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Abstract

Cigarette smoke is the main etiological factor in the development of chronic obstructive

pulmonary disease (COPD), a major component of which is emphysema. Chronic

inflammation, driven by both an oxidant and protease imbalance in the lung is

hypothesised to play a central role in the development of both COPD and its component

emphysema. The discovery that the expression of vascular endothelial growth factor

(VEGF) and one of its receptors, the kinase insert-domain receptor (KDR) are both

reduced in emphysematous lungs has lead to the emergence of a non-inflammatory

vascular perspective in the pathogenesis of the disease. VEGF/KDR signalling

represents one of the most important signalling systems in the vasculature. It plays an

integral role in the development and maintenance of the vasculature, and is critical for

the maintenance of the alveolar structures. A decrease in both VEGF and KDR was

observed in rat lungs exposed to cigarette smoke as well as disruption to the other

components of their signalling complex, neurophilin-1 and gylpican-1. Impaired survival

signalling in rat lungs exposed to cigarette smoke was also demonstrated. These changes

were mirrored in both smokers and COPD lungs, indicating that these changes may play

a role in cigarette smoke induced COPD.

Cigarette smoke-triggered inflammation in COPD may be maintained by a mechanism

involving enhanced pro-inflammatory gene transcription. The balance between histone

acetylation and deacetylation is a key regulator of the specificity and duration of gene
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transcription, where an imbalance may result in excessive transcription of specific pro¬

inflammatory genes in the lungs. Cigarette smoke exposure was shown to result in an

influx of inflammatory cells and chromatin remodelling in rat lungs. This was associated

with an increase in histone acetylation concomitant with increased mitogen activated

protein kinase activation and increased DNA binding of pro-inflammatory transcription

factors. Reduced histone deacetylase 2 expression and activity was observed, which may

be a result of covalent modification. These findings suggest a plausible molecular

mechanism by which cigarette smoke drives pro-inflammatory gene transcription and an

inflammatory response in the lungs by oxidative stress activated pathways.
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Chapter 1

Introduction



1.1 The lung

The principle function of the lung is the transfer of gas between the external

environment and the circulation. Oxygen (O2), the fundamental gas of all aerobic

life, diffuses into the circulation and binds to haemoglobin, displacing carbon dioxide

(CO2), which is released, allowing a continuous essential supply of O2 to the bodies

organs and tissues, whilst removing CO2. This is achieved by the maintenance of the

partial pressures of these gasses in the systemic arterial blood within the normal

range; Pao2 10.5-13.5kPa (80-100mmHg) and Paco2 4.8-6.0kPa (35-45mmHg).

Furthermore, the lung also acts as a barrier between inhaled, potentially harmful

organisms and both organic and inorganic substances present in the air and the body

(Leitch, 2004).

The lung Structure

Figure 1.1 Diagram of lung structures. A diagrammatic representation of the divisions of the

bronchus, from the primary bronchus to the alveoli beyond the respiratory bronchioles. Adapted from

MedlinePlus medical encyclopaedia (www.nim.nih.gov/medlineplus/encvclopedia.html).

Terminal ^

bronchiole "^Alveola
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The upper respiratory tract consists of the area proximal to the cricoid cartilage and

has several functions including air conduction, swallowing, smell and speech

(Proctor, 1977). The lower respiratory tract consists of the trachea, airways and

airspaces distal to the trachea. The trachea then divides into the right and left main

bronchi, which then further divide into the lobar bronchi (Horsfield, 1981). Both the

trachea and the large bronchi are situated outside the lung substance; all other lung

bronchi are situated within the lung. The bronchi continue down to the smallest

divisions of the lower airways that contain cartilage. From this point onwards they

become bronchioles, with the penultimate branches termed the terminal bronchioles.

Thereafter, subsequent divisions contain increased numbers of alveoli emanating

from their walls and are referred to as respiratory bronchioles; these finally become

the alveolar ducts and the alveoli themselves. The part of the lung served by each

terminal bronchiole is termed the acinus, which consists of the terminal non-

alveolated bronchiole and up to three orders or respiratory bronchioles, each with

their associated alveolar ducts and alveoli arising from their walls (Weibel, 1963).

Alveoli in the respiratory bronchioles are initially relatively sparse, but become more

frequent thereafter. The alveolar ducts are very short tubes surrounded almost

entirely by the orifices of alveoli, while alveolar sacs are even shorter, hemispherical

structures, the walls of which are composed of alveoli. There are approximately

25,000 acini in the human lung, giving rise to some 300 million alveoli. The total

surface area of the alveoli has been estimated at between 40 and 80 m2 making it an

ideal organ for gas exchange. The total cross-sectional area of the airway in the

trachea is about 2cm and does not increase until after the first 2 divisions.

2



2
Thereafter, increasing divisions produces a greater area, 80cm at the level of the

terminal bronchiole and 700,000 cm2 at the level of the alveolar ducts. Thus the

major resistance to airflow occurs in the large airways (Seaton, 2000).

Cells of the Lung

There are some 28 different cell types in the lungs, each with various functions

ranging from defence and immunity to gas exchange (Corrin, 1981). Three major cell

types will be foucused on for the purpose of this study, alveolar epithelial cells,

endothelial cells and macrophages.

The alveolar wall consists of type I and II pneumocytes, basement membrane,

interstitial tissue and capillary endothelial cells. The type I pneumocytes are the

principle epithelial cells in the alveoli and are specialised for the diffusion of gas

from the alveoli to the capillaries. Although fewer in number than the type II cells,

their surface area is greater, covering most of the alveolar surface. However, these

type I pneumocytes cannot undergo mitosis and are derived from Type II cells

(Bowden, 1981). In contrast, type II pneumocytes are more numerous than their type

I counterparts. They are cuboidal in shape and tend to be situated at the 'comers' of

the alveoli, poised to undergo transformation into a type I cell. Moreover, they have

microvilli on their alveolar surface and secrete surfactant into the alveolar lumen,

which is a critical factor in lowering alveolar surface tension, preventing alveolar

collapse (Mason and Williams, 1977). Type II cells also play a critical role in the
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defence and maintenance of the lung alveoli by releasing factors such as glutathione

(GSH) and vascular endothelial growth factor (VEGF). Glutathione (GSH), a

ubiquitous tripeptide thiol, is a vital intra- and extracellular protective antioxidant in

the lungs, which detoxifies oxidants, free radicals, organic polyaromatic

hydrocarbons and electrophilic compounds (Rahman et ah, 1995). Antioxidants such

as GSH protect alveolar macrophages, pulmonary epithelial cells and pulmonary

endothelial cells from oxidative stress and help to maintain functional surfactant

(Lash et ah, 1986; Cross et ah, 1994). Alveolar epithelial cells are also the primary

source of VEGF in the lungs, which plays a pivotal role in the maintenance and

survival of vascular endothelial cells, maintenance of the alveolar structure and

vascular permeability (Ferrara, 2001).

Endothelial cells line the abundant alveolar capillaries and are the most numerous

cells in the alveolar walls, accounting for 40% of the total cell population of the lung.

These cells play a vital role in the regulation of blood flow to the alveoli and

thoughout the lung, controlling vasodilatation and vasoconstriction through the

release of vasoactive mediators (Barnes and Belvisi, 1993; Barnes and Belvisi,

1993). Endothelial cells have a critical role in the maintenance and formation of new

blood vessels, which is central to the repair process of damaged tissue (Smith and

Ryan, 1973; Sulkowski et al., 1997; Ferrara, 2001; Ferrara, 2001). Damage to

pulmonary vascular endothelium can result in endothelial dysfunction and vascular

leaking and may lead to pulmonary hypertension and oedema (Goldie and Pedersen,

1995; Barbera et al., 2003). The alveolar septae are composed largely of

microvascular endothelial cells that form the capillaries surrounding the alveoli and
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are therefore important for the maintenance of the alveolar structure. Reduction in

the capillary density through inhibition of endothelial cell proliferation and survival

results in reduced alveolarisation of the developing rat lung and enlargement of the

airspaces through destruction of the alveolar cell walls in the lungs of adult rats

(Jakkula et ah, 2000; Kasahara et ah, 2000).

Alveolar macrophages are the main phagocytic cells in the lungs and are the primary

defence cells in the alveolar region, responding on demand with an adaptive

recruitment of new cells into the air spaces (Bowden, 1984). Derived from bone

marrow, they enter the circulation as monocytes then enter the lung though the

endothelium by diapedesis where they undergo maturation into macrophages (Davis

et ah, 1978). Alveolar macrophages act to decrease the probability of particle

penetration through epithelial barriers, and their phagocytic and lytic potentials

provide most of the known bactericidal properties of the lung (Bowden, 1984). When

activated, they release a host of immuno-modulatory and inflammatory factors

including proteases, cytokines and superoxide (O2 ). The alveolar macrophage is

designed to ingest particulate matter by phagocytosis, such as microbes, foreign

bodies and apoptotic cells, clearing the way for the repair of damaged areas of tissue

and then to be eliminated along the mucociliary pathway (Bowden, 1984; Giles et ah,

2000). A population of macrophages within the pulmonary interstitium provide a

reserve pool capable of proliferation and delivery of phagocytes in response to

unusual heavy loads of inhaled particles (Davis et ah, 1978).
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Although the protective role of the macrophage is dominant, they are also involved

in the inflammatory and immune responses that are implicated in the development of

lung diseases, either directly or indirectly, in the genesis of two major groups of

chronic pulmonary disease, interstitial fibrosis and emphysema (Gauldie et al.,

1993). Such inappropriate responses involve interactions with fibroblastic cells and

tissue injury initiated by proteases secreted by the macrophage (Brain, 1980). Thus,

althrough macrophages serve as the first line of defence for the alveolar surface, they

may also be capable of injuring the host while exercising their defensive role.

1.2 Cigarette Smoke

Tobacco use is the leading causes of preventable deaths in the world today with over

5.9 million tobacco-related deaths per year. Current projections show a rise of 31%

in tobacco-related deaths and if this trend continues it will cause some 10 million

deaths each year by 2025 (World Health Organization (WHO), 2004; Murray and

Lopez, 1997a). Cigarette smoke itself contains over 1017 oxidant molecules 'per puff

and over 4700 chemicals, many ofwhich are carcinogenic (Church and Pryor, 1985).

Smoking is a risk factor for many pathological conditions, among which the most

prevalent are respiratory diseases such as chronic obstructive pulmonary disease,

cardiovascular disorders such as arteriosclerosis and lung cancer (Murray and Lopez,

1997b).
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1.3 Chronic Obstructive Pulmonary Disease

Normal
healthy
air sacs

Enlarged view of air sacs (alveoli)

Emphysema:
weakened and
collasped air
sacs with
excess mucus

Figure 1.2 Representation of COPD. A diagrammatic representation of COPD showing enlargement

of the airspaces, representative of emphysema and mucus hypersecretion, representative of chronic

bronchitis. Adapted from MedlinePlus medical encyclopaedia

(www.nim.nih.gov/medlineplus/encvclopedia.html).

Chronic obstructive pulmonary disease (COPD) is a leading cause of chronic

morbidity and mortality worldwide and is currently projected to become the 5th

commonest cause of morbidity and the 3rd commonest cause of death by 2020

(Pauwels et al., 2001). Cigarette smoke is the main etiological factor in the

development of COPD. However, only 15-20% of smokers develop COPD, which

implies that there is susceptibility within the population of smokers (Hogg, 2004).

The reasons for this remain unclear but are thought to involve genetic predisposition,

dietary habits, differences in depth or pattern of cigarette smoke inhalation,

variations in cellular and biochemical responses and differences in immune or

regenerative capacity of the lungs cells (Snider, 1989). COPD is a disease

characterised by airflow limitation that is not fully reversible and is usually
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progressive and associated with an abnormal inflammatory response in the lungs to

inhaled toxic particles and gases (table 1.1) (Pauwels et al., 2001; Gomez and

Rodriguez-Roisin, 2002).

Table 1.1 Lung Function in COPD
Severity Postbronchodilator FEV1 %

FEV1/FVC Predicted
At Risk: smokers/exposure to air pollutants, >0.7 80

cough/sputum/dyspnoea, family history or respiratory disease
Mild COPD 0.7 80
Moderate COPD 0.7 50-80
Severe COPD 0.7 30-50

Very Severe COPD 0.7 <30

Classification ofCOPD, adapted from the Global Initiative for Chronic Obstructive Lung Disease (GOLD)
project (Pauwels et al., 2001). *FEV1: forced expiratory volume in one second: FVC forced vital capacity

However, COPD is a condition that encompasses a range of component diseases,

which may be present to varying degrees in different patients including emphysema,

chronic bronchitis and bronchiolitis (figure 1.2), which result in a heterogeneous

disease with different clinical phenotypes. These component diseases, comprise

pathological changes in four areas of the lung; the central airways, peripheral

airways, lung parenchyma and pulmonary vasculature, each occurring with varying

severity in different individuals (table 1.2) (Pauwels et al., 2001; Gomez and

Rodriguez-Roisin, 2002). Chronic bronchitis, a disease of the central airways, is

characterised clinically by the presence of chronic cough and sputum production on

most days for a minimum period of 3 months a year, for at least 2 successive years

(Turato et al., 2001). This results from inflammation and mucus gland hyperplasia,

leading to excess mucus production and dysfunction of the microciliary clearance

pathway in the large airways (Clarke, 1989). Cigarette smoke exposure plays a

critical role in the pathogenesis of chronic bronchitis-associated mucociliary
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dysfunction preventing the clearance ofmucus from the airways, resulting in sputum

retention, mucus plugging which may lead to respiratory failure (Verra et al., 1995).

Bronchiolitis occurs in the small airways of the lung (less than 2 mm in diameter). It

is characterised by inflammation, smooth muscle hypertrophy and fibrosis of the

peripheral airways, which results in remodelling and narrowing of the small airways.

As COPD progresses, the small airways become an increasingly important site of the

resistance to airflow (Hogg et al., 1968). Emphysema (discussed in pages 10-18)

occurs in the lung parenchyma and is characterised by the enlargement of the

airspaces distal to the terminal bronchioles through destruction of the alveolar walls

(Kim et al., 1991). Chronic enhanced inflammation resulting in both protease and

oxidant imbalances in the lung lead to epithelial and endothelial cell death, thereby

destroying the alveoli walls, increasing the size of the airspaces and reducing both

the oxygen transfer and elastic recoil of the lungs (Turato et al., 2001).

Table 1.2 Pathological Changes in COPD
Lung region Morphological and cellular changes in COPD
Central airways • Subepithelial infiltration ofmononuclear cells (macrophages, CD8+ T

lymphocytes)
• Mucous gland hypertrophy and inflammation
• Subepithelial infiltration of eosinophils during exacerbations of COPD
• Subepithelial infiltration ofneutrophils

Peripheral • Goblet cell hyperplasia
airways • Subepithelial infiltration of CD8+ T lymphocytes

• Smooth muscle hypertrophy
• Wall fibrosis
• Destruction of the alveolar attachments

Lung • Destruction and enlargement restricted to the respiratory bronchioli and the
parenchyma central portion of the acinus (centricular emphysema)

• Destruction and enlargement uniformly involving the whole acinus (panacinuar
emphysema)

• Infiltration of CD8+ T lymphocytes

Morphological and cellular changes in COPD according to lung region, adapted from Turato et al 2001 (Turato et
al., 2001).
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Emphysema

Figure 1.3 Representation of emphysema. Diagrammatic representation of emphysema showing

enlargement of the airspaces and destruction of the alveolar walls. Adapted from MedlinePlus medical

encyclopaedia (www.nim.nih.gov/medlineplus/encvclopedia.html)

Emphysema is a condition defined by the destruction of the lung parenchyma and is

characterised by the permanent enlargement of the air spaces distal to the terminal

bronchioles due to destruction of the alveolar walls (figure 1.3). The destruction of

the alveolar wall occurs as a result of epithelial and endothelial apoptosis and the

degradation of the extracellular matrix (ECM). Chronic enhanced inflammation plays

a central role in the cellular and ECM damage, where pro-inflammatory cell derived

oxidants and proteases overwhelm the lungs natural defences (Barnes et al., 2003).

These inflammatory cell-derived oxidants, in combination with oxidants derived

directly from environmental pollutant such as cigarette smoke, impose cellular stress

and damage, perpetuating the inflammatory response (discussed in pages 14-18).

Inflammatory cell derived proteases, such as neutrophil elastase and matrix
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metalloproteases degrade the ECM of the alveolar cell wall, further perpetuating the

cycle of inflammation (discussed in pages 12-14). Although these imbalances are

thought to play an important role in the destruction of the alveolar region, only 15-

20% of smokers develop emphysema suggesting other risk factors such as a genetic

predisposition play an important role (Snider, 1989; Takubo et ah, 2002).

Emphysema is described as either centriacinar or panacinar (table 1.2) (Kim et ah,

1991). Centriacinar emphysema involves destruction and enlargement of the alveoli

around the respiratory bronchioli in the central portion of the acinus, whereas

panacinar emphysema is destruction and enlargement of the alveoli thoughout the

whole of the acinus (Turato et ah, 2001; Kim et ah, 1991). Emphysema not only

contributes to COPD by impairing gas exchange, but also contributes to the

expiratory airflow limitation. Expiratory airflow is a result of driving pressure

(elastic recoil of the lung) and of an opposing resistance of the airways (Saetta et ah,

1994). The destruction of the parenchyma in emphysema results in reduced elastic

recoil of the lung, thereby limiting expiratory airflow (Saetta et ah, 1994).
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Protease:Antiprotease Theory

Cigarette
smoke V

Inflammatory
cell influx

Tissue

damage

Figure 1.4 Hypothetical representation of the vicious cycle of protease-mediated tissue damage

and inflammation in response to cigarette smoke.

In 1963 Laurell and Eriksson identified a distinct pattern of the serum ai-protease

inhibitor, ai-antitrypsin (ai-AT) indicating a deficiency which was associated with

the development of emphysema (Laurell and Eriksson, 1963; Eriksson, 1964).

Laurell and Eriksson also recognised that aj-AT deficiency is an inheritable

condition, which is now known to have more than 20 phenotypes (Kueppers and

Black, 1974). Around the same time Gross et al observed that installation of the plant

protease, papain, in rat lungs produced a similar morphological appearance to human

emphysema (Gross et al., 1965). These observations lead to the hypothesis that

proteolytic degradation may play an important role in the development of human

emphysema, where a critical balance may exist between the lung proteases and their

complimentary anti-proteases. Therefore, as chronic enhanced inflammation in the

lung is a central feature of emphysema, the proteases released by the inflammatory
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cells eventually overwhelms the natural anti-protease defences in the lung causing

tissue damage, further inflammation, creating a vicious cycle of injury and

inflammation (figure 1.4) (Shapiro, 2002; Barnes et al., 2003). Several studies in

animal models have also suggested that a protease imbalance plays an important role

in cigarette smoke induced emphysema. Cigarette smoke induced elastase derived

from both macrophages and neutrophils causes connective tissue breakdown in mice,

furthermore, elastase inhibition reduces emphysematous-like changes in guinea pigs

exposed to cigarette smoke (Churg et ah, 2002; Wright et ah, 2002a; Shapiro et ah,

2003). Studies using transgenic and gene-targeted mouse models suggest that matrix

metalloproteases (MMPs) may also have an important role in the disease. Mice

deficient in macrophage elastase (MMP-12) fail to develop emphysema when

exposed long term to cigarette smoke, whereas over expression of MMP-1 in the

lungs of transgenic mice leads to airspace enlargement (Hautamaki et ah, 1997;

D'Armiento et ah, 1992). These studies highlight the importance of matrix

components, including collagen and elastin in the destruction of the alveolar air

spaces. However further studies have indicated that MMP-9 and not MMP-12 may

play a more prominent role in the human condition (Barnes et al., 2003)

The role of increased proteases in the destruction of the alveolar wall alone may not

be sufficient for emphysema to develop, as only a small proportion of smokers

develop the disease. Alveolar wall destruction may also involve a reduction in the

anti-protease defences, such as a genetic deficiency in a.]-AT, a well documented

predispositions for the development of emphysema that, concomitant with an

elevation in the inflammatory cell derived proteases, further increase the protease
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imbalance in the lung (Takubo et al., 2002). Further reductions in the anti-protease

defences may occur in smokers, as reactive oxygen species (ROS), including those

from cigarette smoke, can inhibit ai-AT by oxidation of methionine amino acid

residues at its active site (Pryor et al., 1986; Taggart et al., 2000).

OxidantrAntioxidant Theory

Figure 1.5 Hypothetical representation of the vicious cycle of oxidant mediated tissue damage

and inflammation in response to cigarette smoke.

Cigarette smoke is the main etiological factor in the development of COPD,

imposing a massive direct oxidant burden on the lungs. These cigarette-smoke

derived oxidants or ROS, result in an inflammatory response in the lung. The

resultant influx of inflammatory cells themselves release ROS by utilizing NAPDH

oxidase and O2 to generate superoxide (O2 ")> which forms hydrogen peroxide (H2O2)

spontaneously through the actions of superoxide dismutase (SOD) (Kuroki et al.,

Cigarette Tissue Damage
smoke

Pro-inflammatory
gene transcription
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1996; Cho et al., 2001). These inflammatory cell-generated ROS add to the oxidant

burden directly imposed on the lung by the cigarette smoke. The oxidant levels in the

lung overwhelm the lung antioxidant defence mechanisms such as catalase, SOD and

glutathione (GSH) (Rahman and MacNee, 2000a). Without the protection from

antioxidants, tissue may become damaged, resulting in further inflammation,

oxidative stress and yet further tissue damage, leading to a self-perpetuating vicious

cycle (figure 1.5). It has also been suggested that the ability of individuals to regulate

antioxidant defences such as GSH in response oxidative stress may be a

susceptibility factor in the development of COPD and may, in part, relate to why

only 15-20% of smokers develop emphysema (Rahman and MacNee, 1999)

© ( 5
(LOOH)

Generation lipid peroxidation
products'. Reactive aldehydes
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Further lipid
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DNA damage Protein covalent
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i i
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Figure 1.6 Schematic representation of Membrane Lipid Peroxidation. This figure shows the

chain of events that occur during lipid peroxidation of the cell membrane. The hydroxyl radical (OH )

has the potential to abstract a hydrogen atom (H ) from C-H bonds and readily oxidises phospholipids,

resulting in a lipid peroxyl radical (LOO ) (Spiteller, 2001). These lipid radicals can then oxidise

adjacent unsaturated lipids, leading to a chain reaction of lipid peroxidation.
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ROS can cause cellular damage such as lipid peroxidation (Sahin et al., 2001) protein

modification and DNA damage (Asami et al., 1997). There is increasing evidence

that oxidative stress plays an important role in COPD (Rahman and MacNee, 2000a;

MacNee and Rahman, 2001; Barnes et al., 2003). ROS themselves are short-lived,

however they can generate products such as the reactive aldehyde 4-hydroxy-2-

nonenal (4-HNE) through lipid peroxidation. Lipid peroxidation occurs when an

unsaturated fatty acid on the outer lipid membrane of a cell is oxidised by a ROS free

radical (Spitz et al., 1990). This oxidised fatty acid lipid then oxidises the unsaturated

fatty acids next to it, initialing a chain reaction throughout the lipid layer (figure 1.6).

This can result in the formation the more stable reactive aldehydes such as 4-HNE,

which can diffuse through the cell and initiate the oxidative chain reaction in a

location distinct from the original insult, thereby multiplying the oxidative stress

imposed on the cell (Spitz et al., 1990; Rahman et al., 2002a; Rahman, 2003).

Reactive aldehydes can also modify DNA and oxidise proteins, resulting in their

altered function or degradation (Doom and Petersen, 2002). Indeed, the 4-HNE

adduct formation is linked with the pathophysiological effects of COPD (Rahman et

al., 2002a).

Vascular Theory

Recently a new non-inflammatory vascular theory for the pathogenesis of

emphysema has emerged. A role for vasculature the in the development of

emphysema was first proposed by Liebow and colleagues in the 1950's who
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suggested that emphysema may result from atrophy of the vasculature (Liebow,

1959). In this early hypothesis, importance was placed on the destruction of

pulmonary tissue with particular importance given to the loss of capillaries in the

development of emphysema. This theory then remained largely obsolete with the

focus turning to the emergence of the protease theory in the 1960's and then the

oxidant theory. However, the vascular theory has now been revived by two recent

studies, were modern concepts of vascular maintenance and endothelial cell

apoptosis highlighted the importance of the vasculature in emphysema. Firstly, a

study by Jakkula et al showed that inhibition of endothelial cell survival lead to

reduced alveolarisation in the developing rat lung, indicating that the

microvasculature of the alveoli play a critical role in the development of the alveolar

structure (Jakkula et al., 2000). A further study by Kasahara et al showed that

inhibition of endothelial cell survival in the lungs of adult rats lead to the

development of enlarged airspaces, destruction of the alveolar wall and regression of

the capillary density, indicative of emphysema (Kasahara et al., 2000). These studies

used a tyrosine kinase inhibitor to investigate the effect of inhibition of the

endothelial specific kinase insert domain receptor (KDR), the target for VEGF and

one of the most important endothelial cell migration, proliferation and survival

receptors (Shibuya, 2001). As inhibition of this receptor lead to emphysematous-like

changes in rat lungs, it was hypothesised that both VEGF and KDR may play a role

in the development of emphysema. This hypothesis was further substantiated by

studies on human emphysematous lungs, which showed both a reduction in KDR and

VEGF expression and increased alveolar endothelial cell apoptosis (Kasahara et al.,

2001). Further studies have shown that smokers also display reduced VEGF levels in
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their BALF compared to non-smokers, and that cigarette smoke exposure results in

the alteration of VEGF and KDR gene expression in rat pulmonary arteries,

indicating that cigarette smoke may play an important role in modifying VEGF

levels (Koyama et al., 2002a; Wright et al., 2002b). Alteration in these critical

endothelial cell survival factors and increased endothelial apoptosis may have a

substantial impact on the pulmonary microvasculature in the lung alveoli and aid the

development of emphysema (Voelkel and Cool, 2003).

These observations open up a new perspective on the initiation of emphysema

indicating that along with the established inflammatory consequences represented by

the protease:anti-protease and oxidant:anti-oxidant theory there now appears to be an

important vascular perspective. The regression of the vasculature may not only

impede gas exchange, but also lead to the loss of alveolar septa. Furthermore,

angiogenesis is required for the regeneration and revascularisation of new tissue,

essential if damaged tissue is to be repaired. Therefore, the observed reduction in

VEGF and KDR expression may reduce angiogenesis, thereby impeding the repair of

the lung.

1.4 Vascular Endothelial Growth Factor

Revascularization of damaged tissue after acute lung injury is key to the repair

process of the lung. VEGF is a potent (ED5q 2-10 pM) highly specific mitogen for
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micro and macrovascular endothelial cells, derived from arteries, veins and

lymphatics but is devoid of a consistent and appreciable mitogenic activity for any

other cell types (Ferrara and Davis-Smyth, 1997). VEGF signalling on endothelial

cells is involved in several key processes during wound healing. These include

degradation of the extracellular matrix of existing vessels, migration and

proliferation of capillary endothelial cells, formation of new capillaries and

restitution of the air-blood barrier in the alveoli (Ferrara and Davis-Smyth, 1997;

Folkman, 1997).

VEGF is one of the most potent angiogenic factors known and is critical in the

development of the cardiovascular system during embroyogenesis, revascularisation

of new tissue and maintenance of the vascular epithelium in adult tissues (Dvorak et

al., 1995; Ferrara, 1999; Neufeld et ah, 1999). Targeted disruption of even one allele

of the VEGF gene in mice results in the impairment of blood vessel formation,

growth retardation and death by day 10.5 (Carmeliet et ah, 1996). Furthermore,

deletion or inhibition of VEGF in specific tissues in adult mice significantly reduces

capillary density and increases endothelial cell apoptosis and tissue damage (Tang et

ah, 2004).

VEGF was identified simultaneously in the 1980s as both a vascular permeability

factor (VPF) (Senger et ah, 1983) and a vascular endothelial cell-specific growth

factor (Gospodarowicz et ah, 1989; Ferrara and Henzel, 1989). Protein sequencing

and cDNA cloning established that these were the same protein encoded by a single

gene (Connolly et ah, 1989). Further investigation by X-ray crystallography revealed
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that VEGF is a ~46kDa homodimer, with each of the monomers characterised by an

intrachain disulphide bonded knot motif involving 8 highly conserved cysteine

residues belonging to the dimereic cysteine-knot growth factor superfamily

(McDonald and Hendrickson, 1993; Sun and Davies, 1995; Muller et ah, 1997). In

adult tissues, the relative abundances of VEGF mRNA expression is highly

conserved between species, with variable expression in adult tissue

(lung>kidney>liver>brain>spleen) (Berse et al., 1992; Monacci et ah, 1993).

Localization of VEGF in the lung is observed primarily in the alveolar epithelial

cells. Both the basal and stimuli induced elevation in VEGF expression in airway

epithelial cells suggests that this factor is involved in the regulation of capillary

function and maintenance of the unique balance ofmicrovascular permeability in the

lung as well as in the regeneration of tissue (Koyama et al., 2002b).

In addition to VEGF, the VEGF family contains several other structurally related

proteins: VEGF-B, VEGF-C and VEGF-D (Olofsson et al., 1999). The exact actions

mediated by VEGF-B remain unknown, however, mice VEGF-B knockouts display

altered cardiovascular systems suggesting that VEGF-B may be involved in the

development and maintenance of the cardiovascular system (Olofsson et al., 1996;

Olofsson et al., 1999; Bellomo et al., 2000). VEGF-C is tightly linked to

lymphangiogenesis, with over expression in transgenic mice resulting in the

development of enlarged lymphatic vessels (Joukov et al., 1996; Jeltsch et al., 1997).

The exact role ofVEGF-D is not as well understood at present.
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VEGF Splice Variants.
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Figure 1.7. The splice variants of human VEGF. The human VEGF gene is alternatively spliced to

yield 6 VEGF isoforms, which differ by the presence or absence of sequences encoded by exons 6 and

7. * indicates the exon with cleaved amino acids (aa), distinguishing VEGFi89 from VEGF183.

The human VEGF gene is located on chromosome 6p21.3 (Vincenti et al., 1996). Its

coding region spans approximately 14 kb and contains eight exons and seven introns

(Houck et ah, 1991; Tischer et ah, 1991). To date, six isoforms of human VEGF have

been identified, VEGFi2], VEGFM5, VEGF165, VEGFi83, VEGF,89 and VEGF206

generated by splice variance of a single VEGF gene (figure 1.7) (Tischer et ah,

1991). Although VEGFi2i, VEGF165 and VEGFi89 are the most widely expressed

VEGF isoforms, there is evidence for cell type specific production of the various

different isoforms (Charnock-Jones et ah, 1993). VEGFi83 also has a wide tissue

distribution and may have avoided earlier detection though confusion with VEGFi89

(Lei et ah, 1998; Jingjing et ah, 1999). VEGF145 and VEGF206 are comparatively

rare, seemingly restricted to cells of placental origin (Anthony et ah, 1994). All of

these VEGF forms are synthesised with hydrophobic leader peptide for secretion,
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which is subsequently cleaved to yield the mature protein. The signal peptide,

located on exon 1 and four residues of exon 2, includes an amphipathic a-helix

which essential for this VEGF monomer dimerisation and is cleaved off on secretion

(Leung et al., 1989; Siemeister et al., 1998).

VEGF Heparin Binding

An important biological property, which distinguishes the different VEGF isoforms,

is their heparin-sulphate binding ability encoded on exons 6 and 7. Alternative

mRNA splicing, determines the presence or absence of sequences encoded by exons

6 and 7 for each VEGF isoform (figure 1.7) (Tischer et al., 1991). VEGF165 includes

exon 7 conferring a moderate affinity for heparin (Ferrara and Henzel, 1989;

Gospodarowicz et al., 1989; Plouet et al., 1989). In contrast VEGF121, which lacks

this region does not bind heparin. VEGF121 is therefore freely released from cells,

whereas 50-70% of VEGF165 remains on the cell or is ECM associated, mainly

through interactions with heparin sulphate proteoglycans (HSPG) (Ifouck et al.,

1992). VEGF189 and VEGF206 contain additional sequences encoded by exon 6 and

bind heparin strongly. These isoforms are completely sequestered in the ECM and to

a lesser extent at the cell surface (Elouck et al., 1992; Park et al., 1993).

The lung alveolar structures are very fragile and sensitive to enhanced permeability

(Zeng et al., 1998). VEGF is a 50, 000 fold more potent vascular permeability factor

than histamine (Senger et al., 1990). Therefore, ECM bound VEGF, not only acts as
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a 'VEGF reservoir', but it also compartmentalizes VEGF in the human lung to the

respiratory epithelial surface, protecting the lung from pulmonary oedema through

uncontrolled VEGF induced vascular leak (Kaner et ah, 2000).

The binding of VEGF165 to KDR is essentially heparin dependent. Heparin, at

concentrations ranging from 0.1-lp.g/ml, enhances the binding of VEGF165 to KDR,

increasing the number of high affinity binding sites for VEGF 165 without affecting

the dissociation constant of VEGF165 (Gitay-Goren et ah, 1992). Heparinase

treatment inhibits VFGF165/KDR interactions, which is then restored by the addition

of exogenous heparin (Gitay-Goren et al., 1992).

VEGF Gene Expression and Regulation

The VEGF gene is regulated by a plethora of external factors such as cytokines and

growth factors, which alter VEGF mRNA expression or induce VEGF release (figure

1.8). Many lack any direct angiogenic effects, but may exert angiogenic activity

through VEGF (Brogi et al., 1994; Koyama et al., 2002b). Hypoxia also induces a

strong, rapid and reversible increase in VEGF mRNA levels and is thought to play an

important role in initiating VEGF mediated angiogenesis in damaged tissue (Shweiki

et al., 1992; Minchenko et al., 1994; Shima et al., 1995).
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Figure 1.8 Regulation of VEGF expression. VEGF expression is regulated by a variety of cytokines,

growth factors and other stimuli resulting in either increased or decreased VEGF expression levels.

VEGF Regulation by Cytokines

Cytokines, growth factors and gonadotrophins that do not stimulate angiogenesis

directly modulate VEGF expression in specific cell types, and thus may exert an

indirect angiogenic or anti-angiogenic effect (figure 1.8) (Li et al., 1995; Cohen et

ah, 1996; Koyama et al., 2002b). Interleukin-lbeta (IL-ip), interleukin-6 (IL-6), and

prostoglandin E2 (PGE2) have all been shown to induce VEGF expression. TGF-P

has a biphasic action on VEGF expression. Low levels of TGF-pi (4-60pM) induce

VEGF gene expression, whereas high levels inhibit its expression (Pertovaara et al.,

1994). Based on these finding, it has been proposed that VEGF may function as a

paracrine mediator for indirect-acting angiogenic agents such as TGF-P (Pertovaara

et al., 1994).
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VEGF Regulation by ROS

ROS, such as O2", the hydroxyl radical (OH), and H2O2 are continuously generated

as products of cellular metabolism (Minchenko et al., 1994; Tuder et al., 2003). ROS

can act as important signalling molecules, influencing various cellular functions

including gene expression (Schraufstatter et al., 1986; Allen and Balin, 1989; Finkel

and Holbrook, 2000; Tuder et al., 2003). A link has also been suggested between

cellular redox status and enhanced VEGF expression (Chua et al., 1998; Maulik and

Das, 2002; Sun and Oberley, 1996). Indeed, oxidative stress regulates VEGF gene

transcription through Spl and Sp3 dependent activation of two proximal GC-rich

promoter elements (Schafer et al., 2003). Moreover, VEGF mediated generation of

low levels of ROS has been implicated in VEGF angiogeneic signalling on

endothelial cells (Colavitti et al., 2002). Hydrogen peroxide (H2O2) which is released

by both neutrophils and macrophages that invade wound sites also induce VEGF

expression, suggesting a role for inflammatory cell derived H2O2 in the induction of

VEGF mediated angiogenesis for tissue repair (Li et al., 1995; Ben Av et al., 1995;

Cohen et al., 1996). However, high levels of oxidants may lead to oxidative stress in

cells and have a detrimental effect on VEGF expression. Smokers, who have a high

oxidant burden, express low levels of VEGF in their BALF (Koyama et al., 2002a).

Moreover, antioxidants and lipid peroxidation inhibitors restores impaired VEGF

expression and stimulates wound healing and angiogenesis (Kuroki et al., 1996;

Altavilla et al., 2001).
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1.5 VEGF receptors
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Figure 1.9 VEGF receptor family. VEGF receptors are expressed are acted on by a range of VEGF

isoforms and result in a range of signalling and cellular responses.

The VEGF Receptor Family

VEGF receptor 1 (VEGFR-lor Flt-1) and VEGFR-2 are both high affinity receptors

for VEGF that, along with VEGFR-3, form the fm-like tyrosine kinase receptor (fit)

subfamily of receptor tyrosine kinases (Neufeld et ah, 1999; Shibuya, 2001). These

are characterised by seven extracellular immunoglobulin (Ig)-like domains followed
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by a membrane spanning region and a conserved intracellular tyrosine kinase domain

interrupted by a kinase insert sequence (figure 1.9) (Shibuya et al., 1990; Terman et

al., 1991).

The ~180kDa glycoprotein Fit-1, the first VEGFR to be identified, has the highest

affinity for VEGF (Kd 10-30 pM) (Shibuya et al., 1990; de Vries et al., 1992). Initial

studies suggested that Flt-1 does not appear to be involved in angiogenesis, with no

apparent direct endothelial proliferative, migratory or cytoskeletal effects (Park et al.,

1994; Waltenberger et al., 1994; Seetharam et al., 1995). However recent studies

suggest that Flt-1 regulates cell migration through actin reorganisation and is

essential for cell motility (Kanno et al., 2000). Indeed, Flt-1 knockouts are lethal by

day 8.5 in mice, as endothelial cells form normally but fail to assemble correctly into

organised blood vessels (Fong et al., 1995). VEGFR-3 (Flt-4) is also a member of the

fit subfamily of receptor tyrosine kinases, but its expression becomes restricted

mainly to the lymphatic endothelium of adult tissue (Pajusola et al., 1992). Flt-4

binds VEGF-C and VEGF-D but not VEGF (VEGF-A), and is thought to control

lymphoanognensis (Shibuya, 2001).

Kinase Insert-Domain Receptor

VEGFR-2 also known as the kinase insert-domain receptor (KDR) is a class III

tyrosine kinase receptor initially identified in humans by screening endothelial

cDNA for tyrosine kinase receptors (Terman et al., 1991). The KDR receptor protein
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undergoes extensive post-translational glycosylation resulting in 3 detectable forms;

an immature, non-glycosylated form of around 150 kDa, an intermediate semi-

glycosylated -195 kDa form and the fully glycosylated -230 kDa form. The KDR

receptor consists of 3 basic structural regions; an extracellular domain, consisting of

7 Ig-like domains, a single hydrophobic polypeptide transmembrane chain and

finally an intracellular cytoplasmic domain, which contains the tyrosine kinase

domains and the auto-phosphorylation sites. The extracellular Ig-like domains can be

further sub-divided into domains 1-3, which are necessary for ligand binding and

domains 4-7 which are necessary for receptor activation regulation, thereby

preventing automatic receptor auto-phosphorylation (Tao et al., 2001). As VEGF

binds two KDR receptors simultaneously, this ligand-induced receptor dimerisation

juxtaposes the auto-phosphorylation cytoplasmic tyrosine kinase domains, resulting

in a trans phosphorylation of the target tyrosine residues, initiating a signalling

cascade.

The KDR receptor is expressed throughout the vasculature and found almost

exclusively on vascular endothelial cells (Patterson et al., 1995). Other cells that

express the KDR receptor are hematopoietic cells, megakaryocytes and retinal

progenitor cells (Katoh et al., 1995; Yang and Cepko, 1996). They are also expressed

on tumorigenic cells including malignant melanoma cells (Gitay-Goren et al., 1993).

Almost all-functional endothelial VEGF cell signalling described to date is mediated

through KDR or strongly suspected to involve KDR on the basis of ligand

specificity.
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KDR Endothelial Cell Specificity

Upstream control elements confer endothelial-cell-specific transcription on KDR

(Patterson et al., 1995; Morishita et al., 1995). Human and murine KDR promoters

have been sequenced and characterised and in vitro studies have shown the 5'-

flanking region and the first exon contain information for the endothelial cell-specific

expression (Patterson et al., 1995; Ronicke et al., 1996; Wu and Patterson, 1999).

Dimethysulphate footprinting confirmed that DNA-protein interactions occurred

within the transcription factor Spl elements in endothelial but not in non-endothelial

cells. It is possible that distant elements coordinate Spl binding and chromatin

structure to regulate cell type-specific expression ofKDR (Patterson et al., 1997).

KDR Gene Regulation

As with VEGF, hypoxia is a potent stimulator of KDR expression in vivo (Tuder et

al., 1995; Liu et al., 1995). Moreover, several growth factors and cytokines also

affect VEGF receptor expression (Wilting et al., 1996; Barleon et al., 1997). There is

also homeostatic modulation of the cell surface expression of the KDR receptor as

well as its mRNA expression by VEG. VEGF down regulates cell surface expressed

KDR in a dose-dependent manner indicating that KDR expression is regulated by

ligand-induced down regulation (Shen et al., 1998). In contrast to protein expression,

KDR mRNA expression is upregulated by VEGF (Shen et al., 1998; Wang et al.,
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2000). In contrast to VEGF, TGF-pi down regulates KDR receptor gene

transcription (Mandriota et al., 1996; Minami et al., 2001). TNF-a is also known to

down regulate the KDR mRNA transcription in a dose and time dependent manner

(Patterson et al., 1996).

KDR Signalling

KDR is a receptor tyrosine kinase (RTK), which classically have several signal

transduction mediated steps including ligand binding, receptor dimerization,

activation of tyrosine kinase, auto phosphorylation of tyrosine residues in the

cytoplasmic kinase domain and binding and activation of adaptor molecules at auto

phosphorylation sites. A total of four major autophosphorylation sites have been

identified on the KDR, Y951, Y996, Y1054 and Y1059 (Dougher-Vermazen et al.,

1994). Y951 and Y996 are in the kinase insert region, and Y1054 and Y1059 are in

the kinase domain. Like other receptor protein kinases, KDR has been reported to

associate with a number of src homology domain (SH) 2 domain proteins, including

the adapter proteins Grb2, nek and She and the SH2 domain protein tryrosine

phosphatases SHP-1 and SHP-2 (Guo et al., 1995; Kroll and Waltenberger, 1997).

Stimulation ofKDR induces a range of cellular signalling in endothelial cells leading

to proliferation and migration (Waltenberger et al., 1994), nitric oxide (NO) release

(Kroll and Waltenberger, 1999), survival (Neufeld et al., 1999), vascular

permeability and modulation of gene expression (Zachary et al., 2000).
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Figure 1.10 General KDR mediated endothelial cell signalling. VEGF signalling through KDR is

critical in vascular endothelial cell proliferation, migration and survival signalling.

KDR Mediated Endothelial Cell Proliferation

VEGF stimulates KDR induced DNA-synthesis and proliferation in endothelial cell

(Waltenberger et al., 1994; Abedi and Zachary, 1997; Parenti et al., 1998; Pedram et

al., 1998). KDR signalling strongly induces the activity of extracelluar signal-related

kinases (ERKs) 1 and 2, which play a central role in the stimulation of endothelial

cell proliferation (figure 1.10) (Abedi and Zachary, 1997). KDR signalling also

induces the mitogen activated protein kinase (MAPK) including c-Jun N-terminal

protein kinase (JNK), which in turn can mediate the activation of the transcription

factor activator protein 1 (AP-1) (Pedram et al., 1998; Thannickal and Fanburg,
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2000). The expression of a dominant negative ERK2 mutant blocks KDR mediated

JNK and ERK signalling, suggesting that there is cross-talk between ERK and JNK

(Pedram et al., 1998). Furthermore, VEGF induced endothelial cell proliferation is

inhibited by both a dominant negative JNK-1 mutant and PD98059, a selective

inhibitor ofERK activation (Pedram et al., 1998).

KDR Mediated Endothelial Cell Migration

Degradation of the basement membrane is essential for endothelial cell migration,

and is a key step in the initiation of angiogenesis (Risau, 1997). VEGF induces the

expression ofmatrix-degrading metalloproteases (Lamoreaux et al., 1998) and these

enzymes are likely to play an essential permissive role in VEGF-induced migration

in vivo. The non-receptor protein tyrosine kinase, focal adhesion kinase (FAK) is

strongly implicated in the maintenance of several adherent cell types including

endothelial cells (Levkau et al., 1998). A large body of evidence indicates that FAK-

associated signalling is critical for regulating focal adhesion turnover, actin filament

organisation, and cell migration (Abedi and Zachary, 1995). VEGF induces tyrosine

phosphorylation of FAK and paxillin, promoting new focal adhesion formation in

endothelial cells (figure 1.10) (Abedi and Zachary, 1997; Qi and Claesson-Welsh,

2001). VEGF mediated KDR signalling also initiates p38 MAPK, inducing actin

reorganisation and endothelial cell migration (figure 1.10) (Rousseau et al., 1997).

