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ABSTRACT

The biosynthesis of lung extracellular matrix proteins is under tight homeostatic 
control, loss of which leads to changes in connective tissue metabolism. 
Pulmonary fibrosis is characterised by increased fibroblast proliferation and 
deposition of extracellular matrix proteins, including collagen. Prostaglandin 
(PG)E2 inhibits fibroblast proliferation and collagen production and its synthesis is 

induced by profibrotic mediators including transforming growth factor (TGF)-pi. 
However, in patients with pulmonary fibrosis, PGE2 levels are decreased, despite 

elevated levels of TGF-pi. This thesis addressed the hypothesis that PGE2 

modulates fibroblast proliferation and collagen synthesis and that in the presence 
of pro-inflammatory mediators, a reduced capacity to synthesize PGE2 leads to 
unopposed fibroblast proliferation and collagen synthesis. Firstly, the effect of 

TGF-Pi on fibroblast PGE2 synthesis, proliferation and collagen production was 
examined in fibroblasts from non-fibrotic and fibrotic lung. This identified a sub
set of non-PGE2 synthesizing, control cell lines derived from non-fibrotic lung 
(group II). In fibroblasts that synthesized PGE2 (group I), TGF-pi stimulated 
PGE2 synthesis further, however, levels were reduced in group II cell lines and in 
fibroblasts from fibrotic lung (group III). Impaired PGE2 synthesis correlated with 

loss of the anti-proliferative response to TGF-pi and increased TGF-p;-induced 
collagen synthesis. In group I fibroblasts, the anti-proliferative response to TGF- 

pi was mediated by PGE2. Secondly, selective inhibition of cyclooxygenase 

(COX) suggested a role for COX-2 in TGF-Pi-induced PGE2 synthesis. 
Furthermore, the inability to upregulate PGE2 synthesis in fibroblasts from groups 
II and III was due to a failure to upregulate COX-2 mRNA levels. These results 
support the hypothesis that fibroblasts from fibrotic lung have a limited capacity to 
synthesise PGE2 due to aberrant COX-2 expression. In addition, a group of non- 
fibrotic cell lines were identified exhibiting a similar phenotype to the fibrosis cell 
lines. These individuals may be predisposed to developing pulmonary fibrosis. 
Finally, the role of COX-2 in bleomycin-induced pulmonary fibrosis was assessed. 
COX-2 expression was upregulated in bleomycin-injured lungs. In COX-2 
deficient mice, bleomycin-induced pulmonary fibrosis was associated with an 
enhanced inflammatory reaction suggesting an anti-inflammatory role for COX-2.
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Chapter 1- INTRODUCTION



1.1 FOREWORD

The extracellular matrix (ECM) is a dynamic structure, which determines tissue 

architecture without compromising organ function. In the lung, respiratory 

function is preserved when a balance exists between the synthesis and degradation 

of individual matrix components. Loss of this equilibrium can lead to changes in 

connective tissue metabolism and hence the structure/function relationship of the 

ECM.

Pulmonary fibrosis is a disease of the lung interstitium characterised by 

inflammation, fibroblast proliferation and excess deposition of extracellular 

matrix proteins including collagen. Although the pathogenesis of the disease is 

only partially understood, enhanced fibroblast proliferation and collagen synthesis 

are known to be partly controlled by a complex interaction between stimulatory 

and inhibitory mediators.

Prostaglandin (PG)E2 potently inhibits fibroblast proliferation and collagen 

synthesis and is the major eicosanoid product of lung fibroblasts. Fibroblast PGE2 

synthesis is induced by profibrotic mediators, including transforming growth 

factor (TGF)-pi. However, PGE2 levels are reduced in patients with pulmonary 

fibrosis, despite elevated levels of TGF-pi and other pro-inflammatory mediators. 

Thus the aim of this thesis was to determine whether PGE2 is an important 

regulator of fibroblast proliferation and collagen synthesis, and whether a reduced 

capacity to synthesise this mediator leads to uncontrolled fibroblast proliferation 

and collagen synthesis, in the presence of pro-inflammatory mediators.

This thesis will begin by examining the role of extracellular matrix proteins in the 

normal lung together with their turnover. Pulmonary disorders associated with 

altered connective tissue metabolism will be briefly considered followed by a 

more detailed description of pulmonary fibrosis and current concepts for the 

pathogenesis of the disease. The second part of this introduction will focus on the 

biology of PGE2 and its role in the normal lung followed by current evidence 

implicating a role for PGE2 in the pathogenesis of pulmonary fibrosis. Finally the
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role of TGF-p] in pulmonary fibrosis will be considered together with the 

modulation of its effects by PGE2.

1.2 LUNG EXTRACELLULAR MATRIX

The extracellular matrix is composed of a complex network of macromolecules, 

structurally organized in relative amounts to suit the functional requirements of a 

particular tissue. As in most organs, the major components of lung ECM 

comprise the collagens, elastic fibres and proteoglycans. The organisation of these 

macromolecules into a complex meshwork of fibres and gels provides structural 

integrity, whilst maintaining the necessary flexibility required for respiration. The 

following section gives a brief overview of the main ECM proteins and their 

turnover in the normal lung. Particular emphasis is placed on the distribution of 

ECM proteins in the interstitium.

1.2.1 ECM components

Table 1.1 outlines the main functions of the ECM components found in normal 

lung. Collagens form the most abundant group of proteins in the lung (for a 

review see. McAnulty and Laurent 1995). Thus far, 19 different isotypes have 

been identified, 11 of which are present in the lung (reviewed in van der Rest et 

a l, 1991; Miller and Gay 1987; Kielty et al., 1993). Of the remaining collagen 

isotypes, their distribution in the lung is either not known or their presence in the 

lung is unlikely. Collagen types I and III account for approximately 90% of 

collagens in the adult human lung (Kirk et al., 1984) and codistribute in the 

interstitium, large bronchi and blood vessels. Their primary role in the 

interstitium is to confer tensile strength to the alveolar wall, which normally 

contains relatively modest amounts of collagen.
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Component Type Function

Collagens I tissue architecture: tensile strength
II tissue architecture: tensile strength
III tissue architecture: compliance
IV structural scaffold of basement membranes
V regulation of type I collagen fibrillogenesis
VI cell adhesion to matrix
VIII mechanical strength in pulmonary vasculature
IX regulation of type II collagen fibrillogenesis
XI regulation of type II collagen fibrillogenesis

Elastin tissue architecture: compliance and distensibility

Proteoglycans large tissue architecture: structural support
small uncertain
basement
membrane

selective filtration

Fibronectin cell contact processes
Laminin cell adhesion, migration and differentiation
Entactin modulates laminin interactions
Integrins cell adhesion and transmembrane signalling

Table 1.1 Extracellular matrix components in normal lung
Table shows the main extracellular matrix proteins present in normal lung together 
with their likely functions. Adapted from Chambers and Laurent (1996) and 
Chambers and Laurent (1997).
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The interstitium also contains collagen type VI which is found associated with 

types I and III collagen (Amenta et a l, 1988), collagen type IV, a major 

component of alveolar and capillary basement membranes and type V collagen, 

which associates with type I collagen.

Elastic recoil and deformation are afforded by the elastic fibres (for reviews, see 

Cleary and Gibson 1996; Mariani et al., 1997). Elastin is particularly concentrated 

in the parenchymal regions of the lung where, together with collagen, it provides 

the structural skeleton of the alveolar unit (Burri 1985).

Proteoglycans influence tissue compliance and fluid balance due to their large 

hydrodynamic volume (for a review, see Wight et al., 1991). Fibrous proteins 

such as collagen and elastin are embedded within the polysaccharide gel formed 

by proteoglycan molecules and this provides resistance to compressive forces on 

the matrix. Proteoglycans consist of a protein core attached to a sugar side chain 

and can be subdivided according to size. The precise function of the smaller, 

interstitial proteoglycans are not known; although decorin and fibromodulin 

influence the formation of fibrils by collagens type I and II (Hedbom et al., 1989). 

Decorin also binds and inactivates TGF-pi (Yamaguchi et al., 1990).

In addition to polysaccharides and structural proteins, the ECM also includes cell 

adhesive molecules such as fibronectin and laminin. Fibronectin occurs 

throughout the interstitium whilst laminin localizes to the alveolar wall and 

basement membranes (Sethi et al., 1999). These molecules exert effects on cell 

attachment and spreading through their interactions with integrins (for a review, 

see Juliano and Haskill 1993). Other extracellular matrix proteins such as 

thrombospondin, tenascin, osteonectin and fibrinogen are transiently expressed in 

the lung during tissue remodelling and wound healing (for a review, see Cambrey 

et al., 1996).

The ECM determines tissue structure and is also an important regulator of normal 

cellular function (for a review, see Dunsmore and Rannels 1996). As such, an 

alteration in its structure or metabolism could result in a pathogenic role for the
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ECM by compromising organ function. The next section considers the turnover of 

extracellular matrix proteins in normal lung and is followed by a brief account of 

pulmonary diseases characterised by altered ECM metabolism.

1.2.2 ECM homeostasis

The turnover of lung matrix is a highly dynamic process, which varies with age, 

physiology, pathologic and adaptive conditions. Consequently, the cells 

responsible for synthesizing the various ECM components are highly active. The 

fibroblast is the predominant cell type responsible for the synthesis of types I and 

III collagen (Hance et al., 1976) but other lung cells are also capable of 

synthesising these collagens. The fibroblast is also the most abundant cell type in 

the interstitium (Weibel et a l, 1976) and is capable of secreting other ECM 

components such as elastin, proteoglycans and fibronectin (Campagnone et al., 

1987; Diaz et al., 1989; Chambers et al., 1998a; Buczek-Thomas and Nugen 

1999).

Turnover of newly synthesised matrix components varies with some products 

having an extremely rapid turnover whilst others are synthesized and deposited for 

life. For instance, proteoglycan catabolism is highly dynamic with half-lives 

ranging from a few hours to a few weeks (Hascall and Hascall 1991). In contrast, 

the physiological half life of elastin in the lung parenchyma is 74 years (Shapiro et 

al., 1991). Consequently, very little remodelling of elastin occurs under normal 

physiological conditions. Collagens, on the other hand are continually synthesized 

and degraded, with turnover rates approaching 1 0 % per day in adult rat lung 

(McAnulty and Laurent 1987). The turnover of newly synthesized collagen is 

even more rapid and degradation equivalent to 30% of newly synthesized collagen 

occurs within minutes of its synthesis (Bienkowski et al., 1978; McAnulty and 

Laurent 1987). The regulation of collagen synthesis is achieved at a number of 

different levels including transcription, translation, secretion and fibril formation, 

intracellular and extracellular degradation (for a review, see McAnulty and 

Laurent 1995). In addition, numerous mediators have been identified which exert 

stimulatory or inhibitory effects on collagen production.
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In the normal lung, ECM deposition is under tight homeostatic control, such that a 

balance exists between the synthesis and degradation of individual matrix 

components. A change in either of these processes can lead to net deposition or 

net loss of connective tissue. Inappropriate control of connective tissue 

metabolism is a feature of many lung diseases.

1.2.3 Pulmonary diseases characterised by altered connective tissue 

metabolism

In the absence of ECM homeostasis, conditions of the lung develop characterized 

by the destruction or accumulation of connective tissue.

Pulmonary emphysema is associated with the progressive breakdown of 

connective tissue, due to uncontrolled destruction of elastic fibres in the alveolar 

wall (for reviews see Snider 1991a; 1991b; Shapiro 1995). The integrity of the 

alveolar wall is further undermined by remodelling of collagen fibrils (Finlay et 

al., 1996). This results in the permanent enlargement of air spaces. Loss of 

elastin from the alveolar walls is believed to be due to the action of several 

proteolytic enzymes, released fi'om inflammatory cells, following lung injury. An 

imbalance between these degradative proteases and their respective inhibitors is 

believed to contribute to the development of emphysema (for a review, see Pardo 

and Selman 1999).

Excess deposition of ECM proteins is a feature of a number of lung disorders. 

These include pulmonary fibrosis, subepithelial fibrosis in asthma and chronic 

obstructive pulmonary disease, pulmonary vascular remodelling in patients with 

pulmonary hypertension and pulmonary fibrosis following acute respiratory 

distress syndrome (for reviews, see McAnulty and Laurent 1995; Roche 1998; 

Elias et al., 1999; Rennard 1991; Voelkel and Tudor 1995; Meduri et al., 1995). 

The remainder of this thesis will focus on the changes that occur in the 

interstitium and lower respiratory tract leading to pulmonary fibrosis.
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1.3 PULMONARY FIBROSIS

Fibrosis of the lung may be described as a pathophysiological process 

characterised by a loss of homeostasis resulting in uncontrolled fibroblast 

proliferation and excessive production of extracellular matrix proteins, particularly 

collagen. In the lung, pulmonary fibrosis exists as an interstitial pathology and 

presents as a restrictive lung disease.

Known causes of pulmonary fibrosis include inhalation of inorganic dusts such as 

coal, asbestos or silica which give rise to coal-miner’s pneumoconiosis, asbestosis 

and silicosis respectively. Other causal agents include exposure to organic dusts, 

radiation, drug therapy, bacterial infection and trauma (for a review, see Tumer- 

Warwick 1998) although not all individuals who have received a similar level of 

exposure develop the disease suggesting a genetic predisposition (reviewed by 

Marshall etal., 1997).

Pulmonary fibrosis can also arise as a secondary complication of connective tissue 

disorders such as systemic sclerosis (Harrison et al., 1991) and rheumatoid 

arthritis (Gabbay et al., 1997). Alternatively, the disease can occur as an isolated 

pulmonary disorder with no known associated disease or causal agent in which 

case the diagnosis of cryptogenic fibrosing alveolitis (CFA) otherwise known as 

idiopathic pulmonary fibrosis (IFF) is made.

1.3.1 Clinical features and pathology

Patients with pulmonary fibrosis typically present with combinations of cough, 

fatigue and breathlessness on exertion. Chest radiographs are generally abnormal 

(Johnston et al., 1997) and lung function ranges from normal to severely reduced 

(Doherty et al., 1997). Analysis of bronchoalveolar lavage fluid (HALF) 

recovered from the lungs of these patients has led to the identification of 

inflammatory cells including macrophages, lymphocytes, neutrophils and 

eosinophils and mediators such as TGF-p i, tumour necrosis factor (TNF)-a, 

platelet-derived growth factor (PDGF) and endothelin (ET)-l as playing a
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potential role in the disease (Cambrey et a l, 1994; Kuroki et al., 1995; Ludwicka 

et al., 1995; Danil et al., 1999). Lung biopsies taken from patients with 

pulmonary fibrosis reveal thickening of the alveolar septum due to an excess of 

connective tissue and the presence of an inflammatory exudate. However, the 

distribution of these changes is often patchy and intermixed with areas of normal 

pulmonary parenchyma (Corrin et al., 1985; Bjoraker et al., 1998).

Pathologically, pulmonary fibrosis is characterised by alveolar epithelial cell 

damage and abnormal regeneration, interstitial inflammation and fibrosis resulting 

in the loss of functional alveolar units. These changes are summarised below, 

however, for a more detailed account the reader should refer to reviews by 

Burkhardt (1989) and Kunn (1995).

Epithelial damage is a consistent pathological feature of pulmonary fibrosis and is 

represented by the loss of type I alveolar epithelial cells with consequent re- 

epithelialisation by type II alveolar epithelial cells (Corrin et al., 1985). The 

severity of this damage results in a loss of continuity of the epithelium and in the 

exposure of the basement membrane to alveolar air. Marked abnormalities of the 

endothelium are also apparent, associated with thickening of the capillary 

basement membrane and degeneration of endothelial cells (Corrin et al., 1985; 

Harrison et al., 1991).

The inflammatory component of pulmonary fibrosis is characterized by the 

accumulation of an inflammatory infiltrate in the alveolar interstitium consisting 

of lymphocytes, neutrophils, plasma cells and undifferentiated mononuclear cells 

(Corrin et a l,  1985). Macrophages predominate in air spaces (Harrison et al., 

1991).

The fibrotic component of pulmonary fibrosis is characterised by an expanded 

matrix in the interstitium with proliferation of mesenchymal cells including 

fibroblasts, myofibroblasts and smooth-muscle cells and an increase in collagen 

mass. This increase in collagen is further confounded by fibrils that are deposited 

in a disorganised manner (Laurent et al., 1988). This results in remodelling of the
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alveolar septal wall and eventually leads to alveolar collapse and the complete loss 

of alveolar architecture.

Pathological variants of pulmonary fibrosis exist based on the intensity and 

distribution of inflammation and fibrosis. The sub-classification of pulmonary 

fibrosis is beyond the scope of this thesis and the reader is directed to reviews by 

Katzenstein and Myers (1998) and King (2000).

1.3.2 Outcome

Pulmonary fibrosis is ultimately fatal and the most common cause of death is 

respiratory failure. The median survival for newly diagnosed cases is 2.9 years 

(Hubbard et al., 1998). However, patients with advanced but stable fibrosis can 

survive for nine or more years (Hubbard et al., 1998). Worse survival has been 

associated with the use of corticosteroids (Hubbard et al., 1998; Mapel et al.,

1998).

1.3.3 Current treatments

Current therapeutic approaches for treating pulmonary fibrosis consist of 

corticosteroids and the use of immunosuppresive agents. However, numerous 

studies have reported limited improvement with corticosteroids (Gay et al., 1998; 

Selman et al., 1998; Douglas et al., 1998) and in some cases a decline in lung 

function (Douglas et al 1998; Ziesche et al., 1999). Generally only a small 

percentage of patients respond to steroid therapy but the response is short-lived 

and outcome is not affected.

The search for novel therapies for treating pulmonary fibrosis has become 

imperative due to the inadequacies of current treatments. To aid this search, a 

better understanding of the disease is required in the hope that this will reveal 

novel therapeutic candidates. Thus, the next section of this thesis will examine
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the pathogenesis of pulmonary fibrosis by considering current concepts regarding 

the development of the disease.

1.3.4 Pathogenesis

The development of pulmonary fibrosis appears to stem from a number of key 

pathogenic events, despite the fact that the initiating injury, which triggers these 

events is not known. Damage to epithelial and endothelial cells is an early 

abnormality as seen by electronmicroscopy studies (Corrin et al., 1985; Harrison 

et a l, 1991). This results in abnormal regeneration of the epithelium and 

increased pulmonary vascular permeability. Leakage of plasma into the alveolar 

wall and air spaces introduces blood-bome mediators such as thrombin 

(Hemandez-Rodriguez et a l, 1995). Recruited inflammatory cells including 

neutrophils, macrophages and lymphocytes also accumulate in the interstitium. 

The persistence of these activated inflammatory cells further exacerbates lung 

injury by releasing proteases, which contribute to alveolar wall remodelling. 

These initial events precede fibroblast activation. Both inflammatory cells and 

activated resident lung cells release various mediators such as PDGF, interleukin 

(IL)-l, TNF-a, insulin-like growth factor (IGF)-l, ET-1, and TGF-|3i (Martinet et 

al., 1987; Jordana et al., 1988a; Piguet et al., 1989; Cambrey et al., 1995; 

Harrison et al., 1994; Cambrey et al., 1994; Khahil et al., 1989) which stimulate 

pulmonary mesenchymal cells to proliferate, migrate and produce excess collagen. 

Thus, the alveolar wall, which is normally thin with relatively small amounts of 

collagen, becomes expanded due to increased collagen deposition. This cascade 

of events ultimately results in alveolar collapse, restrictive lung function and 

impaired gas exchange.

Central to this theory is the activation of the fibroblast since extracellular matrix 

synthesis is a primary function of this cell. Much attention has focused on 

mechanisms for the stimulation of this cell type and its ability therefore to 

orchestrate the fibrotic response. However, a key question concerning the 

pathogenesis of pulmonary fibrosis is whether the stimulation of fibroblast 

proliferation and collagen synthesis are due to prolonged exposure to stimulatory
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mediators or to a reduction in mediators which inhibit fibroblast activity. This 

thesis will attempt to address this issue by focusing on the regulation of fibroblast 

proliferation and collagen synthesis by inhibitory mediators.

1.3.5 Inhibitory mediators of fibroblast activity

The last three decades has seen the identification of a number of cytokines and 

growth factors capable of stimulating fibroblasts to proliferate and synthesize 

collagen as outlined in table 1.2. In addition, the effect of these mediators on 

fibroblast PGE2 production is also shown. Conversely, few mediators have been 

identified which suppress fibroblast activity. This section will review those 

mediators which down-regulate fibroblast activity by considering their effects on 

collagen synthesis and proliferation.

Mediators which down-regulate collagen synthesis are summarised in table 1.3. In 

addition the effects of these mediators on fibroblast proliferation and PGE2 

synthesis are also shown. Mediators including epidermal growth factor, 

glucocorticoids, INF-y, and TNF-a suppress collagen synthesis, but can stimulate 

fibroblast proliferation at certain concentrations (Handler et al., 1990; 

Warshamana et at., 1998; Elias et a l, 1987; Vilchek et a l, 1986) therefore their 

capacity to suppress fibroblast function is questionable. A number of mediators 

also stimulate fibroblast PGE2 synthesis including IL-la, PDGF, TGF-P, 

epidermal growth factor, IL-lp and leukoregulin irrespective of their effects on 

collagen synthesis (Mauviel et al., 1991a; Habenicht et a l, 1985; McAnulty et a l, 

1995; Yucel-Lindberg et a l, 1995; 1999; Wang et a l, 1996;). In addition, 

whereas Et-1, thrombin, IFN-yand retinoic acid stimulate PGE2 synthesis in other 

cell types (Oberg and Carpenter 1989; Mallat et a l, 1996; 1998; Matsuura et a l, 

1999), their effects on fibroblast PGE2 production are not known.

PGE2 is a potent inhibitor of fibroblast proliferation (Elias et a l, 1985; McAnulty 

et a l, 1997) and collagen synthesis (Saltzman et a l, 1982).
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M ediator Fibroblast
proliferation

Collagen
synthesis

PG E 2

synthesis
R eference

Connective tissue 
growth factor

stimulates stimulates likely Frazier ef fl/., 1996

Endothelin-1 stimulates stimulates likely Cambrey et a/., 1994 
Dawes et al., 1996

Insulin uncertain stimulates uncertain Goldstein et al., 1989

Insulin-like growth 
factor

stimulates stimulates uncertain Phillips et al., 1987 
Goldstein et al., 1989

Interleukin-lot stimulates stimulates stimulates Singh et a/., 1988 
Kahari et al., 1987 
Mauviel e ta l . ,  1991a

Platelet-derived 
growth factor

stimulates no effect stimulates Oliver et a/., 1989 
Clark et fl/., 1993 
Habenicht et a/., 1985

Transforming growth 
factor-P

bidirectional stimulates stimulates McAnulty et a/., 1997 
Coker et a/., 1997 
McAnulty et a/., 1995

Thrombin stimulates stimulates likely Hemandez-Rodrieguez et al., 
1995
Chambers et al., 1998b

Table 1.2 Stimulatory mediators of fibroblast function
Table shows mediators which stimulate fibroblast collagen synthesis and/or 
proliferation. In addition, the effect of these mediators on PGE2 synthesis is also 
shown.
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M ediator Fibroblast
proliferation

Collagen
synthesis

PGEz
synthesis

Reference

Epidermal growth 
factor

stimulates inhibits stimulates Handler e /a /.,  1990 
Kurata and Hata 1991 
Yucel-Lindberg et a l. ,1999

Glucocorticoids stimulates inhibits inhibits Warshamana a/., 1998 
M cC oy et al., 1980 
Kujubu and Herschman 1992

Interferon-a inhibits inhibits uncertain Elias e ta l . ,  1987 
Jimenez et al., 1984

Interferon-y bidirectional inhibits uncertain Elias e ta l . ,  1987 
Jimenez a/., 1984

Interleukin-ip stimulates inhibits stimulates K o h a see /a /., 1987 
Mauviel e /a /.,  1991a 
Yucel-Lindberg et al., 1995

Leukoregulin uncertain inhibits stimulates Mauviel e /a /.,  1991b 
Wang et al., 1996

Prostaglandin Ei inhibits inhibits Magnaldo et al., 1989 
Baum et a l ,  1980

Prostaglandin E2 inhibits inhibits McAnulty a/., 1997 
Saltzman e? a/., 1982

Relaxin inhibits inhibits uncertain Unimori et al., 1996

Retinoic acid uncertain inhibits likely Oikarinen e /a /.,  1985

Tumour necrosis 
factor-a

stimulates inhibits stimulates Vilchek e /a /.,  1986 
Mauviel et a l ,  1988

Table 1.3 Inhibitory mediators of fibroblast function
Table shows mediators which inhibit fibroblast collagen synthesis. In addition, 
the effects of these mediators on fibroblast proliferation and PGE2 synthesis are 
also shown.
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In addition, PGE2 synthesis is also induced by a number of fibroblast stimulatory 

mediators (tables 1 .2 ), many of which are present in increasing amounts in 

patients with pulmonary fibrosis (Kuroki et al., 1995). This suggests that PGE2 

may provide a natural auto-regulatory mechanism for modulating the effects of 

inflammatory mediators on fibroblasts, thereby promoting normal lung 

extracellular matrix homeostasis. In addition, inhibitory mediators of fibroblast 

activity also stimulate PGE2 synthesis, which may mediate the negative effects of 

these mediators (table 1.3). However, in patients with pulmonary fibrosis, BALE 

levels of PGE2 are 50% lower compared with normal individuals (Borok et at., 

1991). Furthermore, fibroblasts cultured from fibrotic lung have a decreased 

capacity to synthesize PGE2 in response to IL-lp possibly due to aberrant 

expression of the inducible cyclooxygenase (COX)-2 enzyme, the rate-limiting 

enzyme in prostanoid biosynthesis. The functional relevance of this defect has not 

been investigated and is a principle aim of this thesis.

The remainder of this chapter is devoted to PGE2 and its role in normal and 

fibrotic lung.

1.4 PROSTAGLANDIN E%

PGE2 synthesis occurs in a variety of tissues and represents one of the cell’s 

earliest responses to external stimuli. This section will focus on the role of PGE2 

under normal physiological conditions by considering in detail its biosynthesis, the 

enzymes that contribute to its synthesis, its breakdown and the effects of its 

breakdown products, its multiple receptor system and its modulation of cellular 

activity.

1.4.1 Historical perspective

The term “prostaglandin” describes a lipid soluble acid first identified in the 

prostrate gland (Von Euler 1935, reviewed by Baker, 1990). Injection of these 

compounds into animals stimulated smooth muscle cell contraction, but due to
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low concentrations and instability, the chemical structures of prostaglandins were 

not identified until 30 years later. Bergstrom (1963) isolated the first two 

prostaglandins, prostaglandin E and F, so called because of their preferential 

solubility in ether (E) or phosphate buffer (F for fosfat, the Swedish word). Next 

followed the demonstration that essential fatty acids were the substrate for 

prostaglandin biosynthesis (Van Dorp et al., 1964; Bergstrom et al., 1964). The 

following decade saw the identification of thromboxane A2 (Hamberg et al., 1975) 

and prostacyclin (Moncada et al., 1976).

1.4.2 Structure

The chemical structures of E-series prostaglandins are shown in figure 1.1. 

Prostaglandins consist of a cyclopentane ring with two side chains, one of which is 

attached to a carboxyl group. The number of double bonds is denoted by a 

subscript numeral thus, PGE2 contains two double bonds.

Prostaglandins vary in the precursor fatty acids from which they are synthesized. 

PGEi is derived from dihomo-y-linoleic acid, PGE2 from arachidonic acid and 

PGE3 from eicosapentaenoic acid (EPA). Compounds of the two-series, that is 

those synthesized from arachidonic acid are the principal prostaglandins in 

humans and therefore of the greatest significance biologically.

1.4.3 Biosynthesis

1.4.3,1 Lipid source

The term “eicosanoid” was coined by Corey (1980) to describe all metabolites 

derived from arachidonic acid. Arachidonic acid is the main constituent of 

membrane phospholipids, which also contain some EPA, the substrate for three- 

series prostaglandins.
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Figure 1.1 Chemical structures of E-series prostaglandins
E-type prostaglandins are composed of a 20-carbon backbone consisting of a 
cyclopentane ring and one, two or three carbon-carbon double bonds giving rise to PGE ,, 
PGE2 and PGE] respectively. Numbering of carbons begins with the carboxyl group.



Dietary supplementation of foods rich in EPA such as marine fish oils can result in 

increased incorporation of EPA into membrane phospholipids (Siess et al., 1980; 

Lee et al., 1985). EPA then competes with arachidonic acid for cyclooxygenase 

(COX) enzymes (Needleman et al., 1979) resulting in the generation of 

eicosanoids with reduced biological activity. Since arachidonic acid is the most 

abundant fatty acid in mammals (Crawford et al., 1983), the biosynthesis of 

prostanoids from EPA or y-linoleic acid will not be discussed further.

1.4.3.2 Phospholipase

Arachidonic acid exists esterified in cell membrane phospholipids, which consist 

o f a three-carbon glycerol backbone attached to various functional groups by ester 

linkages. Non-esterified arachidonic acid is required as the substrate for 

eicosonoid biosynthesis. Thus the initiation of prostanoid synthesis begins when a 

particular hormone, growth factor or protease interacts with the appropriate 

receptor on the cell surface triggering the activation of one or more phospholipase 

systems as shown in figure 1 .2 .

The generation of free arachidonic acid is achieved by the cleavage of arachidonic 

acid from the glycerol backbone. Thus far, two enzymes, phospholipase (PL)A2 

and PLC have been shown to catalyse this event. The action of phospholipase can 

be inhibited by a number of compounds (Blackwell and Flower 1983). Eicosanoid 

products such as hydroxyeicosatetraenoic acids (HETEs) themselves provide 

negative feedback inhibition of arachidonic release by inhibiting PLA2 (Chang et 

al., 1985). Glucocorticoids also inhibit PLA2 by inducing synthesis of proteins 

with anti-phospholipase activity (Hirata et al., 1980).

Once released, free arachidonic acid undergoes oxidative metabolism via the 

cyclooxygenase or lipoxygenase pathways. Products of the lipoxygenase pathway 

include leukotrienes, HETEs and lipoxins.
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Figure 1.2 Biosynthesis of prostanoids
Flow-chart showing pathway for prostanoid biosynthesis from arachidonic acid. Points 
of inhibition by glucocorticoids and NSAIDs are indicated in red. Chemical structures of 
arachidonic acid, PGG2 and PGH2 are also shown.



The functions of these will be touched on briefly throughout the remainder of this 

chapter but the mechanism for their synthesis will not be discussed further. The 

next section will focus on the generation of prostanoids via the COX pathway.

1.4.4 The cyclooxygenase pathway

Cyclooxygenase otherwise known as prostaglandin endoperoxide H synthase is the 

most, well-characterised enzyme in the prostaglandin biosynthetic pathway. This 

intracellular, membrane-associated enzyme exhibits both bisoxygenase and 

hydroperoxidase activities. Initially, COX catalyses the cyclization of arachidonic 

acid to the unstable endoperoxide, prostaglandin (PG)G2 by incorporating two 

molecules of oxygen at carbon positions 9, 11 and 15 (see figure 1.2). One 

molecule of oxygen forms the ring, while the other forms a hydroperoxy group at 

carbon-15. This hydroperoxyl group is then reduced to form prostaglandin 

(PG)H2, the precursor for terminal prostaglandins by the peroxidase activity of 

COX. Subsequent isomerization or reduction by cell-specific synthases results in 

the formation of biologically active prostanoids.

During catalysis, COX undergoes “suicide inactivation” whereby the enzyme 

destroys itself during the conversion of arachidonic acid to PGH2 . Other 

eicosanoid biosynthetic enzymes such as thromboxane synthase and prostacylin 

synthase also exhibit suicide inactivation (DeWitt and Smith 1983; Jones and 

Fitzpatrick 1990). This type of auto-inactivation represents an additional 

regulatory mechanism for limiting prostanoid formation.

Two isoforms of COX are now recognised. The first, COX-1, was purified from 

ovine and bovine seminal vesicles (Hemler and Lands 1976; Miyamoto et al., 

1976; van der Ouderaa et al., 1977) whilst the second isoform was discovered 

more recently (Xie et al., 1991; Kujubu et ah, 1991; O’Banion et al., 1992). 

Currently, it is thought that COX-1 is constitutively expressed and mediates the 

house-keeping functions of prostanoids, while COX-2 is induced by a variety of 

stimuli in situations where rapid and enhanced prostanoid production is required.
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The identification and regulation of these enzymes is considered in the following 

sections together with mechanisms for their selective inhibition.

L4.4A COX-1

COX-1 was originally purified from sheep vesicular gland (van der Ouderaa et al., 

1977) and exists as a 72kDa homodimer (DeWitt et al., 1990; Picot et al., 1994). 

Each monomer consists of three folding domains; an EOF domain at the N- 

terminus, a membrane-binding domain and a large catalytic domain (Picot et al.,

1994). This enzyme does not contain a transmembrane domain but interacts with 

only one face of the lipid bilayer via protuding hydrophobic residues (Picot et al.,

1994). Replacement of these hydrophobic protrusions with neutral residues 

results in a loss of catalytic activity due to misfolded protein (Spencer et al.,

1999). The function of the EGF domain remains to be elucidated.

The gene encoding COX-1 maps to chromosome nine (Funk et al., 1991), spans 

22kb and consists of 11 exons (Yokoyama and Tanabe 1989). The lack of a 

TATA box in the promoter region of the COX-1 gene is consistent with its role as 

a housekeeping gene (Kraemer et al., 1992). In lung fibroblasts, COX-1 is 

expressed as two mRNA transcripts of 5.5kb and 2.7kb, both of which are 

susceptible to differential regulation by growth factors (Diaz et a l, 1992). 

Overexpression of COX-1 in vivo has been associated with tumour formation 

although these effects appeared to be independent of prostanoid generation (Narko 

et al., 1997). Unexpectedly, COX-1 deficient mice survive well and exhibit little 

gastric pathology despite a 99% reduction in gastric PGE2 levels (Lagenbach et 

al., 1995). However, these mice are more susceptible to dextran-sodium sulphate- 

induced acute colonic inflammation (Morteau et al., 2000). This implies a 

regulatory role for COX-1 in maintaining the integrity of the mucosa in the event 

of gastric injury. Since NSAID inhibition of COX-1 is generally thought to be 

associated with gastrointestinal toxicity, the lack of spontaneous stomach 

ulceration in COX-1 null mice was surprising. These mice also demonstrate 

reduced indomethacin-induced gastric ulceration, reduced platelet aggregation and 

a decreased inflammatory response to arachidonic acid (Lagenbach et al., 1995).
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This suggests that NSAID-induced gastric ulceration is independent of COX-1 

inhibition, however, platelet aggregation is mediated by COX-1-derived 

thromboxane (TX)A2 (Funk et a l, 1991) and reduced platelet aggregation is 

consistent with loss of constitutive COX-1 expression.

L4.4.2 COX-2

Activation of phospholipase to release membrane-bound arachidonic acid was for 

many years considered to be the rate-limiting step in the synthesis of prostanoids. 

However, subsequent studies demonstrated elevated levels of COX upon 

stimulation of cells with IL-1, PDGF, endotoxin and following viral 

transformation (Raz et a i, 1988; Lin et ah, 1989; Fu et al., 1990; Xie et al., 1991; 

O’Sullivan et al., 1992). This increase in COX was susceptible to inhibition by 

the glucocorticoid, dexamethasone (Raz et al., 1989; Masferrer et al., 1990). At 

the same time independent studies attempting to characterise the mitogenic 

response of Swiss 3T3 fibroblasts to 12-O-tetra decanoyl phorbol-13-acetate 

(TPA) identified TISIO (TPA-inducible sequence clone 10), a rapidly inducible 

primary response gene (Kujubu et al., 1991). Subsequent expression of this 

sequence in COS-1 cells resulted in the secretion of PGE2 and thus the 

identification of a second isoform of COX (Fletcher et al., 1992).

Since the identification of the murine COX-2 gene, the human equivalent has 

since been cloned and the open reading frame shows 61% homology at the amino 

acid level with human COX-1 (Hla and Neilson 1992). The gene itself maps to 

chromosome 1 (Kosaka et al., 1994), consists of 10 exons spanning 8.3kb 

(Appleby et al., 1994; Kosaka et a\., 1994) and is expressed as a single, 4.4kb 

mRNA transcript (Diaz et al., 1998). In the COX-2 gene, the first two exons in 

COX-1 which encode the translation start site and signal peptides are fused to give 

a single exon, although the remaining exon/intron splice sites are conserved 

(Kosaka et a l, 1994). Other differences include the presence of a long AT-rich 

3’-untranslated region (UTR) containing multiple mRNA instability sequences in 

human and murine COX-2 (Kosaka et al., 1994; Fletcher et al., 1992) and a
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unique 18 amino acid insert in exon 10, encoding a potential N-linked 

glycosylation site (Appleby et a l, 1994),

Transcriptional activation of the COX-2 gene appears to be mediated by sequences 

in the 5’-flanking region, upstream of the transcriptional start site (Fletcher et a l, 

1992; Sirois et al., 1993). Thus far, the promoter regions from rat, mouse and 

human COX-2 have been cloned and a number of transcriptional regulatory 

elements identified that are conserved both in sequence and location between the 

three promoters (Sirois et a l, 1993; Fletcher et al., 1992; Appleby et al., 1994; 

Kosaka et al., 1994). All three promoters contain a TATA box and 

CCAAT/enhancer-binding protein (C/EBP) motifs while functional cyclic AMP 

(cAMP) response elements (CRE) have been identified in the mouse and human 

promoters (Xie et al., 1994; Wadleigh et al., 1999). In human lung fibroblasts, a 

TGF-p response element containing a nuclear factor (NF)-l site has been localized 

in the COX-2 promoter region (Yang et al., 1997). In endothelial cells, 

constitutive and IL-1-induced COX-2 promoter activity requires the combined 

action of AP2, NF-IL6  (nuclear factor for IL- 6  expression) and CRE elements 

(Kirtikara et al., 2000). Similarly, the CRE and NF-IL6  response elements 

contribute to induction of COX-2 in murine mast cells and macrophages (Reddy et 

al., 2000; Wadleigh et al., 2000). However, COX-2 induction by endotoxin does 

not require NF-kB activation in RAW 264.7 macrophages (Wadleigh et al., 2000). 

Other putative response elements identified in the human COX-2 promoter 

include ORE (glucocorticoid response element) and Spl (Tazawa et al., 1994).

In addition to agents that promote COX-2 transcription, a number of mediators 

which suppress COX-2 activity at the transcriptional level have been identified. 

These include IL-10, the tumour supressor gene, p53 and the glucocorticoid, 

dexamethasone (Mertz et a l, 1994; Subbaramaiah et a l, 1999; Newman et a l, 

1994; Newton et a l, 1998). Post-transciptional regulation represents another 

mechanism for modulating COX-2 activity. COX-2 mRNA is highly unstable due 

to the presence of AU rich elements in the 3’-UTR of the COX-2 gene (Appleby et 

a l, 1994; Dixon et a l, 2000). Mediators such as TGF-p] and IL-lp stabilize
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COX-2 mRNA (Diaz et a l, 1998; Gou et al., 1998) whereas dexamethasone 

shortens the poly-A tail which confers stability to mRNA transcripts, resulting in 

the premature degradation of COX-2 mRNA. (Ristimaki et al., 1994; Newton et 

a l, 1998).

At the cellular level, both enzymes have been localised to the luminal surfaces of 

the endoplasmic reticulum and nuclear envelope (Reiger et a l, 1993; Morita et a l,

1995) with no apparent difference in their distribution or amounts (Spencer et a l, 

1998). Other studies have suggested that COX-1 and COX-2 induce prostanoid 

production via distinct signalling pathways (Murakami et a l, 1994) possibly by 

coupling to specific PLA2 enzymes (Murakami et al. 1999).

1.4.4.3 Selective inhibition o f COX

In 1971, Vane proposed that non-steroidal anti-infiammatory drugs (NSAIDs) 

exert their therapeutic effects via inhibition of prostaglandin synthesis. NSAIDs 

inhibit both COX-1 and COX-2 by competing with arachidonic acid for the COX 

active site. Steric hindrance prevents any interaction between substrate and 

enzyme. NSAIDs can be classified into three groups depending on the manner in 

which they interact with the COX active site after binding (Smith and DeWitt

1995). The first group consists of inhibitors such as ibuprofen, mefanamic acid, 

piroxicam, sulindac sulphide and naproxen, which are simple, reversible 

competitive inhibitors. The second group consists of time-dependant reversible 

inhibitors which upon binding cause a secondary change in protein structure. 

These NSAIDs include indomethacin, flurbiprofen and diclofenac. The final class 

of NSAIDs includes aspirin, propinonyl-salicylate and valeryl salicylate which 

inhibit COX activity irreversibly.

The use of NSAIDs is associated with gastrointestinal (GI), pulmonary and renal 

toxicity. In the GI tract, NSAIDs induce ulceration and promote bleeding of pre

existing ulcers and can also exacerbate conditions such as inflammatory bowel 

disease (for a review, see Wallace 1999). COX inhibition in the lung causes 

adverse respiratory reactions in aspirin-intolerant asthmatics (for a review, see

47



Szczeklik and Stevenson 1999). With the identification of COX-2 and its 

association with inflammation, the beneficial effects of NSAIDs were proposed to 

be due to the inhibition of COX-2 and the side-effects conferred by NSAID 

therapy due to inhibition of COX-1. This lead to the generation of a new class of 

NSAIDs which selectively inhibit COX-2 activity. Thus far, a number of COX-2 

selective compounds have been developed and are used clinically for symptomatic 

relief in patients with osteoarthritis. The use of these selective inhibitors is 

however, still associated with ulceration and GI toxicity (Reuter et a l, 1996) 

suggesting that COX-2 derived metabolites play a role in maintaining the integrity 

of the gastric mucosa. This is supported by animal models of acute colonic injury 

where loss of COX-2 expression or selective inhibition of COX-2 results in an 

exacerbation of inflammation (Reuters et al., 1996; Morteau et al., 2000).

1.4.5 PGE synthase

The final step in the biosynthesis of prostanoids is the generation of 

physiologically active prostaglandins from PGH2 . This step is mediated by cell 

and tissue specific synthases. In the case of PGE2, PGE isomerase otherwise 

known as PGE synthase catalyses the isomerization of PGH2 to PGE2. Thus far, 

very little is known about this enzyme(s). In rat microsomes, two different types 

of PGE synthase have been described, a glutathione (GSH)-dependent enzyme 

localizing to the kidneys and genital organs and a GSH-independent enzyme 

distributed in heart, spleen and uterine microsomes (Watanabe et al., 1997). 

