1-9)

7.08 ± 0.06

No

Table 3-6. Effects of ANG(1-7) and ANG(1-9) on ANGII and ANGIII pEC50 values in healthy fibroblasts. Paired
pEC50 values for ANGII in the presence and absence of ANG(1-7) and ANG(1-9) (n=3 and n=5 respectively) and for
ANGIII in the presence and absence of ANG(1-7) and ANG(1-9) (n=4 and n=3 respectively). All data expressed as
mean ± SEM

Agonist

pEC50

Inhibitor

pEC50

Statistically
significant?

ANGII

7.70 ± 0.04

ANG(1-7)

7.21 ± 0.07

p<0.05

ANGII

7.67 ± 0.07

ANG(1-9)

7.56 ± 0.07

p<0.01

ANGIII

7.51 ± 0.20

ANG(1-7)

7.09 ± 0.10

No

ANGIII

7.51 ± 0.20

ANG(1-9)

7.48 ± 0.10

No

Table 3-7. Effects of ANG(1-7) and ANG(1-9) on ANGII and ANGIII pEC50 values in IPF fibroblasts. Paired pEC50
values for ANGII in the presence and absence of ANG(1-7) and ANG(1-9) (n=4 and n=3 respectively) and for ANGIII
in the presence and absence of ANG(1-7) and ANG(1-9) (n=3). All data expressed as mean ± SEM.

3.3.4

Further investigations into the activity of ANG(1-7) and ANG(1-9).

To attempt to determine the site of action of ANG(1-7) and ANG(1-9), dose-response curves to
ANGII in the presence of 10µM of either peptide were constructed, this time in the presence of
1µM PD-123319, 10µM A-779 or 10µM D-Pro7-ANG(1-7) (ANG(1-7) receptor antagonist)
(Figure 3-7 and Figure 3-8).
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Figure 3-7. Effects of antagonists on ANG(1-7) induced inhibition. Dose response curves to ANGII were
constructed in human lung fibroblasts following preincubation with PD-123319 (1µM), A-779 (10µM) or D-pro7ANG(1-7) (10µM) for 15 minutes, prior to subsequent pretreatment with ANG(1-7) (10µM) for a further 15 minutes.
The inhibition of ANGII induced Ca2+ mobilisation observed in the presence of ANG(1-7) alone (dark blue) was not
reversed in the presence of any of the three antagonists in either healthy (A) (n=1) or IPF fibroblasts (B) (n=3).
ANGII control is shown in red. Data is expressed as percentage of the fitted maximum ANGII response, data in A is
expressed as mean ± SEM for a single experiment run in duplicate, B is expressed as the pooled mean ± SEM from
all experiments.

Figure 3-8. Effects of antagonists on ANG(1-9) induced inhibition. Dose response curves to ANGII were
constructed in human lung fibroblasts following preincubation with PD-123319 (1µM), A-779 (10µM) or D-pro7ANG(1-7) (10µM) for 15 minutes, prior to subsequent pretreatment with ANG(1-9) (10µM) for a further 15 minutes.
The inhibition of ANGII induced Ca2+ mobilisation observed in the presence of ANG(1-9) alone (dark green) was not
reversed in the presence of any of the three antagonists in either healthy (A) (n=3) or IPF fibroblasts (B) (n=3).
ANGII control is shown in red. Data is expressed as percentage of the fitted maximum ANGII response and are the
pooled mean ± SEM from all experiments.
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Of the three antagonists tested, none demonstrated the ability to reverse the inhibition caused
by either ANG(1-7) or ANG(1-9), in either healthy or IPF fibroblasts.
To further characterise the activity of ANG(1-7) and ANG(1-9), inhibition curves to these
peptides were constructed against three single concentrations of ANGII (0.1, 1 or 10µM).
Inhibition curves were run in parallel to allow for potential shifts in the curve to be observed
between different ANGII concentrations. ANG(1-9) inhibition curves in both healthy and IPF
fibroblasts can be found in Figure 3-9, with pIC50 values of 5.54±0.09 and 5.49±0.3 (against 10µM
ANGII) reported for healthy and IPF cells respectively. Similar pIC50 values were observed in
the presence of 0.1 and 1µM ANGII (data not shown).

Figure 3-9. Inhibition curves to ANG(1-9). Human lung fibroblasts were pretreated with increasing
concentrations of ANG(1-9) for 15 minutes before the addition of a single dose of ANGII at 0.1, 1 or 10µM. The
response to the three ANGII concentrations was measured in both healthy (A) (n=3) and IPF fibroblasts (B) (n=3).
All data are expressed as percentages of the fitted maximum ANGII response and are the pooled mean ± SEM from
all experiments.

ANG(1-7) inhibition curves in IPF fibroblasts can be found in Figure 3-10, a pIC50 value of
5.71±0.25 for ANG(1-7) was reported in this cell type (against 10µM ANGII), with similar
values again observed in the presence of 0.1 and 1µM ANGII (data not shown).
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Figure 3-10. Inhibition curves to ANG(1-7). Human lung fibroblasts were pretreated with increasing
concentrations of ANG(1-7) for 15 minutes before the addition of a single dose of ANGII at 0.1, 1 or 10µM. The
response to the three ANGII concentrations was measured in IPF fibroblasts (n=3). All data are expressed as
percentages of the fitted maximum ANGII response and are the pooled mean ± SEM from all experiments.

As ANG(1-9) is a known substrate for ACE (Schlüter and Wenzel, 2008), inhibition curves to
ANG(1-9) against 10µM ANGII were constructed in the presence and absence of the ACE
inhibitor captopril (100µM) (Figure 3-11). No change in the shape of the curve was observed in
either healthy or IPF fibroblasts.
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Figure 3-11. Inhibition curves to ANG(1-9) in the presence and absence of captopril. Human lung fibroblasts
were pretreated with increasing concentrations of ANG(1-9) in the presence and absence of 100µM captopril before
the subsequent addition of 10µM ANGII. Responses to ANGII were measured in healthy (A) (n=3) and IPF fibroblasts
(B) (n=3). Data are expressed as percentages of the fitted maximum ANGII response and are the pooled mean ± SEM
from all experiments.

3.3.5

Investigations into the activity of angiotensin I

As mentioned briefly in section 3.3.2, ANGI showed partial ability to mobilise calcium in both
fibroblast cell types. Further investigations into the activity of this peptide were performed.
Pre-incubation of fibroblasts with ANGII for 15 minutes before the addition of a second dose of
10µM ANGII caused dose-dependent desensitisation of the Ca2+ response to the later dose of
ANGII in both fibroblast types (Figure 3-12). ANGII desensitised the response by 91.25±0.65 and
94.76±5.07% in healthy and IPF cells respectively.
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Figure 3-12. Desensitisation of the Ca2+ response to ANGII. Preincubation with increasing concentrations of
ANGII caused desensitisation of the Ca2+ response to a subsequent dose of 10µM ANGII in both healthy (A) (n=3)
and IPF fibroblasts (B) (n=3) (as indicated by grey line). Red line shows ANGII dose response control. Data are
expressed as percentages of the fitted maximum ANGII response and are pooled mean ± SEM from all experiments.

Pre-incubation of fibroblasts with ANGI also showed a similar pattern of desensitisation of the
response to 10µM ANGII in both healthy and IPF fibroblasts (91.8±1.11 and 96.6±1.46%
respectively) as shown in Figure 3-13. No effect on the Ca2+ response was observed upon
simultaneous addition of ANGI and ANGII.

Figure 3-13. ANGI induced desensitisation of the Ca2+ response to ANGII. Preincubation with increasing
concentrations of ANGI (light blue) caused desensitisation of the Ca 2+ response to a subsequent dose of 10µM ANGII
in both healthy (A) (n=3) and IPF fibroblasts (B) (n=3). ANGI had no effect on Ca 2+ release in response to 10µM
ANGII when added simultaneously (dark blue). Data are expressed as percentages of the fitted maximum ANGII
response and are pooled mean ± SEM from all experiments.
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To determine the role of ACE in the ability of ANGI to cause desensitisation, this experiment
was repeated in the presence and absence of 100µM captopril (Figure 3-14).

Figure 3-14. ANGI induced desensitisation of the Ca2+ response to ANGII in the presence and absence of
captopril. Preincubation with increasing concentrations of ANGI followed by a single dose of 10µM ANGII was
carried out in the presence and absence of 100µM captopril in IPF fibroblasts (n=2). Data are expressed as
percentages of the fitted maximum ANGII response and are pooled mean ± SEM of all experiments.

The curve appeared to shift to the right in the presence of captopril, although these results are
currently derived from two IPF fibroblast lines only so statistical comparison has not been
performed.
Standard dose response curves to ANGI were also carried out in the presence and absence of
10µM captopril in both healthy and IPF fibroblasts (Figure 3-15).
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Figure 3-15. ANGI dose response curves in the presence and absence of captopril. Dose response curves to
ANGI were carried out in the presence and absence of 100µM captopril in both healthy (n=3) (a) and IPF fibroblasts
(n=4) (b) * indicates p<0.05, ** p<0.01 and ***p<0.001 when compared to ANGI alone (two way ANOVA). Data are
expressed as percentages of the fitted maximum ANGII response and are mean ± SEM of all experiments.

The ANGI curve shifted to the right in the presence of captopril in both cell types. Also, lower
responses to ANGI were observed in the presence of captopril in both healthy and IPF cells.
3.3.6

ERK Phosphorylation

As ANGII demonstrated consistent ability to induce intracellular Ca2+ release in HLFs, the
ability of this peptide to induce ERK phosphorylation was investigated. This was to determine
whether further downstream signalling pathways were activated following intracellular Ca 2+
release.
Figure 3-16

shows a representative Western blot and Figure 3-17 is the quantification of pooled

data from three individual experiments.

Figure 3-16. Western blot investigating ERK phosphorylation in response to ANGII. Representative Western
blot showing the effects of ANGII on ERK phosphorylation. Human lung fibroblasts were incubated with 0.01 – 10µM
ANGII or 8mM H2O2 (as a positive control) for 10 mins before cell lysate was analysed by Western blot.
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ANGII demonstrated the ability to upregulate ERK phosphorylation at all concentrations
tested, with both 1 and 10 µM phosphorylating ERK (4.19 ±1.95 and 3.79 ± 0.79 fold increase
respectively) to a level similar to H2O2 (3.74 ± 0.94 fold increase from NT). ERK
phosphorylation was still upregulated in the presence of 0.01 and 0.1µM ANGII but at a lower
level than that observed with the higher ANGII concentrations.

Figure 3-17. Western blot quantification. Quantification of Western blot shown in Figure 3-15. ANGII upregulated
ERK phosphorylation at all concentrations tested, with the strongest upregulation observed in the presence of 1 and
10µM. H2O2 (8mM) was used as a positive control. Data shown are fold change from no treatment (NT) and mean ±
SEM of three experiments.
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3.4

Discussion

The main aim of this study was to determine the ability of eight ANG peptides to mobilise
calcium in both healthy and IPF derived HLFs, and to determine the site of action of active
peptides. The actions of these peptides have not been previously characterised in these cell
types, and no difference in the effects of these peptides on healthy and IPF cells has been
investigated.
Previous studies have shown that ANGII is able to mobilise calcium in human skin fibroblasts
(Ceolotto et al., 1998), this was also shown to be a purely AT1R response, due to complete
inhibition by losartan (AT1R antagonist). The authors also reported no inhibition of the Ca2+
release in the presence of the AT2R antagonist CGP42112A, indicating no AT2R mediated
response. These results were also confirmed in cardiac fibroblasts (Brilla et al., 1998), where
the AT1R antagonist CV-11974 caused complete inhibition of ANGII induced Ca2+ mobilisation,
with no effect observed in the presence of the AT2R antagonist PD-123319. A pEC50 of 7.62 for
ANGII was also reported in their investigation. These findings agree with the present study
where a pEC50 of 7.67±0.01 was reported for ANGII in healthy lung fibroblasts and where the
Ca2+ response to this peptide was completely inhibited by telmisartan (Figure 3-4), confirming
that the response is mediated via AT1R.
In another study (Ransom et al., 1992), the ability of ANG peptides to mobilise calcium in
neuroblastoma cells was tested. In this case, ANGI, ANGII and ANGIII were shown to mobilise
calcium with pEC50 values of 6.36, 7.24 and 7.44 respectively. In the current study, pIC50 values
of 5.87±0.17, 7.67±0.01 and 7.42±0.02 were reported for ANGI, ANGII and ANGIII respectively;
these values are broadly similar to that from the on-going investigation, with ANGIII
correlating particularly well. As ANGI acted as a fairly weak partial agonist in the present study,
the top of the curve was not always well defined at the maximum concentration of 10µM.
Ransom et al carried out ANGI dose response curves to a maximum concentration of 100µM,
this could therefore provide better characterisation of the top of the dose response curve and
hence provide a more accurate pEC50. Ransom et al also demonstrated again, that ANGII and in
this case ANGIII were mobilising Ca2+ via the AT1 receptor (by the addition of AT1R antagonist
DUP-753). This again agrees with the findings from the current study, where telmisartan
caused complete inhibition of the response to ANGIII (Figure 3-4). ANGIV showed no ability to
mobilise calcium in the previous investigation (Ransom et al., 1992), whereas this peptide
demonstrated weak ability to mobilise calcium in the existing study and also in a previous
study (Chansel et al., 2001), in rat mesangial cells. Chansel et al also demonstrated that ANGIV
was inducing Ca2+ release via AT1R and this was also confirmed in the present research. In the
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current investigation, no inhibition of the calcium response to ANGI, ANGII, ANGIII and ANGIV
was observed in the presence of either PD-123319 or A-779 (Mas receptor antagonist),
demonstrating that no part of the Ca2+ response was due to either of these receptors. These
results also indicate that neither AT2R nor the Mas receptor negatively regulate Ca2+ signalling
upon ANGII binding, as no increases in the response to ANGII were observed in the presence
of the specific receptor antagonists.
ANG(1-5), ANG(1-7), ANG(1-9) and ANG(3-7) showed no ability to mobilise calcium in the
present study. ANG(1-7) is the most studied of these peptides, and has been shown previously
to have no effect on intracellular Ca2+ levels (Chansel et al., 2001; Heitsch et al., 2001); however
the remaining three peptides and their effects on intracellular Ca2+ are relatively unexplored.
To test whether any of these four peptides would act as antagonists in the existing study,
fibroblasts were pre-incubated with 10µM of each peptide 15 minutes before the addition of
either ANGII or ANGIII. In this assay, both ANG(1-7) and ANG(1-9) demonstrated the ability to
partially inhibit the Ca2+ response to both ANGII and ANGIII (Figure 3-5 and Figure 3-6). This
finding correlates well with the previous research by Chansel et al, where ANG(1-7) was shown
to inhibit the Ca2+ response to ANGII. Although as with the current research this was observed
at high concentrations, with the authors only reporting significant inhibition (p<0.05) at 1µM
ANG(1-7) and above, at 10µM ANG(1-7) the response to ANGII was still only partially inhibited.
The mechanism of inhibition by ANG(1-7) was however, not investigated. The authors also
demonstrated the ability of ANG(1-7) to completely inhibit the Ca2+ response to ANGIV,
however this was not investigated in the current study. No comparable investigations into the
activity of ANG(1-9) are currently available in the literature.
In a recent study on transfected HeLa cells (Flores-Muñoz et al., 2011), radioligand binding
studies showed that both ANG(1-7) and ANG(1-9) were capable of binding AT2R, with pKi
values of 7.02 ± 0.14 and 6.28 ± 0.1 respectively. The authors also demonstrated that in rabbit
cardiomyocytes, ANGII induced hypertrophy via AT1R, whereas ANG(1-9) antagonised this
hypertrophy via AT2R. ANG(1-7) was also able to inhibit this ANGII induced hypertrophy but
this was shown to be via the Mas receptor. ANG(1-7) has also been shown to bind AT2R in
competitive binding studies (Bosnyak et al., 2011) with a pIC50 value of 6.61 reported for this
peptide. To investigate whether in the present study ANG(1-7) or ANG(1-9) were causing
inhibition of the Ca2+ response via AT2R, Mas or the newly proposed ANG(1-7) receptor
(discussed in section 1.5.2), ANGII dose response curves in the presence of either 10µM ANG(17) or ANG(1-9) were performed in the presence of PD-123319, A-779 or D-Pro7-ANG(1-7)
(Figure 3-7 and Figure 3-8). No reversal of the inhibition caused by ANG(1-7) or ANG(1-9) was
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observed in the presence of any of these inhibitors. From these results it was determined that
neither ANG(1-7) nor ANG(1-9) were inducing inhibition via any of these three receptors.
To further characterise the inhibition observed and to attempt to determine whether ANG(17) or ANG(1-9) were competitively antagonising AT1R, inhibition curves to these peptides were
performed against 3 concentrations of ANGII (0.1, 1 and 10µM) (Figure 3-9 and Figure 3-10).
Competitive antagonism is characterised by a right shift in the inhibition curve at higher
agonist concentrations (Cheng and Prusoff, 1973; Wyllie and Chen, 2007); however this shift
was not observed for either ANG(1-7) or ANG(1-9), indicating that neither of these peptides
were acting via simple competitive antagonism at AT1R. For ANG(1-9), pIC50 values of
5.54±0.09 and 5.50±0.30 were recorded (against 10µM ANGII) in healthy and IPF cells
respectively. A pIC50 value of 5.71±0.25 was recorded for ANG(1-7) (against 10µM ANGII) in
IPF derived fibroblasts.
Also, competitive antagonists abide by the Cheng-Prusoff equation (Cheng and Prusoff, 1973;
Lazareno and Birdsall, 1993) (Equation 3-1); when analysing the results obtained in these
experiments, it becomes clear that this data does not fit this model well.
𝐾𝑖 =

𝐼𝐶50
[𝐴]
𝐸𝐶50 + 1

Equation 3-1. Cheng-Prusoff equation. Cheng-Prusoff equation for competitive antagonism. Ki = Inhibition
constant of antagonist (concentration of antagonist required to occupy half the receptors in the absence of agonist),
[A] = Fixed agonist concentration, EC50 = Concentration of agonist causing 50% of maximal response. IC50 =
Concentration of antagonist causing 50% of inhibitory effect.

No significant differences in the pIC50 values of either ANG(1-7) or ANG(1-9) were observed in
the presence of varying concentrations of ANGII (0.1 and 1µM). As EC50 and Ki values remain
constant, any change in the concentration of ANGII [A] should equate to a change in the IC50 of
the antagonist. As this did not occur in the current experiments, it is very unlikely that either
ANG(1-7) or ANG(1-9) are acting as competitive antagonists.
The potential non-competitive activity of ANG(1-7) observed is reinforced by previous
investigations (Roks et al., 1999), where 10µM ANG(1-7) was shown to inhibit ANGII induced
arterial contractions by up to 60% in a non-competitive manner at AT1R. This finding appears
to correlate well with the results observed in the present study although the physiological
relevance of these results may be questioned, as the effects of ANG(1-7) (and ANG(1-9)) occur
at very high concentrations, not only in the present study but also in the studies by Roks et al
and Chansel et al, when compared to the human plasma concentrations shown in Table 3-8
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(Lawrence et al., 1990; Matsui et al., 1999). However, circulating plasma concentrations of
these peptides are likely to be lower than that of pulmonary tissue, where the local RAS system
comes into play, this local RAS system may also be up-regulated in lungs of patients with IPF
(Li et al., 2006).
Peptide

Human plasma concentration (pM)

ANGI

19.5±2.4 – 304±43

ANGII

13.9±2.0 - 32±6.0

ANGIII

2.9±1.0

ANGIV

>30

ANG(1-7)

1.0±0.2

ANG(1-9)

<2.1

Table 3-8. Human plasma concentrations of angiotensin peptides. Circulating human plasma concentrations
from normotensive male subjects. (Lawrence et al., 1990; Matsui et al., 1999).

As ANG(1-9) does not appear to be acting via AT1R, AT2R, the Mas or ANG(1-7) receptor in
either healthy or IPF cells, these results indicate that there is a further unknown site capable
of binding ANG(1-9). From the results obtained in IPF fibroblasts, ANG(1-7) also appears to be
acting via an uncharacterised novel binding site. Further investigation is required to determine
the site of action of these peptides, and whether they are acting via the same binding site.
ANGI appeared to act as a partial agonist in this assay, with a maximum response of 54.9 ±
6.4% and 53.6 ± 10.9% of the ANGII response in healthy and IPF cells respectively. To
determine whether ANGI was being broken down to ANGII over the course of the experiment,
the ability of ANGI to cause desensitisation of the response to ANGII was investigated. This was
tested as pre-incubation with ANGII was able to desensitise the response to a subsequent
addition of ANGII (10µM) by 91.3 ± 0.65 and 94.8 ± 5.07% in healthy and IPF cells respectively
(Figure 3-12). This mechanism of desensitisation could be due to internalisation of AT1R, as this
receptor is known to internalise when stimulated with ANGII (Hunyady et al., 2000) or could
be due to depletion of intracellular calcium stores. When added 15 minutes before the addition
of ANGII, ANGI appeared to cause a similar, dose-dependent desensitisation to 10µM ANGII
(91.8 ± 1.11 and 96.6 ± 1.46% in healthy and IPF cells respectively). When added
simultaneously, ANGI appeared to have no effect on the response to 10µM ANGII at any of the
73

3. Calcium signalling in human lung fibroblasts
concentrations tested (Figure 3-13), indicating that this peptide was not competing for AT1R in
a simple manner. This was further confirmed, as a complete reduction in the ANGII response
was observed in the presence of ANGI, whereas if competition were occurring, the ANGII
response would only decrease to the point of the maximal ANGI response, due to the partial
agonist characteristics of this peptide (Ariëns, 1983).
As these results suggest that ANGI was behaving in a similar manner to ANGII (indicating a
breakdown of ANGI to ANGII), this desensitisation experiment was repeated in the presence of
the ACE inhibitor captopril (Figure 3-14). The curve appears to shift to the right in the presence
of captopril, indicating that the activity of ANGI is decreasing; although these results are
currently derived from two IPF cell lines only, so further repeats are needed to confirm this
result in both healthy and IPF cells. Simple dose response curves to ANGI in the presence and
absence of 100µM captopril were also performed in both cell types (Figure 3-15), and as
observed in Figure 3-14 the curve shifted to the right in the presence of captopril, again
demonstrating that the activity of ANGI is decreasing. ANGI dose response curves with
captopril are statistically different from ANGI alone when compared with a two-way ANOVA in
both healthy and IPF fibroblasts (p<0.05 in both cell types). These results indicate that both
healthy and IPF fibroblasts may be locally producing ACE, which is, at least in part, responsible
for the partial agonist characteristics of ANGI in this assay. If the Ca 2+ mobilisation observed
with this peptide is in fact due to cleavage to ANGII by ACE, then the factor limiting the
production of ANGII is the amount of ACE present; in this system it is likely that ACE quickly
becomes saturated by high concentrations of ANGI and therefore only a finite amount of ANGII
is produced over the course of the experiment, giving rise to the partial Ca2+ response observed.
It has been demonstrated previously, that rat neonatal cardiac fibroblasts produce ACE in
culture (van Kesteren et al., 1999). In this study, ANGI was added to fibroblasts after 5 days of
culture, with high levels of ANGII clearly detectable in the media within 10 minutes. The
authors also reported a complete inhibition of this ANGII production in the presence of
captopril, although in the present study captopril only partially inhibited the agonistic
response to ANGI. In the previous study, captopril was used at a concentration of 500µM, which
is higher than concentration of 100µM in the current study. Also in the present experiments,
culture media is replaced with experimental buffer; this removes any ACE that may have been
secreted into the media. Cell bound ACE has been demonstrated in human cardiac fibroblasts
(Hafizi et al., 1998), and this is likely to be the source of ACE in the current investigation.
When comparing the pEC50 values of ANGI, ANGII and ANGIII in the present study, no
differences were observed between healthy and IPF fibroblasts. Table 3-2 compiles pEC50 values
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of the active peptides in this study. The maximal responses to ANGI, ANGII and ANGIII did
however reach statistically significant difference between healthy and IPF cells, with responses
in IPF cells consistently lower than those of healthy cells, details of which can be found in Table
3-3.