There is growing evidence that NO production may also play a role in VEGF-

induced endothelial cell migration. VEGF induced NO production is implicated as a
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permissive factor in VEGF-induced cell migration (Noiri et al., 1997; Goligorsky et

al., 1999) and angiogenesis (Papapetropoulos et al., 1997). Inhibitor studies also

revealed that PKC may play a crucial role in VEGF mitogenic signalling (Xia et al.,

1996).

KDR Mediated Endothelial Cell Survival

A fundamental cellular mechanism of by which VEGF promotes the formation of

new blood vessels and maintains their integrity is the activation of endothelial cell

survival or anti-apoptotic signalling. VEGF was first shown to be a survival factor

for retinal endothelial cells (Alon et al., 1995). VEGF inhibits endothelial cell

apoptosis in part by activating the anti-apoptotic kinase, Akt/PKB, via a PI3K-

dependent pathway (Gerber et al., 1998a; Qi and Claesson-Welsh, 2001; Dimmeler

et al., 1999). Long-term effects of VEGF on endothelial cells are probably mediated

through up regulation of components of the anti-apoptotic cellular machinery,

including the anti-apoptotic proteins Bcl-2 and Al (Gerber et al., 1998a). These

inhibit the activation of upstream caspases, and up regulate two members of the

inhibitors of apoptosis (LAP) family survivin and X-chromosome-linked IAP (XLAP),

which also inhibit terminal effecter small pro-domain caspases (Tran et al., 1999).

Integrin avP3 is an important survival system for nascent blood vessels during

angiogenesis (Brooks et al., 1994). Cross-talk between this system and VEGF

receptors is indicated by the findings that KDR has been reported to associate

selectively with avP3 and VEGF mitogenicity and receptor activity were enhanced by
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endothelial adhesion to the avP3 ligand, vitronectin (Soldi et ah, 1999). Although a

KDR-avP3 network is an attractive mechanism for integrating cell survival and

angiogenic functions of VEGF, a caveat to this is that p3-null mice exhibit no defects

in retinal neovascularisation, a physiological context in which avp3 has been strongly

implicated (Hodivala-Dilke et ah, 1999). This latter finding suggests that, at least in

the case of some angiogenic functions of VEGF, interactions between KDR and avP3

may play a redundant role.

1.6 Neuropilin-1

Neuropilins (NRPs) are 130-140 kDa cell surface glycoproteins that mediate

neuronal guidance and angiogensis (Fujisawa and Kitsukawa, 1998). There are 2

NRP genes, NRP-1 and NRP-2 (He and Tessier-Lavigne, 1997; Chen et al., 1997).

NRP-1 was first characterised as a cell surface proteoglycan expressed on axons and

was independently shown to be a receptor of the semaphorin Ill/collapsing family of

neuronal guidance mediators (Soker et al., 1996; Fujisawa and Kitsukawa, 1998).

NRP-2 binds to semaphorin 3C and 3F with high affinity and mediates repulsion of

sympathetic neurons (Soker et al., 1996; Takahashi et al., 1999). NRP-2 only seems

to have a minor contribution in embryonic vasculogenesis and angiogenesis, as its

expression is not yet detected in the heart or capillaries (Soker et al., 1996). However

the interaction between NRP-2 and the various VEGF receptors, which may

contribute to VEGF signalling requires further investigation.
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NRP-1 is a high affinity receptor for semaphorin 3A and VEGF165 (Soker, 2001).

NRP-1 contains a relatively large extracellular domain of 860 amino acids and a

short cytoplasmic domain of 40 amino acids. The extracellular part has 3 sub-

domains, designated a, b and c (figure 1.9). The a and b domains consist of 2 tandem

repeats, ala2 and blb2, where the blb2 domain is the binding site for VEGF165

(Mamluk et al., 2002). In contrast to NRP-2, NRP-1 is essential for the normal

development of the nervous and cardiovascular systems. Human NRP-1 mRNA

levels are highly expressed in the heart and placenta with more moderate levels in

lung, liver and skeletal muscle, kidney and pancreas, and relatively low levels in the

adult brain (Soker et al., 1998). This indicates that NRP-1 is widely expressed in

adult tissue including those heavily involved in angiogenesis.

NRP-1 Role in Angiogenesis

There is strong evidence linking NRP-1 with angiogenesis. Over-expression ofNRP-

1 in mice results in excess capillary and blood vessel formation and haemorrhaging

in embryos, contributing to embryonic lethality (Kawasaki et al., 1999). Disruption

of NRP-1 is also lethal and with various vascular defects, such as impairment of

neural vascularisation, transposition of large vessels, and insufficient development of

vascular networks in the yolk sac (Kitsukawa et al., 1997). Moreover, conditional

over expression of NRP-1 in prostate carcinoma cells resulted in a significant

increase in tumor angiogenesis and growth (Miao et al., 2000). This was

characterised by a high microvessel density, dilated blood vessels, increased
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proliferating endothelial cells and notably less tumor and endothelial cell apoptosis

compared to non-induced controls (Miao et ah, 2000).

NRP-1 Interaction with VEGF165 and KDR

NRP-1 is an isoform-specific receptor for VEGF, selectively binding VEGF165. The

NRP-l-binding site on VEGFi65 is encoded by exon 7 (Soker et ah, 1997). NRP-1

forms a ternary complex with VEGF165 and KDR (Soker et ah, 2002). VEGF165 is

capable of binding simultaneously to KDR and NRP-1 using the exon 4-encoded

domain to bind to KDR (Keyt et ah, 1996) and the exon 7-encoded domain to bind to

NRP-1 (Soker et ah, 2002). VEGF165 bridges KDR and NRP-1, bringing them to

close proximity, but may not result in direct receptor contact. A novel finding is that

complexes can be formed between receptors on two different cells, such as two

neighbouring endothelial cells or and endothelial cell and a tumor cell. VEGF 165

binding is 2 fold higher to the KDR cells when cells expressing NRP-1 are put in a

juxtacrine manner to the KDR expression cells (Soker et ah, 2002).

Interestingly, NRP-1 also binds with high affinity (Kd 1.8 nM) to Flt-1, through

domains 3 and 4 in an interaction that inhibits the binding of VEGF165 to NRP-1 (Fuh

et ah, 2000). Therefore, as Flt-1 also binds VEGFi65 with higher affinity than KDR

but lacks angiogenic signalling, it may function as a negative regulator of

aniogenesis by competing for both VEGF and NRP-1.
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An important question is whether NRP-1 mediates VEGF165 activity and, by

extension, angiogensis. The IQ of VEGF165 binding to NRP-1 is 2.8 x 10"10M (Soker

et al., 1996) and it is expressed in relatively high copy number, 2.5 x 104

receptors/cell for endothelial cells (Soker et ah, 1997; Soker et ah, 1996). NRP-1

enhances the binding of VEGF165 to KDR and both NRP-1 and KDR are co-

expressed on endothelial cells (Soker et ah, 1998; Soker et ah, 2002). Cross-linking

and quantitative binding studies demonstrate that VEGF165 binding to KDR in cells

co-expressing NRP-1 is enhanced 4-6 fold compared to cell expressing KDR alone

(Soker et ah, 1998). The chemotaxis of endothelial cells coexpressing NRP-1 and

KDR toward a gradient of VEGF165 is enhanced 2.5 fold compared to endothelial

cells expressing KDR alone (Soker et ah, 1998). Consistent with these results, the

immobilized NRP-1 domain has been shown to bind VEGF165 and increase its

affinity for the extracellular domain of KDR (Fuh et ah, 2000). These experiments

strongly suggest that NRP-1 is functional in endothelial cells and serves as a co-

receptor that enhances VEGF165 binding to KDR and subsequent bioactivity (Soker

et ah, 1998). Flowever, the mechanism underlying the enhanced VEGF]65 binding

and activity is unknown. Unlike other VEGF receptors, NRP-1 cytoplasmic portion

does not contain a consensus tyrosine kinase domain (Soker et ah, 1998). It is

possible that NRP-1 enables more KDR on the cell surface to bind VEGF165 without

changing the affinity between the ligand and the receptor, as was suggested for

heparin in promoting VEGF165 binding to KDR on endothelial cells (Gitay-Goren et

ah, 1992).
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There also appears to be a positive feedback loop between VEGF and NRP-1. VEGF

increases NRP-1 mRNA expression in endothelial cells 2-4 fold through increased

transcription of the NRP-1 gene, with negligible effects on the mRNA stability (Oh

et al., 2002). VEGF stimulation also increases NRP-1 de novo protein levels (Oh et

al., 2002). This VEGF-mediated upregulation of NRP-1 is mediated through KDR,

where inhibition of KDR abolishes VEGF induced upregulation of the NRP-1

without effecting basal rates (Oh et al., 2002).

NRP-1 Interaction with Heparin Sulphate

Fleparin sulphate enhances the binding of VEGF165 to NRP-1 (Gitay-Goren et al.,

1992; Soker et al., 1998; Fuh et al., 2000; Soker et al., 1998; Fuh et al., 2000).

Heparin increases the affinity of VEGFi65 for the immobilized NRP-1 extracellular

domain (Fuh et al., 2000). The blb2 domain is not only the binding site for VEGFi65

but is also the binding site for heparin, potentating the VEGFi65/lb2b interactions

(Mamluk et al., 2002). The ala2 domain appears to modulate lb2b VEGF165 binding,

increasing it 50 fold compared to the blb2 subunits alone (Mamluk et al., 2002).

Direct NRP-1 Mediated Signalling

Until recently there was no evidence that NRP-1 induced intracellular signalling on

its own (Nakamura et al., 1998), as its cytoplasmic domain lacks a consensus kinase
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domain (Fujisawa and Kitsukawa, 1998). However, NRP-1 is now known to mediate

endothelial cells migration but not proliferation through its intracellular C-terminus,

involving PI-3K (Wang et ah, 2003). Therefore NRP-1 may play an important role in

VEGF165/KDR mediated signalling and angiogenesis and may also play a role,

independent ofKDR, in mediating endothelial cell migration.

1.7 Heparin Sulphate Proteoglycans

Around 95% of the heparin sulphate of mammalian cell surfaces, basement

membranes, and the extracellular matrix (ECM) arise from heparin sulphate

proteoglycans (HSPGs) (Iozzo, 2001). HSPGs regulate the interaction of several

growth factors with their respective receptors and consequently, their biological

activity (Schlessinger et ah, 1995; Stringer and Gallagher, 1997; Lindahl et ah,

1998). The structure of heparin sulphate is key to its biological function as distinct

patterns of sulphation upon the polysaccharide chains are recognised and bound by

specific protein ligands. ECM-associated HSPGs may also function as extracellular

storage deposits or reservoirs for the heparin-binding VEGF isoforms, acting to

immobilise, compartmentalise and protect HSPG bound VEGF (Houck et ah, 1992;

Park et ah, 1993; Soker et ah, 1993; Gengrinovitch et ah, 1995; Soker et ah, 1993;

Gengrinovitch et ah, 1995).
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Glypcian 1

The Glypicans (glypicans 1-6) are glycosyl-phosphatylinositol-anchored cell surface

HSPGs. They are attached to the plasma membrane by a glycosyl-phosphoinositol

linkage and may carry several heparin sulphate chains near the plasma membrane,

with an additional chain attached on its ectodomain (figure 1.9) (Filmus J. and Song

H.H., 2000). Among the glypicans, only glypican-1 (GYP-1) is expressed in the

vascular system, on endothelial cells and is implicated in cell adhesion, migration

and modulation of growth factor activities (David, 1993; Weksberg et al., 1996).

Two salient features of HSPGs are their longevity and high concentration. They're

half-lives can be measured in hours, even days and they often reach micromolar

concentrations. This is in contrast to growth factors and cytokines which are often

short-lived and occur at nanomolar concentrations. Consequently, HSPG-mediated

signalling events may often be sustained. As GYP-1 acts as a chaperone molecule for

VEGF, the primary defect in the heparin sulphate-deficient cells is likely to occur at

the initiation of the signalling cascade through sub-optimal receptor occupancy,

signalling or failure to induce a proper receptor-ligand complex (Gengrinovitch et al.,

1999).

40



GYP-1-VEGF Interactions

GYP-1 exists on the cell surface, as both a lipid-anchored form and as a peripheral

membrane proteoglycan. The peripheral form is generated following cleavage of the

lipid-anchored form by specific phospholipases and can be shed from cell surface as

a soluble proteoglycan (Steinfeld et al., 1996). This soluble GYP-1 (sGYP-1) also

binds VEGFies and may act in a paracrine manner. GYP-1 specifically binds VEGF-

165 with high affinity through its heparin sulphate side chains (Plouet et al., 1997).

GYP-1 is also capable of enhancing the interaction of VEGF165 with its signalling

receptors such as KDR and NRP-1 in both cell free binding assays and in heparinase-

treated endothelial cells and is proposed to act as a chaperone molecule for VEGF165 -

to its receptors (Carey and Evans, 1989).

GYP-1 Protective Relationship with VEGF

VEGF is active in processes such as wound repair, hypoxia-induced angiogenesis

and inflammation, all processes associated with the generation of ROS (Vaisman et

al., 1990). VEGFies is inactivated by oxidation, which reduces its the receptor

binding ability, consequently VEGF signalling may be inhibited in these processes

(Neufeld et al., 1996). However, GYP-1 restores the biological activity, and thereby

the KDR binding of oxidised VEGFi65 (Seetharam et al., 1995; Gengrinovitch et al.,

1999). This indicates that the heparin binding ability of VEGFi65 may enable the

restoration of damaged VEGF165 function in processes such as inflammation or
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wound healing (Gengrinovitch et al., 1999), however the mechanism remains

unknown. GYP-1 may therefore function as a fail-safe mechanism under conditions

in which the concentrations of VEGF are limited or under conditions in which the

activity ofVEGF in compromised.

1.8 The role of VEGF/KDR in Emphysema

VEGF mediates angiogenesis through the KDR, which is also critical for lung

alveolarization. KDR inhibition in infant rats results in decreased alveolarization and

arterial density (Jakkula et al., 2000). This suggests that angiogenesis is necessary for

the alveolarization during normal lung development. Furthermore, chronic inhibition

of KDR in rat lungs leads to enlargement of the air spaces, alveolar endothelial cell

death and the 'pruning of the arterial tree' indicative of emphysema (Kasahara et al.,

2000). This reinforces a role for VEGF/KDR signalling in alveolar endothelial cell

survival and the maintenance of the alveolar structures and indicates that endothelial

cell death may contribute to the enlargement of the airspaces seen in emphysema. In

rat lungs, these changes are preventable through either caspase inhibition, superoxide

dismutase mimetic or ai.antrypsin (Tuder et al., 2003). This highlights the

importance of vascular endothelial growth factor, apoptosis, oxidative stress and

protease activity in the pathogenesis of emphysema. This also underscores the

importance of the vasculature in emphysema. Critically, this non-inflammatory

model of emphysema supports the role for VEGF as an obligatory survival factor for

the lung micro-vascular endothelial cells and integrity of the alveolar structure.
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Cigarette smoke is the main etiological factor in the development of emphysema.

The pulmonary vasculature is significantly altered in response to cigarette smoke.

Guinea pigs exposed to cigarette smoke show decreased capillary diameter and

density in both the centre and periphery of the lobe (Yamato et al., 1996). This

indicates that cigarette smoke may play a role in the alteration of the vasculature in

emphysema. Indeed, in addition to perivascular inflammation, the pathology of

COPD includes the loss of capillaries and precapillary arterioles (Voelkel and Cool,

2003).

Role of Oxidative Stress in VEGF/KDR Mediated Alveolar Changes.

Oxidative stress is integral in the regulation of cell function and maintenance of

homeostasis. Oxidative stress has been proposed to play a central role in alveolar

septal cell death as a result of KDR inhibition (Tuder et al., 2003). VEGF itself

utilizes low levels of oxidative stress to mediate cell growth and cellular signalling of

cultured endothelial cells by increasing VEGF gene expression (Colavitti et al.,

2002). However, excessive levels of oxidants cause cellular and tissue damage, and

have been implicated in the pathogenesis of emphysema (Anderson et al., 1999).

High levels of oxidants can result in altered cell signalling through post-translational

modification of tyrosine-containing receptors and enzymes, and damage structural

protein, lipids and DNA, triggering apoptosis (Flores and McCord, 2004). Indeed,

inhibition of KDR show an increase in markers of oxidative stress, associated with
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emphysematous like changes which is preventable by the anti-oxidant superoxide

dismutases mimetic M40419 (Tuder et al., 2003).

Evidence for VEGF/KDR Involvement in the Pathogenesis of Emphysema.

Patients with emphysema have significantly reduced lung VEGF and KDR

expression compared to healthy lungs (Taraseviciene-Stewart et al., 2001; Santos et

al., 2003). VEGF levels in the BALF of smokers is also significantly reduced

compared to healthy lungs, suggesting that smokers and patients with emphysema

may have disrupted VEGF/KDR expression which may also result in altered KDR

signalling (Kasahara et al., 2001; Koyama et al., 2002a). A decrease in KDR

signalling on vascular endothelial cells may result in reduced angiogenesis and

induction of vascular endothelial cell death. Indeed, emphysematous lungs have

increased numbers of apoptotic endothelial cells when compared with healthy lungs

(Taraseviciene-Stewart et al., 2001; Lucey et al., 2002). Furthermore, COPD patients

display reduced capillary density and show vascular regression in the lung (Voelkel

and Cool, 2003). Taken together, these studies show that the vasculature, with

particular importance placed on endothelial cell survival signalling through

VEGF/KDR, may play a crucial role in the development of emphysema.
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Cigarette Smoke Induced Inflammation

Inflammation is a central process in the development, progression and pathology of

cigarette smoke-related lung diseases such as COPD (Rahman and MacNee, 2000a;

MacNee and Rahman, 2001; Barnes et ah, 2003; MacNee, 2001; MacNee and

Rahman, 2001; Rahman, 2003). Under controlled conditions inflammation is an

important protective response to cellular/tissue injury, destroying and removing the

injurious agent, clearing the damaged cells and promoting tissue regeneration.

However, if an inflammatory response becomes uncontrolled, it may become self

perpetuating, leading to chronic inflammation, excessive cellular/tissue damage and

the destruction of healthy tissue.

Cigarette smoke imposes a massive direct oxidant burden on the lung. This results in

an inflammatory cell influx, including sequestration of neutrophils into the

pulmonary microcirculation and accumulation of macrophages in respiratory

bronchioles (Drost et al., 1992). These inflammatory cells themselves release both

ROS and proteases, adding to the oxidant burden and fuelling the inflammation.

These inflammatory cells are implicated as major contributors to the potentiation of

the enhanced inflammation in emphysema and COPD (MacNee et al., 1989; Drost et

al., 1992; Rahman and MacNee, 1996).
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Inflammatory Cells

Emphysema in chronic smokers is proposed to be the result of both increased

neutrophil and macrophage ROS release and elastolytic activity within the alveolar

structures (Janoff, 1985; Niewoehner, 1988; Ofulue et al., 1998; MacNee and

Rahman, 2001). Neutrophils were considered to be the principle pathogenic cell in

emphysema (Low et ah, 1978; Janoff, 1985; Niewoehner, 1988), exerting 10 fold

more elastinolytic activity per cell than macrophages. Moreover, ai-AT deficiency, a

major target of neutrophil elastase, leads to the development of emphysema

(Eriksson, 1964). However, macrophages also accumulate precisely in the

centriacinar zones of the lung where emphysema in smokers occurs (Niewoehner et

ah, 1974; Janoff, 1985; Niewoehner, 1988) and are therefore increasingly being

implicated in a central role in the tissue destruction. Furthermore, alveolar

macrophages of chronic smokers with emphysema also exert greater specific

elastinolytic activity (in vitro) than those of healthy non-smokers (Eidelman et ah,

1990; Finkelstein et ah, 1995; Muley et ah, 1994).

As well as proteases, the oxidant burden on the lungs is enhanced in smokers by the

release of ROS from macrophages and neutrophils. Oxidants present in cigarette

smoke stimulate alveolar macrophages to produce ROS and a host of mediators,

some of which attract neutrophils and other inflammatory cells into the lungs. ROS

such as the O2 " liberated by phagocytes recruited to sites of inflammation, are

proposed to be a major cause of cell and tissue damage associated with many chronic

inflammatory diseases (Rahman and MacNee, 1996; Rahman et ah, 1996). Lung
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cells release inflammatory mediators and cytokines/chemokines such as IL-1 and IL-

8 in response to oxidative stress, inducing neutrophil recruitment and the activation

of key transcription factors such as NF-kB and AP-1, thereby augmenting the

inflammatory response (Brennan et ah, 1995; Rahman and MacNee, 1998; Gilmour

et ah, 2003; Rahman, 2003; Gilmour et ah, 2003). Indeed, both neutrophils and

macrophages are elevated in the lungs of cigarette smokers compared with non-

smokers. Moreover, the lungs of smokers with airway obstruction have more

neutrophils than smokers without airway obstruction (Bosken et ah, 1992).

Furthermore, circulating neutrophils from cigarette smoke and patients with

exacerbations ofCOPD release more O2 " (Rahman et ah, 1996).

Redox-Sensitive Transcription Factors

Oxidative stress, both directly from cigarette smoke, and that produced by

inflammatory cells are directly implicated in the activation of redox-sensitive

transcription factors such as NF-kB and AP-1 (Rahman and MacNee, 1998; Janssen-

Heininger et ah, 1999).

The exact molecular mechanism of ROS mediated redox-activation action has not

been completely characterised. Redox-sensitive molecular targets usually contain

highly conserved cysteine residues, and their oxidation, nitration and formation of

disulphide links are crucial events in oxidant/redox signalling. It is hypothesised that

oxidation of those sulphide groups in signalling proteins, such as the redox sensitive
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transcription factors NF-kB and AP-1, cause structural modifications resulting in the

exposure of active sites and protein activation (Rahman, 2003). Thiol molecules such

as intracellular glutathione (GSH) are of central therapeutic importance in the

regulation of redox signalling pathways, by reducing disulphide bridges or oxidised

residues (Rahman and MacNee, 2000b).

Figure 1.11 Schematic representation of oxidative stress induced inflammation. Cigarette smoke

imposed oxidative stress leads to MAPK activation which inturn leads to redox transcription factor

activation and pro-inflammatory gene transcription. The resulting influx of inflammatory cells release

ROS, adding to the oxidant burden and thereby adding to the inflammatory response.
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Activator Protein-1 (AP-1)

AP-1 is a redox-sensitive transcription factor composed mainly of the Jun and Fos

gene products, which form homodimeric (Jun/Jun) or heterodimeric (Jun/Fos)

complexes. Alteration in the redox status of the cell results in AP-1 activation.

Reduction of a single conserved cysteine in the DNA-binding domain of both Fos

and Jun increases the Fos/Jun AP-1 heterodimer DNA-binding (Abate et al., 1990).

Moreover, oxidative stress also stimulates AP-1 DNA-binding (Meyer et al., 1993).

MAPK signalling can also promote both nuclear translocation and export of

transcription factors, thereby facilitating their activity (Yang et al., 2003). The c-jun

N-terminal kinase (JNK), intracellular signal related kinase (ERK) and p38 have

been implicated in the regulation of the c-jun promoter (Han et al., 1997; Kato et al.,

1997; Marinissen et al., 1999).

Nuclear Factor -kB (NF-kB)

NF-kB is an inducible redox-sensitive transcription factor that plays a role in the

expression of a variety of genes involved in both immune and inflammatory

responses, adhesion, cell cycle and survival (Baldwin, Jr., 1996; Mayo and Baldwin,

2000; Joyce et al., 2001). The major form of NF-kB is composed of p50 and p65

(RelA) heterodimer. NF-kB localization is dynamic between the cytoplasm and the

nucleus. In resting cells, NF-kB is located primarily in the cytoplasm in a complex
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with IkB, which blocks its nuclear translocation. Upon cellular stimulation, IkB is

phosphorylated by the IkB kinase (IKK) complex (Ghosh and Karin, 2002), which

results in ubiquitination and degradation by the 26 S proteasome, allowing NF-kB

translocation to the nucleus to transcriptionally active gene targets (Baldwin, Jr.,

1996; Mayo and Baldwin, 2000; Joyce et al., 2001; Ghosh and Karin, 2002). IKK, as

well as other signalling molecules such as p38, directly phosphorlyates p65 at ser

276 (Zhong et al., 1998; Sakurai et al., 1999). Phosphorylation of transcription

factors can affect their stability by regulating the covalent attachment of ubiquitin to

lysine residues (Fuchs et al., 1997). Furthermore, phosphorylation results in complex

formation with co-activators containing histone acetyltransferase (HAT) activity

such as CBP/p300 (Perkins et al., 1997; Gerritsen et al., 1997; Zhong et al., 1998;

Sheppard et al., 1998; Sheppard et al., 1999), which acetylate the N-terminal tails of

the core histone proteins surrounding NF-xB-regulated genes (Saccani et al., 2001).

HATs are also responsible for acetylating p65 directly, which may be responsible for

sustaining NF-KB-dependent transcription by inhibition of IkBcx binding (Saccani et

al., 2001; Chen et al., 2001). Acetylated p65 is subsequently deacetylated through a

specific interaction with hisone deacetylase 3 (HDAC3). This deacetylation reaction

promotes effective binding to IkBa, which contains a nuclear export sequence

(Huang et al., 2000; Chen et al., 2001). NF-kB may also be guided to specific pro¬

inflammatory genes by IKKa, which phosphorylates histone 3 at serine 10, thus

acting as a marker for NF-kB binding, thus further elevating the transcription of pro¬

inflammatory genes.
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In addition to co-activators, p65 also recruits co-repressor complexes, including three

members of the HDAC class 1 family which repress NF-KB-dependent transcription

(Ashburner et al., 2001; Zhong et ah, 2002; Baek et ah, 2002). Transcriptionally

inactive nuclear NF-kB in resting cells consists of homodimers of either p50 or

unphosphorylated p65 with HDAC-1. The p50 homodimer HDAC-1 complexes bind

to DNA and suppress NF-KB-dependent gene expression in unstimulated cells

(Zhong et ah, 2002). Nuclear p65 homodimers are transcriptionally inactive, as

unphosphorylated p65 does not bind DNA.

Oxidative stress induces NF-kB mediated proinflammatory gene transcription

(Rahman et ah, 2002b). Cigarette smoke condensate activates NF-kB in a dose and

time dependent manner (Anto et ah, 2002). Moreover, enhanced NF-kB activation

has been shown in bronchial biopsies from smokers and in guinea pigs exposed to

cigarette smoke with subsequent increased IL-8 release (Nishikawa et ah, 1999; Di

Stefano et ah, 2002). However, the molecular mechanism of cigarette smoke-

mediated enhanced expression of pro-inflammatory mediators is not yet fully

understood.

1.10 Chromatin remodelling

Transcription of eukaryotic cells is regulated by the specific manner in which the

DNA is packaged (Wade, 2001). In resting cells, the DNA is tightly packaged into

chromatin, a highly organised and dynamic protein-DNA complex. This functions
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both to constrain the genome within the boundaries of the cell nucleus and to

suppress gene activity in a general manner. The basic unit of chromatin, the

nucleosome, consists of 146 base pairs of DNA wrapped around two subunits, each

of highly conserved octamer or 4 core histone proteins histone 2A (H2A), histone 2B

(H2B), histone 3 (H3) and histone (H4) (Strahl and Allis, 2000). Tightly bound DNA

around a nucleosome core impairs accessibility of transcription factors to the

transcriptional complex, thereby suppressing gene transcription (Grunstein, 1990;

Kornberg and Lorch, 1992; Fletcher and Hansen, 1996; Ramakrishnan, 1997). This

chromatin structure is inextricably linked to transcriptional regulation, with structural

manipulation through covalent modification facilitating transcription (Adams and

Workman, 1993; Paranjape et al., 1994; Kornberg and Lorch, 1995; Felsenfeld,

1996; Brownell and Allis, 1996).

Role of Histone Modifications

Histones, once viewed as merely structural elements, are now understood to be

fundamental and dynamic components in the regulation of gene transcription (Katan-

Khaykovich and Struhl, 2002; Grunstein, 1997). Alterations in chromatin structure

can be achieved by two main mechanisms; post-transactional modification of the

core histones (Strahl and Allis, 2000; Muegge, 2002) and remodelling of the

nucleosome by the ATP-dependent chromatin remodelling structures such as Swi/Snf

(Peterson 2000, Becker 2002).
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The amino terminal 'tail' of the core histones protrudes from the surface of the

chromatin polymer. These regions may be subject to an array of post-translational

modifications including acetylation, phosphorylation, methylation, ubiqutination and

ADP-ribosylation (van Holde, 2004). These modifications alter the structure of the

chromatin by influencing histone-DNA and histone-histone contacts (Hansen et al.,

1998; Wolffe and Hayes, 1999). Indeed, it is now proposed that these modifications

represent a form of transcriptional language, referred to as the 'histone code' in

which a multitude of various combination of modifications, occurring at different

points on the histone tails result in a unique localised alteration in the transcriptional

state of the chromatin (Strahl and Allis, 2000; Muegge, 2002). Of these

modifications, histone acetylation has received the most attention (Grunstein, 1997).

This was fuelled, in part, by the discovery of the enzymes responsible for the steady-

state balance of this modification, HATs and HDACs (Allfrey et al., 1964; Pogo et

al., 1966). Indeed, compelling evidence has recently been provided that acetylation

plays a fundamental role in transcriptional regulation (Grunstein, 1997; Struhl,

1998).
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Histone Acetylation and Deacetylation
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Figure 1.12 Schematic representation of histone acetylation and deacetylation. Core histone

proteins are acetylated proteins by proteins with HAT activity, opening up the DNA to gene

transcription. Conversely, core histone proteins are deacetylated by HDACs, thereby causing

condensation of the DNA, displacing any transcriptional machinery and switching off any gene

transcription.

More than 30 years ago, Vincent Allfrey proposed that histone acetylation was

associated with transcriptional activity in eukaryotic cells (Allfrey et ah, 1964; Pogo

et ah, 1966; Pazin and Kadonaga, 1997). Subsequently, acetylated core histones were

shown to preferentially associate with transcriptionally active chromatin (Sealy and

Chalkley, 1978; Vidali et ah, 1978; Hebbes et ah, 1988). A mechanistic

understanding of the linkage between histone acetylation arose from the

identification of HATs and HDACs as transcriptional coactivators and corepressors,

which are targeted to promotors by sequence-sepecific DNA-binding proteins (Pazin

and Kadonaga, 1997; Struhl, 1998). Once recrutied to chromatin, HATs and HDACs
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generate a localized domain of modified histones, resulting in activation or

repression, respectivley, of their target genes (Struhl, 1999; Wu and Grunstein,

2000). Acetylation occurs on lysine residues on the amino-terminal tails of the

histones, such as Lys9 and Lysl4 on H3 and Lys5, Lys8, Lysl2 and Lysl6 on H3

(Bjerling et al., 2002). This neutralizes the net positive charge of the histones,

weakening the interactions with the DNA (Hong et al., 1993; Brownell and Allis,

1996; Turner and O'Neill, 1995) and disrupts the higher order folding of nucleosome

arrays (Hansen and Wolffe, 1992; Garcia-Ramirez et al., 1995). As consequence,

histone acetylation alters nucleosomal conformation (Norton et al., 1989), which can

increase the accessibility of the transcriptional regulatory proteins to chromatin

templates (figure 1.12) (Lee et al., 1993; Vettese-Dadey et al., 1996).

Histone acetylation is reversed by HDACs, which like HATs, can mediate changes in

gene expression as components of multisubunit complexes (Pazin and Kadonaga,

1997). HDACs remove acetyl moieties from the s-acetamino groups of lysine

residues of histones, restoring their positive charge and thereby resulting in the

rewinding/condensation of the DNA. This displaces transcription factors from their

DNA binding sites, leading to silencing of gene transcription (Johnson and Turner,

1999). HDACs have also been shown to interact with other sequence-specific DNA-

binding transcriptional repressors such as the heterodimer Mad-Max (Johnson and

Turner, 1999; de Ruijter et al., 2003), as well as the NF-kB p50 homodimer and with

steroids (Ito et al., 2000). It is through this process that steroids are thought to

propagate some of their anti-inflammatory properties, with recruitment of HDAC2
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into the transcriptionally activated complex, thereby closing down pro-inflammatory

gene expression, a process referred to as trans-repression (Ito et ah, 2000).

Histone Deacetylases

The HDAC family of enzymes consists of 17 isoforms, each differentially expressed

and regulated in different cell types (Finnin et al., 1999; de Ruijter et al., 2003). In

humans, HDACs are divided into three categories (Cress and Seto, 2000; Gray and

Ekstrom, 2001; Khochbin and Kao, 2001): the class 1 RPD3-like proteins (HDAC1,

HDAC2, HDAC3 and HDAC8): the class II HAD-l-like proteins (HDAC4, HDAC5,

HDAC6, HDAC7, HDAC9 and HDAC 10): and the class III SIR2-like proteins.

Because class I HDACs are ubiquitously expressed, whereas the class II HDACs are

tissue-specific, it has been proposed that the class I enzymes may be important in the

regulation of housekeeping genes (Yang et al., 1997; Grozinger et al., 1999).

By far the most studied human HDACs are the HDAC1 and HDAC2. These exist

together in at least 3 distinct multiprotein complexes called the Sin3, the

NuRD/NRD/Mis and Mi2, and the CoREST complexes (Hassig et al., 1997; Laherty

et al., 1997; Tong et al., 1998; Zhang et al., 1998; You et al., 2001). In addition,

many transcription factors interact directly with HDAC1 and HDAC2 and thus may

target them to specific promoters (Cress and Seto, 2000; Ng and Bird, 2000).

Because of the high degree of sequence similarity between HDAC1 and HDAC2,

56



together with the fact that they often co-exist in the same complexes, it is difficult to

assess the functional differences between these two enzymes.

Histone Phosphorylation

Histones may undergo a range of modifications, including phosphorylation,

methylation, ubiqutination and ADP-ribosylation (van Holde, 2004). Serine 10 and

28 on H3 tail are both proceeded by the same, highly conserved 3 amino acids

(alanine-arginine-lysine) phophorylatable motifs. Diverse stimuli, including growth

factors and protein synthesis inhibitors, all of which activate MAPK cascades elicit

the rapid transient phosphorylation of H3 on serine 10 resulting in the expression of

immediate-early (IE) genes (Mahadevan et al., 1991). However, MAPKs do not

enter the nucleus to exert their effects directly, rather they relay their signal to down

stream 'nuclear' signalling molecules. The stress activated protein kinase 1 and 2

(MSK1 and 2) are implicated in transferring the MAPK signal to the histones. MSK1

and MSK 2 are localised in the nucleus, consistent with roles in generating nuclear

responses and are activated by both ERK and p38 MAPK pathways (Deak et al.,

1998). MSK-1 phosphorylates H3 at physiologically relevant sites, eliciting an IE

response (Thomson et al., 1999; Soloaga et al., 2003). Indeed, MSK-1 may also be

important for the transcriptional activation of the p65 NF-kB subunit (Vermeulen et

al., 2003). However, the exact pathways and mechanisms of the down stream

signalling elicited by the MAPK with respect to histone phosphorylation remain

unclear.
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Phosphorylation of the histones has also been proposed to play a role in the

regulation of pro-inflammatory genes during inflammation. Recent in vitro studies by

Saccani et al showed that specific phosphorylation of H3 at serine 10, indirectly

resulting from activation of p38 MAPK, acts as a marker for transcription of specific

inflammatory cytokine and chemokine genes (Saccani et al., 2002). Moreover, this

enhanced gene transcription correlated with p38 MAPK-dependent recruitment of

NF-kB (Saccani et al., 2002; Muegge, 2002). Phosphorylation of acetylated H3 may

therefore act as a marker for pro-inflammatory transcription factors, marking out

specific pro-inflammatory genes for transcription (Saccani et al., 2002).

The Role of Histone Acetylation/Deacetylation Imbalance and HDAC in COPD

and Smokers

Chronic inflammation in the lungs in response to cigarette smoke is considered to be

a defining characteristic of COPD (Pauwels et al., 2001). However, one of the

defining characteristics that sets COPD aside from other inflammatory lung

conditions such as asthma is its relative steroid-insensitivity.

The role of histone acetylation/deacetylation in chronic inflammation, and in

particular HDAC2, has been heavily scrutinised over recent years. Oxidative stress

reduces the expression of HDAC 2 in vitro (Rahman et al., 2002b; Tomita et al.,

2003; Ito et al., 2004). Furthermore, alveolar macrophages from smokers display
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reduced HDAC activity and expression as compared to healthy non-smokers (Ito et

al., 2001a). There is also a reduction in HDAC 2 expression and activity in peripheral

lung tissue of smokers and a further reduction in COPD patient's lungs (Ito et al.,

2001b). This decrease in HDAC2 is associated with an increase in the acetylation of

H4 and in increase in transcription and expression of pro-inflammatory mediators

(Rahman et al., 2002b; Tomita et al., 2003; Ito et al., 2004). Indeed, studies by

Adcock et al proposed that steroids recruit HDAC2 into the pro-inflammatory NF-

kB transcription complex, resulting in histone deacetylation within the NF-kB

responsive pro-inflammatory gene loci (Ito et al., 2000). This results in localised

chromatin compaction, thereby switching pro-inflammatory gene transcription off.

Therefore, as COPD patient display reduced HDAC2 expression, this may be part of

the mechanics of the reduced steroid sensitivity seen in COPD (Barnes et al., 2004).
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1.11 Hypothesises and Aims
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Figure 1.13 Hypothetical representation of the impact of cigarette smoke on VEGF/KDR

expression and signalling, chromatin remodelling, inflammtion and their proposed role in the

development of emphysema in rat lungs in vivo.

The Hypothesises of the PhD were:

• Cigarette smoke exposure reduces VEGF and KDR expression resulting in

reduced endothelial survival signalling and endothelial cell death signalling in rat

lungs.

Cigarette smoke exposure causes an inflammatory response with altered

chromatin remodelling and HDAC expression in rat lungs.
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The aims of this PhD were to:

• Investigate the effect of cigarette smoke on the expression and signalling of

VEGF and KDR in rat lungs.

• To determine if any alterations in VEGF and KDR expression were also seen in

smoker COPD patient lungs.

• Elucidate the effect of cigarette smoke on the inflammatory response in rat lungs

exposed to cigarette smoke.

• Investigate the role of chromatin remodelling in cigarette smoke induced

inflammation in rat lung.
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Chapter 2

Materials and Methods



2.1 Introduction

Animal models provide an essential tool to investigate the mechanisms of the

development and progression pathological conditions, as well as drug target viability.

However, animal model studies incur many limitations, as the animals may differ

considerably in both physiology and response to stimuli compared to humans and

therefore cannot precisely mimic the human disease. Despite this they still provide a

vital insight in vivo into may pathological conditions. In this respect it is extremely

important to develop an animal model that displays as close a response as possible to

the stimulus in question. It is also important to wherever possible to confirm any

observations in human tissue, there by discounting a model specific artefact.

The majority ofwork in this project was carried in a smoking rat model. Human lung

tissue obtained from healthy non-smokers, healthy smokers and COPD patients that

were current smokers was also analysed to assess if the changes in the rat model

were relevant to the human disease. This confirmed the rat model as a relevent tool

for further study into cigarette smokes impact on the lung.

This chapter outlines the procedures and materials used for the experiments

throughout this project.
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2.2 Generation of cigarette smoke condensate

For in vitro experiments, cigarette smoke condensate (CSC) was generated by

passing cigarette smoke from commercially available Regal King Size cigarettes

(lOmg tar, 0.9mg nicotine, Imperial Tobacco group PLC, Bristol, UK) through

calcium and magnesium free phosphate buffered saline (CMF-PBS, Sigma) in a

tonometer (figure 2.1). The CSC was made freshly before use for every experiment.

Briefly, cigarette smoke was extracted using a syringe on an automatic pump system;

this was then passed through rubber tubing to a tonometer, which contained the

CMF-PBS (figure 2.1). The tonometer was rotating, causing the CMF-PBS to form a

large meniscus around the bulb of the tonometer, thus representing the epithelial

lining fluid in the alveoli air sack (figure 2.1). A ratio of 1 cigarette per 1ml ofCMF-

PBS was used, with a minimum of 2ml and maximum of 4mls made up at any one

time. The ratio of 1 cigarette per 1ml of CMF-PBS was taken as 100% cigarette

smoke condensate (CSC).

Figure 2.1 Cigarette smoking equipment used to generate CSC.
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2.3 Smoking Rat Model

A smoking rat model was developed to investigate the effect of cigarette smoke in

lungs in vivo. Male, Sprague-Dawley rats (323±-2.5g, Charles River, Margate, UK)

were divided into 6 experimental groups: (a) 3 day sham-exposed (n=6), (b) 3 day

smoke-exposed (n=6), (c) 8 week sham-exposed (n=6), (d) 8 week smoke-exposed

(n=6), (e) 6 months sham-exposed (n=6) and (f) 6 months smoke-exposure (n=6).

The rats were exposed to whole body cigarette smoke generated from 2R4F research

cigarettes (University of Kentucky, Kentucky, Louisville, USA) in 7 Litre smoking

chambers at 4 cigarettes per day, 5 day per week. The total particulate matter (TPM)

was 27.1 ± 0.8mg/cigarette. To ensure a consistent exposure, plasma cotinine levels

were measured. Plasma cotinine levels were 2.66 ± 0.12pM 1 hour post exposure and

0.51 ± 0.07pM after 24 hours post exposure. There was no change in cotinine levels

over 1 week of exposure. Carboxyhemaglobin levels were measured immediately

after the animals were removed from the chambers. A peak level of 42 ± 4.0pM was

reached after the 4th cigarette, which quickly decreases after the exposure was

stopped. Sham-exposed animals were exposed to medical grade air in 7 Litre

smoking chambers, 5 day per week in the same manner as the smoke-exposed

animals. Cotinine was not detectable in the sham-exposed animals. Rats were

sacrificed 2 hours post last exposure by intra-peritoneal injection of 200mg sodium

pentobarbital.
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2.4 Smoking Rat Model Bronchoalveolar Lavage Fluid (BALF)

The inflammatory cell influx in the lungs of the smoking rat model was assessed by

the inflammatory cell counts in the bronchoalveolar lavage fluid (BALF). BALF

extractions were performed at Novartis by Dr Chris Stevenson. Briefly, the lungs of

anaesthetised animals were lavaged by inserting a cannula into the trachea and

instilling the lungs with 3 x 4mL aliquots of sterile PBS. All aliquots were combined

for individual rats and made up to 12mls with PBS. Total cell counts were measured

using an automatic cell counter (Sysmex UK Ltd, Milton Keynes, UK). Differential

cell counts were preformed using standard morphological criteria on Hema-Gurr

stained cytospins (Merck, Poole, UK).

2.5 Smoking Rat Model Lung Tissue Processing

The lungs from the rats were prepared for protein, RNA and immunohistochemical

analysis. Briefly, the lungs were excised from the rats immediately after the animal

was sacrificed. The right lobe tied off and then snap frozen in liquid nitrogen for

protein and RNA analysis and stored at -80°C until further use. The left lobe was

inflated with 5 ml of 10% neutral buffered formalin (NBF) (GCC Diagnostics,

Flintshire, UK) and immersed in NBF to complete fixation for 24 hours. The left

lobe was then sliced tangentially into 6 slices, which were processed as two tissue

blocks. Sections (3pm) of the 4 central lung slices were cut using a Leica rotary
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microtome (IMEB, Chicago, IL, USA). The sections were mounted on to Polysine

slides (Surgipath Europe Ltd, Cambridge, UK) and dried overnight at 37°C.

2.6 Collection of Human Lung Tissue

To investigate the relevance of changes seen in the rat-smoking model lungs, human

lung tissue from COPD patients, smokers and non-smokers were studied. Resected

lung tissue from an area distal from the tumour was obtained from 18 patients

undergoing lung resection for peripheral bronchial carcinomas. Six of the patients

were current smokers with COPD (1 male and 5 females; 65.8 ± 2.5 [SEM] yr; table

2.1). Six other patients were current smokers with no clinical or spirometric evidence

of COPD (3 males and 3 females; 64.7 ± 2.4 [SEM] yr; table 2.1). The final six

patients were non-smokers with no clinical evidence of COPD and normal lung

function (4 males and 2 females; 62.8 ± 2.9 [SEM] yr; table 2.1). The lung samples

were subject to pathological examination and before being snap frozen in liquid

nitrogen and stored at -80°C until further use.
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Table 2.1 Lung tissue patient data.