Recently, human PGE synthase was identified as a 16kDa, glutathione-dependent 

enzyme (Jakobbson et al., 1999). PGE synthase mRNA was highly expressed in 

A549 cells, a human lung adenocarcinoma cell line and in HeLa cells. Low 

mRNA expression was detected in foetal and adult lung tissue. Evidence for the 

induction of PGE synthase expression in cultured cells by growth factors such as 

IL-lp and PDGF also exists (Reiner and Uglik 1994; Jakobsson et al., 1999).
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1.4.6 Degradation and inactivation of PGE2

The lung is an important site for the clearance and inactivation of prostaglandins 

(Piper et a l,  1970). Over 90% of PGE2 is inactivated during a single passage 

through the pulmonary vascular bed (Ferreira and Vane 1967). The enzymes, 15- 

hydroxy prostaglandin dehydrogenase and prostaglandin reductase catalyse the 

degradation of prostaglandins by generating physiologically inactive keto- 

prostaglandins and the lung is a rich source of both enzymes (Tai 1981; Bakhle 

1983; Robinson et al., 1985). In addition, PGE2 can be dehydrated in vitro to 

prostaglandin (PG)A2 (Narumiya and Fukushima 1986). PGA2 belongs to a 

family of cyclopentenone (CP) prostaglandins, which possess unique biological 

actions. PGA2 is a potent inhibitor of cell proliferation (Parker et al., 1995; 

Goroscope and Holbrook 1996; Hitomi et al., 1996; Sasaguri et al., 1992) and can 

also activate the nuclear peroxisome proliferator-activated receptor (PPAR)-y at 

high concentrations resulting in the suppression of inflammatory responses 

(Forman et al., 1995; Kliewer et a l, 1995; Ricote et a l, 1998). Recently, PGAi, 

the dehydration product of PGEj, at physiologically relevant concentrations was 

shown to inhibit IkB kinase (IKK) which promotes the activation of NF-kB 

expression in response to pro-inflammatory cytokines, demonstrating a novel anti

inflammatory role for CP prostaglandins (Rossi et a l, 2000).

1.4.7 PGE2 receptors

The opposing and diverse actions of PGE2 are achieved in part by its multiple 

receptor system. PGE2 signals via a class of G-coupled, rhodopsin type, EP 

receptors. Thus far, four subtypes; EP1.4 have been identified (Coleman et a l, 

1994). These receptors differ in tissue distribution and in signal transduction 

mechanism coupling to Ca^  ̂mobilisation (EPi) and the stimulation (EP2, EP4) or 

inhibition (EP3) of cAMP (for a review, see Narumiya 1995). The EP2 receptor is 

highly expressed in human and rat lung (An et a l, 1993; Nemoto et a l, 1997) and 

EP4 deficient mice exhibit marked consolidation and disruption of the pulmonary 

capillaries and alveolar structures (Segi et a l, 1998). Recently, the EPi receptor 

subtype was localized to the nuclear envelope of porcine endothelial cells and 

Swiss 3T3 fibroblasts (Bhattacharya et a l, 1999) suggesting a role for locally
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generated prostaglandins in modulating nuclear activities such as gene 

transcription.

1.4.8 Biological activity

PGE2 exerts a wide range of effects throughout the body. Table 1.4 gives a brief 

overview of the main biological actions of PGE2. For the purpose of this thesis, 

only the effects PGE2 confers on the lung and at the cellular level will be 

discussed in detail.

1.4.8.1 Localization and action ofPGEz in the lung

In the lung, PGE2 regulates bronchial tone by inducing minor bronchodilation 

(Cuthbert 1971) and inhibiting bronchoconstriction induced by agonists (Walters 

et a l, 1982; Cocks et a l, 1999). PGE2 also causes coughing and pharyngeal 

irritation in normal subjects. It is the predominant lung eicosanoid metabolite and 

in the epithelial lining fluid (ELF) of the lower respiratory tract PGE2 levels are 

80-fold higher than in plasma, amounting to concentrations of 20ng/ml versus 

0.25ng/ml respectively (Ozaki et a l, 1987). It is questionable whether this truly 

reflects spontaneous release of PGE2 or whether the process of bronchoalveolar 

lavage (BAL) itself was sufficient to provide a mechanical stimulus for PGE2 

synthesis.

After the prostrate gland, the lung is the second highest source of COX-2 mRNA 

(O’Neil and Ford-Hutchinson 1993). Both COX-1 and COX-2 immunoreactivity 

are readily detectable in normal rat lung (Ermert et al., 1998). COX-1 expression 

localized to bronchial epithelial cells and smooth muscle cells with lower 

expression in alveolar macrophages and pulmonary artery endothelial cells. 

Strong COX-2 immunoreactivity was detected in macrophages, mast cells and in 

connective tissue. In addition, COX-2 immunoreactivity was found in the 

bronchial epithelium.
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Target Function Reference

Kidney regulates water and salt 
homeostasis, 
renal development and 
renin secretion

Harris et aL, 1994 
Dinchuk et a l, 1995 
Harding er a A, 1997

Central nervous 
system

febrile response and 
hyperalgesia

U eta L ,  1999 
Hori et aL, 1998

GI tract maintains integrity of gastric 
mucosa

Miller gr oA, 1983

Reproductive
system

induces labour, role in ovulation 
and fertilisation

Zuckerman et aL, 1974 
lÂm etaL, 1997 
Kennedy 1999 
Hizaki et aL, 1999

Immune system T-cell maturation, 
B-cell function

Rocca gr aA, 1999

Lung induces cough and is 
bronchodilatory

Choudry et al., 1898 
Mathe and Hedquist 
1975

Table 1.4 Overview of biological actions of PGE2
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This is consistent with studies in human airways where widespread COX-2 

expression was reported in both upper and lower airways in the absence of any 

overt inflammation (Watkins et aL, 1999). In vitro, tracheal and bronchial 

epithelial cells produce PGE2 constitutively (Walenga et aL, 1996; Asano et aL, 

1997). TGF-p] expression also predominates in the bronchial epithelium (Coker 

et aL, 1997), consistent with its recognised regulatory effects on epithelial cell 

proliferation (Cheifetz et aL, 1990). Since the inhibitory effects of TGF-p 1 on 

proliferation have previously been attributed to PGE2 (McAnulty et aL, 1997), it is 

possible that COX-2 via its effects on PGE2 synthesis mediates the anti

proliferative effects of TGF-p] in epithelial cells. Taken together, the constitutive 

expression of COX-2 in the epithelium may represent a first line of defence 

against inhaled pathogens and irritants, since epithelial cells are the first to be 

exposed to such insults. Alternatively, airway epithelial COX-2 expression may 

be induced as a result of constant exposure to a low level of environmental 

inflammatory stimuli.

COX-1 and COX-2 deficient mice demonstrate reduced baseline respiratory 

compliance (Gavett et aL, 1999). In addition, COX-1 deficient mice exhibit 

increased baseline resistance and dramatically reduced levels of BALF PGE2 

compared to COX-2 null and wild-type mice. This suggests that COX-1 is the 

predominant isoform responsible for PGE2 synthesis in the normal mouse lung.

1.4.9 Cellular effects of PGE2

PGE2 exerts a number of effects at the cellular level. These include the regulation 

of proliferation, extracellular matrix synthesis, immune and inflammatory 

responses. Some of these effects will be discussed in the following section with 

particular emphasis on fibroblast responses to PGE2 .

1.4.9,1 Regulation o f proliferation

PGE2 can stimulate or inhibit proliferation depending on the cell type and culture 

conditions. For instance, PGE2 is mitogenic for NIH3T3 cells but is a potent
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inhibitor of lung fibroblast and smooth muscle cell proliferation (Watanabe et al 

1996; McAnulty et al., 1997; Belvisi et al., 1998). The following section will 

focus on the inhibitory effects of PGE2 on proliferation with particular reference to 

lung fibroblasts. Mechanisms for the anti-proliferative effects of PGE2 will also 

be considered.

PGE2 is a potent inhibitor of lung fibroblast proliferation (Elias et aL, 1985; 

Bitterman et al., 1986; Jordana et al, 1987; Fine and Goldstein 1987; Klein and 

Adamson 1989; Oliver et al., 1989; McAnulty et a l, 1997). Both exogenously 

administered PGE2 (Fine and Goldstein 1987; Oliver et al., 1989; McAnulty et al.,

1997) and endogenous PGE2 synthesis by alveolar macrophages (Elias et al., 

1985; Bitterman et al., 1986; Jordana et al., 1987) and type II epithelial cells 

(Klein and Adamson 1989) inhibits the proliferation of lung fibroblasts. In 

addition, treatment of fibroblasts with growth factors such as IL-1(3, TNF-a and 

TGF-p 1.3 results in inhibition of lung fibroblast proliferation due to autocrine 

synthesis of PGE2 (Elias et al., 1988; McAnulty et al., 1997). In the case of TGF- 

pi-3, this was demonstrated in foetal lung fibroblasts (McAnulty et al., 1997) and 

it is not known whether PGE2 mediates the anti-proliferative effects of TGF-pi.3 

in fibroblasts derived from adult lung. Furthermore, in diseases such as 

pulmonary fibrosis, fibroblast hyperplasia occurs and the contribution of inhibitory 

pathways in circumventing this response has received little attention.

The mechanism for PGE2-mediated growth inhibition is not well known but 

evidence suggests a role for cAMP. PGE2 elevates levels of intracellular cAMP in 

human lung fibroblasts (Baum et al., 1980; Clark et al., 1982; 1983) suggesting 

the activation of the EP2 and/or EP4 receptors. The cAMP analogue, dibutryl 

cAMP also blocks the proliferation of lung fibroblasts in response to serum (Fine 

and Goldstein 1987). A functional cAMP response element has been localized to 

the promoter region of COX-2 (Wadleigh and Herschman 1999) and in monocytic 

cells and mast cells this response element regulates COX-2 gene expression (Inoue 

et al., 1994; Reddy et al., 2000). An interaction between CRE and PGE2-mediated 

growth inhibition has not been investigated. However, a role for cAMP in PGE2- 

mediated inhibition of proliferation has been demonstrated in arterial smooth
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muscle cells and in hepatic stellate cells (Bomfeldt et aL, 1997; Mallat et aL,

1998). Figure 1.3 shows a potential model for the regulation of proliferation by 

PGE2 in lung fibroblasts stimulated with TGF-p 1. In fibroblasts, low 

concentrations of TGF-p] induce autocrine synthesis of PDGF, which mediates 

the mitogenic effects of TGF-pi (Battegay et aL, 1990). Both PDGF and high 

concentrations of TGF-pi induce PGE2 release (Habenicht et aL, 1985; McAnulty 

et aL, 1997). This response is most likely mediated by COX-2 since in airway 

smooth muscle cells, inhibition of cell growth by PGE2 is associated with COX-2 

expression (Belvisi et aL, 1998). At this point activation of the cAMP pathway 

has been demonstrated in smooth muscle cells and hepatic stellate cells (Bomfeldt 

et aL, 1997; Mallat et aL, 1998). This implicates the EP2 and/or EP4 receptor 

pathway. This cascade of events would ultimately result in the inhibition of 

fibroblast proliferation.

In liver fibrosis, hepatic stellate cells differentiate to an activated myofibroblast 

phenotype, exhibiting enhanced mitogenicity (Friedman 2000). However, 

treatment of normal stellate cells with either PDGF or thrombin results in growth 

inhibition via a PGE2/CAMP signal which counteracts the promitogenic effects 

conferred by these growth factors (Mallet et aL, 1998). The authors suggest that a 

shift in the balance between positive and negative signals for cell proliferation 

contributes to the proliferation of myofibroblasts in liver fibrosis. A similar 

scenario may explain the hyperproliferation of lung fibroblasts in pulmonary 

fibrosis although this type of interaction between mediators has not been 

previously investigated in lung fibroblasts.

1.4,9.2 Regulation o f collagen synthesis

PGE2 suppresses collagen production in human fibroblast cell lines derived from 

the heart and lungs (Goldstein and Polgar 1982; Fine et aL, 1989; Saltzman et aL, 

1982, Brilla era/., 1995).
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Figure 1.3 Potential model for regulation of fibroblast proliferation by PGE 2

Following stimulation with TGF-p|, both growth stimulatory (blue arrows) and inhibitory signals (red 
arrows) are generated. The mitogenic effects o f TGF-p, are ascribed to autocrine synthesis o f PDGF 
(Battegay et aL, 1990). However, both PDGF and TGF-p, induce PGE2  synthesis (Habenicht et a l ,  1985; 
McAnulty et a l ,  1997). The inhibitory effects o f  PGE2 are likely to be mediated via the EP] or EP4  

receptor subtypes, which elevate intracellular cAMP levels



Exogenous PGE2 downregulates total collagen production (Goldstein and Polgar 

1982; Saltzman et aL, 1982; Brilla et a i, 1995) by decreasing levels of collagen 

gene expression (Fine et aL, 1989) and promoting degradation of newly 

synthesized collagen (Brilla et aL, 1995).

PGE2 also depresses collagen production induced by mediators such as IL -la  

(Goldring and Krane 1987), bradykinin (Goldstein and Polgar 1982) and TGF-Pj 

(Fine et al, 1989; McAnulty et aL, 1995). In addition to these effects, PGE2 

downregulates basal and TGF-p 1-induced expression of lysyl oxidase (LO) mRNA 

(Roy et aL, 1996), an enzyme involved in the post-translational modification of 

collagen. Recently, PGE2 released from bronchial epithelial cells was shown to 

inhibit fibroblast-mediated collagen gel contraction (Mio et aL, 1998). 

Subsequently glucocorticoids were shown to augment fibroblast contractility due 

to inhibition of endogenous PGE2 synthesis (Skold et aL, 1999). Thus in the 

absence of PGE2, and in the presence of fibroblast stimulatory mediators, the 

potential exists for dysregulated collagen production.

The mechanism for PGE2-mediated suppression of collagen synthesis is not well 

known, however, as with PGE2 ’s effects on cell proliferation, studies suggest a 

role for cAMP. Intracellular cAMP levels increase after incubation of lung 

fibroblasts with PGE2 (Saltzman et aL, 1982). Likewise, PGEi also inhibits 

collagen production and increases intracellular degradation (Barile et aL, 1988) 

with a concomitant increase in levels of cAMP (Baum et aL, 1980). Furthermore, 

the suppression of basal, IL-lp and TGF-p 1-induced LO mRNA expression is 

transduced via the EP2/CAMP pathway in lung fibroblasts (Choung et aL, 1998).

PGE2 is the major eicosanoid product of fibroblasts and occurs at high 

concentrations in normal lung where it promotes extracellular matrix homeostasis 

by limiting fibroblast proliferation and collagen synthesis. During inflammatory 

episodes, fibroblast activity increases and the following section focuses on the 

interaction between PGE2 and pro-inflammatory mediators.
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1.4.10 PGE] and the inflammatory response

In the lung, a number of observations support an anti-inflammatory role for PGE2 . 

As mentioned earlier, PGE2 is bronchodilatory (Mathe et al 1975) and blocks the 

early and late responses to allergen challenge in asthmatics (Pavord et aL, 1993). 

The synthesis of pro-inflammatory leukotrienes is inhibited by PGE2 (Christman 

et aL, 1993) as is IgE synthesis (Pene et aL, 1988). In addition, a number of 

asthmatic patients develop airway hyper-reactivity upon administration of aspirin. 

Known as “aspirin-intolerant asthma”, this condition can be prevented by 

inhalation of PGE2 (Sladek et aL, 1994; Sestini et aL, 1996). This suggests that 

PGE2 confers beneficial effects in the lung, particularly after allergen challenge. 

This is further supported by a recent study in COX-2 deficient mice, sensitized 

and challenged with ovalbumin (Gavett et aL, 1999). Both COX-1 and COX-2 

deficient mice exhibited an exaggerated inflammatory response in terms of the 

number of cells recovered from BALF and histopathology scores, suggesting a 

role for PGE2 in the regulation of inflammation.

In fibroblasts, PGE2 synthesis is induced by a number of pro-inflammatory 

cytokines including TGF-p 1, IL-lp, TNF-a and PDGF (Diaz et aL, 1989; 

McAnulty et aL, 1995; 1997; Yucel-Lindberg et aL, 1995; Mauviel et aL, 1988; 

Habenicht et aL, 1985). PGE2, when induced under such conditions may provide 

a negative feedback signal, which counteracts the effects of these growth factors 

on fibroblasts. This has been demonstrated for TGF-p 1 and PDGF, where 

induction of PGE2 limits the effects of these growth factors on fibroblast 

proliferation (McAnulty et aL, 1997; Boyle et aL, 1999) and in the case of TGF- 

pi, collagen synthesis (McAnulty et aL, 1995).

Pulmonary fibrosis is characterised by chronic inflammation, increased fibroblast 

proliferation and enhanced collagen synthesis. Evidence suggests that PGE2 

modulates inflammation, inhibits fibroblast proliferation and downregulates 

collagen synthesis. Thus, a lack of PGE2 synthesis could contribute to the 

pathogenesis of pulmonary fibrosis. The following section examines the evidence 

for this concept by considering the results generated from both in vitro and in vivo 

studies.
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1.5 THE ROLE OF PGEz IN THE PATHOGENESIS OF PULMONARY 

FIBROSIS

Very few studies have examined a role for PGE2 in the pathogenesis of pulmonary 

fibrosis, despite its inhibitory effects on fibroblast function. The following section 

will review current evidence supporting a role for PGE2 in the pathogenesis of 

pulmonary fibrosis.

1.5.1 In vitro evidence

Only one in vitro study has examined the regulation of PGE2 synthesis in 

fibroblasts fi'om patients with pulmonary fibrosis (Wilbom et aL, 1995). This 

study investigated basal and stimulated PGE2 release by fibroblasts isolated from 

normal and fibrotic lung. Levels of PGE2 synthesis were dramatically reduced in 

fibroblasts cultured fi"om patients with pulmonary fibrosis under basal conditions 

and when induced. Basal PGE2 synthesis was almost seven-fold lower in 

fibroblasts from fibrotic lung. Radiolabelling studies confirmed the release of 

endogenous arachidonic acid by both groups of fibroblasts, therefore excluding a 

defect in PLA2-mediated arachidonic acid release. To eliminate the possibility of 

a defect in PGE synthase, the intermediate endoperoxide, PGH2 was supplied 

exogenously thus bypassing the COX pathway and this resulted in PGE2 

production by both groups of fibroblasts. The difference in basal PGE2 synthesis 

could not be attributed to aberrant COX-1 or COX-2 protein expression either, 

although COX activity was lower in fibroblasts from fibrotic lung. Furthermore, 

fibroblasts isolated fi'om fibrotic lung failed to induce PGE2 synthesis upon 

stimulation with IL-lp, PMA or lipopolysaccharide (LPS). In normal fibroblasts, 

these agonists upregulated PGE2 synthesis by two to three-fold with a concomitant 

increase in COX activity. The increase in COX activity was susceptible to 

inhibition by the glucocorticoid, dexamethasone implicating the COX-2 isoform in 

mediating this response. In fibroblasts fi'om patients with pulmonary fibrosis, 

COX activity did not increase with any agonists. Immunoblot analysis confirmed 

the increase in COX-2 activity in normal fibroblasts but the enzyme was 

undetectable in fibroblasts from fibrotic lung. Finally, RT-PCR analysis of RNA
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from both groups of fibroblasts failed to detect an increase in COX-2 mRNA 

levels in fibroblasts from patients with pulmonary fibrosis, suggesting that the lack 

of COX-2 activity was due to a pre-translational defect. The functional 

significance of these findings was not investigated.

1.5.2 In vivo evidence

Intratracheal instillation of bleomycin sulphate is used extensively to induce 

pulmonary fibrosis in animal models of the disease. The model is characterised by 

an acute lung injury response consisting of an initial inflammatory phase followed 

by a fibrotic reaction. A doubling in lung collagen content occurs by about two- 

three weeks post-injury (Goldstein et aL, 1979; Mutsaers et aL, 1998b).

A number of studies support a role for prostaglandins of the E series in modulating 

the fibrotic response to bleomycin. Plasma levels of PGE2 are increased four days 

after instillation of bleomycin (Chandler and Giri 1983) and remain elevated for at 

least 28 days (Chandler et aL, 1983). However, the COX isoform responsible for 

this increase in PGE2 synthesis, following bleomycin-induced lung injury is not 

known. Conditioned medium from lung explants obtained from bleomycin- 

exposed hamsters increases fibroblast PGE2 production and intracellular cAMP 

(Clark et aL, 1982). Functionally, this resulted in a dose-dependent decrease in 

fibroblast proliferation and a reduction in collagen production. Other studies have 

examined the effect of enhancing PGEi levels prior to bleomycin injury. Dietary 

supplementation of animal feed with y-linoleic acid, the fatty acid substrate for 

PGEi synthesis results in a marked increase in lung PGEi levels and increases in 

lung collagen in response to bleomycin is suppressed (Ziboh et aL, 1997). PGEi 

can also affect the early inflammatory response to bleomycin. In hamsters, 

continous i.v. infusion of PGEi for 22h after bleomycin instillation results in 

reduced neutrophil influx and plasma leak (Grant et aL, 1991). However, other 

studies combining indomethacin, an inhibitor of prostaglandin synthesis with 

bleomycin sulphate have yielded conflicting results, suggesting that indomethacin 

reduces lung collagen and histological evidence of fibrosis (Thrall et aL, 1979; 

Mall et aL, 1991). In the first study, rats treated with bleomycin alone or in
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combination with indomethacin exhibited an equivalent increase in lung collagen 

content, 14 days post-injury (Thrall et aL, 1979). By day 60, a dramatic reduction 

was seen in levels of collagen in rats treated with bleomycin and indomethacin 

compared to those receiving bleomycin alone. However, the study did not 

mention whether total collagen content increased between days 14 and 60 and if so 

whether indomethacin inhibited the formation of newly synthesized collagen. In 

the second study, histological evidence and morphometric analysis were provided 

suggesting that indomethacin prevented bleomycin-induced pulmonary fibrosis 

(Mall et aL, 1991). However, animals treated with bleomycin and indomethacin 

lost over 50% in body weight and demonstrated reduced lung volumes. The 

changes in these animals were greater than in those rats receiving bleomycin 

alone.

PGE] is normally present at much higher concentrations in the lung than in plasma 

(Ozaki et aL, 1987). However, levels of PGE] in BALF recovered fi'om patients 

with pulmonary fibrosis are 50% lower than in normal individuals (Borok et aL, 

1991), despite elevated levels of TGF-pi and other pro-fibrotic mediators which 

induce PGE] synthesis (Kuroki et aL, 1995, Ludwicka et aL, 1995). This suggests 

that the cells responsible for synthesising PGE] in response to injury fail to 

upregulate levels of PGE] in patients with pulmonary fibrosis. The functional 

consequences of such a defect are not known, however, as mentioned earlier, 

PGE] regulates proliferation and collagen synthesis in normal fibroblasts in the 

presence of pro-inflammatory mediators. Therefore, in the absence of PGE], and 

in the presence of pro-inflammatory mediators, the potential exists for 

uncontrolled fibroblast activity. To investigate this concept, the specific 

interactions between PGE] and a major fibrogenic cytokine, TGF-P] will be 

discussed in detail.

60



1.6 MODULATION OF TGF-pi’S EFFECTS BY PGE2

The final section of this introduction is dedicated to the interaction between TGF- 

pi and PGE2 . More specifically, evidence for the role of TGF-P 1 in the 

pathogenesis of pulmonary fibrosis will be discussed briefly, followed by an in- 

depth review of TGF-p] ’s effects on fibroblast proliferation and collagen synthesis 

and the modulation of these responses by PGE2 .

1.6.1 TGF-p 1 and pulmonary fibrosis

Many lines of evidence suggest that TGF-pi plays a key role in the pathogenesis 

of pulmonary fibrosis. TGF-P j levels are increased in patients with pulmonary 

fibrosis (Kuroki et aL, 1995; Ludwicka et aL, 1995) and in the lungs of animals 

with experimentally-induced pulmonary fibrosis (Khalil et aL, 1989). TGF-pi has 

been localized to sites of ECM gene expression (Broekelman et aL, 1991) and 

increased mRNA expression of TGF-Pi has been reported following bleomycin- 

induced lung injury (Khalil et aL, 1991, Westergren-Thorsson et aL, 1993; Coker 

et aL, 1997). In vivo, subcutaneous injection of TGF-Pi induces granulation tissue 

formation (Roberts et aL, 1986) and adenoviral transfer of a gene construct 

expressing active TGF-p i to rat lung results in a severe and sustained fibrotic 

response (Sime et aL, 1997). In animal models of pulmonary fibrosis, inhibition 

of TGF-p] limits the fibroproliferative response (Giri et aL, 1993; 1997, Munger 

et aL, 1999, Nakao et aL, 1999). In addition to these effects, TGF-p] is a potent 

stimulator of collagen synthesis and regulator of fibroblast proliferation (Ignotz 

and Massague 1986; Fine and Goldstein 1987; Diaz et aL, 1989; Kimura et aL, 

1989; McAnulty er fl/., 1991; 1995; 1997; CoYqx et aL, 1997).

1.6.2 Fibroblast proliferation

The effects of TGF-P] on cell proliferation are diverse and cell-type specific. The 

mammalian forms of TGF-p, -Pi, -P2 and -P3 inhibit epithelial and endothelial cell 

proliferation (Like and Massague 1986; Cheifetz et aL, 1990). In human smooth
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muscle cells, chondrocytes and fibroblasts, TGF-p i evokes a biphasic pattern of 

response with stimulation of cell proliferation at low concentrations and inhibition 

of proliferation at high concentrations (Battegay et aL, 1990; Kimura et aL, 1989; 

McAnulty et aL, 1997). The proliferative effects of TGF-P i have been ascribed to 

autocrine synthesis of PDGF (Leof et aL, 1986; Battegay et aL, 1990).

The mechanism(s) by which TGF-p i inhibits cell replication are not completely 

understood. Both TGF-pi and PGE2 inhibit c-myc mRNA expression (Pietenpol 

et aL, 1990; Rock et aL, 1992). TGF-p 1 can induce growth cycle arrest at the G% 

stage of the cell cycle (Belizario et aL, 1991) possibly by inhibiting the expression 

of cyclin-dependent kinase inhibitors (Miyazaki et aL, 1998) or by preventing 

phosphorylation of the retinoblastoma gene product, RB (Laiko et aL, 1990). In 

epithelial cells, TGF-p 1 is constitutively expressed (Coker et aL, 1997) and this is 

associated with profound inhibition of proliferation (Cheifetz et aL, 1990). These 

cells also consitutively produce PGE2 and express COX-2 (Walenga et aL, 1996; 

Asano et aL, 1997). Down-regulation of the a-subunit of the PDGF receptor has 

been implicated in TGF-p 1-mediated inhibition of fibroblast and smooth muscle 

cell proliferation (Battegay et aL, 1990). As described earlier, PGE2 is a potent 

inhibitor of fibroblast proliferation and TGF-p 1 at certain concentrations induces 

synthesis of PGE2 (Diaz et aL, 1989; McAnulty et aL, 1995; 1997). In foetal lung 

fibroblasts, picomolar concentrations of TGF-p 1.3 dose-dependently stimulate 

PGE2 synthesis (McAnulty et aL, 1997). Inhibition of TGF-p 1-induced PGE2 

synthesis results in a loss of the anti-proliferative response to TGF-P 1 and 

restoration of the mitogenic response (McAnulty et aL, 1997). The effects of 

TGF-p] on the proliferation of adult lung fibroblasts are not known.

Loss of TGF-P 1-mediated inhibition of proliferation is a feature of a number of 

transformed cell lines (Pietenpol et aL, 1990; Arvanitakis et aL, 1995; Fynan and 

Reiss 1993). Human kératinocytes transformed with DNA tumour viruses are 

resistant to the growth inhibitory effects of TGF-p 1 due to a loss of TGF-p|- 

mediated suppression of c-myc transcription (Pietenpol et aL, 1990). In human B 

cells, the presence of EBV in either the latent or active form also results in the loss
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of TGF-pi-mediated growth inhibition (Arvanitakis et aL, 1995). Malignant 

epithelial cell lines are also refractory to the inhibitory effects of TGF-pi (Fynan 

and Reiss 1993).

Taken together, these data suggest that TGF-pi regulates the normal cell cycle by 

targeting a number of negative regulatory signals including PGE2 . In foetal lung 

fibroblasts, the anti-proliferative effects of TGF-pi have been ascribed to 

autocrine synthesis of PGE]. The contribution of PGE] to the anti-proliferative 

response to TGF-p 1 in other cell types is not known but the similarities between 

the effects of TGF-Pi and PGE] suggest that they may be transduced via PGE]. 

Finally, a number of pathological states exist where loss of TGF-p]-mediated 

inhibition occurs and this could give rise to uncontrolled proliferation.

1.6.3 Collagen synthesis

TGF-P I is the most potent stimulator of collagen synthesis described so far. 

Fibroblast cell lines derived from chicken embryo, rat kidney, rat foetus, human 

bone marrow, human skin, human foetal and adult lung increase collagen 

synthesis in response to TGF-p 1 (Ignotz and Massague 1986; Fine and Goldstein 

1987; Kimura et aL, 1989; Raghu et aL, 1989; McAnulty et aL, 1991; Duncan et 

aL, 1999), TGF-Pi also stimulates collagen synthesis in vivo (Roberts et aL, 1986; 

Sime et aL, 1997). In human foetal lung fibroblasts, TGF-p 1 promotes production 

of collagen types I and III without affecting their relative proportions (Fine and 

Goldstein 1987). Furthermore collagen synthesis is sustained for over 72h 

following incubation of fibroblasts with TGF-pi for 24h (Fine and Goldstein 

1987).

The mechanisms by which TGF-p 1 enhances collagen synthesis are partly known. 

TGF-p 1 upregulates steady-state levels of procollagen mRNA (Raghow et aL, 

1987; Fine et aL, 1989; Galera et aL, 1992) partly by increasing mRNA stability 

(Raghow et aL, 1987). TGF-p 1 also reduces the proportion of newly synthesized 

procollagen that is degraded intracellularly (McAnulty et aL 1991). Synthesis of
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connective tissue growth factor (CTGF) is induced by TGF-p i (Soma and 

Grotendorst 1989; Frazier et a l,  1996) and fibroblasts transfected with an 

antisense CTGF gene fail to upregulate collagen synthesis in response to TGF-P i 

(Duncan et aL, 1999). This suggests that TGF-pi-induced fibroblast collagen 

synthesis is at least partially mediated by CTGF.

Evidence also exists for the induction of inhibitory pathways of collagen 

metabolism by TGF-pi. In lung fibroblasts, TGF-pi-induced collagen synthesis is 

accompanied by autocrine synthesis of PGE2 (Diaz et aL, 1989; McAnulty et al. 

1995). Inhibition of PGE2 production results in an exaggerated increase in TGF- 

p]-induced procollagen synthesis (Diaz et aL, 1989, McAnulty et aL, 1995) due to 

an enhanced stimulatory effect of TGF-p 1 on procollagen mRNA expression (Diaz 

et aL, 1989). Exogenous PGE2 also abrogates the stimulatory effects of TGF-p, 

on procollagen synthesis (Diaz et aL, 1989; Fine et aL, 1989) by decreasing levels 

of procollagen gene expression and inhibiting transcription (Fine et aL, 1989). 

TGF-p 1 in the presence of a pertussis toxin, G-protein inhibitor, further enhances 

fibroblast procollagen synthesis compared to cells exposed to TGF-p 1 alone and 

this response correlated with inhibition of PGE2 synthesis (McAnulty et aL, 1995). 

Futhermore, PGE2 blocks TGF-pi-mediated induction of CTGF expression 

(Ricupero et aL, 1999) and elevation of intracellular cAMP levels blocks CTGF- 

mediated collagen synthesis (Duncan et aL, 1999). Taken together, these data 

suggest that the effects of TGF-p 1 on fibroblast procollagen metabolism are 

modulated by production of PGE2 and that in the absence of this inhibitory 

pathway, TGF-p] ’s effects on procollagen synthesis are enhanced.

1.6.4 TGF-Pi and PGE2 synthesis

TGF-P 1 induces PGE2 synthesis in fibroblasts derived from foetal and adult lung 

(Jackson et aL, 1993; Diaz et aL, 1989; 1998; McAnulty et aL, 1995; 1997). 

However, the mechanism by which TGF-P 1 induces PGE2 synthesis is unclear.
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In Swiss 3T3 fibroblasts, preincubation of cells with TGF-p; for one hour has no 

effect on COX-1 message (Gilbert et aL, 1994). However, in lung fibroblasts, 

expression of the 2.7kb and 5.5kb COX-1 mRNA transcripts appears to be 

differentially regulated by TGF-p; (Jackson et aL, 1993; Diaz et aL 1992; 1998). 

Up-regulation of COX-1 mRNA occurs after 18-24h stimulation with TGF-p; 

(Diaz et aL, 1992; 1998, Roy et aL, 1996). TGF-P; at a concentration of 

12.5ng/ml, after 24h increases levels of the 2.7kb transcript by 17-fold whilst the 

5.5kb transcript remains undetectable by northern analysis (Diaz et aL, 1992). 

These studies suggest that TGF-p; increases levels of COX-1 mRNA after 

prolonged exposure to the cytokine, however, the concentration used in these 

studies was physiologically irrelevant.

COX-2 mRNA is detected as a single 4.4kb transcript in HUVECs, monoctyes, 

vascular smooth muscle cells, skin and lung fibroblasts (Hla and Neilson 1992, 

Diaz et aL, 1998). In embryonic lung fibroblasts, TGF-p; and IL-lp were shown 

to have no effect on COX-2 mRNA expression (Jackson et aL, 1993) although 

subsequent studies have demonstrated IL-lp to be a potent inducer of COX-2 

expression in lung fibroblasts, airway smooth muscle cells and type II epithelial 

cells (Wilbom et aL, 1995; Pang and Knox 1997; Petkova et aL, 1999). In 

addition, TGF-p; potentiates IL-ip and TNF-a-mediated upregulation of COX-2 

by increasing transcript stability but not transcription rate (Diaz et aL, 1998). 

Thus far, only one study in foetal lung fibroblasts has demonstrated the induction 

of COX-2 mRNA in response to TGF-p; (Roy et aL, 1996).

1.7 SUMMARY AND AIMS OF STUDY

Pulmonary fibrosis is associated with inflammatory cell infiltration, fibroblast 

proliferation and excess deposition of extracellular matrix proteins including 

collagen in the lung parenchyma. The pathogenesis of the disease is still 

incompletely understood despite the identification of numerous fibroblast 

stimulatory mediators. The regulation of proliferation and collagen synthesis by 

fibroblast inhibitory mediators has received little attention. Increased fibroblast
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activity could equally result from a reduction in levels of inhibitory mediators. 

PGE] is a potent inhibitor of fibroblast proliferation and collagen synthesis. It is 

normally present in the lung at much higher concentrations than in plasma and is 

the major eicosanoid product of fibroblasts. This suggests that PGE] may play an 

important role in maintaining normal lung extracellular matrix homeostasis. PGE] 

also modulates the inflammatory response and this is concurrent with the 

induction of fibroblast PGE] synthesis by pro-inflammatory mediators such as 

TGF-p 1, IL-lp, TNF-a and PDGF. However, in patients with pulmonary fibrosis, 

levels of TGF-p 1 and other pro inflammatory mediators which induce synthesis of 

PGE] are elevated yet PGE] levels in BALF from these patients are 50% lower 

than in normal individuals. Furthermore, fibroblasts cultured from patients with 

pulmonary fibrosis fail to induce PGE] synthesis upon stimulation with IL-lp or 

lipopolysaccharide and this was associated with aberrant COX-2 expression. 

Taken together, these studies support a potential role for deficient PGE] synthesis 

in the pathogenesis of pulmonary fibrosis, however, the functional mechanisms by 

which this defect contributes to the development of pulmonary fibrosis are not 

known. Thus, the aim of this thesis was firstly to confirm whether PGE] synthesis 

was impaired in fibroblasts from patients with pulmonary fibrosis. Since, TGF-p, 

is considered to be a key player implicated in the pathogenesis of pulmonary 

fibrosis, this mediator was used to stimulate PGE] synthesis, proliferation and 

collagen production in fibroblasts derived from non-fibrotic and fibrotic lung. 

Secondly, the role of endogenous PGE] synthesis in experimentally-induced 

pulmonary fibrosis was examined in an attempt to determine whether PGE] plays 

a protective role in the response to lung injury. The hypothesis and specific aims 

of this thesis are presented in the following sections.

1.7.1 Hypothesis

Figure 1.4 shows a potential mechanism for the pathogenesis of pulmonary 

fibrosis. Following an injury to the lung, an inflammatory response is initiated.
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Figure 1.4 Potential mechanism for the pathogenesis of pulmonary fibrosis



This results in the recruitment of inflammatory cells to the affected area and the 

release of proflbrotic mediators such as TGF-P ] by these cells and resident lung 

cells. Under normal circumstances, this increase in flbroblast stimulatory 

mediators is accompanied by a concomitant increase in PGE2 synthesis and the 

injury resolves. However, if the increase in proflbrotic mediators is not 

accompanied by a parallel increase in PGE], then a loss of homeostasis occurs and 

fibroblasts continue to proliferate and synthesise collagen, resulting in fibrosis.

Thus, the aim of this these PhD studies was to address the hypothesis that PGE] is 

an important modulator of fibroblast proliferation and collagen synthesis and that 

in the presence of pro-inflammatory mediators, a reduced capacity to synthesize 

PGE] leads to unopposed fibroblast proliferation and collagen synthesis. Current 

evidence strongly implicates TGF-p 1 as playing a key role in the development of 

pulmonary fibrosis, therefore this mediator was chosen to conduct comparative 

studies on fibroblasts derived from non-fibrotic and fibrotic lung.

1.7.2 Specific aims

An imbalance between fibroblast stimulatory and inhibitory mediators could lead 

to a loss of homeostasis and promote the development of pulmonary fibrosis. To 

examine this issue further, this study was designed with four specific aims, which 

are outlined below.

1. To confirm whether fibroblasts isolated from non-fibrotic and fibrotic 

lung differ in their capacity to synthesise PGE]. A reduced capacity to 

synthesize PGE] by fibroblasts cultured from fibrotic lung, in response to IL- 

lp  has been reported. However, a role for IL-lp in the pathogenesis of 

pulmonary fibrosis is not as well characterised as that already described for 

TGF-p 1. These experiments will determine whether this defect in PGE] 

synthesis extends to TGF-p 1 and will also assess any differences in basal PGE] 

production.
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2. Examine whether fibroblasts derived from non-fibrotic and fibrotic lung 

differ in their functional responses to TGF-pi. In foetal lung fibroblasts, 

PGE2 limits proliferation and collagen synthesis in response to TGF-p]. 

However, levels of PGE2 are reduced in patients with pulmonary fibrosis but 

the functional significance of this is not known. These experiments will 

determine whether levels of PGE2 synthesis in fibroblasts from non-fibrotic 

and fibrotic lung correlate with functional responses to TGF-p 1 and establish 

whether PGE2 regulates proliferation and collagen synthesis in fibroblasts 

isolated from non-fibrotic and fibrotic lung.

3. To establish the mechanism by which TGF-pi induces PGE2 synthesis in 

lung fibroblasts. The COX isoform responsible for mediating TGF-pTs 

effects on PGE2 synthesis is not known. Also, aberrant expression of COX-2 

in response to IL-lp was postulated as a mechanism for the failure of 

fibroblasts cultured from fibrotic lung to synthesise PGE2. These experiments 

will determine which isoform mediates TGF-pi-induced PGE2 synthesis and 

examine any differences between fibroblasts derived from non-fibrotic and 

fibrotic lung at the level of COX transcription.

4. Examine the role of PGE] in bleomycin-induced pulmonary fibrosis. The

effect of bleomycin-induced lung injury on COX-2 expression is not known. 

Furthermore, a role for COX-2 in bleomycin-induced pulmonary fibrosis has 

not been demonstrated. These experiments will address these issues by 

determining whether the extent of lung injury in wild-type and COX-2 

deficient mice differs in response to bleomycin.

The following chapter describes the methods used to approach these questions.
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Chapter 2- MATERIALS AND METHODS



2.1 IN  VITRO STUDIES

2.1.1 Fibroblast cell lines

Thirty-five lung fibroblast cell lines were studied. The fibrosis group consisted of 17 

cell lines derived from patients with pulmonary fibrosis (cryptogenic n=6 ). In 

addition, data from 11 other cell lines isolated from patients with pulmonary fibrosis 

(cryptogenic n=4, systemic sclerosis n=7) were also used. All biopsies from which 

cell lines were derived showed histological evidence of pulmonary fibrosis. In 

addition, one cell line (CCL-134) established from a patient with CFA was obtained 

from the American Type Culture Collection (ATCC, Rockville, Maryland, USA).

The control group consisted of 18 cell lines established from lung tissue derived from 

various sources. Thirteen were biopsy samples taken from patients undergoing lung 

resection for localized tumour. Tissue was taken from areas of macroscopically 

normal lung parenchyma, distal to any tumour mass. Two cell lines were established 

from patients who died of non-lung related causes. In addition to these, another three 

human lung fibroblast cell lines were obtained from the ATCC (CCl-201; CCl-204 

and CCl-200).

2.1.2 Source of reagents

Chemicals used were of analytical or molecular biology grade, supplied by Sigma 

Chemicals (Poole, UK) unless otherwise stated. Solvents for HPLC buffers were of 

HPLC grade and were obtained from BDH/Merck (Leicestershire, UK). Distilled and 

de-ionised water was used for the preparation of buffers and solutions (Millipore 

Water Purification System, Millipore ROlO followed by Milli-Q Plus, Millipore, 

Hertfordshire, UK). Sterile tissue culture flasks were obtained from Falcon 

(Marathon Laboratory Supplies, London, UK). Tissue culture petri-dishes and 12- 

well plates were purchased from Costar (Buckinghamshire, UK). Sterile 

polypropylene centrifuge tubes were obtained from Sarstedt (Leicestershire, UK). All 

other disposable plastic-ware was purchased from Bibby-sterilin (Marathon
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Laboratory Supplies, London, UK). Dulbecco’s Modified Eagles Medium (DMEM), 

trypsin, penicillin, streptomycin, amphoteracin B and L-glutamine were all purchased 

from Life Technologies (Paisley, UK). Newborn calf serum (NCS) was obtained 

from Imperial laboratories (Andover, Hampshire, UK). Natural porcine TGF-|3i and - 

p2 and recombinant human TGF-pg were purchased from R&D systems Europe, Ltd. 

(Oxon, UK). The COX-2 inhibitor, NS-398 was obtained from Biomol Research 

Laboratories (Plymouth, UK). PGE] enzymeimmunoassay (ElA) kits, Hybond N- 

membrane, random priming oligolabelling kits, [^H]-thymidine and [^^P]-dCTP were 

all purchased from Amersham Pharmacia Biotech (Buckinghamshire, UK). TRI-zol 

reagent was obtained from Life Technologies. The human cDNA probe for COX-1 

was obtained from Biogenesis (Poole, Dorset, UK). The human cDNA probe for 

COX-2 was obtained from a linearized plasmid construct kindly provided by T.Hla, 

Department of Molecular Biology, Holland Laboratory, American Red Cross, 

Rockville, USA.

