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1  
COPD: molecular and cellular mechanisms  

P.J.Barnes  

INTRODUCTION  

COPD is a major and increasing global health problem, which is currently the 4th 
commonest cause of death and predicted to become the the 5th commonest cause of 
disability in the world by 2020. While there have been major advances in the 
understanding and management of asthma, COPD has been relatively neglected and there 
are no current therapies that reduce the inevitable progression of this disease. However, 
because of the enormous burden of disease and escalating health care costs, there is now 
renewed interest in the underlying cellular and molecular mechanisms [1] and a search 
for new therapies [2], resulting in a re-evaluation of this disease [3]. 

COPD is characterised by slowly progressive development of airflow limitation that is 
poorly reversible, in sharp contrast to asthma where there is variable airflow obstruction 
that is usually reversible spontaneously or with treatment. The definition of COPD 
adopted by the Global Initiative on Obstructive Lung Disease (GOLD) for the first time 
encompasses the idea that COPD is a chronic inflammatory disease and much of the 
recent research has focused on the nature of this inflammatory response [4]. 

COPD includes chronic obstructive bronchiolitis with fibrosis and obstruction of small 
airways, and emphysema with enlargement of airspaces and destruction of lung 
parenchyma, loss of lung elasticity and closure of small airways. Chronic bronchitis, by 
contrast, is defined by a productive cough of more than 3 months duration for more than 
2 successive years; this reflects mucus hypersecretion and is not necessarily associated 
with airflow limitation. Most patients with COPD have all three pathological mechanisms 
(chronic obstructive bronchiolitis, emphysema and mucus plugging) as all are induced by 
smoking, but may differ in the proportion of emphysema and obstructive bronchiolitis 
[1]. In developed countries cigarette smoking is by far the commonest cause of COPD 
accounting for over 95% of cases, but there are several other risk factors, including air 
pollution (particularly indoor air pollution from burning fuels), poor diet, and 
occupational exposure. COPD is characterised by acceleration in the normal decline of 
lung function seen with age. The slowly progressive airflow limitation leads to disability 
and premature death and is quite different from the variable airway obstruction and 
symptoms in asthma, which rarely progresses in severity. While COPD and asthma both 
involve inflammation in the respiratory tract there are marked differences in the nature of 
the inflammatory process, with differences in inflammatory cells, mediators, response to 
inflammation, anatomical distribution and response to anti-inflammatory therapy [3,5]. 
Some patients appear to share the  
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characteristics of COPD and asthma, however. Rather than this representing a graded 
spectrum of disease, it is more likely that these patients have both of these common 
diseases at the same time. 

DIFFERENCES FROM ASTHMA  

Histopathological studies of COPD show a predominant involvement of peripheral 
airways (bronchioles) and lung parenchyma, whereas asthma involves inflammation in all 
airways but usually without involvement of the lung parenchyma [6]. There is obstruction 
of bronchioles, with fibrosis and infiltration with macrophages and T-lymphocytes. There 
is destruction of lung parenchyma and an increased number of macrophages and T-
lymphocytes, with a greater increase in CD8+ (cytotoxic) than CD4+ (helper) cells [7] 
(Figure 1.1). Bronchial biopsies show similar changes with an infiltration of macrophages 
and CD8+ cells and an increased number of neutrophils in patients with severe COPD [8]. 
Bronchoalveolar lavage (BAL) fluid and induced sputum demonstrate a marked increase 
in macrophages and neutrophils [9,10]. In contrast to asthma, eosinophils are not 
prominent except during exacerbations or when patients have concomitant asthma [6,11]. 

INFLAMMATORY CELLS  

Although abnormal numbers of inflammatory cells have been documented in COPD, the 
relationship between these cell types and the sequence of their appearance and their 
persistence are largely unknown. Most studies have been cross-sectional based on 
selection of patients with different stages of the disease and comparisons have been made 
between smokers without airflow limitation (normal smokers) and those with COPD, 
who have  
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Figure 1.1 Overlap between COPD 
and asthma. Asthma and COPD are 
different diseases but some patients 
share features of both diseases which 
some have suggested represents a 
spectrum of a single disease (this is the 
essence of the ‘Dutch hypothesis’). 
Approximately 10% of patients with 
COPD have asthma and will share 
inflammatory features between these 
diseases. This overlap group may be 
termed ‘wheezy bronchitis’. It is 
important to recognise these patients as 
they may require treatment for both 
diseases to optimise symptom control. 

smoked a similar amount. There are no serial studies and selection biases (such as 
selecting tissue from patients suitable for lung volume reduction surgery) may give 
misleading results. Analysis of the cell profile in alveoli and small airways shows an 
increase in all of the cell types implicated in COPD, including macrophages, T-
lymphocytes, B-lymphocytes and neutrophils [12]. 

NEUTROPHILS  
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Increased numbers of activated neutrophils are found in sputum and BAL fluid of 
patients with COPD [10,13], yet are relatively little increased in the airways or lung 
parenchyma [14]. This may reflect their rapid transit through the airways and 
parenchyma. Neutrophils secrete serine proteases, including neutrophil elastase (NE), 
cathepsin G and proteinase-3, as well as matrix metalloproteinase (MMP8 and MMP9), 
which may contribute to alveolar destruction (Figure 1.2). These serine proteases are also 
potent mucus stimulants. Neutrophil recruitment to the airways and parenchyma involves 
adhesion to endothelial cells and E-selectin is up-regulated on endothelial cells in the 
airways of COPD patients [15]. Adherent neutrophils then migrate into the respiratory 
tract under the direction of neutrophil chemotactic factors, which include interleukin (IL)-
8 and leukotriene B4 (LTB4). Neutrophil survival in the respiratory tract may be increased 
by cytokines, such as granulocyte-macrophage colony stimulating factor (GM-CSF) and 
granulocyte colony stimulating factor (G-CSF). 

The role of neutrophils in COPD is not yet clear. There is a correlation between the 
number of circulating neutrophils and fall in FEV1 [16]. Neutrophil numbers in bronchial 
biopsies and induced sputum are correlated with COPD disease severity [8,10] and with 
the rate of decline in lung function [17]. Smoking has a direct stimulatory effect on 
granulocyte production and release from the bone marrow, possibly mediated by GM-
CSF and G-CSF released from lung macrophages [18]. Smoking may also increase 
neutrophil retention in the lung [19]. There is no doubt that the neutrophils recruited to 
the airways of COPD patients are activated as  

 

Figure 1.2 Neutrophils in COPD. 
Neutrophils recruited to the Lungs by 
chemotactic factors such as leukotriene 
B4 (LTB4), interleukin-8 (IL-8) and 
growth-related oncogene-α (GRO-α) 
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are activated and release superoxide 
anions (O2·−), myeloperoxidase 
(MPO), LTB4 and IL-8, and serine 
proteases. 

there is increased concentrations of granule proteins, such as myeloperoxidase (MPO) 
and human neutrophil lipocalin, in the sputum supernatant [20–22]. These neutrophils 
also show an increase in the respiratory burst response which correlates with the degree 
of airflow limitation [23]. 

Neutrophils have the capacity to induce tissue damage through the release of serine 
proteases and oxidants. Priming is a prerequisite for degranulation and superoxide anion 
generation in neutrophils [24]. Neutrophils in the peripheral circulation show evidence of 
priming in COPD [25], but this may result from rather than contribute to lung 
pathophysiology. There are several chemotactic signals that have the potential for 
neutrophil recruitment in COPD, including LTB4, IL-8 and related CXC chemokines, 
including GRO-α (growth-related oncoprotein) and ENA-78 (epithelial neutrophil 
activating protein of 78 kDa) which are increased in COPD airways [26,27]. These 
mediators may be derived from alveolar macrophages and epithelial cells, but the 
neutrophil itself may be a major source of IL-8 [28]. 

Neutrophils from the circulation marginate in the pulmonary circulation and adhere to 
endothelial cells in the alveolar wall before passing into the alveolar space [29]. The 
precise route for neutrophil migration in large airways is less certain, but it is more likely 
that they reach the airway from the tracheobronchial circulation and migrate across post-
capillary venules [30]. The cellular mechanisms underlying neutrophil adhesion and 
transmigration differ between systemic and pulmonary circulations and this might confer 
different properties on the neutrophils arriving from the alveolar or bronchial 
compartments. There may be significant differences in neutrophil transit times in 
different areas of the lung that may account for differential distribution of emphysema, 
for example, the upper lobe predominance in centrilobular emphysema. Little is known 
about survival and apoptosis of neutrophils in COPD airways. Theoretically GM-CSF 
may prolong neutrophil survival but it has proved difficult to culture neutrophils from 
sputum samples. 

However, while neutrophils have the capacity to cause elastolysis, this is not a 
prominent feature of other pulmonary diseases where chronic airway neutrophilia is even 
more prominent, including cystic fibrosis and bronchiectasis. This suggests that other 
factors are involved in the generation of emphysema. Indeed there is a negative 
association between the number of neutrophils and the amount of alveolar destruction in 
COPD [14] and neutrophils are not a prominent feature of parenchymal inflammation in 
COPD. It is likely that airway neutrophilia is linked to mucus hypersecretion in chronic 
bronchitis, however. Serine proteases from neutrophils, including NE, cathepsin G and 
proteinase-3 are all potent stimulants of mucus secretion from submucosal glands and 
goblet cells in the epithelium [31,32]. 

MACROPHAGES  
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Macrophages appear to play a pivotal role in the pathophysiology of COPD and can 
account for most of the known features of the disease [33] (Figure 1.3). There is a marked 
increase (5–10-fold) in the numbers of macrophages in airways, lung parenchyma, BAL 
fluid and sputum in patients with COPD. A careful morphometric analysis of macrophage 
numbers in the parenchyma of patients with emphysema showed a 25-fold increase in the 
numbers of macrophages in the tissue and alveolar space compared with normal smokers 
[12]. Furthermore, macrophages are localised to sites of alveolar wall destruction in 
patients with emphysema [14,34]. There is a correlation between macrophage numbers in 
the airways and the severity of COPD [8]. 

Macrophages may be activated by cigarette smoke extract to release inflammatory 
mediators, including TNF-α, IL-8, other CXC chemokines, MCP-1, LTB4 and reactive 
oxygen species (ROS), providing a cellular mechanism that links smoking with 
inflammation in COPD. Alveolar macrophages also secrete elastolytic enzymes, 
including MMP2, MMP9,  

 

Figure 1.3 Macrophages may play a 
pivotal role in COPD as they are 
activated by cigarette smoke extract 
and secrete many inflammatory 
proteins that may orchestrate the 
inflammatory process in COPD. 
Neutrophils may be attracted by 
interleukin (IL)-8, growth-related 
oncogene-α (GRO-α) and leukotriene 
B4 (LTB4), monocytes by macrophage 
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chemotactic protein-1 (MCP-1), and 
CD8+ Lymphocytes by interferon-γ-
inducible protein (IP-10), monokine 
induced by interferon-γ (Mig) and 
interferon-inducible T-cell α-
chemoattractant (I-TAC). Release of 
elastolytic enzymes including matrix 
metalloproteinases (MMP) and 
cathepsins cause elastolysis, and 
release of transforming growth factor 
(TGF)-β1 and connective tissue growth 
factor (CTGF). Macrophages also 
generate reactive oxygen species 
(ROS) and nitric oxide (NO) which 
together form peroxynitrite and may 
contribute to steroid resistance. 

MMP12, cathepsins K, L and S and NE taken up from neutrophils [35,36]. Alveolar 
macrophages from patients with COPD secrete more inflammatory proteins and have a 
greater elastolytic activity at baseline than those from normal smokers and this is further 
increased by exposure to cigarette smoke [36–38]. Macrophages demonstrate this 
difference even when maintained in culture for 3 days and therefore appear to be 
intrinsically different from the macrophages of normal smokers and non-smoking normal 
control subjects [36]. The predominant elastolytic enzyme secreted by alveolar 
macrophages in COPD patients is MMP9. Most of the inflammatory proteins that are up-
regulated in COPD macrophages are regulated by the transcription factor nuclear factor-
κB (NF-κB) which is activated in alveolar macrophages of COPD patients, particularly 
during exacerbations [39,40]. 

The increased numbers of macrophages in smokers and COPD patients may be due to 
increased recruitment of monocytes from the circulation in response to monocyte-
selective chemokines. The monocyte-selective chemokine MCP-1 is increased in sputum 
and BAL of patients with COPD [26,41], with increased expression in macrophages [42]. 
CXC chemokines are also chemoattractant to monocytes acting via CXCR2 and the 
concentration of the CXC chemokine GRO-α is markedly increased in sputum and BAL 
of patients with COPD [26]. Monocytes from patients with COPD show a greater 
chemotactic response to GRO-α than cells from normal smokers and non-smokers, but 
this is not explained by an increase in CXCR2 [43]. Interestingly, while all monocytes 
express CCR2, the receptor for MIP1, only ~30% of monocytes express CXCR2. It is 
possible that these CXCR2-expressing monocytes transform into macrophages that 
behave differently—e.g., release more inflammatory proteins. Macrophages also have the 
capacity to release the chemokines IP-10, I-TAC and Mig, which are chemotactic for 
CD8+ Tc1 cells via interaction with the CXCR3 receptor expressed on these cells [44]. 

COPD: molecular and cellular mechanisms     7



The increased numbers of macrophages in COPD may be due to increased recruitment 
of monocytes, but may also be due to increased proliferation and prolonged survival in 
the lungs. Macrophages have a very low proliferation rate in the lungs, but we have 
demonstrated that there is some increase in cell proliferation measured by proliferative 
cell nuclear antigen (PCNA) [45]. Macrophages have a long survival time so this is 
difficult to measure directly. However, in macrophages from smokers, there is markedly 
increased expression of the anti-apoptotic protein Bcl-XL and increased expression of 
p21CIP / WAF1 in the cytoplasm [45]. This suggests that macrophages may have a 
prolonged survival in smokers and patients with COPD. 

Corticosteroids are ineffective in suppressing inflammation, including cytokines, 
chemokines and proteases, in patients with COPD [46,47]. In vitro the release of IL-8, 
TNF-α and MMP9 macrophages from normal subjects and normal smokers are inhibited 
by corticosteroids, whereas corticosteroids are ineffective in macrophages from patients 
with COPD [48]. Curiously, this does not apply to GM-CSF which does not appear to 
have increased secretion in COPD, and is suppressed by corticosteroids, albeit to a lesser 
extent than in macrophages from normal smokers. The reasons for resistance to 
corticosteroids in COPD, and to a lesser extent macrophages from smokers, may be the 
marked reduction in activity of histone deacetylase (HDAC) [49], which is recruited to 
activated inflammatory genes by glucocorticoid receptors to switch off inflammatory 
genes [50]. The reduction in HDAC activity in macrophages is correlated with increased 
secretion of cytokines like TNF-α and IL-8 and reduced response to corticosteroids. The 
reduction of HDAC activity on COPD patients may be mediated through oxidative stress 
and peroxynitrite formation [51]. 

Although corticosteroids are not effective in inhibiting the secretion of cytokines and 
proteases from macrophages, other drugs may be beneficial. Theophylline in low 
concentrations increases HDAC activity in alveolar macrophages and in vitro reverses the 
steroid resistance induced by oxidative stress [52]. Resveratrol, a flavonoid found in red 
wine, is an effective inhibitor of cytokine expression from macrophages from COPD 
patients, but its molecular mechanisms of action have not yet been determined [53,54]. 

T-LYMPHOCYTES  

There is an increase in the total numbers of T-lymphocytes in lung parenchyma, 
peripheral and central airways of patients with COPD, with a greater increase in CD8+ 
than CD4+ cells [12,14,55–57]. There is a correlation between the numbers of T cells and 
the amount of alveolar destruction and the severity of airflow obstruction. There is also 
an increase in the absolute number of CD4+ T cells, but the ratio of CD4+:CD8+ cells is 
reversed in COPD. This is mainly found in smokers with COPD rather than smokers 
without evidence of airflow limitation [55]. It is not known whether these cells are 
classified as Tc1 (interferon-γ producing) or Tc2 (IL-4 producing) subtypes [58], but 
there is evidence that the majority of T cells in COPD airways are of the Tc1 subtype 
[44]. CD8+ and CD4+ T cells show increased expression of activation markers compared 
to T cells in the circulation, although there is no clear difference between patients with 
COPD and normal controls [59]. 

The mechanisms by which CD8+, and to a lesser extent CD4+ cells, accumulate in the 
airways and lungs of patients with COPD is not yet understood. However, homing of T 
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cells to the lung must depend upon some initial activation then adhesion and selective 
chemotaxis. T cells in peripheral airways of COPD patients show increased expression of 
CXCR3, a receptor activated by IP-10, Mig and I-TAC. There is increased expression of 
IP-10 by  

 

Figure 1.4 Chemotaxis of cytotoxic 
(CD8+) T-lymphocytes via activation 
of CXCR3 by the CXC chemokines 
interferon-γ-inducible protein of 10 
kDa (IP-10), monokine induced by 
interferon-γ (Mig) and interferon-
inducible T cell-α chemoattractant (I-
TAC). CD8+ cells may release 
perforins and granzyme-B which may 
induce apoptosis in alveolar cells and 
release interferon-γ (IFN-γ) which in 
turn activates the release of these 
chemokines. 

bronchiolar epithelial cells and this could contribute to the accumulation of CD8+ cells, 
which preferentially express CXCR3 [44] (Figure 1.4). 

There is also an increase in the numbers of CD8+ cells in the circulation in COPD 
patients who do not smoke [60,61] and an increase in Th1 type (IFN-γ producing) CD4+ 
cells in COPD patients [62]. This indicates that there may be chronic immune stimulation 
via antigens presented via the HLA Class 1 pathway. Dendritic cells may migrate from 
the airways to regional lymph nodes and stimulate proliferation of CD8+ and CD4+ T 
cells. CD8+ cells are typically increased in airway infections and it is possible that the 
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chronic colonisation of the lower respiratory tract of COPD patients by bacterial and viral 
pathogens is responsible for this inflammatory response [63]. It is also possible that 
protease-induced lung injury may uncover previously sequestered autoantigens or that 
cigarette smoke itself may damage airway epithelial cells and make them antigenic [64]. 
There is a marked increase in T cells in the walls of small airways in patients with severe 
COPD and the T cells are formed into lymphoid follicles, surrounding B lymphocytes 
[65]. 

The role of increased numbers of CD4+ cells in COPD, particularly in severe disease is 
also unknown [12]; it is possible that they have immunological memory and play a role in 
perpetuating the inflammatory process in the absence of cigarette smoking. Natural killer 
(NK, CD56+) cells are the first line defence against viral infections. Circulating NK cells 
are reduced in patients with COPD and have reduced phagocytic activity [66] and similar 
findings are found in normal smokers [67], although no difference in NK cells was found 
in lung parenchyma of COPD patients [55]. There is an increase in γ/δ T cells in alveoli 
of smokers, whether they have airway obstruction or not [55]. 

The role of T cells in the pathophysiology of COPD is not yet certain. CD8+ cells have 
the capacity to cause cytolysis and apoptosis of alveolar epithelial cells through release of 
perforins, granzyme-B and TNF-α [68]. There is an association between CD8+ cells and 
apoptosis of alveolar cells in emphysema [55]. In a mouse model of cigarette-induced 
emphysema there is a predominance of T cells which are directly related to the severity 
of emphysema [69].  

EOSINOPHILS  

The role of eosinophils in COPD is uncertain. There are some reports of increased 
numbers of inactive eosinophils in the airways and lavage of patients with stable COPD, 
whereas others have not found increased numbers in airway biopsies, BAL or induced 
sputum [70]. The presence of eosinophils in patients with COPD predicts a response to 
corticosteroids and may indicate coexisting asthma [71,72]. Increased numbers of 
eosinophils have been reported in bronchial biopsies and BAL fluid during acute 
exacerbations of chronic bronchitis [73,74]. Surprisingly, the levels of eosinophil basic 
proteins in induced sputum are as elevated in COPD as in asthma, despite the absence of 
eosinophils, suggesting that they may have degranulated and are no longer recognisable 
by microscopy [20]. Perhaps this is due to the high levels of neutrophil elastase (NE) that 
have been shown to cause degranulation of eosinophils [75]. 

DENDRITIC CELLS  

The dendritic cell plays a central role in the initiation of the innate and adaptive immune 
response [76]. The airways and lungs contain a rich network of dendritic cells that are 
localised near the surface, so that they are ideally located to signal the entry of foreign 
substances that are inhaled [77]. Dendritic cells can activate a variety of other 
inflammatory and immune cells, including macrophages, neutrophils, T- and B-
lymphocytes [78]. It is, therefore, likely that the dendritic cell may play an important role 
in the pulmonary response to cigarette smoke and other inhaled noxious agents and may, 
therefore, be a key cellular element in COPD. The mechanism by which tobacco smoke 
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activates the immune system is not yet understood, but a glycoprotein isolated from 
tobacco has powerful immunostimulatory actions [79]. There is an increase in the number 
of dendritic cells in rat lungs exposed to cigarette smoke [80] and in the airways and 
alveolar walls of smokers [81, 82]. Pulmonary histiocytosis is a disease caused by 
dendritic cell granulomata in the lung and is characterised by destruction of the lung 
parenchyma that resembles emphysema [83,84]. The adult form of the disease occurs 
almost exclusively in smokers. In mice exposed to chronic cigarette smoke there is an 
increase in dendritic cells in the airways and lung parenchyma [85]. The role of dendritic 
cells in recruiting other effector cells in COPD deserves further study. 

EPITHELIAL CELLS  

Airway and alveolar epithelial cells may be an important source of inflammatory 
mediators and proteases in COPD. Epithelial cells are activated by cigarette smoke to 
produce inflammatory mediators, including TNF-α, IL-1β, GM-CSF and IL-8 [86–88]. 
Epithelial cells in small airways may be an important source of transforming growth 
factor (TGF)-β, which then induces local fibrosis [89]. Vascular endothelial growth factor 
(VEGF) appears to be necessary to maintain alveolar cell survival and blockade of VEGF 
receptors (VEGFR2) and in rats induces apoptosis of alveolar cells and an emphysema-
like pathology [90]. The role of VEGF in the pathogenesis of human emphysema is not 
yet known, however. 

Airway epithelial cells are also important in defence of the airways. Mucus produced 
from goblet cells protects and traps bacteria and inhaled particulates [91]. Epithelial cells 
secrete defensins and other cationic peptides with antimicrobial effects and is a part of the 
innate defence system, but is also involved in tissue repair processes [92]. They also 
secrete antioxidants as well as antiproteases, such as secretory leukoprotease inhibitor 
(SLPI). Epithelial cells also transport IgA and are therefore also involved in adaptive 
immunity [93]. It is possible that cigarette smoke and other noxious agents impair these 
innate and adaptive immune responses of the airway epithelium, increasing susceptibility 
to infection.  

The airway epithelium in chronic bronchitis and COPD often shows squamous 
metaplasia, which may result from increased proliferation of airway epithelial cells. 
Proliferation in basal airway epithelial cells, measured by proliferating cell nuclear 
antigen (PCNA) is increased in some normal smokers, but is markedly increased in 
patients with chronic bronchitis and correlates with the degree of squamous metaplasia 
[94]. The nature of the growth factors involved in epithelial cell proliferation, cell cycle 
and differentiation in COPD are not yet known. Epithelial growth factor receptors show 
increased expression in airway epithelial cells of smokers and may contribute to basal 
cell proliferation, resulting in squamous metaplasia and an increased risk of bronchial 
carcinoma [95]. 

OXIDATIVE STRESS  

Oxidative stress occurs when ROS are produced in excess of the antioxidant defence 
mechanisms and result in harmful effects, including damage to lipids, proteins and DNA. 
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There is increasing evidence that oxidative stress is an important feature in COPD [96–
98]. 

FORMATION  

Inflammatory and structural cells that are activated in the airways of patients with COPD 
produce ROS, including neutrophils, eosinophils, macrophages, and epithelial cells [97]. 
Superoxide anions (O2·−) are generated by NADPH oxidase and this is converted to 
hydrogen peroxide (H2O2) by superoxide dismutases (SODs). H2O2 is then dismuted to 
water by catalase. O2·− and H2O2 may interact in the presence of free iron to form the 
highly reactive hydroxyl radical (·OH). O2·− may also combine with NO to form 
peroxynitrite, which also generates ·OH [99]. Oxidative stress leads to the oxidation of 
arachidonic acid and the formation of a new series of prostanoid mediators called 
isoprostanes, which may exert significant functional effects [100], including 
bronchoconstriction and plasma exudation [101–103] (Figure 1.5). 

Granulocyte peroxidases, such as MPO in neutrophils, play an important role on 
oxidative stress. In neutrophils H2O2 generated from O2·− is metabolised by MPO in the 
presence of chloride ions to hypochlorous acid which is a strong oxidant. MPO is also 
able to nitrate tyrosine residues, as can peroxynitrite [104–106]. 

ANTIOXIDANTS  

The normal production of oxidants is counteracted by several antioxidant mechanisms in 
the human respiratory tract [107]. The major intracellular antioxidants in the airways are 
catalase, SOD and glutathione, formed by the enzyme γ-glutamyl cysteine synthetase, 
and glutathione synthetase. Oxidant stress activates the inducible enzyme heme 
oxygenase-1 (HO-1), converting heme and hemin to biliverdin with the formation of 
carbon monoxide (CO) [108]. Biliverdin is converted via bilirubin reductase to bilirubin, 
which is a potential antioxidant. HO-1 is widely expressed in human airways [109] and 
CO production is increased in COPD [110]. In the lung intracellular antioxidants are 
expressed at relatively low levels and are not induced by oxidative stress, whereas the 
major antioxidants are extra-cellular [111]. Extracellular antioxidants, particularly 
glutathione peroxidase, are markedly up-regulated in response to cigarette smoke and 
oxidative stress. The glutathione system is the major antioxidant mechanism in the 
airways. There is a high concentration of reduced glutathione (GSH) in lung epithelial 
lining fluid [107] and concentrations are increased higher in cigarette smokers. 
Extracellular glutathione peroxidase (eGPx) is an important antioxidant in the lungs and 
may be secreted by epithelial cells and macrophages, particularly in response to cigarette 
smoke or oxidative stress [112]. eGPx inactivates H2O2 and O2·−, but may also inactivate 
reactive nitrogen species [111]. Extracellular antioxidants also include  
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Figure 1.5 Oxidative stress in COPD. 
Oxidative stress plays a key role in the 
pathophysiology of COPD and 
amplifies the inflammatory and 
destructive process. Reactive oxygen 
species from cigarette smoke or from 
inflammatory cells (particularly 
macrophages and neutrophils) result in 
several damaging effects in COPD, 
including decreased anti-protease 
defences such as α1-antitrypsin (AT) 
and secretory leukoprotease inhibitor 
(SLPI), activation of nuclear factor-κB 
(NF-κB) resulting in increased 
secretion of the cytokines interleukin-8 
(IL-8) and tumour necrosis factor-α 
(TNF-α), increased production of 
isoprostanes and direct effects on 
airway function. In addition recent 
evidence suggests that oxidative stress 
induces steroid resistance. 
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the dietary antioxidants vitamin C (ascorbic acid) and vitamin E (α-tocopherol), uric acid, 
lactoferrin and extracellular SOD3. SOD3 is highly expressed in human lung, but its role 
in COPD is not yet clear [113]. 

EFFECTS ON AIRWAYS  

ROS have several effects on the airways, which would have the effect of increasing the 
inflammatory response. These effects may be mediated by direct actions of ROS on target 
cells in the airways, but may also be mediated indirectly via activation of signal 
transduction pathways and transcription factors and via the formation of oxidised 
mediators such as isoprostanes and hydroxy-nonenal. 

ROS activate NF-κB, which switches on multiple inflammatory genes resulting in 
amplification of the inflammatory response [114]. The molecular pathways by which 
oxidative stress activates NF-κB have not been fully elucidated, but there are several 
redox-sensitive steps in the activation pathway [115]. Many of the stimuli that activate 
NF-κB appear to do so via the formation of ROS, particularly H2O2. ROS activate NF-κB 
in an epithelial cell line [116] and increase the release of pro-inflammatory cytokines 
from cultured human airway epithelial cells [117]. Oxidative stress results in activation of 
histone acetyltransferase activity which opens up the chromatin structure and is 
associated with increased transcription of multiple inflammatory genes [118, 119]. 

Another transcription factor that activates inflammatory genes is activator protein-1 
(AP-1), a heterodimer of Fos and Jun proteins. As with NF-κB there are several 
redoxsensitive steps in the activation pathway [120]. Exogenous oxidants may also be 
important in worsening airway disease. Cigarette smoke, ozone and, to a lesser extent, 
nitrogen dioxide, impose an oxidative stress on the airways [121]. 

Oxidants also activate mitogen-activated protein (MAP) kinase pathways. H2O2 is a 
potent activator of extracellular regulated kinases (ERK) and p38 MAP kinase pathways 
that regulate the expression of many inflammatory genes and survival in certain cells, and 
spreading of macrophages [122]. Indeed many aspects of macrophage function are 
regulated by oxidants through the activation of multiple kinase pathways [123]. 

EVIDENCE FOR INCREASED OXIDATIVE STRESS  

There is considerable evidence for increased oxidative stress in COPD [96,97]. Cigarette 
smoke itself contains a high concentration of ROS [124]. Inflammatory cells, such as 
activated macrophages and neutrophils, also generate ROS, as discussed above. 
Epidemiological evidence indicates that reduced dietary intake of antioxidants may be a 
determinant of COPD and population surveys have linked a low dietary intake of the 
antioxidant ascorbic acid (vitamin C) with worse lung function [125,126]. 

There are several markers of oxidative stress that may be detected in the breath and 
several studies have demonstrated increased production of oxidants in exhaled air or 
breath condensates [127–129]. There is an increased concentration of H2O2 in exhaled 
breath condensate of patients with COPD, particularly during exacerbations [130,131]. 

There is also an increase in the concentration of 8-iso prostaglandin F2α (8-
isoprostane) in exhaled breath condensate, which is found even in patients who are ex-
smokers [132] and is increased further during acute exacerbations [133]. Isoprostane is 
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also increased in the breath of normal smokers, but to a lesser extent than in COPD, 
suggesting that there is an exaggeration of oxidative stress in COPD. 8-Isoprostane is 
similarly increased in the urine of patients with COPD and further increased during 
exacerbations [134]. 

There is also evidence for increased systemic markers of oxidative stress in patients 
with COPD as measured by biochemical markers of lipid peroxidation [135]. A specific 
marker of lipid peroxidation, 4-hydroxy-2-nonenal, which forms adducts with basic 
amino acid residues in proteins, can be detected by immunocytochemistry and has been 
detected in lungs of patients with COPD [136]. This signature of oxidative stress is 
localised to airway and alveolar epithelial cells, endothelial cells and neutrophils. 

ROLE OF OXIDATIVE STRESS  

The increased oxidative stress in the airways of COPD patients may play an important 
pathophysiological role in the disease by amplifying the inflammatory response in 
COPD. This may reflect the activation of NF-κB and AP-1, which then induce a 
neutrophilic inflammation via increased expression of IL-8 and other CXC chemokines, 
TNF-α and MMP9. NF-κB is activated in airways and alveolar macrophages of patients 
with COPD and is further activated during exacerbations [39,40]. It is likely that 
oxidative stress is an important activation of this transcription factor in COPD patients. 

Oxidative stress may also impair the function of antiproteases such as α1-antitrypsin 
(α1-AT) and SLPI, and thereby accelerates the breakdown of elastin in lung parenchyma 
[137]. 

Corticosteroids are much less effective in COPD than in asthma and do not reduce the 
progression of the disease [138–141]. In contrast to patients with asthma, those with 
COPD do not show any significant anti-inflammatory response to corticosteroids [46,47]. 
Alveolar macrophages from patients with COPD show a marked reduction in 
responsiveness to the anti-inflammatory effects of corticosteroids, compared to cells from 
normal smokers and non-smokers [48]. Recent studies suggest that there may be a link 
between oxidative stress and the poor response to corticosteroids in COPD. Oxidative 
stress impairs binding of glucocorticoid receptors to DNA and the translocation of these 
receptors from the cytoplasm to the nucleus [142,143]. Corticosteroids switch off 
inflammatory genes by recruiting histone deacetylase-2 (HDAC2) to the active 
transcription site and by deacetylating the hyperacetylated histones of the actively 
transcribing inflammatory gene, they are able to switch off its transcription and thus 
suppress inflammation [50,144]. In cigarette smokers and patients with COPD there is a 
marked reduction in activity of HDAC and reduced expression of HDAC2 in alveolar 
macrophages [49] and an even greater reduction in HDAC2 expression in peripheral lung 
tissue [145]. This reduction in HDAC activity is correlated with reduced expression of 
inflammatory cytokines and a reduced response to corticosteroids. This may result 
directly or indirectly from oxidative stress and is mimicked by the effects of H2O2 in cell 
lines [145]. 

Oxidative stress may also induce apoptosis in endothelial and epithelial cells. 
Apoptosis of type 1 pneumocytes may be contributory to the development of emphysema 
and this might be induced by cytotoxic T-lymphocytes or by inhibition of vascular-
endothelial growth factor receptors [55,90]. ROS may induce apoptosis by activating the 
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NF-κB pathway, by direct DNA damage via activation of poly-ADP-ribose and via the 
generation of 4-hydroxy-nonenal. Apoptosis signal-regulating kinase-1 is held in an 
inactive conformation by thioredoxin and when oxidised by ROS this triggers apoptotic 
pathways [146]. 

PROTEASES  

It has long been proposed that various proteases break down connective tissue 
components, particularly elastin, in lung parenchyma to produce emphysema and that 
there is an imbalance between proteases and endogenous antiproteases which should 
normally protect against protease-mediated effects. Elastin may be the most important 
target for these enzymes as there is a loss of elasticity in the lung parenchyma in patients 
with emphysema and elastin cannot be regenerated in an active form. Evidence for elastin 
degradation in COPD is provided by the increased excretion of desmosine, derived from 
elastin cross-links, in smokers with rapid decline in lung function compared to those with 
a normal decline [147]. Although early attention was focused on NE, many other 
proteases that have the capacity to degrade elastin have now been implicated [148]. 

NEUTROPHIL ELASTASE  

There has been particular emphasis on the role of NE since patients with inherited α1-AT 
deficiency were shown to develop early onset emphysema. Furthermore, the 
demonstration that α1-AT may be inactivated by cigarette smoke exposure raised the 
possibility that NE may also be important in smokers with normal plasma α1-AT 
concentrations. This was supported by animal models in which tracheal instillation of NE 
induces emphysema and infiltration of neutrophils [149] and immunocytochemical 
localisation of NE on elastin fibres in the lung parenchyma of patients with emphysema 
[150]. NE (E.C.3.4.21.37) is a serine protease which is inhibited by α1-AT in the lung 
parenchyma. It is stored in azurophilic granules in neutrophils and in cells primed by 
cytokines; it may be expressed on the cell surface [151] 

NE has subsequently been shown to have several other actions relevant to its potential 
role on COPD. It is a potent mucus secretagogue of submucosal gland cells and goblet 
cells [31,152]. NE induces the expression of MUC5AC in an epithelial cell line and this 
mechanism appears to be dependent on the generation of ROS [153,154]. NE also 
induces the expression of some cytokines, including IL-8 in airway epithelial cells [155]. 
NE cleaves the phosphatidylserine receptor on macrophages, thus impairing their ability 
to clear apoptotic cells [156]. 

On the other hand NE also inactivates CD14, a cell surface receptor for 
lipopolysaccharide, thus reducing the inflammatory response to endotoxin [157]. NE is 
likely to play a role in host defence and NE(−/−) mice have increased susceptibility to 
overwhelming gram negative bacterial infections, but do not appear to have any increase 
in spontaneous infections [158,159]. 

The role of NE in COPD will only be established when the effect of NE inhibitors has 
been studied clinically [160]. In guinea-pigs exposed to cigarette smoke an NE inhibitor 
markedly reduced emphysema and the neutrophil inflammatory response [161]. Although 

Therapeutic strategies in COPD     16



several NE inhibitors have been tested in humans, there are few results reported. It is not 
certain whether the drugs failed or the clinical trials were not adequately designed. An 
NE inhibitor MR889 had no effect on urinary desmosine in unselected COPD patients, 
but a small reduction was seen in patients with a relatively short history [162]. The 
macrolide antibiotics erythromycin and flurithromycin have also been shown to inhibit 
NE activity [163] and this might account for their beneficial effect on mucus 
hypersecretion [164]. 

OTHER SERINE PROTEASES  

Neutrophils also store two other serine proteases cathepsin G and proteinase 3 in their 
specific granules. These other serine proteases have similar properties to NE and induce 
mucus secretion in a similar way [31,32]. Proteinase 3 is potently expressed on the 
surface of neutrophils after activation with cytokines [165]. Proteinase 3 is potently 
inhibited by α1-AT [166]. The NE inhibitors in development inhibit other serine proteases 
[160]. 

CYSTEINE PROTEASES  

Lysosomal cysteine proteases (cathepsins) may also be involved in COPD [167,168]. 
Cathepsin S expression is induced by interferon-γ in several cell types, including smooth 
muscle cells. Overexpression of IFN-γ induces emphysema in mice and there is increased 
expression of cathepsins B, D, H, L and S [169]. Cathepsin inhibitors markedly reduce 
the emphysema-induced IL-13 in transgenic mice, indicating the elastolytic potential of 
this cathepsin [170]. Several other cathepsins also have elastolytic activity, including 
cathepsins B, L and S, which are expressed in alveolar macrophages [35,171]. The role of 
cathepsins in COPD is uncertain. Increased concentrations of cathepsin L have been 
detected in BAL fluid of patients with emphysema [172] and alveolar macrophages from 
patients with COPD secrete more cysteine protease activity than macrophages from 
normal smokers or non-smokers [36]. The endogenous inhibitors of cathepsins are 
cystatins and stefins, but little is known about their role in COPD. Cystatin C 
concentrations are increased in BAL fluid of patients with COPD [172]. 

MATRIX METALLOPROTEINASES  

There is increasing evidence for a role for MMPs in COPD [173]. In patients with 
emphysema there is an increase in BAL concentrations and macrophage expression of 
MMP1 (collagenase) and MMP9 (gelatinase B) [47,174,175]. There is an increase in 
activity of MMP9 in the lung parenchyma of patients with emphysema [176]. MMP1 
expression is also increased in the lungs of patients with emphysema, with predominant 
localisation to type II pneumocytes [177]. Alveolar macrophages from normal smokers 
express more MMP9 than those from normal subjects [38] and there is an ever greater 
increase in cells from patients with COPD [37], which have greatly enhanced elastolytic 
activity [36]. Indeed, using the MMP inhibitor marimastat it was shown that MMPs 
account for most of the elastolytic activity released from alveolar macrophages from 
COPD patients over prolonged periods [36]. 
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The interest in MMPs has been heightened by the demonstration that emphysema 
induced by chronic cigarette exposure is prevented in MMP12− /− (macrophage 
metalloelastase) mice  

 

Figure 1.6 Possible interrelationship 
between small airway fibrosis and 
emphysema in COPD. Transforming 
growth factor (TGF)-β is activated by 
matrix metalloproteinase-9 (MMP9) 
and is in turn activated by MMP9. 

[178]. In MMP12−/− mice emphysema induced by IL-13 and IFN-γ overexpression is 
reduced [169,170] and there is a marked reduction in the recruitment of monocytes into 
the lung. This may be because MMPs generate chemotactic peptides which promote 
macrophage recruitment to the parenchyma and airways. MMPs may activate the latent 
form of TGF-β to its active form. In addition, mice in which the integrin αvβ6 is deleted 
(Itgb6-null mice) fail to activate TGF-β and develop age-related emphysema which is 
prevented in MMP12− /− mice and by overexpression of TGF-β1 [179]. This suggests that 
TGF-β1 down-regulates MMP12 under normal conditions and absence TGF-β results in 
excessive MMP12 and emphysema. MMP9− / − mice are not protected against 
emphysema induced by cigarette smoke, but are protected from small airway fibrosis 
[180]. TGF-β1 is activated by MMP9 [181]; this may be mediated via MMP9-induced 
proteolytic cleavage of latent TGF-binding protein-1, resulting in release of TGF-β1 
[182]. This mechanism, therefore, could be a link between elastolysis induced by MMP9 
and simultaneous production of fibrosis by activation of TGF-β1 (Figure 1.6). Thus, 
MMP12 is a prominent MMP in the mouse, and while present in humans does not appear 
to be as important as MMP9. 
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ANTIPROTEASES  

Normally proteases are counteracted by an excess of endogenous antiproteases. The 
major inhibitors of serine proteases are α1-AT in lung parenchyma and airway 
epithelium-derived SLPI in the airways. Other serine protease inhibitors include elafin 
and α1-antichymotrypsin. Serine protease inhibitors inactivate NE and other serine 
proteases such as proteinase-3 [183]. Multiple genetic variants of α1-AT are now 
recognised that give rise to reduced circulating active α1-AT concentrations [184,185]. 
The best described deficiency that results in early onset emphysema is the ZZ type on 
which a single amino acid substitution (Gly342→Lys) results in structural alterations in 
α1-AT resulting in failure of its normal posttranslational modification and secretion by 
hepatocytes leading to very low plasma concentrations. Whether heterozygotes and other 
genetic variants that reduce circulating α1-AT concentrations to a lesser extent than the 
ZZ phenotype also predispose to emphysema is more debatable [186]. ZZ α1-AT 
deficiency is a rare cause of emphysema accounting for <1% of patients, but it was 
proposed long ago that cigarette smoking may oxidise α1-AT resulting in impaired 
antiprotease function and increased NE activity [187]. The mechanism appears to be due 
to oxidative stress and oxidation of methionine at positions 351 or 358 impairs anti-NE 
activity of α1-AT [137]. 

SLPI is the other major serine proteinase inhibitor in the airways [188]. Like α1-AT, 
SLPI may be inactivated by oxidative stress, and also by cleavage through its active site 
by cathepsins L and S [189] and in patients with emphysema proteolytic fragments of 
SLPI are found in BAL fluid which contributes to the reduced anti-NE activity in these 
patients. This inactivation of SLPI not only impairs its anti-NE activity, but also its anti-
microbial and anti-inflammatory roles. SLPI down-regulates LPS-induced TNF-α and 
MMP secretion from monocytes [190,191] and this may be mediated by an inhibitory 
effect on IκBα degradation, resulting in inhibition of NF-κB [192]. The roles of elafin 
and α1-antichymotryptase in COPD are less well defined [193,194]. 

Four tissue inhibitors of MMPs (TIMP1–4) counteract MMPs [195]. TIMP-1 secretion 
from alveolar macrophages is increased in response to inflammatory stimuli, but the 
increase is blunted in cells derived from COPD patients, so favouring increased 
elastolysis [36,37]. An increased frequency of loss of function mutations of TIMP-2 has 
been described in patients with COPD [196]. 

AMPLIFYING MECHANISMS IN COPD  

The inflammatory changes and protease imbalance in COPD are also seen in cigarette 
smokers without COPD but to a lesser extent [10,12,36,47,48], suggesting that the 
accelerated decline in lung function in COPD may be due to amplification of the normal 
pulmonary inflammatory response to irritants. This may be due to increased production 
of inflammatory mediators and enzymes, or because of defective endogenous anti-
inflammatory or antiprotease mechanisms. These differences might be explained by 
polymorphisms in the genes encoding cytokines, proteases, anti-inflammatory proteins 
and antiproteases [197,198]. 

Another hypothesis is that these differences are due to latent virus infection [199]. The 
latent adenovirus sequence E1A is more commonly detected in the lungs of patients with 
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emphysema than in matched smoking control subjects and is correlated with an increased 
inflammatory response [12]. Adenovirus infection amplifies the inflammatory response to 
cigarette smoke in the airways of guinea-pigs [34]. Transfection of E1A into a human 
epithelial cell line results in increased activation of the transcription factor NF-κB with 
consequent increased release of IL-8 in response to cell activation and increased 
production of TGF-β1, providing a molecular mechanism for the amplification in 
inflammatory response [200,201]. 

Another molecular mechanism that may underlie the amplification of inflammation in 
COPD may involve impaired activity of HDAC in alveolar macrophages. In macrophages 
from cigarette smokers there is impaired activity of HDAC, which is involved in 
switching off the transcription of inflammatory genes by reversing the acetylation of core 
histones that is associated with their activation [49,50]. In COPD there is even more 
marked reduction in HDAC activity in peripheral lung of COPD patients than smokers 
without airway obstruction [145]. This may lead to amplification of the expression of 
inflammatory genes, as is seen in alveolar macrophages from patients with COPD 
[37,48]. There is also increased activation of NF-κB in these cells from patients with 
COPD [39,40]. 

Although smoking is the major causal mechanism in COPD, quitting smoking does 
not appear to result in resolution of the inflammatory response in the airways, particularly 
in advanced disease [12,202,203]. This suggests that there are perpetuating mechanisms 
that maintain the chronic inflammatory process once it has become established. This may 
account for presentation of COPD in patients who stopped smoking many years before 
their first symptoms develop. The mechanisms of disease persistence are currently 
unknown.  

CORTICOSTEROID RESISTANCE  

Inhaled corticosteroids are now the mainstay of chronic asthma therapy and the 
recognition that chronic inflammation is also present in COPD provided a rationale for 
their use in COPD. Indeed, inhaled corticosteroids are now widely prescribed in the 
treatment of COPD and are used almost as frequently as in asthma. However, the 
inflammation in COPD is not suppressed even by high doses of inhaled or oral 
corticosteroids [46,47,204]. This may reflect the fact that neutrophilic inflammation in 
humans is not suppressible by corticosteroids as neutrophil survival is prolonged by 
steroids [205,206]. Approximately 10% of patients with stable COPD show some 
symptomatic and objective improvement with oral corticosteroids and it is likely that 
these patients have concomitant asthma, as both diseases are very common. Indeed, 
airway hyperresponsiveness, a characteristic of asthma, may predict the rate of decline in 
COPD [207]. A response to corticosteroids is predicted by increased numbers of 
eosinophils in sputum and an increase in exhaled NO [71,72], both characteristic features 
of asthma. 

Four large studies have shown that high doses of inhaled corticosteroids fail to reduce 
the progression of COPD [208]. 

It seems likely that there is an active resistance to corticosteroids in COPD. High 
doses of corticosteroids fail to reduce cytokine and chemokines that should be suppressed 
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by corticosteroid treatment [46,47]. The molecular mechanisms of corticosteroid 
resistance are not yet known, but may be the same mechanisms that result in 
amplification of inflammatory responses. Thus reduction in HDAC activity in 
macrophages [49] may prevent the anti-inflammatory action of corticosteroids, which is 
dependent on recruitment of HDACs to the inflammatory gene complex [50]. Similarly, 
latent adenovirus appears to induce corticosteroid resistance in experiments on animals 
[209]. Oxidative stress through the domain of peroxynitrite may inactivate and degrade 
HDAC2 which is required for the antiinflammatory action of corticosteroids [210]. 

FUTURE RESEARCH  

Our understanding of the cellular and molecular mechanisms involved in COPD is at an 
early stage compared with our knowledge of asthma. Although both diseases involve 
inflammation in the respiratory tract, the pattern of inflammation, the results of the 
inflammatory process and the therapeutic response are markedly different. This review 
has focused on some key questions that are now being addressed in COPD, although it is 
by no means comprehensive. 

Although activation of several inflammatory cells has now been identified in COPD, 
their relative importance and sequential role in producing the typical pathology of COPD 
are still poorly understood. However, it is likely that cigarette smoke and other irritants 
activate resident cells, including macrophages, epithelial cells and dendritic cells, which 
then signal the influx of other inflammatory cells, including neutrophils, monocytes and 
T-lymphocytes from the circulation. These cells all release multiple mediators of 
inflammation, although the pattern of mediators differs from those found in asthma. The 
pathological process is predominantly located in the lung periphery with involvement of 
small airways and lung parenchyma. However, the relationship between inflammation 
and fibrosis in small airways and destruction of lung parenchyma and mucus 
hypersecretion are uncertain and there are differences in the preponderance of these 
mechanisms between patients and at different stages of the disease. There is a need for 
better techniques for studying small airway function. 

There appears to be an amplification of the inflammatory process between smokers 
who do not have airflow limitation and the minority of smokers with accelerated decline 
of lung function who develop COPD. The molecular basis for this amplification needs 
further investigation, but possible mechanisms relate to genetic differences in 
inflammatory, proteolytic or protective mechanisms or acquired latent viral infections. 
The mechanisms of amplification may also be linked to the relative steroid resistance 
found in COPD and a plausible link is deficiency in HDAC activation that both amplifies 
inflammatory gene expression and impairs the anti-inflammatory response to 
corticosteroids. 

Much further research is now needed to answer some of these key questions. 
However, availability of tissues from patients with COPD and patients who have a 
similar cigarette smoke exposure without COPD and the development of novel molecular 
and cellular techniques make it likely that rapid progress will be made. This will make it 
possible to predict which smokers will develop COPD and may identify new targets for 
the development of novel therapies that suppress this chronic inflammatory process. 
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Many new drugs for COPD are already in development [211] and several are about to 
enter clinical trials. 

SUMMARY  

COPD is a leading cause of death and disability, but has only recently been extensively 
explored from a cellular and molecular perspective, There is a chronic inflammation that 
leads to fixed narrowing of small airways and alveolar wall destruction (emphysema). 
This is eharacterised by increased numbers of alveolar macrophages, neutrophils. and 
cytotoxic T-lymphocytes, and the release of multiple inflammatory mediators (lipids, 
chemokines, cytokines, growth factors), A high level of oxidative stress may amplify this 
inflammation, There is also increased elastolysis and evidence for involvement of several 
elastolytic enzymes, including serine proteases, cathepsins and matrix metallopro 
teinases. The inflammation and proteolysis in COPD is an amplification of the normal 
inflammatory response to cigarette smoke, This mflammation, in marked contrast to 
asthma, appears to be resistant to corticosteroids, prompting a search for novel anti-
inflammatory therapies that may prevent the relentless progression of the disease. 

REFERENCES  

1. Barnes PJ. Chronic obstructive pulmonary disease. N Engl J Med 2000; 343:269–280. 
2. Barnes PJ, Shapiro SD, Pauwels RA. Chronic obstructive pulmonary disease: molecular and 

cellular mechanisms. Eur Respir J 2003; 22:672–688. 
3. Barnes PJ. New concepts in COPD. Ann Rev Med 2003; 54:113–129. 
4. GOLD. Global Initiative for Chronic Obstructive Lung Disease (GOLD): Global strategy for the 

diagnosis, management and prevention of chronic obstructive pulmonary disease. NHLBI/WHO 
Workshop Report 2003; www.goldcopd.com/workshop/index.html. 

5. Saetta M, Turato G, Maestrelli P, Mapp CE, Fabbri LM. Cellular and structural bases of chronic 
obstructive pulmonary disease. Am J Respir Crit Care Med 2001; 163:1304–1309. 

6. Fabbri LM, Romagnoli M, Corbetta L, Casoni G, Busljetic K, Turato G et al. Differences in 
airway inflammation in patients with fixed airflow obstruction due to asthma or chronic 
obstructive pulmonary disease. Am J Respir Crit Care Med 2003; 167:418–424. 

7. Saetta M, Di Stefano A, Turato G, Facchini FM, Corbino L, Mapp CE et al. CD8+ T-
lymphocytes in peripheral airways of smokers with chronic obstructive pulmonary disease. Am 
J Respir Crit Care Med 1998; 157:822–826. 

8. Di Stefano A, Capelli A, Lusuardi M, Balbo P, Vecchio C, Maestrelli P et al. Severity of airflow 
limitation is associated with severity of airway inflammation in smokers. Am J Respir Crit Care 
Med 1998; 158:1277–1285. 

9. Pesci A, Balbi B, Majori M, Cacciani G, Bertacco S, Alciato P et al. Inflammatory cells and 
mediators in bronchial lavage of patients with chronic obstructive pulmonary disease. Eur 
Respir J 1998; 12: 380–386. 

10. Keatings VM, Collins PD, Scott DM, Barnes PJ. Differences in interleukin-8 and tumor 
necrosis factor-α in induced sputum from patients with chronic obstructive pulmonary disease 
or asthma. Am J Respir Crit Care Med 1996; 153:530–534. 

11. Fabbri L, Beghe B, Caramori G, Papi A, Saetta M. Similarities and discrepancies between 
exacerbations of asthma and chronic obstructive pulmonary disease. Thorax 1998; 53:803–808. 

Therapeutic strategies in COPD     22



12. Retamales I, Elliott WM, Meshi B, Coxson HO, Pare PD, Sciurba FC et al. Amplification of 
inflammation in emphysema and its association with latent adenoviral infection. Am J Respir 
Crit Care Med 2001; 164:469–473. 

13. Lacoste JY, Bousquet J, Chanez P. Eosinophilic and neutrophilic inflammation in asthma, 
chronic bronchitis and chronic obstructive pulmonary disease. J Allergy Clin Immunol 1993; 
92:537–548. 

14. Finkelstein R, Fraser RS, Ghezzo H, Cosio MG. Alveolar inflammation and its relation to 
emphysema in smokers. Am J Respir Crit Care Med 1995; 152:1666–1672. 

15. Di Stefano A, Maestrelli P, Roggeri A, Turato G, Calabro S, Potena A et al. Upregulation of 
adhesion molecules in the bronchial mucosa of subjects with chronic obstructive bronchitis. Am 
J Respir Crit Care Med 1994; 149:803–810. 

16. Sparrow D, Glynn RJ, Cohen M, Weiss ST. The relationship of the peripheral leukocyte count 
and cigarette smoking to pulmonary function among adult men. Chest 1984; 86:383–386. 

17. Stanescu D, Sanna A, Veriter C, Kostianev S, Callagni PG, Fabbri LM et al. Airways 
obstruction, chronic expectoration and rapid decline in FEV1 in smokers are associated with 
increased levels of sputum neutrophils. Thorax 1996; 51:267–271. 

18. Terashima T, Wiggs B, English D, Hogg JC, van Eeden SF. Phagocytosis of small carbon 
particles (PM10) by alveolar macrophages stimulates the release of polymorphonuclear 
leukocytes from bone marrow. Am J Respir Crit Care Med 1997; 155:1441–1447. 

19. Macnee W, Wiggs B, Belzberg AS, Hogg JC. The effect of cigarette smoking on neutrophil 
kinetics in human lungs. N Engl J Med 1989; 321:924–928. 

20. Keatings VM, Barnes PJ. Granulocyte activation markers in induced sputum: comparison 
between chronic obstructive pulmonary disease, asthma and normal subjects. Am J Respir Crit 
Care Med 1997; 155:449–453. 

21. Yamamoto C, Yoneda T, Yoshikawa M, Fu A, Tokuyama T, Tsukaguchi K et al. Airway 
inflammation in COPD assessed by sputum levels of interleukin-8. Chest 1997; 112:505–510. 

22. Peleman RA, Rytila PH, Kips JC, Joos GF, Pauwels RA. The cellular composition of induced 
sputum in chronic obstructive pulmonary disease. Eur Respir J 1999; 13:839–843. 

23. Richards GA, Theron AJ, Van der Merwe CA, Anderson R. Spirometric abnormalities in young 
smokers correlate with increased chemiluminescence responses of activated blood phagocytes. 
Am Rev Respir Dis 1989; 139:181–187. 

24. Condliffe AM, Kitchen E, Chilvers ER. Neutrophil priming: pathophysiological consequences 
and underlying mechanisms. Clin Sci (Lond) 1998; 94:461–471. 

25. Noguera A, Batle S, Miralles C, Iglesias J, Busquets X, Macnee W et al. Enhanced neutrophil 
response in chronic obstructive pulmonary disease. Thorax 2001; 56:432–437. 

26. Traves SL, Culpitt S, Russell REK, Barnes PJ, Donnelly LE. Elevated levels of the chemokines 
GRO-α and MCP-1 in sputum samples from COPD patients. Thorax 2002; 57:590–595. 

27. Tanino M, Betsuyaku T, Takeyabu K, Tanino Y, Yamaguchi E, Miyamoto K et al. Increased 
levels of interleukin-8 in BAL fluid from smokers susceptible to pulmonary emphysema. 
Thorax 2002; 57:405–411. 

28. Bazzoni F, Cassatella MA, Rossi F, Ceska M, Dewald B, Baggiolini M. Phagocytosing 
neutrophils produce and release high amounts of the neutrophil-activating peptide 1/interleukin 
8. J Exp Med 1991; 173:771–774. 

29. Hogg JC, Walker BA. Polymorphonuclear leucocyte traffic in lung inflammation. Thorax 1995; 
50:819–820. 

30. Pettersen CA, Adler KB. Airways inflammation and COPD: epithelial-neutrophil interactions. 
Chest 2002; 121:S142–S150. 

31. Sommerhoff CP, Nadel JA, Basbaum CB, Caughey GH. Neutrophil elastase and cathepsin G 
stimulate secretion from cultured bovine airway gland serous cells. J Clin Invest 1990; 85:682–
689. 

COPD: molecular and cellular mechanisms     23



32. Witko-Sarsat V, Halbwachs-Mecarelli L, Schuster A, Nusbaum P, Ueki I, Canteloup S et al. 
Proteinase 3, a potent secretagogue in airways, is present in cystic fibrosis sputum. Am J Respir 
Cell Mol Biol 1999; 20:729–736. 

33. Barnes PJ. Macrophages as orchestrators of COPD. J COPD 2004; 1:59–70. 
34. Meshi B, Vitalis TZ, Ionescu D, Elliott WM, Liu C, Wang XD et al. Emphysematous lung 

destruction by cigarette smoke. The effects of latent adenoviral infection on the lung 
inflammatory response. Am J Respir Cell Mol Biol 2002; 26:52–57. 

35. Punturieri A, Filippov S, Allen E, Caras I, Murray R, Reddy V et al. Regulation of elastinolytic 
cysteine proteinase activity in normal and cathepsin K-deficient human macrophages. J Exp 
Med 2000; 192:789–800. 

36. Russell RE, Thorley A, Culpitt SV, Dodd S, Donnelly LE, Demattos C et al. Alveolar 
macrophage-mediated elastolysis: roles of matrix metalloproteinases, cysteine, and serine 
proteases. Am J Physiol Lung Cell Mol Physiol 2002; 283:L867–L873. 

37. Russell RE, Culpitt SV, DeMatos C, Donnelly L, Smith M, Wiggins J et al. Release and 
activity of matrix metalloproteinase-9 and tissue inhibitor of metalloproteinase-1 by alveolar 
macrophages from patients with chronic obstructive pulmonary disease. Am J Respir Cell Mol 
Biol 2002; 26:602–609. 

38. Lim S, Roche N, Oliver BG, Mattos W, Barnes PJ, Fan CK. Balance of matrix metalloprotease-
9 and tissue inhibitor of metalloprotease-1 from alveolar macrophages in cigarette smokers. 
Regulation by interleukin-10. Am J Respir Crit Care Med 2000; 162:1355–1360. 

39. Di Stefano A, Caramori G, Capelli A, Lusuardi M, Gnemmi I, Ioli F et al. Increased expression 
of NF-kB in bronchial biopsies from smokers and patients with COPD. Eur Resp J 2002; 
20:556–563. 

40. Caramori G, Romagnoli M, Casolari P, Bellettato C, Casoni G, Boschetto P et al. Nuclear 
localisation of p65 in sputum macrophages but not in sputum neutrophils during COPD 
exacerbations. Thorax 2003; 58:348–351. 

41. Capelli A, Di Stefano A, Gnemmi I, Balbo P, Cerutti CG, Balbi B et al. Increased MCP-1 and 
MIP-1b in bronchoalveolar lavage fluid of chronic bronchitis. Eur Respir J 1999; 14:160–165. 

42. de Boer WI, Sont JK, van Schadewijk A, Stolk J, van Krieken JH, Hiemstra PS. Monocyte 
chemoattractant protein 1, interleukin 8, and chronic airways inflammation in COPD. J Pathol 
2000; 190:619–626. 

43. Traves SL, Smith SJ, Barnes PJ, Donnelly LE. Specific CXC but not CC chemokines cause 
elevated monocyte migration in COPD: a role for CXCR2. J Leukoc Biol 2004; 76:441–450. 

44. Saetta M, Mariani M, Panina-Bordignon P, Turato G, Buonsanti C, Baraldo S et al. Increased 
expression of the chemokine receptor CXCR3 and its ligand CXCL10 in peripheral airways of 
smokers with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2002; 
165:1404–1409. 

45. Tomita K, Caramori G, Lim S, Ito K, Hanazawa T, Oates T et al. Increased p21CIP1/WAF1 
and B cell lymphoma leukemia-xL expression and reduced apoptosis in alveolar macrophages 
from smokers. Am J Respir Crit Care Med 2002; 166:724–731. 

46. Keatings VM, Jatakanon A, Worsdell YM, Barnes PJ. Effects of inhaled and oral 
glucocorticoids on inflammatory indices in asthma and COPD. Am J Respir Crit Care Med 
1997; 155:542–548. 

47. Culpitt SV, Nightingale JA, Barnes PJ. Effect of high dose inhaled steroid on cells, cytokines 
and proteases in induced sputum in chronic obstructive pulmonary disease. Am J Respir Crit 
Care Med 1999; 160:1635–1639. 

48. Culpitt SV, Rogers DF, Shah P, de Matos C, Russell RE, Donnelly LE et al. Impaired inhibition 
by dexamethasone of cytokine release by alveolar macrophages from patients with chronic 
obstructive pulmonary disease. Am J Respir Crit Care Med 2003; 167:24–31. 

49. Ito K, Lim S, Caramori G, Chung KF, Barnes PJ, Adcock IM. Cigarette smoking reduces 
histone deacetylase 2 expression, enhances cytokine expression and inhibits glucocorticoid 
actions in alveolar macrophages. FASEB J 2001; 15:1100–1102. 

Therapeutic strategies in COPD     24



50. Ito K, Barnes PJ, Adcock IM. Glucocorticoid receptor recruitment of histone deacetylase 2 
inhibits IL-1b-induced histone H4 acetylation on lysines 8 and 12. Mol Cell Biol 2000; 
20:6891–6903. 

51. Ito K, Tomita T, Barnes PJ, Adcock IM. Oxidative stress reduces histone deacetylase (HDAC)2 
activity and enhances IL-8 gene expression: role of tyrosine nitration. Biochem Biophys Res 
Commun 2004; 315:240–245. 

52. Ito K, Lim S, Caramori G, Cosio B, Chung KF, Adcock IM et al. A molecular mechanism of 
action of theophylline: Induction of histone deacetylase activity to decrease inflammatory gene 
expression. Proc Natl Acad Sci USA 2002; 99:8921–8926. 

53. Donnelly LE, Jones GE, Newton R, Barnes PJ. The anti-inflammatory action of resveratrol on 
human airway epithelial cells is not mediated via estrogen or glucocorticosteroid receptors. Am 
J Resp Crit Care Med 2003; 165:A614. 

54. Donnelly LE, Newton R, Kennedy GE, Fenwick PS, Leung RH, Ito K et al. Anti-inflammatory 
effects of resveratrol in lung epithelial cells: molecular mechanisms. Am J Physiol Lung Cell 
Mol Physiol 2004; 287:L774–L783. 

55. Majo J, Ghezzo H, Cosio MG. Lymphocyte population and apoptosis in the lungs of smokers 
and their relation to emphysema. Eur Respir J 2001; 17:946–953. 

56. Saetta M, Baraldo S, Corbino L, Turato G, Braccioni F, Rea F et al. CD8+ve cells in the lungs 
of smokers with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 1999; 
160:711–717. 

57. O’Shaughnessy TC, Ansari TW, Barnes NC, Jeffery PK. Inflammation in bronchial biopsies of 
subjects with chronic bronchitis: inverse relationship of CD8+ T lymphocytes with FEV1. Am J 
Respir Crit Care Med 1997; 155:852–857. 

58. Vukmanovic-Stejic M, Vyas B, Gorak-Stolinska P, Noble A, Kemeny DM. Human Tc1 and 
Tc2/Tc0 CD8 T-cell clones display distinct cell surface and functional phenotypes. Blood 2000; 
95:231–240. 

59. Leckie MJ, Jenkins GR, Khan J, Smith SJ, Walker C, Barnes PJ et al. Sputum T-lymphocytes 
in asthma, COPD and healthy subjects have the phenotype of activated intraepithelial T cells 
(CD69+ CD103+). Thorax 2003; 58:23–29. 

60. de Jong JW, Belt-Gritter B, Koeter GH, Postma DS. Peripheral blood lymphocyte cell subsets 
in subjects with chronic obstructive pulmonary disease: association with smoking, IgE and lung 
function. Respir Med 1997; 91:67–76. 

61. Kim WD, Kim WS, Koh Y, Lee SD, Lim CM, Kim DS et al. Abnormal peripheral blood T-
lymphocyte subsets in a subgroup of patients with COPD. Chest 2002; 122:437–444. 

62. Majori M, Corradi M, Caminati A, Cacciani G, Bertacco S, Pesci A. Predominant TH1 cytokine 
pattern in peripheral blood from subjects with chronic obstructive pulmonary disease. J Allergy 
Clin Immunol 1999; 103:458–462. 

63. Hill AT, Campbell EJ, Hill SL, Bayley DL, Stockley RA. Association between airway bacterial 
load and markers of airway inflammation in patients with stable chronic bronchitis. Am J Med 
2000; 109:288–295. 

64. Cosio MG, Majo J, Cosio MG. Inflammation of the airways and lung parenchyma in COPD: 
role of T cells. Chest 2002; 121:S160–S165. 

65. Hogg JC, Chu F, Utokaparch S, Yamada Y, Elliott WM, Buzatu L et al. The nature of small 
airway obstruction in chronic pulmonary obstructive disease. N Engl J Med 2004; 350:2645–
2653. 

66. Prieto A, Reyes E, Bernstein ED, Martinez B, Monserrat J, Izquierdo JL et al. Defective natural 
killer and phagocytic activities in chronic obstructive pulmonary disease are restored by 
glycophosphopeptical (inmunoferon). Am J Respir Crit Care Med 2001; 163:1578–1583. 

67. Zeidel A, Beilin B, Yardeni I, Mayburd E, Smirnov G, Bessler H. Immune response in 
asymptomatic smokers. Acta Anaesthesiol Scand 2002; 46:959–964. 

COPD: molecular and cellular mechanisms     25



68. Hashimoto S, Kobayashi A, Kooguchi K, Kitamura Y, Onodera H, Nakajima H. Upregulation 
of two death pathways of perforin/granzyme and FasL/Fas in septic acute respiratory distress 
syndrome. Am J Respir Crit Care Med 2000; 161:237–243. 

69. Takubo Y, Guerassimov A, Ghezzo H, Triantafillopoulos A, Bates JH, Hoidal JR et al. Alpha1-
antitrypsin determines the pattern of emphysema and function in tobacco smoke-exposed mice: 
parallels with human disease. Am J Respir Crit Care Med 2002; 166:1596–1603. 

70. Turato G, Zuin R, Saetta M. Pathogenesis and pathology of copd. Respiration 2001; 68:117–
128. 

71. Brightling CE, Monteiro W, Ward R, Parker D, Morgan MD, Wardlaw AJ et al. Sputum 
eosinophilia and short-term response to prednisolone in chronic obstructive pulmonary disease: 
a randomised controlled trial. Lancet 2000; 356:1480–1485. 

72. Papi A, Romagnoli M, Baraldo 8, Braccioni F, Guzzinati I, Saetta M et al. Partial reversibility 
of airflow limitation and increased exhaled NO and sputum eosinophilia in chronic obstructive 
pulmonary disease. Am J Respir Crit Care Med 2000; 162:1773–1777. 

73. Saetta M, Di Stefano A, Maestrelli P, Graziella T, Rugieri MP, Roggeri A et al. Airway 
eosinophilia in chronic bronchitis during exacerbations. Am J Resp Crit Care Med 1994; 
150:1646–1652. 

74. Saetta M, Di Stefano A, Maestrelli P, Turato G, Mapp CE, Pieno M et al. Airway eosinophilia 
and expression of interleukin-5 protein in asthma and in exacerbations of chronic bronchitis. 
Clin Exp Allergy 1996; 26:766–774. 

75. Liu H, Lazarus SC, Caughey GH, Fahy JV. Neutrophil elastase and elastase-rich cystic fibrosis 
sputum degranulate human eosinophils in vitro. Am J Physiol 1999; 276:L28–L34. 

76. Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ et al. Immunobiology of 
dendritic cells. Annu Rev Immunol 2000; 18:767–811. 

77. Holt PG, Stumbles PA. Regulation of immunologic homeostasis in peripheral tissues by 
dendritic cells: the respiratory tract as a paradigm. J Allergy Clin Immunol 2000; 105:421–429. 

78. Huang Q, Liu D, Majewski P, Schulte LC, Korn JM, Young RA et al. The plasticity of 
dendritic cell responses to pathogens and their components. Science 2001; 294:870–875. 

79. Francus T, Klein RF, Staiano-Coico L, Becker CG, Siskind GW. Effects of tobacco 
glycoprotein (TGP) on the immune system. II. TGP stimulates the proliferation of human T 
cells and the differentiation of human B cells into Ig secreting cells. J Immunol 1988; 140:1823–
1829. 

80. Zeid NA, Muller HK. Tobacco smoke induced lung granulomas and tumors: association with 
pulmonary Langerhans cells. Pathology 1995; 27:247–254. 

81. Casolaro MA, Bernaudin JF, Saltini C, Ferrans VJ, Crystal RG. Accumulation of Langerhans’ 
cells on the epithelial surface of the lower respiratory tract in normal subjects in association 
with cigarette smoking. Am Rev Respir Dis 1988; 137:406–411. 

82. Soler P, Moreau A, Basset F, Hance AJ. Cigarette smoking-induced changes in the number and 
differentiated state of pulmonary dendritic cells/Langerhans cells. Am Rev Respir Dis 1989; 
139: 1112–1117. 

83. Tazi A, Soler P, Hance AJ. Adult pulmonary Langerhans’ cell histiocytosis. Thorax 2000; 
55:405–416. 

84. Tazi A, Moreau J, Bergeron A, Dominique S, Hance AJ, Soler P. Evidence that Langerhans 
cells in adult pulmonary Langerhans cell histiocytosis are mature dendritic cells: importance of 
the cytokine microenvironment. J Immunol 1999; 163:3511–3515. 

85. D’Hulst A, Vermeulen KY, Pauwels RA. Cigarette smoke exposure causes increase in 
pulmonary dendritic cells. Am J Respir Crit Care Med 2002; 164:A604. 

86. Mio T, Romberger DJ, Thompson AB, Robbins RA, Heires A, Rennard SI. Cigarette smoke 
induces interleukin-8 release from human bronchial epithelial cells. Am J Respir Crit Care Med 
1997; 155:1770–1776. 

Therapeutic strategies in COPD     26



87. Hellermann GR, Nagy SB, Kong X, Lockey RF, Mohapatra SS. Mechanism of cigarette smoke 
condensate-induced acute inflammatory response in human bronchial epithelial cells. Respir Res 
2002; 3:22. 

88. Floreani AA, Wyatt TA, Stoner J, Sanderson SD, Thompson EG, Allen-Gipson D et al. Smoke 
and C5a induce airway epithelial ICAM-1 and cell adhesion. Am J Respir Cell Mol Biol 2003; 
29:472–482. 

89. Takizawa H, Tanaka M, Takami K, Ohtoshi T, Ito K, Satoh M et al. Increased expression of 
transforming growth factor-beta1 in small airway epithelium from tobacco smokers and patients 
with chronic obstructive pulmonary disease (COPD). Am J Respir Crit Care Med 2001; 
163:1476–1483. 