Subject Smoking FEV, FEV, FEVj/FVC

(Pack Years) (Litres) (% Predicted) (%)

Non-smokers (62.8 ± 2.9 [SEM] yr)

1 0 1 69 95

2 0 1 68 76

3 0 3 111 84

4 0 2 78 82

5 0 5 75 79

6 0 2 108 78

Smokers (64.7 ± 2.4 [SEM] yr)

1 113 2 87 77

2 52 2 72 85

3 30 3 82 71

4 34 2 102 74

5 111 2 100 77

6 31 2 116 73

COPD (65.8 ± 2.5 [SEM] yr)

1 88 2 53 49

2 31.8 1 66 52

3 27 2 76 62

4 45 2 53 52

5 28 1 39 42

6 103 1 46 35
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2.7 Whole Cell Lung Tissue Protein Extraction

Total cell proteins were extracted from lung tissue using radio-immunoprecipitation

assay (RIPA) buffer (appendix). RJPA buffer allows sufficient cell lysis and protein

solublization whilst avoiding protein degradation and interference with a proteins

immunoreactivity and biological activity. Briefly, approximately O.lg of lung tissue

was homogenised in 1ml of ice-cold RJPA buffer for 1 minute using an Ultra-Turrax

homogeniser (Janke & Kunkel, Staufen, Germany). The lung tissue homogenate was

then incubated on ice for 45 minutes to allow total cell lysis. The homogenate was

centrifuged at 13,000rpm for 25 min at 4°C to separate the protein fraction from the

cell/tissue debris. The supernatant, containing the protein was removed, aliquoted

and stored at -80°C until further use. The pellet containing the cell debris was

discarded.

2.8 Lung Tissue Nuclear Protein Extraction

Nuclear cell proteins were extracted from the lung tissue using the ABC extraction

method, which can be used to isolate both cytosolic and nuclear proteins separately.

Briefly, approximately O.lg of lung tissue was homogenised in 1ml of buffer A

(appendix). lOOpl of Buffer B (appendix) was added, the mixture vortex for 15

seconds and incubated on ice for 15 minutes to allow cell membrane lysis. The

samples were then centrifuged at 2,000rpm for 30 second at 4°C. The supernatant

containing the intact nuclei was transferred to fresh, ice-cold eppendorfs and the
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fibrous pellet containing the tissue/cell debris was discarded. The supernatant was

centrifuged at 13, OOOrpm for 1 minute at 4°C. The supernatant containing the

cytosolic proteins transferred to fresh eppendorf and stored at -80°C until further use.

The pellet, containing the nuclei was resuspended in 200pl buffer C (appendix) and

incubated at 4°C for 30 minutes with constant agitation. The samples where then

centrifuged at 13,OOOrpm for 5 minutes and the supernatant containing the nuclear

proteins aliquoted and stored at -80°C until further use. The cell pellets containing

the nuclei debris and DNA was stored at -80°C for acid extraction of histones.

2.9 Acid Extraction ofHistone Proteins

In order to extract the core histone proteins from the tightly packed chromatin

complex, the extraction conditions must be acidic to disrupt the DNA-histone

interactions. Briefly, the pellets from the nuclear extraction were re-suspended in

150pl of deionised water (dH20) with 2.6pl of 11.6 M HC1 (final concentration

0.2N) and 1.5pl of 18 M H2SO4 (final concentration 0.36N). The samples were

agitated overnight at 4°C, and then centrifuged at 13,000 rpm at 4°C for 10 minutes

and the supernatant decanted into fresh eppendorf tubes. Ice-cold acetone (1.1 ml)

was added and left over night at -80°C to precipitate out the protein. The samples

were centrifuged at 13,000 rpm for 10 minutes and the supernatant removed. 1 ml of

ice-cold acetone was added to the supernatant, mixed and left at -80°C for 1 hour.

The samples were then centrifuged at 13,000 rpm at 4°C for 10 minutes and the
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supernatant decanted. The pellet was air-dried, re-suspended in 50 pi dh^O and then

aliquoted and stored at -80°C until further use.

2.10 Quantification of Protein Concentration

Protein concentrations were determined using a bicinchoninic acid (BCA) protein

assay kit according the to manufacturers instructions (Pierce, Chester, UK). Briefly,

1 part reagent B is mixed with 50 parts reagent A. lOpl of the sample was pipetted

into a 96 well EIA/RIA plate (Corning) in triplicate. 190pl of reaction mix was

added incubated at 37°C for 30 minutes. Known concentrations of bovine albumin

serum (BSA) were used to construct a standards curve from which to determine the

exact protein concentration. The absorbance was then measure at 570nm using a

MRXtc Microplate Reader (DYNEX laboratories, West Sussex, UK).

2.11 Denaturing Discontinuous Gel Protein Electrophoresis: Laemmli Method

Proteins were separated for analysis using the Laemmli method (Laemmli, 1970).

One dimensional gel electrophoresis under denaturing conditions separates proteins

on the basis of their molecular weight as they migrate through the polyacrylamide gel

matrix to the anode. Briefly, 30pg of protein was boiled in sample reducing buffer

(Invitrogen Life Technologies, Ca, USA) containing (3-mercaptoethanol and sodium

dodecyl suphate (SDS) for 3 minutes to denature the protein. P-mercaptoethanol
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breaks disulphide bonds and SDS confers an overwhelming negative charge around

the proteins, thereby allowing proteins to be separated by molecular weight alone.

The samples were then subject to electrophoresis on Tris-Glycine gels using the

Mini-Protean 3 Electrophoresis Cell System (Bio-Rad Laboratories Inc, Hemmel

Hempstead, UK). A 4% polyacrylamide stacking gel was used in accordance with

the Laemmli method resulting in sharper resolution of the bands (appendix). The

percentage of acrylamide used in the separating gel determines the size of the pores

of the gel and in turn the speed of protein migration through the gel. Higher

percentage gels were used to separate low molecular weight proteins and lower

percentage gel were used for higher molecular weight proteins (appendix). Samples

were run at 100V for approximately 70 minutes in running buffer (appendix).

2.12 Immunoblotting for Protein Analysis

Once the proteins had been denatured and separated, as described in section 2.14,

they were transferred onto nitrocellulose membranes for analysis. Briefly, the

proteins were transferred to a Proban BA 85 nitrocellulose membrane (Schleicher

and Schuell, Dassel, Germany) in Tris-glycine buffer transfer buffer containing 20%

methanol (appendix) using the Mini Trans-Blot Cell transfer system (Bio-Rad). The

nitrocellulose membranes were blocked in blocking buffer (1 x TBS with 0.1%

Tween20 (TBS-T) (Sigma) containing 5% (w/v) dried milk (5% M-TBS-T) for 1

hour at room temperature (unless otherwise stated), coating the membrane with

protein, thereby hiding non-specific binding and reducing the final background of the
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blot. The blots were incubated overnight (unless other wise stated) with the primary

at the appropriate dilution made up in blocking buffer. The blots were then washed in

TBS-T and the appropriated alkaline phosphatase conjugate linked secondary

antibody (against the animal the primary antibody was raised in) was added again at

a 1/1000 (Southern Biotech, Alabama, USA) dilution in blocking buffer for 1 hour at

room temperature. The blots were washed in wash buffer and touch dried on filter

paper and incubated in enhanced chemiluminesance fluid (ECF) (Amersham

Biosciences UK Ltd, Bucks, UK) for 5 minutes. The blots were analysed on a Storm

860 Phosphor Imager Seamier (Molecular Dynamics). Band density was analysed

using ImageQuant Version 5.0 software (Molecular Dynamics). To analyse for the

blots for other proteins, the blots were stripped and reprobed using Chemicon Re-

Blot Plus western recycling kit (Chemicon International, Temecula, California,

USA), and reprobed as appropriate. GAPDH protein band intensities were used as a

housekeeping protein loading control.
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Table 2.2 Immunoblotting Primary antibodies

Primary Antibody Dilution (WB) Company

Anti-nitrotyrosine 1/100 Hycult Biotechnology, Uden The Netherlands

Anti-4HNE 1/100 Bio-Stat, Cheshire, UK

Anti-Acrolein 1/1000 Prepaired as per Kirkham et al (Kirkham et al.,

2003)

Anti-HDAC2 1/2000 Calbiochem, Nottingham, UK

Anti-HDACl 1/2000 Calbiochem, Nottingham, UK

Anti-GAPDH 1/2000 Abeam Ltd, Cambridge, UK

Anti-IicBa 1/1000 Santa Cruz Biotechnology Inc.

Anti-p-p38 MAPK* 1/1000 Biosource, Nivelles, Belgium

Anti-p38 MAPK 1/1000 Cell Signalling, Massachusetts, USA

Anti-H4 1/1000 Cell Signalling, Massachusetts, USA

Anti-acetly-H4 1/1000 Upstate, Milton Keynes, UK

Anti-H3 1/1000 Cell Signalling, Massachusetts, USA

Anti-p-acetyl H3 1/1000 Cell Signalling, Massachusetts, USA

Anti-Flkl 1/400 Santa Cruz Biotechnology Inc.

Anti-NRP-1 1/200 Calbiochem, Nottingham, UK

Anti-GYP-1 1/200 Santa Cruz Biotechnology Inc.

Anti-phosphotyrosine 1/1000 Upstate, Milton Keynes, UK

Anti-ERKl/2 1/1000 Cell Signalling, Massachusetts, USA

Anti-p-ERKl/2 1/1000 Cell Signalling, Massachusetts, USA

Anti-Akt 1/1000 Cell Signalling, Massachusetts, USA

Anti-p-Akt 1/1000 Cell Signalling, Massachusetts, USA

Anti-Bad 1/500 Cell Signalling, Massachusetts, USA

Anti-p-Bad 1/1000 Cell Signalling, Massachusetts, USA

Anti-Bcl-xl 1/1000 Cell Signalling, Massachusetts, USA

* blocked overnight and primary antibody incubated for 2 hours at room temperature
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2.13 Immunoprecipitation

Immunoprecipitation was used to investigate the direct interactions between proteins.

Briefly, Immunoprecipitation was carried out using 200-500pg of protein (either

whole cell or nuclear) in a final volume of lOOpl with RIPA buffer. 40pl of Protein-

A-agarose beads (Calbiochem, USA) were added and agitated for 30 minutes for pre-

clear, removing any non-specific binding material from the samples. The samples

were centrifuged for 1 min at 13,000rpm to pellet the beads. The supernatant was

transferred to fresh eppendorfs and incubated with the appropriate antibody for 1

hour at 4°C. 40pl of Protein-A-agarose beads where then added and the samples

agitated at 4°C overnight. The samples were then centrifuged at 13,000rpm for 5

minutes and the supernatant removed and the beads washed with RIPA buffer. 40pl

of sample reducing buffer was added to the samples and boiled for 3 minutes at

98.5°C causing denaturation and dissociation of the protein from the antibody/bead

complexes. The samples where then centrifuges briefly and the supernatant aliquoted

for separation and immunoblotting or stored at -20°C until further use.

Table 2.3 Immunoprecipitationg primary antibodies

Primary Antibody Dilution (IP) Company

Anti-Bcl-xl 1/50 Cell Signalling, Massachusetts, USA

Anti-Flk-1 1/50 Santa Cruz Biotechnology Inc.

Anti-HDAC2 1/2500 Abeam Ltd, Cambridge, UK

74



2.14 Electrophoretic Motility Shift Assay (EMSA)

Electrophoretic mobility shift assay detects DNA binding proteins such as

transcription factors as complexes of protein and DNA migrate through a non-

denaturing polyacrylamide gel slower than either free DNA fragments or double

stranded oligonucleotides. Briefly, AP-1 and NF-kB consensus oliogonucleotides

(Promega) (table 2.4) were end labelled with 0.1 pCi of [y-32P]ATP/pl (Amersham

Pharmacia Biotech) in a reaction catalysed by 10U of T4 polynucleotide kinase

(Promega). 10pg of nuclear protein was added to 2pl of EMSA binding buffer

(appendix). Substitution of nuclear protein for either distilled water or Hela extract

(Promega) served as a negative and positive control respectively. Binding specificity

was verified by addition of either the non-labelled cold same oligonucleotide, served

as cold specific competitor reaction, or a different consensus oligonucleotide, serving

as a non-specific competitor. The reactions were incubated at room temperature for

10 minutes, then lpl of the P labelled oligonucloetide of interest was added and

incubated for a further 20 minutes at room temperature. The samples were then

subjected to electrophoresis on a 6% polyacrylamide EMSA gel (appendix) in

lxTBE buffer (appendix). The gel was dried in a vacuum using a HydroTech1M

Vacuum pump and Gel Dryer (Bio-Rad) and placed overnight on a Phosphor screen

(Molecular Dynamics, Buchinghamshire UK). The radioactive bands were analysed

using a Storm 860 Phosphor Imager Scanner (Molecular Dynamics). Band density

was analysed using ImageQuant Version 5.0 and I.Q Tools version 2.0 software

(Molecular Dynamics).
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Table 2.4 Sequence transcription factor consensus oligonucleotides

Oligonucleotide Sequence

NF-kB

5 '-AGT TGA GGG GAC TTT CCC AGG C-3'

3 '-TCA ACT CCC CTG AAA GGG TCC G-5'

AP-1
CGC TTG ATG AGT CAG CCG GAA-3'

3'-GCG AAC TAC TCA GTC GGC CTT-5

2.15 HDAC activity assay

HDAC2 activity was measured by its ability to deacetylate acetylated lysine side

chains of an HDAC substrate. Briefly, 200 p.g of nuclear protein was subject to

immunoprecipitation as described in section (2.13), except samples were

immunoprecipitated for 4 hours, not over night. After the Protein A Agarose beads

with bound immunoprecipitated HDAC2 were washed, HDAC2 was then separate

from the Protein A Agarose beads using elution buffer (appendix). HDAC2 activity

was then measured using an HDAC activity colometric kit (BioVision, Mountain

View, CA, USA). Briefly, lOpl of HDAC buffer and 5pi of deacetylase substrate

was added to 85pl of immuoprecipitate and the reaction incubated at 37°C for 1

hour. lOpl of Lysine developer was then added and the reaction incubated for a

further 30 minutes at 37°C. The samples were read on a 96 well ELA/RIA plate

(Corning) at 405nm using a MRXtc Microplate Reader (DYNEX laboratories, West

Sussex, UK).
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2.16 In vitro modified HDAC2 activity assay

HDAC2 was immunoprecipitated from a sham-exposed animal's lung homogenate as

described in section 2.13. The immunoprecipitated HDAC2 was treated in triplicate

with either 2% cigarette smoke extract (CSE) as described in section 2.3, 100 pM

l,2,3,4-Oxatriazolium-5-amino-3-(3,4-dichlorophenyl)-chloride (GEA) (Alexis,

Nottingham, UK), 100 pM 4-E1NE (Alexis) and 100 pM Acrolein (Sigma-Aldrich,

Dorset, UK) for 1 hour at 37°C. HDAC activity was measured by HDAC activity kit

(BioVision) as described in section 2.15 and compared to control, untreated HDAC2

activity.

2.17 RNA isolation

Total cellular RNA was isolated from cultured cell monolayers and lung tissue using

TRIzol reagent (Invitrogen Life Technologies, Paisley, UK), a monophasic solution

of phenol and guanidine isothiocyanate based on the method of Chomczynski and

Sacchi (Chomczynski and Sacchi, 1987). Briefly, ~0.1g of lung tissue was added to

lml TRIzol and homogenised using a Ultra-Turrax homogeniser (Janke & Kunkel)

for 1 minute and left for 15 minutes at room temperature to allow total cell lysis. To

isolate the RNA, 200pl of chloroform (Sigma) was added per ml of TRIzol and the

samples shake vigorously for 15 seconds and then incubated on ice for 10 minutes.

The mixture was centrifuged at 13,000rpm for 14 minutes at 4°C and the top,

aqueous phase containing the RNA was carefully removed with out touching the
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interface containing DNA. The lower organic phase containing proteins was

discarded. 500ul of isopropanol (BDH, Lutterworth, UK) was added and the mixture

left on ice for 15 minutes to precipitate out the RNA. This was then centrifuged at

13,000rpm for 14 minutes and the isopropanol removed. 75% ethanol (Fisher) was

added to the RNA pellet to remove excess isopropanol, mixed and centrifuged at

12,000rpm for 10 minutes, the ethanol was discarded and the pellet left to air dry at

room temperature. The RNA was re-suspended in RNA storage solution (Ambion,

Cambridgeshire, UK) and heated to 55°C in a Dri-Block BD-2D (TECHNE, New

Jersey, USA) to aid the RNA re-suspension. RNA was quantified

spectrophotometrically using an Ultrosec 2000 (Amersham Pharmacia Biotech,

Buckinghamshire, UK) and the formula shown below:

A
mRNA (pg/ml) = — X Dilution Factor

V • \J +J

Protein contamination was also measured at 280nmin the same samples and the

ration calculated and the ration of RNA:Protein calculated, a ratio of <1.6 was

accepted.

2.18 cDNA

Once quantified, the RNA was reverse transcribed into cDNA using Moloney

leukaemia virus (M-MLV) reverse transcriptase (Promega, San Luis Obispo,

California, USA). Messenger RNA (mRNA), unlike both transfer RNA (tRNA) and
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ribosomal (rRNA) is polyadenylated and therefore oligo(dT) can bind to the 3'

adenine tail and act as a primer for cDNA synthesis by the enzyme reverse

transcriptase. Briefly, 2 pg of mRNA was incubated in reverse transcriptase (RT)

transcription reaction buffer (appendix) at 37°C for 90 minutes followed by 10

minutes at 94°C to stop the reaction using a PTC-200 Peltier Thermal Cycler (MJ

Research, Essex UK). The cDNA was stored at -4°C for short-term use and -20°C for

long-term storage.

2.19 Reverse Transcriptase Polmerase Chain Reaction (RT-PCR)

Reverse transcriptase polymerase chain reaction (RT-PCR) was preformed using

oligonucleotide primers (MWG Biotech, Ebersderg, Germany) that were chosen

from published sequences (table 2.4). Briefly, RT-PCR was performed using 5pl of

cDNA in 50mls of reaction mixture (appendix) and 1U of TaqPl (Promega,

Southampton, UK). PCR conditions were optimised for primers using a temperature

gradient to obtain the optimal annealing temperature (figure 2a), optimising the

MgCU concentration (figure 2b) and optimising the number of cycles (figure 2c).

The reaction mixture was then subjected to thermal cycling using the specific

parameters for each gene primers (table 2.5), using a PTC-200 Peltier Thermal

Cycler (MJ Research).
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lOobp Temperature Gradient (°C)
Ladder 45 45.5 46.5 48.2 50.5 53.4 56.7 59.6 61.8 63.4 64.6

lOObp
Ladder

MgCl2(mM) iQOob Number of Cycles
Ladder 18 24 28 32 36

Figure 2. Representative PT-PCR gel pictures of RT-PCR primer optimisation, (a)

Representative gel picture of a temperature gradient to find the optimal annealing temperature for the

primers, (b) Representative gel picture of optimisation of MgCl2 concentration in RT-PCR reaction

mix. (c) Representative gel picture of cycle number optimisation to get the reaction in the log phase

thereby preventing saturation of the bands.
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2.20 Resolution of RT-PCR Products

RT-PCR products were loaded on to a 1.5% agarose gel (appendix) using 6x-loading

dye (Promega). For each gene, the house keeping gene, GAPDH was also loaded

onto the same gel and used to normalise against any variation in the original RNA

concentration. Electrophoresis was performed at 100V for 45 minutes in lxTE buffer

(appendix) containing 0.5pg/ml ethidium bromide to allow visualisation of RT-PCR

product. A DNA ladder, containing various DNA fragments of known sizes was run

on each gel to allow estimation of the RT-PCR product size. The DNA bands were

visualised with a GDS7600 Gel Documentation and Analysis system using Grab-IT

Version 2.5 software (UVP Laboratory Products, Cambridge, UK). The density of

the bands was analysed using GELBase/Gelblot Pro™ software (UVP Laboratory

Products), and the intensity of the gene of interest was expressed as a ratio of the

intensity of the GAPDH housekeeping gene.
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Table 2.5 PCR Primer sequences

Gene Primer Sequence Reference

Rat VEGF up
Rat VEGF rev

5'-CCT GGT GGA CAT CTT CCA GGA GTA CC-3'
5'-GAA GCT CAT CTC TCC TAT GTG CTG GC-3'

Pai,
2001

Rat KDR up
Rat KDR rev

5'-GGG AAA GAC TAT GTT GGG-3'
5'-ATC ATT CTT GAC CCC AGG-3'

Mahmood,
2001

Rat NRP-1 up
Rat NRP-1 rev

5'-ATG TGG AAG TGA TCG ATG GAG-3'
5'-CGA TAA CGC GAC AGT CTC ATCT-3'

Miao,
2000

Rat y-GCSh up
Rat y-GCSh rev

5'-AGA CAC GGC ATC CTC CAG TT-3'
5'-CTG ACA CGT AGC CTC GGT AA-3'

Tian,
1997

Rat MnSOD up
Rat MnSOD rev

5'-GCG ACC TAC GTG AAC AAT CTG AAG G-3'
5'-l'CA ATC CCC AGC AGT GGA ATA AGG C-3

Kim,
2002

Rat TGF-p i up
Rat TGF-P! rev

5'-CCT CAG CTC CAC AGA GAA GAA CTG C-3'
5'-CAC GAT CAT GTT GGA CAA CTG CTC C-3'

Morimoto,
2001

RatMlP-la up
Rat MlP-la rev

5'-GAT GTA TTC TTG GAC CCA GGT-3'
5'-TAT GGA GCT GAC ACC CCG AC-3'

Driscoll,
1993

Rat MIP-2 up
Rat MIP-2 rev

5'-GGC ACA TCA GGT ACG ATC CAG-3'
5'-ACC CTG CAA AGG GTT GAC TTC-3'

Driscoll,
1993

Rat Bcl-2 up
Rat Bcl-2 rev

5'-CCG GGA GAT CGT GAT GAA GTA-3'
5'-CAT ATT TGT TTG GGG CAT GTC T-3'

Ray,
1999

Rat GAPDH up
Rat GAPDH rev

5'-ACC ACC ATG GAG AGG GCT GG-3'
5'-CTC AGT GTA GCC CAG GAT GC-3'

Tso,
1985

Human GAPDH up
Human GAPDH rev

5'-CCA CCC ATC GCA AAT TCC ATG GCA-3'
5'-TCT AGA CGG CAG GTC AGG TCC ACC-3'

Maier
1990
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Table 2.6 Thermal Cycling Conditions for PCR

Gene PCR Parameters MgCl2 (mM) Size

(bp)
Denat. Anneal. Exten. Cycle Final. Exten.

Rat VEGF 94°C

60 sec

55°C

60 sec

72°C

60 sec

30 72°C

10 min 1.5

200

Rat KDR 94°C

60 sec

50°C

60 sec

72°C

2 min

32 72°C

10 min 2

500

Rat NRP-1 94°C

60 sec

44°C

60 sec

72°C

2 min

35 72°C

10 min 2

350

Rat y-GCSh 95 °C

60 sec

60°C

60 sec

68°C

2 min

35 68°C

7 min 2

804

Rat MnSOD 94°C

60 sec

60°C

60 sec

72°C

60 sec

35 72°C

10 min 2

250

Rat TGF-Pi 94°C

45 sec

60°C

45 sec

72°C

2 min

35 72°C

10 min 1.5

298

Rat MlP-la 94°C

60 sec

55°C

60 sec

72°C

2 min

30 72°C

10 min 2.5

189

Rat MIP-2 94°C

60 sec

55°C

60 sec

72°C

2 min

30 72°C

10 min 2.5

287

Rat Bcl-2 94°C

45 sec

58°C

45 sec

72°C

60 sec

25 72°C

10 min 2

508

Rat GAPDH 95°C

30 sec

60°C

60 sec

60°C

2 min

25 68°C

7 min 2.5

520

Human GAPDH 94°C

45 sec

60°C

45 sec

72°C

90 sec

23 72°C

10 min 2.5

600
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2.21 Immunohistochemistry

Immunohistochemistry for Neutrophils and macrophages

Immunohistochemmistry for macrophages and neutrophils was performed by the

trypsin digestion method. Briefly, lung sections were dewaxed in xylene, rehydrated

and endogenous peroxidase inhibited with 0.5% hydrogen peroxide in methanol for

10 minutes. A controlled digestion was carried out in warmed trypsin solution (ICN

Pharmaceuticals, Basingstoke, UK). To detect macrophages, slides were incubated in

mouse anti-rat EDI (Serotec, Oxford, UK) (diluted 1/1000) overnight at 4°C.

Immunodetection was preformed using biotinylated rabbit anti-mouse Ig reagent

(Dako Cytomation, Cambridgeshire, UK), sABC reagent (Dako Cytomation), and

3,3'-diaminobenzidine (DAB) (Sigma, Dorset, UK). The nuclei were counterstained

with Cole's haematoxylin solution. In rat lungs, the bronchus associated lymphoid

tissue acted as an internal positive control. For negative controls the primary

antibody was omitted from one section of each of the samples. Rat neutrophils were

identified with the substituted naphthol method for AS-D chloroacetate esterase

(Sigma). Briefly, solution Y (1.5% pararosaniline, 1.5% NaNCU, pH 6.3) was mixed

with 1 ml of solution Z (Naphthol AS-D chloroacetate 20 mg/ml in NN dimethyl

formamide, Sigma) and added to the sections for 2 hours at room temperature.

Nuclei were counterstained with Mayers haemalum. For a negative control solution

Z was prepared without the substrate. Both neutrophils and macrophages were

counted using the Axiohome Microscope. Cells were identified by both positive

staining and standard morphological criteria. Two fields to the right of the large

airway in two pieces of the left lobe were counted (i.e. 4 fields, total area
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approximately 6.5 mm ). When there was a difference of more than 5 cells/mm2

between the average counts of 2 and 4 fields, an extra field was counted in piece 3

(total area of approximately 8.3 mm ).

Immunohistochemistry for active caspase-3, nitrotyrosine and 4HNE

Immunohistochemistry for active Caspase-3, nitrotyrosine and 4HNE was performed

by microwave irradiation method. Briefly, lung sections were dewaxed in xylene,

rehydrated and endogenous peroxidase inhibited with 0.5% hydrogen peroxide in

methanol for 10 minutes. Sections were stained with Anti-active caspase 3 (Abeam),

anti-nitrotyrosine (Hycult Biotechnology) and anti-4HNE adduct (Calbiocherm)

overnight at 4°C. Immunodetection was preformed using biotinylated rabbit anti-

mouse Ig reagent (Dako Cytomation, Cambridgeshire, UK), sABC reagent (Dako

Cytomation, Cambridgeshire, UK), and 3,3'-diaminobenzidine (DAB) (Sigma,

Dorset, UK). The nuclei were counterstained with Cole's haematoxylin solution.

Tonsil was used as a positive control and for negative controls the primary antibody

was omitted from one section of each of the samples. Cells were identified by both

positive staining and standard morphological criteria. Capase positive cell counts

were performed as described for neutrophils and macrophages. 4HNE and tyrosine

nitration staining intensity was assessed semi-quantitatively in a blinded fashion and

graded 0 = no staining, 1 = weak staining, 2 = moderate staining and 3 = strong

staining.
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Table 2.7 Immunohistochmistry primary antibodies

Primary Antibody Dilution (IHC) Company

Anti active caspase 3 1/50 Abeam Ltd, Cambridge, UK

Anti-nitrotyrosine 1/100 Hycult Biotechnology, Uden The Netherlands

Anti-4HNE 1/12000 Calbiochem, Nottingham, UK

2.22 Enzyme Linked Immunobsorbent Assay (ELISA)

Lung VEGF165 protein levels were measured using an enzyme linked

immunoabsorbent assay (ELISA). ELISA was performed using rat and human match

paired antibodies from R&D systems (R&D Systems, Abingdon, UK) according to

the manufacturer's instructions. Briefly, 96 well EIA/RIA plates (Corning) were

coated with capture antibody (0.4pg/ml) in PBS over night at room temperature.

200pl of 5% BSA-TBS-T was added to each well and incubated at 37°C for 1 hour.

Plates were then washed in TBS-T. 50pg of whole cell lung protein was made up to

lOOpl with PBS and added to the cells in triplicate. VEGF165 recombinant protein

standards ranging from 31.2-2000pg/ml were also added in duplicate. Samples were

incubated for 2 hours at 37°C. Plates were washed in TBS-T and 200pl of detection

antibody (50ng/ml) in ELISA blocking buffer was added to each well and incubated

for a further 1.5 hours at 37°C. The plates were washed in ELISA wash buffer and

1OOjliI of Extra-Avidin-AP (1/5000 dilution in ELISA blocking buffer) was added to
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each well and incubated at 37°C for 30 minutes. The plates were then washed in

TBS-T and lOOp.1 of lmg/ml PNP substrate (Sigma) was added to each well and

incubated for 30 minute at room temperature in the dark. Plates were read at 405

using a MRXxc Microplate Reader (DYNEX laboratories, West Sussex, UK).

2.23 Statistical Analysis

Both rat and human lung experiments were conducted with an n of 6. The data

shown in each figure represents the mean of the individual experiments ± the

standard error of the mean (SEM). Statistical significance was determined using One

Way Analysis of Variance (ANOVA) with Tukey's family error rate (Minitab

Version 10.5). Tukey's post-hoc test was applied as it allows comparisons whilst

minimising the inter-experimental error rate where statistical significance was

accepted at 0.05. The probability (p) value given by the ANOVA denotes the

probability that the difference between the 2 means belong to the same normal

distribution is 1 in X, where p<0.05 is 1 in 20. An indication of the p value for results

is given by the symbol *, where * denotes a probability of less than 0.05 (p<0.05),

** denotes p<0.01 and *** denotes pO.001.
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Chapter 3

Cigarette Smoke Imposed Oxidative Stress on Rat Lungs



3.1 Introduction

The lung is continuously exposed to ROS, either generated endogenously by

metabolic reactions or exogenously by air pollutants such as cigarette smoke.

Cigarette smoke contains around 1017 oxidant molecules 'per puff and over 4,700

chemicals (Church and Pryor, 1985). ROS such as 02'~ and HO' are highly unstable

species with unpaired electrons and are therefore short-lived, however, they can

initiate lipid peroxidation, which results in the generation of secondary more stable

lipid peroxidation products such as the reactive aldehydes 4-HNE and acrolein

(Rahman, 2003). These can diffuse through the cell causing protein modification,

DNA damage and initiating further lipid peroxidation at sites distant from the initial

oxidative insult (Doom and Petersen, 2002; Ischiropoulos, 2003; Rahman, 2003).

4-HNE has a high affinity toward cysteine, histidine and lysine residues, forming

direct protein adducts and is a key mediator of oxidant-induced cell signalling and

apoptosis (Doom and Petersen, 2002; Rahman, 2003). 4-HNE has also been

implicated in the pathogenesis of COPD. Studies investigating ROS modifications in

COPD patient lungs showed increased levels of 4-HNE-modified protein in the

airway and alveolar epithelial cells, endothelial cells, and neutrophils (Rahman et al.,

2002a). Further studies have also revealed that the 4-HNE-modified protein levels

have an inverse correlation with the FEV1 and a positive correlation with gamma-

glutamylcysteine synthetase (y-GCS, the rate-limiting enzyme in the formation of

glutathione) mRNA levels in the airway and alveolar epithelium (Rahman et al.,

2000; Rahman et al., 2002a).
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Protein tyrosine nitration by reactive nitrogen species has also been implicated in the

disruption of protein function (Ischiropoulos, 2003; Ito et al., 2004). Sputum from

patients with COPD display increased numbers of 3-nitrotyrosine immunopositive

cells with an inverse correlation with the FEV1 (Sugiura et al., 2004). Furthermore,

nitration of FIDAC2 has been implicated as part of the mechanism of steroid

insensitivity in seen COPD (Ito et al., 2004; Barnes et al., 2004).

The lungs have a host of antioxidant defences to cope with the continuous oxidant

insult of environmental, metabolic and inflammatory cell derived oxidants.

Glutathione, (GSH), a ubiquitous tripeptide thiol, is a vital intra- and extracellular

protective antioxidant in the lungs, which detoxifies oxidants, free radicals, organic

polyaromatic hydrocarbons and electrophilic compounds (Rahman et al., 1995).

Antioxidants such as GSH protect alveolar macrophages, pulmonary epithelial cells

and pulmonary endothelial cells from oxidative stress and also helps to maintain

functional surfactant (Lash et al., 1986; Cross et al., 1994). GSH is increased in the

epithelial lining fluid (ELF) of chronic smokers, but not the ELF of acute smokers,

suggesting that it may play an important role in the adaptation of the lung to cigarette

smoke-imposed oxidative stress (Cantin et al., 1987; Morrison et al., 1999). The

expression of y-GCS heavy chain (the catalytic subunit of y-GCS, y-GCS-h) is also

higher in smokers with COPD, suggesting a specific role for enhanced GSH

synthesis as a mechanism to provide an adaptive response against oxidative stress in

patients with COPD (Rahman et al., 2000; Rahman et al., 2002a). Furthermore,

sputum concentrations of oxidised GSH (GSSG) and nitrosothiols are increased in
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patients with COPD, underlining the role of oxidative stress in the pathogenesis of

COPD, and suggesting that GSH is important to scavenge both reactive oxygen and

nitrogen species (Beeh et ah, 2004).

Another important antioxidant that protects the lung against ROS-induced damage is

manganese superoxide dismutase (MnSOD), which is located in the mitochondria of

mammalian cells (Allen and Balin, 2003; Powell et ah, 2004; Rahman et ah, 1998).

In vitro studies show that cells over-expressing MnSOD are significantly less

susceptible to cigarette smoke toxicity than the normal cells (St Clair et ah, 1994).

Further in vivo studies have also shown that cigarette smoke exposure elevates the

expression ofMnSOD in the lungs of rats (Gilks et ah, 1998; Stringer et ah, 2004).

The aim of this chapter is to assess the impact of cigarette smoke exposure on both

the levels of the antioxidant genes y-GCSh and MnSOD and the protein modification

levels by 4-HNE and tyrosine nitration in the lungs of the smoking rat model.
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3.2 Results

3.2.1 Lung y-GCSh mRNA Expression Levels in the Smoking Rat Model

RT-PCR analysis of the smoking rat model lungs revealed a significant increase in y-

GCSh mRNA expression after 3 days, 8 weeks and 6 months of cigarette smoke

exposure compared to sham-exposed animals (figure 3.1). This suggests that the

antioxidant defences in the rat lung may be adapting to cope with the increased

oxidant burden imposed by the cigarette smoke exposure on the lung.
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Figure 3.1 Lung y-GCSh mRNA expression levels in the smoking rat model, (a) Representative

RT-PCR gel picture of lung y-GCSh mRNA expression levels after either 3 days, 8 weeks or 6 months

of cigarette smoke exposure in the smoking rat model, (b) y-GCSh mRNA levels are significantly

elevated in smoke-exposed animals compared to sham-exposed animals at all time points (n=6).

Histograms represent the means and the bars the SEM of y-GCSh:GAPDH ratio expressed at % sham-

exposed (control) animals. *** = p<0.001 compared to sham-exposed animals.
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3.2.2 Lung MnSOD mRNA Expression Levels in the Smoking Rat Model

Further RT-PCR analysis of the smoking rat model showed that mRNA expression

of MnSOD was also significantly elevated after 3 days, 8 weeks and 6 months of

cigarette smoke exposure compared to sham-exposed animals. Again, this suggests

that antioxidant gene transcription is elevated in the smoke-exposed rat lungs in

response to oxidative stress imposed by the cigarette smoke.
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Figure 3.2 Lung MnSOD mRNA expression levels in the smoking rat model, (a) Representative

RT-PCR gel picture of lung MnSOD mRNA expression levels after either 3 days, 8 weeks or 6

months of cigarette smoke exposure in the smoking rat model, (b) MnSOD mRNA levels are

significantly elevated in smoke-exposed animals compared to sham-exposed animals at all time points

(n=6). Histograms represent the means and the bars the SEM of MnSOD:GAPDH ratio expressed at

% sham-exposed (control) animals. ** = p<0.01, *** = pO.OOl compared to sham-exposed animals.
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3.2.3 Lung 4HNE Staining in the Smoking Rat Model

Immunohistochemical analysis of the lungs of the smoking rat model for 4-HNE

protein modification showed that there was no difference in the general staining

pattern and intensities between the smoke-exposed and sham-exposed rat lungs.

However, smoke-exposed lungs exhibited stronger staining in the alveolar

macrophages compared to the sham-exposed lungs samples (figure 3.4). In addition

in the 6 months smoke-exposed rat lung, the terminal bronchial epithelium associated

with macrophage lesions displayed increased 4-HNE staining. The alveolar

macrophages in the 8 weeks and 6 months smoke exposed rat lung also appeared to

be clumped together in foci around the alveolar airspaces (figure 3 .4d).
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Figure 3.3 Lung 4HNE staining in the lungs of the smoking rat model. Representative picture of

4HNE adduct staining in (a) sham-exposed rat lungs, (b) 3 day smoke-exposed rat lungs, (c) 8 week

smoke-exposed rat lungs and (d) 6 month smoke-exposed rat lungs.
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Figure 3.4 Lung 4HNE staining of alveolar macrophages in the smoking rat model, (a)

Representative picture of 4HNE adduct staining in alveolar macrophages in (a) sham-exposed rat

lungs, (d) 3 day smoke-exposed rat lungs (c) 8 week smoke-exposed rat lungs and (d) 6 month

smoke-exposed rat lungs. Arrows show alveolar macrophages, (e) Alveolar macrophage 4HNE

staining is elevated, in smoke-exposed rat lungs compared to sham-exposed animals (n=6). Closed

circles represent smoke-exposed animals, open circles represent sham-expsed animals and lines

represent the mean of the spread. Each circle represents the average score of 3 field of view from

same lung section. Immunohistochemical staining was assessed by blinded scoring, 0 = no staining,

1= weak staining, 2 = moderate staining and 3 = strong staining.
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3.2.4 Lung Nitrotyrosine Staining in the Smoking Rat Model

Immunohistochemical analysis for tyrosine nitrosation in the lungs of the smoking

rat model showed staining in mast cells in the periphery of the lungs and within the

perivascular connective tissue. However, there were no differences in the staining in

any cell type in the lungs of the smoke-exposed animals compared to the sham-

exposed animals. Mast cells can exhibit endogenous avidin binding activity.

However, there was no staining seen when the primary antibody was omitted.
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Figure 3.5 Lung protein nitrotyrosine levels in the smoking rat model. Representative picture of

tyrosine nitration staining in (a) sham-exposed rat lung, (b) 3 day smoke-exposed rat lung, (c) 8 week

smoke-exposed rat lung and (d) 6 month smoke-exposed rat lung. (e). There was no difference in

staining between sham-exposed and smoke-exposed rat lungs in any cell types, as assessed by blinded

scoring (n=6). Nitortyrosine staining intensities are unaltered in the smoke-exposed rat lungs

compared to the sham-exposed animals at all time points (n=6). Arrows show mast cell staining.
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3.3 Discussion and Conclusions
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Figure 3.6 Hypothetical diagram of the effect of cigarette smoke antioxidant gene expression in

rat lungs. Cigarette smoke induced increased MAPK signalling, redox-sensitive transcription factor

activation and increased y-GCS and MnSOD gene expression in order to counter the increased oxidant

burden posed by cigarette smoke on the rat lungs.

The data presented in this chapter demonstrate that cigarette smoke increases the

levels of the antioxidant genes y-GCSh and MnSOD and increases the levels of 4-

HNE adducts in alveolar macrophages in the lungs of the smoking rat model.

GSH is a ubiquitous tripeptide thiol and a critical intra- and extracellular protective

antioxidant in the lungs (Rahman et al., 1995). The epithelial lining fluid (ELF) in

chronic but not in acute smokers shows elevated levels of GSE1, indicating that

upregulation of GSH is an adaptive, rather than an acute response to cigarette smoke
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(Cantin et al., 1987; Morrison et al., 1999). Furthermore, smokers with COPD have

elevated y-GCS mRNA and increased oxidised glutathione (GSSG) levels suggesting

a specific role for enhanced GSH synthesis as a protective mechanism against

oxidative stress in patients with COPD (Rahman et al., 2000). The lungs of the

smoking rat model in this study displayed increased expression of the antioxidant

genes y-GCSh and MnSOD after 3 days, 8 weeks and 6 months cigarette smoke

exposure. This indicates that the rat lungs were responding to the elevated oxidative

stress imposed by the cigarette smoke. Previous smoking rat models have also shown

increases in GSH and MnSOD levels in response to cigarette smoke (Baskaran et al.,

1999; Gilks et al., 1998; Stringer et al., 2004). Acute exposure to cigarette smoke has

also been shown to deplete GSH levels with an associated elevation in GSSG levels

in the lungs of rats (Park et al., 1998). These studies suggest that cigarette smoke

elicits a similar antioxidant gene response in both rat and human lungs. However, the

GSH activity and GSH:GSSG ratio in the lungs of the smoking rat model, both of

which are elevated in chronic smokers and COPD patients lungs, must be

investigated in order to make a more complete comparison with GSH regulation in

response to cigarette smoke in human lungs and to demonstrate evidence of oxidative

stress (Cantin et al., 1987; Beeh et al., 2004). Both y-GCSh and MnSOD are

regulated by redox-sensitive transcription factors, which play an important role in

inflammatory conditions (Das et al., 1995; Rahman et al., 1998). As both an

enhanced inflammatory response (chapter 6) and elevated redox-sensitive

transcription factor DNA binding (chapter 6) were observed in the lungs of the

smoking rat model, the increased antioxidant gene levels demonstrated in this

chapter may represent an adaptation by the rat lung, in response to the elevated
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inflammatory response, to counter the oxidant insult posed by both the cigarette

smoke and inflammatory cell derived ROS.

4-HNE is a highly reactive lipid peroxidation product with a high affinity toward

cysteine, histidine and lysine residues, forming direct protein adducts and mediating

oxidant-induced cell signalling and apoptosis (Doom and Petersen, 2002). The levels

of 4-HNE-modified protein have shown to be elevated in the airway and alveolar

epithelial cells, endothelial cells, and neutrophils in patients with COPD compared to

smokers without COPD, with a positive correlation with y-GCS mRNA expression in

the airway and alveolar epithelium of COPD patient lungs (Rahman et al., 2002a).

Previous smoking models, such as acute exposure in mice, have also shown elevated

markers of oxidative stress, such as bronchiolar and alveolar epithelial 8-hydroxy-2-

deoxyguanosine (8-OhdG), a marker of oxidative DNA damage (Aoshiba et ah,

2003).

However, immunohistochemical analysis for 4-HNE adducts in the smoking rat

model lungs proved largely inconclusive. There was no difference in the general

pattern of staining of 4-HNE adducts or between smoke-exposed and sham-exposed

rat lung tissue at any point (figure 3.3). A more thorough investigation into 4-HNE

modification in the lungs of the rat-smoking model may be carried out using

antibodies specifically designed to be used for immunohistochemisty on rat lungs,

which were regrettably not commercially available at the time of this study.

However, the alveolar macrophages in the lungs of the smoke-exposed rats displayed

darker 4-HNE staining compared to sham-exposed animals (figure 3.5e). The
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alveolar macrophages in alveoli of the 8 week-exposed rats appeared to be

aggregating into foci, these aggregates were even larger after 6 months smoke

exposure. A previous study by Kirkham et al, showed that macrophages adhere to

matrix modified by cigarette smoke and lipid peroxidation products (Kirkham et al.,

2003). This suggests that smoke exposure may have modified the cell surface

proteins and ECM of the airspaces, which the macrophages have recognised and

adhered to. These macrophages may have themselves become modified by the

cigarette smoke, as darker 4-HNE staining in the smoke-exposed animals indicates.

Therefore, other macrophages may recognise and adhere these, thus forming

aggregates in the alveolar spaces. These adhered macrophages may not be able to be

removed by the mucociliary pathway. However, it is also possible that this may be

partly an experimental artefact, where the lavage technique of the rat lungs was

inadequate to remove all of the alveolar macrophages. Repeated BALF extractions,

instilling larger aliquots of sterile PBS should be carried out to elucidate this

potential problem.

COPD patients also display increased numbers of 3-nitrotyrosine immunopositive

cells in their sputum (Sugiura et al., 2004). Furthermore, nitration of HDAC2 has

been implicated as part of the mechanism of steroid insensitivity in COPD patients

(Ito et al., 2004; Barnes et al., 2004). However, there were no differences in the

pattern of nitrotyrosine staining between smoke-exposed and sham-exposed animals

at all time points. As increased tyrosine nitration was observed on specific proteins in

the lungs of the smoking rat model, specifically HDAC2 (chapter 7), any global
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increase in the protein tyrosine nitration levels in the lungs of the exposed animals

may have been too low to detect by immunohistochemistry.

The data in this chapter suggests that cigarette smoke may be imposing oxidative

stress in the lungs of the smoking rat model, resulting in upregulation of antioxidant

genes in an adaptive response to counter elevated levels of oxidants. However,

conclusive determination of oxidative stress in the lungs of the smoking rat model,

and its similarities to smokers and COPD patient lungs, would require investigation

of further markers of oxidative stress such as the GSH:GSSH ratio and 8-OhdG

levels.