No data for ANGIV is included in either Table 3-2 or Table 3-3, as this peptide acted as an

extremely weak agonist and therefore characterisation of dose-response curves to this peptide
was not possible.
In the present study, no difference in the mechanism of action of any of the four active peptides
was observed between healthy and IPF fibroblasts, with telmisartan causing complete
inhibition of the Ca2+ response to all peptides in both cell types. This demonstrates that AT1R is
responsible for Ca2+ mobilisation in all cases. In a study investigating the differences in ANG
receptor expression between healthy and IPF lungs (Königshoff et al., 2007), an upregulation
of both AT1R and AT2R was observed in IPF lungs, with staining for both receptor subtypes
observed within fibroblastic foci. The same group also demonstrated that cell surface
expression of AT2R was upregulated in mouse fibrotic lung fibroblasts when compared to
healthy lung fibroblasts, and also that AT2R played a more important role in the signalling in
this cell type. The authors also observed higher basal levels of proliferation and migration in
fibrotic lung fibroblasts (regardless of ANGII addition) and saw that these were completely
inhibited by PD-123319 but unaffected by losartan. These findings do not correlate well with
the results from the current study, where no AT2R mediated effects were observed in IPF
fibroblasts. Although species variation needs to be considered, this may provide an explanation
as to why Ca2+ responses in IPF fibroblasts are lower than that of healthy fibroblasts, as the
results from Königshoff et al indicate that fibrotic fibroblasts could be locally producing ANGII
and therefore this cell type could be partially desensitised to further stimulation with this
peptide. This could be further investigated by Western blotting using antibodies for ANGII, or
via PCR to look at ANGII mRNA levels. A previous investigation by Uhal et al (Uhal et al., 2007)
demonstrated that IPF derived fibroblasts express higher levels of angiotensinogen (AGT)
mRNA and protein than HLFs. Renin mRNA levels have also been shown to be upregulated in
IPF fibroblasts compared to HLFs (Montes et al., 2012); these high levels of both AGT and renin
could lead to a high breakdown of AGT in this cell type, leading to increased levels of ANGI, and
eventually ANGII (due to ACE cleavage). This adds further weight to the hypothesis that IPF
fibroblasts are partially desensitised to ANGII stimulation, due to a more active RAS in these
cells.
In order to determine whether any processes known to be downstream of intracellular Ca2+
release were also activated. The ability of ANGII to induce ERK1/2 phosphorylation was
explored (Figure 3-16). ANGII resulted in ERK1/2 phosphorylation, with a maximum effect
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observed at 1µM (4.19 ±1.95 fold increase from NT). No further increase in ERK1/2
phosphorylation was observed in the presence of 10µM ANGII.
Many previous studies have demonstrated the ability of ANGII to cause ERK1/2
phosphorylation with maximum effects observed as quickly as 5 minutes in adult and neonatal
rat cardiac fibroblasts (Sano et al., 2001; Olson et al., 2008). Lang et al (Lang et al., 2010)
showed an increase in ERK1/2 phosphorylation in response to 10µM ANGII, that was
maintained until at least 1 hour after treatment in the MRC-5 human fibroblast cell line. The
effects of ANGII on ERK1/2 phosphorylation in primary HLFs is extremely limited.
ERK1/2 phosphorylation has been shown to be downstream of intracellular Ca2+ signalling,
increases in intracellular Ca2+ can be detected by the calcium binding protein calmodulin.
Calmodulin is able to bind two molecules of Ca2+ and this calcium-calmodulin complex is then
able to activate CaMKs (discussed in section 3.1). ANGII has been shown, at least in part, to
induce ERK1/2 phosphorylation via CaMKII activation. Abraham et al (Abraham et al., 1997)
demonstrated a 60% inhibition of ANGII induced ERK1/2 phosphorylation in the presence of
the CaMKII inhibitor KN-93 in rat VSMCs.
In studies involving fibroblasts, CaMKII inhibition has reduced cell proliferation (Martin et al.,
2014), ECM deposition and TGF-β1 secretion (Zhang et al., 2010) in response to ANGII, further
providing evidence for the importance of CaMKII in this signalling pathway. These two studies
were, however, performed in mouse and rat cardiac fibroblasts respectively and differences
may exist between rodent and human fibroblasts.
Another mechanism by which Ca2+ is able to induce ERK1/2 phosphorylation is via PKC. ANGII
has been shown to induce phosphorylation in fibroblasts by two parallel mechanisms, a Ca 2+
dependent,, PKC independent pathway and a separate PKC dependent pathway (Booz et al.,
1994), ERK1/2 phosphorylation was only completely inhibited upon both buffering
intracellular Ca2+ and inhibiting PKC simultaneously. Olson et al also confirmed ERK1/2
phosphorylation by ANGII was via these two parallel pathways, with inhibition of both
required to completely knockdown the ANGII response. Booz et al also concluded that ERK1/2
phosphorylation alone was not sufficient to induce mitogenesis in the cell line under
investigation (rat neonatal cardiac fibroblasts). This observation has also been backed up by a
more recent study in adult human cardiac fibroblasts (Hou et al., 2000), where ANGII induced
protein synthesis and whilst being dependent a on PKC/Ca2+ signalling pathway, was not
dependent on MAPKK, the kinase responsible for ERK1/2 activation. It is perfectly feasible,
however, that ERK may be responsible for other cellular processes such as cell differentiation
and collagen deposition in these circumstances.
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Many previous studies into the profibrotic characteristics of the RAS have been focused on
ANGII with little investigation into related ANG peptides. ANG(1-7) has however been shown
recently in a number of studies to be antifibrotic (Uhal et al., 2012). The results from the ongoing investigation suggest that there are many other peptides in this system that may play a
role locally in fibrosis, with ANGIII causing Ca2+ release in a manner similar to ANGII and two
peptides (ANG(1-9) and ANG(1-7)) demonstrating the ability to partially inhibit Ca2+ release in
this assay. This inhibition also appears to be occurring via a novel binding site that has not yet
been characterised. It has also been indicated that both fibroblast types may be locally
producing ACE and therefore may be capable of producing ANGII locally. This system may
therefore play an important role in the pathogenesis of IPF and may provide beneficial
therapeutic targets in the future.
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4.1

Background

Many of the factors produced by fibroblasts play important roles in IPF disease progression.
As discussed in section 1.2, dysregulated collagen production has been observed in the IPF lung
(Fulmer et al., 1980), which may be due to high enzymatic breakdown of already existing ECM.
This subsequently produced, disorganised collagen structure becomes difficult to degrade,
further driving lung fibrosis. One of the main enzymes responsible for the degradation of the
structural type I and III collagens is MMP-1. Increases in MMP-1 have been reported in the IPF
lung, with Selman et al (Selman et al., 2000) hypothesising that this MMP plays an important
role in the honeycombing features of IPF. Decreases in MMP-1 production by fibroblasts have
been observed in the presence of TGF-β1 (section 1.3), lower levels of this enzyme would lead
to less collagen degradation and also drive the fibrotic response. Increases in fibroblast
number by proliferation or reduced apoptosis may also drive increased collagen deposition.
Increases in MMP-2 levels have also been observed in subepithelial myofibroblasts in IPF, close
to areas of basement membrane degradation (Selman et al., 2000). One substrate for MMP-2 is
collagen type IV (Zeng et al., 1999), which is an integral component of the basement membrane,
disruption of which may lead to a dysregulated wound healing response. TGF-β1 has been
shown in a number of studies to upregulate MMP-2 expression in human fibroblasts (Asano et
al., 2010; Lee et al., 2010).
Elevated levels of IL-6 have also been observed in the lungs of patients with IPF, and activation
of soluble IL-6Rα in mice induces increased fibroblast proliferation and collagen deposition (Le
et al., 2014). IL-6 has also been shown to differentially affect lung fibroblast proliferation,
causing senescence of healthy HLFs and proliferation of fibroblasts derived from the IPF lung
(Moodley et al., 2003b).
ANGII is thought to modulate many of these factors, although literature is inconsistent on the
effects of this peptide on fibroblast proliferation and collagen deposition. Little investigation
into the effect of ANGII on HLFs has been performed, Marshall et al demonstrated an increase
in HLF proliferation and collagen deposition (Marshall et al., 2000; Marshall et al., 2004),
although most of this work was performed in a foetal lung fibroblast line and may not be
representative of the adult primary lung fibroblast. Other studies in human cardiac fibroblasts
have proved controversial and are discussed in detail in section 1.6.1.
ANGII has been shown to downregulate MMP-1 and MMP-2 but to upregulate MMP-9 in human
cardiac fibroblasts (Pan et al., 2008), however, most investigations into MMP production have
been performed in murine fibroblasts. ANGII has been shown to reduce expression of the
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gelatinases MMP-2 and MMP-9 in mouse cardiac fibroblasts (Stacy et al., 2007) and also to
reduce MMP-1 levels in rat cardiac fibroblasts (Chen et al., 2004).
The effects of ANGII on IL-6 secretion is also limited and most of this work is performed in
rodent fibroblasts, with ANGII inducing IL-6 expression in rat cardiac fibroblasts at both the
mRNA and protein level (Sano et al., 2000).
The AT1 receptor is thought to be responsible for the profibrotic effects of ANGII, and many of
the effects of this peptide (most noticeably collagen production) are widely accepted to be via
induction of TGF-β1. A feedback loop between these two proteins has been hypothesised (Uhal
et al., 2007) and TGF-β1 has been shown to upregulate AT1R mRNA and protein expression on
primary HLFs (Renzoni et al., 2004).
Studies into the effects of ANG(1-7) on the factors discussed above are extremely limited.
ANG(1-7) has been shown to exert antifibrotic effects via the Mas receptor, however, most
investigations into cell number and collagen production have been performed in rodent
cardiac fibroblasts. Decreases in proliferation (McCollum et al., 2012) and collagen deposition
(Iwata et al., 2005) have been observed in the presence of ANG(1-7) in rat cardiac fibroblasts,
with these effects confirmed to be via the Mas receptor. ANG(1-7) has been shown to reduce
MMP-9 levels in human cardiac fibroblasts (via the Mas receptor) and also to antagonise ANGII
induced increases in MMP-9 (Pan et al., 2008).
The ACE inhibitor captopril has also been shown to modulate fibroblast functions, Chen et al
(Chen et al., 2014) demonstrated a decrease in 10% FBS induced collagen deposition, TGF-β1
and PDGF secretion in primary human keloid fibroblasts. The ability of TGF-β1 to induce
expression of ACE in rat cardiac fibroblasts has also been demonstrated (Petrov et al., 2000),
indicating that some of the effects of TGF-β1 may be via increased endogenous production of
ANGII.
The effects of ANGII and ANG(1-7) on HLF function is relatively unexplored, therefore the
functional response to both of these peptides in healthy HLFs will be explored in this chapter.
The effects of captopril and telmisartan on fibroblast functions will also be examined to
determine if there is any endogenous RAS activity in culture. The effect of PD-123319 on
captopril modulated functions will also be investigated to determine any AT2R mediated
mechanisms.
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4.2
4.2.1

Protocols
Patient characteristics

The fibroblasts that were used in this chapter were derived from patients undergoing surgery
at Southampton General Hospital (as described in section 2.3.1). The below table summarises
the patient characteristics of the donors from which these cells were isolated. Further details
on the donors used for each experiment can be found in the Appendix.
Age

63.4 ± 2.2 years

Male / Female

24 / 26

Surgery - Bullectomy / Lobectomy

5 / 55

ACEi / AT1R prescriptions

10 / 4

Smoking status - Current / Ex / Non / Cannabis 12 / 31 / 6 / 1
FEV1/FVC

>0.7

Table 4-1. Summary of patient characteristics. Characteristics of the donors from which fibroblasts were
isolated for functional studies.

4.2.2

Angiotensin II

To measure proliferation, cells were treated with 0.1, 1 or 10µM ANGII or 2ng/ml active TGFβ1 and cell number measured as described in section 2.6. The effects of serum starvation and
the presence of different serum concentrations on ANGII and TGF-β1 effects were also
investigated and are discussed in the results below.
To explore the interaction between ANGII and TGF-β1 in collagen experiments, HLFs were
treated with 1nM - 10µM ANGII following a 16 hour pretreatment with either 2ng/ml active
TGF-β1 or 0.5% NCS. Cells were also treated with 0.01 – 2ng/ml TGF-β1 in the presence and
absence of 10µM ANGII. Cells were maintained as described in section 2.7 and collagen
measured after 6 days.
To investigate MMP-2 and MMP-9, cells were treated with 0.1nM to 10µM ANGII or 2ng/ml
TGF-β1 and supernatants were harvested at 48 hours before being run through gelatin
zymography according to section 2.8.
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For IL-6, MMP-1, latency associated peptide (LAP) and TGF-β1, cells were treated with 0.1 10µM ANGII or 2ng/ml TGF-β1. Supernatants were harvested at 24, 48 and 72 hours and run
through sandwich ELISAs for the target protein (according to section 2.9).
4.2.3

Angiotensin(1-7)

In proliferation experiments, cells were incubated with 10% NCS in the presence and absence
of 1 or 10µM ANG(1-7). To determine any Mas receptor effects, these experiments were also
performed in the presence and absence of 10µM A-779 (added simultaneously with ANG(1-7)).
Collagen production in the presence of 0.5 – 10% NCS or 2ng/ml TGF-β1 was measured in the
presence and absence of 0.1, 1 and 10µM ANG(1-7) (treatments added in unison). The effect of
10µM A-779 on the TGF-β1/ANG(1-7) collagen response was also explored. Collagen
deposition in response to 2ng/ml TGF-β1 was also measured following a 16 hour
preincubation with 1µM ANG(1-7), with ANG(1-7) also reintroduced upon TGF-β1 addition.
4.2.4

Angiotensin inhibitors

To investigate the potential presence of an endogenous angiotensin system in culture, the
effects of angiotensin inhibitors on fibroblast functions were explored.
For collagen experiments HLFs were seeded in soton DMEM in the presence and absence of
100µM captopril (to prevent cleavage of any endogenous ANGI to ANGII) or 10nM or 1µM
telmisartan (to block any endogenous ANGII from binding to AT1R), before reintroducing the
inhibitor in the presence of 0.5% NCS and cells were maintained for 6 days as described.
For IL-6, MMP-1 and TGF-β1 experiments, cells were treated with 0.5% NCS, 10% NCS or
2ng/ml TGF-β1 alone or in the presence of, 100µM captopril, 100µM captopril plus 1µM PD123319 or 10nM telmisartan alone. Supernatants were harvested at 24 and 48 hours before
being run through sandwich ELISAs.
The effects of inhibitors on 0.5% NCS were to investigate whether there were any endogenous
RAS peptides present at basal conditions. The ability of inhibitors to modulate 10% NCS
activity were explored to determine if any effects observed with 10% serum could be
attributed to the presence of higher levels of ANG peptides. TGF-β1 functions were also
investigated in the presence of RAS antagonists, to determine if any of the observed changes
with this cytokine were via induced ANGII activity. TGF-β1 has been shown to upregulate both
AT1R on human lung fibroblasts (Renzoni et al., 2004) and ACE expression in rat cardiac
fibroblasts (Petrov et al., 2000).
83

4. Effects of angiotensin peptides on human lung fibroblast function

4.3

Results

Each individual replicate in this chapter represents one experiment performed with
fibroblasts from one donor in duplicate.
For experiments that were run over multiple time points, i.e. 24, 48 and 72 hours, any donors
that were used for the longer time points were also used at the lower time points. E.g. any
fibroblasts that were tested at 72 hours were also tested at shorted time points. Not all
donors that were used for 24 or 48 hours were continued to longer time points, usually due
to low cell number when plating for experiments. Samples sizes are detailed in figure legends.

4.3.1

Angiotensin peptides and human lung fibroblast function

First the effects of the angiotensin peptides ANGII and ANG(1-7) on a wide variety of fibroblast
functions were explored and results are presented below.

4.3.1.1

Proliferation

The effect of ANG peptides on fibroblast proliferation was the first factor to be explored.
Increased cell number can lead to higher production of many of the profibrotic factors released
by HLFs, such as MMPs and collagen.
A number of experimental parameters were altered to determine the most optimal conditions
for this investigation. The first experiments were performed in HLFs that were serum starved
for 24 hours prior to ANGII treatment in serum free media (Figure 4-1A), TGF-β1 (2ng/ml) was
used as a positive control for all proliferation experiments.

Figure 4-1. Initial proliferation experiments in serum free media. Human lung fibroblasts were serum starved
overnight before treatment with either 0.1-10µM ANGII (A) or 2ng/ml TGF-β1 (B). Cells were then fixed at 24 (n=4),
48 (n=4) or 72 hours (n=3) and cell number measured with bromophenol blue. Data expressed are fold change from
24 hr no treatment (NT) and are pooled mean ± SEM of all experiments (Wilcoxon matched-pairs signed rank test).
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Neither ANGII (at 0.1, 1 or 10µM) nor TGF-β1 induced proliferation of HLFs under these
conditions. The lack of serum in these experiments also appeared to be detrimental to cell
viability, HLFs were seeded at 1x104 cells per well, however, the mean cell number recorded
at 24 hours ranged from 5.61 ± 1.38x103 (no ANGII) to 6.36 ± 1.83x103 (0.1µM ANGII)
indicating high levels of cell death in the initial steps of this experiment.
A number of other conditions, such as cell seeding density (0.5 - 1x104 cells per well) and serum
concentration present during the experiment (1 – 10%) were investigated (data not shown).
The only experimental conditions that appeared to yield a positive effect of ANGII on HLF
proliferation were, no serum starvation, followed by ANGII treatment in the presence of 10%
NCS (Figure 4-2).

Figure 4-2. The effect of ANGII on human lung fibroblast proliferation in the presence of 10% newborn calf
serum. Human lung fibroblasts were incubated overnight in 10% newborn calf serum (NCS) before treatment with
either 0.1-10µM ANGII (A) or 2ng/ml TGF-β1 (B) in the presence of 10% NCS. Cells were fixed at 48 (n=6) and 72
hours (n=6) and cell count measured with bromophenol blue. Data expressed are fold change from 48hr no
treatment (NT) and are pooled mean ± SEM of all experiments. *p<0.05 compared to 72 hr NT (Wilcoxon matchedpairs signed rank test).

These experimental conditions promoted baseline cell proliferation, with 15.5 ± 3.0x104 cells
per well measured at 24 hour NT, an increase of 54.7 ± 30.2% from initial cell seeding density.
Both ANGII and TGF-β1 appeared to upregulate proliferation at 72 hours under these
conditions, with a maximum increase of 72.1 ± 6.80% (n=6) observed with 1µM ANGII
(compared to 72 hour NT).
These experiments were the first with no serum starvation step, and were therefore repeated
with the concentration of NCS reduced from 10 to 0.4% (Figure 4-3). This was to determine
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whether it was the starvation step that reduced the ability of HLFs to proliferate in previous
experiments rather than low serum conditions. Also as both ANGII and TGF-β1 only induced
proliferation at 72 hours, a longer time point of 120 hours was included in this set of
experiments.

Figure 4-3. The effect of ANGII on human lung fibroblast proliferation in the presence of 0.4% newborn calf
serum. Human lung fibroblasts were incubated overnight in 10% newborn calf serum (NCS) before treatment with
either 0.1-10µM ANGII (A) or 2ng/ml TGF-β1 (B) in the presence of 0.4% NCS. Cells were fixed at 24, 48, 72 (n=3)
and 120 hours (n=2) and cell count measured with bromophenol blue. Data expressed are fold change from 24 hour
no treatment (NT) and are pooled mean ± SEM of all experiments (Wilcoxon matched-pairs signed rank test).

This set of conditions was optimal for maintaining cell viability, with 10.3 ± 1.04x104 cells per
well measured at 24 hours NT. ANGII did not induce fibroblast proliferation at any of the time
points investigated, however, the ability of TGF-β1 to induce proliferation was increased under
these conditions. TGF-β1 increased cell number at 24, 48 and 72 hours and the largest increase
was observed at 72 hours; TGF-β1 upregulated proliferation by 52.3 ± 8.91% compared to 72
hour NT. At 120 hours there was a decrease in cell number compared to 24 hour NT (as shown
in Figure 4-3 B), indicating a viability issue when maintaining cells in 0.4% serum conditions for
this period of time.
The ability of the antifibrotic peptide ANG(1-7) to modulate HLF proliferation was also
investigated. As 10% NCS induces HLF proliferation, the ability of ANG(1-7) and the Mas
receptor antagonist A-779 to modulate 10% NCS induced effects were explored. Cells were
seeded and maintained in 10% NCS, until treatment with 0.4% NCS, or 10% NCS in the
presence and absence of 1µM (Figure 4-4) or 10µM ANG(1-7) (Figure 4-5) or A-779 (10µM). Cell
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count was measured at both 48 and 72 hours. In these experiments NT refers to cells
maintained in 0.4% NCS.