2.2 FIBROBLAST CELL CULTURE

2.2.1 Isolation and culture of lung fibroblasts

Fibroblast cell lines were established from explant cultures (Jordana et aL, 1988). 

Lung tissue biopsies were cut into l-2mm^ fragments and placed approximately 

1 0 mm apart on the surface of a 1 0 0 mm diameter petri-dish previously coated with 

2ml DMEM supplemented with 10% (v/v) NCS, 4mM L-glutamine, penicillin 

(lOOU/ml), streptomycin (100p.g/ml) and 2.5|ig/ml amphoteracin B. The tissue was 

attached to the plastic by gently forcing the tip of a scalpel blade through the tissue 

and indenting it into the plastic. Following overnight incubation in a humidified 

atmosphere of air containing 10% CO] at 37 °C, a further 8 ml of medium containing 

NCS and antibiotics was added taking care not to dislodge the fragments of tissue 

adhering to the plastic. The media was removed and replaced with fresh media every 

3-4 days. Fibroblasts were seen growing out of the tissue fragments after 6 - 8  days, 

developing into a near confluent monolayer of cells after 3-4 weeks. At this point the
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cells were passaged (section 2.2.3) and split into two, 75cm^ tissue culture flasks. 

Thereafter, cells were passaged when confluent with a 1:4 split ratio

Figure 2.1 shows confluent monolayers of primary fibroblasts established from 

normal (a) and fibrotic (b) lung, photographed using an inverted phase-contrast light 

microscope.

2.2.2 Routine cell culture

Cells were routinely grown in 75cm^ tissue culture flasks in DMEM containing 10% 

NCS (v/v), 4mM L-glutamine, penicillin (lOOU/ml) and streptomycin (100|Xg/ml). 

Amphoteracin B (2.5|ig/ml) was included in the medium for the initial three passages 

and then omitted. Flasks were incubated in a humidified atmosphere of air containing 

10% CO2 at 37 °C. Culture media was removed and replaced every 3-4 days. Cells 

were passaged when confluent with a 1:2 or 1:4 split ratio. Routine tests for 

mycoplasma were carried out at monthly intervals using the Gen-Probe Mycoplasma 

Rapid Detection System kit (Laboratory Impex, Middlesex, UK) according to the 

manufacturer’s guidelines.

2.2.3 Cell passage

Cells were passaged upon reaching visual confluence. Culture media was removed 

and discarded and the cell monolayer washed with 1 0 ml of sterile phosphate buffered 

saline (PBS) to remove all traces of serum. 1.5ml of trypsin/EDTA (trypsin 0.05% 

w/v; EDTA 0.02% w/v) was added to coat the cell monolayer and then 1ml 

immediately removed prior to incubating the cells for 2min at 37 °C. Rounding and 

detachment of cells from the plasticware was observed using an inverted-phase 

contrast light microscope (Olympus TCK-2, Olympus Optical Company Ltd, London, 

UK). DMEM with 10% NCS was added to the flask to neutralize the trypsin and 

resuspend the cells.
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Figure 2.1 Primary lung fibroblasts isolated from non-flbrotic and flbrotic lung
Confluent primary lung fibroblasts established from non-flbrotic (a) and flbrotic (b) lung 
tissue were photographed using an inverted light microscope under phase-contrast. 
Original magnification: x40.



The cell suspension was passed through a 10ml pipette several times to ensure a 

single cell suspension and then 5ml (1:2 passage) or 2.5ml (1:4 passage) placed in 

new tissue culture flasks and the volume made up to 1 0 ml by further addition of 

DMEM with 10% NCS. Experiments were conducted on cells between passages 3 

and 17.

2.3 MEASUREMENT OF FIBROBLAST PROLIFERATION

Cell proliferation was assessed using either a spectrophotometric assay based on the 

uptake and subsequent elution of methylene blue as described previously (Oliver et 

al., 1989) or by measuring the incorporation of ̂ H-thymidine into DNA (Song et al,  

1985)

2.3.1 Cell culture conditions

Cells were cultured to visual confluence and trypsinized as described (section 2.2.3). 

DMEM containing 5% NCS without antibiotics was used to resuspend cells at a ratio 

of 10ml of media/confluent 75cm^ tissue culture flask. This was pooled and 

centrifuged (1120 x g, 6 min, 4 ®C) using a bench centrifuge (MSE Mistral 3000, 

Leicestershire, UK). The supernatant was discarded and the pellet resuspended in 

10ml of DMEM with 5% NCS ensuring a single cell suspension was obtained. An 

aliquot was removed and counted using an Improved Neubauer Haemacytometer 

(BDH/Merck) under phase-contrast using an inverted light microscope. The number 

of cells/ml was then calculated using the following formula:

cells/ml = number of cells counted in 1 0 *̂ ml x dilution factor

The cell suspension was centrifuged again (1120 xg , 6 min, 4 ®C) and resuspended in 

DMEM containing 0.4% NCS to give a final concentration of 12x10^ cells/ml.
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Microtitre plates (96-wells) were seeded with 6x10^ cells/well in a volume of 50|xl. 

Cells were preincubated for 24h prior to use.

2.3.2 TGF-pi 3 dose response

Lyophilised TGF-p isoforms were reconstituted in a solution of 1 mg/ml bovine serum 

albumin (BSA) in 4mM HCl to give a final concentration of Ijig/ml. Aliquots of 

50|xl were stored at -40 °C. To determine the dose response relationship, serum-free 

media containing TGF-pi.3 at concentrations between 0 and 640 pg/ml was added to 

cells. The final concentration of NCS in the media was 0.2% (v/v). Fibroblasts 

exposed to DMEM and 0.2% NCS only were used as medium controls. Changes in 

cell number were assessed at various times up to 72b later.

Figure 2.2 shows a graph comparing the activity of two batches of TGF-p 1 purchased 

from R&D with a TGF-p 1 standard of known activity supplied by the National 

Institute for Biological Standards and Control (NIBSC, Hertfordshire, UK). 

Fibroblast proliferation was assessed as an index of TGF-p] activity in a cell line 

established from flbrotic lung tissue. No significant differences were observed with 

respect to the level of proliferation induced by either batch of TGF-P i or the TGF-p 1 

standard.

2.3.3 Inhibition of PGE2 synthesis

In experiments to block PGE2 synthesis, indometbacin was dissolved in ethanol 

(100%) and added to cells 30min prior to the addition of TGF-Pi, to give a final 

concentration of l|Xg/ml. This protocol has previously been shown to inhibit PGE2 

synthesis (McAnulty et a l,  1997).
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Figure 2.2 Comparison of TGF-p i activity on lung fibroblast proliferation
Proliferation was assessed in lung fibroblasts derived from flbrotic lung, 72h after the 
addition of TGF-pi at the indicated concentrations using a spectrophotometric assay. The 
activity of two batches of TGF-pi from R&D were compared with a TGF-pi standard of 
known activity. Each point represents the mean absorbance ± SEM for six replicate 
cultures.



2.3.4 Methylene blue assay

Cell proliferation was assessed using a spectrophotometric assay developed in this 

laboratory, (Oliver et al, 1989). The assay relies on the binding of methylene blue to 

the cell layer at pH 8.5 and subsequent release of bound dye by lowering the pH. 

Methylene blue is positively charged and at pH 8.5 binds electrostatically to 

negatively charged moieties within cells. The dye is liberated into solution by 

lowering the pH to below two using HCl. At low pH, methylene blue forms dimers in 

solution. This effect is abrogated by the inclusion of ethanol in the elution solvent, 

giving rise to a single absorbance peak at 650nm.

At the end of the incubation period, the plate was immersed in PBS. The PBS was 

removed by blotting the plate on absorbent paper and the cell monolayer fixed by the 

addition of 100)ll1 of formal saline (1 0 %  v/v formalin in 0 . 1 5M NaCl). The cells were 

stained with lOOjil/well methylene blue (1 %  in 0.0 IM borate buffer) for 30min. 

Excess dye was removed by washing with O.OIM borate buffer (pH 8.5) using a 96- 

well plate washer (Denley Instruments, Life Science International, Basingstoke, UK). 

The bound dye was eluted from cells by adding lOOjLil acidified alcohol (O.OIM 

HCl/ethanol, 1:1 v/v), and the absorbance measured at 650nm using a microplate 

spectrophotometer (Titertek Multiscan, Flow Laboratories Ltd, Rickmansworth, UK).

2.3.5 ^H-thymidine uptake

This assay was based on previously published methods (Song et al,  1985) with 

modifications permitting the measurement of incorporation of radiolabelled- 

thymidine into newly synthesized DNA in a 96-well microtitre plate format.

Cells were seeded into 96-well microtitre plates and treated with TGF-p i as described 

earlier (section 2.3.2). Immediately after adding TGF-p], [^H]-thymidine was added 

to each well to give a final concentration of 37 kBq/well. Wells containing DMEM 

only also received [^H]-thymidine so that non-specific binding of labelled thymidine 

could be determined. Cells exposed to DMEM and 0.2% NCS without [^H]-
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thymidine were used to assess background counts. Changes in DNA synthesis were 

assessed at various times up to 72h.

2.3.5.1 Recovery o f incorporated ̂ H-thymidine

At the end of the incubation period, lOjxl of lOM NaOH was added to each well to 

lyse the cells prior to freezing at -40°C. To recover incorporated thymidine, plates 

were thawed and DNA harvested onto pre-wet, glass fiber, filter mats (ICN Flow, 

Oxfordshire, UK) using a 96-well plate cell harvester (Micro 96 Harvester, Skatron 

Instruments, Newmarket, UK) by washing twice in an excess amount of distilled 

water.

2.3.5.2 Liquid scintillation counting

Individual filters containing labelled DNA were allowed to dry and then placed in 

scintillation vials (Pico 2000, Packard Instruments Inc. Meriden CT, USA) with 5ml 

of Ecoscint A (National Diagnostics, Hull, UK). The incorporated radioactivity was 

measured using a p scintillation counter (TRI-CARB 4000 series, Packard 

Instruments Inc). Each sample was counted for a duration of 2min.

2.3.6 Calculations and statistical analysis

Results from the methylene blue assay were expressed as percentage change in mean 

absorbance compared with cells exposed to medium alone. Values obtained from the 

^H-thymidine incorporation studies were corrected for non-specific labelling and then 

expressed as percentage change in mean dpm compared with cells exposed to 

medium alone. For statistical analysis, single factor analysis of variance (ANOVA) 

was performed with subsequent comparison using the Student’s two-tailed unpaired t 

test.
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2.4 MEASUREMENT OF HYDROXYPROLINE

Hydroxyproline was isolated from cell cultures and measured as an index of 

fibroblast procollagen production. The method used permitted measurement of 

picomolar amounts of hydroxyproline using reverse-phase HPLC and was developed 

in this laboratory (Campa et a l,  1990; McAnulty et al,  1991).

2.4.1 Cell culture conditions

Cells were grown to visual confluence and trpysinized as described (section 2.2.3). 

Following resuspension in DMEM containing 5% NCS, 12-well plates were seeded at 

a density of 10̂  cells/well. Once confluent, cells were incubated for a further 24h. 

The media was removed and replaced with 1ml preincubation medium containing 

4mM glutamine, 50|LLg/ml ascorbic acid, 0.2mM proline and 0.4% NCS and incubated 

for 24h. The media was then replaced with either 0.5ml of fresh preincubation 

medium alone or preincubation media containing indometbacin (lp,g/ml) and 

incubated for 30min. Finally 0.5ml media was added containing TGF-Pi to give a 

final concentration of Ing/ml and incubated for 24h before harvesting. One plate 

containing cells exposed to fresh preincubation medium was stored at —40 °C without 

incubating for 24h, while cell counts were performed on an identical plate (section

2.4.2). Since the cell layer and serum contain a small amount of hydroxyproline, the 

stored plate was later used to determine the background level (to) of hydroxyproline 

present in the culture medium and cell layer at the start of the incubation period. 

Controls consisted of fibroblasts exposed to preincubation media alone. Parallel sets 

of plates were seeded and treated in the same way to determine cell number. At the 

end of the incubation period, cell counts were performed on these plates (section

2.4.2) whilst plates set up for hydroxyproline measurements were stored at -40 °C, 

prior to analysis.
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2.4.2 Direct cell counting

Cell counts were performed on confluent monolayers of cells in 12-well plates, 

treated in a similar fashion to those used to measure hydroxyproline. At the end of 

the incubation period, culture media was removed and the cell monolayer washed 

with 1ml PBS to remove any remaining serum. 200 |li1  of trypsin/EDTA (trypsin 

0.05% w/v; EDTA 0.02% w/v) was added and the cells incubated at 37 °C for 

approximately 2min. Rounding and detachment of cells from the plasticware was 

observed using an inverted phase-contrast light microscope. To resuspend the cells, 

another 200|il of trypsin/EDTA was added and the cell suspension passed several 

times through a 200|Li1 pipette tip followed by a 20|Li1 pipette tip. An aliquot was then 

removed and counted as described (section 2.3.1).

2.4.3 Sample processing

To assess procollagen production, samples were processed according to previously 

published methods (Campa et al., 1990; McAnulty et al., 1995).

2.4,3A Cell harvesting

Plates were left to thaw at RT and then the cell layer scraped into the medium and 

aspirated. Each well was washed with 1ml PBS and the washings combined with the 

initial aspirate. Proteins were precipitated in 67% (v/v) ethanol at 4 °C overnight.

2.4.3.2 Recovery o f ethanol-insoluble fraction

The precipitated proteins were recovered by vacuum filtration onto polyvinylidene 

difluoride filters (pore size 0.45pm, Millipore). The protein adhering to the filters 

was washed twice with 1.5ml ethanol (67% v/v) and the filters transferred to Pyrex 

hydrolysis tubes. The ethanol-insoluble fractions were hydrolysed in 2ml 6 M HCl at 

110 °C for 16h and then decolourised by mixing with approximately 70mg of 

charcoal (BDH/Merck) and filtered (Millipore, 0.65pm) prior to chromatography.
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2.4.4 Measurement of hydroxyproline by reverse-phase HPLC

Hydroxyproline content was quantitated by reverse-phase HPLC of 7-chloro-4- 

nitrobenzo-2-oxa-l, 3-diazole (NBD-Cl)-derivatised hydrolysates as described 

previously (Campa et al., 1990). Secondary amino acids such as hydroxyproline and 

proline react with NBD-Cl to generate a chromophore with maximum light 

absorbance at 495nm. By restricting derivatization time to 20min only, interference 

from primary amino acids was minimized.

2,4.4.1 Amino acid derivatization

lOOpl aliquots of decolourized hydrolysate were transferred to 1.5ml centrifuge tubes, 

covered with perforated parafilm and evaporated to dryness under vacuum using a 

centrifugal sample concentrator (Savant Speed Vac Plus SCI 10, Life Science 

International). The dried hydrolysate was re-dissolved in lOOjil water, buffered with 

lOOpl 0.4M potassium tetraborate, pH 9.5 and mixed with lOOpl of 36mM NBD-Cl 

in methanol. Whilst minimizing exposure to light, samples were vortexed and 

incubated in a water-bath at 37 °C for 20min. The reaction was stopped by adding 

50|l i1 of 1.5M HCl followed by 150|il of a concentrated solution of buffer A (167mM 

sodium acetate, pH 6.4, in 26% acetonitrile v/v). After vortexing and filtering 

through a HPLC 0.22pm pore size filter (Millipore), lOOpl aliquots were injected 

onto the HPLC column.

2.4.4.2 Instrumentation and chromatographic conditions

Derivatized samples were separated using a single pump HPLC system (Beckman 

System Gold, Beckman Ltd, High Wycombe, UK) with a reverse-phase cartridge 

column (LiChroCART LiChrospher 250mm length x 4mm diameter, 5pm particle 

size, 100 RP-18, BDH/Merck). Running buffers A (8 % v/v acetonitrile and 50mM 

sodium acetate, pH 6.4) and B (75% v/v acetonitrile) were freshly prepared and 

degassed with helium (BOC Ltd, London, UK) prior to use. The HPLC system was 

equilibrated in buffer A for 40min and then three derivatized standard solutions
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containing SOpmol hydroxyproline analyzed. Derivatized standards and samples 

were eluted through an acetonitrile gradient, generated by changing the relative 

proportions of buffer A and B over time as summarized in table 2.1. Post-column 

detection was achieved by monitoring the absorbance at 495nm. Total running and 

column regeneration time amounted to 25min per sample. A peak corresponding to 

hydroxyproline eluted after approximately 5-6min.

2.4.5 Quantitation of hydroxyproline content

Hydroxyproline content was determined by comparing peak areas from unknown 

samples with those generated from standard solutions, derivatized and separated 

under similar conditions. All values were corrected for the amount of hydroxyproline 

present in the cell layer and culture medium at the start of the incubation period by 

subtracting to values. Values were also corrected for cell number and expressed as 

pmol of hydroxyproline/1 0  ̂ cells/h since increases in hydroxyproline have been 

shown to remain linear over time (Campa et al., 1990).

2.4.6 Statistical analysis

Data was presented as the mean ± SEM. For multiple group comparisons, single 

factor analysis of variance (ANOVA) was performed followed by subsequent 

comparison of treatment groups using the Students two-tailed, unpaired t test. To 

compare procollagen production by cell lines from groups I, II and III, the median 

and range were determined followed by evaluation using the Mann-Whitney U test.
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Column

Mobile phase

Column flow rate 

Temperature 

Detection 

Elution gradient

LiChrospher, 100 RP-18, 250 x 4mm, 5pm

Buffer A: 8 % acetonitrile (v/v)
50mM sodium acetate, pH 6.4

Buffer B: 75% acetonitrile (v/v)
25% H2O

1 .OOml/min

40 °C

495 nm

Time (min) % Buffer B
0 0

5 5
6 80

1 2 80
12.5 0

25 0

Table 2.1 Chromatographic conditions for separation of hydroxyproline by 

reverse-phase HPLC

Table modified from Campa et al., 1990.
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2.5 MEASUREMENT OF PGE2

PGE2 was measured in cell-conditioned medium using a specific enzyme 

immunoassay (Amersham Pharmacia Biotech). Since PGE2 degrades rapidly, 

samples were assayed at the end of the incubation period without storing. The 

protocol used permitted the detection of PGE2 in the range of 1.0 to 32pg/ml. The 

specificity of the assay as determined by cross-reactivity to other related compounds 

is summarized in table 2 .2 .

2.5.1 Cell culture conditions

PGE2 was measured in the medium fi-om cells cultured in the same way as described 

for the determination of procollagen production (section 2.4.1). In addition to 

indometbacin, cells were also preincubated with the COX-2 selective inhibitor, NS- 

398 (5|ig/ml) or the COX-1 preferential inhibitor, piroxicam at a final concentration 

of 2.5ng/ml (Wong et al., 1997; Frolich 1997). These compounds were initially 

dissolved in DMSO (NS-398) or 100% ethanol (piroxicam), prior to diluting with 

incubation medium. Cells were exposed to the selective and non-selective inhibitors 

for 30min prior to the addition of TGF-p 1 (Ing/ml) or incubation medium. Plates 

were incubated for 24h before assaying for PGE2 . This time-point was chosen since 

PGE2 levels are known to increase up to 8 h after stimulation with TGF-p 1, attaining a 

plateau between 8-24h before declining to control values by 48h in foetal lung 

fibroblasts (McAnulty et a l,  1995).

2.5.2 Sample preparation

At the end of the incubation period, 0.5ml cell-conditioned medium was removed and 

immediately placed on ice. A one in five dilution was prepared for each sample using 

serum-fi*ee DMEM. Both undilute and dilute samples were kept on ice for the 

duration of the assay.
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Compound % Cross-reactivity

PGEi 7.0

PGD2 1 .0

PGA2 0 . 2

PGB2 1 .0

PGF2« 4.3

PGFia 0 .1

6 -keto-PGF]a 5.4

13, 14-Dihydro-15-keto-PGE2 <0 .1

13, 14-Dihydro-15-keto-PGF2a <0 .1

15-keto-PGF2a <0 .1

TXB2 <0 .1

Table 2.2 Cross-reactivity of PGE2 enzymeimmunoassay to related compounds
The specificity of the PGE2 enzymeimmunoassay used was determined by examining 
cross-reactivity to other related compounds. Cross-reactivity was determined by 
calculating the concentration required to give 50% B/Bq. The table was adapted 
fi’om information in the manufacturer’s handbook (Biotrak cellular communications 
assays, Amersham Pharmacia Biotech).
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2.5.3 PGEi enzyme-linked immunoabsorbent assay

A commercial PGE2 enzyme-linked immunoabsorbent assay (ELISA) was used 

(Amersham Pharmacia Biotech) with minor modifications to the manufacturer’s 

protocol. The assay was based on competition between unlabelled PGE2 and a fixed 

quantity of labelled PGE2 for a limited amount of PGE2 specific antibody. Once 

bound, the antibody complex is immobilized on precoated microtitre wells and the 

amount of labelled PGE2 determined by adding peroxidase enzyme substrate. The 

concentration of PGE2 in unknown samples was determined by interpolation from a 

standard curve.

2.5.3.1 Preparation o f reagents

The coated microtire plate and reagents were thawed and equilibrated to RT before 

use. Assay buffer (O.IM phosphate buffer) was prepared by diluting IM phosphate 

buffer in H2O. This buffer was then used to reconstitute the lyophilized PGE2 

antibody and conjugate. The conjugate was stored on ice for the duration of the assay 

while the antibody remained at RT. Wash buffer (O.OIM phosphate buffer) was 

prepared by diluting 0.4M phosphate buffer H2O.

A standard curve for PGE2 was prepared by diluting a stock solution of PGE2 in assay 

buffer to a starting concentration of 640pg/ml. Serial dilutions were performed to 

produce concentrations ranging from 1 to 32pg/ml. Figure 2.3 shows a typical 

standard curve for PGE2. The concentration of PGE2 in unknown samples was read 

directly from the graph.

2.5.3.2 Assay procedure

The microtitre plate was labelled such that all blanks and standards were run in 

duplicate and six samples fi*om replicate cultures were run for each treatment group.
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Figure 2.3 Prostaglandin E] standard curve
A PGE] standard of known concentration was serially diluted and PGEi levels measured 
using a specific enzymeimmunoassay. A standard curve was generated by plotting the 
%B/Bo as a function of the log PGE] concentration. The concentration of PGE] in 
unknown samples was determined by interpolation from the linear region of the curve. 
This standard curve for PGE] is derived from the mean ± SEM for seven separate 
experiments. Where no error bar is shown, the SEM is within the point.



To determine non-specific binding (NSB) of the conjugate, lOOjLil of assay buffer was 

added to the first two wells, followed by 50|xl of assay buffer into the zero standard 

wells. After vortexing, 50fxl of the diluted standards was pipetted next, starting with 

the most dilute. The neat and diluted, unknown samples were also vortexed and 50|xl 

aliquoted into the remaining wells. Finally, 50pl of PGE2 antibody was added to all 

wells except the blanks and NSB and the plate covered and incubated on ice in a cold 

room at 4 °C for 3h. The reconstituted conjugate was also incubated with the plate. 

At the end of the incubation period, 50|il of conjugate was added to all wells except 

the blank, while the plate remained on ice. The plate was returned to the cold room 

and incubated for Ih. At the end of the incubation period, the contents of the plate 

were flicked out and 250pl wash buffer pipetted into all wells. This was flicked out 

and the wells washed again with 250)li1 wash buffer. This step was repeated four 

times. Residual buffer was removed by blotting the plate on tissue paper. 150|il of 

enzyme substrate, 3, 3’, 5, 5’-tetramethylbenzidine (TMB) was added to each well 

and the colour reaction allowed to proceed at RT on a plate shaker for 30min. The 

reaction was terminated by the addition of 100|il of H2SO4 and the optical density 

(OD) immediately measured at 450nm, using a 96-well, microtitre plate 

spectrophotometer (Titertek Multiscan).

2.5.4 Calculations and statistical analysis

The average OD for each set of replicate wells (blanks and standards) was calculated. 

The NSB value was subtracted from the standards and unknown samples and the 

percentage of bound substrate (%B/Bo) determined using the following formula:

%B/Bo = (standard or sample OD-NSB OD) x 100 

(zero standard OD-NSB OD)

A standard curve was generated by plotting %B/Bo (y axis) as a function of the log 

PGE2 concentration (x axis). The concentration of PGE2 in the unknown samples was
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interpolated from the linear region of the sigmoid curve. Results were expressed as 

pg of PGE2 per 1 0  ̂cells or per ml of media.

For statistical analysis, the mean ± SEM was determined, followed by multiple 

comparison using ANOVA. Individual treatment groups were compared using the 

Student’s two-tailed, unpaired t test. Groups of cell lines were compared by 

calculating the median and range and performing a Mann-Whitney U test.

2.6 RNA EXTRACTION AND ANALYSIS

2.6.1 Cell culture conditions

Cells were seeded into 100mm petri dishes at a concentration of 5 x lO^cells/dish and 

treated in an identical fashion to those cultures used for measuring procollagen 

synthesis (section 2.4.1). Cells were exposed to TGF-pi (Ing/ml) for either 6 h or 

24h.

2.6.2 Total RNA extraction

Total RNA was extracted from cells using TRI-zol reagent, a monophasic solution of 

phenol and guanidine isothiocyanate (Life Technologies) in accordance with the 

manufacturer’s instructions. Cells were lysed in 1ml of TRI-zol reagent per petri dish 

and incubated at RT for lOmin on a plate shaker. Aliquots (1ml) of homogenate were 

pipetted into sterile 1.5ml centrifuge tubes and stored at -70 °C, prior to analysis.

Samples were defrosted and incubated at RT for 5min to permit complete dissociation 

of nucleoprotein complexes. Chloroform (0.2ml) was added and the tubes shaken 

vigorously by hand for 15sec. After standing at RT for 2min, samples were 

centrifuged (12, 000 x g, 15min, 4 °C). The colourless, aqueous, upper phase was 

transferred to fresh 1.5ml centrifuge tubes and RNA precipitated by adding 0.5ml 

isopropyl alcohol. Samples were incubated for lOmin at RT and then centrifuged (12,
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000 X g ,  10min, 4 °C). The supernatant was discarded and the pellet washed in 1.2ml 

75% ethanol by vortexing and centrifuging (7, 500 x g, 5min, 4 °C). The ethanol was 

removed and the pellet dried briefly before resuspending in 20|il of DEPC-treated 

water and storing at -70 °C.

2.6.3 Total RNA concentration

Extracted RNA was re-solubilized by heating at 65 for lOmin. An aliquot (3|il) 

was removed and made up to 1ml with H2O and the purity determined by calculating 

the OD260' OD280 ratio. The amount of RNA extracted was calculated based on an 

OD260 value of one being equivalent to an RNA concentration of 40|LLg/ml.

2.6.4 RNA gel electrophoresis

RNA (5-10jj,g) was fractionated by electrophoresis through a 1% (w/v) agarose gel 

containing formaldehyde.

To eliminate RNase contamination, the electrophoresis tank, casting tray and comb 

were soaked in 0.5M NaOH overnight, cleaned with ethanol and rinsed in DEPC- 

treated H2O prior to use. A 20x stock solution of running buffer (0.4M 3-(N- 

morpholino) propane sulfonic acid [MOPs], pH 7.0, O.IM sodium acetate, 0.02M 

EDTA) was prepared in a foil wrapped bottle and autoclaved. Electrophoresis-grade 

agarose (2g) was dissolved in 162ml H2O by autoclaving. MOPs (10ml) and DEPC- 

treated H2O (10ml) were added to the melted agarose. Once cooled to 60 °C, 18ml 

formaldehyde (12.3M) was added to give a 1% (w/v) agarose solution in Ix MOPs 

buffer and I.IM  formaldehyde. Gel solution (100ml) was poured into a 12 x 15cm 

casting tray, cooled and once set, transferred to a fridge for 30min. The comb was 

removed after immersing the gel in running buffer. The gel was then pre-run for 10- 

15min at 80 volts.
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Stock samples of RNA were heated at 65 °C for lOmin and 5-10|ig of RNA removed 

and placed in fresh 1.5ml centrifuge tubes. The volume was made up to lOpl with 

DEPC-treated H2O and RNA loading buffer containing ethidium bromide added at a 

ratio of 1:2 to 1:5, sample to loading buffer. After a brief pulse in a microcentrifuge, 

samples were denatured by incubating at 65 °C for 15min. RNA ladder (5pg, 

Boebringer Mannheim, East Sussex, UK) was also prepared in the same way. 

Samples were removed from the water-bath and immediately loaded onto the gel. 

The gel was run at 80v for 3-4b and then photographed under UV light.

2.6.5 Northern transfer

The gel was transferred to a plastic container and the lanes containing the RNA ladder 

cut off. Excess formaldehyde was removed by washing the gel twice in DEPC- 

treated H2O for 20min with gentle shaking. The capillary blotting apparatus was set 

up in a glass dish. The gel casting tray was inverted, placed inside the dish and a strip 

of filter paper (3MMChr, Whatman International Ltd, Maidstone, UK) placed over 

the casting tray such that either end was immersed in transfer buffer (lOx SSC), 

forming a wick. Once wet, a glass rod was used to smooth out bubbles. The gel was 

inverted and placed on the damp filter paper with its original underside uppermost.

Hybond-N membrane (Amersham Pharmacia Biotech) was cut to the size of the gel 

and the top right hand comer marked for orientation. Using forceps, the membrane 

was carefully placed on the gel in one go, ensuring no air bubbles formed. The edges 

of the membrane were covered with cling film to prevent short-circuiting of transfer 

buffer. Filter papers cut to the size of the gel and pre-soaked in transfer buffer were 

placed on top of the membrane followed by strips of dry filter paper. A stack of 

paper towels, 1 0 cm high was positioned over the filter paper and weighed down with 

a 1kg weight. Transfer was allowed to proceed for a minimum of 16h. The capillary 

apparatus was dismantled and the RNA crosslinked by exposure to UV light for 2min 

using a UV cross-linker (Hoefer Scientific Instruments, San Francisco, USA). The
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gel and membrane were then photographed under UV light to ensure that transfer to 

the membrane had occurred.

2.6.6 Prehybridisation

Prehybridisation solution (4x SSC, 0.5% w/v SDS, 5mM Tris, ImM EDTA, 5x 

Denhardt’s) was added to a hybridisation tube containing the membrane. 

Prehybridisation was carried out for 2h at 65 °C.

2.6.7 DNA radio-labelling

A commercial kit (Megaprime DNA labelling System, Amersham Pharmacia 

Biotech) which labels template DNA by random priming was used according to the 

manufacturer’s instructions.

DNA (25ng) was placed in a 1.5ml centrifuge tube and 5|il primer added. The 

volume was made up to 50|il with DEPC-treated H2O and the sample denatured by 

heating to 100 °C for 5min. After a brief pulse in a microcentrifuge, 10|il of labelling 

buffer was added, followed by 3|xl of a-[^^P]dCTP (30|LiCi, l.llM B q) and 2|il of 

Klenow enzyme. The probe was incubated at 37 °C for 2h.

Unincorporated nucleotides were removed by elution through a sephadex G-50 spun 

column (Amersham Pharmacia Biotech).

2.6.8 Determination of labeling efficiency

Labelled DNA (2|il) was added to 5ml of scintillation fluid and counted in a liquid 

scintillation counter (Minaxi (3 Tri-Carb 4000 series, Packard instruments) with 

windows set for maximum ^̂ P counting efficiency.
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2.6.9 Hybridisation

Hybridisation solution (10ml) consisting of 4x SSC, 0.5% SDS, 5mM Tris, ImM 

EDTA, 5x Denhardt’s and Ig dextran sulphate was prepared and incubated at 65 °C 

for 2h. Sufficient radio-labelled probe to give a final concentration of IxlO^cpm/ml 

was denatured at 1 0 0  °C for lOmin. Sheared, salmon, sperm DNA (100 |L il) was also 

denatured by heating at 1 0 0  °C for lOmin. Salmon sperm DNA was included in the 

hybridisation solution to prevent non-specific binding of the probe. The denatured 

DNA and probe were added to the hybridisation solution, which in turn was added to 

the membrane. Membranes were hybridised overnight at 65 °C.

2.6.10 Post-hybridisation washing

Membranes were washed in 4x SSC, 0.5% w/v SDS for 20min at 50 °C. Washes 

were repeated as necessary depending on the amount of radioactivity on the 

membrane. No more than four repeat washes were performed.

2.6.11 Imaging

After washing, membranes were blotted, wrapped in cling film and placed against 

Kodak x-ray film (X-OMAT XAR-5, Sigma Chemicals) inside an autoradiography 

cassette at -80 °C for 15min to 7 days.

Phospho-imaging was used for rapid screening of low copy transcripts. The 

membrane was blotted and wrapped in cling film and placed against a phosphor 

imaging plate (Fuji Bas Ill-type, Raytek Scientific Ltd, Sheffield, UK) in an exposure 

cassette. This was stored at RT for between l-24h and then the imaging plate 

screened using an image analyzer (Fuji FLA-3000, Raytek Scientific Ltd).

For autoradiographs, mRNA levels were quantitated by densitometric laser scanning 

(Sharp JX330) using Imagemaster software (Amersham Pharmacia Biotech). 

Phospho-images were evaluated using 2d densitometry software (Aida, version 2.00).
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2.7 IN  VIVO STUDIES

2.7.1 COX-2 deficient mice

Two breeding pairs consisting of male COX-2 deficient (COX-2 -/-) mice and female 

heterozygote (COX-2 +/-) mice were purchased from the Jackson laboratory (B6 , 

129-Ptgs2*"’*̂®̂, stock number: 002476, Bar Harbour, Maine, USA). Upon arrival, the 

genotypes of the mice were confirmed by PCR (section 2.8). COX-2-/- and COX-2 

+/- mice were obtained by breeding female COX-2 +/- and male COX-2 -/- mice.

2.7.2 Wild type mice

Wild type B6129 Fz hybrid mice were generated by crossing strains C57BL/6 with 

SV129 (Jackson laboratory, stock number: 101045). This hybrid provides an 

approximate genetic match to the background strain on which the COX-2 transgenic 

mice were generated.

2.8 GENOTYPING COX-2 DEFICIENT MICE

Transgenic mice deficient in the COX-2 gene (COX-2 +/- and COX-2 -/-) were 

differentiated using a polymerase chain reaction (PCR) method. This involved 

amplifying a region spanning 0.922kb of the COX-2 gene, which is present in COX-2 

+/- mice and absent in COX-2 -/- mice. A PCR protocol adapted from conditions 

suggested by the Jackson laboratory was used. Mice were genotyped at three weeks 

of age using either a two-primer or three-primer PCR method.

2.8.1 DNA extraction from mice tail samples

Mouse tail (0.5cm) was cut using a scalpel. The tail tip was placed in a 1.5ml 

centrifuge tube together with a drop of blood from the tail end. This was immediately 

snap frozen in liquid nitrogen and later transferred to -70 °C for storage. Silver nitrate
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was applied to the mouse’s wound and the ears clipped accordingly for identification 

purposes.

Frozen tails were thawed on a glass slide maintained on ice. The tail tip was chopped 

into approximately l-2 mm^ strands and sheared using a scalpel blade and forceps. 

The tissue fragments were then transferred into an autoclaved 1.5ml screw cap, 

polypropylene tube and the scalpel blade and forceps cleaned with 70% ethanol 

between handling each sample. Using a bulbous pipette, SOOpl of lysis buffer (O.IM 

EDTA, 0.9% w/v NaCl, 0.05M Tris, 1% w/v SDS) was used to wash the tube 

containing the blood and this wash was transferred to the tube containing the chopped 

tail. Proteinase K (BDH/Merck) was added to give a final concentration of 1 pg/ml, 

the tube capped, wrapped in parafilm and inverted several times before incubating in 

a shaking water bath, overnight at 55 °C. To maximize agitation, tubes were 

positioned at a slant in 50ml centrifuge tubes containing 25ml H2O.

Following digestion, tubes were centrifuged (12, 000 x g, 5min) and the tail pellet 

removed and transferred using the end of a pipette tip to a fresh, sterile 1.5ml 

centrifuge tube containing 500pl lysis buffer. This tube was centrifuged (12, 000 x g, 

5min) and the supernatant added to the original supernatant. Isoproponol was added 

at a ratio of 1:1 of supernatant and the tube inverted until a white precipitate 

appeared. The precipitate was pelleted by centrifuging (12, 000 x g, 5min) and the 

supernatant decanted and discarded. The pellet was then washed in 1ml 70% (v/v) 

ethanol and recentrifuged (12, 000 x g, 5min). This final supernatant was discarded 

and the pellet dried briefly, prior to resuspending in lOOjLtl sterile water. The 

extracted DNA was stored at 4 °C, prior to PCR amplification. In cases where the 

DNA had not fully resuspended, tubes were heated to 65 °C for 20min to facilitate 

resuspension.
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2.8.2 DNA concentration

A 5|Li1 aliqout of genomic DNA stock was added to 995)xl of distilled water in a 

sterile, 1.5ml centrifuge tube. The purity and concentration of the DNA was then 

determined by spectrophotometry. The OD260 and OD280 readings were taken. DNA 

purity was assessed by the OD260 OD280 ratio. A ration of 1.8:1 indicated the DNA 

was of relatively pure form. DNA was quantitated by measuring the OD260 and 

calculated using the following formula:

DNA (jLig/ml) = OD260 X 50|ig/ml x dilution factor

The dilution factor was 20 for these samples. Stock solutions were diluted with 

distilled water to give a working concentration of 100ng/|xl DNA. The lOOng/jxl 

DNA stock was further diluted to give a final working stock of 10ng/|Lil. Original 

stocks and the lOOng/jil stocks were stored at -70 °C and the 10ng/|il working stock 

stored at 4 °C.

2.8.3 PCR design

PCR primers were already available (Life Technologies) to amplify a specific region 

of the COX-2 gene to distinguish between COX-2 +/- and COX-2 -/- mice. The PCR 

involved three primers, a common downstream primer (547), a specific upstream 

primer for the wild type allele (546) and a specific primer for COX-2 deficient alleles 

(013). Primer alignment to the endogenous and disrupted alleles is represented 

diagrammatically in figure 2.4. The COX-2 deficient mice were generated by 

replacing a 1.8Kb genomic fragment housing exon 1 and surrounding sequences with 

a 1.6Kb neomycin cassette (Dinchuk et al., 1995). Primers 546 and 547 amplified a 

922bp product from the endogenous COX-2 gene and primers 013 and 547 amplified 

a 1.4kb product from the disrupted allele. The primer sequences were verified by 

entering the respective nucleotide sequences into a BLAST search.
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Figure 2.4 Schematic diagram illustrating alignment of PCR primers to COX-2 
endogenous and disrupted alleles
COX-2 deficient mice were generated by replacing a 1.8 kb genomic fragment with a 
1.6 kb neomycin cassette. Primer 013 resided within the neomycin cassette whereas 
primers 546 and 547 were specific to the endogenous COX-2 allele. Primer 547 aligned 
to wild-type sequence just outside the construct but primer 546 aligned to wild-type 
sequence within the construct area. A combination of primers 546 and 547 amplified a 
0.922kb gene product specific to the endogenous gene whilst primers 013 and 547 
amplified a 1.4kb gene product from the disrupted allele.



Primers 546 and 547 showed 100% alignment with Mus musculus TISIO encoded 

protein and mRNA, while primer 013 was complementary to sequences present in a 

number of different cloning vectors but showed no homology to any endogenous 

genes.

As a control, each PCR was performed with DNA from the parent mice who were of 

known genotypes.

2.8.4 Conditions for two-primer PCR

To avoid contamination, barrier pipette tips and reagents exclusively prepared for 

PCR were used. A set of micropipettors dedicated to PCR work were also used. All 

reagents for PCR are stored in aliquots at -20 °C, prior to use.

Polycarbonate microtitre plates (Hybaid, Middlesex, UK) were cut to give the 

required number of wells. The stock reagents for PCR, lOx KCl, lOx dNTPs 

(Amersham Pharmacia Biotech), 25mM MgCb and 20pM primers were thawed at 

RT and once defrosted kept on ice. Each PCR reaction included 50ng of DNA 

template (5pi of lOng/pl working stock). This was pipetted first into the microtitre 

plate. DNA was omitted from negative controls and replaced with 5pi of distilled 

water. Each well was overlaid with a drop of mineral oil (Sigma Chemicals). 

Sufficient reaction mix (Ix KCl, Ix dNTPs, l.OmM-B.OmM MgCl] and 0.2pM 

primers) to give a lOpl reaction volume was prepared in a sterile 1.5ml centrifuge 

tube. Taq DNA polymerase (5U/pl, Amersham Pharmacia Biotech) was then added 

to the reaction mix to give a final concentration of 2U/pl. After mixing, 5pi reaction 

mix was added through the mineral oil to the wells containing DNA or water. The 

plate was tapped to ensure no air bubbles remained and placed in a thermocycler 

(Primus 96"'“', MWG Biotech, Milton Keynes, UK).

The MgCl] concentration, annealing temperature, extension time and number of 

cycles were titrated to obtain optimal amplification of PCR product. The final
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conditions for optimal amplification of gene products by two-primer PCR are shown 

in table 2.3.

2.8.5 Conditions for three-primer PCR

As two-primer PCR cannot distinguish between the absence of a particular allele and 

a failed PCR reaction, a method for three-primer PCR was developed by altering the 

amounts of template DNA, primers, Taq DNA polymerase and the annealing 

temperature.

The inclusion of all three primers in the reaction mix permitted amplification of one 

or more bands in a single reaction. In the current study, primer 547 was common to 

both amplicons and in a multiplex reaction this primer would be rate limiting, whilst 

primers 546 and 013 would be competing. By considering the reaction kinetics of the 

primers and the sizes of the required products, conditions were optimized such that 

equal amplification of both products occurred. The final conditions for optimal 

amplification of gene products by three-primer PCR are shown in table 2.4.

2.8.6 DNA gel electrophoresis

Two grams of agarose (Life Technologies) were weighed into a conical flask and 

dissolved in 100ml of Ix THE buffer (prepared from a 5x concentrate; 54g tris base, 

27.5g boric acid, 20ml 0.5M EDTA, pH 8 ) by microwaving for 2min at full power. 

The melted agarose was cooled by rotating the flask under running water. Ethidium 

bromide (final concentration 0.5|ig/ml) was added, the gel solution swirled and cast. 