It has been proposed that oxidants can induce alterations in receptor tyrosine kinase

signalling (Casalino-Matsuda et al., 2004). As the receptor tyrosine kinase KDR

expression is reduced in emphysema (Kasahara et al., 2001), this raises the question

whether the oxidative stress imposed in the rat lung by cigarette smoke has any affect

of the rat lung KDR expression, activation and signalling. The next chapter looks at

the expression and activation of the VEGF165/KDR complex in the lungs of the

smoking rat model.
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Chapter 4

The Impact of Cigarette Smoke on the VEGFi6s-KDR Signalling

Complex in Rat Lungs



4.1 Introduction

VEGF165/KDR signalling is fundamental in both angiogenesis and maintenance of

the vasculature through endothelial cell migration, proliferation and survival

signalling (Dvorak et al., 1995; Ferrara, 1999; Neufeld et ah, 1999; Carmeliet et ah,

1996; Ferrara et ah, 1996). Emphysematous lungs display reduced expression of both

VEGF and KDR (Kasahara et ah, 2001), whilst smokers have reduced VEGF165

levels in their BALF (Koyama et ah, 2002a). However, VEGF165/KDR signalling is a

highly regulated process involving at least 2 other components, neurophilin-1 (NRP-

1) and glypican-1 (GYP-1) in the formation of a tertiary signalling complex. NRP-1

is essential for the development of the cardiovascular system, selectively binding

VEGF165, and serving as a co-receptor for KDR on endothelial cells by enhancing

VEGFi65-binding to KDR and its subsequent bioactivity (Soker et ah, 1996; Keyt et

ah, 1996; Soker et ah, 1998; Soker et ah, 2002; Fuh et ah, 2000). GYP-1, a heparin

sulphate proteoglycan, is implicated in VEGF165 bioavailability, acting as a

chaperone molecule, thereby enhancing the interactions to both KDR and NRP-1

(Weksberg et ah, 1996; Bonneh-Barkay et ah, 1997; Fairbrother et ah, 1998).

Moreover, GYP-1 restores both the biological activity and the binding of oxidised

VEGF,65 to KDR, enabling VEGF,65 to function in pro-oxidant microenvironments,

such as in inflammation (Seetharam et ah, 1995; Gengrinovitch et ah, 1999).

The aim of this chapter was to determine the effect of cigarette smoke on the

expression of the components of the VEGFi65/KDR tertiary signalling complex both

rat lungs in vivo and in the lungs of smokers and COPD patients.
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4.2 Results

4.2.1 Lung VEGF Expression in the Smoking Rat Model

Oxidative stress has previously been shown to increase VEGF expression in vitro

(Cho et ah, 2001; Schafer et ah, 2003), however, this may be inhibited by cigarette

smoke (Michaud et ah, 2003). Moreover, previous studies also show cigarette smoke

induced upregulation of VEGF mRNA expression in pulmonary arteries of guinea

pigs (Wright et ah, 2004). Therefore, to determine the effect of cigarette smoke on

VEGF expression in the smoking rat model lungs, VEGF mRNA expression was

assessed by RT-PCR. VEGF mRNA expression in the lung tissue remained

unchanged after 3 days smoke exposure compared to sham-exposed animals (figure

4.1a). However after 8 weeks smoke exposure, VEGF mRNA levels were

significantly reduced compared to sham-exposed animals (figure 4.1b). Moreover,

after 6 months smoke exposure VEGF 165 mRNA levels were further reduced

compared to sham-exposed animals (figure 4.1b). These results suggested that VEGF

mRNA expression is reduced in rat lungs exposed to cigarette smoke. However, as it

has been shown to be upregulated in pulmonary arteries, the affects of cigarette

smoke on VEGF expression may vary according to location in the lung. In order to

investigate this further VEGFi65 protein expression levels was determined in the rat

lung tissue by ELISA (figure 4.1c). VEGF165 protein expression levels were

significantly reduced after both 3 days and 6 months smoke exposure but not after 8

weeks exposure compared to sham-exposed animals (figure 4.1c). This suggests that

VEGF 165 protein levels are also affected by cigarette smoke exposure in rat lungs in

vivo.

102



3 Days
8 Weeks

6 Months

VEGF~320bp
VEGF~320bp
VEGF~320bp
GAPDH~520bp

■ Sham

a Exposed

(c)
2 120 -i

3 Days 8 Weeks 6 Months

Cigarette Smoke Exposure

■ Sham

s Exposed

3 Days 8 Weeks 6 Months
Cigarette smoke exposure

Figure 4.1 Lung VEGF expression levels in the smoking rat model, (a) Representative RT-PCR

gel picture of rat lung VEGF expression after either 3 days, 8 weeks or 6 months of cigarette smoke

exposure, (b) VEGF mRNA expression levels are significantly decreased following both 8 weeks and

6 month but not 3 days of cigarette smoke exposure in rat lungs compared to sham-exposed animals,

as assessed by RT-PCR (n=6). (c) VEGF165 protein levels are significantly decreased following both 3

day and 6 month but not 8 weeks of cigarette smoke exposure in rat lungs compared to sham-exposed

animals, as assessed by EL1SA (n=6). Histograms represent the means and the bars the SEM of VEGF

expression. = pO.OOl compared to sham-exposed animals.
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4.2.2 Lung VEGF Expression in Human Smokers and COPD Patients

Previous studies showed that VEGF165 levels were reduced in the BALF of smokers

(Koyama et al., 2002a). Furthermore, emphysematous lungs have been shown to

display reduced VEGF expression (Kasahara et ah, 2001). Lung VEGF165 protein

expression levels was assessed by ELISA in both smokers and COPD patients

compared to non-smokers. There was a significant reduction in VEGF 165 protein

expression levels in both smokers and COPD patients compared to non-smokers

(figure 4.2), indicating the cigarette smoke has a similar effect on VEGF165 protein

expression levels in both rat and human lungs exposed to cigarette smoke. Moreover,

VEGF165 levels are reduced to a similar level in both smokers and COPD lungs

indicating that this is a smoking effect rather than as a consequence of the disease.

120 -1

Non-smoker Smoker COPD

Smoking Status
Figure 4.2 Lung VEGF protein expression levels in human smokers and COPD patients.

VEGF165 protein levels are significantly decreased in both human smokers and COPD lungs as

compared to healthy non-smokers lungs, as assessed by ELISA (n=6). Histograms represent the means

and the bars the SEM of VEGF expression. **** = p<0.001 compared to non-smokers lungs.
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4.2.3 Lung KDR Expression in the Smoking Rat Model

Acute cigarette smoke exposure has been shown to upregulate KDR expression in

pulmonary arteries (Wright et al., 2002b), however the effect of chronic exposure has

not yet been investigated. In order to examine the effects of cigarette smoke on lung

KDR expression in the smoking rat model, we assessed KDR protein levels by

Western blot analysis. In the rat lungs the receptor was detected in two forms; an

intermediate semi-glycosylated (~195kDa) form and the mature, fully glycosylated

(-230) form. A significant decrease in the expression of the intermediate KDR form

was observed at 3 days, 8 weeks and 6 months smoke exposure compared to sham-

exposed animals (figure 4.3b). There was no difference in the expression of the

mature receptor after 3 days smoke exposure compared to sham-exposed animals,

however there was a decreasing trend in the expression after 8 weeks smoke

exposure which reached statistical significance after 6 months smoke exposure

compared to sham-exposed animals (figure 4.3c). In order to investigate if the

decrease in the KDR protein expression may stem from altered mRNA expression,

KDR mRNA expression levels were assessed by RT-PCR. There was a decrease in

KDR mRNA expression levels at both 8 weeks and 6 months but not 3 days smoke

exposure compared to sham-exposed animals (figure 4.4). This reduction was small

and may not fully account for the large decreases seen in the intermediate form,

indicating that this is affected at the posttranscriptional level. However, the reduction

seen in KDR mRNA parallels the reduction seen in the mature KDR receptor, raising

the question whether the band seen at 195kDa, although implicted by a positive

control cell lysate, is indeed the KDR semi-glycosylated 195kDa receptor.
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Figure 4.3 Lung KDR protein levels in the smoking rat model, (a) Representative western blot gel

picture of rat lung KDR expression after either 3 days, 8 weeks or 6 months of cigarette smoke

exposure, (b) Immature, semi-glycosylated KDR protein levels are significantly decreased following

both 3 day, 8 week and 6 month of cigarette smoke exposure in rat lungs compared to sham-exposed

animals, as assessed by immunoblotting (n=6). (c) Mature, fully glycosylated cell surface expressed

KDR protein levels are significantly decreased following 6 month of cigarette smoke and shows a

decreasing trend at both 3 days and 8 weeks exposure in rat lungs compared to sham-exposed animals,

as assessed by immunoblotting (n=6). Histograms represent the means and the bars the SEM of KDR

expression. * = p<0.05, *** = p<0.001 compared to sham-exposed animals.
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Figure 4.4 Lung KDR mRNA expression levels in the smoking rat model, (a) Representative RT-

PCR gel picture of rat lung KDR expression levels after either 3 days, 8 weeks or 6 months of

cigarette smoke exposure, (b) KDR mRNA expression levels are significantly decreased following

both 8 weeks and 6 month but not 3 days of cigarette smoke exposure in rat lungs compared to sham-

exposed animals, as assessed by RT-PCR (n=6). Histograms represent the means and the bars the

SEM ofKDR expression. * = p<0.05, ** = p<0.01 compared to sham-exposed animals.
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4.2.4 Lung KDR Expression in Human Smokers and COPD Patients

KDR expression is reduced in emphysematous lungs (Kasahara et al., 2001).

Therefore, KDR protein expression levels in the lungs of non-smokers, smokers and

COPD patients were assessed by western blot analysis. In the lungs of smokers

without COPD there was no significant difference in KDR expression compared to

non-smokers lungs (figure 4.5). There was a significant reduction in KDR expression

in COPD patient lungs compared to non-smokers lung tissue (figure 4.5). The

statistically significant reduction ofKDR levels in the COPD patient lung tissue, but

not in the smokers without COPD lungs indicates that the reduction is as a result of

the disease rather than a smoking effect in contrast to the reduction seen in VEGF

levels. / >.
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Figure 4.5 Lung KDR protein expression levels in human smokers and COPD patients, (a)

Representative western blot gel picture of lung KDR expression in human non-smokers, smokers and

COPD patients with GAPH as a loading control, (b) KDR protein expression shows a decreasing

trend in smokers and was significantly reduced in COPD lungs as compared to healthy non-smokers

lungs, as assessed by immunoblotting (n=6). Histograms represent the means and the bars the SEM of

KDR expression. ** = p<0.01 as compared to healthy non-smokers lungs.
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4.2.5 Lung NRP-1 Expression in the Smoking Rat Model

NRP-1 expression has never been studied in response to cigarette smoke or oxidative

stress. Therefore, NRP-1 protein levels were assessed by western blot. There was a

significant reduction in NRP-1 protein expression levels after both 3 days, 8 weeks

and 6 months cigarette smoke exposure compared to sham-exposed animals (figure

4.6b). In order to determine if this reduction was at the transcriptional level, NRP-1

mRNA expression was assessed by RT-PCR. There was no change in the mRNA

expression of NRP-1 at either 3 days, 8 weeks or 6 months smoke exposure

compared with sham-exposed animals (figure 4.7b). This indicates that the reduction

seen in the NRP-1 receptor was mediated wholly at the posttranscriptional level.
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Figure 4.6 Lung NRP-1 expression levels in the smoking rat model, (a) Representative western

blot gel picture of rat lung NPP-1 protein expression levels after either 3 days, 8 weeks or 6 months of

cigarette smoke exposure, (b) NRP-1 protein levels are significantly decreased following both 3 day, 8

week and 6 month of cigarette smoke exposure in rat lungs compared to sham-exposed animals, as

assessed by immunoblotting (n=6). Histograms represent the means and the bars the SEM of NRP-1

expression levels. ** = p<0.01*** = p<0.001 compared to sham-exposed animals.
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Figure 4.7 Lung NRP-1 mRNA expression levels in the smoking rat model, (a) Representative

RT-PCR gel picture of rat lung NRP-1 expression levels after either 3 days, 8 weeks or 6 months of

cigarette smoke exposure, (b) There was no significant change in NRP-1 mRNA expression levels in

rat lungs exposed to cigarette smoke compared to sham-exposed animals (n=6). Histograms represent

the means and the bars the SEM ofNRP-1 expression levels.
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4.2.6 Lung NRP-1 Expression in Human Smoker and COPD Patients

In order to establish if cigarette smoke also effected the expression of NRP-1 in

human lungs, NRP-1 expression was assessed by western blot analysis in the lungs

of non-smokers, smokers and COPD patients. Smokers displayed a decreasing trend,

although not significant, in NRP-1 expression compared to non-smokers lungs

(figure 4.8b). However, COPD patient lung tissue displayed a significant decrease in

NRP-1 expression compared to non-smokers (figure 4.8b). Again, as with KDR

expression, the significant reduction in the COPD lung tissue compared to smokers

indicates that this is a disease effect rather than a smoking effect.

Non-smokers Smokers COPD

Smoking status

Figure 4.8 Lung NRP-1 expression levels in human smoker and COPD patients, (a)

Representative western blot gel picture of lung NRP-1 expression levels in human non-smokers,

smokers and COPD patients with GAPH as a loading control, (b) NRP-1 protein expression was

significantly decreased following in both human smokers and COPD lungs as compared to healthy

non-smokers lungs, as assessed by immunoblotting (n=6). Histograms represent the means and the

bars the SEM ofNRP-1 expression. * = p<0.05 compared to non-smokers lungs.
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4.2.7 Lung GYP-1 Expression in the Smoking Rat Model

The data from the previous section suggests that the other components of the

VEGF165/KDR tertiary signalling complex are also affected by cigarette smoke.

Therefore, the effect of cigarette smoke on GYP-1 lung expression in the smoking rat

model was assessed by western blot. There was a significant decrease in the protein

levels after 3 days, 8 weeks and 6 months of smoke exposure compared to sham-

exposed animals (figure 4.9b). Therefore, all the components of the VEGF165/KDR

tertiary signalling complex appear to be reduced in rat lungs in response to cigarette

smoke exposure in vivo.
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8 Weeks'
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Figure 4.9 Lung GYP-1 expression in the smoking rat model, (a) Representative western blot gel

picture of lung GYP-1 expression levels after either 3 days, 8 weeks or 6 months of cigarette smoke

exposure, (b) GYP-1 protein expression was significantly decreased following both 3 day, 8 week and

6 month of cigarette smoke exposure in rat lungs compared to sham-exposed animals, as assessed by

immunoblotting (n=6). Histograms represent the means and the bars the SEM of GYP-1 expression

levels. * = p<0.05, *** = p<0.001 compared to sham-exposed animals.
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4.2.8 Lung GYP-1 Expression in Human Smokers and COPD Patients

In order to establish if cigarette smoke affects GYP-1 in human smokers and COPD

patient lungs, GYP-1 protein levels was assessed by western blotting. There was a

significant reduction in the protein levels in both smokers and COPD lung tissue as

compared to healthy non-smokers (figure 4.10b). As GYP-1 is reduced to a similar

level in both smokers and COPD lung tissue, this suggests that the reduction is a

smoke related affect rather than a disease related affect.
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Figure 4.10 Lung GYP-1 expression levels in human smokers and COPD patients, (a)

Representative western blot gel picture of lung GYP-1 expression levels in human non-smokers,

smokers and COPD patients with GAPH as a loading control, (b) GYP-1 protein expression was

significantly decreased following in both human smokers and COPD lungs as compared to healthy

non-smokers lungs, as assessed by immunoblotting (n=6). Histograms represent the means and the

bars the SEM of GYP-1. * = p<0.05 compared to non-smokers lungs.
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4.2.9 Lung Phosphorylated KDR levels in the Smoking Rat Model

The previous sections in this chapter have revealed that cigarette smoke exposure in

rat lungs results in the reduced expression of all the components of the

VEGF165/KDR signalling complex. However, a reduction in expression may not

necessarily mean there will be a decrease in KDR activation. As a tyrosine kinase

receptor, KDR is activated through receptor dimerisation and auto phosphorylation.

Therefore, KDR phosphorylation levels were assessed as a measure of KDR

activation in the smoking rat model lungs by immunoprecipitaion and western blot

analysis. There was no change in the phosphorylation status of the KDR receptor

after 3 days of smoke exposure compared to sham-exposed animals (figure 4.11b).

However, a significant decrease in phosphorylated KDR levels after 8 weeks and 6

months cigarette smoke exposure was observed compared to sham-exposed animals

(figure 4.11b). This supports the previous observation where the mature KDR

receptor expression shows a reducing trend at both 8 weeks smoke exposure which

becomes significant after 6 months but not at 3 days exposure (section 4.4, figure

4.3b). As KDR levels were not significantly decreased at 8 weeks, the significant

decrease in KDR receptor phosphorylation at this time point may have been partly

achieved by the decreased NRP-1 and GYP-1 levels.
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Figure 4.11 Lung KDR phosphorylation levels in the smoking rat model, (a) Representative

western blot gel picture of lung phosphorylated KDR (p-KDR) expression levels after either 3 days, 8

weeks or 6 months of cigarette smoke exposure, (b) KDR phosphorylation in rat lungs remains

unchanged at 3 days of cigarette smoke exposure. After both 8 weeks and 6 months exposure, there

was a significant decrease in KDR phosphorylation in smoke-exposed rat lungs compared to sham-

exposed animals, as assessed by immunoprecipitation and immunoblotting (n=6). Histograms

represent the means and the bars the SEM of KDR phosphorylation. * = p<0.05, *** = p<0.001

compared to sham-exposed animals.
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4.2.10 Lung Phosphorylated KDR levels Human Smokers and COPD Patients

In order to establish if cigarette smoke affects activation of KDR in human smokers

and COPD patient lungs, KDR phosphorylation was assessed western blot. There is a

significant reduction in lung KDR phosphorylation in both smokers and COPD

patients compared to non-smokers (figure 4.12b). This correlates with the previous

observation of reduced KDR receptor expression levels in the COPD patient lung

tissue (section 4.5, figure 4.5b). Moreover, as smokers KDR levels were not

significantly decreased, the significant decrease in KDR phosphorylation observed

here may have been partly achieved by the decreased NRP-1 and GYP-1 levels.

Non-smoker Smoker COPD

Smoking Status

Figure 4.12 Lung KDR phosphorylation levels in human smokers and COPD patients, (a)

Representative western blot gel picture of lung phosphorylated KDR (p-KDR) expression levels in

human non-smokers, smokers and COPD patients with GAPDH as a loading control, (b) p-KDR was

significantly decreased in smokers, and further decreased in COPD patients as compared to non-

smokers (n=6). Histograms represent the means and the bars the SEM of p-KDR. * = p<0.05, ** =

p<0.01 compared to non-smokers lungs.
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4.3 Discussion and Conclusions

Figure 4.12 Hypothetical diagram of the effect of cigarette smoke on the expression and

formation of the VEGF165-KDR tertiary signalling complex. Cigarette smoke reduces the

expression of VEGF]65, KDR GYP-1 and NRP-1, disruption the formation of their tertiary signalling

complex, thereby decreasing KDR activation through phosphorylation.

The data presented in this chapter demonstrates disruption of the expression of the

VEGF165-KDR tertiary signalling complex components VEGF, KDR, NRP-1 and

GYP-1 in the lungs of rats exposed to cigarette smoke in vivo. Furthermore, these

components show similar reductions in both human smokers and COPD lung tissue

compared to non-smokers.

Although both VEGF mRNA and protein levels are decreased after 6 months

cigarette smoke exposure, the pattern of their reduction appears to be slightly

different (section 4.2). VEGF165 protein levels are decreased after 3 days exposure,
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whilst VEGF mRNA levels remain unchanged and therefore cannot account for the

reduction in the protein level. One possible explanation may be that total VEGF

mRNA was assessed, measuring the levels of all the splice variants in the rat lung,

whereas the only VEGF165 protein levels were measured, as this is the VEGF splice

variant of interest. Therefore, as global VEGF expression was measured at the

mRNA level, changes in individual splice variants may have been masked by the

pattern of the global alteration in lung VEGF mRNA levels in the rat-smoking

model. Furthermore, as VEGF165 is damaged by oxidative stress (Gitay-Goren et al.,

1996), the reduction seen in VEGF165 levels after 3 days and 6 months may also be

due to increased VEGF165 oxidative modification and degradation. However, after 8

weeks smoke exposure, this oxidant-mediated damage may be reduced, allowing

VEGFies levels to be restored, as is seen for HDAC2 at this time point (section 7.3).

Previous studies in this smoking rat model by Stevenson and colleagues

demonstrated that cigarette smoke exposure results in a biphasic inflammatory

response in this model (Stevenson et al., 2004). An initial influx of inflammatory

cells was observed up to 6 week of exposure, which then subsided, until 8-9 weeks of

exposure. After 9 weeks of smoke exposure a secondary elevation in the

inflammatory cell influx was observed which continued until through to the final 6

month time point of exposure. Therefore, after 8 weeks of smoke exposure, as the

inflammatory cell influx has decreased, the inflammatory cell derived ROS may

therefore have also reduced, thereby reducing the oxidant burden on the lungs at this

time point. Previous studies have shown cigarette smoke exposure upregulates VEGF

in pulmonary arteries (Wright et al., 2004). This is contrary to the decrease in VEGF
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levels seen here; therefore the pattern of VEGF expression in response to cigarette

smoke exposure may differ according to location throughout out the lung.

The data in section 4.3 shows that smokers exhibit decreased lung tissue VEGF

expression compared to non-smokers. This is in agreement with previous studies

where VEGFi65 levels in the BALF of smoker were reduced compared to non-

smokers (Koyama et al., 2002a). Moreover, the VEGF levels in COPD patient lung

tissue were also reduced, again this correlated with previous studies where VEGF

expression was shown to be decreased in emphysematous lungs (Kasahara et al.,

2001). However VEGF levels between smokers with and without COPD had never

before been assessed. The results of this study show that both smokers and COPD

lung tissue showed a similar reduction in VEGF165 levels, therefore the reduction

appears to be a result of smoking rather than a consequence of COPD.

Lung KDR protein levels were also decreased in the lungs of the smoking rat model.

This is contrary to previous studies where acute cigarette smoke exposure caused

increased expression in pulmonary arteries (Wright et al., 2002b). Again, as with

VEGF expression, this apparent discrepancy may be explained by differing KDR

transcriptional response to cigarette smoke in different lung compartments. There

also appears to be some disparity between the effects of smoke exposure on the

intermediate and mature form of KDR over the different time points (figures 4.3b,

4.3c). A reduction in the protein levels of the mature receptor was not observed until

the 6 month smoked period, whereas the intermediate 195kDa receptor was

significantly affected at both 3 days, 8 weeks and 6 months exposure compared to
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sham-exposed animals. There may be at least two possible explanations for this.

Firstly, the more extensive glycosylation of the mature receptor may confer some

protective effect; for example by hiding possible sites for adduct formation on the

receptor. Secondly, there may be a higher microenvironment of oxidants in the

cytosolic region of the cell, than at the cell surface. Subsequently, the immature

protein would be subject to greater modification and damage by oxidants than the

predominantly cell surface located mature from. However, as the intermediate form

is severely depleted, receptor cycling may affect the mature form. Although KDR

mRNA is also affected, the reduction is small and although it certainly may be a

contributing factor it appears that cigarette smoke has its greatest impact at the post-

transcriptional level.

Interestingly, the reduction seen in the KDR mature receptor levels and the KDR

mRNA are similar, indicating a direct relationship. This raises the question whether

the band seen at 195kDa, although implicated by the antibodies manufacturers

positive control, is indeed the intermediate KDR receptor. Determination of this

would require highly specific antibodies for the glycosylated from of the receptor,

such that are currently unavailable. Alternatively, whole cell lysate could be treated

with glycosidases, thereby removing all glycosylation for the KDR receptors and

allowing total KDR levels to be measured. This would analyse the affect of cigarette

smoke on total KDR levels, however the direct effect on the individual intermediate

and mature forms would still be unanswered.
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Human KDR expression was not significantly altered in the smoker's lung tissue,

although there appeared to be a decreasing trend compared to non-smokers. COPD

lungs show a significant reduction in KDR protein levels, in concordance with

previous studies in emphysematous lungs (Kasahara et al., 2001). The significant

KDR reduction seen in COPD lungs indicates that the altered KDR levels may be as

a result of the disease rather than as a consequence of smoking. This may represent

some form of susceptibility linked to the development of COPD. Indeed, only 15-

20% of smokers develop COPD, which is strong evidence for individual

susceptibility, possibly through a genetic link. Furthermore, there may be a greater

oxidative stress in the microenvironment of COPD lungs through the chronic

enhanced inflammatory response and damaged antioxidant defences compared to the

smoker's lungs, amounting to a greater impact on KDR levels in COPD lungs.

However, the question of whether the decrease in KDR levels aided the development

ofCOPD or was a result of the disease remains unanswered.

The impact of cigarette smoke or oxidative stress on the expression on either NRP-1

or GYP-1 has never been investigated. NRP-1, a co-receptor for VEGF165 with KDR

displays reduced expression in response to cigarette smoke exposure in rat lungs at

all time points observed (section 4.6). This effect appears to be at the

posttranslational level as there was no significant difference in NRP-1 mRNA

expression at any of the time points as compared to sham-exposed animals.

Moreover, this impact of cigarette smoke on NRP-1 expression was also confirmed

in both smokers and COPD lungs compared to non-smokers (section 4.7). This

indicates that this result was not an artefact of cigarette smoke exposure in rat lungs.
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NRP-1 levels were lower in COPD lung tissue than smoker's lung tissue and

significantly reduced compared to non-smokers. Thus the enhanced reduction in

COPD may be as a result of the disease and may therefore feasibly play a role in the

deterioration of KDR receptor signalling and disruption of the vasculature in COPD.

However, this would require confirmation through binding studies of VEGF165 and

NRP-1, and subsequent activation ofKDR.

GYP-1, a chaperone to VEGF165 to both KDR and NRP-1, also showed reduced

expression levels in exposed rat lungs at all time points compared to sham-exposed

animals (section 4.8, figure 4.9b). Furthermore, GYP-1 levels were also reduced in

both smokers and COPD lungs tissue compared to non-smokers indicating that this

observation was not an artefact of cigarette smoke exposure on rat lungs (section

4.9). However, as both smokers and COPD lung tissue displays similar reductions, it

appears to be a result of smoking rather than a disease related effect. Indeed, as GYP-

1 serves as a VEGF165 reservoir, protecting it from oxidative damage this

compliments the observation that reduced VEGF165 levels may be the result of a

smoking effect, rather than a disease related effect in human lungs. Moreover, a

common requirement for all tyrosine kinase receptors is the formation of a threshold

of a number of phosphorylated cytoplasmic domains, and in turn active receptor-

ligand complexes, in order to initiate a relevant signalling cascade. The decreased

GYP-1 expression observed in COPD lung tissue may contribute to sub-optimal

receptor occupancy in an environment with already reduced VEGF and KDR levels,

therefore further diminishing KDR signalling in COPD.
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The previous data in this section has indicated that cigarette smoke reduces the

expression of the components of the VEGF165/KDR tertiary signalling complex.

However, this is not definitive proof that KDR activation, and therefore signalling is

affected. In order to determine lung KDR activation in the smoking rat model, KDR

phosphorylation was assessed. In the smoking rat model lungs, KDR

phosphorylation was reduced at both 8 weeks and 6 months, which agrees with the

observed decreases in KDR expression at these time points. However, as KDR levels

were not significantly decreased after 8 weeks, the significant reduction in the

phosphorylation levels may have been aided by the reduction in the expression of

both NRP-1 and GYP-1 at this time point. Furthermore, KDR phosphorylation in

both smokers and COPD patient lungs was also decreased as compared to non-

smokers. Moreover, smokers KDR lung tissue levels were not significantly reduced,

therefore the significant reduction in KDR phosphorylation may also be due to the

decreased GYP-1 and NRP-1 levels.

The reductions observed in both the KDR mRNA, the mature KDR recpetor, KDR

phosphorylation and indeed VEGF165 protein levels appear small (20-30%).

However, these measurements are of global levels, as total rat lung homoginate was

analysed. Therefore, this may mask any large alterations seen at specific localised

regions of the lung. To measure local levels, laser microdisection would be required.

Taken together, this data indicates that cigarette smoke reduces the expression of all

the components of the VEGF165/KDR tertiary signalling complex. This reduction

may play a significant role in decreased KDR activation. Furthermore, cigarette
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smoke appears to have a similar impact of the expression of the components of the

VEGF165/KDR tertiary signalling complex in both rat and human lungs. This

cigarette smoke induced reduction in both NRP-1 and GYP-1 expression is likely to

have a detrimental impact on VEGF165 binding and signalling through KDR.

Furthermore, the results of this study have sepertated the effects of smoking and the

disease on the levels of these components. In the context ofCOPD, these effects may

confound already ailing VEGF165-KDR expression and thus further impair their

signalling. This may in turn contribute to the disruption of the vasculature of the

lung, leading to reduced capillary density, structural changes in the alveolar regions

of the lung seen in COPD.

The data presented here shows diminished KDR phosphorylation in the rat lungs

exposed to cigarette smoke. This indicates that, in turn, KDR signalling may be

affected. One of the fundamental roles of VEGF/KDR signalling is maintenance of

the vascular endothelium through endothelial cell survival signalling. As cigarette

smoke reduces KDR activation in smoke-exposed rat lungs, then the question is

raised; how this will impact in KDR mediated endothelial cell survival in the smoke-

exposed rat lungs? Chapter 5 looks at the main KDR survival-signalling pathway and

endothelial cell survival in the lungs of the smoking rat model.
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Chapter 5

Cigarette Smokes Impact on KDR signalling in Rat Lungs



5.1 Introduction

VEGF signalling through KDR is key in endothelial survival and the maintenance of

the vasculature (Gerber et al., 1998b; Thakker et al., 1999; Zachary and Gliki, 2001).

KDR inhibition leading to endothelial cell apoptosis has been linked to both lung

vascular regression and alterations in alveolar structure, a characteristic of

emphysema (Kasahara et al., 2000; Taraseviciene-Stewart et al., 2001). Previous

studies have also shown both an increase in endothelial cell apoptosis and reduced

VEGF and KDR expression in emphysematous lungs compared to both smokers and

non-smokers (Kasahara et al., 2001). Therefore, VEGF/KDR mediated endothelial

cell survival may play an important role in COPD. The elucidation of the

mechanisms responsible for capillary regression seen in COPD lungs represents a

major target for the understanding of the vascular aspect to the disease (Voelkel and

Cool, 2003).

Previous studies have demonstrated that one of the major VEGF/KDR endothelial

survival signals is mediated through phosphatidylinositol-3-OH kinase (PI-3K) and

its down stream target serine-theronine kinase (Akt) (Gerber et al., 1998b). Akt is a

general mediator of growth factor-induced survival and has been shown to suppress

apoptotic death in vitro induced by a variety of stimuli, including growth factor

withdrawal, cell-cycle discordance, loss of cell adhesion and DNA damage (Ahmed

et al., 1997; Kennedy et al., 1997; Kulik et al., 1997; Fujio and Walsh, 1999). Akt

phosphorylates and inhibits the pro-apoptotic proteins Bad and caspase 9. Long term

survival effects of VEGF signalling may be mediated through the long term
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upregulation of anti-apoptotic proteins including Bcl-2 and A1 (Nor et al., 1999), and

the LAP (inhibitors of apoptosis) proteins, survivin and IXAP (X-chromosome-lined

IAP) (Tran et al., 1999), which act by inhibiting upstream caspases, and terminal

effecter caspases, respectively.

Bad is a pro-apoptotic member of the Bcl-2 family that can displace Bax from

binding to Bcl-2 and Bcl-xl, resulting in cell death (Adams and Cory, 1998; Gross et

al., 1999). Survival factors such as IL-3 can inhibit the apoptotic activity of Bad by

activating intracellular signalling pathways that result in the phosphorylation of Bad

at ser 112 and serine 136 (Zha et al., 1996). Phosphorylation at these sites result in

the binding of Bad to 14-3-3 proteins and the inhibition of Bad binding to Bcl-2 and

Bcl-xl (Zha et al., 1996). Akt has been shown to promote cell survival via its ability

to phosphorylate Bad on serine 136 (Datta et al., 1997). Moreover, the ERK1/2 target

p90RSK has was both shown in vivo and in vitro to phosphorylate Bad at serine 112

(Bonni et al., 1999).
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KDR

pro-apoptotic effects

Figure 5.1 Hypothetical diagram of KDR mediated endothelial cell survival signalling. KDR

increases Akt activation, thereby reducing pro-apoptotic bad signalling and increasing anti-apoptotic

survival signals through members of the Bcl-2 family including Bcl-2 and Bcl-xl.

The aim of this chapter was to determine the effect of cigarette smoke on the KDR

survival signalling Akt pathway in rat lungs in vivo and to further investigate the

phosphorylation status ofAkt in the lungs of human smokers and COPD patients.
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5.2 Results

5.2.1 Lung KDR-PI3K Association in the Smoking Rat Model

PI-3K interacts with KDR directly via the p85 catalytic subunit. We observed no

significant change in change in the PI-3K p85 subunit interaction with KDR after

either 3 days, 8 weeks or 6 months of cigarette smoke exposure compared to sham-

exposed animals.
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Figure 5.2 Lung KDR-PI-3K association levels in the smoking rat model, (a) Representative

western blot picture of immunoprecipitated KDR probed for the p85 catalytic subunit of PI-3K after

either 3 days, 8 weeks or 6 months of cigarette smoke exposure in the smoking rat model, (b) The

interaction of the p85 subunit of PI-3K is unaltered after 3 days and 8 weeks of cigarette smoke

exposure but shows a slight decrease after 6 months of cigarette smoke exposure compared to sham-

exposed animals, although not statistically significant, as assessed by western blot, (n=6). Histograms

represent the means and the bars the SEM ofKDR-PI-3K association.
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5.2.2 Lung Akt Phosphorylation in the Smoking Rat Model

Previous studies have shown that activation of Akt is pivotal in VEGF/KDR

mediated endothelial cell survival (Gerber et ah, 1998b). In order to determine the

effect of cigarette smoke exposure on Akt activation in rat lungs, western blot

analysis of Akt phosphorylation was performed. Akt phosphorylation was

significantly reduced after 3 days but not 8 weeks of cigarette smoke exposure.

However, after 6 months of smoke exposure Akt phosphorylation was again

significantly reduced in the rat lungs.

(a)

(b)

Sham Exposed
3 Days «

8 Weeks'

6 Months'

-P-Akt
- P-Akt

-P-Akt

-Akt

*** ■ Sham
H Exposed

3 Days 8 Weeks 6 Months
Cigarette smoke exposure

Figure 5.2 Lung Akt phosphorylation levels in the smoking rat model, (a) Representative western

blot picture of Akt phosphorylation after either 3 days, 8 weeks or 6 months of cigarette smoke

exposure in the smoking rat model, (b) Akt phosphorylation is significantly reduced both 3 days and

6 months but not 8 weeks of cigarette smoke exposure compared to sham-exposed animals, as

assessed by western blot, (n=6). Histograms represent the means and the bars the SEM of Akt

phosphorylation:native Akt ratio. *** = p<0.001 as compared to sham-exposed animals.
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5.2.3 Lung Akt Phosphorylation in Human Smokers and COPD Patients

Akt phosphorylation is significantly reduced in smokers lungs compared to non-

smokers. There was no significant change in COPD patient lung tissue although there

appeared to be a decreasing trend of Akt phosphorylation. However, the greater

reduction in smokers indicates that reduced Akt phosphorylation appears to be in

response to cigarette smoke rather than a disease related effect.
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Figure 5.3 Akt phosphorylation levels in lungs of smokers and COPD patients, (a) Representative

western blot picture of Akt phosphorylation in human non-smoker, smokers and COPD patient lungs,

(b) Akt phosphorylation was significantly reduced in both smokers and COPD lungs compared to

non-smokers lungs, as assessed by western blot, (n=6). Histograms represent the means and the bars

the SEM ofAkt phosphorylatiomnative Akt ratio.*** = p<0.001 as compared to non-smokers lungs.
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5.2.4 Lung Bcl-2 Expression in the Smoking Rat Model

VEGF survival signalling may be mediated through long tern upregulation of the

anti-apoptotic protein Bcl-2 (Nor et ah, 1999). RT-PCR for Bcl-2 was performed to

investigate the affect of cigarette smoke on lung Bcl-2 expression in the smoking rat

model. There was no significant change in the expression of Bcl-2 expression at any

of the time points in the smoke-exposed animals compared to the sham-exposed

animals. This suggests that cigarette smoke exposure does not affect Bcl-2 mRNA

expression levels at those lime points studied in the lungs of the smoking rat model.

3 Days 8 Weeks 6 Months

Cigarette Smoke Exposure

Figure 5.4 Lung Bcl-2 mRNA levels in the smoking rat model, (a) Representative RT-PCR gel

picture of Bcl-2 mRNA expression levels after either 3 days, 8 weeks or 6 months of cigarette smoke

exposure in the smoking rat model, (b) Bcl-2 mRNA expression remains unaltered at all time point in

the rat-smoking models lungs compared to sham-exposed animals, as assessed by RT-PCR (n=6).

Histograms represent the means and the bars the SEM of Bcl-2 mRNA expression levels.
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5.2.5 Lung Bad Serine 112 Phosphorylation in the Smoking Rat Model

The pro-apoptotic protein Bad, can bind to and inhibit the anti-apoptotic signals of

Bcl-2 and Bcl-xl, resulting in cell death. Phosphorylation of Bad leads to 14-3-3

protein binding, inhibiting Bad binding to Bcl-2 and Bcl-xl (Zha et al., 1996). There

was a no change in the phosphoryation of Bad at serine 112 after 3 days and 8 weeks

but an increase after 6 months compared to sham-exposed animals (figure 5.5b),

correlating to increases seen in ERK1/2 activation (page 139, figure 6.4).

Phosphorylation of serine 136, a target of Akt, remained unchanged after 3 days

smoke exposure but was elevated after 8 weeks exposure compared to sham-exposed

animals (figure 5.6b). However, after 6 months smoke exposure phosphorylation of

Bad at serine 136 was reduced compared to sham-exposed animals. These alterations

in Bad serine 136 phosphorylation, correlate with the changes seen in the

phosphorylation of Akt in the rat model lungs suggesting that cigarette smoke

exposure alters Akt mediated survival signalling through Bad serine 136

phosphorylation. However, cigarette smoke exposure also increases Bad serine 112

phosphorylation, which may be linked to increased ERK1/2 activation in the lungs of

the smoking rat model.
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Figure 5.5 Lung serine 112 phosphorylated Bad in the smoking rat model, (a) Representative

western blot picture of Bad phosphorylation at serine 112 after either 3 days, 8 weeks or 6 months of

cigarette smoke exposure in the smoking rat model, (b) Bad phosphorylation at serine 112 remained

unchanged after 3 days and 8 weeks of cigarette smoke exposure compared to sham-exposed animals,

however this was significantly increased after 6 months of smoke exposure compared to sham-

exposed animals, as assessed by western blot, (n=6). Histograms represent the means and the bars the

SEM ofphosphorylated Bad:Bad ratio. *** = p<0.001 as compared sham-exposed animals.
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5.2.6 Lung Bad Serine 136 Phosphorylation in the Smoking Rat Model

(a)

(b)
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-P-Bad (ser 136)

-Bad

Sham

Exposed

3 Days 8 Weeks 6 Months

Cigarette Smoke Exposure

Figure 5.6 Lung serine 136 phosphorylated Bad levels in the smoking rat model, (a)

Representative western blot picture of Bad phosphorylation at serine 112 after either 3 days, 8 weeks

or 6 months of cigarette smoke exposure in the smoking rat model, (b) Bad phosphorylation at serine

136 remained unaltered after 3 days of smoke exposure, however was significantly elevated after 8

weeks of smoke exposure compared to sham-exposed animals. After 6 months of smoke exposure Bad

phosphorylation at seine 136 was significantly decreased compared to sham-exposed animals, as

assessed by western blot, (n=6). Histograms represent the means and the bars the SEM of

phosphorylated Bad:Bad ratio. ** = p<0.01, *** = p<0.001 as compared sham-exposed animals.
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5.2.6 Lung Bcl-xl-Bad Association in the Smoking Rat Model

Bad interaction with Bcl-xl inhibits its anti-apoptotic effects, leading to pro-apoptotic

signalling (Adams and Cory, 1998). The interaction of Bad with Bcl-xl was assessed

by immunoprecipitation and western blot analysis. Cigarette smoke increased Bad -

Bcl-xl binding after 3 days but not 8 weeks or 6 months of cigarette smoke exposure.

This indicated that there is an initial pro-apoptotic signal after 3 days but not 8 weeks

of cigarette smoke exposure. Furthermore, there is again a trend for Bad - Bcl-xl

interactions to increase after 6 months of exposure, although not statistically

significant.
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Figure 5.7 Lung Bad-Bcl-xl interaction levels in the smoking rat model, (a) Representative

western blot picture of immunoprecipitated Bcl-xl probed for Bad after either 3 days, 8 weeks or 6

months of cigarette smoke exposure in the smoking rat model, (b) Bad interaction with Bcl-xl is

significantly increased after 3 dys of smoke exposure, however remained unchanged after 8 weeks of

cigarette smoke exposure compared to sham-exposed animals. After 6 months of smoke exposure,

there was an increasing trend of Bad-Bcl-xl interaction, althouth not statistically significant, as

assessed by western blot (n=6). Histograms represent the means and the bars the SEM of KDR

phosphorylation. ** = p<0.01 as compared to sham-exposed animals.
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5.2.7 Lung Caspase 3 Activation in the Smoking Rat Model

Previous studies have shown an increase in endothelial cell death in emphysematous

lung compared to both smokers and non-smokers, indicating that this cell death may

play a role in the disease. To investigate the effect of cigarette smoke on lung cell

death in the rat-smoking model active caspase 3 was assessed by

immunohistochemistry. These lung sections were subjected to semi-quantitative

analysis by blinded scoring. There was no difference in the number of cells stained

positive for active-caspase 3, in any cell type, in the lungs of the smoked-exposed

rats compared to the sham-exposed animals. This supports the previous

immunohistological study of human emphysematous lungs where smokers showed

no significant elevation of lung cell death compared to non-smokers (Kasahara et al.,

2001).
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Figure 5.8 Lung Caspase 3 activation levels in the smoking rat model, (a) Representative pictures

of active caspase 3 staining in (a) sham-exposed rat lung, (b) 3 day smoke-exposed rat lung, (c) 8

week smoke-exposed rat lung and (d) 6 month smoke-exposed rat lung. Arrows represent cells

positively stained for active caspase 3. (e) Graph representing positive cell counts in rat lungs. There

was no difference in the number ifpositively stained cells between sham-exposed and smoke-exposed

animals after either 3 days, 8 weeks or 6 months cigarette smoke exposure in the lung sections from

the rat-smoking model (n=6). Arrows represent positively stained alveolar epithelial cells.
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5.3 Discussion and Conclusions

KDR
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Figure 5.9 Hypothetical diagram of the effect of cigarette smoke on KDR mediated Akt survival

signalling in rat lungs. Cigarette smoke reduced Akt phosphorylation and Bad phosphorylation,

which may increase pro-apoptotic signalling

The data presented in this chapter demonstrates that cigarette smoke reduces Akt

survival signalling in the smoking rat model lungs. However this alteration does not

appear to cause any direct increase in cell death in the rat lungs. Furthermore, Akt

phosphorylation is also significantly reduced in smokers but not COPD lung tissue

compared to non-smokers.
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KDR mediated Akt survival signalling has been shown to be critical in endothelial

cell survival (Gerber et al., 1998b). Previous studies have shown that emphysema

patients have decreased lung VEGF and KDR expression along with increased lung

endothelial cell death (Kasahara et ah, 2001). Moreover, studies using a non-specific

VEGF receptor inhibitor (SU5416) inhibitor also lead to increased endothelial cell

death (Kasahara et ah, 2000). However, these latter effects may be as a result of the

broad ranging inhibitory effects of the compound used rather than specific KDR

inhibition (Bold et ah, 2004; Manley et ah, 2002).

Akt activation though KDR is mediated by PI-3K (Gerber et ah, 1998b). PI-3K

activation occurs through direct interaction with activated KDR via the catalytic p85

subunit of PI-3K (Thakker et ah, 1999). There was no significant alteration in

KDR/p85 subunit interaction at any of the time points in the smoke-exposed rat

lungs. This indicated that although a reduction in both KDR expression and

phosphorylation has been observed (chapter 4), the KDR interaction with the PI-3K

signalling protein in the rat lungs did not appear to be significantly affected.

Akt phosphorylation was significantly reduced after 3 days smoke exposure but there

was no change after 8 weeks exposure compared to sham-exposed animals

suggesting that the cigarette smoke was having a significant impact in the Akt

survival signalling pathway in the short term. This would be unlikely to have been

linked to any demise in KDR signalling, as there was no significant decrease in KDR

levels until 6 months exposure (page 95, figure 4.3) and reduced KDR

phosphorylation was not seen until 8 weeks (page 104, figure 4.11). One possible
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explanation may be that other receptors/pathways utilising the Akt survival pathway

were reduced after 3 days smoke exposure, resulting in reduced Akt activation.