Figure 4-4. The effects of 1µM ANG(1-7) and 10µM A-779 on 10% newborn calf serum induced proliferation.
Human lung fibroblasts were incubated overnight in 10% newborn calf serum (NCS) before treatment with 10%
NCS alone or in the presence of 1µM ANG(1-7), 10µM A-779 or both. Cells were fixed at 48 (A, n=4) or 72 hours (B,
n=3) and cell count measured with bromophenol blue. Data expressed are fold change from 48 hr 0.4% NCS, no
treatment (NT) and plotted as individual data points plus median (Wilcoxon matched-pairs signed rank test).

At 48 hours, 10% NCS upregulated cell number by 62.7 ± 17.7% (Figure 4-4) when compared to
48 hour NT, this 10% NCS induced proliferation was reduced to 48.5 ± 17.7 % in the presence
of 1µM ANG(1-7). Results were, however, variable between cell lines, with ANG(1-7) causing a
median change of -7.0% (range of -20.5 – 8.7%) in 10% NCS induced proliferation. A-779 did
not alter the effects of ANG(1-7) in this experiment.
At 72 hours, there was a small trend towards upregulation of 10% NCS effects observed in the
presence of ANG(1-7). However, results in this instance were again variable with ANG(1-7)
causing a median change of 4.9% (range of -2.2 – 31.7%) in 10% NCS induced cell number.
ANG(1-7) at a higher concentration of 10µM (Figure 4-5) did not affect 10% NCS induced
proliferation at 48 hours, but upregulations in cell number were observed at 72 hours, with
this consistent across the three cell lines that were tested. However, these increases were
small, with 10% NCS induced proliferation increasing from 218.4 ± 30.6% to 247.3 ± 45.3% in
the presence of ANG(1-7). A-779 did not affect the cell number observed in the presence of
ANG(1-7).
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Figure 4-5. The effects of 10µM ANG(1-7) and 10µM A-779 on 10% newborn calf serum induced
proliferation. Human lung fibroblasts were incubated overnight in 10% newborn calf serum (NCS) before
treatment with 10% NCS alone or in the presence of 10µM ANG(1-7), 10µM A-779 or both. Cells were fixed at 48 (A,
n=3) or 72 hour (B, n=3) and cell count measured with bromophenol blue. Data expressed are fold change from 48
hr no treatment (NT) and are plotted as individual data points plus median. (Wilcoxon matched-pairs signed rank
test).

4.3.1.2

Collagen production

The next parameter to be explored was collagen production. Irreversible and increased ECM
deposition is one of the hallmark features of IPF, collagen is the main component of ECM and
fibroblasts are the key cell type involved its synthesis.
TGF-β1 is well known to induce collagen production in fibroblasts and was used as a positive
control for these experiments. TGF-β1 consistently upregulated collagen production in HLFs
(Figure 4-6), with an increase of 66.0 ± 7.97% observed (pooled data from 23 individual
experiments).
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Figure 4-6. Effects of TGF-β1 on collagen production. Human lung fibroblasts were incubated overnight in soton
DMEM before treatment with 2ng/ml TGF-β1 in the presence of 0.5% newborn calf serum and 100µM L-ascorbate.
Cells were fixed after 6 days and collagen production measured with Sirius red dye. Data expressed are fold change
from NT and plotted as individual experiments plus mean. ****p<0.0001 when compared to no treatment (NT)
(Wilcoxon matched-pairs signed rank test).

The ability of ANGII to induce collagen production in HLFs was investigated. As TGF-β1 has
been previously reported to upregulate AT1R on fibroblasts, collagen production in response
to ANGII was measured in cells that had a 16 hour pre-incubation with either 2ng/ml TGF-β1
or 0.5% NCS (Figure 4-7).
ANGII did not induce collagen synthesis in HLFs in either the presence or absence of TGF-β1
pre-treatment. There was, however, a consistently higher collagen production in the TGF-β1
treated group which was not unexpected.
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Figure 4-7. Effect of TGF-β1 on ANGII induced collagen production. Human lung fibroblasts were incubated
overnight in soton DMEM, treated with either 2ng/ml TGF-β1 or 0.5% newborn calf serum (NCS) for 16 hours,
before treatment with increasing concentrations of ANGII (0.001 - 10µM) (n=5). Cells were maintained in the
presence of 0.5% newborn calf serum (NCS) and 100µM L-ascorbic acid. Cells were fixed after 6 days and collagen
measured with Sirius red dye. Data expressed are fold change from 0.5% NCS maintained cells with no treatment
(NT) and are pooled mean ± SEM of all experiments ***p<0.001 and †p<0.0001 when compared to the equal ANGII
concentration on the no TGF-β1 control line (two-way ANOVA with multiple comparisons).

As 2ng/ml TGF-β1 is considered a maximal dose of this cytokine, fibroblasts under these
conditions may be maximally stimulated to produce collagen. Therefore, no further increases
in response to ANGII may be possible. To explore this, the effects of ANGII on TGF-β1 induced
collagen production were also investigated (Figure 4-8). HLFs were treated with increasing
concentrations of TGF-β1 (0.01-2ng/ml) in the presence and absence of 10µM ANGII. Lower
concentrations of TGF-β1 may still lead to upregulated AT1R without causing maximal collagen
production.

90

4. Effects of angiotensin peptides on human lung fibroblast function

Figure 4-8. Effects of ANGII on TGF-β1 induced collagen production. Human lung fibroblasts were incubated
overnight in soton DMEM before treatment with 0.01-2ng/ml of TGF-β1 in the presence or absence of ANGII (10µM).
Experiment was maintained in 0.5% newborn calf serum (NCS) and 100µM L-ascorbic acid. Cells were fixed after 6
days and collagen measured with Sirius red dye. Data expressed are fold change from 0.5% NCS maintained cells
with no treatment (NT) and are mean ± SEM (n=6). (Wilcoxon matched-pairs signed rank test performed at each
TGF-β1 concentration).

As expected, TGF-β1 dose dependently increased collagen synthesis in HLFs. Although little
difference was observed in the presence of ANGII, this peptide did cause a small increase in the
response to 0.3ng/ml TGF-β1 of 10.6 ± 4.04%. Wilcoxon matched-pairs signed rank tests were
performed on each TGF-β1 concentration to determine differences between individual points,
this was used rather than a two-way ANOVA which looks for differences between the two lines
as a whole. A Wilcoxon test provides a more accurate representation of the individual data
points.
Next, the ability of ANG(1-7) to modulate collagen deposition by HLFs was explored. Cells were
treated with increasing concentrations of NCS in the presence or absence of ANG(1-7) at 0.1, 1
and 10µM (Figure 4-9 A,B and C respectively).
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Figure 4-9. Effects of ANG(1-7) on serum induced collagen production. Human lung fibroblasts were incubated
overnight in soton DMEM before treatment with 0.5-10% newborn calf serum (NCS) in the presence or absence of
0.1µM (A, n=7), 1µM (B, n=4) or 10µM ANG(1-7) (C, n=7). 100µM L-ascorbic acid was present for the duration of
the experiment. Cells were fixed after 6 days and collagen measured with Sirius red dye. Data expressed are fold
change from cells maintained in 0.5% NCS with no treatment (NT) and are mean ± SEM of all experiments (Twoway ANOVA with multiple comparisons).

ANG(1-7) did not affect NCS induced collagen production at any of the concentrations tested.
The ability of this peptide to modulate TGF-β1 induced collagen production was also
investigated. HLFs were treated with 2ng/ml TGF-β1 in the presence or absence of 0.1 or 10µM
ANG(1-7) (Figure 4-10 A and B respectively). Control cells (NT) were maintained in 0.5% NCS.
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Figure 4-10. Effects of ANG(1-7) on TGF-B induced collagen production. Human lung fibroblasts were incubated
overnight in soton DMEM before treatment with 2ng/ml TGF-β1 in the presence or absence of 0.1 (A, n=10) or 10µM
ANG(1-7) (B, n=7). HLFs were maintained in 0.5% newborn calf serum (NCS) and 100µM L-ascorbic acid for the
duration of the experiment. Cells were fixed after 6 days and collagen measured with Sirius red dye. Data expressed
are fold change from cells maintained in 0.5% NCS with no treatment (NT). *p<0.05 when compared to 2ng/ml TGFβ1 alone (Wilcoxon matched-pairs signed rank test).

ANG(1-7) (0.1µM) did not affect TGF-β1 induced collagen production. However, the collagen
response observed in the presence TGF-β1 was statistically upregulated in the presence of
10µM ANG(1-7) with an increase of 10.0 ± 3.88% reported. The biological significance of an
increase of this size is, however, questionable.
In initial experiments performed in Figure 4-10, 0.1µM ANG(1-7) caused the greatest
upregulation (19.7 ± 9.5%, n=7), therefore the ability of A-779 to modulate the effect of this
concentration was tested (Figure 4-11). This was to determine any involvement of the Mas
receptor in the observed result. Upon compiling the results from Figure 4-11 with those initially
performed in Figure 4-10, the upregulation in TGF-β1 induced collagen was reduced to 12.5 ±
8.0% (n=10).
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Figure 4-11. Effect of A-779 on ANG(1-7) modulated collagen production. Human lung fibroblasts were
incubated overnight in soton DMEM before treatment with 2ng/ml TGF-β1 in the presence or absence of 0.1µM
ANG(1-7) with or without 10µM A-779, n=3. Cells were maintained in 0.5% newborn calf serum (NCS) and 100µM
L-ascorbic acid for the duration of the experiment. HLFs were fixed after 6 days and collagen measured with Sirius
red dye. Data expressed are fold change from cells maintained in 0.5% NCS with no treatment (NT) and are mean ±
SEM of all experiments. (Wilcoxon matched-pairs signed rank test)

In this set of experiments, 0.1µM ANG(1-7) did not cause an increase in TGF-β1 induced
collagen production (-7.8 ± 12.2%) and again highlights the natural variability that exists
between different fibroblast donors. Also, A-779 did not appear to affect the response to
ANG(1-7), however, these experiments are currently n=3 so more repeats would be required
to fully characterise the response to A-779.
The above experiments characterising the response to ANG(1-7) involved the addition of
ANG(1-7) and positive stimulus (NCS or TGF-β1) simultaneously. Therefore, the effects of
pretreating cells for 16 hours with 1µM ANG(1-7) before the addition of TGF-β1 were explored.
The ability of ANG(1-7) to modulate baseline collagen levels in response to 0.5% NCS (NT)
were also investigated in this set of experiments (Figure 4-12).
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Figure 4-12. Effects of ANG(1-7) preincubation on TGF-β1 induced collagen production. Human lung
fibroblasts were incubated overnight in soton DMEM with or without 1µM ANG(1-7). HLFs were then treated with
either 0.5% newborn calf serum (NCS) or 2ng/ml TGF-β1, 1µM ANG(1-7) was then reintroduced to cells that had
received ANG(1-7) pretreatment n=5. Cells were maintained in 0.5% NCS and 100µM L-ascorbic acid for the
duration of the experiment. HLFs were fixed after 6 days and collagen measured with Sirius red dye. Data expressed
are fold change from 0.5% NCS alone cells (no treatment – NT) and are mean ± SEM of all experiments (Wilcoxon
matched-pairs signed rank test).

No effects of 1µM ANG(1-7) preincubation on either baseline or TGF-β1 induced collagen levels
were observed in this set of experiments.

4.3.1.3

Matrix metalloproteinase-1

The ability of ANGII to modulate expression of MMP-1 in HLFs was investigated by sandwich
ELISA. MMP-1 is one of the main MMPs involved in collagen degradation in the lung, any
fluctuations in the levels of this enzyme could lead to either increased or dysregulated collagen
deposition. Both of these instances could feasibly contribute to IPF disease progression.
Cells were treated with 0.1-10µM ANGII or 2ng/ml TGF-β1 and supernatants harvested at 24,
48 and 72 hours (Figure 4-13).
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Figure 4-13. The effects of ANGII and TGF-β1 on matrix metalloproteinase-1 secretion. Human lung
fibroblasts were incubated overnight in soton DMEM before treatment with either 0.1-10µM ANGII (A) or 2ng/ml
TGF-β1 (B) in the presence of 0.5% newborn calf serum (NCS). Supernatants were harvested at 24, 48 or 72 hour
(n=5) and run through a sandwich ELISA for MMP-1. Data shown are fold change from 24 hour no treatment (NT)
are mean ± SEM of all experiments (Wilcoxon matched-pairs signed rank test).

ANGII did not appear to modulate the ability of HLFs to produce MMP-1, although a trend
toward decreased production was observed at 72 hours (Figure 4-13 A) (-24.4 ± 10.0% at 10µM
ANGII) although this did not reach significance. There was no effect of TGF-β1 on MMP-1
production.

4.3.1.4

Matrix metalloproteinase-2 and 9

To investigate the effects of ANGII on the gelatinase subfamily of MMPs, gelatin zymography
was performed to determine the secretion of MMP-2 and MMP-9 by HLFs. HLFs were treated
with increasing concentrations of ANGII (0.1nM to 10µM) or TGF-β1 (2ng/ml). The levels of
MMP-2 and MMP-9 in the supernatants were analysed 48 hours post dose by gelatin
zymography (Figure 4-14).
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Figure 4-14. MMP-2 production in the presence of ANGII and TGF-β1. Human lung fibroblasts (n=3) were
treated with increasing concentrations of ANGII (0.1nM to 10µM) or TGF-β1 (2ng/ml) for 48 hours. Cell
supernatants were collected and analysed with gelatin zymography.

MMP-2 was detected in all cell supernatants regardless of treatment. MMP-9, however, was not
detected in any supernatants from any cell line. Using densitometric analysis, changes in MMP2 production relative to the NT sample were calculated (Figure 4-15). Upregulation in MMP-2
production was observed in the presence of both 10µM ANGII (35.7 ± 6.92%) and 2ng/ml TGFβ1 (47.8 ± 11.6%).

Figure 4-15. Relative changes in MMP-2 production in the presence of ANGII or TGF-β1. Human lung
fibroblasts (n=3) were treated with increasing concentrations of ANGII (0.1nM to 10µM) or TGF-β1 (2ng/ml) for 48
hours and MMP-2 expression measured with gelatin zymography. Relative changes in MMP-2 expression (compared
to no treatment) were analysed by densitometric analysis (Wilcoxon matched-pairs signed rank test).
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4.3.1.5

Interleukin-6

The ability of ANGII to induce IL-6 secretion in HLFs was also explored. IL-6 signalling is known
to play an important role in IPF, and this cytokine can differentially regulate HLF
proliferation/apoptosis depending on the fibrotic phenotype of these cells (discussed in detail
in section 1.4.2).
HLFs were treated with 0.1-10µM ANGII or 2ng/ml TGF-β1 in the presence of 0.5% NCS and
supernatants harvested at 24, 48 and 72 hours (Figure 4-16).

Figure 4-16. Effects of ANGII and TGF-β1 on interleukin-6 secretion. Human lung fibroblasts were incubated
overnight in soton DMEM before treatment with either 0.1-10µM ANGII (A) or 2ng/ml TGF-β1 (B) in the presence
of 0.5% newborn calf serum (NCS). Supernatants were harvested at 24, 48 and 72 hours (n=3) and run through
sandwich ELISA for IL-6. Data shown are fold change from 24hr no treatment (NT) and are mean ± SEM of all
experiments (Wilcoxon matched pairs-signed rank test).

ANGII did not induce IL-6 secretion in HLFs at 24, 48 or 72 hours. TGF-β1, however, strongly
induced IL-6 release at all time points (Figure 4-16 B). Large differences between NT and TGFβ1 were observed at 48 hours, with an increase of 757.9 ± 357.4% in the presence of TGF-β1.
Similar increases were also observed at 72 hours (799.1 ± 689.4%), although results at this
point were more variable due to high baseline secretion (NT) in one cell line at this time point.
This is also the reason for the high variability observed at the 72 hour, no ANGII point in Figure
4-16 A. The effects of TGF-β1 on IL-6 secretion did not reach statistical significance at any time

point, likely due to the low sample size used for non-parametric testing.
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4.3.1.6

Latency associated peptide

As many of the reported effects of ANGII on fibroblasts are widely accepted to be via TGF-β1
release, the secretion of TGF-β1 in response to ANGII was examined. TGF-β1 is secreted from
cells in a complex with latency associated peptide (LAP) (discussed in more detail in section
1.3).
Measuring the levels of LAP secreted by HLFs, is a total measure of both inactive TGF-β1 (in
complex with LAP) and active TGF-β1 (dissociated LAP) in the supernatant. As TGF-β1 is
widely known to upregulate its own expression, this was again used as a positive control for
these experiments.
HLFs were treated in the same manner as IL-6 experiments above, Figure 4-17 shows the release
of LAP to 0.1-10µM ANGII (A) and 2ng/ml TGF-β1 (B).

Figure 4-17. Effects of ANGII and TGF-β1 on latency associated peptide secretion. Human lung fibroblasts were
incubated overnight in soton DMEM, before treatment with either 0.1-10µM ANGII (A) or 2ng/ml TGF-β1 (B) in the
presence of 0.5% NCS. Supernatants were harvested at 24 (n=10), 48 (n=9) and 72 hours (n=7) and run through a
sandwich ELISA for latency associated peptide (LAP). Data shown are fold change from 24hr no treatment (NT) and
are mean ± SEM of all experiments. A: **p<0.01 when compared to 48hr no ANGII; B: *p<0.05, **p<0.01 when
compared to NT from same day (Wilcoxon matched-pairs signed rank test).

ANGII (0.1µM) statistically upregulated LAP secretion in HLFs at both 48 hours, with an
increase of 38.7 ± 19.3%. A trend towards increased LAP production was also observed with
this concentration at 72 hours with an increase of 60.6 ± 20.1%y. No effects of 1 or 10µM ANGII
were observed at any time point. A strong upregulation in LAP production was also induced in
response to TGF-β1 at all the time points investigated.
99

4. Effects of angiotensin peptides on human lung fibroblast function
Active TGF-β1 release in response to 0.1-10µM ANGII was also explored with a TGF-β1
sandwich ELISA, however, there was no detectable level of active TGF-β1 at 24, 48 or 72 hours
(data not shown).

4.3.2

Angiotensin inhibitor effects

Next the effects of the ACE inhibitor captopril and AT1R antagonist telmisartan on HLF function
were explored. The AT2R antagonist PD-123319 and its effect on captopril modified fibroblast
function was also explored. These antagonists were utilised to determine whether there was
an endogenously expressed RAS in the cell culture system.
4.3.2.1

Collagen

The ability of captopril to modulate baseline collagen levels was tested. HLFs were seeded in
soton DMEM in the presence of 100µM captopril and incubated overnight before re-treatment
with captopril in the presence of 0.5% NCS (Figure 4-18).

Figure 4-18. The effect of captopril on baseline collagen levels. Human lung fibroblasts (HLFs) were incubated
overnight in soton DMEM with or without 100µM captopril, before treatment again with 100µM captopril in the
presence of 0.5% newborn calf serum (NCS) and 100µM L-ascorbic acid, n=9. Cells were fixed after 6 days and
collagen measured with Sirius red dye. Data shown are fold change from no treatment (NT) and are mean ± SEM of
all experiments. **p<0.01 when compared with NT (Wilcoxon matched-pairs signed rank test).

Captopril significantly reduced baseline collagen levels by 14.6 ± 2.45%. To determine whether
this was likely to be due to reduced production of endogenous ANGII, the ability of telmisartan
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to induce a similar effect was explored, 10nM and 1µM telmisartan was used for these
experiments (Figure 4-19).

Figure 4-19. The effect of telmisartan on baseline collagen levels. Human lung fibroblasts (HLFs) were
incubated overnight in soton DMEM alone or with 10nM (n=7) or 1µM telmisartan (n=3). HLFs were then treated
with the same dose of telmisartan in the presence of 0.5% NCS and 100µM L-ascorbic acid, maintained for 6 days
before fixing and staining with Sirius red dye. Data shown are fold change from no treatment (NT) and are mean ±
SEM of all experiments. *p<0.01 when compared to NT (Wilcoxon matched-pairs signed rank test).

Telmisartan (10nM) significantly reduced baseline collagen levels by 7.0 ± 2.26%, although the
biological significance of a decrease of this size is questionable. No further decrease in collagen
was observed in the presence of 1µM telmisartan (5.04 ± 1.59%) indicating that the maximum
effect was seen with 10nM.
4.3.2.2

Interleukin-6

Next, the ability of captopril to modulate IL-6 secretion in HLFs was investigated. In this
instance the effects of 100µM captopril on 0.5% NCS, 10% NCS or 2ng/ml TGF-β1 treated
fibroblasts were examined (Figure 4-20 A, B and C respectively). Cells were seeded and
incubated overnight before simultaneous addition of captopril plus 0.5 or 10% NCS or TGF-β1,
IL-6 in the supernatants was measured at 24 and 48 hours.
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Figure 4-20. Effects of captopril on interleukin-6 secretion. Human lung fibroblasts were incubated overnight
in soton DMEM before treatment with 0.5 (A) or 10% (B) newborn calf serum (NCS) or 2ng/ml TGF-β1 (C) in the
presence or absence of 100µM captopril. Supernatants were harvested at 24 and 48 hours and run through a
sandwich ELISA for IL-6, n=7 for all points. Data shown are fold change from 24 hour 0.5% alone (no treatment –
NT) and are mean ± SEM of all experiments. *p<0.05 when compared to the paired no captopril group from the same
time point (Wilcoxon matched-pairs signed rank test).

Captopril significantly upregulated 0.5% NCS induced IL-6 by 33.3 ± 10.7% at 24 hours,
although this effect no longer reached significant at 48 hours. The IL-6 response to 10% NCS
was also increased in the presence of captopril at both 24 (54.8 ± 16.7%) and 48 hours (34.2 ±
12.1%), although the effects were smaller at the later time point. There was no effect of
captopril on TGF-β1 induced IL-6 secretion.
The effects of 1µM PD-123319 on captopril modulated IL-6 production were also explored, this
was to determine whether any of the effects were due to increased levels of ANG(1-9) in the
media. ANG(1-9) has been shown to have opposing effects to ANGII via AT 2R. The ability of
10nM telmisartan to modify IL-6 secretion in HLFs was also investigated in this set of
experiments, Figure 4-21 shows the effects of these inhibitors against 0.5% NCS treated cells.
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Figure 4-21. The effect of angiotensin inhibitors on baseline interleukin-6 secretion. Human lung fibroblasts
were incubated overnight in soton DMEM before treatment with 0.5% newborn calf serum (NCS), 100µM captopril
in the presence and absence of 1µM PD-123319 or 10nM telmisartan alone. Supernatants were harvested at 24 (A,
n=3) and 48 hours (B, n=3), before being run through a sandwich ELISA for IL-6. Data shown are fold change from
24 hour no treatment (NT) and are mean ± SEM of all experiments (Wilcoxon matched-pairs signed rank test).