Combs were placed in position and the gel allowed to solidify at RT before 

transferring to a cold room at 4 °C for 30min. The gel tank was filled with Ix TEE 

running buffer and the gel immersed in the buffer. The combs were removed and 5pl 

of DNA molecular weight marker VIII (0.25|ig/ml, Boehringer Mannheim) loaded 

into the first and last well.
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Component Final concentration
(lOjxI reaction volume)

lOng/jil template DNA 50ng

500mM KCl 50mM

lOOmM dNTPs lOmM

25pM MgClz 1.5mM

20|iM forward primer 0.2pM

20pM reverse primer 0.2|iM

5 U /)li1 Taq DNA polymerase 2U

Gene product size

0.922kb 1.4kb

Step Temp Time Cycle Time Cycle
CC) (nun) number (min) number

Initial 94 3 1 3 1

denaturating
Denaturating 94 1 } 1 }
Annealing 58 1 } 34 2  } 40
Extension 72 1.5 } 2  }
Final 72 5 1 5 1

extension

Table 2.3 Reaction-mix and cycle profile for two-primer PCR
PCR reactions were set-up in 96-well micro titre plates. Template DNA was extracted 
from mouse tail tips. Reaction volumes were made up to lOpl with sterile water. 
Primer 547 was added in combination with either primers 546 or 013 resulting in the 
amplification of the 0.922kb or 1.4kb gene products respectively. The thermal cycler 
was pre-programmed accordingly and at the end of the cycle gene products amplified 
using these conditions were visualized by electrophoresis.
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Component Final concentration
(lOjil reaction volume)

lOng/pl template DNA 2 0 0 ng

500mM KCl 50mM

lOOmM dNTPs lOMM

25pM MgClz 1.5mM

20|xM primer (546) 0.2pM

20mM primer (547) 0.2jiM

20pM primer (013) 0.04|iM

5U/pl Taq DNA polymerase 12U

Step Temp
CC)

Time
(min)

Cycle
number

Initial 94 3 1

denaturating
Denaturating 94 1 }
Annealing 62 2  } 34
Extension 72 2  }
Final extension 72 5 1

Table 2.4 Reaction-mix and cycle profile for three-primer PCR
PCR reactions were set-up in 96-well microtitre plates. Template DNA was extracted 
from mouse tail tips. Reaction volumes were made up to lOpl with sterile water. 
Primers 546, 547 and 013 were added to the reaction mix. Combinations of these 
primers were specific for gene products in the wild-type and disrupted COX-2 genes. 
The thermal cycler was pre-programmed accordingly and at the end of the cycle gene 
products amplified using these conditions were visualized by electrophoresis.
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The PCR products were defrosted at RT, mixed with 3p.l of 5x loading buffer and 

1 0 |xl of product loaded into each well taking care to avoid the layer of mineral oil. 

The gel was run at 5v/cm for 1.5h and bands visualized under UV light.

2.9 MURINE AND RAT MODEL OF BLEOMYCIN-INDUCED PULMONARY 

FIBROSIS

This model of lung injury has been used extensively in this laboratory (Laurent et a l, 

1981; Shahzeidi et a l, 1991). The lung tissue obtained from these experiments were 

used for histology and biochemical analysis.

2.9.1 Anaesthesia and bleomycin instillation in rats

Lewis rats, aged 7-8 weeks and weighing 190-220g were anaesthetized by 

intramuscular injection of Hypnorm (fentanyl citrate 0.315mg/ml and fluanisone 

lOmg/ml, Janssen Pharmaceutical, High Wycombe, UK) at a concentration of 0.75- 

l.Oml/kg. The trachea was intubated with a 19-gauge canula and 0.3ml of saline or 

saline containing bleomycin sulphate (Lundbeck, Luton, UK) at a concentration of 

l.Smg/kg introduced using a 1ml syringe. Rats were sacrificed 7, 14 and 21 days 

later by pentobarbitone overdose and the lungs removed for histology and 

biochemical analysis.

2.9.2 Anaesthesia and bleomycin instillation in mice

Mice aged 6  weeks and weighing 14.0-26.7g were anaesthetized by inhalation of 

halothane, 3% w/v (flow rate: 1 litre/min, oxygen, flow rate: 2 litres/min). After 

swabbing with alcohol and shaving the neck, a small incision was made and the 

trachea isolated by blunt dissecting the surrounding muscle. Using a 1ml syringe and 

a 25-gauge needle, 50|xl of 0.9% saline or saline containing bleomycin sulphate 

(Bleo-Kyowa™, Nippon Kayaku Co Ltd, Berkshire, UK) at a concentration of 

1.5mg/kg body weight was introduced into the trachea. A small volume of air was
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also injected to flush the airways. The wound was closed with two sutures. Mice 

were sacrificed after 14 days by pentobarbitone overdose and the lungs harvested for 

histological and biochemical analysis.

2.9.3 Lung tissue preparation

For histology, lung vasculature was perfused with 5ml of PBS containing lOOU/ml 

heparin followed by intratracheal instillation of 4% paraformaldehyde at a pressure of 

25cm H2O. The thoracic contents were removed and the lungs fixed in 4% 

paraformaldehyde overnight at 4 °C. The next day, the tissue was transferred to 15% 

sucrose in PBS and left overnight at 4 °C. The tissue was washed in PBS for 30min 

at 4 °C and then in 0.85% NaCl for 30min at 4 °C, followed by 1:1 saline:ethanol for 

15min at RT. The tissue was dehydrated through a series of alcohols (70% ethanol 

for 30min x 2, 85% ethanol for 30min, 95% ethanol for 30min and 100% ethanol for 

30min x 2 ).

The dehydrated tissue was processed using an automated procedure at the department 

of surgery and then embedded in paraffin wax. Sections (5pm) were cut using a 

rotary microtome (TOP Rotary S-130, Leica UK Ltd, Milton Keynes), transferred to 

glass slides (SuperFrost, BDH/Merck) and baked overnight at 50 °C.

For collagen measurements, lung vasculature was perfused with 5ml PBS, the trachea 

removed and the lungs snap-frozen in liquid N2. After weighing, lungs were crushed 

in liquid N2 and stored at -40 °C, prior to analysis.
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2.10 HISTOLOGY

The extent of fibrosis in lungs subjected to bleomycin injury was semi-quantitatively 

analyzed by staining sections with haematoxylin and eosin (H&E) or Masson’s 

trichrome. Further, an immunohistochemistry (IHC) technique was developed to 

evaluate the level of COX-2 expression in bleomycin-treated lungs.

2.10.1 H&E

After dewaxing in xylene for 2 x 3min, the sections were rehydrated through a series 

of alcohols (100% ethanol for Imin x 2, 70% ethanol for Imin), placed under running 

tap water followed by immersion in Mayer’s haematoxylin regressive stain for 7sec. 

Sections were washed under running tap water for 3min and then differentiated in 1% 

acid alcohol (1% HCL in 70% ethanol) for 6 sec with agitation. The sections were 

washed in Scott’s tap water (0.35% (w/v) sodium bicarbonate, 2% (w/v) magnesium 

sulphate) for 5min and then in tap water for Imin before staining in 1% eosin for 

5min. After washing in tap water for Imin, the sections were dehydrated through a 

series of increasing concentrations of alcohol (70% ethanol for 15sec, 100% ethanol 

for 30sec x 2), cleared in xylene (2 x Imin) and mounted using DPX.

2.10.2 Masson’s trichrome

Sections were dewaxed and rehydrated as for H&E staining (section 2.10.2.1). After 

washing in tap water for Imin, nuclei were stained using celestine blue for Imin and 

then the tissue differentiated in acid alcohol (1% HCl in 70% ethanol). Sections were 

washed in tap water, and immersed in Mayers haematoxylin regressive stain for lOsec 

before rinsing in distilled water for Imin. Sections were then stained in a solution of 

acid ftrschin (1% Ponceau fuschin in 1% acetic acid) for 6 min before rinsing in 

distilled water for Imin and treating with 1% phosphomolybdic acid (PMA) for 2min. 

After rinsing in distilled water for Imin, counterstaining with 0.5% soluble blue in
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2.5% acetic acid and rinsing in distilled water for Imin, sections were dehydrated 

( 1 0 0 % ethanol for 30sec), cleared (xylene for Imin x 2 ) and mounted.

2.10.3 Immunohistochemistry for COX-2

IHC for COX-2 was performed on paraffin embedded tissue samples, by adapting a 

protocol established for human tissue (Wolff et a l, 1998) to rat tissue.

Tissue samples were dewaxed in xylene (2 x 3min) and rehydrated (100% ethanol for 

Imin X 2, 70% ethanol for Imin, 50% ethanol for Imin) and left in tap water. 

Antigen retrieval was performed by microwaving sections in 1 OmM citrate buffer, pH 

6  for 4 X 5min with medium heat. Sections were washed in PBS for 3 x 3min with 

gentle agitation. To block endogenous peroxidase activity, sections were blotted, the 

tissue surrounded by a wax-based marker (Dako Ltd, Cambridge, UK) and incubated 

with 3% H2O2 for 3min in a humidified chamber at RT. The sections were washed in 

PBS for 3 X 3min, blotted and incubated with 5% (v/v) goat serum for 20min at RT. 

After blotting, the sections were incubated with either the COX-2 antibody (Cayman 

Chemicals, Ann Arbor, USA) at a 1 in 1000 dilution or non specific rabbit IgG 

(Dako) at an equivalent concentration to that used for the COX-2 antibody for lb at 

RT. After washing in PBS for 3 x 3mins, 0.5% (v/v) goat anti-rabbit biotin labeled 

antibody was pipetted onto the sections and left for 30min at RT. The secondary anti

body was removed by washing sections in PBS for 3 x 3min. Streptavidin (1% v/v, 

Dako) was prepared and left at RT for lb prior to adding to sections and incubating 

for 30min at RT. After washing in PBS, DAB was added to the sections under a 

fume hood and left for 3min. The DAB was washed off with a transfer pipette taking 

care to collect the washings. The sections were left in tap water and then 

counterstained in haematoxylin (Mayers) for 7sec before washing under running 

water for 5min. After differentiating in acid alcohol for 6 sec, and washing in Scott’s 

tap water for 5min, the sections were dehydrated and cleared in xylene, mounted and 

left overnight to dry.
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2.10.4 Microscopy and photography

Sections were visualized using an Axioskop microscope (Zeiss) under xlOO, x200, 

x400 or xlOOO magnification. Photographs were taken using a Yashica 35mm auto

exposure Single-Lens-Reflex camera (Zeiss) using Kodak Ektachrome Tungsten ASA 

64 film (KJP Ltd, London, UK). Negatives were processed by Joe’s Basement 

(London, UK) and colour prints were developed by UCL Illustration’s unit 

(Cruciform Building, UCL, London).

2.11 QUANTITATION OF FIBROSIS IN BLEOMYCIN-INDUCED LUNG 

INJURY

2.11.1 Fibrosis score

Fibrosis was graded in a blinded fashion by three independent observers according to 

the criteria defined by Ashcroft (1988). Between 3 and 7 saline and bleomycin- 

treated mice of each genotype were scored. Each lung lobe was graded on a scale of 

0-4 and a mean derived from the five lobe scores for each individual mouse.

2.11.2 Estimation of lung collagen content

To estimate collagen content in murine lung, an aliquot of approximately lOmg of 

powdered lung tissue was removed and hydrolyzed in 2ml of 6 M HCL at 110 °C for 

16h. After mixing with 70mg charcoal and filtering (Millipore, type DA, pore size 

0.65pm), a lOOpl aliquot of a 1 in 100 dilution of filtered hydrolysate was dried using 

a centrifugal vacuum concentrator. From this point onwards, hydroxyproline was 

isolated and measured as described in section 2.4.4. Hydroxyproline content was 

estimated by comparing peak areas of chromatograms obtained for samples with 

those generated from standard solutions. Total lung collagen content was calculated 

assuming that lung collagen contains 12.2% w/w hydroxyproline (Laurent et a l, 

1981) and expressed as mg collagen/lung.
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2.11.3 Statistical analysis

Fibrosis scores and collagen measurements were statistically evaluated by calculating 

the mean ± SEM, followed by single comparisons between individual treatment 

groups using the Student’s two-tailed, unpaired t test.
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Chapter 3- RESULTS



3.1 BASAL AND TGF-Pi-INDUCED PGE2 SYNTHESIS BY FIBROBLASTS

To begin to address the hypothesis that a reduced capacity to synthesize PGE2 in the 

presence of pro-inflammatory mediators could lead to unopposed fibroblast 

proliferation and collagen synthesis, it was necessary to confirm whether fibroblast 

cell lines derived from non-fibrotic or fibrotic lung differed in their capacity to 

synthesize PGE2 . This question was approached experimentally by assessing levels 

of PGE2 production in fibroblast cell lines derived from fibrotic and non-fibrotic lung 

in the absence and presence of TGF-pi. Confluent monolayers of cells were 

incubated with media alone or media containing TGF-pi (Ing/ml) for 24h and PGE2 

was measured in the cell supernatant using a specific enzymeimmunoassay. A 

concentration of Ing/ml TGF-pi was chosen since this represented the optimal 

concentration for stimulation of collagen synthesis and also coincided with induction 

of PGE2 synthesis in lung fibroblasts (Coker et al., 1997; McAnulty et a l, 1997). 

The experiment was designed such that the concentration of TGF-pi used and the 

time-point at which PGE2 production was measured could later be used in subsequent 

studies examining the effect of TGF-Pi on procollagen synthesis (section 3.4.3). The 

enzymeimmunoassay used was specific for PGE2 with minimal cross-reactivity to 

other prostaglandins (table 2.2). To verify the reproducibility of the assay and to 

account for any effects of passage number, experiments were repeated in 

representative cell lines from each group. In each experiment, within-assay precision 

was accounted for by running six replicate cultures for each treatment group together 

with a series of PGE2 standards of known concentrations. After accounting for 

dilution factors, the assay could be used to detect a minimum of 2 0 pg/ml PGE2 and a 

maximum of 3200pg/ml PGE2. Therefore values below 20pg/ml and above 

3200pg/ml may represent an overestimate and underestimate of PGE2 synthesis 

respectively. Finally, values were expressed as picograms of PGE2/ 1 0  ̂ cells since 

changes in cell number could affect levels of PGE2 production.

Figure 3.1.1 shows basal and TGF-Pi-induced PGE2 synthesis in ten non-fibrotic and 

six fibrotic cell lines.
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Figure 3.1.1 Basal and TGF-pi-induced lung fibroblast PGE2 production
Fibroblasts isolated from non-fibrotic and fibrotic lung were grown to confluence and 
incubated for 24h in media alone or in media containing TGF-p, at a concentration of 
Ing/ml. Results are expressed in picograms of PGE2 per 10̂  cells. Each point is derived 
from the mean for six replicate cultures.



The median basal PGE2 level for cell lines derived from non-fibrotic lung was 

49pg/10^ cells (range, 10-2176pg/10^ cells) and 43pg/10^ cells (range, 22-135pg/10^ 

cells) in cell lines isolated from fibrotic lung.

Following incubation with TGF-|3i (Ing/ml), median PGE2 levels were 477pg/10^ 

cells (range, 13-3077pg/10^ cells) and 87pg/10^ cells (range, 47-371pg/10^ cells) for 

non-fibrotic and fibrotic lung fibroblast cell lines respectively. Although PGE2 levels 

tended to be lower in cells derived from fibrotic lung and they appeared to be less 

responsive to TGF-Pi, there were no statistically significant differences between the 

groups. However, during the course of the study it became apparent that the non- 

fibrotic cell lines fell into two distinct groups, those that produced PGE2 basally and 

in response to TGF-p 1 and those which produced little or no PGE2 basally and which 

were not stimulated further by TGF-p]. This group was therefore divided on the basis 

of basal and TGF-p j-induced PGE2 production. Group II (n=4) consisted of cell lines 

isolated from non-fibrotic lung where basal PGE2 production was lower than the 

highest level produced by cell lines derived from fibrotic lung and was not stimulated 

further by incubation with TGF-p 1. Group I (n=6 ) contained all other cell lines 

derived from non-fibrotic lung and Group III (n=6 ) contained the cell lines derived 

from fibrotic lung.

3.1.1 Basal PGEi synthesis

Basal PGE2 levels for cell lines in the three groups are shown in figure 3.1.2. In 

group I cell lines, under basal conditions, levels of PGE2 synthesis ranged from 30- 

2176pg/10^ cells (median, 321pg/10^ cells). In groups II and III, basal PGE2 levels 

were significantly lower ranging from 10-26pg/10^ cells (median, 12pg/10^ cells, P < 

0.01) and 22-153pg/10^ cells (median, 43pg/10^ cells, P < 0.05) respectively. 

Furthermore, a comparison of group II with group III indicated that group II cell lines 

produced less PGE2 than group III under basal conditions (P < 0.05).
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Figure 3.1.2 Basai lung fibroblast PGEi production
Fibroblasts were grown to confluence and then incubated for 24h in media alone. Cell 
lines from groups I and II were established from non-fibrotic lung and were categorized 
according to their ability to synthesize PGE]. Group III cell lines were derived from lung 
tissue taken from patients with pulmonary fibrosis. Results are expressed in picograms ot 
PGE] per 10̂  cells. Each point represents an individual cell line and is derived from the 
mean for six replicate cultures. The median is indicated by the horizontal bar.



3.1.2 TGF-p 1-induced PGE2 synthesis

Figure 3.1,3 demonstrates the effect of TGF-pi on PGE2 production by cell lines in 

the three groups. In group I cell lines, TGF-p 1 (Ing/ml) enhanced PGE2 levels in five 

out of six cell lines (P < 0.005) by up to 16-fold (median, 798pg/10^ cells; range, 446- 

3077pg/10^ cells). However, in group II cell lines, treatment with TGF-pi had 

minimal effect (median, 29pg/10^ cells, range, 13-38pg/10^ cells), whilst a modest 

increase was observed in five out of six group III cell lines (median, 87pg/10^ cells, 

range, 47-37 Ipg/10̂  cells, P < 0.05). As observed with the basal measurements, 

PGE2 synthesis in response to TGF-pi was significantly lower for group II cell lines 

when compared to group III (P < 0.01).

3.1.3 Validation of methods

To exclude any variation introduced by passage number and to verify the 

reproducibility between assays, PGE2 measurements were repeated in representative 

primary cell lines fi*om groups I, II and III. These results are summarized in table 

3.1.1. In group I fibroblasts, basal PGE2 synthesis did not differ significantly when 

cells were used at different passage numbers, although a significant reduction was 

observed in TGF-P 1-induced PGE2 synthesis with cells at passage number six 

compared with those at passage number four (P < 0.005). In spite of this difference 

the fold increase in PGE2 synthesis in response to TGF-pi was similar (3.6 versus 

3.8). In fibroblasts from groups II and III, levels of PGE2 synthesis were similar 

when using cells at different passage number or when measurements were repeated 

using cells at the same passage number.

To check the accuracy of the assay over the concentration range, conditioned media 

obtained fi*om cells exposed to TGF-p 1 was diluted five-fold and PGE2 subsequently 

measured in these samples as well as in undiluted samples. Table 3.1.2 compares 

levels of PGE2 measured in undilute and dilute samples obtained from cells exposed 

to TGF-p]. In all three representative cell lines, there were no significant differences 

in the quantity of PGE2 measured in the neat or dilute samples.
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Figure 3.1.3 TGF-pi-induced lung fibroblast PGEi production
Fibroblasts were grown to confluence and then incubated for 24h in media containing 
TGF-p 1 at a concentration o f  Ing/ml. Results are expressed in picograms o f  PGE2 per 10̂  
cells. Each point represents an individual cell line and is derived from the mean for six 
replicate cultures. The median is indicated by the horizontal bar.



PGE2 production (pg/1 0  ̂cells)

Group Cell line Passage
number

Basal TGF-pi

I 0198 4 455 ± 20 1639 ± 125 ***

6 310 ±65 1190 ±77 ***

II 0397 4 1 0 ± 0 13±0

6 1 0 ± 0 1 0 ± 0

III 0197 5 43 ±11 113± 11 *

5 55 ±5 118± 11  *

Table 3.1.1 PGE% measurements; between-assay precision
Primary lung fibroblasts from groups I, II and III were grown to confluence and then 
incubated for 24h in media alone or in media containing TGF-p i at a concentration of 
Ing/ml. Between-assay precision was assessed by repeated measurement of PGE2 in 
successive assays. Results are expressed in picograms of PGE2 per 10  ̂ cells. Each 
value represents the mean ± SEM for six replicate cultures. Significant induction of 
PGE2 synthesis above basal levels is indicated by *, ** and *** (P < 0.05, P < 0.005 
and P < 0.0005 respectively).
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Cell line

TGF-pi-induced PGE2 production (pg/10^ cells)

Undilute sample Dilute samples

CCD-8 LU 507 ± 37 537 ± 0.2

NHL-2 177± 10 154 ± 4

0197 118± 11 147 ±3

Table 3.1.2 PGEz measurements: within-assay precision
Fibroblast cell lines were grown to confluence and then incubated for 24h in media 
containing TGF-Pi at a concentration of Ing/ml. Within-assay precision was assessed 
by measurement of TGF-pi-induced PGE2 synthesis in undilute and diluted samples. 
Results are expressed in picograms of PGE2 per 10̂  cells. Each value represents the 
mean ± SEM for six replicate cultures.
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3.1.4 Summary

The aim of these studies was to determine whether fibroblasts isolated from fibrotic 

and non-fibrotic lung differed in their capacity to synthesize PGE2 both basally and in 

the presence of TGF-p 1. This was achieved by measuring levels of PGE2 using a 

specific enzymeimmunoassay. The assay was shown to be reproducible and accurate. 

More importantly, the study identified three distinct groups of fibroblasts based on 

their ability to synthesize PGE2 . A sub-set of cell lines established from non-fibrotic 

lung were identified which synthesized less PGE2 basally and in response to TGF-p 1 

than the cell lines derived from fibrotic lung. This group of cell lines was classified 

as group II and the fibrosis cell lines as group III. All other cell lines derived from 

non-fibrotic lung were classified as group I. The results of the study clearly 

demonstrated that fibroblasts from groups II and III had a limited capacity to 

synthesize PGE2 both basally and in response to TGF-p 1. This was a consistent 

finding despite a large amount of heterogenity in the levels of PGE2 synthesized by 

group I cell lines. Although the identification of three groups of cell lines was not 

anticipated, this classification was maintained throughout the course of the study. To 

determine if reduced levels of PGE2 could affect fibroblast function, the effect of 

TGF-pi on fibroblast proliferation (section 3.2 and 3.3) and collagen synthesis 

(section 3.4) was assessed. The results of these studies are described in the following 

sections.
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3.2 EFFECT OF TGF-pi.3  ON FIBROBLAST PROLIFERATION

Since previous studies have shown that PGE2 inhibits lung fibroblast proliferation, a 

limited capacity to synthesize this mediator could contribute to uncontrolled 

proliferation in the presence of pro-inflammatory cytokines. Therefore, the aim of 

this group of experiments was to ascertain whether the differences in PGE2 synthesis 

described in section 3.1 affected fibroblast proliferation in response to TGF-P 1. 

Experimentally, this was addressed by incubating cell lines from groups I, II and III 

with TGF-p 1 at concentrations ranging from 5-640pg/ml. This particular range 

coincides with those concentrations of TGF-p] required to stimulate and inhibit 

proliferation as well as inducing PGE2 synthesis (McAnulty et al., 1997). In addition 

to TGF-Pi, the effects of TGF-P2 and TGF-pg on proliferation were also compared to 

determine if there were any differences in the potencies of these isoforms. Serum 

concentration was restricted to 0 .2 % to minimize the effect of serum growth factors 

on proliferation. Finally, changes in proliferation were assessed using a 

spectrophotometric assay.

3.2.1 Validation of methods

The effect of TGF-p 1 on the proliferation of fibroblasts from group I after 48h and 

72h is shown in figure 3.2.1. At both time-points, a similar trend was observed, 

characterized by stimulation of proliferation at low concentrations and inhibition of 

proliferation at high concentrations of TGF-pi. The precise effects of TGF-p; on 

proliferation are described in more detail in section 3.2.2. Moreover, this experiment 

highlighted that the changes observed at 72h, whilst similar to those obtained at 48h, 

were more pronounced in terms of magnitude. For this reason all future experiments 

in which proliferation was assessed spectrophotometrically, were determined after 

72h. Furthermore, the absorbance values obtained with cells exposed to the higher 

concentrations of TGF-p 1 did not fall below the to value (absorbance value indicating 

the number of cells at the start of the experiment) suggesting that inhibition of 

proliferation was occurring as opposed to loss due to cell death.
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Figure 3.2.1 Timecourse for the effect of TGF-P i on proliferation
Proliferation was assessed 48h and 72h after the addition o f  TGF-pi at the indicated 
concentrations using a spectrophotometric assay in representative fibroblasts ft"om group
I. The number o f  cells present at the start o f  the experiment is indicated by the dotted 
line (to ). Results are expressed as absorbance at 650nm. Each point represents the mean 
± SEM for six replicate cultures.



3.2.2 Effect of TGF-pi on proliferation

Figure 3.2.2 shows the effect of TGF-pi on the proliferation of representative 

fibroblast cell lines from groups I, II and III. In response to TGF-p i, group I 

fibroblasts evoked a biphasic pattern of response with significant stimulation of 

proliferation at TGF-pi concentrations of 5-40pg/ml. With increasing concentrations 

of TGF-p], the mitogenic response declined and at concentrations of 160pg/ml TGF- 

pi and above, proliferation was inhibited. In contrast, group II fibroblasts failed to 

demonstrate TGF-p i-mediated inhibition of proliferation. Instead, concentrations of 

TGF-p 1 at and below 80pg/ml had no significant effect whereas concentrations of 

160pg/ml TGF-p] and above stimulated proliferation. Fibroblasts from group III 

responded to TGF-Pi in a similar manner to the group II fibroblasts with a 

concentration-dependant increase in proliferation. Significant stimulation of 

proliferation was observed with concentrations of TGF-p] at and above 40pg/ml.

3.2.3 Effect of TGF-P2 on proliferation

The effect of TGF-p2 on the proliferation of representative cell lines from groups I, II 

and III is shown in figure 3.2.3. Upon stimulation with TGF-p2, group I fibroblasts 

responded in a similar manner as seen with TGF-p]. TGF-p2 at concentrations of 5- 

40pg/ml were significantly mitogenic but as the concentration increased further, 

proliferation declined. At 160pg/ml TGF-p2 and above, proliferation was 

reproducibly inhibited. In comparison, TGF-p2 failed to inhibit proliferation in 

fibroblasts from group II, exhibiting a trend towards dose-related increases in 

proliferation instead. Significant stimulation of proliferation was observed at 320 and 

640pg/ml TGF-p2 in these cells. The lack of TGF-P2-mediated growth inhibition was 

also evident in group III fibroblasts. In these cells, the stimulatory effect of TGF-p2 

was even more pronounced and all concentrations of TGF-P2 induced a significant 

mitogenic response.
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Figure 3.2.2 Effect of TGF-pi on lung fibroblast proliferation
Proliferation was assessed 72h after the addition o f  TGF-p, using a spectrophotometric 
assay in representative fibroblast lines from group I (a), group II (b) and group III (c). 
Mean absorbance at 650nm for media controls was 0.149, 0.180 and 0.349 in groups I, II 
and III respectively. Results are expressed as percentage change compared to cells 
exposed to media alone. Each point represents the mean ± SEM for six replicate cultures. 
Statistically significant differences from media controls are indicated by *, **, and ***, 
representing P < 0.05, P < 0.005 and P < 0.0005 respectively.
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Figure 3.2.3 Effect of TGF-P2 on lung fibroblast proliferation
Proliferation was assessed 72h after the addition of TGF-p] using a spectrophotometric 
assay in representative fibroblast lines fi-om group I (a), group II (b) and group III (c). 
Mean absorbance values at 650nm for media controls in groups 1, 11 and III were 0.145, 
0.338 and 0.311 respectively. Results are expressed as percentage change compared to 
cells exposed to media alone. Each point represents the mean ± SEM for six replicate 
cultures. Statistically significant differences fi-om media controls are indicated by *, **, 
and ***, representing P < 0.05, P < 0.005 and P < 0.0005 respectively.



3.2.4 Effect of TGF-pg on proliferation

Figure 3.2.4 demonstrates the effect of TGF-P3 on the proliferation of representative 

fibroblast lines from groups I, II and III. In common with TGF-pi and -p2, TGF-ps 

also induced a biphasic pattern of response in group I fibroblasts. Significant 

stimulation of proliferation was apparent at lOpg/ml TGF-p3, above which, 

proliferation declined and was inhibited at 80pg/ml and above. In fibroblasts from 

groups II and III, TGF-p3 failed to exert an anti-proliferative effect. Instead, TGF-pg 

at and below 80pg/ml had no significant effect in group II fibroblasts whilst at 

160pg/ml and above significant proliferation was seen and in group III fibroblasts all 

concentrations of TGF-P3 were mitogenic.

3.2.5 Comparison of the effect of TGF-p isoforms on proliferation

TGF-pi-3 exerted similar effects on fibroblast proliferation irrespective of which 

group the cells lines belonged to. Overall, the type of response evoked and the 

magnitude of stimulation or inhibition obtained was comparable for the three 

isoforms with very subtle differences. For example, in group I fibroblasts, TGF-P3 

induced the least proliferation (figure 3.2.4) compared with -Pi and -p2 (figures 3.2.2 

and 3.2.3) but induced an inhibitory response at the lower concentration of 80pg/ml 

(figure 3.2.4) in comparison to the 160pg/ml required by TGF-pi and -p2 to inhibit 

proliferation. However, when group II and III fibroblasts were examined, there were 

no consistent differences in the extent of proliferation induced by the three isoforms. 

Taken together, these studies suggested that TGF-p 1.3, exert similar effects on lung 

fibroblast proliferation with very little difference in either potency or the type of 

response obtained.

3.2.6 Effect of a low and high concentration of TGF-pi.3  on proliferation

Table 3.2.1 summarizes the effects of TGF-pi.3 at a low concentration (5pg/ml) and a 

high concentration (160pg/ml) in fibroblast cell lines from groups I, II and III.
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Figure 3.2.4 Effect of TGF-p3 on lung fibroblast proliferation
Proliferation was assessed 72h after the addition o f  TGF-p] using a spectrophotometric 
assay in representative fibroblast lines fi-om group 1 (a), group 11 (b) and group 111 (c). 
Mean absorbance values for media controls from groups I, II and III were 0.173, 0.367 
and 0.219 respectively. Results are expressed as percentage change compared to cells 
exposed to media alone. Each point represents the mean ± SEM for six replicate cultures. 
Statistically significant differences from media controls are indicated by *, **, and ***, 
representing P < 0.05, P < 0.005 and P < 0.0005 respectively.



Group Cell line

Fibroblast proliferation (% change from media control)

TGF-pi (pg/ml) TGF-p2 (pg/ml) TGF-p3 (pg/ml)

5 160 5 160 5 160

I CCD-SLu 25 ± 9 ** - 1 2 ± 4 * 26 ± 6 ** -11 ± 3 * 10 ± 3 -25 ± 3 **

II 0397 -5 ± 3 1 0 ±  1 * -1 ± 3 16 ± 5 * * -3 ± 2 16 ± 4 * *

NHL2 -7 ± 6 40 ± 7 ** -4 ± 7 32 ± 3 *** - 1 5 ± 3 20 ± 12

CCD-13 7 ± 3 11 ± 2 * 4 ± 3 8 ± 2 * -3 ± 4 6 ± 3

III 0196 11 ± 7 40 ± 11** 1 2 ± 4 * 28 ± 10 ** 26 ± 5 ** 34 ±  5 ***

LL-29 -1 ± 7 9 ± 5 8 ± 5 2 0 ± 2  * -3 ± 8 8 ± 6

0197 6 ± 2 18 ± 6 * * 14 ± 4 3 2 ± 7 * 20 ± 2 1 42 ± 6 ***

Table 3.2.1 Effect of TGF-pi.3  on lung fibroblast proliferation
Fibroblast proliferation was assessed at various times up to 72h after the addition of 
TGF-pi.3, at 5pg/ml or 160pg/ml using a spectrophotometric assay. Results are 
expressed as percent change compared to cells exposed to media alone. Each value 
represents the mean ± SEM for six replicate cultures. Statistically significant 
differences from media control are indicated by *, ** and *** (p < 0.05, p < 0.005 and 
p < 0.0005 respectively).
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In response to 5pg/ml TGF-pi and -p2 a mitogenic response was induced in group I 

fibroblasts whereas all three isoforms inhibited proliferation at a concentration of 

160pg/ml. In all three group II cell lines, TGF-p 1-3 at 5pg/ml had no effect but at 

160pg/ml, a mitogenic response was observed with TGF-Pi and -p2. Moreover, none 

of the group II cell lines demonstrated inhibition of proliferation with 160pg/ml TGF- 

p].3. In group III cell lines, 5pg/ml TGF-p 1 had no effect, whilst TGF-p2 and -p3 

either had no effect or stimulated proliferation. As observed for the group II cell 

lines, TGF-pi-3 failed to inhibit proliferation in fibroblasts from group III. Instead, in 

two out of three group III cell lines, a significant mitogenic response was seen with 

TGF-p 1-3 at 160pg/ml

3.2.7 Summary

Previously, TGF-pi has been shown to regulate lung fibroblast proliferation via 

autocrine synthesis of PGE2 (McAnulty et a l, 1997). Since fibroblasts from groups II 

and III synthesized reduced levels of PGE2 in response to TGF-pi (section 3.1.2), the 

aim of these experiments was to determine whether this phenotype affected the 

growth regulatory effects conferred by TGF-p 1. This was achieved by incubating 

cells in the presence of TGF-p 1 at various concentrations for 72h and assessing 

changes in proliferation using a spectrophotometric assay. As expected, in group I 

fibroblasts, TGF-p; was growth stimulatory at low concentrations and growth 

inhibitory at high concentrations (figure 3.2.2). The inhibitory effects of TGF-p; 

were not due to cell cytotoxicity. In striking contrast, fibroblasts from groups II and 

III did not demonstrate TGF-p;-mediated inhibition of proliferation. In these cells, 

maximal stimulation of proliferation occurred with the higher concentrations of TGF- 

P; whereas these concentrations of TGF-P; inhibited proliferation in group I 

fibroblasts. Thus these experiments demonstrated that the limited capacity to 

synthesize PGE2 in response to TGF-p; by fibroblasts from groups II and III 

correlated with a loss of their anti-proliferative response to TGF-p;, The effects of 

TGF-p2 and -p3 resembled those of TGF-p; with no difference in either the type or
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magnitude of response elicited. Loss of the anti-proliferative response to TGF-|3] was 

confirmed in another two group II and one group III cell lines. Since the methylene 

blue assay is only a surrogate marker for assessing cell replication, it was necessary to 

confirm these findings using another assay for proliferation, therefore the effect of 

TGF-pi on DNA synthesis was examined.

128



3.3 EFFECT OF TGF-|3i ON FIBROBLAST DNA SYNTHESIS

The effects of TGF-p] on fibroblast proliferation were also assessed using another 

index of replication, ^H-thymidine incorporation. The objective of these experiments 

was to confirm the finding that fibroblasts from groups II and III had lost the anti

proliferative response to TGF-pi as demonstrated in the methylene blue experiments 

(section 3.2.2). Thus, fibroblasts from groups I, II and III were incubated with TGF- 

Pi, at various concentrations for up to 72h and proliferation was assessed by 

recovering incorporated radiolabelled-thymidine. ^H-thymidine was added at the 

same time as TGF-pi and cells were “continuously labelled” throughout the 

incubation period as opposed to being “pulse labelled”. This was expected to 

increase the likelihood of simultaneously detecting both the stimulatory and 

inhibitory responses to TGF-P i.

3.3.1 Validation of methods

Figure 3.3.1 shows the effect of TGF-pi on DNA synthesis in fibroblasts from a 

representative group I cell line after 48h and 72h. As with the methylene blue 

experiments (section 3.2.2), TGF-pi induced a trend towards a biphasic pattern of 

response whereby DNA synthesis was stimulated at low concentrations and inhibited 

at high concentrations. This response was evident after 48h and 72h. More 

specifically, at 48h, DNA synthesis was stimulated at 5pg/ml TGF-pi compared to the 

media control (P < 0.05) and then declined with increasing concentration and was 

inhibited at 160-640pg/ml TGF-pi (P < 0.05). Similarly, at 72h, a trend towards 

stimulation of DNA synthesis was apparent with 5pg/ml and lOpg/ml TGF-p i. 

Thereafter, at concentrations above 20pg/ml, DNA synthesis declined and inhibition 

was observed at 80-640pg/ml TGF-pi (P < 0.005). This experiment suggested that 

continuous labelling of cells with ^H-thymidine was a suitable method for assessing 

the stimulatory and inhibitory effects of TGF-p] on DNA synthesis.
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Figure 3.3.1 Timecourse for the effect of TGF-P, on DNA synthesis
DNA synthesis was assessed 48h and 72h after the addition of TGF-pi at the indicated 
concentrations in a group I fibroblast cell line. Results are expressed as disintegrations 
per min (dpm). Each point is derived from the mean ± SEM for six replicate cultures.



However with the method used, it was not possible to distinguish whether the 

reduction in DNA synthesis was due to inhibition or cell loss since the number of 

cells cycling in S phase at the start of the experiment was not known. However, it 

was reasonable to presume that inhibition of DNA synthesis was occurring since cell 

loss did not occur when proliferation was assessed using the methylene blue assay 

and these cells were cultured in an identical way. Despite this, in the event that TGF- 

pi was cytotoxic at high concentrations, all subsequent experiments were performed 

with TGF-Pi at concentrations ranging from 5-160pg/ml.

Table 3.3.1 compares the effect of TGF-pi on the proliferation of representative 

group I fibroblast cell lines as measured by the methylene blue and thymidine-uptake 

assays. In both assays, low concentrations of TGF-p i stimulated proliferation, 

achieving significance at 5-40pg/ml TGF-P i in the methylene blue assay and at 

5pg/ml and 20pg/ml in the thymidine-uptake assay. Furthermore, both assays 

detected a trend towards inhibition of proliferation at 80pg/ml, which became 

significant at 160pg/ml TGF-Pi in both the methylene blue and thymidine-uptake 

assays. This suggested that both assays detected a similar pattern and magnitude of 

response to TGF-pi therefore, ^H-thymidine incorporation in response to TGF-pi was 

assessed in group II and III cell lines also.

3.3.2 Effect of TGF-pi on DNA synthesis

The effect of TGF-pi on DNA synthesis in representative cell lines from groups I, II 

and III is shown in figure 3.3.2. In fibroblasts from group I, TGF-pi induced a trend 

towards stimulation of proliferation at 5-40pg/ml, attaining significance at 5pg/ml and 

20pg/ml. At concentrations above 40pg/ml TGF-p i, DNA synthesis decreased and 

was inhibited at 160pg/ml.
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Fibroblast proliferation 
(% change from media control)

TGF-pi concentration 
(pg/ml)

Methylene blue ^H-thymidine-uptake

5 25 ± 9 *** 41 ± 10*

1 0 34 ± 6  *** 30± 16

2 0 19±7* 3 6 ± 7 *

40 19± 10* 26± 15

80 -9 ±3 -19± 13

160 -1 2±4* -24 ± 2 *

Table 3.3.1 Comparison of methylene blue assay with thymidine uptake assay
The effect of TGF-P i on the proliferation of fibroblasts from group I was assessed 
either spectrophotometrically based on the uptake and subsequent elution of 
methylene blue or by measuring the incorporation of ^H-thymidine into DNA. 
Results are expressed as percent change compared to cells exposed to media alone. 
Each value represents the mean ± SEM for six replicate cultures. Statistically 
significant differences from media controls are indicated by *, ** and *** (p < 0.05, p 
< 0.005 and p < 0.005 respectively).
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Figure 3.3.2 Effect of TGF-p i on lung fibroblast DNA synthesis
DNA synthesis was assessed 48h after the addition o f  TGF-pi at the indieated 
concentrations in representative cell lines fi-om group I (a), group II (b) and group III (c). 
Results are expressed as percentage change compared to cells exposed to media alone. 
Each point represents the mean ± SEM for six replicate cultures. Statistically significant 
differences fi-om media controls are indicated by *, **, and *** (P < 0.05, P < 0.005 and P 
< 0.0005).



In group II fibroblasts, all concentrations of TGF-p] were mitogenic and as suggested 

by the methylene blue experiments (figure 3.2.2) there was no evidence for an anti

proliferative response to TGF-P i. Similarly, TGF-p i failed to inhibit DNA synthesis 

in group 111 fibroblasts, instead a trend towards dose-related increases was observed. 

In these cells, TGF-pi was significantly mitogenic at 40pg/ml and 160pg/ml.

3.3.3 Effect of a low and high concentration of TGF-Pi on proliferation.

The effect of TGF-p] on the proliferation of fibroblasts derived from seven group 1 

cell lines, four group 11 cell lines and eleven group 111 cell lines is shown in figure 

3.3.3. This data was obtained after combining the results obtained from the 

methylene blue and thymidine-uptake assays. In addition, the figure also includes 

data from six group 111 cell lines, obtained previously by a colleague. A similar 

pattern of response was observed upon treatment of these cell lines with a low 

(5pg/ml) and high (160pg/ml) concentration of TGF-p]. At 5pg/ml TGF-p], a trend 

towards stimulation of proliferation was observed in six out of seven group 1 cell lines 

(median, 21%; range, -22% to 58%) and in all seven cell lines, proliferation was 

inhibited at 160pg/ml TGF-p j (median, -19%; range, -11% to -44%) compared with 

the response at 5pg/ml (P < 0.005). Of the group 11 cell lines, three out of four cell 

lines did not respond significantly to 5pg/ml TGF-p j (median, 2%; range, -7% to 

26%). Moreover, all four group 11 cell lines failed to demonstrate any inhibitory 

response to TGF-Pi at 160 pg/ml (median, 26%; range, 10% to 41%) and in three cell 

lines this concentration was mitogenic (P < 0.05). A similar response was observed 

with group 111, where at 5pg/ml TGF-pi, ten out of eleven cell lines displayed a trend 

towards stimulation of proliferation (median, 7%; range, -1% to 28%). Again, at 

160pg/ml TGF-Pi, all group 111 cell lines failed to show any inhibitory response 

(median, 18%; range, 1% to 40%). Instead, TGF-P] at 160pg/ml caused a further 

stimulation of proliferation compared to the response at 5pg/ml (P < 0.05).
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Figure 3.3.3 Effect of a low and high concentration of TGF-P i on lung fibroblast 
proliferation
Fibroblast proliferation was assessed at various times up to 72h after the addition of TGF- 
pi at 5pg/ml or 160pg/ml using the methylene blue (o) or thymidine uptake assays (•). 
Results are expressed as percentage change compared to cells exposed to media alone. 
Each point represents the mean for six replicate cultures.