Alternatively, acute short-term exposure to ROS may directly affect Akt activation

until endogenous antioxidant defences have been upregulated, giving rise to the

absence of effects seen at 8 weeks smoke-exposure. Interestingly, these alteration in

Akt phosphorylation in the smoke exposed rat lung appeared in the absence of any

significant change in the interaction of PI-3K and KDR, suggesting that other

signalling pathway may have been involved.

The absence of any difference in Akt phosphorylation levels after 8 weeks exposure

may be part of a response by the rat lungs to promote cell survival and over come the

insult posed by the cigarette smoke exposure. Indeed, the lungs from 8 weeks

exposed animal demonstrate a number of rebound increases in protein levels and

activity such as VEGF165 (chapter 4), ERK1/2 phosphorylation (chapter 6) and

HDAC2 levels (chapter 7). This suggests that after 8 weeks of cigarette smoke

exposure the rat lungs are trying to combat the insult of the cigarette smoke on a

global level by elevating pro-survival and anti-inflammatory mediators. However,

after 6 months exposure, Akt phosphorylation levels were again reduced compared to

sham-exposed animals, suggesting that the global rebound seen after 8 weeks

exposure had collapsed.

One of the primary targets of Akt is the pro-apoptotic protein Bad (Adams and Cory,

1998). There was no alteration in Bad phosphorylation at serine 136, observed after 3

days of smoke exposure compared to sham-exposed animals. After 8 weeks of smoke
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exposure there was an elevation in Bad phosphorylation in the rat lungs. However

after 6 months smoke exposure, there was a significant decrease in Bad

phosphorylation at serine 136 compared to sham-exposed animals. This suggests

that, consistent with reduced Akt phosphorylation, by 6 months, cigarette smoke

exposure reduces Bad phosphorylation at serine 136. The lack of any change seen

after 3 days exposure, then increase after 8 weeks may be due to cross talk with other

receptors and signalling pathways, compensating for any decrease in Akt activation

or the decrease seen in Akt activation was not sufficient to impact on Bad serine 136

phosphorylation levels.

Another major phosphorylation site of Bad is serine 112, which is a target for

p90RSK, which in turn is target of ERK1/2. There was no change in Bad serine 112

phosphorylation after either 3 days or 8 weeks of smoke exposure compared to sham-

exposed animals. Interestingly, increased phosphorylation of Bad at serine 112 was

observed after 6 months smoke exposure, correlating with an increase in ERK1/2

phosphorylation in the smoke exposed rat lungs at this time point. This suggests

signalling pathways in the rat lungs exposed to cigarette smoke may be trying to

increase anti-apoptotic and reduce pro-apoptotic signalling in order to promote cell

survival.

Bcl-xl is an anti-apoptotic signalling protein that promotes cell survival (Adams and

Cory, 1998). Bcl-xl heterodimerises with the pro-apoptotic signalling protein Bax,

thereby preventing its apoptotic affect (Minn et al., 1999). Bcl-xl also binds directly

to the outer membrane of the mitochondria, forming a pore to allow anionic
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metabolite exchange across the membrane and promoting cell survival during

apoptotic signalling (Vander Heiden et al., 2001). Native Bad can bind to Bcl-xl,

displacing Bax and preventing Bcl-xl binding to the mitochondria membrane (Adams

and Cory, 1998).

Bcl-xl:Bad interactions were elevated after 3 days but not 8 weeks smoke exposure

in the rat lungs. However, there was no alteration in either Bad serine 112 or serine

136 phosphorylation after 3 days indicating that this elevated Bad-Bcl-xl interaction

may have been independent of Bad phosphorylation at these sites. Bcl-xl:Bad

interactions after 6 months smoke exposure showed an increasing trend, although not

significant. This may be linked to the reduction in Bad phosphorylation at serine 136

observed at this time point.

At the cellular level, immunohistochemistry for active caspase 3 showed that there

was no difference in endothelial cell death at any of the time points between the

smoke-exposed and sham-exposed rat lungs. This correlates with no significant

increase in pro-apoptotic Bad:Bcl-xl interactions observed after both 8 weeks and 6

months of smoke exposure. This also agrees with previous studies, which

demonstrated that there was no significant difference in endothelial cell death

between smokers and non-smokers lungs (Kasahara et al., 2001).

Taken together, this data indicates that cigarette smoke alters KDR mediated

endothelial cell survival signalling. However, despite reduced Akt activation and Bad

phosphorlylation at serine 136 in rats smoked for 6 months, there is no increase in
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either pro-apoptotic Bad:Bcl-xl interactions or endothelial cell death between

smoked-exposed and sham-exposed rat lungs. This indicates that up to 6 months

cigarette smoke exposure in rat lungs alters KDR mediated survival signalling but

does not reduce it sufficiently to induce endothelial cell death.
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Chapter 6

Cigarette Smoke Mediated Inflammatory Response in Rat Lungs



6.1 Introduction

Chronic inflammation in the lungs is central to the development and progression of

COPD (MacNee and Rahman, 2001). Here, the normally protective inflammatory

response becomes enhanced and self-perpetuating, leading to chronic inflammation,

excessive cellular and tissue damage and culminating in the destruction of alveolar

tissue. Cigarette smoke imposes a direct oxidant burden on the lungs resulting in an

inflammatory cell influx, including sequestration of neutrophils into the pulmonary

microcirculation and accumulation of macrophages in respiratory bronchioles

(Rahman, 2002). The activated inflammatory cells themselves release ROS such as

O2'" and OH", adding to the oxidant burden and causing major cell and tissue damage

(Rahman and MacNee, 1996). Neutrophils were initially considered to be the

principle pathogenic cell in COPD, however, macrophages are increasingly being

implicated as having a central role (Niewoehner, 1988; Barnes et al., 2003).

ROS are involved in the activation of redox-sensitive pro-inflammatory transcription

factors through alteration of the redox state of the cell and initiating MAPK

signalling (Adler et al., 1999; Thannickal and Fanburg, 2000). Indeed, oxidative

stress is directly implicated in the activation of NF-kB and AP-1 (Rahman and

MacNee, 1998; Rahman, 2002). This leads to pro-inflammatory gene transcription,

resulting in further inflammatory cell influx, further enhancing the oxidative burden

and leading to a vicious cycle of chronically enhanced inflammation. However, the

molecular mechanism of ROS action in cigarette smoke-induced inflammation has

not been fully characterised.
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The aim of this chapter was to evaluate the inflammatory response in the smoking rat

model and elucidate the possible molecular mechanisms of the inflammatory

response.
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6.2 Results

6.2.1 Lung Inflammatory Cell Influx in the Smoking Rat Model

Previous studies have shown that rat lungs exposed to cigarette smoke exhibit an

influx of both neutrophils and macrophages (Ofulue et al., 1998), similar to that seen

in human COPD lungs (Saetta, 1999). In order to assess the lung inflammatory

response in the smoking rat model, inflammatory cell counts were performed on the

BALF and immunohistochemical analysis was performed on lung sections. In

agreement with previous studies, significant increases in BALF neutrophils were

observed after both 3 days and 8 weeks of cigarette smoke exposure compared to

sham-exposed animals (table 6.1). Contrary to previous studies, there was a decrease

in macrophage number in the BALF. This may be due to activated macrophages

sticking to cigarette smoke modified matrix as proposed by Kirkham et al (Kirkham

et al., 2004) and activated foci ofmacrophages forming 'plugs' in the alveolar region

(figure 6.1c), which maybe difficult to wash out in the BALF.
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Total cells (x 106) Macrophages (x 106) Neutrophils (x 106)

Sham exposed rats

(3 days, n=6)

1.47 ±0.20 1.46 ±0.20 0.01 ±0.01

Cigarette smoked rats

(3 days, n=6)

1.55 ±0.11 0.79 ± 0.06 * 0.84 ±0.11 *

Sham exposed rats

(8 weeks, n=6)

1.62 ±0.12 1.37 ±0.17 0.14 ±0.09

Cigarette smoked rats

(8 weeks, n=6)

1.82 ±0.19 0.79 ±0.12 * 0.82 ±0.17 *

Table 6.1 BALF inflammatory cell profile in rat lungs exposed to cigarette smoke. Total cell

counts were measured in the BALF using an automatic cell counter using standard morphological

criteria on Hema-Gurr stained cytospins. Increase neutrophil counts are seen in the BALF after both 3

days and 8 weeks smoke exposure in the BALF compared to sham-exposed animals. Macrophages

numbers are decreased at both 3 days and 8 weeks smoke exposure in the BALF compared with sham-

exposed animals (n=6) * = p<0.05 compared to sham-exposed animals.

Immunohistological analysis revealed a significant elevation in neutrophils in rat

lungs after 3 days of cigarette smoke exposure (figure 6.1b) compared to sham-

exposed animals, complementing the previous BALF data. However, after 8 weeks

smoke-exposure, tissue neutrophil numbers had declined and were replaced by

significant increases in tissue macrophage numbers (figure 6.1c). Thus, despite an

apparent decrease in the BALF, there was a significant elevation of alveolar

macrophages in the smoke-exposed rat lungs. Again, this data agrees with previous

studies where smoke exposure initiates an early influx of neutrophils followed by a

macrophage influx (Ofulue et al., 1998).
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Figure 6.1 Lung tissue inflammatory cell profile in the smoking rat model, (a) Histological

sections of rat lungs of (i) sham-exposed rats (xlO) (ii) 3 day smoke-exposed rats stained for

neutrophils using AS-D chloroacetate esterase (x40, arrows show neutrophils) (iii) 8 week smoke-

exposed rats stained for macrophages using mouse anti-rat ED-1 (x40, arrow shows alveolar

macrophages) (b) Histogram representing neutrophil and macrophage cell counts in 3 days smoke-

exposed rat lungs (n=6). (c) Histogram representing neutrophil and macrophage cell counts in 8 week

smoke-exposed rat lungs (n=6). Histograms represent the means and the bars the SEM of

inflammatory cells counted per mm2. *** = p<0.001 compared to sham -exposed animals.
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6.2.2 Lung MAPK Signalling in the Smoking Rat Model

Inflammatory stimuli have been shown to initiate the activation ofMAPK (Yang et

al., 2003). Furthermore, both p38 MAPK and ERK1/2 have been implicated in the

activation of the pro-inflammatory transcription factor NF-kB and AP-1 (Yang et al.,

2003). Therefore, p38 MAPK and ERK1/2 activation, measured by phosphorylation,

was assessed in the lungs of the smoking rat model by western blot. p38 MAPK

phosphorylation remained unchanged in the lungs after 3 days cigarette smoke

exposure, but was increased significantly after 8 weeks smoke exposure (figure 6.2).

ERK1/2 phosphorylation was significantly elevated after 3 days and 6 months but

not 8 weeks cigarette smoke exposure. This data implies that cigarette smoke

activates the p38 MAPK and ERK1/2 signalling pathways after both an acute and

chronic exposure in rat lungs.
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Figure 6.2 Lung p38 MAPK activation in the smoking rat model, (a) A representative western blot

gel picture of lung p38 MAPK phosphorylation (P-p38) and native p38 MAPK (p-38) after either 3

days, 8 weeks or 6 months of cigarette smoke exposure in the smoking rat model, (b) P-p38 MAPK is

increased following 8 weeks of cigarette smoke exposure but not 3 days exposure in rat lungs

compared to sham-exposed animals, as assessed by immunoblotting using anti-P-p38 and p38

antibodies (n=6). Histograms represent the means and the bars the SEM of the ratio of P-p-38 to p38.

*** = p<0.001 compared to sham-exposed animals.
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Figure 6.3 Lung ERK1/2 activation in the smoking rat model, (a) A representative western blot gel

picture of lung ERK1/2 phosphorylation (p-ERKl/2) and native ERK1/2 (ERK1/2) after 3 days, 8

weeks or 6 months of cigarette smoke exposure in the smoking rat model, (b+c) p-ERKl/2 is

increased following 8 weeks of cigarette smoke exposure but not 3 days exposure in rat lungs

compared to sham-exposed animals, as assessed by immunoblotting using anti-p-ERKl/2 and ant-

ERK1/2 antibodies (n=6). Histograms represent the means and the bars the SEM of the ratio of p-

ERK1/2 to ERK1/2. *** = p<0.001 compared to sham-exposed animals.
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6.2.3 Lung NF-kB, AP-1 and CREB DNA Binding in the Smoking Rat Model

An increase in redox-sensitive transcription factor DNA binding is known to occur in

response to oxidative stress in vitro (Rahman et al., 2002b; Rahman, 2002). Cigarette

smoke exposure has been shown to activate NF-kB, both in vitro in human lung cell

lines and in vivo in guinea pigs (Nishikawa et al., 1999; Anto et al., 2002). Further

studies have also shown that NF-kB DNA binding is elevated in the lungs of COPD

patients, suggesting that cigarette smoke may play a role in the elevated activation of

NF-kB in COPD (Di Stefano et al., 2002). Therefore, to further investigate the

inflammatory response seen in rat lungs in response to cigarette smoke exposure, we

determined the levels of DNA binding by EMSA of the pro-inflammatory redox-

sensitive transcription factors NF-kB, AP-1 and CREB. Nuclear binding of both NF-

kB and AP-1 was significantly elevated after both 3 days and 8 weeks cigarette

smoke exposure, compared to the lungs of sham exposed-animals (Figure 6.5). This

correlated with previous smoke-exposed animal models (Nishikawa et al., 1999).

There was no significant alteration in CREB DNA binding compared to sham-

exposed animals (figure 6.6b)
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Figure 6.4 Lung NF-kB DNA binding in the smoking rat model, (a) Representative EMSA gel

picture of rat lung NF-kB DNA binding after either 3 days or 8 weeks of cigarette smoke exposure,

(b) Cigarette smoke increases NF-kB DNA binding following both 3 days and 8 weeks of cigarette

smoke exposure in rat lungs compared to sham-exposed animals, as assessed by EMSA (n=6).

Histograms represent the means and the bars the SEM of the percentage change in transcription factor

DNA binding. For controls, the NF-kB labelled probes were co-incubated with a non-specific cold

probe (NC, non-competitor) or co-incubated with cold NF-kB (C, competitor). * = p<0.05 compared

to sham-exposed animals.
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Figure 6.5 Lung AP-1 DNA binding in the smoking rat model, (a) Representative EMSA gel

picture of rat lung AP-1 DNA binding after either 3 days or 8 weeks of cigarette smoke exposure, (b)

Cigarette smoke increases AP-1 DNA binding following both 3 days and 8 weeks of cigarette smoke

exposure in rat lungs compared to sham-exposed animals, as assessed by EMSA (n=6). Histograms

represent the means and the bars the SEM of the percentage change in transcription factor DNA

binding. For controls, the AP-1 labelled probes were co-incubated with a non-specific cold probe (NC,

non-competitor) or co-incubated with cold AP-1 probe (C, competitor). * = p<0.05 compared to sham

-exposed animals.
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Figure 6.6 Lung CREB DNA binding in the smoking rat model, (a) Representative EMSA gel

picture of rat lung NF-kB DNA binding after either 3 days or 8 weeks of cigarette smoke exposure,

(b) Cigarette smoke did not later CREB binging in rat lungs compared to sham-exposed animals, as

assessed by EMSA (n=6). Histograms represent the means and the bars the SEM of the percentage

change in transcription factor DNA binding. For a control, the CREB labelled probe was co-incubated

with a non-specific cold probe (NC, non-competitor) or co-incubated with cold CREB probe (C,

competitor).
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6.2.4 Lung IkB Degradation in the Smoking Rat Model

Classical NF-kB activation involves the phosphorylation, dissociation and

degradation of IkB. However, there was no change in IkB levels after either 3 days

or 8 weeks exposure in the rat lungs compared to sham-exposed animals (figure 6.7).

Consequently the observed increase in NF-kB activation was not accompanied by

degradation of IkB, this suggests that another pathway, independent of IkB

degradation is involved in NF-kB activation in the lungs in the smoking rat model.

(a) Sham Exposed

(b)
140
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Figure 6.7 Lung IkB levels in the smoking rat model. Representative western blot gel picture of rat

lung IkB levels after either 3 days, 8 weeks or 6 months of cigarette smoke exposure, (b) IkB

expression levels remain unaltered after both 3 days and 8 weeks of cigarette smoke exposure in rat

lungs compared to sham-exposed animals, as assessed by immunoblotting using anti-IxB and anti-

GAPDH antibodies (n=6). Histogram represents the means and the bars the SEM of IkB levels are

expressed as percentage of sham-exposed animals.
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6.2.5 Lung MlP-la and MIP-2 mRNA levels in the Smoking Rat Model

The previous data have illustrated that pro-inflammatory signaling pathways are

activated in the lungs of the smoking rat model. The impact of this on the expression

of pro-inflammatory cytokines was therefore investigated. The mRNA expression

levels of the pro-inflammatory cytokine genes macrophage inflammatory protein la

(MEP-la) and macrophage inflammatory protein-2 (MIP-2) were assessed by RT-

PCR. Both MlP-la and MIP-2 mRNA expression increased significantly in the lungs

of both 3 days and 8 weeks smoke-exposed animals compared to sham-exposed

animals (figure 6.8).
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Figure 6.8 Lung MlP-la and MIP-2 levels in the smoking rat model, (a+c) Representative RT-

PCR gel pictures of lung MIP-1 a (a) and MIP-2 (c) gene expression levels after either 3 days or 8

weeks of cigarette smoke exposure, (b+d) MIP-1a and MIP-2 gene expression levels are both

increased after both 3 days and 8 weeks of cigarette smoke exposure in rat lungs compared to sham-

exposed animals, as assessed by RT-PCR using GAPDH as a house keeping gene (n=6). Histogram

represents the means and the bars the SEM of the ratio of cytokine to GAPDH house keeping gene.

**** = p<0.001 compared to sham-exposed animals.
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6.3 Discussion and Conclusions
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Figure 6.9 Schematic representation of the cigarette smoke imposed lung inflammatory

response in the smoking rat model.

The data presented in this chapter demonstrates that cigarette smoke exposure results

in an inflammatory response in rat lungs. This involves an influx of neutrophils and

macrophages into the lung, activation ofMAPK signalling pathways, redox-sensitive

transcription factor DNA binding and pro-inflammatory gene transcription.

BALF from smoke-exposed rat lungs showed an increase in the numbers of

neutrophils compared to sham-exposed animals. This is consistent with previous rat

models exposed to cigarette smoke and also the lungs of COPD patients (Ofulue et
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al., 1998; Di Stefano et al., 2002). Immunohistochemical analysis of the rat lung

tissue for neutrophils after 3 days smoke exposure also showed an increase in the

number of neutrophils. Macrophage numbers in the rat lung tissue after 3 days of

smoke exposure were not significantly changed. This suggests that neutrophils play

an important role in the acute inflammatory response to cigarette smoke in rat lungs.

However, after 8 weeks of smoke exposure, the increased levels of neutrophils in the

alveolar tissue seen after 3 days smoke exposure had subsided. The number of

macrophages in the alveolar lung tissue were increased after 8 weeks of smoke

exposure suggesting that macrophages may play an important role in the chronic

inflammatory response to cigarette smoke exposure. This early influx of neutrophils

followed by a later influx of macrophages is consistent with other rat-smoking

models (Ofulue et al., 1998). This difference in the inflammatory cell influx may also

be the reason of the apparent differences in signalling in the rat lungs after either 3

days or 8 weeks smoke exposure, including MAPK signalling and histone acetylation

(chapter 7). The predominantly neutrophilic inflammatory influx after 3 days smoke

exposure response may explain the lack of p38 MAPK phosphorylation and histone

acetylation seen at this time point. On the contrary, the macrophage dominated

inflammatory cell influx after 8 weeks co-insides with the elevation of p38 activation

and histone acetylation/phophoacetylation (chapter 7).

Although immunohistochemical analysis in the rat lungs tissue clearly showed an

increase in macrophages, inflammatory cell counts in the BALF revealed that there

appeared to be a paradoxical reduction in macrophages in the lungs of the smoke-

exposed animals. One explanation may be that there was an increase in the alveolar
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macrophage migration into the pulmonary interstitium, leading to a reduction in the

macrophage numbers in the BALF. However, this is not consistent with previous

reports of inflammatory cell influxes in the BALF of smoke-exposed animal models

and would therefore appear unlikely (Ofulue et al., 1998). A more plausible

explanation may have been a lack of effectiveness of the BALF extraction in the

lungs of the rat-smoking model. Macrophages have been shown to adhere to cigarette

smoke-modified ECM, rendering them immobile and unable to be cleared by the

mucociliary pathway (Kirkham et al., 2004). The macrophages of the smoke-exposed

animals may therefore have adhered to modified ECM. Furthermore, the

macrophages in the alveolar region of the 8 week smoke-exposed animals appear

clumped together in foci, essentially forming plugs in the alveolar space. These

macrophages may be difficult to remove in the BALF extraction. Therefore, the

reduction seen in the BALF macrophages is likely to be due to a technical problem of

an ineffective BALF extraction technique. Other studies have used larger quantities

of instilled PBS, which may have provided a more effective BALF extraction

(Ofulue et al., 1998). It is likely that this was also the reason that there was no

significant difference in the total cell count in the BALF between the smoke-exposed

and sham-exposed animals despite a significant increase in both neutrophils and

macrophages in the rat lung tissue.

Both oxidative stress and cigarette smoke activate the MAPK signalling pathways

(Adler et al., 1999). Phosphorylation of the MAPK signalling proteins p38 MAPK

and ERK1/2 was elevated in the rat lungs in response to cigarette smoke exposure.

This elevated MAPK phosphorylation is consistent with previous studies of both in
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vitro cigarette smoke-exposure on human bronchiole epithelial cells (Hellermann et

ah, 2002) and in vivo smoke exposure in a smoking mouse model (Mercer et al.,

2004). Although there was an elevation in ERK 1/2 phosphorylation at both 3 days

and 6 months cigarette smoke exposure, there was no significant increased after 8

weeks smoke exposure. This may have been linked to a reduction in the

inflammatory response seen at this time point in this smoking rat model by other

investigators (Stevenson et al., 2004). Stevenson et al observed an acute

inflammatory cell influx from 3 days up to 6 weeks smoke exposure, then there

appeared to be a reduction in the inflammatory cell influx at around 8 weeks which

then became elevated again after 9 weeks of exposure (Stevenson et al., 2004).

Furthermore, studies in smokers BALF cells have shown that different MAP kinases

exhibit different activation kinetics compared to non-smokers (Mochida-Nishimura

et al., 2001). Therefore, the apparently opposite phosphorylation status of p38

MAPK and ERK1/2 after 3 days and 8 weeks smoke exposure in the rat lungs may

be as a result of different activation kinetics following acute and chronic cigarette

smoke exposure respectively.

Although there is substantial evidence for the activation of the MAPK signalling

pathways by oxidative stress and cigarette smoke, there is little evidence that directly

links cigarette smoke induced oxidative stress and activation of the MAPK signalling

pathway (Thannickal and Fanburg, 2000). Studies, both in vitro and in vivo using

cigarette smoke exposure and antioxidant treatments are needed to ascertain the exact

role of oxidative stress in cigarette smoke induced activation of the MAPK signalling

pathway.
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There was an increase in the DNA binding of the pro-inflammatory redox-sensitive

transcription factors, NF-kB and AP-1, in the lungs of the rat-smoking model.

Consistent with this, Nishikawa and colleagues showed that cigarette smoke

exposure in guinea pigs results in elevated NF-kB activation and pro-inflammatory

mediator expression (Nishikawa et al., 1999). Furthermore, Nishikawa and

colleagues also showed that antioxidant pre-treatment of their smoking guinea pig

model, attenuated both the inflammatory cell influx, NF-kB activation and pro¬

inflammatorymediator expression (Nishikawa et al., 1999).

Activation of p38 and ERK1/2 may be involved in the elevated NF-kB and AP-1

DNA binding in response to cigarette smoke in the lungs of the smoking rat model.

This may therefore be part of the pro-inflammatory signalling pathway initiated by

cigarette smoke in the lungs of the smoking rat model. However this would have to

be confirmed by p38 and ERK inhibitor studies. Moreover, an increase in NF-kB

DNA binding has been shown in bronchial biopsies from smokers and more rapid

activation of MAPK and NF-kB to inflammatory stimuli is seen in the

brochioalveolar cells of smokers compared to non-smokers (Mochida-Nishimura et

al., 2001; Di Stefano et al., 2002). This suggests that cigarette smoke may evoke

similar pro-inflammatory pathways in both human and rat lungs in response to the

oxidative stress imposed by cigarette smoke.

No decrease in IkB levels were observed despite the increased NF-kB DNA binding.

Therefore, the increased NF-kB DNA binding appears to be occurring in the absence
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of classical phosphorylation and degradation of IkB by IkB kinase (IKK). However,

this would need to be confirmed by an investigation into the phosphorylation state of

IkB. Oxidative stress is known to induce NF-kB activation in the absence of IkB

degradation (Canty, Jr. et al., 1999). Moreover, MSK-1, a known target for p38

MAPK, phosphorylates NF-kB at ser 276 leading to p65 transactivation in vitro

(Vermeulen et ah, 2003). Therefore, the activation of the MAPK signalling pathways

may explain the observed increase in NF-kB DNA binding in the absence of IkB

degradation. However, again this would need to be confirmed by MAPK inhibitor

studies in this smoking rat model. Furthermore, NF-kB may also be directed to pro¬

inflammatory genes in the absence of classical activation by IKKa. IKKa can enter

the nucleus and phosphorylate serine 10 on H3, thus acting as a marker for NF-kB

DNA binding and pro-inflammatory gene transcription (Yamamoto et ah, 2003).

This may also play a part in the explanation of NF-kB activation in the absence in

IkB degradation, however, as with p38 MAPK, this hypothesis would need to be

tested using IKKa inhibitors.

Cigarette smoke elevates pro-inflammatory gene transcription both in vitro and in

vivo (Nishikawa et ah, 1999; Gebel and Muller, 2001). COPD patient lungs also

display enhanced pro-inflammatory mediator expression (Barnes et ah, 2003).

Consistent with this, the pro-inflammatory genes MlP-la and MIP-2 were both

enhanced in the smoking rat model. This correlates with the observed increase in the

pro-inflammatory transcription factors NF-kB and AP-1 binding in the rat lung after

both 3 days and 8 weeks smoke exposure. This indicates that cigarette smoke
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increases pro-inflammatory gene expression in the lungs of the smoking rat model,

which may play a role in driving the influx of inflammatory cells into the rat lungs.

The data presented in this chapter demonstrates that cigarette smoke results in an

inflammatory response in the lungs of the smoking rat model, similar to other smoke-

exposure animal models and the lungs of smokers and COPD patients. The smoking

rat model is therefore a useful tool for the further study of the regulation of cigarette

smoke-mediated inflammatory response.

Chronic enhanced inflammation is a central feature of COPD. However, the

molecular mechanisms responsible for this enhanced inflammatory response are not

fully understood. Alteration in chromatin modifications, especially acetylation

through reduced HDAC2 levels, have been heavily implicated to play a central role

(Ito et al., 2001a; Barnes et ah, 2003; Barnes et ah, 2004). The data in this chapter

show that there is an inflammatory response in the lungs of the rat-smoking model

similar to that seen in both smokers and COPD patients. The next chapter looks at

the affect of cigarette smoke on chromatin modification and HDAC expression.

167



Chapter 7

Cigarette Smoke Mediated Chromatin Remodelling in Rat Lungs



7.1 Introduction

Chronic, enhanced inflammation is a central feature of COPD. The regulation of the

inflammatory response has been implicated as having an important role in the

development of the enhanced inflammatory response (Barnes et al., 2003). In

eukaryotic cells, DNA is tightly packed in around core histone proteins, serving both

to compactly store DNA in the nucleus and to regulate gene transcription by limiting

the accessibility of the genome to the transcriptional machinery (Struhl, 1999). This

chromatin structure may be altered in response to various stimuli. The NH2-terminal

of the four core histones can undergo covalent modifications, including acetylation

and phosphorylation (Strahl and Allis, 2000). Acetylation of the core histones opens

up the DNA from around the histones allowing accessibility to the genes for

transcription; conversely acetylation is reversed by a group of enzymes called histone

deacetylases (HDACs), there by turning off gene transcription (Struhl, 1998).

In an inflammatory response, transcription factor DNA binding occurs as part of a

larger complex incorporating various co-activators, which possess intrinsic histone

acetyltransferase (HAT) activity. This results in localised chromatin remodelling, and

consequently enhanced gene transcription for pro-inflammatory mediators (Struhl,

1998). Under normal conditions histone acetylation is regulated by HDACs, thereby

preventing prolonged pro-inflammatory gene transcription. However, the expression

of one of the key HDAC enzymes, HDAC2, is known to be affected by oxidative

stress in vitro (Ito et al., 2004). HDAC2 expression and activity is also reduced in

both smokers and COPD patient lungs (Ito et al., 2001b; Rahman et al., 2004). This
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suggests that under certain conditions, the balance of histone

acetylation:deacetylation may be altered, leading to enhanced pro-inflammatory gene

transcription.

The aim of this chapter was to determine the effect of cigarette smoke on both

HDAC expression and histone acetylation and phosphoacetylation in the rat lungs

exposed to cigarette smoke.
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7.2 Results

7.2.1 Lung HDAC Expression in the Smoking Rat Model

Previous studies have reported HDAC2, but not HDAC1 expression is reduced by

oxidative stress and is also reduced in both the lungs of smokers and COPD patients

(Ito et al., 2004; Ito et al., 2001b). To assess HDAC1 and HDAC2 expression in the

lungs of the rat-smoking model, Western blot analysis was performed. HDAC1

protein expression remained unchanged at both 3 day and 8 weeks smoke-exposure

(figure 7.1b). HDAC2 protein levels were reduced after 3 days but not 8 weeks of

smoke exposure; however, further investigation revealed that HDAC2 levels were

again reduced after 6 months of cigarette smoke exposure (figure 7.2b). To further

investigate the apparent decrease in HDAC2 protein expression HDAC2 activity was

assessed in the rat lung tissue. In correlation with HDAC2 protein expression,

HDAC2 activity was substantially reduced after 3 days exposure, with no difference

after 8 weeks exposure and again falling after 6 months exposure compared to sham-

exposed animals (figure 7.2c). These observations agree with the previous studies

showing HDAC2 but not HDAC1 to be effected in response to cigarette smoke (Ito

et al., 2001a).
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Figure 7.1 Lung HDAC1 expression levels in the smoking rat model, (a) Representative western

blot picture of HDAC1 expression after either 3 days or 8 weeks of cigarette smoke exposure, (b)

HDAC1 protein expression remains unaltered after both 3 days and 8 weeks of cigarette smoke

exposure in rat lungs compared to sham-exposed animals, as assessed by western blot (n=6).

Histograms represent the means and the bars the SEM of the percentage ofHDAC1 expression.
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Figure 7.2 Lung HDAC2 expression and activity in the smoking rat model, (a) Representative

western blot picture ofHDAC2 expression after either 3 days or 8 weeks of cigarette smoke exposure,

(b) HDAC2 protein expression was decreased after both 3 days and 6 months but not 8 weeks of

cigarette smoke exposure in rat lungs compared to sham-exposed animals, as assessed by western blot

(n=6). (c) HDAC2 activity was also decreased after both 3 days and 6 months but not 8 weeks of

smoke exposure in rat lungs compared to sham-exposed animals, as assessed by HDAC activity assay

(n=6). Histograms represent the means and the bars the SEM of the percentage of HDAC2 expression

and activity respectively. *** = pO.OOl compared to sham-exposed animals.
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7.2.2 lung HDAC2 Covalent Modification in the Smoking Rat Model

Cigarette smoke-imposed oxidative stress results in lipid peroxidation (Aoshiba et

al., 2003). End products of lipid peroxidation such as 4-HNE and acrolein may react

with proteins, leading to protein modification, thereby altering protein function

(Doom and Petersen, 2002). Indeed, nitration of HDAC2 has been proposed to play a

role in the inflammatory response in COPD (Barnes et al., 2004; Ito et al., 2004). In

order to investigate whether protein modification is involved in the observed altered

HDAC2 expression and activity, covalent modification of the HDAC2 protein was

assessed by immunoprecipitation, followed by western blot analysis using

monoclonal antibodies for 4-HNE, nitrated tyrosine and a polyclonal anti-acrolein

antibody. There was a significant increase in the tyrosine nitration, 4-HNE and

acrolein modification of HDAC2 after 3 days but not 8 weeks of cigarette smoke

exposure compared to sham-exposed animals (figure 7.3b and 7.4b respectively).

However, further investigation revealed that covalent modification was again

increased after 6 months of smoke exposure (figure 7.5b). These observations

inversely correlated with decreased expression and activity ofHDAC2 in lungs from

the smoking rat model (figure 7.2b, 7.2c).
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Figure 7.3 Lung HDAC2 protein modifications in the smoking rat model after 3 days smoke

exposure, (a) Representative western blot picture of HDAC2 covalent modification by 4-HNE,

Acrolein or tyrosine nitration after 3 days of cigarette smoke exposure, (b) 4-HNE, tyrosine nitration

and acrolein modification of HDAC2 protein are increased after 3 days of cigarette smoke exposure in

rat lungs compared to sham-exposed animal. HDAC2 was immunoprecipitation from total cell lysate

with an anti-HDAC2 antibody followed by westernblotting using anti-4-HNE, anti-nitrotyrosine, anti-

acrolein and anti-HDAC2 antibodies (n=6). Histograms represent the means and the bars the SEM of

the ratio of HDAC2 modified protein to total HDAC2 protein. * = p<0.05 compared to sham-exposed

animals.
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Figure 7.4 Lung HDAC2 protein modifications in the smoking rat model after 8 weeks smoke

exposure, (a) Representative western blot picture of HDAC2 covalent modification by 4-HNE,

Acrolein or tyrosine nitration after 8 weeks of cigarette smoke exposure, (b) 4-HNE, tyrosine nitration

and acrolein modification of HDAC2 protein showed no change after 8 weeks of cigarette smoke

exposure in rat lungs compared to sham -exposed animal. HDAC2 was immunoprecipitation from

total cell lysate with an anti-HDAC2 antibody followed by western blotting using anti-4-HNE, anti-

nitrotyrosine, anti-acrolein and anti-HDAC2 antibodies (n=6). Histograms represent the means and the

bars the SEM of the ratio of HDAC2 modified protein to total HDAC2 protein.
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Figure 7.5 Lung HDAC2 protein modifications in the smoking rat model after 6 months smoke-

exposure. (a) Representative western blot picture of HDAC2 covalent modification by 4-HNE,

Acrolein or tyrosine nitration after 6 months of cigarette smoke exposure, (b) 4-HNE, tyrosine

nitration and acrolein modification of HDAC2 protein showed no change after 6 months of cigarette

smoke exposure in rat lungs compared to sham-exposed animals. HDAC2 was immunoprecipitation

from total cell lysate with an anti-HDAC2 antibody followed by western blotting using anti-4-HNE,

anti-nitrotyrosine, anti-acrolein and anti-HDAC2 antibodies (n=6). Histograms represent the means

and the bars the SEM of the ratio of HDAC2 modified protein to total HDAC2 protein. ** = p<0.01

compared to sham-exposed animals.
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In order to directly assess the impact of these modifications on HDAC activity,

immunoprecipitated HDAC2 from sham-exposed rat lungs was incubated with either

CSC, the lipid peroxidation products 4-HNE or acrolein, or the nitric

oxide/peroxynitrite donor compound GEA, in vitro. There was a substantial decrease

in HDAC2 activity with all the treatments compared to the control, non-treated

HDAC2 immunoprecipitate (Figure 7.6). This supports the hypothesis that the

decrease in HDAC2 activity observed after 3 days and 6 months of cigarette smoke

exposure was in part a result of covalent modification of HDAC2 protein by ROS

and its products.

120 n

Control CSC GEA 4HNE Acrolein

Treatment

Figure 7.6 HDAC2 modification in vitro decreases HDAC2 activity. Immunoprecipitated 3 day

sham-exposed rat lung HDAC2 activity was decreased after treatment with either CSC (2%), GEA

(100 pM), 4-HNE (100 pM) or acrolein (100 pM) in vitro (n=6). Histograms represent the means

and the bars the SEM of the ratio of HDAC2 modified protein to total HDAC2 protein. *** =

pO.0001 compared to untreated IP HDAC2 activity.
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7.2.3 Lung H4 Acetylation in the Smoking Rat Model

The observed reduction in HDAC2 activity levels may in turn affect the balance of

histone acetylation:deacetylation. In order to test this hypothesis, western blot

analysis was performed using acid-extracted histones. H4 acetylation was unaltered

in the lungs of rats after 3 days smoke exposure, however, after 8 weeks exposure,

H4 acetylation was significantly increased compared to sham-exposed animals

(figure 7.7b).

Sham^ ' 3 Days
8 Weeks

(b)

Exposed
A-H4
A-H4

■ H4

■ Sham

h Exposed

3 Day 8 Week

Cigarette smoke exposure

Figure 7.7 Lung H4 acetylation in the smoking rat model, (a) Representative western blot picture

of H4 acetylation levels after either 3 days or 8 weeks of cigarette smoke exposure, (b) Acetylation of

Histone 4 was increased after 8 weeks but not 3 days of cigarette smoke exposure in rat lungs

compared to sham-exposed animals, as assessed by immunoblotting with anti-acetylated H4 and anti-

H4 antibodies (n=6). Histograms represent the means and the bars the SEM of the ratio of unmodified

H4 (H4) to acetylated H4 (Ac-H4). * = p<0.05 compared to sham-exposed animals.
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7.2.4 Lung H3 Phospho-acetylation in the Smoking Rat Model

Previous studies have shown specific phosphorylation of serine 10 on histone 3 has

in response to inflammatory stimuli in vitro (Saccani et al, 2002). In order investigate

this in vivo in the smoking rat model lungs, western blot analysis was performed for

acetylated H3 that was specifically phosphorylated at serine 10. Increased

phosphorylation of acetylated H3 was observed after 8 weeks but not 3 days of

cigarette smoke exposure (figure 7.8b). This indicates that cigarette smoke induced

further covalent modifications on the core histone proteins.
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(a) Sham Exposed
3 Days —P-A-H3

3 Days 8 Weeks

Cigarette smoke exposure

Figure 7.8 Lung H3 phospho-acetylation in the smoking rat model, (a) Representative western

blot picture of H3 phospho-acetylation levels after either 3 days or 8 weeks of cigarette smoke

exposure, (b) Phosphorylation of serine 10 on acetylated H3 was significantly increased after 8 weeks

of cigarette smoke exposure but not 3 days in rat lungs compared to sham-exposed animals, as

assessed by immunoblotting with anti-serine 10 phospho-acetylated H3 and anti-H3 antibodies.

Histograms represent the means and the bars the SEM of the ratio of unmodified H3 (H3) to phospho-

acetylated H3 (p-Ac-H3). * = p<0.05 compared to sham-exposed animals.
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7.6 Conclusion and discussion

t NF-KB-CBP/P30
Co-activator complex

T Pro-inflammatory gene
transc ription

Figure 7.9 Schematic representation of cigarette smoke mediated alteration in HDAC2 activity

and chromatin structure in rat lungs exposed to cigarette smoke.

The data presented in this chapter shows that cigarette smoke reduced HDAC2

expression and activity in the lungs of the smoking rat model, which may be a

consequence of covalent modification. Cigarette smoke exposure also caused

increased histone acetylation and phospho-acetylation in the lungs of the rats

exposed to cigarette smoke.

The observed decreased in HDAC2 expression and activity, but not HDAC1 seen in

the smoke exposed animals correlates with previous studies that showed reduced

HDAC2 but not HDAC1 expression and activity in smokers macrophages (Ito et al.,

2001a). Lung HDAC2 expression and activity was decreased after 3 days smoke
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exposure but not 8 weeks compared to sham-exposed animals. To investigate the

effect of cigarette smoke on lung HDAC2 activity further, the levels from 6 months

smoke exposed animals were studies. After 6 months of cigarette smoke exposure

there was again a drop in HDAC expression levels and a more substantial reduction

in its activity. Interestingly, this alteration in expression after 3 days and 6 months

but no change at 8 weeks exposure correlated with a number of other observations in

the lungs of the smoking rat model where expression such as VEGF (chapter 4), Akt

(chapter 5) and ERK1/2 (chapter 6). This may imply that protective mechanisms in

the rat lungs exposed to cigarette smoke may have reduced the insult imposed after 8

weeks of cigarette smoke exposure, however this appears to subside after 6 months

smoke exposure. Whilst the antioxidant genes y-GCS and MnSOD are upregulated at

all time points studied (chapter 3), this would suggest that other, as of yet identified

factors are involved after 8 weeks smoke-exposure in the lugs of the smoking rat

model. Another indicator as to elevated protective mechanisms in the rat lungs after

8 weeks smoke-exposure is that there is a biphasic inflammatory response shown by

Stevenson et al in this smoking rat model (Stevenson et al., 2004). There is an acute

inflammatory response that subsides around weeks 6-8 weeks of cigarette smoke

exposure. The inflammatory response is then elevated again, after the 8 week smoke-

exposure time point (Stevenson et ah, 2004). This attenuation in the inflammatory

response seen around the 8 week smoke-exposure time point indicates that signalling

the rat lung is pro-survival, correlating with the lack of alteration in VEGF]65

(chapter 4), Akt (chapter 5), ERK1/2 (chapter 6), and HDAC2 lung expression levels

in the smoking rat model after 8 weeks smoke-exposure.
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This study demonstrates here for the first time that covalent modification of HDAC2

with products of oxidative stress can directly affect HDAC activity. These findings

provide evidence for the hypothesis put forward by Barnes and Ito et al that HDAC

nitration may be responsible for the reduction in HDAC activity leading to pro¬

inflammatory gene transcription (Barnes et ah, 2004; Ito et ah, 2004). Moreover,

HDAC2 is thought to play an integral role in the mechanism of action of steroids.

Recruitment of HDAC2 by glucocorticoids to transcriptionally active pro¬

inflammatory genes results in attenuation of the inflammatory response through

cessation of pro-inflammatory gene transcription (Ito et ah, 2001a). As HDAC2

levels are decreased in smokers and further reduced in COPD patient lungs, this lack

of HDAC2 activity may play an important role in the steroid insensitivity seen in

COPD patients and smoking asthmatics (Chalmers et ah, 2001; Ito et ah, 2004).

To further investigate the observed alteration in HDAC2 expression and activity,

oxidative stress induced covalent modification was investigated. 4-HNE is a highly

reactive aldehyde and specific diffusible end product of lipid peroxidation and is

thought to play a role in the pathogenesis of COPD (Rahman et ah, 2002a). Acrolein,

another reactive aldehyde, is major component of cigarette smoke and reacts with

proteins to form protein carbonyls. Both acrolein and 4-HNE, can be ubiquitously

generated in biological systems under oxidative stress during lipid peroxidation

reactions and are known markers of oxidative stress (Uchida et ah, 1993; Uchida et

ah, 1998a; Uchida et ah, 1998b). These reactive alhehydes can react with cysteine,

histidine and lysine residues, forming direct protein adducts and may therefore be

considered important mediators of cell damage by disruption of protein function
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through covalent modification (Szweda et al., 1993; Furuhata et ah, 2002). Increased

4-HNE and acrolein adduct formation was observed on HDAC2 in the rat lungs after

3 days and 6 months but not 8 weeks of cigarette smoke exposure. As the active site

of HDAC2 contains histidine groups, the increased acrolein and 4-HNE

modifications seen after 3 days and 6 months of smoke exposure may therefore be

part of the mechanism responsible for the decrease in HDAC2 activity.

Tyrosine nitration of proteins may also significantly disrupt protein function and

turnover (Doom and Petersen, 2002). A number of studies have indicated that

nitration of proteins both in vitro and in cell model systems significantly alter protein

function, turnover and signal transduction (Gutteridge and Halliwell, 2000; Liu et al.,

2000; Gilliland et al., 2002). Indeed, post-translationally modified proteins are often

the targets of proteolytic degradation and removal. This may be important for

removal of dysfunctional proteins followed by de novo synthesis in order to re¬

establish protein levels before a pathogenic outcome ensues. Increased HDAC2

tyrosine nitration was observed in the rat lungs after 3 days and 6 months but not 8

weeks of cigarette smoke exposure. The increased HDAC2 tyrosine nitration seen

after 3 days and 6 months exposure may result in the increased proteolytic

degradation of HDAC2, resulting in decreased HDAC2 expression. Increased de

novo synthesis of HDAC2 as part of the adaptation to the insult of the cigarette

smoke may explain the unaltered HDAC2 expression following 8 weeks exposure. In

an attempt to investigate this further HDAC2 mRNA levels were investigated. To

date this approach has proved unsuccessful, as several attempts to design rat HDAC2
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primers have failed. Moreover, neither the literature, nor commercial sources have

proved successful.