90. Kasahara Y, Tuder RM, Taraseviciene-Stewart L, Le Cras TD, Abman S, Hirth PK et al. 
Inhibition of VEGF receptors causes lung cell apoptosis and emphysema. J Clin Invest 2000; 
106:1311–1319. 

91. Adler KB, Li Y. Airway epithelium and mucus: intracellular signaling pathways for gene 
expression and secretion. Am J Respir Cell Mol Biol 2001; 25:397–400. 

92. Aarbiou J, Rabe KF, Hiemstra PS. Role of defensins in inflammatory lung disease. Ann Med 
2002; 34: 96–101. 

93. Pilette C, Ouadrhiri Y, Godding V, Vaerman JP, Sibille Y. Lung mucosal immunity: 
immunoglobulin-A revisited. Eur Respir J 2001; 18:571–588. 

94. Demoly P, Simony-Lafontaine J, Chanez P, Pujol JL, Lequeux N, Michel FB et al. Cell 
proliferation in the bronchial mucosa of asthmatics and chronic bronchitics. Am J Respir Crit 
Care Med 1994; 150: 214–217. 

95. Franklin WA, Veve R, Hirsch FR, Helfrich BA, Bunn PA, Jr. Epidermal growth factor receptor 
family in lung cancer and premalignancy Semin Oncol 2002; 29:3–14. 

96. Repine JE, Bast A, Lankhorst I. Oxidative stress in chronic obstructive pulmonary disease. Am 
J Respir Crit Care Med 1997; 156:341–357. 

97. Macnee W. Oxidative stress and lung inflammation in airways disease. Eur J Pharmacol 2001; 
429:195–207. 

98. Henricks PA, Nijkamp FP. Reactive oxygen species as mediators in asthma. Pulm Pharmacol 
Ther 2001; 14:409–420. 

99. Beckman JS, Koppenol WH. Nitric oxide, superoxide, and peroxynitrite: the good, the bad, and 
the ugly. Am J Physiol 1996; 271:C1432–C1437. 

100. Morrow JD. The isoprostanes: their quantification as an index of oxidant stress status in vivo . 
Drug Metab Rev 2000; 32:377–385. 

101. Kawikova I, Barnes PJ, Takahashi T, Tadjkarimi S, Yacoub MH, Belvisi MG. 8-Epi-PGF2 
alpha, a novel non-cyclooxygenase derived prostaglandin, is a potent constrictor of guinea-pig 
and human airways. Am J Respir Crit Care Med 1996; 153:590–596. 

102. Okazawa A, Kawikova I, Cui ZH, Skoogh BE, Lotvall J. 8-Epi-PGF2 alpha induces airflow 
obstruction and airway plasma exudation in vivo . Am J Respir Crit Care Med 1997; 155:436–
441. 

103. Janssen LJ. Isoprostanes: an overview and putative roles in pulmonary pathophysiology. Am J 
Physiol Lung Cell Mol Physiol 2001; 280:L1067–L1082. 

104. van der Vliet A, Eiserich JP, Shigenaga MK, Cross CE. Reactive nitrogen species and tyrosine 
nitration in the respiratory tract: epiphenomena or a pathobiologic mechanism of disease? Am J 
Respir Crit Care Med 1999; 160:1–9. 

105. Eiserich JP, Hristova M, Cross CE, Jones AD, Freeman BA, Halliwell B et al. Formation of 
nitric oxide-derived inflammatory oxidants by myeloperoxidase in neutrophils. Nature 1998; 
391:393–397. 

106. Gaut JP, Byun J, Tran HD, Lauber WM, Carroll JA, Hotchkiss RS et al. Myeloperoxidase 
produces nitrating oxidants in vivo . J Clin Invest 2002; 109:1311–1319. 

107. Cantin AM, Fells GA, Hubbard RC, Crystal RG. Antioxidant macromolecules in the epithelial 
lining fluid of the normal human lower respiratory tract. J Clin Invest 1990; 86:962–971. 

COPD: molecular and cellular mechanisms     27



108. Choi AM, Alam J. Heme oxygenase-1: function, regulation, and implication of a novel stress-
inducible protein in oxidant-induced lung injury. Am J Respir Cell Mol Biol 1996; 15:9–19. 

109. Lim S, Groneberg D, Fischer A, Oates T, Caramori G, Mattos W et al. Expression of heme 
oxygenase isoenzymes 1 and 2 in normal and asthmatic airways. Effect of inhaled 
corticosteroids. Am J Respir Crit Care Med 2000; 162:1912–1918. 

110. Montuschi P, Kharitonov SA, Barnes PJ. Exhaled carbon monoxide and nitric oxide in COPD. 
Chest 2001; 120:496–501. 

111. Comhair SA, Erzurum SC. Antioxidant responses to oxidant-mediated lung diseases. Am J 
Physiol Lung Cell Mol Physiol 2002; 283:L246–L255. 

112. Avissar N, Finkelstein JN, Horowitz S, Willey JC, Coy E, Frampton MW et al. Extracellular 
glutathione peroxidase in human lung epithelial lining fluid and in lung cells. Am J Physiol 
1996; 270:L173–L182. 

113. Bowler RP, Crapo JD. Oxidative stress in airways: is there a role for extracellular superoxide 
dismutase? Am J Respir Crit Care Med 2002; 166:S38–S43. 

114. Barnes PJ, Karin M. Nuclear factor-kB: a pivotal transcription factor in chronic inflammatory 
diseases. New Engl J Med 1997; 336:1066–1071. 

115. Janssen-Heininger YM, Poynter ME, Baeuerle PA. Recent advances towards understanding 
redox mechanisms in the activation of nuclear factor kB. Free Radic Biol Med 2000; 28:1317–
1327. 

116. Adcock IM, Brown CR, Kwon OJ, Barnes PJ. Oxidative stress induces NF-kB DNA binding 
and inducible NOS mRNA in human epithelial cells. Biochem Biophys Res Commun 1994; 
199:1518–1524. 

117. Rusznak C, Devalia JL, Sapsford RJ, Davies RJ. Ozone-induced mediator release from human 
bronchial epithelial cells in vitro and the influence of nedocromil sodium. Eur Respir J 1996; 
9:2298–2305. 

118. Tomita K, Barnes PJ, Adcock IM. The effect of oxidative stress on histone acetylation and IL-
8 release. Biochem Biophys Res Comm 2003; 301:572–577. 

119. Rahman I. Oxidative stress, chromatin remodeling and gene transcription in inflammation and 
chronic lung diseases. J Biochem Mol Biol 2003; 36:95–109. 

120. Xanthoudakis S, Curran T. Redox regulation of AP-1: a link between transcription factor 
signaling and DNA repair. Adv Exp Med Biol 1996; 387:69–75. 

121. Devalia JL, Bayram H, Rusznak C, Calderon M, Sapsford RJ, Abdelaziz MA et al. 
Mechanisms of pollution-induced airway disease: in vitro studies in the upper and lower 
airways. Allergy 1997; 52:45–51; discussion 57–58. 

122. Ogura M, Kitamura M. Oxidant stress incites spreading of macrophages via extracellular 
signal-regulated kinases and p38 mitogen-activated protein kinase. J Immunol 1998; 161:3569–
3574. 

123. Forman HJ, Torres M. Reactive oxygen species and cell signaling: respiratory burst in 
macrophage signaling. Am J Respir Crit Care Med 2002; 166:S4–S8. 

124. Pryor WA, Stone K. Oxidants in cigarette smoke. Radicals, hydrogen peroxide, peroxynitrate, 
and peroxynitrite. Ann N Y Acad Sci 1993; 686:12–27. 

125. Britton JR, Pavord ID, Richards KA, Knox AJ, Wisniewski AF, Lewis SA et al. Dietary 
antioxidant vitamin intake and lung function in the general population. Am J Respir Crit Care 
Med 1995; 151:1383–1387. 

126. Schunemann HJ, Freudenheim JL, Grant BJ. Epidemiologic evidence linking antioxidant 
vitamins to pulmonary function and airway obstruction. Epidemiol Rev 2001; 23:248–267. 

127. Kharitonov SA, Barnes PJ. Exhaled markers of pulmonary disease. Am J Respir Crit Care 
Med 2001; 163:1693–1772. 

128. Montuschi P, Barnes PJ. Analysis of exhaled breath condensate for monitoring airway 
inflammation. Trends Pharmacol Sci 2002; 23:232–237. 

129. Paredi P, Kharitonov SA, Barnes PJ. Analysis of expired air for oxidation products. Am J 
Respir Crit Care Med 2002; 166:S31–S37. 

Therapeutic strategies in COPD     28



130. Dekhuijzen PNR, Aben KHH, Dekker I, Aarts LPHJ, Wielders PLM, van Herwarden CLA et 
al. Increased exhalation of hydrogen peroxide in patients with stable and unstable chronic 
obstructive pulmonary disease. Am J Respir Crit Care Med 1996; 154:813–816. 

131. Nowak D, Kasielski M, Antczak A, Pietras T, Bialasiewicz P. Increased content of 
thiobarbituric acid-reactive substances and hydrogen peroxide in the expired breath condensate 
of patients with stable chronic obstructive pulmonary disease: no significant effect of cigarette 
smoking. Respir Med 1999; 93:389–396. 

132. Montuschi P, Collins JV, Ciabattoni G, Lazzeri N, Corradi M, Kharitonov SA et al. Exhaled 
8-isoprostane as an in vivo biomarker of lung oxidative stress in patients with COPD and 
healthy smokers. Am J Respir Crit Care Med 2000; 162:1175–1177. 

133. Biernacki WA, Kharitonov SA, Barnes PJ. Increased leukotriene B4 and 8-isoprostane in 
exhaled breath condensate of patients with exacerbations of COPD. Thorax 2003; 58:294–298. 

134. Pratico D, Basili S, Vieri M, Cordova C, Violi F, Fitzgerald GA. Chronic obstructive 
pulmonary disease is associated with an increase in urinary levels of isoprostane F2α-III, an 
index of oxidant stress. Am J Respir Crit Care Med 1998; 158:1709–1714. 

135. Rahman I, Morrison D, Donaldson K, Macnee W. Systemic oxidative stress in asthma, COPD, 
and smokers. Am J Respir Crit Care Med 1996; 154:1055–1060. 

136. Rahman I, van Schadewijk AA, Crowther AJ, Hiemstra PS, Stolk J, Macnee W et al. 4-
Hydroxy-2nonenal, a specific lipid peroxidation product, is elevated in lungs of patients with 
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2002; 166:490–495. 

137. Taggart C, Cervantes-Laurean D, Kim G, McElvaney NG, Wehr N, Moss J et al. Oxidation of 
either methionine 351 or methionine 358 in alpha1-antitrypsin causes loss of anti-neutrophil 
elastase activity. J Biol Chem 2000; 275:27258–27265. 

138. Vestbo J, Sorensen T, Lange P, Brix A, Torre P, Viskum K. Long-term effect of inhaled 
budesonide in mild and moderate chronic obstructive pulmonary disease: a randomised 
controlled trial. Lancet 1999; 353:1819–1823. 

139. Pauwels RA, Lofdahl CG, Laitinen LA, Schouten JP, Postma DS, Pride NB et al. Long-term 
treatment with inhaled budesonide in persons with mild chronic obstructive pulmonary disease 
who continue smoking. N Engl J Med 1999; 340:1948–1953. 

140. Burge PS, Calverley PMA, Jones PW, Spencer S, Anderson JA, Maslen T. Randomised, 
double-blind, placebo-controlled study of fluticasone propionate in patients with moderate to 
severe chronic obstructive pulmonary disease; the ISOLDE trial. Br Med J 2000; 320:1297–
1303. 

141. Lung Health Study Research Group. Effect of inhaled triamcinolone on the decline in 
pulmonary function in chronic obstructive pulmonary disease. N Engl J Med 2000; 343:1902–
1909. 

142. Hutchison KA, Matic G, Meshinchi S, Bresnick EH, Pratt WB. Redox manipulation of DNA 
binding activity and BuGR epitope reactivity of the glucocorticoid receptor. J Biol Chem 1991; 
266:10505–10509. 

143. Okamoto K, Tanaka H, Ogawa H, Makino Y, Eguchi H, Hayashi S et al. Redox-dependent 
regulation of nuclear import of the glucocorticoid receptor. J Biol Chem 1999; 274:10363–
10371. 

144. Barnes PJ, Shapiro SD, Pauwels RA. Chronic obstructive pulmonary disease: molecular and 
cellular mechanisms. Eur Respir J 2003; 22:672–688. 

145. Ito K, Watanabe S, Kharitonov S, Hanazawa T, Adcock IM, Barnes PJ. Histone deacetylase 
activity and gene expression in COPD patients. Eur Respir J 2001; 18:316S. 

146. Gotoh Y, Cooper JA. Reactive oxygen species- and dimerization-induced activation of 
apoptosis signal-regulating kinase 1 in tumor necrosis factor-α signal transduction. J Biol Chem 
1998; 273:17477–17482. 

147. Gottlieb DJ, Stone PJ, Sparrow D, Gale ME, Weiss ST, Snider GL et al. Urinary desmosine 
excretion in smokers with and without rapid decline of lung function: the Normative Aging 
Study. Am J Respir Crit Care Med 1996; 154:1290–1295. 

COPD: molecular and cellular mechanisms     29



148. Stockley RA. Proteases and antiproteases. Novartis Found Symp 2001; 234:189–199. 
149. Senior RM, Tegner H, Kuhn C, Ohlsson K, Starcher BC, Pierce JA. The induction of 

pulmonary emphysema with human leukocyte elastase. Am Rev Respir Dis 1977; 116:469–475. 
150. Damiano VV, Tsang A, Kucich U, Abrams WR, Rosenbloom J, Kimbel P et al. 

Immunolocalization of elastase in human emphysematous lungs. J Clin Invest 1986; 78:482–
493. 

151. Owen CA, Campbell MA, Boukedes SS, Campbell EJ. Cytokines regulate membrane-bound 
leukocyte elastase on neutrophils: a novel mechanism for effector activity. Am J Physiol 1997; 
272:L385–L393. 

152. Takeyama K, Agusti C, Ueki I, Lausier J, Cardell LO, Nadel JA. Neutrophil-dependent goblet 
cell degranulation: role of membrane-bound elastase and adhesion molecules. Am J Physiol 
1998; 275:L294–L302. 

153. Voynow JA, Young LR, Wang Y, Horger T, Rose MC, Fischer BM. Neutrophil elastase 
increases MUC5AC mRNA and protein expression in respiratory epithelial cells. Am J Physiol 
1999; 276:L835–L843. 

154. Fischer BM, Voynow JA. Neutrophil elastase induces MUC5AC gene expression in airway 
epithelium via a pathway involving reactive oxygen species. Am J Respir Cell Mol Biol 2002; 
26:447–452. 

155. Nakamura H, Yoshimura K, McElvaney NG, Crystal RG. Neutrophil elastase in respiratory 
epithelial lining fluid of individuals with cystic fibrosis induces interleukin-8 gene expression in 
a human bronchial epithelial cell line. J Clin Invest 1992; 89:1478–1484. 

156. Vandivier RW, Fadok VA, Hoffmann PR, Bratton DL, Penvari C, Brown KK et al. Elastase-
mediated phosphatidylserine receptor cleavage impairs apoptotic cell clearance in cystic fibrosis 
and bronchiectasis. J Clin Invest 2002; 109:661–670. 

157. Le Barillec K, Si-Tahar M, Balloy V, Chignard M. Proteolysis of monocyte CD14 by human 
leukocyte elastase inhibits lipopolysaccharide-mediated cell activation. J Clin Invest 1999; 
103:1039–1046. 

158. Belaaouaj A, McCarthy R, Baumann M, Gao Z, Ley TJ, Abraham SN et al. Mice lacking 
neutrophil elastase reveal impaired host defense against gram negative bacterial sepsis. Nat Med 
1998; 4: 615–618. 

159. Shapiro SD. Neutrophil elastase: path clearer, pathogen killer, or just pathologic? Am J Respir 
Cell Mol Biol 2002; 26:266–268. 

160. Ohbayashi H. Neutrophil elastase inhibitors as treatment for COPD. Expert Opin Investig 
Drugs 2002; 11:965–980. 

161. Wright JL, Farmer SG, Churg A. Synthetic serine elastase inhibitor reduces cigarette smoke-
induced emphysema in guinea-pigs. Am J Respir Crit Care Med 2002; 166:954–960. 

162. Luisetti M, Sturani C, Sella D, Madonini E, Galavotti V, Bruno G et al. MR889, a neutrophil 
elastase inhibitor, in patients with chronic obstructive pulmonary disease: a double-blind, 
randomized, placebo-controlled clinical trial. Eur Respir J 1996; 9:1482–1486. 

163. Gorrini M, Lupi A, Viglio S, Pamparana F, Cetta G, Iadarola P et al. Inhibition of human 
neutrophil elastase by erythromycin and flurythromycin, two macrolide antibiotics. Am J Respir 
Cell Mol Biol 2001; 25:492–499. 

164. Goswami SK, Kivity S, Marom Z. Erythromycin inhibits respiratory glycoconjugate secretion 
from human airways in vitro. Am Rev Respir Dis 1990; 141:72–78. 

165. Campbell EJ, Campbell MA, Owen CA. Bioactive proteinase 3 on the cell surface of human 
neutrophils: quantification, catalytic activity, and susceptibility to inhibition. J Immunol 2000; 
165:3366–3374. 

166. Duranton J, Bieth JG. Inhibition of proteinase 3 by alpha1-antitrypsin in vitro predicts very 
fast inhibition in vivo. Am J Respir Cell Mol Biol 2003; 29:57–61. 

167. Turk V, Turk B, Turk D. Lysosomal cysteine proteases: facts and opportunities. EMBO J 
2001; 20: 4629–4633. 

Therapeutic strategies in COPD     30



168. Chapman HA, Riese RJ, Shi GP. Emerging roles for cysteine proteases in human biology. 
Annu Rev Physiol 1997; 59:63–88. 

169. Wang Z, Zheng T, Zhu Z, Homer RJ, Riese RJ, Chapman HA, Jr. et al. Interferon gamma 
induction of pulmonary emphysema in the adult murine lung. J Exp Med 2000; 192:1587–1600. 

170. Zheng T, Zhu Z, Wang Z, Homer RJ, Ma B, Riese RJ, Jr. et al. Inducible targeting of IL-13 to 
the adult lung causes matrix metalloproteinase- and cathepsin-dependent emphysema. J Clin 
Invest 2000; 106:1081–1093. 

171. Reddy VY, Zhang QY, Weiss SJ. Pericellular mobilization of the tissue-destructive cysteine 
proteinases, cathepsins B, L, and S, by human monocyte-derived macrophages. Proc Natl Acad 
Sci USA 1995; 92:3849–3853. 

172. Takeyabu K, Betsuyaku T, Nishimura M, Yoshioka A, Tanino M, Miyamoto K et al. Cysteine 
proteinases and cystatin C in bronchoalveolar lavage fluid from subjects with subclinical 
emphysema. Eur Respir J 1998; 12:1033–1039. 

173. Shapiro SD, Senior RM. Matrix metalloproteinases. Matrix degradation and more. Am J 
Respir Cell Mol Biol 1999; 20:1100–1102. 

174. Finlay GA, O’Driscoll LR, Russell KJ, D’Arcy EM, Masterson JB, FitzGerald MX et al. 
Matrix metalloproteinase expression and production by alveolar macrophages in emphysema. 
Am J Respir Crit Care Med 1997; 156:240–247. 

175. Betsuyaku T, Nishimura M, Takeyabu K, Tanino M, Venge P, Xu S et al. Neutrophil granule 
proteins in bronchoalveolar lavage fluid from subjects with subclinical emphysema. Am J 
Respir Crit Care Med 1999; 159:1985–1991. 

176. Ohnishi K, Takagi M, Kurokawa Y, Satomi S, Konttinen YT. Matrix metalloproteinase-
mediated extracellular matrix protein degradation in human pulmonary emphysema. Lab Invest 
1998; 78:1077–1087. 

177. Imai K, Dalal SS, Chen ES, Downey R, Schulman LL, Ginsburg M et al. Human collagenase 
(matrix metalloproteinase-1) expression in the lungs of patients with emphysema. Am J Respir 
Crit Care Med 2001; 163:786–791. 

178. Hautamaki RD, Kobayashi DK, Senior RM, Shapiro SD. Requirement for macrophage 
metalloelastase for cigarette smoke-induced emphysema in mice. Science 1997; 277:2002–
2004. 

179. Morris DG, Huang X, Kaminski N, Wang Y, Shapiro SD, Dolganov G et al. Loss of integrin 
avb6mediated TGF-β activation causes MMP12-dependent emphysema. Nature 2003; 422:169–
173. 

180. Lanone S, Zheng T, Zhu Z, Liu W, Lee CG, Ma B et al. Overlapping and enzyme-specific 
contributions of matrix metalloproteinases-9 and -12 in IL-13-induced inflammation and 
remodeling. J Clin Invest 2002; 110:463–474. 

181. Yu Q, Stamenkovic I. Cell surface-localized matrix metalloproteinase-9 proteolytically 
activates TGF-beta and promotes tumor invasion and angiogenesis. Genes Dev 2000; 14:163–
176. 

182. Dallas SL, Rosser JL, Mundy GR, Bonewald LF. Proteolysis of latent transforming growth 
factor-β (TGF-β)-binding protein-1 by osteoclasts. A cellular mechanism for release of TGF-β 
from bone matrix. J Biol Chem 2002; 277:21352–21360. 

183. Rooney CP, Taggart C, Coakley R, McElvaney NG, O’Neill SJ. Anti-proteinase 3 antibody 
activation of neutrophils can be inhibited by α1-antitrypsin. Am J Respir Cell Mol Biol 2001; 
24:747–754. 

184. Mahadeva R, Lomas DA. Genetics and respiratory disease. 2. Alpha 1-antitrypsin deficiency, 
cirrhosis and emphysema. Thorax 1998; 53:501–505. 

185. Carrell RW, Lomas DA. Alpha1-antitrypsin deficiency—a model for conformational diseases. 
N Engl J Med 2002; 346:45–53. 

186. Lomas DA, Mahadeva R. Alpha1-antitrypsin polymerization and the serpinopathies: 
pathobiology and prospects for therapy. J Clin Invest 2002; 110:1585–1590. 

COPD: molecular and cellular mechanisms     31



187. Carp H, Janoff A. Possible mechanisms of emphysema in smokers. In vitro suppression of 
serum elastase-inhibitory capacity by fresh cigarette smoke and its prevention by antioxidants. 
Am Rev Respir Dis 1978; 118:617–621. 

188. Vogelmeier C, Hubbard RC, Fells GA, Schnebli HP, Thompson RC, Fritz H et al. Anti-
neutrophil elastase defense of the normal human respiratory epithelial surface provided by the 
secretory leukoprotease inhibitor. J Clin Invest 1991; 87:482–488. 

189. Taggart CC, Lowe GJ, Greene CM, Mulgrew AT, O’Neill SJ, Levine RL et al. Cathepsin B, 
L, and S cleave and inactivate secretory leucoprotease inhibitor. J Biol Chem 2001; 276:33345–
33352. 

190. Jin FY, Nathan C, Radzioch D, Ding A. Secretory leukocyte protease inhibitor: a macrophage 
product induced by and antagonistic to bacterial lipopolysaccharide. Cell 1997; 88:417–426. 

191. Zhang Y, DeWitt DL, McNeely TB, Wahl SM, Wahl LM. Secretory leukocyte protease 
inhibitor suppresses the production of monocyte prostaglandin H synthase-2, prostaglandin E2 
and matrix metalloproteinases. J Clin Invest 1997; 99:894–900. 

192. Taggart CC, Greene CM, McElvaney NG, O’Neill S. Secretory leucoprotease inhibitor 
prevents lipopolysaccharide-induced IkBa degradation without affecting phosphorylation or 
ubiquitination. J Biol Chem 2002; 277:33648–33653. 

193. Sallenave JM. The role of secretory leukocyte proteinase inhibitor and elafin (elastase-specific 
inhibitor/skin-derived antileukoprotease) as alarm antiproteinases in inflammatory lung disease. 
Respir Res 2000; 1:87–92. 

194. Ishii T, Matsuse T, Teramoto S, Matsui H, Hosoi T, Fukuchi Y et al. Association between α1-
antichymotrypsin polymorphism and susceptibility to chronic obstructive pulmonary disease. 
Eur J Clin Invest 2000; 30:543–548. 

195. Cawston T, Carrere S, Catterall J, Duggleby R, Elliott S, Shingleton B et al. Matrix 
metalloproteinases and TIMPs: properties and implications for the treatment of chronic 
obstructive pulmonary disease. Novartis Found Symp 2001; 234:205–218. 

196. Hirano K, Sakamoto T, Uchida Y, Morishima Y, Masuyama K, Ishii Y et al. Tissue inhibitor 
of metalloproteinases-2 gene polymorphisms in chronic obstructive pulmonary disease. Eur 
Respir J 2001; 18:748–752. 

197. Barnes PJ. Molecular genetics of chronic obstructive pulmonary disease. Thorax 1999; 
54:245–252. 

198. Lomas DA, Silverman EK. The genetics of chronic obstructive pulmonary disease. Respir Res 
2001; 2:20–26. 

199. Hogg JC Role of latent viral infections in chronic obstructive pulmonary disease and asthma. 
Am J Respir Crit Care Med 2001; 164:S71–S75. 

200. Gilmour PS, Rahman I, Hayashi S, Hogg JC, Donaldson K, Macnee W. Adenoviral E1A 
primes alveolar epithelial cells to PM(10)-induced transcription of interleukin-8. Am J Physiol 
Lung Cell Mol Physiol 2001; 281:L598–L606. 

201. Higashimoto Y, Elliott WM, Behzad AR, Sedgwick EG, Takei T, Hogg JC et al. 
Inflammatory mediator mRNA expression by adenovirus E1A-transfected bronchial epithelial 
cells. Am J Respir Crit Care Med 2002; 166:200–207. 

202. Turato G, Di Stefano A, Maestrelli P, Mapp CE, Ruggieri MP, Roggeri A et al. Effect of 
smoking cessation on airway inflammation in chronic bronchitis. Am J Respir Crit Care Med 
1995; 152:1262–1267. 

203. Rutgers SR, Postma DS, ten Hacken NH, Kauffman HF, Van der Mark TW, Koeter GH et al. 
Ongoing airway inflammation in patients with COPD who do not currently smoke. Thorax 
2000; 55:12–18. 

204. Loppow D, Schleiss MB, Kanniess F, Taube C, Jorres RA, Magnussen H. In patients with 
chronic bronchitis a four week trial with inhaled steroids does not attenuate airway 
inflammation. Respir Med 2001; 95:115–121. 

205. Meagher LC, Cousin JM, Seckl JR, Haslett C. Opposing effects of glucocorticoids on the rate 
of apoptosis in neutrophilic and eosinophilic granulocytes. J Immunol 1996; 156:4422–4428. 

Therapeutic strategies in COPD     32



206. Nightingale JA, Rogers DF, Chung KF, Barnes PJ. No effect of inhaled budesonide on the 
response to inhaled ozone in normal subjects. Am J Respir Crit Care Med 2000; 161:479–486. 

207. Tashkin DP, Altose MD, Connett JE, Kanner RE, Lee WW, Wise RA. Methacholine reactivity 
predicts changes in lung function over time in smokers with early chronic obstructive 
pulmonary disease. The Lung Health Study Research Group. Am J Respir Crit Care Med 1996; 
153:1802–1811. 

208. Highland KB, Strange C, Heffner JE. Long-term effects of inhaled corticosteroids on FEV1 in 
patients with chronic obstructive pulmonary disease. A meta-analysis. Ann Intern Med 2003; 
138:969–973. 

209. Yamada K, Elliott WM, Brattsand R, Valeur A, Hogg JC, Hayashi S. Molecular mechanisms 
of decreased steroid responsiveness induced by latent adenoviral infection in allergic lung 
inflammation. J Allergy Clin Immunol 2002; 109:35–42. 

210. Barnes PJ, Ito K, Adcock IM. A mechanism of corticosteroid resistance in COPD: inactivation 
of histone deacetylase. Lancet 2004; 363:731–733. 

211. Barnes PJ. New treatments for COPD. Nat Rev Drug Discov 2002; 1:437–445. 

COPD: molecular and cellular mechanisms     33



2  
Pathophysiology of airflow limitation in 

COPD  
S.Khirani, G.Polese, G.Morlini, A.Rossi  

INTRODUCTION  

Chronic obstructive pulmonary disease (COPD) is one of the few respiratory disorders 
including an assertion about lung function in the definition, which indeed contains the 
statement on the reduction of forced expiratory flows [1]. The pathophysiology of COPD 
is a complex and attractive subject [2]. It includes abnormalities in lung and chest wall 
mechanics, in pulmonary gas exchanges, in respiratory and skeletal muscles structure and 
function and so on [3]. COPD is a heterogeneous disease in terms of clinical, 
physiological, and pathological presentation [4]. Probably the starting point is the 
inflammation of the airways [5,6] and the final events are severe physical disability and 
premature death. In this complexity, airflow limitation is a central element, and to some 
extent the bridge, connecting biological defects with clinical phenotypes. Definitely, 
airflow limitation is a key mechanism determining dyspnoea, progressive disability and 
ventilatory failure in patients with COPD [7]. 

Understanding the pathophysiology of airflow limitation is an essential step to 
alleviate the suffering of those patients with effective interventions such as 
pharmacological therapy, rehabilitation, changes in lifestyle and so on [1,8–11]. The 
literature on airflow limitation in COPD is abundant [12–15]. Hence, it is beyond the 
scope of this chapter to provide a complete, definitive, state-of-the-art work on such a 
vast topic. Rather, it will be focused on the important distinction between airway 
obstruction and airflow limitation and on the tight relationship between the latter and 
pulmonary hyperinflation. It is our ‘prejudice’, and surely not only ours, that 
airway/airflow obstruction and airflow limitation should not be thought of as 
synonymous, not only in the textbooks but also in clinical practice. 

AIRWAY OBSTRUCTION AND AIRFLOW LIMITATION  

Although COPD characterises the disease with the expression ‘obstructive’, and the term 
‘airflow obstruction’ is preserved in the definition in some recent national guidelines 
[10,11], other recent international guidelines [1,8,9] have a preference for the term 
‘airflow limitation’ in their definition. The former emphasises that, whatever the 
underlying pathophysiological mechanism, the final result is a reduced expiratory flow 
due to smaller bronchial calibre (airway obstruction); the latter points out that obstruction 
of the airways—due to pathological  
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Figure 2.1 Flow-volume curves in 
COPD with small airway obstruction 
(a) and with airflow limitation (b). 
Flow-volume curve at rest (small 
circle) followed by a forced expiratory 
manoeuvre. (a) The curve at rest is not 
reaching the maximum expiratory 
flow-volume curve obtained during the 
forced expiratory manoeuvre, 
indicating that the subject is not flow 
Limited at rest. The particular shape of 
the flow-volume curve during the 
forced expiratory manoeuvre is 
characteristic of the presence of small 
airway obstruction (FEV1% predicted 
pre-bronchodilator=73.7%; FEV1/FVC 
post-bronchodilator=60.7%). (b) The 
curve at rest is reaching the maximum 
expiratory flow-volume curve obtained 

Pathophysiology of airflow limitation in COPD     35



during the forced expiratory 
manoeuvre, indicating that the subject 
is flow Limited at rest. (FEV1% 
predicted pre-bronchodilator=60.7%; 
FEV1/FVC post-bronchodilator 
=44.2%). Black line (triangle shape): 
expected FV curve.  100-75-50-25% of 
expired volume. F/V ex, F/V in: 
expiratory and inspiratory part of FV 
curve, respectively. FEV1: forced 
expiratory volume in 1 second. 

(mainly inflammatory) changes in the bronchial wall, and altered mucus secretion and 
transport—is one of the mechanisms leading to reduced expiration, the other being the 
loss of lung elastic recoil and alveolar attachments sustaining the small airways. These 
are the consequence of destructive events occurring in the peripheral lung [16]. Both 
airway obstruction and loss of lung elastic recoil contribute to the presence and degree of 
airflow limitation. 

Airflow limitation might be considered a more complex pathophysiological 
phenomenon than airway obstruction (Figure 2.1a). The latter may be determined by a 
simple straightforward event such as, for a example, bronchoconstriction due to bronchial 
smooth muscle contraction in asthma, whereas the former implies more complicated 
physiological mechanisms, such as dynamic compression of the small airways, upward 
movement of the equal pressure point (EPP), ‘choke point’ theory, etc. [17,18]. 

The clinical implications of this distinction are that: 

■ The destruction of the lung parenchyma is essentially an irreversible phenomenon 
whereas bronchial inflammation and obstruction can be treated with anti-inflammatory 
drugs and bronchodilators; 

■ The presence of airflow limitation is more relevant in the pathophysiology and clinical 
diagnosis (exercise tolerance, respiratory failure, etc.) of COPD than simple airway 
obstruction. 

A potential opposition to the widespread use of the term ‘expiratory airflow limitation’ is 
that it would imply a condition of ‘unlimited expiratory airflow’ which does not exist 
even in a ‘pure’ physiological condition. Normal subjects are not flow-limited at rest, but 
they may exhibit expiratory flow limitation with increasing levels of ventilation up to the 
maximum exercise capacity. Many physiologists prefer to restrict the definition of 
expiratory flow limitation to the condition in which ‘expiratory flow cannot augment at a 
given volume, for example by active contraction of the expiratory muscles, as the 
expiratory flows lie on the maximum expiratory flow-volume curve generated by the 
forced expiratory manoeuvre’ (Figure 2.1b) [18]. 

DIAGNOSIS AND STAGING OF COPD  
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The preliminary diagnosis of suspected COPD is based clearly on [1,8–11,19–23]: 

■ risk exposure (e.g., cigarette smoking, occupational, urban and indoor pollution); 
■ symptoms such as chronic cough and phlegm, and exercise dyspnoea; and 
■ signs such as modifications in the thorax configuration, changes in lung sounds etc. 

The diagnosis of COPD needs to be confirmed by spirometry Independently, whether the 
term obstruction or limitation is used, all of the national and international guidelines on 
‘assessment and management of COPD’ indicate the measurement of FEV1 (forced 
expiratory volume in one second) as the landmark parameter of respiratory function 

■ to make the diagnosis of COPD; 
■ to stage the severity of the disease; and 
■ to assess its progression. 

The FEV1 is measured on the volume/time or flow/volume tracing of a forced expiratory 
manoeuvre. This manoeuvre is recorded from the point of maximal inspiration to 
complete expiration at the maximum possible speed for at least 6–9 s to measure also the 
FVC (forced vital capacity). 

A value of the FEV1/FVC ratio <0.7 after bronchodilator indicates existing COPD, 
independent of age, gender, ethnicity, height, weight and so on [1,8–11]. The obvious 
limitations of such an absolute index are well known [24]. However, there is general 
agreement that a simple tool for the diagnosis of COPD is urgently needed to disclose the 
large underdiagnosis of a disease whose impact on public health has been clearly 
documented [25]. 

Some years ago, the European Respiratory Society (ERS) guidelines on COPD [26] 
were indicating a predicted FEV1/VC (vital capacity) ratio <88 and 89% for males and 
females respectively, as the parameter for the diagnosis of COPD. However, this ratio 
(Tiffeneau’s index) [27] required both a forced and a slow complete expiration, i.e., two 
different manoeuvres. In addition, there was the necessity to select the appropriate 
predicted values [1]. The GOLD committee and ATS/ERS joint committee on COPD 
guidelines concluded that, despite all of the known limitations, a single FVC manoeuvre 
was more likely to meet the requirements of a simple tool to liberate the diagnosis of 
COPD from its severe underestimation. 

The value of the percent of the predicted FEV1 (FEV1% predicted) was then suggested 
to stage the severity of COPD (Table 2.1, Figure 2.2). The interesting relationship 
recently found by Hogg et al. [28] between some inflammatory changes in the small 
airways and the reported staging of COPD is also shown in Table 2.1.  

Table 2.1 Staging of severity of COPD 

With a post-bronchodilator FEV 1 /FVC <0.7:  
■ FEV1% predicted >80% mild  

■ 50%< FEV1% predicted <80% moderate  

■ 30%< FEV1% predicted <50% severe  

■ FEV1% predicted <30% very severe  
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Figure 2.2 Flow-volume (FV) curves 
of patients with diverse degrees of 
COPD. (a) mild (FEV1% predicted 
>80%); (b) moderate (FEV1% 
predicted=56%); (c) severe (FEV1% 
predicted=37%); (d) very severe 
(FEV1% predicted=21%). Dotted line: 
Triangle shape expected FV curve. 
100–75–50–25% of expired volume. 
F/V ex, F/V in: expiratory and 
inspiratory part of FV curve, 
respectively. 

After the landmark publications by Fletcher and colleagues [19,20], the progression of 
the disease has been commonly assessed by measuring the annual decline in the FEV1 
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This is accelerated in smokers and in COPD patients compared to normal subjects (50–
100 vs. 30 ml/ year, respectively). The accelerated FEV1 decline leads to disability and 
premature death. Smoking cessation slows down the rate of the FEV1 decline at any age 
[8,9,15,19,20]. 

It should be recalled here that the value of both FVC and FEV1 could be affected by 
the speed of the inspiration preceding the forced expiration and by the presence and 
duration of the end-inspiratory pause. If the forced expiratory manoeuvre is preceded by a 
slow inspiration with a long (about 4–5s) inspiratory pause, expiratory flows are smaller 
than those obtained by a forced expiration preceded by a fast inspiration and without any 
end-inspiratory pause [29–31]. Therefore, the forced expiratory manoeuvre for 
spirometry needs to be standardised. To obtain maximal flows, the inspiration should be 
at maximum speed, followed immediately by the forced expiration, without any pause 
[31].  

COPD AND ASTHMA  

COPD when coexists with other anomalies of airways and lungs, among them chronic 
bronchitis and emphysema, [32,33], and in some patients, perhaps, features of asthma [4]. 
In fact, COPD may also be the consequence of advanced asthma when some important 
reversibility of airway obstruction exists, for example an increase of FEV1 >20–25% 
from pre-bronchodilator value, but without reaching any more the normal spirometric 
values (Figure 2.3). This has been known for many years as the ‘Dutch Hypothesis’ [34]. 
The different phenotypes of COPD are frequently concomitant in such a way that at an 
evolved stage of disease, it becomes difficult to distinguish the contribution of each. 
However, a recent paper by Lapperre et al. [4], addressing the heterogeneity of COPD, 
concluded that airflow limitation, airway inflammation and features commonly associated 
with asthma are separate and largely independent factors in the pathophysiology of 
COPD. Another recent elegant paper by Fabbri et al. [35] showed that the characteristics 
of inflammation in asthma are different from whose in COPD, even at the same level of 
airflow obstruction, suggesting that asthma and COPD remain two different diseases even 
at advanced stages, and that different therapeutic strategies are thus warranted. In this 
connection, it should be noted that COPD is no longer considered a disease with 
irreversible or poorly reversible airflow obstruction [1, and ERS old guidelines]. Some 
degrees of reversibility exist in COPD [36–38], but the value of FEV1/FVC always 
remains <0.7.  
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Figure 2.3 Flow-volume curve 
showing reversibility airway 
obstruction. Increase of FEV1 of 29% 
from prebronchodilator value, but 
without reaching normal spirometric 
values. 1-line with square symbols: FV 
curve pre-bronchodilator (FEV1% 
predicted=52%); 2-line with triangle 
symbols: FV curve post-bronchodilator 
(FEV1% predicted=67%); dotted line: 
expected FV curve. 100–75–50–25% 
of expired volume. F/V ex, F/V in: 
expiratory and inspiratory part of FV 
curve, respectively. 

SMALL AIRWAYS IN COPD  
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COPD is the consequence of an abnormal inflammatory response to inhalation of noxious 
agents such as cigarette smoking (the main etiological agent), occupational exposure, and 
environmental pollution [5,6]. However, individual factors also play an important role 
(e.g. enzymatic deficiencies, immunological troubles). In fact, only a portion (estimated 
at between 15 and 40%) of heavy smokers develop a clinically detectable disease 
[5,15,33]. At present, the factors determining individual susceptibility are still largely 
obscure. By contrast, both the pathogenesis and pathophysiology of COPD have been 
extensively investigated, with impressive progress in our scientific knowledge of some of 
the key mechanisms underlying the disease [5,6,15]. 

In their pioneering work almost 40 years ago, Hogg et al. [39] addressed the structure-
function correlation in COPD. They concluded that the main site of airway obstruction 
was in the small airways, i.e., the bronchioles with an internal diameter <2 mm, and they 
found that the nature of that obstruction was mucus plugging, fibrosis, distortion, 
narrowing and obliteration of small airways. Measurements of pulmonary resistance and 
partitioning between central and peripheral airway resistance were performed on excised 
human lungs by means of the peripheral catheter technique [40]. Hogg [15] showed that 
widespread pathological changes in small airways occur in COPD without detectable 
abnormalities of routine pulmonary function tests such as spirometry and/or, at that time, 
measurement of total pulmonary resistance [41]. This is due to the negligible contribution 
of peripheral airway resistance to total resistance. In his classic editorial, Mead defined 
the small airways ‘the lungs’ silent zone’ [42]. However, parenchyma beyond the 
obstructed small airways should be ventilated via collateral channels such that the 
distribution of ventilation should be markedly abnormal, and presumably gas exchange 
would be impaired. As a matter of fact, this prediction was confirmed, almost 30 years 
later, by the experimental data from Barbera et al. [43]. They used the multiple inert gas 
expiratory technique (MIGET) and showed that both the distribution of perfusion and the 
distribution of ventilation were determined by small airway abnormalities and 
parenchymal destruction, with a poor correlation with FEV1 [43]. 

Ten years after Hogg’s paper [39], Cosio et al. [44], from the same group of 
investigators, published a momentous study on the relationship between structural 
changes in small airways and pulmonary function tests. By examining samples from open 
lung biopsies of localised pulmonary lesions in smokers, they found that the primary 
lesion was a progressive inflammatory reaction leading to fibrosis with connective tissue 
deposition in the small airways. These lesions could be detected by the so-called ‘tests for 
small airways function’ [45] such as measurements of closing capacity [46,47], volume 
of isoflow [48], and slope of the phase III of the single breath washout curve [44,47]. 
These tests showed abnormalities in smokers at a time when the pathological changes 
were still potentially reversible and when other tests were not appreciably changed. Some 
years later, a group of researchers made some measurements in vivo, and confirmed that 
in some patients with asthma and in all patients with COPD there was a significant 
increase in total airway resistance [49]. This was due to an increase in both central and 
peripheral resistance. However, whilst central resistance increased by 50% on average, 
the resistance of the small airways exhibited a fivefold increase. 

Recently, Hogg et al. [28] reported extensive information on the nature of small 
airway obstruction in COPD. In a large investigation, the small airways were assessed in 
surgically resected lung tissue from 159 patients. They found that ‘progression of COPD 
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was associated with the accumulation of inflammatory mucus exudates in the lumen and 
infiltration of the bronchial wall by innate and adaptive inflammatory and immune cells’. 
They also showed a significant correlation between pathological changes in the small 
airways, mainly wall thickness changes, and the FEV1% predicted GOLD classification 
of severity [28]. They also confirmed previous reports that showed a persistence of 
bronchial inflammation years after stopping smoking, suggesting that inflammation 
becomes independent of the causal mechanism in severe disease. The reason for this 
persistence is still unclear. 

The final conclusion of this long-standing and elegant series of publications is that 
pathological abnormalities of the small airways play a pivotal role in the pathogenesis of 
COPD [15,22]. In particular, these studies highlighted the importance of inflammation in 
small airways as a determinant of airway obstruction as well as the progression and 
severity of the disease [5,15]. 

EXPIRATORY AIRFLOW LIMITATION  

It has been know for many years that the loss of lung elastic recoil was the major 
determinant of reduction of expiratory airflow in emphysema [50,51]. In fact, inspiration 
is an active event driven by the contraction of the inspiratory muscles, whereas expiration 
is passively driven by the elastic recoil stored in the preceding inspiration. Although the 
mechanics of impaired expiration is to some extent self-explanatory in the presence of 
reduced driving pressure [51], the biological mechanism underlying the relationship 
between that loss of lung recoil and the reduction of expiratory flow rate was not clear. 
Saetta et al. [52] addressed that issue and found that the loss of alveolar attachments 
sustaining the small intrathoracic airways was correlated to the reduction in forced 
expiratory flow, and that this loss was related to inflammation in the periphery of the 
lungs. Subsequently, Kim et al. [53] reported that the inflammation and remodelling of 
the airways and parenchyma could be different in lungs with centrilobular and panlobular 
emphysema. Finkelstein et al. [54] showed that in centrilobular emphysema the airways 
were narrower and thicker than in panlobular emphysema, the former being more 
characteristic in smokers whereas the latter was more related to α1-antitrypsin deficiency. 

The inflammatory response in the periphery of the lungs in patients with COPD, 
representing an amplification of the inflammatory response to irritants that is seen in 
normal smokers, plays a paramount role in the pathogenesis of COPD for both the airway 
obstruction and the loss of lung elastic recoil [15,16,21]. The consequence of these 
pathological changes is a retarded rate of lung emptying during a forced expiration and 
eventually during the tidal expiration. 

The expiratory collapse of airways during passive expiration, mainly induced by the 
loss of elasticity and destruction of parenchyma, is associated with a dynamic 
compression, which is the mechanism responsible for the occurrence of expiratory 
airflow limitation in COPD patients (Figure 2.4) [55]. Airflow limitation means that 
expiratory flows cannot augment at a given lung volume by increasing the intrathoracic 
pressure (and so alveolar pressure) through, for example, activation of expiratory 
muscles. The expiratory flow is already maximal and hence independent of muscle 
activity [17,18]. The magnitude of the expiratory flow thus depends upon the elastic 
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recoil pulmonary pressure, stored during the preceding inspiration. In contrast to the 
conventional belief that the first portion of the forced expiration is effort dependent, 
Tantucci et al. [56] have recently shown that the peak-expiratory flow may also be in the 
range of expiratory flow limitation events. 

Small airways dynamic compression can, in the case of severe airways wall 
alterations, also lead to airway closure, which can generate mechanical lesions of small 
airways due to the repetitive mechanical constraints [57]. These mechanical lesions tend 
to accelerate the decline of respiratory function. 

At this point it has to be mentioned that expiratory flow limitation occurs in all 
subjects when the level of the maximum flow has been reached. In normal subjects and in 
patients with mild-to-moderate airway obstruction, airflow limitation occurs during 
different grades of exercise due to the increased ventilation. By contrast, in severe COPD, 
airflow limitation occurs during resting breathing (Figure 2.1b). During a normal 
expiration, there is a pressure difference between the inside (lumen) and the outside 
(intrathoracic space) of the  
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Figure 2.4 Dynamic airway 
compression. (a) Mechanism of 
dynamic airway compression. When 
the pressure outside the airway 
becomes higher than the pressure 
inside the airway, dynamic 
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compression takes place. The flow 
becomes dependent of the difference 
between pleural pressure (Ppl) and 
airway pressure (Pao) and upstream 
resistance. EPP: equal pressure point. 
(b) Dynamic compression at rest in 
COPD patient. For further explanation, 
see text. 
http://oac.med.jhmi.edu/LectureLinks/
LectureNotes/PhysioLogy/Mechanics2
.Hoh.html  

airways to hold them open, but during a forced expiration or in COPD patients, this 
pressure difference is reversed. When the pressure inside the airways is less than the 
pleural pressure, airways tend to narrow and/or compress. Expiratory airflows are 
therefore determined by the elastic recoil force of the lungs and the resistance of the 
airways upstream of the collapse point [18].  

A simple approach would be to consider airflow limitation as a kind of severe airway 
obstruction. However, airflow limitation, defined as the impinging of tidal expiratory 
flow on the maximum flow-volume envelope (Figure 2.1b), is not correlated with the 
degree of airway obstruction assessed and staged by measurement of the FEV1. This 
interesting observation was reported by Eltayara et al. [58] by comparing the value of 
FEV1% predicted with the results from the negative expiratory pressure (NEP) technique 
in a population of patients at different stages of COPD. The NEP technique is described 
extensively elsewhere [7]. Briefly, it is based on the concept that in the presence of 
expiratory flow limitation, changes in pressure at the airway opening, i.e., downstream of 
the ‘choke point’ [18], do not affect expiratory flows. Hence a negative pressure 
amounting to −5/−10 cm H2O is applied at the airway opening, i.e., the mouth or the 
proximal tip of an endotracheal tube, while recording the tidal expiratory flows. As 
illustrated in Figure 2.5, the expiratory flow is increased by the NEP technique in non-
flow limited patients, whereas it remains unaltered if the patient is flow-limited.  
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Figure 2.5 Flow-volume Loops during 
tidal breathing of three different 
patients undergoing the NEP 
manoeuvre. The degree of expiratory 
flow Limitation is assessed by plotting 
the breath cycle with NEP application 
and the preceding control breath cycle. 
The expiratory part is on the top. No 
flow limitation (FL) (a), FL under 50% 
of control expired tidal volume (VT) 
(b), FL over 50% of control expired 
VT (c). Zero volume corresponds to 
the end-expiratory Lung volume of the 
control breaths. 
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Figure 2.6 Values of FEV1 (% 
predicted) in some COPD patients. 
Patients were classified according to 
the three-point flow Limitation (FL) 
score. The right ordinate represents the 
classification of the degree of 
ventilatory disability according to 
FEV1. n=Number of patients; p value 
refers to significant difference between 
no FL and FL supine and seated. 
Modified from Eltayara et al., 1996 
[58]. 

As predicted from the known changes in lung volume [59], flow limitation may be 
present in the supine posture even when not yet evident in the standing and sitting 
position [60]. Figure 2.6 shows that the presence of expiratory flow limitation at rest, 
detected by means of the NEP technique, cannot be predicted from the value of FEV1. 
The reason for the poor association between FEV1 and flow limitation at rest is not 
completely clear. Presumably, it depends on the variable association between ‘bronchitic’ 
lesions of the small airways and ‘emphysematous’ destruction of the parenchyma in the 
individual patient. The predominant parenchymal destruction can determine a greater loss 
of alveolar attachments supporting the small intrapulmonary airways as well as a greater 
reduction of lung elastic recoil, i.e., the driving force for expiration. In these 
circumstances, flow limitation would occur earlier than in the patients in whom 
destruction is less widespread compared to the lesions of the bronchial wall. 
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PULMONARY HYPERINFLATION  

The major consequence of airway obstruction is the increased work of breathing (so-
called ‘resistive work’) while the major straightforward consequence of airflow limitation 
is pulmonary hyperinflation. This further increases the work of breathing because 
ventilation occurs toward the upper flat portion of the pressure-volume curve [61] where 
compliance is lower (so-called ‘elastic work’). Although it was known for many years 
that retarded expiratory flow lead to an increase in the functional residual capacity, the 
real elucidation of the key role of pulmonary hyperinflation in the pathogenesis of COPD 
came from a series of studies in the intensive care setting [62,63]. 

Pulmonary hyperinflation is defined by an increase in the functional residual capacity 
(FRC) above the predicted values [57]. FRC is defined by the amount of gas remaining in 
the lungs and the airways at the end of a tidal expiration [64]. In normal subjects, FRC 
corresponds to the elastic equilibrium volume of the respiratory system, i.e., the volume 
at which the inward elastic recoil of the lungs is counterbalanced by the outward elastic 
recoil of the chest wall. In these circumstances, FRC is approximately 40% of the total 
lung capacity (TLC) [64]. The act of breathing inflates the lungs through the contraction 
of the inspiratory muscles. Expiration is passively driven back to the relaxed FRC by the 
elastic recoil stored during the preceding inspiration. 

■ Static Hyperinflation 
In patients with COPD, the static equilibrium volume of the respiratory system is 
set at a higher lung volume than in normal subjects because of the loss of lung 
elastic recoil such that the outward elastic recoil of the chest wall raises the 
relaxed FRC to the volume of the relaxed chest wall, i.e., about 55–60% of TLC. 

■ Dynamic Hyperinflation 
This is the main mechanism leading to the remarkable increase of FRC in patients 
with severe COPD. Due to airway obstruction and expiratory flow limitation, the 
rate of lung emptying is unduly retarded, first during different levels of exercise 
and progressively even during resting breathing, preventing a complete expiration 
to the relaxed FRC in the time available between two consecutive inspiratory 
efforts. In these circumstances, the inspiratory effort ensues before the complete 
expiration while the alveolar pressure is still positive to drive the end-expiratory 
flows (Figure 2.7) [65]. Clearly, the end-expiratory positive alveolar pressure 
must be counterbalanced by the contracting inspiratory muscles in order to create 
a subatmospheric pressure in the central airways and generate inspiratory flow 
[66]. The positive end-expiratory alveolar pressure has been termed intrinsic 
positive end-expiratory pressure (PEEPi) [67–69] (Figure 2.8). 

Breathing at higher lung volume increases the work of ventilation. PEEPi poses an 
additional burden on the inspiratory muscles [70,71] whose pressure generating capacity 
is impaired by hyperinflation because of: 

■ changes in the geometric arrangement (decreased area of apposition of diaphragm); and 
■ length-tension characteristics of the fibres. 
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Figure 2.7 Method to determine the 
Level of dynamic intrinsic PEEP 
(PEEPidyn) during spontaneous un-
occluded breathing efforts in a COPD 
patient. From top to bottom: records of 
flow, pleural pressure (Ppl), gastric 
pressure (Pga) and transdiaphragmatic 
pressure (Pdi). The first vertical Line 
indicates the point corresponding to 
the onset of the inspiratory effort (Pdi 
swing). The second vertical line 
indicates the point corresponding to 
the start of the inspiratory flow. The 
dotted horizontal Line represents zero 
flow. in=inspiratory flow; 
ex=expiratory flow. Note that 
expiratory flow ends abruptly before 
inspiration, whereas the Pdi and Ppl 
swings have already begun and Pga 
has remained constant during the 
interval. In this case, PEEPidyn is 
measured as the negative deflection in 
Ppl between the point corresponding to 
the onset of the Pdi swing and the 
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point of zero flow. From Appendini et 
al., 1994 [65]. 

 

Figure 2.8 (1) Measurement of static 
intrinsic positive end-expiratory 
pressure (PEEPi, st) by the end-
expiratory occlusion manoeuvre. The 
arrow in (b) indicates the value of 
PEEPi, st, (2) (a): airway pressure 
(Paw) vs. flow diagram. Twenty-two 
consecutive ventilatory cycles are 
superimposed. Inspiration is rightward. 
Note that the start of inspiration 
precedes the zero flow (dotted Line). 
The target portion (dashed box) is 
magnified in (b). Dynamic PEEPi 
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(PEEPi, dyn) is measured as the 
difference between the value of Paw at 
zero flow and end-expiratory pressure. 
The small end-expiratory pressure 
reflects the resistive pressure due to the 
end-expiratory flow and is included in 
the value of PEEPi, dyn. From Nucci 
et al., 2000 [68]. 

Although it has been shown that some compensatory mechanisms, both in experimental 
animals [72] and in humans [73], occur (i.e., drop of sarcomeres to match the new 
configuration of the diaphragmatic dome), the pressure generating capacity of the 
diaphragm is reduced overall [74]. 

The tight link between airway obstruction and airflow limitation and pulmonary 
hyperinflation has an important implication for the assessment of COPD. In fact, 
spirometry, i.e., measurement of FEV1 and FVC from a forced expiratory manoeuvre, is 
necessary for the diagnosis of COPD; FEV1 is useful for staging the severity of COPD. 
However, measurement of lung volume is fundamental to understand the 
pathophysiology of patients with COPD. For example, extreme narrowing or even 
closure of small airways during the forced expiration can cause an increase in the residual 
volume and a decrease in FVC. In these circumstances, the FEV1/FVC ratio may exceed 
0.7 and therefore hide a real condition of COPD. Only measurement of lung volumes can 
show that the decrease in FVC is associated with an increase in residual volume and 
hence with closure of the small airways, without a decrease in TLC. 

An FEV1/FVC of <0.7 post-bronchodilator is the first step in the diagnosis of COPD; 
measurement of lung volumes, i.e., FRC, TLC, and RV (residual volume), is then needed 
to confirm the diagnosis, to understand apparent spirometric abnormalities misclassified 
as ‘restrictive disorders’ by simple spirometry, and to assess the degree of pulmonary 
hyperinflation. It has been suggested that measurement of the lung diffusion capacity of 
carbon monoxide (DLCO) may help to reveal the presence and magnitude of emphysema 
[75]. Therefore, an adequate use of pulmonary function tests is fundamental to 
understanding the respiratory pathophysiology of patients with COPD at any level. In 
fact, neither lung volumes nor the DLCO can be predicted by the values coming from 
simple spirometry An extensive use of CT scanning for clinical purposes clearly cannot 
be proposed [75–77]. 

RESPIRATORY FAILURE  

The role of pulmonary hyperinflation in the pathophysiology of respiratory failure in 
COPD has extensively been reported in other publications, including an official 
document of the most relevant international scientific societies in the area [78]. Briefly, 
the increase in airway resistance during a severe exacerbation of COPD determines an 
increase in both the work of breathing and air trapping. The latter worsens pulmonary 
hyperinflation which challenges the capacity of the inspiratory muscles to bear the greater 
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ventilatory workload. A compensatory increase in the central drive would be even more 
deleterious because it would require an additional effort to the inspiratory muscles, which 
are already overloaded by both the increased work of breathing and the threshold load 
(PEEPi). In this condition, a decrease in tidal volume associated with an increase in the 
breathing frequency seems to remain the only means to defend pulmonary ventilation. 
However, the rapid and shallow breathing pattern is a very poor way to clear CO2: not 
surprisingly, in those circumstances an increase in PaCO2 ensues. In addition, a high 
frequency of breathing generates a short expiratory duration which in turn further 
worsens pulmonary hyperinflation and its deleterious consequences on the mechanics of 
breathing in a ‘Vicious circle’ eventually leading to the failure of the ventilatory pump if 
assisted ventilation is not promptly instituted [78]. 

In a paper addressing the pathophysiology of chronic ventilator-dependent patients 
with very extreme COPD, Purro et al. [79] contributed to the elucidation of the general 
mechanism. They showed that the main characteristics of patients were: 

■ shallow breathing pattern, i.e., low tidal volume; 
■ high P 0.1 (an index of the total neuromuscular drive [80]), and high effective 

inspiratory impedance, i.e., the P 0.1/VT/TI ratio (VT and TI are the tidal volume and 
the inspiratory duration such that their ratio is the mean inspiratory flow) [81]; and 

■ high P/Pmax for both transdiaphragmatic (Pdi) and total pleural (Ppl) pressures, 
indicating that a large amount (>40%) of the total pressure able to be generated by the 
respiratory muscles was needed for that pattern of breathing [82]. 

These findings taken together indicate that even in extreme conditions of very severe 
COPD, the drive to breathe was not only preserved, but was even greater than in stable 
conditions. However, the mechanical ventilatory load was so large that a big effort was 
required by the patient’s respiratory muscles in order to breathe. As shown by Purro et al. 
[79], a P 0.1/VT/TI > 10 cm H2O/l/s and a Pdi/Pdi, max >40% were associated with the 
inability to sustain spontaneous breathing for more than a few minutes and patients were 
chronically ventilator-dependent. In other words, those patients wanted to breathe (high P 
0.1), but could not breathe because of the large mechanical load. The ineffective 
compensatory mechanism with the low tidal volume was resulting in chronic CO2 
retention.  

DYSPNOEA  

Dyspnoea, an unpleasant sensation of difficult breathing, is one of the most disabling 
symptoms of COPD, although chronic cough and phlegm can also severely impair the 
social activity of patients and can be associated with an accelerated decline of FEV1 [83]. 
It is generally believed that dyspnoea appears first during exercise and then becomes 
progressively more evident during physical action of lesser and lesser intensity, until it 
becomes so severe as to impair daily activities. The Medical Research Council scale for 
chronic dyspnoea is widely used (Table 2.2). 

It is generally accepted that there is some association between the severity of dyspnoea 
and the degree of airway obstruction. However, it is also well known that the individual 
correlation between the severity of dyspnoea and the degree of obstruction measured by 
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means of the FEV1% predicted is rather poor (Figure 2.9). This depends on several issues 
such as the condition of respiratory/skeletal muscles and comorbidity, in particular 
cardiovascular disorders, nutritional status and so on [3]. However, it depends also on the 
lifestyle of the patient. An additional factor which may delay the adequate consideration 
of exercise dyspnoea could be the self limitation of those activities that cause the 
‘unpleasant sensation’, for example a more frequent use of the elevators, replacing some 
distressing activities such as playing tennis with the more relaxing fishing. In terms of 
lung mechanics, exercise dyspnoea is more related to airflow limitation than to airway 
obstruction  

Table 2.2 Grades of dyspnoea (Medical Research 
Council scale) 

Grade 
0: 

no dyspnoea 

Grade 
1: 

get breathless with strenuous exercise 

Grade 
2: 

shortness of breath when hurrying on the Level or up a slight hill 

Grade 
3: 

walks slower when walking with people of the same age on the level or when walking at 
my own pace on the level because of shortness of breath 

Grade 
4: 

shortness of breath after walking 100 yards or after a few minutes on the level 

Grade 
5: 

too breathless to leave the house 

 

Figure 2.9 Relationship between the 
degree of dyspnoea (MRC dyspnoea 
scale) and FEV1% predicted in men 
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and women. Significant Linear 
regression equations and variance (R2) 
are provided. Modified from Eltayara 
et al., 1996 [58]. 

itself. In fact, when expiratory flow limitation occurs during tidal breathing, the increased 
ventilatory demand generated by exercise can be afforded only through pulmonary 
hyperinflation, to find some room for the greater flows and volumes in the flow-volume 
envelope as illustrated in Figure 2.1b. As mentioned previously, pulmonary 
hyperinflation is a poor compensatory mechanism that can lead to a ‘vicious circle’ of 
increasing mechanical load and decreasing pressure generating capacity of the inspiratory 
muscles. Under those circumstances, the exercise capacity is clearly reduced. 

In fact, by comparing COPD patients both with and without flow limitation, in its 
strict physiological meaning, Boni et al. [84] and Diaz et al. [85] showed that flow 
limited COPD patients had a much smaller exercise tolerance than COPD patients with 
significant airway obstruction but without flow limitation [86]. 

INSPIRATORY CAPACITY  

The re-evaluation of measurements of lung volumes to complete the functional 
assessment of those patients, following simple spirometry, for a better understanding of 
the pathophysiology of COPD led not only to a much better definition of what are 
‘obstructive’ disorders and ‘restrictive’ disorders, but also to the reconsideration of a 
spirometric variable known for many years but rather neglected in the clinical setting: the 
inspiratory capacity (IC), i.e., the sum of the tidal volume and the inspiratory reserve 
volume [7,87]. IC is the mirroring value of FRC: any change in the FRC will determine 
an opposite change in IC, providing that TLC remains largely constant. Since TLC is 
mainly determined by the elastic properties of the lungs and the chest wall, its changes in 
general occur over a rather long period of time. An elegant series of studies by Milic-
Emili [57] and Casanova et al. [87] showed that IC is significantly correlated with both 
dyspnoea and the exercise capacity such that IC is a much better predictor of the 
individual capacity of physical activity than the FEV1 (Figure 2.10). It is also a good 
predictor of maximal tidal volume during exercise,  
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Figure 2.10 Relationship between IC, 
dyspnoea and exercise capacity. (a) 
Relationship between peak exercise 
tidal volume (VT,max) and resting 
inspiratory capacity (IC) for COPD 
patients. •: Without tidal expiratory 
flow Limitation at rest and o: with 
flow limitation. Regression Line: 
VT,max=0.49+IC±0.17 (SEM); r=0.77, 
p<0.0001. From Diaz et al., 2001 [89]. 
(b) Relationship between reduction in 
resting IC (∆IC %pre) and dec rease in 
exertional breathlessness during light 
exercise (∆Borg, exercise) after 
bronchodilatation in COPD patients. A 
significant correlation is found only 
with patients with tidal expiratory flow 
Limitation at rest. FL=Flow limitation; 
NFL=Non flow Limitation. From Boni 
et al., 2002 [84]. 

and so, of maximal exercise ventilation. IC reflects the real inspiratory reserve, 
particularly in patients who cannot use the expiratory reserve because of expiratory flow 
limitation which renders the activation of the expiratory muscles useless. 

Significant correlations between IC and the maximal oxygen uptake during exercise 
have been reported [88,89], but the major explanation of the variance of maximal oxygen 
uptake is provided by the assessment of both IC and FEV1/FVC. However, in COPD 
patients with expiratory airflow limitation at rest, in the sitting position, maximal oxygen 
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uptake correlates significantly only with IC, while in COPD patients without expiratory 
airflow limitation the significant correlation is seen between maximal oxygen uptake and 
FEV1/FVC. Some studies have also shown that in most COPD patients with expiratory 
airflow limitation at rest, the IC is lower than normal while in non-airflow limited COPD 
patients at rest, IC is within normal values [57,85]. As expiratory airflow limitation limits 
maximal tidal volume during exercise and maximal exercise ventilation and exercise 
tolerance, it well explains why IC is a good predictor of these factors. 

A significant correlation between arterial PCO2 and IC was also reported in stable 
COPD patients, and particularly in patients with expiratory airflow limitation at rest, as 
their arterial PCO2 is significantly higher (with a decreased arterial PO2) than in patients 
without expiratory airflow limitation. Thus hypercapnic COPD patients with expiratory 
airflow limitation at rest are characterised by a reduced IC [90]. O’Donnell et al. [91] 
studied the effects of surgical treatment in COPD by assessing the change in IC and 
found that measurement of IC provided useful information. 

Furthermore, it should be considered that IC is a much easier variable to measure than 
FRC, and provides the same information. For example, IC can reflect acute changes in 
hyperinflation due to either a bronchodilator or an increase in ventilation. The former 
reduces pulmonary hyperinflation and this is well represented by a significant increase in 
IC; the latter is associated with an increase in FRC to match the greater ventilatory 
demand and is reflected by a progressive reduction in IC [84]. 

As the degree of COPD can be evaluated in terms of impairment of exercise capacity 
and dyspnoea [84,90], it seems that IC could represent an effective tool to evaluate the 
status and progress of COPD in patients and to assess the efficacy of therapies [88]. 
Measurements of both FEV1 and IC should be analysed to provide complementary 
information on lung function in COPD. 

Further studies are still needed in order to better understand the pathogenesis of COPD 
and the different mechanisms involved in the process of airflow limitation, as many 
points remain unclear, due mainly to the complex heterogeneity of the disease. Moreover, 
strong quantitative methods are required to diagnose the specific targets responsible for 
airflow limitation, but also to assess the effects of treatments on small airways. The main 
objective is to find potential therapies that able to slow the progression of COPD. 
According to Barnes [5], ‘new therapies must target the inflammation in small airways as 
well as emphysema in the lung parenchyma’. 

CONCLUSIONS  

■ Although airflow limitation and airflow obstruction are often used as synonymous, they 
can have different meanings in the pathophysiology of COPD. That difference may 
have important clinical implications to predict, for example, the degree of exercise 
tolerance and the risk of ventilatory failure. 

■ Small airways are the major site of airflow limitation in COPD and inflammation is 
root cause of changes in the small airways, associated with parenchymal destruction 
determining loss of lung elastic recoil and of alveolar attachments supporting the small 
intrathoracic airways.  

■ Pulmonary hyperinflation is a major consequence of airflow limitation and has 
devastating consequences on the mechanics of breathing. 
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■ Measurement of lung volume in addition to simple spirometry is necessary to 
understand the pathophysiology of patients with COPD. 

■ Inspiratory capacity is a simple measurement which may help significantly to explain 
dyspnoea and to predict the degree of exercise tolerance in COPD patients. 
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3  
Beta-adrenoceptor agonists: basic 

pharmacology  
L.B.Fernandes, P.J.Henry, R.G.Goldie  

INTRODUCTION  

β2-Adrenoceptor agonist bronchodilators are widely used in the treatment of both chronic 
obstructive pulmonary disease (COPD) and asthma and provide rapid and effective 
bronchodilation. The primary role of this class of bronchodilators is to reverse airway 
smooth muscle contraction caused by a variety of excitatory airway mediators in these 
diseases. 

COPD is a disease state characterised by airflow limitation that is not fully reversible. 
The limitation of airflow develops progressively and is usually associated with an 
abnormal inflammatory response of the lungs to noxious particles or gases. COPD is 
characterised by inflammation throughout the respiratory system, including bronchial and 
bronchiolar airways, parenchyma and pulmonary vasculature. Increased numbers of 
inflammatory cells [macrophages, T-lymphocytes (predominantly CD8+) and neutrophils] 
in the airways is also a feature of this disease [1,2]. Activation of inflammatory cells 
releases a variety of mediators, including leukotriene B4 (LTB4), interleukin-8 (IL-8) and 
tumour necrosis factor-α (TNF-α), that in turn contribute to widespread degenerative 
changes to the structure of the respiratory tract and promote neutrophilic inflammation 
[2–6]. An imbalance between proteases that digest elastin and other structural proteins 
and antiproteases that protect against this damage is thought to contribute to the 
progression of this disease [7]. Oxidative stress may also be involved in the pathogenesis 
of COPD. It is likely that cigarette smoke and other factors associated with COPD can 
initiate an inflammatory reaction in the airways that leads to this disease. The airflow 
obstruction seen in COPD patients is usually accompanied by airway 
hyperresponsiveness. This chronic airflow obstruction especially affects small airways, 
with lung elasticity also lost due to enzymatic destruction of the lung parenchyma, 
resulting in progressively worsening emphysema. COPD is characterised by shortness of 
breath, cough, sputum production and exercise limitation, with acute exacerbations 
resulting in worsening of symptoms. Inhaled bronchodilators, including β2-adrenoceptor 
agonists, have been shown to ameliorate respiratory symptoms and improve the quality of 
life for COPD patients and are recommended in the management of acute exacerbations 
of this disease. Unfortunately, β2-adrenoceptor agonists fail to provide lasting 
improvements in the deteriorating lung function seen in COPD.  
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Much of what is known of the basic and clinical pharmacology of β2-adrenoceptor 
agonist bronchodilators was established in studies from the 1970s and 1980s. The actions 
of β2-adrenoceptor agonists in the respiratory tract have been extensively reviewed by us 
[8]. However, significant advances in β2-adrenoceptor agonist development and therapy 
in COPD and asthma have been made in recent years [9]. This review will focus on the 
basic pharmacology of β2-adrenoceptor agonists, with a particular emphasis on COPD 
therapy. 

THE β-ADRENOCEPTOR AND ITS ASSOCIATED SIGNAL 
TRANSDUCTION PROCESSES  

β-ADRENOCEPTOR SUBTYPES  

The β-adrenoceptor is a single polypeptide glycoprotein moiety [10], embedded in the 
plasma membrane of the cell [11]. Three functionally distinct subtypes of β-adrenoceptor 
(β1, β2, and β3) are known to exist and have been cloned. β-Adrenoceptors are found 
throughout the human lung and are predominantly of the β2-subtype. While small 
populations of β1-adrenoceptors exist in airway smooth muscle, their functional 
significance is unclear [12,13]. β3-Adrenoceptors are unlikey to exist in the respiratory 
tract given that β3-adrenoceptor mRNA has not been detected in human lung [14] and β3-
adrenoceptor agonists failed to induce airway smooth muscle relaxation in human 
isolated bronchi [15]. 