3.3.4 Summary

The aim of these studies was to determine if fibroblasts from groups II and III were 

refractory to the growth-inhibitory effects of TGF-(3i using a second method for 

measuring proliferation. Since the number of cells in the DNA synthesis phase of the 

cell cycle at the start of the experiment was not known, loss of cells due to cell death 

could not be eliminated as a cause for the reduction in DNA synthesis. Apart from 

this limitation, the results obtained from measuring DNA synthesis were comparable 

to those obtained with the methylene blue experiments. More importantly, fibroblasts 

from groups II and III did not demonstrate TGF-pi-mediated growth inhibition 

whereas TGF-p] did regulate DNA synthesis in group I fibroblasts. Loss of the anti

proliferative response to TGF-pi had now been demonstrated using two independent 

markers of cell replication. Furthermore, the lack of this response was demonstrated 

in four group II cell lines and eleven group III cell lines, suggesting that this was a 

universal finding in cells where PGE2 synthesis was most likely to be impaired. In 

fact, this response coincided with reduced levels of PGE2 synthesis in all four group 

II cell lines and six out of eleven group III cell lines (sections 3.1.1 and 3.1.2). PGE2 

levels were not measured in the remaining five cell lines from group III. Increased 

fibroblast proliferation is a key feature of pulmonary fibrosis in addition to enhanced 

collagen deposition. In the next series of experiments, the effect of TGF-pi on 

procollagen synthesis was assessed in the three groups of cell lines.
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3.4 BASAL AND TGF-pi-INDUCED FIBROBLAST PROCOLLAGEN 

PRODUCTION

Excessive collagen deposition occurs in pulmonary fibrosis and collagen synthesis is 

a primary function of fibroblasts. PGE2 inhibits basal and TGF-P]-induced collagen 

synthesis. As such, uncontrolled synthesis of collagen could occur in the presence of 

reduced levels of PGE2. Thus, the purpose of these experiments was to examine 

whether fibroblast cell lines from groups I, II and III differed with respect to the 

levels of procollagen synthesized basally and in response to TGF-p 1. Fibroblasts 

were grown to confluence and incubated in media alone or in media containing TGF- 

pi at a concentration of Ing/ml. This concentration of TGF-p 1 was also used to 

induce PGE2 synthesis (section 3.1). Serum concentration was restricted to 0.4% for 

the duration of the assay. After 24h, hydroxyproline was isolated and measured as an 

index of procollagen production. The 24h time-point coincided with the time used to 

assess PGE2 production in previous experiments. Since changes in cell number in 

response to TGF-p 1 could lead to altered procollagen production, it was necessary to 

perform cell counts in all experiments at the end of the incubation period. After 

correcting for cell number, procollagen production was expressed in picomoles of 

hydroxyproline/1 0  ̂cells/h.

3.4.1 Validation of methods

To assess within-assay reproducibility, the mean ± SEM was determined for six 

replicate cultures. Between-assay precision was assessed by repeating measurements 

in representative cell lines from groups I, II and III and the results of these 

experiments are summarized in table 3.4.1, In all cell lines, there were no significant 

differences in the repeat measurements obtained for procollagen synthesized under 

basal or TGF-Pi-stimulated conditions. An effect of cell passage number on 

procollagen synthesis was also excluded. Furthermore, levels of pro collagen 

synthesis in the group III cell line were also assessed after 48h incubation with media 

alone or media containing TGF-p 1.
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Group Passage
number

Procollagen synthesis 
(pmol hydroxyproline/10^ cells/h)

Basal TGF-pi

I 17 82 ± 3 149 ± 2

19 89 ± 2 150± 16

II 4 70 ± 6 181 ± 5

7 70 ± 7 160 ± 14

III 5 108 ± 13 218± 1 2

5 1 1 2 ± 1 0 240 ± 11

Table 3.4.1 Procollagen synthesis measurements: between-assay precision
Representative fibroblast cell lines from groups I, II and III were grown to confluence 
and then incubated for 24h in media alone or in media containing TGF-p] at a 
concentration of Ing/ml. Between-assay precision was assessed by repeated 
measurement of procollagen synthesis in successive assays. Procollagen production 
is expressed as pmol hydroxyproline per 10̂  cells per hour. Each value represents the 
mean ± SEM for six replicate cultures.
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At this timepoint basal procollagen synthesis was 102 ± 12 pmol hyp/10̂  cells/h 

compared to 108 + 13 pmol hyp/10̂  cells/h after 24h and in response to TGF-pi, 

levels increased to 248 ±10  pmol hyp/10̂  cells/h and 218 ± 12 pmol hyp/10̂  cells/h 

after 48h and 24h respectively. These differences were not statistically significant 

and since synthesis was constant over time, this justified expressing collagen 

production as a rate per hour. Having verified the reproducibility of the assay and 

eliminating any influence of cell passage number, basal and TGF-pi-induced 

procollagen synthesis was assessed in fibroblast cell lines from all three groups.

3.4.2 Basal procollagen production

Levels of basal procollagen synthesis in four group I cell lines, four group II cell lines 

and in three group III cell lines are shown in figure 3.4.1 A. All cell lines studied 

synthesized procollagen under basal conditions. Median basal procollagen synthesis 

in fibroblast cell lines from group I was 98pmol hyp/10̂  cells/h (range, 6 8  to 

162pmol hyp/10̂  cells/h) compared to 46pmol hyp/10̂  cells/h (range, 21 to 83pmol 

hyp/10  ̂ cells/h) in group II fibroblasts and 267pmol hyp/10̂  cells/h (range, 102 to 

284pmol hyp/10̂  cells/h) in fibroblasts from group III. Thus levels of basal 

procollagen synthesis appeared to be higher in group III fibrosis cell lines. A similar 

trend was apparent in data obtained previously by a colleague in the laboratory who 

examined basal procollagen synthesis in seven group I and eleven group III cell lines 

and this is represented in figure 3.4.IB. In these experiments, basal procollagen 

synthesis ranged from 2.2 to 17.8pmol hyp/|Xg DNA/h (median, 6.1 pmol hyp/|Lig 

DNA/h) in group I fibroblasts. In fibroblasts from group III, basal procollagen 

synthesis was higher, ranging from 3.3 to 38.9pmol hyp/|ig DNA/h (median, 18pmol 

hyp/|xg DNA/h, P < 0.05). Since the fold increase in basal collagen synthesis 

between group I and group III fibroblast cell lines was very similar, irrespective of 

the method used to normalize the results (2.72 fold versus 2.95 fold as corrected for 

cell number or DNA respectively), measurements for TGF-P i-induced collagen 

synthesis were combined in the following section.
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Figure 3.4.1 Basal lung fibroblast procollagen production
Fibroblasts were grown to confluence and then incubated for 24h in media alone. 
Procollagen production was assessed 24h later. Values were corrected for cell number 
(a) or DNA synthesis (b) and procollagen production expressed as pmol hyp/10  ̂ cells/h 
or pmol hyp/ |ig  DNA/h respectively. Each point represents an individual cell line and is 
derived from the mean for six replicate cultures. The median is indicated by the 
horizontal bar.



3.4.3 Effect of TGF-pi on procollagen production

Figure 3.4.2 shows the effect of TGF-pi on procollagen production by fibroblast cell 

lines from groups I, II and III. Data from seven group I cell lines and eleven group III 

cell lines was obtained previously by a colleague in the laboratory. In group I cell 

lines, a median stimulation of 54% above basal levels was observed with TGF-p i 

(range, 7.1% to 94%, n=l 1). In group II cell lines, the median increase in procollagen 

synthesis was almost three-fold higher than that demonstrated for group I (median, 

154%; range, 142% to 201%, n=4). Group III cell lines also displayed a greater 

increase in procollagen production upon stimulation with TGF-pi, with median 

values two-fold greater than those for group 1 (median, 100%; range, 19% to 224%, 

n=14).

3.4.4 Summary

PGE2 is a potent inhibitor of collagen synthesis and modulates TGF-p,-induced 

collagen synthesis. Consequently, reduced levels of this mediator could give rise to 

uncontrolled collagen synthesis. Previously, fibroblasts from groups II and III were 

shown to synthesize reduced levels of PGE2 in response to TGF-p, (figure 3.1.3) and 

this coincided with a loss of their anti-proliferative response to this pro-inflammatory 

mediator (figures 3.2.2 and 3.3.2). The aim of the current set of experiments was to 

determine if a limited capacity to synthesize PGE2 affected levels of procollagen 

synthesis. This was achieved by measuring levels of procollagen production under 

resting conditions and after stimulation with TGF-p, in cell lines from groups I, II 

and III. The results suggested a trend towards enhanced basal procollagen synthesis 

by fibroblasts derived from fibrotic lung. This phenotype was not evident in 

fibroblast cell lines from group II. Moreover, fibroblasts from the non-PGE2 

synthesizing group II cell lines and the group III fibrosis cell lines did exhibit an 

exaggerated increase in procollagen synthesis in response to TGF-p, amounting to a 

three- and two-fold greater increase in collagen levels compared with group I 

fibroblasts respectively.
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Figure 3.4.2 Effect of TGF-pi on lung fibroblast procollagen production
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then expressed as percentage change compared to cells exposed to media alone. Each 
point represents an individual cell line and is derived fi’om the mean o f  six replicate 
cultures. The median is indicated by the horizontal bar.



As procollagen production was corrected for cell number, the observed effects were 

independent of any changes in cell number, in response to TGF-p i. Thus, these 

experiments suggested an association between deficient PGE2 synthesis and enhanced 

procollagen synthesis in response to TGF-pi.

Taken together, the results of these experiments and those on proliferation (sections

3.2.2 and 3.3.2) demonstrated differences in the functional responses to TGF-P 1, 

consistent with a limited capacity to synthesize PGE2 by fibroblasts fi’om groups II 

and III. To determine whether differences in PGE2 production were responsible for 

mediating TGF-pi’s anti-proliferative effects and modulating TGF-P 1-induced 

procollagen synthesis, these experiments were repeated in the presence of an inhibitor 

of prostaglandin synthesis. The results of these studies are presented in the following 

section.
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3.5 EFFECT OF INHIBITING PGE2 SYNTHESIS ON TGF-Pi-INDUCED 

FIBROBLAST PROLIFERATION AND PROCOLLAGEN PRODUCTION

Previous studies have demonstrated that PGE2 mediates the anti-proliferative 

response to TGF-p 1 and modulates TGF-p]-induced collagen synthesis in foetal lung 

fibroblasts. In view of this, experiments were designed to determine firstly whether 

PGE2 was responsible for the anti-proliferative effects of TGF-p 1 and secondly, 

whether PGE2 limited procollagen production in response to TGF-pi in adult lung 

fibroblasts. The experimental approach used consisted of inhibiting prostaglandin 

synthesis by pre-treating fibroblasts for 30min with the non-selective COX inhibitor, 

indomethacin (l|Xg/ml). This was followed by the addition of TGF-P 1 at a 

concentration of 160pg/ml or Ing/ml for the assessment of proliferation or 

procollagen production respectively. Proliferation was assessed in representative 

fibroblast cell lines from groups 1, II and III, 48h after the addition of TGF-p 1. The 

concentration of TGF-p 1 used was previously shown to inhibit proliferation in group I 

cell lines (figures 3.2.2, 3.3.1 and 3.3.3). For the assessment of procollagen 

production, fibroblasts were incubated with media or media containing TGF-p 1 for 

24h after pre-treating with indomethacin. TGF-p 1 at a concentration of Ing/ml, after 

24h, stimulated procollagen synthesis in cell lines from all three groups as described 

earlier (section 3.4.2). In addition to these experiments, to exclude the possibility that 

fibroblasts derived from fibrotic lung were unresponsive to PGE2, the effect of 

exogenous PGE2 on the proliferation of a representative group III fibroblast cell line 

was also determined. Fibroblasts were incubated with PGE2 at concentrations 

ranging from 2ng/ml to 64ng/ml for 72h. This protocol has previously been shown to 

inhibit foetal lung fibroblast proliferation (McAnulty et al., 1997). Finally, since 

efficient inhibition of prostaglandin synthesis was a prerequisite for these 

experiments, it was necessary to first determine how effectively indomethacin 

blocked PGE2 synthesis. This was accomplished by measuring levels of basal and 

TGF-P 1-induced PGE2 synthesis in the absence and presence of indomethacin after 

24h.
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3.5.1 Effect of indomethacin on basal PGE2 synthesis

Figure 3.5.1 shows the effect of indomethacin on basal PGE2 synthesis in six group I 

cell lines, four group II cell lines and six group III cell lines. Indomethacin inhibited 

PGE2 synthesis in all cells lines which produced measurable amounts of PGE2 . In 

group I fibroblasts, the median value for inhibition of basal PGE2 synthesis by 

indomethacin was 83% (range, 17% to 96%) and this attained significance in five cell 

lines (P < 0.005). Indomethacin had no effect on levels of basal PGE2 production in 

group II cell lines and in four out of six group III cell lines but did inhibit PGE2 

synthesis in two group III cell lines (P < 0.0005). In those cell lines in which 

indomethacin failed to have any effect, levels of PGE2 synthesis were below 30pg/10^ 

cells and approached the lower detection limit of the assay.

3.5.2 Effect of indomethacin on TGF-pi-induced PGE2 synthesis

The effect of indomethacin on TGF-p 1-induced PGE2 synthesis in fibroblast cell lines 

from groups I, II and III is shown in figure 3.5.2. Indomethacin inhibited PGE2 

synthesis in response to TGF-pi in all group I cell lines (median 91%, range, 8 8 % to 

98%, n=6 , P < 0.0005) but had no effect on levels of PGE2 synthesis in group II cell 

lines (n=4). In fibroblasts from group III, indomethacin either inhibited TGF-p 1- 

induced PGE2 synthesis (P < 0.005) or was without effect (median, 80%, range, -4% 

to 91%, n=6 ).

3.5.3 Effect of indomethacin on the anti proliferative response to TGF-pi

The effect of indomethacin on TGF-p]-mediated inhibition of fibroblast proliferation 

in representative cell lines from groups I, II and III is shown in figure 3.5.3. In group 

I fibroblasts, indomethacin reversed the growth inhibition obtained with 160pg/ml 

TGF-pi alone and a mitogenic response was restored (P < 0.0005).
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Figure 3.5.1 Effect of indomethacin on basal lung fibroblast PGEi production
Fibroblasts were grown to confluence and then pre-treated for 30min with indomethacin 
( 1 pg/ml) prior to the addition o f  media for 24h. Results are expressed in picograms of 
PGE2 per 10  ̂ cells. Each point represents the mean for six replicate cultures.
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Figure 3.5.2 Effect of indomethacin on TGF-Pi-induced lung fibroblast PGE2 

production
Fibroblasts were grown to eonfluenee and then pre-treated for 30min with indomethacin 
(l|Lig/ml) prior to the addition o f  media containing TGF-pi (Ing/ml) for 24h. Results are 
expressed in pico grams o f  PGE2 per 10̂  cells. Each point represents the mean for six 
replicate cultures.
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Figure 3.5.3 Effect of indomethacin on the anti proliferative response to TGF-pi
Fibroblasts were pre-treated for 30min with indomethacin (1 pg/ml) prior to the addition 
o f  TGF-p 1 (160pg/ml) and proliferation assessed 48h later in representative cell lines 
from groups I, II and III. Results are expressed as percentage change compared with 
cells exposed to media alone. Each bar represents the mean ± SEM for six replicate 
cultures.



In contrast to this, indomethacin had no effect on group II or group III fibroblasts, 

which produced very low levels of PGE2 (sections 3.1.1 and 3.1.2) and 160pg/ml 

TGF-pi alone induced a proliferative response in these cells (P < 0.05). 

Indomethacin had no effect on basal proliferation as summarized in table 3.5.1.

Table 3.5.2 shows the effect of indomethacin on the anti-proliferative response to 

TGF-pi in four group I cell lines. In all cell lines, 160pg/ml TGF-pi alone induced a 

trend towards inhibition of proliferation (median, -34%, range, -24% to -6 6 %) and in 

three cell lines this response was significant compared to media controls (P < 0.005). 

In the presence of indomethacin, this inhibitory response to TGF-Pi was blocked 

(median, 35%, range, 5% to 49%) and in three cell lines, the mitogenic response was 

restored (P < 0.05).

3.5.4 Effect of exogenous PGE2 on fibroblast proliferation

To ascertain whether fibroblasts derived fi*om fibrotic lung were still capable of 

responding to PGE2, fibroblasts from a representative group III cell line were 

incubated with exogenous PGE2 at concentrations ranging from 2ng/ml to 64ng/ml. 

This particular cell line synthesized the highest amount of PGE2 both basally and in 

response to TGF-pi compared to all other group III cell lines. Proliferation was 

assessed after 72h and the results are presented in figure 3.5.4. In the presence of 

exogenous PGE2, fibroblast proliferation was significantly inhibited with 2ng/ml 

PGE2 (P < 0.05) and 8-64ng/ml PGE2 (P < 0.05). Inhibition ranged from -20 ± 3 at 

the lowest concentration of PGE2 (P < 0.05) to -35% ± 1 with 64ng/ml PGE2 (P < 

0.005). In the same experiment, fibroblast proliferation increased by 6 6 % ± 4 above 

media controls in the presence of 10% NCS (P < 0.0005).
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Group Cell line

Proliferation (dpm)

Media Media + Indomethacin

I CCD-16 3864 ± 353 3790 ± 453

II CCD-13 3050± 105 3097± 115

III NHL-1 4967± 184 5241 ±289

Table 3.5.1 Effect of indomethacin on basal lung fibroblast proliferation
Representative fibroblast cell lines from groups I, II and III were pre-treated with 
indomethacin (Ipg/ml) for 30min prior to the addition of media. Changes in DNA 
synthesis were assessed after 48h. Results are expressed as dpm. Each value is 
derived from the mean ± SEM for six replicate cultures.
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Fibroblast proliferation 
(% change from media control)

Group Cell line TGF-p] TGF-Pi + Indomethacin

CCD- 8 -41 ±3  ** 38± 16*

CCD-16 -44 ± 3 *** 49 ± 8  ***

0198 -24 ± 2 5 ± 8

0998 - 6 6  ± 5 *** 32 ± 8  *

Table 3.5.2. Effect of indomethacin on the anti proliferative response to TGF-pi
Fibroblasts were pre-treated for 30min with indomethacin (l|ig/ml) prior to the 
addition of TGF-pi (160pg/ml) and proliferation assessed in four cell lines from 
group L Results are expressed as percentage change compared with cells exposed to 
media alone. Each value represents the mean ± SEM for six replicate cultures. 
Statistically significant differences from media control are indicated by*, ** and *** 
(P < 0.05, P < 0.005 and P < 0.0005 respectively).
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Figure 3.5.4 Effect of exogenous PGEi on lung fibroblast proliferation
Proliferation was assessed 72h after the addition ofPG E ] at the indicated concentrations 
in a representative cell line isolated from fibrotic lung. The broken line represents the 
number o f  cells present at the time o f  PGE] addition. Each point represents the mean ± 
SEM for six replicate cultures. Statistically significant inhibition o f  proliferation below  
the media control is indicated by * and ** (P < 0.05 and P < 0.005 respectively).



3.5.5 Effect of indomethacin on basai and TGF-pi-induced procollagen 

production

Procollagen synthesis was assessed in the same cell cultures used for measuring 

levels of basal and TGF-pi-induced PGE2 synthesis (section 3.1). The effect of 

indomethacin on basal and TGF-pi-induced procollagen synthesis in representative 

cell lines from groups I, II and III is shown in figure 3.5.5. Group I fibroblasts 

produced 85.6 ± 8  pmol hyp/10̂  cells/h under basal culture conditions. TGF-pi 

stimulated procollagen synthesis by about 70% above basal production (P < 0.005). 

In the presence of indomethacin, a trend towards a potentiation of basal and TGF-p 1- 

induced procollagen production of 24% ± 13 and 24% ± 7 respectively was observed 

but this just failed to achieve statistical significance (p = 0.087 and p = 0.061 

respectively). Fibroblasts from group II synthesized similar levels of procollagen 

basally (82.8 ± 4 pmol hyp/10̂  cells/h) and TGF-pi induced a further increase of 

150% above basal production (P < 0.001). The presence of indomethacin had no 

significant effect on either basal or TGF-p 1-induced procollagen synthesis. In 

contrast to group I and II, group III fibroblasts synthesized much more procollagen 

basally (284.2pmol hyp/10̂  cells/h). In response to TGF-p 1, an increase of over 

200% above the basal level was observed (P < 0.001). Indomethacin again did not 

affect either basal or TGF-p 1-induced procollagen synthesis in these cells.

The effect of indomethacin on basal procollagen production in a collection of cell 

lines from groups I, II and III is summarized in table 3.5.3. In group I cell lines 

(n=4), indomethacin increased basal procollagen synthesis in one cell line (P < 0.05) 

and a trend towards a potentiation was observed in two other cell lines. In contrast, 

indomethacin did not enhance basal procollagen synthesis in group II cell lines (n=3) 

or in two out of three group III cell lines. However, in one group III cell line, 

indomethacin appeared to potentiate basal procollagen synthesis although this was not 

significant. This particular cell line (0196) produced the highest level of PGE2 under 

basal culture conditions out of all the group III cell lines tested (section 3.1.1).
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Figure 3.5.5 Effect of indomethacin on basai and TGF-(3i-induced lung fibroblast 
procollagen production
Representative fibroblast cell lines from groups I (a), II (b) and III (c) were grown to 
confluence and pre-treated with indomethacin (l|Lig/ml) for 30min prior to the addition of 
media or media containing TGF-pi (1 ng/ml). Procollagen synthesis was assessed 24h 
later. Each bar represents the mean ± SEM for six replicate cultures.



Group Cell line

Procollagen production 
(pmol hyp/1 0  ̂cells/h)

Response to 
indomethacin

Media Media + 
indomethacin

% change

I CCD-16 8 6  ± 8 101 ±3 20 ± 3
0198 6 8  ± 7 108 ± 9 5 7 ± 1 3 *
CCD-SLu 162 ±7 173 ± 15 6 ± 9
0998 1 1 0 ± 1 2 148 ± 18 34±  17

II 0397 52 ±3 46db 1 - 1 2  ± 2

CCD-13 17± 1 18± 1 3 ± 2
0698 83 ± 4 84± 12 -1 ± 15

III 0197 132 ±5 1 1 1  ± 16 -16 ± 1 2

0196 75 ±3 89± 16 18±21
NHLl 284 ± 10 257 ± 9 -9 ± 4

Table 3.5.3. Effect of indomethacin on basal lung fibroblast procollagen 
production
Fibroblasts from group I, group II and group III were grown to confluence and pre
treated with indomethacin (Ipg/ml) for 30min prior to the addition of media. 
Procollagen synthesis was assessed 24h later and is expressed as pmol hyp/10̂  
cells/h. The response to indomethacin is also expressed as a percentage change 
compared with cells exposed to media alone. Each value represents the mean ± SEM 
for six replicate cultures. Indomethacin-induced procollagen synthesis is indicated by 
* (p < 0.05).
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Table 3.5.4 shows the effect of indomethacin on TGF-pi-stimulated procollagen 

synthesis in four group I cell lines, three group II cell lines and three group III cell 

lines. In three out of four group I cell lines, a trend towards potentiated TGF-Pi- 

induced levels of procollagen synthesis was seen and in two cell lines, this response 

was almost significant (P < 0.07 and P < 0.08 for CCD-16 and 0198 respectively). In 

group II fibroblasts, indomethacin did not increase procollagen synthesis in response 

to TGF-p I but did reduce levels in two cell lines (P < 0.05). Decreased TGF-p i- 

induced procollagen synthesis in the presence of indomethacin was also evident in 

one group III cell line (P < 0.05).

3.5.6 Summary

Thus far, fibroblasts from groups II and III were shown to synthesize less PGE] both 

basally and in response to TGF-pi (section 3.1.1 and 3.1.2). In terms of functional 

responses, this phenotype coincided with the inability of these cells to demonstrate 

TGF-p 1-mediated growth inhibition (section 3.2.2 and 3.3.2) and procollagen 

synthesis in response to TGF-pi was enhanced (section 3.4.3). To determine whether 

deficient PGE2 synthesis was responsible for the loss of modulation of fibroblast 

proliferation and collagen synthesis in response to TGF-P ] in group II and III 

fibroblasts, the effect of TGF-P 1 on proliferation and collagen synthesis was 

examined in the presence of an inhibitor of prostaglandin synthesis. The non- 

selective COX inhibitor, indomethacin was shown to effectively block basal and 

TGF-P I-induced PGE2 synthesis for at least 24h. In the presence of indomethacin, 

TGF-p 1 at a concentration of 160ng/ml failed to inhibit the proliferation of group I 

fibroblasts whereas it had no effect on the mitogenic responses exhibited by group II 

and III fibroblasts. This was a reproducible finding in group I cell lines and 

suggested that the anti-proliferative effect of TGF-p 1 was mediated by PGE2 in adult 

lung fibroblasts. However, fibroblasts isolated from fibrotic lung were not refractory 

to the growth inhibitory effects of exogenous PGE2.
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Group

Procollagen production 
(pmol hyp/1 0  ̂cells/h)

Response to 
indomethacin

Cell line TGF-Pi TGF-pi + 
indomethacin

% change

I CCD-16 146 ± 9 176± 10 21 ± 7
0198 124 ± 8 323 ± 6 81 ±50
CCD-SLu 260 ±3 296 ± 16 14 ± 6

0998 215± 16 180 ± 2 1 -16± 1 0

II 0397 83 ±7 6 6  ± 8 - 2 1  ± 2 *
CCD-13 41 ± 7 32 ± 2 - 2 2  ± 6  *
0698 207 ± 16 204 ± 6 -2 ±

III 0197 248 ± 10 207 ± 6 -1 7 ± 2 *
0196 84 ± 6 99± 12 19± 14
NHLl 922 ± 74 858 ±71 -13± 5

Table 3.5.4. Effect of indomethacin on TGF-Pi-induced lung fibroblast 
procollagen production
Fibroblasts from group I, group II and group III were grown to confluence and pre
treated with indomethacin (Ipg/ml) for 30min prior to the addition of media 
containing TGF-pi (1 ng/ml). Procollagen synthesis was assessed 24h later and is 
expressed as pmol hyp/10̂  cells/h. The response to indomethacin is also expressed as 
a percentage change compared with cells exposed to TGF-p i alone. Each value 
represents the mean ± SEM for six replicate cultures. Statistically significant 
differences in response to indomethacin compared with media controls are indicated 
by*(p<0.05).
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This was shown by incubating a representative group III cell line with exogenous 

PGE2 . PGE2 inhibited fibroblast proliferation at 2ng/ml and 8-64ng/ml. When 

procollagen synthesis was assessed in the presence of indomethacin, a role for PGE2 

in modulating basal and TGF-pi-induced procollagen production was not so clear. 

Overall, in group I fibroblasts, indomethacin appeared to potentiate basal and TGF- 

pi-induced procollagen synthesis but these responses were not statistically significant 

but were suggestive of a regulatory role for PGE2 . Furthermore, whilst indomethacin 

did not increase procollagen synthesis in group II or III fibroblasts, reduced 

procollagen levels in the presence of TGF-pi and indomethacin was evident in three 

cell lines. Taken together, these experiments demonstrated that the anti-proliferative 

effect of TGF-p 1 was mediated via autocrine synthesis of PGE2 . Also the results 

supported a possible regulatory role for PGE2 in limiting basal and TGF-p 1-mediated 

procollagen synthesis.

Having determined that reduced levels of PGE2 could affect fibroblast activity in the 

presence of a pro-fibrotic mediator, the mechanism for deficient PGE2 synthesis was 

investigated. Firstly, it was necessary to determine which COX isoform was 

responsible for upregulating PGE2 levels in response to TGF-p 1. This was achieved 

by examining the effects of selective COX inhibitors on basal and TGF-p 1-induced 

PGE2 synthesis. The results of these experiments are presented in the following 

section.
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3.6 EFFECT OF SELECTIVE COX INHIBITION ON BASAL AND TGF-P,- 

INDUCED LUNG FIBROBLAST PGEi PRODUCTION

Activation of the rate-limiting enzyme, COX is required during the biosynthesis of 

PGE2 . Thus far, two isoforms of COX have been identified, a constitutive isoform, 

COX-1 and an inducible isoform, COX-2. Since fibroblasts from groups II and III 

exhibited a reduced capacity to synthesize PGE2 (sections 3.1.1 and 3.1.2), the 

contribution of COX-1 and COX-2 to basal and TGF-pi-induced PGE2 synthesis was 

investigated. Experiments were designed in which COX isoforms were selectively 

inhibited using a selective COX-2 inhibitor, NS-398 and a preferential COX-1 

inhibitor, piroxicam. Fibroblasts were grown to confluence and pretreated for 30min 

with either NS-398 (5|Xg/ml) or piroxicam (2.5ng/ml), prior to the addition of media 

alone or media containing TGF-Pi (1 ng/ml). After 24h, PGE2 was measured in the 

cell-conditioned media using a specific enzymeimmunoassay. The concentration of 

TGF-pi used and the time-point at which PGE2 was measured were analogous to 

those used earlier to assess basal and TGF-p 1-stimulated PGE2 synthesis. The use of 

NS-398 at a concentration of 5|ig/ml does not affect COX-1 activity and inhibition of 

COX-2 activity by 80-90% occurs after Imin (Gierse et al,  1995). Piroxicam 

exhibits some selectivity towards COX-1 inhibition (IC5 0 : COX-1, 0.5ng/ml; COX-2, 

300ng/ml) in intact cells (Akarasereenont et al., 1994), therefore this inhibitor was 

used at a concentration of 2.5ng/ml. In these experiments, results are expressed as 

picograms of PGE2 per ml media and a concentration of 20pg/ml PGE2 represents the 

lowest detectable quantity of PGE2 .

3.6.1 Effect of selective COX inhibition on basal PGE% production

Figure 3.6.1 shows the effect of NS-398 and piroxicam on basal PGE2 synthesis by 

representative cell lines from groups I, II and III. NS-398 (5pg/ml) inhibited basal 

PGE2 synthesis in all cell lines studied, despite lower levels of PGE2 synthesis by 

group II and III fibroblasts. In contrast, piroxicam (2.5ng/ml) had no significant 

effect on basal PGE2 synthesis by fibroblasts from all three groups.
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Figure 3.6.1 Effect of COX selective inhibitors on basal lung fibroblast PGE2 

production
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Basal PGE2 production, in the presence of NS-398 and piroxicam in a collection of 

cell lines is summarized in table 3.6.1. NS-398 inhibited basal PGE2 synthesis in all 

cell lines examined (n=6 ) irrespective of which group the cell lines came from. In 

group I cell lines, the magnitude of inhibition ranged from 65% ± 11 to 81% ± 1 

(n=3). In group II and III fibroblasts, NS-398 was equally potent at inhibiting basal 

PGE2 synthesis, despite low levels of PGE2 in two cell lines (0698 and NHLl). In 

contrast, piroxicam had no effect on levels of PGE2 synthesized basally in all cell 

lines studies (n=4). In these cell lines, levels of PGE2 synthesized under basal 

conditions ranged from 24pg/ml to 185pg/ml and piroxicam failed to block this.

3.6.2 Effect of selective COX inhibition on TGF-pi-induced PGE2 production

The effect of NS-398 and piroxicam on TGF-p 1-induced PGE2 synthesis in 

representative cell lines from groups I, II and III is shown in figure 3.6.2. NS-398 

(5|Lig/ml) inhibited TGF-p 1-induced PGE2 synthesis to below basal levels in all cell 

lines. In contrast, the COX-1 preferential inhibitor, piroxicam (2.5ng/ml), had no 

significant effect on TGF-P 1-mediated PGE2 synthesis by group I or group III 

fibroblasts. However, partial inhibition of TGF-p]-induced PGE2 synthesis did occur 

in group II fibroblasts in the presence of piroxicam (P < 0.005). Table 3.6.2 

summarizes the effect of NS-398 and piroxicam on TGF-Pi-induced PGE2 synthesis 

in cell lines from groups I, II and III. PGE2 synthesis in response to TGF-p 1 was 

inhibited by NS-398 in all cell lines studied (n=7, P < 0.0005). In group I fibroblasts, 

the magnitude of inhibition ranged from 84% ± 4 to 90% ± 1 (n=4, P < 0.0005). In 

group I cell lines (n=4), piroxicam either had no effect or induced partial inhibition of 

PGE2 synthesis in response to TGF-p]. Piroxicam also partially inhibited TGF-p]- 

induced PGE2 synthesis in one cell line from groups II and III (P < 0.005). However, 

in three out of four group III cell lines, piroxicam failed to exert any significant 

effect.
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PGEz production (pg/m l)

Group Cell line M edia M edia ± 
NS-398

% inhibition by NS-398

I 0198 185 ± 3 9 7 5 ±  17 65% ± 11 *

0898
0998

1053 ± 3 2 5  
2720 ± 120

196 ± 16 
554 ± 3 2

8 1 % ± 2  *** 
79% ± 1 ***

II 0698 31 ± 3 21 ± 1 33% ± 3 ***

III 0196 126 ± 8 34 ± 2 72% ± 2 ***
NHL-1 24 ± 1 20 ± 0 17% ± 1 ***

PG E 2 production (pg/ml)

G roup Cell line M edia M edia + 
piroxicam

% inhibition by piroxicam

I 0198 1 8 5 ± 4 153 ± 17 17% ± 9

II 0698 3 1 ± 3 28 ± 2 10% ± 8

III 0196 126 ± 8 120 ± 3 5% ± 3

NHL-1 24 ± 1 25 ± 3 0 % ±  13

Table 3.6.1 Effect of COX selective inhibition on basal lung fibroblast PGE2 

production
Fibroblasts were grown to confluence and then pre-treated for 30min with NS-398 
(5|xg/ml) or piroxicam (2.5ng/ml) prior to the addition of media. After 24h, PGE2 

was measured in the cell-conditioned media using a specific enzymeimmunoassay. 
Results are expressed in picograms of PGE2 per ml of media. Each value represents 
the mean ± SEM for six replicate cultures. The response to NS-398 and piroxicam is 
also expressed as a percentage change ± SEM compared with cells exposed to media 
alone. Inhibition of PGE2 production is indicated by *, ** and *** (P < 0.05, P < 0.005 
and P < 0.0005 respectively).
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Figure 3.6.2 Effect of COX selective inhibitors on TGF-pi-induced lung fibroblast 
PGEi synthesis
Fibroblasts were grown to conflunce and then pre-treated for 30min with either NS-398 
(a) or piroxicam (b) prior to the addition of TGF-Pi (1 ng/ml) for 24h in representative 
cell lines from groups I, II and III. Results are expressed in picograms of PGE2 per ml of 
media. Each bar represents the mean ± SEM for six replicate cultures. *, ** and *** 
indicates P < 0.05, P < 0.005 and P < 0.0005 respectively.



PG E 2 production

G roup Cell line TGF-Pi TG F-P, ±
NS-398

% inhibition by N S-398

I 0198 1 950± 149 264 ± 26 87% ±  1**+

0798 410 ± 2 4 39 ± 6 90% ±  1***

0898 993 ± 193 65 ± 6 89% ±  1***
0998 3200 + 0 4 1 8 ± 5 0 84% ± 4***

II 0698 55 ± 4 21 ± 1 62% ± 2***

III 0196 370 ± 33 24 ± 3 94% ±  1***
NHL-1 129 ± 7 20 ± 0 85% ±  1***

PG E 2 production

Group Cell line TGF-P, TG F-p, + % inhibition by
piroxicam piroxicam

I 0198 1 950± 149 2263 ± 135 0% ±  9
0798 410 ± 2 4 335 ± 30 18% ± 7
0998 3200 ± 0 1387 ± 4 8 4 50% ± 17 *

II 0698 55 ± 4 35 ± 2 37% ± 4  **

III 0196 370 ± 33 245 ± 48 25% ±  13
NHL-1 129 ± 7 73 ± 9 44% ± 7  **
0299 50 ± 4 53 ± 3 0% ± 7
NHL3 65 ± 4 61 ± 1 6% ± 2

Table 3.6.2 Effect of COX selective inhibition on TGF-pi-induced lung fibroblast 
PGE2 production
Fibroblasts were grown to confluence and then pre-treated for 30min with NS-398 
(5|Lig/ml) or piroxicam (2.5ng/ml) prior to the addition of TGF-p] (1 ng/ml). After 
24h, PGE2 was measured in the cell-conditioned media using a specific 
enzymeimmunoassay. Results are expressed in picograms of PGE2 per ml of media. 
The response to NS-398 and piroxicam is also expressed as a percentage change ± 
SEM compared with cells exposed to TGF-P) alone. Inhibition of PGE2 is indicated 
by *, ** and *** (P < 0.05, P < 0.005 and P < 0.0005 respectively).
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3.6.3 Summary

To address the mechanism by which TGF-(3i upregulated PGE2 synthesis and the 

isoform responsible for basal PGE2 synthesis, COX isoforms were selectively 

inhibited and fibroblast PGE2 synthesis subsequently measured. NS-398, the COX-2 

selective inhibitor blocked basal PGE2 synthesis in all cell lines studied. A role for 

COX-2 in mediating basal PGE2 synthesis was further supported by the lack of effect 

of piroxicam, the preferential COX-1 inhibitor. NS-398 also suppressed TGF-(3i- 

mediated upregulation of PGE2 synthesis in seven cell lines, irrespective of the level 

of PGE2 synthesized. However, piroxicam partially inhibited PGE2 synthesis in 

response to TGF-p 1 in three out of eight cell lines, suggesting a possible contribution 

of COX-1 activity, although, in two of these cell lines (0698 and NHL-1), NS-398 

also completely blocked TGF-p]-induced PGE2 synthesis. Taken together, these 

experiments suggested that basal and TGF-P 1-induced PGE2 synthesis were 

predominantly mediated by COX-2 but a possible contribution by COX-1 to TGF-p 1- 

induced PGE2 synthesis could not be excluded. This implied that a defect at the level 

of the COX-2 enzyme could result in a reduced capacity to synthesize PGE2 under 

basal and induced conditions as demonstrated by the non-PGE2 synthesizing control 

and fibrosis cell lines (sections 3.1.1 and 3.1.2). To further examine the role of COX- 

1 and COX-2 in mediating basal and TGF-p 1-induced PGE2 synthesis, steady-state 

levels of COX mRNA were assessed by Northern analysis.
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3.7 TGF-pi-INDUCED CHANGES IN COX-1 AND COX-2 mRNA LEVELS IN 

FIBROBLASTS

The isoform responsible for mediating TGF-pI’s effects on PGE2 synthesis in lung 

fibroblasts is controversial. This series of experiments attempted to firstly determine 

which COX isoform mediated PGE2 synthesis in response to TGF-P 1 and secondly 

whether a pre-translational defect was responsible for the failure of group II and III 

cell lines to upregulate PGE2 synthesis in response to TGF-pi. To address these 

questions, the effect of TGF-P 1 on COX-1 and COX-2 mRNA levels was examined in 

representative cell lines from groups I, II and III. Fibroblasts were grown to 

confluence and incubated with media alone or media containing TGF-p 1 (1 ng/ml). 

For analysis of COX-2, RNA was extracted after 6 h stimulation with TGF-p 1 since 

COX-2 is an immediate-early gene. COX-1 mRNA expression was assessed after 6 h 

and 24h. Experiments were performed in the presence of 0.4% NCS. Preliminary 

results are presented in sections 3.7.1 to 3.7.5.

3.7.1 Yield and purity of total RNA

The quantity and purity of total RNA extracted from lung fibroblasts was determined 

spectrophotometrically and the results are shown in table 3.7.1. OD260:280 ratios 

ranged from 1.7 to 2.3 indicating adequate purity for northern analysis. Between 22 

and 49|ig of total RNA was obtained per 10cm petri-dish of confinent lung fibroblasts

3.7.2 Electrophoresis of total RNA

Having determined the yield and purity of the extracted RNA, its integrity was 

confirmed by gel electrophoresis. RNA was fractionated by gel electrophoresis and a 

photograph of the ethidium bromide-stained gel is shown in figure 3.7.1. Lane I 

contained a 0.24-9.49kb RNA ladder. Lanes 3-8 contained total RNA extracted from 

lung fibroblasts. Size markers (kb) are shown on the left.
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Sample OD260 OD280 Ratio
OD260-OD280

RNA yield 
M̂g

1 0.182 0.105 1.7 49

2 0.186 0.105 1 .8 49

3 0.126 0.069 1 .8 34

4 0.164 0.091 1 .8 44

5 0.084 0.045 1.9 2 2

6 0.114 0.049 2.3 30

Table 3.7.1 Yield and purity of total RNA extracted from lung fibroblasts
Representative cell lines from groups I, II and III were grown to confluence and 
incubated with media alone (samples 1, 3, 5) or media containing TGF-pi at a 
concentration of 1 ng/ml (samples 2, 4, 6 ). At the end of the incubation period, total 
RNA was extracted and the quantity and purity determined by measuring the OD at 
260nm and 280 nm.
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LANE

— 28S

— 18S

Figure 3.7.1 Electrophoresis of total RNA
RNA (5|Lig) extracted from lung fibroblasts was fractionated by electrophoresis through 
an agarose gel containing formaldyehyde. Lane 1: 0.24-9.46 kb RNA ladder, lane 2: 
empty, lanes 3-8: RNA samples, lane 9: empty, lane 10: 0.24-9.46 kb RNA ladder. Size 
markers (kb) are shown on the left and the positions o f  the 28S and 18S rRNA species are 
indicated on the right.



Two distinct bands of approximately 4kb and 2kb corresponding to 28S and 18S 

ribosomal RNA respectively were detected in all six samples. The sharp definition of 

the bands together with the absence of smearing suggested that the RNA was of 

satisfactory purity. The feint bands present in between the 28S and 18S RNA species 

represent transcripts for high abundance message and are only visualized when 

resolution and RNA fractionation are particularly good.

3.7.3 Effect of TGF-Pi on COX-2 mRNA levels after 6h

Figure 3.7.2 shows the effect of TGF-pi on COX-2 mRNA levels in representative 

cell lines from groups I, II and III after 6 h. Basal COX-2 mRNA expression was 

detected as a 4.4kb mRNA species and levels of expression were similar for all three 

cell lines. TGF-P i (1 ng/ml) increased steady-state levels of COX-2 mRNA by 

approximately four-fold in group I fibroblasts. In contrast, levels of COX-2 mRNA 

were increased by approximately 35% and 24% in response to TGF-pi in group II and 

III fibroblasts respectively.

3.7.4 Effect of TGF-pi on COX-1 mRNA levels after 6h

The effect of TGF-pi on COX-1 mRNA levels after 6 h, in representative cell lines 

from groups I, II and III is shown in figure 3.7.3. In cells exposed to media alone, 

abundant COX-1 message was detected as a 2.7kb transcript in all three groups. 