To test if these direct covalent modifications would affect HDAC2 activity; HDAC2

from the sham-exposed rat model was subjected to direct covalent modification in

vitro. HDAC2 activity was substantially reduced by all the covalent modifications

(figure 7.6), indicating that these may play an important role in the reduction of

HDAC2 activity in the lungs of the smoking rat model. However, further

investigation is required to elucidate the mechanisms of this apparent reduction of

HDAC2 modification after 8 weeks of cigarette smoke exposure. One possible

explination is the biphasic inflammatory response seen in this rat-smoking model

(Stevenson et al., 2004). The levels ofROS in the lung of the smoking rat model may

be reduced after the 8 weeks smoke-exposure time point due to the attenuation of the

inflammatory response, and therefore inflammatory cell derived ROS, seen at this

time. A reduced ROS level may be part of the explanation of the observed reduction

in the covalent modification of HDAC2 after 8 weeks of cigarette smoke exposure in

the rat lungs.

There is also an increase in histone acetlyation in the lungs of the rat-smoking model.

However, this does not appear to be as a consequence of reduced HDAC2 activity

observed. HDAC2 activity is decreased after 3 days smoke exposure, with no change

in histone acetylation, However, histone acetylatyion is increased after 8 week

exposure with no change in HDAC activity compared to sham-exposed animals. The

global levels of both HDAC2 activity and histone acetylation in the lungs of the
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smoking rat model may provide one explanation for this apparent disparity. As whole

lung tissue was used, these changes represent the global changes, which may mask

any localized changes in specific cell types/local alterations in

acetylation/deacetylation. The difference in the inflammatory cell influx at 3 days,

predominantly neutrophilic, and 8 weeks, mainly macrophages, may also play a part

in explaining the difference seen in histone acetylation at these time points. Another

explanation may be that certain members of the HDAC type 1 family have been

shown to bind to p65, thus preventing NF-kB mediated gene transcription. The

decreased HDAC2 activity seen after 3 days may lead to a reduction in the

sequestration of p65 by HDAC2, thereby allowing increased NF-kB DNA binding

and pro-inflammatory gene transcription in the absence of increased histone

acetylation.

In addition to acetylation, histones can undergo further modifications such as

phosphorylation (Strahl and Allis, 2000). Saccani et al showed increased

phosphorylation of H3 at serine 10 with concomitant p38 MAPK activation in

response to inflammatory stimuli in vitro (Saccani et al., 2002). The observation of

elevated acetylated H3 phosphorylation on serine 10, concomitant with elevated p38

MAPK activation in the rat lungs after 8 weeks of cigarette smoke exposure is of

considerable interest. This data suggest that in vivo, oxidative stress imposed by the

cigarette smoke results in the upregulation of specific pro-inflammatory genes by the

same mechanism described by Saccani et al in vitro. The mitogen and stress

activated protein 1 (MSK1) is thought to be the histone kinase activated by p38

MAPK which directly phosphorylates H3 at serine 10 (Deak et al., 1998; Thomson et
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al., 1999). In support of this, Soloaga et al (Soloaga et al., 2003) reported that H3

phosphorylation was almost abolished in MSK1 and MSK2 mice knockouts. The

molecular mechanisms of the p38 MAPK down stream signalling with respect to H3

phosphorylation requires further studies.

The data presented in this chapter shows that cigarette smoke reduces HDAC2

expression and activity in the smoking rat model lungs. This observation is paralleled

with increased covalent modification of HDAC2 by ROS, indicating that covalent

modification plays a prominent role in the alteration of HDAC2 expression and

activity in response to cigarette smoke exposure in the rat lungs. Moreover, the data

reveals that cigarette smoke exposure also results in increased histone acetylation and

phospho-acetylation in rat lungs. This may target specific pro-inflammatory genes

for increased transcription.
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Chapter 8

General Conclusions and Future Studies



8.1 General Conclusions
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Figure 8.1 Representative diagram of the effect of cigarette smoke on rat lungs on KDR

signalling and inflammation derived from the results shown by this study in the lungs of the

smoking rat model.

Cigarette smoke-induced oxidative stress and inflammation is proposed to play a

major role in the development of COPD (MacNee, 2001; Barnes et al., 2003). Both

lungs from COPD patients and a smoking murine model display elevated markers of

oxidative stress including 4-HNE adduct formation (Rahman et al., 2002a; Aoshiba

et al., 2003). Consistent with these previous studies the lung of the smoking rat

model displayed elevated 4HNE staining in alveolar macrophages (chapter 3).

Moreover, previous studies have also shown that 4E1NE elevates y-GCS mRNA
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expression in rat epithelial cells (Liu et al., 2001). This is consistent with the

observed increase in y-GCS mRNA levels seen in the lungs of the smoke-exposed

animals (chapter 3).

VEGF and KDR are fundamental in the maintenance of the vasculature, alveolar

structure, and tissue regeneration (Jakkula et al., 2000; Ferrara, 2001). Oxidative

stress has been shown to impact on both the expression and function of tyrosine

kinase receptors and VEGF (Schafer et al., 2003; Asian and Ozben, 2003).

Moreover, reduced VEGF and KDR expression has been shown in emphysematous

lungs (Kasahara et al., 2001) and VEGF receptor inhibition in vivo resulted in

endothelial cell death, regression of the vasculature and emphysematous changes in

the lungs (Kasahara et al., 2000). Consistent with these studies, cigarette smoke

reduced both VEGF and KDR signalling with an associated reduction in KDR

phosphorylation in the lungs of the rats exposed to cigarette smoke (chapter 4). The

data presented in this thesis extends these findings, showing reduced expression of

the components of the VEGF165/KDR signalling complex GYP-1 and NRP-1 in both

the lungs of the rat smoking model and in the lungs of smokers and COPD patients.

This provides further evidence that cigarette smoke disrupts KDR signalling in the

lungs. Previous studies have shown that increased endothelial cell death is linked

with reduced KDR and VEGF expression or VEGF receptor inhibition (Kasahara et

al., 2000; Kasahara et al., 2001). Moreover, KDR mediated PI-3K-Akt signalling is

critical for endothelial cell survival (Gerber et al., 1998b). Investigation of the Akt

survival-signalling pathway in the lungs of the rat-smoking model showed alterations

in both Akt and Bad phosphorylation (chapter 5). However, despite alterations in the
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pro/anti-apoptotic pathways in the smoke-exposed animals, there was no associated

increase in endothelial cell death in the lungs of the smoke-exposed animals

compared to sham-exposed animals (chapter 5). As Kasahara et al showed that there

was increased endothelial cell death in emphysematous lungs but not healthy

smokers lungs, the survival signalling in the lung of the smoking rat model may

represent more closely the alterations in smokers lungs rather than emphysematous

lungs (Kasahara et al., 2001).

Inflammatory cell derived ROS from the enhanced inflammatory response seen in

COPD adds to the cigarette smoke imposed oxidative burden in the lungs (Barnes et

al., 2003). COPD patients display an increase in both neutrophil and alveolar

macrophage number and activity (Bosken et al., 1992; Rahman and MacNee, 1996;

Niewoehner, 1988). Furthermore, previous smoking rat models also display similar

inflammatory cell profiles (Ofulue et al., 1998). In agreement with these previous

studies, an early influx of neutrophils, followed by a sustained elevation in alveolar

macrophage numbers was observed in the lung of the smoking rat model (chapter 6).

Furthermore, in agreement with previous studies showing increased NF-kB

activation in bronchial biopsies from COPD patients and other animal models of

smoke exposure, the lungs of the smoking rat model displayed elevated in NF-kB

and AP-1 activation concomitant with increased pro-inflammatory gene expression

(chapter 6) (Nishikawa et al., 1999; Di Stefano et al., 2002).

The molecular mechanisms by which cigarette smoke induces an enhanced

inflammatory response as seen in COPD remain unclear. One propose mechanism is
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that an imbalance in histone acetylation, specifically through a reduction in HDAC2

activity, leads to enhancement of the inflammatory response (Ito et ah, 2001b;

Barnes et ah, 2004). Furthermore, this reduction in HDAC2 is also implicated in the

reduced sensitivity to steroid treatment in COPD (Ito et ah, 2000; Ito et ah, 2001a;

Barnes et ah, 2004). Cigarette smoke-induced oxidative stress has been implicated as

the main cause for the reduction in HDAC2 (Ito et ah, 2004; Ito et ah, 2001b). In

agreement with this the lungs of the rats exposed to cigarette smoke displayed

reduced HDAC2 expression and activity (chapter 7). Furthermore, HDAC2 in the

lungs of the smoke-exposed animals showed elevated covalent modification,

associated with its reduced expression and activity (chapter 7). Further investigation

in vitro revealed that these covalent modifications directly reduced the activity of

HDAC2 (chapter 7). Tyrosine nitration has previously been implicated in the

reduction of HDAC2 expression. The data in this thesis provides further evidence

that cigarette smoke alters HDAC 2 expression and activity by covalent modification

(chapter 7) (Ito et ah, 2004). Furthermore, HDAC activity is proposed to play an

important role in angiogenesis (Rossig et ah, 2002; Deroanne et ah, 2002). Indeed,

inhibition of HDAC activity reduces both KDR and VEGF expression (Deroanne et

ah, 2002; Sawa et ah, 2002), which may provide a link between the inflammatory

mediated damage and the vascular regression seen in COPD (Voelkel and Cool,

2003).

Elevated histone acetylation, as a consequence of reduced HDAC activity, has been

implicated in elevated pro-inflammatory gene expression in COPD (Tomita et ah,

2003; Barnes et ah, 2003). In agreement with this hypothesis, increased histone
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acetylation and pro-inflammatory gene expression was observed in the lungs of the

rat-smoking model (chapter 7). Neither reduced KDR gene expression nor histone

acetylation correlated with the pattern of reduction in HDAC2 activity levels.

However these were global observations and may not represent localised changes.

Other studies have also implicated specific phosphorylation of histone 3 at serine 10,

mediated through p38 MAPK signalling, as playing a role in an inflammatory

response in vitro (Saccani et al., 2002). This hypothesis was supported in vivo in the

lungs of the rats exposed to cigarette smoke, which showed increased specific

phosphorylation at serine 10 of acelylaled H3 associated with increases in p38

MAPK phosphorylation in the smoke-exposed animals (chapter 7).

These results show that cigarette smoke generated oxidative stress imposes a chronic

inflammatory response in the lungs of the smoking rat model. This may be a result of

elevated histone modification through reduced HDAC activity and MAPK activation,

resulting in elevated acetlyation and phosphorylation respectively. Furthermore,

cigarette smoke exposure resulted in alterations in VEGF/KDR expression,

activation and survival signalling. These changes may play an important role in the

mechanism of enhance chronic inflammation in response to cigarette smoke in the

lung. These results also indicate that the rat-smoking model shows similarities in the

lungs response to cigarette smoke to both smokers and COPD patients. As such this

animal model may provide a useful tool for further studies into the impact of

cigarette smoke on lungs in vivo, as well as assessing the impact of new drug

therapies for COPD.
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There are several further experiments that, time permitting, may have been

conducted in order to further investigate the effect of cigarette smoke on both the

VEGF/KDR signalling and chromatin remodelling. Some of these key experiments

for future studies are proposed in the following sections.

8.2 Proposed Future Studies

8.2.1 Oxidative Stress Imposed by Cigarette Smoke on the Rat Lungs

Cigarette smoke exposure in the lung of the smoking rat model increased expression

of y-GCSh (chapter 3, page 83-84). Previous studies have also demonstrated elevated

GSH in the BALF of rats chronically exposed to cigarette smoke (Wurzel et al.,

1995). GSH is subject to oxidation to oxidised GSH (GSSG) (Rahman et ah, 1995).

Moreover, increased GSSG levels have been linked with IkB phosphorylation,

ubiquitination and degradation with subsequent NF-kB activation (Ginn-Pease and

Whisler, 1996) and are implicated as having a role in the inflammatory response seen

in COPD (Rahman and MacNee, 2000a). Therefore, elevated levels of oxidised GSH

may further poteniate the cigarette smoke induced inflammatory response seen in the

rat lungs. Further studies investigating the level ratio of GSH:GSSG by HPLC could

be carried out in the lungs of the smoking rat model to assess the levels of the

oxidised GSH form.
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8.2.2 Alteration of the VEGFi6s/KDR Signalling Complex in Rat Lungs by

Cigarette Smoke

The data presented in chapter 4 shows that cigarette smoke exposure reduced the

expression of the components of the VEGF165/KDR signalling complex and KDR

phosphorylation in lungs of the smoking rat model. Previous studies have

demonstrated that both NRP-1 and GYP-1 enhance VEGF165 binding to KDR and

subsequent signalling (Gengrinovitch et al., 1999; Soker et ah, 2002; Wang et al.,

2003). However, the direct impact of cigarette smoke-imposed oxidative stress on the

binding and formation and activation of the VEGF165/KDR tertiary signalling

complex remains unknown. The direct impact of cigarette smoke-induced changes in

GYP-1, NRP-1 VEGFies and KDR expression on VEGF binding and endothelial cell

migration, proliferation and survival should be assessed in vitro on endothelial cells

using SiRNA knockdowns of each of the components (Fuh et ah, 2000).

Furthermore, total VEGF mRNA expression in the smoke-exposed rat lung showed a

far greater reduction than VEGF165 protein levels (page 92, figure 4.1). However,

these observations were made at the global level in total rat lung homogenate where

specific local alterations may be masked. This may be further investigated by looking

at the expression of the individual splice variants of VEGF and laser microdissection

of specific areas of the lungs of smoke exposed rats to determine the exact reduction

ofboth the protein and mRNA expression of individual VEGF splice variants.

The substantially greater reduction of the intermediate semi-glycosylated KDR

receptor (page 95, figure 4.3) compared to the mature full-glycosylated receptor in
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lungs of the smoke-exposed rat lungs raises further questions. Firstly, as the

reduction in the KDR mRNA expression mirrors the reduction in the mature

receptor, there is a question as to whether the band seen at 195kDa is in fact the

intermediate, semi-glycosylated receptor. In vitro analysis using HUVECs exposed

to cigarette smoke and then glycosidases to remove all glycosylation, western blot

analysis would reveal the total reduction in KDR, inclusive of all the semi-

glycosylated intermediaries. If this 195kDa band is the intermediate KDR receptor,

then the total reduction seen with cigarette smoke exposure should be substantially

greater than that of the mature receptor alone. However, if the reduction in KDR was

again similar to that seen for both the mRNA and the fully mature form alone, then

this 195kDa band could not be the intermediate semi-glycosylated KDR receptor.

8.2.3 Alteration ofKDR survival Signalling in Rat Lungs by Cigarette Smoke

The data in chapter 5 revealed that chronic cigarette smoke exposure reduced Akt

phosphorylation, altered Bad phosphorylation and increased pro-apoptotic Bad-Bcl-

xl interactions in the lungs of the rat-smoking model. However, there was no increase

in endothelial cell apoptosis between the smoked-exposed and sham-exposed animals

(page 125, figure 5.7). These were observations made at the global level, where

cigarette smoke induced alterations at local levels may me masked. Therefore,

further analysis of the other members of the Bcl-2 family and other pro-apoptotic

signalling pathways warrant further investigation by isolating endothelial cells from

the lungs of the rats exposed to cigarette smoke by laser microdissection. This would
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help to ascertain the overall anti/pro-apoptotic signalling in the lung endothelial cells.

Furthermore, endothelial cell survival signalling through PI-3K, Akt and bad is also

regulated by other important growth factor receptors such as the basic fibroblast

growth factor receptor (bFGF) (Gu et al., 2004). An investigation of the effects of

cigarette smoke exposure on other receptors in rat lungs that utilise the same survival

pathways as KDR to assess cross-talk and compensation for altered signalling

through the KDR receptor in vitro on HUVECs could be performed. Analysis of

cigarette smoke induced receptor and signalling molecule activation could be carried

out by western blot analysis for phosphorylation. Inhibitor studies may also be used

to prevent cross talk to KDR survival-signalling pathways, thereby assessing their

relative contribution and importance to KDR mediated survival signalling in

response to cigarette smoke.

8.2.4 Cigarette Smoke Induced Inflammation in the Rat Lungs

In chapter 6, increased NF-kB DNA binding was associated with increase p38

MAPK signalling without IkB degradation in the lungs of the smoking rat model

(section 6, pages 138-145). This suggests that another, IKK -independent mechanism

may be initiated by cigarette smoke, resulting in NF-kB nuclear binding. One

possible explanation may be MAPK dependent activation ofNF-kB. Previous studies

have shown p38 MAPK dependent activation of NF-kB (Janssen-Heininger et al.,

1999). This theory could be investigated in vivo in the smoking rat model using p38

MAPK inhibitors to assess the role of p38 MAPK signalling in the activation ofNF-
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kB in the lungs of the smoking rat model. Another possible mechanism may be

through tyrosine phosphorylation of IkB. Tyrosine phosphorylation of IkB renders

IkB unrecognisable for ubiquitination and degradation (Canty, Jr. et al., 1999).

Therefore, elevated tyrosine phosphorylation if IkB may reduce its degradation,

therefore giving the appearance that NF-kB activation is occurring in the absence of

classical IkB phosphorylation and degradation. This hypothesis may be further

explored by analysing tyrosine phosphorylation of IkB in the lungs of the smoking

rat model.

The elevation of antioxidant genes (pages 83-84) and the activation of the redox-

sensitive transcription factors NF-kB and AP-1 (pages 141-143) indicate that

oxidative cigarette smoke imposes oxidative stress on the rat lungs. Previous studies

have shown that antioxidant treatment of rat lungs exposed to cigarette smoke

suppresses the inflammatory cell influx in the lungs (Smith et al., 2002). An

investigation into the effect of antioxidant pre and co-treatment with cigarette smoke

exposure on the activation of the MAPK pathway, redox-sensitive transcription

factors and pro-inflammatory gene transcription should be carried out in the lungs of

the smoking rat model.

8.2.5 The Impact of Cigarette Smoke on Chromatin modifications in Rat Lungs

The data in chapter 7 showed that cigarette smoke exposure in rat lungs results in

increased histone acetylation and reduced HDAC2 expression and activity. However,
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the alteration in HDAC2 expression and activity did not correlate with increased

histone acetlylation. As both these were assessed in total lung tissue homogenate,

this discrepancy may be due to a masking effect by cells/tissue less affected by the

cigarette. Therefore further investigation looking at alterations in HDAC2 expression

and activity and histone acetylation in specific cell types should be performed using

laser microdissection of the smoking rat model lung. Furthermore, covalent

modification of HDAC2 correlated with reduced HDAC2 expression and activity in

the lungs of the smoking rat model (pages 154-159). However, HDACs are subject to

further modifications that may also affect their function such as phosphorlyation,

which increases HDAC activity (Galasinski et al., 2002). An investigation into both

the affect of cigarette smoke in the levels of other HDAC2 modifications such as

phosphorylation as well as the affect of covalent modifications on the impact of these

physiological HDAC modifications should be assessed by in vitro analysis and

activity assays.

Recent studies have shown that NF-kB may be regulated by reversible acetylation

and have implicated HDAC3 as playing an important role in deacetylating p65, thus

enabling hcBa binding and nuclear export of NF-kB (Chen et al, 2003). It would

therefore be interesting to conduct further studies into he effect of cigarette smoke on

other members of the HDAC family such as HDAC3.

An increase in phospho-acetylation was seen on H3 in rat lungs exposed to cigarette

smoke (page 163, figure 7.8). Previous in vitro studies have implicated MSK1 and

MSK2 as the kinases directly responsible for p38 MAPK mediated H3
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phosphorylation (Soloaga et ah, 2003). This theory may be further investigated using

inhibitor studies in vitro to assess the role of MSK1 and MSK2 signalling in H3

phosphorylation. The core histone proteins also undergo a range of other

modifications that affect the chromatin structure and in turn gene transcription

(Strahl and Allis, 2000). In particular, methylation of H3 on lysine 9 has been

implicated in the regulation of inducible pro-inflammatory genes where methylation

of genes is hypothesised to cause long-term gene induction (Saccani and Natoli,

2002). Methylation of pro-inflammatory genes may therefore provide an explanation

as to the continued pro-inflammatory gene expression after cessation of smoking.

Further studies investigating other modifications on the core histones such as

methylation in the rat lungs exposed to cigarette smoke should also be performed.

Chromatin immunoprecipitation (ChIP) assays of these modifications may be used to

assess their relative contributions to the increases of key pro-inflammatory

mediators. Furthermore, although both increased H4 acetylation, H3

phosphoacetylation along with elevated MfP-la or MIP-2 pro-inflammatory gene

transcription was observed, no direct link between these histone modifications and

the transcription ofMlP-la or MIP-2 was made. ChIP assays using anti-acetylated

H4 and anti-phospho-serinelO-acetylated H3 antibodies and MlP-la or MIP-2

primers should be used to assess their direct relationship in the lungs of the smoking

rat model. This was attempted unsuccessfully during this project using murine MIP-2

primers, however designing new MlP-la or MIP-2 ChIP PCR primers specifically

for rat may provide more success.
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Appendix

Radio-Immunoprecipitation Assay (RIPA) Buffer

CMF-PBS

1% NP-40 (Sigma)

1% SDS (Sigma)

12mM Deoxycholic acid (Sigma)

Complete cocktail Inhibitors (Roche)

ABC Protein Extraction

Buffer A

lOmM HEPES

lOmMKCl

2mM MgCh

ImM DTT

0.1 mMEDTA

0.4mM PMSF

0.2 mM NaF

0.2 mM Na Orthovanadate

0.3mg/ml Leupeptin

dH20

Buffer B
10% NP-40
dH20

Buffer C
lOmM HEPES
50mM KC1
300mM NaCl
ImM DTT
0.1 mMEDTA
0.4mM PMSF
10% Sterile Glycerol
0.2 mM NaF
0.2 mM Na Orthovanadate

dH20
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Stacking Gel

0.65ml 30% acrylamide/0.8% bisacrylamide (Bio-Rad)

1.25ml 4 x TrisCl/SDS pH 6.8

3.05ml dH20

25pL 10% (w/v) ammonia persulphate

5pL TEMED (Bio-Rad)

Separating gel

Final acrylamide concentration in separating gel (%)

7 8 9 10 11 12 13 15 17

Stock solution Volume (ml)

30% acrylamide/0.8% bisacrylamide

(Bio-Rad)

3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.50 8.50

4 x Tris-Cl/SDS, pH8.8 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75

dH20 7.75 7.50 7.25 6.75 6.25 5.25 4.75 3.75 2.27

10% (w/v) ammonia persulphate 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

TEMED (Bio-Rad) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

10 x Running Buffer

0.25M Tris-Base

1.92M Glycine

35mM SDS

dH20
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5 x Transfer Buffer

0.2M Tris-Base

1.5M Glycine

20% Methanol

dH20

10 x TBS

0.2M Tris-Base

0.5M NaCl

dH20

EMSA Binding Buffer

0.25mg/ml poly (dI-dC)*poly (dl-dC) (Promega)

50mM Tis-HCl, pH7.5

250mM NaCl

5mM MgCl2

2.5mM EDTA

2.5mM DTT

20% glycerol
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EMSA Gel

lxTBE

30% Acrylamide/bisacrylanmide (29:1) (R&D Systems)

dH20

3.75mM APS

0.0005% TEMED (Invitrogen)

cDNA Reaction Mix

20mM DTT

400jo.g/ml Oligo dT

imM dNTPs

lx Reaction Buffer (Promega)

0.5U/ml RNase (Promega)

lOU/ml MMLV-Reverse Transcriptase (Promega)

5 x TBE Buffer

0.45M Trizma Base

0.45M Boric acid

lOnM EDTA

dH202
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1.5% Agarose Gel in lxTBE Buffer

1.5% SeaKem LE Agarose (Biowittaker Molecular Applications, UK) in lxTBE

0.5pg/ml

• the Mixture was heated in amicrowave for approximately 3 minutes on

high until all the agarose was dissolved. The mixture was then poured into

a PCR tray to set.
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Cigarette Smoke-Induced Oxidative Stress and
TGF-pj Increase p21 Expression in
Alveolar Epithelial Cells
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Abstract: Sustained oxidative stress caused by cigarette smoking induces a
chronic inflammatory response, resulting in the destruction of the alveolar cell
wall characteristic of emphysema. The loss of tissue may involve the progres¬
sive depletion of epithelial cells through inhibition of proliferation leading to
cell death. The cell cycle regulator p2lwafl'cipt acts as a Gj/S and G2/M phase
checkpoint regulator. We hypothesize that cigarette smoke-induced oxidative
stress and transforming growth factor beta 1 (TGF-Pj) may inhibit cellular
proliferation by p21wan'clPl in type II alveolar epithelial cells (A549). A signif¬
icant increase was observed in p21wafl'ciP1 mRNA expression in A549 cells by
cigarette smoke condensate, HjOj, and TGF-P,. In conclusion, cigarette
smoke-induced oxidative stress and TGF-Pj modulate expression of the cell
cycle inhibitor p21wafl'ciP'. This may be important in the growth arrest and cell
survival of alveolar type II cells in the Gj phase.

Keywords: cigarette smoke; oxidants; TGF-Pj; p21wafl/cipl; A549 cells;
histone deacetylases

INTRODUCTION

Cigarette smoking is the main etiological factor in chronic obstructive pulmonary
disease (COPD), of which emphysema is an important pathology. Cigarette smoke
contains an estimated 104 oxidants and over 4,700 chemical compounds per puff, in¬
cluding reactive aldehydes and transition metals.1 Oxidative stress caused by ciga¬
rette smoking is thought to induce a chronic inflammatory response in the lungs
which results in the destruction of the alveolar cell walls and emphysema. This loss of
tissue in alveolar walls may involve the progressive depletion of epithelial cells
through a mechanism that involves inhibition of cell proliferation and/or cell death.

The cell cycle is a highly regulated, ordered sequence of events with a series of
checkpoints during the progression of the cell cycle at the "gap" G] to S phase and

Address for correspondence: Dr. I. Rahman, ELEGI Colt Research Laboratory, Wilkie Build¬
ing, University of Edinburgh, Medical School, Teviot Place, Edinburgh EH8 9AG, UK. Voice:
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entry into the M phase. In response to environmental conditions unfavorable for cell
division, replicative DNA synthesis and mitosis are restricted by the activation of
cell cycle checkpoints at the Gj/S and G2/M boundaries, which act as a brake on the
cell cycle until DNA repair is completed.2,3 The decision for a cell to enter the S
phase or to arrest in its Gt phase is determined by a complex integration of prolifer¬
ative and antiproliferative signals, which converge on key regulators of the cell cycle
machinery—the cyclin-dependent kinases (CDKs) 4,5 The regulation of G[ cyclin-
CDK activity is also dependent on CDK-inhibitory proteins (CKIs), such as p21wafl/
C1P1, which bind and inactivate cyclin-CDK complexes.5 Elevated levels of p21wafl/
C1P' can prevent Gl/S progression by binding and inhibiting the activities of the Gj
and S phase kinases, cyclins A-Cdk2 and E-Cdk2.5,6 It has been shown that p21wafl/
clpl may also be up-regulated by the cytokines tumor growth factor (TGF-Pi) and in-
terleukin-6 (IL-6), hyperoxia, alkylating agents, and ultraviolet light.4,7 p21wafl/c'PI
has been shown to interact with proliferating cell nuclear antigen (PCNA), suggest¬
ing another route by which it may control proliferation at the Gi/S phase boundary.2
However, oxidant-mediated regulation p21wafl/c,P1 has not been studied in lung ep¬
ithelial cells.

Histone deacetylases (HDACs) catalyze the removal of acetyl groups on the
amino-terminal lysine residues of core nucleosomal histones.8 Histone acetylation
is emerging as a major regulatory mechanism to modulate gene expression by alter¬
ing the accessibility of transcription factors to DNA.9 A prominent role for HDACs
(1 and 2) has been implicated in growth arrest.10,11 HDAC1 and HDAC2 are tightly
associated with retinoblastoma protein (Rb) and elongation factor (E2F) in a "co-
repressor core complex," which is active in proliferating cells.10 Phosphorylation of
Rb leads to the release of E2F (catalyzed by CDKs) from the complex leading to G1
to S transition.11 Up-regulation or accumulation of the cell cycle kinase inhibitor
p2 jwafl/cip may ]eacj t0 inhibition of Rb phosphorylation, thus preventing E2F re¬
lease and blocking the entry from G| to S transition.10,12 Inhibition of HDAC activ¬
ity has also been shown to up-regulate p21 wafl/cipl and inhibit cell cycle from Gj to
S transition in various cell types.8,9,12,13

TGF-pj is a multifunctional growth factor that inhibits cell proliferation by induc¬
ing growth arrest in the Gj phase by regulating the activities of several CKIs.5 TGF-
Pi also induces oxidative stress, which may regulate cell proliferation and cell cycle
regulation by a mechanism mediated through up-regulation of p21wafl/clP1.5,14,15
TGF-P| gene expression has been shown to be increased in alveolar walls in smokers,
particularly those who develop COPD.16 We therefore hypothesize that cigarette
smoke-induced oxidative stress and TGF-Pi may inhibit cellular proliferation by
p21wafl/cip l jn ilurnan alveolar epithelial type II cells (A549s) and that this may be rel¬
evant to the loss of alveolar cells in emphysema. We therefore studied the effect of
cigarette smoke condensate (CSC), hydrogen peroxide (H202), and TGF-P) on the
cell cycle of alveolar epithelial cells.

MATERIALS AND METHODS

The human type II alveolar cell line, A549, was plated at a concentration of 2 x
104 cells/cm2 and cultured at 37 °C, 5% C02 in Dulbecco's modified minimum es¬
sential medium (DMEM) containing 10% fetal bovine serum (FBS) until the cells
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TABLE 1. Primers and PCR parameters

Gene Primer Denat. Anneal. Elong. Cycles

GAPDH up = 5'-CCA CCC ATG GCA AAT TCC ATC GCA-3' 94°/ 607 727 25
rev = 5'-TCT AGA CGG CAG GTC AGG TCC ACC-3' 1:30 0:45 0:45

p21wafl/dPup _ 5'_GGG GGC ATC ATC AAA AAG TT-3' 95 7 59 7 68 7 25
rev = 5'-ACT GAA GGG AAA GGA CAA GG-3' 1:00 1:00 2:00

HDAC-2 up = 5'-CCC TGA ATT TGA CAG TCT CAC C-3' 947 6571:00 727 30
rev = 5'-CAC ATT AAA ACT TGC CCA GAA AAA C-3' 1:00 1:00

Denat. = denaturation; Anneal. = annealing; Elong. = elongation. Temperatures are given in
degrees C; times are given in minutes and seconds.

attached. The medium was then changed to serum free for 16 h until the cells had
grown to 75-80% confluency. The cells were then treated with CSC (10%), hydro¬
gen peroxide (H202 100 pM) and TGF-Pj (5 ng/mL) for 4 and 24 h in serum-free
medium. RNA was then isolated using the TRIZOL reagent as previously de¬
scribed.17 RNA (2 pg) was reverse transcribed usingM-MLV-RT (Promega, UK) ac¬
cording to the manufacturer's instructions. DNA (5 pL) was used for the RT-PCR for
both p21wafl/ciP' and HDAC-2 and GAPDH (3 pL) as housekeeping gene. The PCR
primers were synthesized from MWG-Biotech (Milton Keynes, UK); the PCR con¬
ditions are given in Table 1. The PCR product (40 pL) was run on a 2% agarose gel
and stained with ethidium bromide. The resulting amplified DNA bands were visu¬
alized and scanned by a white/UV transilluminator (Ultra Violet Products, Cam¬
bridge, UK) and quantified by densitometry.

HDAC-2 protein was measured by extracting nuclear cellular proteins from the
treated A549 cells and performing a Western blot.18 Protein concentration was mea¬
sured using a kit (BioRad, UK). For HDAC-2 assays, 20 pg of the soluble proteins
were separated by 10% PAGE and transblotted onto nitrocellulose membranes. The
membranes were blocked with Marvel followed by incubation with goat anti-human
HDAC-2 (Santa-Cruz). After washing, bound antibody was detected using rabbit
anti-goat antibody (Dako) linked to horseradish peroxidase, and the bound complexes
were detected using ECL (Amersham-Pharmacia). The density of resulting bands was
quantified by densitometry. The data are expressed as mean ±SEM, and statistical
analysis was performed using a one-way analysis of variance (ANOVA).

RESULTS AND DISCUSSION

Oxidative stress can cause profound alterations in the regulation of the cell cycle,
resulting in growth arrest, cell damage, and death.2,5'7 Nakamura and coworkers
have shown that cigarette smoke extract inhibits lung fibroblast proliferation; how¬
ever, the mechanism of cigarette smoke-induced inhibition of cell proliferation was
not studied.19 Many genes induced during oxidative stress are also involved in cell
cycle regulation, including p21wafl/clP'i which is involved in cell cycle growth by
acting as a Gj/S and G2/M phase checkpoint regulator.2-5'7 Our preliminary data
have shown that CSC (10%) causes an increase in p2 lwafI/clpl expression (P < 0.05)
at 24 h with no significant change seen at 4 h posttreatment in A549 cells (Figs. 1
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Treatment

□ 4h post-
treatment

■ 24h post-
treatment

and 2). Similarly, hydrogen peroxide (H202, at 100 pM) and TGF-Pt (5 ng/mL)
cause a significant (P < 0.01 and P < 0.001, respectively) up-regulation of in
p2[wafl/cipi expression (Fig. 1). Our finding of cigarette smoke-mediated up-
regulation of p21wafl/clPl in A549 cells is in agreement with previous studies that
found a dramatic decrease in E-CDK2 with concomitant induction ofCKIs—mainly
p21 wafl''clpl in various cell types in response to hyperoxia 2-5,7 This suggests that ox¬
idants may restrict mitosis so as to allow cells to repair DNA before entering into S
phase of the cycle. The signaling mechanism whereby CSC and H202 induce
p21wafi/cipi ;s currently unknown. It has been shown that TGF-(lrmediated up-reg¬
ulation of p21wafl/clP1 may involve oxidative stress, thereby inhibiting cell
growth.5,20'21 Our results ofTGF-fS ^mediated induction ofp21wafl/clP' suggest that
TGF-j, which is increased in many inflammatory lung conditions such as COPD,
may inhibit cell proliferation in type 2 alveolar epithelial lung cells.

It has been widely shown that a decrease in HDAC activity induces the expression
of the cell cycle kinase inhibitor p21wafl/clP', leading to Gl/S cell cycle arrest and
apoptosis.10,11 We speculate that because cigarette smoke has been shown to de¬
crease HDAC protein levels22 it may therefore cause an increase in p21wafl/c|P1,
leading to cell cycle arrest. In this study, we did not find any significant change in
HDAC-2 mRNA expression at either 4 or 24 h posttreatment with CSC (10%) or
H202 (100 pM), but there was a significant decrease in HDAC-2 protein at 20 h with
CSC (P< 0.05), H202 (P < 0.01), concurring with the increase in p21wafl/clP1 at this
time point. Our preliminary data therefore indicate that cigarette smoke and H202
cause a decrease in HDAC-2 protein and consequently an increase in p21wafl/c,p' in
A549 cells. The reasons behind the decreased HDAC-2 protein levels in response to
oxidants are unknown. One explanation could be that CSC and H202 inhibit HDAC-
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FIGURE 2. Effect of CSC (10%), H202 (100 pM), and TGF-p, (5 ng/mL on HDAC-2
mRNA expression at 4 and 24 h in A549 cells. NS = not significant.

2 by direct oxidation or nitrosylation of the protein without any change in the mRNA
expression. The results of this study may have a direct relevance to cigarette smoking
conditions such as emphysema and COPD where chronic exposure to cigarette smoke
(oxidants) could cause the alveolar type II cells to enter into cell arrest due to the up-
regulation of p21wafl/ciP>. The chronic oxidative stress induced by cigarette smoke
may then lead to cell death due to a chronic state of the cell cycle arrest.

In conclusion, cigarette smoke-induced oxidative stress and TGF-P] modulate
the expression of cell cycle inhibitor p21wafl/c,P'. This may be important in the re¬
pair of alveolar type II cells in the Gj phase. Chronic oxidative stress may cause sus¬
tained GpS phase arrest, leading to inhibition of cell proliferation of alveolar
epithelial type II cells.
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Cigarette smoke-triggered inflammation is considered to play a
central role in the development of chronic obstructive pulmonary
disease by a mechanism that may involve enhanced proinflamma¬
tory gene transcription. Histone acetylation and deacetylation is a
key regulator of the specificity and duration of gene transcription.
Disruption in the nuclear histone acetylation:deacetylation balance
(chromatin remodeling) may result in excessive transcription of
specific proinflammatory genes in the lungs. In this study we show
that cigarette smoke exposure results in an influx of inflammatory
cells and chromatin modifications in rat lungs. This was associated
with an increase in the active phosphorylated form of p38 mitogen-
activated protein kinase concomitantwith increased histone 3 phos-
pho-acetylation, histone 4 acetylation, and increased DNA binding
of the redox-sensitive transcription factor nuclear factor-KB, indepen¬
dent of inhibitory protein-KB degradation, and activator protein I.
We also observed decreased histone deacetylase 2 activity, which is
due to protein modification by aldehydes and nitric oxide products
present in cigarette smoke. Furthermore, we show that corticoste¬
roid treatment has no effect on smoke-induced proinflammatory
mediator release. These findings suggest a possible molecular mech¬
anism by which cigarette smoke drives proinflammatory gene tran¬
scription and an inflammatory response in the lungs.

Enhanced inflammation in the lungs in response to inhaled parti¬
cles or gases is considered to be a defining characteristic of chronic
obstructive pulmonary disease (COPD) (1). This involves the
recruitment and activation of inflammatory cells in the lungs by
proinflammatory mediators. These activated inflammatory cells
also produce mediators of inflammation, including oxidants and
proinflammatory cytokines, perpetuating the cycle of inflammation.
Cigarette smoke is the main etiological factor in the pathogenesis
of COPD, causing oxidative stress, a key feature in smoking-
induced lung inflammation (2-4). The mechanism of oxidative
stress-induced inflammation is thought to involve activation of
the redox-sensitive transcription factors nuclear factor (NF)-kB
and activator protein (AP)-l with subsequent nuclear transloca¬
tion and DNA binding. Transcription factor binding to DNA
occurs as part of a larger complex, incorporating coactivators,
such as cyclic AMP response element binding protein-binding
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proteins/p300, which possess intrinsic histone acetyltransferase
activity. This results in localized chromatin remodeling, and con¬
sequently enhanced gene transcription for proinflammatory me¬
diators (4-7). Indeed, enhanced NF-kB activation has been shown
in bronchial biopsies from smokers and in guinea pigs exposed
to cigarette smoke, with subsequent increased interleukin (lL)-8
release (8, 9). However, the molecular mechanism of cigarette
smoke-mediated enhanced expression of proinflammatory me¬
diators is not yet understood.

The association of core histone proteins with DNA is critical
to the regulation of gene transcription and expression by limiting
the accessibility of the genome to the transcriptional machinery.
The NH2-terminal of the four core histones (H2A, H2B, H3, and
H4) can undergo covalent modifications, including acetylation
and phosphorylation (10). These directly affect the chromatin
structure, thereby either indirectly or directly affecting transcrip¬
tion (11-13) by acetylation of the core histones, which uncoil
DNA from around the core histonesmaking genes more accessible
for transcription. To regulate this process, acetylation is reversed
by a group of enzymes called histone deacetylases (HDACs).

The HDAC family of enzymes consists of 17 isoforms that
have been identified to date, each differentially expressed and
regulated in different cell types (14,15). HDACs remove acetyl
moieties from the e-acetamino groups of lysine residues of his¬
tones, restoring their positive charge, thereby causing rewinding/
condensation of the DNA. This displaces transcription factors
from their DNA binding sites, leading to silencing of gene tran¬
scription (16). It is through this process that steroids are thought
to propagate some of their anti-inflammatory properties. Ito and
coworkers (17) demonstrated that this is achieved by recruitment
of HDAC2 into the activated complex, thereby closing down
proinflammatory gene expression, a process referred to as trans-
repression.

Disruption of the acetylatiomdeacetylation balance may lead
to sustained gene transcription of proinflammatory genes con¬
trolled by NF-kB and AP-1, resulting in a further influx of pro¬
inflammatory cells, creating a chronic cycle of inflammation.

Recent in vitro studies by Saccani and colleagues (12) showed
that specific phosphorylation of H3 at serine 10, indirectly re¬
sulting from activation of p38 mitogen-activated protein kinase
(MAPK), acts as a marker for transcription of specific inflamma¬
tory cytokine and chemokine genes. Moreover, this enhanced
gene transcription positively correlated with p38 MAPK-
dependent recruitment of NF-kB (12,13). However, this concept
was never tested in vivo in an animal model in response to
cigarette smoke.

The field of COPD research currently lacks a clearly well
defined in vivomodel detailing, at the mechanistic level, the impact
of cigarette smoke exposure on inflammation. We show here, for
the first time, that in vivo, altered chromatin remodeling underlies
the enhanced inflammatory responses in rat lungs exposed to
cigarette smoke. Furthermore, we demonstrated that reduced
HDAC activity and expression levels positively correlated with
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increased posttranslational modification ofHDAC itself. Finally,
as HDAC activity is reported to be essential for the anti-inflam¬
matory effect of corticosteroids, we investigated the ability of
corticosteroid treatment to inhibit proinflammatory mediator
release in response to cigarette smoke exposure.

Materials and Methods

Animals

Male, Sprague-Dawley rats (323 ± 2.5 g) (Charles River, Margate, UK)
were divided into 4 groups: (i) 3d sham-exposed (n = 6); (ii) 3 d
smoke-exposed (n = 6); (iii) 8 wk sham-exposed (n = 6); and (iv) 8 wk
smoke-exposed (n = 6). The rats were exposed to whole-body ciga¬
rette smoke, generated from 2R4F research cigarettes (University of
Kentucky, Louisville, KY), in 7 liter smoking chambers at a rate of 4
cigarettes per day, Monday-Friday. The total particulate matter was
27.1 ± 0.8 mg total particulate matter per cigarette. To ensure a consis¬
tent exposure across exposed animals, cotinine levels were measured.
There was 2.66 ± 0.12 pM cotinine in the plasma 1 h after exposure
(none was detectable in the air-exposed animals) and 0.51 ± 0.07 pM
cotinine after 24 h. There was no progressive increase in cotinine levels
over 1 wk of exposures. Carboxyhemoglobin levels were measured
immediately after the animals were removed from the chambers. A
peak level of 42 ± 4.0 pM was reached after the fourth cigarette, which
quickly decreased after exposure was stopped. Rats were killed 2 h
after the last exposure by intraperitoneal injection of 200 mg sodium
pentobarbital.

Tissue Processing
The lungs were excised from the rats and the right lobe tied off and
then snap-frozen in liquid nitrogen. The left lobe was inflated with 5 ml
of 10% neutral buffered formalin and then immersed in neutral buffered
formalin to complete fixation for 24 h. The left lobe was then sliced
tangentially into six slices, which were processed as two tissue blocks.
Sections (3 pm) of the four central lung slices were cut using a Leica
rotary microtome (Leica, Bannockburn, IL). The sections were mounted
on to Polysine slides (Surgipath Europe Ltd., Cambridge, UK) and dried
overnight at 37°C.

Immunohistochemistry
Briefly, lung sections were dewaxed in xylene, rehydrated, and endoge¬
nous peroxidase inhibited with 0.5% hydrogen peroxide in methanol
for 10 min. A controlled digestion was performed in warmed trypsin
solution (ICN Pharmaceuticals, Basingstoke, UK). To detect macro¬
phages, slides were incubated in mouse anti-rat macrophage specific
antigen EDI (Serotec, Oxford, UK) (diluted 1:1,000) overnight at 4°C.
Immunodetection was performed using biotinylated rabbit anti-mouse
immunoglobulin reagent (Dako Cytomation, Cambridgeshire, UK),
SABC reagent (Dako Cytomation), and 3,3'-diaminobenzidine (Sigma,
Dorset, UK). The nuclei were counterstained with Cole's hematoxylin
solution. In rat lungs, the bronchus-associated lymphoid tissue acted
as an internal positive control. For negative controls, the primary anti¬
body was omitted from one section of each of the samples. Rat neutro¬
phils were identified with the substituted naphthol method for AS-D
chloroacetate esterase. Briefly, solution Y (1.5% pararosaniline, 1.5%
NaN02, pH 6.3) was mixed with 1 ml of solution Z (Naphthol AS-D
chloroacetate 20 mg/ml in NN dimethyl formamide [Sigma]) and added
to the sections for 2 h at room temperature. Nuclei were counterstained
with Mayer's hemalum. For a negative-control solution, Z was prepared
without the substrate. Both neutrophils and macrophages were counted
using the Axiohome Microscope (Carl Zeiss, Hertfordshire, UK). Cells
were identified by both positive staining and standard morphologic
criteria. Two fields to the right of the large airway in two pieces of the
left lobe were counted (i.e., four fields, total area ~ 6.5 mm2). When
there was a difference of more than 5 cells/mm2 between the average
counts of two and four fields, an extra field was counted in piece three
(total area of ~ 8.3 mm2).