ADENYLYL CYCLASE  

Agonist binding to all β-adrenoceptor subtypes activates membrane-bound adenylyl 
cyclase via a guanine nucleotide regulatory protein (Gs) to convert adenosine 5′-
triphosphate (ATP) to cyclic adenosine 3′, 5′-monophosphate (cAMP) [16] (Figure 3.1). 
cAMP is produced continuously following β-adrenoceptor activation and is inactivated 
by hydrolysis to 5′-AMP, via the action of phosphodiesterases. cAMP acts as an 
intracellular messenger to regulate many aspects of cellular function including those of 
smooth muscle contractile proteins. Thus, cAMP activates cAMP-dependent protein 
kinases to modify cellular enzyme function via protein phosphorylation. For example, 
phosphorylation, and thus inactivation, of myosin light chain kinase reduces its kinase 
activity which precludes its interaction with contractile protein  
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Figure 3.1 Main pathways promoting 
airway smooth muscle relaxation 
associated with the β-adrenoceptor-
effector system. The dashed lines 
indicate inhibition of Ca2+ entry into 
the cell via voltage-gated Ca2+ 
channels. The dotted line indicates that 
the exact mechanism is yet to be 
defined [adapted from 17]. 

myosin and promotes relaxation of airway smooth muscle [17]. In addition, β-
adrenoceptor agonists may also decrease airway smooth muscle tone via an interaction 
with plasma membrane potassium channels (Figure 3.1). This results in hyperpolarisation 
of the cell membrane and inhibition of calcium influx via voltage-dependent calcium 
channels [18]. 

DISTRIBUTION AND DENSITY OF β-ADRENOCEPTORS IN 
THE PERIPHERAL LUNG  

Radioligand binding and autoradiographic studies have been critical to evaluations of the 
distribution of β-adrenoceptors in both animal and human lung tissue. Over 25 years ago, 
the presence of high densities of β-adrenoceptors was demonstrated in rabbit and rat lung 
membranes [19] and in human lung membrane preparations [20]. Subsequent studies in 
guinea-pig [21,22] and hamster lung [23] confirmed that the lung was densely populated 
with β-adrenoceptors. Furthermore, lung parenchyma contained heterogeneous 
populations of both β1- and β2-adrenoceptors [22,24,25]. However, the most important 
information, i.e., the location of these receptors within the normal structure of the lung, 
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was not revealed in detail until autoradiographic assessments were completed. Light-
microscopic autoradiography [26] enabled the detection and localisation of β-
adrenoceptor subtypes in airways and lung parenchyma from many animal species 
including ferret [27], guinea-pig [28], rabbit [29], rat [30], mouse [31] and pig [28] as 
well as from the human [32,33]. 

In human lung, the greatest density of β-adrenoceptors was found in alveolar septae 
[34]. Approximately 78% of the total human lung tissue volume consists of alveolar 
tissue, with only 8% being vascular smooth muscle, 3% is airway smooth muscle and the 
remaining 11% is connective tissue and cartilage [35]. Furthermore, β-adrenoceptor 
numbers were 3 times higher in the alveolar wall than over bronchial smooth muscle and 
1.4 times higher than over bronchiolar smooth muscle. Thus, approximately 96% of the 
β-adrenoceptor population was located in alveolar tissue. However, as might be expected, 
significant numbers of β-adrenoceptors were found in bronchial and bronchiolar airway 
smooth muscle, as well as in airway epithelium and in vascular endothelium and smooth 
muscle. 

β-ADRENOCEPTOR AGONISTS  

ADRENALINE  

The β2-adrenoceptor agonists used in the therapy of both COPD and asthma are all 
derivatives of the endogenous catecholamine adrenaline (Figure 3.2). Although 
adrenaline activates a- and β1-adrenoceptors, it is the powerful β2-adrenoceptor-mediated 
effects of adrenaline that are most important. Adrenaline is not effective when taken 
orally since it is rapidly metabolised by gastrointestinal and hepatic monoamine oxidase 
(MAO). Accordingly adrenaline is administered by parenteral (subcutaneous) injection if 
required in emergency conditions. 

ISOPRENALINE  

This N-isopropyl derivative of adrenaline has no significant agonist effect at α-
adrenoceptors and was the first β-adrenoceptor-selective agonist introduced into asthma 
therapy. Isoprenaline, like adrenaline, is also a catecholamine and so is not useful orally 
since it is metabolised rapidly by catechol-O-methyltransferase (COMT). However, 
significant cardiac stimulation induced via activation of β1-adrenoceptors, even after 
inhalational administration, reduces its acceptability as a bronchodilator. 

SELECTIVE β 2 -ADRENOCEPTOR AGONISTS  

The development and introduction of β2-adrenoceptor-selective agonists that could be 
given orally or by inhalation and had extended durations of action compared with 
adrenaline or  
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Figure 3.2 β-Adrenoceptor agonists. 

isoprenaline was a major therapeutic advance. Orciprenaline, the first of this new 
generation of bronchodilator amines, is a resorcinol derivative rather than a 
catecholamine and thus is not inactivated by extraneuronal COMT. Furthermore, this 
tertiary amine is not metabolised by MAO. Although orciprenaline is metabolised by 
sulpho-conjugation, enough free drug is absorbed to make it an effective oral 
bronchodilator. However, selectivity for the β2-adrenoceptor is only slightly improved 
over that of isoprenaline [36] and thus activation of cardiovascular β-adrenoceptors 
remains an issue in terms of the production of unwanted side-effects. 

Salbutamol [37], terbutaline [38] and fenoterol [39] possess much greater selectivity 
for β2-adrenoceptors than orciprenaline. These compounds are active orally, as well as by 
inhalation and intravenous injection. All of the newer orally active β2-adrenoceptor 
agonists are used in various inhalation formulations. The great virtue of being able to 
administer these new β2-adrenoceptor agonists by inhalation is that small but highly 
effective doses can be delivered to the lung giving the desired therapeutic effect rapidly 
(onset 5–10 min) and with an extended duration of action (up to 6h). Administration of 
these therapies by inhalation also results in negligible plasma concentrations of the active 
drug. Concerns over the negative impact of the chronic use of fenoterol in asthmatics 
resulted in its restricted therapeutic use [40], 

LONG-ACTING β 2 -ADRENOCEPTOR AGONISTS  

Members of the first generation of β2-adrenoceptor-selective agonist bronchodilators, 
such as salbutamol, are considered to be short-acting since they have a duration of action 
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of 4–6h. These agents are effective and provide rapid symptom relief in a large 
proportion of patients. However, in some patients, these short-acting drugs need to be 
administered several times a day for adequate symptom relief. In addition, treatment of 
nocturnal symptoms in susceptible patients may be problematic given the relatively short 
duration of action of these drugs. In order to provide effective treatment in individuals 
whose symptoms were not adequately managed with short-acting agents, β2-adrenoceptor 
agonist bronchodilators were developed that had durations of action of up to 12 h. 

Salmeterol [41] (Figure 3.2) was specifically designed to prolong the duration of 
action of the short-acting β2-adrenoceptor agonist salbutamol. While formoterol (Figure 
3.2) was not deliberately designed to have this property, it was found to have a 12-h 
duration of action when administered by inhalation [42]. The agonist activity profiles of 
formoterol and salmeterol are distinct, suggesting that the extended duration of action of 
these agents is achieved via different mechanisms. Furthermore, salmeterol is a partial β2-
adrenoceptor agonist, whereas formoterol has higher intrinsic activity and is a full agonist 
[43,44]. Unlike salbutamol, which is hydrophilic, both salmeterol and formoterol possess 
lipophilic properties which allow them to remain in airway tissues in close proximity to 
β2-adrenoceptors. This partly explains why the duration of action of these long-acting β2-
adrenoceptor agonist bronchodilators is at least 12 h. In addition to being lipophilic, 
formoterol is also water soluble, ensuring rapid access to the β2-adrenoceptor and thus 
rapid bronchodilator activity. The exact mechanism by which formoterol exerts its 
prolonged effects is unclear but may result from its lipophilicity, allowing formoterol to 
enter the plasma membrane where it is held for a prolonged period. From this site, 
formoterol diffuses over time to activate the β2-adrenoceptor. Inhaled formoterol has also 
been shown to have a longer duration of action than orally administered formoterol, 
probably as a result of high concentrations building in the bronchial periciliary fluid [45]. 
In contrast, salmeterol, being highly lipophilic, probably diffuses more slowly to the β2-
adrenoceptor laterally through the cell membrane and has a slower onset of action 
[46,47]. Salmeterol contains the saligenin head of salbutamol that binds to the active site 
of the β2-adrenoceptor. This saligenin head is coupled to a long aliphatic side chain that 
significantly increases the lipophilicity of salmeterol. The side chain then binds to a 
discrete ‘exosite’ that anchors it to the receptor and enables repetitive receptor activation 
[48]. 

DELIVERY OF β 2 -ADRENOCEPTOR AGONISTS  

The metered dose inhaler (MDI) is the most commonly prescribed patient-operated 
device for the delivery of COPD and asthma therapies that include β2-adrenoceptor 
agonists. The popularity of the MDI is by virtue of its effectiveness and ability to deliver 
a wide range of drugs [49]. Indeed, salbutamol, when administered via MDI and spacer, 
is as effective and more cost effective when compared with delivery via a nebuliser [50]. 
MDIs were formulated with a combination of the chlorofluorocarbon (CFC) propellants 
11 and 12. However, due to the ozone-depleting potential of CFCs, the ozone-friendly 
propellant hydrofluoroalkane 134a (HFA 134a) has now replaced CFCs. Studies have 
demonstrated that the effectiveness and safety of salbutamol/HFA 134a is comparable to 
that of salbutamol/CFC [51,52]. 
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SITES OF THERAPEUTIC ACTION  

AIRWAY SMOOTH MUSCLE  

Both contraction studies in vitro [53] and autoradiographic studies have confirmed that 
β2-adrenoceptors are expressed and mediate relaxation to β-adrenoceptor agonists in 
human airway smooth muscle [33]. Agonist stimulation of β2-adrenoceptors reverses 
airway obstruction primarily by causing relaxation of central and peripheral airway 
smooth muscle. However, given that β2-adrenoceptors are widely distributed throughout 
the lung, the beneficial actions of β2-adrenoceptor agonists may in part be the result of 
actions at other sites. For example, reversal or blunting of the actions of inflammatory 
mediators causing airway wall oedema would be expected to relieve that component of 
bronchial obstruction.  

INFLAMMATORY CELLS  

It has long been known that β2-adrenoceptors are expressed on inflammatory cells 
including mast cells [54,55], peripheral blood lymphocytes [56–58], polymorphonuclear 
leukocytes [59–61], peritoneal macrophages [62], alveolar macrophages, [63], platelets 
[64] and eosinophils [57,65]. The established effects of β2-adrenoceptor stimulation in 
some of these cells may be relevant to the therapeutic benefits of these agents in COPD 
and asthma. 

The relatively short-acting β2-adrenoceptor agonist bronchodilators such as salbutamol 
and terbutaline have been shown to suppress pro-inflammatory mediator release from 
inflammatory cells in vitro. For example, in the case of lymphocytes, inhibition of 
lymphokine secretion (and of proliferation) is well established [66,67]. In 
polymorphonuclear leukocytes, inhibition of superoxide radical generation and 
leukotriene release has been reported [68,69]. In the case of human lung mast cells, 
salbutamol is a potent inhibitor of antigen-induced release of histamine and leukotrienes 
[70,71]. Indeed, salbutamol is 10–100 times more potent than disodium cromoglycate in 
this regard [72]. However, while the early response to allergen is inhibited by β2-
adrenoceptor agonists, their impact on the late response is much less impressive [73]. 
Thus, the anti-inflammatory effect of monotherapy with inhaled, short-acting β2-
adrenoceptor agonist bronchodilators is minimal [74–76]. Accordingly, it is generally 
accepted that it is the airway smooth muscle relaxant activity of β2-adrenoceptor agonists 
that is the action of primary importance in COPD and asthma. 

The advent of long acting β2-adrenoceptor agonist bronchodilators such as formoterol 
and salmeterol has re-ignited the question of whether or not a real therapeutic benefit is 
obtained in terms of the suppression of mediator release from inflammatory cells, even 
though these agents are also delivered by inhalation. It could be argued that the longer 
duration of action of these agents increases the likelihood of such an effect. Predictably, 
long-acting β2-adrenoceptor agonists have been shown in animal studies both in vivo and 
in vitro to effectively suppress pro-inflammatory mediator release and cytokine 
production and/or release from inflammatory cells. These actions have been 
demonstrated in human and/or animal T-lymphocytes [77], macrophages [78], mast cells 
[79–81], eosinophils [82,83] and neutrophils [84]. Furthermore, these agonists are also 
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known to inhibit chemotaxis and recruitment of eosinophils [82,85,86] and to delay 
apoptosis in these cells [87]. However, it is now clear that monotherapy with long-acting 
agents such as salmeterol does not provide any significant anti-inflammatory effect 
[88,89]. 

EPITHELIUM AND SECRETORY CELLS  

The deleterious impact of mucous hypersecretion and impaired mucociliary clearance on 
the effective bronchial lumen diameter and thus on bronchial airflow, can be life-
threatening in severe COPD and asthma. Submucosal glands in human airways contain 
β2-adrenoceptors [32], the stimulation of which increases mucus secretion. Furthermore, 
the systemic administration of β-adrenoceptor agonists in rats has been shown to increase 
secretory cell numbers in the airway [90], an effect that would be detrimental to effective 
mucociliary clearance. Furthermore, the transport of water and ions across the airway 
epithelium is critical to the maintenance of a sufficient liquid layer on the surface of the 
airways as well as effective mucociliary clearance. β2-Adrenoceptor agonists have been 
shown to stimulate chloride ion and hence water secretion towards the lumen [91]. 
Importantly, β2-adrenoceptor agonists also stimulate increases in ciliary beat frequency in 
vitro [92,93] and in vivo [94]. β2-Adrenoceptor-mediated increases in water on the 
surface of the airways and cilia beat frequency both enhance mucociliary clearance. 
However, in patients with significantly damaged bronchial epithelium it seems likely that 
cilia function will be impaired, raising the possibility that in some patients β2-
adrenoceptor agonist-stimulated mucous secretion could be detrimental. It is important to 
note, however, that airway smooth muscle is the primary site of therapeutic action, with 
lower doses of β2-adrenoceptor agonist required to produce bronchodilatation compared 
with enhanced mucociliary clearance [95]. 

Pathogens such as Pseudomonas aeruginosa and Haemophilus influenzae colonise the 
respiratory tract, causing damage to and loss of airway epithelium. Indeed, Pseudomonas 
aeruginosa, which frequently colonises the respiratory tract, contains pyocyanin and 
elastase that disrupt airway epithelium as well as slow cilia beat frequency in human 
nasal respiratory epithelium in vitro [96]. Importantly, salmeterol reduced epithelial 
damage caused by Pseudomonas aeruginosa and Haemophilus influenzae [97,98] and 
attenuated pyocyanin-induced slowing of cilia beat frequency [99,100]. These data 
suggest that β2-adrenoceptor agonists may protect epithelial function in the presence of 
respiratory pathogens. 

Damage to airway epithelium, in a similar manner to other tissue systems, initiates 
repair processes that require migration of bronchial epithelial cells from the edge of the 
wound in order to restore the epithelial layer. That isoprenaline has been found to 
increase bronchial epithelial cell migration in vitro [101], suggests that β2-adrenoceptor 
agonists may hasten airway epithelial repair following insults due to, for example, 
respiratory tract viral infections. 

COMBINATION THERAPY  
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LONG-ACTING β 2 -ADRENOCEPTOR AGONISTS AND 
GLUCOCORTICOIDS  

The scientific rationale for the use of long-acting β2-adrenoceptor agonists in 
combination with a corticosteroid has recently been summarised [102]. The use of long-
acting β2-adrenoceptor agonists has been examined in asthmatic patients whose 
symptoms persisted despite treatment with low-dose glucocorticoids [103–105]. Patients 
suffering from moderate-to-severe COPD may benefit from regular inhaled 
glucocorticoid treatment [106,107]. These studies demonstrate that interactions between 
β2-adrenoceptor agonists and gluco-corticoids are predominantly positive, with 
combinations of the two drugs improving airway limitation and exacerbation rates in 
COPD and asthma patients. While this is particularly true for long-acting β2-adrenoceptor 
agonists, the exact mechanism remains unclear. For example, the effects of long-acting 
β2-adrenoceptor agonists and glucocorticoids may be merely additive; with the former 
causing prolonged bronchodilation and the latter reducing or reversing airway 
inflammation. Alternately, there may be true synergy between these agents with long-
acting β2-adrenoceptor agonists enhancing the effects of glucocorticoids [102,108]. It has 
been suggested that long-acting β2-adrenoceptor agonists may have ‘steroid-enhancing’ 
or ‘steroid-sparing’ effects. However, it is important to note that monotherapy with long-
acting β2-adrenoceptor agonists is less effective than inhaled gluco-corticoids alone, 
suggesting that these terms need to be used cautiously [109]. 

Based on the complementary roles of β2-adrenoceptor agonists and glucocorticoids, 
the long-acting β2-adrenoceptor agonist salmeterol and the glucocorticoid fluticasone 
have been combined in a single inhaler with the potential to treat both the airway smooth 
muscle dysfunction and inflammatory components of COPD and asthma. Such 
combination products have the potential to limit overuse of β2-adrenoceptor agonist 
bronchodilators in the absence of anti-inflammatory therapy, thus ensuring that β2-
adrenoceptor agonists are not used as monotherapy in moderate-to-severe COPD patients. 
However, the use of ‘fixed’ combination inhalers may be associated with the overuse of 
both drugs in disease management as control over individual drug dosages is lost. 

DUAL D 2 -RECEPTOR AND β 2 -ADRENOCEPTOR AGONISTS  

A different approach to combination therapy is to incorporate multiple pharmacological 
actions within the one drug molecule. Airway hyperreactivity, a feature of both COPD 
and asthma, is associated with neural reflex pathways that include sensory afferent 
nerves. While the receptors that modulate the activity of these airway nerves have yet to 
be characterised, reflex nerve activity may be controlled by modulating the activity of 
afferent nerves. For example, dopamine, via stimulation of D2-receptors, may play a role 
in the control of lung function by reducing the ability of sensory nerves to produce 
harmful reflex activity. Indeed, D2-receptor mRNA has been detected in rat vagal afferent 
neurones [110] and dorsal root ganglia [111], nerves associated with reflex pathways. 
Thus, D2-receptor agonists should reduce reflex bronchoconstriction, dyspnoea, cough 
and mucus production, without any direct bronchodilator activity. A dual dopamine D2-
receptor and β2-adrenoceptor agonist was hoped to combine the modulating effects of a 
dopamine D2-receptor agonist on sensory afferent nerves with the bronchodilator action 
of a β2-adrenoceptor agonist in the one molecule. The dual dopamine D2-receptor and β2-
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adrenoceptor agonist sibenadet (Viozan) has now been investigated for its efficacy in 
relieving COPD symptoms [112,113]. However, while sibenadet was well tolerated, there 
was a lack of sustained benefit in clinical studies resulting in development of this drug 
being discontinued [112]. 

CONCLUSIONS  

The airway smooth muscle relaxant effect of β2-adrenoceptor agonists is their primary 
beneficial action in COPD and asthma, although positive therapeutic influences on mucus 
production and clearance and bronchial oedema may also occur. β2-Adrenoceptor 
agonists appear to be largely ineffective in suppressing or controlling airway 
inflammation in asthmatics and are likely to be equally ineffective in COPD patients. 
Unfortunately, in COPD, bronchodilator therapies do not alter the long-term decline in 
lung function. However, β2-adrenoceptor agonist bronchodilators and anticholinergics 
and theophylline, given alone or in combination, can relieve symptoms and help to 
reverse exacerbations. The introduction of long-acting β2-adrenoceptor agonists has 
produced significant improvements in symptoms in COPD patients and thus has had a 
positive impact on quality of life in these patients. The use of combination 
bronchodilator/corticosteroid regimes further assists in the management of this disease. 
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Beta-adrenoceptor agonists: clinical use  

M.Cazzola, M.G.Matera  

INTRODUCTION  

β2-Agonists are agents that induce bronchodilation by causing prolonged relaxation of 
airway smooth muscle. Smooth muscle relaxation is due to β2-adrenoceptor(β2-AR)-
mediated activation of adenylate cyclase in airway smooth muscle, which in turn 
increases the concentration of intracellular cyclic adenosine monophosphate (cAMP) [1]. 
As a consequence of their broncholytic activity, these agents improve lung function, 
reduce symptoms, and protect against exercise-induced dyspnoea in patients with chronic 
obstructive pulmonary disease (COPD). Some non-bronchodilator effects have also been 
observed but their significance is uncertain [2]. 

Numerous agents of differing pharmacological properties are available for clinical use 
[3,4]. β-Agonists are classified by their selectivity, duration of action, affinity, potency 
and efficacy [4]. Two major classes of β-agonists are currently available, which differ in 
their duration of action. 

SHORT-ACTING β 2 -ADRENOCEPTOR AGONISTS  

Short-acting β2-agonists, such as salbutamol and terbutaline, produce >80% of maximal 
bronchodilator effect within 15min of administration and last roughly 4–6 h [5,6]. 
Generally, the maximum bronchodilator response to inhaled β2-agonists in COPD occurs 
significantly later to that observed in asthmatics [7], and, unfortunately, the magnitude of 
the bronchodilator response to these agonists often falls within the natural variability 
observed in patients with COPD [8–15]. However, the conventional doses of some agents 
could be too low in some cases and, for this reason, bronchodilation is not evident. 

Barclay et al. [16] have demonstrated that several COPD patients, who were not 
responsive to 200 µg of inhaled salbutamol, presented with some degree of 
bronchodilation when the dose of this agent was gradually increased. Other studies have 
reported similar findings [17,18]. However, the dose-response relationship for salbutamol 
in patients with largely or completely irreversible COPD is almost flat [19]. Nevertheless, 
as doses increase, the frequency of adverse effects (i.e., tremor, reflex tachycardia) 
increases as well [20].  
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The increases in vital capacity (VC) are usually higher than those observed for forced 
expiratory volume in 1 second (FEV1) [11], and often they are associated with a 
symptomatic improvement [9], although there is relatively limited information available 
on the benefits of these agents on clinical aspects. 

A recent Cochrane review [21] has documented that the use of short-acting β2-
agonists on a regular basis for at least 7 days in stable COPD is associated with 
improvements in post-bronchodilator lung function and also a decrease in breathlessness. 
Patients are far more likely to prefer treatment with β2-agonists than placebo, and less 
likely to drop out from such treatment. None of the studies included in this review 
reported sufficient data or were of sufficient length or size in order to provide reliable 
information on adverse effects. One randomised clinical trial (RCT) in 985 people with 
severe disease found a significant increase in lung function in up to half of the patients 
[22]. Nonetheless, the general opinion is that, despite the accumulation of positive data 
available for short-acting β2-agonists, approximately one in three patients have no 
measurable response in lung function tests after using these agents [23]. 

Nevertheless, spirometric changes in FEV1 are not necessarily indicative of the 
functional benefits of bronchodilators [24]. Patients who do not show ‘significant’ spiro-
metric improvement can still benefit from β-agonist treatment [25]. Correlation between 
bronchodilator responsiveness and self-paced walking distance, periods of rest, and end-
exercise breathlessness is poor [26]. Even patients who show ‘no bronchodilator 
response’ can still have significantly improved exercise performance after supranormal 
doses of β2-agonists [27]. Thus, although Berger and Smith [27] found no change in lung 
function after inhalation of metaproterenol, subjects increased both their treadmill and 
hall-walking distances significantly with the short-acting β2-agonist compared with 
placebo. It is conceivable that the enhanced exercise capacity was the result of reduced 
lung hyperinflation. It has been noted that symptoms can appear to improve without 
significant measurable increase in lung function or exercise performance [27,28]. The 
short-acting β2-agonists lessen breathlessness by allowing for more complete lung 
emptying and by decreasing cough intensity [29,30]. In particular, it has been 
documented that these agents reduce breathlessness during exercise mainly through their 
effect on reducing dynamic hyperinflation and are not reflected by the FEV1 or forced 
vital capacity (FVC) [31]. 

Concerning the utility of long-term treatment of COPD with short-acting β2-agonists, 
it is worth considering the findings of Anthonisen et al. [22] who demonstrated that the 
bronchodilator response to β2-adrenoceptor agonists (metaproterenol, isoetherine, 
fenoterol or salbutamol) did not decrease over a 3-year period. However, another study 
showed that FEV1 declined faster in subjects treated regularly compared with subjects’ 
treatment on demand [32], but the criteria used in the selection of patients could have an 
impact on the findings of this study Indeed, patients who were taking β2-adrenoceptor 
agonists regularly presented with a lower FEV1 at the beginning of the study This 
indicates that their disease severity was greater, resulting in a greater decline in FEV1 . In 
any case, some of these patients may also have had asthmatic features, such as allergy 
and high reversibility of obstruction, which may have been partly responsible for the 
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annual decline of FEV1 [33]. van Schaych et al. [34] reported that a fall in FEV1 did not 
occur when patients with mild COPD were regularly treated with bronchodilators for 4 
years. In this study none of the patients were dependent on steroid and the baseline FEV1 
did not differ between the patients treated continuously and those treated on demand. It is 
interesting to highlight that bronchodilator dose-response effects were not attenuated after 
treatment with high-dose inhaled terbutaline (2,000 µg four times a day for 4 weeks), in 
comparison with the effects of conventional low-dose therapy (500 µg four times a day 
for 4 weeks) in patients with COPD [35]. 

Because of their relatively rapid onset of bronchodilation, inhaled short-acting β2-
agonists may be used as required for symptom relief. In effect, their use ‘on demand’ is 
often the first treatment choice in patients presenting with mild COPD. 

LONG-ACTING β 2 -ADRENOCEPTOR AGONISTS  

Long-acting versions of β2-agonists with duration of action that is around 12h have also 
been developed. At present, long-acting β2-agonist (LABA) bronchodilators (formoterol, 
salmeterol) are an interesting therapeutic option for patients with COPD [36,37]. These 
drugs have quite different molecular structures and there are thought to be different 
mechanisms responsible for the longer duration of action of these two molecules. 

ACUTE BRONCHOLYTIC EFFECTS  

The onset of action of formoterol is as rapid as that of salbutamol and terbutaline [38,39], 
and a significant effect occurs within minutes of inhalation of a therapeutic dose [40,41]. 
In particular, it has been demonstrated that inhaled formoterol 12 and 24 µg and inhaled 
salbutamol 400 and 800 µg are equi-effective doses in inducing a rapid onset of action in 
patients with stable COPD [42]. The pharmacodynamic properties of salmeterol differ 
from those of formoterol. In fact, formoterol, but not salmeterol, has as fast an onset of 
action as salbutamol [43]. It has been documented that in patients with stable COPD, 200 
µg salbutamol induced an increase in FEV1 from baseline of at least 15% in 3.56 min 
(95% CI: 3.03–4.49), whereas the same increase was observed in 10.08 min (95% CI: 
6.16–13.58) after inhalation of 50 µg salmeterol [44]. 

In a small group of patients with severe-to-very severe COPD, both formoterol and 
salmeterol induced a functional improvement lasting 12h [45]. Formoterol 12–36 µg 
caused a dose-dependent increase in FVC, FEV1 and flow at 50% expired volume 
(FEF50), whereas salmeterol 75 µg did not elicit any further increase in bronchodilation 
than salmeterol 50 µg. Moreover, at the recommended dose, salmeterol 50 µg was more 
active than formoterol 12 and 24 µg. Nevertheless, Çelik et al. [46] showed that a single 
dose of formoterol 12 µg and salmeterol 50 µg provided comparable bronchodilation 
within 12h. The disparity between results of these two studies could be attributed to the 
methodological differences in patient selection criteria. In fact, the population enrolled by 
Çelik et al. [46] was dispersed between mild-to-severe airway obstruction and the 
baseline characteristics of patients should explain why their data were different from 
those of Cazzola et al. [45] who recruited only patients with severe COPD. Consequently, 
it has been argued that formoterol 12 µg is more active in patients with mild-to-moderate 
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COPD and salmeterol 50 µg in patients with severe COPD [37]. In any case, it must be 
highlighted that a low dose of formoterol 6 µg via Turbuhaler has been demonstrated to 
cause significant, immediate and long-lasting reductions in airway resistance and effort in 
breathing in patients with moderate-to-severe ‘non-reversible’ COPD [47]. Increasing the 
dose above 6 µg did not enhance these effects [47].  

NON-BRONCHOLYTIC EFFECTS  

In addition to prolonged bronchodilatation, LABAs exert other additive effects that may 
be of clinical relevance in COPD (Table 4.1). For example, part of the symptomatic 
benefit of these agents might be mediated through the reduction of dynamic 
hyperinflation, as this makes breathing more comfortable and dyspnoea is lessened. Di 
Marco et al. [48] documented that at standard recommended dosage, formoterol elicited a 
greater acute increase in inspiratory capacity (IC) than salbutamol, salmeterol, and 
oxitropium bromide, an anticholinergic agent. This increase in IC correlated closely with 
the improvement of dyspnoea sensation at rest. Ramirez-Venegas et al. [49] investigated 
the short-term (4h) effects of inhaled salmeterol on the perception of dyspnoea and lung 
function in patients with COPD. There were significantly higher values for FEV1 and 
FVC (at all time periods) and lower values for functional residual capacity (FRC) (at all 
time periods) and residual volume (RV) (at 4h) with salmeterol than with placebo. There 
were significantly lower dyspnoea ratings and for the mean dyspnoea scores during 
resistive breathing with salmeterol compared with placebo. 

LABAs can increase the level of cAMP in neutrophils, thereby inhibiting neutrophil 
adhesion, accumulation, and activation, and inducing apoptosis [50]. In particular, 
salmeterol inhibits neutrophil adhesion to bronchial epithelial cells [51]. Formoterol 
inhibits chemotaxis to platelet-activating factor [52] over the concentration range 10−7–
10−4 mol/1. Neutrophil activation also is attenuated, as evidenced by reductions in the 
release of superoxide [53], interleukin (IL)-8 [54], and bacterial permeability-increasing 
protein [55], which are not associated with the short-acting β2-agonist salbutamol. 
However, in general, these effects are only significant at relatively high concentrations 
(i.e., >10−6 mol/1) and are not reversed by propranolol, suggesting that they are not 
mediated by β2-adrenoceptors. The end result is a possible reduction in the number and 
activation status of neutrophils in airway tissue and in the airway lumen [56]. LABAs 
may also decrease the number of neutrophils that adhere to the vascular endothelium at 
sites of inflammation and reduce the amount of plasma leakage [57], but the relevance of 
these findings to COPD patients is unclear. 

REGULAR TREATMENT OF COPD WITH LONG-ACTING β 2 -
AGONISTS  

A volume of published evidence sustains the role of LABAs in the treatment of stable 
COPD [58]. These agents not only induce prolonged bronchodilation, but also translate 
this action into other health-outcome measures that relate to quality of life, such as the 
severity of dyspnoea, exercise capacity, and exacerbations.  
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Table 4.1 Non-broncholytic effects of long-acting 
β2-agonists 

Reduced Lung hyperinflation 

Increased diaphragm and intercostal muscle function 

Increased mucociliary transport 

Mucosae cytoprotection 

Antineutrophil activity 

Inhibition of airway smooth muscle 

Cell proliferation 

Inhibition of inflammatory mediator release 

IMPACT ON LUNG FUNCTION  

Several clinical studies have documented that the protracted treatment of COPD with 
formoterol or salmeterol can induce a sustained improvement in the respiratory function 
when compared to placebo, but these agents do not modify the rate of decline in FEV1 
[59–62]. 

Salmeterol 50 µg twice daily has also been compared with ipratropium bromide 40 µg 
four times daily in a double-blind, placebo-controlled, 12-week period crossover study 
involving 411 patients with COPD with FEV1 values <65% predicted and no clinically 
significant concurrent disease [60]. During salmeterol treatment, patients did statistically 
better in terms of all the measured functional parameters. In another study involving 405 
patients [61], salmeterol provided similar maximal bronchodilatation to ipratropium but 
had a longer duration of action and a more constant bronchodilatory effect with no 
evidence of bronchodilator tolerance. It has been documented that 12-week treatment 
with formoterol Aerolizer 12 or 24 µg twice daily was significantly superior to 
ipratropium 40 µg four times daily [62]. However, a 12-week treatment with formoterol 
Turbuhaler 24 µg twice daily was not significantly different from that with ipratropium 
80 µg three times daily [63]. Recently, salmeterol has been compared to tiotropium, a 
long-acting anticholinergic [64]. The FEV1 measures were statistically significant in 
favour of long-acting anticholinergics compared to LABA. 

Comparisons between LABA and theophylline in patients suffering from COPD are 
relatively scarce. Di Lorenzo et al. [65] compared the effects of salmeterol 50 µg twice 
daily for 3 months with oral dose-titrated theophylline twice daily in 178 patients with 
chronic bronchitis. The morning PEF increased from a baseline value of 3241/min to 
360.71/min 3 months after salmeterol and from a baseline value of 298.81/min to 
3251/min 3 months after theophylline (p<0.02). There was a similar trend for evening 
PEF but differences were not statistically significant. A one-year Italian multicentre study 
[66] compared the effects of inhaled salmeterol (50 µg twice daily via Diskhaler) with 
those of oral dose-titrated slow release theophylline in 138 patients with reversible 
COPD. Salmeterol was found to be more effective than theophylline for the maximum 
value of morning PEF, but differences in FVC, FEV1, and maximum value of evening 
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PEF did not reach statistical significance although the effect of salmeterol was slightly 
superior to that of theophylline. However, it must be stressed that both asthmatic and 
COPD patients were enrolled in this study. ZuWallack et al. [67] enrolled 943 patients 
with COPD and compared salmeterol (50 µg twice daily) and theophylline for 12 weeks. 
In this study, the improvements in the salmeterol group were slightly greater than those in 
the theophylline group for both FEV1 and FVC, but the differences were not significant. 
Rossi et al. [68] documented that compared to placebo, formoterol 12 µg and 24 µg, and 
theophylline both significantly improved the area under the curve for FEV1 measured 
over a period of 12h following the morning dose of study medication at 3 and 12 months. 
However, therapy with formoterol, 12 µg, was significantly more effective than that with 
theophylline. 

IMPACT ON SYMPTOMS  

The bronchodilation caused by LABAs can also reduce symptom scores [61,62,69]. 
Although several studies found no significant differences between these agents and 
placebo with regard to the reduction of breathlessness, one trial with the largest sample 
size [59] demonstrated that salmeterol reduces the degree of breathlessness produced by 
exercise.  

By using a multidimensional instrument to measure changes in dyspnoea based on 
activities of daily living, Mahler et al. [60] showed that salmeterol reduced dyspnoea on 
the Transition Dyspnoea Index (TDI) after 2, 4, 8, and 10 weeks of treatment compared 
with placebo therapy. However, in a similarly designed study, Rennard et al. [61] 
observed no statistical differences in the TDI scores between salmeterol and placebo 
treatment groups. It must be highlighted that two subsequent randomised controlled trials 
[64,66] with large sample sizes demonstrated a statistically significant difference with the 
use of LABAs in reducing dyspnoea. Formoterol, 24 µg bid, but not 12 µg bid, improved 
TDI focal scores compared with placebo over 3 months [70]. 

In the study of Mahler et al. [60], similar reductions in breathlessness (higher TDI 
scores) with both salmeterol and ipratropium were observed, which were evident at 2 
weeks and were generally sustained over the entire 12-week period. The improvement in 
dyspnoea throughout the study was supported by the observed significant decrease in 
supplemental salbutamol use with both salmeterol and ipratropium. Salmeterol did not 
improve TDI focal scores even when compared with theophylline [67]. Formoterol has 
not yet been compared on TDI with other active treatments. However, in the study of 
Dahl et al. [62], formoterol 12 µg produced a significant improvement in mean total diary 
symptom score when compared with ipratropium, whereas formoterol 24 µg approached 
significance. On the contrary, Rossi et al. [68] were unable to record a statistically 
significant difference in the average symptom score between patients receiving 
formoterol 12 µg or formoterol 24 µg and those who received theophylline. 

A second measure of COPD symptoms is patient use of ‘reliever’ short-acting β2-
agonists, since a treatment that effectively reduces symptoms should also reduce the need 
for rescue medication. Salmeterol at 50 µg and 100 µg reduced rescue medication use 
compared with placebo but not compared with ipratropium or theophylline [59,60, 
67,71,72]. In the study of Rossi et al. [68], the improvement in pulmonary function by 
formoterol was associated with a significant reduction in the use of rescue medication. 
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IMPACT ON HEALTH-RELATED QUALITY OF LIFE  

It has been documented that LABAs significantly improved health-related quality of life 
(HRQoL), although a systematic review [69] demonstrated that there was variation in 
trial results for HRQoL. Three studies, two with salmeterol [61,73] and one with 
formoterol [70], showed that LABAs significantly improved HRQoL using the St 
George’s Respiratory Questionnaire (SGRQ). It is interesting to highlight that in another 
study [62], although the formoterol 24 µg dose achieved significant benefits, the 
magnitude of change was not as great as with the 12 µg dose. Rutten-van Molken [74] 
and Brusasco [64] did not find any statistically significant differences between salmeterol 
and placebo. 

Other studies have used the Chronic Respiratory Disease Questionnaire (CRDQ) for 
measuring HRQoL. In a 12-week trial, the total score on the CRDQ was higher (better) 
for the salmeterol-treated group compared with the placebo group [60]. The proportion of 
patients who achieved an increase of ≥10 points in overall score (the minimum change 
indicative of an important difference) was significantly higher at week 12 in the 
salmeterol (46%) than in the placebo group (27%) in non-reversible patients. However, 
Rennard et al. [61] using the CRDQ showed that the proportion of patients who achieved 
a clinically significant change of 10 from the baseline was 46% in the salmeterol group 
and 38% in the placebo group.  

Studies of salmeterol have not shown any significant effect on health status compared 
with either ipratropium [60,61,75], or theophylline [67]. Formoterol was superior on the 
SGRQ total score to ipratropium over 12 weeks [62], but not to theophylline over 12 
months [68]. 

IMPACT ON EXERCISE PERFORMANCE  

Although it has been shown that patients with COPD were able to walk a significantly 
greater distance on the treadmill after acute administration of salmeterol compared with 
placebo, Boyd et al. [59], Mahler et al. [60], Rennard et al. [61], and Grove et al. [76] 
found no differences in the 6-min walking distance with salmeterol compared with 
placebo therapy. In addition, formoterol did not improve shuttle walking test distances 
compared with placebo [70]. However, when the effect of one-week of treatment with 
formoterol 4.5, 9 or 18 µg twice daily, on exercise capacity was compared with that of 
ipratropium bromide, 80 µg tid, or placebo using a bicycle ergometer test [77], it was 
observed that all three doses of formoterol significantly prolonged the time to exhaustion, 
which was comparable to the effect of ipratropium. The maximum Borg dyspnoea scale 
was unaffected. 

IMPACT ON EXACERBATIONS  

The evaluation of the impact of LABAs on exacerbations has produced contrasting 
results. In a large multicentre trial, Calverley et al. [78] showed that compared with 
placebo, salmeterol reduced by 20% the rate of exacerbations per patient per year and by 
29% the rate of exacerbations that needed treatment with oral corticosteroids. Another 
large multicentre trial over one year [68] found that formoterol was significantly superior 
to placebo for the mean percentages of bad days defined as ‘mild COPD exacerbation’. 
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Formoterol at 24 µg, but not lower doses, also reduced the number of exacerbations that 
were serious enough to require additional therapy compared with placebo [79,80]. 

However, one systematic review [69] found that LABAs compared to placebo did not 
significantly affect the incidence of COPD exacerbations; in any case, this meta analysis 
was only based upon two RCTs [59,71]. In two separate 12-week trials, there was no 
consistent effect of salmeterol on exacerbations of COPD compared with placebo 
[60,61]. Three other trials [62,64,81] also found no significant difference in 
exacerbations. 

Formoterol has been shown to reduce the number of bad days compared with 
theophylline [68], but not with ipratropium [62]. Salmeterol also does not seem to have a 
consistent effect on exacerbations compared with ipratropium [60,61], and did not reduce 
the incidence of exacerbations compared with theophylline [67]. 

It is interesting to highlight that Dowling et al. [82,83] reported that salmeterol 
reduced respiratory epithelial damage induced by Haemophilus influenzae and by 
Pseudomonas aeruginosa, probably by maintaining intracellular concentrations of cAMP. 
Moreover, in vitro studies have shown that β2-agonists can reduce the chemotactic 
response of neutrophils to agents such as endotoxin without inhibiting their antibacterial 
activity [84]. If these in vitro observations can be extrapolated to the situation in COPD, 
long-acting inhaled β2-agonists could interfere with the vicious circle underlying 
exacerbations, and thus have an important effect on the clinical outcome of the disease. 
However, the clinical impact of this ‘cytoprotection’ on the respiratory tract requires 
further investigation.  

SPECIAL PROBLEMS RELATED TO THE USE OF LONG-
ACTING β 2 -AGONISTS  

TOLERANCE TO BRONCHODILATING EFFECTS OF β-
AGONISTS  

Pharmacoepidemiological studies indicate a strong association between increased β2-
agonist use and β2-adrenoceptor down-regulation and subsensitivity and consequent loss 
of airway control [85,86]. In particular, Lipworth [87] advised that physicians should be 
aware of the airway subsensitivity that develops with LABA therapy Patients should be 
warned that they might have to use higher than conventional dosages of short-acting β2-
agonists to relieve acute bronchoconstriction in order to overcome this effect. 

While clinical evidence of tolerance has occurred in asthma and is generally well 
accepted, tolerance to chronic administration of inhaled β-agonists has not been 
adequately addressed in patients with COPD. Controlled clinical studies in patients with 
COPD examining up to 4 months treatment with formoterol or salmeterol have suggested 
that tolerance does not appear to occur, although specific analyses addressing the issue 
were not reported [62,73]. Moreover, it has been shown that pre-treatment with a 
conventional dose of formoterol or salmeterol does not preclude the possibility of 
inducing a further bronchodilation with salbutamol in patients suffering from partially 
reversible COPD [88]. 
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Bjermer and Larsson [89] have reviewed some data related to the debate warning 
against the use of LABAs and observed that the bronchodilatory effect seems to be fairly 
stable after regular treatment with these bronchodilators, even though some reports claim 
that this effect diminishes over time. Interestingly, Anderson et al. [90] have 
demonstrated the lack of loss of bronchodilator response to salmeterol after a 3-month 
period in patients with COPD, and this even in genotypes more susceptible to β2-
adrenoceptor down-regulation. However, a recent paper of Donohue et al. [91] has 
documented a relatively small diminishment of bronchodilator responses and duration of 
bronchodilation over time in patients with COPD during chronic administration of 
salmeterol 50 µg bid. 

ADVERSE SIDE-EFFECTS  

Side-effects of inhaled β-agonists are the result of activation of extrapulmonary β-ARs. 
Minor adverse effects such as palpitations, tremor, headache and metabolic effects are 
predictable and dose related. Cardiovascular adverse events are potentially the most 
serious. It must be highlighted that the impact of most bronchodilators on the heart is a 
very important point [92]. Cardiac arrhythmias are common in patients with respiratory 
failure due to COPD. Several factors are potentially arrhythmogenic in these patients, 
including hypoxaemia, hypercapnia, acid-base disturbances [93] and the use of β2-
agonists or theophylline [94]. In particular, patients with hypoxaemic COPD may have a 
subclinical autonomic neuropathy that has been associated with a prolonged 
electrocardiograph QTc interval and risk of ventricular arrhythmias and death [95]. It 
cannot be excluded that adverse cardiac events might occur in COPD patients with pre-
existing cardiac arrhythmias and hypoxaemia [96]. 

β2-Agonists are known to have several side-effects with potential effects on cardiac 
function as a result of direct stimulation of β2-ARs in the atria and possibly β1-ARs with 
higher doses of inhaled medication [97–99]. They include an increase in heart rate, an 
increase in contractile force, a decrease in peripheral vascular resistance with increased 
pulse pressure, an increase in cardiac output, as well as changes in serum potassium and 
magnesium levels which may affect conduction pathways in the heart [100]. 
Unequivocally, the chronotropic and electrophysiological effects of β2-agonists are 
enhanced by conditions of hypoxaemia; in fact, mild hypoxaemia (90% O2 saturation) 
has been demonstrated to extend the prolongation of the QTc interval caused by fenoterol 
[96]. Nonetheless, these effects are usually considered to be mild when these agents are 
given by inhalation at therapeutic dose [101]. A recent population-based epidemiological 
study found that short-acting β2-agonists in any form did not increase the risk of acute 
myocardial infarction in a large cohort of patients (12,090 subjects) with COPD [102]. 
First time use, in particular, also did not increase the risk. 

Also the impact of LABAs on the heart has been examined. We evaluated the acute 
effects of a single dose of salmeterol (50 µg) and two doses of formoterol (12 and 24 µg) 
in 12 patients with COPD who had pre-existing cardiac arrhythmias and hypoxemia 
[103]. We found slight increases in heart rate and in ventricular premature contractions 
with the LABAs compared with placebo. Moreover, the frequency of these cardiac 
effects was higher with the 24-µg dose of formoterol. Our conclusion was that salmeterol, 
50 µg, is more favourable than formoterol, 12 µg, when we consider the bronchodilating 
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effect and formoterol, 24 µg, when we consider the effect on the heart. A recent pooled 
analysis of cardiovascular safety data of randomised, double-blind, parallel group, 
multiple-dose studies, which included salmeterol, 50 µg bid, and placebo arms, showed 
no increased risk of cardiovascular adverse events compared with placebo. In particular, 
there were no episodes of sustained ventricular tachycardia, and no clinically significant 
differences were observed in the 24-h heart rate, ventricular and supraventricular ectopic 
events, qualitative electrocardiograms (ECGs), QT intervals, or vital signs between the 
salmeterol group and the placebo group. Similar findings were observed when patients 
were stratified for age of >65 years or the known presence of cardiovascular disease 
[104]. 

The administration of β2-agonists to patients with airway obstruction often results in a 
transient decrease in oxygen partial pressure (PaO2) despite concomitant bronchodilation 
[105]. This phenomenon, which is potentially dangerous in acute exacerbations of COPD, 
has been attributed to the pulmonary vasodilator action of these agents, increasing blood 
flow to poorly ventilated lung regions and thus increasing ventilation-perfusion 
inequality, and to a shunt-like effect [106,107]. Both formoterol and salmeterol did not 
induce significant modifications in pulse oximetry (SpO2) in patients suffering from acute 
exacerbation of COPD, although they were used at doses higher than that recommended 
in the treatment of airway obstruction [108–111]. However, considering that some 
patients presented a decrease in SpO2 under 90%, the use of high doses of these two long-
acting inhaled β2-agonists must always be prudent. 

Tremor can be induced by stimulation of β2-ARs found in skeletal muscles. However, 
tremor did not occur more frequently with salmeterol compared with placebo in multi-
centre trials [60,61,67], although the 100 µg dose (not recommended for use) was 
associated with a significantly higher incidence of tremor than the 50 µg dose [73]. 
Maconochie et al. [112] showed that tachyphylaxis occurred to the effects of salmeterol 
on tremor. 

β2-agonists can also cause hypokalemia because of shifting of potassium within cells 
[113]. In addition, these agents may increase levels of serum glucose, insulin, lactate, 
pyruvate, and free fatty acids when used in higher doses. 

At least in asthmatic patients, formoterol shows tendency to more pronounced 
systemic side-effects, such as more pronounced decreased serum potassium and induced 
finger tremor, when compared to salmeterol [114]. It has been suggested that this is due 
to the different β-agonist intrinsic efficacy of the two agents [4]. 

β 2 -AGONISTS AND GUIDELINES FOR THE 
PHARMACOLOGICAL TREATMENT OF STABLE COPD  

Current best practice for the pharmacological treatment of COPD is based upon the 
guidelines issued by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) 
[115], American Thoracic Society (ATS) [116], European Respiratory Society (ERS) 
[117], and British Thoracic Society (BTS) [118], and more recently, by ATS/ERS [119] 
and National Collaborating Centre for Chronic Conditions in the UK [120]. In general, 
there is a correlation between the type of suggested treatment and the disease severity, 
which has typically been determined using the degree of lung function (FEV1 and 
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FEV1/FVC) impairment. However, the wisdom of this approach has been questioned, 
with the suggestion that factors such as arterial blood gas levels, time and distance 
walked, sensation of dyspnoea, and body mass index be included in this determination 
[121]. Methods of stratifying disease severity (also known as staging) vary between these 
guidelines. The latest GOLD criteria classify COPD into the following four stages: mild 
(FEV1, ≥80% of predicted); moderate (FEV1, ≥50 to <80% of predicted); severe (FEV1, 
≥30 to <50% of predicted); and very severe (FEV1, <30% of predicted) [115]. 

Inhaled bronchodilators are considered as central to the symptomatic management of 
COPD, even for patients with few or intermittent symptoms, in all the four stages of 
severity The most recent guidelines for the management of patients with COPD indicate 
that short-acting β2-agonists should be the initial empirical treatment for the relief of 
breathlessness and exercise limitation [120], or for the control of intermittent symptoms 
(e.g., cough, wheeze, exertional dyspnoea) [119]. The effectiveness of bronchodilator 
therapy should not be assessed by lung function alone but should include a variety of 
other measures such as improvement in symptoms, activities of daily living, exercise 
capacity, and rapidity of symptom relief. Patients who remain symptomatic should have 
their inhaled treatment intensified to include long-acting bronchodilators or combined 
therapy with a short-acting β2-agonist and a short-acting anticholinergic [119,120]. 

LABAs should be used in patients who remain symptomatic despite treatment with 
short-acting bronchodilators because these drugs appear to have additional benefits over 
combinations of short-acting drugs [119,120]. They should also be used in patients who 
have two or more exacerbations per year [119,120]. In particular, GOLD guidelines [115] 
and ATS/ERS guidelines [119] recommend the use of long-acting bronchodilators for 
treating patients with moderate-to-very severe COPD. 

Anyway, because patients with COPD with pre-existing cardiac arrhythmias receiving 
LABAs could be at special risk of developing new arrhythmias or of aggravating pre-
existing ones, we have suggested the use of anticholinergic drugs in these patients with 
COPD [36,37]. 

USE OF β 2 -AGONISTS IN THE TREATMENT OF ACUTE 
EXACERBATIONS OF COPD  

Symptoms of acute exacerbation of COPD occur frequently and are manifested as 
increased breathlessness, usually also with increased cough and sputum production. 
When airway obstruction increases, the therapeutic option is to add a short-acting β2-
agonist, such as salbutamol or terbutaline, for rapid relief of bronchospasm [122,123]. A 
small number of studies suggests that these agents, as a class, are of benefit in 
exacerbations of COPD, showing improvements in lung function and dyspnoea scores 
[124]. Unfortunately, their maximal effective dose in COPD exacerbation is not known. 
However, limited data from studies of COPD exacerbations indicate that 3–4 puffs of 
short-acting β2-agonists produce significant (18–22%) levels of bronchodilation 
[125,126]. Lloberes et al. [126] showed that in at least half of the patients the dose of 
salbutamol that elicited the maximal bronchodilatation was twice that currently 
employed. Obviously, these bronchodilators should be titrated to maximal effect when 
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possible, monitoring closely for adverse effects of the larger-than-usual doses that are 
sometimes necessary to relieve airway obstruction. 

These agents once were administered at a moderate dose every hour, but, 
unfortunately, the duration of the bronchodilator effect of short-acting, inhaled β2-
agonists is decreased in COPD exacerbation [127]. In order to overcome the reduced 
functional half-life of β2-agonists, several authors suggest not only the use of larger-than-
usual doses that are sometimes necessary to relieve airway obstruction, but also 
shortening the posologic interval [124,125]. However, one study failed to demonstrate a 
significant advantage by giving salbutamol more frequently than once every 60 min 
[124]. Thus, when 3–4 puffs every 4h have not been effective, 3–4 puffs of short-acting 
β2-agonists should be administered every 1–2h, if tolerated, under close supervision 
(including ECG monitoring) until clinical improvement occurs. In particular, the ATS 
recommendation for severe COPD exacerbation is 6–8 puffs every 2h [116]. 

The use of LABAs formoterol and salmeterol should be another potential option to 
overcome the reduced functional half-life of β2-agonists in exacerbation of COPD [128]. 
However, they are currently not approved for use in this pathologic condition because 
they must be intended for maintenance treatment and not immediate symptomatic relief. 
This opinion, however, contrasts with the evidence that at least formoterol produces dose-
proportional bronchodilation in COPD patients with a reversible component [45]. 

Actually, when used for treating acute exacerbations of COPD, formoterol elicits a 
rapid and significant bronchodilation and can be used for as-needed medication in many 
patients [110]. A dose of 24 µg formoterol seems to induce clinically relevant effect in 
these subjects. However, since it has been documented that several patients benefited by 
a higher dose, it is advisable to administer at least a cumulative 36 µg dose of formoterol 
as rescue medication to cause rapid relief of bronchospasm in patients with acute 
exacerbation of COPD. This action will cause rapid relief of bronchospasm in these 
patients. In any case, it must be highlighted that each subject with COPD has his/her own 
best function that is regarded to be the best lung function that he/she can achieve either 
spontaneously or as a result of treatment. If the used agent has induced the maximum 
possible bronchodilation in our patient, a higher dose is clearly ineffective. The 
documentation that formoterol induces a fast bronchodilation that is dose-dependent and 
not significantly different from that caused by salbutamol, at least in patients with mild 
acute exacerbation of COPD [108], corroborates the use of formoterol in the treatment of 
acute exacerbation of COPD. 

There is a great deal of controversy regarding the timing and optimal dose of β2-
agonists in the treatment of acute exacerbations of COPD. This is also valid for LABAs. 
Recently, it has been documented that a high dose of formoterol (36 µg) is as effective as 
the same dose administered in a cumulative manner in patients with acute exacerbation of 
COPD [108]. This finding was unexpected considering that it has been suggested that the 
use of a cumulative technique to obtain bronchodilator dose-response curves will cause a 
greater response than a noncumulative technique, because sequential doses of drug will 
penetrate further into the lung [129,130]. Nonetheless, it has important clinical 
implications with respect to the utilization of bronchodilators in the treatment of acute 
exacerbation of COPD. In fact, this posologic approach is preferable to prescription of 
the equivalent cumulative dose regimen when it does not involve additional risks because 
it simplifies the assumption of bronchodilator. 

Beta-adrenoceptor agonists: clinical use     89



All these findings support the use of formoterol in the treatment of acute exacerbations 
of COPD. However, some clinicians avoid the use of this agent as relief medication in 
patients already taking it as regular treatment for the reasons that have previously been 
described. Luckily, it has been shown that regular treatment with formoterol does not 
compromise the bronchodilator response to further cumulative inhalations of formoterol 
[131]. Patients suffering from partially reversible COPD, who are taking this agent as 
regular maintenance therapy, can, therefore, also use formoterol as reliever medication. 

NOVEL β 2 -AGONISTS  

Salbutamol is a racemic mixture containing equal parts of R and S salbutamol, which 
have different affinities for the β2-AR. The S isomer may have some pro-inflammatory 
effects and binds to the β2-receptor weakly, but for a longer period. The R isomer, or 
levalbuterol, is more active and produces greater bronchodilation over a longer period in 
both adults and children in long-term-dosing studies [132,133]. Arformoterol [R, R-
formoterol] is a single isomer form of the β2-agonist formoterol. This isomer contains two 
chiral centres and is being developed as an inhaled preparation for the treatment of 
respiratory disorders [134]. 

Few studies are available and many are ongoing with levalbuterol as well as 
arformoterol for patients with COPD. Truitt et al. [135] reported a retrospective 
observational study of 125 hospitalised patients with asthma and/or COPD. Patients 
receiving levalbuterol required fewer β2-agonist treatments and fewer doses of 
ipratropium. Patients receiving levalbuterol had a shorter length of stay, needed fewer 
rescue medications, and had fewer readmissions than those receiving racemic albuterol. 

Earlier Phase II products include QAB149, an ultra LABA which has been shown to 
have a fast onset of action in lung function and offers a true once-daily dosing with a long 
duration of action [136]. This is being evaluated for treating COPD. 

Sibenadet is a dual D2 dopamine receptor, β2-adrenoceptor agonist that combines 
bronchodilator activity with the sensory afferent modulating effects associated with D2-
receptor agonism [137]. Investigation in animal models of key COPD symptoms has 
demonstrated that sibenadet effectively inhibits sensory nerve activity, thereby reducing 
reflex cough, mucus production and tachypnoea [138]. However, the development of 
sibenadet has been dropped because trials proved that the drug has limited long-term 
benefit to patients. Phase III clinical trials of the drug failed to show that it was better 
than competing products in long-term treatment. 
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5  
Anticholinergics: basic pharmacology  

M.G.Belvisi, H.J.Patel  

INTRODUCTION  

The parasympathetic cholinergic nerves play a major role in the control and regulation of 
airway tone and mucus secretion in man and in animals [1,2]. Acetylcholine (ACh) 
released from these nerves activates muscarinic receptors on smooth muscle to contract 
and maintain airway tone, on submucosal glands to stimulate mucus secretion, on blood 
vessels to cause vasodilation and on cholinergic nerve terminals to inhibit further ACh 
release. Muscarinic receptor antagonists (anticholinergics) are used as bronchodilators 
and are central to the management of patients with chronic obstructive pulmonary disease 
(COPD). Since the 1970s the anticholinergic ipratropium bromide has been widely used 
for the treatment of patients with regular symptoms. Ipratropium bromide is a non-
selective muscarinic antagonist and therefore blocks M2 as well as M1 and M3 receptors, 
so that the increased ACh release via M2 receptor blockade may overcome the blockade 
of muscarinic M3 receptors. This has prompted a search for selective muscarinic 
receptors that block M3 or M1/M3 receptors and for drugs that have a longer duration of 
action in order to achieve a once-a-day therapy. 

PARASYMPATHETIC INNERVATION TO THE AIRWAYS  

The parasympathetic efferent nerves provide the dominant neural bronchoconstrictor 
mechanism in all species. It is evident that in most species, including man, there is a 
degree of basal cholinergic activity providing a resting level of bronchomotor tone since 
it can be abolished by antimuscarinic agents such as atropine or by vagal section [2–4]. 

Pre-ganglionic cholinergic nerves arising from the vagal nuclei of the medulla travel 
down the vagus nerve to the airways where they synapse in parasympathetic ganglia in 
the airway wall. Short post-ganglionic fibres pass from the ganglia and form a dense 
nerve plexus over target cells such as airway smooth muscle [5] and submucosal glands 
[6]. The density of cholinergic innervation is greatest proximally and diminishes 
peripherally [1,7]. 

Stimulation of parasympathetic pathways leads to bronchoconstriction, mucus 
secretion and bronchial vasodilation via the activation of muscarinic receptors by ACh 
released from the nerve terminals by exocytosis. ACh rapidly diffuses the relatively short 
distance to muscarinic receptors on the target cell and is subject to rapid degradation by 
the enzyme acetylcholine esterase (AChE), which is concentrated in the synaptic cleft.  
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MUSCARINIC RECEPTORS IN THE AIRWAYS  

Pharmacological characterisation of these receptors has been problematic due to the lack 
of selective agonists and antagonists that have a high selectivity for any single receptor 
[8]. There are no selective muscarinic receptor agonists with a high selectivity for an 
individual muscarinic receptor subtype. However, receptor characterisation has been 
achieved supported by the use of radioligand binding techniques with ligands such as 
[3H] pirenzepine and [3H]N-methylscopolamine and membrane preparations from cells 
transfected with the gene for a particular receptor. Antagonist affinity estimates obtained 
using these techniques have been comparable to those obtained in isolated tissue studies 
using ArunlakshanaSchild analysis [8] (see Table 5.1). However, it seems clear from 
Table 5.1 that, because of the lack of high subtype selectivity of any single antagonist 
listed, it is necessary to distinguish the involvement of a particular receptor subtype using 
more than one antagonist (a possible exception being the selectivity of MT7 toxin for the 
M1 receptor). Therefore, experimental design is of critical importance in receptor 
classification. 

Muscarinic receptors are present throughout the airways of a variety of species 
including humans [9–11]. Five types of muscarinic receptor genes have been identified 
(M1–M5, [12]), three of which (M1, M2 and M3) have been identified in the lung 
pharmacologically [13]. M4 muscarinic receptors are present in rabbit lung [14,15] but 
their function remains unknown. There is little data regarding the functional expression 
of the M5 receptor in peripheral tisues [8,16] (Figure 5.1). 

MUSCARINIC M 1 RECEPTORS  

M1 receptors have been localised by functional studies to parasympathetic ganglia of 
animals [17] and humans [18] and on sympathetic nerves. M1 receptor activation on 
parasympathetic ganglia inhibits the opening of K+ channels; resulting in depolarisation 
of parasympathetic ganglion cells and a facilitatory effect on neurotransmission through 
airway ganglia [19–22]. In addition to ACh, many other neurotransmitters and mediators 
may be released near the ganglia that affect the excitability of pre-ganglionic and post-
ganglionic membranes [23]. 

Submucosal glands are known to express both M1 and M3 muscarinic receptors [24]. 
While the M3 receptors are the most abundant and mediate mucus, water and electrolyte 
secretion, the M1 receptor only appears to be involved in the regulation of water and 
electrolyte secretion [25].  

Table 5.1 Antagonist affinity constants 

  Receptor  
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Antagonist  M 1  M 2  M 3  M 4  

Pirenzepine 7.8–8.5 6.3–6.7 6.7–7.1 7.1–8.1 

Methoctramine 7.1–7.8 7.8–8.3 6.3–6.9 7.4–8.1 

4-DAMP 8.6–9.2 7.8–8.4 8.9–9.3 8.4–9.4 

AF-DX 384 7.3–7.5 8.2–9.0 7.2–7.8 8.0–8.1 

Tripitramine 8.4–8.8 9.4–9.6 7.1–7.4 7.8–8.2 

Darifenacin 7.5–7.8 7.0–7.4 8.4–8.9 7.7–8.0 

MT3 7.1 <6 <6 <6 

MT7 9.8 <6 <6 <6 

The values listed are Log affinity constants or pKB values for mammalian muscarinic receptors 
adapted from Caulfield and Birdsall, 1998 [8]. 

 

Figure 5.1 Three types of muscarinic 
receptor genes have been identified in 
the lung pharmacologically using a 
range of receptor antagonists. M1 
receptors have been localised by 
functional studies to parasympathetic 
ganglia of animals and on sympathetic 
nerves, where they may have a 
facilitatory effect on neurotransmission 
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through airway ganglia. M2 receptors 
(autoreceptors) are Located on 
cholinergic pre-junctional nerve 
terminals. ACh released from these 
terminals can act back on the pre-
junctional M2 receptors to inhibit 
further release of ACh. M3 muscarinic 
receptors are present in guinea-pig and 
human airway smooth muscle and 
have been localised to submucosal 
glands. Activation of M3 receptors 
results in smooth muscle contraction 
and mucus secretion. 

MUSCARINIC M 2 RECEPTORS  

ACh released from cholinergic nerve terminals is modulated by pre-synaptic M2-
receptors (autoreceptors) located on cholinergic post-ganglionic, pre-junctional nerve 
terminals. ACh released from these terminals can act back on the pre-junctional M2 
receptors to inhibit further release of ACh [26]. In vitro isolated tissue studies where 
cholinergic neuronally-mediated contractile responses are compared to contractions of 
similar magnitude to exogenous ACh have described M2-receptors on post-ganglionic 
pre-junctional cholinergic nerve terminals in a number of species and this has been 
confirmed by direct measurement of ACh release in vitro in both guinea-pig [27,28] and 
human trachea [28–30]. M2 receptors are also expressed on parasympathetic ganglia 
where they also act to inhibit ACh release [31]. RTPCR, Western analysis and 
immunocytochemical techniques have also demonstrated functional M2 muscarinic 
receptors in guinea-pig primary cultures of parasympathetic nerves [32] (Figure 5.2). 

The majority of the muscarinic receptors on the airway smooth muscle are of the M2 
receptor subtype [33]. However, the relative proportions of M2 and M3 muscarinic 
receptors in airway tissue may vary depending upon whether central, peripheral or whole 
lung tissue is used as well as the age of the animal [34]. M2 and M3 receptor mRNAs and 
functional M2 and M3 receptors have been detected in cultured human airway smooth 
muscle [35,36]. The M2 receptors do not directly contract airway smooth muscle, but 
appear to functionally antagonise airway smooth muscle relaxation mediated by β2-
adrenoceptor activation via its opposing actions on adenylyl cyclase activity and Ca2+-
dependant K+ channels [37–41]. Interestingly, a recent study by Matsui et al. [42] 
demonstrated that the relaxant effects of forskolin on muscarinic agonist-induced 
contractions were significantly  
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Figure 5.2 Post-ganglionic, 
parasympathetic nerves innervate the 
airway smooth muscle and glands. 
ACh released from cholinergic nerve 
terminals activates M3 muscarinic 
receptors on muscle and glands to 
produce contraction and mucus 
secretion. ACh release from post-
ganglionic, parasympathetic nerve 
endings can act on pre-junctional M2 
receptors to inhibit the further release 
of ACh. 

greater in tracheal preparations from mACHR2-/- mice than in the corresponding 
preparations from wild-type mice, suggesting that a component of the muscarinic agonist-
induced contraction response in the tracheal smooth muscle involves an M2 receptor-
mediated functional antagonism of airway smooth muscle relaxation mediated by agents 
that increase cAMP levels [42]. 

MUSCARINIC M 3 RECEPTORS  

M3 muscarinic receptors are present in guinea-pig and human airway smooth muscle and 
have been localised to submucosal glands by autoradiographic [10,35] and in situ 
hybridisation studies with M3-selective cDNA probes [35]. Binding studies indicate that 
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in guinea-pig lung membranes the M3 receptor subtype predominates, whereas in human 
lung the M3 receptor subtype makes up less than half of the receptors [43]. Activation of 
M3 receptors results in smooth muscle contraction [44–47], mucus secretion [25,48,49] 
and vasodilation of blood vessels in the tracheobronchial circulation [50]. Stimulation of 
M3 muscarinic receptors by ACh activates inositol triphosphate- and phosphoinositide-
specific phospholipase C, increasing intracellular Ca2+ and causing contraction of airway 
smooth muscle [45,51,52]. These effects can be blocked by anti-muscarinic agents such 
as atropine or ipratropium bromide as well as M3-selective muscarinic antagonists such as 
4-DAMP. 

Although previous work suggests that the muscarinic constriction of tracheal smooth 
muscle and main bronchi is predominantly mediated by the M3 receptor subtype 
[45,53,54], it is not clear which muscarinic receptors are involved in eliciting this 
response in the smaller intrapulmonary airways. An understanding of which muscarinic 
receptors mediate ACh-induced contractile responses is important given that airway 
resistance is determined largely by the diameter of the small intrapulmonary airways 
[55,56]. Interestingly, recent studies in receptor-deficient mice have suggested that 
cholinergic constriction of murine peripheral airways is mediated by the concerted action 
of the M2 and M3 receptor subtypes. These data also suggest the existence of pulmonary 
M1 receptors, the activation of which counteracts this bronchoconstrictor activity [57]. 

SIGNAL TRANSDUCTION MECHANISMS  

The muscarinic acetylcholine receptors (mAChR) are prototypical members of the G-
protein-coupled receptor superfamily characterised by seven transmembrane domains. 
Agonist binding triggers conformational changes within the helical bundle, which are 
then transmitted to the cytoplasmic face where the interaction with specific G-proteins 
occur. 

It is generally presumed that muscarinic receptors can be generally classed into two 
major categories [8]. The M2 and M4 muscarinic receptor subtypes preferentially couple 
to inhibition of adenylyl cyclase via pertussis toxin-sensitive Gi/Go [58–60]; however, M2 
receptors may also couple to inhibition of adenylyl cyclase activity via the PTX-resistant 
G-protein, Gz [58]. The M1, M3 and M5 muscarinic receptor subtypes predominantly 
stimulate phospholipase Cß (PLGß) via pertussis toxin-insensitive Gq/G11 class [61,62]. 
Activation of muscarinic M3 receptors results in IP3 and DAG production via activation 
of PLC. IP3 increases intracellular calcium concentrations that ultimately promotes the 
rapid phase of smooth muscle contraction. Activation of PKC by DAG is thought to 
mediate the sustained phase of smooth muscle contraction [63]. 

While this general distinction still holds, muscarinic receptors can also couple to other 
signal transduction pathways, including phospholipases A2 and D, tyrosine kinases and 
calcium and potassium channels [8,64]. Muscarinic agonists can stimulate large 
conductance calcium-activated potassium channels (BKCa) in airway smooth muscle 
cells. These channels are implicated in the functional antagonism between cholinergic 
agonist-induced contraction and β-adrenoceptors-mediated relaxation, where activation of 
post-juctional M2 receptors leads to inhibition of adenylyl cyclase, a decrease in cAMP 
and an inhibition of BKCa channel activity [39]. 
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CHOLINERGIC REFLEXES  

Cholinergic responses such as bronchoconstriction, mucus secretion [65–67] and 
bronchial vasodilation [68] can be elicited by mechanical or chemical stimulation of 
sensory neural pathways via central reflex pathways. As well as mechanical stimulation 
of sensory nerves, a wide variety of chemical stimuli including gastroeosophageal reflux 
(GER, [69]) are able to elicit cholinergic reflexes by activation of sensory nerves. 
Stimulation of the nasal mucosa, larynx, central and peripheral chemoreceptors, 
baroceptors and the oesophagus may cause reflex bronchoconstriction. Reflex cholinergic 
bronchoconstriction can be demonstrated in vivo by activation of afferent vagal fibre 
(sensory) endings in the airways, since it can be blocked by vagal section, administration 
of a muscarinic antagonist, or by the administration of the nicotinic antagonist, 
hexamethonium [2] to block ganglionic transmission at cholinergic ganglia. In vivo, 
electrical stimulation of the vagus nerve in anaesthetised animals causes rapid 
bronchoconstriction, which can be potentiated in the presence of AChE inhibitors and 
reversed by the muscarinic antgonist atropine [2]. The rapid onset and reversibility of the 
bronchoconstriction suggests that it is due to constriction of airway smooth muscle rather 
than mucosal oedema or obstruction of the airway lumen by mucus. The extent of 
cholinergic reflex is species- and maybe stimulus-dependent and demonstration of this 
response relies on the degree of attenuation by vagal section, antimuscarinics or 
hexamethonium. 

It is assumed that methacholine, a regularly used muscarinic agonist to assess airway 
responsiveness in clinical settings, causes bronchoconstriction exclusively by acting 
directly on airway smooth muscle. Studies have shown that cholinergic agonists can 
increase sensory nerve activity in the lungs [70] and that vagotomy significantly reduces 
bronchoconstriction induced by methacholine infused directly into the bronchial artery in 
sheep [71,72]. The authors conclude that there is a substantial reflex effect of cholinergic 
agonists and therefore a response to methacholine in humans or animals should not be 
assumed to be solely via a direct action on smooth muscle. 