Levels of this transcript did not increase further in the presence of TGF-Pi in any of 

the cell lines studied. In addition, the effect of TGF-p i on COX-1 mRNA levels after 

24h was determined and is shown in figure 3.7.4. COX-1 message was detected in 

cells exposed to media alone in all three groups. In response to TGF-p i, COX-1 

mRNA levels increased by about 17% in group I fibroblasts. Similarly in fibroblasts 

from groups II and III, TGF-pj had minimal effect on levels of COX-1 expression, 

increasing levels of COX-1 mRNA by approximately 3% and reducing levels by 44% 

below basal expression in group II and III fibroblasts respectively.
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Figure 3.7.2 Effect of TGF-pi on COX-2 mRNA levels in lung fibroblasts after 6 h
RNA (lOjig) extracted from representative fibroblast cell lines from groups I, II and III 
were hybridized with a I.9kb radio labelled human COX-2 cDNA probe. Hybridized 
probe was detected by autoradiography and phospho-imaging. Levels o f  mRNA were 
quantitated by 2d densitometry. Results are expressed as arbitrary densitometry units 
after correcting for levels o f  28S RNA.
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Figure 3.7.3 Effect of TGF-pi on COX-1 mRNA levels in lung fibroblasts after 6 h
RNA (lOjig) extracted from representative fibroblast cell lines from groups I, II and III 
were hybridized with a 2.45kb radio labelled human COX-1 cDNA probe. Hybridized 
probe was detected by autoradiography and phospho-imaging. Levels o f  mRNA were 
quantitated by 2d densitometry. Results are expressed as arbitrary densitometry units 
after correcting for levels o f  28S RNA.
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Figure 3.7.4 Effect of TGF-p, on COX-1 mRNA levels in lung fibroblasts after 24h
RNA (5|Lig) extracted from representative fibroblast cell lines from groups I, II and III 
were hybridized with a 2.45kb radio labelled human COX-1 cDNA probe. Hybridized 
probe was detected by autoradiography and quantitated by densitometric laser scanning. 
Results are expressed as arbitrary densitometry units after correcting for levels o f  28S 
RNA.



3.7.5 Summary

The mechanism by which TGF-p i upregulated PGE2 synthesis was investigated by 

analyzing steady-state levels of COX-1 and COX-2 mRNA under basal culture 

conditions and upon stimulation with TGF-p 1. Results from these preliminary 

experiments suggested that under resting conditions, lung fibroblasts express both 

COX-1 and COX-2 mRNA. Levels of basal COX expression were similar for all 

three groups and did not correlate with actual levels of PGE2 synthesis (section 3.1.1). 

More importantly, upon stimulation with TGF-p 1, levels of COX-2 mRNA remained 

unchanged in fibroblasts from groups II and III whereas they increased four-fold in 

group I fibroblasts. Furthermore, levels of COX-1 mRNA did not increase in any of 

the groups after 6 h or 24h stimulation with TGF-p 1.

These results combined with the data from selectively inhibiting COX activity 

(section 3.6.2) provided compelling evidence supporting a role for COX-2 in 

mediating TGF-p,-induced PGE2 synthesis in lung fibroblasts. However, a 

contribution by COX-1 to TGF-p,-stimulated PGE2 synthesis could still not be 

discounted. Secondly, the limited capacity to synthesize PGE2, loss of the anti

proliferative response to TGF-P, and enhanced procollagen synthesis by fibroblasts 

from groups II and III coincided with a failure to upregulate COX-2 mRNA levels by 

these fibroblasts. Taken together, these findings implicated a role for COX-2 in 

modulating fibroblast proliferation and possibly collagen synthesis in response to 

TGF-p,. To explore the possibility of an anti-fibrotic role for COX-2, bleomycin was 

administered to COX-2 deficient mice. However, before conducting these 

experiments it was first necessary to determine whether COX-2 expression increased 

in bleomycin-induced pulmonary fibrosis. The results of this study are described in 

the following section.
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3.8 IMMUNOHISTOCHEMICAL LOCALIZATION OF COX-2 IN 

BLEOMYCIN-INDUCED PULMONARY FIBROSIS

In contrast to levels of PGE2 measured in HALF (Borok et aL, 1991) and in cultured 

cells from patients with pulmonary fibrosis (Wilbom et al., 1995, sections 3.1.1 and 

3 .1 .2 ), in animal models of the disease, PGE2 levels are increased and remain 

elevated for up to 28 days post-injury (Chandler et al., 1983; Chandler and Giri 

1983). Since proinfiammatory mediators including TGF-(3i induce COX-2 

expression (section 3.7.3), this isoform of COX is likely to be upregulated in animal 

models of pulmonary fibrosis. Thus, the purpose of these experiments was to 

establish whether COX-2 expression increased in experimentally-induced pulmonary 

fibrosis.

Lewis rats, aged between seven to eight weeks and weighing 190-220g received 

either saline (0.9%) or saline containing bleomycin sulphate (1.5mg/kg body weight) 

via intratracheal instillation. Lungs were harvested 7, 14 and 21 days later for 

biochemical and histological analysis. Data showing increased lung collagen in these 

rats has already been published (Mutsaers et a l, 1998a; Mutsaers et a l, 1998b) and 

the collagen data is summarized in table 3.8.1. COX-2 expression was examined in 

lungs exposed to saline alone or saline containing bleomycin for 3 and 14 days. The 

early time-point was chosen since COX-2 expression is induced by pro-inflammatory 

mediators and bleomycin induces an inflammatory response which is evident at three 

days. The 14 day time-point was required since lung collagen in response to 

bleomycin was increased (table 3.8.1) and this was the time-point chosen to assess the 

effects of bleomycin-induced lung injury in COX-2 deficient mice (section 3.10).

COX-2 expression was determined immunohistochemically using polyclonal anti

sera against murine COX-2, which also cross-reacted with rat COX-2. The antibody 

did not cross-react with COX-1. Since COX-2 is an intracelleular enzyme, residing 

in the endoplasmic reticulum and nuclear envelope, antigen retrieval was performed 

to facilitate binding of the antibody.
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Lung collagen content (mg)

7days 14days 2 1  days

Saline 18.5 ±1.0 19.0± 1.14 21.3 ± 1.6

Bleomycin 22.9 ± 1.4* 25.3 ± 0.35 ** 38.1 ±3.2 **

Table 3.8.1 Timecourse for changes in lung collagen content after IT instillation 
of bleomycin
Rats aged 7 to 8  weeks were intratracheally instilled with saline or saline containing 
bleomycin (1.5 mg/kg body weight). Lungs were harvested after 7, 14 and 21 days 
and hydroxyproline content determined. Values are expressed in mg and represent 
the mean ± SEM for six animals. * (P < 0.05) and ** (P 0.005) indicates significant 
differences from saline treated animals.
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As a control, non-specific rabbit IgG was used to stain lung tissue from 3-day, saline- 

treated mice at a concentration corresponding to that used for the COX-2 antibody. 

Figure 3.8.1 shows rat lung tissue stained with non-specific rabbit IgG and 

counterstained with H&E. Non-specific rabbit IgG was used since the COX-2 anti

sera was raised in rabbits. Brown staining indicating a positive signal was not evident 

in the alveolar structures or in the bronchial epithelium (figure 3.8.1 A). Furthermore 

there was no positive staining associated with the interstitium or alveolar 

macrophages (figure 3.8.IB),

3.8.1 Effect of saline on lung COX-2 expression after three days

Figure 3.8.2 shows COX-2 expression in lung tissue harvested from rats, three days 

after IT instillation of saline. Alveolar architecture was preserved in the lungs of 

these animals and there was no evidence of inflammation (figure 3.8 .2A). Positive 

COX-2 staining was evident in bronchial epithelial cells and to a much lesser extent 

in the interstitium (3.8.2B). Cellular localization of COX-2 in the interstitium in 

saline-treated rats is shown in figure 3.8.3. COX-2 staining was evident in type II 

epithelial cells and macrophages. Cells in the alveolar septa stained very weakly for 

COX-2 and may include type I epithelial cells, fibroblasts and endothelial cells but 

these are difficult to differentiate with light microscopy.

3.8.2 Effect of bleomycin on lung COX-2 expression after three days

Figure 3.8.4 shows the effect of bleomycin on COX-2 expression after three days. 

These sections demonstrated patchy loss of alveolar architecture with intense COX-2 

staining in congested areas of lung (figure 3.8.4A). In more damaged regions of the 

lung an inflammatory cell infiltrate as indicated by clustering of nuclei and intense 

counterstain was evident in the interstitium and in alveolar air spaces (figure 3.8.4B). 

Intense COX-2 staining co-Iocalized with inflammatory^ cells in air spaces and in 

areas where alveolar architecture was disrupted.
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Figure 3.8.1 Non-specific rabbit IgG-staiiied rat lung tissue
R e p r e s e n t a t i v e  s e c t i o n s  o f  lu n g  t i s s u e  f r o m  s a l in e - t r e a t e d  rats s ta in e d
i m m u n o h i s t o c h e m i c a l l y  fo r  n o n - s p e c i f i c  rabb it  Ig G . M ic r o g r a p h s  s h o w  t r a n s v e r s e

s e c t io n  th r o u g h  a r e sp ira to ry  b r o n c h io l e  ( l a b e l l e d  b in p a n e l  A) a n d  a b s e n c e  o f  p o s i t i v e  

s t a in in g  in t h e  b r o n c h ia l  e p i t h e l i u m  (p a n e l  A), a lv e o la r  s p a c e  ( l a b e l l e d  a in p a n e l  A) and  

in a lv e o la r  m a c r o p h a g e s  ( a r r o w s  in p a n e l  B ) .  O r ig in a l  m a g n i f i c a t io n :  x 2 0 0  (A), x 4 0 0  

(B ) .  C o u n te r s ta in :  H & E
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Figure 3.8.2 COX-2 expression in saline-treated rats after three days
R e p r e s e n t a t i v e  s e c t i o n s  o f  lu n g  t i s s u e  f r o m  s a l in e - t r e a t e d  rats s ta in ed  

i m m u n o h i s t o c h e m i c a l l y  fo r  C O X - 2 .  M ic r o g r a p h s  s h o w  lo n g i tu d in a l  s e c t i o n  th r o u g h  a 

r e sp ira to ry  b r o n c h io l e  ( l a b e l l e d  b in p a n e l  a )  a n d  s t a in in g  o f  b r o n c h ia l  e p i t h e l ia l  c e l l s  

(a r r o w s  in p a n e l  b). O r ig in a l  m a g n i f i c a t io n :  x 2 0 0  (a ) ,  x 4 0 0  (b ) .  C o u n te r s ta in :  H & E .
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Figure 3.8.3 liiterstitiiU COX-2 expression in saline-treated rats after three days
R e p r e s e n t a t iv e  s e c t io n  o f  lu n g  t i s s u e  fr o m  s a l in e - t r e a te d  rats s ta in ed  

i m m u n o h i s t o c h e m i c a l l y  fo r  C O X - 2 .  M ic r o g r a p h  s h o w s  s t a in in g  o f  t y p e  II e p i t h e l ia l  c e l l s  

( a r r o w s )  and m a c r o p h a g e s  (< ) ,  O r ig in a l  m a g n i f i c a t io n :  x 4 0 0 .  C o u n te r s ta in :  H & E .
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Figure 3.8.4 COX-2 expression in bleomycin-treated rats after three days
Representative sections o f lung tissue from bleomycin-treated rats stained 
immunohistochemically for COX-2. Micrographs (a and b) showing COX-2 
immunoreactivity in areas o f fibrosis. Original magnification x2 0 0 . Counterstain: H&E.



COX-2 expression in the epithelium and interstitium is shown in figure 3.8.5. COX-2 

staining was evident in bronchial epithelial cells (figure 3.8 .5A) but appeared to be of 

a similar intensity as in the 3-day saline-treated animals (figure 3.8.2B). However, 

interstitial staining of COX-2 was more intense in bleomycin-exposed lungs (figure 

3.8.5B) compared with saline-treated animals (figure 3.8.3) but not as intense as 

COX-2 expression in inflammatory cells (figure 3.8.5B). Cellular localization of 

COX-2 expression in the interstitium of bleomycin-exposed lung is shown in figure 

3.8.6. A positive COX-2-staining macrophage is shown in figure 3.8.6A while highly 

intense COX-2 expression was associated with the cytoplasm of infiltrating 

inflammatory cells in air spaces (figure 3.8.6B).

3.8.3 Effect of saline on lung COX-2 expression after 14 days

Lung sections, harvested after 14 days from rats instilled with saline are shown in 

figure 3.8.7. COX-2 expression was very similar to that observed in the lungs o f rats 

exposed to saline for 3 days (figure 3.8.2). The interstitium shown in figure 3.8.8 did 

not appear to be positive for COX-2 expression (figure 3.8.8). In addition, there were 

occasional positive-staining alveolar macrophages (figure 3.8.8).

3.8.4 Effect of bleomycin on lung COX-2 expression after 14 days

COX-2 expression in bleomycin-injured lungs after 14 days is shown in figure 3.8.9. 

Patchy loss of alveolar architecture was evident, consistent with bleomycin-induced 

lung injury (section 3.8.9A). Diffuse brown staining for COX-2 was associated with 

areas of fibrosis and was also apparent in the interstitium of intact alveolar structures 

(figure 3.8.9A). Intense COX-2 expression was observed in the bronchial epithelium 

(figure 3.8.9B) and appeared to be of a higher intensity than that seen in bleomycin 

and saline-treated mice at the earlier time-points (figures 3.8.5A and 3.8.2A 

respectively).
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Figure 3.8.5 Interstitial COX-2 expression in bleomycin-treated rats after three days
Representative sections o f lung tissue from bleomycin-treated rats stained 
immunohistochemically for COX-2. High-power micrographs showing longitudinal 
section through a respiratory bronchiole (labelled b in panel a) and staining in bronchial 
epithelial cells (arrows in panel a) and in association with inflammatory cells (arrows in 
panel b). Original magnification x400. Counterstain: H&E.



a y

I

%

f

Figure 3.8.6 Cellular localisation of COX-2 expression in bleomycin-treated rats 
after three days
Representative sections o f lung tissue from bleomycin-treated rats stained 
immunohistochemically for COX-2. High-power micrographs showing staining in an 
alveolar macrophage (a) and in association with inflammatoiy cells (b). Original 
magnification X1000. Counterstain: H&E
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Figure 3,8.7 COX- 2  expression in saline-treated rats after 14 days
Representative sections o f  lung tissue from saline-treated rats stained 
immunohistochemically for COX-2. Micrographs show longitudinal section through a 
respiratoiy bronchiole (labelled b in panel a) and staining in bronchial epithelial cells 
(arrows in panel b). Original magnification: x200 (a), x400 (b). Counterstain: H&E



r

0
J

/

t
>

k

t  ■ .

Figure 3.8.8 Interstitial COX-2 expression in saline-treated rats after 14 days
Representative section o f lung tissue from saline-treated rats stained 
immunohistochemically for COX-2, High-power micrograph shows staining in alveolar 
macrophages (arrows). Original magnification: x400. Counterstain: H&E.



Figure 3.8.9 COX-2 expression in bleomycin-treated rats after 14 days
Representative sections o f lung tissue from bleomycin-treated rats stained 
immunohistochemically for COX-2. Micrographs show staining in areas o f fibrosis 
(panel a) and in the bronchial epithelium (arrows in panel b). Original magnification 
x200. Counterstain: H&E



Furthermore, unlike the 3-day bleomycin lung sections, COX-2 expression in 14-day 

bleomycin-treated lung appeared to be more intense in the interstitium as opposed to 

being associated with inflammatory cells in air spaces (figure 3.8.lOA). The 

bronchial epithelium was also more intensely stained for COX-2 than infiltrating 

macrophages in the alveolar lumen (figure 3.8.10). A higher level of COX-2 

expression also occurred in the interstitium of areas of relatively non-injured lung 

(figure 3.8.11).

3.8.5 Summary

COX-2 expression was examined in rat lung, 3 and 14 days after IT instillation of 

saline or bleomycin. These experiments were conducted to determine whether COX- 

2 expression was upregulated in bleomycin-induced pulmonary fibrosis. Contrary to 

the finding of reduced levels of PGE2 synthesis in fibroblasts isolated from patients 

with pulmonary fibrosis (sections 3.1.1 and 3.1.2), in bleomycin-induced lung 

fibrosis, COX-2 expression appeared to be upregulated at both time-points studied. 

This is consistent with previous reports of elevated plasma levels of PGE2 following 

bleomycin-induced lung injury in hamsters (Chandler et a l, 1983; Chandler and Giri 

1983). More specifically, in saline-treated animals, COX-2 expression was minimal 

and localized predominantly to bronchial epithelial cells. Inflammatory cells 

including macrophages occasionally stained positive for COX-2 expression and a few 

interstitial cells were also mildly positive for COX-2 in saline-treated rats. In 

addition, there was no difference between the level of COX-2 expression after 3 or 14 

days. In contrast to this pattern of COX-2 expression, in lungs exposed to bleomycin 

for 3 days, increased COX-2 immunoreactivity occurred in consolidated areas, 

particularly in association with inflammatory cells that had invaded air spaces. After 

14 days, increased COX-2 expression in bleomycin-injured lungs was still clearly 

evident and localized to fibrotic lesions and the bronchial epithelium. Interestingly, at 

this time-point, COX-2 expression whilst still associated with inflammatory cells, 

appeared to shift in favor of interstitial cells and cells lining alveolar walls.
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Figure 3.8.10 Cellular localisation of COX-2 expression in bleomycin-treated rats 
after 14 days
Representative sections o f  lung tissue from bleomycin-treated rats stained 
immunohistochemically for COX-2. High-power micrographs show staining in cells 
lining the alveolar wall (arrows in a), interstitial cells (<) and in the bronchial epithelium 
(arrows in b). Original magnification x400. Counterstain: H&E



Figure 3.8.11 Interstitial COX-2 expression in bleomycin-treated rats alter 14 days
Representative section of lung tissue from bleomycin-treated rats stained 
immunohistochemically for COX-2. High-power micrograph showing staining in 
interstitial cells (arrows). Original magnification x400. Counterstain: H&E.



Expression in the epithelium was also more marked at 14 days in comparison to 3 day 

bleomycin-treated rats.

The observation of increased COX-2 expression in bleomycin-induced lung injury 

contradicted the evidence supporting impaired PGE2 synthesis (sections 3.1.1 and 

3.1.2) and COX-2 expression in fibroblasts cultured fi’om fibrotic lung (section 3.7.3). 

Furthermore, this defect in COX-2 expression affected fibroblast function giving rise 

to a profibrotic phenotype as demonstrated in the non-PGE] synthesizing group II cell 

lines (sections 3.3.3 and 3.4.3). Therefore, to determine the importance of COX-2 

deficiency in the development of pulmonary fibrosis, the effect of bleomycin on lung 

fibrosis in COX-2 deficient mice was examined and the results are described in 

section 3.10. Before these experiments could be performed a method for genotyping 

COX-2 deficient mice was required and this is described in the following section.
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3.9 GENETIC TYPING OF COX-2 DEFICIENT MICE

Enhanced expression of COX-2 was evident in mice with bleomycin-induced lung 

injury suggesting a role for PGE2 in the development of pulmonary fibrosis (sections

3 .8 . 2  and 3.8.4). However PGE2 synthesis in fibroblasts cultured from fibrotic lung 

and in BALE fi*om patients with pulmonary fibrosis was reduced (sections 3.1.1, 

3.1.2, Borok et al,  1991). A possible explanation for these conflicting observations 

is if induction of PGE2 limits the extent of lung injury and therefore in human 

pulmonary fibrosis, the absence of PGE2 gives rise to a self-perpetuating, progressive 

disease. To examine this, endogenous prostaglandin synthesis in the lung was 

manipulated by using COX-2 deficient mice and the role of PGE2 in bleomycin- 

induced pulmonary fibrosis was investigated. In order to conduct these experiments, 

it was first necessary to breed sufficient numbers of mice and develop a method for 

differentiating between COX-2 -/- and COX-2 +/- mice. The methods for extracting 

DNA from mice tails and genotyping were introduced by this study into the 

laboratory.

3.9.1 Yield and purity of tail DNA

Table 3.9.1 shows the results of spectrophotometric analysis of DNA extracted from 

mice tail samples. The method of extraction yielded between 4.8 to 10.2|ig DNA per 

tail tip. The purity of the DNA extracted as judged by the OD26o-OD28o ratio ranged 

from 1.6 to 2.1 which proved to be adequate for successful PCR.

3.9.2 Genotyping by two-primer PCR

PCR was used to amplify two gene products of 0.922kb and 1.4kb using a series of 

three primers (section 2.8.4). The 0.922kb product was specific to the wild-type 

allele whereas the 1.4kb product was specific to the disrupted allele. Three 

combinations of bands were possible fi*om the PCR through which COX+/+, COX+/- 

and COX-/- mice could be identified.
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Sample OD260 OD280 Ratio 
OD260 OD280

DNA Yield

1 0.089 0.048 1.9 8.9

2 0.075 0.047 1 . 6 7.5

3 0.030 0.016 1.9 3.0

4 0.056 0.031 1 . 8 5.6

5 0.075 0.044 1.7 7.5

6 0.051 0.029 1 . 8 5.1

7 0.047 0.026 1 . 8 4.7

8 0.060 0.033 1 . 8 6 . 0

9 0 . 1 0 2 0.065 1 . 6 1 0 . 2

1 0 0.057 0.033 1.7 5.7

11 0.098 0.055 1 . 8 9.8

1 2 0.048 0.023 2 . 1 4.8

13 0.053 0.028 1.9 5.3

14 0.071 0.037 1.9 7.1

15 0.085 0.053 1 . 6 8.5

Table 3.9.1 Yield and purity of DNA extracted from mouse tail tips
Tail ends (0.5cm) were cut from mice of unknown genotypes. DNA was extracted 
and the quantity and purity determined by measuring the OD at 260nm and 280nm.
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Initially the genotypes of the parent mice were confirmed and the combinations of 

bands obtained together with the inferred genotypes are shown in figure 3.9.1. Lanes 

3A and 2B contain DNA extracted fi*om the same mouse and the absence of the 

0.922kb gene product was consistent with a COX-2 -/- genotype. In lanes 4A and 3B, 

the presence of both the 0.922kb and 1.4kb bands indicated a COX-2 +/- genotype. 

In this manner, two newborn litters consisting of 15 mice were genotyped using the 

two-primer PCR method and a photograph of the gene products obtained is shown in 

figure 3.9.2.

Lanes 2, 3, 4 and 5 contained DNA from mice of known genotypes. Lanes six and 

seven consisted of negative controls whereby template DNA was omitted and 

replaced with water. Lanes 8-23 contained DNA fi*om the 15 newborn mice of 

unknown genotype. In lane 2, only one band of 1.4kb was detected indicating the 

presence of the disrupted allele and a COX-/- genotype. Likewise, C0X-2+/-, COX- 

2+/+ and COX-2 +/- genotypes were detected in lanes 3, 4 and 5 respectively. Since 

the positive controls had worked, the genotypes of the unknown mice were 

determined. The 0.922kb product was detected in eight out of fifteen unknown 

samples whereas the 1.4kb product was visible in 14 out of 15 samples. Since COX- 

2-1- mice were being bred with COX-2 +/- mice, the 1.4kb product representing the 

disrupted allele should have been present in all offspring. However, in lane 11, the 

1.4kb band was barely detectable. This highlighted a problem with the method 

developed since the absence of a band could be interpreted as a genotype result or a 

failed PCR reaction. For this reason it was necessary to modify the method such that 

it was internally controlled. To do this, a PCR method utilizing all three primers in a 

single reaction was developed (section 2.8.5).

3.9.3 Genotyping by three-primer PCR

The multiplex PCR method developed for genotyping was more reliable and less 

time-consuming than two-primer PCR but required finer optimization due to the 

competitive nature of the PCR.
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LANE
1 2 3 4 5 6 7 8  1 2 3 4 5

501/489

B

Lane PCR product size Predicted genotype Actual genotype

A B 0.922kb 1.4kb

3 2 absent present COX-2 -/- COX-2 -/-

4 3 present present COX-2 +/- COX-2 +/-

5 4 present absent COX-2 +/+ COX-2 +/+

6 5 present present COX-2 +/- COX-2 +/-

Figure 3.9.1 Confirmation of genotypes by two-primer PCR
DNA was extracted from mice o f  known genotypes. PCR was performed using 
conditions for amplification o f  the 0.922kb (A) or 1.4kb (B) gene products. Gene 
products were visualized by removing an aliquot o f  reaction mix (lOpl) and fractionating 
through a 2% agarose gel, stained with ethidium bromide. A: Lane 1; 67 to 1114 bp 
molecular weight marker, lane 2: empty, lanes 3: COX-2 -/-, lane 4: COX-2 +/-, lane 5: 
COX-2 +/+, lane 6 : COX-2 +/-, lanes 7-8; negative controls, B: lane 1: 67 to 1114 bp 
molecular weight marker, lane 2: COX-2 -/-, lane 3: COX-2 +/-, lane 4: COX-2 +/+, 5: 
COX-2 +/-. Size markers (bp) are shown on the left. Table summarizes confirmation of 
genotypes o f  parent mice by PCR . These samples were later used as positive controls in 
subsequent experiments.



LANE
7 9 11 13 15 17 19 21 23 25

Figure 3.9.2 Genotyping by two-primer PCR
DNA was extracted from mice o f unknown genotypes. PCR was performed using 
conditions for amplification o f the 0.922kb (top) or 1.4kb (bottom) gene products. . Gene 
products were visualized by removing an aliquot o f reaction mix (lOjul) and fractionating 
through a 2% agarose gel, stained with ethidium bromide. Gel is split in two and 
contains two sets o f  wells. Top and bottom: lane 1: 67 to 1114 bp molecular weight 
marker, lane 2-5: positive controls, lanes 6-7: negative controls, lane 8: empty, lanes 9- 
23: DNA from unknown samples, lanes 24-25: empty, lane 26: 67 to 1114 bp molecular 
weight marker. Size markers (bp) are shown on the left. Arrow indicates lane 11 and 
absence o f 1 44kb band.



The concentration of template DNA, MgCb, and Taq DNA polymerase were found to 

have a large effect on the PCR since they became rate-limiting. A further problem 

was PCR preferentially amplifies smaller gene products in a multiplex reaction, 

therefore to obtain two bands of equivalent intensity the concentration of the primers 

and the PCR conditions had to be readjusted. Figure 3.9.3 shows the PCR products 

obtained from two new litters of 11 mice using the three-primer PCR method. The 

presence of two bands indicated a COX-2 +/- genotype and the presence of the 1.4kb 

band only indicated a COX-2 -/- genotype. Five DNA samples from mice of known 

genotype were used as positive controls (lanes 16-20).

3.9.4 Summary

To begin to address the role of PGE2 in bleomycin-induced pulmonary fibrosis using 

COX-2 deficient mice, a reliable method for distinguishing COX-2 +/- mice from 

COX-2 -/- mice was required. Thus, a method for genotyping COX-2 deficient mice 

was developed which was reliable, accurate and rapid. The method developed 

required the use of PCR and combined three primers in a single reaction. This 

technique allowed the distinction to be made between failed PCR reactions and the 

absence of a particular gene product. The optimal conditions for simultaneous 

amplification of gene products from the endogenous and disrupted COX-2 gene were 

determined. This method also permitted the identification of COX-2 +/+ mice.

With an established method for genotyping litters, mice were bred and used in the 

following series of experiments addressing the effect of bleomycin-induced 

pulmonary fibrosis in COX-2 deficient mice.
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LANE
1 3 5 7 9 11 13 15 17 19 21

501/489

Figure 3.9.3 Genotyping by three-primer PCR
DNA was extracted from mice o f  unknown genotypes. Three-primer PCR was 
performed using conditions for the simultaneous amplification o f  the 0.922kb and 1.4kb 
gene products. Gene products were visualized by removing an aliquot o f  reaction mix 
( 1 Opl) and fractionating through a 2% agarose gel, stained with ethidium bromide. Lane 
1: 67 to 1114 bp molecular weight marker, lane 2: empty, lanes 3-6: positive controls, 
lanes 7-8: negative controls, lanes 9: empty, lanes 10-24: DNA from unknown samples. 
Size markers (bp) are shown on the left.



3.10 BLEOMYCIN-INDUCED PULMONARY FIBROSIS IN COX-2 

DEFICIENT MICE

To further address the hypothesis that PGE2 modulates the fibrotic response, this final 

set of experiments examined whether COX-2 via its effects on PGE2 synthesis 

prevented excessive extracellular matrix deposition following lung injury. This 

question was approached experimentally by assessing the extent of inflammation and 

fibrosis following bleomycin-induced lung injury in COX-2 -/- and COX-2 +/+ mice. 

The effect of bleomycin on lung injury was also determined in COX-2 -/+ mice, since 

levels of PGE2 are significantly reduced in these mice (Dinchuk et al., 1995). 

Furthermore, bleomycin-induced pulmonary fibrosis in animals does not result in a 

progressive disease unlike the human condition. However, given the in vitro data 

obtained so far, administration of bleomycin to COX-2 deficient mice could result in 

an enhanced fibrotic response, more typical of that seen in human pulmonary fibrosis. 

Preliminary results from these experiments are presented in sections 3.10.1 to 3.10.5.

Mice were bred and litters genotyped according to the method developed in section 

3.9. Saline (0.9%) or saline containing bleomycin sulphate (1.5mg/kg body weight) 

was instilled intratracheally into 3-16 mice of each genotype. The concentration of 

bleomycin was reduced such that wild type mice would be minimally affected and a 

potentiation in lung injury in response to bleomycin would be evident in COX-2 

deficient mice. In addition, COX-2 -/- mice exhibit significant renal pathology by 

about three months of age (Dinchuk et al., 1995) therefore experiments were 

conducted on six-week old mice to reduce any complications of renal pathology. A 

time-point of 14 days was chosen since this provided sufficient time for a fibrotic 

response to be initiated. During this period, changes in body weight in saline and 

bleomycin-treated animals were recorded. After 14 days, for histological analysis, 

lungs were harvested and dissected to give the five individual lobes for each mouse. 

After fixing and embedding, lung tissue sections were cut and stained with either 

H&E or Masson’s trichrome connective tissue stain. To quantitate the level of 

fibrosis, lungs were scored in a blinded fashion according to Ashcroft’s scoring
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(1988) by three independent observers and lung collagen content was estimated by 

measuring hydroxyproline. Due to insufficient numbers of animals, experiments 

were performed on both male and female mice and lungs analyzed separately in case 

of differences in response to bleomycin.

3.10.1 Effect of saline and bleomycin instillation on body weight

Upon reaching six weeks of age, male and female COX-2 +/+, COX-2 +/- and COX- 

2 -/- mice were weighed prior to administering saline or bleomycin sulphate. Figure

3.10.1 shows mean body weights of six-week old wild-type and COX-2 deficient 

mice. Mean body weight for male COX-2 +/+ mice was 22g ±0.5 (n=23) compared 

to a significantly lower female body weight of 18g ± 3 (n=36, P < 0.0005). Male 

COX-2 +/- mice weighed an average of 19g ± 1 (n=12) and this was significantly 

lower than the mean body weight for male COX-2 +/+ mice (P < 0.05). There were 

no differences in the mean body weights for male and female COX-2 +/- mice. Male 

and female COX-2 -/- mice body weights were 20g ± 1 (n=10) and 17g ± 0.1 (n=9) 

respectively and were significantly different (P < 0.05). The mean male COX-2 -/- 

mouse body weight was also significantly lower than that obtained for male COX-2 

+/+ mice (P < 0.05).

Over the time-course of the experiments, IT instillation of saline had minimal effect 

on body weight in male and female mice from all three groups. Body weight either 

did not change or a trend towards weight gain was observed by the end of the 

experiment. Male and female C0X-2+/+ mice receiving bleomycin sulphate 

(1.5mg/kg body weight) tended to lose weight by approximately 5% after seven days. 

By day 14, body weight did not differ from that observed at the start of the 

experiment. In male COX-2 +/- mice, body weight showed a trend towards a 

decrease of about 11% below the starting weight and by day 14, body weight was 

similar to that measured at the start of the experiment. In male and female COX-2 -/- 

mice, body weight appeared to decrease by approximately 10% and 12% in male and 

female mice respectively, seven days after instillation with bleomycin.
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Figure 3.10.1 Starting weights of wild-type and COX-2 deficient mice
Mean body weights o f  six-week old, male and female COX-2 +/+, COX-2 +/- and COX- 
2 -/- mice were determined prior to administering saline or bleomycin sulphate. Each bar 
represents mean body weight in grams ± SEM and is derived from the weights o f  at least 
five mice. *, **, and *** indicates P < 0.05, P < 0.005 and P < 0.0005 respectively.



By day 14, body weights in male and female COX-2 -/- mice tended to remain lower 

compared to the starting body weights, amounting to loses of 4% and 10% 

respectively. Visual signs of respiratory distress and the appearance of a ruffled coat 

accompanied the weight loss in these mice.

3.10.2 Histological assessment of lung inflammation

Figure 3.10.2 shows H&E stained lung sections from wild type mice instilled with 

saline. Alveolar architecture was preserved in the lungs of these mice and there was 

no evidence of inflammatory involvement (figure 3.10.2A). The nuclei of resident 

lung cells appeared purple whilst cytoplasm was stained pink (figure 3.10.2B).

Figure 3.10.3 shows H&E stained lung sections from COX-2 +/- mice, after 14 days 

exposure to saline. Again as with the wild type mice, alveolar architecture was 

preserved and there was no evidence for an inflammatory cell infiltrate (figure 

3.10.3A). In addition the lungs in these mice appeared normal despite disrupted 

expression of the COX-2 gene (figure 3.10.3B).

Lung sections from COX-2 -/- mice, treated with saline are shown in figure 3.10.4. 

As with the COX-2 +/+ and COX-2 +/- mice, alveolar structures appeared normal 

(figure 3.10.4A) with minimal inflammatory cell involvement (figure 3.10.4B). 

Moreover, loss of COX-2 expression was not associated with any lung pathology 

under control conditions.

201



nà

B

' Â

If

*
-  . 40 t ™ f  M

P  ?

\  ^ %  $ '
#

^  »

'  1

%• #

f .

%,-
f  .k ‘' î j

»

#%

" % , ,

»#

Figure 3.10.2 H&E staining in lung sections from wild-type mice instilled with saline
L o w  and h i g h - p o w e r  m i c r o g r a p h s  o f  H & E  s ta in e d  lu n g  s e c t i o n s  f r o m  m i c e  in s t i l le d  w ith  
s a l in e  (0 .9 % ) .  L u n g s  w e r e  h a r v e s t e d  after 14 days .  O r ig in a l  m a g n i f i c a t io n  x 2 0 0  ( A ) ,  

x400 (B).



v ’S ' . ' " - ’  7

Figure 3.10.3 H&E staining in lung sections from COX-2 heterozygous mice instilled 
with saline
L o w  and h i g h - p o w e r  m ic r o g r a p h s  o f  H & E  s ta in e d  lu n g  s e c t i o n s  fr o m  m i c e  in s t i l le d  w ith  

s a l in e  ( 0 .9 % ) .  L u n g s  w e r e  h a r v e s t e d  a fter  14 days .  O r ig in a l  m a g n i f i c a t io n  x 2 0 0  ( A ) ,
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Figure 3.10.4 H&E staining in lung sections from COX-2 deficient mice instilled 
with saline
L o w  and h i g h - p o w e r  m ic r o g r a p h s  o f  H & E  s ta in e d  lu n g  s e c t i o n s  fr o m  m i c e  in s t i l le d  w ith  

s a l in e  ( 0 .9 % ) ,  L u n g s  w e r e  h a r v e s t e d  after 14 d ays .  O r ig in a l  m a g n i f i c a t io n  x 2 0 0  (A ) ,  

x 4 0 0  (B ) .



Figure 3.10.5 shows lung sections from bleomycin-exposed wild type mice after 

staining with H&E. Inflammatory changes as indicated by clustering of purple- 

staining nuclei were evident but patchy (flgure 3.10.5A). Congestion in alveolar 

structures was mild and areas of unaffected lung were observed. Under higher 

magnification, the inflammatory cell infiltrate consisted predominantly of 

mononuclear leukocytes accumulated in the septae of alveoli and in air spaces (figure 

3.10.5B).

H&E stained lung sections from COX-2 +/- mice treated with bleomycin are shown 

in figure 3.10.6. Marked alveolar consolidation with inflammatory cells occurred in 

the lungs of these mice (figure 3.10.6A). Regions of normal lung architecture were 

much less common compared to that seen in the lungs of COX-2 +/+ mice (figure 

3.10.5A). Under higher magnification, the interstitium could not be distinguished 

from alveolar air spaces due to the presence of a dense inflammatory cell infiltrate 

(figure 3.10.6B). Inflammation was characterized by the presence of monocytes with 

increased numbers of polymorphonuclear leukocytes compared to bleomycin-treated 

COX-2 +/+ mice (figure 3.10.5B).

Figure 3.10.7 shows H&E stained lung tissue from COX-2 -/- mice, following 

bleomycin-induced lung injury. Inflammation was widespread in the lungs of these 

animals occurring around airways and towards pleural regions of the lung (figure 

3.10.7A). Normal areas of lung were infrequent and injured regions appeared to be 

more cellular in appearance than COX-2+1- mice (figure 3.10.6A). As in the lungs of 

COX-2 +/+ and COX-2 +/- mice, mononuclear cells predominated in the alveolar 

interstitium and air spaces with increased numbers of polymorphonuclear cells (figure 

3.10.7B) as in the COX-2 +/- mice (figure 3.10.6B) but not the COX-2 +/+ mice 

(figure 3.10.5B).
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Figure 3.10.5 H&E staining in lung sections from wild-type mice instilled with 
bleomycin
Low and high-power micrographs o f H&E stained lung sections from mice instilled with 
bleomycin ( 1  5mg/kg body weight). Lungs were harvested after 14 days Original 
magnification xlOO (A), x400 (B).
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Figure 3.10.6 H&E staining in lung sections from COX-2 heterozygous mice instilled 
with bleomycin
Low and high-power micrographs o f H&E stained lung sections from mice instilled with 
bleomycin (1.5mg/kg body weight). Lungs were harvested after 14 days Original 
magnification xlOO (A), x400 (B).



Figure 3.10.7 H&E staining in Iniig sections from COX-2 deficient mice instilled 
with bleomycin
Low and high-power micrographs o f H&E stained lung sections from mice instilled with 
bleomycin (1.5mg/kg body weight). Lungs were harvested after 14 days. Original 
magnification xlOO (A), x400 (B).



3.10.3 Effect of saline and bleomycin on ECM staining after 14days

Figure 3.10.8 shows lung sections from saline and bleomycin-treated wild-type mice 

after staining with Massons trichrome. With this stain, collagen appears blue, whilst 

cells appear red. In saline-treated, wild-type mice, alveolar walls were thin and 

stained with moderate intensity for collagen (figure 3.10.8A). In contrast, in 

bleomycin-exposed lungs, patchy loss of alveolar architecture occurred, accompanied 

by increased collagen staining (figure 3.10.8B). At higher magnification, in mice 

treated with saline, collagen clearly localized to the alveolar wall as demonstrated by 

thin ribbons of blue interspersed with red-staining cells (figure 3.10.9A). In contrast 

in bleomycin treated lung, large blue bands of collagen were evident in areas where 

alveolar structure had been lost (figure 3.10.9B). The intensity of the blue stain was 

much more marked in mice treated with bleomycin than in saline-treated mice.

Figure 3.10.10 shows Massons trichrome stained lung sections from COX-2 +/- mice 

following instillation of saline or bleomycin. In saline-treated COX-2 +/- mice, 

collagen staining was evident in alveolar walls (figure 3.10.10A), similar to that 

observed in wild-type mice (figure 3.10.9A). However, in mice receiving bleomycin, 

alveolar architecture was completely destroyed in some parts of the lung whilst other 

regions remained relatively well preserved (figure 3.10.1 OB). Congested areas of the 

lung were associated with intense staining for collagen, increased cellularity and 

oedema. Similarly, at higher magnification, alveolar walls were not thickened in 

COX-2 +/- mice instilled with saline and blue staining representing collagen was 

minimal (figure 3.10.11 A). In bleomycin-treated COX-2 +/- mice, increased collagen 

staining was evident, occurring in a disorganized manner (figure 3.10.1 IB), very 

similar to that seen in the lungs of COX-2 +/+ mice (figure 3.10.9B). The intensity of 

the collagen stain was equally intense in both COX-2 +/+ and COX-2 +/- mice 

although cellularity was possibly increased in COX-2+/- mice (figure 3.10.1 IB).
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Figure 3.10.8 Masson trichroiiie staining in Iniig sections from wild type mice 
follow ing instillation of saline and bleomycin
L o w - p o w e i  m i c r o g r a p h s  o f  M a s s o n  tr i c h r o m e  s ta in e d  lu n g  s e c t i o n s  fr o m  m i c e  in s t i l le d  

w ith  s a l in e  ( A )  or  b l e o m y c i n  ( B )  L u n g s  w e r e  h a r v e s t e d  a f t e r  14 d a y s  O r ig in a l  
m a m i i f i c a t io n  x 100.
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Figure 3.10.9 Interstitial ECM staining in iiing sections from wild type mice 
following instillation of saline and bleomycin
High-power micrographs o f Masson trichrome stained lung sections from mice instilled 
with saline (A) or bleomycin (B). Lungs were harvested after 14 days Original 
magnification x400.
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Figure 3.10.10 Masson trichroiiie staining in lung sections from COX-2 
heterozygous mice following instillation of saline and bleomycin
Low-power micrographs o f Masson trichrome stained lung sections from mice instilled 
with saline (A) or bleomycin (B). Lungs were harvested after 14 days Original 
magnification xIOO.
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Figure 3.10.11 Interstitial ECM staining in lung sections from COX-2 heterozygous 
mice following instillation of saline and bleomycin
High-power micrographs o f Masson trichrome stained lung sections from mice instilled 
with saline (A) or bleomycin (B). Lungs were harvested after 14 days Original 
magnification x400.



Figure 3.10.12 shows lung sections from COX-2 -/- instilled with saline or bleomycin 

and stained with Massons trichrome. At lower magnification, lung architecture was 

normal in saline-treated mice and staining for collagen limited to the alveolar septa 

(figure 3.10.12A). In contrast bleomycin caused widespread destruction of lung 

architecture in COX-2 -/- mice (figure 3.10.12B). This was accompanied by 

increased collagen staining, marked cellularity, oedema and leakage of plasma into 

the interstitium. Moreover, at higher magnification, lungs from COX-2 -/- mice 

treated with bleomycin had a more cellular appearance (figure 3.10.13B) than the 

corresponding section from COX-2 +/+ mice (figure 3.10.9B). However, the 

intensity of the collagen stain was not as visually intense as in the wild type and 

COX-2 +/- mice (figures 3.10.9B and 3.10.1 IB respectively). Taken together, these 

observations suggested noticeable differences in lung injury in response to bleomycin 

by COX-2 deficient mice.