Whole-Cell Lung Tissue Homogenate
Fresh snap-frozen rat lung tissue (0.1 g) was homogenized in 1 ml of
ice-cold lysis buffer containing 1% Nonident 40, 0.1% sodium dodecyl

sulfate (SDS), 0.01 M deoxycholic acid, and a complete protease cocktail
inhibitor tablet with ethylenediaminetetraacetic acid (Roche, East Sus¬
sex, UK) and incubated on ice for 45 min. The samples were then centri-
fuged at 13,000 rpm for 25 min at 4°C and the supernatant aliquoted and
stored at -80°C.

Nuclear Protein Isolation and Acid Extraction of Histone Proteins

Fresh snap-frozen rat lung tissue (0.1 g) was homogenized in Buffer
A containing 0.4 mM phenylmethylsulfonyl fluoride and 0.3 mg/ml
leupeptin (6, 18). The extraction was followed as described previously
(18). The supernatant obtained from nuclear lysis was aliquoted and
stored at -80°C until used.

Pellets from the nuclear extraction were resuspended in 150 pi of
deionized water, 2.6 pi of 11.6 M HC1 (final concentration, 0.2 N), and
1.5 pi of 18 M H2S04 (final concentration, 0.36 N). The samples were
then agitated overnight at 4°C, and then centrifuged at 13,000 rpm at
4°C for 10 min and the supernatant decanted into fresh eppendorf
tubes. Ice-cold acetone (1.1 ml) was added and left over night at -80°C
to precipitate out the protein. The samples were then centrifuged at
13,000 rpm for 10 min, the supernatant removed, and 1 ml of ice-cold
acetone added, mixed, and left at -80°C for 1 h. The samples were
then centrifuged at 13,000 rpm at 4°C for 10 min, the supernatant
decanted, and the pellet air-dried and then resuspended in 50 pi deion¬
ized water.

Western Blotting
Whole-cell lysate was subjected to electrophoresis using SDS-poly-
acrylamide gel electrophoresis and transferred to a Proban BA 85 nitro¬
cellulose membrane (Schleicher and Schuell, Dassel, Germany). Western
blots were visualized using enhanced chemiluminiscence fluid (Amer-
sham, Buckinghamshire, UK). Bands were analyzed using ImageQuant
software (Molecular Dynamics Ltd., Buckinghamshire, UK). The blots
were then stripped using Chemicon Re-Blot Plus Western recycling kit
(Chemicon International, Temecula, CA), blocked, and reprobed. The
antibodies used were: HDAC1 (#PC544; Oncogene, San Diego, CA),
HDAC2 (#382153; Calbiochem, San Diego, CA), phosphorylated p38
MAPK (#44-684; BioSource, Nivelles, Belgium), p38 MAPK (#9212; Cell
Signaling, Beverly, MA), inhibitory protein-kb (IkB) (# sc-371-G; Santa
Cruz Biotechnology, Santa Cruz, CA), glyceraldehyde-3-phosphate dehy¬
drogenase (GAPDH) (# ab9485; Abeam, Cambridge, UK), H4 (#2592;
Cell Signaling), acetyl-H4 (Upstate, Charlottesville, VA), H3 (#9715; Cell
Signaling) and phosphoacetyIated-H3 (#9711; Cell Signaling).

RNA Isolation and Reverse Transcriptase-Polymerase
Chain Reaction

Lung tissue (0.1 g) was homogenized in 1 ml of Trizol (InVitrogen Life
Technologies, Carlsbad, CA) and left at room temperature for 15 min.
RNA was extracted according to the manufacturer's instructions.

RNA (2 pg) was reverse-transcribed into cDNA as described pre¬
viously (6, 18). Reverse transcriptase-polymerase chain reaction (RT-
PCR) amplification was performed for macrophage inflammatory pro¬
tein (MlP)-la and MIP-2 for 30 cycles of denaturation at 94°C for 1
min, annealing at 55°C for 1 min, and extension at 72°C for 2 min (19)
and for GAPDH, 25 cycles of denaturation at 95°C for 30 s, annealing
at 60°C for 1 min, and extension at 68°C for 2 min (20). MIP-la sense =
5'-GATGTATTCITGGACCCAGGT-3', anti-sense = 5'-TATGGA
GCTGACACCCC-GAC-3, MIP-2 sense = 5'-GGCACATCAGGTA
CGATCCAG-5', anti-sense = 5'-ACCCTGCCAAGGGTTGACTTC-3',
GAPDH sense = 5'-ACCACCATGG-AGAAGGCTGC-3', anti-sense =
5'-CTCAGTGTAGCCCAGGATGC-3', resulting in PCR products of
189,287, and 520, respectively. RT-PCR reactions were performed using
a thermo cycler (MJ Research, Genetic Research Instrumentation, Essex,
UK) and PCR products (base pairs, bp) were electrophoresed on a 1.5%
agarose gel containing ethidium bromide. The bands were visualized and
quantified by densitometry using ultraviolet radiation and the Grab-IT
software package (Ultra-Violet Products, Cambridge, UK).

Electrophoretic Motility Shift Assay
Binding reactions were established in 20 pi of binding buffer as recom¬
mended by Promega (Southampton, UK), using 10 pg of nuclear extract
protein per reaction for the consensus probe as described previously



Marwick, Kirkham, Stevenson, et al: Cigarette Smoke Alters Chromatin Remodeling 635

(18). Samples were then loaded and electrophoresed through a 6%
polyacrylamide gel. The gels were dried, scanned, and analyzed using
a phosphorlmager system (STORM; Molecular Dynamics).

HDAC2 Immunoprecipitation and Activity Assay
A 200-p.g aliquot of protein in a final volume of 100 p.1 was incubated
for 1 h with anti-HDAC2 (#7029; Abeam), then immunoprecipitated
out with Protein-A-agarose beads (Calbiochem) at 4°C overnight with
constant agitation. HDAC2 activity was measured using an HDAC
activity assay kit (BioVision, Mountain View, CA) according to the
manufacturer's instructions. For Western blots, sample buffer was
added to immunoprecipitated HDAC2 agarose bead suspension, boiled,
and run using SDS-polyacrylamide gel electrophoresis as described
previously (5,21). Blots were probed with anti-HDAC2 (#7029; Abeam)
as a loading control and stripped as described elsewhere (5,21). To deter¬
mine the posttranslational modification of HDAC2, blots were reprobed
with antinitrotyrosine, stripped, reprobed with anti-4-hydroxy-2-nonenal
(4-HNE), and finally stripped and reprobed with anti-acrolein. Mouse
monoclonal anti-4-HNE was purchased from the Japan Institute for
the Control of Aging (Fukusoi, Shizoaka Prefecture, Japan). Mouse
monoclonal anti-nitrotyrosine was purchased from HyCult Biotechnol¬
ogy (#HM5001) and polyclonal rabbit anti-acrolein was prepared as
described previously (22, 23).

In Vitro Modified HDAC2 Activity Assay
HDAC2 was immunoprecipitated from a sham exposed animal lung
homogenate as previously described (5). The immunoprecipitated
HDAC2 was then split five ways and left either untreated or treated
with 2% cigarette-smoke condensate as described previously (21), 100 p,M
l,2,3,4-Oxatriazolium-5-amino-3-(3,4-dichlorophenyl)-chloride (Alexis,
Nottingham, UK), 100 pM 4-HNE (Alexis), and 100 pM Acrolein (Sigma-
Aldrich, Dorset, UK) in triplicate for 1 h at 37°C. HDAC activity was
measured by HDAC activity kit (BioVision).

Bronchoalveolar Lavage Fluid
The lungs were lavaged by inserting a cannula into the trachea and
instilling the lungs with 3 X 4 ml aliquots of sterile phosphate-buffered
saline (PBS). All aliquots were combined for individual rats and brought
up to 12 ml with PBS. Bronchoalveolar lavage fluid (BALF) was taken
by instilling three 4 ml aliquots of sterile PBS into the lungs. Total cell
counts were measured using an automatic cell counter (Sysmex UK
Ltd., Milton Keynes, UK). Differential cell counts were performed
using standard morphologic criteria on Hema-Gurr-stained cytospins
(Merck, Poole, UK).

The Effect of Budesonide on Cigarette Smoke-Induced
Proinflammatory Cytokine Production
Male Sprague-Dawley rats were anesthetized using halothane (Merial
Animal Health, London, UK, http://uk.merial.com/) and N20. A mi-
crospray (Penn-Century, Philadelphia, PA), inserted into the trachea,
delivered either budesonide (as a 2,6, or 20% lactose dry-powder blend
in 5 mg) or 5 mg lactose (vehicle control groups) (n = 9 per treatment
group). The dose of budesonide equated to 0,1, or 3 mg/kg/animal. One
hour after dosing, the animals were exposed to whole-body cigarette
smoke, as described previously, for a total of three consecutive days.
Twenty-four hours after the final exposure, the animals were killed with
an overdose of sodium pentobarbitone (200 mg given intraperitoneally)
followed by exsanguination. For cytokine analysis, lung tissue was snap-
frozen in liquid nitrogen and stored at - 80°C until the lungwas homoge¬
nized in 2 ml of ice-cold saline. Homogenates were spun at 2,000 rpm
and supernatant IL-ip levels measured by enzyme-linked immunosor¬
bent assay using an IL-lp Duo-Set, following the manufacturer's proto¬
col (R&D Systems, Abingdon, UK).

Protein Assay
Protein concentrations were determined by bicinchoninic acid (BCA)
protein assay kit according to the manufacturer's instructions (Bio-Rad
Laboratories Inc., Hercules, CA).

TABLE 1. Inflammatory cell profile in the bronchoalveolar lavage fluid
from rat lungs after cigarette smoke exposure

Total cells Macrophages Neutrophils
(x If?) (X Iff) (X 10t)

Sham-exposed rats, 3 d 1.47 ± 0.20 ocso+1vo © © 1+ ob

Cigarette smoke-exposed rats, 3 d 1.55 ± 0.11 0.79 ± 0.06* 0.84 ± 0.11*

Sham-exposed rats, 8 wk 1.62 ± 0.12 1.37 ± 0.17 0.14 ± 0.09

Cigarette smoke-exposed rats, 8 wk 1.82 ± 0.19 0.79 ± 0.12* 0.82 ± 0.17*

Total cell counts were measured using an automatic cell counter (Sysmex UK,
Ltd.). Differential cell counts were performed using standard morphological crite¬
ria on Hema-Gurr-stained cytospins.
*P < 0.05 compared to sham animals (n = 6).

Statistical Analysis
All data are expressed as means ± SEM. Statistical analysis of signifi¬
cance was preformed using Minitab software (Minitab, Coventry, UK).
The data were normally distributed and values obtained in the different
groups of rats were compared using one-way analysis of variance using
Tukey's post hoc test. Statistical significance was accepted at P < U.Ui.

Results

Cigarette Smoke Induces Inflammatory Cell Influx in the Lungs
To assess the inflammatory response to cigarette smoke exposure
in rat lungs, inflammatory cell counts were performed on the
BALF and lung sections. Significant increases in BALF neutro¬
phils were observed after both 3 d and 8 wk of cigarette smoke
exposure compared with sham-exposed animals (Table 1). Im-
munohistologic studies also revealed a significant elevation of
neutrophils in the rat lungs after 3 d of cigarette smoke exposure
(Figure lb) compared with sham-exposed animals. There was
also a significant increase in the number of macrophages after
8 wk of smoke exposure (Figure lc) compared with that in sham-
exposed animals.

Cigarette Smoke Alters Histone Acetylation
and Phosphoacetylation
We first sought to confirm that cigarette smoke exposure would
result in elevated histone acetylation. To test this hypothesis,
western blot analysis was performed using acid-extracted his-
tones. H4 acetylation was unaltered in the lungs of rats after
3 d of smoke exposure; however, after 8 wk of exposure, H4
acetylation was significantly increased compared with that ob¬
served in sham-exposed animals (Figure 2a). Recently, specific
phosphorylation of serine 10 on histone 3 has been shown in
response to inflammatory stimuli in vitro (12). To establish
whether this was the case in vivo in the rat smoking model,
Western blot analysis was performed for acetylated H3 that was
specifically phosphorylated at serine 10. Similarly to H4, we
observed no increase in acetylated H3 phosphorylation after 3 d
of smoke exposure, but significant increases after 8 wk of smoke
exposure (Figure 2b).

Cigarette Smoke Causes p38 MAPK Phosphorylation
It has recently been shown that inflammatory stimuli result in
the activation of p38 MAPK, which may be responsible for the
subsequent specific phosphorylation of serine 10 on H3 seen in
vitro (12). To determine if this was the case in vivo in the rat
smoking model, Western blot analysis was performed to assess
p38 MAPK phosphorylation (activation). p38 MAPK phosphor¬
ylation remained unchanged in the lungs after 3 d of cigarette
smoke exposure, but was increased significantly after 8 wk of
smoke exposure (Figure 3). The increased p38 MAPK phosphor¬
ylation was positively correlated with the observed elevation in
H3 phosphorylation. Therefore, the data suggest that the mecha-



636 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 31 2004

Y
Sham exposure (xlO)

/fit ;•••• ir •*':

1

Neutrophils
S day*cigarette a

3 day smoke exposure (x40)

"x.;
8 week smoke exposure (x40)

S.

Neutrophils Macrophages
• weeks cigaralia amofce exposure

Figure 1. The effect of cigarette smoke exposure in rat
lungs. Histologic sections of rat lungs in (a) sham-exposed
rats at XlO; (b) 3-d smoke-exposed rats stained for neutro¬
phils at X40 (arrows show neutrophils in the alveolar space);
(c) 8-wk smoke-exposed rats stained for macrophages at
X40 (arrow shows alveolar macrophages); (d) histogram
representing neutrophil and macrophage cell counts in 3-d
smoke-exposed rat lungs (n = 6); (e) histogram represent¬
ing neutrophil and macrophage cell counts in 8-wk smoke-
exposed rat lungs (n = 6). Histograms represent means and
bars the SEM of inflammatory cells counted per mm2. *P <
0.05, **P < 0.01, and ***P < 0.001 compared with sham-
exposed animals. Black bars, sham; hatched bars, exposed.

nism of specific phosphorylation at serine 10 on H3 by activated
p38 MAPK in response to inflammatory stimuli seen in vitro (12)
may also occur in vivo in rat lungs exposed to cigarette smoke,
as shown by our data.

Cigarette Smoke Activates NF-kB, AP-1, and cAMP
Response Element Binding Protein DNA Binding
without Affecting IkB Levels
An increase in redox-sensitive transcription factor DNA binding
is known to occur in response to oxidative stress. To further
investigate the inflammatory response to cigarette smoke expo¬
sure seen in rat lungs, we determined the levels of transcription
factor DNA binding by electrophoretic mobility shift assay. Nu¬
clear binding ofNF-kB and AP-1 was significantly elevated after
both 3 d and 8 wk of cigarette smoke exposure, compared with
the that in the lungs of sham-exposed animals (Figure 4). How¬
ever, the increase in NF-kB activation was not associated with
degradation of IkB at either 3 d or 8 wk of smoke exposure
(Figure 5). This suggests that another pathway, independent of
IkB, is involved in NF-kB activation.

Cigarette Smoke Alters HDAC Expression and Activity
Previous studies have reported decreased HDAC2 expression
in smokers (5). To assess HDAC1 and HDAC2 expression in
the rat-smoking model, Western blot analysis was performed.
HDAC2 protein expression was significantly decreased in the
rat lungs after 3 d of smoke exposure. However, after 8 wk of
exposure, there was no difference between the smoke-exposed
and sham-exposed animals (Figure 6a). HDAC1 protein expres¬
sion remained unchanged at both 3 d and 8 wk smoke exposure
(data not shown); this is an agreement with previous studies, in
which HDAC2 but not HDAC1 was affected by cigarette smoke
(5). To investigate further the apparent decrease in HDAC2
protein expression, we examined HDAC2 activity in the rat lung
tissue as an index of deacetylation. In correlation with HDAC2
protein expression, we observed substantially reduced HDAC2
activity after 3 d exposure but no difference after 8 wk exposure
between smoke-exposed and sham-exposed animals (Figure 6b).
Cigarette Smoke Causes HDAC Modifications
Cigarette smoke-imposed oxidative stress results in lipid peroxi¬
dation. End products of lipid peroxidation, such as 4-HNE and
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Figure 2. Cigarette smoke in¬
creases H4 acetylation and H3
phospho-acetylation. (a) Acet¬
ylation of histone 4 was in¬
creased after 8 wk of cigarette
smoke exposure but not after
3 d of exposure in rat lungs com¬
pared with sham-exposed ani¬
mals, as assessed by immuno-
blotting with anti-acetylated H4
and anti-H4 antibodies (n = 6).
(b) Phosphorylation of serine
10 on acetylated H3 was sig¬
nificantly increased after 8 wk
of cigarette smoke exposure
but not after 3 d in rat lungs
compared with sham-exposed
animals, as assessed by immuno-
blotting with anti-serine 10 phos-
phoacetylated H3 and anti-H3

antibodies. Histograms represent mean and the bars the SEM of the ratio of unmodified H4 (H4) to acetylated H4 (Ac-H4) and unmodified H3
(H3) to phospho-acetylated H3 (p-Ac-H3). *P < 0.05, **P < 0.01 compared with sham-exposed animals. Black bars, sham; hatched bars, exposed.
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Figure 3. Cigarette smoke increases p38 MAPK activation. Phosphory-
lated p38 MAPK is increased after 8 wk of cigarette smoke exposure
but not after 3 d of exposure in rat lungs compared with sham-exposed
animals, as assessed by immunoblotting using anti-phophorylated p38
MAPK and p38 MAPK antibodies (n = 6). Histograms represent mean
and the bars the SEM of the ratio of native p38 MAPK (p-38) to
phosphorylated p38 MAPK (p-p38). ***P < 0.001 compared with sham-
exposed animals. Black bars, sham; hatched bars, exposed.

acrolein, may react with proteins, leading to protein modifica¬
tion, thereby altering protein function. To investigate whether
protein modification is involved in the observed altered HDAC2
expression and activity, we assessed covalent modification of the
HDAC2 protein by immunoprecipitation, followed by Western
blot analysis using monoclonal antibodies for 4-HNE nitrated
tyrosine, and a polyclonal anti-acrolein antibody. There was a

3 DAY 8 WEEK

Cigarette smoke exposure

Figure5. Cigarette smoke has no effect on IkB degradation, (a) IkB
expression levels remain unaltered after both 3 d and 8 wk of cigarette
smoke exposure in rat lungs compared with sham-exposed animals, as
assessed by immunoblotting using anti-lKB and anti-GAPDH antibodies
(n = 6). Histogram represents means and bars the SEM of IkB expres¬
sion, expressed as percentage of control (sham-exposed animals). Black
bars, sham; hatched bars, exposed.

significant increase in the tyrosine nitration, 4-HNE and acrolein
modification of HDAC2 after 3 d cigarette smoke exposure
compared with sham-exposed animals (Figure 7a). However,
there was no significant difference in either tyrosine nitration,
4-HNE, or acrolein modification of HDAC2 after 8 wk exposure
(Figure 7b). To directly assess the impact of these modifications
on HDAC activity, immunoprecipitated HDAC2 was incubated
with cigarette-smoke condensate, the lipid peroxidation products
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Figure 4. Cigarette smoke in¬
creases NF-kB and AP-1 DNA

binding, (a) Cigarette smoke
increases NF-kB DNA binding
after both 3 d and 8 wk of ciga¬
rette smoke exposure in rat

-AP-1 lungs compared with sham-
exposed animals, as assessed by
electrophoretic mobility shift
assay (it = 6). (b) Cigarette
smoke increases AP-1 DNA

-AP-1 binding after both 3 d and 8 wk
of cigarette smoke exposure in
rat lungs compared with sham-
exposed animals, as assessed by
electrophoretic mobility shift
assay (n = 6). Histograms rep¬
resent means and bars the SEM
of the percentage change in
transcription factor DNA bind¬
ing. For controls, the NF-kB-
or AP-l-labeled probes were
coincubated with a nonspecific
cold probe (NC, non-competi-

' tor) or coincubated with cold
NF-kB or AP-1 probe (C, com¬
petitor). *P < 0.05 compared
with sham-exposed animals.
Black bars, sham; hatched bars,
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Figure 6. Cigarette smoke decreases HDAC2 expression and activity.
(a) HDAC2 protein expression is decreased after 3 d but not after 8 wk
of cigarette smoke exposure in rat lungs compared with sham-exposed
animals, as assessed by immunoblotting using anti-HDAC2 and anti-
GAPDH antibodies (n = 6). (b) HDAC2 activity is also decreased after
3 d but not after 8 wk of smoke exposure in rat lungs compared with
sham-exposed animals, as assessed by HDAC activity assay (n = 6).
Histograms represent means and bars the SEM of the percentage of
HDAC2 expression and activity respectively. ***P < 0.001 compared
with sham-exposed animals. Black bars, sham; hatched bars, exposed.

4-HNE and acrolein, and the nitric oxide/peroxynitrite donor
(tyrosine nitration) compound Oxatriazolium-5-amino-3-(3,4-
dichlorophenyl)-chloride, in vitro. There was a substantial de¬
crease in HDAC2 activity with all the treatments compared with
the control, nontreated HDAC2 immunoprecipitate (Figure 7c).
This observation supports the concept that decreased HDAC2
activity after 3 d smoke exposure was in part a result of covalent
modification ofHDAC2 protein by components of cigarette smoke.

Cigarette Smoke Induces MIP1 and MIP2 mRNA Expression
in Rat Lungs
To directly examine proinflammatory gene expression in the
rat lungs in response to smoke exposure, the proinflammatory
cytokines MlP-la and MIP-2 mRNA expression were assessed
by RT-PCR. MlP-lct and MIP-2 mRNA expression increased
significantly in the lungs of cigarette smoke-exposed animals
after both 3 d and 8 wk compared with that of sham-exposed
animals (Figure 8).

Budesonide Does Not Inhibit Cigarette Smoke-Induced
Proinflammatory Cytokine Production in Rat Lungs
To investigate whether pretreatment with corticosteroid would
attenuate the inflammatory response in the rat smoking model,
rats were dosed with budesonide and then exposed to cigarette
smoke, as previously described (see Materials and Methods/
Animals). The levels of the proinflammatory cytokine IL-ip in
lung homogenate were used as an index of the inflammatory
response. None of the corticosteroid doses reduced the IL-lp
levels significantly in smoke-exposed animals (Figure 9). This
suggests that cigarette smoking interferes with the anti-inflam¬
matory effect of corticosteroids.

Discussion

Chronic inflammation in the lungs of smokers involves a sus¬
tained elevation of proinflammatory mediator transcription. We
hypothesize that altered chromatin remodeling may be involved
in the increased transcription of proinflammatory mediator
genes in response to cigarette smoke. We therefore investigated
the effect of cigarette smoke on chromatin remodeling in rat
lungs. In this study, we show, for the first time, exposing rats to
cigarette smoke results in altered chromatin associated with a
resultant increased transcription of proinflammatory genes.

As expected, an inflammatory response was observed in the
rat lungs after both 3 d and 8 wk of cigarette smoke exposure
consistent with the results of previous studies (10,24) and similar
to that seen in smokers (25). The macrophage counts in the
BALF are reduced but are paradoxically increased in the alveo¬
lar regions as assessed by immunohistochemistry. This may be
explained by the large "plug" like foci of activated macrophages
in the alveolar spaces, which may be difficult to wash out in
the BALF. Moreover, cigarette smoke can also modify matrix
proteins, resulting in macrophage activation and adherence,
which again may be difficult to wash out (23).

Regulation of gene transcription is vital for an orchestrated
inflammatory response. In an inflammatory setting, histone acet-
ylation and deacetylation play a critical role in the control of
proinflammatory gene transcription by regulating the access of
transcription factors to proinflammatory genes. Our finding that
H4 acetylation was elevated after 8 wk of cigarette smoke expo¬
sure indicated that the histone acetylationrdeacetylation balance
was indeed disrupted, leaving genes open to sustained transcrip¬
tion, thereby conceivably leading to excessive expression of in¬
flammatory mediators. As oxidative stress has been shown to
cause increased histone acetylation in vitro (6,26), we speculate
that the oxidative stress imposed by cigarette smoke may be
responsible for the alteration in the histone acetylation:deacet¬
ylation balance in vivo.

In addition to acetylation, histones can undergo further modi¬
fications, such as phosphorylation (10). Our observation of ele¬
vated acetylated H3 phosphorylation on serine 10, concomitant
with elevated p38 MAPK activation in rat lungs after 8 wk of
smoke exposure, is of considerable interest. Indeed, Saccani and
colleagues showed increased phosphorylation of H3 at serine 10
with concomitant p38 MAPK activation in response to inflam¬
matory stimuli in vitro (12). These data suggest that in vivo,
oxidative stress imposed by cigarette smoke results in the upreg-
ulation of specific proinflammatory genes by the same mecha¬
nism described by Saccani and colleagues in vitro. However,
significant increases in H4 acetylation and H3 phosphoacetyla-
tion were not seen until 8 wk of exposure, reflecting the fact
that the response may be due to a small subpopulation of cells.

The mitogen- and stress-activated protein (MSK) 1 is thought
to be the histone kinase activated by p38 MAPK, which directly
phosphorylates H3 at serine 10 (12, 27). In support of this, So-
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Figure 7. Cigarette smoke causes HDAC2 protein mod¬
ification. (a) 4-HNE, tyrosine nitration and acrolein
modification of HDAC2 protein is increased after 3 d
of cigarette smoke exposure in rat lungs compared with
sham-exposed animal, as assessed by immunoprecipita-
tion of HDAC2 with an anti-HDAC2 antibody followed
by immunoblotting using anti-4-HNE, anti-nitrotyro-
sine, anti-acrolein, and anti-HDAC2 antibodies (n =

6). (b) 4-HNE, tyrosine nitration, and acrolein modifi¬
cation of HDAC2 protein showed no change after 8 wk
of cigarette smoke exposure in rat lungs compared with
sham-exposed animals, as assessed by immunoprecipita-
tion of HDAC2 with an anti-HDAC2 antibody followed
by immunoblotting using antiA-HNE, anti-nitrotyro-
sine, anti-acrolein, and anti-HDAC2 antibodies (n = 6).
(c) immunoprecipitated HDAC2 activity was decreased
after treatment with cigarette smoke condensate (2%),
Oxatriazolium-5-amino-3-(3,4-dichlorophenyl)-chloride
(100 iaM), 4-HNE (100 p,M), and acrolein (100 pM)
(n = 6). Histograms represent means and bars the SEM
of the ratio of HDAC2 modified protein to total
HDAC2 protein. *P < 0.05 compared with sham-
exposed animals. Black bars, sham; hatched bars, exposed.

loaga and colleagues (28) reported that H3 phosphorylation was
almost abolished in MSK1 and MSK2 mouse knockouts. The
molecular mechanisms of the p38 MAPK downstream signaling
with respect to H3 phosphorylation requires further studies.

The redox-sensitive transcription factors NF-kB and AP-1
are closely linked to the transcription of specific inflammatory
cytokines and chemokines (4-6). We found increased binding

of NF-kB and AP-1 to the DNA after 3 d and 8 wk of smoke
exposure, with parallel increases in the expression of the in¬
flammatory chemokinesMlP-la and MIP-2. Although this DNA
binding does not directly link NF-kB and AP-1 to gene transcrip¬
tion of MlP-la and MIP-2, both have NF-kB and AP-1 binding
sites in their promoter region and are expressed concomitantly
with the increase in DNA binding for both these transcription
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Figure 8. Cigarette smoke increases proinflammatory me¬
diator gene expression, (a) MlP-la gene expression is in¬
creased after both 3 d and 8 wk of cigarette smoke exposure
in rat lungs compared with sham-exposed animals, as as¬
sessed by RT-PCR using GAPDH as a housekeeping gene
(n = 6). (b) MIP-2 gene expression is increased after both
3 d and 8 wk cigarette smoke exposure in rat lungs compared
with sham-exposed animals, as assessed by RT-PCR using
GAPDH as a housekeeping gene (n = 6). Histogram repre¬
sents means and bars the SEM of the ratio of cytokine to
GAPDH housekeeping gene. **P < 0.01 and ***P < 0.001
compared with sham-exposed animals. Black bars, sham;
hatched bars, exposed.
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Figure 9. Corticosteroid pretreatment has no effect on 3-d cigarette
smoke-induced inflammation. Histogram represents means and bars the
SEM of IL-ip levels in rat lung homogenate; measured in pg/mg of
protein, as a measure of the inflammatory response after 3 d of cigarette
smoke exposure. The x axis shows treatments and doses where sham-
exposed animals represent basal IL-ip levels (n = 9). ***P < 0.001
compared with sham-exposed animals.

factors (19). This observation supports our hypothesis that ciga¬
rette smoke results in an enhanced inflammatory response in
the lung in vivo. In support of our data, an increase in NF-kB
DNA binding has been shown in bronchial biopsies from smok¬
ers, and elevated NF-kB and AP-1 DNA binding has been shown
in response to oxidative stress in vitro (6, 8). This suggests that
cigarette smoke may induce similar proinflammatory pathways
in both human and rat lungs in response to oxidative stress
imposed by cigarette smoke.

The classical mechanism for NF-kB activation involves the

phosphorylation of IkB by IkB kinase, ubiquitination, and then
degradation. Interestingly, we found that NF-kB activation was
not associated with IkB degradation. Our data suggests that
another, IkB kinase-independent mechanism may be initiated
by cigarette smoke, allowing for NF-kB nuclear binding. One
possible mechanism may be through tyrosine phosphorylation
of IkB. Tyrosine phosphorylation of IkB renders IkB unrecog¬
nizable for ubiquitination and degradation (29). Another possi¬
ble explanation involves the p38 MAPK pathway (30). Activa¬
tion of p38 MAPK by oxidative stress leads to NF-kB activation
in vitro. This results in phosphorylation of NF-kB at serine 276,
leading to p65 transactivation (12,31). Therefore the mechanism
of increased NF-kB DNA binding observed in vivo in rat lungs
after smoke exposure in the absence of IkB degradation may

be due to increased tyrosine phosphorylation of IkB and direct
activation of NF-kB by p38 MAPK. However, it must be noted
that thismay not necessarily reflect an fKBu-independentmecha¬
nism of NF-kB activation, as this is a reflection of expression
across the whole tissue at a single snapshot in time. Local or
temporal changes in IkBcx expression may indeed be occurring
in distinct cell types.

Deacetylation of histones involves a group of enzymes known
as the histone deacetylases (HDACs). Any alteration in the ex¬
pression or activity of the HDACs may lead to altered acetylation
of histones. Furthermore, HDAC2 is recruited by glucocorticoids
in the transcriptional initiation complex to inhibit the transcrip¬
tion of proinflammatory mediators (32). Interestingly, we found
that HDAC2 expression and activity was decreased after 3 d but
not after 8 wk of smoke exposure, whereas HDAC1 expression
remained unaltered at both time points. This is consistent with
previous in vitro studies in alveolar macrophages obtained from
smokers, in whom HDAC2 is decreased without change in
HDAC1 (5). Intriguingly, the alteration in HDAC2 expression
and activity after 3 d of exposure is the reverse of the histone
acetylation, and therefore cannot directly explain the increased
proinflammatory gene expression at this time point. However,
NF-kB is known to form a complex with some members of the
class I deacetylases (HDAC1,2, 3, and 8) (33-35). This complex
prevents the DNA binding, and thereby gene transcription, by
NF-kB. Therefore, a decrease in HDAC2 may lead to a decrease
in complex formation, increasing the free NF-kB in the nucleus
to bind to the DNA. This could be seen as an early response to
cigarette smoke in the rat lungs with direct access of NF-kB to
the opened promoters, irrespective of histone acetylation (35,36).
However, we found that HDAC2 expression and activity had
returned to control levels in rat lungs after 8 wk of exposure,
possibly as an adaptive response, although histone acetylation
and phosphorylation were increased. As both NF-kB and AP-1
activation were still elevated, the genes were opened for tran¬
scription of proinflammatory mediators. This could be seen as a
late response and the onset of conditions sufficient for a sustained
chronic inflammatory response seen here, the level of acetylation
exceeds that of deacetyation.

To further investigate the observed alteration in HDAC2
expression and activity, we investigated the possibility of protein
modification due to oxidative stress of HDAC2. HDAC2 is re¬

cruited into transcriptional complex to inhibit proinflammatory

t Inflammatory
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Gene transcription

Figure 10. The hypothesized mechanism
of cigarette smoke-induced chromatin re¬
modeling through a decrease in HDAC2
and increase in p38 MAPK phosphoryla¬
tion resulting in an increase in histone 4
acetylation and histone 3 phosphoacetyla-
tion. The increased DNA binding of re-
dox-sensitive transcription factors re¬
sulting in an increased transcription of
specific proinflammatory genes marked
out by phosphorylation of serine 10 on
histone 3.
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gene transcription; therefore, modification of HDAC2 may ren¬
der it unable to function in the regulation of gene transcription.
Our findings showed increased tyrosine nitration, 4-HNE, and
acrolein covalent modification of HDAC2 after 3 d of exposure,
but interestingly, no change after 8 wk of exposure. Acrolein, a
reactive aldehyde, is a major component of cigarette smoke and
reacts with proteins to form protein carbonyls. Both acrolein
and 4-HNE, also a reactive aldehyde, can be ubiquitously gener¬
ated in biological systems under oxidative stress during lipid
peroxidation reactions, and are known markers of oxidative
stress (22, 23, 37). The reactive aldehyde/carbonyls can react
with cysteine, histidine and lysine residues and may therefore
be considered an important mediator of cell damage by disrup¬
tion of protein function through covalent modification (38, 39).
As the active site of HDAC2 contains histidine groups, the
increased acrolein and 4-HNE modification seen after 3 d of
smoke exposure may be part of the mechanism responsible for
the decrease in HDAC2 activity.

Tyrosine nitration of proteins may also significantly disrupt
protein function and turnover (40). Posttranslationally modified
proteins are often the targets of proteolytic degradation and
removal. This may be important for removal of dysfunctional
proteins after by de novo synthesis to re-establish protein levels
before a pathogenic outcome ensues. The increased HDAC2
tyrosine nitration seen at 3 d of exposure may result in the
increased proteolytic degradation of HDAC2, resulting in de¬
creased HDAC2 expression. Indeed, it has recently been shown
that inhibited or modified HDAC2 undergoes proteolysis
through the ubiquitination pathway (41). Increased de novo syn¬
thesis of HDAC2 as part of the adaptation to the insult of the
cigarette smoke may explain the unaltered HDAC2 expression
after 8 wk of exposure. However, despite this reversal of HDAC2
modification, expression, and activity, this ultimately fails to
suppress the elevated histone acetylation and proinflammatory
gene transcription. Further studies are needed to assess the direct
structural changes that are imposed by these covalent modifica¬
tions on HDAC2 and the relevant contributions of each of the
modifications to both the activity and expression of HDAC2.

These results do, however, bring up a new paradox. Global
HDAC2 expression and activity is decreased at 3 d, but global
changes in histone acetylation are not seen until 8 wk; therefore,
it is difficult to invoke a cause and effect mechanism at present.
It is, however, more likely that global changes are limited in the
key information that this observation provides, and that marked
changes in MlP-la and MIP2 promoter histone H4 acetylation
and histone H3 phosphorylation may be present. Global effects
on histone H4 acetylation and histone H3 phosphorylation may
by confounded by the induction of acute anti-inflammatory
genes, which is lost when a chronic inflammatory status is
achieved or when only a subset of lung cells are affected. This
is more than likely in an acute inflammatory process. Further
investigation is also needed into the effect of cigarette smoke
exposure on both the other members of the HDAC family, such
as HDAC3, which plays a role in shuttling NF-kB out of the
nucleus, and specific cell types in vivo (34).

Interestingly, HDAC2 has been implicated in corticosteroid-
mediated inhibition of proinflammatory mediators by acting as
chaperone for corticosteroids to bind to the DNA (17). Patients
with COPD are largely unresponsive to the anti-inflammatory
effects of corticosteroid treatment (1). Our findings that pretreat-
ment with corticosteroid failed to diminish the elevated inflam¬

matory response seen in rat lungs in vivo after 3 d of smoke
exposure, may be due to the decreased HDAC2 expression also
seen after 3 d of smoke exposure. Interestingly, this steroid unre¬
sponsiveness in the cigarette smoke-exposed animals also compli¬
ments studies of smoking subjects with asthma, in which smoking

subjects with asthma are steroid-unresponsive compared with
non-smoking subjects with asthma, which are largely steroid-
responsive (42). Furthermore, in vitro studies have also shown
that cigarette smoke-induced IL-lp expression was not inhibited
by steroids (43).

In conclusion, this study provides novel data on an important
molecular mechanism by which cigarette smoke affects gene
transcription and promotes an inflammatory response in vivo
in the lungs (Figure 10). Furthermore, regulation of histone
acetylation may provide a target for therapeutic intervention in
cigarette smoke-induced lung inflammation/COPD.
Conflict of Interest Statement: J.A.M. has no declared conflicts of interest; P.A.K.,
C.S.C., H.D., J.G., and K.B. are employees of Novartis Pharmaceuticals PLC; K.D.
has no declared conflicts of interest; W.M. has been reimbursed by GlaxoSmith-
Kline, Zambon, AstraZeneca, Boehringer Ingelheim, and Pfizer for attending several
conferences, received £3,000 from Zambon for a lecture tour, and also participated
as a speaker in scientific meetings or courses organized and financed by various
pharmaceutical companies (GlaxoSmithKline, AstraZeneca, Boehringer Ingelheim,
Zambon, Allen & Hanburys, Pfizer), receiving £4,500 in 2002 and £10,843 in 2003
for serving on advisory boards for GlaxoSmithKline, Almirall, and Amgen, and the
sum of £1,700 in 2004 from Micromet for participating in an Expert Panel Meeting,
and serves as a consultant for Pfizer and SMB Pharmaceuticals, receiving £6,500 in
2002 for speaking at meetings sponsored by GlaxoSmithKline and AstraZeneca,
and £3,600 in 2003 for speaking at meetings sponsored by GlaxoSmithKline, Astra¬
Zeneca, and Boerhinger Ingelheim; and I.R. has no declared conflicts of interest.

Acknowledgments: The authors thank Novartis pharmaceuticals for their help, use
of their research facilities, and provision of the rat model. J.M. is jointly cospon-
sored by a Novartis/Medical Research Council Ph.D. studentship award. I.R. is
supported by an EHSC grant ES01247.

References
1. Pauwels, R. A., B. Soina, P. M. A. Claverley, C. R. Jenkins, and S. S. Hurd.

2001. Global strategy for the diagnosis, management, and prevention of
chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 163:
1256-1276.

2. Rahman, I., and W. MacNee. 1999. Lung glutathione and oxidative stress:
implications in cigarette smoke-induced airways disease. Am. J. Physiol.
227:L1067-L1088.

3. Church, T., and V. A. Pryor. 1985. Free radical chemistry of cigarette smoke
and its toxicological implications. Environ. Health Perspect. 46:111-126.

4. Rahman, I. 2003. Oxidative stress, chromatin remodelling and gene transcrip¬
tion in inflammation and chronic lung disease. / Biochem. Mol. Biol. 36:95-
109.

5. Ito, K., S. Lim, G. Caramori, K. F. Chung, P. J. Barnes, and I. M. Adcock.
2001. Cigarette smoke reduces histone deacetylase 2 expression, enhances
cytokine expression, and inhibits glucocorticoid actions in alveolar macro¬
phages. FASEBJ. 15:1110-1112.

6. Rahman, I., P. S. Gilmour, L. A. Jimenez, and W. MacNee. 2002. Oxidative
stress and TNF-a induce histone acetylation and NF-kB/AP-1 activation
in alveolar epithelial cells: potential mechanism in gene transcription in
lung inflammation. Mol. Cell. Biochem. 234/235:239-248.

7. Rahman, I., and W. MacNee. 1998. The role of transcription factors in inflam¬
matory lung diseases. Thorax 53:601-612.

8. Di Stefano, A., G. Caramori, T. Oats, A. Capelli, M. Lusuardi, I. Gemmi, F.
Ioli, K. F. Chung, C. F. Donner, P. J. Barnes, and I. M. Adcock. 2002.
Increased expression of nuclear factor-kappaB in bronchial biopsies from
smokers and patients with COPD. Eur. Respir. J. 20:556-563.

9. Nishikawa, M., N. Katemizu, T. Ito, M. Kudo, T. Kaneko, M. Suzuki, N.
Udaka, I. Hirotada, and T. Okubo. 1999. Superoxide mediates cigarette
smoke-induced infiltration of neutrophils into the airway through nuclear
factor-kb activation and IL-8 mRNA expression in guinea pigs in vivo.
Am. J. Respir. Cell Mol. Biol. 20:189-198.

10. Grunstein, M. 1997. Histone acetylation in chromatin structure and transcrip¬
tion. Nature 389:349-352.

11. Cheung, P., C. D. Allis, and P. Sassone-Corsi. 2000. Signaling to chromatin
through histone modifications. Cell 103:263-271.

12. Saccani, S., S. Pantano, and G. Natoli. 2002. p38-Dependent marking of in¬
flammatory genes for increased NF-kB recruitment. Nat. Immunol. 3:69-75.

13. Muegge, K. 2002. Preparing the target for the bullet. Nat. Immunol. 3:16-17.
14. Finnen, M. S., J. R. Donigian, A. Cohen, V. M. Richon, R. A. Rifkind, P. A.

Marks, R. Breslow, and N. P. Pavlectich. 1999. Structures of a histone
deacetylase homolouge bound to the TSA and SAHA inhibitors. Nature
401:188-193.

15. De Ruijter, A. J., A. H. Van Gennip, H. N. Caron, S. Kemp, and A. B. P.
Van Kuilenburg. 2003. Histone deacetylases (HDACs): characterization of
classical HDAC family. Biochem. J. 370:737-749.

16. Johnson, C. A., and B. M. Turner. 1999. Histone deacetylases: complex trans¬
ducers of nuclear signals. Semin. Cell Develop. Biol 10:179-188.

17. Ito, K., P. J. Barnes, and I. M. Adcock. 2000. Glucocorticoid receptor recruit-



642 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 31 2004

ment of histone deasetylase 2 inhibits interleukin-1 (S-induced histone H4
acetylation on lysine 8 and 12. Mol. Cell Biol. 20:6891-6903.

18. Rahman, I., F. Antonicelli, and W. MacNee. 1999. Molecular mechanism of
the regulation of glutathione synthesis by tumour necrosis factor-a and
dexamethasone in human alveolar epithelial cells. J. Biol. Chem. 274:5088-
5096.

19. Driscoll, K. E. 1994. Macrophage inflammatory proteins: biology and role in
pulmonary inflammation. Exp. Lung Res. 20:473-490.

20. Tso, J. Y., X. H. Sun, T. H. Kao, and R. Wu. 1985. Isolation and characterisation
of rat and human glyceraldehydes-3-phosphate dehydrogenase cDNAs:
genomic complexity and molecular evolution of the gene. Nucleic Acids
Res. 13:2485-2502.

21. Wickenden, J. A. W., C. H. M. Clark, A. G. Rossi, I. Rahman, S. P. Faux, K.
Donaldson, and W. MacNee. 2003. Cigarette smoke prevents apoptosis
through inhibition of caspase activation and induces necrosis. Am. J. Respir.
Cell Mol. Biol. 29:1-9.

22. Uchida, K., M. Kanematsu, K. Sakai, T. Matsuda, N. Hattori, Y. Mizuno, D.
Suzuki, T. Miyata, N. Noguchi, E. Niki, and T. Osawa. 1998. Protein-bound
acrolein: potential markers for oxidative stress. Proc. Natl. Acad. Sci. USA
95:4882-4887.

23. Kirkham, P. A., G. Spooner, C. Foulkes-Jones, and R. Calvez. 2003. Cigarette
smoke triggers macrophage adhesion and activation: role of lipid peroxida¬
tion products and scavenger receptor. Free Radic. Biol. Med. 35:697-710.

24. Ofulue, F. A., M. Ko, and R. T. Abboud. 1998. Time course of neutrophil and
macrophage elastinolytic activities in cigarette smoke-induced emphysema.
Am. J. Physiol. 275:L1134-L1144.

25. Saetta, M. 1999. Airway inflammation in chronic obstructive pulmonary dis¬
ease. Am. J. Respir. Crit. Care Med. 160:S17-S20.

26. Tomita, K., P. J. Barnes, and I. M. Adcock. 2003. The effect of oxidative stress
on histone acetylation and IL-8 release. Biochem. Biophys. Res. Commun.
301:527-577.

27. Thomson, S., A. L. Clayton, C. A. Hazzalin, S. Rose, M. J. Barratt, and L. C.
Mahadevan. 1999. The nucleosomal response associated with immediate-
early gene induction is mediated via alternative MAP kinase cascades:
MSK1 as a potential histone H3/HMG-14 kinase. EMBO J. 18:4779-1793.