In man, evidence for such a reflex depends primarily on the inhibitory efficiency of 
anticholinergics such as atropine. There is some disagreement over the relative 
importance of reflex mechanisms in bronchoconstrictor responses because there are 
variations between subjects, provoking stimuli and the degree of the cholinergic reflex. 
Anticholinergics are generally effective against bronchoconstriction induced by sulphur 
dioxide [73,74], carbon dust [75,76], ozone [77] and acid challenge to the oesophagus 
[78] but are less effective against allergen-induced bronchoconstriction [79]. This may be 
because the inflammatory mediators released during allergen challenge have more impact 
on airway smooth muscle than on the afferent nerve endings. Evidence for reflex 
mechanisms induced by histamine in man is also conflicting [80], although the majority 
of studies show that the bronchoconstriction is due to a direct effect of histamine on 
airway smooth muscle [81,82]. 

M 2 RECEPTOR DYSFUNCTION  
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The existence of muscarinic auto-inhibitory receptors on cholinergic nerve terminals in 
human airways has important implications in view of the fact that these receptors may 
represent an important mechanism by which vagal control of the airways may be 
regulated. Loss of neural M2-muscarinic receptor function has been implicated in 
asthmatic patients [83,84]. Furthermore, neurally evoked cholinergic responses in vitro of 
airways from mild asthmatics also appear to be greater than that from airways from 
normal patients [85]. M2 autoreceptor dysfunction may also be a factor which contributes 
to airway hyperresponsiveness [30] and enhanced cholinergic reflex bronchoconstriction 
[26]. Airway hyperresponsiveness is an important feature of asthma in humans and is 
occasionally seen in COPD patients. 

Several in vivo animal models have been described which demonstrate increased 
activity of the parasympathetic nerves, such as infection with parainfluenza virus [86,87], 
sensitisation and challenge with antigen [30,88–89], acute exposure to ozone [90] and 
vitamin A deficiency [91]. Furthermore, increased basal tone in the airways and airway 
hyperreactivity in humans with asthma and COPD may also be as a result of increased 
parasympathetic nerve activity. There is no evidence that the number or function of M3 
muscarinic receptors on airway smooth muscle is altered in the above animal models or 
in human asthma or COPD, whereas there are several lines of evidence which 
demonstrate M2 receptor dysfunction. Compromised neuronal M2 muscarinic receptor 
function increases the concentration of ACh released in the vicinity of the airway smooth 
muscle and results in an enhanced bronchoconstrictor response to vagal stimulation. 

Possible hypotheses for M2 receptor dysfunction have arisen from a number of studies 
in these animal models [89,91–94]. Firstly, the loss of M2 muscarinic receptor function in 
the sensitised and antigen-challenged guinea-pig model would appear to be due to the 
presence of activated eosinophils [94–97]. Activated eosinophils release preformed 
proteins, including the cationic protein major basic protein (MBP) and it is thought that 
this can act as an allosteric antagonist of the muscarinic M2 receptor. Evidence for this 
hypothesis stems from experiments demonstrating that M2 muscarinic receptor 
dysfunction and airway hyperreactivity in antigen-challenged, sensitised guinea-pigs can 
be prevented by blockade of MBP with a selective antibody [98] or reversed by the 
polyanionic molecule heparin [99]. Other mechanisms appear to play a role in this 
dysfunction following viral infection. In non-sensitised animals viruses can act to induce 
M2 receptor dysfunction by (a) producing neuraminidase, which cleaves sialic acid 
residues from M2 receptors, decreasing the affinity of agonists for the receptor by 10-fold 
[100], (b) the release of an unidentified mediator from activated macrophages as 
depletion of macrophages with liposome-encapsulated clodronate protects receptor 
function and prevents airway hyperreactivity [101] or through (c) the activation of 
inflammatory cells and the release of Th1-type cytokines (e.g., interferons). However, on 
a background of atopy, virus-induced M2 receptor dysfunction may be due to the 
activation of eosinophils and the release of MBP via a mechanism that may involve CD8+ 
T-lymphocytes [101,102]. 

Interestingly, M2 muscarinic receptors are functional in patients with stable COPD 
[103]. However, the role for neuronal M2 muscarinic receptors in acute exacerbations of 
COPD is not yet known (Figure 5.3). 
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NON-NEURONAL ACh  

Although ACh has historically been regarded as a classical neurotransmitter, it is 
increasingly being recognised that ACh may also serve as an autocrine and paracrine 
signalling molecule. Non-neuronal ACh is implicated in regulating a wide range of basic 
cell functions such as proliferation, differentiation, cell-cell contact, secretion, absorption 
[104], trophic and immune functions and the release of mediators. 

The non-neuronal cholinergic system is widely expressed in human airways, and in 
particular in epithelial and immune (lymphocytes) cells which play an important role in 
inflammation. ACh-synthesising enzyme, choline acetyl transferase (ChAT) and/or ACh 
is present in human epithelial surface cells including goblet cells, ciliated cells and basal 
cells [105–107]. Epithelial cells also express both muscarinic (M1 and M3 subtypes) and 
nicotinic receptors [35,107,108].  

 

Figure 5.3 Mechanisms involved in 
neuronal M2 muscarinic receptor 
dysfunction. Antigen challenge in a 
guinea-pig animal model Leads to M2 
receptor dysfunction via the activation 
of eosinophils and the release of MBP, 
resulting in increased ACh release and 
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enhanced bronchoconstrictor 
responses. Virus infection is thought to 
elicit receptor dysfunction via 
activation of macrophages and the 
release of interferons and also via the 
action of viral neuraminidase which 
cleaves sialic acid residues from the 
M2 receptor, thereby compromising its 
functionality. 

Immune cells which invade the airway mucosa, for example lymphocytes, alveolar 
macrophages and granulocytes, can synthesise and release ACh and may release 
inappropriate amounts of ACh under inflammatory conditions [107,109–111]. ACh and 
ACh-sensitive receptors have been detected on many of the individual components of the 
immune system: lymphocytes (CD4+>CD8+>B cells), monocytes, macrophages, mast 
cells, thymus and spleen [for reviews, see 104, 112]. Evidence suggests that ACh 
mediates its actions via both muscarinic and nicotinic receptors on lymphocytes [112]; 
however, the exact muscarinic receptor subtype that is involved is not clear and may 
involve some or all subtypes depending on the lymphocyte sub-population. Interestingly, 
data from bovine and insect tissue suggest the existence of a chimeric nicotinic receptor 
responding to both nicotine and muscarinic agonists and appears to be a target for non-
neuronal ACh [113,114]. 

ACh also modulates immune function indirectly via the release of cytokines. For 
example, ACh or nicotine stimulates the release of pro-inflammatory chemotactic activity 
from bronchial epithelial cells and macrophages [115–117]. Hence, it is becoming 
increasingly apparent that non-neuronal ACh contributes to both the non-specific and 
specific host defence system and is involved in modulating the inflammatory response 
[107,112,118]. 

ANTICHOLINERGICS IN ASTHMA AND COPD  

Chronic COPD encompasses a number of diseases, including chronic bronchitis and 
emphysema. COPD is characterised by airflow limitation that is not fully reversible and 
is usually progressive and associated with an abnormal inflammatory response of the 
lungs to noxious particles and gases [119]. Prevention and relief of symptoms by regular 
use of bronchodilators is central to the management of patients with COPD. It is now 
well established that cholinergic neural mechanisms contribute to airway narrowing and 
increased mucus secretion. Similarly, anticholinergics decrease airway hyperreactivity in 
patients with COPD [120]. Furthermore, the role of this pathway in COPD is evidenced 
by the effectiveness of antimuscarinic agents. In fact, anticholinergics are the 
bronchodilators of choice [81] and have proved to be of particular value in the treatment 
of COPD as cholinergic vagal tone appears to be the only reversible element of airway 
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narrowing. Anticholinergics are also effective in reducing neurogenic control of mucus 
hypersecretion in chronic bronchitis [121]. 

Since the 1970s the anticholinergic ipratropium bromide has been widely used for the 
treatment of patients with regular symptoms. Ipatropium bromide is a non-selective 
muscarinic antagonist and therefore blocks M2 as well as M1 and M3 receptors, so that the 
increased ACh release via M2 receptor blockade may overcome some of the blockade of 
the muscarinic M3 receptors. This has prompted a search for selective muscarinic 
receptors that block M3 or M1/M3 receptors. In lieu of genuinely selective M3 muscarinic 
receptor compounds, a therapeutic approach for selective blockade of M3 muscarinic 
receptors has been to exploit differences in receptor kinetics. One such compound is 
tiotropium bromide (Spiriva). 

A series of pharmacological studies have shown that tiotropium shows kinetic 
selectivity for M1 and M3 receptors over M2 receptors, and is a potent muscarinic receptor 
antagonist with a prolonged duration of action [122]. Tiotropium binds with equal 
affinity to human cloned (Hm1, Hm2, and Hm3) muscarinic receptors [123,124] but with 
greater affinity than ipatropium bromide. Importantly, however, kinetic studies 
demonstrate that tiotropium bromide dissociates very slowly in comparison with 
ipatropium bromide [33] but also more rapidly from M2 receptors than from M1 or M3 
receptors, thus achieving a prolonged effect and subtype selectivity through a kinetic 
mechanism [123]. Tiotropium bromide inhibits exogenous ACh-induced bronchospasm 
three times more potently than ipratropium bromide and has a markedly longer duration 
of action than an equipotent dose of ipratropium bromide in the dog in vivo [123]. 
Comparable in vivo and in vitro results have been obtained in rabbits and guinea-pigs 
[123,125]. In guinea-pig trachea in vitro, tiotropium potently inhibits EFS-evoked 
cholinergic contractions five times more potently than ipatropium bromide or atropine. 
Although the onset of action of tiotropium bromide was slower than atropine or 
ipatropium bromide, after wash out, tiotropium was still effective for a considerably 
greater period, with a half-life of 540 min compared with 18 min for ipatropium. Similar 
effects were seen in human bronchi [125]. Experiments involving the measurement of 
ACh release have confirmed the non-selective action of these muscarinic antagonists as 
ACh release is increased via M2-receptor blockade as expected. However, 2h after wash 
out, the facilitatory effect of tiotropium on ACh release via activation of M2 receptors is 
lost, while the inhibitory action of tiotropium on cholinergic contractile responses via 
blockade of the M3 receptors is maintained for a prolonged period. 

Clinical studies with inhaled tiotropium bromide confirm that it is a potent and long-
lasting bronchodilator in COPD, protecting against cholinergic bronchoconstriction for 
up to 24h [126–128]. It is more effective when given once daily by inhalation than 
ipatropium given four times daily [129]. Tiotropium bromide has been developed as a dry 
powder inhaler for COPD patients and has already been introduced in some countries. 
Evidence suggests that once-daily treatment with tiotropium (Spiriva) is the most 
effective therapy for COPD patients currently available. Patients demonstrated improved 
lung function and health status with a reduction in symptoms and number of 
exacerbations [130,131]. The drug appears to be well tolerated with a dryness of the 
mouth being the only notable side effect and does not usually warrant discontinuation. 
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CONCLUSIONS  

The parasympathetic nerves provide the dominant autonomic control and regulation of 
airway tone and mucus secretion in man and in animals. Muscarinic receptor antagonists 
(anticholinergics) are used as bronchodilators and are central to the management of 
patients with COPD. Currently, the anticholinergic medications used in the treatment of 
airway diseases are not selective for the M3 muscarinic receptor subtype. New 
compounds that exhibit increased selectivity for this receptor subtype over the M2 
receptor are becoming available and may have advantages over other non-selective 
compounds by blocking the contractile activity of ACh without increasing the neuronal 
release of ACh. 
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6  
The clinical use of anticholinergics  

B.R.Celli  

INTRODUCTION  

The American Thoracic and the European Respiratory Societies have recently defined 
chronic obstructive pulmonary disease (COPD) as a preventable and treatable disease 
state characterised by airflow limitation that is not fully reversible [1]. The airflow 
limitation is usually progressive and is associated with an abnormal inflammatory 
response of the lungs to noxious particles or gases, primarily caused by cigarette 
smoking. In some areas of the world where biomass fuel is used as a source of energy 
primarily for cooking, persons exposed to the particles can develop airflow obstruction 
that is indistinguishable from that characteristic of COPD [2]. Although COPD primarily 
affects the lungs, it also produces significant systemic consequences that are very 
important because their presence is associated with significant morbidity and mortality 
and also because some of them are amenable to therapy. 

The new statements of COPD being preventable and treatable stress the importance of 
carefully organising therapy and optimising the treatment of the patients afflicted by the 
disease. Indeed, over the last two decades, our armamentarium has grown considerably 
Our understanding of outcome measures other than the degree of airflow limitation and 
the consequent planning of studies addressing patient-centred outcomes have provided us 
with information that is useful to the treating health care provider and the treated patient. 
The increased number of pharmacological agents provide us with more choices and their 
understanding is crucial to our decision-making process. 

Within this framework, anticholinergics are very useful bronchodilators in the 
management of COPD and work by blocking muscarinic receptors in airway smooth 
muscle as has been described in the previous chapter. The discovery of different subtypes 
of muscarinic receptor has led to the development of more selective anticholinergics. One 
of them, tiotropium bromine, which has kinetic selectivity for M3 receptors in airway 
smooth muscle, also has a very long duration of action. Once daily administration of 
tiotropium bromide has shown significant advantages over placebo and even over four 
times daily ipratropium bromide. This chapter will review the evidence that 
anticholinergics constitute the cornerstone of pharmacological therapy in COPD. 

Currently available anticholinergic drugs include ipratropium bromide, oxitropium 
bromide and more recently tiotropium bromide. As antagonists of muscarinic receptors 
they do promote bronchodilation with the added advantage of having minimal side-
effects when used in therapeutic doses. In healthy animals and man there is a small 
degree of resting bronchomotor tone due to tonic vagal nerve impulses which release 
acetylcholine around  
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airway smooth muscle. This can be blocked by section of the vagal nerve in animals and 
also by anticholinergic drugs in humans. COPD-enhanced cholinergic tone and response 
to inflammatory events render anticholinergics even more important. Indeed, 
anticholinergics are very effective bronchodilators in COPD [3]. Vagal cholinergic tone 
appears to be the most important reversible element of airway obstruction in COPD and 
its effects are exaggerated by geometric factors due to the already narrowed airway Since 
cholinergic nerves cause mucus secretion, in addition to bronchoconstriction, 
anticholinergics may reduce airway mucus secretion and clearance. The clinical 
relevance of this finding remains to be of limited importance even though oxitropium 
bromide has been shown to reduce mucus hypersecretion in a small trial of patients with 
COPD [4]. 

As we have seen in the previous chapter, ipratropium and oxitropium bromide are 
nonselective blockers and therefore block M1, M2 and M3-receptors [5]. In practice, the 
major sideeffects of anticholinergics, including dry mouth, glaucoma and urinary 
retention are all mediated by M3 receptors, so that it is difficult to reduce the side-effects 
if dosed systemically In practice these side-effects are not a problem with currently 
available anti-cholinergics since they are inhaled and not absorbed. In contrast, 
tiotropium bromide dissociates more slowly from M1- and M3-receptors than from M2-
receptors [6–8]. 

Bronchodilators in general are the mainstay of current therapy in COPD and while 
providing less improvement in the degree of airflow obstruction compared to asthma, 
they significantly reduce symptoms of dyspnoea, and improve exercise tolerance [9,10]. 
It has been customary to judge the beneficial effect of bronchodilators by their impact on 
short- or long-term effect on the degree of airflow limitation as measured by the forced 
expiratory volume in one second (FEV1) and indeed we will evaluate that as one 
important outcome. However, the impact of bronchodilators on other physiologic 
outcomes such as reduction in lung volume and improved exercise performance as well 
as on non-physiological ones such as dyspnoea and health-related quality of life will also 
be explored. The abundant data on these important outcomes has made therapy all the 
more valuable. 

ANTICHOLINERGICS: AIRFLOW LIMITATION  

The bronchodilator effect of ipratropium bromide has been well studied. Administration 
of an inhaled dose of 36 µg results in a 5–23% increase in FEV1 within one hour with the 
effects maintained for 4–6h [11,12]. In the study by Mahler et al. [12] the bronchodilator 
response appeared to be similar after 84 days of therapy, indicating no development of 
tolerance. The most extensive review of the topic was provided by Rennard et al. [13] 
who pooled the data from seven clinical trials designed to compare the 90-day effect of 
ipratropium to that of the β-agonist agents metaproterenol or albuterol. The entry criteria 
included patients older than 40 years of age, smoking history of at least 10-pack years 
and stable, moderate airflow obstruction. Patients with a history of asthma, allergic 
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rhinitis or atopy, and an elevated eosinophil count were excluded. Likewise, patients on 
more than 10 mg of prednisone or equivalent were not allowed to enter the studies. 
Pulmonary functions were conducted for a total of 8h after study drug administration and 
the examinations repeated 90 days after the initiation of therapy Out of 1,836 patients, 
1,445 completed the trials and were included in the analysis. The 744 patients who 
received ipratropium consisted primarily of men (65%) and had a baseline FEV1 around 
one litre. After the 90 days, the mean FEV1 had increased by 28 ml and the forced vital 
capacity (FVC) by 131 ml. Incidentally, this compared favourably to the change observed 
in the group receiving β-agonists in whom there was a decrease of 1 ml in the FEV1 and 
an increase of 20 ml in FVC. In the study, there was also a small, but significant, 
improvement in quality of life measured with the Chronic Respiratory Disease 
Questionnaire. 

As a result of these early studies ipratropium bromide became the first-line agent for 
the treatment of symptomatic patients with COPD [14]. The use of ipratropium combined 
with β-agonist agents received a significant boost when the result of several trials showed 
that the combination was more effective than either agent alone [15–17]. In the 
combivent trial [15], the 182 patients receiving the combination had an increase in FEV1 
of 31–33% compared to 24% for the 179 patients receiving ipratropium alone and 24–
27% for the 173 patients receiving albuterol alone for all 4 days tested. The area under 
the curve for the same days was 21–44% greater for the combination than for ipratropium 
alone and 30–46% geater than that for albuterol alone. In the formoterol trial [16], the 
patients receiving formoterol plus ipratropium had a larger improvement in airflow than 
those receiving salbutamol and ipratropium. However, the increase in FEV1 for the two 
arms of the trial were within the 20% described above. 

The best conducted study on the effect of bronchodilators on airflow obstruction was 
the Lung Health Study [18]. In that study, the effect of an aggressive smoking cessation 
program and administration of inhaled ipratropium at a dose of 36 µg four times per day 
on the FEV1, were evaluated against placebo in a total of 5,887 patients with mild COPD 
(mean FEV1 was 2.651). The patients were followed over 5 years. The study is a 
landmark one because it demonstrated that smoking cessation is associated not only with 
an increase in FEV1 of 57 ml in the first year after cessation, but also with a lower rate of 
decline in lung function compared to that of the patients who continued to smoke. In 
addition, the use of ipratropium resulted in an increase in FEV1 of 40ml (18%). However, 
the rate of decline in FEV1 did not differ among the different groups. In addition, the gain 
in lung function was lost once the medication was stopped. 

The other short-acting anticholinergic agent oxitropium has received less clinical 
attention and most of the studies comprise a small number of patients. As ipratropium 
bromide, oxitropium bromide has a 4–6 h effect. Ikeda et al. [19] studied 14 patients with 
a mean FEV1 of 0.851 before and 90 min after the administration of 500 µg of 
oxitropium. The FEV1 increased a mean of 25%, a finding that was actually smaller than 
previous studies with the same agent [20,21]. As was the experience with ipratropium, 
the combination of oxitropium with β-agonists produces a larger change in the FEV1 
compared with either agent alone. Cazzola et al. [22] studied 16 outpatients with COPD 
in 4 consecutive days. The patients received 24 mg of formoterol, 50 µg of salmeterol, 
200 µg of oxitropium or placebo. After the baseline determination, the patients received 
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ascending doses of salbutamol. The FEV1 increased approximately 22% after oxitropium 
and it further increased another 20% after salbutamol. 

The most recent anticholinergic agent tiotropium bromide is a long-lasting 
bronchodilator [23]. Single doses of inhaled tiotropium bromide have been investigated 
in clinical studies in patients with COPD and asthma. In asthmatic patients, there is a 
prolonged bronchodilator effect after a single dose, lasting for up to 36 h [24]. There is 
also a prolonged dose-dependent protection against inhaled methacholine challenge [25]. 
In patients with COPD tiotropium bromide provides a dose-related bronchodilatation that 
persists for over 24h [26,27]. The actual degree of bronchodilation at one hour after the 
administration of the medication is very similar to that observed for the shorter-acting 
anticholinergics. An average of the studies here cited shows an increase in FEV1 of close 
to 19%. The difference in favour of the tiotropium is that the trough FEV1 prior to the 
morning dose once the patient has been receiving the medication for one week is a 
staggering 16%. As shown in Figure 6.1, this is significantly better than the trough in 
FEV1 in patients receiving placebo. These studies demonstrated that tiotropium is suitable 
for once daily dosing and that at the lower doses where most improvement is seen there 
are unlikely to be significant side-effects. Once daily tiotropium is significantly more 
effective than four times daily ipratropium bromide at recommended doses [28]. The 
reasons for this remain speculative but they include: first, the increased potency of 
tiotropium bromide may mean that there is more effective blockade of muscarinic 
receptors. Dose-ranging studies have demonstrates a maximal effect at relatively low 
doses, whereas this may not be achieved at the recommended doses of  

 

Figure 6.1 Inhaled tiotropium not only 
improves the FEV1 within hours of its 
administration by an average of 16% 
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but also induces prolonged 
bronchodilation (185 compared to 
baseline) that is seen after 24h and 
before the following day’s dose 
[modified with permission from 
reference 44]. 

ipratropium or oxitropium [29]. Secondly, the prolonged duration of action may have a 
better long-term bronchodilator effect than repeated doses of short-acting drugs. Long-
acting bronchodilators appear to have a much better controlling effect than short-acting 
drugs and this has been well illustrated by the superiority of long-acting inhaled β2-
agonists (salmeterol, formoterol), compared to short-acting β2-agonists (albuterol, 
terbutaline) [30]. It is possible that by maintaining a prolonged bronchodilator effect in 
airway smooth muscle cells, they behave in a different way to recurrent bronchodilatation 
with constant forming and reforming of latch-bridges [31]. Whatever the mechanism, the 
once a day regimen of an effective bronchodilator is a major step forward in achieving 
longer lasting effects [32] and better symptoms control as we shall see below. In addition, 
improved compliance may be a factor not to be forgotten when dealing with patients with 
a chronic condition such as COPD. 

In summary, in contrast to the perceived notion that the airflow obstruction of COPD 
is irreversible, anticholinergics do induce a bronchodilation of around 20% that is 
maintained over time. However, as demonstrated in the Lung Health Trial [18], regular 
use of short-acting ipratropium did not alter the rate of decline of lung function as 
measured by the FEV1. Some of the studies where the major end point was the change in 
FEV1 in response to anticholinergics made the interesting observation that the change in 
other outcomes, such as decreased dyspnoea [33] or increased exercise performance [19] 
did not seem to correlate with the improvement in FEV1 alone. The mechanism that 
explained this paradox was clarified by the important study of Belman et al. [34]. Using 
albuterol as the bronchodilator, they showed that the improvement in exercise-induced 
dyspnoea after treatment correlated better with less dynamic hyperinflation than with the 
improvement in FEV1. This opened the door to the concept that the FEV1 is only one of 
several parameters that describe the complex picture of COPD and that lung volumes 
could be very important lung function variables to study. Indeed, the end expiratory 
volume to total lung capacity ratio (EELV/TLC) decreased from 80% to 76% (p<0.05) 
and this change had the best correlation with the change in Borg dyspnoea score 
(r=0.771, p<0.01). 

ANTICHOLINERGICS: EXERCISE PERFORMANCE AND LUNG 
VOLUME  

Following the study by Belman et al. [34], O’Donnell et al. [35] explored the role of 
dynamic hyperinflation with exercise before and after inhaled ipratropium. They studied 
29 patients with stable COPD (FEV1 of 40% predicted) in a double-blind placebo-
controlled crossover design. The patients performed a constant load exercise before and 
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after receiving 50 µg of nebulised ipratropium and compared the results with those 
obtained after inhalation of saline. In this study, instead of reporting the complex 
EELV/TLC ratio, the authors reported the inspiratory capacity (IC), a much easier 
variable to measure and one that represents the same physiological expression, namely, 
the available capacity to inhale. The IC describes the operational maximal reserve for 
patients during exercise. A drop in that value implies a decrease in the reserve to breathe 
due to air-trapping. In this study, the increase in FEV1 one hour after ipratropium was 
7%, whereas the FVC had increased by 10% and the IC by 14%. The exercise endurance 
to a submaximal load increased by 32% and the slope for Borg dyspnoea scale decreased 
by 11%. As Belman et al. [34] had reported for albuterol, the change in dyspnoea 
correlated better with the change in IC than with FEV1. The authors concluded that IC 
decreases during exercise and it should be considered an important and different outcome 
to measure in our assessment of the effect of medications for COPD, independent from 
the changes in FEV1. 

Although no similar study has been conducted with oxitropium, the study by Ikeda et 
al. [19] reported an increase in exercise performance as evidenced by an increase in 
maximal power (94 compared to 87 watts) after oxitropium. In addition, these authors 
observed an increase in minute ventilation and oxygen uptake with a positive correlation 
between the change in FEV1 and the maximal work load (r=0.625, p<0.01). Although 
resting lung volumes were only measured at baseline, there was a 425-ml increase in the 
FVC, suggesting a significant decrease in residual volume (RV) in the patients after 
oxitropium. In the study by Hay et al. [33], no mention is made of lung volumes. Once 
again, a closer look at their data shows a significant increase in FVC and also in the 6-
minute walk distance (7%) or a distance of 27m over a baseline of 401 m. This was 
associated with a decrease in breathlessness score. Finally, Oga et al. [36] reported the 
results of a double-blind, randomised crossover study of 30 men who were treated with 
oxitropium versus placebo and the effect tested on three forms of exercise, maximal 
cardiopulmonary ergometry, submaximal constant load exercise and the 6-minute walk 
distance. Oxitropium increased the exercise endurance by 19% and the 6-minute walk 
distance by 1%, both statistically significant with no changes in maximal oxygen 
consumption. 

The effect of tiotropium on lung volume and exercise is only beginning to be reported. 
As improbable as it may sound, there have been very few studies designed to evaluate the 
effect of any inhaled anticholinergics, or for that matter any bronchodilator, on resting 
lung volume over time. The first one specifically designed to do so is the one by Celli et 
al. [37] who examined the effect of tiotropium compared to placebo in a group of 94 
patients with COPD. In that study, the administration of 18 µg of tiotropium given once 
daily over 4 weeks was compared with that observed for placebo in: IC, FEV1, FVC, 
slow vital capacity (SVC) and thoracic gas volume (TGV). The mean FEV1 at baseline 
was 1.211 and the TGV was 171% of predicted, indicating important hyperinflation. 
After treatment there were significant changes in the tiotropium group with improvement 
in FEV1 of 220 ml, of 300 ml for the IC and of 700 ml in the TGV. The changes for the 
tiotropium and placebo are seen in Figure 6.2. The magnitude of the decrease in resting 
lung volume is even larger than that described after succesful lung volume reduction 
surgery [38]. Interestingly, the volumes reported in the study by Flaminiano and Celli 
[39] decreased progressively over the 4 weeks  
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Figure 6.2 The administration of once-
a-day inhaled tiotropium was effective 
in improving not only the resting 
forced expiratory volume in one 
second (FEV1) and forced vital 
capacity (FVC), but also the 
inspiratory capacity (IC), slow vital 
capacity (SVC) and functional residual 
capacity (FRC) [modified with 
permission from reference 37]. 

 

Figure 6.3 Exercise endurance during 
a submaximal Load exercise test was 
20% Longer in patients receiving 
tiotropium compared with patients 
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receiving placebo [modified with 
permission from reference 40]. 

of the study and the changes seemed not to have reached a plateau at the end of the study. 
This is important as a decrease in lung volume results in improved chest wall mechanics 
and places the foreshortened respiratory muscles in a better contractile position and a 
continued improvement may actually occur over more prolonged treatment. 

More recently, O’Donnell et al. [40] have reported the results of a multicentre, double-
blind trial comparing the effect of tiotropium and placebo on exercise endurance and lung 
volume. Throughout the study (Figure 6.3), exercise endurance was increased in the 
tiotropium group compared to placebo with the difference reaching a value of 20% at 12 
weeks. The change in resting lung volume and IC was very similar to that described by 
Celli et al. [37] in their study In addition, there was improvement in functional dyspnoea 
and health status associated with the physiological changes described above. The 
evidence indicates that the effect of tiotropium is physiologically similar to that reported 
by other anticholinergics but of a longer duration. 

ANTICHOLINERGICS: DYSPNOEA, HEALTH STATUS AND 
EXACERBATION  

Over the last 15 years, there has been increased interest in evaluating the effect of 
medications not only on their capacity to induce physiological improvements but also on 
their effect on patient centred outcomes such as their functional dyspnoea and health 
status. In addition, the interest has extended to the evaluation of the effect of therapy on 
important health outcomes such as exacerbations, a cause of great morbidity and 
mortality [41]. Although inhaled anticholinergics have a long history in the treatment of 
airway disease, drugs such as atropine and strammonium fell out of favour because of the 
problem with anticholinergic side-effects, and particularly central nervous system effects 
that included hallucinations. The effect on dyspnoea and health status were never 
evaluated in those initial trials. Anticholinergics only came back into fashion when 
quaternary ammonium derivatives, such as ipratropium bromide, were found to have 
none of these side-effects. 

Ipratropium and oxitropium are effective bronchodilators, the action of which can 
persist for at least 90 days [13] and likely, more. As we have reviewed above, these 
agents do increase exercise endurance, likely, through decreased dynamic hyperinflation. 
However, their effect on other outcomes is less well documented. A close analysis of the 
seven trials reviewed by Rennard et al. [13] shows that there were significant 
improvements in shortness was small, but statistically significant, improvement in health 
status as measured with the chronic respiratory quality of life questionnaire (CRQ). The 
actual change of 0.35 units on a of breath score (p=0.005) in ex-smoking patients 
receiving ipratropium. In addition, there seven point scale is below the 0.5 deemed 
clinically significant. That the effect of ipratropium on health status may be rather modest 
is borne out by the study of Dahl et al. [42] who compared the effect of ipratropium and 
formoterol in 780 patients randomised to either treatment over a 12-week period. 
Although treatment with 40 µg of ipratropium in the 194 patients randomised to this 
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treatment provoked an increase in FEV1 of 137 ml over placebo, the improvement in 
health status measured with the St. George’s disease specific questionnaire was only of 2 
units (p>0.3). This was in contrast to the comparator, formoterol, the administration of 
which resulted in a clinically significant improvement of 5 units (p<0.001). On the other 
hand, using the baseline and transitional dyspnoea scale, Mahler et al. [12] compared the 
effect of ipratropium and salmeterol over 6 months in 361 patients randomised to placebo 
or either of the two medications for a total of 12 weeks. At the usual dose of 36 µg, 
regular use of ipratropium resulted in an improvement in the dyspnoea index of over 1 
unit which was statistically and clinically significant [43]. This improvement was of a 
similar magnitude to that seen in the salmeterol group. In this study, the poorly defined 
exacerbation rate was lower in the ipratropium group than in placebo (30 vs. 31%) but 
lower still in the salmeterol group (20%). Finally, the study by Vincken et al. [28] 
comparing the effect of ipratropium and that of tiotropium on health status and dyspnoea 
is also very instructive. With the longest follow-up period of one year and the largest 
number of patients yet reported (179 in the ipratropium group vs. 356 in the tiotropium 
group), the data can only be inferred from the graphs presented. Ipratropium improved 
the TDI some 0.5 units at 100 days (9 weeks) compared to baseline, a finding consistent 
with the previous studies of shorter duration, but at one year the functional dyspnoea 
score was actually 0.3 units below baseline, indicating a deterioration in the score over 
this time. Indeed, only 18% of patients reported a clinically significant increase of 1 unit 
in TDI over that time. Interestingly, the improvement in health-related quality of life was 
also transient with a drop in 2 units over the first 200 days to return toward baseline at 
one year and the difference in health status values were significantly better in a larger 
proportion of patients in the tiotropium compared with the ipratropium group (Figure 
6.4). From these studies, we can conclude that  

 

Figure 6.4 The percentage of patients 
with a clinically significant (4 units) 
improvement in the St. George’s 
questionnaire was higher at all time 
points in patients receiving tiotropium 
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compared with placebo. The difference 
was significant at one year [modified 
with permission from reference 28]. 

ipratropium does induce improved exercise dyspnoea, modest improvement in functional 
dyspnoea and health status lasting up to 3 months but the effects seem to disappear after 
one year of follow up. However, the natural history of the disease is to worsen over time 
and one would expect those outcomes to worsen over time. Whether the rate of change 
over time is different between ipratropium and no treatment has never been studied, and 
they probably will never be because of the more favourable results observed after the 
development and clinical use of tiotropium. 

Perhaps the most important study of any bronchodilator in COPD to date is the one-
year randomised double-blind multicentre trial reported by Casaburi et al. [44]. In that 
study reporting the result from two separate identical studies, the authors evaluated the 
effect of tiotropium compared with placebo in 921 patients where the randomised design 
resulted in 550 patients receiving tiotropium and 371, the placebo. The patients had the 
typical age for patients with COPD, close to 65 years with an average FEV1 around one 
litre. At one year there were significant differences in pre-dosing (110ml in favour of 
tiotropium compared with placebo) and post-dosing FEV1 (120ml in favour of 
tiotropium) as shown in Figure 6.1. In that study, functional dyspnoea as measured by the 
transitional dyspnoea index increased by 1.2 units over the 12 months, whereas the 
placebo group did not change after one year (Figure 6.5). The change was clinically 
significant for tiotropium. The quality of life scores as judged by the St. George’s 
questionnaire was also improved in the tiotropium group with a mean change for the total 
score of 3.7 units, statistically significant but slightly below the 4 units described as being 
clinically significant (Figure 6.6). However, the results seem more impressive when 
compared to the worsened value of one unit seen in the placebo group. The findings were 
very similar in the parallel study comparing tiotropium with ipratropium (28). 

Finally Niewoehner et al. [45] have just reported in an abstract form the results of a 6-
month randomised trial evaluating the effect of once daily tiotropium compared with 
usual care in 1,200 patients with COPD followed over 6 months. The outcome was the 
incidence of exacerbations and hospitalisations. Tiotropium resulted in a decrease in the 
number of exacerbations and a similar decrease in the number of hospital days [45]. 
Thus, tiotropium can be added to the list of bronchodilators that have been shown to 
decrease exacerbation rates.  
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Figure 6.5 The sensation of dyspnoea 
as measured by the transitional 
dyspnoea index improved significantly 
and remained so throughout the study 
in patients receiving tiotropium 
compared with placebo [modified with 
permission from reference 44]. 

 

Figure 6.6 The change in health status 
as measured with the St. George’s 
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questionnaire was significantly better 
in the group receiving tiotropium 
compared with placebo [modified with 
permission from reference 44]. 

SIDE-EFFECTS  

Inhaled anticholinergic drugs are usually well tolerated and there are almost no side-
effects with either ipratropium or oxitropium bromide because there is virtually no 
systemic absorption of these positively charged quaternary ammonium compounds. The 
expected side-effects of anticholinergic drugs are dryness of the mouth, urinary retention, 
glaucoma (secondary to mydriasis). However, these have not proved to be a problem in 
clinical practice, even in an elderly population. These side-effects are all mediated via 
blockade of M3-receptors and therefore development of more selective drugs is unlikely 
to provide any clinical benefit. Reports of paradoxical bronchoconstriction with 
ipratropium bromide, particularly when given by nebuliser, were largely explained by the 
hypotonicity of the nebuliser solution. Nebuliser solutions free of these problems are less 
likely to cause bronchoconstriction. Occasionally, bronchoconstriction may occur with 
ipratropium bromide given by a metered dose inhaler. One theoretical concern with 
anticholinergics has been that inhibition of mucus secretion might slow mucus clearance 
or may make the mucus more viscous and difficult to expectorate. In clinical practice this 
does not appear to be a problem, perhaps indicating that cholinergic mechanisms are not 
important for basal mucus secretion but only in the mucus hypersecretion that occurs in 
COPD. 

Tiotropium bromide is well tolerated. There are no local side-effects reported and no 
effects have been reported on sputum production, consistent with previous experience 
with regular doses of inhaled ipratropium bromide, even when high doses are used. There 
is a potential danger of induction of glaucoma in susceptible patients after accidental 
topical administration, but this is not a possibility with the dry powder inhaler 
formulation currently in the market. In trials that have involved chronic treatment with 
inhaled tiotropium bromide in patients with COPD, there is a low incidence of 
anticholinergic side-effects. Approximately 18% of patients experience dryness of the 
mouth, but this is not of sufficient magnitude to cause withdrawal from the trial [44]. 
There are no other consistent side-effects that can be attributed to systemic effects of 
anticholinergics. In the study that compared tiotropium once daily with ipratropium four 
times daily, there was a 15% incidence of dry mouth compared to a 10% incidence with 
ipratropium [28]. 

FUTURE DIRECTIONS  

Inhaled anticholinergics are very important bronchodilators in the management of COPD 
and currently bronchodilators are the most effective drug therapy available for COPD. As 
the worldwide prevalence of COPD is increasing, it is likely that the use of 
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anticholinergic drugs will increase, particularly as the diagnosis and treatment become 
more widely disseminated through international treatment guidelines [1, 2]. In addition, 
there is a large multicentre randomised trial testing the hypothesis that tiotropium may 
actually alter the faster rate of decline in FEV1 that is characteristic of patients with 
COPD. This international trial is named ‘Understanding Potential Long-term Impacts on 
Function with Tiotropium’ or the UPLIFT trial. Six thousand patients from around the 
world have been enrolled and the primary outcome will be the trough FEV1 after 3 years. 
The results of this study will not only provide information about the value of long-acting 
anticholinergics in altering the course of COPD but also, as the largest study ever on 
COPD, provide insight about the phenotypic presentation, regional differences and course 
of the disease. 

Tiotropium bromide is likely to be an important advance in the management of COPD 
as once daily medication is effective and this will improve compliance with long-term 
therapy. Indeed, the long duration of action of tiotropium bromide means that even if 
occasional daily doses are missed this will not affect symptom control, as it takes 2 weeks 
for the effects of the drug to disappear. 

Anticholinergics are much less effective than β2-agonists in patients with asthma and 
therefore have only a minor role as an additional bronchodilator [46]. Whether tiotropium 
bromide will have a role in asthma remains to be determined, but it may be useful as an 
additional bronchodilator in patients with fixed airflow obstruction and patients with 
severe disease. 

Finally, the combination with other bronchodilator classes or inhaled or oral anti-
inflammatory agents is very likely to become routine. As this topic is being addressed in 
a different chapter in this book I would only like to stress the concept that combination 
therapy has been highly effective in other chronic diseases such as hypertension, 
congestive heart failure and diabetes. It makes perfect sense that the same will hold true 
for pharmacological agents in COPD. 
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7  
Pharmacology of phosphodiesterase 

inhibitors  
V.Boswell-Smith, C.P.Page  

INTRODUCTION  

Cyclic 3′, 5′ adenosine monophosphate (cAMP) is pivotal in modulating physiological 
responses and elevation of this ubiquitous second messenger has been demonstrated to be 
broadly anti-inflammatory. Phosphodiesterases (PDE), hydrolyse the catalytic breakdown 
of both cAMP and cyclic 3′, 5′ guanosine monophosphate (cGMP), to their inactive 
mononucleotides, 5′-AMP and 5′-GMP which are unable to activate cyclic nucleotide-
dependent protein kinase cascades. Consequently, they play a vital role in regulating 
intracellular levels of cyclic nucleotides. Advances in molecular pharmacology have 
identified 11 PDE families and the success of sidenafil, a PDE5 selective inhibitor, in 
treating erectile dysfunction has invigorated research into the therapeutic potential of 
selective PDE inhibitors in other diseases. Non-selective PDE inhibitors such as 
theophylline have been in use since the 1950s for the treatment of inflammatory airways 
diseases, although use has been limited due to their narrow therapeutic index and side-
effect profile. As a result, there have been attempts to improve the therapeutic window 
and the PDE4 isoenzyme, expressed in the majority of leukocytes, has been identified as 
an important target in the treatment of asthma and COPD and a number of inhibitors, 
which are at least 30-fold selective for PDE4, are undergoing clinical development and 
are discussed later in this chapter. This part of the chapter will discuss the role of PDEs in 
modulating inflammation, with particular reference to COPD and highlight how our 
increasing understanding of the molecular biology of PDE4 is assisting in the 
development of potent, new drugs. 

CLASSIFICATION OF PDE  

Eleven PDE families, encompassing 50 separate isoforms [1], have now been identified. 
They have been characterised by their substrate specificity, whether they can hydrolyse 
either or both cAMP and cGMP, regulatory actions, inhibitor potency, enzyme kinetics 
and genetic homology [1]. PDE4, PDE7 and PDE8 are highly selective for cAMP, 
whereas PDE5, PDE6 and PDE9 favour cGMP. PDE1, PDE2 and PDE3 are promiscuous 
and can hydrolyse both cyclic nucleotides. The characteristics of the PDE family are 
summarised in Table 7.1. All the PDE isoenzymes are made of between one and four 
gene products (designated by letters A, B, C and D, e.g., PDE4D) which each have a 



characteristic structure encompassing three functional domains: a central catalytic 
domain, a regulatory NH2 terminal and  
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Table 7.1 The characteristics of the PDE 
isoenzyme family 

Family  

No. of 
isoforms 
identified  Substrate  

Km 
cAMP 
(>1,000 
not 
shown)  

Km 
GMP 
(>1,000 
not 
shown)  

Tissue 
expression  

Specific 
inhibitors  

1 (4 
genes)  

8 Ca2+/ 
Calmodulin-
stimulated 

1–30 3 Heart, brain, lung, 
smooth muscle 

KS-505a 
Vinpocetine 

2 (1 
gene)  

  cGMP-
stimulated 

50 50 Adrenal gland, 
heart, lung, liver, 
platelets 

EHNA (MEP-
1) 

3 (2 
genes)  

4 cGMP-
inhibited, 
cAMP-
selective 

0.2 0.3 Heart, lung, liver, 
platelets, adipose 
tissue, 
inflammatory cells 

Cilostamide 
Milrinone 
Siguazodan 

4 (4 
genes)  

16 cAMP-
specific 

4   Sertoli cells, 
kidney, brain, 
liver, lung, 
inflammatory cells 

Rolipram, 
Roflumilast 
Cilomilast 

5 (1 
gene)  

3 cGMP-
specific 

150 1 Lung, platelets, 
vascular smooth 
muscle 

Sildenafil 
Zaprinast 

6 (3 
genes)  

  cGMP-
specific 

  60 Photoreceptors Dipyridamole 
Zaprinast 

7 (2 
genes)  

3 cAMP-
specific, 
high-affinity 

0.2   Skeletal muscle, 
heart, kidney, 
brain, pancreas, T-
lymphocytes 

None 

8 (2 
genes)  

  cAMP-
selective 

0.06   Testes, eye, liver, 
skeletal muscle, 
heart, kidney, 
ovary, brain, T-
lymphocytes 

None 
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9 (1 
gene)  

4 cGMP-
specific 

  0.17 Kidney, liver, 
lung, brain 

SCH51866 

10 (1 
gene)  

2 cGMP-
sensitive, 
cAMP-
selective 

0.05 3.0 Testes, brain None 

11 (2 
gene) 

4 cGMP-
sensitive dual 
specificity 

0.7 0.6 Skeletal muscle, 
prostate, kidney, 
Liver, pituitary 
and salivary 
glands, testes 

None 

a regulatory COOH terminal. The N-terminal region is involved in allosteric regulation 
via phosphorylation, calmodulin and cyclic nucleotide binding, and intracellular 
membrane targeting and the C-terminal is thought to posses PDE specific kinase docking 
sites [2]. The catalytic domains are highly conserved, both within and between families, 
and contain histidine residues which are essential for their catalytic activity. Both the N 
and C termini have proportional homology (approximately 70%) within families, 
although mRNA splicing of the termini results in the numerous isoforms of these 
enzymes.  
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Figure 7.1 A schematic diagram of the 
role of PDE4 in intracellular 
signalling. PKA=Phosphokinase A, 
PDE=phosphodiesterase, AKAP=A 
Kinase anchor protein, cAMP=cyclic 
adenosine monophosphate, ATP= 
adenosine triphosphate, AC=adenylyl 
cyclase, EPAC=exchange protein 
activated by cAMP, ERK= 
extracellular signal related protein 
kinase, PTP=protein tyrosine 
phosphatase. 

It is now evident that individual PDE isoforms are differentially expressed in tissues and 
are also compartmentalised within the subcellular apparatus. cAMP is generated from 
ATP by the actions of adenylyl cyclase and its signalling primarily regulated by protein 
kinase A (PKA) [3], as well as via the GTP exchange protein, EPAC and cyclic 
nucleotide gated ion channels which regulate levels of the accessory protein calmodulin 
[4]. PKA modulates cAMP levels by phosphorylation of both adenylyl cyclase and PDEs 
and its distribution within cells is controlled by A kinase anchoring proteins (AKAPs) 
which anchor PKA to distinct sites within cells [5]. Compartmentalisation of adenylyl 
cyclase, PDE isoenzymes and PKA results in tightly regulated cAMP gradients 
throughout the cellular compartments and allows tailored cAMP intracellular signalling 
[6]. It has been proposed that the discrete expression of PDE isoforms within subcellular 
compartments regulates the level of cyclic nucleotides in the vicinity of PKA and 
consequently plays a key role in the regulation of cell function [7]. A schematic diagram 
of the role of PDE in cell signalling is described in Figure 7.1. 

PHOSPHODIESTERASE 4  

The advent of highly selective inhibitors has enabled the modulation of different PDEs in 
specific tissues to be studied in great detail. Attention has focused on the PDE4 
isoenzyme as a possible therapeutic target in airway diseases as it is the predominant 
isoenzyme in most inflammatory cells including neutrophils, macrophages and 
eosinophils [8], and alongside PDE3 is widely distributed in airways and vascular smooth 
muscle. A number of  

Table 7.2 PDE4 inhibitors in development for the 
treatment of inflammatory airways disease 

Compound  Manufacturer  Development stage  Reference  
Cilomilast GSK Phase III [90] 
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Roflumilast Altana/Pfizer Phase III [91] 

L-791, 943 Merck Preclinical [92] 

CDP840 Celltech Preclinical [78] 

AWD12-281 Elbion   [93] 

GRC-3015 Glenmark Patent applied for [94] 

SCH 351591 Schering-plough Preclinical [62] 

BAY-19-8004 Bayer Phase 11 [95] 

VMX-554 Vernalis Preclinical [85] 

selective PDE4 isoenzyme inhibitors are in development for the treatment of 
inflammatory airways disease. A list of these is shown in Table 7.2. 

The four gene products of PDE4 are defined as PDE4A, 4B, 4C and 4D and have been 
localised and characterised in humans, rats and mice. In humans, they are distributed on 3 
different chromosomes (PDE4A and 4C on chromosome 19, 4B on chromosome 1 and 
4D on chromosome 5) [7]. Sequence analysis of the PDE4 structure has identified 3 
conserved regions within the family termed the catalytic domain, upstream conserved 
region 1 and upstream conserved region 2 (UCR1 and 2). mRNA post transitional 
splicing of the 4 gene products adds further diversity and 18 different PDE4 isoforms, 
each with a unique N-terminal, have now been characterised. Functional consequences of 
N-terminal modifications include alterations in subcellular localisation [9] and activation 
and targeting by isoenzyme-specific inhibitors [10]. As the genetic PDE4 structure in 
humans and mice is highly conserved, the diversity of isoforms probably has functional 
significance and is unlikely to be evolutionally redundant, although this remains to be 
determined [6]. The splice variants are divided into 3 different types according to where 
splicing has occurred. These are known as long, short and supershort isoforms. Long 
isoforms contain both UCR1 and 2, short isoforms lack UCR1 and in the supershort 
isoforms UCR1 is absent and UCR2 is only present in a shortened form. Truncation 
affects the ability of isoforms to undergo phosphorylation, their enzyme activity and 
subcellular positioning. Indeed all PDE4 isoforms exhibit cAMP activity except the 
widely expressed supershort isoform PDE4A7 which has no discernable PDE activity, the 
functional significance of which remains unclear. The catalytic activity and inhibitor 
potency of PDE4 can be modulated by PKA phosphorylation of UCR1 [7] and in the case 
of PDE4B, 4C and 4D, ERK2 (p42MAPK) phosphorylation [11] of the catalytic domain, 
thereby providing integration between the cAMP and ERK MAP kinase signalling 
pathways. The ability of PDE4 to activate signalling pathways can also be modulated by 
alterations in levels of extracellular stimuli including Mg2+ ions, cytokines and 
lipopolysaccharide [7]. This may have functional significance in times of stress, 
including inflammation, as the capacity of the enzyme to degrade cAMP may be altered, 
and consequently the ability of inhibitors to modulate actions of PDE. 

PDE4 EXPRESSION  
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PDE4 isoenzyme expression has been identified in all inflammatory cells except platelets. 
Significantly, it predominates in neutrophils and is highly expressed in alveolar 
macrophages and CD8+ lymphocytes [12]. As shown in Table 7.3, PDE4A, 4B and 4D 
are widely distributed in inflammatory cells whilst significant PDE4C expression has 
been limited to the epithelium  

Table 7.3 The expression of PDE4 subtypes in 
human inflammatory cells 

Cell type  A  B  C  D  Reference  

CD4 T cell + ++ (B2)   Weak [86] 

Th1 cells  ++ ++ − − [87] 

Th2 cells  ++ ++   ++ [87] 

CD8 T cell ++ ++ (B2) + ++ [13,14,86] 

Monocyte + ++ (B2) + Weak [13,14,16,86] 

Eosinophil ++ ++ − ++ [86] 

Neutrophil ± ++ (B2) + ± [13,14,16,88] 

Macrophage ++ +   ++ [13,89] 

in the adult lung and it has therefore not been considered an important therapeutic target. 
This may prove to be premature as latest investigations into isoform expression within 
inflammatory cells have also reported the presence of PDE4C mRNA within these cells 
[13,14]. 

ANTI-INFLAMMATORY EFFECTS OF PDE4 INHIBITION  

The effects of PDE4 inhibition have been thoroughly investigated in an extensive array of 
in vitro and in vivo assays and they have been shown to have a potent anti-inflammatory 
effect on a wide range of cellular functions which are summarised in Figure 7.2. The 
following section will highlight the role of PDE4 in regulating the cellular effects of 
neutrophils, macrophages, monocytes and CD8+ lymphocytes, the primary infiltrating 
inflammatory cells in COPD, and the epithelium and airway smooth muscle, both of 
which undergo remodelling in COPD [15]. Neuronal dysfunction has also been suggested 
to contribute to the development of COPD and therefore the potential role of PDE4 
inhibitors in modulating sensory nerve function will also be examined. 

Neutrophil  

The neutrophil is one of the predominant infiltrating leukocytes in COPD. PDE4 has been 
repeatedly demonstrated to be the predominant isoenzyme in human neutrophils [12–14] 
with the principal isoform being PDE4B [16]. No significant difference in PDE4 isoform 
expression between COPD patients, smokers and nonsmokers has been detected [13,14]. 
Recent studies have also demonstrated high expression of the PDE7 isoenzyme in this 
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cell type [13,14], although the functional significance of this is yet to be fully explored as 
the selective PDE7 isoenzyme inhibitor PF0332040 failed to suppress formyl-
methionylleucinephenylalanine-induced neutrophil activation [14]. In contrast, PDE4 
inhibitors can attenuate numerous neutrophil functions including degranulation [17,18], 
respiratory burst [19,20], apoptosis [21], chemotaxis, leukotriene biosynthesis [20,22] 
and IL-8 release [23]. In vivo PDE4 inhibitors can suppress LPS-induced neutrophilia in 
rats [24,25] and in a model of tobacco smoke-induced inflammation in the guinea-pig, the 
PDE4 inhibitor, BAY19–8004 ablated the inflammatory cell influx, including neutrophils 
induced by the tobacco. Rolipram also inhibited the retention of activated neutrophils in 
the rabbit lung in vivo by suppressing CDIIb up-regulation and reducing deformity 
changes associated with neutrophil sequestration [26,27]. The failure of selective PDE3 
inhibitors, including milrinone and amrinone, to suppress neutrophil function [19,28] has 
been attributed to the lack of expression of this isoenzyme within neutrophils. However, 
using RT-PCR, Barber et al. [13] detected expression of this enzyme within neutrophils. 
Consequently, the role of this enzyme in modulating cAMP in neutrophils needs further 
investigation. These data demonstrate that PDE4 inhibitors can suppress a wide range of 
neutrophil functions both in vitro and in vivo,  

 

Figure 7.2 The effect of 
phosphodiesterase 4 inhibition in 
modulating airways cellular function 
(adapted from [55] with permission). 
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suggesting that some of the clinical effects of these drugs may manifest through 
inhibition of neutrophil function. 

Monocyte  

PDE4 has been shown to be the predominant isoenzyme in human monocytes [29]. 
PDE4A, 4B and 4D isoform transcripts have been demonstrated consistently in these 
cells with PDE4A being the predominant isoform [12,30]. PDE4C expression has been 
rarely documented in monocytes, although recent studies have described its presence 
within these cells. Small quantities of membrane bound PDE3 and PDE7A and 7B have 
also been detected in mono-cytes [13,31]. PDE4 inhibitors including rolipram, 
roflumilast and cilomilast can attenuate a number of monocyte functions including LPS-
induced TNF-α release [17,32,33], LTB4 release [34], GM-CSF release [35] and 
arachidonic acid release [36]. The ability of PDE4 inhibitors to attenuate IL-1β release is 
conflicting with some studies demonstrating inhibition [37,38] and others demonstrating 
no effect [39]. Rolipram was also shown to enhance the release of the pro-inflammatory 
cytokine IL-10, which may contribute to the anti-inflammatory effects of this class of 
drug [40]. Overall, PDE4 inhibitors are effective in suppressing pro-inflammatory 
mediator release which may contribute to some of their clinical effects in COPD. 

Alveolar Macrophages  

The PDE profile changes upon differentiation of monocytes to macrophages. The 
predominant isoenzyme present in mature macrophages is the cGMP hydrolysing enzyme 
PDE1, 3 (primarily 3B) and PDE4 are expressed in equivalent amounts, although the 
PDE4 activity is significantly lower than in monocytes [13,29]. The PDE4D5 isoform 
present in monocytes is absent in mature macrophages, whereas PDE5 and 7 are also 
expressed in macrophages [13,31]. Interestingly, PDE4A4 expression is up-regulated in 
macrophages in patients with COPD [13], although the functional significance of this 
observation remains to be determined. Functional studies with PDE4 inhibitors have 
demonstrated their ability to attenuate TNF-α release [32,41], LPS-induced NO release 
[42] and to elevate IL-10 release [43] from human alveolar macrophages. Rolipram has 
also been shown to attenuate LPS-induced leukotriene C4 release from murine peritoneal 
macrophages. These data demonstrate that although macrophages express both PDE3 and 
PDE4, inhibition of the latter isoenzyme can significantly modulate macrophage activity. 

CD8+ Lymphocytes  

PDE4 and PDE3 are the predominant isoenzymes present in CD8+ lymphocytes. PDE4A, 
4B and 4D subtypes have been consistently demonstrated to be present in the cytosol of 
lymphocytes [12,13,44]. A recent study has also detected the presence of low levels of 
PDE4C [14]. Other isoenzymes reported to be present include PDE1, 2, 5 and 7 [31,44]. 
Cellular functions inhibited by PDE4 inhibitors include phytohaemagglutinin (PHA) and 
anti CD3-induced proliferation [45], and these effects are enhanced in the presence of 
both PDE3 and PDE7 inhibitors [41,46]. This suggests that alongside PDE4, 3 and 7 may 
play a role in regulating T-lymphocyte proliferation. In clinical trials, 12-week treatment 
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with cilomilast has been demonstrated to suppress the number of CD8+ lymphocytes as 
assessed by bronchial biopsy, suggesting that some of the clinical effects of cilomilast are 
through modulating CD8+ lymphocyte infiltration [47]. 

Epithelium  

It is now evident that in severe COPD there is up-regulation of a number of inflammatory 
mediators including IL-8, MPO, and MIP-1 from the epithelium [48,49]. PDE1, 3, 4, 5, 
and 7 have all been localised to the human airways epithelium [50,51]. The PDE4 
isoenzyme is the major cAMP metabolising enzyme, with PDE4A5, 4C1, 4D1, 4D2 and 
4D3 isoforms being characterised in the epithelium [50]. However, PDE4 inhibitors have 
shown varied effects in epithelial functional assays in vitro. PGE2, IL-8 and 15-HETE 
release are unaffected by rolipram, rofumilast, GRC 3566 and GRC 3884 [50,51,52], 
although rolipram did suppress bacterial-induced epithelial damage of the bronchial 
mucosa [53] and cilomilast significantly reduced TNF-α release from epithelial cells from 
both COPD patients and smokers. KF19514, rofumilast, GRC 3566 and GRC 3884 also 
inhibited TNF-α-induced release of GM-CSF from a human bronchial epithelial cell line 
in vitro. In addition, in a murine model of asthma, rofumilast suppressed eosinophil 
accumulation in the epithelium and reversed both sub-epithelial fibrosis and hypertrophy, 
demonstrating that PDE4 inhibition ameliorates pathological changes associated with 
inflammatory airways disease [54]. In vivo pre-treatment with BAY-19–8004 
significantly suppressed LPS-induced mucin hypersecretion from guinea-pigs [27], a key 
index of epithelial dysfunction. These data demonstrate the ability of PDE4 inhibitors to 
attenuate epithelial function, which may contribute to their clinical effects. 

Airway Smooth Muscle  

PDE3 and 4 are the major isoenzymes expressed in airways smooth muscle alongside 
PDE1, 2, 5 and 7 [31,55]. In vitro, PDE4 inhibitors have been documented to suppress 
spontaneous tone, mediated by leukotrienes and histamine [56]. However, they only 
weakly suppress spasmogen, including allergen, LTC4 and histamine-induced 
contractions in isolated human airways smooth muscle and this effect is only significant 
when combined with a PDE3 inhibitor [57,58]. These data suggest that RDE4 inhibitors 
have enough efficacy to suppress endogenous tone, although it is not sufficient to 
overcome spasmogen-induced contraction. This is further evident in clinical trials with 
rofumilast and CDP840, which have reported a failure to suppress allergen-induced 
bronchoconstriction in asthmatics [59,60]. These studies suggest that the PDE4 inhibitors 
do not predominantly mediate their effects through direct actions on airways smooth 
muscle and therefore their actions may be a consequence of other cell types in the 
airways. However, PDE4 inhibitors were demonstrated to be equally efficacious in 
suppressing allergen and LTC4-induced constriction in vitro implying that suppression of 
leukotriene release from mast cells is not a major action of these drugs [58]. 
Significantly, PDE4 inhibitors are generally superior in animal models, compared to 
human subjects, both in vitro and in vivo at suppressing spasmogen and allergen-induced 
bronchoconstriction [61,62]. This may be a consequence of the propensity of guinea-pig 
airways to synthesise prostanoids in comparison with human airways and it is postulated 
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that in these species PDE4 inhibitors exert their effects by potentiating the action of 
endogenous prostaglandins [63]. This is evident from investigations with cilomilast 
which demonstrated an inability to reverse histamine-induced tone in the presence of 
indomethacin [62] and in studies with PDE4D knockout murine models which showed 
that in the absence of the PDE4D isoform, endogenous generation of PGE2 functionally 
antagonised contraction of smooth muscle in vitro and in vivo [64]. In conclusion, these 
data suggest that the clinical actions of phosphodiesterase 4 inhibitors are unlikely to be a 
sole consequence of a direct action on airways smooth muscle nor do they exert their 
actions primarily through suppression of mast cell degranulation. 

Airways Nerves  

There is a paucity of information concerning the effect of PDE4 inhibitors in modulating 
sensory nerves in the airways. However, there is evidence both circumstantial and direct 
that indicates that some of the effects of these drugs may be a consequence of neuronal 
modulation. An improvement in lung function in asthmatics is observed within 24 h of 
administration of rofumilast (500 µg od) [65] which has been proven not to be a 
consequence of direct smooth muscle contraction [59]. This could be a result of immuno-
modulation but could equally be a result of sensory nerve modulation. Ro 20-1724 and 
rolipram can suppress excitatory non-adrenergic non-cholinergic (eNANC) contraction in 
the isolated guinea-pig bronchus [66], whilst in vivo, CDP840 and rolipram can potently 
suppress vagally-induced non cholinergic bronchoconstriction, mediated by tachykinins 
in guinea-pigs [67]. The PDE4 inhibitor SCN 351591 also significantly suppressed 
hyperventilation-induced bronchospasm [62], a stimulus proposed to be mediated by the 
release of tachykinins from C-fibres [68]. These data suggest that PDE4 inhibitors can 
modulate tackykinin release from sensory nerve endings. Studies with cilomilast have 
also demonstrated that this PDE4 inhibitor can normalise the hypertussive state in 
sensitised guineapigs [69]. PDE4D has been localised in the nodose ganglia of squirrel 
monkeys giving rise to the possibility of a role for PDE4 inhibitors in modulating sensory 
nerves activity originating from here [70]. In clinical trials, 500 µg of roflumilast resulted 
in a significant increase in FEV1 within 24h of the first oral dose, which is a much 
quicker effect than you would expect if roflumilast was modulating inflammation alone 
[71]. Consequently, the modulatory effect of roflumilast and other PDE4 inhibitors on 
sensory nerves requires further investigation. 

IMPROVING THE SIDE-EFFECT PROFILE OF PDE4 
INHIBITORS  

The major side-effects of PDE4 inhibitors include emesis, nausea and headache. 
Improving their side-effect profile is of prime importance in the development of novel 
PDE4 inhibitors, as the currently most clinically advanced inhibitors, roflumilast and 
cilomilast, whilst attenuating characteristic features of airways disease, and exhibiting a 
lower emetogenic potential, are not free from such side-effects. This effectively limits the 
dose which can be administered to patients, and thus limits the potential gain from these 
compounds. A number of different development strategies have been undertaken in the 
pursuit of side-effect free compounds. 
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The catalytic domain of PDE4 isoforms can exist in at least 2 conformationally 
distinct states which have different affinities to bind the archetypal PDE4 inhibitor, 
rolipram [7]. Therefore, sensitivity of rolipram can be altered under different conditions, 
dependent on the conformational state of the isoenzyme. These states have been termed 
the high affinity and low affinity rolipram conformers [72]. Investigations with 
competitive PDE4 inhibitors have demonstrated a positive correlation between rolipram 
displacement and gastric acid secretion [73] and emesis [74], both undesirable side-
effects of PDE4 inhibitors. In contrast, PDE4 inhibitor affinity for the low affinity 
conformer is generally associated with the anti-inflammatory effects of PDE4 inhibition 
including suppression of LPS-induced TNF-α release from monocytes [75] and IL-2 
release from murine splenocytes [76]. Selective targeting of the low affinity rolipram 
conformer by inhibitors has therefore been attempted in order to improve the side-effect 
profile of these drugs [75]. Cilomilast and CDP840 are both more selective for the low-
affinity binding site and do exhibit an improved side-effect profile, whilst maintaining 
their anti-inflammatory capacities [77,78]. AWD12–281 exhibits very little affinity for 
the high-affinity binding rolipram conformer and in vivo appears to be less emetogenic 
than both cilomilast and roflumilast, although the clinical effect of this drug has yet to be 
determined [25]. However, the high-affinity conformer is still associated with some 
cellular functions including MPO release from human neutrophils, a key marker of 
neutrophil degranulation. The conformational state can also be altered by PKA 
phosphorylation and therefore conformational switching may alter catalytic activity and 
inhibitor sensitivity under inflammatory conditions [7]. Consequently, it remains to be 
determined whether selectively targeting one conformer over another will result in a 
clinically efficacious compound with a better side-effect profile [75] and results from 
ongoing clinical studies are anticipated with interest. 

Generating novel compounds with subtype selectivity has been another strategy in an 
attempt to improve the side-effect profile of PDE4 inhibitors. Of the compounds that 
have undergone clinical evaluation, none have been reported to exhibit subtype 
selectivity, yet have a markedly improved side-effect profile compared with rolipram, 
whilst cilomilast is marginally more selective for PDE4D than PDE4A and 4B. 
Investigations with a PDE4D knockout mouse have associated this subtype with emesis 
[79]. PDE4D is also expressed in the area postrema and the vagal afferent nerves 
innervating the gut [69,80]. These data suggest the PDE4D subtype may be involved in 
the gastrointestinal side-effects associated with PDE4 inhibition, which may account for 
the inferior side-effect profile of cilomilast compared with rofumilast, even though it is 
selective for the low affinity conformer. In contrast, studies with PDE4B knockout mice 
have shown the PDE4B isoform is required for LPS-induced TNF-α responses [81] and 
therefore selective targeting of PDE4B over PDE4D may provide an advantageous 
therapeutic index. A number of therapeutic compounds that demonstrate selectivity 
towards either PDE4A/B or PDE4D have been developed [30,82]. A strong correlation 
between PDE4A/B inhibition, but not PDE4D inhibition, and the suppression of TNF-α 
release from monocytes and T-cell proliferation has been observed. This is consistent 
with weak expression of this isoform in these cells (see Table 7.3). In contrast, a 
correlation between both PDE4A/B and D inhibition and eosinophil function was seen, 
reflecting the strong expression of all three subtypes in these cells [83]. Further 
knowledge of the role of the individual isoforms in different cell types is required before 
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it can be determined whether selective targeting of PDE4 isoforms will result in an 
improved side-effect profile, whilst remaining effective modulators of inflammatory cell 
function. 

Another approach being actively pursued to reduce the incidence of side-effects with 
PDE4 inhibitors is to administer the drugs via inhalation rather than orally. There is a 
well established precedence of administering drugs such as bronchodilators and anti-
inflammatory glucocorticosteroids via inhalation and administering PDE4 inhibitors by 
this route is an alternative way to reduce systemic exposure and therefore unwanted side-
effects. Since a considerable proportion of an inhaled drug is swallowed, this approach 
alone does not guarantee success as the inhalation of zardaverine, a mixed PDE3/4 
inhibitor, still produced gastrointestinal disturbances at doses improving FEV1 [84]. 
Nonetheless, a number of PDE4 inhibitors in development are being formulated for 
inhaled administration including AWD12–281, which when administered intratracheally 
produced no emesis in an in vivo canine model [25] and VMX-554, a long acting mixed 
PDE3/4 isoenzyme inhibitor [85]. 

CONCLUSION  

Increasing our understanding of the biology of the extensive PDE family is providing 
further appreciation into the key regulatory role of PDEs, especially the role PDE4 plays 
in modulating the ubiquitous cAMP intracellular signalling pathway. Whilst early 
selective PDE4 inhibitors were potent anti-inflammatory agents in vitro and in animal 
models, their clinical use was tempered as a result of unwanted side-effects such as 
emesis and nausea. Increasing knowledge of PDE4 isoforms, along with a greater 
understanding of other PDE isoenzymes including PDE3 and 7 is essential if we are to 
improve the next generation of PDE inhibitors for the treatment of airways disease. 
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8  
Phosphodiesterase 4 inhibitors: a new class 

of agents for the treatment of chronic 
obstructive pulmonary disease  

K.F.Rabe  

INTRODUCTION  

Chronic inflammation is a hallmark of chronic obstructive pulmonary disease (COPD) 
and there is an unmet medical need for anti-inflammatory agents that target the 
inflammatory pathways underlying COPD. The degradation of 3′, 5′-cyclic adenosine 
monophosphate (cAMP) is modulated by phosphodiesterase (PDE) and has been 
identified as a putative target to reduce chronic inflammation in obstructive airway 
diseases. The PDE inhibitors, particularly inhibitors of the subtype PDE4, represent a 
new class of anti-inflammatory agents that have the potential to directly modulate the 
inflammatory pathophysiology underlying COPD, a limitation of current pharmacologic 
therapies. These agents modulate cAMP-mediated inflammation by targeting the cAMP-
hydrolysing isozyme, PDE4, which is expressed in many immune effector cells 
implicated in the pathogenesis of COPD. Thus, targeted inhibition of PDE4 provides the 
rationale for the design of new drugs for the treatment of COPD. 

The PDE4 inhibitors appear to impart significant anti-inflammatory effects in animal 
models of obstructive airway diseases and therapeutic efficacy in patients with COPD. 
The anti-inflammatory activity of PDE4 inhibitors may potentially alter or ameliorate 
disease progression, and may improve clinical symptoms. Thus, PDE4 inhibitors could 
overcome the limitations of current therapies. 

This chapter provides a comprehensive review of the clinical progress of PDE 
inhibitors in COPD, focusing on PDE4 inhibitors in late-stage clinical development. A 
review of the rationale, mechanism of action, clinical profile, developmental status of the 
leading agents, and future perspectives for PDE4 inhibitors in the treatment of COPD are 
discussed. 

RATIONALE FOR PDE INHIBITORS IN COPD  

PHOSPHODIESTERASES  

The chronic inflammation associated with COPD is characterised by an increase in the 
number and activity (i.e., mediator release, respiratory burst) of neutrophils,  
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Figure 8.1 Increased levels of cyclic 
adenosine monophosphate (cAMP), 
via activation of adenylate cyclase or 
inhibition of cAMP metabolism, 
activate protein kinase A (PKA), 
which catalyses protein 
phosphorylation Leading to inhibition 
of pro-inflammatory cells and 
mediators, relaxation of smooth 
muscle, and inhibition of fibrosis 
leading to airway remodelling [26]. 
ATP=Adenosine triphosphate; 
ADP=adenosine diphosphate; 
P=phosphate; TH=T-helper cell; TNF-
α=tumour necrosis factor-α. Adapted 
with permission from ALTANA 
Pharma AG [27]. 

CD8+ T-lymphocytes, macrophages, and fibroblasts [1,2]. The second messenger cAMP 
modulates the influx and activity of many of these pro-inflammatory cells. The 
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intracellular level of cAMP is regulated via the activation of adenylate cyclase and the 
hydrolysis of cAMP to 5′-AMP by PDEs (Figure 8.1). At least 11 families of PDEs and 
more than 50 splice variants have been identified and characterised, based on substrate 
specificity and sensitivity to PDE inhibitors [3]. 

Phosphodiesterase 4 is a major regulator of cAMP metabolism in a variety of pro-
inflammatory and immune cells associated with COPD [4–6], including neutrophils [7], 
macrophages, CD8+ T cells [8], and eosinophils [7]. In animal and human ex vivo studies, 
PDE4 has also been localised to epithelial and endothelial cells, fibroblasts, and smooth 
muscle [1,9–12]. Further, neutrophils, eosinophils, and monocytes contain PDE4 
exclusively [13]. The localisation of the PDE isozymes, particularly PDE4, to 
inflammatory and immunocompetent cells [7,8] has provided the impetus for 
development and clinical testing of PDE inhibitors that target these cells (Figure 8.2). 