PD-123319 appears to reduce captopril induced IL-6 production at both 24 and 48 hours.
Telmisartan does not appear to affect baseline IL-6 production at 24 hours, although a trend
towards decreasing IL-6 in the presence of this antagonist was observed at 48 hours.
The effects of these angiotensin inhibitors on 10% NCS induced IL-6 were investigated in a
similar manner and are shown below in Figure 4-22.
Captopril upregulated 10% NCS induced IL-6 as shown previously (Figure 4-20). PD-123319
inhibited this captopril induced IL-6 upregulation at both 24 and 48 hours, and is back to the
level of 10% NCS treated cells by 48 hours. No effect of telmisartan on 10% NCS induced IL-6
was observed at either time point.
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Figure 4-22. The effects of angiotensin inhibitors on 10% newborn calf serum induced interleukin-6. Human
lung fibroblasts were incubated overnight in soton DMEM before treatment with 10% NCS, 100µM captopril in the
presence and absence of 1µM PD-123319 or 10nM telmisartan alone. Supernatants were harvested at 24 (A, n=3)
and 48 hours (B, n=3) before being run through a sandwich ELISA for IL-6. Data shown are fold change from 24
hour 0.5% NCS treated cells (no treatment – NT) and are mean ± SEM of all experiments (Wilcoxon matched-pairs
signed rank test).

Although captopril did not affect TGF-β1 induced IL-6 in above experiments (Figure 4-20), the
ability of the angiotensin inhibitors to modulate TGF-β1 induced IL-6 secretion were also
tested (Figure 4-23).

Figure 4-23. The effects of angiotensin inhibitors on TGF-β1 induced interleukin-6 secretion. Human lung
fibroblasts were incubated overnight in soton DMEM before treatment with 2ng/ml TGF-β1 with or without 100µM
captopril in the presence and absence of 1µM PD-123319, or 10nM telmisartan alone. Cells were maintained in 0.5%
newborn calf serum (NCS) and supernatants harvested at 24 (A, n=3) and 48 hours (B, n=3). Data shown are fold
change from 24 hour 0.5% NCS treated cells (no treatment – NT) and are mean ± SEM of all experiments. (Wilcoxon
matched-pairs signed rank test).
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Neither Captopril nor Telmisartan affected TGF-β1 induced IL-6 at either time point. However,
Captopril in the presence of PD-123319 did appear to be lower than NT at 24 hours, with this
effect lost by 48 hours.
4.3.2.3

Transforming growth factor-β1

The next soluble factor secreted by fibroblasts to be investigated was TGF-β1, the effects of
100µM captopril on 0.5% and 10% NCS induced TGF-β1 at 24 and 48 hours are shown below
in Figure 4-24.

Figure 4-24. The effect of captopril on TGF-β1 secretion. Human lung fibroblasts were incubated overnight in
soton DMEM before treatment with 0.5 (A, n=7) or 10% newborn calf serum (NCS) (B, n=7) in the presence and
absence of 100µM captopril. Supernatants were harvested at 24 and 48 hours. Samples were acid treated and run
through a sandwich ELISA to measure total TGF-β1. Data shown are fold change from 0.5% NCS treated cells (no
treatment – NT) and are mean ± SEM of all experiments. (Wilcoxon matched-pairs signed rank test).

Captopril did not affect 0.5% NCS induced TGF-β1, however, a trend towards an increase in
10% NCS induced TGF-β1 was observed at 24 hours. The 24 hour 10% NCS group was 5.02 ±
0.82 fold higher than the NT group, in the presence of captopril, 10% NCS was 6.16 ± 0.78 fold
higher than 24 hour NT. An average increase of 36.8 ± 27.4% was reported, although high
variability between donor fibroblasts was observed.
The TGF-β1 levels seen in the presence of 0.5 and 10% NCS and captopril were measured in
the presence of 1µM PD-123319. TGF-β1 levels in the presence of 10nM telmisartan were also
explored. The effects of these antagonists against 0.5% NCS are shown in Figure 4-25.
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Figure 4-25. The effects of angiotensin inhibitors on baseline TGF-β1 secretion. Human lung fibroblasts were
incubated overnight in soton DMEM before treatment with 0.5% newborn calf serum (NCS) with or without 100µM
captopril in the presence and absence of 1µM PD-123319, or with 10nM telmisartan alone. Supernatants were
harvested at 24 (A, n=3) and 48 hours (B, n=3), acid treated and run through a sandwich ELISA for total TGF-β1.
Data shown are fold change from 24 hour no treatment (NT) and mean ± SEM of all experiments. (Wilcoxon
matched-pairs signed rank test).

There does not appear to be any effects of captopril with or without PD-123319, or telmisartan
on 0.5% NCS induced TGF-β1 at either time point.
The effects of angiotensin inhibitors on 10% NCS induced TGF-β1 were also explored (Figure
4-26)

and there was no effect of captopril, PD-123319 or telmisartan observed at either time

point.

Figure 4-26. The effect of angiotensin inhibitors on 10% newborn calf serum induced TGF-β1. Human lung
fibroblasts were incubated overnight in soton DMEM before treatment with 10% newborn calf serum (NCS) with
or without 100µM captopril in the presence and absence of 1µM PD-123119, or with 10nM telmisartan alone.
Supernatants were harvested at 24 (A, n=3) or 48 hours (B, n=3), acid treated and run through a sandwich ELISA
for total TGF-β1. Data shown are fold change from 24 hour 0.5% NCS (no treatment – NT) and are mean ± SEM of
all experiments. (Wilcoxon matched-pairs signed rank test).
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4.3.2.4

Matrix metalloproteinase-1

The ability of HLFs to produce MMP-1 in response to 0.5% NCS, 10% NCS and TGF-β1 in the
presence and absence of captopril was also investigated (Figure 4-27) in a similar manner to IL6 and TGF-β1.

Figure 4-27. The effect of captopril on MMP-1 secretion. Human lung fibroblasts were incubated overnight in
soton DMEM before treatment with 0.5% (A) or 10% newborn calf serum (NCS) (B) or 2ng/ml TGF-β1 (C) in the
presence and absence of 100µM captopril. Supernatants were harvested at 24 and 48 hours, n=4, and run through
a sandwich ELISA for MMP-1. Data shown are fold change from 24 hour 0.5% NCS treated cells (no treatment – NT)
and are mean ± SEM of all experiments (Wilcoxon matched-pairs signed rank test).

The level of MMP-1 produced under the basal conditions of 0.5% NCS varied greatly between
different fibroblast donors, with an MMP-1 level in a number of experiments that was too high
to quantify. Therefore the sample size for these experiments was smaller (n=4) than the
equivalent IL-6 and TGF-β1 captopril experiments (n=7), due to the need for further
optimisation for this set of experiments.
Very little effect of captopril on MMP-1 was observed, although there did appear to be a trend
towards reduced baseline MMP-1 secretion at 48 hours (Figure 4-27 A). There also appeared to
be a trend towards an upregulated response to TGF-β1 at 48 hours (Figure 4-27 C) with an
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increase of 25.5 ± 10.4% observed. However, due to the small sample size solid conclusions
from this data are difficult.
The effect of PD-123319 on MMP-1 levels observed in the presence of captopril was also
investigated. MMP-1 levels in the presence of telmisartan were also measured. Figure 4-28
shows the effects of these antagonists on 0.5% NCS induced MMP-1 at 24 (A) and 48 hours (B).

Figure 4-28. The effect of angiotensin inhibitors on baseline MMP-1 secretion. Human lung fibroblasts were
incubated overnight in soton DMEM before treatment with 0.5% newborn calf serum (NCS) with or without 100µM
captopril in the presence and absence of 1µM PD-123319, or with 10nM telmisartan alone. Supernatants were
harvested at 24 (A, n=3) and 48 hours (B, n=3) and run through a sandwich ELISA for MMP-1. Data shown are fold
change from 24 hour no treatment (NT) and are mean ± SEM of all experiments. (Wilcoxon matched-pairs signed
rank test).

There was no effect of either captopril with or without PD-123319, or telmisartan on 0.5% NCS
induced MMP-1 at either 24 or 48 hours. These inhibitors were retested against 10% NCS
induced MMP-1 (Figure 4-29).
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Figure 4-29. The effects of angiotensin inhibitors on 10% newborn calf serum induced MMP-1. Human lung
fibroblasts were incubated overnight in soton DMEM before treatment with 10% newborn calf serum (NCS) with
or without 100µM captopril in the presence and absence of 1µM PD-123319, or with 10nM telmisartan alone.
Supernatants were harvested at 24 (A, n=3) and 48 hours (B, n=3) and run through a sandwich ELISA for MMP-1.
Data shown are fold change from 24 hour 0.5% NCS treated cells (no treatment – NT) and are mean ± SEM of all
experiments. (Wilcoxon matched-pairs signed rank test).

There does not appear to be any effects of captopril in the presence or absence of PD-123319,
or telmisartan alone on 10% NCS induced MMP-1. The effects of these inhibitors on TGF-β1
induced MMP-1 are shown in Figure 4-30 below.

Figure 4-30. The effects of angiotensin inhibitors on TGF-β1 induced MMP-1. Human lung fibroblasts were
incubated overnight in soton DMEM before treatment with 2ng/ml TGF-β1 with or without 100µM captopril in the
presence and absence of 1µM PD-123319, or with 10nM telmisartan alone. Cells were maintained in the presence
of 0.5% newborn calf serum (NCS). Supernatants were harvested at 24 (A, n=3) and 48 hours (B, n=3) and run
through a sandwich ELISA for MMP-1. Data shown are fold change from 24 hour 0.5% NCS treated cells (no
treatment – NT) and are mean ± SEM of all experiments. (Wilcoxon matched-pairs signed rank test).
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Very little effect of any of the inhibitors was observed. Captopril may have induced small
upregulations at 48 hours (similar to that observed in Figure 4-27), although PD-123319 does
not appear to have much effect on this result. Due to the small sample size (n=3) and variability
between cell lines, further repeats of this experiment are required to confirm this result.
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4.4

Discussion

Previous experiments (as reported in Chapter 3) have demonstrated the ability of ANGII to
induce intracellular Ca2+ release in HLFs via AT1R. Activation of signalling pathways
downstream of Ca2+ mobilisation were also observed, with ANGII shown to induce ERK1/2
phosphorylation. As these results indicate that ANGII is able to activate HLFs, effects of this
peptide on downstream fibroblast functions were investigated. Results from Chapter 3 also
showed inhibitory actions of ANG(1-7) on Ca2+ mobilisation, therefore, how this translates to
fibroblast function was also examined. In addition, as ANGII is thought to mediate its effects, at
least in part, by TGF-β1 induction (Uhal et al., 2007), the effects of this cytokine on fibroblast
function were also explored.
The first functional parameter to be investigated was proliferation. Initial experiments were
performed following serum starvation for 24 hours, prior to treatment with ANGII or TGF-β1
in serum free DMEM (Figure 4-1). Neither treatment induced HLF proliferation under these
circumstances, with a loss in cell number observed at 24 hours with these treatment
conditions. An average loss of approximately 45% of the cell seeding density was seen at this
time point, indicating high levels of cell death when maintaining cells in serum free DMEM.
Previous literature has also reported apoptosis in a subset of mouse derived fibroblasts
following serum starvation (Kulkarni and McCulloch, 1994), indicating that this condition may
not be optimal for investigating fibroblast activity.
The effects of ANGII and TGF-β1 were also explored in the presence of 10% NCS in HLFs that
were not serum starved. Both 0.1 and 1µM ANGII and 2ng/ml TGF-β1 upregulated proliferation
of fibroblasts under these conditions (Figure 4-2), although these effects were only observed at
the longer time point of 72 hours. The high NCS concentration present in this study also may
not be the best condition for investigating fibroblast proliferation, as large increases in cell
number were already observed in the presence of 10% NCS. This high level of background
proliferation may therefore mask any early mitogenic effects of the peptides that were tested.
The proliferative effects of ANGII and TGF-β1 were also investigated in the presence of 0.4%
NCS in HLFs that were not serum starved prior to treatments (Figure 4-3). It was hoped that
lowering the concentration of NCS would increase the level of proliferation that could be
observed with peptide treatments, by reducing the background proliferation observed in the
presence of 10% NCS. ANGII did not induce proliferation under these conditions at any of the
time points investigated. The mitogenic ability of TGF-β1 was, however, vastly improved under
these conditions, and induced cell proliferation at all time points. Also 0.4% NCS appeared to
provide a stable non-apoptotic, non-proliferative environment, with no change from the cell
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seeding density observed with 24 hour no treatment. These results indicate that these
conditions were the most optimal for study of cell proliferation.
ANGII only appeared to upregulate 10% NCS induced proliferation in HLFs that were not serum
starved prior to experiments. No other experimental conditions yielded positive effects of
ANGII on HLF cell number. This result is interesting, although the effects of the inhibitors
telmisartan and PD-123319 on this ANGII activity need to be explored, to determine whether
this was indeed a RAS induced effect.
There are a large number of previous studies investigating the effects of ANGII on human
cardiac fibroblast (HCF) proliferation. The reported effects of both ANGII and TGF-β1 on
fibroblast proliferation in the literature are extremely inconsistent. Agocha et al (Agocha et al.,
1997) reported an inhibitory effect of TGF-β1 and a stimulatory effect of ANGII on HCFs. These
experiments were, however, performed on fibroblasts from one single donor (aged 25). The
results from the current investigation highlight the natural variability that exists between
different fibroblast donors, therefore the results obtained from just one donor derived cell line
need to be interpreted with caution. Also, the younger age of the donor in the study by Agocha
et al may also affect the proliferative ability of the fibroblasts, compared to the older ages of
the HLF donors in the current study (57.3 ± 5.2 years). A number of previous investigations
have shown that human dermal fibroblasts lose their proliferative capacity with age (Phillips
et al., 1994; Fedarko et al., 1995), although comparable studies in HLFs are limited. Also Agocha
et al used 10ng/ml TGF-β1 which is an extremely high concentration of this cytokine that is
known to induce a shift to the less proliferative myofibroblastic phenotype (Midgley et al.,
2013). This may be a reason as to why no proliferation was observed with TGF-β1 in the
published study.
The mitogenic effects of TGF-β1 have been explored in more detail in an older investigation in
a human embryonic fibroblast cell line (Fine and Goldstein, 1987). Although there were small
differences in the cell synchronisation (quiescing) step in the published study, results obtained
by Fine and Goldstein fit well with results obtained from initial experiments in the current
investigation. The authors quiesced cells in the presence of 0.4% bovine foetal serum (BFS) for
either 24 or 48 hours, and experiments were performed in both serum free and 0.4% BFS
environments. No effect of 0.1, 1 or 10ng/ml TGF-β1 on fibroblast nuclear number was
reported. These results fit with the experiments conducted in serum free media in the current
study, where no proliferation was observed in the presence of 2ng/ml TGF-β1 following cell
synchronisation. TGF-β1 did, however, induce cell proliferation in the presence of 0.4% NCS,
although these cells were not quiesced prior to experiments and therefore are not comparable
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to those from Fine and Goldstein. Another study by Strutz et al (Strutz et al., 2001)
demonstrated a positive effect of TGF-β1 at 0.1, 1 and 10ng/ml in human kidney fibroblasts,
with a peak maximal response observed at 1ng/ml. These fibroblasts were also serum starved
for 24 hours prior to experimental treatments, but this was by replacing DMEM with Iscoves
modified eagles media, which is a media tailored to highly proliferative cell phenotypes. This
may have been less detrimental to fibroblast viability than the standard serum free DMEM used
in most experiments.
Other investigations alongside the Agocha et al study discussed above have also demonstrated
increased proliferation of HCFs in the presence of ANGII (Kawano et al., 2000). Both of these
investigations were performed in cells that had been quiesced in serum free media for either
24 (Agocha et al., 1997) or 48 hours (Kawano et al., 2000) before treatment with ANGII in
serum free media. These results do not fit with those from the current study, as no proliferation
with ANGII was observed in serum starved cells.
In contradiction, other studies have demonstrated no effect of ANGII on HCF proliferation,
Hafizi et al saw no effect of ANGII, at concentrations ranging from 0.01- 10µM, again in cells
that were quiesced in serum free media. Another study investigating the effects of ANGII on
human lung, synovial and dermal fibroblasts also showed no effect of ANGII on cell
proliferation (Galindo et al., 2005). These authors quiesced fibroblasts with 0.1% serum for 24
hours and investigated the effects of 0.1 and 10µM ANGII in the presence of different serum
concentrations (0.1, 5 and 10%), with no effect documented under any conditions. This fits
well with preliminary data that was performed in the current study, with no effect of 0.01 10µM ANGII observed in the presence of 0, 1, 5 or 10% NCS following serum starvation (data
not shown). The published study reported coexpression of AT1R and AT2R on all human
fibroblast types and suggested the opposing roles of both receptors as a reason for the lack of
overall ANGII effect. This was, however, contradicted by the fact that addition of the AT2R
antagonist PD-123319 prior to ANGII treatment, did not improve the proliferative ability of
ANGII (via binding to AT1R).
The ability of ANG(1-7) to modulate HLF proliferation was also explored in the current
investigation. As previous literature has suggested an antifibrotic role for ANG(1-7), the ability
of this peptide to inhibit 10% NCS induced proliferation was explored (Figure 4-4 and Figure 4-5).
The effects of the Mas antagonist A-779 on any ANG(1-7) results were also investigated, as well
as the effects of A-779 alone.
As shown in experiments with ANGII, 10% NCS caused large increases in HLF proliferation.
ANG(1-7) appeared to have little effect on this 10% NCS induced cell number at 48 hours, with
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variable results between different donor fibroblast lines. Interestingly, small but consistent
upregulations in cell number were observed in the presence of ANG(1-7) at 72 hours. One
possible explanation for this is the high concentrations of ANG(1-7) used in this study. As
mentioned earlier, there is likely to be a presence of ANG peptides in 10% NCS media.
Therefore, there may be a basal level of ANG(1-7) present, which is causing a small suppression
in HLF proliferation. By adding in high concentrations of exogenous ANG(1-7), this may cause
Mas receptor desensitisation/internalisation (Gironacci et al., 2011), leading to less activity of
the endogenously present ANG(1-7) and hence may cause a small upregulation in proliferation.
However, if this were the case, then these effects would have been expected at a shorter time
point, as the Mas receptor has been shown to internalise within 10 minutes of ANG(1-7)
treatment (Gironacci et al., 2011).
The likelihood of this scenario is also questionable due to the lack of real effect observed with
A-779. The addition of this antagonist alone had no real effect on 10% NCS induced
proliferation. If the explanation above was indeed correct, increases in proliferation would be
expected in the presence of A-779 alone (again due to inhibition of endogenous ANG(1-7)
activity).
The lack of effect of A-779 on the upregulations observed in the presence of ANG(1-7) also
suggests that this response is not simply mitogenic activity of ANG(1-7) via binding to the Mas
receptor. However, due to the small sample size (n=3-4) used in these experiments and the
variable nature between HLF donors, increasing the sample size of this investigation is
required to allow for definitive conclusions to be made.
There is very little investigation into the effects of ANG(1-7) on fibroblast proliferation, with
most published studies performed in rat cardiac fibroblasts. One study demonstrated the
ability of ANG(1-7) to reduce FBS induced fibroblast proliferation. This inhibition was reversed
in the presence of A-779, indicating that ANG(1-7) was causing inhibition via the Mas receptor
(McCollum et al., 2012). The ability of ANG(1-7) to dose dependently inhibit vasopressin
induced rat cardiac fibroblast proliferation has also been shown to be via the Mas receptor (Niu
et al., 2014). These results do not fit well with those from the current investigation.
Increases in cell proliferation have been observed with ANG(1-7) in one study in human skin
fibroblasts, in serum free conditions (Nickenig et al., 1997). Dose dependent increases were
observed with this peptide that were not blocked by the addition of either EXP-3174 (AT1R
antagonist) or PD-123319 (AT2R antagonist), demonstrating that these responses were not via
the classical ANGII receptors pathways. The same study also demonstrated the presence of a
specific ANG(1-7) receptor on the cell surface, which was likely to be the Mas receptor.
114