3.10.4 Fibrosis score following saline and bleomycin instillation

The extent of fibrosis was graded based on a scoring system devised by Aschrofr 

(1988). Lung sections were scored in a blinded fashion by three independent 

observers. Figure 3.10.14 shows representative fibrosis scores obtained for COX-2 

+/+, COX-2 +/- and COX-2 -/- mice instilled with saline and bleomycin by an 

independent scorer. In saline-treated animals, mean fibrosis scores were 0.07 ± 0.05, 

0.07 ± 0.07 and 0.03 ± 0.03 in COX-2 +/+ (n=7), COX-2 +/- (n=3) and COX-2 -/- 

(n=4) mice respectively. In contrast in mice receiving bleomycin, mean fibrosis 

scores were significantly increased (P < 0.0005) in COX-2 +/+ (n=6 ) and COX-2 -/- 

mice (n=4) compared to mice of the corresponding genotype who received saline. 

Similarly, a trend for an increased mean fibrosis score was observed in bleomycin- 

treated COX-2 +/- mice compared to saline-treated COX-2 +/- mice. When the 

response to bleomycin was compared, COX-2 -/- mice had a significantly greater 

mean fibrosis score than COX-2 +/+ mice (P < 0.05).
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Figure 3,10.12 Massoii trichrome staining in lung sections from COX-2 deficient 
mice following instillation of saline and bleomycin
Low-power micrographs o f Masson trichrome stained lung sections from mice instilled 
with saline (A) or bleomycin (B). Lungs were harvested after 14 days. Original 
magnification x l 00.
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Figure 3.10.13 Interstitial ECM staining in lung sections from COX-2 deficient mice 
following instillation of saline and bleomycin
High-power micrographs o f Masson trichrome stained lung sections from mice instilled 
with saline (A) or bleomycin (B). Lungs were harvested after 14 days. Original 
magnification x400.
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Figure 3.10.14 Fibrosis score in saline and bleomycin-treated wild-type and COX-2 
deficient mice
Saline (0.9%) or bleomycin sulphate (1.5mg/kg body weight) was instilled into the lungs 
o f  COX-2 +/+, COX-2 +/- and COX-2 -/- mice. Lungs were harvested after 14 days and 
the level o f  fibrosis in each lobe scored by an independent observer. Each bar represents 
the mean ± SEM and is derived from three animals.



I also observed a significant increase in the mean fibrosis score in COX-2 -/- mice 

compared to COX-2 +/+ mice receiving bleomycin (P < 0.05) and a trend for a 

similar increase was seen by another independent scorer.

3.10.5 Lung collagen content after 14 days

The effect of saline and bleomycin instillation on lung collagen content after 14 days 

in wild-type and COX-2 deficient mice is shown in figure 3.10.15. In saline-treated 

animals, median values for lung collagen content were 1.71 mg (range, 0.75mg to 

2.30mg) and 1.5mg (range, 1.13mg to 2.42mg) in male (n=5) and female (n=10) 

COX-2 +/+ mice respectively. Similarly, lung collagen content did not differ 

between male (median, 1.48mg, range, 1.11 mg to 1.77mg, n=5) and female (median, 

1.7mg, 1.42mg to 2.22mg, n=6 ) in saline-treated COX-2 +/- mice. In female COX-2 

-/- mice (n=5) instilled with saline, lung collagen content ranged from 1.33mg to 

1.59mg (median, 1.35mg). Furthermore, there were no differences in lung collagen 

content between the five groups of mice instilled with saline. In contrast, bleomycin 

increased lung collagen content in male and female COX-2 +/+ mice by 

approximately 77% (median, 3.02mg, range, 2.13mg to 3.68mg, n=10) and 69% 

(2.54mg, 1.70mg to 2.83mg, n=15) respectively compared with the corresponding 

saline-treated animals (P < 0.005). This increase in collagen content in response to 

bleomycin was significantly lower in female COX-2 +/+ mice compared with male 

COX-2 +/+ mice (P < 0.01). In COX-2 +/- mice bleomycin increased lung collagen 

by about 91% (median, 2.82mg, range, 2.05mg to 3.32mg, n=4) and 25% (median, 

2.12mg, range, 1.93mg to 2.73mg, n=6 ) in male and female mice respectively 

compared with the corresponding saline-treated animals (P < 0.005 and P < 0.05 

respectively). The difference in the magnitude of increase was not significantly 

different between COX-2+/- male and female mice instilled with bleomycin. 

Bleomycin also tended to increase lung collagen content in female COX-2 -/- mice by 

about 38% (median, 1.86mg, range, 1.79mg to 2.06mg, n=3) above the median value 

for saline-treated COX-2 -/- mice.
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More importantly, there were no differences in bleomycin-induced increases in lung 

collagen between male COX-2 +/+ and male COX-2 +/- mice or female COX-2 +/+ 

and female COX-2 +/- mice. In addition, a trend for an exaggerated increase in 

bleomycin-induced lung collagen in female COX-2 -/- mice compared with female 

COX-2 +/+mice and female COX-2 +/- mice was not apparent.

3.10.6 Summary

To determine whether COX-2 via its effects on PGE2 synthesis modulates the fibrotic 

response to lung injury, bleomycin was administered to wild-type and COX-2 

deficient mice. As a control, mice of corresponding genotype were instilled with 

saline. Changes in body weight over the 14-day time-course were recorded and the 

extent of lung injury sustained by the mice was assessed histologically and 

biochemically.

Differences in starting body weight were similar for male and female mice 

irrespective of COX-2 expression. However, male COX-2 +/- and COX-2 -/- mice 

weighed less than male COX-2 +/+ mice. IT instillation of saline did not cause 

weight loss in any of the mice studied. However, body weight showed a trend 

towards a decrease in all three groups of bleomycin-treated mice, seven days post

injury. Furthermore, COX-2 -/- mice did not recover the lost weight and body weight 

after 14 days tended to remain lower than the initial starting weight.

Histological analysis of lung sections from bleomycin-treated animals revealed 

inflammation and collagen deposition, irrespective of genotype. However, in COX-2 

-/- mice, the pattern of response appeared to be more cellular whereas more intense 

collagen staining was evident in COX-2 +/+ and COX-2 +/- mice. In particular, 

increased numbers of polymorphonuclear cells were evident in the lungs of 

bleomycin-treated COX-2 +/- and COX-2 -/- mice. The intense collagen staining 

observed in COX-2 +/+ and COX-2 +/- mice may be a visual artifact, since these 

sections were less cellular in appearance. When the extent of fibrosis was scored by
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three independent observers, a trend for an increased mean fibrosis score in COX-2 - 

/- mice compared with COX-2 +/+ mice was seen and this was significant for two 

observers. However, this was observation was not substantiated by measurements of 

hydroxyproline. Increases in lung collagen in response to bleomycin were not 

significantly different between the three genotypes of mice.

In summary, results from preliminary experiments suggested an altered pattern of 

response to bleomycin-induced lung injury in COX-2 deficient mice. Unexpectedly 

this was not associated with an exaggerated increase in lung collagen content but a 

more profound inflammatory response was observed in the lungs of COX-2 +/- and 

COX-2 -/- mice. This obser\^ation was consistent with an anti-inflammatory role for 

COX-2 in bleomycin-induced pulmonary fibrosis. The relevance of these findings is 

discussed in the next chapter.
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CHAPTER 4: DISCUSSION



4.1 IS PGE2 SYNTHESIS IMPAIRED IN LUNG FIBROBLASTS ISOLATED 

FROM PATIENTS WITH PULMONARY FIBROSIS?

The initial phase of this study examined the effect of TGF-pi on PGE2 synthesis by 

fibroblasts derived from non-fibrotic and fibrotic lung. Autocrine induction of PGE2 

synthesis in response to TGF-pi has been documented in foetal and adult lung 

fibroblasts (McAnulty et al. 1995; 1997; Diaz et al., 1989; 1998). However, the 

effect of TGF-pi on PGE2 production by fibroblasts isolated from fibrotic lung has 

not been previously reported. PGE2 synthesis by fibroblasts was assessed using a 

specific enzymeimmunoassay (section 2.5.3). Cross-reactivity to other related 

compounds was minimal (table 2 .2 ) and the assay was shown to be reproducible 

(table 3.1.1). The results demonstrated that fibroblasts from fibrotic lung had a 

limited capacity to synthesize PGE2 both basally and in response to TGF-Pi. 

Unexpectedly, an additional group of cell lines established from non-fibrotic lung 

were discovered which also exhibited minimal basal and TGF-p]-induced PGE2 

synthesis. The validity of separating the non-PGE2 synthesizing control cell lines into 

a distinct group and the criteria for separation are discussed in the following section.

4.1.1 Non-PGEi synthesizing control cell lines

During the course of these experiments, a group of cell lines derived from non- 

fibrotic lung were discovered which synthesized reduced levels of PGE2 both basally 

and in response to TGF-pi. Mean levels of basal and TGF-p 1-stimulated PGE2 

synthesis were lower than in fibroblast cell lines isolated from patients with 

pulmonary fibrosis (figure 3.1.1). Subsequent experiments demonstrated that the 

non-PGE2 synthesizing, control cell lines were refractory to the growth inhibitory 

effects of TGF-pi (figures 3.2.2 and 3.3.2) and displayed an exaggerated increase in 

TGF-p I-induced procollagen production (figure 3.4.3). These altered functional 

responses to TGF-p 1 were also obtained with fibroblasts isolated from fibrotic tissue. 

In addition TGF-P 1 failed to upregulate levels of COX-2 mRNA expression in both
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sets of cell lines (figure 3.7.2). Thus, the decreased capacity to synthesize PGE2 

combined with the altered functional responses to TGF-pi suggested that these cell 

lines were dissimilar to the cell lines derived from non-fibrotic lung which were 

capable of synthesizing PGE2 . Likewise, non-PGE2 synthesizing cell lines have been 

reported for normal adult arterial smooth muscle cells and smooth muscle cells 

derived from atherosclerotic lesions in which COX-2 expression was undetectable 

and PGE2 synthesis was limited (Bomfeldt et aL, 1997). Furthermore, the defect in 

PGE2 synthesis could not be ascribed to the original tissue source or to the age of the 

individuals from which the cell lines were established. On the basis of these 

observations, it was deemed valid to split the fibroblast cell lines derived from non- 

fibrotic lung into two separate groups. Thus, group II consisted of those cell lines 

established from non-fibrotic lung which synthesized little or no PGE2 basally and 

were not stimulated further by TGF-pi. Group I contained all other cell lines derived 

from non-fibrotic lung and cell lines from patients with pulmonary fibrosis were 

classified as group III.

One possible explanation for the reduced capacity of group II cell lines to synthesize 

PGE2 is the effect of possible medication such as corticosteroids. Corticosteroids 

inhibit PGE2 synthesis by preventing release of arachidonic acid (Hirata et al., 1980) 

and blocking transcription of COX-2 (Newton et a l,  1998), therefore, if  the 

individuals from which the group II cell lines were established, were using such 

medication, this could contribute to defective PGE2 synthesis. This explanation is 

unlikely since PGE2 production was measured at various cell passage numbers and 

the defect was present in the same cell line as determined at passage numbers 4 and 6  

(table 3.1.1). Secondly the effects of any compounds would be diluted out with serial 

passage

4.1.2 Basal fibroblast PGE2 synthesis

Basal PGE2 synthesis in lung fibroblasts derived from non-fibrotic lung which were 

capable of synthesizing PGE2 ranged from 30 to 2176pg/10^ cells or 31 to 2720pg/ml
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as shown in figure 3.1.2, These measurements were performed on quiescent cells in 

the presence of 0.4% serum. Table 4.1 summarizes the level of basal PGE2 

synthesized under basal conditions in other lung fibroblast cells lines. Basal PGE2 

synthesis amounted to approximately lOOOpg/ml in embryonic lung fibroblasts and 

4400pg/ml in adult lung fibroblasts isolated from normal lung (Jackson et al., 1993; 

Diaz et al., 1998). However, these studies were conducted in the presence of 4-5% 

serum and PGE2 synthesis was measured in only one cell line. In a study by 

McAnulty (1997) employing similar conditions to that used in this study, the 

concentration of PGE2 produced by human foetal lung fibroblasts, grown in media 

containing 0.4% serum was 56pg/ml. Taken together, these studies and the current 

study highlight the variation in levels of PGE2 synthesized under basal conditions by 

lung fibroblasts suggesting that PGE2 production varies with cell lines and culture 

conditions.

Source PGE2 synthesis (pg/ml) Reference

Foetal lung fibroblasts 1050 Jackson e/fl/., 1993
Foetal lung fibroblasts 470 Goldstein and Polgar 1982
Foetal lung fibroblasts 56 McAnulty gr a/., 1997
Adult lung fibroblasts 4400 Diaz et al., 1987

Table 4.1 Variations in lung fibroblast PGE2 synthesis under basal conditions

Whereas levels of basal PGE2 synthesis varied between cell lines, levels were very 

similar within cell lines and were unaffected by cell passage number as shown in 

table 3.1.1. Heterogeneity in basal PGE2 levels has not been previously reported and 

could reflect differences in the levels of COX activity. In mice, basal lung PGE2 

synthesis has been attributed predominantly to COX-1 activity since lung PGE2 levels 

were similar in COX-2 -/- and wild-type mice but reduced in COX-1 -/- mice (Gavett 

et al., 1999). However, in the present study, use of selective COX inhibitors 

suggested a role for COX-2 in mediating cultured fibroblast PGE2 synthesis under
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resting conditions (section 3.6.1). Alternatively these differences may be due to the 

age of the donors from which cell lines were established since altered PGE2 synthesis 

has been demonstrated with serial passage (Polgar and Taylor 1980). Reduced PGE2 

synthesis in aged cells was attributed to differences in arachidonic acid release, 

phospholipase activity and increased production of other related prostanoids. In 

contrast, in murine macrophages, PGE2 synthesis increases with the age of the donor 

due to enhanced COX-2 activity (Wu et a l, 1998). In the present study, the age range 

of donors from which group I cell lines were established was 33years to 59years and 

there was no correlation between age and levels of basal PGE2 synthesis.

More importantly, fibroblasts from the non-PGE2 synthesizing group II cell lines and 

the group III fibrosis cell lines consistently synthesized less PGE2 than group I 

fibroblasts (figure 3.1.2). Median levels of basal PGE2 synthesized were 26 and 7- 

fold lower for group II and III respectively than in group I fibroblasts. The 

observation of reduced PGE2 synthesis in group III cell lines is in agreement with 

another study in which fibroblasts cultured from patients with pulmonary fibrosis 

synthesized 6.5-fold less PGE2 under basal conditions than control fibroblasts 

(Wilbom e ta l,  1995).

4.1.3 TGF-pi-induced fibroblast PGE2 synthesis

In response to TGF-pi, group I control fibroblasts synthesized between 446 and 

3077pg PGE2/ 1 0  ̂ cells (figure 3.1.3). As with basal PGE2 synthesis, levels of TGF- 

pi-induced PGE2 synthesis were highly heterogeneous. In five out of six cell lines, 

PGE2 synthesis was further stimulated by TGF-Pi, irrespective of basal PGE2 

production. However, in one group I cell line, basal PGE2 synthesis amounted to 

925pg/10^ cells and this did not increase further in the presence of TGF-pi. The 

reason for the lack of stimulation in these cells is not clear but may be related to the 

high concentration of PGE2 produced under basal culture conditions. This was 

further supported by the observation that as basal PGE2 synthesis increased, fold 

increase in PGE2 synthesis in response to TGF-pi decreased as shown in figure 4.1.
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It is also possible that factors required for PGE2 synthesis become limiting when cells 

are contact inhibited and serum concentration is restricted. Alternatively, high PGE2 - 

synthesizing cell lines may already be maximally stimulated, prior to stimulation with 

TGF-pi.

More importantly, fibroblast cell lines fi*om groups II and III demonstrated a 

strikingly different response to TGF-pi in that they consistently synthesized much 

lower levels of PGE2 compared with group I fibroblasts (figure 3.1.3). Fold increases 

in response to TGF-pi were 27 and 9-fold lower for groups II and III respectively 

compared with the median value in group I fibroblasts. This response correlated with 

a failure to upregulate COX-2 mRNA expression in response to TGF-Pi by group II 

and III fibroblasts (figure 3.7.2). Furthermore, TGF-pi induced PGE2 synthesis to a 

lower extent in the non-PGE2 synthesizing group II fibroblasts than in fibroblasts 

fi*om patients with pulmonary fibrosis. This difference was not apparent when levels 

of COX-2 mRNA expression after stimulation with TGF-pi were assessed. Deficient 

COX-2 protein expression by fibroblasts cultured from fibrotic lung has been 

reported by another group using IL-lp, phorbol myristate and lipopolysaccharide as 

stimulants of PGE2 synthesis (Wilbom et al., 1995). This implies that the limited 

capacity to synthesize PGE2 by group III cell lines is not confined to TGF-Pi alone 

but extends to other stimuli. In addition, PGE2 synthesis by lung fibroblasts derived 

from non-fibrotic lung is potentiated when TGF-pi is combined with other pro- 

inflammatory mediators such as IL-ip and TNF-a (Diaz et a l,  1998). The 

cooperative effects of cytokines on lung fibroblast PGE2 synthesis could be important 

in patients with pulmonary fibrosis, where fibroblasts are simultaneously exposed to a 

range of pro-inflammatory mediators (Kuroki et a l,  1995). Thus, a reduced capacity 

to synthesize PGE2 could result in dramatically reduced levels of PGE2 compared 

with fibroblasts exposed to a similar environment in non-fibrotic lung. This concept 

is supported by measurements of PGE2 in BALF recovered from normal individuals 

and patients with pulmonary fibrosis which approach 2 0 ng/ml and Bng/ml 

respectively (Borok et al., 1991).
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The defect in PGE2 synthesis in fibroblasts from patients with pulmonary fibrosis 

may not be specific to the fibroblast alone, since the lung contains many other cell 

types capable of synthesizing PGE2 including macrophages, bronchial epithelial cells 

and smooth muscle cells (Hempel et a i, 1994; Asano et al., 1996, Pang et al., 1997). 

Indeed, in bleomycin-induced lung injury, COX-2 expression was upregulated in a 

number of lung cells including bronhial epithelial cells type II epithelial cells and 

macrophages (sections 3.8.2 and 3.8.4). This premise is also supported by lower 

PGE2 levels in BALF from patients with pulmonary fibrosis compared with non- 

fibrotic controls (Borok et al., 1991).

4.1.4 Summary

Initial experiments addressed whether fibroblasts isolated from non-fibrotic and 

fibrotic lung differed in their capacities to synthesize PGE2 . This lead to the 

discovery of a sub-set of cell lines established from non-fibrotic lung, which 

synthesized reduced levels of PGE2 under basal conditions and in the presence of 

TGF-pi. Levels of PGE2 production by these cell lines were even lower than that 

obtained for cell lines derived from fibrotic tissue. Therefore, the cell lines isolated 

from non-fibrotic lung were classified into two groups. Group I contained those cell 

lines derived from non-fibrotic lung which were capable of synthesizing PGE2 basally 

and in response to TGF-Pi. The non-PGE2 synthesizing cell lines isolated from non- 

fibrotic lung were classified as group II and group III consisted of cell lines 

established from fibrotic tissue. Group III fibroblast cell lines, in common with group 

II cell lines demonstrated significantly reduced levels of PGE2 synthesis under basal 

and stimulated conditions. Thus impaired PGE2 synthesis was confirmed in 

fibroblasts from patients with pulmonary fibrosis. The limited capacity to synthesize 

PGE2 had potential implications for fibroblast activity, particularly in the presence of 

pro-inflammatory mediators. A possible correlation between impaired PGE2 

synthesis and functional responses to TGF-Pi is discussed in the following section.
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4.2 ARE FUNCTIONAL RESPONSES TO TGF-Pi ALTERED WHEN PGE2 

SYNTHESIS IS IMPAIRED?

PGE2 is a potent inhibitor of fibroblast proliferation (Elias et al,  1985; McAnulty et 

al,  1997) and collagen synthesis (Saltzman et a l,  1982; Diaz et al., 1989). As such 

reduced levels of this mediator in the presence of pro-inflammatory mediators could 

lead to dysregulated fibroblast proliferation and collagen synthesis. Thus, 

experiments were performed to determine whether levels of PGE2 production affected 

TGF-p]-induced proliferation and collagen synthesis in fibroblasts from groups I, II 

and III. Fibroblast proliferation in response to TGF-p j was assessed using two 

independent assays. Hydroxyproline was measured as an index of procollagen 

synthesis.

4.2.1 TGF-pi.3  and fibroblast proliferation

In human foetal lung fibroblasts, TGF-P 1.3 induces a biphasic response with 

stimulation of proliferation at low concentrations and inhibition at high 

concentrations (McAnulty et al., 1997). This response was evident after 48h and 

inhibition occurred with concentrations of TGF-p;.] at and above 40pg/ml. Autocrine 

synthesis of PGE2 in response to TGF-P;.] was shown to be responsible for the anti

proliferative effects. In the current study a similar trend was observed in fibroblasts 

derived from non-fibrotic lung which were capable of synthesizing PGE2 , after 

incubation with TGF-p 1 for 48h (figure 3.2.1). Consistent with the published 

observations, TGF-p 1 maximally stimulated proliferation at 5pg/ml. As the 

concentration of TGF-pi increased, proliferation declined but this response was not 

statistically significant. However, when proliferation was assessed in group I 

fibroblasts after 72h stimulation with TGF-p 1, a more pronounced response was 

observed (figure 3.2.1). At this time-point, a mitogenic response was seen with 5- 

40pg/ml TGF-p 1 and inhibition of proliferation occurred with concentrations of TGF- 

pi at and above 80pg/ml. If PGE2 also mediates the anti-proliferative effects of TGF-
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pi in adult lung fibroblasts, then induction of PGE2 synthesis would be expected to 

occur between 40 and 80pg/ml TGF-pi. This was supported by a trend towards a 

decline in proliferation in between 40-80pg/ml TGF-P 1 in three independent 

experiments (figures 3.2.2; 3.3.1 and 3.3.2). In the study by McAnulty (1997), the 

magnitude of response to TGF-pi.3 was greater at 72h as opposed to 48h and an 

inhibitory response was also evident with 80pg/ml TGF-pi-s. The lack of a 

significant inhibitory response to TGF-p i at 48h may reflect differences in the activity 

of TGF-p 1 used in this study and the published study. However, the activities of 

different batches of TGF-Pi were compared and found not to be different (figure 2.2). 

Alternatively the differences may be due to the use of adult fibroblasts in the present 

study versus foetal fibroblasts in the study by McAnulty (1997).

In contrast to the response observed in group I fibroblasts, all three TGF-P isoforms 

failed to inhibit proliferation in fibroblasts derived from fibrotic lung (figures 3.2.2,

3.2.3 and 3.2.4). This response was also evident in the non-PGE] synthesizing control 

cell lines in which TGF-p 1.3 failed to evoke an inhibitory response. In many of these 

cell lines, increasing the concentration of TGF-pi.3 produced a further stimulation of 

proliferation. In group II fibroblasts, concentrations of TGF-p 1.3 at and above 

160pg/ml induced stimulation of proliferation whilst in group III fibroblasts, all 

concentrations of TGF-p2 and -p3 were mitogenic. TGF-pi at 40-640pg/ml also dose- 

dependently stimulated proliferation in fibroblasts fi*om group II. Furthermore, there 

were no consistent differences in the magnitude of stimulation obtained with group II 

or group III cell lines in response to TGF-p,.3 (table 3.2.1). In addition, since all three 

isoforms of TGF-p exerted similar effects on proliferation with no apparent 

differences in potency (table 3.2.1), coupled with the observation that TGF-p, is the 

predominant isoform expressed in pulmonary fibrosis (Coker et al., 1997), all future 

experiments were conducted with TGF-P,.

The striking lack of TGF-p,-mediated inhibition of proliferation in fibroblast cell 

lines derived from fibrotic lung correlated with their inability to synthesize PGE2 in
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response to TGF-pi (figure 3.1.3). Furthermore, the range of concentrations of TGF- 

pi-3 used to assess proliferation were physiologically relevant since the concentration 

of TGF-p 1 in BALF recovered from normal individuals and in patients with stable 

and progressive pulmonary fibrosis are approximately 2 0 pg/ml, llOpg/ml and 

130pg/ml respectively (Kuroki et al., 1995). However, these concentrations are likely 

to be an underestimate due to dilution by bronchoalveolar lavage fiuid. Even so, 

PGE2 synthesis appears to be induced at 40-80pg/ml TGF-p 1, as demonstrated by the 

decline in proliferation and trend towards inhibition at these concentrations (figures

3.2.2 and 3.3.2), therefore at concentrations of 1 lOpg/ml and 130pg/ml TGF-P 1, PGE2 

synthesis would be expected and in its absence fibroblasts would continue to 

proliferate.

4.2.2 TGF-pi and fibroblast DNA synthesis

The effect of TGF-p] on the proliferation of fibroblast cell lines from groups I, II and 

III was also assessed by measuring the incorporation of ^H-thymidine into DNA. 

Fibroblasts were co-incubated with TGF-pi and ^H-thymidine for 48h or 72h. At 

both time-points, an inhibitory response to TGF-p 1 was detected in group I fibroblasts 

(figure 3.3.1) however, the stimulatory effects of TGF-P 1 were apparent at 48h only. 

Thus, all future experiments were conducted at 48h. The 48h time-point is consistent 

with another study using skin fibroblasts, which demonstrated increased 

thymidine-uptake in response to TGF-p 1 after 48h (Battegay et al., 1990). However, 

peak incorporation of ^H-thymidine occurred after 29-32h following stimulation of 

fibroblasts with TGF-p 1 and 4h pulse-labelling with radiolabelled-thymidine. 

Although pulse-labelling is more sensitive than continuous labeling, the method used 

in the current study permitted the simultaneous detection of the proliferative and anti

proliferative responses to TGF-p ].

When fibroblast proliferation in response to TGF-P j was measured in group 1 

fibroblasts by the methylene blue and thymidine-uptake assays, the trends detected
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were very similar (table 3.3.1). However, results from the methylene blue assay were 

obtained from cells exposed to TGF-pi for 72h whereas for the thymidine-uptake 

assay, cells were incubated with TGF-Pi for 48h. The time-points used are consistent 

with the different phases of the cell cycle, which the two assays target. The 

methylene blue assay targets dividing cells whereas the ^H-thymidine incorporation 

assay is for cells that are synthesizing DNA, hence the longer time-point required in 

the methylene blue assay for proliferation. In both assays, stimulation of proliferation 

and inhibition of proliferation was detected with similar concentrations of TGF-P i in 

group I fibroblasts. Since the anti-proliferative response to TGF-pi was detected by 

both assays, the effect of TGF-p i on ^H-thymidine incorporation was also assessed in 

fibroblasts from groups II and III.

As with the methylene blue experiments, TGF-P i failed to inhibit thymidine 

incorporation by group II and group III fibroblasts (figure 3.3.2). Instead, in group II 

fibroblasts TGF-pi was mitogenic at all concentrations while in group III fibroblasts, 

a trend for dose-related increases was observed. Since the DNA synthesis assay and 

methylene blue assay detected similar changes in cells treated with TGF-p], the 

results from both sets of experiments were combined as shown in figure 3.3.3. TGF- 

pi at 160pg/ml failed to induce an inhibitory response in any group II or III cell lines 

studied. Thus, fibroblasts from groups II and III had indeed lost the anti-proliferative 

response to TGF-p i as determined by DNA synthesis and fibroblast replication 

studies. This phenotype correlated with diminished levels of PGE2 synthesized by 

these cell lines in response to TGF-p 1 (figure 3.1.3). In pulmonary fibrosis, a 

decreased capacity by fibroblasts to upregulate PGE2 production in response to 

profibrotic mediators could provide a potential mechanism for the fibroblast hyper

proliferation observed in this disease. Possible mechanisms for PGE2-mediated 

modulation of proliferation in response to stimulatory mediators are considered in the 

next section.
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4.2.3 Mechanisms for PGEi-mediated regulation of growth factor-induced 

proliferation

The mitogenic response to TGF-pi has previously been ascribed to autocrine 

synthesis of PDGF (Leof et a l, 1986; Battegay et a l, 1990). At both low and high 

concentrations of TGF-pi, the PDGF-AA isoform is detected in culture medium after 

24h (Battegay et a l, 1990). However, as the concentration of TGF-pi increases, 

expression of the PDGF receptor a  subunit declines thereby limiting the effects of 

any secreted PDGF-AA on proliferation. Decreased PDGF receptor a  expression is 

most likely mediated by PGE2 since down-regulation of this receptor occurs in 

myofibroblasts treated with exogenous PGE2 (Boyle et a l, 1999). PGE2 also inhibits 

the mitogenic effects conferred by PDGF isoforms -AB and -BB following induction 

of the PDGF receptor a  subunit by IL-ip (Boyle et a l, 1999). Taken together these 

studies suggest that PGE2 functions in a negative feedback loop to suppress TGF-p 1- 

induced fibroblast proliferation. Furthermore, this effect is not only confined to TGF- 

Pi alone but probably extends to the mitogenic effects conferred by IL-lp and PDGF. 

Lack of suppression of PDGF receptor a  subunit expression provides a potential 

mechanism to explain the mitogenic effect of TGF-P 1 at high concentrations in 

fibroblasts from groups II and III. This mechanism is illustrated in figure 4.2.

Another mechanism for PGE2-mediated inhibition of proliferation has been described 

in hepatic stellate or Ito cells. In these cells, PDGF-BB and thrombin simultaneously 

induce conflicting signalling pathways that promote or inhibit cell proliferation 

(Mallat et a l, 1998). Growth inhibition was achieved via a PGE2/CAMP pathway 

which in turn upregulated levels of endothelin (ET)B receptor expression therefore 

enhancing the anti-proliferative effect of ET-1 in these cells. However, in fibroblasts, 

ET-1 induces a mitogenic response (Cambrey et a l, 1994) therefore this pathway is 

unlikely to contribute to the growth inhibitory effects of PGE2 in lung fibroblasts.
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Figure 4.2 Induction of positive and negative signals for connective tissue cell 
proliferation by TGF-Pi
The effect of TGF- |3i on proliferation was evaluated in human smooth muscle cells, skin 
fibroblasts and chondrocytes (Battegay et al., 1990). (1) Stimulation of cells with TGF- 
pi, (2) induction of autocrine synthesis of PDGF-AA at low and high concentrations of 
TGF-Pi, (3) autocrine synthesis of PGE 2 at high concentrations of TGF- Pi, (4) down- 
regulation of PDGF receptor a  expression by PGE 2, (5) possible direct growth inhibitory 
effect of PGE2 via cAMP and (6 ) possible direct growth inhibitory effect of TGE- pi.



4.2.4 Basal fibroblast collagen synthesis

Enhanced deposition of collagen is a characteristic feature of pulmonary fibrosis 

(Kirk et al., 1984) and PGE2 inhibits collagen production by lung fibroblasts 

(Saltzman et a l, 1982). To determine whether the quantity of PGE2 synthesized 

under basal conditions influenced basal procollagen production, fibroblasts firom 

groups I, II and III were incubated in media alone for 24h. At the end of the 

incubation period, procollagen synthesis was assessed, whilst in a corresponding set 

of plates containing cells treated in an identical fashion, PGE2 levels were measured 

(figure 3.1.2).

The assay used to measure procollagen was reproducible (table 3.4.1) and synthesis 

was constant over 48h (section 3.4.1) therefore, it was assumed valid to express 

procollagen production as an hourly rate. All cell lines studied produced procollagen 

under basal conditions (figure 3.4.1). When comparing the amount synthesized by 

the three groups, a trend towards potentiated levels of basal procollagen synthesis was 

apparent in the fibrosis group III cell lines compared to levels synthesized by group I 

and II cell lines (figure 3.4.1 A). This trend was reinforced by similar results obtained 

by a colleague in the laboratory (figure 3.4.IB). In these experiments, cell lines 

derived from patients with pulmonary fibrosis synthesized almost three-fold more 

procollagen under basal culture conditions than fibroblasts isolated from non-fibrotic 

lung. This phenotype correlated with their limited capacity to synthesize PGE2 under 

basal conditions (figure 3.1.2). However, basal procollagen synthesis was not 

enhanced in group II cell lines, which like group III, also displayed a diminished 

capacity for PGE2 synthesis. Instead, fibroblasts from group II displayed a trend for 

reduced basal procollagen synthesis (figure 3.4.1 A). Mean basal procollagen 

synthesis by group II cell lines was even lower than that obtained with group I cell 

lines (46pmol hyp/10̂  cells/h versus 98pmol hyp/10̂  cells/h respectively). This 

suggested that PGE2 did not regulate procollagen synthesis in unstimulated lung 

fibroblasts. In contrast to this, exogenous PGE2 has been reported to suppress 

collagen synthesis by approximately 80% in lung fibroblasts (Salztman et a l,  1982). 

However, the concentration of PGE2 used was 0.3jLig/ml, which is not in the range of
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levels synthesized endogenously by lung fibroblasts (figure 3.1.2 and table 4.1). 

Alternatively, PGE2 may exert its inhibitory effects by modulating intracellular 

collagen degradation as has been demonstrated for PGEi (Baum et a l, 1980). This 

was not investigated in the current study.

In the event that PGE] does not modulate procollagen synthesis under resting 

conditions, this would imply that other factors are responsible for the elevated levels 

of procollagen synthesized by group III cell lines. This observation contradicts the 

findings of another study, which failed to show increased collagen production by 

fibroblasts derived from fibrotic lung (Raghu et a l, 1989). These opposing results 

may be partly explained by the extreme variation seen in the amounts of procollagen 

synthesized under basal conditions by fibroblasts from non-fibrotic and fibrotic lung. 

In addition, enhanced collagen gene and protein expression have been demonstrated 

in human fibrotic lung tissue (McSharry et a l, 1987; Broekelmann et a l, 1991). 

Furthermore, the presence of highly activated clusters of fibroblasts synthesizing 

increased amounts of collagen has been demonstrated in fibrotic lung tissue 

(Broekelmann er a/., 1991).

4.2.5 TGF-pi and fibroblast collagen synthesis

The regulatory effects of E series prostaglandins on collagen synthesis induced by 

stimulatory mediators or lung injury are more renowned than those described for 

basal collagen turnover (Goldstein and Polgar; 1982; Clark et a l, 1983; Diaz et a l, 

1989; Fine et aL, 1989; Grant et a l, 1991; McAnulty et al., 1995; Ziboh et al., 1997). 

Therefore, TGF-P 1-induced procollagen synthesis was examined in fibroblast cell 

lines from groups I, II and III, given the differences obtained with the PGE] 

measurements in response to TGF-p] (figure 3.1.3). The data in figure 3.4.2 was 

obtained after combining the results from two independent studies in which 

procollagen production was measured in a similar manner but was either corrected for 

cell number or DNA content. Despite differences in the method of normalization 

used, the fold increases in mean basal pro collagen synthesis between group I and
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group III cell lines was very similar, amounting to 2.72 and 2.95-fold when corrected 

for cell number or DNA synthesis respectively (section 3.4.2). For this reason, it was 

assumed valid to combine the data and express changes in response to TGF-P i as a 

percent above basal procollagen production.

A much more striking trend was observed when procollagen production was 

stimulated with TGF-pi (figure 3.4.2). Fibroblasts from the fibrosis and non-PGE] 

synthesizing cell lines produced approximately two and three-fold more procollagen 

respectively than group I fibroblasts in response to TGF-pi. Furthermore, unlike the 

basal procollagen synthesis measurements, fibroblasts cell lines from group II 

exhibited a similar phenotype to the group III fibrosis cells lines, in that an 

exaggerated increase in TGF-P,-induced procollagen synthesis was observed. This 

response coincided with the decreased capacity to synthesize PGE2 by these cells 

(figure 3.1.3) and suggested a possible modulatory role for PGE2 . On the other hand, 

the greater stimulatory effects of TGF-P 1 on procollagen synthesis in group II 

fibroblasts may have been due to the reduced levels of basal procollagen synthesis 

observed previously (figure 3.4.1 A). However, in response to TGF-p], levels of 

procollagen synthesis were similar for group II and III cell lines.

The results of the current study contrast with a study by Raghu (1989) which failed to 

demonstrate a difference between TGF-pi-induced procollagen synthesis by 

fibroblasts from normal and fibrotic lung. This may be explained by a lack of sample 

numbers since procollagen production was assessed in only three fibrosis and normal 

cell lines (Raghu et a i, 1989). In the present study, TGF-p 1-induced procollagen 

synthesis was examined in 11 group I cell lines and 14 group III cell lines. Taken 

together, these studies support the concept that PGE2 modulates collagen synthesis in 

stimulated lung fibroblasts. Possible mechanisms by which PGE2 may limit collagen 

synthesis in response to stimulatory mediators are discussed in the next section.
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4.2.6 Mechanisms for the regulation of collagen synthesis by PGE2 in stimulated 

fibroblasts

Autocrine synthesis of PGE2 limits TGF-pi-induced procollagen production in human 

foetal and adult lung fibroblasts (McAnulty et al., 1995; Diaz et al., 1989). The 

enhanced stimulation of procollagen synthesis by TGF-p 1 in group II and III cell lines 

coincides with the failure to induce PGE2 synthesis in response to TGF-p 1 by these 

cell lines. Loss of PGE2 mediated modulation of procollagen synthesis in response to 

TGF-pi represents a potential mechanism for enhanced procollagen synthesis. The 

precise mechanism by which PGE2 inhibits TGF-p 1-induced procollagen synthesis is 

not known although a number of potential pathways exist which can explain this 

effect. Firstly, the inhibition of procollagen synthesis by PGE2 is likely to involve the 

cAMP pathway and the EP2 and EP4 receptors. The EP2/CAMP pathway does operate 

in lung fibroblasts and suppresses basal and induced mRNA expression of lysyl 

oxidase (Chang et al., 1998). Secondly, TGF-pi induces synthesis of CTGF (Soma 

and Grotendorst 1989; Igarashi et al., 1993) which partly mediates the stimulatory 

effects of TGF-pi on collagen synthesis (Duncan et al., 1999). However, PGE2 

blocks the induction of CTGF expression in response to TGF-P 1 (Ricupero et al.,

1999) and therefore this represents another potential pathway for the modulation of 

TGF-pi-induced procollagen synthesis by PGE2. Thirdly, PGE2 downregulates 

expression of TGF-P 1 signalling receptors, types I and II by as much as 50% in lung 

fibroblasts and upregulates expression of the non-signalling type III receptor (Fine et 

al., 1995). Finally, naturally occurring antagonists of TGF-p signalling have been 

identified and termed Smad (Sma- and Mad-related protein) 6  and 7. These proteins 

are thought to participate in a negative feedback loop to control TGF-p responses 

(Inamura et al., 1997; Nakao et al., 1997). This is functionally supported by the 

overexpression of Smad7 which prevents bleomycin-induced pulmonary fibrosis in 

mice (Nakao et al., 1999). One of the effects of Smad7 was to block bleomycin- 

induced increases in lung hydroxyproline content. At present, nothing is known 

about possible interactions between PGE2 and Smads 6  and 7.
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4.2.7 Summary

The effect of TGF-P i on proliferation and collagen synthesis was examined in an 

attempt to correlate the diminished capacity to synthesize PGE2 by the non-PGE] 

synthesizing control cell lines and fibrosis cell lines to functional responses. Upon 

stimulation with TGF-p 1, the proliferative response exhibited by group II and III cell 

lines was noticeably different, to that observed in group I cell lines. In fibroblasts 

from groups II and III, TGF-p 1 failed to regulate proliferation as demonstrated by the 

lack of an anti-proliferative response in these cells. Instead, higher concentrations of 

TGF-pi which were associated with potent inhibitory effects in group I cell lines, 

induced mitogenic responses in many group II and III cell lines.

Surprisingly, when procollagen synthesis was assessed, there was no correlation 

between procollagen synthesis and PGE2 production under basal culture conditions. 

This suggested that PGE2 did not regulate collagen synthesis in unstimulated lung 

fibroblasts. In contrast, TGF-P 1-induced procollagen synthesis was potentiated in 

group II and III fibroblast cell lines compared to group I fibroblasts and this pattern of 

response corresponded with levels of PGE2 synthesis in response to TGF-p]. A 

regulatory role for PGE2 in TGF-p 1-mediated fibroblast proliferation and collagen 

synthesis is explored further in the following section.
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4.3 DOES PGE] REGULATE FIBROBLAST ACTIVITY IN THE PRESENCE 

OF TGF-pi?

PGE2 mediates the anti-proliferative response to TGF-P 1 and limits TGF-pi-induced 

collagen synthesis in foetal lung fibroblasts (Diaz et a l, 1989; McAnulty et al., 1995; 

1997). To investigate whether this modulation extended to adult lung fibroblasts, the 

effects of TGF-p 1 on proliferation and procollagen synthesis were determined in the 

presence of an inhibitor of prostaglandin synthesis. To inhibit PGE2 synthesis, 

fibroblasts were pre-treated for 30min with the non-selective COX inhibitor, 

indomethacin. This protocol has previously been shown to inhibit PGE2 synthesis in 

cultured cells for at least 72h (McAnulty et a l, 1997). Indomethacin was 

subsequently shown to inhibit both basal and TGF-pi-induced PGE2 synthesis in 

fibroblast cell lines that produced measurable amounts of PGE2 basally (figures 3.5.1 

and 3.5.2).

4.3.1 Inhibition of fibroblast PGE2 synthesis and TGF-Pi-induced proliferation

The effect of indomethacin on fibroblast proliferation in response to TGF-p 1 was 

determined at 48h in representative cell lines fi-om groups I, II and III (figure 3.5.3). 

In group I fibroblasts which were capable of synthesizing PGE2, blocking PGE2 

synthesis overcame the anti-proliferative effects of TGF-p 1 and restored a mitogenic 

response. Indomethacin also abolished the anti-proliferative response to TGF-p 1 in 

two other group I cell lines (table 3.5.2). This observation supported a role for PGE2 

in modulating adult lung fibroblast proliferation in response to TGF-p 1. Similar 

findings have been reported for human foetal lung fibroblasts stimulated with TGF-pi 

in the presence of indomethacin (McAnulty et al., 1997). In addition, PGE2 is also 

responsible for inhibiting the proliferation of human airway smooth muscle cells in 

response to serum (Belvisi et al., 1998). In contrast to these effects, indomethacin 

had no effect on TGF-pi-induced proliferation by the non-PGE2 synthesizing control
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fibroblasts and fibrosis cell lines (figure 3.5.3). In these cell lines, TGF-pi alone or in 

combination with indomethacin stimulated proliferation.

The decreased capacity of fibroblasts to upregulate PGE2 production in response to 

profibrotic mediators provides a potential mechanism for the fibroblast hyperplasia 

associated with the development of pulmonary fibrosis (Crystal et al., 1991). This is 

also the first demonstration of a functional effect associated with impaired PGE2 

synthesis. Futhermore, given that PGE2 synthesis is induced by other potential 

mitogens such as PDGF (Habenicht et al., 1985) and TNF-a (Mauviel et al., 1988), 

this suggests that PGE2 is likely to modulate fibroblast proliferation in response to 

these growth factors also.