Within the PDE4 family, there are 4 PDE4 subtypes (PDE4A, B, C and D) that are the 
products of separate genes, along with a myriad of gene splice variants (e.g., PDE4A5) 
[14]. Inhibitors of PDE4 may display greater specificity for a particular subtype and 
different effector cells may exhibit differing sensitivities to PDE4 inhibitors [15]. Tissue-
specific expression of splice variants affects how these gene products contribute to 
cellular responses to cAMP levels, and may account for the differential sensitivities of the 
various effector cells  

 

Figure 8.2 Phosphodiesterase (PDE) 4 
inhibitors target multiple pro-
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inflammatory cells by maintaining 
increased levels of cAMP, Leading to 
activation of protein kinase A and 
subsequent reduction in proliferation 
and infiltration of inflammatory cells 
as well as decreasing inflammatory 
cytokines and chemokines. Adapted 
with permission from ALTANA 
Pharma AG [27]. 

in response to PDE4 inhibitors. Investigation into the role of PDE4 splice variant 
diversity and cellular and subcellular localisation of these proteins is ongoing. 

The PDE4 enzyme exists in at least two conformations [16]. Investigators have 
described these two conformations based on the selective binding affinity of rolipram, an 
archetypal PDE4 inhibitor, which is frequently used as a standard in preclinical testing of 
novel PDE4 inhibitors. The two conformations have been designated as the high-affinity 
rolipram-binding site (HARBS) and the low-affinity rolipram-binding site (LARBS) [17]. 
The high-affinity interaction with rolipram is thought to be related to the presence of 
metal cofactors (e.g., Mg2+) located in the active site of PDE4 [18,19]. Preferential 
binding to the HARBS has been suspected to be responsible for central nervous system 
(e.g., nausea and emesis) and cardiovascular effects, and would explain why rolipram has 
a poor safety profile and is unsuitable for clinical use. 

Anti-Inflammatory Action of PDE4 Inhibitors  

A large body of in vitro, in vivo, and ex vivo preclinical data supports the anti-
inflammatory properties of PDE4 inhibitors. The anti-inflammatory action of PDE4 
inhibitors can be broadly categorised as an inhibition of pro-inflammatory cell activities 
and pro-inflammatory cascades [1,8,20–25]. Additionally, the bronchodilatory activity 
associated with non-selective PDE4 inhibitors is mediated through increases in 
intracellular cAMP and subsequent relaxation of bronchiolar smooth muscle [26,27]. 
However, acute bronchodilation in patients with COPD has not been observed with 
newer PDE4 inhibitors [28,29]. Thus, the efficacy of PDE4 inhibitors in COPD may be 
related to their anti-inflammatory activity. 

Inhibition of neutrophil chemotaxis and suppression of increased neutrophil activation, 
including production of reactive oxygen species, leukotriene B4, degranulation, and 
chemotaxis by PDE4 inhibitors has been well described [15,21,22,30,31]. The PDE4 
inhibitors also reduce expression of tumour necrosis factor-α (TNF-α) [15, 30] and 
attenuate TNF-α-induced activation of cellular adhesion molecule expression [32]. 

There are also several reports of the effects of PDE4 inhibitors on airway epithelial 
cells, including inhibition of IL-1β-induced release of granulocyte/macrophage colony-
stimulating factor (GM-CSF) in human cells ex vivo [33] and inhibition of mucus 
hypersecretion in an animal model in vivo [22]. The PDE4 inhibitors also suppress 
fibroblast chemotaxis and fibroblast-mediated collagen gel contraction [1], suggesting 
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that these agents may inhibit fibroblast activity (i.e., fibrosis) and development of airway 
narrowing. 

In summary, preclinical data suggest that PDE4 inhibitors potentially affect a 
multitude of pro-inflammatory effector cells and pathways involved in the pathogenesis 
of COPD. The anti-inflammatory action of PDE4 inhibitors is likely responsible, at least 
in part, for the clinical efficacy and therapeutic benefits of these agents in patients with 
COPD. 

THERAPEUTIC USE OF PDE4 INHIBITORS  

PDE INHIBITORS IN CLINICAL USE  

Theophylline  

Theophylline (3, 7-dihydro-1, 3-dimethyl-1H-purine-2, 6-dione) is a methylxanthine, 
non-selective PDE inhibitor that has been used as a bronchodilator in patients with COPD 
for several decades (Figure 8.3) [34,35]. Theophylline acts non-selectively through 
inhibition of all major PDE isozymes and adenosine receptor antagonism [36]. 
Theophylline also exhibits anti-inflammatory activity in vitro [37]. However, the 
concentration of theophylline that would be required to provide clinically effective anti-
inflammatory therapy is greater than could reasonably be achieved in patients [37]. Thus, 
the anti-inflammatory contribution of theophylline in the clinic is still under debate. 

Theophylline has demonstrated variable efficacy in improving exercise tolerance and 
clinical symptoms [38,39], and is currently recommended as third-line therapy for COPD 
[34,40]. Further, because of its non-selective mechanism of action, theophylline is 
associated with a high incidence of side-effects (e.g., cardiac arrhythmia, seizure, 
gastrointestinal disorder) [34,41]. Taken together, the combination of the therapeutically 
limited anti-inflammatory activity of theophylline and the less than favourable safety 
profile in patients with COPD have led researchers to focus on improved PDE inhibitors, 
primarily those that inhibit PDE4, that have the potential for increased therapeutic ratios 
and more favourable safety profiles. Currently, there are only two PDE inhibitors, 
cilomilast and roflumilast, in late-stage clinical development for the treatment of COPD. 

PDE INHIBITORS UNDER CLINICAL INVESTIGATION  

Cilomilast  

Cilomilast (SB 207499; cis-4-cyano-4-[3-(cyclopentyloxy)-4-methoxy-phenyl] 
cyclohexa-necarboxylic acid) is a PDE4 inhibitor in phase III clinical development for 
the treatment of patients with COPD (Figure 8.3). Cilomilast is selective for PDE4 and 
does not appreciably bind to PDE1, 2, 3, or 5 at concentrations ≤10 µM [42]. Cilomilast 
is ~10-fold more selective for PDE4D than the other 3 isoforms in the PDE4 family (i.e., 
PDE4A, B, and C) [43], and has  
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Figure 8.3 Chemical structures of the 
non-selective inhibitor theophylline 
and the PDE4 inhibitors cilomilast and 
roflumilast. 

approximately equal affinity for the two conformations of PDE4: LARBS and HARBS 
[42]. This selectivity for the preferred PDE4 conformation, LARBS, provides an 
improved therapeutic ratio compared with less selective PDE4 inhibitors such as 
rolipram. In addition to numerous preclinical trials that have evaluated the anti-
inflammatory potential of cilomilast [15,30], the pharmacokinetic profile has also been 
examined. Further, the safety and efficacy of cilomilast have also been investigated in 
several clinical studies. 

The pharmacokinetics of intravenous and oral cilomilast was evaluated in 16 healthy 
men [44]. In two separate experiments, volunteers received intravenous cilomilast 4 mg 
over 1h or a single oral dose of cilomilast 15 mg [44]. Similar pharmacokinetic profiles 
were obtained with the two modes of administration. Cilomilast exhibited dose-
dependent pharmacokinetics and a low clearance rate with a half-life of ~8 h, suggesting 
that bid cilomilast dosing might be an appropriate dosing regimen. The dose linearity of 
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oral cilomilast ≤15 mg bid was confirmed in a randomised, placebo-controlled, dose-
ranging study [45]. Oral cilomilast 15 mg was also shown to have a high oral 
bioavailability, with a mean absolute bioavailability of 103% [95% confidence interval 
(CI)=98%, 109%]. 

The effects of food, administration timing, and coadministration with other 
medications on the pharmacokinetics of cilomilast and on the concomitant medications 
were also determined [44]. The effect of food absorption on cilomilast bioavailability was 
evaluated in 28 healthy volunteers who received two doses of oral cilomilast 15 mg. 
Patients were administered one dose after a 10-hour overnight fast and one dose 5 min 
after a high-fat breakfast. Overall, co-administration of cilomilast with food did not 
appear to affect cilomilast bioavailability. Additionally, neither co-administration of an 
antacid nor administration timing (morning or evening) appreciably affected the 
pharmacokinetics of cilomilast. Co-administration studies in healthy volunteers indicated 
a lack of significant pharmacodynamic interaction between cilomilast and digoxin, 
erythromycin, salbutamol, theophylline, or warfarin [46–50]. 

In patients with renal impairment, the half-life and area under the curve (AUC) of 
unbound cilomilast increased with increasing renal impairment as unbound cilomilast 
clearance and plasma protein binding decreased [49,51]. The renal clearance of the active 
metabolite of cilomilast decreased with increasing renal impairment, with the AUC ratio 
of the unbound metabolite to cilomilast in severe renal impairment twice that observed in 
healthy volunteers (creatinine clearance <30ml/min). These data led to the 
recommendation that cilomilast not be administered to patients with severe renal 
impairment. 

Efficacy and Safety in COPD  

In a 12-week study designed to determine the ability of cilomilast to mitigate 
inflammatory pathways in the lung, patients (n=59) with moderate COPD were 
randomised to receive cilomilast 15 mg twice daily or placebo [24]. Cilomilast reduced 
CD8+ T-lymphocyte subsets by 48% (p<0.01) and CD68+ macrophages by 47% 
(p=0.001) compared with placebo. Cilomilast did not effect forced expiratory volume in 1 
s (FEV1), although the study was not powered to show changes in pulmonary function. 
Overall, these data provided the rationale for further clinical studies of cilomilast. The 
acute bronchodilation effects of cilomilast were examined in patients with COPD (n=21) 
who were administered a single dose of cilomilast with or without concomitant 
administration of inhaled salbutamol and/or ipratropium bromide [28]. The mean 
maximum improvement in FEV1 was ~140 ml with cilomilast versus ~152 ml with 
placebo, which is less than observed with bronchodilators such as salbutamol. Further, 
combined treatment with salbutamol or ipratropium bromide further increased FEV1, 
suggesting that a single dose of cilomilast does not produce acute bronchodilation in 
patients with COPD. 

The efficacy of cilomilast in COPD has been investigated in a number of clinical 
studies. The efficacy of cilomilast in patients with poorly reversible COPD (≤15% or 
≤200 ml postalbuterol) was examined in four randomised, double-blind, placebo-
controlled, parallel-group studies [52,53]. Patients (n=647–825) were treated with 
cilomilast 15 mg bid or placebo for 6 months after a 4-week run-in period. Only two 
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studies demonstrated a significant change from baseline in trough FEV1 at study end 
point versus placebo, and only three studies showed a 30- to 40-ml improvement from 
baseline in FEV1 for patients treated with cilomilast (Figure 8.4) [52–54]. These data 
indicate a maintenance of lung function rather than an improvement in lung function. 
Based on these data, the Pulmonary-Allergy Drugs Advisory Committee of the US Food 
and Drug Administration has recommended that long-term studies (e.g., 1 year) be 
conducted before approval of cilomilast for the maintenance of lung function (FEV1). A 
12-month, double-blind, placebo-controlled extension study examined efficacy and safety 
in patients (n=211) who received placebo for 12 months or cilomilast 10 mg bid for 2 
months followed by cilomilast 15 mg bid for the remaining 10 months [55]. Cilomilast 
improved FEV1 by 210 ml versus 100 ml for placebo over 12 months, but this 110ml 
improvement versus placebo was not significant (p=0.094). 

In a 3-month randomised, double-blind, parallel-group study in patients (n=264) with 
both reversible and non-reversible COPD, cilomilast significantly improved FEV1 versus 
placebo in patients with reversible disease, but not patients with non-reversible disease 
[56]. In one of the 6-month studies, forced vital capacity (FVC; p=0.001) and trough 25–
75% forced expiratory flow (FEF2 5–7 5; p=0.003) significantly improved in cilomilast-
treated patients versus patients treated with placebo [57,58]. Further, in the 12-month,  
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Figure 8.4 Change from baseline in 
trough FEV1 in patients treated with 
cilomilast 15 mg bid versus placebo in 
four randomised, double-blind, phase 
III, 6-month trials. Data are 
mean±standard errors. Adapted from 
US Food and Drug Administration 
[52]. EP=Endpoint; FEV1=forced 
expiratory volume in 1 second. 
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double-blind, placebo-controlled extension study, cilomilast-treated patients experienced 
improved FVC (p=0.018) and peak expiratory flow (PEF; p=0.01) compared with 
placebo [55]. 

Cilomilast also decreased the risk of a patient experiencing ≥1 COPD exacerbation by 
44% (p=0.0001) [59]. A total of 74% of patients treated with cilomilast were 
exacerbation-free during the 6-month study versus 62% of patients treated with placebo 
(p=0.008). Additionally, a combined analysis of two of the 6-month studies examining 
the rate of prospectively defined COPD exacerbations reported a significant reduction 
(26%) in the frequency of moderate-to-severe exacerbations with cilomilast versus 
placebo [54]. 

In an open-label extension of one of the 6-month studies, health status was examined 
in patients who received cilomilast 15 mg bid from week 24 to week 120 [60]. Borker et 
al [60] reported that patients who received placebo in the initial 24-week study 
experienced a further improvement in health status or at least improvements achieved 
during the 6-month study were maintained. No lung function data from the open 
extension study have been reported. In addition, one of the 6-month studies demonstrated 
a significant improvement in quality of life as measured by St. George’s Respiratory 
Questionnaire (SGRQ) total score [53]. Significant improvements in Short Form-36 
scores for physical function (p=0.017) and general health perceptions (p=0.02) compared 
with placebo treatment were also noted [57]. 

Cilomilast was generally well tolerated. In a dose-ranging study, the most common 
drug-related adverse event was nausea, reported in 1% of patients in the placebo group, 
12% of patients in the 10-mg dose group, and 11% of patients in the 15-mg dose group 
[61]. The most common serious adverse event was COPD exacerbation. Overall, there 
was no cilomilast dose-related trend or significant difference in incidence versus placebo 
for any serious adverse event. In a pooled analysis of the 6-month studies, gastrointestinal 
adverse events—including nausea, diarrhoea, abdominal pain, dyspepsia, and vomiting—
were the most common and were reported more frequently in cilomilast-treated patients 
compared with placebo [62]. Gastrointestinal adverse events were generally mild to 
moderate in intensity and self-limited; however, they did account for the most 
discontinuations because of adverse events [53]. 

Roflumilast  

Roflumilast (3-cyclopropylmethoxy-4-difluoromethoxy-N-[3, 5-dichloropyridyl-4-yl]-
benza-mide) [30] is a PDE4 inhibitor in phase III clinical development in the treatment of 
COPD and asthma (Figure 8.3) [40]. Roflumilast is >100 times more potent in inhibiting 
PDE4 (IC50=0.8 nM) versus cilomilast (IC50=120 nM) [15]. In vivo, roflumilast is 
metabolised to a pharmacologically active metabolite, roflumilast N-oxide, which also 
has a high potency (IC50=2 nM), and may substantially contribute to the clinical efficacy 
of roflumilast. 

The pharmacokinetics of a single oral dose of roflumilast 500 µg and intravenous 
roflumilast 150 µg infused over 15 min were evaluated in 12 healthy male volunteers. 
Pharmacokinetic analysis of a single dose of roflumilast indicated that roflumilast has a 
long elimination half-life [63,64] and a high absolute oral bioavailability of 79% [63]. In 
a double-blind, parallel-group, dose-ranging study in 18 healthy volunteers who received 
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escalating doses of oral roflumilast (250–1,000 µg) once daily for seven days, roflumilast 
exhibited linear pharmacokinetics in the dose range of 500–1,000 µg [63,64]. The half-
life of roflumilast and roflumilast N-oxide was ~15 h and 20 h, respectively, providing a 
rationale for a once-daily dosing regimen in clinical trials. 

The pharmacokinetic implications of administration timing and food intake were also 
evaluated [65,66]. The Cmax of roflumilast was marginally lower with evening dosing and 
the time to Cmax was slightly longer with evening dosing, but the AUC did not differ 
between the times of administration, indicating that exposure to roflumilast and 
roflumilast N-oxide was unaffected. Overall, administration timing did not significantly 
affect the pharmacokinetic profile of roflumilast or roflumilast N-oxide [65]. As with 
cilomilast [44], a high-fat meal reduced the absorption of roflumilast. The Cmax was 
reduced for roflumilast, but not for roflumilast N-oxide; however, the AUC values for 
roflumilast and the active metabolite were not affected by food intake. Therefore, food 
intake did not appreciably affect the bioavailability of roflumilast or roflumilast N-oxide 
[66]. 

The effects of concomitant drug administration were investigated to determine 
potential interaction between roflumilast and erythromycin, budesonide, salbutamol, or 
warfarin; however, no significant effect of concomitant administration was observed with 
any of these medications [67–72]. Additionally, renal clearance rates suggest that 
roflumilast may be used in patients with renal impairment [73]. 

Efficacy and Safety in COPD  

A phase II/III double-blind, dose-ranging, parallel-group study investigated the efficacy 
and safety of roflumilast in patients with moderate-to-severe COPD [74,75]. Patients 
were administered oral roflumilast 250 µg (n=175) or 500 µg (n=169), or placebo 
(n=172) once daily for 26 weeks. Roflumilast treatment significantly improved FEV1, 
morning PEF, and FVC [43,74, 75]. 

In a phase III, multicentre, double-blind, randomised, placebo-controlled study, 1,411 
patients with COPD received oral roflumilast 250 µg (n=576) or 500 µg (n=555), or 
placebo (n=280) once daily for 24 weeks [76,77]. Lung function, health-related quality of 
life (SGRQ), and COPD exacerbations were assessed. Roflumilast 250 and 500 µg 
significantly improved post-bronchodilator FEV1 throughout the 24-week treatment 
period compared with placebo (p<0.03). At the end of treatment, roflumilast 250 µg and 
roflumilast 500 µg improved mean FEV1 by 74 ml and 97 ml, respectively (Figure 8.5; 
p<0.0001 vs.  
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Figure 8.5 Change from baseline in 
post-bronchodilator FEV1 at Last visit 
for 1,411 patients administered 
roflumilast 250 µg, roflumilast 500 µg, 
or placebo in a randomised, double-
blind, 6-month trial Improvement was 
significant for roflumilast 250 and 500 
µg versus baseline at Last visit 
(*p<0.05, *p<0.01, †p<0.001 vs. 
baseline). Improvement in FEV1 was 
significantly greater for roflumilast 
250 µg and 500 µg versus placebo 
(p<0.0001 for both). Data are Least 
squares mean±standard error. Data 
from Rabe et al. [77]. 
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Figure 8.6 Change from baseline in St. 
George’s Respiratory Questionnaire 
total score at Last visit for 1,411 
patients administered roflumilast 250 
µg, roflumilast 500 µg, or placebo in a 
randomised, double-blind, 6-month 
trial. Roflumilast 250 and 500 µg 
improved SGRQ total score compared 
with placebo. Data are Least squares 
mean ± standard errors. p values are 
relative to baseline at Last visit 
(*p<0.05, †p<0.001 vs. baseline). Data 
from O’Donnell et al [78]. 

placebo for both). A similar pattern was seen for the secondary lung function parameters: 
post-bronchodilator FVC, FEV6 and FEF25 –75 improved in the roflumilast treatment 
groups versus placebo throughout the treatment period. For example, post-bronchodilator 
FVC improved by 71±31 ml (p=0.0193) and 114±31 ml (p=0.0002) for roflumilast 250 
and 500 µg, respectively, compared with placebo. 

Roflumilast 250 and 500 µg improved SGRQ total score (−3.4 and −3.5 units, 
respectively) compared with placebo (−1.8 units; Figure 8.6). Scores in the 
subcomponents activity, impacts, and symptoms also improved with roflumilast 
treatment compared with baseline (data not shown; p<0.01 vs. baseline for both). 
Additionally, the percentage of patients who experienced a COPD exacerbation was 
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lower in the roflumilast 500-µg group (28%) than in the roflumilast 250-µg (36%) or 
placebo group (35%). Roflumilast also reduced the overall number of exacerbations per 
patient compared with placebo with a 34% decrease in the rate of total exacerbations in 
the roflumilast 500-µg group compared with placebo. 

Roflumilast was well tolerated at both dose levels tested. The most common adverse 
events during the study were exacerbations of COPD and nasopharyngitis [78]. Most 
adverse events (>90%) occurred across all treatment groups, were mild to moderate in 
intensity, and resolved during the course of the study Discontinuations because of 
adverse events were slightly higher in the roflumilast 500-µg group (15% of patients) 
compared with the roflumilast 250-µg (10%) or placebo groups (8%). The most common 
reason for discontinuation was COPD exacerbation, with a similar incidence rate (3–4% 
of patients) reported in each group. Diarrhoea occurred more often in the roflumilast 
treatment groups, usually within the first 4 weeks of treatment, and was generally mild to 
moderate in intensity. 

In another phase III, multicentre, double-blind, randomised, placebo-controlled study, 
581 patients with COPD were randomised to roflumilast 500 µg (n=200) for 24 weeks, 
placebo (n=186) for 24 weeks, or roflumilast 500 µg for 12 weeks, followed by placebo 
for 12 weeks (n=195) [79]. Over 24 weeks, roflumilast improved post-bronchodilator 
FEV1 (p<0.0001) from baseline. In patients withdrawn from active treatment after 12 
weeks, post-bronchodilator FEV1 deteriorated following withdrawal of roflumilast 
(p=0.0047), but remained higher than with placebo. The improvement that persisted after 
roflumilast withdrawal raises the intriguing possibility that roflumilast administered over 
a longer time period may ameliorate disease pathophysiology. Roflumilast was also well 
tolerated in this study, and no adverse events were associated with withdrawal from 
roflumilast. Most adverse events were mild to moderate in severity and not related to the 
study drug. 

The PDE4 inhibitors cilomilast and roflumilast share similar pharmacokinetic 
characteristics (e.g., bioavailability, oral administration), but clinical data suggest that 
roflumilast may offer a higher therapeutic index for patients with COPD. For example, 
the once-daily dosing of roflumilast versus bid dosing for cilomilast and the improved 
gastrointestinal side-effect profile in patients with COPD [62] compared with cilomilast 
provide a higher benefit-to-risk ratio in favour of roflumilast. The demonstrated efficacy 
of roflumilast in patients with COPD in early trials coupled with a favourable safety 
profile provide the rationale for the long-term studies of roflumilast in larger populations, 
which are currently underway. 

PDE INHIBITORS UNDER PRECLINICAL INVESTIGATION  

There are a number of experimental PDE inhibitors in various stages of preclinical 
investigation and pharmacokinetic analysis. Only a few have been reported to be in phase 
I or II clinical trials. GRC 3886 is an oral PDE4 inhibitor under investigation in 
inflammatory airway diseases. In animal models in vitro and in vivo, GRC 3886 inhibited 
pulmonary cell infiltration, including eosinophilia and neutrophilia [80]. The compound 
also demonstrated a favourable tolerability profile in animals. Currently, GRC 3886 is in 
phase I clinical trials. A second PDE4 inhibitor, AWD 12–281 inhibits pro-inflammatory 
cytokines and TNF-α release in human cells and whole blood ex vivo [81]. AWD 12–281 
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is currently in phase II clinical studies for inflammatory airway diseases, including 
COPD. The anti-inflammatory potential of the novel PDE4 inhibitor ONO-6126 has been 
tested in healthy subjects [82], and it is believed to be in phase II trials. Lastly, tofimilast 
(CP 325366) is a PDE4 inhibitor currently in phase II trials for COPD and asthma. 

CONCLUSIONS  

To date, there is no disease-modifying therapy available that effectively addresses the 
underlying chronic inflammation of COPD or effectively attenuates lung function 
decline. Current pharmacologic therapies (e.g., anticholinergics and long-acting β-
agonists) are administered to treat or control the symptoms of the disease. However, the 
anti-inflammatory activities associated with PDE4 inhibitors may provide an opportunity 
to target the pathophysiology of COPD, leading to amelioration of the disease rather than 
solely treating the clinical symptoms. Significant improvements in lung function, 
reduction in COPD exacerbation rates, and improvement in quality of life have been 
demonstrated with PDE4 inhibitors in multiple clinical trials. Taken together, these data 
suggest that oral PDE4 inhibitors might be useful in the treatment and management of 
COPD. Further studies are needed to elucidate the long-term effects of PDE4 inhibitors 
on the pathophysiology of COPD and their affect on COPD progression. Long-term 
safety studies in patients treated with PDE4 inhibitors are also anticipated. The anti-
inflammatory activity and disease-modifying potential of PDE4 inhibitors in patients with 
COPD will continue to provide a basis for further research. Further examination of the 
pathophysiological modifying potential may further validate PDE4 inhibitors for 
effective treatment of COPD. The more favourable safety profiles (e.g., gastrointestinal 
side-effects) observed with newer generation PDE4 inhibitors (e.g., roflumilast) suggest 
an improved therapeutic ratio. Further, efficacy data support improved lung function, 
reduction in COPD exacerbations, improved quality of life, and suggest the possibility of 
disease modification with long-term therapy. 
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9  
Combination therapy with bronchodilators  

S.I.Rennard  

INTRODUCTION  

Bronchodilators are first-line therapy for symptomatic relief in the management of stable 
patients with chronic obstructive pulmonary disease (COPD) [1,2]. Three classes of 
bronchodilators are available and are reviewed in detail in other chapters in this volume: 
β-adrenoceptor agonists (Chapters 3, 4), anticholinergics (Chapters 5,6) and 
phosphodiesterase inhibitors/theophylline (Chapters 7, 8). There are several theoretical 
and practical reasons to combine bronchodilators in the routine management of COPD 
patients. The use of combinations, however, raises a number of practical issues with 
which the clinician must deal. Oftentimes the available clinical data upon which the 
clinician must base therapeutic decisions are limited. Nevertheless, available information 
suggests that combination therapy can be of significant benefit to patients with COPD. 

RATIONALE FOR COMBINATION THERAPY  

AIRFLOW LIMITATION  

Airflow limitation in COPD results from several distinct histophysiologic processes that 
are present in varying degrees of severity in COPD patients [3]. Fixed airflow limitation 
results primarily from two distinct lesions. Loss of alveolar wall, the characteristic and 
defining lesion in emphysema, leads to loss of lung elastic recoil and destruction of 
alveolar insertions in small airways. As a result, there is decreased pressure in the distal 
airways and small airway collapse with forced exhalation, both of which decrease 
expiratory airflow. In addition, small airways are characteristically fibrotic [4] and, like 
all fibrotic tissues, undergo contraction. The narrowing of the airways that results limits 
airflow [5]. In addition to these lesions, airflow may be limited by airway oedema, 
inflammation and the accumulation of secretions within the airway lumen [4]. 

AIRWAY SMOOTH MUSCLE  

All airways have some degree of resting smooth muscle tone that slightly narrows 
airways. Bronchodilators, therefore, improve airflow modestly, about 3–5% in normal 
individuals [6]. While not clinically meaningful in normal subjects, even modest 
improvement in airflow may be of benefit in the COPD patient. Should increased resting 
tone be present, the benefit of bronchodilators will be even greater. Currently available 
bronchodilator drugs, moreover, also have biological effects in addition to causing 



smooth muscle relaxation [7–12]. It is possible that these ‘non-bronchodilator effects’ 
may also be beneficial in COPD patients (see below).  

Stephen I.Rennard, MD, Larson Professor of Medicine, University of Nebraska Medical Center, 
Omaha, Nebraska, USA. 

MAXIMAL BRONCHODILATATION  

Early discussions of combined bronchodilator use were heavily influenced by the concept 
of ‘maximal bronchodilatation’ [13]. The concept proposed was that a single 
bronchodilator, if given in sufficient amount, should be able to result in the maximally 
attainable bronchodilatation. This led to a series of studies with a similar design: a given 
bronchodilator would be administered in sequentially increasing doses until a maximal 
response had been obtained. After this, a second bronchodilator would be administered to 
determine if more bronchodilatation could be achieved. Several studies performed with 
sequential administration of bronchodilators failed to show added benefits of a second 
bronchodilator [14–18]. In addition, dose-ranging studies have suggested that the 
conventionally used clinical dose of ipratropium [19] and β-adrenoceptor agonist [20] are 
less than maximally effective. Results of these studies, therefore, supported the concept 
that maximal bronchodilatation could be achieved by appropriately increasing the dose of 
a single agent. Such an approach suggested the use of combination bronchodilators would 
be unnecessarily complicated and the use of fixed-dose combinations unnecessarily 
constraining. 

Attitudes towards combination bronchodilators in general, and to fixed-dose 
combinations specifically, have changed dramatically for a number of reasons. First, 
bronchodilator response to both β-adrenoceptor agonists [20,21] and anticholinergic 
[21,22] bronchodilators in an individual with COPD is variable on a day-to-day basis. 
Thus, maximally achieved bronchodilatation is not a fixed concept, but a variable one. 
This variability, of course, greatly confounds the assessment of dose response in an 
individual COPD patient and may have contributed to the methodologic constraints that 
led to the conclusions of no benefit from combinations. In addition, the majority of 
studies that showed no benefit of multiple bronchodilators enrolled relatively small 
numbers of subjects. This raises the possibility of a type II statistical error. In fact, larger 
studies consistently support the therapeutic benefit of bronchodilators in combination (see 
reference [23] for a review of these studies). Finally, inhaled bronchodilators are 
relatively safe, but are not entirely free of side-effects that are dose related (see Chapters 
3–6). Since different classes of bronchodilators have distinctly different side-effects, 
combinations have the possibility of being better tolerated by minimising dose-related 
adverse effects. 

POPULATION VERSUS INDIVIDUAL RESPONSE  

Most of the studies available to date that show a benefit of combination bronchodilators 
have used a parallel group design. In these studies, a group treated with the combination 
is compared to groups treated with either agent alone and sometimes with a placebo. 
Benefit in such a study could result from either an improved number of subjects who 
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achieved bronchodilation or improved bronchodilation in individual subjects receiving 
the combination. Consistent with the first possibility, two clinical trials characterised 
COPD patients for reversibility to salmeterol and ipratropium [24,25]. About 70–80% of 
subjects responded to albuterol and 60–70% to ipratropium, using 12% and 200 ml 
improvement in reversibility as the definition of response. However, some subjects 
responded to only one of the bronchodilators, thus the number of responders would be 
expected to be increased using a combination. Consistently, a retrospective analysis of 
1067 subjects in two parallel group studies that compared ipratropium combined with 
albuterol to either agent alone was performed by Dorinsky et al. [26]. Using either a 12 or 
15% improvement in FEV1 as a definition of response, significantly more subjects treated 
with the combination reversed than those treated with ipratropium or albuterol alone. 

In order to determine if maximal bronchodilation is improved within a given subject 
with a combination, a crossover design is preferable. While data are limited, several 
studies using such a design, most commonly with subjects assessed on separate days and 
the combination bronchodilators being given at the same time, have demonstrated 
improved bronchodilatation with combination therapy. Several of these studies used only 
a single dose of each component of bronchodilator. Thus, whether the combination 
resulted in increased ‘maximal’ bronchodilatation may not have been assessed. A smaller 
number of studies are available that have performed dose-ranging crossover comparisons 
within subjects, but several of these have also demonstrated a benefit for combination 
[14,17,18, 27–32]. Thus, while the available data have limitations, evidence supports the 
concept that combination bronchodilators are superior to individual drugs. This will be 
true both because a larger number of COPD patients will respond to the combination and 
because a greater degree of bronchodilation will be achieved. 

LONG- AND SHORT-ACTING BRONCHODILATORS  

Both long-acting and short-acting agents are available for both the anticholinergic and β-
adrenoceptor classes of bronchodilators. The long-acting bronchodilators in these classes 
achieve their long duration of action by interacting with the cell surface and/or the 
receptor differently than do the short-acting bronchodilators (see Chapters 3–6). Long-
acting theophylline preparations are also available, but they achieve their long duration of 
action through slow release of the drug rather than a distinct pharmacologic mechanism. 
Despite the pharmacologic differences, available evidence to date suggests that any β-
adrenoceptor agonist, whether short or long acting, can be combined effectively with any 
anticholinergic (Table 9.1). Similarly, theophylline can likely be added to any inhaled β-
adrenoceptor agonist or anticholinergic bronchodilator or bronchodilator combination. 
Whether long-acting bronchodilators can be combined with short-acting bronchodilators 
within a class is a separate question, but is much more relevant for the treatment of acute 
exacerbations than for chronic stable COPD (see below). 

MECHANISMS AND CLINICAL IMPLICATIONS  

There are several theoretical reasons that could explain increased maximal 
bronchodilation with combined bronchodilators within an individual COPD patient, and 
these considerations  
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Table 9.1 Selected studies showing a benefit of 
combinations of β-agonist and anticholinergic 
bronchodilators 

β-Agonist  Anticholinergic      

  Ipratropium  Oxitropium  Tiotropium  
Isoprenaline [74]     

Isoetharine [75]     

Metaproterenol [76]     

Terbutaline [77]     

Albuterol [17, 26,68,78–88]     

Fenoterol [28,29,89–95] [96]   

Formoterol [30]   [97] 

Salmeterol [98,99] [31] [100] 

Studies demonstrating a significant benefit for at least one outcome are included. 
Studies showing trends or no significant effect are not listed. Additional combinations are under 
investigation; reports presented only as abstracts have not been included. 

may help guide clinical care. First, smooth muscle tone maintains some degree of airway 
narrowing from the proximal to the distal airways. However, the distribution of 
cholinergic and adrenergic receptors is not uniform along the axis of the airways. 
Autoradiographic studies demonstrate that the proximal airways are relatively more 
richly endowed with cholinergic receptors [33] while the more distal airways are 
relatively enriched with β-receptors [34]. Concordantly, a study using intrabronchial 
catheters has demonstrated a greater proximal effect of anticholinergic bronchodilators 
and a relatively greater distal effect of β-agonist bronchodilators [35]. Thus, greater 
bronchodilator effect is possible within an individual using a combination, as different 
sites within the airway may be responding to different bronchodilators. 

Whether true mechanistic synergy occurs within a cell responding to two distinct 
bronchodilators remains to be determined. It is possible that a β-adrenoceptor agonist that 
increased cAMP would synergise with a PDE inhibitor that prevented cAMP breakdown. 
Consistent with this, patients have been reported to prefer a combination of β-
adrenoceptor agonist with theophylline [36], and increased bronchodilator effect has been 
observed in many clinical trials [36–45]. 

The three classes of bronchodilators cause smooth muscle relaxation by different 
mechanisms (Figure 9.1). There are, however, a number of mechanistic interactions 
between cholinergic and β-adrenergic signalling that could theoretically lead to 
synergistic interactions. In addition, at least one clinical trial provides supportive 
evidence for a synergistic interaction. Specifically, van Noord et al. administered 
placebo, salmeterol or salmeterol together with ipratropium [46]. The maximal 
bronchodilator response was greatest with the combination of salmeterol and ipratropium, 
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consistent with improved ‘maximal’ bronchodilation within an individual. This peak 
bronchodilator effect occurred at approximately 2 h, the time expected from the known 
pharmacokinetics of the two drugs. Interestingly, 10–12 h after administration of the two 
drugs, the effect of the combination was still greater than that of salmeterol alone. At 
such a time point, the effect of ipratropium alone would be expected to have abated. 
While not a direct proof of the hypothesis, this study provides evidence consistent with a 
potential synergy between anticholinergic and β-agonist bronchodilators.  

 

Figure 9.1 Mechanisms of action of 
bronchodilators. Currently available 
bronchodilators improve airflow 
primarily by relaxing airway smooth 
muscle. Anticholinergic agents 
accomplish this by blocking the M3 
muscarinic stimulus that provides for 
‘resting’ tone. β-Adrenoceptor agonists 
achieve bronchodilation by increasing 
intracellular cAMP resulting in 
relaxation of contracted smooth 
muscle. Phosphodiesterase inhibitors 
act similarly by preventing the 
breakdown of cAMP to AMP. 

DISEASE INHOMOGENEITY  

COPD is not homogeneous anatomically. This may create a particularly important 
advantage for combination bronchodilator therapy. In this context, it is now clear that a 
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major factor in causing dyspnoea in COPD patients, particularly dyspnoea with exertion, 
is dynamic hyperinflation [47]. 

DYNAMIC HYPERINFLATION AND VARIABLE TIME 
CONSTANTS  

The lungs are characteristically hyperinflated in patients with COPD. This occurs for at 
least two reasons (Figure 9.2). First, functional residual capacity (FRC) represents the 
balance point between lung elastic recoil and the elastic force generated by the chest wall, 
which causes the lung to expand. Loss of lung elastic recoil, which is characteristic of 
emphysema, results in an increase in FRC and thus in hyperinflation. Second, limitation 
of expiratory airflow can sufficiently delay emptying of the lungs after inhalation such 
that subsequent inhalations begin before FRC is reached. Hyperinflation resulting from 
expiratory airflow limitation is related to expiratory time and, therefore, to respiratory 
rate and is termed dynamic hyperinflation. With increasing respiratory rate, dynamic 
hyperinflation increases. The work of breathing increases with hyperinflation, and 
dyspnoea is thought to be related to the inspiratory effort required to maintain the 
increased work of breath. Dynamic hyperinflation, therefore, is believed to be a major 
cause of dyspnoea in patients with COPD, particularly dyspnoea on exertion where 
respiratory rates increase [48,49]. 

Because the anatomic lesions in COPD are heterogeneously distributed throughout the 
lung, it is likely that dynamic hyperinflation is as well. Thus, areas of the lung with more 
severe expiratory airflow limitation will become more severely hyperinflated than 
adjoining lung regions with better-preserved airflow. Because the total lung capacity is 
limited, if hyperinflation becomes severe enough, the residual lung may become 
functionally restricted [47]. Dynamic hyperinflation, therefore, can result in compression 
of relatively  

 

Figure 9.2 Dynamic hyperinflation. In 
the normal Lung (Left) tidal volume 
(TV) begins at functional residual 
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capacity (FRC) with each breath. In 
COPD (right), there is hyperinflation at 
rest (centre). This is due to Loss of 
lung elastic recoil and total Lung 
capacity. FRC and residual volume are 
all increased. Because of the prolonged 
expiratory time required for tidal 
breathing to return to FRC, there may 
be further hyperinflation (shaded 
region), even at rest. With exertion, or 
any other cause of increased 
respiratory rate, there is Less time for 
the lungs to empty and each breath 
causes further hyperinflation until a 
new equilibrium is met. 

 

Figure 9.3 Heterogeneity of dynamic 
hyperinflation. Airflow limitation is 
characteristically heterogeneous. 
Nevertheless, with slow breathing, 
there may be sufficient time for all 
segments to empty and dynamic 
hyperinflation will be minimal (Left). 
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With increasing respiratory rate, the 
most obstructed segments (shaded) 
will hyperinflate (right). This not only 
prevents those segments from 
supporting ventilation, but can 
compress the relatively more normal 
Lung compromising the function of 
those regions also. The more 
heterogeneously distributed the airflow 
limitation, the more important this 
effect will be. As different 
bronchodilators may affect different 
regions of the lung differently, 
combinations of bronchodilators may 
be more effective in reducing 
inhomogeneities than single agents. 

normal lung compromising its function (Figure 9.3). Compression of intrapulmonary 
airways has also been suggested to further worsen airflow limitation [50]. 

It is currently believed that ‘deflation’ of the lungs is one major physiological benefit 
of bronchodilators. In this context, all classes of bronchodilators have been demonstrated 
to result in a decrease in both resting and dynamic hyperinflation [48,49,51,52]. The 
reduction in hyperinflation, moreover, is better correlated with the reduction in dyspnoea 
and improvement in exercise capacity than is the effect on airflow. Because different 
classes of bronchodilators can affect airways at different sites within the lung, 
combination bronchodilators have the possibility of improving airflow more diffusely 
within the lung. As a result, combination bronchodilators may be more beneficial at 
reducing dynamic hyperinflation than would individual bronchodilators. Such benefits of 
combination bronchodilator therapy may be important clinically even in the absence of 
dramatic effects of the combination on resting airflow. While such a mechanism is 
appealing conceptually, it remains to be tested directly. 

Theophylline can be added effectively to either β-adrenoceptor bronchodilators [36–
45] or to anticholinergic bronchodilators [53]. While the available data are limited, 
combination of all three bronchodilators can result in further improvement in airflows 
[54,55]. Because theophylline is administered orally, there may be a special advantage to 
its use in combination. Specifically, inhaled bronchodilators may not effectively reach 
areas within the lung that are severely airflow limited. Theophylline, because it reaches 
the lung through the circulation, may have the potential for bronchodilating such regions. 
Such an effect could improve airflow directly, could improve the distribution of inhaled 
bronchodilators and could reduce dynamic hyperinflation by reducing inhomogeneities in 
airflow distribution.  
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COMBINATION OF BRONCHODILATORS WITHIN A CLASS  

Combinations of bronchodilators within a class are of more than theoretical interest. 
Specifically, the addition of a short-acting (and presumably rapid-acting) bronchodilator 
for the acute management of respiratory distress in a patient chronically treated with a 
long-acting bronchodilator is important in both the management of acute exacerbations 
and for ‘rescue’ therapy. There are several reasons for concern about the potential 
effectiveness of short-acting agents when added to the management of patients 
chronically taking long-acting bronchodilators. The long-acting agents theoretically could 
either induce tachyphylaxis or could serve as blockers of the short-acting agents. 
Although not specifically studied in COPD patients, the issue is highly relevant for 
patients with asthma who are chronically treated with long-acting β-agonist 
bronchodilators. The addition of albuterol to long-acting β-adrenoceptor bronchodilators 
can result in further bronchodilation, although the effectiveness may be partially 
diminished [56,57]. Consistent with this, in clinical trials of patients with asthma treated 
with long-acting bronchodilators who had exacerbations, the addition of albuterol 
resulted in improved airflow [57,58]. 

Less is known about the anticholinergics. Tiotropium interacts irreversibly with the 
M3 muscarinic receptor. Whether the addition of ipratropium results in further 
bronchodilation in the presence of tiotropium has not been specifically studied in patients 
with COPD exacerbations. It is likely, however, that the addition of ipratropium to 
patients treated with tiotropium has minimal adverse side-effects. 

In contrast to the theoretical potential for problems noted above, there is also 
theoretical potential for combinations of bronchodilators within a class to have 
advantages. It is now recognised, for example, that receptors such as the β-adrenergic 
receptor can adopt a number of distinct confirmations [59]. It is likely that these various 
combinations have differing signalling mechanisms and biological effects. It is also 
likely, moreover, that different β-agonist agents interact with the various receptor 
confirmations differently This raises the possibility that combinations of β-agonists may 
have effects distinct from either agent alone. Whether such effects can be exploited for 
medical benefit remains to be determined. 

ACUTE EXACERBATIONS  

Current recommendations for the management of acute exacerbations of COPD 
recommend the use of short-acting β-adrenoceptor bronchodilators and/or short-acting 
anticholinergic bronchodilators [1,2,60,61]. These agents should be used even if the 
patient had been chronically managed with a long-acting bronchodilator. Since the long-
acting bronchodilator will likely persist, this will result in some interval of overlapping 
therapy If a patient had been treated with a single long-acting bronchodilator agent, it 
would be rational to treat with a short-acting bronchodilator of a different class, although 
clinical data assessing the outcome of such a strategy in COPD exacerbations are not 
available. 

Aminophylline can be used for the treatment of acute exacerbations, although it has 
generally been found to have relatively little benefit. Its addition to a therapeutic regimen, 
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however, can be considered in selected patients where additional bronchodilation is 
needed. 

NON-BRONCHODILATOR EFFECTS  

All classes of bronchodilators have non-bronchodilator effects. β-Adrenergic receptors 
are located on most cells, and β-adrenoceptor agonists have numerous effects in addition 
to bronchodilation (see reference [7] for review). These include a variety of anti-
inflammatory effects, which may be of benefit in patients with COPD. β-Adrenoceptor 
agonists may also modulate mucociliary clearance and have a cytoprotective effect on 
airway epithelial cells. Similarly, muscarinic cholinergic receptors are also widely 
distributed [62]. As these receptors are believed to contribute to a variety of pro-
inflammatory effects, it is plausible that anti-cholinergics could also have an anti-
inflammatory effect. Finally, theophylline has many pharmacologic effects that may also 
have important non-bronchodilator actions of relevance to COPD [10–12]. Moreover, 
activation of histone deacetylase by theophylline has been suggested to provide an 
important anti-inflammatory mechanism in COPD patients [63,64]. Other 
phosphodiesterase inhibitors, particularly inhibitors of PDE4, may have their primary 
actions through down-regulation of inflammatory responses [65]. 

The importance of the various non-bronchodilator effects of these agents in the 
therapy of COPD remains to be determined. There is, however, great potential for these 
agents to interact and to have synergistic beneficial actions. Evaluation of these effects 
and their clinical significance in COPD patients will be important lines of future research. 

ACCEPTABLE COMBINATIONS  

To date, a limited number of combinations have been approved for registration (Table 
9.2). Uniformly, these are fixed combinations of a short-acting β-agonist bronchodilator 
combined with a short-acting anticholinergic bronchodilator. They are administered as a 
combined formulation through either a metered-dose inhaler [66], a soft mist inhaler [67] 
or as a nebulised solution [68]. There is considerably more experience with these fixed-
dose combinations than with other bronchodilator combinations for at least two reasons. 
First, the clinical trials required for registration of these products required adequately 
sized, well-controlled and well-executed clinical studies, the results of which are 
available. In addition, the availability of fixed combinations is extremely popular, both 
with patients and physicians [69,70]. As a result, after their introduction, considerable 
clinical experience has been gained with these products. While data are limited, a variety 
of other combinations have been assessed (Table 9.1) and, as noted above, any 
combination of a bronchodilator from one class with a bronchodilator of another class is 
reasonable. 

Whether it is better to prescribe two bronchodilators has been evaluated in several 
contexts. One is cost. Hilleman et al. [71] demonstrated that the combination of 
ipratropium and albuterol reduces total costs of care compared to either agent alone, 
primarily because of reduced hospitalisation and their associated costs. As exacerbations 
and hospitalisations were more common with more severe disease, this effect was more 
prominent in patients with worse lung function. Long-acting bronchodilators have a 
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greater effect on exacerbations and may be expected to have a similar beneficial effect on 
total costs. Such cost estimates, of course, will depend on the cost structure of individual 
health care systems. 

A separate issue is the value of combination of bronchodilators administered through a 
fixed-combination device versus individual components. Benayoun et al. [72] evaluated 
this question in a retrospective analysis of 641 individuals treated with a fixed 
combination  

Table 9.2 Fixed combination bronchodilators 

Agent  Formulation  Components (dose)  
Combivent Metered dose inhaler 

(CFC) 
Per actuation: ipratropium (21 ug); Albuterol (120 ug); usual 
dose 2 puffs 

DuoNeb Nebuliser solution Per vial: ipratropium (0.5 mg); albuterol sulphate (3.0 mg) 

Berodual*  Metered dose inhaler 
(CFC) 

Per actuation: ipratropium (20 ug); fenoterol (50 ug); usual 
dose 2 puffs 

Berodual*  Respimat (soft mist 
inhaler) 

Per actuation: ipratropium (20 ug); fenoterol (50 ug); usual 
dose one actuation 

*Not available in United States. 

compared to 411 subjects treated with ipratropium bromide and inhaled β2-agonists 
administered separately. There was increased usage of bronchodilator when administered 
with a single device, and this was associated with significantly lower overall health care 
costs, presumably as a result of better overall management of the subject’s COPD. 
Similarly, Chrischilles et al. [73] compared 428 patients who received a fixed-
combination bronchodilator with 658 patients who received separate inhaler therapy 
These investigators also observed improved compliance with a single inhaler which was 
associated with decreased respiratory morbidity and an overall reduction in respiratory-
related health care costs. Thus, available data support the concept that combination 
bronchodilator therapy can reduce costs and that administration of bronchodilators in a 
single fixed-dose combination device can result in further benefits. 

Fixed-dose combinations prevent the clinician from adjusting the dose of one of the 
components. This can, of course, be achieved by adding an additional inhaler. Since the 
conventional clinical formulation of short-acting bronchodilators, particularly 
ipratropium, is often submaximal [19], increasing the dosage is not unreasonable. Such a 
strategy is supported by the observation that increased bronchodilatation is observed 
across the dose range for oxitropium when added to salmeterol [31]. Thus, while data are 
limited, individualising dosing regimens for bronchodilator combinations can be 
considered by the clinician who feels comfortable with such an approach. 

SUMMARY  

Bronchodilators are currently first-line treatment for patients with COPD, The several 
classes of bronchodilators act by different mechanisms and affect different sites within
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the lung. Their use in combination is therefore rational and benefits are supported by 
clinical data. Combination bronchodilators, moreover, by minimising the dose of indi-
vidual components, may reduce the risk for side-effects. The use of fixed-dose 
combinations has proved effective in practice settings. 
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10  
Corticosteroids: basic pharmacology  

G.Caramori, I.M.Adcock  

INTRODUCTION  

Chronic obstructive pulmonary disease (COPD) is amongst the commonest diseases in 
the world, with an alarming increase in global prevalence [1]. Cigarette smoking is the 
major risk factor for the development of COPD and cigarette smokers constitute over 
90% of COPD patients in developed countries. The incidence of COPD is rising 
worldwide and there is a need to develop new treatments to prevent the progression of the 
disease, which results in a large consumption of health care resources [2]. COPD 
involves fixed airflow limitation and chronic inflammation of the lower airways and is 
characterised by the expression of multiple inflammatory proteins, including cytokines, 
chemokines, adhesion molecules, enzymes producing inflammatory mediators and 
inflammatory mediator receptors [2,3]. Most of these proteins are regulated at the 
transcriptional level, suggesting that in both diseases transcription factors may play an 
important role [4,5]. Nuclear factor-kappaB (NF-κB) regulates many of the genes that are 
abnormally expressed in COPD and is activated in the lower airways of patients with 
COPD [6]. One clear difference between COPD and other chronic inflammatory diseases 
of the lower airways such as asthma is the clinical responsiveness to corticosteroids. 

Even high doses of inhaled or oral corticosteroids are virtually ineffective in patients 
with COPD compared to the marked responses seen in asthma, suggesting that the 
inflammation in COPD is essentially steroid resistant [2]. In COPD, there is a marked 
increase in oxidative stress which may contribute to corticosteroid-insensitivity [7,8]. 
Understanding the molecular mechanisms involved may lead to the development of an 
effective therapeutic strategy for COPD [9,10]. 

COPD IS A CHRONIC INFLAMMATORY DISEASE OF THE 
LOWER AIRWAYS  

COPD can be defined as ‘a disease state characterised by airflow limitation that is not 
fully reversible. The airflow limitation is usually both progressive and associated with an 
abnormal inflammatory response of the lungs to noxious particles or gases’ [11]. This 
chronic inflammatory process within the lower airways is enhanced during exacerbations 
[2]. The pathological hallmarks of COPD are destruction of the lung parenchyma 
(pulmonary emphysema), inflammation, mucus plugging and fibrosis of the peripheral 
airways (obstructive respiratory bronchiolitis) [12] and inflammation of the central 
airways [13]. Pathological studies show  



Ian Michael Adcock, PhD, Professor of Respiratory Cell and Molecular Biology, Airways Disease 
Section, National Heart & Lung Institute, Imperial College, London, UK. 
Gaetano Caramori, MD, PhD, Centro di Ricerca su Asma e BPCO, Università di Ferrara, Ferrara, 
Italy. 

that inflammation in COPD occurs in the central and peripheral airways (bronchioles) 
and lung parenchyma [13]. Most patients with COPD have all three pathological 
conditions (chronic obstructive bronchitis/bronchiolitis, emphysema and mucus 
plugging), but the relative extent of emphysema and obstructive bronchitis within 
individual patients can vary widely [14]. There is a marked increase in macrophages and 
neutrophils in bronchoalveolar lavage (BAL) and induced sputum [13]. Patients with 
COPD have infiltration of T cells (with an increased ratio between CD8+ and CD4+ T 
cells), macrophages and an increased number of neutrophils within the bronchial mucosa 
and lung parenchyma [13]. The bronchioles are obstructed by fibrosis and mucus 
plugging and infiltrated predominantly by macrophages and T-lymphocytes. In contrast 
to the situation with asthma, eosinophils are not prominent except in patients with 
concomitant asthma or in some patients during exacerbations [13]. 

In COPD there is a marked increase in local and systemic oxidative stress [7,8,15], 
particularly during exacerbations [16]. Most striking are the increases in reactive oxygen 
and nitrogen species such as 4-hydroxynonenal, acrolein, nitro-tyrosine, hydrogen 
peroxide and 8-isoprostane that have been reported in sputum, BAL, exhaled breath 
condensate and urine [17–20]. Oxidative stress is increased because of the high 
concentration of oxidants in cigarette smoke, the production of oxidants by activated 
inflammatory cells and a reduction in endogenous antioxidant mechanisms. 

Although the diagnosis, the assessment of severity, and the monitoring of COPD still 
rely on lung function tests, there is an increasing interest to characterise the type and 
intensity of airway inflammation, and to investigate whether they provide useful 
information for the management of this disease. For example, COPD patients with a 
significant reversibility after a course of glucocorticoids have the pathological 
characteristics of asthma [21]. 

CLINICAL PHARMACOLOGY OF CORTICOSTEROIDS IN 
COPD  

The role of corticosteroids in the management of COPD remains controversial. The 
Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines [11] state that 
regular treatment with inhaled corticosteroids (ICS), alone or in combination with inhaled 
long-acting β2-agonists should be prescribed only to severe COPD patients with an FEV1 
<50% of predicted value, and repeated exacerbations requiring treatment with antibiotics 
and/or oral corticosteroids. 

ICSs are commonly prescribed in high doses, and in some countries are used as 
frequently in patients with COPD as in those with asthma, but evidence for a beneficial 
effect in patients with pure COPD is weak. Long-term clinical trials with high doses of 
ICS in the treatment of stable COPD have been disappointing, as they do not appear to 
arrest the progressive decline in lung function even when treatment was started before the 
disease became symptomatic and have a small and inconsistent effect on symptoms, 
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quality of life (QOL), or severity and number of exacerbations (Table 10.1). At the same 
time this treatment, particularly when prolonged for many years, can produce systemic 
adverse effects, including skin bruising, adrenal suppression, cataracts and loss of bone 
density [11,22,23]. However, not all studies report a significant change in bone density 
[24]. Responsiveness to ICS may be severity-dependent [22,25]. Thus, treatment of 
patients with stage 3 COPD with ICS results in improved exacerbation rates [25] and 
quality-adjusted life expectancy seemingly without additional cost compared to other 
therapies [26]. Although it is well known that corticosteroids are effective at suppressing 
airway inflammation in asthma, their effects on lower airways inflammation in COPD is 
still controversial. 

CLINICAL EFFECTS OF CORTICOSTEROIDSIN COPD  

The evidence for clinical effectiveness of oral or ICS in COPD is weak except in patients 
with some asthmatic/eosinophilic component [27].  

Table 10.1 Effects of inhaled and systemic 
corticosteroids in COPD 

Study  Lung function 
1  

QOL  Exacerbations Side-
effects  

Ref  

ICS in stable COPD Placebo-controlled—1 year or longer 

  ISOLDE No effect ↑ ↓   [22] 

  EUROSCOP No effect       [34] 

  Copenhagen City Lung 
Study 

No effect   No effect   [28] 

  Lung Health Study No effect ↑ ↓ ↑ [35] 

  TRISTAN ↑ ↑ ↓ ↑2  [112] 

  Calverley et al., 2003 No effect ↑ No effect No effect [113] 

  Szafranski et al., 2003 ↑ No 
effect 

↓ No effect [114] 

Placebo-controlled—Less than 1 year 

  Gizycki et al., 2002         [69] 

  Hanania et al., 2003 ↑ ↑ No effect ↑2  [120] 

  Hattotuwa et al., 2002         [71] 

  Mahler et al., 2002 ↑ No 
effect 

No effect ↑2  [121] 

  Paggiaro et al., 1998     ↓   [39] 

  Thompson et al., 2002 ↑       [38] 

Withdrawal studies 
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  COPE ↑ ↑ ↓   [43] 

  O’Brien et al., 2001 ↑ ↑ ↓   [42] 

Systemic corticosteroids Stable COPD 

  Rice et al., 2000 No effect No 
effect 

No effect ↑3  [122] 

Exacerbations 

  Aaron et al., 2003 ↑ No 
effect 

↓ ↑ [123] 

  Davies et al.,  ↑   ↓   [46] 

  Niewoehner 2002 ↑   ↓ ↑ [49] 
1Rate of decline in FEV1  
2Oropharyngeal candidiasis 
3Body mass index 

DIFFERENTIAL DIAGNOSIS BETWEEN ASTHMA AND COPD  

In the past a short (1–2 weeks) trial with high doses of systemic glucocorticoids has often 
been used in the differential diagnosis between asthma and COPD [28]. In fact a clinical 
trial has shown that COPD patients with high BAL eosinophil counts and a thickened 
basement membrane improved their forced expiratory volume in one second (FEV1) by 
>12% after 2 weeks prednisolone [21]. Similar FEV1 responsiveness and improvements 
in QOL scores have also been reported and found to correlate with reductions in sputum 
eosinophilia but not with changes in neutrophils or neutrophil proteases [29]. Patients 
without sputum eosinophilia did not show clinical benefit from short-term prednisone 
therapy [29]. Furthermore, in a trial of high-dose inhaled beclomethasone dipropionate 
(3,000 µg per day for 4 weeks) only those subjects with an asthma component showed 
any improvement in FEV1 [30]. 

However, evidence from the ISOLDE study suggests that prednisolone testing is an 
unreliable predictor of the benefit from inhaled fluticasone propionate in individual 
patients and that patients with COPD cannot be separated into discrete groups of 
corticosteroid responders and non-responders according to a short-term prednisolone trial 
[31]. Future research should examine the mechanisms underlying this difference in 
responsiveness and any clinical biomarkers that may be associated with this. It can be 
argued therefore, that, as recommended in the GOLD guidelines, all patients with COPD 
should undergo a formal trial (3 months) of ICS to determine whether or not they respond 
to prednisolone [32,33]. 

EFFECTS ON STABLE COPD PATIENTS  

When asthmatic patients were rigorously excluded from patients with COPD, four large 
studies in Europe and the USA all failed to show any clinically relevant effect on the rate 
of decline in FEV1 [22,28,34,35]. In addition, a small, possibly, underpowered 
population-based study [36] reported no effect on mortality and morbidity of ICS 
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treatment following hospitalisation for COPD and no reduction in the risk of an 
exacerbation [37]. 

However, recent findings suggest that corticosteroids may be effective in more severe 
disease. Thus, treatment with an ICS for >3 months improved pre-bronchodilator airflow 
limitation and oxygenation while decreasing dyspnoea in patients with moderate-to-
severe COPD [38]. In addition, the severity of exacerbations was reduced in patients with 
moderate-to-severe COPD who were treated for 6 months with high doses of inhaled 
fluticasone [39]. Furthermore, subgroup analysis of the ISOLDE study reported that 3 
years of regular treatment with high doses of inhaled fluticasone resulted in fewer 
exacerbations, a reduced rate of decline in health status, and higher FEV1 values in 
patients with moderate-to-severe disease [22]. Overall, there appears to be a significant 
improvement in exacerbation rates [40] and survival in patients with ICS [41]. 

Importantly, withdrawal of ICS therapy has been shown to lead to deterioration in 
ventilatory function, increased exercise-induced dyspnoea, increased severity and rate of 
exacerbations and a decrease in QOL in patients with severe irreversible airway 
limitation [42]. Interestingly, 40% of the subjects in the COPE study experienced no 
untoward effect from the withdrawal of ICSs, suggesting a large subgroup of responders 
and non-responders, although this needs to be confirmed in other studies. For this reason 
the recently published ATS/ERS guidelines on COPD suggest that when therapy with 
inhaled glucocorticoids is thought to be ineffective, a trial with the withdrawal of 
treatment is reasonable. Some patients will exacerbate when this occurs, which is a 
reason for re-instituting this therapy [44]. In contrast, discontinuation of chronic systemic 
glucocorticoid treatment in glucocorticoid-dependent COPD patients does not cause a 
significant increase in COPD exacerbations, but did result in reduced body weight [45]. 

In view of the well-known side-effects of long-term treatment with oral 
glucocorticoids, it is not surprising that no prospective studies have been performed on 
the long-term effects of these drugs in COPD [11]. Therefore, based on the lack of 
evidence of benefit, and the large body of evidence of side-effects, long-term treatment 
with oral glucocorticoids is not recommended in COPD [11]. The results of the 
forthcoming large randomised trials (e.g., TORCH) with mortality as an outcome will 
help clarify the role of inhaled glucocorticoids in stable COPD. 

EFFECTS ON COPD EXACERBATIONS  

Results from recent clinical trials indicate that systemic corticosteroids have a significant 
though modest effect in shortening the duration of severe exacerbations of COPD 
[46,47]. Thus, systemic corticosteroids administered intravenously or orally to 
hospitalised patients with exacerbations of COPD reduced the absolute treatment failure 
rate by about 10%, increased the FEV1 by about 100 ml, and shortened the hospital stay 
by 1–2 days. Furthermore, oral corticosteroids probably give similar results in the treating 
of moderately severe COPD exacerbations in an out-patient setting. It is unclear what the 
optimal starting dose should be and the treatment should not be given for longer than 2 
weeks since maximal benefit appears to occur within the first 72 h of treatment [48]. Not 
unsurprisingly, adverse events occur with hyperglycemia being the most common 
adverse event, but secondary infections (pneumonia), psychosis, and myopathies may 
also occur [48, 49]. 
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EFFECTS OF ICS ON INFLAMMATION IN ASTHMA  

ICSs clearly reverse the chronic inflammation seen in the airways of asthmatic patients 
[50–53]. This results in a marked reduction in the number of mast cells, macrophages, T-
lymphocytes and eosinophils in the sputum, BAL and bronchial wall [54,55]. 
Furthermore, at higher concentrations, ICSs reverse the epithelial shedding, goblet-cell 
hyperplasia and basement membrane thickening characteristic of asthmatic biopsies 
[52,56], The inflammatory component of asthmatic airways most responsive to 
glucocorticoid treatment seems to be eosinophilic inflammation. In in vitro experiments, 
corticosteroids decrease cytokine-mediated survival of eosinophils by stimulating 
apoptosis [57]. This process may explain the reduction in the number of eosinophils in 
the circulation and airways of patients during ICS therapy [54,58]. In general, 
corticosteroids substantially reduce the mast cell/eosinophil/ lymphocyte-driven 
processes, while leaving behind or even augmenting a neutrophil-mediated process [59]. 
In addition to their suppressive effects on inflammatory cells, corticosteroids may also 
inhibit plasma exudation [60,61] and mucus secretion [62, 63] in inflamed airways. Not 
all of these parameters have been investigated in COPD. 

EFFECTS OF ICS ON INFLAMMATION IN COPD  

Whilst some studies suggest that ICS may be clinically effective and have changes in 
inflammatory parameters in COPD, many other studies have reported little or no effect on 
inflammatory cells and mediators in the sputum or biopsies of patients with stable COPD 
[27] (Table 10.2). 

In vitro, corticosteroids attenuate neutrophil recruitment and activation [64], and 
reduce neutrophil chemotaxis [65] whilst in vivo, they attenuate sputum chemotactic 
activity increase neutrophil elastase inhibitory capacity [66], and in non-placebo-
controlled clinical trials decrease neutrophil and total cell counts in induced sputum 
[67,68]. However, a placebo-con-trolled clinical trial has reported that ICS therapy results 
in an increase in neutrophil numbers [69]. Dexamethasone, in vitro, can also reduce 
fibronectin digestion by neutrophils from COPD patients in a concentration-dependent 
manner [70]. Moreover, inhaled fluticasone (500 µg bid, 12 weeks) reduced in bronchial 
biopsies the numbers of mucosal and subepithelial mast cells in mild-to-moderate COPD 
patients without affecting mononuclear cell numbers [69]. Fluticasone was also reported 
to reduce in bronchial mucosa the epithelial CD8/CD4 ratio [71], again without 
significantly affecting macrophage numbers, although an effect on macrophage numbers 
in bronchial mucosa has been reported in another study [72]. In non-placebo-controlled 
clinical trials, ICSs have been reported to induce significant reductions in BAL IL-8 and 
myeloperoxidase levels, as well as reductions in cell numbers, the proportion of 
neutrophils, symptom score and bronchitis index [73]. Furthermore, beclamethasone has 
shown to significantly reduce exhaled NO levels in a small group of COPD patients 
without affecting hydrogen peroxide levels in their breath condensate [74]. 

The findings reported above (and Table 10.2) would seem to support the use of ICSs 
in treating COPD, although long-term treatment with ICSs must be associated with a high 
risk of adverse systemic effects [75]. However, other placebo-controlled clinical trials 
examining the effects of ICS in COPD and in vitro data have reported conflicting results 
[75,76]. ICSs, often even in high doses, have been reported not to reduce inflammatory 
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cells [77], mediators or proteases in induced sputum or bronchial biopsies of patients with 
COPD [71,77–79]. It is clear, however, that recommended doses of ICS do not affect 
fracture risk in COPD patients [80] or bone mineral density [81], although some effects 
on bruising and wound healing are seen [81]. The risk of fracture in patients on high dose 
ICS is currently unclear.  

Table 10.2 Effects of ICS on inflammation in 
COPD 

  Ref  

Positive studies with ICS in COPD  

In vitro  

  Reduce neutrophil recruitment, chemotaxis and activation [64,65] 

  Reduce fibronectin degradation by neutrophils [70] 

  Reduce neutrophil elastase activity and sputum chemotaxis [66] 

Non-placebo-controlled clinical trials 

  Reduce neutrophil and total cell counts [67,68] 

  Reduce BAL IL-8 and myeloperoxidase Levels [73] 

Placebo-controlled clinical trials 

  In bronchial biopsies reduce mast cell number [69] 

  In bronchial biopsies reduce CD8/CD4 ratio [71] 

  In bronchial biopsies reduce macrophage number [72] 

  Reduce exhaled NO levels [74] 

Negative studies with ICS in COPD  

In vitro  

  No suppression of IL-8 and TNF-α [85] 

  No suppression of MMP9 or elastin expression [83–85] 

  No effect on ROS production [86] 

Placebo-controlled clinical trials 

  In bronchial biopsies, increase neutrophil numbers and no reduction in 
macrophages, CD3, CD4, CD8, mast cells, eosinophils, CD1a+ and CD15+ cells 

[69,71,72,77] 

  No effect on sputum cell numbers [79] 

  No effect on hydrogen peroxide levels in exhaled breath condensate [74] 

  No effect on inflammatory mediators including sputum NOS2, IL-8, TNF-α, 
EPO, MPO, NHL, ECP, MMP1, MMP9, TIMP-1 or SLPI 

[77–79] 
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It has recently been demonstrated that there is a resistance to corticosteroids at the level 
of single cells in patients with COPD. Alveolar macrophages, activated by endotoxin and 
cigarette smoke-conditioned medium (CSM), release TNF-α, IL-8 and MMP9. There is a 
greater release of these inflammatory proteins from alveolar macrophages from cigarette 
smokers with normal lung function (normal smokers) than from macrophages derived 
from non-smoking normal individuals, whereas there is an even greater spontaneous and 
stimulated release from macrophages derived from patients with COPD [82–84]. The 
release of these inflammatory proteins is suppressed by corticosteroids in normal 
macrophages, is reduced in normal smokers, but in patients with COPD, corticosteroids 
are much less effective [85]. This suggests that there may be an active molecular 
mechanism of steroid resistance in alveolar macrophages from patients with COPD. In 
addition, fluticasone had no effect on oxidant production from BAL macrophages from 
smoking COPD patients after 6 months treatment [86]. The reasons for these differences 
are currently unclear. 

Systemic inflammation is also present in COPD and has been linked to cardiovascular 
morbidity and mortality. Withdrawal of ICS in 41 patients with mild-to-moderate COPD 
increased baseline C-reactive protein (CRP) levels significantly, whereas restoration of 
increasing doses of fluticasone was associated with reduced CRP levels. Thus, inhaled 
and oral corticosteroids are effective in reducing serum CRP levels in patients with 
COPD and suggest a potential use for improving cardiovascular outcomes in COPD [87].  

MOLECULAR MECHANISM OF ACTION OF CORTICOSTEROIDS  

Corticosteroids are 21-carbon steroid hormones (Figure 10.1) composed of four rings 
[88,89]. Modern topical corticosteroids are based on the cortisol structure with 
modification to enhance the anti-inflammatory effects such as insertion of a C=C double 
bond at C1, C2 or by the introduction of 6α-fluoro, 6α-methyl, 9α-fluoro and/or further 
substitutions with α-hydroxyl, α-methyl or β-methyl at the 16 position, for example in 
dexamethasone (Figure 10.1). Lipophilic substituents, for example, 16α-, 17α-acetals, 
17α-esters or 21α-esters attached to the D ring were found to further enhance receptor 
affinity, prolong local topical deposition and enhance hepatic metabolism and are 
exemplified by the structures of budesonide and fluticasone (Figure 10.1). However, the 
exact structural and lipophilic requirements to optimise corticosteroid pharmacokinetics, 
tissue retention and longevity of action are still unclear and corticosteroids with improved 
clinical characteristics are likely to be synthesised as our knowledge in this area 
increases. 

Classically corticosteroids exert their effects by binding to a single 777 amino acid 
receptor, glucocorticoid receptor (GR) that is localised to the cytoplasm of target cells. 
GRs are expressed in almost all cell types and their density varies from 200 to 30,000 per 
cell [90] with an affinity for cortisol of ~30nM, which falls within the normal range for 
plasma concentrations of free hormone. GR has several functional domains (Figure 10.2). 
The corticosteroid ligand-binding domain (LBD) is at the carboxyl terminus of the 
molecule and is separated from the DNA-binding domain (DBD) by a hinge region. 
There is an N-terminal transactivation domain that is involved in activation of genes once 
binding to DNA has occurred. This region may also be involved in binding to other 
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transcription factors. The inactive GR is part of a large protein complex (~300kDa) that 
includes two subunits of the  

 

Figure 10.1 Structural modifications 
of cortisol that produce the clinically 
used corticosteroids dexamethasone, 
prednisolone, triamcinolone, 
beclomethasone, fluticasone and 
budesonide. 
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Figure 10.2 Modular structure of the 
corticosteroid receptor (glucocorticoid 
receptor, GR). The coding region of 
GR results from splicing together of 
exons 2–9 of the GR gene. The GRβ 
isoform of GR results from the use of 
the short 9β exon which removes the 
ligand-binding domain seen in GRα. 
The modular design of GR enables 
distinct regions of the protein to 
function in isolation as ligand-binding 
domains, dimerisation domains, 
nuclear localisation domains, 
transactivation and transrepression 
(AP-1 and NF-κB interacting) 
domains. NLS: nuclear localisation 
signal; AF-1/2: activating factor 1/2; 
GRE: glucocorticoid response element 
(composed of two palindromic half 
sites (AGAACA) separated by three 
nucleotides). 

heat shock protein hsp90, which blocks the nuclear localisation of GR and one molecule 
of the immunophilin p59 [90]. 

Corticosteroids are thought to freely diffuse from the circulation into cells across the 
cell membrane and bind to cytoplasmic GR (Figure 10.3). Once the corticosteroid binds 
to GR, hsp90 dissociates allowing the nuclear localisation of the activated GR-
cortisteroid complex and its binding to DNA [90]. GR combines with another GR to form 
a dimer at consensus DNA sites termed glucocorticoid response elements (GREs) in the 
regulating regions of corticosteroid-responsive genes. This interaction allows GR to 
associate with a complex of DNA-protein modifying and remodelling proteins including 
steroid receptor coactivator-1 (SRC-1) and CREB binding protein (CBP), which produce 
a DNA-protein structure that allows enhanced gene transcription [90]. The particular 
ligand and the number of GREs and their position relative to the transcriptional start site 
may be an important determinant of the magnitude of the transcriptional response to 
corticosteroids [90]. 