4. Effects of angiotensin peptides on human lung fibroblast function
Although this was not confirmed, as the Mas receptor was shown to be a receptor for ANG(17) in 2003 (Santos et al., 2003b), which is after the described study was published.
The investigation by Nickenig et al is one of the few studies into ANG(1-7) functional responses
performed in human derived fibroblasts, and this publication reported opposite effects to
those observed in rat fibroblasts (discussed above). The results from the current investigation
are also derived from human fibroblasts and fit better with the results observed by Nickenig et
al, with potential proliferative activity of ANG(1-7). Although there are differences in the
methodology between the current and published study (serum free vs 10% serum), these
reported observations may suggest high species variability in the effects of ANG(1-7) on
fibroblasts, and ANG(1-7) may in fact be mitogenic for fibroblasts derived from human organ
systems.
However, care should be taken not to over compare the results from the current study with the
study by Nickenig et al, as the published study utilised just one skin biopsy derived cell line for
all experiments. The results from the current investigation demonstrate differences between
fibroblasts from individual donors, therefore, had Nickenig et all used multiple cell lines,
different results may have been observed.
The next fibroblast function investigated that is known to be extremely important in IPF
disease progression was collagen deposition. There are multiple enzymes important in
collagen synthesis, most notably lysyl hydroxylase, lysyl oxidase and prolyl hydroxylase. Lysyl
hydroxylase is important in the hydroxylation of lysine to form hydroxylysine, which is then
further glycosolated by the addition of galactose (Yamauchi and Sricholpech, 2012). These
glycosylated hydroxylysine residues, as well as a small proportion of lysine residues, are then
oxidised by lysyl oxidase (Feres-Filho et al., 1995), causing the formation of reactive aldehydes.
These reactive aldehydes can then undergo spontaneous reactions with other aldehyde
containing residues in collagen, resulting in cross linking between collagen helices, helping to
stabilise the collagen molecule (Csiszar, 2001). Prolyl hydroxylase is important in the
formation of hydroxyproline, which is essential for the formation and stability of the collagen
triple helix (Myllyharju, 2003).
Ascorbic acid is an important cofactor for both hydroxylases. In the absence of L-ascorbate,
lysyl hydroxylase activity in human dermal fibroblasts was reduced to 8% of the maximum
activity observed in the presence of this cofactor (Miller et al., 1979). Prolyl hydroxylase
activity has also been shown to be reduced by at least 90% in the absence of ascorbate (de Jong
et al., 1982). These observations demonstrate the need for the addition of ascorbate to the
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culture media in order to observe any collagen production in response to stimuli, therefore
100µM L-ascorbate was added to the media for all collagen experiments.
Initial experiments saw no increase in collagen production in response to ANGII. Therefore the
relationship between ANGII and TGF-β1 was explored. TGF-β1 is known to induce the
expression of AT1R on adult lung fibroblasts (Renzoni et al., 2004), therefore HLFs in the
current study were pretreated with 0.5% NCS with or without 2ng/ml TGF-β1 for 16 hours,
before treatment with increasing concentrations of ANGII (Figure 4-7). The idea was that TGFβ1 may induce upregulation of AT1R on HLFs, and therefore may ‘boost’ the response to a
subsequent dose of ANGII. There was no ANGII dependent increase in collagen production in
either 0.5% NCS or TGF-β1 treated cells. There was, however, an increase in collagen
deposition in HLFs that received TGF-β1 pretreatment, highlighting the known profibrotic
nature of this cytokine.
The 2ng/ml dose of TGF-β1 is considered to be a maximal dose. This may mean that HLFs are
maximally stimulated to produce collagen at this concentration, therefore no additional effects
of ANGII would be possible under these circumstances. This lead to investigating the effects of
ANGII in the presence of lower TGF-β1 concentrations. HLFs were treated with increasing
concentrations of TGF-β1 in the presence and absence of 10µM ANGII (Figure 4-8). TGF-β1 dose
dependently increased collagen production, and a maximal response was observed at 2ng/ml
in 3 cell lines and at 1ng/ml in the remaining 3 cell lines. No effect of ANGII on TGF-β1 induced
collagen production was observed at any concentration. These results contradict the existence
of the feedback loop that exists between these two peptides (Lee et al., 1995; Renzoni et al.,
2004; Uhal et al., 2007). TGF-β1 does not appear to upregulate the response to ANGII, nor does
ANGII further enhance the response to TGF-β1 in these experiments.
The ability of ANG(1-7) to modulate collagen production in HLFs was also investigated. This
peptide (0.1, 1 or 10µM) did not affect collagen deposition in response to increasing
concentrations of NCS (Figure 4-9). This does not fit with previous literature investigating the
effects of ANG(1-7) on collagen deposition in rat cardiac fibroblasts, with this peptide shown
to reduce FBS induced collagen production in this cell type (McCollum et al., 2012). Also the
ability of ANG(1-7) to reduce the baseline collagen production observed in serum free media
has been demonstrated (Iwata et al., 2005), with the same study also demonstrating inhibitory
effects of ANG(1-7) against ANGII induced collagen deposition, again in rat cardiac fibroblasts.
In the current investigation, 0.1µM ANG(1-7) had no effect on TGF-β1 induced collagen
production (Figure 4-10). Also, upon closer evaluation the variable nature of fibroblasts
becomes apparent, with a -30.3 – 70.5% change in TGF-β1 induced collagen production
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observed between fibroblast lines. This, as well as the variation observed in the proliferation
studies discussed above, suggests the potential existence of many different fibroblast
phenotypes. Small but significant upregulations in TGF-β1 collagen production of 10% were
observed in the presence of 10µM ANG(1-7), although these results again demonstrated high
variation between individual experiments (-3.6 – 27.0%). Upon closer evaluation of the patient
characteristics, there does not appear to be any discernible differences between donors that
can account for the differences in the responses observed in any of the described experiments.
Also, no effect of A-779 on ANG(1-7) collagen production was observed (Figure 4-11), indicating
that any differences in collagen that were observed with ANG(1-7) were not via the Mas
receptor in this assay, although more experimental repeats are required to confirm this
observation.
As the effects of ANG(1-7) on TGF-β1 collagen production discussed above were investigated
by the simultaneous addition of ANG(1-7) and TGF-β1, the effect of ANG(1-7) pretreatment on
TGF-β1 induced collagen was explored (Figure 4-12). Unlike previous experiments
demonstrating increased collagen deposition, there was no effect of ANG(1-7) on TGF-β1
induced collagen production under these conditions. The expected effects of ANG(1-7) on TGFβ1 induced collagen production are unknown as there are no comparative studies into these
effects of ANG(1-7) in the literature.
Collagen production was measured according to the methods used by Chen et al, where cells
were treated and incubated for 6 days before staining with Sirius red dye. No media change
was performed on the fibroblasts during this time which may not have been the most optimal
culture conditions for maintaining these cells. During the course of the investigation, it was
determined that shorter time points of 24 – 48 hours could have been used (due to the
increases in collagen observed with just an overnight incubation with TGF-β1 in Figure 4-7),
however this was not adopted to maintain continuity between all collagen experiments. This
would be an important point to consider for further investigations into collagen deposition.
The next parameter to be investigated was MMP-1 secretion. There is limited data on the
effects of ANGII on MMP production in fibroblasts although reported data is fairly consistent.
ANGII has been shown to downregulate MMP-1 in HCFs (Pan et al., 2008), and also in murine
cardiac fibroblasts (Chen et al., 2004; Stacy et al., 2007).
MMP-1 was investigated by ELISA (Figure 4-13), and no difference in MMP-1 production was
observed in the presence of ANGII at 24 or 48 hours. However, a trend towards decreasing
MMP-1 in the presence of ANGII was observed at 72 hours, with an approximate decrease of
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25% seen in response to 10µM ANGII (compared to no treatment). This was fairly consistent
across all cell lines tested, with a decrease observed in 4 out of the 5 lines used for this
experiment, although this did not reach significance. Decreases in MMP-1 would lead to less
collagen degradation in the lung and therefore lead to increased collagen deposition and hence
fibrosis, suggesting a potential profibrotic role for ANGII in these circumstances. To further
characterise this potential response to ANGII an increased sample size is required, and these
experiments need to be repeated in the presence of telmisartan and PD-123319 to determine
receptor involvement.
This potential downregulation of MMP-1 by ANGII fits with that from Pan et al (2008) in HCFs,
although the published study did not look at the expression of the MMP-1 protein, but rather
the mRNA levels. The current work also fits loosely with the studies in murine cardiac
fibroblasts (Chen et al., 2004), although in the published study, differences in the protein level
were seen as early as 6 hours post treatment with 0.1µM ANGII. Also, this reported
downregulation was almost completely reversed by 24 hours. These results, coupled with
those from the current work may in fact suggest a biphasic MMP-1 response to the addition of
ANGII, and may also provide a reason as to why no inhibition was observed at 24 hours in the
current study. Investigations into MMP-1 production at shorter time points would be required
to confirm this hypothesis.
TGF-β1 caused small upregulations in MMP-1 production at all time points, however, this did
not reach statistical significance. This trend is interesting, as this is different to that observed
with ANGII, and is actually opposite to that seen in response to ANGII at 72 hours. ANGII is
thought to mediate its effects via induction of TGF-β1 and has been shown to induce TGF-β1
secretion in fibroblasts (Lee et al., 1995). If ANGII was indeed mediating its effects on MMP-1
production via induction of TGF-β1 then an increase in response to ANGII would be expected.
This suggests that ANGII may be affecting MMP-1 secretion via a TGF-β1 independent
mechanism.
The effects of ANGII and TGF-β1 on MMP production were also investigated by gelatin
zymography. This method allows for the detection of the two gelatinases, MMP-2 and MMP-9,
although no active MMP-9 was detected in the conditioned media from HLFs after 48 hours.
This was not unexpected as Ramos et al (Ramos et al., 2001) only detected low levels of MMP9 in one out of three healthy fibroblast lines. In the currently study there was, however, an
upregulation in MMP-2 production by HLFs in response to both 2ng/ml TGF-β1 and 10µM
ANGII (Figure 4-15). These effects of TGF-β have been documented previously, with this
cytokine shown to increase MMP-2 production in human gingival fibroblasts at both the
118

4. Effects of angiotensin peptides on human lung fibroblast function
protein (Overall et al., 1989) and RNA level (Overall et al., 1991). MMP-2 has been shown not
only to degrade gelatin, but also collagen type IV (Zeng et al., 1999). As this collagen is
responsible for the structural integrity of the basement membrane, upregulation of this MMP
could lead to high degradation of the pulmonary epithelium, and hence initiate the
dysregulated wound healing response and fibrosis that is typical of IPF. Selman et al (Selman
et al., 2000) observed MMP-2 expression in some subepithelial myofibroblasts in IPF lung
samples, close to areas of basement membrane disruption. No MMP-2 staining was observed
in healthy lung samples, further highlighting a potential role for this MMP in IPF.
ANGII has been shown to downregulate MMP-2 in both human (Pan et al., 2008) and murine
cardiac fibroblasts (Stacy et al., 2007). The results from the current study do not fit well with
these previous investigations. Although Pan et al only looked at mRNA levels 24 hours post
treatment with 1µM ANGII. The study by Stacy et al, however, is easier to compare, with MMP
activity measured after a 48 hour treatment with 1µM ANGII. MMP-2 activity was
downregulated by 43% in this investigation. In the current study, 1µM ANGII had no effect on
MMP-2 activity.
As the effects of ANGII on MMP-2 production in HLFs in the current study are only apparent at
high concentrations (10µM), the physiological relevance of this observation is questionable.
The circulating plasma concentration of ANGII is reported to range between 13.9 ± 2.0 – 32 ±
6.0pM (Lawrence et al., 1990; Matsui et al., 1999). Although the concentrations of ANGII in the
pulmonary environment are likely to be higher, due to locally expressed ACE, they are unlikely
to be at the concentrations required to upregulate MMP-2 production in this assay. Also as
mentioned in section 1.6, ACE2 levels have been shown to be extremely downregulated in the
lungs of IPF patients (Li et al., 2008), which in turn is likely to lead to elevated ANGII levels in
these patients, which could therefore be driving increased MMP-2 levels.
Very little effect of ANGII on HLF function has been reported in this study, therefore
investigations into potential reasons for this were explored. The effects of ANGII on IL-6
secretion were examined, this parameter was chosen for investigation due to the effects of this
cytokine on HLF proliferation. IL-6 has been reported previously to differentially affect HLF
proliferation, depending on whether the fibroblasts were derived from healthy or IPF lung
tissue (Moodley et al., 2003b). A decreased proliferation of healthy derived HLFs was reported
in the presence of IL-6, but increased proliferation was observed in IPF fibroblasts in response
to this cytokine. The ability of ANGII to induce IL-6 secretion in HLFs was explored, as this
peptide has been previously reported to induce expression of this cytokine in murine cardiac
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fibroblasts (Sano et al., 2000). If ANGII induces expression of IL-6 in HLFs then this may be a
reason for the lack of proliferation observed in the presence of this peptide.
Preliminary experiments investigating the effects of ANGII and TGF-β1 on IL-6 looked at IL-6
in the supernatant 2, 4, 8 and 24 hours after treatment with 0.1 – 10µM ANGII or 2ng/ml TGFβ1. No IL-6 was detected in the supernatants at these time points (apart from 8 and 24 hour
TGF-β1 treated cells), therefore longer time points were investigated. ANGII did not induce IL6 expression at 24, 48 or 72 hours, but large increases in IL-6 were observed in response to
TGF-β1 at all time points (Figure 4-16). These results do not support the suppressive effects of
IL-6 on healthy HLF proliferation that have been previously reported. TGF-β1 demonstrated
clear proliferative effects on HLFs in the presence of 0.4% NCS (Figure 4-3) and also induced
large increases in IL-6 secretion under similar conditions, which according to Moodley et al,
should be inducing senescence of this cell type. ANGII caused no proliferation of HLFs in the
presence of 0.4% NCS and also did not induce IL-6 secretion.
Next, the ability of ANGII to induce TGF-β1 was investigated. It is widely accepted in the
literature that many of the profibrotic actions of ANGII are mediated via the induction of TGFβ1 (Uhal et al., 2007). The ability of TGF-β1 to positively upregulate secretion of itself in an
autocrine feedback loop has also been documented (Van Obberghen-Schilling et al., 1988).
TGF-β1 in vivo exists in two forms, one form is in a complex bound to latency associated peptide
(LAP), and the other is free TGF-β1 that has dissociated from LAP (Figure 1-3 and Figure 1-4).
Using an ELISA for the detection of LAP, allows for the measure of both of these TGF-β1 forms
and so measures both free LAP (as a measure of free TGF-β1) and TGF-β1 bound LAP.
ANGII (at 0.1µM) caused significant upregulation in LAP secretion at both 48 and 72 hours
(increases of approximately 40% and 60% respectively, Figure 4-17). However, no effect at
either 1 or 10µM ANGII was observed, this may again be due to receptor internalisation at high
concentrations of ANGII (mentioned previously). As expected (due to the autocrine feedback
loop mentioned above), large increases in LAP production were observed at all time points
following treatment with TGF-β1.
The effects of ANGII on active TGF-β1 were also examined with TGF-β1 ELISA, this only allows
for detection of TGF-β1 that has dissociated from LAP and is in its free and active form. The
effects of TGF-β1 in this assay could not be explored, as treatment with TGF-β1 would be
detected in the supernatant giving a false positive. No detectable level of active TGF-β1 was
seen in the presence or absence of ANGII.
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Together, these results indicate that ANGII may indeed be inducing secretion of TGF-β1,
although the secreted cytokine is in complex with LAP and is therefore rendered inactive. This
may be a reason as to why very little effect of ANGII has been observed on HLF function. The
ability of TGF-β1 to induce the active form of itself has not been investigated in this study.
Next, the ability of the ACE inhibitor captopril and AT1R antagonist telmisartan to modulate
baseline levels of HLF function were explored. This was to determine whether there may be a
basally active RAS present in the cell culture system that is desensitising the response to
exogenous additions of ANG peptides.
First the effects of these compounds on collagen production were explored. The inhibitors
were added to the media at the cell seeding stage of the experiment, and left to incubate
overnight before retreatment with these inhibitors in the presence of 0.5% NCS. Captopril did
indeed cause a reduction in baseline collagen levels (Figure 4-18) of approximately 15%. As
captopril was added at the cell seeding stage of the experiment, it is likely that this inhibitor
was reducing the response to any peptides in the 10% NCS that would have occurred in the
overnight incubation. Captopril has previously been shown to reduce 10% NCS induced
collagen and TGF-β1 in keloid fibroblasts (Chen et al., 2014). The ANG peptides are blood
circulating peptides, therefore NCS is a likely source of ANGI. By adding in Captopril, inhibition
of ACE could prevent the conversion of endogenous ANGI to ANGII, and hence could provide
an explanation as to why decreases are observed. Also fibroblasts have been shown to express
ACE (van Kesteren et al., 1999; Hafizi et al., 2004), so cleavage of ANGI to ANGII in the normal
untreated culture system is a feasible scenario.
Confounding results were observed with telmisartan. This compound only caused an
extremely small decrease in baseline collagen (Figure 4-19) of 7%. Although statistically
significant, the physiological relevance of a reduction of this size is questionable. Maximum
effects were also observed at 10nM, with no further effect observed in the presence of 1µM
telmisartan. Although this decrease is small, this could suggest an AT1R mediated mechanism,
telmisartan will only prevent the binding of endogenous ANGII from binding to this receptor,
whereas captopril (by blocking production of ANGII) will prevent binding of ANGII to both
AT1R and AT2R. This could be a reason for the larger effect observed in the presence of this ACE
inhibitor, to determine any AT2R mediated mechanism these experiments could be repeated in
the presence of the AT2R antagonist PD-123319. Also, captopril will also stabilise any ANG(17) that is present in the cell culture media, as ACE degrades this peptide to ANG(1-5) under
normal conditions (as shown in Figure 1-8). Therefore there could be some Mas receptor
mediated effect following the addition of captopril, to confirm this, these experiments could be
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repeated in the presence of the Mas antagonist A-779. The differences observed in the effects
of captopril and telmisartan suggests that the results observed with captopril are not purely
via an AT1R mediated mechanism.
Captopril has been shown to inhibit human prolidase (Ganapathy et al., 1985). Prolidase is an
enzyme important in cleaving dipeptides and tripeptides containing C-terminal proline, as well
as in the recycling of proline for the synthesis of new collagen (Jackson et al., 1975). Proline is
extremely important in stabilising the structure of collagen and human skin fibroblasts
deficient in prolidase have been shown to have impaired collagen production (Dolenga and
Hechtman, 1992). Cell culture media containing 10% FBS is known to contain many amino
acids, therefore the 0.5% NCS present in the cell culture media in the current study is likely to
be a small source of proline. However, at least part of this proline will exist in a dipeptide form,
with proline in this form unavailable for incorporation into newly synthesised collagen, this is
likely to be a limiting step in collagen production and therefore prolidase is required for
cleavage of this dipeptide bound proline. In the current investigation, the culture media is also
supplemented with MEM non-essential amino acids, which according to manufacturer’s
specification includes 0.1mM L-proline (when diluted 1 in 100 to a working concentration).
Therefore whether inhibition of prolidase is a feasible action of captopril in this culture system
in questionable. The concentration at which captopril causes inhibition of prolidases also
varies greatly between species as well as different organs (Ganapathy et al., 1985), with a Ki of
5 mM reported for captopril against human kidney prolidases, which is much higher than the
0.1mM used in the current investigation. Karna et al (Karna et al., 2010) demonstrated a
decrease in collagen synthesis in the presence of captopril, in human dermal fibroblasts that
were cultured in media contained 10% FBS. Captopril (0.2 – 1mM) caused a dose dependent
decrease in collagen, with a reduction of about 20% observed in the presence of 0.3mM
captopril. This reduction in collagen synthesis was also shown to correlate with a decrease in
prolidase activity. To determine if the effect of captopril in the current study was a collagen
specific inhibition, the ability of captopril to modulate other fibroblast functions was explored.
Baseline IL-6 in response to 0.5% NCS was explored as well in as HLFs stimulated with 10%
NCS or TGF-β1 (Figure 4-20). The effects of captopril on IL-6 levels under all conditions were
examined. TGF-β1 induced IL-6 production was unaffected by the addition of captopril,
indicating that this cytokine is inducing IL-6 via an ACE independent mechanism. Small but
significant upregulations in 0.5% NCS treated cells were observed in the presence of captopril
at 24 hours, however, this significance was lost by 48 hours. Most notable were the increases
in 10% NCS induced IL-6 in the presence of captopril. These results first off do not suggest a
RAS dependent mechanism, as ANGII has been reported to upregulate IL-6 in fibroblasts (Sano
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et al., 2000). Blocking endogenous production of this peptide in 10% NCS should result in a
decreased IL-6 response, but this was not observed in these experiments. However, the
documented effects of ANGII on IL-6 production in fibroblasts is limited, with no previous
studies performed in HLFs, therefore the exact effect expected in the presence of this peptide
is relatively unknown.
The ANG peptides ANGI and ANG(1-7) are not the only substrates for ACE. Bradykinin is
another known substrate for this enzyme (Hornig et al., 1997), therefore by blocking ACE,
higher levels of bradykinin result. Bradykinin has been shown to upregulate IL-6 production
in primary HLFs (Hayashi et al., 2000), and as this peptide (like ANG peptides) is an important
vascular mediator, the presence of bradykinin in NCS is extremely likely. This could be the
mechanism via which captopril is upregulating IL-6 in this assay, inhibition of ACE would lead
to increased levels of bradykinin and hence increased IL-6 production.
Another RAS related hypothesis for the actions of captopril on the observed IL-6 response is
the generation of ANG(1-9). By blocking the classical ANGI to ANGII pathway, the alternative
degradation pathway for ANGI, the ACE2 pathway, is upregulated. The main peptide formed by
cleavage of ANGI by ACE2 is ANG(1-9). Under normal circumstances, this ANG(1-9) is then
further cleaved to ANG(1-7) by ACE or neprilysin (NEP) (Figure 1-8). HLFs have been shown to
express cell bound NEP (Kondepudi and Johnson, 1993), which will cleave some of the ANG(19) present, but this degradation would still be reduced in the presence of captopril due to
removal of ACE activity, causing higher levels of ANG(1-9) to remain in the media.
ANG(1-9) has been shown to have opposing actions to those generated by the ANGII/AT1R
pathway, via binding to AT2R (Flores-Munoz et al., 2012). Therefore the ability of the AT2R
antagonist PD-123319 to reverse the increased IL-6 production in response to captopril was
investigated.
PD-123319 reduced captopril induced upregulation of both 0.5% (Figure 4-21) and 10% NCS
IL-6 (Figure 4-22) at 24 and 48 hours. PD-123319 completely reversed the effects of captopril
on 10% NCS by 48 hours. These results indicate that cells cultured in the presence of captopril
have indeed shifted to the ACE2 pathway and have increased the production of ANG(1-9).
ANG(1-9) has previously been reported to have antifibrotic actions via AT2R, which have been
inhibited in this system by the addition of PD-123319. However, care does need to be taken
not to over interpret these results due to the small sample size for this set of experiments (n=3).
The effects of telmisartan on IL-6 production were also investigated, this was to determine
whether any of the effects observed with captopril were an ANGII/AT1R blockade response.
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Telmisartan did not appear to have the same effect as captopril on 0.5 and 10% NCS induced
IL-6, indicating that captopril is not acting via reduced production of ANGII.
The effects of captopril on total TGF-β1 secretion were also examined (Figure 4-24), there was
no significant effect of captopril on 0.5% or 10% NCS induced TGF-β1. There did appear to be
a trend towards higher 10% NCS induced TGF-β1 in the presence of captopril at 24 hours (an
increase of 37% in the presence of captopril). The effect of captopril on 10% FBS induced TGFβ1 has been previously investigated (Chen et al., 2014), however, a decrease in the presence of
captopril was observed and is opposite to the results from the current study. The trend towards
increased TGF-β1 in the presence of captopril is confounding to published evidence suggesting
increased TGF-β1 in response to ANGII (Lee et al., 1995). Indicating that the results from the
current investigation are not ANGII dependent.
The effects of PD-123319 and telmisartan on TGF-β1 were also investigated (Figure 4-25 and
Figure 4-26). No effect of PD-123319 on TGF-β1 levels in the presence of captopril was observed

in 0.5 or 10% NCS media. Telmisartan also did not affect 0.5 or 10% NCS induced TGF-β1. This
suggests that any of the documented effects of captopril on TGF-β1 are not via a RAS dependent
mechanism.
Effects of captopril on MMP-1 production were also examined (Figure 4-27). No clear effects of
captopril on MMP-1 secretion were observed under any conditions. Small downregulations in
0.5% NCS induced MMP-1 were observed at 48 hours. This does not fit with previous results
from the current investigation (and previous literature) suggesting downregulated MMP-1 in
response to ANGII. If captopril blocked the endogenous production of ANGII, then an increase
in MMP-1 would be expected. This again indicates that captopril is not working via an ANGII
dependent mechanism.
Small upregulations in TGF-β1 induced MMP-1 were seen in the presence of both Captopril and
Telmisartan. These results suggest that the observed trend could be ANGII and AT 1R
dependent due to the similar actions of these two inhibitors. This effect of captopril on TGF-β1
does not appear to be reversed in the presence of PD-123319. However, due to the small
sample size for these experiments, further repeats are required to allow for definitive
conclusions to be made.
The results from this chapter suggest minimal effects of RAS peptides on HLF function. ANGII
only appeared to upregulate proliferation in the presence of 10% NCS, however, upon assay
optimisation this proliferative effect was lost in the presence of 0.4% NCS. ANGII did not
significantly affect any other HLF function, which may be due to the lack of induction of active
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TGF-β1. Treatment with TGF-β1 induced fibroblast proliferation, collagen deposition, IL-6 and
MMP-2 production as well as small increases in MMP-1. These results suggest that this set of
experiments were correctly optimised and provide confidence that the lack of effect seen with
ANGII was indeed a real observation.
Captopril significantly upregulated 0.5 and 10% NCS induced IL-6 although this does not
appear to be via inhibition of ANGII, due to the lack of effect of telmisartan in this assay.
Interestingly, ANG(1-9) may play a role in this captopril induced effect as these responses were
reversed in the presence of the AT2R antagonist PD-123319. The only captopril induced effect
that may have involvement of an ANGII dependent mechanism is TGF-β1 induced MMP-1,
which may be upregulated due to inhibition of endogenously produced ANGII.
ANG(1-7) also does not appear to inhibit either cell proliferation or collagen production in
response to 10% NCS, nor inhibit TGF-β1 stimulated collagen production. Any results in the
presence of ANG(1-7) were also variable, with no effect of A-779 observed. This demonstrates
no role for the Mas receptor in this investigation.
Together these results suggest limited involvement of the RAS in modulating HLF function, and
suggest that this system may not play an important role in IPF pathogenesis. Although the
effects of ANG peptides on IPF fibroblasts also need to be investigated to further confirm this
observation.
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Chapter 5. Angiotensin receptor
expression in human lung
fibroblasts
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5.1