28. Soloaga, A., S. Tomson, G. R. Wiggin, N. Rampersaud, M. H. Dyson, C. A.
Hazzalin, L. C. Mahadevan, and C. Arthur. 2003. MSK2 and MSK1 mediate the
mitogenic and stress induced phosphorylation of histone H3 and HMG-14.
EMBO J. 22:2788-2797.

29. Canty, T. G., E. M. Boyle, Jr., A. Farr, E. N. Morgan, E. D. Verrier, and T. D.
Pohlman. 1999. Oxidative stress induces NF-kB without degradation of
IkBch. Circulation 100:361-364.

30. Jassen-Heininger, Y. W. M., I. Macara, and B. T. Mossman. 1999. Cooperativity

between oxidants and tumour necrosis factor in the action of nuclear factor
(NF)-kB: requirement of the Ras/mitogen-activited protein kinase in the
activation of NF-kB by oxidants. Am. J. Respir. Cell Mol. Biol. 20:942-952.

31. Vermeulen, L., G. De Wilde, P. Van Damme, W. Vanden Berghe, and G.
Haegeman. 2003. Transcriptional activation ofNK-kB p65 subunit by mito¬
gen and stress-activated kinase-1 (MSK1). EMBO J. 22:1313-1324.

32. Ito, K., E. Jazrawi, B. Cosio, P. J. Barnes, and I. M. Adcock. 2001. p65-
Activated histone acetyltransferase activity is repressed by glucocorticoids:
mifepristone fails to recruit HDAC2 to the p65-HAT complex. J. Biol.
Chem. 276:30208-30215.

33. Ashburner, B. P., S. D. Westerheide, and A. S. Baldwin, Jr. 2001. The p65
(RelA) subunit of NF-kB interacts with the histone deacetylase (HDAC)
corepressors HDAC1 and HDAC2 to negatively regulate gene expression.
Mol. Cell. Biol. 21:7065-7077.

34. Chen, L.-F., W. Fischle, E. Verdin, and W. C. Greene. 2001. Duration of nuclear
NF-kB action regulated by reversible acetylation. Science 293:1653-1657.

35. Zhong, H., M. J. May, E. Jimi, and S. Ghosh. 2002. The phosphorylation status
of nuclear NF-kB determines its association with CBP/p300 or HDAC-1.
Mol. Cell 9:625-636.

36. Saccani, S., and G. Natoli. 2001. Two waves of nuclear factor kappaB recruit¬
ment to target promoters. J. Exp. Med. 193:1351-1359.

37. Rahman, I., A. A. M. van Schadewijk, A. J. L. Crowder, W. L. de Boer, P.
Hiemstra, J. Stolk, W. MacNee, and W. I. de Boer. 2002.4-Hydroxy-2-nonenal,
a specific lipid peroxidation product is elevated in lungs of patients with
chronic obstructive pulmonary disease (COPD). Am. J. Respir. Crit. Care
Med. 166:490-495.

38. Uchida, K., M. Kanematsu, Y. Morimitsu, T. Osawa, N. Noguchi, and E. J.
Niki. 1998. Acrolein is a product of lipid peroxidation reaction: formation
of free acrolein and its conjugate with lysine residues in oxidised low density
lipoproteins. J. Biol. Chem. 273:16058-16066.

39. Doom, J. A., and D. R. Petersen. 2002. Covalentmodification of amino nucleo-
philes by lipid peroxidation products 4-hydroxy-2-nonenal and 4-oxo-
2-nonenal. Chem. Res. Toxicol. 15:1445-1450.

40. Ischiropoulos, H. 2003. Biological selectivity and functional aspects of protein
tyrosine nitration. Biochem. Biophys. Res. Commun. 305:777-783.

41. Kramer, O. H., P. Zhu, H. P. Ostendorff, M. Golebiewski, J. Tiefenbach, M. A.
Peters, B. Brill, B. Groner, I. Bach, T. Heinzel, and M. Gottlicher. 2003. The
histone deacetylase inhibitor valproic acid selectively induces proteasomal
degradation of HDAC2. EMBO J. 22:3411-3420.

42. Chalmers, G. W., K. J. Macleod, S. A. Little, L. T. Thomson, C. P. McSharry,
and N. C. Thomson. 2002. Influence of cigarette smoke on inhaled cortico¬
steroid treatment in mild asthma. Thorax 57:226-230.

43. Puljic, A., and A. Pahl. 2004. Smoke induced changes in epithelial cell gene
expression: development of an in vitro model of COPD. ALTEX 21:3-7.



'.sciencedirect.com —

direct* Biochemical
Pharmacology

ELSEVIER Biochemical Pharmacology 68 (2004) 1255-1267
www.elsevier.com/locate/biochempharm

Redox modulation of chromatin remodeling: impact on histone
acetylation and deacetylation, NF-DB and pro-inflammatory

gene expression
Irfan Rahman3'*, John Marwickb, Paul Kirkhamc

"Department of Environmental Medicine, Division of Lung Biology and Disease,
University of Rochester Medical Center, Rochester, NY, USA

bELEGI and Colt Research Laboratory, MRC Centre for Inflammation Research,
University of Edinburgh Medical School, Edinburgh, UK
cNovartis Institute for Biomedical Research, Horsham, UK

Received 23 February 2004; accepted 17 May 2004

Abstract

Reactive oxygen species (ROS), either directly or via the formation of lipid peroxidation products, such as 4-hydroxy-2-nonenal,
acrolein and F2-isoprostanes, may play a role in enhancing inflammation through the activation and phosphorylation of stress kinases
(JNK, ERK, p38) and redox-sensitive transcription factors such as NF-OB and AP-1. This increases the expression of genes regulating a

battery of distinct pro-inflammatory mediators. Acetylation by histone acetyltransferase (HAT) of specific lysine residues on the N-
terminal tail of core histones, results in uncoiling of the DNA and increased accessibility to transcription factor binding. In contrast,
histone deacetylation by histone deacetylase (HDAC) represses gene transcription by promoting DNA winding thereby limiting access to
transcription factors. Oxidative stress activates NF-DB resulting in expression of pro-inflammatory mediators through the activation of
intrinsic HAT activity on co-activator molecules. In addition, oxidative stress also inhibits HDAC activity and in doing so enhances
inflammatory gene expression which leads to a chronic inflammatory response. Oxidative stress can also increase complex fonnation
between the co-activator CBP/p300 and the p65 subunit of NF-OB suggesting a further role of oxidative stress in chromatin remodeling.
The antioxidant and/or anti-inflammatory effects of thiol molecules (glutathione, /V-acetyl-L-cysteine and TV-acystelyn), dietary
polyphenols (curcumin-diferuloylmethane and resveratrol), the bronchodilator theophylline and glucocorticoids have all been shown
to play a role in either controlling NF-DB activation or chromatin remodeling through modulation of HDAC activity and subsequently
inflammatory gene expression in lung epithelial cells. Thus, oxidative stress regulates both signal transduction and chromatin remodeling
which in turn impacts on pro-inflammatory responses in the lungs.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Biological systems are continuously exposed to oxi¬
dants, either generated endogenously by metabolic reac¬
tions (e.g. from mitochondrial electron transport during
respiration or during activation of phagocytes) or exogen-
ously, such as air pollutants or cigarette smoke. Reactive
oxygen species (ROS) such as superoxide anion (02*~)
and the hydroxyl radical (*OH) are highly unstable species
with unpaired electrons, capable of initiating oxidation.
ROS causes oxidation of proteins, DNA, and lipids which
can cause direct lung injury or induce a variety of cellular
responses, through the generation of secondary metabolic
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reactive species. ROS can alter remodeling of extracellular
matrix and blood vessels, stimulate mucus secretion, cause
apoptosis, and regulate cell proliferation [1,2]. Alveolar
repair responses and immune modulation in the lung are
also influenced by ROS [1,2]. Over the past decade, ROS
has been implicated in initiating inflammatory responses in
the lungs through the activation of transcription factors
such as nuclear factor-kappaB (NF-DB) and activator
protein-1 (AP-1) causing chromatin remodeling and gene

expression of pro-inflammatory mediators [3,4]. These
transcription factors are regulated by the activation of
E-B kinase, mitogen activated protein (MAP) kinase path¬
ways and phosphoinositide 3-kinase (PI-3-kinase, PI-3K)
pathways. Recently, it has been shown that oxidative stress
and redox status of the cells can also regulate nuclear
chromatin remodeling (histone acetylation/deacetylation)
leading to gene expression of pro-inflammatory mediators
[4,5].
This commentary discusses the role of oxidative stress

and redox status of the cells in cell signaling, NF-DB
activation and its involvement in chromatin remodeling,
and pro-inflammatory gene transcription in inflammation.

1.1. ROS-mediated lipid peroxidation products and their
role in biochemical processes

CIGARETTE SMOKE/
OXIDATIVE STRESS

Membrane -
Lipid

Peroxidation

Omega-6-polyunsatured fatty acids (PUFA's)
e.g. arachidonic acid

F2-isoprostancs
4-Hvdroxv-2-nonenaI

Acrolein,
Malondialdehyde

(MDA)

Fig. 1. Membrane lipid peroxidation of polyunsaturated fatty acids leading
to generation of various aldehydes.

[9,10]. F2-IsoPs are initially formed in situ by oxidation
of phospholipids and then released by the action of phos-
pholipases. F2-isoprostane is a potent smooth muscle cell
constrictor and a mitogen. It modulates platelet activity as
well as other cell functions in vitro via membrane receptors
(thromboxane A2) for prostaglandins [9,10],

ROS can originate from both environmental sources
(e.g. ozone and cigarette smoke) and inflammatory cells.
Cell-derived ROS, such as 02"~ and *OH are generated
and released by activated inflammatory cells. They are
produced intracellularly by several mechanisms such as,
mitochondrial respiration, the NADPH oxidase system,
xanthine/xanthine oxidase, but primarily through NADPH
oxidase. ROS are highly reactive and when generated close
to cell membranes, oxidize membrane phospholipids (lipid
peroxidation) which can lead to the generation and accu¬
mulation of lipid peroxidation products, such as malon¬
dialdehyde, 4-hydroxy-2-nonenal (4-HNE), acrolein and
F2-isoprostanes (Fig. 1). The peroxidative breakdown of
polyunsaturated fatty acids impairs membrane function,
inactivates membrane-bound receptors and enzymes and
increases tissue permeability which have been implicated
in the pathogenesis ofmany forms of lung injury [6]. There
is increasing evidence that aldehydes, generated endogen-
ously during the process of lipid peroxidation, are involved
in many of the pathophysiological events associated with
oxidative stress in cells and tissues [7]. In addition to their
cytotoxic properties, lipid peroxides are increasingly
recognized as being important in signal transduction for
a number of important events in the inflammatory response
[8].

1.1.1. F2-isoprostanes
Isoprostanes (members of the F2-isoprostanes) are just

one of the non-enzymatic (non-cyclooxygenase depen¬
dent) lipid peroxidation products of arachidonic acid

1.1.2. 4-Hydroxy-2-nonenal
4-Hydroxy-2-nonenal is a highly reactive and specific

diffusible end-product of lipid peroxidation. It also acts as
a chemoattractant for neutrophils in vitro and in vivo [11],
4-HNE-modified protein levels are increased in airway and
alveolar epithelial cells, endothelial cells and neutrophils
in subjects with airway obstruction compared to subjects
without airway obstruction [12]. 4-HNE is known to
induce/regulate various cellular events such as prolifera¬
tion and growth inhibition [13], T cell apoptosis [14] and
activation of signaling pathways [8,15]. 4-HNE has a high
affinity towards cysteine, histidine and lysine residues
forming direct protein-adducts and thereby altering protein
function. Moreover, 4-HNE has also been reported to
activate glutathione (GSH) synthesis via induction of the
□-glutamyl cysteine ligase (GCL) gene (a key enzyme for
GSH synthesis) and a variety of pro-inflammatory genes,
such as IL-8, MCP-1, COX-2, EGFR, MUC5AC, etc.,

suggesting that 4-HNE works as a signaling molecule in
gene transcription [2,8,11,13-15].

1.1.3. Acrolein
Acrolein is another thiol reactive, □□-unsaturated alde¬

hyde which is present in various environmental sources.
The largest source of acrolein is cigarette smoke [16].
Inhalation of acrolein is known to induce changes in rat
lung structure and function. Previous studies have shown
that acrolein exposure is known to deplete glutathione and
inhibit the activity of various glutathione redox system
enzymes in the nasal mucosa of rats [17,18] and in alveolar
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A549 epithelial cells in vitro [19]. Acrolein exposure of
2 ppm to rats causes bronchioles to be filled with desqua-
mized cells along with isolated peribronchial monocytes
[20], Indeed, a more recent study has shown that acrolein
can lead to post-translational modification of extracellular
matrix proteins causing macrophage adhesion to these
modified proteins and their subsequent activation [21].
Exposure to acrolein has also been shown to reduce ciliary
beat frequency in cultured bovine bronchial epithelial
cells. In vitro exposure of bovine tracheal epithelial cells
to acrolein caused increased release of a series of eicoso-

noids, such as PGE2, PGF2D, etc. [18,19].

7.2. Oxidative stress and redox regulation ofNF-kB

The NF-DB/Rel family complex is a redox-sensitive
transcription factor composed of several key regulatory
molecules controlling expression of many inflammatory
and protective/stress response genes. NF-OB exists as a
heterodimeric complex usually of p50 and p65/RelA sub-
units. In unstimulated cells NF-DB is found in the cyto¬
plasm as an inactive non-DNA-binding form, associated
with an inhibitor protein called inhibitory DB (EB) which
masks the nuclear translocation signal and so prevents NF-
DB from entering the nucleus. Upon cell stimulation with
various NF-DB inducers, IDB-D is rapidly phosphorylated
on two serine residues, which targets the inhibitor protein
for ubiquination by the E3 ubiquitin-ligases (E3RSIDB)
and subsequent degradation by the 26S proteasome. The
released NF-DB dimer can then be translocated into the
nucleus and activate target genes by binding with high
affinity to DB elements in their promoters [4,22], A model
was proposed, primarily based on studies with antioxi¬
dants, that introduced the idea that NF-DB was redox-
sensitive and that its activation was due to the production of
ROS by oxidants [4,22], Oxidative stress including expo¬
sure to lipid peroxidation products or depletion of reduced
glutathione causes rapid ubiquitination and phosphoryla¬
tion with subsequent degradation of the EB complex, a
critical step for NF-OB activation [23,24]. Under reducing
conditions, such as an increase in intracellular GSH fol¬
lowing treatment with /V-acetyl-L-cysteine (NAC), the
phosphorylation of a serine group (ser 32) on EB-D
following TNF-D treatment is inhibited, leading to the
downregulation of NF-DB in endothelial cells [25]. There¬
fore, it is possible that oxidative stress and/or an imbalance
in GSH redox status may directly stimulate the activity of
EB-D kinase. Alternatively, elevated GSH levels may
inhibit EB-D kinase activity. It is also likely that changes
in intracellular GSH redox status during oxidative stress
may affect the proteosome enzymatic activity that leads to
the activation of NF-DB [26]. Overall, oxidative stress
favors the activation and translocation of NF-DB to the

nucleus, and nuclear GSH (reducing environment) facil¬
itates the binding of NF-DB to DNA. The mechanism of
activation of NF-DB under oxidative stress and in altered

redox GSH status may be cell-specific and distinct from
physiological activators such as TNF-D and IL-1D, since
diamide, which oxidizes GSH to GSSG and H202 is unable
to activate NF-DB in certain cell types [27]. Several novel
mechanisms have been proposed for H202-induced activa¬
tion of NF-DB, which include tyrosine phosphorylation of
EB [28] and, more recently, activation of I-kappaB kinase
(IKK) by H202 [29], New data also reported EB-inde-
pendent mechanisms of activation of NF-DB where phos¬
phorylation of p65 NF-DB by various kinases had an effect
on the transactivation activity of NF-DB, independently of
nuclear translocation. Although not explored yet, these
new pathways may be critical to the H202-induced activa¬
tion of NF-DB.

1.3. Involvement of oxidative stress and lipid
peroxidation products in cell signaling and gene

transcription

ROS can lead to the activation of various cell signaling
pathway components. Examples include the extracellular
signal regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), p38 kinase, PI-3K/Akt, via sensitive cysteine rich
domains and the sphingomyelinase-ceramide pathway, all
of which lead to increased gene transcription [4,5,30,31].
Indeed, activation of members of the MAPK family trig¬
gers the transactivation of transcription factors, such as c-
Jun, activating transcription factor-2 (ATF-2), cyclic AMP
response element binding proteins (CREB)-binding pro¬
tein (CBP) and Elk-1 [30-32]. This eventually results in
chromatin remodeling and the expression of a battery of
distinct genes that can regulate pro-inflammatory, pro-
apoptotic and antiproliferative responses. Likewise, lipid
peroxidation products have also been shown to act as a

signal for activation of transcription factors and gene
expression, leading to both an inflammatory [8,15] as well
as a protective/stress response. The latter has been exem¬
plified by a couple of studies. The first study showed that
the induction of D-glutamylcysteine ligase or D-glutamyl-
cysteine synthetase (0-GCS) may be an important adaptive
response of the alveolar epithelium when under attack by
oxidative stress and lipid peroxidation products such as 4-
HNE [33]. The second more recent study by Sano et al.
have shown that another antioxidant, the thioredoxin gene,
is induced by 4-HNE in response to LPS challenge in mice
thereby providing endotoxin tolerance [34].

1.4. Role of ROS in chromatin remodeling and
pro-inflammatory gene transcription: epigenetics

Epigenetics is defined as the inheritance of information
on the basis of gene expression in contrast to 'genetics',
which is described as the inheritance of information on the
basis of DNA sequence. Histone acetylation/deacetylation
and DNA methylation are two important epigenetic events
that play an important role in inflammatory lung responses.
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1.4.1. Histone acetylation and deacetylation in
chromatin remodeling
Many factors, including specific DNA sequences, his-

tones, non-histone chromosomal proteins, transcriptional
activators/rcprcs3ors and the transcription machinery are
all necessary for the establishment of an active transcrip¬
tion complex [35]. Condensation of eukaryotic DNA in
chromatin suppresses gene activity through the coiling of
DNA on the surface of the nucleosome core and the folding
of nucleosome assemblies, thus decreasing the accessibil¬
ity to the transcriptional apparatus [36]. Tightly bound
DNA around a nucleosome core (comprising the histone
proteins H2A, H2B, H3 and H4), suppresses gene tran¬
scription by decreasing the accessibility of transcription
factors, such as NF-OB and AP-1 to the transcriptional
complex. Acetylation of lysine residues on the N-terminal
tails of the core histone proteins results in uncoiling of the
DNA, allowing increased accessibility for transcription
factor binding [37], Acetylation of lysine (K) residues
on histone 4 (K5, K8, K12, K16) is thought to be directly
related to the regulation of gene transcription [37,38],
However, selective recognition of these acetylated lysines
within the histone by other proteins containing bromodo-
mains may add a further level of transcriptional regulation
[39]. Histone acetylation is reversible and is regulated by a
group of acetyltransferases (HATs) which promote acet¬
ylation, and deacetylases (HDACs) which promote deace¬
tylation.
The nuclear receptor coactivators, steroid receptor co-

activator 1 (SRC-1), CREB-binding protein (CBP)/adeno-
viral protein E1A (p300) protein, CBP/p300 associated
factor (P/CAF), and ATF-2, all possess intrinsic HAT
activity (Fig. 2) [40-42], Of these, CBP/p300 and ATF-
2, which are regulated by the p38 MAP kinase pathway, are
vital for the co-activation of several transcription factors,
including NF-OB and AP-1 in the transcription machinery
[40-43]. These activation complexes act with RNA poly¬
merase II to initiate transcription (Fig. 3) [44—46]. Thus, it

CREB-Binding Protein (CBP) and p300

Fig. 2. CBP/p300 co-activator transcription initiation complex. CBP
recruits transcriptional co-activators and acts as an integrator of signaling
pathways, links transcription factors and co-activators to the basal
transcriptional machinery and stabilizes the transcriptional preinitiation
complex.

KINASES

Nucleosome

(MM
Histone repressive

chromatin

Transcription I

^ Transcription Factor Binding
Active chromatin

Fig. 3. Histone acetylation and deacetylation: oxidative stress and other
stimuli, such as cytokines, activate various signal transduction pathways
(JAK, JNK and IKK) leading to activation of transcription factors, such as
NF-DB, AP-1, CREB and STAT proteins. Binding of these transcription
factors leads to recruitment of CBP and/or other co-activators to the

transcriptional initiation complex on promoter region of various genes.
Activation of CBP leads to acetylation (Ac) of specific core histone lysine
residues by an intrinsic acetyltransferase activity (HAT). Histone
acetylation (active chromatin) leads to loosening of the nucleosome which
enables access to basal factors and RNA polymerase II for gene

transcription to occur.

is likely that histone acetylation of H4 via CBP/p300 and/
or ATF-2 has a significant role in the activation of NF-DB/
AP-1-mediated gene expression for pro-inflammatory
mediators [41,44,45], although the precise molecular
mechanisms are still not fully understood.
The family of HDAC enzymes consists of 17 isoforms

grouped into three families [47]. Class I HDACs (HDAC1-
3 and 8) reside almost exclusively in the nucleus, whereas
class II HDACs (HDAC4-7, 9-11) are able to shuttle
between the nucleus and cytoplasm in response to certain
cellular signals. The third HDAC family consists of sirtuins
1-6 and their function is not yet fully understood. A
common feature of HDACs is the ability to remove acetyl
moieties from the D-acetamido group on lysine residues
within histones, resulting in condensation of DNA thereby
silencing gene transcription. Various members of the
classes I and II HDAC families have been shown to play
a role in the regulation of cell proliferation and differentia¬
tion [47,48]. More recently, however, HDAC2 has been
reported to function in corticosteroid-mediated anti¬
inflammatory mechanisms [491. Furthermore, there is
increasing evidence to suggest that HDACs play an impor¬
tant role in regulating pro-inflammatory responses. Many
of these HDACs are differentially expressed and regulated
in different cell types. It is highly likely therefore, that this
differential expression and interaction between the various
HDAC isoforms could fine tune the repression of gene
expression these HDACs are able to exert. HDACs not only
cause the inhibition of gene transcription, but also directly
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affect the nuclear activity of transcription factors such as
NF-OB. The duration of the NF-OB nuclear activation has

been shown to be dependent upon the activity of HDAC3
[50], which provides an acetylation balance dependent
mechanism for the regulation of NF-OB-mediated tran¬
scription. Once acetylated active NF-DB dimers are present
in the nucleus, they will scan the chromatin for newly
exposed binding sites. This is confirmed by Saccani et al.,
who have shown dual waves (two temporally distinct
phases) of recruitment of NF-OB to target promoters by
LPS stimulation in the Raw 264.7 murine macrophage cell
line [51]. They suggested that a subset of target genes,
whose promoter is already heavily acetylated (H4 acetyla¬
tion) before stimulation, is constitutively and immediately
accessible to NF-OB and is transcribed immediately
(MnSOD, MIP2, I0B-0, IL-2) after NF-OB recruitment,
whereas other target genes are not immediately accessible
to NF-OB (MCP-1, RANTES, IL-6). Recruitment of NF-
OB (p38-dependent) to late accessible gene promoters
occurs after nuclear entry and is preceded by the formation
of an initial transcription factor complex that directs the
hyperacetylation of the promoter and makes it accessible to
NF-OB [52], This shows the selectivity of stimulus-specific
p38-dependent and NF-OB-mediated histone acetylation
leading to a subset of gene transcription (Fig. 4). This

temporal control of gene expression by HDAC may also be
regulated at another level. Viatour et al. have shown that
HDAC1 and 3 can complex with free cytoplasmic ID-BD
sequestering this complex to the cytoplasm and stimulating
NF-OB-independent transcription [53], Moreover, this
could have the additional impact of removing HDAC3
from the nucleus thereby maintaining the acetylated state
of NF-OB.

1.4.2. DNAJhistone methylation in chromatin
remodeling
During the last few years it has become clear that DNA

methylation is an essential component of epigenetic phe¬
nomena, such as genomic imprinting. Evidence suggests
that two modifications (histone acetylation and DNA/his-
tone methylation) are dynamically and physically linked
and are involved in regulating imprinted genes—a subset
of genes whose expression depends on their parental
origin. Histone/DNA methylation is a very effective
mechanism to turn a gene off and alter gene expression
within a cell. Thus, aberrant methylation of cytosine
residues in the cytosine/guanosine (CpG) dinucleotide
patterns plays a critical role in certain human diseases
[54]. Certain genes may be inappropriately switched off in
inflammatory diseases, due to inappropriate methylation.

CIGARETTE SMOKE

Fig. 4. Proposed mechanisms of oxidant-mediated phosphorylation and/or acetylation of p65 NF-OB leading to expression of pro-inflammatory genes.
Oxidative stress may activate the p38 MAP kinase signaling pathway leading to recruitment of CBP in the transcription initiation complex. HDAC inhibition
will also lead to increased acetylation of p65 subunit.
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This abnormal DNA methylation of specific gene(s) may
be disease-specific.
The methyl-cytosine binding protein, MeCP2, recruits

HDAC to methylatedDNA as well as to methylated histone,
resulting in histone deacetylation, chromatin condensation
and transcription silencing [54,55]. Recently, Kagoshima
et al. have demonstrated that inhibition ofHDACs andDNA

methylase leads to upregulation of pro-inflammatory med¬
iator GM-CSF by IL-1D in lung epithelial cells [56], This
epigenetic phenomenon is also demonstrated by showing an
aberrant promoter methylation of multiple genes, including
GSTP1, pi6 (INK4a) tumor suppressor gene and 0(6)-
methylguanine-DNA methyltransferase DNA repair gene
and death-associated protein (DAP) kinase, in sputum and
bronchial epithelium and brush biopsy samples of current/
ex-smokers and subjects at high risk for developing lung
cancer [57,58], Similarly, Soria et al. have demonstrated
promoter hypermethylation of various genes, including
pi6, death-associated protein kinase and GSTP1, in bron¬
chial brush samples obtained from ex-smokers [59], The
status of DNA methylation on a susceptible gene may
therefore be used to identify smokers who might be at risk
for the development of COPD. Furthermore, this suggests a
central role of DNA methylation in the regulation of
inflammatory responses in smokers and in the pathogenesis
of COPD.

1.4.3. Gene transcription
Inflammatory mediators play a crucial role in chronic

inflammatory processes and appear to determine the nature
of the inflammatory response by directing the selective
recruitment and activation of inflammatory cells and their
perpetuation within the lungs. In vitro studies using macro¬
phage, alveolar, and bronchial epithelial cells, ROS have
been shown to cause increased gene expression of inflam¬
matory mediators, such as IL-1 and TNF-0. Direct or
indirect oxidant stress to the airway epithelium and alveo¬
lar macrophages may also generate cytokines, such as
TNF-D, which in turn can activate airway epithelial cells
to induce pro-inflammatory genes, such as TNF-D, IL-8,
IL-1, inducible NO synthase (iNOS), COX-2, intracellular
adhesion molecule-1 (ICAM-1), IL-6, MIP-1, GM-CSF,
stress response genes (HSP-27, -70, -90, HO-1) and anti¬
oxidant enzymes (D-GCS, MnSOD and thioredoxin) [1],
Indeed, such responses have been observed in the BAL
fluid of smokers [89,90]. The genes for these inflammatory
mediators are regulated by redox-sensitive transcription
factors, such as NF-DB and AP-1 [60,61]. Acetylation of
histones has been associated with the transcription of a
range of inflammatory mediators including IL-8 [62],
eotaxin, IL-1D and GM-CSF [63], MIP-2 [64] and IL-6
[65]. Acetylation can occur specifically at the promoter
sites of these genes as shown by chromatin immunopre-
cipitation (ChIP) assays for IL-8 [66], CYP1A1 [67],
myeloperoxidase [68], COX-2 [69] and 15-lox-l [70] gene
promoters, indicating acetylation specificity.

1.4.4. Impact of oxidative stress on HDAC function
Oxidative stress and pro-inflammatory mediators have

been suggested to influence histone acetylation and phos¬
phorylation, via a mechanism dependent on the activation
of the MAPK pathway [71-73]. This leads to increased
transcription factor activity and subsequent recruitment of
co-activators such as CBP and p300 with intrinsic HAT
activity [65] (Fig. 3). Alternatively, disruption of HDAC
activity by ROS or HDAC inhibitors, tilting the balance
further towards increased HAT activity and DNA unwind¬
ing, could also facilitate transcription factor binding
thereby enhancing pro-inflammatory gene expression.
Both ROS and TNF-D can increase the activation of AP-
1 and NF-DB, and regulate chromatin remodeling leading
to IL-8 expression in lung cells [65,74,75]. Recently, Ito
et al. have shown a role for histone acetylation and
deacetylation in IL-lD-induced TNF-D release in alveolar
macrophages derived from cigarette smokers [76]. They
have also suggested that oxidants may play an important
role in the modulation of HDAC and inflammatory cyto¬
kine gene transcription. They further demonstrated
increased expression of p65 protein of NF-DB in bronchial
epithelium of smokers and patients with COPD [77].
However, it is still unknown as to what happens to the
NF-DB signaling pathway and chromatin remodeling in
small airways and lung parenchyma of COPD patients. Our
recent data indicated that cigarette smoke condensate
increased the acetylation of histone 4 and this was also
associated with decreased levels of HDAC-2 in alveolar

epithelial cells [78], We have also observed similar find¬
ings in vivo in the smoking rat model [79]. Moreover, we
have shown that inhibiting HDACs alone resulted in
enhanced activation of AP-1 and NF-DB and increased
histone acetylation culminating in increased IL-8 release
[74], This observation is corroborated by previous studies,
showing that acetylation of histone proteins is associated
with increased binding of the transcription factor AP-1 and
NF-DB [46,80]. IL-8 release was also augmented when
trichostatin A, a histone deacetylase inhibitor, was com¬
bined with TNF-D or H202 and was similarly associated
with increased NF-DB binding. It has also been shown that
HDAC1 and 2 can interact directly with the p65 subunit of
NF-DB to exert its corepressor function in the nucleus [66].
This suggests that inhibition of HDAC may not only
promote NF-DB nuclear retention through its increased
acetylation status [50], but that it prevents the intrinsic
regulation of NF-DB activity through its association with
HDAC co-repressor proteins, thereby augmenting pro¬
inflammatory gene transcription. In addition, NF-DB itself
can be acetylated whilst in the nucleus via its interaction
with CBP, which may lead to further augmentation of gene
transcription (Fig. 4) [51], Interestingly, Zhong and et al.
have shown that in unstimulated cells the transcriptionally
inactive nuclear p50 NF-DB subunit is complexed with
HDAC1 preventing NF-DB dependent gene expression.
Activation of cells with NF-DB-inducing agents leads to
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Fig. 5. The hypothesized mechanism of cigarette smoke-induced chromatin remodeling through a decrease in HDAC2 and increase in p38 MAPK
phosphorylation resulting in an increase in histone 4 acetylation and histone 3 phospho-acetylation. The increased DNA binding of redox-sensitive
transcription factors results in an increased transcription of specific pro-inflammatory genes marked out by phosphorylation of serine 10 on histone 3.

nuclear localization of active phosphorylated p65 that associ¬
ates with CBP and displaces the p50-HDAC-l complexes
leading to gene transcription [81]. Moreover, under condi¬
tions of oxidative stress which leads to phosphorylation and
activation of p65 NF-OB, only HDAC-2 and not HDAC-1
expression is decreased [79]. Consequently, very little
HDAC-2 is able to bind to NF-OB, resulting in dysregulated
control of NF-OB activation, increased histone acetylation
and pro-inflammatory gene expression (Fig. 5).
It has been reported that IL-8 and IL-6 release is

enhanced by HDAC inhibitors in intestinal epithelial cells
and in murine fibrosarcoma L929sA cells [82,83]. More¬
over, this can also enhance the effect of IL-1 or TNF-0
treatments. Similarly, Rahman et al. have recently demon¬
strated that HDAC inhibitors (increasing the overall level
of acetylation of the histone proteins) enhanced the levels
of stromelysin-1 (matrix metalloproteinase-3) by augment¬
ing histone acetylation by TNF-D or IL-1-stimulated
mesenchymal cells [84], Furthermore, it is reported that
HDAC inhibitors enhanced pulmonary cells responsive¬
ness to a subsequent stressor, such as H202 and TNF-D,
leading to increased transcription factor DNA-binding and
enhanced gene expression [85]. Similarly, IL-4 production
from activated peripheral blood T cells was enhanced by
the histone deacetylase inhibitor trichostatin A, and over-

expression of HDACs 1-3 inhibited transcription driven by

the IL-4 promoter in Jurkat T cells [86]. Co-transfection of
the HAT-CBP potentiated IL-4 promoter activity suggest¬
ing that IL-4 expression is controlled at the level of gene
transcription by chromatin remodeling. It has been shown
that IL-4 gene expression was increased in lung cells
obtained from smokers with COPD [87], Thus, the gene
expression of these pro-inflammatory mediators has impor¬
tant implications for inflammatory lung disease states
where the HDAC enzyme is inactivated [76]. In these
cases, ROS and TNF-D would lead to an augmented
inflammatory response from the tissue. However, it is
important to bear in mind that another HDAC inhibitor,
suberoylanilide hydroxamic acid (SAHA), inhibited
release of key pro-inflammatory cytokines, such as
TNF-D, IL-1D, IL-6 and IFN-D, in monocytes/macrophages
both in vitro and in vivo [88]. Thus, HDAC inhibitors may
also exhibit anti-inflammatory properties through suppres¬
sion of cytokine expression in a cell-specific manner. At
present, however, the molecular mechanism for the inhibi¬
tion of these cytokines by SAHA is not yet known.

1.4.5. Glucocorticoids and HDACs
Corticosteroids are potent anti-inflammatory agents.

However, they appear ineffective in patients with COPD.
It has been suggested that oxidative stress may have a role in
the poor efficacy of corticosteroids in COPD. Glucocorticoid
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Fig. 6. Model illustrating the mechanism of corticosteroid (GC) action in suppressing pro-inflammatory gene expression and its impairment by oxidants.
Direct interaction between co-activators (HAT), histone deacetylase and the glucocorticoid receptor (GR) results in repression of pro-inflammatory gene
expression. HDAC forms a bridge with HAT to inhibit gene transcription. MAP kinase signaling pathways activated by oxidative stress can lead to p65 NF-
□B subunit and histone acetylation. Moreover, when HDAC is inhibited by oxidants or the p65 NF-' IB subunit is acetylated, steroids may not be able to
recruit HDACs into the transcriptional complex to inhibit pro-inflammatory gene expression.

suppression of inflammatory genes requires recruitment of
HDAC-2 to the transcription activation complex by the
glucocorticoid receptor (Fig. 6) [49]. This results in deace-
tylation of histones and a decrease in inflammatory gene
transcription. However, ROS and CSC inhibits HDAC-2
function. Consequently, a reduced level of HDAC-2 activity
was found to be associated with an increased pro-inflamma¬
tory response and reduced responsiveness to glucocorticoids
in alveolar macrophages obtained from smokers [76] as well
as in vivo in rats exposed to cigarette smoke [79]. Similarly,
the levels of HDAC activity and HDAC2 expression were
found to be decreased in bronchial biopsies obtained from
asthmatics [91]. This was partially restored in patients who
received inhaled steroids, suggesting that steroids induced
HDAC activity in asthmatics. In contrast COPD patients
were unresponsive to corticosteroid therapy. In a recent
study, Culpitt et al. have shown that cigarette smoke solu¬
tion-stimulated release of IL-8 and GM-CSF was not inhib¬
ited by corticosteroids in alveolar macrophages obtained
from patients with COPD compared to that of smokers [92],
They suggested that the lack of efficacy of corticosteroids in
COPD might be due to steroid insensitivity of macrophages
in the respiratory tract. Thus, the cigarette smoke/oxidant-
mediated reduction in HDAC-2 levels in alveolar epithelial

cells and macrophages will not only increase inflammatory
gene expression but will also cause a decrease in glucocor¬
ticoid function in patients with COPD. Thismay be one of the
potential reasons for the failure ofglucocorticoids to function
effectively in reducing inflammation in COPD (Fig. 6). Other
possible mechanisms that could explain the glucocorticoid
inefficacy in COPD include the acetylation of p65 by cigar¬
ette smoke-derived oxidants, the elevated levels of hepato-
cyte nuclear factor-6 or enhancement of macrophage
migrating inhibitory factor which can antagonize/override
glucocorticoid-stimulated gene transcription [50,93,94]. It is
also interesting to note that certain other translocatory
HDACs, such as HDAC3 and HDAC5 which shuttle between
cytoplasm and the nucleus may also be important in regulat¬
ing the transcriptional initiation complex by the glucocorti¬
coid receptor. The signaling mechanisms involved in
cigarette smoke-mediated chromatin remodeling and gluco¬
corticoid insensitivity have only recently started to be unra¬
veled. Initial findings would indicate that cigarette smoke
ROS, RNS and lipid peroxidation products are responsible
for post-translational modification and loss of HDAC-2
activity during inflammation (Fig. 7) [79,95]. Once the
HDAC2 is modified it is then degraded by the ubiquity-
proteosome pathway [96]. However, it is unclear yet which
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Fig. 7. Potential therapeutic intervention strategies to restore HDAC function. Cigarette smoke provides both direct and indirect ROS/RNS. This results in
lipid peroxidation product formation along with peroxynitrate generation resulting in HDAC2 modification and inactivation. Endogenous repair/defence
mechanisms which can potentially reverse or prevent these modifications become overwhelmed. Possible therapeutic intervention can be considered at
several levels as illustrated. The net effect being to restore HDAC-2 function and thereby corticosteroid responsiveness.

modification (tyrosine nitration or lipid peroxidation product
modification) is necessary to trigger degradation via this
pathway. Furthermore, protective mechanisms, such as deni-
trases, are also present that have the potential to reverse these
nitrationmodifications restoring HDAC activity [97]. Never¬
theless, oxidative stress results in an imbalance between
histone acetylation and deacetylation, which may account for
the enhanced expression of inflammatory mediators leading
to amplification of lung inflammation. This may serve as a

potential mechanism for therapeutic intervention to amelio¬
rate the chronic inflammatory response and loss of steroid
efficacy which occurs in the development of smoking-
induced chronic inflammatory lung diseases, such as COPD
(Fig. 7).

1.5. Modulation ofpro-inflammatory gene transcription
by antioxidants, NOS inhibitors and HDAC
upregulators

1.5.1. Thiol compounds

1.5.1.1. N-Acetyl-L-cysteine. NAC, a cysteine-donating
reducing compound, acts as a cellular precursor of GSH
and becomes de-acetylated in the gut to cysteine following
oral administration. NAC may also reduce cysteine to
cysteine, which is an important mechanism for intrace¬
llular GSH elevation in vivo in lungs [98], It reduces
disulfide bonds, but also has the potential to interact
directly with oxidants. NAC is also used as a mucolytic
agent (to reduce mucus viscosity and to improve
mucociliary clearance). Pharmacological approaches,

particularly with thiol antioxidants, such as NAC have
been used in an attempt to enhance lung GSH in patients
with COPD with varying success [98,99]. There have
also been studies of patients with COPD where the
administration of NAC has lead to a conflicting result
[100]. A multi-centre study using NAC by metered dose
inhalers in patients with chronic cough failed to show a

positive effect on well being, sensation of dyspnoea, cough
or lung function [101 ]. In contrast, Van Schooten et al. have
reported that oral administration of NAC, 600 mg twice
daily for a period of 6 months in a randomized, double-
blind, placebo-controlled, Phase II chemoprevention trial,
reduced various plasma and BAL fluid oxidative
biomarkers in smokers [102], NAC inhibited oxidant-
and cytokine-mediated pro-inflammatory mediator
release in alveolar epithelial cells (reviewed in 22).

1.5.1.2. N-Acystelyn (NAL). NAL a lysine salt ofA-acetyl-
L-cysteine, is a mucolytic and antioxidant thiol compound.
The advantage ofNAL over NAC is that it has a neutral pH
solution, whereas NAC is acidic. Recently, a couple of
studies have shown that NAC and NAL inhibited oxidant-
mediated IL-8 release in A549 cells. This suggests that
NAL, at least in vitro, had an anti-inflammatory effect in
the systems studied [103,104], Therefore, NAL may
represent an interesting alternative approach to augment
the antioxidant screen and thereby inhibit the oxidant
driven inflammatory responses in vivo.

1.5.1.3. Glutathione peroxidase mimic. This is based on
the approach that glutathione peroxidase can be manipulated



1264 I. Rahman et al. /Biochemical Pharmacology 68 (2004) 1255-1267

by small molecules with activity similar to this enzyme.
Ebselen is a seleno-organic compound, an important element
in the glutathione peroxidase catalysis of the reaction
between GSH and ROS [105,106]. This increases the
efficiency of GSH as an antioxidant, and can thus be used
as a therapy against oxidative stress and inflammation.
However, further studies are needed to validate the
bioavailability of these compounds in lung inflammation.

1.5.1.4. Redox sensor molecules. There are other small
redox molecules such as □-strand mimetic template MOL
294 and PNRI-299 which have been shown to inhibit NF-
□B- and AP-l-mediated transcription and blocks allergic
airway inflammation in a mouse asthma model [107], The
mechanism of inhibition is based on the reversible
inhibition of redox sensor proteins (similar to redox
effector factor-1). These redox compounds are novel and
have been shown to reduce airway eosinophil infiltration,
mucus hypersecretion, edema and cytokine release in this
murine model. Similarly, a small molecular weight SOD
mimetic (AEOL10150) has been shown to inhibit cigarette
smoke-mediated inflammatory effects in vivo in a smoking
rat model [108]. However, this group did not show whether
this treatment also restored steroid sensitivity in their
model system. This being of particular note, as we have
shown that steroid sensitivity in vivo in the lung is lost in
the smoking rat model [79],

1.5.1.5. Theophylline. Theophylline, a methyl xanthine,
has been used for many years as a bronchodilator in
patients with COPD. Concomitant therapy, theophylline
plus corticosteroid (oral and inhaled) are given to these
patients with varying success. Corticosteroids recruit
HDACs and theophylline enhances HDAC activity in
epithelial cells and macrophages thereby inhibiting the
inflammation. However, only at low concentrations,
below those given for bronchodilatory effects in the
clinic, does theophylline appear to have an effect on
HDAC both in vivo and in vitro [109].

1.5.1.6. Polyphenols. Curcumin (diferuloyulmethane) is a
naturally occurring flavonoid (polyphenol) present in the
spice, turmeric, which has a long traditional use as a

chemotherapeutic agent for many diseases. Curcumin is
an active principle of the perennial herb Curcuma longa
(commonly known turmeric). Turmeric has a long traditional
use in the Orient for many ailments, particularly as an
anti-inflammatory agent. Recent studies have reported
that curcumin inhibits NF-0B expression/activation,
cyclooxygenase (COX-2), heme oxygenase-1 (HO-1),
cytokines and neutrophil recruitment in the lungs.
Moreover, it has also been shown to protect against
cigarette smoke-mediated oxidative stress [110].
Curcumin acts as an oxygen radical and hydroxyl radical
scavenger, both which are formed by cigarette smoke. It
also increases antioxidant glutathione levels by induction of

□-GCS and behaves as an anti-inflammatory agent through
inhibition of NF-DB and IL-8 release in lung cells
[111]. Resveratrol, a flavonoid found in red wine, is an
effective inhibitor of inflammatory cytokine release from
macrophages in COPD patients [112], However, the
bioavailability of the resveratrol orally is extremely low.
Nevertheless, the anti-inflammatory property of resveratrol
may be due to its ability to induce sirtuins, members of the
class III HDAC family [113]. Clearly the molecular
mechanisms responsible for the anti-inflammatory
properties of these dietary polyphenols against cigarette
smoke/oxidative stress-driven inflammation need further

investigation.

2. Conclusions

There is now clear evidence for ROS/free radicals being
important in the pathogenesis of various chronic inflam¬
matory lung diseases, such as asthma and COPD, and lung
cancer. ROS may be critical not only for the inflammatory
response to cigarette smoke/environmental oxidants,
through the activation of redox-sensitive transcription
factors, DNA nicking, alteration in histone acetylation/
deacetylation and hence pro-inflammatory gene expres¬
sion; but may also be involved in the protective mechan¬
isms against the effects of cigarette smoke by the induction
of antioxidant/stress genes. Further understanding of the
effects and roles ofROS in basic cellular functions, such as

amplification of pro-inflammatory and immunological
responses, signaling pathways, activation of transcription
factors, chromatin modeling (histone acetylation and dea¬
cetylation) and gene expression, will provide important
information regarding basic pathological processes con¬
tributing to chronic inflammatory lung diseases. Such
knowledge would provide the basis for the development
of novel therapeutic strategies to prevent or halt
the progression of these diseases. Furthermore, as our
understanding of gene expression/epigenetics/genomics
increases, additional clinical targets and therapeutic stra¬
tegies are likely to emerge.
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