The GR complex can regulate gene products in at least four other ways. Firstly, GR 
acting as a monomer can bind directly, or indirectly, with the transcription factors 
activator protein-1 (AP-1) and NF-κB, which are up-regulated during inflammation, 
thereby inhibiting the proinflammatory effects of a variety of cytokines [90]. Secondly, 
the GR dimer can bind to a GRE which overlaps the DNA-binding site for a pro-
inflammatory transcription factor or the start site of transcription thus blocking gene 
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expression [90]. Thirdly, the GR dimer can induce the expression of the NF-κB inhibitor 
IκBα in certain cell types [91]. Lastly, corticosteroids can increase the levels of cell 
ribonucleases and mRNA destabilising proteins, thereby reducing the levels of mRNA 
[92] (Figure 10.3). However, it is becoming clear the context in which GR is seen by a 
specific gene promoter can have profound effects on GR function. For example, GR 
activated in the presence of TNF-α, with or without the presence of IFNγ, can markedly 
up-regulate Toll-like receptor (TLR)2 expression via a mechanism involving an 
interaction between GR, NF-κB and STAT protein [93,94]. It is likely that the altered 
transcription of many different genes is involved in the anti-inflammatory action of 
corticosteroids, but the drugs’ most important action may be to inhibit transcription of 
cytokine and chemokine genes implicated in inflammation [90]. Evidence for this has 
been described in a series of elegant experiments using mice expressing mutated GRs 
unable to dimerise and subsequently bind to DNA. Thus, Reichardt and colleagues 
[95,96] have confirmed a role for GR  

 

Figure 10.3 Mechanisms of gene 
repression by the corticosteroid 
receptor. The corticosteroid can freely 
migrate across the plasma membrane 
where it associates with the 
cytoplasmic corticosteroid receptor 
(glucocorticoid receptor, GR). This 
results in activation of the GR and 
dissociation from the heat shock 
protein (hsp90)-chaperone complex. 
Activated GR translocates to the 
nucleus where it can bind as a 
monomer either directly or indirectly 
with the transcription factors activator 
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protein-1 (AP-1) and nuclear factor 
kappaB (NF-κB) preventing their 
ability to switch on inflammatory gene 
expression (1). Secondly, the GR 
dimer can bind to a GRE that overlaps 
the DNA binding site for a pro-
inflammatory transcription factor or 
the start site of transcription to prevent 
inflammatory gene expression (2). 
Thirdly, the GR dimer can induce the 
expression of the NF-κB inhibitor 
IκBα (3) and fourthly, corticosteroids 
can increase the Levels of cell 
ribonudeases and mRNA destabilising 
proteins, thereby reducing the levels of 
mRNA (4). 

DNA binding as a dimer in the control of pro-opiomelanocortin (POMC) expression and 
T-cell apoptosis but not in that of inflammatory genes regulated by AP-1 or NF-κB. 

EFFECTS OF OXIDATIVE STRESS ON GR FUNCTION  

The relative lack of response to corticosteroids has been linked to oxidative stress. 
Cigarette smoking is the primary cause of COPD, and the smoke contains more than 1018 
oxidant molecules per puff [18,97]. This suggests that oxidative stress may be an 
important factor in inducing corticosteroid resistance in COPD. The resistance may be 
due to cigarette smoking itself, since corticosteroids are much less effective in reducing 
inflammatory cells in BAL and sputum from smoking asthmatic patients compared with 
non-smoking patients [98,99]. The resistance to corticosteroid action is maintained even 
in subjects who are no longer smoking. This implies that either the oxidant stress is 
persistent or that the initial chronic insult permanently alters the expression of a 
component involved in corticosteroid action. There is good evidence for prolonged 
persistence of oxidative stress involving long-acting lipid peroxidation products such as 
4-hydroxynonenal and isoprostanes and a reduction in the anti-oxidant protein gamma-
glutamylcysteine synthetase [18,97]. 

Okamoto et al. [100] have suggested that oxidative stress may influence corticosteroid 
function by inhibiting GR nuclear translocation. Indeed, we have recently reported that 
many patients with severe corticosteroid-insensitive asthma have a defect in GR nuclear 
translocation [101]. Of interest is the fact that respiratory viruses are important 
exacerbation triggers [102] and recent evidence has suggested that rhinoviral infection 
can reduce GR nuclear translocation and reduced corticosteroid function [103]. In further 
experiments, we have reported that cigarette smoke can suppress GR-function without 
affecting nuclear translocation [104]. 
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Other potential causes of reduced corticosteroid function involve nuclear events. 
Histone deacetylases (HDACs) are important for corticosteroid-mediated suppression of 
NF-κB activity and the expression and activity of HDAC2 is decreased in BAL 
macrophages and biopsy specimens from smokers and patients with COPD [105]. This 
decrease in HDAC2 activity correlates with increased inflammatory gene expression and 
reduced responsiveness to corticosteroids [106] and can be mimicked by pre-treatment of 
macrophages with hydrogen peroxide [106]. This reduction in HDAC2 activity and 
expression by oxidative stress relates to nitration of tyrosine residues within the active 
site of HDAC2, possibly leading to an initial loss of activity prior to HDAC2 degradation 
in the proteosome [107]. The results suggest that oxidative stress, by repression of HDAC 
activity, can enhance the inflammatory response and modulate corticosteroid function in 
BAL macrophages. 

IMPROVING CORTICOSTEROID RESPONSIVENESS IN COPD  

Many new drugs are now in development for the treatment of COPD. There has been an 
intensive search for anti-inflammatory treatments that are as effective as glucocorticoids 
but with fewer side-effects [108]. Whereas one approach is to seek glucocorticoids with a 
greater therapeutic effect, other approaches involve developing different classes of anti-
inflammatory drugs [108]. It would be expected that anti-oxidants should be anti-
inflammatory and also improve steroid function in COPD but currently available drugs 
lack in vivo potency [109, 110]. Preliminary in vitro and in vivo data suggest that the 
combination of long-acting inhaled β2-agonists and inhaled glucocorticoids may have a 
synergistic effect [111]. The results of the first large clinical trials of combination therapy 
in COPD have recently been published and it shows that combination therapy produces 
better control of symptoms and lung function, with no greater risk of side-effects than 
that with use of either component alone [111–114]. Further large scale, long-term clinical 
studies to evaluate the exacerbation rates and the decline of FEV1 in COPD patients 
treated with the combination therapy are underway. 

The elucidation of the molecular mechanisms of glucocorticoids raises the possibility 
that novel nonsteroidal anti-inflammatory treatments might be developed that mimic the 
actions of glucocorticoids on inflammatory gene regulation. Activation of HDACs may 
have therapeutic potential, and theophylline has been shown to have this property, 
resulting in marked potentiation of the anti-inflammatory effects of glucocorticoids both 
in vitro and in vivo [115]. This action of theophylline is not mediated via 
phosphodiesterase inhibition or adenosine receptor antagonism and, therefore, appears to 
be a novel action of theophylline [115]. It may be possible to discover similar drugs that 
could form the basis of a new class of anti-inflammatory drugs without the side-effects 
that limit the use of theophylline [115]. 

Many of the anti-inflammatory effects of glucocorticoids appear to be mediated via 
inhibition of the transcriptional effects of NF-κB, and small-molecule inhibitors of IKK-
2, which activate NF-κB, are in development. However, glucocorticoids have additional 
effects, so it is uncertain whether IKK-2 inhibitors will parallel the clinical effectiveness 
of glucocorticoids. They may have side-effects, such as increased susceptibility to 
infections, however, as a corollary to this, if glucocorticoids were discovered today, they 
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would be unlikely to be used in humans because of the low therapeutic ratio and their 
side-effect profile [116]. p38 mitogen-activated protein kinase (MAPK) inhibitors also 
have therapeutic potential as glucocorticoid-sparing agents [117–119]. 

There is a pressing need to develop drugs to prevent and treat the exacerbations and to 
prevent the progression of COPD [11]. Even if the several classes of new drugs currently 
in preclinical and clinical development prove effective, except for phosphodiesterase 4 
inhibitors, no innovative treatment is likely to become available for use in COPD patients 
within the next 5 years. This should encourage future intensive research on the cellular 
and molecular pathogenesis of COPD, with the hope that a better understanding of the 
mechanisms of COPD will provide new targets for the development of drugs. 

NEW DEVICES FOR THE ADMINISTRATION OF INHALED 
GLUCOCORTICOIDS  

The principal site of airflow limitation in COPD is the small airways (<2 mm in 
diameter) [105]. The chronic airflow limitation present in patients with COPD is due to a 
combination of small airways disease, and loss of lung elasticity due to destruction of the 
lung parenchyma (emphysema) but the relative extent of obstructive bronchitis and 
emphysema within individual patients can vary [117]. Recently, the introduction of 
hydrofluoroalkanes (HFAs) as propellants in pressurised metered-dose inhalers (pMDIs) 
has allowed for the erogation of smaller particles of the drug and increased by 4- to 5-fold 
lung deposition and increased delivery of the drug to the small airways [118]. Treatment 
with ICS administered with HFAs-based pMDIs allows similar control of asthma 
symptoms with lower doses of the same drug as when administered through non-HFA 
pMDIs devices [118]. It is tempting to speculate that the long-term treatment of COPD 
with these new HFAs-based pMDIs could potentially improve ICS efficacy. However, 
the efficacy of these drugs administered to COPD patients through the new HFAs-based 
pMDIs has never been investigated in large, long-term, controlled clinical studies [119]. 

CONCLUSIONS  

Apart from a few exceptions, COPD is caused by tobacco smoking, and smoking 
cessation is the only truly effective treatment of COPD. Once smoking has caused 
COPD, the disease is still largely irreversible and progressive. Current pharmacological 
treatment of COPD is unsatisfactory, as it does not significantly influence the severity of 
the disease or its natural course. Bronchodilators are the only pharmacological treatment 
that improve symptoms, QOL, and lung function in COPD patients, but they do not 
significantly influence the natural course of the disease. Apart from the treatment of 
exacerbations, systemic and inhaled glucocorticoids have not been shown to be 
consistently effective in COPD, either in reducing symptoms or for improving lung 
function and the course of the disease. Even if the new anti-inflammatory drugs for 
COPD that are in the pipeline prove fruitful, no really innovative treatment options are 
likely to be available in the next 5 years. This rather nihilistic conclusion should 
encourage further research on the pathogenesis of COPD, with the hope that a better 
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understanding of the mechanisms of its development and evolution will provide valuable 
information for novel drug development. 
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Corticosteroids: clinical use  

P.M.A.Calverley  

INTRODUCTION  

Chronic obstructive pulmonary disease (COPD) is now defined not only by the presence 
of persistent airflow obstruction but by its association with chronic inflammation within 
the lungs [1], a finding now confirmed in a large series of lung resection specimens [2]. It 
is no surprise then that corticosteroids, our most successful anti-inflammatory therapy, 
have been used to treat COPD patients. These drugs have proven very valuable in the 
management of bronchial asthma, so successful in fact that some clinicians seem to 
believe that any COPD patient responding to corticosteroid treatment could not have had 
COPD in the first place but must really have been an asthmatic—no matter how typical 
the clinical presentation might have been! This redefinition of ‘asthma’ in COPD by the 
response to a specific therapy, although neither officially accepted nor intellectually 
sustainable, has become a shorthand way of making clinical decisions. It is an approach 
that makes the rational use of corticosteroids in COPD particularly difficult and despite 
its seductive simplicity it should be resisted. 

This chapter will briefly review some of the background to corticosteroid use in 
COPD care and summarise current views about when these drugs should be considered in 
patient management. Data about the efficacy or lack of it when using corticosteroids has 
been helped by recent studies using the combination of inhaled corticosteroids and long-
acting β-agonists, but this is dealt with in detail elsewhere in this volume and will only be 
touched on briefly here. 

PHARMACOLOGY AND MECHANISMS OF ACTION  

The glucocorticosteroids used therapeutically are synthetic compounds based on the 
naturally occurring cortisone molecule. The most commonly used preparations are listed 
in Table 11.1. Oral preparations have good bioavailability and a long half-life. Thus once 
daily dosing is sufficient to achieve a stable therapeutic effect. Inhaled preparations are 
usually given twice daily although once daily therapy appears to be possible with 
mometasone fumarate. A range of formulations is available and although triamcinolone 
has been given as 6 puffs twice daily to COPD patients [3], the other commonly used 
corticosteroids require only two actuations a day to deliver an adequate dose. The time of 
onset of action is difficult to assess and good studies of this phenomenon are lacking in 
COPD, reflecting the somewhat indefinite nature of the end points influenced by 
corticosteroid therapy. Since anti-inflammatory therapy is usually chronic rather than 
acute, this is not a significant  
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Table 11.1 Most commonly used corticosteroid 
preparation 

Drug  Route of 
administration  

Daily dose  Regimen  

Prednisolone Oral 2.5–5 mg 30–40 mg daily in 
exacerbation 

Once 
daily 

Methylprednisone IV 500 mg in exacerbation 6 hourly 

Beclomethasone 
dipropionate 

Inhaled—MDI, DPI 400–2,000 µg 12 hourly 

Budesonide Inhaled—MDI, DPI, 
NEB 

400–1,600 µg 2,000 µg in 
exacerbation 

12 hourly 

Fluticasone propionate Inhaled—MDI, DPI 200–1,000 µg 12 hourly 

Triamcinolone acetonide Inhaled—MDI, DPI 400–1,200 µg 12 hourly 

MDI=Metered dose inhaler; DPI=dry powder inhaler; NEB=nebuliser. 

Table 11.2 Side-effects of corticosteroids 

Central obesity, moon-face, ‘buffalo hump’ 

Striae, thinning of skin 

Spontaneous bruising 

Glucose intolerance, diabetes mellitus 

Osteoporosis 

Avascular necrosis 

Fluid retention 

Peptic ulceration, gastrointestinal bleeding 

Cataracts 

Peripheral muscle myopathy 

Adrenal suppression 

Pharyngeal candidiasis*  

Dysphonia*  
*Only with inhaled form. 

draw back. Nonetheless, when used in treating exacerbations as COPD where lung 
function is the outcome, changes in FEV1 occur within 24 h of the first dose [4]. Drug 
metabolism occurs in the liver and its rapidity varies with the drug used, being most 
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complete with fluticasone propionate. However, this does not prevent some drug being 
available to systemic circulation since direct absorption after alveolar deposition can 
occur. This explains the significant short-term adrenal suppression seen with fluticasone 
in normal volunteers [5]. However, when drug particle deposition is more central, as 
occurs in both asthma and COPD [6], the effect of fluticasone is proportionately less 
[7,8]. The main side-effects of corticosteroids are pharmacologically predictable and are 
listed in Table 11.2. These are most obvious when oral corticosteroids are used either as 
maintenance treatment or when frequent courses are administered because of 
exacerbations, a common problem in severe COPD. The deleterious effects of oral 
corticosteroids on muscle function have now been clearly demonstrated in COPD 
patients. Thus higher doses of oral maintenance therapy (>4 mg per day) are associated 
with significant reductions in quadriceps force, increased health costs [9] and a higher 
mortality, a finding related to total oral corticosteroid use [10] (Figure 11.1). Using oral 
corticosteroids in this way in COPD patients is now no longer acceptable [1]. Other side-
effects, especially bruising and thinning of the skin, are predominantly seen in patients 
who have received oral corticosteroids and use of these agents complicates the 
interpretation of the true incidence of significant side-effects in those patients managed 
with inhaled therapy  
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Figure 11.1 Kaplan-Meier survival 
plots of oral glucocorticoid users 
compared to similar patients not 
receiving maintenance therapy (solid 
line). There is a dose relationship with 
worse survival in those receiving 15 
mg prednisolone daily (dash and dots) 
compared to 10 mg daily (dotted Line) 
who are worse than the 5 mg daily 
group (dashed line) (above). Survival 
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was uninfluenced by regular inhaled 
cortcosteroid use (below); dotted line 
is the inhaled steroid users. Reprinted 
with permission from reference [11]. 

alone. A further confounding factor is the unexpectedly high prevalence of osteoporosis 
in patients with more advanced COPD who have not received any form of corticosteroid. 
Prospective trials following the change in bone mineral density over time in patients 
randomised to inhaled corticosteroids or placebo are now underway. When these data 
become available in 2007, some of the current confusion surrounding the potential risks 
of maintenance therapy with inhaled corticosteroids should be resolved. 

Selecting an appropriate dose of inhaled treatment for use in COPD remains difficult. 
The doses of inhaled corticosteroids conventionally used have tended towards the upper 
limit of the dosing range largely by extrapolating the results of retrospective data using 
oral corticosteroids (see below). There are limited data looking at lower and higher doses 
of corticosteroids with and without salmeterol, which suggest that the higher doses were 
associated with greater symptomatic benefit [11,12]. However, similar studies have been 
conducted using modest doses of budesonide (total 800 µg per day) in more severe 
COPD and demonstrating reductions in exacerbations comparable to that seen with 
higher doses of fluticasone [13,14]. Thus the high doses studied so far may not always be 
needed. 

The mechanism of action of corticosteroids within the cell is complex, involving 
several different pathways, the relative importance of which is debated. Corticosteroid 
molecules combine with a soluble receptor within the cytoplasm and the subsequent 
complex binds to the nucleus leading to an increase in the number of β-2 receptors and a 
modulation of the transcription of pro-inflammatory proteins. Attention is now focused 
on the ability of these drugs to inhibit the unwinding of nuclear chromatin and hence the 
ease of access of the corticosteroid receptor complex to the nucleus. This process is 
mediated by the enzyme histone deacetylase. Failure of these drugs to interact with 
histone deacetylase 2 appears to be a relative specific feature of patients with COPD and 
this may relate to continuing oxidative stress in these patients [15]. How such changes 
relate to proposed markers of continuing inflammation in COPD remains controversial, 
as is the relevance of these processes to inflammation in other disorders like rheumatoid 
arthritis and inflammatory bowel disease. In COPD markers of respiratory inflammation 
in induced sputum such as interleukin-8 and TNF-α have not been modified by treatment 
with either inhaled or oral corticosteroids [16,17]. However, other groups have suggested 
that inhaled corticosteroids can change chemotactic activity in the sputum [18] and even 
circulating levels of inflammatory markers like highly sensitive CRP or IL-6 [19]. Which, 
if any, of these changes relate to clinically important outcomes will need longer 
prospective studies to determine. 

CORTICOSTEROIDS AS AN AID TO DIAGNOSIS  
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The belief that corticosteroid responsiveness was only seen in asthma lead to the use of 
the so-called ‘trial of oral corticosteroids’ as a diagnostic test for patients with stable 
COPD who might benefit from regular corticosteroid treatment. More widely used in 
Europe than North America, this concept extended to bronchodilator reversibility as well 
and influenced the patients included in the subsequent large clinical trials of 
corticosteroid treatment. The usual outcome is to report the change in FEV1 either 
immediately after the bronchodilator drug or at some time, commonly 2 weeks, after 
taking a large dose of corticosteroids, usually the equivalent of 30–40 mg or oral 
prednisone [20]. Establishing criteria for what constitutes a significant pulmonary 
function change has proven difficult, particularly when changes are expressed as a 
percentage of the baseline value which itself declines as COPD worsens. Hence a small 
absolute change, which can fall within the between day reproducibility of the FEV1, can 
appear significant and define a ‘positive response’ [21]. The day-to-day reproducibility of 
this type of testing is relatively poor [22] and neither the short-term bronchodilator nor 
oral corticosteroid response was found to relate to clinically important changes in lung 
function, exacerbation, frequency or health status irrespective of subsequent treatment 
[23]. This depressing conclusion has lead to the UK evidence-based COPD guidelines, 
abandoning routine testing with oral corticosteroids in the evaluation of COPD [24]. 
However, there may be times in specialist practice when a large response to 
bronchodilators can predict a significant improvement in lung function with 
corticosteroid treatment [25]. Moreover, the post-bronchodilator FEV1 is a useful guide 
to future prognosis; so testing lung function in this way should not be abandoned entirely, 
even if small differences in spirometry are of very little value in making therapeutic 
decisions. A better appreciation of the natural day-to-day variation in airway calibre 
allows the experienced clinician to set these changes into context but also explains why 
we now place much more emphasis on changes in symptoms rather than small and 
potentially misleading changes in FEV1 when evaluating the clinical impact of therapy.  

CORTICOSTEROIDS IN ACUTE EXACERBATIONS OF COPD  

Although short courses of oral corticosteroids have been used for the treatment of 
exacerbations of COPD for many years, clear evidence to support this practice has only 
been obtained recently. Albert et al. [26] noted a significant increase in pre-
bronchodilator FEV1 measured over the first 6 h of admission in patients treated with 
corticosteroids compared to placebo, although the post bronchodilator FEV1 effect was 
much smaller. In a carefully conducted but small (n=17) study of out-patients with 
COPD, those whose exacerbations were treated with a tapering dose of oral prednisone 
(total dose 360 mg) had a significantly higher FEV1 and PaO2 at days 3 and 10 compared 
with the placebo-treated patients. Although symptomatic improvement appeared to be 
more rapid in the active treatment group this was not statistically significant for the whole 
admission [27]. Two larger studies of patients admitted to hospital with exacerbations 
have supported these findings. Niewoehner et al. [28] studied 271 patients using a 
treatment-failure end point (a combination of death, ventilation, readmission or treatment 
intensification) and found that those who received oral corticosteroids were less likely to 
relapse than those given placebo. However, there was no difference between 2 weeks and 
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2 months of this intensive treatment. Post-bronchodilator FEV1 increased more rapidly 
and hospital stay was shorter in the 56 patients studied by Davies et al. [4] (Figure 11.2). 
Although the change in FEV1 was relatively modest, further analysis of the North 
American data showed that patients with the greatest FEV1 improvement in the early 
stages of an exacerbation were less likely to relapse subsequently and confirmed the UK 
finding that this was more likely to be the case in the corticosteroid-treated individuals 
[29]. The total dose of oral corticosteroids (30 mg prednisolone daily for 2 weeks) in the 
UK study was significantly less than the cumulative doses used in the North American 
trial, but no clear difference in the magnitude of benefit was seen. Whether it is the dose 
or duration of treatment that produces these effects remains unclear. Further support for 
the role of oral corticosteroids in the treatment of exacerbations comes from a study of 
147 Canadian patients discharged from the emergency room where treatment with 
prednisone for 10 days prolonged the time to relapse (p=0.04) and reduced the overall 
relapse rate from 43 to 27% in the 30 days after discharge [30]. As with the earlier 
studies, the rate of recovery of FEV1 was more rapid in those receiving corticosteroids as 
was the speed with which breathlessness improved when assessed by the transitional 
dyspnoea index. 

A further Canadian study found that lung function could be improved to a similar 
degree with oral and nebulised corticosteroids, although whether this latter expensive 
therapy can be justified remains doubtful [31]. The logistical problems of examining 
different doses of oral corticosteroids remained formidable in this setting, the only small 
(and underpowered) study to address this finding that a slightly longer duration of 
treatment appeared to be beneficial [32]. However, in an environment of rapid patient 
throughput particular care is needed to ensure that oral corticosteroids are stopped after 
an appropriately brief exposure in case subsequent excessive side-effects develop. This 
may prove difficult when the patient perceives a significant symptomatic benefit while 
taking this high dose therapy but failure to stop therapy can be very deleterious (see 
above). 

CORTICOSTEROIDS IN STABLE DISEASE  

Throughout the 1990s a series of randomised controlled trials of varying length studied 
the question of whether inhaled corticosteroids could modify the rate of decline in FEV1 
typically seen in COPD. These studies gave conflicting results reflecting differences in 
patient selection and a limited duration of follow-up [33–36]. Probably the most 
intriguing data came from the Netherlands where the change in lung function 2 years 
before and after the institution of inhaled corticosteroids were monitored. The data 
suggested that the rate of decline in pre-bronchodilator FEV1 was different to that after 
treatment was introduced.  
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Figure 11.2 In this study post-
bronchodilator FEV1 improved 
significantly faster in patients 
receiving 30 mg oral prednisolone for 
10 days than those getting placebo (a). 
The time to discharge from hospital 
was significantly shorter in the patients 
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receiving oral corticosteroids for their 
non-acidotic COPD exacerbations (b). 
Redrawn with permission from 
reference [4]. 

However, this was not a properly randomised design and the changes in post-
brochodilator lung function were less impressive [37]. 

In the last few years four large prospective randomised controlled trials, each of 3 
years duration, studied whether or not the change in post-bronchodilator FEV1, a more 
reliable guide to disease progression [38], is modified by inhaled corticosteroids 
[3,8,39,40] (Table 11.3). These studies encompassed a wide range of COPD severity, 
ranging from individuals identified with mild disease in a prospective community sample 
to others with  

Table 11.3 Randomised trials of one or more years 
comparing inhaled corticosteroids to placebo in 
stable COPD 

Study  Duration  N  Drug/Dose  

FEV 1 
relative to 
placebo  Comment  

CCLS Three 
years 

290 bud 400 µg bid no change no effect on FEV1 decline 

Euroscop Three 
years 

1,277 bud 400 µg bid approx +40 
ml 

no effect on FEV1 decline; 
increased bruising; no Loss of 
bone density 

LHSII Three 
years 

1,116 triamcinolone 
600 µg bid 

no change no effect on FEV1 decline; fewer 
unplanned visits with active 
therapy; accelerated loss of bone 
density 

ISOLDE Three 
years 

751 FP 500 µg bid +100 ml no change in rate of decline in 
FEV1; 25% reduction in 
exacerbation rate to 0.99/yr; 
reduced decline in health status 

TRISTAN One year*  735 FP 500 µg bid +95 ml 19% reduction in exacerbation rate 
to 1.05/yr; no bruising 

Szafranski One year*  403 Bud 400 µg bid +52 ml no clinical effect 

Calverley One year*  513 Bud 400 µg bid no change Delayed time to first course of oral 
corticosteroid 

*Decline in Lung function not studied. 
Bud=Budesonide; FP=fluticasone propionate. 
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symptomatic COPD attending regular hospital follow-up. They were biased towards 
current smokers as this was an entry requirement for Euroscop and the original Lung 
Health Study, although rather surprisingly smoking status did not appear to modify the 
outcome. In no trial was the rate of FEV1 decline different over 3 years when placebo and 
active treatments were compared. The effect of inhaled corticosteroids in the most 
severely affected patients may have been harder to detect given the asymmetrical pattern 
of drop-out in this study i.e., patients on placebo were significantly more likely to be lost 
from the trial and they were the ones with the most rapid loss of lung function [41]. This 
could not explain the data in the other three studies where equivalent numbers of each 
group were available at the end of the trial for analysis. More recently meta-analyses of 
these studies have produced equally confusing conclusions. One group found no effect 
with the inhaled corticosteroids on rate of decline in the pooled data but did not discuss 
this finding in detail [42]. However, other workers, taking virtually the same data and 
modifying an error made by the first group in assigning the rate of change of lung 
function, now found a significant effect particularly in those who had received the more 
potent inhaled corticosteroids budesonide and fluticasone propionate (FP), amounting to 
around 10 ml per year reduction in the rate of decline [43]. As the original studies were 
not powered to detect this size of difference in rate of decline, the meta-analysis by 
Sutherland et al. [43] may be more relevant. More data preferably using harder clinical 
end points will be needed before this confusion is resolved. 

THE EFFECT OF CORTICOSTEROIDS ON LUNG FUNCTION  

If the data about inhaled corticosteroids and rate of decline in FEV1 is contentious then 
that relating to the effects of corticosteroids on the change of lung function and 
specifically FEV1 after bronchodilators is more consistent, although it is often 
overlooked. Interpreting change here is not easy as it does not appear immediately i.e., 
within 24 h, as is the case with acute bronchodilator drugs, but instead evolves over time. 
No convincing effects on postbronchodilator FEV1 were seen when placebo and inhaled 
corticosteroid data were compared in the Danish and US long-term studies [3,39]. In 
subsequent studies FP 1,000 µg per day [8,44] and even at 500 µg per day [12] have 
shown small but significant increases in post-bronchodilator spirometry weeks-to-month 
after the onset of treatment. These changes could not be identified in studies using 
budesonide where only post-dose lung function data where available [13,14]. In general, 
these changes have been smaller in patients with more severe disease who were the ones 
recruited into the trials involving budesonide. Although these improvements in lung 
function are unlikely to be clinically important in themselves, they do provide a pointer to 
a biological effect of inhaled corticosteroids which may be more relevant when other 
non-spirometric effects are considered. 

THE EFFECT ON HEALTH STATUS  

Although spirometry is invaluable in confirming the diagnosis of COPD and as an aid to 
prognosis, it is only poorly related to the impact of the disease on the patients’ well-being 
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[45]. The development of disease-specific validated health-status questionnaires has 
shown that significant improvement in patient well-being can occur together with small 
changes in spirometry in stable patients [46]. Health status data has been collected almost 
exclusively in more severe disease (GOLD stages 3 and below), in patients rather than 
smokers with minimal symptomatology associated with their airflow obstruction and 
mostly, but not exclusively, using the St George’s Respiratory Questionnaire (SGRQ). 
Treatment with inhaled corticosteroids in addition to short-acting bronchodilator therapy 
in the ISOLDE study did not change health status over the first 6 months of observation 
irrespective of whether oral corticosteroids were given during the run-in period. In this 
study, the only one to date with 3-year follow-up of patients, the rate of change of health 
status was modified in those patients receiving inhaled corticosteroids given by a mean of 
3 units per year in the total SGRQ score, compared with placebo [47]. These changes 
were cumulative and suggest that the use of inhaled corticosteroids delays the time taken 
to reach a particular level of ill health rather than abolishing the progression of physical 
deterioration altogether. Similar data were seen in more severe patients when budesonide 
was used after an initial period of treatment with oral corticosteroids although this was 
influenced by the run-in protocols adopted [13,14]. Withdrawing inhaled cortiosteroids 
was accompanied by worsening of health status in a further Dutch trial using fluticasone 
[48]. In a 6-month study of stable patients monitoring the change in breathlessness, 
inhaled corticosteroids were associated with a significant improvement in the transitional 
dyspnoea index compared to placebo, although this was not seen when a lower dose of 
FP was used [49]. 

THE EFFECT ON EXACERBATIONS  

Although the definition of COPD exacerbation remains contentious [50], a similar 
definition of events has been used in most of the larger and longer (one year or more) 
clinical trials of symptomatic COPD patients [51]. The exception was the second Lung 
Health Study where regular treatment with triamcinolone was found to reduce the number 
of new symptoms and the frequency of unplanned clinic visits, a weak surrogate for 
exacerbation frequency [3]. In the other trials the use of oral corticosteroids and/or 
antibiotics prescribed by the patient’s physician has been the primary defining 
characteristic of an exacerbation. These episodes are more frequent in patients with the 
worst lung function [52] (Figure 11.3) and unsurprisingly it is this group where inhaled 
corticosteroids have been shown to be most effective. Table 11.4 summarises the key 
findings from the recent trials in which the effect of inhaled corticosteroid on 
exacerbation rate has been reported. These studies were  
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Figure 11.3 Effect of ICS therapy on 
exacerbations of COPD. In the 
ISOLDE trial, among patients with 
moderate or severe COPD (FEV1 
<50%), inhaled fluticasone proprionate 
significantly reduced the number of 
exacerbations per year and the number 
of patients who experienced at Least 
one exacerbation. An effect of 
fluticasone on the number 
experiencing at Least one exacerbation 
was present irrespective of baseline 
Lung function (right) but was not 
observed if median exacerbation rate 
was the outcome variable (Left). 
Adapted from Jones PW et al. [52]. 

selected because each had at least 12 months data which afforded a reasonable period in 
which exacerbations could occur and avoided issues of seasonality which might confound 
smaller, briefer studies.  

Both the ISOLDE and TRISTAN studies involved very similar patient cohorts (mean 
pre-bronchodilator FEV1 44% predicted in each) and despite the TRISTAN participants 
all having a history of prior exacerbations, the exacerbation frequency during each study 
in patients receiving placebo was 1.3 events per year [8,44]. Using FP in the same dose in 
each study reduced exacerbation rates by 20–25% suggesting that the routine use of 
inhaled corticosteroids can be effective in patients like this. Data with budesonide in 
patients with worse baseline lung function (mean FEV1 36% predicted) was much less 
impressive [13,14] with the inhaled corticosteroid failing to have a statistically significant 
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effect on the overall exacerbation rate, although the time to the first course of oral 
corticosteroids was delayed in one study [14]. Differences in exacerbation rate appear to 
be an important determinant of the rate of decline of health status which is slower in 
those who exacerbate less frequently. This effect may explain why inhaled corticosteroids 
had a beneficial effect in the ISOLDE study [53]. 

SIDE-EFFECTS  

As noted above, regular use of inhaled corticosteroids is accompanied by a potentially 
important risk of side-effects, which might be more evident in older, frailer patients with 
COPD. In practice it has been very difficult to determine how great the risk of side-
effects is in these patients as they have multiple co-morbidities which increase the chance 
of them presenting with these complications for reasons unrelated to inhaled 
corticosteroid use. The local side-effects of hoarseness, dryness of the mouth and 
candidiasis are undoubtedly reported more frequently in patients receiving inhaled 
corticosteroids and these may resolve spontaneously, settle with the use of a volume 
spacer device or stop when the treatment is discontinued. In the large number of patients 
in the randomised controlled trials there is evidence for a reduction in the morning 
cortisol levels, although these stay within the normal range in almost all individuals. 
Even those that do fall below the normal range on one  

Table 11.4 One-year studies of the effect of inhaled 
corticosteroids (ICS) on COPD exacerbations 

Study  N  
Duration 
(years)  

Mean 
FEV 1 

* % 
predicted Comparison  Outcome  Side-effects  

CCLS [39] 290 3 81 Budesonide 400 
µg twice daily 
vs placebo 

36 patients had 
temporary 
worsening in 
budesonide 
group, 34 in 
placebo group 

None reported 

LHS2 [3] 1116 3 64 Triamcinolone 
600 µg twice 
daily vs placebo

Fewer physician 
visits on active 
drug (1.2 vs 2.1 
per 100-person 
years) 

Significant 
reduction in 
Lumbar spine 
femoral density 

ISOLDE [8] 751 3 43 Fluticasone 500 
µg twice daily 
vs placebo 

Exacerbations 
reduced 
significantly 
(1.32 vs 0.99 per 
year) 

Bruising in 27 
ICS patients, 
15 on placebo; 
reduction in 
serum cortisol 
level with ICS 
but still in 
normal range 
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TRISTAN** 
[44] 

735 1 44 Fluticasone 500 
µg twice daily 
vs placebo 

Significantly 
fewer 
exacerbations 
with ICS (1.3 vs 
1.06 per year) 

No difference 
in occurrence 
of observed 
bruising—local 
class-related 
side-effects 

Szafranski** 
[13] 

406 1 36 Budesonide 400 
µg twice daily 
vs placebo 

No significant 
change in 
exacerbation rate 
(budesonide 1.84 
vs placebo 1.87 
per year) 

No reported 
bruising 
(details 
Limited) 

Calverley** 
[14] 

513 1 36 Budesonide 400 
µg twice daily 
vs placebo 

Non-significant 
difference in 
exacerbation rate 
(1.8 vs 1.6 per 
year with ICS) 

No excess of 
reported 
adverse events 

N=Number of patients; 
*=pre-bronchodilator value; 
**=number refers to relevant comparison in the study. 

reading are likely to spontaneously revert to the normal values subsequently and no direct 
ill-effects have been attributed to inhaled corticosteroid use over this duration of study 
[8,44]. However, patients clearly have some systemic exposure to corticosteroids, which 
is thought to explain the increased prevalence of skin bruising in the Euroscop trial [40]. 
This was not seen in the subsequent TRISTAN study in patients with a lower baseline 
FEV1, which may reflect a difference in the pattern of deposition and absorption but is 
more likely to reflect the greater concomitant use of oral corticosteroids which masks any 
effect of inhaled therapy. In general, use of inhaled corticosteroids in symptomatic 
patients with more advanced COPD appears to be relatively safe and preferable to further 
courses of oral corticosteroids. The widespread use of inhaled corticosteroids in patients 
with milder disease is much less desirable given the proportionately smaller benefits and 
the possibly greater risks of enhanced systemic absorption (see above). More data about 
the role of aerosol deposition and its relationship to systemic availability in COPD 
patients will be needed if we are to try and reliably predict the true exposure to inhaled 
corticosteroids experienced by our patients. 

COMBINATION THERAPY  

In general combining a long-acting β-agonist and an inhaled corticosteroid in the same 
inhaler on a regular basis appears to be beneficial compared with using either agent alone 
or in combination with short-acting β-agonists. Not all end points are superior to 
monotherapy but overall there are clear benefits best seen when treatment is used in more 
severe disease where exacerbations are occurring fairly regularly Whether the 
combination requires to be given in a single inhaler is not clear. Likewise there is 
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uncertainty about whether combining a long-acting inhaled anticholinergic would be as 
effective as the β-agonist and doubtless future studies will examine these issues. 
Certainly the additive effect of the inhaled corticosteroid is most dramatic with respect to 
exacerbations in the patients with more severe disease in the budesonide-formoterol 
combination trials. Giving formoterol from the dry powder reservoir had no impact on the 
mean exacerbation rate and budesonide alone was scarcely more effective. Combining 
the two did have a significant effect which was replicated in a further study This is 
probably the best example of the potential for synergy that we have seen with these drugs 
in clinical practice. 

CONCLUSIONS  

There are now ample data to support the prescription of inhaled corticosteroids in patients 
with severe or very severe COPD, a fact recognised in a number of treatment guidelines 
[24, 54,55]. The clearest benefits with respect to exacerbation frequency are seen in 
individuals with an FEV1 below 50% predicted and a previous history of exacerbations. 
In these patients there is evidence of improvement in health status with a reduction in the 
number of courses of oral corticosteroids prescribed to control exacerbations. In this 
context these drugs may protect from rather than increase the risk of side-effects. 
Prescribing inhaled corticosteroids should be considered a second-line therapy for COPD 
patients and should not normally be used unless added on to regular bronchodilator 
treatment, the best data coming with the combination of long-acting β-agonists and 
inhaled corticosteroids. In the USA this combination is licensed for relief of 
breathlessness in patients with chronic bronchitis and further data are needed to 
determine in other settings whether this approach to treatment is better than using the 
newer long-acting inhaled bronchodilators alone. 

The controversy over the role of inhaled corticosteroids in preventing hospitalisation 
and even mortality has been specifically avoided here as it has strong proponents [56] and 
opponents [57]. Much is dependent on the interpretation of information in large health 
databases, specifically the role of immortal time bias in influencing the conclusion. Even 
when this appears to have been adequately addressed [58] there are still concerns about 
methodology. One must be cautious about over defining information in these data as it is 
perfectly possible to eliminate a real finding of effect including patients with 
inappropriately mild disease. Certainly the identification in one negative trial of a control 
population of COPD patients managed by inhaled corticosteroids before receiving any 
bronchodilator treatment seems clinically unusual. Ultimately, there is no substitute for 
looking at outcomes like hospitalisation or mortality in individuals known to have 
spirometrically confirmed COPD and randomly assigned to a treatment. A large 
prospective trial is now underway, which is doing just this and hopefully by 2006 when it 
reports we will have a clearer idea of whether this approach for treatment is of more than 
just symptomatic benefit [59]. 

Until then we do have information that inhaled corticosteroids have some value in 
specific circumstances which can be readily identified clinically Whatever their risks, 
they are almost certainly lower than those associated with oral corticosteroid use which is 
not recommended as maintenance therapy by any guideline. Our task as physicians 
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remains to use these drugs in an intelligent way, which maximises the advantages they 
offer our patients whilst reducing unnecessary risk. 
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12  
The pharmacology of combination therapy 
with long-acting β-adrenoceptor agonists 

and glucocorticoids in COPD  
J.Lötvall, A.Lindén  

INTRODUCTION  

COPD is increasingly understood to be a chronic inflammatory disease, affecting mainly 
the peripheral airways (i.e., bronchiolitis) through remodeling and the lung parenchyma 
by degradation of the alveoli (i.e., emphysema) [1]. The inflammatory processes in 
COPD typically display periods of worsening (exacerbations), which frequently relate to 
bacterial infection. Several inflammatory cells are increased in the bronchial tissue of 
patients with COPD, including macrophages, neutrophils and T-lymphocytes (especially 
CD8 cells). In some reports on COPD, eosinophils are observed in bronchial biopsies or 
sputum; patients with COPD may thus display a type of pathology normally associated 
with asthma [2]. COPD may even be associated with atopy according to a recent report 
[3], even though it must be remembered that a number of patients have a combination of 
asthma and COPD, resulting in a more complex pathology. 

Both inhaled glucocorticoids (GCs) and long-acting β-adrenoceptor agonists (BAs) 
demonstrate clinical efficacy in patients with COPD. In general, GCs are weak in their 
effects when given as monotherapy, and long-acting BA are primarily symptom-relieving 
drugs. However, combination therapy with these two classes of drugs, given via 
inhalation, has recently been proven to be effective in COPD, especially in terms of 
reducing the frequency of exacerbations [4]. Whether this is due to an additive or 
synergistic effect of the two drugs in the clinical situation is not yet known. This chapter 
focuses on the experimental and clinical evidence for beneficial effects of combination 
therapy in COPD. 

GLUCOCORTICOIDS  

CLINICAL EFFECTS OF GLUCOCORTICOIDS IN COPD  

Long-term treatment with oral GCs is generally not recommended for use in patients with 
COPD, primarily because of weak efficacy and severe systemic side-effects [5]. 
However, high-dose inhaled GCs have proven some efficacy in several large multi-centre 
long-term studies with COPD, although the gradual decline in lung function is ‘right-
shifted’ rather  
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than reduced [6,17]. Thus, some improvement in lung function can be observed, 
compared to placebo, over time. Probably more important, inhaled GCs slightly reduce 
the frequency of exacerbations in COPD, and may also to some degree improve 
symptoms and quality of life [5–10]. It seems that patients with COPD that have a 
pathology somewhat similar to asthma patients may show a greater response to inhaled 
GCs [2]. 

A problem with treating COPD patients with GCs, is that ongoing smoking may 
counteract the beneficial effects of both inhaled and oral GCs over time, at least as 
indicated in patients with asthma [11–13]. Consequently, it can be speculated that 
patients with a combination of asthma and COPD would experience a better response to 
inhaled GCs if they stop smoking [2]. 

MECHANISMS OF ACTION FOR GLUCOCORTICOIDS IN IN 
VITRO MODELS  

It is widely accepted that the primary anti-inflammatory actions of GCs arise by 
activation of specific GC Receptors (GR), which are found in the cytoplasm of most 
mammalian cell types [14,15]. GR belongs to a superfamily of nuclear receptors, 
including the receptors for mineralocorticoids, sexual and thyroid hormones, retinoic acid 
and vitamin D. The detailed molecular mechanisms of the GC-GR interaction are 
currently becoming better understood. Briefly, without a GC ligand, the GR subunits are 
each bound to two molecules of heat shock protein-90 (HSP90). When the GC ligand 
interacts with the GR, the HSP90 molecules are detached, resulting in a conformational 
change and formation of a GR dimer [14,16]. The dimer GR complex binds to specific 
sequences of DNA within promoter regions of several genes. These regions of DNA are 
called GC response elements (GRE). The referred interaction with GRE will either up- or 
down-regulate gene expression, thus influencing the amount of mRNA being produced 
from each of the involved genes. This process is also active when DNA is densely 
packaged around histone proteins because GREs are located on the surface of the DNA, 
and are therefore available for interactions with the GR. 

Another mechanism by which GRs may influence inflammatory processes in COPD is 
the interaction with the key transcription factor NF-κB (nuclear factor kappa B) (Figure 
12.1). NF-κB is up-regulated in many cell types during inflammatory processes, and 
favours the expression of pro-inflammatory genes. Specifically, it is known that NF-κB is 
involved in several inflammatory diseases in the lungs and airways, including COPD 
[16]. For example, exposure to tobacco smoke is linked to NF-κB expression, and this 
mechanism may thus in part contribute to bronchial inflammation in tobacco smokers 
[17]. GRs can directly bind to NF-κB, and thereby neutralise this pro-inflammatory 
molecule, as well as its pro-inflammatory effects [14]. GR-mediated processes can also 
increase the production of a NF-κB inhibitory protein in some cells [18,19]. 
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Exposure to tobacco smoke reduces the expression of histone deacetylase (HDAC-2 
[20], and this effect may lead to reduced effects of GCs, since GCs require HDAC 
activity. Whether this is the sole mechanism of the weak effect of GCs in patients with 
COPD is not known. 

On a cellular level, GCs have shown inhibitory effects on a multitude of different 
mechanisms that can be related to COPD on a hypothetical basis. Thus, GCs regulate the 
expression of many cytokines, chemokines, and enzymes [16,21]. In addition, 
macrophages from patients with COPD release more matrix metalloproteinase-9, and this 
proteinase release is attenuated by a GC (dexamethasone) in vitro [22]. GCs could also 
improve the host defence against bacterial infection, since a GC (dexamethasone) 
enhances the expression of Toll-like receptor 2 (TLR2) on airway epithelial cells [23], 
and bacterial infections may enhance the progression of COPD [24]. 

In reality, the potentially beneficial effects of GCs on inflammatory events 
demonstrated in cellular studies may be weak. For example, a prospective double-blind 
study on the effect of an inhaled GC (fluticasone) in patients with COPD revealed very 
little improvement of inflammatory end points in bronchial tissue [25]. Of note, though, a 
reduction in the CD8:CD4  

 

Figure 12.1 Principles of action of 
anti-inflammatory effects of 
glucocorticoids through the 
conformational change of 
glucocorticoid receptors in the 
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cytoplasm, and subsequent effects on 
gene expression [adapted from 16]. 

ratio within the epithelium was observed, as well as a reduced number of mast cells in the 
subepithelial layer. These events paralleled reduced symptoms and fewer exacerbations 
in the subjects treated with the inhaled GC. In line with these observations in bronchial 
tissue, similar analyses in induced sputum and BAL fluid indicate weak overall effects of 
inhaled GCs [26–29]. 

β 2 -SELECTIVE ADRENOCEPTOR AGONISTS  

CLINICAL EFFECTS OF β 2 -AGONISTS IN COPD  

Short-acting and β2-selective BAs such as salbutamol are utilized for symptom relief 
among patients with COPD. However, in recent years, data have emerged showing that 
regular twice-daily treatment with long-acting and β2-selective BAs such as salmeterol 
and formoterol (Figure 12.2), provides clinically important improvements in patients with 
COPD [30–36]. These improvements may not solely depend on the prolonged 
bronchodilating effects of these drugs, since they can be demonstrated in patients with 
very little or no reversibility The clearest effects are observed on the subjective 
symptoms of COPD, with significant reduction in dyspnoea and improved quality of life. 
Adding an inhaled anti-cholinergic such as ipratropium bromide to a long-acting β2-
selective BA generally results in little or no additional clinical effect (Figure 12.3). In 
fact, there is evidence that long-acting and β2-selective BAs are similarly or more 
effective than ipratropium bromide [37], but so far no full-scale comparison with the 
once-daily administered long-acting anticholinergic tiotropium has been published. One 
smaller study suggest that there may be a benefit of  
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Figure 12.2 The chemical structure of 
formoterol and salmeterol 

 

Figure 12.3 Time-course of mean 
FEV1 in patients with COPD with 
some reversibility, after regular 
inhalation of formoterol or ipratropium 
bromide [adapted from 35]. 

combining tiotropium with a long-acting and β2-selective BA [38], although this 
treatment should probably be given as a twice-daily regimen. 
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MECHANISMS OF ACTION FOR β 2 -AGONISTS IN IN VITRO 
MODELS  

When binding to the β2-receptor (β2-R), a β2-selective BA forms hydrogen bonds to 
specific amino acids, and thereby induces a change in the three-dimensional structure of 
the β2-R. This process enables the receptor to interact with intracellular G-proteins (Gs) 
[39,40], which in turn stimulate the production of intracellular cyclic adenosine 
monophosphate (cAMP). Production of cAMP leads to activation of protein kinase A 
(PKA), which leads to the phosphorylation of several intracellular proteins, resulting in 
bronchial smooth muscle relaxation by inhibition of myosin-actin interaction. Additional 
mechanisms of action of β2-selective BAs that are independent of cAMP have also been 
suggested, including K+ channel activation via a subunit of the Gs. Importantly, β2-
selective BAs are functional antagonists. Thus, they cause relaxation of the smooth 
muscle, seemingly regardless of the extra- or intracellular stimulus causing the 
contraction. 

There is no question that β2-selective BAs evoke important clinical effects by relaxing 
the bronchial smooth muscle, thus reducing the subjective symptoms of airway 
obstruction. This is true for short- and long-acting β2-selective BAs. In addition to the 
smooth muscle relaxation, all β2-selective BAs may have other functional effects, such as 
attenuation of mast cell mediator release, reduction of plasma exudation and reduced 
activation of sensory nerves [41–43]. More functional effects include enhancement of 
mucociliary transport, inhibition of plasma exudation, reduction of neutrophil traffic, 
attenuation of chemokine release, and inhibition of bronchial smooth muscle cell 
proliferation [44,45]. Interestingly, a long-acting β2-selective BA (salmeterol) has also 
shown protective effect on experimental bacterial infection in one in vitro model, with 
reduced mucosal damage and significantly better preservation of ciliated cells under such 
conditions [46]. Whether any such effects would lead to clinically important anti-
inflammatory effects in vivo in man is not known. 

SIMILARITIES AND DIFFERENCES OF LONG-ACTING AND β 2 -
SELECTIVE β-ADRENOCEPTOR AGONISTS  

During the last 10 years, we have had access to long-acting β2-selective BAs but, short-
acting BAs are still used extensively as symptom-relieving drugs in both asthma and 
COPD, even though they are not recommended for regular dosing. The two long-acting 
and β2-selective BAs salmeterol and formoterol have extended duration of action, with a 
substantially maintained effect 12 h after inhalation of a single dose, and this prolonged 
effect may hypothetically represent a shared therapeutic advantage. In fact, 
bronchodilating effects have been demonstrated up to 24 h after the administration of 
these drugs in patients with asthma, although the full duration of these drugs has not been 
compared in patients with COPD. 

Salmeterol and formoterol also behave differently in several ways. Even though both 
drugs are lipophilic (Figure 12.2), salmeterol is clearly more lipophilic than formoterol. 
At the level of the airway smooth muscle, when evaluated in in vitro models, the onset of 
action of salmeterol is substantially slower than both salbutamol and formoterol, whereas 
the onset of action of formoterol is as rapid as the short-acting and β2-selective BA 
salbutamol. In line with this, clinical studies show that salmeterol and formoterol have 
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different onset of action, with formoterol being much more rapid [47,48], in common 
with salbutamol [49]. Clinically, salmeterol and formoterol have very parallel durations 
of action in patients with asthma, despite the fact that formoterol has a slightly shorter 
duration of action than salmeterol does in vitro.  

Salmeterol and formoterol also differ in their ability to produce maximal effect (i.e., 
efficacy). Several studies on airway smooth muscle in vitro indicate that salmeterol is a 
partial agonist at the β2-R [50]. Thus, salmeterol will not fully reverse severe, induced 
smooth muscle contraction, unlike the more effective short- and long-acting β2-selective 
BAs such as terbutaline, fenoterol, salbutamol or formoterol [50]. In contrast, the long-
acting β2-selective BA formoterol is a full agonist, and has been shown to be more 
effective and have a greater maximal effect than salmeterol in patients with asthma in 
vivo [51]. Hypothetically, this implies that formoterol is better for bronchodilation in 
patients with acute, severe airflow obstruction but this question needs to be addressed 
further in clinical studies on COPD [52,53].  

 

Figure 12.4 Time course of mean 
FEV1 in patients with COPD with 
some reversibility after inhalation of 
50 µg salmeterol/250 µg futicasone 
(Salm/FP) combination or a 12 µg 
formoterol/400 mg budesonide 
(Form/Bud). A significant difference 
between the two treatments could only 
be seen at the two-hour time point (in 
favour of Bud/Form, possibly due to 
the slightly more rapid onset of action 
of formoterol, or the higher efficacy of 
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this drug; [48,52]). The figure is 
adapted from Cazzola et al., 2004 [38]. 

A common feature of all β2-selective BAs is their ability to evoke some tolerance at the 
level of β2-R. Thus, the first dose is generally more effective than subsequent doses. In 
the airways, this has been primarily documented as a tolerance to the bronchoprotective 
effect on provocations, such as methacholine, allergen or exercise [48]. Of clinical 
importance, the tolerance to the systemic effects of β2-agonists does seem to be more 
pronounced than the tolerance to the bronchodilatation [54]. The clinical relevance of the 
tolerance in the airways by regular daily treatment in patients with COPD remains 
uncertain. 

It seems reasonable to assume that despite certain clinical benefits of monotherapy 
with long-acting β2-selective BAs in patients with COPD, these drugs should be used 
primarily as symptom-relieving drugs. However, when given as combination therapy 
together with inhaled GCs, there is now evidence that these drugs may be used to control 
COPD. 

COMBINATION THERAPY  

CLINICAL EFFECTS OF COMBINATION THERAPY IN COPD  

Increasing evidence argues that combining a long-acting β2-selective BA with an inhaled 
GC may target both the symptomatic airway obstruction as well as certain aspects of the 
local inflammatory process in patients with COPD. Consequently, the combination 
products of salmeterol/fluticasone (Seretide®) and formoterol/budesonide (Symbicort®) 
have undergone extensive evaluation in COPD patients, and have been approved for 
clinical use in many countries (Figure 12.4) [55–63]. A meta-analysis of studies on either 
combination therapy demonstrates that the frequency of exacerbations is significantly 
reduced compared with placebo and the long-acting β2-selective BA alone, but not 
necessarily when compared with GC treatment alone. On average, one exacerbation per 
2–4 years of treatment per patient can be prevented using this combination therapy [4]. 
Compared with placebo, the combination therapy also resulted in a clinically meaningful 
improvement in quality of life, symptoms and exacerbations, perhaps due to smooth 
muscle effects of the long-acting β2-selective BA.  
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Figure 12.5 Experimentally confirmed 
sites of interactions during co-
stimulation of airway smooth muscle 
cells with glucocorticoids (GC) and β2-
selective adrenoceptor agonists (BA). 
GC and BA act on and interact at the 
level of glucocorticoid receptors (GR) 
and β2-adrenoceptors (β2R), 
respectively, and this co-stimulation 
potentiates the activation of G-protein 
(G), adenylyl cyclase (AC), 
phosphodiesterase (PDE), and 
phosphokinase A (PKA), leading to 
increased production of cyclic AMP 
(cAMP). 

It has been shown that treatment with long-acting β2-selective BAs alone, or in 
combination with an inhaled GC, is at least as effective as ipratropium bromide given 
three times daily [35,37]. However, more extensive comparisons of combinations of 
inhaled long-acting β2-selective BAs and GCs with the ultra-long-acting anticholinergic 
tiotropium bromide are required to gain clinically useful information [38]. On a 
hypothetical basis, it seems plausible that at least in some patients, a triple combination 
can be beneficial. 

MECHANISMS OF ACTION FOR COMBINATION THERAPY IN IN 
VITRO MODELS  
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Very few mechanistic studies on combination therapy have been conducted on tissue or 
isolated cells from patients with COPD. Therefore, studies on tissue or isolated cells from 
either healthy human donors, patients with other types of lung disease or rodents 
constitute the current basis for evaluating putative cellular mechanisms that may explain 
synergistic or additive clinical effects of combination therapy in COPD. 

Airway Smooth Muscle  

Several studies have addressed potentially beneficial effects of co-stimulation with a GC 
and a BA in airway smooth muscle in vitro [64]. For example, one study on human 
airway smooth muscle from patients with cancer or lung transplant donors demonstrates 
that a combination of BA and GC synergistically activates the GR and stimulates 
transcription factors, which leads to an additive inhibition of serum-induced proliferation 
(Figure 12.5) [65]. The protein kinase inhibitor p21 seems to be crucial in this context 
and, of some note, BAs and GCs may be effective at much lower concentrations when 
co-stimulating the airway smooth muscle than when stimulating as single drugs. In 
another example, spontaneous (but not induced) migration of isolated airway smooth 
muscle from lung transplant donors is inhibited by a long-acting BA and by other cAMP-
elevating stimuli [66]. In the same model, stimulation with a long-acting BA plus a GC 
further inhibits induced cell migration. It seems likely that the synergism achieved by 
adding a GC is related to an augmentation of the BA-induced cAMP/protein kinase-
dependent gene transcription.  

It is also known that co-stimulation with a GC and a short- or long-acting β2-selective 
BA synergistically inhibits the release of the neutrophil chemoattractant, interleukin-8 
(IL-8) caused by the pro-inflammatory cytokine, tumour necrosis factor alpha (TNF-α) in 
isolated human airway smooth muscle [67]. Of mechanistic interest, this potentially 
beneficial effect of combination therapy can be mimicked by replacing the BA with a 
direct stimulator of adenylyl cyclase, a selective protein kinase A inhibitor or a 
phosphodiesterase inhibitor. Paradoxically, the referred synergistic inhibitory effect on 
IL-8 achieved by co-stimulation is observed in spite of the short- and long-acting BA per 
se actually increasing IL-8 release in unstimulated airway smooth muscle cells [67]. Yet 
another example of a mechanism that may underlie synergism for combination therapy is 
provided by a study on airway smooth muscle from cows [68]. In this in vitro model, a 
GC increases the density of β-adrenoceptors as well as both high- and low-affinity 
binding of a BA. Furthermore, a GC elevates intracellular G-protein, leading to a 
substantial increase in the maximal cAMP generation caused by a non-selective BA [68]. 
Supportive evidence regarding the impact of a BA on the affinity and density of β-
adrenoceptors as well as a reduced inducible adenylate cyclase activity has also been 
generated in an airway smooth muscle cell line from rodents [69]. Interestingly, these 
events appear reversible if stimulation with a BA is removed or if stimulation with a GC 
is added. 

Currently, it is not known what effect a GC exerts on the up-regulation of histamine 
(H1) receptors exerted by a BA in airway smooth muscle from cows [70]. It has also been 
shown that adding a long-acting GC does not completely inhibit the BA-induced 
potentiation of TNF-α-induced IL-6 release in airway smooth muscle, when using cells 
from lung transplant donors [71]. 

Therapeutic strategies in COPD     238



Bronchial Epithelial Cells  

The finding that a β2-selective and a non-selective short-acting BA, respectively, can 
increase the release of IL-8 in isolated and transformed bronchial epithelial cells from 
humans indicates a potentially pro-inflammatory, detrimental effect involving the 
epithelium and neutrophils as well [72]. However, it has also been shown that, whereas 
two different long-acting and β2-selective BAs can also increase IL-8 in primary 
bronchial epithelial cells from humans, this effect is abolished if a GC is added for 
simultaneous stimulation [73]. 

Inflammatory Cells  

There are studies on isolated inflammatory cells indicating that BAs and GCs may 
interact in a beneficial manner in terms of modulating inflammatory cells. Thus, co-
stimulation with a BA plus a GC synergistically does inhibit expression of the adhesion-
facilitating surface antigen CD11b in isolated neutrophils from cow blood [74]. However, 
there are observations from isolated inflammatory cells providing evidence for 
detrimental effects of adding stimulation with a BA to that of a GC. Thus, long-term 
exposure to a BA increases fMLP-induced respiratory burst and counteracts the 
potentially beneficial GC-induced apoptosis in isolated eosinophils obtained from healthy 
human donors [75]. 

It also seems that stimulation with a GC does not counteract BA-induced 
desensitisation of β-adrenoceptors in alveolar macrophages from healthy smoking human 
volunteers [76]. This latter observation contrasts with earlier observations on rat lung 
membranes in vitro; stimulation with a GC can restore the reduction in β-adrenoceptor 
number, agonist affinity and related adenylate cyclase activity that is observed after BA 
stimulation in rat lung membranes in vitro [77]. Similarly, stimulation with a BA 
decreases the number of binding sites for BAs in isolated human lymphocytes from blood 
and this effect is counteracted by a GC [78]. 

Tentatively, the reviewed experimental studies on isolated cells of relevance for 
airway and lung function indicate that the potentially beneficial effects of combination 
therapy with a BA and a GC involve such diverse targets as the regulation of the affinity 
and density of β-adrenoceptors, the linked control of G-protein, adenylyl cyclase, protein 
kinase A, phosphodiesterases and cyclic AMR There is also evidence that this type of co-
treatment exerts an impact on the activation of the GR as well as the transcription of 
cytokines and growth factors. 

MECHANISMS OF ACTION BEHIND COMBINATION THERAPY 
IN IN VIVO MODELS  

Very few studies on animals in vivo have specifically addressed the mechanisms behind 
the potentially beneficial synergism between BAs and GCs in the airways and lungs. 
There is one study of particular interest conducted on rat lungs in vivo [79]. This study 
demonstrates that a GC restores the number and the mRNA of β-2- but not β-1-
adrenoceptors during stimulation with a BA [79]. These findings may relate to the GC-
induced reversal of a BA-induced decrease in activity of the cyclic AMP-responsive 
binding protein [79]. In the same study, a GC enhanced the transcription rate of the gene 
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for β2-R. Clearly, these findings support the theory that a GC can prevent BA-induced 
desensitisation of β2-R in the airways and lungs. Also, of potential clinical relevance, a 
recent study on mice in vivo provided evidence that adding a short-acting BA can 
counteract the detrimental effects on skeletal muscle caused by long-term treatment with 
a GC, including myosin heavy chain loss and the loss of muscle fibre cross-sectional area 
[80]. 

No recent and relevant observations on combination therapy and anti-inflammatory 
effects in vivo have been published. This means, for example, that it remains unclear 
whether a GC potentiates the inhibitory effect of a BA on neutrophil accumulation in 
rodent airways caused by either the pro-inflammatory cytokine IL-1β or by endotoxin in 
vivo [46,81]. 

The limited work on the mechanisms underpinning co-treatment in animal in vivo 
models thus supports the theory that one level of interaction may be the control of the 
density of β2-R. However, many other mechanisms that have been identified in in vitro 
studies remain to be evaluated in vivo. 

CONCLUSIONS  

There is certain clinical and experimental evidence that COPD, with its mobilisation of 
macrophages, neutrophils and certain T-lymphocytes, responds more beneficially to 
combination therapy with a GC and a long-acting and β2-selective BA than it does to 
monotherapy with either of these two classes of drugs. However, the response to 
combination therapy seems to be restricted to a reduced number of exacerbations, and it 
is unclear whether this is due to synergism or an additive effect of the key 
pharmacological actions of GCs and long-acting, β2-selective BAs. It thus remains 
uncertain whether this type of combination therapy exerts any truly beneficial long-term 
effects on the course of bronchiolitis or emphysema—the two pathological hallmarks of 
COPD. 
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13  
The role of inhaled combination therapy 
with corticosteroids and long-acting β 2 -

agonists in the management of COPD  
R.Dahl, M.Cazzola  

INTRODUCTION  

Long-acting β2-agonists (LABA) and inhaled corticosteroids (ICSs) treat different aspects 
of COPD [1]. LABAs have both bronchodilator and non-bronchodilator properties, 
whereas ICSs are potent anti-inflammatory agents. Combining two therapies that possess 
different modes of action could be expected to have a greater benefit in the management 
of COPD. Furthermore, when a LABA is added to an ICS, it has the potential for 
countering some of the possible negative effects of the corticosteroid [2]. 

It is not surprising, therefore, that use of ICS with LABA may be associated with a 
reduction of rehospitalisation or death in COPD patients. Soriano et al. [3] in a 
retrospective analysis investigated the survival rates of COPD patients receiving different 
types of medication, using records available from the UK General Practice Research 
Database. In total, 1,045 COPD patients who were prescribed fluticasone and salmeterol 
were identified and their 3year mortality rates were analysed in comparison to 3,620 
individuals with the same diagnosis who were treated with bronchodilators, but not ICSs 
or LABAs. The researchers found that patients receiving fluticasone and salmeterol had 
better 3-year survival rates compared to the reference group (78.6% vs. 63.6%, 
respectively). Individuals receiving combination therapy had the lowest mortality rates 
followed by those using fluticasone alone, salmeterol alone and finally users of 
alternative types of medication. Greater numbers of prescriptions for both drugs were 
also associated with increased survival. The same group of researchers [4] also 
documented that prescription of ICSs after a hospital admission for COPD reduced the 
risk of readmission or death in the subsequent year compared with COPD patients who 
did not receive ICSs. However, the reduction in risk of readmission or death was much 
larger if the combination of ICSs and LABAs was prescribed (42%) than when only ICSs 
were given (16%). 

There is an exciting possibility that the potential benefit in combining these two 
classes of drugs might be due to a synergistic interaction, the resulting synergetic effect 
being greater than the sum of responses achieved from each drug alone. However, the 
basic molecular mechanism of such an interaction is still to be fully identified. Recent in 
vitro and  
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in vivo evidence suggests a mechanistic interaction at the molecular level between ICSs 
and LABAs. Corticosteroids have been shown to up-regulate the β2-adrenoceptor in 
human airways, which may provide more receptors for β2-agonists to activate [5, 6]. On 
the other side, LABAs may potentiate the molecular mechanism of corticosteroid actions, 
with increased nuclear localisation of glucocorticoid receptors and additive or sometimes 
synergistic suppression of inflammatory mediator release [7–10]. 

CLINICAL EFFECTS IN ADDING AN ICS TO A LABA  

The capacity of corticosteroids to prevent homologous down-regulation of β2-
adrenoceptor number and induce an increase in the rate of synthesis of these receptors 
may be critical when a patient is receiving regular treatment with a LABA. The addition 
of an ICS to a LABA was initially studied in a 3-month trial that enrolled 80 COPD 
patients. The combination therapy progressively improved lung function over the 3-
month period compared to the long-acting bronchodilator treatment alone, although the 
difference was not statistically significant [11]. However, the combination of salmeterol 
(50 µg twice daily) with fluticasone (250 or 500 µg twice daily) allowed a significantly 
greater improvement in lung function after salbutamol than salmeterol (50 µg twice 
daily) alone. It is likely that this effect was due to prevention of the homologous down-
regulation of β2-adrenoceptors and induction of an increase in the rate of synthesis of 
receptors through a process of increased β2-adrenoceptor gene transcription elicited by 
fluticasone. This may be considered clinically important, because when airway 
obstruction becomes more severe the preferred therapeutic option is to add a fast-acting 
inhaled β2-agonist as rescue medication to produce rapid relief of bronchospasm. 

The capacity of ICS to influence the onset of action of a LABA, however, might be 
explained by actions that can broadly be termed nongenomic [12]. A recent small study, 
in fact indicated that the addition of budesonide influences the fast onset of action of 
formoterol without induction of systemic effects, in patients with COPD [13]. Serial 
measurements of FEV1 were performed over 60 min in 20 subjects. 
Budesonide/formoterol combination (BFC) elicited a significantly larger mean FEV1-
AUC0 – 15 min than formoterol alone. Also the change in FEV1 15min after inhalation of 
BFC (0.1971; 95% CI: 0.142–0.252) was greater than that induced by formoterol alone 
(0.1471; 95% CI: 0.092–0.201). The mean increases in FEV1 were always higher after 
BFC than formoterol alone, although both treatments induced a significant improvement 
over baseline at each explored time point. Even the FEV1-AUC0–60 min after BFC was 
significantly larger than that after formoterol. Both treatments did not alter heart rate in a 
statistically significant manner (p>0.05). In any case, the results of this study suggest that 
the use of the BFC combination is preferable to that of formoterol alone when a rescue 
action is needed, as in the case of acute exacerbations of COPD. It is likely, in fact, that 
the faster onset of action might influence the control of symptoms in such a pathological 
condition. 
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Delivery of these medications together, administered as one inhalation twice daily, 
may help simplify treatment regimens and may also improve patient adherence compared 
with currently available COPD treatments. For this reason, there is a real interest in use 
of ICS/LABA combination by a single inhaler. 

The value of regular combination therapy with ICSs and LABAs delivered via a single 
inhaler to COPD patients has repeatedly been documented (Table 13.1). Thus, the impact 
on lung function of a combination with fluticasone propionate and salmeterol (FSC) has 
been studied both using a dose of fluticasone 500 µg and salmeterol 50 µg, and 
fluticasone 250 µg and salmeterol 50 µg twice daily for 6 months or 12 months. In 
particular, Hanania et al. [14] compared the efficacy and safety of 24 weeks’ treatment 
with fluticasone 250 µg and salmeterol 50 µg, administered together twice daily in a 
single inhaler device, with that of placebo and the individual agents alone in 723 patients 
with COPD and a mean baseline FEV1 of  

Table 13.1 Long-term effect of combination 
therapy in COPD 

Study  Number of patients enrolled, 
drugs examined, study duration  

Outcomes  

Fluticasone/salmeterol (FSC)  
Hanania et 
al. [14] 

723 patients with COPD (mean 
baseline FEV1 42% of predicted 
values). F/S 250/50 µg, fluticasone 250 
µg, salmeterol 50 µg, placebo, all given 
twice daily. F/U: 24 weeks. 

Primary outcomes: morning pre-dose 
FEV1 for FSC compared with salmeterol 
and 2-hour post-dose FEV1 for FSC 
compared with fluticasone. Secondary 
outcomes: morning PEF; use of reliever 
medication, TDI; HRQL (CRDQ); COPD 
symptoms score (CBSQ); exacerbations. 

Mahler et at. 
[15] 

691 patients with moderate to severe 
COPD (FEV1 41% of predicted value). 
F/S 500/50 µg, fluticasone 500 µg, 
salmeterol 50 µg, placebo, all given 
twice daily. F/U: 24 weeks. 

Primary outcomes: morning pre-dose 
FEV1 for FSC compared with salmeterol 
and fluticasone with placebo, and 2-hour 
post-dose FEV1 for FSC compared with 
fluticasone and salmeterol with placebo. 
Secondary outcomes: morning PEF; use of 
reliever medication, TDI; HRQL (CRDQ); 
COPD symptoms score (CBSQ). 

Dal Negro et 
al. [16] 

18 patients with moderate to severe 
COPD (mean FEV1 49.1% of predicted 
value). FSC 250/50 µg, salmeterol 50 
µg, placebo, all given twice daily. F/U: 
52 weeks. 

Number of exacerbations, Lung function. 

Calverley et 
al. 
(TRISTAN 
study) [17] 

1,465 patients with moderate to severe 
COPD (mean FEV1 45% of predicted 
value). FSC 500/50 µg, fluticasone 500 
µg, salmeterol 50 µg, placebo, all given 
twice daily. F/U: 52 weeks. 

Primary outcome: pre-treatment FEV1 
Secondary outcomes: other Lung function 
measurements, COPD symptoms score, 
use of reliever medication, number of 
exacerbations, patient withdrawals, HRQL 
(SGRQ). 
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Budesonide/formoterol (BFC)  
Szafranski et 
al. [18] 

812 patients with moderate to severe 
COPD (mean FEV1 36% of predicted 
value). BFC 400/12 µg, budesonide 
400 µg, formoterol 12 µg or placebo, 
all given twice daily. F/U: 52 weeks. 

Primary outcomes: number of severe 
exacerbations and change in post-
medication FEV1. Secondary outcomes: 
VC, HRQL (SGRQ), COPD symptoms 
score, PEF, use of reliever medication, 
number of mild exacerbations. 