Background

Peptides of the renin-angiotensin system have been implicated in the pathogenesis of IPF (as
discussed in section 1.6). ANGII, the most studied peptide of this system has been shown to
exert profibrotic effects on fibroblasts, with many of these actions attributed to binding to
AT1R. Many studies investigating these effects have been performed in human cardiac
fibroblasts (HCFs) (Hafizi et al., 1998). Investigations into the role of AT2R in fibrosis (if any)
are extremely limited. In addition, ANG(1-7) has been shown to exert antifibrotic effects on
fibroblasts via the Mas receptor (McCollum et al., 2012). Most of this work has been carried out
in rat cardiac fibroblasts, with extremely limited literature on the effects of this peptide in
human fibroblasts.
As expected, due to the high number of investigations into the actions of ANGII, the expression
of AT1R and AT2R on fibroblasts from a number of human organ systems has been explored.
AT1R was found to be expressed by both human skin (Nickenig et al., 1997) and cardiac
fibroblasts (Hafizi et al., 1998), with neither study documenting the presence of AT2R. One
publication (Galindo et al., 2005) did however, report co-expression of AT1R and AT2R in a
number of different organ derived human fibroblasts, including pulmonary, cardiac and
dermal. It was hypothesised that this co-expression of receptors leads to resistance against the
profibrotic effects of ANGII.
Mas receptor expression on human fibroblasts is less widely explored, binding studies by
Nickenig et al (Nickenig et al., 1997) detected the presence of an ANG(1-7) binding site on
human skin fibroblasts. This binding site was likely to be the Mas receptor although this was
not investigated in detail, as this work preceded the hallmark publication that characterised
the Mas receptor as a binding site for ANG(1-7) (Santos et al., 2003b). Work by Iwata et al
(Iwata et al., 2005) also demonstrated an ANG(1-7) binding site on rat cardiac fibroblasts, that
was inhibited by the Mas antagonist A-779.
The Mas receptor has been shown to internalise upon binding of 1µM ANG(1-7) in transfected
HEK293T cells (Gironacci et al., 2011), indicating a receptor desensitisation mechanism that is
induced by high agonist concentrations. The authors also demonstrated that preincubation
with A-779 was able to partially inhibit this agonist induced internalisation. The presence of a
nuclear localisation sequence on the Mas protein has also been established (Lee et al., 2004),
indicating a preference for this receptor to locate to the cell nucleus.
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Very little investigation into the expression of the Mas receptor on HLFs has been performed,
therefore the main aim of this chapter was to determine whether HLFs express the Mas
receptor. The expression of the ANGII receptors AT1R and AT2R on HLFs was also explored.

5.2
5.2.1

Protocols
Immunocytochemistry

Immunocytochemistry was performed according to Section 2.10. To determine Mas receptor
expression on HLFs, two Anti-Mas rabbit IgG antibodies were used, one that binds a
cytoplasmic domain of the Mas receptor and one that binds an extracellular domain. The effects
of A-779 preincubation and a low serum environment (0.5% NCS) on Mas receptor expression
were also investigated.
5.2.2

Radioligand binding

Radioligand binding studies were performed as described in Section 2.12. To allow
characterisation of ANG(1-7) binding sites on fibroblast membrane samples, optimisation
studies were performed on Mas transfected HEK293 cell membranes. Two radioligands were
utilised for these experiments, [125I]-(A-779) and [125I]-ANG(1-7). ANG(1-7) (10µM) was used
as the cold ligand to determine the NSB of both radioligands, however, the effectiveness of
other cold ligands such as A-779 (Mas antagonist), AVE0991(non-peptidic analogue of ANG(17)) and ANGII were also explored.
To characterise ANGII binding sites on HLF membranes, [125I]-[Sar1Ile8]-ANGII (Sarile) was
used, with NSB defined by the addition of 10µM ANGII.
For homologous competition assays, 0.1 and 0.3nM [125I]-Sarile was incubated with increasing
concentrations of unlabelled [I]-Sarile. Heterologous competition assays were performed
using increasing concentrations of telmisartan (AT1R antagonist), PD-123319 (AT2R
antagonist), A-779 and ANGII to determine specific receptors present on HLF membrane
samples.
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5.3
5.3.1

Results
Mas receptor immunocytochemistry

Initial experiments investigated the effects of cell permeabilisation on the staining observed
with cytoplasmic anti-Mas. Following permeabilisation with Triton-X, staining for the Mas
receptor was clearly visible in the cell nuclei of HLFs (Figure 5-1), and this was confirmed by colocalisation of Hoechst stain and anti-Mas in Figure 5-1 C.

Figure 5-1. Cytoplasmic anti-Mas staining in permeabilised human lung fibroblasts. Human lung fibroblasts
were permeabilised before staining with cytoplasmic anti-Mas, staining was then visualised with Alexo fluor 488™
conjugated secondary antibody. A: Staining for cytoplasmic anti-Mas was localised to the cell nucleus, B: Hoechst
counter stain for cell nuclei, C: Combined cytoplasmic anti-Mas and Hoechst stain. Images shown are representative
of 5 individual experiments.

These experiments were also performed in cells that had not been permeabilised with TritonX. In non-permeabilised cells no nuclear staining was observed (Figure 5-2). These results
provide weight that cells that were not treated with Triton-X were in fact ‘non-permeabilsed’,
as cytoplasmic anti-Mas was unable to access the nucleus in this treatment group.
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Figure 5-2. Cytoplasmic anti-Mas in non-permeabilised human lung fibroblasts. Human lung fibroblasts were
stained with cytoplasmic anti-Mas, staining was then visualised with Alexo fluor 488™ conjugated secondary
antibody. A: No nuclear staining was observed with cytoplasmic anti-Mas, B: Combined cytoplasmic anti-Mas and
Hoechst nuclear stain.

Low levels of staining were still observed with this antibody in non-permeabilised cells,
although these levels were similar to those observed with secondary antibody staining alone
(shown in Figure 5-3 below), indicating no permeabilisation of cells under these experimental
conditions.

Figure 5-3. Secondary antibody staining alone. Human lung fibroblasts were stained with Alexo fluor 488™
conjugated goat anti-rabbit IgG antibody alone (A). Hoechst stain and secondary antibody combined is shown in
(B). Low levels of background staining was observed with this antibody.

Following justification of the differences between permeabilised and non-permeabilised HLFs,
detection of the Mas receptor by extracellular binding anti-Mas was investigated in nonpermeabilised cells (Figure 5-4), minimal staining was observed with this antibody in initial
experiments, at similar levels to secondary antibody alone (Figure 5-3).
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Figure 5-4. Staining with extracellular anti-Mas in non-permeabilised human lung fibroblasts. Human lung
fibroblasts were stained with extracellular anti-Mas, staining was then visualised with Alexo fluor 488™ conjugated
secondary antibody. A: Extracellular staining for the Mas receptor. B: Combined extracellular anti-Mas and Hoechst
nuclear stain. Low levels of staining were observed in this cell line (TL0153).

Following staining with cytoplasmic anti-Mas, nuclear expression of the Mas receptor was
observed in 6 out of the 7 cell lines used in this these experiments. However, this expression
was not evident in one cell line, and this absent nuclear staining was coupled with higher levels
of localised surface receptor expression when stained with extracellular anti-Mas (as indicated
by the white arrows in Figure 5-5).

Figure 5-5. Staining with extracellular anti-Mas in non-permeabilised human lung fibroblasts. Human lung
fibroblasts were stained with extracellular anti-Mas, staining was then visualised with Alexo fluor 488™ conjugated
secondary antibody. A: Extracellular staining for the Mas receptor. B: Combined extracellular anti-Mas and Hoechst
nuclear stain. Higher levels of staining were observed in this cell line (TL0163) compared to that observed in Figure
5-4.

As the Mas receptor clearly appears to be predominantly localised to the cell nucleus in HLFs,
this could be due to receptor internalisation (due to the presence of ANG(1-7) in the cell
media). Therefore the effects of 24 hour treatment with 10µM A-779 was investigated with
extracellular anti-Mas (Figure 5-6).
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Regardless of the level of Mas receptor staining observed with extracellular anti-Mas, no
change in the surface expression was observed in cells pretreated with A-779.

Figure 5-6. Effects of A-779 on extracellular anti-Mas staining. Human lung fibroblasts (HLFs) were stained with
extracellular anti-Mas and staining visualised with Alexa fluor 488™ conjugated secondary antibody. Representative
Mas receptor staining in A: HLFs maintained in 10% NCS and C: HLFs pretreated with 10µM A-779 for 24 hours.
Figures B and D show combined anti-Mas and Hoechst stain for A and C respectively.

Due to the minimal staining observed with extracellular anti-Mas under most conditions,
experiments with this antibody were not continued.
As higher levels of staining were observed with cytoplasmic anti-Mas, this antibody was chosen
to further investigate the effects of 1 and 24 hour incubation with A-779. The effects of a 1 hr
incubation in 0.5% NCS on nuclear staining were also explored (Figure 5-7).
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Figure 5-7. Effects of A-779 and 0.5% newborn calf serum on cytoplasmic anti-Mas staining. Human lung
fibroblasts (HLFs) were stained with cytoplasmic anti-Mas and staining visualised with Alexo fluor 488™ conjugated
secondary antibody. Representative Mas receptor staining in A: HLFs maintained in 10% newborn calf serum (NCS)
(n=5). B: in HLFs pretreated with A-779 for 1 hour (n=2), C: in HLFs pretreated with A-779 for 24 hours (n=5). D:
in HLFs incubated in 0.5% NCS (n=2).

Neither A-779 nor 0.5% NCS altered the staining observed in the presence of cytoplasmic antiMas, with the Mas receptor still localised to the nucleus under all treatment conditions.
However, the sample size for cells treated for 1hr with A-779 and 0.5% serum needs to be
increased as these experiments are currently n=2.
5.3.2

Radioligand binding

To allow for quantification of the Mas receptor staining observed in section 5.3.1, radioligand
binding studies were performed with [125I]-A-779 and [125I]-ANG(1-7).
5.3.2.1

Mas receptor

Initial radioligand binding studies were performed with the radiolabelled Mas antagonist
[125I]-A-779 in both HLFs (Figure 5-8 A and B) and in Mas transfected HEK293 cell membrane
preparations (Figure 5-8 C and D).
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Figure 5-8. Total and non-specific binding of [125I]-A-779. Total and non-specific binding (NSB) in the presence
of varying concentrations of healthy lung fibroblast membrane (A & B, n=2) and HEK293 Mas transfected
membrane protein (C & D, n=1), in the presence of 0.084nM (A & C) and 0.15nM radioligand (B & D). Data shown
are mean ± SEM (from one experiment run in duplicate). NSB was determined with 10µM ANG(1-7)

As no specific binding was observed with this radioligand, and due to the lack of previous
literature regarding the effectiveness of this radioligand in Mas receptor binding studies,
experiments with this radioligand were not continued. All further experiments were
performed with the better characterised radiolabelled Mas agonist [125I]-ANG(1-7).
Experiments with this radioligand were performed in Mas transfected HEK293 cells (Figure
5-9).
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Figure 5-9. Total and non-specific binding of [125I]-ANG(1-7). Total and non-specific binding (NSB) in the
presence of varying amounts of Mas transfected HEK293 membrane protein (n=1) with 0.05nM (A) and 0.15nM
[125I]-ANG(1-7) (B). Data shown are mean ± SEM (from one experiment run in duplicate). NSB was determined with
10µM ANG(1-7)

The specific binding window improved with this radioligand but was still relatively small, with
high NSB observed (≥70%). From these initial experiments, 30µg of membrane protein and the
higher [125I]-ANG(1-7) concentration (≈0.3nM) were chosen for further studies with this
radioligand.
A number of experimental conditions were altered to try to decrease the NSB and optimise the
binding window of [125I]-ANG(1-7). Such conditions included, different cold ligands (ANG(1-7),
A-779 and ANGII), the addition of protease inhibitors to the incubation step, increasing the
number of washes during filtration and changing the filter buffer. No increase in the specific
binding window was observed with any of these experimental conditions (data not shown).
One step that appeared to have a positive effect on the specific binding window was the
addition of saponin, as shown in Figure 5-10, although the concentration at which saponin was
effective fluctuated between experiments. Saponin is a detergent and was used to permeate
any membrane vesicles that may have formed in the membrane suspension.
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Figure 5-10. Specific binding in the presence of saponin. Specific binding of [125I]-ANG(1-7) in Mas transfected
HEK293 cells (n=4), in the presence of varying concentrations of saponin. Data shown from two individual
experiments run in triplicate. NSB was defined with 10µM ANG(1-7).

From these results it was decided that saponin (10µg/ml) would be added to the incubation
step in all future Mas receptor binding experiments.
Due to the variability in the specific binding observed between experiments, the addition of
100µg membrane protein was retested to see if an increase in the binding window could be
observed, and hence reduce the variability between experiments.

Figure 5-11. Binding of [125I]-ANG(1-7) in the presence of increasing membrane protein. Total and nonspecific binding (NSB) (A) and specific binding (B) in the presence of 30 and 100µg Mas transfected HEK293
membrane protein in the presence of 10µg/ml saponin. Data shown are mean ± SEM from one individual experiment
with six replicates. NSB was defined with 10µM ANG(1-7).
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The specific binding appeared to double in the presence of 100µg of membrane protein,
therefore this amount was used for further binding experiments.
As the specific binding window observed with [125I]-ANG(1-7) appeared to be at its optimum,
a number of different ANG receptor ligands and antagonists (Table 5-1) were tested as the cold
ligand. This was to ensure that [125I]-ANG(1-7) was indeed binding to the Mas receptor and not
another angiotensin related binding site. These experiments were performed in patient
derived HLF membrane preparations.
Peptide/Antagonist

Site of Action

AVE0991

Mas receptor

D-ala7-ANG(1-7) (A-779)

Mas receptor

ANG(1-7)

Mas receptor

ANGII

AT1R, AT2R

Saralasin

AT1R, AT2R

Telmisartan

AT1R

PD-123319

AT2R

Table 5-1. Different angiotensin receptor agonists/antagonists and their binding sites.

As the radioligand concentration for these two experiments was the same, at 0.2nM [ 125I]ANG(1-7), the results from these experiments were combined and are shown below in Figure
5-12.
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Figure 5-12. Binding of 0.2nM [125I]-ANG(1-7) in presence of different cold ligands. Mean specific binding
observed with 0.2nM [125I]-ANG(1-7) in healthy lung fibroblast membranes (n=2), in presence of different
angiotensin peptides and antagonists (10µM). Data shown are mean ± SEM of two pooled experiments

No clear specific binding was observed in the presence of any of the cold ligands tested. Specific
binding of [125I]-ANG(1-7) in the presence of ANG(1-7) also ranged from -5 to 210 DPM over
two experiments. The specific binding in the presence of A-779 was similar and ranged from 28 to 216 DPM. These experiments were repeated in the presence of a 3-fold higher radioligand
concentration (Figure 5-13).

Figure 5-13. Binding of 0.52nM [125I]-ANG(1-7) in the presence of different cold ligands. Binding of 0.52nM
[125I]-ANG(1-7) in healthy lung fibroblast membrane, in the presence of different angiotensin peptides and
antagonists (10µM). Radioligand concentration ranged from 0.52-0.74nM for these experiments (n=3). Data shown
are mean ± SEM from one representative experiment run in duplicate.
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Results from these experiments were similar to those above and specific binding in the
presence of ANG(1-7) ranged from 78 – 712.7 DPM over 3 experiments. Binding in the presence
of A-779 ranged from -814.5 – 719.4 DPM.
Due to the variable nature of the results obtained with [125I]-ANG(1-7), quantification of the
Mas receptor on HLFs could not be performed with this radioligand.
5.3.2.2

Angiotensin receptors 1 and 2

The presence of ANGII binding sites on HLFs were also investigated using the radioligand
[125I]-Sarile.
Optimal experimental conditions for the binding of [125I]-Sarile were quickly established, with
an easily detectable specific binding window for this radioligand observed in the presence of
10, 30 and 100µg of fibroblast membrane protein (Figure 5-14). This window was observed with
a low [125I]-Sarile concentration of 0.07nM (Figure 5-14 A).

Figure 5-14. Total and NSB observed with [125]I-Sarile. Total and non-specific binding (NSB) of 0.07 (A) and
0.24nM [125I]-Sarile (B) in the presence of varying amounts of healthy lung fibroblast membrane (n=4). Data shown
are mean ± SEM from one representative experiment run in duplicate. NSB was defined with 10µM ANGII.

The experimental parameters selected from these experiments were 0.1nM radioligand with
30µg of membrane protein. In the experiment above, [125I]-Sarile was incubated with
membrane protein for 4 hours to ensure that maximal binding was observed. The next step in
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optimisation was to determine the length of incubation required to reach maximal specific
binding (Figure 5-15).

Figure 5-15. Specific binding of [125I]-Sarile over time. Total and non-specific binding (NSB) (A) and specific
binding (B) of 0.09nM [125I]-Sarile over time with 30µg healthy lung fibroblast membrane (n=3). Data shown are
mean ± SEM from one representative experiment run in duplicate. NSB was defined with 10µM ANGII.

Although high specific binding was observed after a 30 minute incubation, maximal specific
binding was observed after 90 minutes in these experiments. However, to account for potential
variability between cell lines, 120 minutes was chosen as the membrane and radioligand
incubation time for [125I]-Sarile experiments.
To characterise the binding of [125I]-Sarile to fibroblast membranes and to identify the
receptors present, homologous competition assays were performed with the ‘cold’ ligand Isarile (as shown in Figure 5-16 and Figure 5-17)
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Figure 5-16. Homologous competition assays with [125I]-Sarile. Concentrations of cold I-sarile were increased
in the presence of 0.1nM [125I]-Sarile with 30µg of healthy lung membrane (n=1). Data shown are mean ± SEM
(experiment run in duplicate).

Figure 5-17. Homologous competition assays with [125I]-Sarile. Concentrations of cold I-Sarile were increased
in the presence of 0.09 and 0.26nM [125I]-Sarile with 30µg healthy lung fibroblast membrane (n=2). Data shown are
mean ± SEM for one experiment run in duplicate.

Kd values for [125I]-Sarile in these experiments were calculated and Figure 5-16 yielded a value
of -8.85. The two experiments that were performed in the presence of two radioligand
concentrations in parallel estimated Kd values of -10.10 (graph shown in Figure 5-17) and -8.28.
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The number of binding sites (Bmax) were also calculated and ranged from 16.42 – 248.9
fmol/mg of membrane protein between all three experiments.
To determine the receptors that [125I]-Sarile was binding to in this assay, preliminary
heterologous competition assays were performed in the presence of increasing concentrations
of ANGII, telmisartan, PD-123319 or the non-peptidic ANG(1-7) analogue AVE0991, as shown
in Figure 5-18. NSB was determined by the addition of 10µM ANGII.

Figure 5-18. Heterologous competition of [125I]-Sarile. Inhibition of the mean maximal specific binding of A: 0.05
- 0.09nM [125I]-Sarile and B: 0.21 - 0.27nM [125I]-Sarile, in IPF derived lung fibroblast membrane (n=1), (ANGII
inhibition curves were run against 0.05 and 0.21nM radioligand, the remaining antagonists were run against 0.09
and 0.27nM radioligand). Data shown as percentage of specific binding (non-specific binding was defined with 10µM
ANGII). Data shown are mean ± SEM (experiment run in duplicate).