The lack of an anti-proliferative response to TGF-pi by group II and III cell lines 

could result from a failure to respond to PGE2. This possibility was explored by 

incubating fibroblasts fi’om patients with pulmonary fibrosis with exogenous PGE2 

and assessing proliferation.

4.3.2 Exogenous PGE] and fibroblast proliferation

Fibroblasts from a representative group III cell line were incubated with exogenous 

PGE] at concentrations ranging from 2 ng/ml to 64ng/ml and the effect on 

proliferation was assessed 72h later. The lowest concentration of PGE] used was 

within the range of PGE] produced under basal conditions, by group I fibroblasts 

(figure 3.1.2). Proliferation, in group III fibroblasts was inhibited by PGE] at 

concentrations above 4ng/ml (figure 3.5.4). Similarly, exogenous PGE] suppressed 

the proliferation of human foetal lung fibroblasts (McAnulty et al., 1997). These 

results suggested that fibroblasts derived from fibrotic lung did not differ in their 

capacity to respond to PGE]. Therefore, the possibility of a receptor-associated 

defect was excluded.
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4.3.3 Inhibition of fibroblast PGE2 synthesis and TGF-pi-induced procollagen 

production

In group I control fibroblast cell lines, indomethacin showed a tendancy to potentiate 

TGF-pi-induced collagen synthesis by about 20%, a similar potentiation to that 

observed previously in foetal lung fibroblasts (McAnulty et al., 1995), although in the 

current study this was not statistically significant. Since the development of 

pulmonary fibrosis is relatively slow and progressive in most cases, an increase of 

this magnitude could contribute significantly to the impairment of alveolar function 

over time. However it is unlikely that reduced PGE2 synthesis is the only mechanism 

involved in the enhanced collagen production by group 11 and 111 cell lines in 

response to TGF-pi. In another study, using adult lung fibroblasts, indomethacin 

potentiated TGF-p,-mediated collagen synthesis by approximately 30% at a 

concentration of 1.25ng/ml TGF-p,(Diaz et a l, 1989). This study also demonstrated 

enhanced fibronectin synthesis upon stimulation of cells with TGF-p, in the presence 

of indomethacin. Taken together these studies demonstrate that PGE2 limits the 

effects of TGF-p, on fibroblast proliferation and ECM synthesis. In the presence of 

profibrotic mediators, loss of this inhibitory pathway could lead to uncontrolled 

fibroblast proliferation and collagen synthesis.

4.3.4 Summary

These experiments demonstrate the functional consequences of deficient PGE2 

synthesis in the presence of a fibrogenic mediator. The anti-proliferative effects of 

TGF-p,, were shown to be mediated via autocrine synthesis of PGE2 . TGF-p,- 

induced fibroblast collagen synthesis was also possibly regulated by endogenous 

PGE2 synthesis. Enhanced fibroblast proliferation and collagen synthesis are 

prominent events in the pathogenesis of pulmonary fibrosis and these studies have 

highlighted a mechanism for the dysregulation of these processes.
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To address the limitation in PGE2 synthesis by fibroblasts from groups II and III 

further, the mechanism for TGF-p 1-induced PGE2 synthesis was investigated and is 

discussed in the following section.
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4.4 DOES TGF-pi UPREGULATE PGEi SYNTHESIS VIA COX-1 OR COX-2 

IN LUNG FIBRTOBLASTS?

PGE2 synthesis requires the action of COX, the rate-limiting enzyme in the 

biosynthesis of prostanoids (see figure 1.2). Two isoforms of this enzyme have been 

identified, a constitutive form, COX-1 which is associated with the housekeeping 

functions of prostanoids and an inducible form, COX-2. Since TGF-p 1 failed to 

upregulate PGE2 synthesis in the non-PGE2 synthesizing control cell lines and in the 

cell lines derived from fibrotic lung (section 3.1), the possibility of a defect at the 

level of the COX enzyme was investigated. Furthermore, the literature regarding the 

mechanism by which TGF-p 1 induces PGE2 synthesis in lung fibroblasts was 

conflicting suggesting potential roles for both COX-1 and COX-2 (Jackson et a l, 

1993; Diaz et ah, 1998; Roy et a l, 1998). Therefore to resolve this issue and also to 

determine whether the limited capacity to synthesize PGE2 was due to pre- 

translational events, the effect of TGF-P 1 on COX-1 and COX-2 activity and mRNA 

expression was examined. This was achieved by pharmacologically inhibiting COX 

activity using the selective COX-2 inhibitor, NS-398 and the preferential COX-1 

inhibitor, piroxicam. In addition, preliminary experiments examining COX-1 and 

COX-2 mRNA expression were also performed in the absence and presence of TGF-

P i-

4.4.1 Selective COX inhibition and basal fibroblast PGE] synthesis

In all fibroblast cell lines, irrespective of which group they belonged to, the COX-2 

selective inhibitor, NS-398, inhibited basal PGE2 synthesis, whereas the COX-1 

preferential inhibitor, piroxicam, had no significant effect (figure 3.6.1, table 3.6.1). 

This suggested that basal PGE2 synthesis by lung fibroblasts, at least in culture, was a 

product of COX-2 activity as opposed to COX-1. However, a contribution by COX-1 

to basal PGE2 synthesis could not be excluded since NS-398 did not completely 

inhibit PGE2 synthesis in four out of six cell lines (cell lines; 0198, 0898, 0998, 0196,
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table 3.6.1). Furthermore, table 4.2 shows the effect of indomethacin in the same 

experiments as those used to determine the effect of NS-398 on basal PGE: synthesis.

PGE: synthesis (pg/ml)

Cell Line Basal Basal + NS-398 Basal + 
Indomethacin

0198 185 75 43
0898 1053 196 91 *
0998 2720 554 233 ***
0196 126 34 23*

Table 4.2 Effect of NS-398 and indomethacin on basal lung fibroblast PGE: 
synthesis
Each value is derived from the mean for six replicate cultures. * (P < 0.05) and *** (P 
< 0.0005) indicates increased inhibition of basal PGE: synthesis by indomethacin 
compared with NS-398.

In two of these cell lines, basal PGE: production was particularly high (0898 and 

0998) and the level of PGE: remaining in the presence of NS-398 could either reflect 

COX-1-derived PGE: or the concentration of NS-398 in these experiments was rate- 

limiting due to an excess of substrate. However, a contribution for COX-1-derived 

PGE: was reinforced by the observation that the non-specific COX inhibitor, 

indomethacin blocked basal PGE: synthesis to a greater extent than NS-398 in three 

out of four cell lines. Taken together, the results of these experiments suggested that 

the majority of basal PGE: synthesis in lung fibroblasts was derived from COX-2 

activity since inhibition by NS-398 ranged from approximately 65% to 81% (table 

3.6.1) and that a much smaller amount of PGE: was possibly derived from COX-1.
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4.4.2 Selective COX inhibition and TGF-pi-induced fibroblast PGE2 synthesis

In response to TGF-p], NS-398 prevented any increase in lung fibroblast PGE2 

synthesis and this was demonstrated in seven cell lines (table 3.6.2). Piroxicam had 

no effect on TGF-Pi-induced PGE2 synthesis in five cell lines but did partially inhibit 

PGE2 production in three cell lines (table 3.6.2). The inhibition by piroxicam 

overlapped with that observed for NS-398. Given that the lower detection limit of the 

PGE2 enzymeimmunoassay used was 2 0 pg/ml, almost complete inhibition was seen 

in the cell lines; 0698 and NHLl in the presence of NS-398 (table 3.6.2). However, 

piroxicam also exerted inhibitory effects on TGF-p]-induced PGE2 synthesis in these 

cell lines (table 3.6.2). Furthermore in 0998 fibroblasts, NS-398 blocked PGE2 

synthesis by about 84% and in the same cell line, piroxicam inhibited PGE2 synthesis 

by approximately 50% (table 3.6.2) suggesting that one inhibitor was acting non- 

specifically.

The use of NS-398 as a selective inhibitor of COX-2 has been evaluated extensively 

both in vitro and in vivo (Gou et a i, 1996; Wong et al., 1997; Masferrer et al., 1994; 

Gilroy et al., 1999) thus, the inhibition of PGE2 synthesis by this compound was 

likely to be due to a specific effect on COX-2. Piroxicam, on the other hand, is 

classified as a mixed COX-1/COX-2 inhibitor (Frolich et al., 1997) but on the basis 

of its lower IC50 value for inhibition of COX-1 (Akarasereenot et al., 1994), this 

NSAID was chosen to block COX-1 activity in the current study. However, recently, 

it has come to light that piroxicam is a weak binding, time-dependent inhibitor of 

COX and that IC50 values for this class of inhibitors are highly unreliable (Gierse et 

al., 1999). In fact when PGE2 synthesis was measured as an end-point, the IC50 value 

for inhibition of COX-2 by piroxicam was lower than that for COX-1 (Gierse et al.,

1999). This suggests that the inhibitory effects of piroxicam on PGE2 synthesis in the 

current study were most likely due to non-specific inhibition of COX.
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4.4.3 TGF-pi and regulation of fibroblast COX mRNA expression

Previous studies have suggested that TGF-pi does not induce COX-2 mRNA 

expression in lung fibroblasts (Jackson et al., 1993; Diaz et al., 1998). However, 

COX-2 mRNA expression was determined in cells after 16-24h incubation with TGF- 

pi. COX-2 is an immediate early gene, and levels of mRNA have been shown to 

return to baseline by about eight hours in the murine homologue of COX-2 (Kujubu 

et al., 1991). In addition, TGF-pj has been shown to induce expression of COX-2 

mRNA after four hours in human foetal lung fibroblasts (Roy et al, 1996). In the 

current study, the effects of TGF-p i on COX-1 and COX-2 mRNA expression were 

determined after 6 h in fibroblasts from groups I, II and III. In contrast to the 

experiments where basal PGE2 synthesis was selectively inhibited (section 3.6.1), 

there were no differences in basal COX-2 expression in fibroblasts from the three 

groups levels of expression were very low. Moreover, in group I fibroblasts which 

were capable of synthesizing PGE2, TGF-P 1 upregulated steady-state levels of COX-2 

mRNA by at least four-fold. The increased mRNA expression of COX-2 in response 

to TGF-p], at this timepoint is consistent with the kinetics of TGF-pi-stimulated 

PGE2 synthesis (McAnulty et a l, 1995). In foetal lung fibroblasts, following 

stimulation with TGF-P], PGE2 levels begin to rise by 4h and continue to increase up 

to 8 h, reaching a plateau between 8h-24h. This is the first study demonstrating 

upregulation of COX-2 mRNA expression in adult lung fibroblasts in response to 

TGF-p]. In contrast to this, in the non-PGE2 synthesizing group II fibroblasts and the 

fibrosis cell line, TGF-p] did not increase COX-2 mRNA expression.

To eliminate a role for COX-1 in mediating TGF-pi-induced PGE2 synthesis, COX-1 

mRNA expression was assessed after 6 h and 24h stimulation with TGF-pj. At both 

time-points, levels of COX-1 mRNA were high but did not increase further with 

TGF-p] in any of the cell lines studied (figures 3.7.3 and 3.7.4). In addition, there 

were no differences in the levels of basal COX-1 expression between cell lines from 

groups I, II and III at either time-point.
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The relevance of increased levels of basal COX-1 mRNA is not clear since COX-1 

mRNA expression does not correlate with PGE2 production (Diaz et aL, 1998).

More importantly, the failure to upregulate COX-2 mRNA levels in response to TGF- 

pi suggests a pre-translational defect could be responsible for the limited capacity to 

synthesize PGE2 by both the group II non-PGE2 synthesizing control cells and the 

group III fibroblasts derived from fibrotic lung. There are a number of possible 

explanations for this including a possible promoter-associated defect or decreased 

mRNA stability. Possible mechanisms for the limitation in COX-2 induction are 

discussed in the following section.

4.4.4 Mechanisms for the failure to induce COX-2

The reason for the limitation in COX-2 induction is unknown. However, there are 

several potential mechanisms. A TGF-p response element has been localized to the 

COX-2 promoter (Yang et aL, 1997) but this is unlikely to be the source of the defect 

given that IL-1 p also fails to induce COX-2 in fibroblasts from fibrotic lung (Wilbom 

et aL, 1995). In addition, a number of other putative regulatory regions have also 

been identified in the COX-2 promoter including a NF-kB site and glucocorticoid 

response element (Tazawa et aL, 1994). In particular, functional cAMP response 

elements (CRE) have been identified in the human and mouse COX-2 promoters 

(Kosaka et aL, 1994; Fletcher et aL, 1992). This response element mediates v-src- 

induced expression of COX-2 in murine fibroblasts (Xie et aL, 1994) and serum, 

basic fibroblast growth factor, PDGF and TNF-a in combination with IL-lp- 

mediated induction of COX-2 in osteoblasts (Wadleigh and Herschmann 1999). 

Furthermore, deletion of this response element in monocytic cells results in a marked 

reduction in COX-2 promoter activity (Inoue et aL, 1994) and in mast cells, the CRE 

element is essential for induced COX-2 expression (Reddy et aL, 2000). Given that 

PGE2 ’s inhibitory actions are associated with concomitant increases in levels of 

cAMP, this response element is a prime target for future investigations into the 

regulation of COX-2 activity by growth factors.
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In endothelial cells, a combinatorial type interaction between AP2, NF-IL6 and CRE 

elements are crucial for basal and IL-lp-induced COX-2 expression (Kirtikara et a l,

2000). In contrast to this, the NF-kB is not required for endotoxin-mediated COX-2 

induction in macrophages (Wadleigh et a l, 2000). Taken together, these studies 

highlight the complexity of transcriptional regulation of the COX-2 gene and how the 

absence of one response element can result in the loss of inducibilty of COX-2 

expression.

Although the primary mechanism for increased COX-2 activity is via transcriptional 

activation of the gene, post-transcriptional regulation of COX-2 also occurs. COX-2 

mRNA is unstable with a half-life of 30min (Dixon et a l, 2000) and a number of 

factors have been identified which either prolong or shorten its half-life. In lung 

fibroblasts, TGF-pi increases COX-2 transcript stability and only a 15% decay occurs 

over a lOh period (Diaz et a l, 1998). Distinct regions of the 3’-untranslated region 

(3’-UTR) of the human COX-2 gene have been shown to affect basal and IL-lp- 

induced mRNA metabolism (Gou et a l, 1998). IL-Ip has been shown to increase 

COX-2 transcript stability in endothelial cells (Ristimaki et a l, 1994) whereas 

dexamethasone and lL-10 suppress COX-2 transcription (Mertz et a l, 1994; Newton 

et a l, 1998). Further studies are required to determine the mechanisms involved in 

the dysregulation of COX-2 expression in fibroblasts from patients with pulmonary 

fibrosis and the non-PGE] synthesizing cell lines.

COX-2 polymorphisms could also result in the loss of COX-2 inducibility. At 

present, there is no evidence for the existence of COX-2 polymorphisms in the 

normal population. Alternatively, the inability to induce COX-2 could reflect an 

acquired defect, which is specific to the lung. For example, viral infection could alter 

a cell’s ability to induce COX-2. There is evidence to suggest an association between 

Epstein Barr Virus (EBV) infection and pulmonary fibrosis (Egan et a l, 1995; 

Stewart et a l, 1999). Furthermore, in human B cells, the presence of EBV in either 

its wild type or latent form results in a loss of the anti-proliferative response to TGF- 

pi (Arvanitakis et a l, 1995). Other DNA tumour viruses such as SV40, adenovirus
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and human papilloma virus, also confer resistance to TGF-pi-mediated growth 

inhibition in human kératinocytes (Pietenpol et a l, 1990). Further studies are 

required to determine the role of viral infection and COX-2 expression, in patients 

with pulmonary fibrosis.

4.4.5 Summary

Selective inhibition of COX combined with the analysis of COX mRNA levels upon 

stimulation with TGF-pi provided compelling evidence implicating COX-2 as the 

predominant isoform responsible for inducing PGE2 synthesis in lung fibroblasts. In 

contrast, fibroblasts from the non-PGE2 synthesizing cell lines and the fibrosis cell 

lines failed to upregulate levels of COX-2 mRNA in response to TGF-pi. This 

correlated with their limited capacity to synthesize PGE2 and also implied aberrant 

COX-2 expression as the mechanism for loss of the anti-proliferative response to 

TGF-Pi in these cells. Pharmacological inhibition of COX-1 did partially inhibit 

TGF-pi-induced PGE2 synthesis in three cell lines, however, these effects were most 

likely due to the non-specific nature of the inhibitor used. In summary these 

experiments demonstrated that COX-2 was the dominant isoform responsible for 

basal and TGF-Pi-induced PGE2 synthesis in lung fibroblasts. Since COX-2, via its 

effects on PGE2 regulated fibroblast proliferation and possibly also collagen 

production in the presence of TGF-pi, a protective role for COX-2 in experimentally- 

induced pulmonary fibrosis was investigated.
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4.5 DOES COX-2 PROTECT AGAINST LUNG INJURY?

Plasma levels of PGE2 increase following bleomycin-induced lung injury in hamsters 

(Chandler and Giri 1983; Chandler et aL, 1983). However, a role for COX-2 in 

animal models of pulmonary fibrosis has not been previously investigated. 

Paradoxically, fibroblasts cultured tfom fibrotic lung tissue were shown to synthesize 

reduced levels of PGE2 (section 3.1) which correlated with altered functional 

responses to TGF-pi (sections 3.2, 3.3 and 3.4). Thus, experiments were performed 

to determine whether COX-2 expression was upregulated in bleomycin-induced 

pulmonary fibrosis and whether the absence of this enzyme via its effects on PGE2 

synthesis enhanced lung injury in response to bleomycin.

Since there was no literature regarding the expression of COX-2 in animal models of 

pulmonary fibrosis, it was first necessary to determine whether COX-2 expression 

changed in response to bleomycin-induced lung injury. Thus, the expression of 

COX-2 was determined immunohistochemically in rats that received bleomycin 

(1.5mg/kg body weight). As a control, COX-2 expression in saline-treated animals 

was also determined. To determine whether PGE2 modulated lung injury, COX-2 

deficient mice were bred, genotyped and instilled with bleomycin at a concentration 

of 1.5mg/kg body weight. Bleomycin was also administered to wild-type mice of the 

same genetic background as the transgenic mice and to COX-2 heterozygous mice. 

The concentration of bleomycin was reduced such that wild-type mice were 

minimally affected whilst an enhanced fibrotic reaction would be evident in COX-2 

deficient mice. The extent of fibrosis was examined by staining lung sections for the 

presence of inflammatory cells and extracellular matrix proteins. In addition, lung 

injury in response to bleomycin was quantitated histologically by grading the extent 

of fibrosis and biochemically by measuring lung collagen content.

4.5.1 COX-2 expression in control lung

COX-2 expression in saline-treated lung was assessed after 3 and 14 days by 

immunohistochemistry using polyclonal anti-sera against COX-2. Expression of
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COX-2 predominated in the bronchial epithelium at both time-points. Similarly, 

COX-2 expression has been localized to the airway epithelium in rat and human lung 

(Ermert et a l, 1998; Watkins et a l, 1999). In addition, COX-2 is the dominant 

isoform and is constitutively expressed by cultured bronchial epithelial cells (Asano 

et a l, 1996). Constitutive expression of COX-2 in the epithelium may represent a 

defensive measure against damage caused by inhaled pathogens and irritants, since 

the epithelium is the first to be exposed to such agents. TGF-pi is also constitutively 

expressed in murine bronchial epithelial cells (Coker et a l, 1997) and expression of 

COX-2 is consistent with TGF-pi’s anti-proliferative effects in these cells Cheifetz et 

a l, 1990).

4.5.2 COX-2 expression in bleomycin-injured lungs

In lungs harvested from mice exposed to bleomycin for three days, COX-2 expression 

was markedly upregulated and localized to affected regions of lung. The most intense 

COX-2 staining occurred associated with the cytoplasm of infiltrating inflammatory 

cells thereby suggesting a role for COX-2 in the inflammatory response to bleomycin. 

This is consistent with the induction of COX-2 by proinflammatory agents in cultured 

macrophages, neutrophils, lymphocytes and eosinophils (Hempel et a l, 1994; Fasano 

et a l, 1998; Iniguez et a l, 1999; Sousa et a l, 1997). Epithelial COX-2 expression 

was observed but was not upregulated in response to bleomycin at this time-point. 

Interstitial staining for COX-2 was also evident, three days post-injury but was not as 

intense as the staining seen in inflammatory cells.

After 14 days, COX-2 expression in response to bleomycin was still clearly 

upregulated and localized to fibrotic lesions, the bronchial epithelium and appeared to 

shift from inflammatory cells to a more intense signal in the interstitium. In other 

lung conditions associated with inflammation, COX-2 is also upregulated in the 

bronchial epithelium, and in inflammatory cells (Sousa et a l, 1997; Ermert et a l,

2000). This is the first study demonstrating upregulated COX-2 expression in 

response to bleomycin-induced lung injury.
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4.5.3 Bleomycin-induced lung inflammation in COX-2 deficient mice

The effect of saline and bleomycin on lung inflammation in COX-2 +/+, COX-2 +/- 

and COX-2 -/- mice was assessed by staining lung sections with H&E (figures 3.10.3 

to 3.10.7). Inflammatory involvement was minimal in all three groups of mice 

following instillation with saline (figures 3.10.2 to 3.10.4). In addition, there was no 

obvious lung pathology associated with disrupted COX-2 expression. Following 

bleomycin-induced injury, an inflammatory response was evident in the lungs from 

all three genotypes of mice (figures 3.10.5 to 3.10.7). This was characterized by a 

cellular infiltrate containing macrophages, neutrophils, eosinophils and lymphocytes 

which, accumulated in the interstitium and the alveolar lumen. Consistent with lung 

injury in response to bleomycin, inflammation was patchy, however, areas of normal 

lung were less common in COX-2 +/- and COX-2 -/- mice. In addition, the lesions in 

these mice were more cellular in appearance and the extent of inflammation induced 

by bleomycin appeared to be greater in these animals. The observation of an 

exaggerated inflammatory response in bleomycin-treated COX-2 +/- and COX-2 -/- 

mice coupled with the induction of COX-2 expression in normal animals with 

experimentally-induced pulmonary fibrosis (sections 3.8.2 and 3.8.4) suggested a role 

for COX-2 in modulating inflammation. This is consistent with a number of recent 

studies suggesting an anti-inflammatory role for COX-2 (Gavett et aL, 1999; Gilroy 

et aL, 1999). For example, COX-2 deficient mice sensitized and challenged with 

ovalbumin develop an enhanced inflammatory response characterized by increased 

numbers of cells recovered from BALF, histopathology scores and IgE levels in 

contrast to allergic wild-type animals (Gavette et aL, 1999). More specifically, the 

increase in inflammatory cells was attributed to a five-fold increase in eosinophils and 

a four-fold increase in lymphocytes compared with levels in allergic wild-type mice. 

In addition, PGE2 synthesis following allergen challenge occurred via upregulation of 

COX-2. It is likely that the profile of inflammatory cells is influenced by the type of 

injury sustained by the lung. In the current study, tunnel staining identified increased 

numbers of apoptosing neutrophils in the lungs of COX-2-/- mice compared with 

wild-type mice, localizing to fibrotic lesions and blood vessels (Dr Gisli Jenkins, 

personal communication). Influx of neutrophils into bleomycin injured lungs is an
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early event, occurring within 3h of administration of the drug (Snider et aL, 1978), 

thus the persistence of these cells after 14 days in COX-2 -/- mice suggests that PGE2 

regulates neutrophil recruitment. This is further supported by reduced numbers of 

neutrophils recovered from the lungs of mice receiving continuous intravenous 

infusion of PGEi combined with intratracheal instillation of bleomycin compared 

with mice treated with bleomycin alone (Grant et aL, 1991).

Increased susceptibility to gastrointestinal inflammation has recently been 

demonstrated in COX-2 deficient mice (Morteau et aL, 2000). This response 

correlated with decreased PGE2 production and suggests that the anti-inflammatory 

effects of COX-2 are not restricted to the lung.

4.5.4 Bleomycin-induced increases in lung collagen in COX-2 deficient mice

In lung sections from COX-2 +/+, C0X-2+/- and COX-2 -/-, treated with saline, 

collagen appeared as thin blue bands in the alveolar septae (figures 3.10.8. to 3.10.14, 

panel A). In contrast, after IT instillation of bleomycin, increased collagen staining 

was evident in all three groups of mice (figures 3.10.8 to 3.10.14, panel B). Blue 

staining occurred in a disorganized manner, interspersed with cells and appeared to be 

particularly intense in COX-2 +/+ and COX-2 +/- mice (figures 3.10.9B and 3.10.11 

B respectively). However, this was probably due to the increased number of red- 

staining cells in the COX-2 -/- mice dominating the field (figure 3.10.13B). Loss of 

alveolar architecture was seen in all three groups of mice and was particularly 

widespread in COX-2 -/- mice. Furthermore, when the extent of fibrosis was graded, 

mean fibrosis scores were higher for COX-2 -/- mice compared with COX-2 +/+ mice 

(section 3.10.5) suggestive of increased collagen deposition in the lungs of these 

animals. However, this did not correlate with estimates of lung collagen content 

based on the amount of hydroxyproline. Bleomycin either increased or appeared to 

potentiate levels of lung collagen in all three groups of mice, regardless of genotype 

(figure 3.10.15). In wild-type mice, bleomycin increased collagen synthesis by about 

77% and 69% in male and female mice respectively compared with saline-treated
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animals of the same sex. Lung levels of collagen in response to bleomycin were 

significantly higher in male COX-2 +/+ mice than female COX-2 +/+ mice. 

Unfortunately, gender-related effects on collagen synthesis in the background strain 

of mice were not anticipated and the majority of male COX-2 -/- mice were used for 

breeding. Since these gender-related effects were evident in wild-type mice, it is 

likely to be a feature of the background mouse strain and suggests that females are 

partially protected from developing an aggressive fibrotic reaction. More 

importantly, there were no differences in bleomycin-induced increases in lung 

collagen content between female COX-2 +/+, COX-2 +/- and COX-2 -/-mice after 14 

days. Quantitation of lung hydroxyproline levels, following bleomycin instillation 

did not reveal an association between disrupted COX-2 expression and exaggerated 

increases in collagen content in response to lung injury. Although, the effects of 

bleomycin on lung injury in COX-2 +/- and COX-2 -/- mice needs to be further 

evaluated and characterized extensively, it is possible that the enhanced activity of 

inflammatory cells in the lungs of these mice may down-regulate collagen synthesis. 

Alternatively, increases in lung collagen in response to bleomycin may reflect an all 

or nothing response and there are no reports to my knowledge of exaggerated 

increases in lung collagen following bleomycin-induced lung injury. The effect of 

bleomycin in these mice needs to be evaluated at earlier and later time-points to 

clarify these issues. These experiments did however, demonstrate a heightened 

inflammatory response in the lungs of COX-2 +/- and COX-2 -/- mice and the 

following section discusses potential mechanisms for the modulation of inflammation 

by COX-2.

4.5.5 Mechanisms for the anti-inflammatory actions of COX-2

Recent evidence suggests that the cyclopentenone family of prostaglandins exert 

powerful anti-inflammatory, anti-viral and anti-proliferative activities. In particular, 

prostaglandins PGA2 and PGJ2 are formed following dehydration of the 

cyclopentenone ring of PGE2 and PGD2 respectively. In carageenin-induced pleurisy 

in rats, COX-2 expression peaks at 2h and is associated with PGE2 synthesis while a
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second peak of expression occurs after 48h and is associated with synthesis of PGD2 

and 15deoxy ' (15dPGJ2), the metabolite formed after dehydraytion and

isomérisation of PGD2 (Gilroy et aL, 1999). This second wave of COX-2 activity 

coincides with resolution of inflammation and is inhibited by indomethacin and NS- 

398. Secondly, A and H-type prostaglandins inhibit IkB kinase (IKK) which 

activates NF-kB in response to proinflammatory mediators (Rossi et aL, 2000). Thus 

in the absence of COX-2, both prostaglandins and their associated dehydration 

products would not be synthesized and could therefore contribute to the exacerbation 

of inflammation in bleomycin-induced lung injury.

A second mechanism for the enhanced inflammation in mice with disrupted COX-2 

expression is via shunting of arachidonic acid to the lipooxygenase pathway resulting 

in the generation of pro-inflammatory leukotrienes. LTB4 is a powerful 

chemoattractant for neutrophils, numbers of which were increased in COX-2 -/- mice 

exposed to bleomycin. Levels of LTB4 are also increased in lung homogenates from 

patients with pulmonary fibrosis (Wilbom et aL, 1996). Further studies are required 

to assess the contribution of PGE2 ’s dehydration products and lipooxygenase-derived 

metabolites and the regulation of lung inflammation in COX-2 +/- and COX-2 -/- 

mice.

4.5.6 Summary

Following exposure to bleomycin, COX-2 expression is upregulated and persists for 

at least 14 days suggesting a role for PGE2 in experimentally-induced pulmonary 

fibrosis. Furthermore, disruption of COX-2 expression renders mice more susceptible 

to the development of an inflammatory response upon bleomycin-induced lung 

injury. However, bleomycin-induced increases in lung collagen, 14 days post-injury 

did not differ in the absence or presence of COX-2 expression. Further studies are 

required to fully characterize the progression of pulmonary fibrosis in COX-2 

deficient mice.
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4.6 FUTURE PERSPECTIVES

The novel findings of this thesis should be pursued in several ways. Firstly the nature 

of the defect in COX-2 expression in patients with pulmonary fibrosis should be 

further addressed. Secondly, the effect of bleomycin on lung injury in COX-2 

deficient mice needs to be fully evaluated and characterized. This section addresses 

these issues and discusses possible therapeutic implications for the findings of this 

thesis.

4.6.1 Fibroblast COX-2 deficiency

A key finding in this thesis was the failure to upregulate COX-2 expression in 

response to TGF-pi by fibroblasts cultured from patients with pulmonary fibrosis and 

in a group of non fibrotic cell lines (section 3.7.3). This defect resulted in diminished 

levels of PGE2 in response to TGF-pi (section 3.1.2) and correlated with altered 

functional responses to TGF-pi (sections 3.2.2, 3.3.2 and 3.4.2). The finding of a 

sub-set of cell lines established from non fibrotic lung which were unable to 

upregulate COX-2 expression has potential implications for the pathogenesis of 

pulmonary fibrosis. The individuals from whom these cell lines were derived, may 

represent a sub-set of the normal population who are predisposed to developing 

pulmonary fibrosis. It would be of interest to determine whether any of the non-PGE 

synthesising group II cell lines or group III fibrosis cell lines exhibit any evidence of 

viral infection. The presence of viruses such as EBV results in a loss of the anti

proliferative response to TGF-pi. (Arvanitakis et al, 1995), a phenotype 

demonstrated by both group II and III cell lines, (sections 3.2.2 and 3.3.2). Recently, 

infection by EBV was demonstrated in the idiopathic form of chronic interstitial 

nephritis (Becker et aL, 1999). Viral infection may itself inactivate the COX-2 

promoter, and future studies could be directed at investigating the role of viral 

infection and COX-2 expression in patients with pulmonary fibrosis. Alternatively, a 

naturally occurring COX-2 polymorphism may account for the limited capacity to 

synthesize PGE2 due to a failure to upregulate COX-2 expression in fibroblasts from
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groups II and III, Mutation screening of DNA from these cell lines or from blood 

from the normal population and from patients with pulmonary fibrosis could identify 

possible candidate mutations that functionally result in the loss of COX-2 

inducibility. Such a polymorphism would not affect constitutive COX-2 expression 

but prevent the fiirther upregulation of COX-2 and hence PGE2 . This is further 

substantiated by the marked upregulation of COX-2 in injured rat lungs compared to 

animals treated with saline (sections 3.8.2 and 3.8.4). Viral infection may be an 

appropriate stimulus, which requires induction of COX-2 and in the absence of 

increased PGE2 synthesis, it is possible that an exacerbated inflammatory response 

and/or fibroproliferative response would ensue. If a polymorphism was found in the 

COX-2 gene, which functionally results in an inability to induce COX-2, this could 

have vast implications not only for pulmonary fibrosis but also for other 

fibroproliferative disorders and conditions associated with inflammation, occurring in 

other organs. Mutation screening for COX-2 polymorphisms in the normal 

population, and in patients with pulmonary fibrosis is currently being undertaken by 

Mike Hill and colleagues.

COX-2 expression could be determined in other cell types from non-fibrotic and 

fibrotic lung in an attempt to determine whether this defect is specific to the 

fibroblast. It is very likely that the defect is present in other cell types given that 

BALF levels of PGE2 are reduced by about 50% compared to normal individuals 

(Borok et aL, 1991). Secondly, upregulated COX-2 expression in bleomycin-injured 

lungs was evident not only in the interstitium but also in the epithelium and in 

inflammatory cells (sections 3.8.2 and 3.8.4) suggesting that other cell types 

contribute to PGE2 synthesis in response to injury.

4.7.2 Bleomycin-induced pulmonary fibrosis in COX-2 deficient mice.

Whilst evidence is accumulating for an anti-inflammatory role for COX-2 and this is 

further substantiated by the finding of an increased inflammatory response in COX-2 

deficient mice following instillation with bleomycin, the issue of whether COX-2 is
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also anti-fibrotic needs to be clarified. The concept of an anti-fibrotic role for COX-2 

is supported by the in vitro findings of this thesis, whereby a failure to upregulate 

COX-2 expression correlated with a loss of TGF-pi-mediated inhibition of 

proliferation (sections 3.2.2, 3.3.2 3 and 3.7.3) and possibly contributed to enhanced 

TGF-Pi-induced collagen synthesis (sections 3.4.2). However, the in vivo findings 

based on measurements of bleomycin-induced increases in lung collagen content in 

COX-2 deficient mice were not conclusive. These studies were partly confounded by 

the observation of gender-related effects on bleomycin-induced collagen synthesis in 

the background strain of mice. Indices of inflammation and estimates of collagen 

content need to be determined at earlier and later time-points following instillation 

with bleomycin so that the progression of the disease can be fiilly characterized. This 

would require BALF analysis of cells, proteins, and arachidonic acid metabolites in 

saline and bleomycin-treated wild-type and COX-2 deficient mice. The contribution 

of PGE] dehydration products to the fibrotic response in wild type and COX-2 

deficient mice would also be of interest. This could be evaluated by measuring levels 

of metabolites such as PGA2 and PGJ2 in BALF following bleomycin and 

characterizing their effects on fibroblasts in culture.

If COX-2 does modulate the inflammatory response, then the use of NSAIDs, 

particularly the new class of COX-2 selective inhibitors needs to be re-evaluated. 

These studies need to address whether the concentration of COX-2 inhibitor 

administered clinically is sufficient to predispose patients to developing pulmonary 

fibrosis. In vivo studies should be performed, whereby COX-2 is inhibited by a 

selective COX-2 inhibitor, followed by administration of bleomycin to determine 

whether a more aggressive fibrotic response is initiated in these mice compared with 

mice receiving bleomycin alone. Already mice receiving new COX-2 selective 

compounds demonstrate impaired wound healing (Prof Jack Elias, personal 

communication).

This thesis has demonstrated that patients with pulmonary fibrosis have a limited 

capacity to synthesize PGE2 due to a failure to upregulate COX-2 expression in
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response to TGF-p|. This defect correlated functionally with a loss of the anti

proliferative response to TGF-Pi and an exaggerated increase in TGF-Pi-induced 

procollagen synthesis. Furthermore an anti-inflammatory role for PGE2 was 

demonstrated in COX-2 deficient mice following bleomycin-induced lung injury. 

Taken together, the findings in this thesis support a role for PGE2 in maintaining 

normal lung extracellular matrix homeostasis and that this regulation is lost in 

patients with pulmonary fibrosis. Thus, augmenting lung PGE2 levels, in patients 

with pulmonary fibrosis could be of therapeutic benefit and represents a novel 

treatment for the disease. Evidence in support of this exists in patients with ARDS 

and FA-SSc. The following section considers possible methods for supplementing 

PGE2 levels in the lung.

4.6.3 Augmenting lung PGE] levels as a therapeutic strategy in pulmonary 

fibrosis

Efforts to sustain elevated levels of PGE2 synthesis have been fraught with difficulty 

due to its rapid degradation. In the lung, one study attempted to increase levels of 

PGE] in the lower respiratory tract by aerosol administration (Borok et al., 1991). 

Levels of PGEi were markedly increased but this was short-lived and declined back 

to baseline levels by three hours. This transient increase in PGE] levels was however, 

without any adverse systemic effects.

Enhanced levels of prostanoid synthesis have been successfully achieved in other 

organs. In particular, the pathogenesis of primary pulmonary hypertension (PPH) is 

associated with reduced prostacyclin (PGI2) production (Christman et aL, 1992; 

Badesch et aL, 1989). PGI2 is the predominant prostanoid of smooth muscle cells and 

inhibits the proliferation of these cells (Libby et aL, 1988). In the absence of this 

mediator, uncontrolled proliferation of smooth muscle cells occurs eventually leading 

to extensive remodelling of the pulmonary vasculature and the development of PPH. 

Continuous intravenous administration of prostacylin is now a recognised therapy for 

the treatment of PPH (Barst et aL, 1996). Recently, decreased expression of PGI2
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synthase, the terminal enzyme in the biosynthesis of prostacyclin was reported in the 

lungs of patients with PPH (Tuder et al., 1999). In an attempt to examine the role of 

pulmonary PGI2, Geraci and colleagues (1999) successfully developed transgenic 

mice overexpressing PGI2 synthase. These mice were protected from developing 

PPH after exposure to chronic hypobaric hypoxia. Moreover, this study demonstrated 

a method for overexpressing a prostanoid biosynthetic enzyme as a means of 

upregulating prostaglandin synthesis. In terms of pulmonary fibrosis, upregulating 

the corresponding enzyme for PGE2 synthesis would be without effect since the 

defect is further upstream at the level of the COX enzyme. However, a similar 

approach could be used to overexpress COX-2 as a potential method for elevating 

lung PGE2 levels. The delivery system would require a non-viral vector given the 

possible association between viral infection and pulmonary fibrosis. The main 

challenge facing overexpression of COX-2 in the lung is getting targeted and 

sustained expression in the interstitium.

Another potential method for upregulating PGE2 levels systemically is via the use of 

long-acting agonists of PGE2 . Misoprostol, in particular is a long-acting PGE] 

analog, clinically administered in combination with NSAIDs as a means of 

maintaining gastric prostaglandin levels. In vitro, misoprostol modulates the activity 

of inflammatory cytokines and exerts similar effects on immune functions as the 

naturally occurring prostaglandins (Haynes et a l, 1992). Furthermore, the drug has 

been profiled extensively in the clinic and appears to be well tolerated with an 

excellent safety profile (Herting and Clay 1985). However, evidence favours a role 

for the EP2 and/or EP4 receptors, which positively couple to adenylate cyclase in 

mediating the inhibitory effects of PGE2 on fibroblast proliferation and collagen 

synthesis. Misoprostol on the other hand is selective for the EP2 and EP3 receptors 

(Negishi et aL, 1993) and therefore may not mimic the required biological actions of 

PGE]. Stable analogues of PGE2 are available but these need to target the correct EP 

receptors such that the required biological effect is obtained.
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In summary, overexpression of COX-2 is most likely to be the best method for 

augmenting levels of PGE] until an EP2/EP4 receptor selective agonist becomes 

available. In the event of such a case, not enough is known about EP receptor 

expression in the normal lung to accurately predict the effects of these drugs. In 

addition, targeted overexpression of COX-2 is required in the lower respiratory tract 

in patients with pulmonary fibrosis. This will require an efficient non-viral delivery 

mechanism with sustained expression of COX-2. With advances in gene delivery 

mechanisms, this may be deemed possible in the near future.
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4.7 CONCLUSION

The pathogenesis of pulmonary fibrosis is thought to be associated with the induction 

of mediators, which promote fibroblast proliferation and extracellular matrix 

synthesis. However, the reduction of mediators which inhibit fibroblast proliferation 

and extracellular matrix production may be equally important. In the present study, I 

have addressed the hypothesis that a loss of the normal negative regulatory 

mechanisms coupled with an increase in pro-fibrotic mediators plays an important 

role in the development of pulmonary fibrosis. More specifically, I have investigated 

the interaction between TGF-pi, a major fibrogenic cytokine and the inhibitory 

mediator, PGE2 on proliferation and procollagen production in fibroblasts isolated 

fi'om fibrotic and non fibrotic lung. Secondly, I have examined the role of PGE2 in 

the regulation of collagen production in the normal lung and in bleomycin induced 

pulmonary fibrosis with the use of COX-2 deficient mice.

The findings of this thesis full-fill the specific aims set out previously (section 1.7.2) 

and are summarized as follows.

I have demonstrated that fibroblasts from patients with pulmonary fibrosis have a 

limited capacity to synthesize PGE2 both basally and in response to TGF-pi.

I have examined the functional significance of impaired PGE2 synthesis and 

demonstrated that fibroblasts from fibrotic lung have lost the anti-proliferative 

response to TGF-pi, and exhibit an exaggerated increase in TGF-pi-induced 

procollagen synthesis.

I have shown that autocrine synthesis of PGE2 mediates the anti-proliferative effects 

o f TGF-pi and that PGE2 may have a small influence on collagen synthesis in 

response to TGF-Pi in lung fibroblasts.
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I have established that TGF-Pi-induced PGE2 synthesis in normal lung fibroblasts 

occurs via upregulation of COX-2.

An unexpected finding was the identification of a sub-set of fibroblast cell lines 

derived from non fibrotic lung, which also fail to upregulate COX-2 expression in 

response to TGF-|3|, have lost the anti proliferative response to TGF-pi, exhibit 

increased TGF-Pi-induced collagen synthesis and display a limited capacity to 

synthesize PGE]. This suggests that the individuals fi'om whom these cell lines were 

derived may be susceptible to the development of pulmonary fibrosis given an 

appropriate stimulus. This has initiated a study to identify COX-2 polymorphisms in 

the normal population.

I have demonstrated that COX-2 expression increases in the lung following 

bleomycin-induced lung injury and this supports an in vivo role for PGE] in the 

development of pulmonary fibrosis.

Finally, I have provided evidence for an enhanced inflammatory response in COX-2 

deficient mice with experimentally-induced pulmonary fibrosis. However PGE] does 

not appear to modulate collagen synthesis in response to bleomycin-induced lung 

injury.

In conclusion these results are consistent with the hypothesis that fibroblasts derived 

from fibrotic lung have a decreased capacity to synthesize PGE] due to a failure to 

upregulate COX-2 expression. In the presence of increasing levels of pro-fibrotic 

mediators such as TGF-(3i this could lead to unopposed inflammation and fibroblast 

proliferation. The regulatory effects of PGE] on collagen synthesis in the normal and 

injured lung remain to be elucidated.
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