Calverley et 
al. [19] 

1,022 patients with moderate to severe 
COPD (mean FEV1 36% of predicted 
value). Initially, formoterol (12 µg 
twice daily) and oral prednisolone (30 
mg once daily) for 2 weeks. After, 
BFC 400/12 µg, budesonide 400 µg, 
formoterol 12 µg or placebo, all given 
twice daily for 12 months. F/U: 2+52 
weeks. 

Primary outcomes: time to first 
exacerbation and change in post-
medication FEV1. Secondary outcomes: 
number of exacerbations, time to and 
number of oral corticosteroid treated 
episodes, morning and evening PEF, slow 
VC, HRQL (SGRQ), symptom score, use 
of reliever medication, acute events. 

42% predicted. Mahler et al. [15] weighted the use of fluticasone 500 µg and salmeterol 
50 µg in combination twice daily, against the individual components alone at the same 
doses, or placebo for 24 weeks in 691 patients with COPD and a mean baseline FEV1 of 
41% predicted. Dal Negro et al. [16] compared fluticasone 250 µg and salmeterol 50 µg 
in combination twice daily via a single inhaler with salmeterol 50 µg twice daily alone, 
and placebo in a 52-week study that enrolled a small group of ICS naïve patients with 
moderate COPD, already treated with theophylline 400mg/day and an inhaled short-
acting β2-agonist on demand. A 52-week, multicentre, randomised, double-blind, 
placebo-controlled trial (TRial of Inhaled STeroids ANd long-acting β2-agonists or 
TRISTAN) compared the safety and efficacy of the fluticasone 500 µg/salmeterol 50 µg 
combination twice daily with that of the individual drugs alone in 1,465 patients with 
COPD (mean FEV1 45% predicted) [17]. Also, the effects of BFC treatment in COPD 
patients have been investigated. In a 12-month, randomised, double-blind, placebo-
controlled, parallel-group, multicentre study, 812 adults with moderate to severe COPD 
(mean age 64 years; mean FEV1 36% predicted) received two inhalations of either 
budesonide 200 µg/formoterol 6 µg, budesonide 200 µg alone, formoterol 6 µg alone, or 
placebo twice daily [18]. In a more recent trial [19], 1,022 COPD patients (mean FEV1 
36% predicted) initially received formoterol (12 µg twice daily) and oral prednisolone 
(30 mg once daily) for 2 weeks. After this time, patients were randomised to twice daily 
inhaled budesonide/formoterol 400/12 µg, budesonide 400 µg, formoterol 12 µg or 
placebo for 12 months. 

The overall goals for improving clinical outcomes are to reduce symptoms, especially 
dyspnoea, reduce exacerbations and the possible need for hospitalisation, and enhance 
health status [20]. Therefore, the different trials have not only evaluated the efficacy of 
combination therapy on lung function, but also its impact on these other clinical 
outcomes. 

EVALUATION OF IMPACT ON LUNG FUNCTION  
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Changes in lung function induced by long-term treatment with combined therapy are 
illustrated in Table 13.2. 

At the end of Hanania trial [14], a significantly greater increase in morning pre-dose 
FEV1 was observed following treatment with FSC (165 ml) compared with treatment 
with salmeterol alone (91 ml; p=0.012) and placebo (1ml; p<0.001). A significantly 
greater increase in pre-dose FEV1 was observed for treatment with fluticasone (109 ml) 
vs. placebo (1ml; p<0.001). The increase in pre-dose FEV1 following treatment with FSC 
was 16.6% over baseline. Estimated differences between treatment groups were 161 ml 
FSC vs. placebo, 49 ml FSC vs. fluticasone, 69 ml FSC vs. salmeterol, 112 ml fluticasone 
vs. placebo, and 92 ml salmeterol vs. placebo. Only the difference between FSC and 
fluticasone was not statistically significant (p>0.05). At end point, there was a 
significantly greater improvement in 2-hour post-dose FEV1 in patients taking FSC (27%, 
281 ml) compared with those taking salmeterol (19%, 200 ml), fluticasone (14%, 147 ml) 
or placebo (6%, 58 ml). The magnitude of responses in lung function for patients who 
demonstrated reversibility of airflow obstruction after salbutamol inhalation was higher 
compared with nonreversible patients. Importantly, the effect was clinically meaningful 
in both subgroups. 

Mahler et al. [15] reported an improvement in pre-dose FEV1 in the group treated with 
FSC vs. placebo (156 ml vs. −4ml, respectively; p<0.001). There was also a significant 
increase in those treated with FSC vs. those treated with salmeterol and fluticasone (156 
ml vs. 107 ml and 109 ml, respectively; FSC vs. salmeterol, p=0.012; FSC vs. 
fluticasone, p=0.038). The increase in pre-dose FEV1 corresponded to a 14.5% increase 
over baseline values. Interestingly, no significant differences were observed in a 
subgroup analysis stratified according to partial and no reversibility after inhaled short-
acting β2-agonist and reversibility defined a priori as an increase of 12% or more and 200 
ml in FEV1.  

Table 13.2 Long-term effect on Lung function of 
combination therapy in COPD 

Study  Changes in functional parameter  
Significantly (p<0.012) greater increase in morning pre-dose FEV1 (165 ml) with 
FSC compared with salmeterol (91 ml) and placebo (1 ml), and significantly 
(p<0.001) greater increase in the 2-hour post-dose FEV1 (281 ml) compared with 
fluticasone (147 ml) and placebo (58 ml). 

Hanania et al. 
[14] 

Improvements in lung function with FSC compared with fluticasone and 
salmeterol, and with fluticasone and salmeterol compared with placebo, as 
measured by the average daily morning PEF, observed within approximately 24 
h after the initiation of treatment (p<0.034). 

Mahler et al. 
[15] 

Significantly greater increase in pre-dose FEV1 after FSC (156 ml) compared 
with salmeterol (107 ml, p=0.012) and placebo (−4ml, p<0.0001). Significantly 
greater increase in 2-hour post-dose FEV1 after FSC (261 ml) compared with 
fluticasone (138 ml, p<0.001) and placebo (28 ml, p<0.001). 
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 Increases in morning PEF on Day 2, greater for FSC compared with fluticasone, 
salmeterol, and placebo, (p<0.005). Greater increases in morning PEF 
throughout the 24-week treatment period with FSC compared with fluticasone, 
salmeterol, and placebo, respectively. 

Patients receiving FSC with the highest mean improvement in FEV1 (+7.3%±3.3; 
p=0.001) over the baseline pre-treatment value after 36 weeks of treatment, 
being FEV1 unchanged after 52 weeks of treatment in salmeterol group 
(+0.33%±2.4) and with a substantial decrease following placebo (−2.6%±1.2; 
p=0.001). 

Dal Negro et al. 
[16] 

Morning PEF (L/min) increased in subjects treated with FSC (p<0.001), but 
unchanged in salmeterol and placebo group (in both, p=ns). 

Calverley et al. 
(TRISTAN 
study) [17] 

Significant increase in FEV1 with all active treatments compared with placebo 
(FSC p<0.0001; salmeterol p<0.0001; fluticasone p=0.0063) evident by Week 2 
and was sustained throughout treatment.  
Rise in FEV1 associated with combination therapy significantly greater than with 
either of its components separately (FSC vs. salmeterol: 73 ml (95% CI: 46–
101), p<0.001; FSC vs. fluticasone: 95 ml (95% CI: 67–122), p<0.001; FSC vs. 
placebo: 133 (95% CI: 105–161), p<0.001). 

FEV1 increased with BFC by 15% vs. placebo and 9% vs. budesonide. VC 
improved by all active treatments compared with placebo (9%, p<0.001; 4%, 
p<0.05; 11%, p<0.001 for BFC, budesonide and formoterol, respectively). 

Szafranski et al. 
[18] 

Morning PEF with BFC improved significantly on Day 1 vs. placebo and 
budesonide, after 1 week, morning PEF vs. placebo, budesonide and formoterol. 
Improvements in morning and evening PEF vs. comparators maintained over 12 
months. 

After the optimisation period, improvement in FEV1 seen during run-in 
maintained with BFC treatment throughout the study, but declined greatly and 
rapidly with all other treatments. Difference significant with BFC vs. placebo 
(14%), budesonide (11%) and formoterol (5%), and with formoterol vs. placebo 
(8%), but not with budesonide vs. placebo (2%). 

Calverley et al. 
[19] 

Changes in VC similar to those in FEV1. BFC associated with higher morning 
PEF compared with all other treatments, and higher evening PEF compared with 
placebo and budesonide. 

In the Dal Negro study [16], patients receiving FSC showed the highest mean 
improvement in FEV1 (+6.6%±2.4) over the baseline pre-treatment value (p<0.001), 
FEV1 being unchanged after 52 weeks of treatment in the salmeterol group (+0.3%±0.9) 
and with a substantial decrease following placebo (−2.6%±0.5; p<0.001). 

The TRISTAN study [17] reported an increase in pre-dose FEV1 in those treated with 
FSC vs. comparators (treatment difference for adjusted means averaged over 52 weeks: 
FSC vs. salmeterol: 73ml (95% CI: 46–101), p<0.001; FSC vs. fluticasone: 95 ml (95% 
CI: 67–122), p<0.001; FSC vs. placebo: 133ml (95% CI: 105–161), p<0.001. 

Szafranski et al. [18] demonstrated that all active treatments increased FEV1 vs. 
placebo; BFC also increased FEV1 vs. budesonide. The improvements in FEV1 were 
sustained with BFC throughout the study period compared with budesonide (by 9%, 
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p<0.001), and placebo (by 15%, p<0.001). The difference vs. formoterol was not 
significant (1%). After one week, BFC increased morning PEF by 15.61/min, compared 
with a mean increase in placebo treated participants of 1.11/min (p<0.001), an increase in 
budesonide-treated participants of 3.41/min, (p<0.001) and an increase in the formoterol 
group of 8.81/min, (p<0.002). At 12 months, morning PEF was improved by 26.41/min 
from baseline in the BFC group, compared with improvements of 2.41/min in the placebo 
group (p<0.001), 10.61/min in the budesonide group (p<0.001) and 14.71/min in the 
formoterol group (p<0.001). 

In the Calverley study [19], after the optimisation period, the improvement in FEV1 
seen during run-in was maintained with BFC treatment throughout the study In contrast, 
FEV1 declined greatly and rapidly (by 1 month in patients treated with either placebo or 
budesonide) with all other treatments. This difference was significant with BFC 
compared with placebo (14%), budesonide (11%) and formoterol (5%), and with 
formoterol vs. placebo (8%), but not with budesonide vs. placebo (2%). 

EVALUATION OF IMPACT ON SYMPTOMS  

Table 13.3 reports the influence on symptoms of long-term treatments with combined 
therapy. 

In the Hanania study [14], the mean Transition Dyspnoea Index (TDI) score for 
treatment with FSC (+1.7) was significantly greater than that following treatment with 
placebo (+1.0; p=0.023). Moreover, TDI scores were numerically greater for salmeterol 
treatment alone (+1.6; p=0.043) and fluticasone treatment alone (+1.7; p=0.057) 
compared with placebo. Estimated differences between treatment groups were 0.8 FSC 
vs. placebo, 0.1 FSC vs. fluticasone, 0.1 FSC vs. salmeterol, 0.7 fluticasone vs. placebo, 
and 0.7 salmeterol vs. placebo. These estimated differences did not exceed the predefined 
criteria for clinical importance of 1 unit or more [21]. Improvements in Chronic 
Bronchitis Symptom Questionnaire (CBSQ) with fluticasone (2.2) and FSC (2.1) were 
significantly greater compared with placebo (1.4; p≤0.017). The mean change from 
baseline was also numerically greater with FSC compared with salmeterol throughout the 
study. Similar mean changes in CBSQ were observed for FSC and fluticasone throughout 
the study. 

In the Mahler study [15], the mean TDI score for treatment with FSC (2.1) was 
significantly greater than that after fluticasone (1.3, p=0.033), salmeterol (0.9, p<0.001) 
and placebo (0.4, p<0.001). Estimated differences at end point between treatment groups 
were 1.7 FSC vs. placebo, 0.7 FSC vs. fluticasone, 1.2 FSC vs. salmeterol, 1.0 fluticasone 
vs. placebo, and 0.5 salmeterol vs. placebo. The estimated difference between FSC and 
salmeterol or placebo exceeded the predefined criteria for clinical importance of 1 unit or 
more. In any case, there were no consistent differences among treatments for changes in 
CBSQ. 

The TRISTAN study [17] reported improvements in breathlessness scores after 
treatment in favour of FSC vs. placebo, fluticasone and salmeterol [FSC mean: 1.47; 
fluticasone mean: 1.59 (p value vs. FSC=0.006); salmeterol mean: 1.58 (p value vs. 
FSC=0.010); placebo  
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Table 13.3 Long-term effect on symptoms of 
combination therapy in COPD 

Study  Changes in explored symptoms  
Mean TDI scores for treatments with FSC (+1.7), salmeterol alone (+1.6; 
p=0.043) and fluticasone alone (+1.7; p=0.057) significantly greater than that 
with placebo (+1.0; p=0.023). Estimated differences between treatment groups: 
0.8 FSC vs. placebo, 0.1 FSC vs. fluticasone, 0.1 FSC vs. salmeterol, 0.7 
fluticasone vs. placebo, and 0.7 salmeterol vs. placebo. 

Hanania et al. 
[14] 

Improvements in CBSQ with fluticasone (2.2) and FSC (2.1) significantly 
greater compared with placebo (1.4, p≤0.017), but no significant differences 
among FSC and salmeterol or fluticasone. 

Mean TDI score for treatment with FSC (2.1) significantly greater than that after 
fluticasone (1.3, p=0.033), salmeterol (0.9, p<0.001) and placebo (0.4, p<0.001). 
Estimated differences between treatment groups: 1.7 FSC vs. placebo, 0.7 FSC 
vs. fluticasone, 1.2 FSC vs. salmeterol, 1.0 fluticasone vs. placebo, and 0.5 
salmeterol vs placebo. 

Mahler et al. 
[15] 

No consistent differences among treatments for changes in CBSQ. 

Calverley et al. 
(TRISTAN 
study) [17] 

Breathlessness significantly reduced by FSC vs. placebo (p=0.0001), salmeterol 
(p=0.006), and fluticasone (p=0.010). 
Number of night-time awakenings per week significantly Less in FCS group 
(2.31), compared with placebo (3.01, p=0.006) and salmeterol (2.94, p=0.011), 
but not with fluticasone (2.45, p=0.591). 
Cough scores with FCS not significantly different compared with salmeterol 
(p=0.639) and fluticasone (p=0.34), but significantly different vs. placebo (FSC: 
1.35 vs. placebo: 1.44, p=0.018). 

Decrease in total symptom scores after BFC (−1.61) significantly different 
compared with that after placebo (0.49, p<0.001), budesonide (0.77, p<0.001) 
and formoterol (1.20, p<0.05). Symptom controlled days increased by 7% with 
BFC vs. placebo (p=0.001), 1% with BFC vs. budesonide (p=ns) and 7% with 
formoterol vs. placebo (p<0.001). 

Awakening free nights increased by 14% with BFC vs. placebo (p<0.001), 10% 
with BFC vs. budesonide (p=0.003) and 10% with formoterol vs. placebo 
(p=0.001). 

Szafranski et al. 
[18] 

Days free from shortness of breath increased by 12% with BFC vs. placebo 
(p<0.001) and with BFC 9% vs. budesonide (p=0.001). 

Calverley et al. 
[19] 

Total symptom score and individual symptom scores for shortness of breath, 
chest tightness and night-time awakenings significantly (p<0.01) improved by 
BFC and formoterol vs. placebo. Night-time awakenings score significantly 
(p=0.049) improved by budesonide vs. placebo. 

mean: 1.66 (p value vs. FSC<0.001)]. Also improvements in night time awakenings 
compared with salmeterol and placebo were reported [FSC mean number of nights per 
week: 2.31; salmeterol mean: 2.94 (p value vs. FSC=0.011); placebo mean: 3.01 (p value 
vs. FSC=0.006)]. However, the mean FSC score was not statistically significant 
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compared with the fluticasone score (2.45, p=0.591). Cough scores were not significantly 
different compared with salmeterol and fluticasone (p=0.639 and 0.34, respectively), but 
there was a significant difference vs. placebo (FSC: 1.35 vs. placebo: 1.44, p=0.018).  

Szafranski et al. [18] reported a significant reduction in all symptom scores within the 
first week of treatment with BFC vs. budesonide, formoterol and placebo, which was 
sustained for 12 months for BFC vs. placebo, budesonide and, for formoterol, regarding 
the total score and awakenings. In particular, BFC led to a mean decrease of 1.61 in total 
symptom scores compared with a decrease of 0.49 with placebo treatment (p<0.001), 
0.77 with budesonide treatment (p<0.001) and 1.20 with formoterol (p<0.05). Symptom 
controlled days were increased with BFC by 7% vs. placebo (p=0.001) and by 1% vs. 
budesonide (p=ns). No data on the comparison with formoterol were available, although 
there was a significant difference in favour of formoterol vs. placebo (7%, p<0.001). 
Awakening free nights were increased by 14% with BFC compared with placebo 
(p<0.001), that is equivalent to approximately one extra night per week, and by 10% with 
BFC vs. budesonide (p=0.003). No data on the comparison with formoterol were 
available, although there was a significant difference in favour of formoterol vs. placebo 
(10%, p=0.001). BFC led to a 12% increase in days free from shortness of breath vs. 
placebo (p<0.001), that is equivalent to approximately one extra day per week, and 9% 
increase vs. budesonide (p=0.001). There was no statistically significant difference 
observed vs. formoterol (2%, p=ns). 

In the Calverley study [19], BFC and formoterol significantly (p<0.01) improved the 
total symptom score and the individual symptom scores for shortness of breath, chest 
tightness and night-time awakenings compared with placebo. Budesonide also 
significantly (p=0.049) improved the night-time awakenings score compared with 
placebo. None of the treatments significantly improved the cough score. 

EVALUATION OF IMPACT ON ACUTE EXACERBATIONS  

The impact on acute exacerbations of long-term treatments with combined therapy is 
shown in Table 13.4. 

Hanania et al. [14] were unable to observe significant differences among treatment 
groups in terms of the numbers of exacerbations or the time to first exacerbation. 
However, this study was designed and powered to evaluate the treatment effect on FEV1, 
which was the primary measure of efficacy, rather than to evaluate the rates of 
exacerbations. 

In the Mahler study [15] there were no statistically significant differences between 
treatment groups in time to exacerbation (no data or p values reported). Moreover, this 
study reported no difference in the number of participants who exacerbated once 
(placebo: 8.8%; salmeterol: 5.6%; fluticasone: 10.1%; FSC: 8.5%, no p value presented). 

Dal Negro et al. [16] observed a lower number of exacerbations after treatment with 
FSC (seven in six patients on FSC; 14 in six patients on salmeterol; 25 in six patients on 
placebo). The mean number of exacerbations/year dropped from 3.5 in the previous year 
to 1.2 in the FSC group (p<0.001) and from 3.0 to 2.3 in the salmeterol group (p=ns), and 
rose from 3.2 to 4.2 in the placebo group (p=ns). 
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In the TRISTAN study [17], the rate of exacerbations fell by 25% in the combination 
group (p<0.0001) and by 20% (p=0.0027) and 19% (p=0.0033) in the salmeterol and 
fluticasone groups, respectively, compared with placebo. In particular, there was a 
significant difference in the mean exacerbation rate per participant per year in favour of 
FSC when compared with placebo (FSC: 0.97 vs. placebo: 1.30; p<0.0001). The 
treatment effect was more pronounced in patients with severe disease (i.e., a baseline 
FEV1 <50% of predicted), who showed a 30% reduction with FSC compared with 
placebo, as against a 10% reduction in patients who had a baseline FEV1 that was greater 
than 50% of that predicted. There was no significant difference when FSC was compared 
with salmeterol and fluticasone groups (salmeterol: 1.04, p=0.345; and fluticasone: 1.05, 
p=0.304). FSC reduced by 39% exacerbations requiring oral corticosteroids compared 
with placebo (0.46 vs. 0.76 exacerbations per year, p<0.0001) but not compared with 
salmeterol and fluticasone (0.46 vs. 0.54 and 0.50,  

Table 13.4 Long-term effect on exacerbations of 
combination therapy in COPD 

Study  Changes in exacerbations  
No statistically significant differences between treatment groups in time to 
exacerbation. 

Mahler et al. 
[15] 

No difference in the number of participants who exacerbated once (placebo: 
8.8%; salmeterol: 5.6%; fluticasone: 10.1%; FSC: 8.5%) 

Lower number of exacerbations after treatment with FSC. Dal Negro et al. 
[16] 

Mean number of exacerbations per year dropped from 3.5 in the previous year to 
1.2 in the FSC group (p<0.001) and from 3.0 to 2.3 in the salmeterol group 
(p=ns), and rose from 3.2 to 4.2 in the placebo group (p=ns). 

Mean exacerbation/year significantly Lower with FSC when compared with 
placebo (FSC: 0.97 vs. placebo: 1.30, p<0.0001) with a more pronounced effect 
in patients with baseline FEV1 <50% of predicted. No significant difference with 
FSC when compared with salmeterol (1.04, p=0.345) and fluticasone (1.05, 
p=0.304). 

Acute episodes of symptom exacerbation that required oral corticosteroids 
reduced by FSC (0.46 exacerbations per year) when compared with placebo 
(0.76 exacerbations per year; p<0.0001) but not when compared with salmeterol 
(0.54 exacerbations per year, p=0.12) and fluticasone (0.50 exacerbations per 
year, p=0.45). 

Calverley et al. 
(TRISTAN 
study) [17] 

No significant differences between active treatments with respect to their effect 
on the rate of episodes of symptom exacerbation, time to first exacerbation, or 
number of hospital admissions. 

Szafranski et al. 
[18] 

Reduction in the number of severe exacerbations by 24% in the BFC group vs. 
placebo (p=0.035), by 23% vs. formoterol (p=0.043) and 11% vs. budesonide 
(p=0.385). 
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Reduction in the number of oral steroid courses used in association with 
exacerbations in the BFC group vs. placebo (31%, p=0.027) and vs. formoterol 
(28%, p=0.039), and in the budesonide group vs. placebo (29%, p=0.045). 

 

Reduction in the number of mild exacerbations by BFC when compared with 
placebo (62%, p<0.001), budesonide (35%, p<0.05) and formoterol (15%, 
p=0.403). 

Time to first exacerbation and to first course of oral corticosteroids after 
randomisation significantly (p<0.05 to p<0.001) prolonged by BFC when 
compared with all other treatments. 

Reduction in exacerbation rate in the BFC group by 23.6% vs. placebo, by 
25.5% vs. formoterol, and by 13.6% vs. budesonide. 

Calverley et al. 
[19] 

Reduction in the rate of oral corticosteroid courses in the BFC group by 44.7% 
vs. placebo, by 30.5% vs. formoterol, and by 28.2% vs. budesonide. 

respectively, p value FSC vs. salmeterol and fluticasone, p=0.12 and 0.45, respectively). 
Acute episodes of symptom exacerbation that required oral corticosteroids were reduced 
by 29% in the salmeterol group (p=0.0003) and 34% in the fluticasone group (p=0.0001) 
compared with placebo. There were no significant differences between active treatments 
with respect to their effect on the rate of episodes of symptom exacerbation, time to first 
exacerbation, or number of hospital admissions.  

In the Szafranski study [18], mean exacerbation rates were 1.42, 1.59, 1.84 and 1.87 
exacerbations per patient per year in the BFC, budesonide, formoterol and placebo 
treatment groups, respectively. The authors reported a reduction in the number of severe 
exacerbations by 24% in the BFC group vs. placebo (p=0.035), by 23% vs. formoterol 
(p=0.043) and 11% vs. budesonide (p=0.385). This reflects a mean reduction in the 
average annual exacerbation rates of 0.42 (95% CI: 0.14–0.70), from 1.84 to 1.42 
exacerbations per year. Budesonide produced a 15% reduction in severe exacerbations vs. 
placebo (p=0.224). Compared with placebo, both BFC and budesonide reduced the 
number of oral steroid courses used in association with exacerbations (31%, p=0.027 and 
29%, p=0.045, respectively, compared with 3% for formoterol vs. placebo, p=0.853). 
BFC also significantly reduced the number of oral steroid courses compared with 
formoterol (28%, p=0.039). Mild exacerbations were also reduced on BFC when 
compared with placebo (62%, p<0.001), budesonide (35%, p<0.05) and formoterol (15%, 
p=0.403). 

In the Calverley study [19], BFC prolonged time to first exacerbation compared with 
all other treatments (all, p<0.05). Hazard rate analysis showed that the risk of having an 
exacerbation while being treated with BFC was reduced by 22.7, 29.5 and 28.5% vs. 
budesonide, formoterol and placebo, respectively. The exacerbation rate with BFC was 
reduced compared with placebo (23.6%) and formoterol (25.5%) but not with budesonide 
alone (13.6%). Neither budesonide nor formoterol affected either measure of 
exacerbation compared with placebo. BFC prolonged the time to first course of oral 
corticosteroids after randomisation; risk reductions were 32.7 and 33.8% vs. budesonide 
and formoterol, respectively (both p<0.01), and 42.3% vs. placebo (p<0.001). BFC also 
reduced the rate of oral corticosteroid courses by 28.2, 30.5 and 44.7% vs. budesonide, 
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formoterol and placebo, respectively; budesonide alone reduced the number of oral 
corticosteroid courses compared with placebo but formoterol did not. 

EVALUATION OF IMPACT ON QUALITY OF LIFE  

Table 13.5 informs on the impact on quality of life of long-term treatments with 
combined therapy. 

Hanania et al. [14] reported that treatment with FSC resulted in a clinically important 
increase from baseline in the mean overall Chronic Respiratory Disease Questionnaire 
(CRDQ) score (10.0), which was significantly greater compared with placebo (5.0; 
p=0.006). The mean increases from baseline in the fluticasone and salmeterol groups 
were 10.4 and 6.4, respectively (fluticasone vs. placebo, p=0.002). 

Significant improvement in health status as measured by the CRDQ for those treated 
with FSC compared with placebo and fluticasone was observed in the Mahler study [15]. 
Mean change in CRDQ score from baseline was 10 in the FSC group, vs. 5 in the placebo 
group (p=0.007), and vs. 4.8 in the fluticasone group (p=0.017). The difference between 
FSC and salmeterol was not significant (mean change score in the salmeterol group was 
8, p value vs. FSC not published). 

In the TRISTAN study [17], mean absolute and change scores on the St. Georges 
Respiratory Questionnaire (SGRQ) were reported. There was a clinically significant 
improvement in health status in participants treated with FSC compared with baseline 
(−4.5±12.9). This was statistically significant when compared with the change in placebo 
scores ( −1.9, p=0.008), and with the improvement in those treated with fluticasone (−2.5, 
p=0.039). There were statistically significant differences between FSC and placebo and 
between FSC and fluticasone (FSC: 44.1±0.5 vs. placebo: 46.3±0.5 vs. fluticasone: 
45.5±0.4; FSC vs. placebo: p=0.0003; FSC vs. fluticasone: p=0.021). Absolute score vs. 
salmeterol was not significantly different (p=0.071). 

Szafranski et al. [18] reported a clinically significant improvement in health status as 
measured on the SGRQ in favour of BFC vs. placebo. Treatment with BFC led to a mean  

Table 13.5 Long-term impact on health related-
quality of life of combination therapy in COPD 

Study  Changes in disease-specific measures  
Hanania et al. [14] Overall CRDQ score increase from baseline after FSC (10.0) significantly 

greater compared with placebo (5.0; p=0.006) but not with salmeterol (10.4) 
and fluticasone (6.4). 

Mahler et al. [15] Overall CRDQ score increase from baseline after FSC (10.0) significantly 
greater compared with placebo (5.0, p=0.007) and fluticasone (4.8, p=0.017), 
but not with salmeterol (8.0). 

Calverley et al. 
(TRISTAN study) 
[17] 

SGRQ total score reduced by 4.5 after FSC. Differences vs. FSC at 12 
months: placebo, −2.2, p=0.0003; salmeterol, −1.1, p=0.071; fluticasone, 
−1.4, p=0.021. 

Szafranski et al SGRQ total score reduced by 3 9 after BFC 1 9 after budesonide 3 6 after
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[18] formoterol, and 0.03 after placebo. 

Calverley et al. [19] SGRQ total score after BFC improved significantly (p≤0.001) vs. placebo, 
but not vs. formoterol (p=0.891) or budesonide (p=0.120). Differences vs. 
placebo at 12 months: BFC, −7.5; budesonide, −3.0; formoterol, −4.1. 

reduction of −5.4 in the BFC group vs. −2.3 in the placebo group (p=0.048). BFC did not 
lead to statistically significant differences vs. formoterol or budesonide. 

Inclusion of an optimised treatment phase in the Calverley study [19] justifies why at 
the end of the run-in period, SGRQ total scores had improved by a mean of 4.5 units 
(range 3.6–4.8). During the treatment period, the total scores fell further in the BFC 
group, representing an additional improvement beyond that achieved during run-in. 
Treatment with budesonide or formoterol allowed the initial improvement in HRQoL to 
be maintained, while HRQoL in the placebo group deteriorated to the pre run-in values. 
Thus, all active treatments improved the total score vs. placebo, with the greatest 
improvement occurring with BFC (differences at 12 months of −7.5, −3.0 and −4.1 vs. 
placebo for BFC, budesonide and formoterol, respectively). 

COMPARISON BETWEEN ICS/LABA COMBINATION AND 
OTHER COMBINATIONS  

Combinations of salmeterol 50 µg+fluticasone 250 µg or salmeterol 50 µg+fluticasone 
500 µg twice daily, both from separate inhalers, were compared to a combination of 
salmeterol 50 µg+oral titrated theophylline twice daily in patients with well-controlled 
COPD [11]. A gradual increase in FEV1 was observed with each of the three treatments. 
Maximum significant increases in FEV1 over baseline values were observed after 3 
months of therapy. They were as follows: salmeterol 50 µg+fluticasone 250 µg 0.1881 
(95% CI: 0.089–0.287); salmeterol 50 µg+fluticasone 500 µg 0.2391 (95% CI: 0.183–
0.296); and salmeterol 50 µg+titrated theophylline, 0.1571 (95% CI: 0.027–0.288). 
Salbutamol always caused a significant dose-dependent increase in FEV1 (p<0.001), 
although the 800-µg dose never induced further significant benefit when compared with 
the 400-µg dose. The mean difference between the highest salbutamol FEV1 after 
salmeterol 50 µg+fluticasone 500 µg and that after salmeterol 50 µg+titrated theophylline 
twice daily was statistically significant (p<0.05). 

The efficacy in terms of improvement in symptoms and lung function of FSC vs. 
theophylline added to fluticasone in patients with COPD has recently been evaluated in 
80 patients who were randomised to receive a 4-month treatment with fixed combination 
of FSC 500/50 µg twice daily or fluticasone 500 µg plus oral titrated theophylline twice 
daily [22]. Sixty-six patients completed the 4-month treatment period: 37 patients 
receiving FSC and 29 patients receiving fluticasone+theophylline. Patients were 
withdrawn for various reasons, the most common of which were poor compliance with 
the protocol, exacerbation and gastrointestinal events. A gradual increase in FEV1 was 
observed with each treatment. Maximum significant increases in FEV1 over baseline 
values that were observed after 4 months of treatment were as follows: FSC 0.1721 (95% 
CI: 0.084–0.260) and fluticasone+ theophylline 0.1551 (95% CI: 0.054–0.256). FSC 
experienced significantly (p<0.05) greater improvements in dyspnoea, and required 

Therapeutic strategies in COPD     258



significantly fewer supplemental salbutamol treatments than the fluticasone+theophylline 
group. 

Results of a randomised, double-blind study of FSC 250/50 µg twice daily via Diskus 
vs. ipratropium/salbutamol 36/206 µg four times daily via MDI over 8 weeks, which 
enrolled 365 patients with symptomatic COPD patients defined as FEV1/FVC of 0.7 or 
less and a FEV1 of 40–70% of predicted normal values (baseline mean=43.6%), and free 
of inhaled or oral corticosteroids for at least 30 days prior to randomisation, indicated that 
both combinations were well tolerated, but FSC significantly improved function and 
reduced symptoms [23]. In particular, both FSC and ipratropium bromide/salbutamol 
improved lung function, symptoms, and reduced supplemental salbutamol use compared 
with baseline. FSC was more effective than ipratropium bromide/salbutamol for 
improvement in morning pre-dose FEV1, morning PEF, 6-hour FEV1 AUC, TDI total 
score, daytime symptom score, night-time awakenings, sleep symptoms, and salbutamol-
free nights (p<or=0.013). Compared with day 1, at week 8 the FEV1 AUC0 – 6 h 
significantly increased with FSC and significantly decreased with ipratropium 
bromide/salbutamol (p≤0.003). 

COMPARISON BETWEEN FSC AND BFC  

Apparently, there is no substantial difference between FSC and BFC in patients with 
COPD when these combinations are prescribed at the dosages recommended for this 
pathology, at least after acute administration [24]. 

SYSTEMIC ADVERSE EFFECTS USING ICS/LABA 
COMBINATION IN THE MANAGEMENT OF COPD  

Although there is clear evidence that the dose of ICSs can be reduced when combined 
with β2-agonists, thus minimising the risk of side-effects [25], there is a real need to 
establish whether any side-effects induced by combination therapy with LABAs and ICSs 
are outweighed by the clinical advantages. 

The combined use of fluticasone propionate and salmeterol in a single formulation 
provided additive benefit in the treatment of COPD but with comparable safety to the 
individual components used alone [14,15,17]. The safety profile of FSC treatment was 
consistent with that observed with the administration of salmeterol plus fluticasone, and 
was not differentfrom that for the single components alone after a 12-week treatment 
period [11]. The overall adverse event profile of the combination therapy showed no new 
or unexpected adverse events. There was no evidence that combination treatment with 
FSC was associated with any increased risk of clinically relevant hypothalamic-pituitary-
adrenal axis suppression (as assessed by cosyntropin stimulation testing) compared with 
fluticasone, salmeterol, or placebo. No unexpected cardiovascular effects, as assessed by 
Holter monitoring and routine electrocardiogram (ECG), were observed in those patients 
receiving FSC treatment compared with patients receiving salmeterol or placebo. In the 
Hanania study [14], drug-related adverse events that occurred at a frequency of ≥4% in 
any one treatment group were throat irritation, hoarseness/dysphonia, headaches, and 
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candidiasis of the mouth and throat (incidence of candidiasis: placebo group, <1%; 
salmeterol group, 3%; fluticasone group, 6%; and FSC group, 9%). The number of 
patients who experienced adverse events resulting in withdrawal from the study was 
similar across treatment groups (range, 4–5%). At the selected sites where cosyntropin 
stimulation testing was performed, the incidence of abnormal cosyntropin stimulation 
values at end point was similar for the patients taking an ICS (i.e., fluticasone and FSC, 9 
patients) compared with those not taking an ICS (i.e., placebo and salmeterol, 6 patients). 
The incidence of clinically significant ECG abnormalities was comparable among 
treatment groups (placebo group, 3 patients; salmeterol group, no patients; fluticasone 
group, 1 patient; and FSC group, no patients). No treatment-related effects on vital signs, 
QTc, or cardiac rate were observed. Also in the Mahler study [15] a greater percentage of 
patients in the fluticasone and the FSC groups experienced candidiasis (mouth/throat) 
based on visual inspection compared with the placebo and salmeterol groups, as expected 
with the use of an ICS. However, there was no evidence that treatment with FSC was 
associated with any increased risk of clinically relevant hypothalamic-pituitary-adrenal 
axis suppression, as assessed by cosyntropin stimulation testing, compared with treatment 
with fluticasone, salmeterol, or placebo. The incidence of clinically significant 
electrocardiogram abnormalities was comparable among the treatment groups (4 patients 
in the placebo group, 4 patients in the fluticasone group, 2 patients in the salmeterol 
group, and 3 patients in the FSC group). No treatment-related effects on vital signs, QTc, 
or cardiac rate were observed. The incidence of ventricular ectopic events was similar in 
the placebo group compared with the active treatment groups at screening and at week 4. 
Only 5 patients experienced significant changes in Holter monitor results (1 patient each 
in the placebo, salmeterol, and FSC groups and 2 patients in the fluticasone group). In the 
TRISTAN study [17], all treatments were well tolerated, although the percentage of 
patients with oropharyngeal candidiasis was higher in groups receiving fluticasone-
containing treatment (placebo 2%, salmeterol alone 2%, fluticasone alone 7%, 
salmeterol/fluticasone combination 8%). The majority of patients (96%) had serum 
cortisol within the reference range or not significantly changed from baseline. The 
incidence of skin bruising was low and comparable between treatment groups (placebo 
6%, salmeterol alone 6%, fluticasone alone 7%, salmeterol/fluticasone combination 8%). 
ECG findings were unchanged by therapy 

BFC was also shown to be well tolerated and to have a safety profile similar to 
placebo and the single components in patients with moderate to severe COPD during 12 
months of treatment in the Szafranski study [18]. Most adverse events were reported for 
respiratory system disorders, particularly COPD (17, 26, 13 and 19% in the BFC, 
placebo, budesonide alone and formoterol alone groups, respectively). No treatment-
related patterns were discernible regarding death (n=26) or serious adverse events 
(number of serious adverse events/1,000 treatment days: formoterol/budesonide, 0.8; 
placebo, 0.9; budesonide alone, 0.7; formoterol alone, 0.7). Discontinuations due to 
disease deterioration were highest in the placebo group (BFC, 10%; placebo, 21%; 
budesonide alone, 12%; formoterol alone, 14%), while the frequency of discontinuations 
due to other adverse events was similar in all groups (6–8%). No clinically important 
between-group differences were identified for laboratory or ECG measurements 
(including QTc prolongation). In the Calverley study [19], the most frequently reported 
adverse events were similar across the treatment groups. The number of serious adverse 
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events related to COPD was 40, 40, 55 and 38 in the BFC, budesonide, formoterol and 
placebo groups, respectively. 

POSITION OF ICS/LABA COMBINATION IN THE 
MANAGEMENT OF COPD  

A formal meta-analysis of the different trials with ICS/LABA combinations is impossible 
because of substantial differences in sample size, effect size, research design, type of 
enrolled patients, primary efficacy outcomes (e.g., exacerbations or lung function), and 
duration of therapy across published studies. In such circumstances, it is difficult to 
determine if the differences between the study outcomes are due to chance, to inadequate 
study methods, or to systematic differences in the characteristics of the studies. 

A recent Cochrane review [26] has concluded that compared with placebo, 
combination therapy led to clinically meaningful differences in quality of life, symptoms 
and exacerbations. However, there were conflicting results when the different 
combination therapies  

Table 13.6 Definitions of COPD exacerbation used 
in combination therapy studies 

Study  Definition  
Hanania et al. 
[14] 

Defined by treatment (moderate=exacerbations requiring treatment with 
antibiotics and/or corticosteroids; severe=exacerbations requiring hospitalisation) 

Mahler et al. 
[15] 

Defined by treatment (mild=increased use of salbutamol; moderate=use of either 
oral antibiotics and/or corticosteroids; severe=hospitalisation) 

Dal Negro et 
at. [16] 

Defined by treatment (mild=the condition requiring increased use of salbutamol 
prn by ≥2 occasions/24-hour period on two or more consecutive days compared 
with the baseline mean of Last 7 days of run-in period; moderate=the condition 
requiring treatment with antibiotics and/or oral corticosteroids; severe=the 
condition requiring emergency hospital treatment and/or hospitalisation) 

Calverley et al. 
(TRISTAN 
study) [17] 

Worsening of COPD symptoms that required treatment with antibiotics, oral 
corticosteroids, or both 

Szafranski et 
al. [18] 

Severe=requirement for oral steroids and/or antibiotics and/or hospitalisation due 
to respiratory symptoms; mild=a day with ≥4 inhalations of reliever medication 
above the mean run-in use 

Calverley et al. 
[19] 

Event requiring medical intervention (oral antibiotics and/or corticosteroids or 
hospitalisation) due to respiratory symptoms 

were compared with the single components alone. In particular, the results of the studies 
showed that BFC and FSC were effective and reduced the frequency of flare-ups 
compared with dummy medication to a level of three quarters of the previous rates, with 
one exacerbation prevented every 2 to 4 years in the participants in the clinical trials. 
When the combination treatment was compared with one of the component drugs given 
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as single treatments, there was some meaningful benefit in QoL for BFC and FSC in 
comparison to the ICS component alone. BFC was better than its component LABA at 
reducing the frequency of flare-ups, but FSC did not show a significant advantage over 
LABA in one large study. FSC led to improvements in lung function compared with its 
component treatments given singly, and was better than ICS in reducing the need for 
rescue medication. 

According to this Cochrane review [26], the conflicting findings between the results of 
the different studies may be accounted for by different study designs. In particular, 
definitions of exacerbation that have been used in the examined studies are rather 
different (Table 13.6). For example, in the Mahler study [15], exacerbation was defined 
by treatment (mild= increased use of salbutamol; moderate=use of either oral antibiotics 
and/or corticosteroids; severe=hospitalisation). In the Szafranski study [18], the definition 
of mild exacerbation was a day with ≥4 inhalations of reliever medication above the 
mean run-in use, whereas that of severe exacerbation was a requirement for oral steroids 
and/or antibiotics and/or hospitalisation due to respiratory symptoms. In the TRISTAN 
study [17], exacerbations were defined a priori as a worsening of COPD symptoms that 
required treatment with antibiotics, oral corticosteroids, or both. Episodes that required 
corticosteroid treatment or hospital admission were noted separately. Pauwels et al. [27] 
have correctly stressed that considerable heterogeneity in the aetiology and manifestation 
of COPD exacerbations makes identification and quantification of defining symptoms 
extremely difficult. However, with the emergence of a number of drugs designed or 
developed specifically to treat COPD and associated exacerbations, the absence of a 
uniform definition has become a significant issue. In fact, the choice of definition can 
significantly affect study outcomes, with varying criteria likely to result in different 
levels of demonstrated treatment success. 

It is interesting to stress that patients enrolled in the TRISTAN study [17] had to have 
suffered from at least one episode of acute COPD symptom exacerbation per year in the 
previous 3 years, and at least one exacerbation in the year immediately before trial entry 
that required treatment with oral corticosteroids, antibiotics, or both. On the contrary, in 
the Szafranski study [18], patients had to have suffered from at least one severe COPD 
exacerbation within 2±12 months before the first clinic visit. This fundamental difference 
indicates that the Szafranski study [18] enrolled patients with more severe disease or, at 
least, with a higher possibility of suffering from acute exacerbation. In fact, the mean 
pretrial FEV1 was 45% predicted in the TRISTAN study [17] and 36% predicted in the 
Szafranski study [18]. Moreover, the mean total exacerbation rate per patient per year 
under placebo was 1.30 in the TRISTAN study [17] and 1.9 in the Szafranski study [18]. 
Also in the Calverley study [19], the mean pre-trial FEV1 was 36% predicted and the 
mean total exacerbation rate per patient per year under placebo was 1.80. As correctly 
highlighted by the authors of this paper [19], the more severe disease in the patients 
enrolled in BFC studies is the likely explanation for the greater number of episodes that 
they observed compared with other studies, a difference that increased the power of the 
study to detect an effect of treatment. It is also important to highlight that the authors of 
the three studies did not report the number of exacerbations in the year before the 
enrolment in the studies. This is a real lack of information because, as recently 
documented by Donaldson et al. [28], annual exacerbation frequency remains constant 
over time. 
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Rabe [29], in his editorial to the Calverley paper [19], affirmed that the data seem to 
indicate that patients experiencing more severe exacerbations benefit the most from 
combination therapy, whereas the relative effect of a LABA might be more pronounced 
in mild exacerbation. However, he also stressed the importance of definitions of 
exacerbations for clinical trials for having more solid conclusions. 

In any case, it must be underlined that a treatment regimen with administration of an 
ICS and LABA in a single inhaler prolongs the time to a first COPD exacerbation, 
compared with treatment with the single components [19]. This finding is important 
because it indicates that following aggressive treatment of an acute exacerbation, therapy 
with an ICS/LABA combination may better control the disease than treatment with 
bronchodilator alone. In recent years, attention to the economic impact of treatment has 
become important in the choice and recommendations for health authorities worldwide. 
In view of the cost of an ICS/LABA combination, one could argue that this therapy 
should be reserved for patients who remain symptomatic in spite of optimised treatment 
with a LABA and/or an anticholinergic agent. This can be considered a correct approach 
because the price of drugs is only a part of the total cost of management of COPD [30]. 
In effect, the cost of each single exacerbation is very high, and there is a documentation 
that an ICS/LABA combination not only delays the onset of exacerbations, but also 
reduces their number [17–19]. 

Data from one-year studies have suggested that an ICS/LABA combination may 
reduce the rate of decline in FEV1 over time compared with treatment with the single 
components [17–19]. Definitive conclusions would require a longer study period. 
However, this signal is exciting because it indicates the potential for the ICS/LABA 
combination to influence the natural history of COPD. 

Another important finding is the early improvement in lung function in the ICS/LABA 
combination groups that is observed in the first day after starting treatment. This increase 
in lung function is further accentuated after 1-week’s treatment compared with single 
components and maintained throughout the study period [14,15,17–19]. Rapid onset of 
bronchodilation is probably important both when starting and during treatment in 
providing immediate relief, potentially increasing confidence in the drug and aiding 
adherence to the treatment [18].  

Hanania et al. [14] and Mahler et al. [15], who undertook a subgroup analysis 
according to reversibility of airway obstruction with salbutamol, reported that there was a 
modestly greater response to treatment in the reversible subgroup than in the non-
reversible subgroup for pre- and post-dose FEV1 with individual component therapy as 
well as combined therapy This finding suggests that a treatment with an ICS/LABA 
combination must always be tried. 

Airflow is traditionally used to assess both severity of COPD and response to 
treatment despite poor correlation with changes in symptoms, although any increase in 
expiratory airflow may contribute to improvements in clinical outcomes [15]. The 
converse, that symptomatic improvement may result when modest improvements occur 
in airflow, suggests that parameters other than airflow can affect the patient with COPD 
[31]. Dyspnoea is the most frequent complaint of patients with COPD requiring medical 
intervention and is the most prominent symptom limiting the activity of daily living. The 
comparison of the Hanania [14] and Mahler [15] studies, which were rather homogenous 
for sample size, research design, type of enrolled patients, primary efficacy outcomes, 
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and durations of therapy, shows that FSC induced an improvement in pre-dose FEV1 at 
the end of the studies that was similar (+165 ml in Hanania study [14] and +156 ml in 
Mahler study [15]). Nonetheless, when this combination was administered at the dosage 
of 250/50 µg twice daily, it was not possible to detect a significant modification in TDI 
scores compared to the single components and even placebo, whereas, at the dosage of 
500/50 µg twice daily, estimated difference between FSC and salmeterol and between 
FSC and placebo exceeded the predefined criteria for clinical importance of 1 unit or 
more. This finding indicates that it is preferable to treat COPD patients with the dosage of 
500/50 µg twice daily when the FSC is prescribed. This opinion contrasts with the fact 
that the US Food and Drug Administration (FDA) [32] has approved FSC 250/50 µg, but 
not 500/50 µg as new treatment of COPD because no additional improvement in lung 
function was observed in clinical trials with higher doses, and higher doses of ICSs may 
increase the risk of systemic effects. 

A comparison of the Szafranski [18] and Carverley [19] studies, which were 
homogenous for sample size, research design, type of enrolled patients, primary efficacy 
outcomes, and durations of therapy as well, and used the same questionnaire, shows that 
the absolute changes in symptom score were similar. However, the Szafranski study [18] 
was alone in documenting a significant improvement in the total symptom score by 
combination therapy vs. all other comparators, whereas in the Calverley [19] study only 
the difference between BFC and placebo was significant. 

This finding and the documentation that after an intensification regimen, 
administration of an ICS and LABA in a single inhaler prolongs the time to a first COPD 
exacerbation compared with treatment with the single components and the improvements 
in health status not only came on top of treatment optimisation and that these 
improvements were maintained over 12 months indicate that, before starting with a 
regular treatment with a ICS/LABA combination it may be better to optimise treatment 
with LABAs and oral corticosteroids. In any case, a steroid optimisation period of 2 
weeks might not only help to differentiate between asthma and COPD; it will probably 
help to identify COPD patients who will undoubtedly benefit from combination therapy 
[29]. 

Because patients often modify their lifestyles to compensate for their dyspnoea, 
activity limitation associated with reduced expiratory airflow and other symptoms, it is 
important that treatment results in improvements in the patient’s quality of life [14]. 
Health status generally slowly deteriorates in patients with COPD over time [33]. 
Nonetheless, health status was improved with both FSC and BFC relative to placebo, 
confirming the overall benefit of therapy to the patient. The additional effect of BFC on 
HRQoL compared with treatment with the single components observed in the Calverley 
[19] study is likely to reflect the lower number of exacerbations experienced by these 
patients, since HRQoL is known to be worse in frequent exacerbators [34]. In any case, 
the speed of change in health status was always less striking than in lung function tests.  

The improvement in HRQoL may reflect the observation in all long-term studies [14–
19] of a reduced need for reliever medication. On the other hand, greater reductions in the 
use of rescue salbutamol with active treatments compared with placebo further 
substantiate the clinical improvement in dyspnoea and in HRQoL. 

Another important finding of all long-term studies [14–19] is the lack of significant 
difference between ICS/LABA combinations and comparators on the number of 
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participants who withdrew due to adverse events other than COPD deterioration. 
Moreover, there is no evidence of an increase in adverse effects over and above that seen 
with the component medications alone. 

CONCLUSION  

Decisions in the management of COPD require consideration of multiple outcome 
measures. Although spirometry remains central in diagnosis and demonstration of 
efficacy, improvements in symptoms, HRQoL and prevention of exacerbations are of 
more concern to the patient and the medical profession and should be so also for health 
authorities. Recent advances in the treatment of patients who have COPD include the 
development of long-acting bronchodilators, and recognition of the benefits of ICS. In 
fact, treatment with long-acting inhaled bronchodilators and, in more severe disease, ICSs 
reduces symptoms and exacerbation frequency and improves health status [35]. 

We still do not know why combination therapy has improved efficacy in all levels of 
COPD severity. However, ICS/LABA combinations have a logical role in the treatment 
of severe-to-very severe COPD, offering the advantage of increased convenience and 
possibly improved compliance. In addition to improvements in lung function, symptom 
scores and HRQoL, the combination therapy reduces exacerbation rates, an outcome that 
contributes to favourable cost-effectiveness. Unquestionably, there are still unanswered 
questions [1,26]. For example, combined therapy should be compared with separate 
administration of LABA and ICS in a double-dummy design study in large scale multi-
centre studies, in order to assess whether combined therapy confers benefits over the 
simple addition of LABA to ICS treatment in separate inhalers. This should include an 
evaluation of patient compliance and preference. Moreover, a pharmacoeconomic 
analysis would be very helpful to assist purchasers of health care because we do not 
know if the higher medication cost of combination therapy with a LABA and ICS, 
compared with other treatments with single components, is really justified from a 
pharmacoeconomic point of view for COPD patients. Documentation of serious adverse 
events such as hospitalisation and intensive care support would be important. Additional 
studies could consider the effects of combined therapy compared with tiotropium, which 
may be able to reduce the rate of decline in FEV1 over time [36,37]. In addition, the 
effect of ICS, LABA and tiotropium administered separately and in combinations should 
be evaluated in long-term studies with different outcome parameters. Studies of the 
comparative effectiveness of fluticasone and budesonide and different regimens should 
be studied. Nonetheless, the data available strongly suggest that the fixed combination of 
ICS and LABAs in one inhaler is an efficacious, safe and practical approach for severe-
to-very severe COPD patients. 

REFERENCES  

1. Cazzola M, Dahl R. Inhaled combination therapy with long acting β2-agonists and corticosteroids 
in stable COPD. Chest 2004; 126:220–237. 

2. Tse R, Marroquin BA, Dorscheid DR, et al. β-adrenergic agonists inhibit corticosteroid-induced 
apoptosis of airway epithelial cells. Am J Physiol Lung Cell Mol Physiol 2003; 285:L393–L404. 

The role of inhaled combination therapy     265



3. Soriano JB, Vestbo J, Pride NB, et al. Survival in COPD patients after regular use of fluticasone 
propionate and salmeterol in general practice. Eur Respir J 2002; 20:819–825. 

4. Soriano JB, Kiri VA, Pride NB, et al. Inhaled corticosteroids with/without long-acting β-agonists 
reduce the risk of rehospitalization and death in COPD patients. Am J Respir Med 2003; 2:67–
74. 

5. Mak JC, Nishikawa M, Shirasaki H, et al. Protective effects of a glucocorticoid on 
downregulation of pulmonary β2-adrenergic receptors in vivo . J Clin Invest 1995; 96:99–106. 

6. Baraniuk JN, Ali M, Brody D, et al. Glucocorticosteroids induce β2-adrenergic receptor function 
in human nasal mucosa. Am J Respir Crit Care Med 1997; 155:704–710. 

7. Eickelberg O, Roth M, Lorx R, et al. Ligand-independent activation of the glucocorticoid 
receptor by β2-adrenergic receptor agonists in primary human lung fibroblasts and vascular 
smooth muscle cells. J Biol Chem 1999; 274:1005–1010. 

8. Pang L, Knox AJ. Synergistic inhibition by β2-agonists and corticosteroids on tumor necrosis 
factor-α-induced interleukin-8 release from cultured human airway smooth-muscle cells. Am J 
Respir Cell Mol Biol 2000; 23:79–85. 

9. Pang L, Knox AJ. Regulation of TNF-α-induced eotaxin release from cultured human airway 
smooth muscle cells by β2-agonists and corticosteroids. FASEB J 2001; 15:261–269. 

10. Korn SH, Jerre A, Brattsand R. Effects of formoterol and budesonide on GM-CSF and IL-8 
secretion by triggered human bronchial epithelial cells. Eur Respir J 2001; 17:1070–1077. 

11. Cazzola M, Di Lorenzo G, Di Perna F, et al. Additive effects of salmeterol and fluticasone or 
theophylline in COPD. Chest 2000; 118:1576–1581. 

12. Cato AC, Nestl A, Mink S. Rapid actions of steroid receptors in cellular signaling pathways. Sci 
STKE 2002; (138):RE9. 

13. Cazzola M, Santus P, Di Marco F, et al. Onset of action of formoterol/budesonide in single 
inhaler versus formoterol in patients with COPD. Pulm Pharmacol Ther 2004; 17:121–125. 

14. Hanania NA, Darken P, Horstman D, et al. The efficacy and safety of fluticasone propionate 
(250 µg)/ salmeterol (50 µg) combined in the Diskus inhaler for the treatment of COPD. Chest 
2003; 124:834–843. 

15. Mahler DA, Wire P, Horstman D, et al. Effectiveness of fluticasone propionate and salmeterol 
combination delivered via the Diskus device in the treatment of chronic obstructive pulmonary 
disease. Am J Respir Crit Care Med 2002; 166:1084–1091. 

16. Dal Negro RW, Pomari C, Tognella S, et al. Salmeterol & fluticasone 50 µg/250 µg bid in 
combination provides a better long-term control than salmeterol 50 µg bid alone and placebo in 
COPD patients already treated with theophylline. Pulm Pharmacol Ther 2003; 16:241–246. 

17. Calverley P, Pauwels R, Vestbo J, et al. Combined salmeterol and fluticasone in the treatment 
of chronic obstructive pulmonary disease: a randomised controlled trial. Lancet 2003; 361:449–
456. 

18. Szafranski W, Cukier A, Ramirez A, et al. Efficacy and safety of budesonide/formoterol in the 
management of chronic obstructive pulmonary disease. Eur Respir J 2003; 21:74–81. 

19. Calverley PM, Boonsawat W, Cseke Z, et al. Maintenance therapy with budesonide and 
formoterol in chronic obstructive pulmonary disease. Eur Respir J 2003; 22:912–919. 

20. American Thoracic Society/European Respiratory Society. Standards for the diagnosis and 
management of patients with COPD. Available at: http://www.thoracic.org. Accessed December 
23, 2004. 

21. Witek TJ Jr, Mahler DA. Meaningful effect size and patterns of response of the transition 
dyspnea index. J Clin Epidemiol 2003; 56:248–255. 

22. Cazzola M, Noschese P, Centanni S, et al. Salmeterol/fluticasone propionate in a single inhaler 
device versus theophylline+fluticasone propionate in patients with COPD. Pulm Pharmacol 
Ther 2004; 17: 141–145. 

23. Donohue JF, Kalberg C, Emmett A, et al. A short-term comparison of fluticasone 
propionate/salmeterol with ipratropium bromide/albuterol for the treatment of COPD. Treat 
Respir Med 2004; 3:173–181. 

Therapeutic strategies in COPD     266



24. Cazzola M, Santus P, Di Marco F, et al. Combination therapy with salmeterol+fluticasone and 
formoterol+budesonide in patients with COPD. Respir Med 2003; 97:453–457. 

25. Roth M, Johnson PR, Rudiger JJ, et al. Interaction between glucocorticoids and β2 agonists on 
bronchial airway smooth muscle cells through synchronised cellular signalling. Lancet 2002; 
360:1293–1299. 

26. Nannini L, Cates CJ, Lasserson TJ, et al. Combined corticosteroid and long-acting β-agonist in 
one inhaler for chronic obstructive pulmonary disease. Cochrane Database Syst Rev 2004; 
(3):CD003794. 

27. Pauwels R, Calverley P, Buist AS, et al. COPD exacerbations: the importance of a standard 
definition. Respir Med 2004; 98:99–107. 

28. Donaldson GC, Seemungal TA, Patel IS, et al. Longitudinal changes in the nature, severity and 
frequency of COPD exacerbations. Eur Respir J 2003; 22:931–936. 

29. Rabe K. Combination therapy for chronic obstructive pulmonary disease: one size fits all? Eur 
Respir J 2003; 22:874–875. 

30. Cazzola M, Matera MG. Long-acting bronchodilators are the first choice option for the 
treatment of stable COPD. Chest 2004; 125:9–11. 

31. Rennard SI, Anderson W, ZuWallack R, et al. Use of a long-acting inhaled β2-adrenergic 
agonist, salmeterol xinafoate, in patients with chronic obstructive pulmonary disease. Am J 
Respir Crit Care Med 2001; 163:1087–1092. 

32. FDAnews.com. Washington Drug Letter. FDA nod for pulmonary indication key to Advair. 
http://www.fdanews.com/pub/wdl/34_17/fda/3205-1.html. 

33. Mahler DA, Tomlinson D, Olmstead EM, et al. Changes in dyspnea, health status, and lung 
function in chronic airway disease. Am J Respir Crit Care Med 1995; 151:61–65. 

34. Seemungal TA, Donaldson GC, Paul EA, et al. Effect of exacerbation on quality of life in 
patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 1998; 
157:1418–1422. 

35. Calverley PM, Walker P. Chronic obstructive pulmonary disease. Lancet 2003; 362:1053–1061. 
36. Vincken W, van Noord JA, Greefhorst APM, et al. Improved health outcomes in patients with 

COPD during one year’s treatment with tiotropium. Eur Respir J 2002; 19:209–216. 
37. Casaburi R, Mahler DA, Jones PW, et al. A long term evaluation of once-daily inhaled 

tiotropium in chronic obstructive pulmonary disease. Eur Respir J 2002; 19:217–224. 

The role of inhaled combination therapy     267



 



14  
Antioxidants and COPD  

W.MacNee  

ABSTRACT  

An imbalance between oxidants and antioxidants or oxidative stress is 
considered to play a role in the pathogenesis of chronic obstructive 
pulmonary disease (COPD). There is considerable evidence that an 
increased oxidative burden occurs in the lungs of patients with COPD and 
this may be involved in many of the pathogenic processes in this 
condition. COPD is now recognised to have multiple systemic 
consequences, such as weight loss and skeletal muscle dysfunction and 
oxidative stress extending beyond the lungs may, through similar 
mechanisms as those in the lung, result in these systemic effects. 

Strategies to repress local lung and systemic oxidative stress are 
therefore a logical therapeutic approach in COPD. 

OXIDATIVE STRESS  

Oxidative stress is said to occur when the balance between oxidants and antioxidants 
shifts in favour of oxidants, as a result of either an excess of oxidants and/or depletion of 
antioxidants. The lungs are continuously exposed to oxidants generated either 
endogenously (e.g., released from phagocytes) or exogenously (e.g., air pollutants or 
cigarette smoke). In addition, intracellular oxidants (e.g., from mitochondrial electron 
transport) are involved in cellular signalling pathways. The lungs are protected against 
this oxidative challenge by well-developed enzymatic and non-enzymatic antioxidant 
systems [1]. 

Smoking is the main aetiological factor in COPD. Cigarette smoke contains 1017 
oxidant molecules per puff, and this, together with a large body of evidence 
demonstrating increased oxidative stress in smokers and in patients with COPD, has led 
to the proposal that an oxidant/antioxidant imbalance is important in the pathogenesis of 
this condition [2]. Oxidative stress not only produces direct injurious effects in the lungs, 
but also activates the molecular mechanisms that initiate lung inflammation [3], and may 
have a role in many of the processes in the complex pathological events which result in 
COPD. 

Increasingly COPD is recognised not only to affect the lungs, but also to have 
significant systemic consequences, such as muscle dysfunction and weight loss [4]. 
Oxidative stress is also thought to play an important role in this aspect of the disease [5]. 



EVIDENCE OF OXIDATIVE STRESS IN THE LUNGS  

Oxidative stress can be measured in several different ways: (1) direct measurements of 
the oxidative burden; (2) the responses to oxidative stress; or (3) the effect of oxidative 
stress on  
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Figure 14.1 Individual data for 
hydrogen peroxide (H2O2) 
concentrations in breath condensate in 
control subjects and stable and 
unstable COPD. Modified from 
reference [7]. 

target molecules. Numerous studies which have assessed markers of oxidative stress 
using various techniques in exhaled breath, breath condensate, sputum, bronchoalveolar 
lavage and lung tissue have shown that oxidative stress is increased in the lungs of COPD 
patients compared with healthy subjects, but also compared with smokers with similar 
smoking history, but they have not developed COPD [2]. 
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Direct measurements of the airspace oxidative burden, such as measurements of 
hydrogen peroxide in exhaled breath condensate, thought to derive from increased release 
of superoxide anion ( ) by alveolar macrophages [6], show higher levels in smokers 
and patients with COPD than in ex-smokers with COPD or non-smokers [7,8] (Figure 
14.1). anion and hydrogen peroxide (H2O2) are also derived from the 
xanthine/xanthine oxidase reaction, which shows increased activity in bronchoalveolar 
lavage fluid and in the plasma of smokers and in patients with COPD, compared with 
healthy smokers and non-smoking subjects [9,10]. 

Nitric oxide (NO) has been used as a marker of airway inflammation and indirectly as 
a measure of oxidative stress. Increased levels of NO in exhaled breath occur in some 
[11–13], but not in other studies of patients with COPD [14,15]. This may be due to the 
rapid reactivity of NO with or with thiols which may alter NO levels in breath. 

The levels of nitrosothiols have been shown to be higher in breath condensate in 
smokers and COPD patients compared to non-smoking subjects [16] (Figure 14.2). 
Peroxynitrite, formed by the reaction of NO with can cause nitration of tyrosine to 
produce nitrotyrosine [17]. Nitrotyrosine levels are elevated in sputum leukocytes of 
COPD patients (Figure 14.2) and are negatively correlated with the forced expiratory 
volume in 1 second (FEV1) [18]. 

Exhaled carbon monoxide (CO), as a measure of the response of haem oxygenase to 
oxidative stress, has been shown to be elevated in exhaled breath in CO compared with 
normal subjects [19].  

 

Figure 14.2 (a) Nitrosothiols, breath 
condensate in smokers and patients 
with COPD (modified from reference 
[16]). (b) Increased inducible nitric 
oxide (iNOS) and nitrotyrosine 
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immunoreactivity in sputum 
leukocytes in COPD. Modified from 
reference [18]. 

 

Figure 14.3 Malondialdehyde (MDA) 
levels in exhaled breath condensate are 
elevated in COPD patients. Modified 
from reference [21]. 

Lipid peroxidation products, such as thiobarbituric acid-reacting substances (TBARS) 
and malondialdehyde are elevated in sputum and breath condensate (Figure 14.3) in 
patients with COPD and are negatively correlated with the FEV1 [20–22].  
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Figure 14.4 (a) Isoprostane levels in 
exhaled breath condensate in smokers 
with COPD. (b) Significant correlation 
between 8-isoprostane levels in 
exhaled breath condensate (EBC) and 
percent neutrophils in induced sputum. 
Modified from reference [24]. 

Isoprostanes, produced by reactive oxygen species (ROS)-mediated peroxidation of 
arachidonic acid are found in higher levels in breath condensate in patients with COPD, 
compared with normal subjects and smokers who have not developed the disease, and 
correlate with the degree of airways obstruction [23]. The levels of 8-isoprostane in 
breath condensate in COPD patients also show a positive correlation with the percentage 
neutrophils in induced sputum—suggesting that oxidative stress may be involved in the 
airway inflammation in COPD [24] (Figure 14.4). Increased levels of isoprostanes in 
plasma in smokers [25] and in urine in COPD patients [26] reflect increased systemic 
oxidative stress. 

Hydrocarbon gases are by-products of ROS peroxidation of fatty acids [19]. Increased 
levels of exhaled breath ethane occur in COPD patients compared with control subjects, 
and the levels are negatively correlated with lung function [27]. 

Increased markers of oxidative stress are also present in lung cells in COPD patients. 
Increased nitrotyrosine, has been shown in sputum leukocytes in COPD patients 
compared with healthy subjects [18]. The lipid peroxidation product 4-hydroxynonenal 
reacts quickly with cellular proteins to form adducts, which are present in greater 
quantities in airway epithelial and endothelial cells in the lungs of COPD patients, 
compared with smokers with a similar smoking history who have not developed the 
disease (Figure 14.5) [28]. 

Thus the evidence of increased markers of oxidative stress in the airways and in lung 
tissue in COPD patients compared with normal subjects and smokers who have not 
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developed the disease is now considerable. In addition many of these markers of 
oxidative stress correlate with the degree of airflow limitation in COPD, suggesting a role 
for oxidative stress in the decline in lung function in COPD. 

SYSTEMIC OXIDATIVE STRESS  

An increased systemic oxidative burden has been shown to occur in smokers. In COPD 
patients, peripheral blood neutrophils have been shown to release more ROS than in 
normal subjects and this is enhanced still further in exacerbations of the disease, 
associated with marked depletion of the plasma antioxidant capacity, indicating increased 
systemic  

 

Figure 14.5 Immunostaining for Lipid 
peroxidation product 4-
hydroxynonenal adduct in the lungs of 
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smokers with and without COPD. (a) 
Immunohistochemistry showing 
increased staining in both bronchial 
and alveolar epithelium in COPD 
patients who have the same smoking 
history as a group of smokers without 
COPD. (b) Staining score showing 
increased staining in COPD. (c) 
Correlation between 4-hydroxynonenal 
(4-HNE) staining score in the lungs 
and FEV1 percent predicted. Modified 
from reference [28]. 

oxidative stress [29]. Products of lipid peroxidation are also increased in plasma in 
smokers with COPD, particularly during exacerbations [29]. Increased levels of 
nitrotyrosine have also been shown to occur in the plasma of COPD patients [17]. 

Exacerbations of COPD are known to result from increased levels of air pollutants, 
specifically particulate air pollution [30]. Particulate air pollution causes oxidative stress 
in the airways [31] and enhance inflammation by mechanisms involving redox-sensitive 
transcription factor activation, specifically NF-κB activation and decreased histone 
deacetylation and increased histone acetylation [3]. 

It is now recognised that COPD is not only a disease which affects the lungs, but also 
has important systemic consequences, such as cachexia of skeletal muscle function [32]. 
Evidence of similar mechanisms involving systemic oxidative stress and inflammation 
[33] may also be responsible for many of the systemic effects of COPD [32].  

ANTIOXIDANTS IN COPD  

A relationship between antioxidants, pulmonary function and the development of COPD 
has been shown in several population studies. The American Nutrition Examination 
Survey (NHANES) and the Dutch monitoring project for the risk factors for chronic 
diseases (MORGAN) have shown relationships between antioxidant dietary intake and 
airflow limitation. In NHANES (I) lower dietary intake of vitamin C was related to lower 
FEV1 levels in a population survey [34]; data from the NHANES (II) showed an inverse 
relationship between both dietary and serum vitamin C and chronic respiratory symptoms 
[35]; and in NHANES (III) the levels of dietary vitamin C, vitamin E, selenium and β-
carotene correlated positively with lung function [36]. Similarly, the MORGAN study 
also showed that a higher intake of vitamin C and β-carotene was associated with higher 
levels of the FEV1, and this and other studies have shown associations between fruit 
intake and higher FEV1 and lower symptoms in COPD patients [37–40]. 

As a response to oxidative stress induced by cigarette smoke, there appears to be up-
regulation of protective antioxidant genes in the lungs. The antioxidant glutathione 
(GSH) is elevated in the epithelial lining fluid in chronic cigarette smokers, compared 
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with non-smokers, an increase which does not occur during acute cigarette smoking [33]. 
The effects of chronic cigarette smoking can be mimicked by exposure of airspace 
epithelial cells to cigarette smoke condensate in vitro. This produces an initial decrease in 
intracellular GSH with a rebound increase after 24 h [41,42]. This effect in vivo is 
mimicked by a similar change in GSH in rat lungs in vivo following exposure to cigarette 
smoke [42], associated with an increase in the oxidised form of GSH (GSSG). The 
increase in GSH following cigarette smoke exposure is due to transcriptional up-
regulation of mRNA for γ-glutamylcysteine synthetase (γ-GCS), the rate limiting enzyme 
in GSH synthesis [42]. The mechanism of the up-regulation of γ-GCS mRNA is by the 
activation by cigarette smoke of the redox-sensitive transcription factor activator protein-
1 (AP-1) [43,44]. These events are likely to account for the increased GSH levels seen in 
epithelial lining fluid in chronic cigarette smokers, which acts as a protective mechanism. 
The injurious effects of cigarette smoke may occur repeatedly during and immediately 
after cigarette smoking when the lung is depleted of antioxidants including GSH. 
Animals exposed to whole cigarette smoke for up to 14 days also show increased 
expression of a number of antioxidant genes including manganese superoxide dismutase, 
metallothionein and GSH peroxidase [45]. 

OXIDATIVE STRESS AND THE PATHOGENESIS OF COPD  

Although studies have shown that oxidative stress is increased in COPD and is related to 
the degree of airflow limitation, this does not indicate cause and effect, since oxidative 
stress may be an epiphenomenon related to the presence of inflammation [46]. There are 
as yet no longitudinal studies showing that the presence of enhanced oxidative stress 
relates neither to the decline in FEV1 nor to the progression of the disease. However, 
there are many studies which indicate that oxidative stress is involved in many of the 
processes which are thought to be important in the pathogenesis of COPD. 

It is thought that a relative ‘deficiency’ of antiproteases, such as α1-antitrypsin, due to 
their inactivation by oxidants, creates a protease/antiprotease imbalance in the lungs, 
which forms the basis of the protease/antiprotease theory of the pathogenesis of 
emphysema [47,48]. Although inactivation of α1-antitrypsin by oxidants from cigarette 
smoke or oxidants released from inflammatory leukocytes has been shown in vitro 
[49,50], the effect is less apparent in vivo [51]. However, a protease/antiprotease 
imbalance involving α1-antitrypsin and elastase is an oversimplification, since other 
proteases and antiproteases are likely to have a role. 