As both ANGII and telmisartan caused dose-dependent decreases in the specific binding of
[125I]-Sarile, inhibition curves were fit to these data and are shown in Figure 5-19.
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Figure 5-19. Inhibition of [125I]-Sarile with ANGII and telmisartan. Inhibition curves with A: ANGII against 0.05
and 0.21nM [125I]-Sarile and B: Telmisartan against 0.09 and 0.27nM [125I]-Sarile, in IPF derived lung fibroblast
membrane (n=1). Non-specific binding was defined with 10µM ANGII. Data shown are mean ± SEM (experiment run
in duplicate).

ANGII and telmisartan had similar pIC50 values of 7.85 and 8.0 respectively against lower
radioligand concentrations. Against higher radioligand concentrations, pIC50 values of 7.23 and
7.52 were observed for ANGII and telmisartan respectively. PD-123319 had no effect on the
specific binding of [125I]-Sarile, but small decreases in specific binding were observed at high
concentrations (10µM) of AVE0991.
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5.4

Discussion

Very little is known about Mas receptor expression in HLFs, initial experiments to investigate
this expression were performed with immunocytochemistry. Two anti-Mas antibodies were
utilised for this research, one targeted to a cytoplasmic domain of the receptor, and one
targeted to an extracellular domain.
Initial experiments were performed with cytoplasmic anti-Mas and demonstrated highly
localised nuclear expression of the Mas receptor in cells permeabilised with Triton-X (Figure
5-1).

No nuclear staining was observed in cells that had not been permeabilised prior to

investigation (Figure 5-2). These results were compared to confirm that the protocol for
experiments in non-permeabilised cells, were in fact not causing permeabilisation of HLFs.
Experiments performed with extracellular anti-Mas were performed in non-permeabilised
cells, to ensure that this antibody only had access to the external cell surface. Little to no
staining was observed with this antibody (Figure 5-4), with levels similar to those of cells treated
with secondary fluorescent antibody alone (Figure 5-3).
One cell line did not express nuclear expression of the Mas receptor, with higher levels of
extracellular staining observed in this fibroblast line (Figure 5-5). Upon closer examination of
the patient characteristics, no discernible difference can be observed between this donor and
others used in the same study. This patient had been prescribed the ACE inhibitor ramipril, but
another fibroblast line from the same experimental set was also derived from a patient
prescribed this drug and still demonstrated nuclear Mas receptor expression. ACE inhibition
could limit downstream production of ANG(1-7) from ANGI in the media and hence decrease
receptor desensitisation. However, culturing cells in the absence of ramipril for approximately
four weeks prior to experiments, means any residual effects are unlikely.
Nuclear expression of the Mas receptor is not completely unexpected. Lee et al (Lee et al., 2004)
identified a nuclear localisation sequence on the Mas protein, indicating a preference for this
receptor to locate to the cell nucleus. The Mas receptor has also been shown to internalise upon
binding by ANG(1-7) (Gironacci et al., 2011), however, in this publication no intranuclear
staining was observed. The authors also reported accumulation of the Mas receptor in the cell
cytoplasm, close to the nucleus, in areas likely to be the endoplasmic reticulum.
Nuclear staining of Mas in sheep kidney sections was also observed in a study by Gwathmey et
al (Gwathmey et al., 2010), although complete localisation of ANG(1-7) to the nucleus was not
observed in this investigation. However, as these experiments were performed in kidney tissue
sections and not in cell populations, care needs to be taken not to over-compare these results.
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Binding studies from the same publication also demonstrated the existence of a receptor
binding site in isolated renal nuclei that was substantially blocked by the addition of A-779.
This was therefore likely to be Mas receptor expression, the authors also demonstrated
functional capabilities of the nuclear Mas expression observed, as A-779 significantly blocked
ANG(1-7) induced nitric oxide (NO) in these isolated nuclear preparations.
To investigate the possibility of endogenous ANG(1-7) in the culture system causing Mas
receptor internalisation, immunocytochemistry with extracellular anti-Mas was again
performed, this time in cells pretreated with 10µM A-779 for 24 hours (Figure 5-6). The idea
behind this was that blocking any low level Mas receptor expression on the cell surface would
cause return of the receptor to the cell membrane, as it is no longer stimulated by any existing
ANG(1-7) in the media. However, no upregulated Mas surface expression was observed in the
presence of A-779 in these experiments. Also, experiments with cytoplasmic anti-Mas showed
no decrease in nuclear Mas expression following a 1 or 24 hour treatment with A-779 (Figure
5-7). The expression of cytoplasmic Mas receptor was also examined in cells treated with 0.5%

NCS. By reducing the amount of NCS in the media, the level of endogenous ANG(1-7) would
likely decrease and hence upregulation in surface levels of the Mas receptor (and
downregulation of nuclear expression) would be expected. This was, however, not observed in
these experiments.
These results indicate that the Mas receptor expression in the nucleus is not induced by
endogenously expressed ANG(1-7). One theory is that upon leaving the Golgi apparatus after
packaging into vesicles, the Mas receptor is immediately trafficked to the nucleus due to the
localisation sequence present, with this receptor never reaching the cell surface in HLFs under
these experimental conditions.
Radioligand binding work with [125I]-ANG(1-7) did not give a clear binding signal to indicate
the presence of the Mas receptor, in either Mas transfected HEK293 or HLF membrane
preparations (Figure 5-9). Initial experiments in both cell types demonstrated high NSB, which
may be a characteristic of [125I]-ANG(1-7), as high NSB with this radioligand has been reported
previously (Iwata et al., 2005).
As mentioned previously, a number of parameters were altered to try to improve the specific
binding signal observed with this radioligand in Mas transfected HEK293 cells. A number of
these conditions were changed to investigate whether binding of unbound [125I]-ANG(1-7) to
the filter mat was occurring and whether this could be reduced, in turn increasing the specific
binding. The filter mats were soaked in a number of different buffers with increasing
concentrations of polyethylenimine (PEI) with and without BSA. PEI is a cationic polymer than
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attracts negatively charged cell membrane and therefore aids anchoring of the membrane[125I]-ANG(1-7) complex to the filter mat. However, altering these conditions did not reduce
the NSB of [125I]-ANG(1-7) in this assay. The number of washes during the filtration step was
also increased from three washes up to five to help reduce potential filter mat binding.
Increasing washes completely abolished both the total and NSB signal (data not shown)
indicating that binding of free [125I]-ANG(1-7) to the filter mat was not the cause of high NSB.
Extra washing steps are likely to have removed even membrane bound [125I]-ANG(1-7).
Another factor to be altered during these experiments was the addition of saponin to the
membrane-radioligand incubation step. Saponin is a detergent and may permeate any
membrane vesicles that may have formed upon membrane preparation. This would allow the
radioligand to bind to any Mas receptor present on the internal surface of these vesicles. This
appeared to have a positive effect of the binding window (Figure 5-10) of [125I]-ANG(1-7),
therefore 10µg/ml saponin was added to the incubation step for remaining experiments.
The binding observed with [125I]-ANG(1-7) was still variable and at low levels, even in the
presence of different cold ligands (Figure 5-12 and Figure 5-13), with high amounts of NSB still
occurring. These results indicate that [125I]-ANG(1-7) was unlikely to be binding to either AT1R
or AT2R. High NSB was also still observed in the presence of the three cold ligands targeted to
the Mas receptor (ANG(1-7), A-779 and AVE0991). From these results it was concluded that
radioligand binding with [125I]-ANG(1-7) was not an optimal technique to quantify Mas
receptor expression in the current investigation.
One previous publication has successfully demonstrated a binding signal with [125I]-ANG(1-7)
in bovine aortic endothelial cell membranes (Tallant et al., 1997). Many of the experimental
procedures used in this study were repeated in the current investigation, such as the addition
of protease inhibitors and the presence of BSA during the filtration step, although little change
in the specific binding of [125I]-ANG(1-7) was observed. Tallant et al also observed low levels
of NSB in the presence of unlabelled ANG(1-7), which does not compare to the ≥70% observed
in the current study. One reason for this could be differences in the NSB sites between the two
cells types investigated.
Other studies that have explored Mas receptor expression in adult rat cardiac fibroblasts have
been performed on whole cell preparations (Iwata et al., 2005). This group demonstrated high
levels of NSB (approximately 50%) in the presence of unlabelled ANG(1-7), and also observed
radioligand solution interference at high concentrations of [125I]-ANG(1-7). These observations
provide weight to the difficult nature of using [125I]-ANG(1-7) for Mas receptor
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characterisation. The published study also indicates that a high number of NSB sites for this
radioligand are present on fibroblasts.
Radioligand binding with [125I]-ANG(1-7) was not able to detect a specific binding window for
the Mas receptor, even in HEK293 cells with known cell surface Mas expression. These results
therefore do not allow for definitive proof of the absence of Mas receptor expression on the
surface of HLFs. Although experiments with Mas fluorescent antibodies suggest that there is
no cell surface expression of Mas, these antibodies have not been widely used in the literature.
Therefore, further characterisation of these would be advantageous to confirm their specificity
for the Mas receptor. Checking the binding of these antibodies in Mas transfected HEK293 cells
would be one method that could be utilized for this purpose. Also radioligand binding studies
in whole cell preparations could be performed to further investigate HLF surface expression,
this may provide a larger specific binding window due to the lack of intracellular NSB sites.
Binding experiments with the non-selective AT1R/AT2R antagonist [125I]-Sarile, indicated that
an ANGII receptor population was present on HLF membrane preparations (Figure 5-14). The
number of binding sites (Bmax) for this cell population was estimated to range between 16.42
and 248.9 fmol/mg. As there is little published work characterising the receptor populations
on HLFs, direct comparisons to these data are difficult. Nickenig et al (Nickenig et al., 1997),
however, did characterise the ANG receptors present on human skin fibroblasts and
determined that AT1R was present with a Bmax of 17.9 fmol/mg. This is comparable to the data
derived from Figure 5-17 in the current study which estimated the Bmax of this cell type to be
16.42 fmol/mg. Radioligand binding work with [125I]-Sarile in HLFs is also limited, however,
previous binding experiments estimate the Kd of [125I]-Sarile to be -9.42 in murine
neuroblastoma cells (Fluharty and Reagan, 1989) and -9.12 in hamster heart membranes
(Lambert et al., 1995). These values are broadly similar to those obtained in this study, with a
mean Kd of -9.08 ± 0.54.
Data achieved by running two concentrations of radioligand in parallel are likely to be more
reliable than the data achieved from a single radioligand concentration (as shown in Figure
5-16).

Although the value obtained from Figure 5-16 fits extremely well with one of the

experiments run in duplicate (Kd of -8.28 to -8.85 and Bmax of 171.9 – 248.9 fmol/mg). This
suggests that the values obtained from Figure 5-17 appear to be the outlying results. As the
experiments running two concentrations of radioligand in parallel have only been conducted
twice, further repeats of this may reduce the variability and confirm any outlying data points,
providing more accurate estimations of the Kd and Bmax.
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Upon preliminary investigation in IPF derived fibroblasts, it was determined that AT1R was
responsible for the binding signal observed with [125I]-Sarile, with telmisartan causing
complete inhibition of the binding signal recorded with this radioligand (Figure 5-18). This was
also comparable to the inhibition observed with ANGII. PD-123319 had no effect on the binding
observed with [125I]-Sarile, indicating no presence of AT2R on this cell type. This result is
comparable to that of previous research in HCFs (Hafizi et al., 1998), where losartan caused
complete dose dependent decreases in the specific binding of [125I]-Sarile, with no reduction in
the binding seen with PD-123319. In the current research, small decreases in total binding
were also observed in the presence of high concentrations of AVE0991 (10µM), however this
is unlikely to be due to binding of [125I]-Sarile to the Mas receptor, and is more likely low affinity
binding of AVE0991 to AT1R.
Telmisartan had pIC50 values of 8.0 and 7.52 against two concentrations of [125I]-Sarile (0.09
and 0.27nM respectively), with a half log shift to the right observed in the presence of the
higher radioligand concentration (Figure 5-19 B). This is characteristic of competitive binding
(Wyllie and Chen, 2007), and demonstrates the competitive nature of telmisartan when added
in unison with a competing ligand (Maillard et al., 2002), in this case [125I]-Sarile. Also the
specific binding observed with 0.09 and 0.27nM [125I]-Sarile in the presence of 10µM
telmisartan increased from 74.3 to 227.1 DPM, this was a threefold increase in specific binding,
correlating with a threefold increase in radioligand concentration. This indicates surmountable
inhibition by telmisartan and again this is only typical of telmisartan when adding
simultaneously with competing ligands. A similar competitive profile was observed with
ANGII, with pIC50 values of 7.85 and 7.23 recorded against 0.05 and 0.21nM [125I]-Sarile
respectively, again representing a half log shift to the right in the presence of the higher
radioligand concentration. As this experiment has only been performed once, care needs to be
taken not to over interpret these results. Further work is required to confirm this result in both
IPF and HLF membranes.
The results from the current investigation demonstrate clear nuclear expression of the Mas
receptor in HLFs, with little to no cytoplasmic or extracellular expression observed. This
nuclear expression could not be quantified with radioligand binding, with low and variable
specific binding observed between experiments performed in HLF membrane preparations.
Carrying out binding studies on membrane preparations would have allowed access to the
nuclear Mas receptor observed in HLFs, although this did not appear to be detected. Also, little
to no specific binding was observed with [125I]-ANG(1-7) even in Mas transfected cells with
known Mas receptor expression. These results suggest that [125I]-ANG(1-7) may not be a
suitable tool for the quantification of the Mas receptor in either cell type. This may be due to
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high numbers of NSB binding sites, with low specificity of the radioligand, or this may be due
to the fact that this radioligand is not actually a ligand for the Mas receptor.

150

6. Final Discussion

Chapter 6. Final discussion

151

6. Final Discussion

6.1

Discussion

IPF is a progressive, irreversible disease of the lung involving ECM deposition and loss of
pulmonary function, eventually leading to death of these patients within a few years of
diagnosis. Fibroblasts are thought to be a key effector cell in this disease, being the precursor
to the more active myofibroblast phenotype, which is in turn responsible for deposition of ECM
components (discussed in more detail in sections 1.1 and 1.4).
The renin-angiotensin system (RAS) is an important system involved in blood pressure
regulation, with the main peptide of this system, ANGII, known to induce vasoconstriction and
increase blood pressure. Prolonged hypertension can lead to remodelling of the vascular
system leading to increased risk of cardiac hypertrophy and fibrosis (Díez, 2007). Peptides of
the RAS have also been implicated in the pathogenesis of IPF. ANGII has been shown to exert
many profibrotic effects on a number of different organ derived fibroblasts, such an increased
collagen deposition and proliferation (as discussed in section 1.6.1). These profibrotic effects
are thought to be via induction of TGF-β1, with increased production of this cytokine observed
in fibroblasts in response to ANGII (Lee et al., 1995). ANGII is known to act via two main
receptors, AT1R and AT2R, with many of the fibrotic effects of this peptide known to be via
AT1R. The presence of this receptor has been widely characterised on human skin and cardiac
derived fibroblasts (Nickenig et al., 1997; Hafizi et al., 1998), however, the effects of ANGII and
the receptors present on primary HLFs remain relatively unexplored.
Although early studies focused on the roles of ANGII in fibrosis, there are many other RAS
peptides that may play a role in IPF, the most notable of which is ANG(1-7). A number of
antifibrotic effects of ANG(1-7) have been demonstrated (section 1.6.2), including inhibition of
both fibroblast proliferation and collagen deposition induced by FBS, as well as inhibiting those
effects induced by ANGII (Iwata et al., 2005; McCollum et al., 2012). These observed actions of
ANG(1-7) are attributed to the Mas receptor, with the presence of this receptor reported on rat
cardiac fibroblasts (Iwata et al., 2005). An ANG(1-7) binding site has also been detected on
human skin fibroblasts (Nickenig et al., 1997), although this was not confirmed as the Mas
receptor. Again, studies investigating the effects of this peptide and Mas receptor expression
on HLFs are lacking.
Although there is a large body of in vivo evidence implicating peptides of the RAS in lung
fibrosis, the in vitro evidence for not only these two peptides, but also related peptides, is very
limited and variable; therefore the main aims of this study were:
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1. To determine the effects of ANGII, ANG(1-7) and related peptides on fibroblast activity,
such as intracellular calcium release, collagen and MMP production.
2. To determine any differences in the effects of ANG peptides on fibroblast activity
between healthy and IPF derived HLFs.
3. To investigate the ANG receptors present on HLFs, with the main focus on the Mas
receptor.
The first investigations performed in this study were to determine the ability of eight
angiotensin peptides (as shown in colour in Figure 1-8) to regulate intracellular Ca2+ release in
HLFs. The differences in the Ca2+ responses between healthy and IPF derived fibroblasts were
also investigated in this set of experiments.
The two peptides that acted as full agonists in these experiments were ANGII and ANGIII. These
results were not unexpected, as intracellular Ca2+ release in response to both of these peptides
has been documented previously in neuroblastoma cells (Ransom et al., 1992). ANGIII has also
been shown to bind to AT1R with similar potencies to ANGII (Bosnyak et al., 2011). ANGI was
also shown to be acting as a partial agonist in these experiments. All peptides were shown to
be inducing intracellular Ca2+ release via AT1R, with complete inhibition reported in the
presence of the AT1R antagonist telmisartan. No AT2R or Mas receptor mediated response was
observed with any of these active peptides (determined by the addition of the AT2R antagonist
PD-123319 and the Mas antagonist A-779).
Fibroblasts derived from the IPF lung demonstrated smaller maximal Ca2+ responses to all
peptides when compared with HLFs, although no difference in peptide potency was observed
between the two cell phenotypes. ANGI, ANGII and ANGIII were again all shown to be causing
intracellular Ca2+ release purely via AT1R. One hypothesis for the difference in maximal
responses between the two cell types, is that IPF cells are more basally active than healthy
HLFs. Königshoff et al (Königshoff et al., 2007) demonstrated that mouse fibrotic lung
fibroblasts had higher basal levels of proliferation and migration compared to controls and that
these effects were completely inhibited by PD-123319, indicating an ANGII mediated
mechanism in culture. Although there are limited investigations into the differences in RAS
receptors and activity between healthy HLFs and IPF derived fibroblasts, many basal activities
have been shown to differ between the two cell phenotypes. IPF cells in culture have higher
levels of collagen production, TGF-β1 secretion and decreased cell proliferation compared to
non-fibrotic fibroblasts (Ramos et al., 2001), although the role of the RAS in these activities was
not explored. IPF fibroblasts have been shown in other studies to express higher levels of AGT
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(Uhal et al., 2007) and renin (Montes et al., 2012), providing further evidence to suggest that
this cell phenotype has a more basally active RAS in culture.
To determine if signalling events downstream of intracellular Ca2+ release were also being
activated by ANGII, the ability of this peptide to induce ERK phosphorylation was examined.
Increases in intracellular Ca2+ can act on plasma membrane Ca2+ channels, causing them to
open, resulting in an influx of Ca2+ from the extracellular environment. This can then cause
downstream ERK phosphorylation (potential mechanisms discussed in section 3.1). ANGII
induced large increases in ERK phosphorylation, to levels comparable to the H2O2 positive
control, with maximal ERK phosphorylation seen in response to 1µM ANGII. These
observations provide weight that signalling pathways downstream of intracellular Ca2+ were
indeed activated by ANGII.
The ability of ANGII to activate intracellular signalling pathways did not appear to translate to
fibroblast function. Intracellular Ca2+ release was observed in response to ANGII in HLFs that
were serum starved for 16 hours prior to experiments. However, ANGII did not induce
proliferation in HLFs in similar serum free conditions. This may be due to the time frame of the
experiment in question, HLFs used in Ca2+ assays were serum starved for a maximum of 24
hours, whereas proliferation experiments were performed in serum free conditions for 96
hours (including the serum starvation step prior to treatments). It was determined that serum
free conditions may not provide the most optimal environment to investigate fibroblast
functions, therefore all further experiments were performed in 0.5% NCS.
ANGII caused significant upregulation of latency associated peptide (LAP) at concentrations of
0.1µM. In vivo, TGF-β1 exists in two forms, one in complex with LAP (therefore in its inactive
state) and one in its dissociated, active state. Measurement of LAP allows for the measure of
both of these forms of TGF-β1. Upon further investigation with an ELISA for dissociated
(active) TGF-β1, it appeared that no active TGF-β1 was induced by ANGII. Therefore any LAP
measured in the initial experiments was likely to be in complex with TGF-β1. As ANGII is
thought to exert many of its profibrotic effects via active TGF-β1 release (Lee et al., 1995; Uhal
et al., 2007), this may be the reason as to why ANGII does not significantly affect proliferation,
collagen deposition, MMP-1, MMP-2 or IL-6 secretion in this study. Due to the lack of
availability of IPF derived fibroblasts at the University of Southampton, the effects of ANG
peptides on functions in this cell type were not investigated.
ANG(1-7) and ANG(1-9) demonstrated inhibitory properties in the Ca2+ mobilisation assay,
with both peptides causing partial reduction of the responses to both ANGII and ANGIII. These
antagonistic effects of ANG(1-7) on ANGII mediated calcium release have been observed
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previously in mesangial cells (Chansel et al., 2001), with ANG(1-7) causing partial inhibition at
10µM. Upon further investigation, there did not appear to be a role of the Mas receptor or AT2R
in the inhibitory effects of either ANG(1-7) or ANG(1-9) in the current study (no reversal of the
inhibition was observed in the presence of PD-123319 or A-779). These peptides also did not
appear to be competing for AT1R, with no change in the IC50 of ANG(1-7) or ANG(1-9) observed
in the presence of increasing ANGII concentrations (0.1 – 10µM). These results indicate a novel
binding site for these two peptides, with preliminary work suggesting that this could be via
activation of a Ca2+-independent PKC (see further work below for more information).
As with ANGII, the effects of ANG(1-7) did not appear to translate to fibroblast function.
Although, due to the lack of positive effect observed with ANGII, the inhibitory effects of ANG(17) on ANGII actions could not be investigated. ANG(1-7), however, did not inhibit NCS induced
fibroblast proliferation or NCS or TGF-β1 induced collagen production. Small upregulations in
cell number were observed in the presence of ANG(1-7), although there was no effect of the
Mas antagonist A-779 on this response. Proliferative effects of ANG(1-7) have been shown
previously in human skin fibroblasts (Nickenig et al., 1997). Any antifibrotic effects of ANG(17) on fibroblast proliferation and collagen deposition have only been reported in rat cardiac
fibroblasts (Iwata et al., 2005; McCollum et al., 2012). This may suggest high species variability
and ANG(1-7) may actually be mitogenic for human derived fibroblasts, with results from the
current study suggesting that this may be a Mas independent mechanism.
Investigations into Mas receptor expression on HLFs by immunocytochemistry indicated that
the Mas receptor was localised to the nuclei under normal 10% NCS culture conditions, and
also in cells treated with 0.5% NCS. The lack of surface expressed Mas receptor on HLFs may
be the reason for the lack of antifibrotic effects observed with ANG(1-7) in this study.
To further characterise Mas receptor expression on HLFs, [125I]-ANG(1-7) was used. This
radioligand did not give a clear specific binding window for the Mas receptor, either in HLF
membrane preparations that have been shown to express nuclear Mas receptor or in Mas
transfected HEK293 cells. High non-specific binding (NSB) was observed with this radioligand
in all experiments (≈ 70%). Fairly high NSB (40 – 60%) has also been reported previously with
this radioligand in both Mas transfected CHO cells and rat cardiac fibroblasts (Santos et al.,
2003b; Iwata et al., 2005). The higher levels of NSB in the current investigation made
quantification of the Mas receptor difficult and also suggests that this radioligand may not be
binding to the Mas receptor, suggesting that [125I]-ANG(1-7) is not a good tool for Mas receptor
characterisation and quantification.
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As mentioned previously, ANGI acted as a partial agonist in the Ca2+ signalling assay. This
peptide also demonstrated the ability to desensitise the response to a subsequent dose of
ANGII. To further characterise these responses to ANGI, the effects of the ACE inhibitor
captopril on the actions of this peptide were explored. Captopril reduced the maximum Ca 2+
response to ANGI in both healthy and IPF derived lung fibroblasts, and preliminary
experiments in IPF cells showed that captopril reduced the ability of ANGI to desensitise the
response to ANGII. These results indicate that fibroblasts may express ACE. Functional ACE
expression by both human and rat cardiac fibroblasts has been demonstrated previously
(Hafizi et al., 1998; van Kesteren et al., 1999). The study by Hafizi et al also demonstrated that
the ACE expression observed was bound to the surface of human cardiac fibroblasts. In the
current investigation, DMEM was removed from fibroblasts and the cells were washed and
incubated in loading buffer for 1 hour prior to Ca2+ experiments, this step was likely to remove
most soluble ACE. It is therefore possible that HLFs also express cell bound ACE, although this
was not investigated further. This could be measured, however, by using a radiolabelled ACE
inhibitor on whole cell fibroblast preparations. The presence of ACE in these experiments
would mean that exogenously added ANGI could be converted to ANGII, and this production of
ANGII could be responsible for the activity observed. The limiting factor would be the amount
of ACE present, and is likely to be the cause of the partial agonist properties observed with
ANGI.
Due to the demonstrated ability of AT1R to desensitise upon agonist binding in the current
investigation, and the evidence to suggest fibroblast expression of ACE, the effects of captopril
on HLF function were explored. This was to investigate the hypothesis of a basally active RAS
existing in the cell culture system. Endogenous conversion of any ANGI in the media to ANGII
could lead to AT1R desensitisation and hence prevent any further effects of exogenous ANGII
from being observed.
Captopril significantly reduced baseline collagen production in HLFs and there are multiple
RAS related hypotheses that could explain these effects. Reducing the production of ANGII
would prevent binding of this peptide to both AT1R and AT2R. As telmisartan induced much
smaller responses than captopril, this suggests that the results observed with this ACE
inhibitor are not purely via AT1R. Part of this effect could also be via ANG(1-7), due to
stabilisation of this peptide in the media by captopril (preventing breakdown to ANG(1-5) by
ACE), although further work would be required to confirm this hypothesis (e.g. via the addition
of the Mas antagonist A-779).
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Captopril is also known to inhibit prolidase, which is an important enzyme involved in
recycling proline for incorporation into newly synthesised collagen. Although the levels of
captopril required to inhibit human prolidase have been reported to be much higher than the
100µM used in the current study (Ganapathy et al., 1985). Also as the cell culture media in the
current investigation is supplemented with MEM non-essential amino acids (containing a final
concentration of 0.1mM L-proline), the likelihood of prolidase inhibition being responsible for
the decrease in collagen production in questionable. To determine whether the effect observed
in this study could be due to an RAS independent mechanism such as the inhibition of prolidase,
or whether this was indeed likely to be an ACE dependent effect, the ability of captopril to
modulate other activities such as MMP-1, IL-6 and TGF-β1 secretion was also explored.
Captopril has been shown previously to reduce proliferation, collagen production and TGF-β1
secretion in human keloid fibroblasts (Chen et al., 2014), indicating that captopril’s effects on
collagen are not just due to prolidase inhibition.
The main effect seen with Captopril was the upregulation of both 0.5 and 10% NCS induced IL6 production. There are many possible explanations for the observed effects of captopril, one
is the reduced production of ANGII in the media, although this was unlikely to be the case as
no comparable effects were seen in the presence of telmisartan. Another explanation is through
a bradykinin dependent mechanism as this peptide is also a substrate for ACE. Bradykinin has
been shown to induce IL-6 secretion in HLFs (Hayashi et al., 2000), therefore blocking the
degradation of bradykinin may cause upregulated IL-6 production. Another scenario is the
upregulation of the ACE2 pathway and hence increased production of ANG(1-9), which has
been reported to bind to AT2R and oppose the effects of ANGII (Flores-Munoz et al., 2012). The
addition of the AT2R antagonist PD-123319, appeared to reduce captopril induced IL-6 in
response to both 0.5 and 10% NCS, which provides evidence to support the production of
ANG(1-9); although further repeats of this experiment would be required to confirm this result.
This observation of a potential AT2R mediated mechanism is contradictory to preliminary
[125I]-Sarile binding studies (shown in chapter 5), where PD-123319 caused no inhibition of
binding of the radioligand, indicating no presence of AT2R. However, these binding results were
obtaining from an IPF derived fibroblast line, whereas the captopril and PD-123319 effects
discussed above were observed in non-fibrotic, healthy, HLFs. There may be differences in
AT1R and AT2R expression levels between the two cell phenotypes, which needs to be explored
further (see further work below), Galindo et al detected the presence of both AT1R and AT2R
on HLFs and suggested that this co-expression of receptors leads to resistance to ANGII effects
(Galindo et al., 2005). This could be a reason for the lack of effect of ANGII on HLF activity in
the current study. There is limited literature on the differences in ANG receptor expression
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between healthy and IPF lung fibroblasts, although Königshoff et al did investigate the
differences in AT1R and AT2R mRNA expression levels between the two lung types. Both AT1R
and AT2R mRNA expression was shown to be upregulated in IPF lung and this was associated
with increased expression of both receptor types in interstitial fibroblasts (staining in
fibroblasts was absent in control lungs). This does not fit well with the preliminary work
performed with IPF lung fibroblasts in the current study, although more repeats would be
required to confirm this. There are currently no comparable investigations into Mas receptor
mRNA expression between healthy and IPF lung available in the literature.
Together these results indicate that many peptides of the RAS are capable of manipulating
intracellular signalling pathways in both healthy HLFs and IPF derived fibroblasts. ANGII
caused large increases in intracellular Ca2+ release and also induced ERK phosphorylation.
However, the effects of this peptide did not appear to translate to HLF function, and this may
be due to the lack of induction of active TGF-β1.
ANG(1-7) and ANG(1-9) were able to partially inhibit the Ca2+ response to ANGII and this
appeared to be via a novel binding site. Upon further investigation into the effects of ANG(1-7),
it was shown that this peptide did not inhibit serum or TGF-β1 induced fibroblast function, in
fact, small upregulations in NCS induced cell number and TGF-β1 induced collagen deposition
were observed. Also, the Mas antagonist A-779 did not affect these ANG(1-7) actions, indicating
no role for the Mas receptor in this set of experiments.
Captopril also modulated some fibroblast functions, most notably collagen deposition and IL6 secretion. Although the lack of effect of telmisartan in these experiments suggests that these
results are not purely ANGII/AT1R mediated effects and may be via different mechanisms (such
as AT2R or ANG(1-7) and bradykinin or ANG(1-9) respectively).
One point to consider regarding the results obtained in this thesis is the relatively high
concentrations of ANG peptides required to induce the observed effects. The IC50 values for
ANG(1-9) were reported to be 2.88 x 10-5 M and 3.16 x 10-5M against ANGII in healthy and IPF
cell respectively. A similar value of 1.95 x10-5M was reported for ANG(1-7) in IPF cells. Any
limited effects of ANGII reported in this study (MMP-2 production, LAP production etc) also all
occurred at concentrations of 0.1µM or greater. These values are much higher than the
circulating concentrations of peptides that are documented in Table 3-8, for example, 13.9 –
32pM ANGII.
It is feasible however, that lung tissue concentrations of these ANG peptides would be higher
than circulating concentrations, due to locally expressed ACE and ACE2 (see section 1.6). The
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tissue concentrations of these peptides have been explored in other organ systems; human
heart homogenate for example, has been shown to contain as much as 170nM ANGI, with up to
85% of this rapidly converted to ANGII and ANG(1-9) (Kokkonen et al., 1997). Production rates
of these two peptides were also shown to be 1.37±0.23 and 1.60±0.40 nmol·min−1·mg−1
respectively, although these values were from patients with end stage congestive heart failure
and may not be representative of the healthy cardiac environment. No comparable studies into
the peptide levels present in the human lung are currently available. Investigations into these
would be extremely valuable in allowing the concentrations of the peptides required in the
current study, to be compared to lung tissue levels. This would allow for the question of
physiological relevance to be addressed.
Very limited effects of ANG peptides on HLF function have been observed in the current
investigation. ANGII did not induce proliferation, collagen deposition, active TGF-β1 secretion
or MMP production. ANG(1-7) also did not exert antifibrotic effects on fibroblasts, with no
reduction in NCS induced proliferation or collagen deposition. Upon further investigation
there does not appear to be any Mas receptor expressed on the surface of this cell type, which
is likely to be the reason for the lack of effect observed with this peptide.
These results, together with the high concentrations of peptides required in the signalling
experiments, suggest limited involvement of the RAS in the modified fibroblast behaviours
observed in the IPF lung. This suggests that this system may not be a suitable therapeutic target
for treatment of this disease.

6.2

Further work

A number of future experiments could be performed to further investigate the actions of ANG
peptides and receptor expression on fibroblasts. Many ideas for further work are discussed in
the sections below.
6.2.1


Calcium mobilisation in human lung fibroblasts
Investigations in the mechanism of inhibition by ANG(1-7) and ANG(1-9)

Preliminary studies using Gö6976 (an selective Ca2+-dependent PKC inhibitor) and GF109203
(a non-selective PKC inhibitor) indicate that ANG(1-7) may be acting via activation of a Ca2+independent PKC in these experiments. This potential mechanism of ANG(1-7) needs to be
confirmed. Also, the ability of PKC inhibitors to modulate the inhibitory activity of ANG(1-9)
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needs to be explored, to determine whether this peptide is acting in a similar manner to ANG(17).
6.2.2


ERK phosphorylation
Inhibition of the ANGII response.

The effects of the angiotensin antagonists telmisartan and PD-123319 on ANGII induced ERK
phosphorylation needs to be investigated to determine receptor involvement. Also the ability
of ANG(1-7) and ANG(1-9) to inhibit this phosphorylation also needs to be investigated to
further explore the ability of these peptides to inhibit signalling mechanisms.
6.2.3


Receptor Expression
Whole cell radioligand binding with [125I]-ANG(1-7)

High levels of NSB observed with [125I]-ANG(1-7) could be due to a high number of intracellular
NSB binding sites available in membrane suspensions. A number of successful radioligand
binding studies characterising Mas receptor expression with [125I]-ANG(1-7) have been
performed in whole cell preparations (Santos et al., 2003b; Iwata et al., 2005), therefore this
could be a more optimal method for radioligand binding studies.


Effects of ANG(1-7) on Mas receptor expression with immunocytochemistry.

The effects of ANG(1-7) treatment on Mas receptor expression in HLFs needs to be
investigated. If no modification of expression is observed following preincubation with this
peptide, then this may provide evidence to suggest that the Mas receptor is not an ANG(1-7)
binding site.


Further investigations with [125I]-Sarile binding studies.

Preliminary experiments indicate that only AT1R is present on IPF derived fibroblasts, with no
AT2R detected. The sample size for experiments performed with [125I]-Sarile needs to be
increased in both healthy and IPF derived fibroblasts, to allow for more accurate
characterisation of both the radioligand and its receptor sites. This would also allow for
differences between healthy and IPF fibroblasts to be investigated. Galindo et al (Galindo et al.,
2005) detected both AT1R and AT2R on HLFs, and suggested that co-expression of these
receptors leads to resistance to ANGII. The receptor population on healthy HLFs in this study
needs to be investigated to determine if AT1R and AT2R co-expression exists in this cell type.
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6.2.4


Fibroblast functions
Investigation into the effects of ANG peptides on IPF derived lung fibroblast functions

The effects of ANGII and ANG(1-7) on proliferation, collagen deposition, MMP, TGF-β1 and IL6 secretion need to be explored to determine if any differences in the action of these peptides
exist between the two cell phenotypes.


Effects of ANGII receptor inhibitors on fibroblast function

ANGII significantly upregulated HLF proliferation in the presence of 10% NCS and also
significantly upregulated LAP secretion. Also other trends such as a decrease in MMP-1 were
observed. The effect of telmisartan and PD-123319 on these functional changes needs to be
investigated to determine whether these are AT1R or AT2R mediated effects.

Although the current work suggests that RAS peptides do not modulate healthy HLF function,
this research would benefit from the further work mentioned above; especially the
investigations into the actions of ANG peptides in IPF derived fibroblasts, to fully characterise
their potential roles in IPF.
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8. Appendix
The tables below show the patient characteristics of the fibroblast lines that were used for
each individual figure in chapter 4.
N.B All donor fibroblasts chosen for investigation were from patients whose FEV1/FVC ratio
was >0.7, indicating no significant obstructive lung disease. This data is therefore not
included in the tables below.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL303

21

M

Bullectomy

No

Non

EV169

66

F

Wedge
resection

No

Non

EV178

71

M

Lobectomy

No

Ex

HL312

32

M

Bullectomy

No

Cannabis

Appendix 1. Patient characteristic of the fibroblast lines that were used in Figure 4.1.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL357

70

F

Lobectomy

Ramipril

Ex

HL361

78

F

Lobectomy

No

Ex

HL362

76

F

Lobectomy

No

Ex

HL373

50

F

Lobectomy

No

Ex

HL380

62

F

Lobectomy

No

Current

HL385

72

M

Lobectomy

No

Ex

Appendix 2. Patient characteristic of the fibroblast lines that were used in Figure 4.2.
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Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL303

21

M

Bullectomy

No

Non

EV178

71

M

Lobectomy

No

Ex

EV169

66

F

Wedge

No

Non

HL312

32

M

Bullectomy

No

Cannabis

Appendix 3. Patient characteristic of the fibroblast lines that were used in Figure 4.3.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL409

61

F

Lobectomy

No

Current

HL386

21

M

Bullectomy

No

Non

HL385

72

M

Lobectomy

No

Ex

HL380

62

F

Lobectomy

No

Current

Appendix 4. Patient characteristic of the fibroblast lines that were used in Figure 4.4 and Figure 4.5.
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Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL442

73

F

Lobectomy

No

Ex

HL443

55

F

Lobectomy

No

Ex

HL452

62

F

Lobectomy

Candesartan

Ex

HL453

28

M

Bullectomy

No

Ex

HL454

65

F

Lobectomy

No

Current

HL456

80

M

Lobectomy

No

Ex

HL463

74

M

Lobectomy

No

Ex

TL0079

N/A

F

Lobectomy

No

Ex

TL0042

84

M

Lobectomy

Candesartan

Ex

TL0070

83

F

Lobectomy

No

Current

TL0076

68

M

Lobectomy

No

Ex

Appendix 5. Patient characteristic of the fibroblast lines that were used in Figure 4.6.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL463

74

M

Lobectomy

No

Ex

TL0079

N/A

F

Lobectomy

Candesartan

Ex

TL0042

84

M

Lobectomy

Candesartan

Ex

TL0070

83

F

Lobectomy

No

Current

TL0076

68

M

Lobectomy

No

Ex

Appendix 6. Patient characteristic of the fibroblast lines that were used in Figure 4.7.
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Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL442

73

F

Lobectomy

No

Ex

HL443

55

F

Lobectomy

No

Ex

HL463

74

M

Lobectomy

No

Ex

TL0079

N/A

F

Lobectomy

Candesartan

Ex

TL0070

83

F

Lobectomy

No

Current

TL0076

68

M

Lobectomy

No

Ex

Appendix 7. Patient characteristic of the fibroblast lines that were used in Figure 4.8.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL424

63

M

Wedge
resection

No

Ex

HL429

51

M

Bullectomy

No

Current

HL442

73

F

Lobectomy

No

Ex

HL443

55

F

Lobectomy

No

Ex

HL452

62

F

Lobectomy

Candesartan

Ex

HL453

28

M

Bullectomy

No

Ex

HL454

65

F

Lobectomy

No

Current

HL456

80

M

Lobectomy

No

Ex

Appendix 8. Patient characteristic of the fibroblast lines that were used in Figure 4.9.
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Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL442

73

F

Lobectomy

No

Ex

HL443

55

F

Lobectomy

No

Ex

HL452

62

F

Lobectomy

Candesartan

Ex

HL453

28

M

Bullectomy

No

Ex

HL454

65

F

Lobectomy

No

Current

HL456

80

M

Lobectomy

No

Ex

HL466

55

F

Lobectomy

No

Ex

TL0208

59

M

Lobectomy

No

Ex

TL0398

70

F

Lobectomy

No

Ex

Appendix 9. Patient characteristic of the fibroblast lines that were used in Figure 4.10.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL466

55

F

Lobectomy

No

Ex

TL0208

59

M

Lobectomy

No

Ex

TL0398

70

F

Lobectomy

No

Ex

Appendix 10. Patient characteristic of the fibroblast lines that were used in Figure 4.11.
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8. Appendix
Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL456

80

M

Lobectomy

No

Ex

TL0156

50

F

Lobectomy

Losartan

Current

TL0167

76

M

Lobectomy

No

Ex

TL0261

50

M

Lobectomy

No

Non

TL0398

70

F

Lobectomy

No

Ex

Appendix 11. Patient characteristic of the fibroblast lines that were used in Figure 4.12.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

TL0098

78

M

Lobectomy

Ramipril

Ex

HL324

50

M

Lobectomy

Lisinopril

Current

TL0153

76

F

Lobectomy

No

Ex

HL466

55

F

Lobectomy

No

Ex

TL0208

59

M

Lobectomy

No

Ex

Appendix 12. Patient characteristic of the fibroblast lines that were used in Figure 4.13.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL312

32

M

Bullectomy

No

Cannabis

HL315

47

M

Wedge
Resection

No

Current

HL319

68

F

Lobectomy

No

Ex

Appendix 13. Patient characteristic of the fibroblast lines that were used in Figure 4.14 and Figure 4.15.
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8. Appendix
Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

TL0208

59

M

Lobectomy

No

Ex

HL324

50

M

Lobectomy

Lisinopril

Current

HL466

55

F

Lobectomy

No

Ex

Appendix 14. Patient characteristic of the fibroblast lines that were used in Figure 4.16.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL452

62

F

Lobectomy

Candesartan

Ex

HL454

65

F

Lobectomy

No

Current

HL455

63

M

Lobectomy

Ramipril

Non

HL460

52

M

Lobectomy

Ramipril

Current

HL461

65

F

Lobectomy

No

Current

HL463

74

M

Lobectomy

No

Ex

TL0068

66

M

Lobectomy

Ramipril

Ex

TL0079

N/A

F

Lobectomy

No

Ex

TL0098

78

M

Lobectomy

Ramipril

Ex

TL0153

76

F

Lobectomy

No

Ex

Appendix 15. Patient characteristic of the fibroblast lines that were used in Figure 4.17.
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8. Appendix
Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

TL0108

68

F

Lobectomy

Ramipril

Current

TL0156

50

F

Lobectomy

Candesartan

Current

TL0163

68

F

Lobectomy

Ramipril

Ex

TL0167

76

M

Lobectomy

No

Ex

TL0172

73

M

Lobectomy

No

Ex

TL0181

72

F

Lobetomy

No

Ex

TL0191

72

F

Lobetomy

No

Non

HL466

55

F

Lobectomy

No

Ex

TL0208

59

M

Lobectomy

No

Ex

Appendix 16. Patient characteristic of the fibroblast lines that were used in Figure 18 and Figure 4.19.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

TL0208

59

M

Lobectomy

No

Ex

TL0261

56

M

Lobectomy

No

Non

HL324

50

M

Lobectomy

Lisinopril

Current

HL466

55

F

Lobectomy

No

Ex

TL0398

70

F

Lobectomy

No

Ex

Appendix 17. Patient characteristic of the fibroblast lines that were used in Figure 4.20.
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8. Appendix
Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

TL0043

79

F

Lobectomy

Ramipril

Current

TL0208

59

M

Lobectomy

No

Ex

TL0261

56

M

Lobectomy

No

Non

HL324

50

M

Lobectomy

Lisinopril

Current

HL466

55

F

Lobectomy

No

Ex

Appendix 18. Patient characteristic of the fibroblast lines that were used in Figure 4.24.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

HL324

50

M

Lobectomy

Lisinopril

Current

HL466

59

M

Lobectomy

No

Ex

TL0208

59

M

Lobectomy

No

Ex

TL0398

70

F

Lobectomy

No

Ex

Appendix 19. Patient characteristic of the fibroblast lines that were used in Figure 4.27.

Sample

Age

Gender

Operation

Prescribed
ACEi or AT1R
antags?

Smoking status

TL0208

59

M

Lobectomy

No

Ex

HL466

55

F

Lobectomy

No

Ex

TL0398

70

F

Lobectomy

No

Ex

Appendix 20. Patient characteristic of the fibroblast lines that were used in Figure 4.21, Figure 4.22, Figure 4.23,
Figure 4.25, Figure 4.26, Figure 4.28, Figure 4.29 and Figure 4.30
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