Oxidant-generating systems such as xanthine/xanthine oxidase have been shown to 
cause the release of mucus from airway epithelium [52]. Oxidants are also involved in the 
signalling pathways for the EGF receptor which has an important role in the release of 
mucus [53]. Oxidants such as H2O2 or HOCl in low concentrations (100 µM) have been 
shown to cause significant impairment of ciliary beating and even complete ciliary stasis 
[54]. Thus oxidant-mediated mucus hypersecretion and impaired mucociliary clearance 
may result in the accumulation of mucus in the airways contributing to airflow limitation. 

Epithelial injury to the airway epithelium is an important early event following 
exposure to cigarette smoke as shown by an increase in airspace epithelial permeability. 
Increased epithelial permeability can be shown to result from cigarette smoke exposure 
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both in vitro and in vivo [33,55,56] and is partially reversible by antioxidants. Extra- and 
intra-cellular GSH appears to be critical to the maintenance of epithelial integrity 
following exposure to cigarette smoke. Depletion of lung GSH alone can induce 
increased airspace epithelial permeability both in vitro and in vivo [56,57]. Individual 
variability in antioxidant defences may be one factor in determining whether COPD 
develops after cigarette smoking. 

There is now overwhelming evidence that COPD is associated with enhanced airway 
and airspace inflammation as shown in recent biopsy studies [58]. Oxidative stress may 
be a mechanism by which airspace inflammation is enhanced in COPD [59]. Oxidative 
stress may have a fundamental role enhancing inflammation through the up-regulation of 
redoxsensitive transcription factors such as NF-κB and AP-1 and also the ERK-junk and 
P38 MAP-Kinase signalling pathways. Cigarette smoke has been shown to activate all of 
these signalling mechanisms [3,60,61]. Genes for many inflammatory mediators are 
regulated by oxidant-sensitive transcription factors such as NF-κB [62,63]. In vitro 
studies both in macrophage cell lines and alveolar and bronchial epithelial cells show that 
oxidants cause the release of inflammatory mediators such as IL-8, IL-1, and NO and that 
these events are associated with increased expression of the genes for these inflammatory 
mediators, and increased nuclear binding or activation of NF-κB [64,65]. NF-κB has been 
shown to be activated and translocated to the nucleus in lung tissue in smokers and in 
patients with COPD compared with healthy subjects [60,66]. NF-κB activation in lung 
tissue has been shown to correlate with the FEV1 [67]. Linking of NF-κB to its consensus 
site in the nucleus leads to enhanced transcription of pro-inflammatory genes and hence 
inflammation, which itself will produce more oxidative stress, creating a vicious circle of 
enhanced inflammation resulting from the increased oxidative stress (Figure 14.6). 

Animal models of smoke exposure show that neutrophil influx in the lungs is 
associated with increased IL-8 gene expression and protein release and with NF-κB 
activation [68,69]. All of these events are associated with oxidative stress since they can 
be abrogated by antioxidant therapy (Figure 14.7) [68]. 

A further event induced by oxidative stress which may enhance the inflammation in 
the lungs is chromatin remodelling, which through activation of the core histones enables 
unwinding of DNA allowing access for transcription factors such as NF-κB and RNA 
polymerase to the transcriptional machinery, so enhancing gene expression. This process 
is known to be oxidant-sensitive and is controlled by histone acetyltransferases (HATs) 
which produce histone acetylation and histone deacetylases (HDACs) which reverse the 
process producing rewinding of DNA into a tight chromatin structure which leads to the 
suppression of gene transcription (Figure 14.8). Cigarette smoke exposure has been 
shown to decrease histone deacetylase 2 protein activity in the lungs of animals exposed 
to smoke [69] and in alveolar macrophages from smokers [70], which would add to 
enhanced gene transcription by preventing histone deacetylation (Figure 14.8). 

A recent hypothesis in the pathogenesis of emphysema is that loss of lung cells in 
alveolar walls, both endothelial and epithelial cells, may occur in emphysema as a result 
of cell apoptosis [71]. Apoptosis has been shown to occur to a greater extent in 
emphysematous lungs than in non-smokers’ lungs [72]. The process of endothelial 
apoptosis is thought to be under the influence of the VEGF R2 (KDR) receptor. Down-
regulation of the VEGF receptor has been shown in animal models to produce 
emphysema [73] and down-regulation of VEGF  
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Figure 14.6 Activation of signal 
pathways by oxidative stress. 

 

Figure 14.7 Effect of recombinant 
SOD (rhSOD) on cigarette smoke 
(CS)-induced neutrophil influx (a), IL-
8 gene expression (b) and nuclear 
factor kappa B (NF-κB) nuclear 
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binding (c) in guinea-pig Lungs. 
Modified from reference [69]. 

R2 has been shown to occur in emphysematous human lungs [72]. Studies have also 
shown that the apoptosis/emphysema produced by VEGF inhibition in animal models is 
associated with increased markers of oxidative stress and is prevented by antioxidants 
[74], suggesting that oxidative stress is involved in this process. 

Thus there is now considerable evidence of both local and systemic oxidative stress in 
COPD patients. There is also an increasing evidence that oxidative stress is involved in 
the  
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Figure 14.8 (a) Model of histone 
acetylation/deacetylation. (b) 
Decreased histone deacetylase 2 by 
Western blotting in rat Lungs exposed 
to cigarette smoke (modified from 
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reference [67]). (c) Decreased histone 
acetylase 2 protein (by 
immunohistochemistry) (top) and 
activity (bottom) in smokers’ alveolar 
macrophages (modified from reference 
[71]). 

pathogenesis of both local lung inflammation and in the injurious events and also the 
systemic events, such as skeletal muscle loss, which occurs in COPD [75]. 

ANTIOXIDANT THERAPY  

Although there is now convincing evidence for an oxidant/antioxidant imbalance in 
COPD, proof of concept of the role of oxidative stress in the pathogenesis of COPD will 
come with studies of effective antioxidant therapy. 

Various approaches have been tried to redress the oxidant/antioxidant imbalance. One 
approach is to give effective anti-inflammatory therapy to reduce lung inflammation, 
which will in turn decrease oxidative stress. Possible therapeutic options for this are 
drugs to prevent leukocyte influx into the lungs, either by interfering with the adhesion 
molecules necessary for migration, or preventing the release of inflammatory cytokines 
such as IL-8 or leukotriene B4 which result in neutrophil migration. It should also be 
possible to use agents to prevent the release of oxygen radicals from activated leukocytes 
or to quench those oxidants once they are formed, by enhancing the antioxidant screen in 
the lungs. Recent preliminary studies of the phosphodiesterase 4 inhibitor (PDE4) 
cilomilast have shown some therapeutic benefits in patients with COPD [76]. The 
mechanism by which such drugs act is by increasing cAMP which decreases neutrophil 
activation. In particular, the release of ROS by neutrophils may be decreased since 
increasing cAMP blocks the assembly of NADPH oxidase [77]. 

There are various options to enhance the lung antioxidant screen. One approach would 
be to use specific spin traps such as α-phenyl-N-tert-butyl nitrone to react directly with 
reactive oxygen and reactive nitrogen species at the site of inflammation. However, 
considerable work is needed to demonstrate the efficacy of such drugs in vivo. Inhibitors 
which have a double action, such as the inhibition of lipid peroxidation and quenching 
radicals, could be developed [78]. Another approach could be the molecular manipulation 
of antioxidant genes, such as GSH peroxidase or genes involved in the synthesis of GSH, 
such as γ-GCS or by developing molecules with activity similar to these antioxidant 
enzymes. 

Recent animal studies have shown that recombinant SOD treatment can prevent the 
neutrophil influx into the airspaces and IL-8 release induced by cigarette smoking 
through a mechanism involving down-regulation of NF-κB [68] (Figure 14.7). This holds 
great promise if compounds can be developed with antioxidant enzyme properties which 
may be able to act as novel anti-inflammatory drugs by regulating the molecular events in 
lung inflammation. 
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A further approach would simply be to administer antioxidant therapy using 
antioxidants such as vitamins C and E. The results have been rather disappointing, 
although the antioxidant vitamin E has been shown to reduce oxidative stress in patients 
with COPD [79]. Attempts to supplement lung GSH have been made using GSH or its 
precursors [80]. GSH itself is not efficiently transported into most animal cells and an 
excess of GSH may be a source of the thiyl radical under conditions of oxidative stress 
[81]. Nebulised GSH has also been used therapeutically, but this has been shown to 
induce bronchial hyperreactivity [82]. 

The thiol cysteine is the rate-limiting amino acid in GSH synthesis [83]. Cysteine 
administration is not possible since it is oxidised to cysteine which is neurotoxic [83]. 
The cysteine-donating compound N-acetylcysteine (NAC) acts as a cellular precursor of 
GSH and is de-acetylated in the gut to cysteine following oral administration. It reduces 
disulphide bonds and has the potential to interact directly with oxidants. The use of NAC 
in an attempt to enhance GSH in patients with COPD has met with varying success [84, 
85]. NAC given orally in low doses of 600 mg per day, to normal subjects, results in very 
low levels of NAC in the plasma for up to 2 h after administration [86]. After 5 days of 
NAC 600 mg three times daily, there was a significant increase in plasma GSH levels, 
however, there was no associated significant rise in BAL GSH or in lung tissue [87]. 
These data seem to imply that producing a sustained increase in lung GSH is difficult 
using NAC in subjects who are not already depleted of GSH.  

Recent meta-analyses of the effects of NAC on exacerbations of COPD have shown 
positive effects [87], but this was not reflected in a recent randomised controlled trial of 
NAC in COPD patients, although there appeared to be some effects on exacerbations in a 
subgroup of patients who were not taking inhaled corticosteroids [88]. A study of N-
isobutyrylcysteine, a derivative of NAC, also failed to reduce exacerbation rates in 
patients with COPD [89]. 

Nacystelyn (NAL) is a lysine salt of NAC. It is also a mucolytic and oxidant thiol 
compound which, in contrast to NAC which is acid, has a neutral pH. NAL can be 
aerosolised into the lung without causing significant side-effects [90]. Studies comparing 
the effects of NAL and NAC found that both drugs enhanced intracellular GSH in 
alveolar epithelial cells and inhibit H2O2 and release from neutrophils harvested from 
peripheral blood from smokers and patients with COPD [89]. 

Molecular regulation of GSH synthesis by targeting γ-GCS has great promise as a 
means of treating oxidant-mediated injury in the lungs. Recent work by Manna et al. [91] 
has shown that recombinant γ-GCS in rat hepatoma cells completely protected against the 
TNF-α-induced activation of NF-κB, AP-1 and apoptosis/inflammatory process. Cellular 
GSH may be increased by increasing γ-GCS activity, which may be possible by gene 
transfer techniques, although this would be an expensive treatment that may not be 
considered for a condition such as COPD. However, knowledge of how γ-GCS is 
regulated may allow the development of other compounds that may act to enhance GSH. 
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15  
Antiprotease therapy  

T.D.Tetley  

INTRODUCTION  

The hypothesis that an increased protease burden in the lung was the biochemical basis of 
emphysema emerged in the early 1960s. This followed the observation that (a) a 
deficiency of α-1 antitrypsin (AAT; also called α-1 proteinase inhibitor, the major serum 
inhibitor of neutrophil elastase) is associated with early development of emphysema [1] 
and (b) papain, a proteinase with high elastinolytic activity, induced emphysema when 
instilled intratracheally into experimental animals [2]. An important component of 
chronic obstructive pulmonary disease, notably emphysema, is the loss of elastic recoil 
due to loss of elastin, and an abnormal repair leading to abnormal elastic tissue structure, 
suggesting that increased elastinolytic proteinases are responsible. The evidence to 
support this hypothesis is substantial, although it is highly unlikely that a single protease 
is responsible. 

The most likely source of increased protease burden is the inflammatory cells; 
macrophages, neutrophils, lymphocytes, mast cells and eosinophils have all been found to 
be increased in the lungs of those affected [3,4]. However, the numbers and profile of the 
cellular response vary depending on the level of the respiratory tract that is affected, the 
degree of disease and the presence of exacerbations, as well as smoking habits and 
history In addition, each type of inflammatory cell occupies specific compartments of the 
lung and may preferentially exist in the airspaces, the epithelium, subepithelium, within 
smooth muscle, respiratory parenchyma or secretory glands [4]. All these cells are 
capable of releasing proteolytic enzymes into the extracellular environment and 
ultimately any tissue damage will depend on the site of action and efficacy of the 
endogenous antiprotease screen. Clearly, such factors will have a significant effect on the 
pathological process and clinical consequences. 

Since COPD is largely a disease of smokers, and most smokers have inflamed lungs, 
but only approximately 15% develop clinically significant COPD, it is likely that, in 
those affected, the inflammatory cells release significantly greater quantities of 
deleterious enzymes, or alternatively that the antiprotease screen is overwhelmed, or 
both. Another contributory factor may be that repair mechanisms may be inadequate, or 
abnormal. Thus, together with the inflammatory cells that are recruited to the lung, there 
are other sources of proteases, which include resident epithelial cells and parenchymal 
cells such as fibroblasts, myofibroblasts and smooth muscle cells, that release proteases 
during normal and abnormal cell turnover and repair. Cigarette smoke-induced injury to 
resident cells may trigger  
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increased tissue remodelling, part of which includes release of matrix metalloproteinases 
(MMPs) and probably cysteine proteinases to deal with damaged connective tissue and 
enable repair. 

NEUTROPHIL-DERIVED PROTEASES  

Neutrophils contain high concentrations (mM) of potent serine proteinases, neutrophil 
elastase, proteinase-3, and cathepsin G [5]. Because these enzymes are pre-packaged and 
stored in azurophil (primary) granules in their active form, on cellular activation, they can 
be rapidly released and form powerful, pericellular pockets of proteinase activity Two 
MMPs, MMP8 (neutrophil collagenase) and MMP9 (gelatinase B) are stored in 
secondary and tertiary granules. Neutrophil elastase is commonly measured as a marker 
of neutrophil load and activation in the lungs of COPD subjects. Extracellular neutrophil 
elastase is elevated in lung secretions from those with bronchitis, during infection and 
exacerbation of COPD and in preclinical and clinically significant emphysema [5,6]. 
Sputum from COPD subjects contains high extracellular neutrophil elastase and MMP9, 
particularly during exacerbations. In addition, neutrophil-derived MMP9 (i.e., lipocalin-
bound) is elevated in bronchoalveolar lavage from patients with emphysema [7]. It is 
interesting that, although neutrophils are elevated in the peripheral parenchyma during 
emphysema, their numbers decrease in proportion to the degree of airspace enlargement 
[8], unless there is a full-blown disease, for example, requiring transplantation, when 
inflammatory cells reach many times the control numbers [9]. Serine proteinases can 
affect many processes (Figure 15.1). Neutrophil elastase is a potent enzyme that is a 
secretagogue, is ciliostatic, can activate complement, stimulates interleukin (IL)-8 and 
TGF-α synthesis and can proteolytically activate and inactivate cytokines and 
chemokines. In addition, it can amplify proteolytic potential  
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Figure 15.1 Pro-inflammatory effects 
of serine proteases and role in COPD. 

by activating latent MMPs and inactivating their inhibitors [10] as well as processing 
cathepsins (Figure 15.1). 

MACROPHAGE-DERIVED PROTEASES  

Macrophages store enzymes within lysosomes and can up- and down-regulate protease 
synthesis in response to endogenous and external stimuli. Macrophages synthesise and 
release a number of MMPs, including MMP1 (collagenase), MMP2 (gelatinase A), 
MMP9 (gelatinase B), MMP12 (macrophage metalloelastase) and MMP14 (membrane-
bound type 1) [10,12]. MMP1 and MMP9 mRNA expression and protein secretion by 
macrophages from subjects with emphysema are increased [7,13]. The presence of 
elevated MMP1 and MMP9 in macrophages from subjects with emphysema was 
confirmed by immunohistochemistry of human lung tissue [14]. In vitro release of 
MMP9 by macrophages from COPD subjects is elevated above those without COPD, 
particularly in response to cigarette smoke extract [15,16]. In addition to MMP1 and 
MMP9, there is evidence showing that macrophages from COPD subjects contain 
elevated MMP2 and 14 [17], while studies of MMP12 knockout mice suggest that 
macrophage metalloproteinase could also be significant in the development of human 
emphysema [18]. MMPs are important in inflammation. They degrade connective tissue, 
generating chemotactic fragments. They inactivate AAT whilst activating other MMPs, 
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thus amplifying protease activity. They also activate/inactivate cytokines and chemokines 
(Figure 15.2). 

Macrophages also synthesise cysteine proteinases, including cathepsins B, H, K, L and 
S, which are stored in the lysosomes [19]. It is not yet clear whether cathepsin K is 
present in mature alveolar macrophages, although it is present in intravascular 
macrophages. Cathepsins K, L and S have potent elastinolytic activity at acid pH and 
may be important in acidic microenvironments, while cathepsin S retains a significant 
amount of its activity  

 

Figure 15.2 Pro-inflammatory effects 
of matrix metalloproteinases and role 
in COPD. 

at neutral pH. Cysteine proteinase activity and cathepsin L release by pulmonary 
macrophages from cigarette smokers is elevated [20,21]. Recent investigations of lung 
resection tissue showed that the mRNA expression for cathepsin S and B was high in 
alveolar macrophages and correlated with each other, as well as correlating with smoking 
[22]. Furthermore, cathepsin B expression was related to the degree of airflow 
obstruction. Overexpression of IFN-γ by transgenic mice causes emphysema [23], 
suggested to be due to up-regulation of cathepsins, notably cathepsin S, which in turn 
induces cathepsin B and K; macrophages may be one source of cathepsins in these 
studies. In addition to MMPs and cathepsins, macrophages contain receptors for 
neutrophil elastase, and may act as a reserve, contributing to retention of neutrophil 
elastase in the lungs of COPD patients [24]. Cathepsins process proteases and other 
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cathepsins. They can also break down connective tissue and inactivate inhibitors of serine 
proteinases (Figure 15.3). 

OTHER SOURCES OF INCREASED PROTEASE ACTIVITY  

CD8 and CD4 T cells are markedly elevated in the subepithelial region throughout the 
respiratory tract of patients with severe COPD and emphysema, and are also increased in 
the airspaces [4]. Although it is the increase in CD8 T cells and CD8/CD4 T-cell ratio 
that is currently attracting the most attention, these cells contain cathepsin S and other 
cathepsins for intracellular protein processing. In addition, cytotoxic T cells exhibit 
membrane-bound cathepsin B (and possibly other cysteine proteinases) to facilitate 
migration [25]. Elevated mast cell numbers have been described in some studies of 
COPD; these cells contain high levels of tryptase and chymase, release of which may 
contribute to the disease process. They also release cathepsins C and L. Examination of 
lung tissue sections following immuno-staining or in situ hybridisation studies highlights 
the presence of proteolytic enzymes in other cell types, for example MMP1, MMP2 and 
MMP14, which are increased in alveolar epithelial type II cells in emphysematous tissue 
[14,17] while MMP1 and 2 are increased in bronchial epithelial cells in tissues from 
subjects with COPD. MMP9 and other proteinases increase during epithelial cell repair 
and regeneration [26]. Examination of normal human lung tissue confirms cathepsin H, L 
and S in macrophages, and identifies cathepsin K and L in bronchial epithelial cells and 
cathepsin H in alveolar type II cells [19]. Bronchial epithelial cells secrete cathepsin B in 
vitro [11]. Fibroblasts release cathepsins B and K, while  

 

Figure 15.3 Pro-inflammatory effects 
of cysteine proteases, cathepsins, and 
role in COPD. 

Table 15.1 Examples of protease inhibitors that 
may have therapeutic potential and that are 
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currently used to investigate the role of proteases in 
COPD 

Protease class  Endogenous lung 
inhibitors  

Examples of possible therapeutic and 
developmental inhibitors  

Serine proteases α-1 antitrypsin (AAT) 
Secretory leukoprotease 
inhibitor (SLPI) 
Elafin 

Proteins: 
AAT; rAAT 
rSLPI; 1/2SLPI 

  Other protein-based inhibitors: 
EPI-HNE-4, PAI-1 mutant 

  Synthetic, low MWt inhibitors: 
Acyl-enzyme inhibitors 
Transition-state inhibitors 

Matrix 
metalloproteinases 

TIMPs 1–4 Synthetic, low MWt inhibitors: 
BMS-27529 (periostat) 
RS-113456 
RS-132908 
CP-471, 474 

Cysteine proteases Cystatin C Some specific cysteine protease (cathepsin) 
inhibitors: 
Inhibitor-polymer conjugates for cathepsin K 

  Peptide aldehyde derivatives e.g., 2-Phe-Tyr 
(Obut)-COCHO for cathepsin L 

  1, 2, 4-thiadiazole heterocyclic compounds for 
cathepsin B 

smooth muscle cells release cathepsins K and S [see 19]. Cathepsins B and L are elevated 
in lung secretions from subjects with emphysema and COPD, suggesting release from 
epithelial cells and/or macrophages and possibly interstitial cells [11,21]. Clearly, there is 
significant potential for parenchymal cell proteinases to contribute to the increased 
proteolytic load in the pathogenesis of COPD. 

SERINE PROTEASES  

Thus, at least three classes of proteolytic enzymes may contribute to the aetiology of 
COPD—serine proteinases, MMPs and cysteine proteinases. The neutrophil-derived 
serine proteinases neutrophil elastase, cathepsin G and proteinase-3 (all approximately 30 
kD), have broad substrate specificity and all have a conserved juxtaposition of histidine, 
aspartate and serine amino acid at the reactive site. A charge relay system transfers an 
electron from the carboxyl moiety of the histidine residue through aspartate to the oxygen 
on the serine residue, which results in a nucleophile that splits the amino acid carbonyl 
group of the substrate. Mast cell tryptase exists at high concentrations in mast cell 
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granulesis. It is tetrameric and access of the substrate to the central pore reactive site 
limits substrate specificity [27], although it also acts via a catalytic histidine-aspartate-
serine triad. Its unique, narrow substrate specificity is believed to be related to initiating a 
series of inflammatory events through limited proteolysis, rather than digesting proteins 
and it cannot be easily accessed by proteinase inhibitors; there is no endogenous inhibitor 
of human mast cell tryptase. Mast cell chymase degrades the extracellular matrix and 
activates TGF-β1 and IL-1β, as well as activating MMP1 which in turn cleaves type I 
collagen (Figure 15.1) [28]. 

ENDOGENOUS SERINE PROTEASE INHIBITORS  

The best known endogenous inhibitors of these serine proteinases are AAT, secretory 
leukocyte proteinase inhibitor (SLPI) and elafin. AAT (~54 kD) is a serpin (SERine 
Proteinase INhibitor) synthesised in the liver and released into the circulation [29], but is 
also synthesised at low levels by lung cells and can be up-regulated by cytokines, which 
may be an important source during neutrophilic inflammation. It is an irreversible 
inhibitor of neutrophil elastase, cathepsin G and proteinase 3, binding covalently at a 1:1 
molar ratio. It can also inhibit mast cell chymase. A glutamic acid-to-lysine substitution 
at amino acid 342 (Z AAT) causes AAT accumulation in the liver. Polymerisation of Z 
AAT is believed to account for this, as well as reduced functional activity of both 
circulating, and pulmonary, Z AAT [30,31]. SLPI (~12 kD) and elafin (~6 kD; also called 
elastase-specific inhibitor skin-derived anti-leukoproteinase) form the anti-
leukoproteinase family [32]; both these proteins are acid stable, unlike AAT. SLPI is a 
potent, reversible inhibitor of neutrophil elastase and can also inhibit cathepsin G, 
trypsin, chymase and chymotrypsin, although its ability to inhibit mast cell tryptase is 
arguable [27]. SLPI is synthesised constitutively by pulmonary epithelial cells as well as 
alveolar macrophages and neutrophils. It forms a significant proportion of the serine 
proteinase inhibitory capacity of large airway secretions, reflecting release from 
bronchial and glandular epithelial cells [32]. Although contributing less of the total anti-
proteinase activity in the distal airway, SLPI is synthesised by Clara cells and alveolar 
epithelial type II cells and is present in the bronchoalveolar lavage [33,34]. Elafin (~6 
kD) is synthesised by the same pulmonary epithelial cells that synthesise SLPI; it inhibits 
neutrophil elastase and proteinase-3. Usually present at relatively low levels, elafin is 
synthesised in response to inflammatory mediators such as cytokines, for example, 
tumour necrosis factor (TNF) and IL-1β [32,34], as well as lipopolysaccharide and, 
interestingly, is up-regulated by neutrophil elastase itself [35], which may be a feedback 
mechanism. SLPI is usually present at higher concentrations than elafin, but is also up-
regulated by the same mediators. 

α-1 ANTITRYPSIN AUGMENTATION THERAPY  

Early investigation of antiprotease treatment using intravenous serum-derived AAT in 
AAT-deficient subjects showed that it was possible and practical to increase pulmonary 
(bronchoalveolar lavage) AAT levels above the critical threshold [36]. This has been 
confirmed in a number of later studies [37]. Two studies of the effect of IV treatment 
with 60 mg/kg AAT at weekly intervals on decline in FEV1 in patients with severe AAT 
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deficiency and reduced FEV1 [37–39] showed a reduction in the rate of decline in FEV1 
in subjects who had an initial FEV1 between 30% and 65% predicted. Intravenous AAT 
also resulted in a reduction in sputum elastase activity and LTB4 following a 4-week trial 
[40], illustrating the anti-inflammatory potential of AAT, and suggesting that inhalation 
might be an effective alternative route of delivery. These and other similar studies 
suggest that intravenous AAT augmentation therapy may be beneficial, particularly in 
AAT-deficient subjects [reviewed by Stoller et al.; 37]. However, intravenous AAT 
treatment is expensive and time consuming. Other problems relate to the availability of 
sufficient quantities and safety (e.g., pathological prion or viral contamination) of 
plasma-derived AAT. Recombinant AAT can be generated in quantity and at high purity 
and would, therefore, be a good substitute, and likely to be effective by inhalation.  

LOW-MOLECULAR-WEIGHT PROTEASE INHIBITOR THERAPY  

As SLPI is a relatively smaller protein than AAT, delivery either by inhalation or 
intravenously will result in rapid transudation into tissues and fluids. However, the half-
life of SLPI is also rapid (12 h), but a twice-daily intravenous dose should be adequate. In 
patients with cystic fibrosis, neutrophil numbers and elastase activity in lung secretions 
decreased following inhalation of SLPI [41]. Neutrophil elastase-induced 
brochoconstriction in guinea-pigs is inhibited by intravenous recombinant, ½ SLPI 
[containing the neutrophil elastase inhibitory domain; 42]. Furthermore, SLPI stimulated 
expression of anti-inflammatory cytokines, IL-10 and transforming growth factor-β 
(TGF-β), by LPS-stimulated macrophages in vitro [43]. As elafin, like SLPI, is also a 
small protein, it will readily access tissues. Again, there are relatively few experimental 
studies of the efficacy of this inhibitor in lung disease. Neutrophil elastase-induced acute 
lung injury in hamsters could be inhibited by pre-elafin (also a member of the Trappin 
family, Trappin-2) but not by elafin [44]. The efficacy of elafin has not been tested in 
man. A potentially important aspect of treatment with SLPI and elafin is their role in 
antimicrobial defence, as they also exhibit properties of defensins [45]. Because SLPI and 
elafin are reversible inhibitors it may be that dual therapy with AAT might prove more 
effective, since release of enzyme previously bound to, and inactivated by, SLPI or 
elafin, in the absence of sufficient AAT, may not be cleared and may just prolong its 
activity within the lung [33]. In this respect, the efficacy of fusion proteins that combine 
the activity of both types of inhibitor, i.e., SLPI and AAT, are currently being 
investigated. 

ENGINEERED PROTEINS  

DX-890 (EPI-HNE-4) is a recombinant protein of an active region of human inter-α-
trypsin inhibitor, which has potent irreversible activity against neutrophil elastase. It is 
not susceptible to oxidative inactivation and is active at acid pH. It protects rats from lung 
injury following intratracheal instillation of neutrophil elastase or the soluble phase of 
cystic fibrosis sputum (i.e., containing serine proteinase activity [46]). It is currently 
being investigated for cystic fibrosis therapy, and may be effective for emphysema [47]. 
Very recently, a mutant form of plasminogen activator inhibitor type-1 has been shown in 
an in vivo model of pulmonary inflammation to be more effective against neutrophil 
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elastase and cathepsin G than the endogenous inhibitors [48]. This approach offers an 
alternative strategy, although it might prove expensive to produce and administer such 
drugs. 

SYNTHETIC SERINE PROTEASE INHIBITORS  

There are a number of compounds designed to inhibit neutrophil elastase. The most 
promising are acyl-enzyme inibitors and transition-state inhibitors. These have been the 
subject of a recent review [49]. Both types of inhibitor form a stable complex with 
neutrophil elastase to prevent its activity. Sivelestat (ONO-5046), an acyl-enzyme 
inhibitor, is very successful in reversing the effects of a number of pro-inflammatory 
agents (LPS, LTB4, ozone) in animal models and may be useful in Man in acute lung 
injury [50]. However, because it has to be administered intravenously, it is not likely to 
be used for chronic conditions such as COPD. Another acyl-enzyme inhibitor, which is 
showing promise for use in COPD, midesteine (MR-889), has low oral toxicity and 
inhibits mucus production and is currently being evaluated to treat COPD [51]. Amongst 
the transition-state inhibitors, ONO-6818 is promising. In animal models of pulmonary 
inflammation and emphysema (i.e., LPS and neutrophil elastase exposure), oral ONO-
6818 is very effective [52]. Because it is effective orally, it has potential for use in 
chronic disease such as emphysema and COPD. In an animal model of cigarette smoke-
induced emphysema, ZD0892 neutrophil elastase inhibitor inhibited inflammatory 
chemokine and cytokine levels and reduced the degree of airspace enlargement [53]. 
Mast cell chymase inhibitors include NK3201 and BCEAB, which have been shown to be 
effective in animal models of cardiovascular disease, but not yet in animal models of 
COPD and emphysema [28]. 

MATRIX METALLOPROTEINASES  

The MMPs are a large, growing family of structurally related proteases that degrade 
extracellular matrices. Their common name reflects their ability to degrade extracellular 
matrix components at neutral pH. They depend on divalent metal ions, Zn2+ and Ca2+, for 
their activity. They have a conserved zinc-binding motif, HExxHxxGxxH, and a C-
terminal methionine residue within a 1, 4-met-turn, whose side chain provides a 
hydrophobic region that protects the zinc-binding site [see Belvisi and Bottomly; 54]. 
The glutamic acid next to the N-terminal histidine acts as a nucleophile in association 
with water to cleave the peptide substrate. Thus, the catalytic zinc atom binds to the 
carbonyl group of the sessile peptide bond to trigger hydrolysis. In the latent pro-MMP 
molecule, a conserved cysteine-switch motif, C-terminal to the zinc-binding site, co-
ordinates with the zinc ion, preventing the access of water and conferring latency as long 
as the pro-region of the MMP remains intact. 

MMPs are secreted as inactive zymogens, and are activated extracellularly, for 
example, by proteolytic cleavage of the pro-peptide. All the MMPs have a prepro-
peptide, which precedes the catalytic domain [55]. With the exception of MMP3, this is 
followed by a hemopexin-like domain. MMP2 and 9 also contain three fibronectin-like 
sequences N-terminal to the catalytic domain, which enhance enzyme-substrate 
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interactions. Some membrane-bound MT-MMPs contain a transmembrane region N-
terminal to the hemopexin-like domain, consisting of a sequence of hydrophobic amino 
acids that anchors the protein at the cell surface. Other MT-MMPs bind to the cell surface 
via a sequence that binds to glycophosphatidyl inositol. The membrane-bound MT-
MMPs have the potential to be catalytically active on secretion. Because of the structural 
heterogeneity of MMPs (they vary in size from 30 to 100 kD), once released into the 
extracellular environment, or membrane-bound and functional in the pericellular zone, 
and activated, MMPs can degrade most extracellular connective tissues and are important 
during development of normal tissue as well as remodelling damaged tissue [10,12]. 
Synthesis, storage and secretion of MMPs is strictly regulated in response to the tissue 
environment, and expression is controlled by factors such as cytokines, endotoxin, 
phagocytosis and growth factors. Extracellular-MMPs can control the activity of 
cytokines, for example, by the proteolytic activation of TGF-β, membrane-bound TNF-α, 
and IL-8 and degradative inactivation of IL-1β. They also activate other MMPs (e.g., 
MMP14 activates MMP2) and they can inactivate proteinase inhibitors such as AAT. 
Thus, they can influence many processes of importance in COPD (Figure 15.2) 
[10,12,54]. 

TISSUE INHIBITORS OF MATRIX METALLOPROTEINASES  

The tissue inhibitors of matrix metalloproteinases are the endogenous inhibitors of 
MMPs. Four have been described, TIMP1, 2, 3 and 4. They range in size from 21–29 kD 
and inhibit MMPs on a 1:1 molar ratio. They are usually secreted alongside MMPs and 
are believed to confer strict control over MMP activity. TIMP1 release by alveolar 
macrophages from COPD subjects is reduced at the same time that MMP9 is increased 
[15], and similarly, the ratio of TIMP1 to MMP9 has been reported to be reduced in 
sputum from COPD subjects [56]. This suggests that reduced TIMP may also contribute 
to COPD, together with increased MMP activity. However, unlike AAT, the use of 
natural or recombinant TIMP to augment the anti-MMP screen has not been thoroughly 
investigated. 

Most research has concentrated on developing low-molecular-weight, synthetic 
inhibitors of MMPs. These inhibitors are designed to target the reactive zinc molecule 
and the substrate recognition site of the enzyme. Although several MMP inhibitors are 
being evaluated to treat cancer, rheumatoid arthritis and periodontal disease, there have 
been no clinical trials of COPD. Unfortunately, a number of potent inhibitors have either 
proven to be ineffective and/or toxic in clinical trials for cancer and rheumatoid arthritis 
(e.g., Marimastat [BB-256], Prinomastat [AG3340]), while others are still on trial (e.g., 
Periostat, BMS-27529). The failure of synthetic MMP inhibitors on trial in other 
inflammatory diseases discourages their use in COPD. However, synthetic MMP 
inhibitors (e.g., RS-113456, RS-132908) have been used very successfully in the 
smoking mouse model of emphysema [55,57], which has previously been demonstrated 
to involve MMP12 [macrophage metalloelastase; 18], where they markedly reduce or halt 
the degree of cigarette smoke-induced emphysema, even when administered after the 
onset of alveolar enlargement [55]. CP-471, 474, a broad spectrum synthetic MMP 
inhibitor, successfully reduced the degree of emphysema in a guinea-pig model [58]. 
These studies in experimental animals support the concept that MMPs are important in 
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the development of emphysema and that inhibition of MMP activity in the lungs of 
COPD subjects is a viable future therapeutic strategy. 

CYSTEINE PROTEASES—CATHEPSINS  

Cathepsins have received much attention for their role in cancer, osteoporosis and 
rheumatoid arthritis. Cathepsins are proteinases that are located in lysosomes and exist in 
an acidic environment within the lysosome. They vary in size between 21 and 30 kD. 
They are synthesised as inactive pro-enzymes and are activated on release of the pro-
peptide. This generally occurs as a result of proteolytic cleavage by other cathepsins [19]. 
Their optimal activity is at acid pH and they lose activity at neutral and alkaline pH. 
However, cathepsin S and, to some extent, cathepsin K retain some activity at neutral pH, 
which disappears over time. Cathepsins include enzymes from different classes. Thus, 
while cathepsin G is a serine proteinase, cathepsins B, H, K, L and S are thiol proteinases 
[19,59]. The active site consists of a series of 5–7 amino acid residues. The specificity of 
action is defined by the second substrate binding pocket (S2) which, for most lysosomal 
cysteine proteinases, accepts hydrophobic amino acids such as phenylalanine and leucine, 
although cathepsin B also accepts arginine. Cathepsin K is remarkable in that it accepts 
proline at the S2 subsite. This means that it can degrade collagen types I and II in the 
proline-rich helical region, which is normally resistant to proteolysis and which also 
means that it is able to degrade collagen independently of other proteinases [60]. In 
contrast, degradation of collagen by MMPs takes place in co-operation with cathepsin L-
like proteases. Since cathepsins K, L and S can degrade elastin, possibly within protected 
acidic niches, but also at neutral pH (e.g., cathepsin S and K), release of cathepsins into 
the extracellular environment is likely to trigger connective tissue turnover. Cathepsin K 
is one of the most potent elastinolytic enzymes, and cathepsin L and S have very high 
activity at optimal pH. Intratracheal instillation of cathepsin B causes emphysema in 
hamsters [61]. Overexpression of IFN-γ and IL-13 in mice results in emphysema and up-
regulation of MMP12 and a number of cathepsins [23,62]. Use of E64, a cysteine 
protease inhibitor, abrogated the condition supporting a role for cathepsins in the 
development of emphysema. Furthermore, cathepsins with elastinolytic activity 
(cathepsins B, L and S) are capable of rapidly degrading SLPI, even with a 400 molar 
excess of SLPI [63], while cathepsin L degrades AAT [64], thus enhancing activity of the 
serine proteinases (Figure 15.3). Inhibition of cathepsins, particularly those with 
elastinolytic activity, is likely to prove beneficial in emphysema and COPD. 

CYSTATIN C  

Cystatins are the endogenous inhibitors of cathepsins. Intracellular cystatins A and B 
control the very high cathepsin concentrations found in lysosomes (1 mM), and cystatins 
C, D and F, as well as serpins and α-2 macroglobulin, control extracellular activity 
[19,59]. Cystatin C (~13.5 kD) is widely distributed in the body, a very potent inhibitor 
and the most ubiquitous inhibitor of extracellular cysteine proteinases in the lung. The 
inhibitory activity of cystatins is reversible and involves hydrophobic interactions 
between the binding region of cystatin and the binding pockets of the enzyme. The Arg, 
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Leu and Val at positions 8, 9 and 10 in the N-terminal region of cystatin C, are believed 
to be important in the inhibitory process [59]. Cystatin C has not been extensively studied 
in emphysema and COPD, partly because the relevance of cysteine proteinases to these 
conditions is only just becoming clear. In one study, cystatin C was found to be increased 
in bronchoalveolar lavage from subjects with subclinical emphysema [65], while release 
of cystatin C by human macrophages was coincident with the release of cathepsin B [11]. 

SYNTHETIC CYSTEINE PROTEINASE (CATHEPSIN) 
INHIBITORS  

As mentioned earlier, most of the research into cathepsins, and hence therapy, has centred 
on cancer, rheumatoid arthritis and bone disease. The challenge has been to develop 
potent, but selective inhibitors because of the wide tissue distribution of these enzymes 
and possibility of side-effects. There are no studies of cysteine protease (cathepsin) 
inhibitors in COPD. 

An inhibitor commonly used in laboratory studies is an oxyrane-inhibitor, E-64, (2S, 
3S-trans-epoxysuccinyl-L-leucyl-agmatine), which was originally isolated from cultures 
of Aspergillus japonicus; it is a very strong, irreversible inhibitor of cysteine proteinases 
[66]. This inhibitor works in animal models of emphysema and against cathepsins 
released from human alveolar macrophages [17,23,62]. Due to the lack of specificity of 
many cysteine proteinase inhibitors, the objective is to develop drugs that are selective 
and potent. Thus, a series of novel cathepsin inhibitors are currently being developed. 
These include very selective bioavailable ketoamides for cathepsin K [67]. Cathepsin K-
inhibitor-polymer conjugates, which allow for specific targeting of the inhibitor [68], are 
potent, selective oral inhibitors which are being developed because of the lack of 
specificity of other synthetic cathepsin inhibitors. A peptide aldehyde derivative, Z-Phe-
Tyr (OBut)-COCHO, is a recently described, very specific, potent inhibitor of cathepsin 
L [69]. A novel class of specific synthetic inhibitors of cathepsin B are based on 1, 2, 4-
thiadiazole heterocycle as the thioltrapping pharmacophore [70]. Many other cysteine 
protease (cathepsin) inhibitors are currently in development, but there are few laboratory 
or human studies relating to COPD. 

CONCLUSION  

Antiprotease therapy is not currently in routine use for the treatment of emphysema and 
COPD. This is despite accumulating evidence that the protease burden is increased and 
contributes to the disease process. Investigation of the efficacy of proteinase inhibitors in 
COPD is complicated by the chronic and slow progress of the disease, and the problems 
associated with detecting therapeutic benefits, which take years to establish [37]. While 
AAT deficiency is an obvious reason for AAT augmentation therapy, the exact 
mechanisms of cigarette smoke-induced COPD in patients with normal levels of AAT are 
not certain. In addition, continued exposure to cigarette smoke may affect therapy due to 
oxidative inactivation or other effects on the therapeutic compounds. Some early 
investigations of anti-neutrophil elastase therapy in Man were not successful. However, it 
seems likely that the multitude of cellular sources of proteases being released into 

Therapeutic strategies in COPD     300



different compartments of the lung may have masked the effect of an inhibitor of one 
class of enzyme. As the research over the last thirty years has shown, many classes of 
enzyme are involved, forming a potent protease cocktail that amplifies inflammation 
(Figures 15.1,15.2 and 15.3). New strategies for antiprotease therapy should probably 
consider targeting the specific site of action with inhibitors of more than one class of 
protease.  
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16  
Mucoactive drugs  

L.Allegra  

MUCOCILIARY CLEARANCE IN CHRONIC BRONCHIAL 
DISEASES  

The precise interaction between airflow obstruction, reduced mucociliary clearance, 
smoking, hypersecretion and infection, and their individual and interactive importance to 
respiratory morbidity and subsequent mortality in separate conditions remains at best 
debatable and at worst a mystery Detailed research into sputum over the past two decades 
has greatly increased our depth and breadth of knowledge. Let us hope that continuing 
studies in this field will lead, perhaps through adaptation of the quantity or quality of 
respiratory mucus, to new and more successful therapeutic strategies. 

MUCOCILIARY DYSFUNCTION  

The accumulation of mucus in the conducting airways is thought to result from epithelial 
hypersecretion combined with a defect in ciliary function. Both component functions of 
mucociliary interaction have been shown to be already impaired in simple cigarette 
smokers with neither pathological signs and symptoms nor functional abnormalities. Of 
course, defective mucociliary function is recognised as the marker of several pathological 
respiratory conditions, the majority of the studies having been dedicated to chronic 
bronchitis, both simple and obstructive. 

CHRONIC BRONCHITIS  

Histologically characterised by bronchial inflammation and secretory cell hyperplasia and 
hypertrophy (with increased Reid index), chronic bronchitis (for which cigarette smoking 
remains the main etiological agent) is associated with a reduction in mucociliary 
clearance, hypersecretion, and ‘abnormal mucus’. This has a typical epithelial 
glycoprotein content (with characteristic features of buoyant density and chemical 
constitution—large molecular weight), which together with a predominantly glycolipid 
component, disturbs the viscoelastic properties of the respiratory tract secretions [1–3]. 
Elastase activity is also raised [4]. Persistent mucus accumulation and airway obstruction 
(in concert with recurrent infection in the later stages of the disease) eventually lead to 
severe airflow limitation and chronic respiratory failure. Chronic bronchitis is defined 
clinically as ‘chronic productive cough’ with a duration time of >3 months/year for at 
least 2 consecutive years. This definition implies an abnormality in the production and 
clearance of lower airway secretion,  
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which is common to both the clinical presentations of the disease, the ‘simple chronic 
bronchitis’ as well as the ‘obstructive’ one (COPD), the latter being characterised by 
clinical and spirographic signs and symptoms of obstruction in addition to cough and 
phlegm. Cigarette smoking is the single most common cause of chronic bronchitis, and 
therefore it is not surprising that the actions of cigarette smoke on the mucociliary 
apparatus of the airways has been the subject of intense investigation. There is general 
agreement that cigarette smoke has detrimental effects on mucociliary function, and some 
of the mechanisms responsible for the cigarette smoke and chronic-bronchitis-associated 
mucociliary dysfunction have been elucidated. 

Another important question, however, is whether the presence of excessive mucus in 
the airways of patients with chronic bronchitis limits airflow. Epidemiological data are 
conflicting. In patients with chronic obstructive lung disease, survival has been reported 
to be inversely related to forced expiratory volume in 1s (FEV1) whether or not 
productive cough is present [5]. Likewise, a long-term study has found that death rates in 
chronic obstructive lung disease are not significantly related to initial sputum production 
[6]. On the other hand, a 22-year mortality survey of >1,000 men has shown not only that 
the severity of airflow obstruction (e.g. FEV1/FVC) is correlated with mortality, but also 
that chronic phlegm production is significantly associated with mortality [7]. 

In Europe and America it is widely accepted that the important primary cause of 
hypersecretion is smoking cigarettes, particularly those with a high tar content [8]. Other 
exogenous factors that may contribute to the hypersecretion (and further 
bronchopulmonary damages characterising chronic bronchitis) include metropolitan (and 
micro-environmental) air pollution, occupational dust exposure (including exposure to 
asbestos and other carcinogenic airborne particles), domestic pollution, for example, from 
poor ventilation, gas fires in urban areas and cooking fuels in rural communities, passive 
smoking, climatic factors, childhood factors such as repetitive bronchial infections, 
hereditary factors linked, for example, with protease-antiprotease imbalance, 
demographic factors, social classes, promiscuity and malnutrition. 

So, smoking, hypersecretion and chronic bronchitis (simple or obstructive) are 
strongly associated. This is explained at a microscopic level, at least in part, by the 
description of the Reid index, describing the diameter of submucosal glands as a 
proportion of the gland to bronchial wall thickness [9]. Chronic hypersecretion is also 
found in other pulmonary diseases such as cystic fibrosis, α-1-antitrypsin deficiency, 
hypogammaglobulinaemia and asthma, even in those with asthma who have never 
smoked [10,11]. 

The role of infection in the progression of lung disease is unclear. It as been known for 
30 years that the bronchial tree may not be sterile in conditions of hypersecretion [12,13]. 
Initially it was believed that infection precipitated further airway damage. Although some 
studies seem to have supported this [14], others have not shown any general correlation 
between frequency of infection and the rate of decline of FEV1 in the presence of hyper-
secretion and mild airways obstruction [6,15,16]. However, where added immunological 
or physiological factors are present (such as in cystic fibrosis, bronchiectasis, 
hypogammaglobulinaemia or severe airways obstruction), frequency of infection does 
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seem to be related to deterioration in FEV1 [5,11,15,17] in the mild to moderate COPD 
patients, although it has been demonstrated to be responsible for progressive steps of 
deterioration in the severe phases of the disease, those characterised by FEV1 <35% pred. 
[18]. 

PRIMARY CILIARY ABNORMALITIES  

Respiratory mucus accumulation and resultant airway obstruction are clearly exemplified 
in cases of primary ciliary dyskinesia, for example, in syndromes such as Kartagener’s 
(bronchiectases, sinusitis and situs viscerum inversus) and Young’s (obstructive 
azoospermia with normal spermatogenesis, sinusitis and alteration of pancreatic 
secretions). These are two of a group of autosomal recessively inherited disorders 
characterised by a primary defect in mucociliary transport. In the former, many ciliary 
structural defects have been identified; in Young’s syndrome the reason for the 
mucociliary impairment is believed to be abnormal mucus. Mucus accumulation is the 
consequence, and airways obstruction leads to recurrent pulmonary infections. 

BRONCHIECTASIS  

This is defined as ‘a permanent, irreversible, more or less circumscribed dilatation of the 
bronchial lumen’. Permanent dilatation of the bronchial tree can also occur in chronic 
bronchitis; however, this is of a lesser degree and is more diffused. These two diseases 
are almost always associated. Pure bronchiectases are rather rare and represent a simple 
anatomical alteration. Due to the presence of chronic inflammation, they become a 
precisely defined clinical reality that sometimes has been defined as ‘bronchiectatic 
chronic bronchitis’. Persistent dry cough, at times accompanied by modest episodes of 
hemoptysis, is the only symptom of non-infective bronchiectases. However, there is 
almost always an abundant emission of more or less purulent sputum, which becomes 
mucopurulent (never serous) during phases of remission. 

BRONCHIAL ASTHMA  

In bronchial asthma, besides other reasons of bronchoconstriction such as airways hyper-
reactivity, bronchospasm, inflammation and oedema of the mucosa, respiratory mucus 
also demonstrates peculiar glycoprotein patterns and glycolipid predominance, with 
resultant alteration in physical properties and quali-quantitative changes in rheological 
properties which contribute to the flow limitation along the airways. The pH within the 
respiratory mucus tends to be lower than normal, affecting mast cell degranulation. 
Evidence suggests that mucociliary clearance impairment is mirrored by a deteriorating 
clinical state, with mucus clogging in association with bronchospasm and an easier than 
normal tendency to overinfections. 

CYSTIC FIBROSIS  

Hypersecretion, abnormal mucus (with peculiar epithelial glycoprotein and glycolipid 
content), reduced mucociliary clearance, and increased elastase activity are associated 
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with chronic respiratory tract colonisation and infection, especially with Staphylococcus 
aureus and Pseudomonas aeruginosa. Eventually, bronchiectasis results. The primary 
cause still remains unknown, although abnormalities of epithelial permeability and 
associated bioelectrical alterations are common features of the disease. 

MUCOACTIVE NATURAL PRINCIPLES IN THE HISTORY  

INTRODUCTION  

The history of mucoactive therapy is more relevant than the history of most drugs for 
several reasons: 

(a) Many therapeutic principles in current use have been employed for thousands of 
years. 

(b) The popularity of some agents, in numerous unrelated cultures, suggests that they 
may offer benefits that cannot readily be detected by methods of evaluation of simple 
and diffuse utilization. A number of traditional drugs have provided the source for 
developing new agents that have been successfully introduced into current respiratory 
therapy. 

(c) The traditional confusion between expectorants, antitussives, demulcents, pectorals 
and other agents that affect the respiratory tract points to the need to make a finer 
distinction in the assessment of the effects of mucokinetic agents.  

(d) The recognition that many traditional agents have a multiplicity of therapeutic 
applications is reciprocated in contemporary discoveries that current agents, such as 
N-acetyl-L-cysteine (NAC), also have multiple effects (at higher than normal doses 
showing potent antioxidant and antidotal properties in addition to their basic 
mucokinetic actions). 

(e) The lessons of history are applicable to today’s examination of drugs, and the same 
wide-ranging scope of enquiry needs to be directed at some mucoactive agents that 
find a place in the pharmacopoeias of today. 

MEDITERRANEAN AND WESTERN DRUGS  

Most of the drugs currently available throughout the world for the treatment of 
pulmonary disorders characterised by abnormal mucus are derivatives of ancient 
medications, many of which are known to have been in use for over 5,000 years. In every 
geographic area, people have experimented with plants, minerals and animal products, 
and have gradually come to find certain derivatives to be helpful and safe in treating 
disorders such as bronchitis, asthma and milder respiratory infections. The number of 
natural drugs that have been accepted by differents societies is immense, and the 
supposed indications for specific agents can differ enormously. It would seem that those 
respiratory drugs that are discovered independently by different people might offer true 
benefits, but unfortunately this is not necessarily so. Western drug therapy had its origins 
in Mediterranean and surrounding civilizations. Oriental medicine arose independently in 
China and India, and many remedies remain indigenous to these countries. Thus, the 
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historical origin of agents can best be analysed by examining these two broad cultural 
groups separately 

Mesopotamian drugs  

Sumerians, Akkadians, Babylonians and Assyrians left evidence of a systematised 
knowledge of drug therapy [19–21]. For example, the Assyrians used over 500 drugs; one 
chest remedy included Ammi, the plant group from which cromones were subsequently 
derived. Many of the Mesopotamian cultures, for example, used mandrake, a plant with 
anticholinergic properties that continued to be invested with magical powers for 
thousands of years. Other Assyrian remedies for treating lung diseases remain in use even 
today [22]. The Akkadians used spices and resins, and appeared to favour sulphur, and 
extracts of balsamic plants [20]. The favoured drugs of the Mesopotamian cultures had a 
profound influence on the neighbouring Egyptians and Greeks. 

Egyptian drugs  

The ancient Egyptians used drugs in ceremonial and decorative fashion as well as for 
therapy. They developed the use of cosmetics, fragrances, perfumes and incenses, further 
extended by the Egyptians’ sophisticated commitment to preserving dead bodies through 
embalming. 

The word perfume is derived from the Latin per fumum (through smoke), and 
indicated that perfumes and incenses had similar constituents [23]. 

Other antibacterial agents used in Egypt included onion and garlic, as well as a resin 
mixture found in the mummy of Meneptah, son of Ramses II, that had a pleasant odour 
‘like Friar’s balsam’ [20]. All of these agents were incorporated in oral medications, in 
chest plasters or in fumigations/incenses for inhalation, each form of administration being 
recognised as useful in the treatment of respiratory disorders. As an example, the famous 
Ebers’ Papyrus dating from 1600 B.C. recommended the following formula for bronchial 
diseases: figs, grapes, sycamore fruit, frankincense, cumin, juniper, wine, goose grease 
and sweet beer [22].  

‘Biblical’ drugs  

Cautious use of medications was recommended and relatively few drugs were described 
in the Bible; most of these came from Egyptian sources [22,24,25]. But overall, it is 
reasonable to conclude that the Bible, with its limited drug repertoire, provided a 
pharmacopoeia that appeals mainly to the respiratory specialist. 

Greek and Roman drugs  

The excesses of the Mesopotamian and Egyptian cultures and the cautious use of 
medications in the Biblical era provided a historical basis for the philosophical Greeks to 
select a balanced approach to pharmacology and therapy Moreover, the Greeks developed 
a framework of scientific reasoning to try to formalise rational explanations for the 
physiological and pharmacological interactions in the body. Names of famous doctors 
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and medical school leaders begin to be linked to new medical theories and discoveries, 
namely Empedocles (504–433 B.C.), Hippocrates (about 460–370 B.C.) and Aristotle’s 
pupil Theophrastus (327–287 B.C.). The majority of their respiratory drugs were similar 
to those of the Egyptians [26]. Some treatments were more invasive (intratracheal 
instillations) and inhalations with balsam or fumigation with vapours of hyssop (which 
was primarily used as an emetic) were often suggested [27]. Thus, cinnamon, radish, 
garlic, honey, and flax were good for coughs, particularly ‘old’ ones, while ‘comfrey doth 
rid up noisome stuff from ye lungs’, mandrake ‘doth expel upward phlegm’, and lesser 
celandine ‘purge all things out of the thorax’. Even more abstruse is the suggestion that 
leek is suitable ‘for all griefs in the thorax’, while pepper is advised for ‘all ye passions 
about the thorax’. Many agents were used for coughs nonspecifically, such as honey and 
pine extract (used equally uncritically today!). Almond oil, rhubarb, scilla and many 
other agents were recommended for asthma. Of particular interest is the advice to treat 
lung diseases by inhaling the smoke from burning sweetflag, terebintha (turpentine) or 
coltsfoot, which would ‘break impostumes (abscesses) in the thorax’ [28]. 

Some centuries later Dioscorides, a Greek doctor who was particularly famous in his 
adoptive land, Rome, produced a brilliant textbook in Latin, De Materia Medica (78 
A.D.). Another famed (Roman) authority who wrote extensively in the first century A.D. 
was Celsus. The works of Dioscorides and Celsus were reflected in the writings of Galen 
in the 2nd century A.D. These authorities were destined to influence therapeutics for the 
next 1,500 years, and many of their remedies are still popular today. Thus, Celsus’ 
favourite agents such as thymol, storax, turpentine, hyssop and elecampane persist as 
expectorants in current pharmacopoeias [22]. 

The only Europeans who developed a more extensive herbal knowledge than the 
Greeks and Romans were the Anglo-Saxon herbalists. These healers, or leeches, became 
familiar with at least 500 medical plants, and the ‘Leech Book of Bald’ that appeared in 
the first half of the 10th century showed a wider range of therapeutic knowledge than any 
other contemporaries, including physicians of the Salerno School. The Salerno School 
was emerging in Italy at that time and its doctors were inclined to dedicate their interests 
more to the effects of the inhalatory administration of smoke or vapours obtained from 
plants and mineral products than to the natural principles contained in them. This form of 
inhalational therapy was then popularised in Europe by them [29]. Thus, Bernard the 
Provincial gave antimony vapours for cough and galbanum for suffocation, while 
Archimathoeus advised arsenical fumigations for chronic bronchial catarrh [21]. Many of 
the traditional folk medications that are currently used in Britain date back to the leeches 
of a millennium ago [30]. 

Arabic drugs  

The waning of the Greek and Roman cultures left an intellectual void into which the 
emergent Moorish culture eventually exploded with a vigorous new dedication to science. 
Although many Arabic writers and their students in conquered lands made contributions 
to medicine, much of their pharmacology was directly based on the work of Dioscorides. 
Thus, the pharmaceutical manuscripts of Abulcasis in the 10th century [31] and the books 
on pharmacy and materia medica of Al-Biruni in the 11th century [32] were filed with 
quotations from Dioscorides and Galen. These writers extolled spices and advised using 
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incenses, inhalations, poultices, syrups and oral preparations of numerous drugs for 
respiratory disease. The great Persian clinician of the 10th century, Avicenna, in his 
influential Canon of Medicine, added little more, although he nevertheless described 
about 758 compounds [22, 33], with an emphasis on holistic therapy rather than drugs. 
The Arabs did introduce several new drugs, including camphor, and developed syrups for 
treating respiratory afflictions [34]. 

The most important book on respiratory therapeutics during the Moorish era was that 
of Maimonides, whose famous ‘Treatise on Asthma’ appeared in the 12th century 
[35,36]. Among the foods, spices and herbal drugs, an extract of tea (today’s 
theophylline) was recommended to be used in asthma. Of major importance was 
Maimonides’ exhortation that chicken soup (flavoured with spices such as ginger, cloves, 
coriander and spikenard) be employed for aiding in the coughing up of phlegm. Very 
curiously, in the late 1970s, a paper on improvement of pathologic mucociliary clearance 
in humans, thanks to the ingestion of chicken soup, was published after ‘peer review’ by 
the group of Marvin A.Sackner [37], American Thoracic Society President at the time, 
and got an enormous number (thousands!) of requests for reprints, resulting in one of the 
biggest successes of scientific respiratory literature ever (Sackner, personal 
communication). 

Evolution of modern drugs in Europe and the New World  

Following the conquest of the Moors, in the 15th century, centres of medical progress 
developed in Italy, England, France, Germany, Holland and other countries in Europe. 
The discovery of the New World resulted in the introduction of new drugs. Although the 
Spanish colonists destroyed all writings of the Native Americans, about 1,200 Mexican 
plants, representing the enormous herbal knowledge of the native cultures, gradually 
became known to European physicians and herbalists [34]. The ‘Aztec Herbal of Mexico’ 
was published in Europe in 1552, and by 1649 in ‘History of the Plants of new Spain”, 
about 3,000 plants were described [38]. The Mexican drugs that were used for respiratory 
diseases included some well-known agents as well as many obscure ones. In 1447, the 
first European pharmacopoeia was published in Germany, but the initial influential 
account of therapeutics was the London Pharmacopoeia of 1616 [22]. Its extension, 
Salmon’s brilliant ‘New London Dispensatory of 1678, continued to describe similar 
drugs including ancient medicines such as oxymel and hyssop, which he agreed were 
good for expelling phlegm [39]. His lack of discrimination demonstrated that there had 
been little true progress since the time of Dioscorides. In 1654, Nicholas Culpepper died 
at the age of 49 after publishing one of the most influential herbals, which is still readily 
available to the public today [40]. 

ORIENTAL DRUGS  

Extensive lists of drugs have been assembled over the years by many Oriental cultures. 
The most impressive is the wide-ranging and thoughtful assemblage of agents that has 
grown consistently in China over the course of the last 5,000 years. Although most of the 
agents are quite unfamiliar to contemporary Westerners, a surprising number are similar 
to those used in Europe several hundred years ago. However, analysis of the early 
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histories of the two cultures suggests that most basic discoveries were made 
independently, although cross-fertilization has occurred, especially during the past 
nineteenth century Liquorice, for example, is a drug that has been used by Oriental and 
Western cultures independently, and its reputation as an expectorant persists. It is 
important to recognise that many of our current respiratory drugs were direct descendants 
of old, established Oriental agents, and there could possibly be further developments of 
new drugs from Chinese, Indian or other Asiatic folk medicines [41]. Since the Asiatic 
cultures have given close attention to diseases accompanied by abnormal phlegm, it is 
reasonable to expect that traditional Oriental pharmacopoeias may be worth examining 
for suitable new mucokinetic agents [42]. 

Chinese drugs  

The Chinese have had a continuing interest in herbal medications for thousands of years 
[43,44]. A favoured ancient remedy for respiratory disorders was ma huang, which is the 
source of ephedrine. This is obtained from the bush Ephedra sinensis. 

The initial Chinese Book of Herbs (Pen Ts’ao) was attributed to the legendary Red 
Emperor, Shen Nung, who lived around 3500 B.C. [43]. The book listed 365 drugs.′The 
Great Pharmacopoeia’ of Li Shih-chen, the Pen-ts’ao Kang-mu, published in 1596 A.D. 
and available in greatly modified form in English [45], forms the backbone of 
contemporary practice in Chinese herbalism, although there are currently around 5,000 
plants recognised in China as medicinal ones, with 1,000 being in common use [46]. 
Complex theoretical bases underlie combinations of dozens of drugs in a typical formula. 
This explains some of the difficulties that investigators presently encounter in trying to 
evaluate the effects of traditional Chinese pulmonary formulations for treating abnormal 
mucus. 

Indian drugs  

Drugs in Indian traditional practice have arisen from more extraneous sources than those 
in Chinese traditional medicine. The earliest evidence of systematised Indian medicine 
reveals that it relied much less on magic than did contemporaneous Egyptian and other 
Middle Eastern systems. Ayurveda, the ‘science of life’, became a separate practice of 
medicine with little reliance on magic. Many Ayurvedic drugs are relatively obscure, and 
translation of their names from the Sanskrit, Hindi or other languages of India is difficult 
[47]. Moreover, the Indians incorporated Chinese drugs into their therapies, and in the 
13th century Persian influences brought in the Greek-Roman system that had been 
modified by the Arabs [48]. Subsequently, the European colonisers of the 16th century 
introduced their medical practice into India, thus extending the complex Indian 
pharmacopoeia much further. 

Other Asiatic drugs  

The medicinal plants of Pakistan, Sri Lanka, Indonesia, Malaysia and Philippines include 
many unique agents that are alleged to have expectorant properties [49], drugs that are 
not used in China or India. However, since most agents are used for many diseases, and 
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their pulmonary indication is often vague, it is unlikely that any major mucokinetic drug 
will readily emerge from this vast potential source. Most of the common expectorants of 
the West are prescribed in Asia, but many of the scores of Indian expectorant drugs are 
not used elsewhere [50]. It is possible that a few drugs from India and surrounding 
countries may eventually yield new agents that will be introduced into Western 
mucoactive therapy. 

AGENTS THAT ACT ON BRONCHIAL MUCUS AND MUCOSA  

CLASSIFICATION BY FUNCTION  

A first approach to the problem of bringing order to the different agents on a functional 
basis (Table 16.1) is to start with a group termed primary agents: those drugs with direct 
effects on the production of secretions or on changes in their composition, resulting in 
improved movement of mucus through the respiratory tree or increased effectiveness of 
mucociliary clearance. The other group, secondary agents, do not have a specific action 
on mucus, but produce a general benefit on airway structure and function, secondary to 
correction of the pathophysiological mechanisms that result in abnormal secretion. 
However, since many  

Table 16.1 Classification of mucoactive drugs 
showing primary and secondary agents acting on 
bronchial secretions (modified from 51) 

Primary agents  
Hydrating agents Water Agents affecting mucus 

production 
  Salt solutions 

Mucoregulators Carbocysteine 

Bromhexine   

Sobrerol 

Bronchorrheics Balsams 

Pinenes   

Terpenes 

Broncho-mucotropics Iodides 

Expectorants Guaifphenesin 

Ipecacuanha 

  

  

Sodium, potassium and ammonium 
salts 

Agents affecting mucus Diluents Water 
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structure   Salt solutions 

  Mucospissics Tetracyclines and other antibiotics 

Glucocorticosteroids   

Anticholinergic agents 

Mucolytics Cysteine and derivatives 

Acetylcysteine (NAC) 

Erdosteine 

α-Mercaptopropionylglycine 

2-Mercaptoethanesulfonate 

Enzymes 

Urea 

Ascorbic acid 

Hypertonic salt solutions 

  

  

Sulphurous spring water 

Ciliary excitants Cholinergic agents Agents affecting 
mucociliary clearance 

Adrenergic agents   

Others 

Ambroxol Detergents or surfactants or 
wetting agents 

Tyloxapol 

Sodium bicarbonate 

  

  

Ethyl alcohol 

Secondary agents  
Bronchodilators Sympathomimetics 

Methylxanthines and 
antiphosphodiesterases 

Anticholinergics 

  

Antileukotrienes 

Anti-inflammatory Corticosteroids 

  Decongestants 

Anti-infective agents Antibiotics 

  Antiviral agents 

Antiallergic drugs Antihistamines 

  

  

Cromones 
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  Mast cell stabilisers 

Hypertonic aerosols Respiratory or cough 
stimulants 

Airway irritants 

  

 

Analeptics 

agents have overlapping effects, it is simpler to classify specific drugs according to their 
major actions, and to describe the importance of their secondary effects [51]. 

Another approach to classify drugs that act on bronchial secretions arises from the 
same observation as above, that there is first a dichotomy between drugs with direct 
action and drugs with indirect action on mucus. In this case, the term direct action often 
indicates an effect resulting in the rupture of the molecular bonds of mucoprotein. Thus, 
this class can be defined as the class of agents that break the polymeric structure of 
mucus, so that they always act specifically on mucus rather than causing a general 
improvement of airway conditions. Table 16.2 lists the different types of action of this 
heterogeneous group of substances on different parameters such as mucin biochemistry, 
mucus secretion, adhesiveness of the gel layer, modification of the sol layer and gastric 
vagal reflex. It is readily appreciated that traditional agents, such as water, hypotonic salt 
solutions, iodide, balsams and guaiphenesin, can have more than one mechanism of 
action. They should therefore be placed in several classes, according to their apparent 
main action. This observation could be extended to newer agents, whose overall effect on 
the bronchial mucus system is achieved through complex alterations, resulting in volume 
changes and mucus clearance. These multiple differing variables are closely interlinked. 
In this classification, we have not included the huge number of different proprietary or 
traditional combinations of mucoactive drugs that are compounded with each other or 
with other drugs, including historical substances whose use can no longer be 
scientifically justified [51]. 

Among the large number of substances reported to have mucoactive effects, some are 
not used in clinical practice, but are only intended for studies in vitro. 

GLOSSARY OF TERMS USED IN BRONCHIAL MUCOLOGY  

The above classifications are based on ‘terminology’ accumulated over recent years to 
explain with a single word the action of a drug on mucus according to its function. 
Different investigators and clinicians tend to give individual meanings according to their 
personal experience and interpretation. So, over the years, the birth of new therapeutic 
agents has resulted in new terms being coined to try to explain their activity. Year after 
year, the terminology has continued to evolve considerably, reflecting the different 
backgrounds and points of view of the experts. Since many of them seek to explain the 
same property with only minor differences, confusion can arise. The specific terms are 
defined in the glossary section of Table 16.3, which provides an explanation of the most 
frequent terminology regarding drugs that act on mucus [51]. 

DRUGS BREAKING MUCUS POLYMERIC STRUCTURE  
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MUCOLYTIC MOLECULES PROVIDED WITH SULPHYDRYL 
GROUPS (THIOLS)  

Cysteine and its derivatives  

Cysteine is an amino acid (not an essential one); it is a derivative of alanine, synthesised 
from methionine and serine through a trans-sulphuration process. Most of the sulphur in 
our diet is obtained from ingesting proteins that contain cysteine or methionine. Cysteine 
is found as a constituent of animal proteins, including glutathione, and is a major 
component in tissue such as those of hoofs, hair and skin. Industrially, it can be 
manufactured by hydrolysing the proteins from sources such as the feathers, hair or skins 
of various animals. 

In 1963, Sheffner [52] published his extraordinary finding on the mucolytic properties 
of L-cysteine and its derivatives. He did not explain the rationale for examining cysteine, 
but recorded the fact that during a search for a therapeutic mucolytic agent, the properties 
of cysteine were carefully evaluated. It was apparent that the sulphydryl or thiol group (-
SH) of cysteine was essential for conferring mucolytic properties, and that most 
congeners with  

Table 16.2 Classification of mucoactive drugs 
according to direct or indirect effects on bronchial 
secretions (modified from 51) 

Drugs breaking mucus 
polymers 

Thiols Cysteine 
Methylcysteine 
Ethylcysteine 
Acetylcysteine (NAC) 
Erdosteine 
a-mercaptopropionylglydne (thiopronine) 
2-mercaptoethane sulfonate (mesna) 

  Enzymes Trypsin, α-chymotrypsin, streptodornase, 
streptokinase, serratiopeptidase, sfericase, 
onoprose, DNA-ase 

Direct 
action 

  Other 
agents 

Urea 
Ascorbic acid 
Hypertonic salt solutions 
Inorganic iodides 
Sulphurous spring water2  

Indirect 
action 

Drugs modifying mucin 
biochemistry and mucus 
secretion 

  S-carboxy methylcystine ne 
Letosteine 
Stepronine1, thiopronine 
Sobrerol 
Iodoethylene glycerol (domiodol) 
Iodopropylidene glycerol 
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Drugs modifying adhesivity 
of gel layer 

  Bromhexine 
Ambroxol 
Tyloxapol2  
Propylene glycol2  
Sodium ethasulphate2  
Sodium bicarbonate2  

Drugs modifying sol layer 
and hydratation 

  Water2  
Sodium salts2  
Potassium salts2  

Volatile inhalants and 
balsams 

  Pinenes 
Terpenes 
Methenes 
Phenol derivatives 

Drugs stimulating 
gastropulmonary reflex 

  Ammonium chloride 
Sodium citrate 
Guaiphenesin 
Ipecacuanha 

Drugs modifying bronchial 
gland activity 

  Adrenergic agents 
Cholinergic agents 
Corticosteroids 
Antihistamines 
Antileukotrienes 

 

Muco spissic drugs   Antibiotics 
Diuretics 
Others 

Not all drugs reported are in clinical use 
1Stepronine is a prodrug for thiopronine 
2Topically administered 

Table 16.3 Glossary of terms used in mucology, 
referred for: (A) drug activity and (B) mucus 
characteristics (modified from 51) 

Term  Definition  
(A) Bronchomucotropic Acts directly on bronchial glands to augment their output of mucoid 

secretion 

Bronchorrheic Acts by non-specific irritation or hyperosmolality to increase the 
transepithelial secretion of water 

Ciliary excitant 
Detergent 

Increases rate and/or effectiveness of ciliary beating Reduces 
adhesiveness of secretions to mucosal surface by surface-active effect 

  

Diluent Expectorant Dilutes the respiratory secretions by simple addition of water Acts 
reflexively on bronchial glands to increase their output of mucoid 
secretion 
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Fluidifier Term used to describe drug causing increased mucus mobility through 
several mechanisms 

Hydrating agent 
Liquifier 

Causes water to be incorporated into the structure of respiratory 
secretions Same as mucolytic 

Mucoactive Term to indicate all drugs having a beneficial effect on respiratory 
secretions without specific regard to the mechanism of action 

Mucolytic Breaks up glycoproteins, other protein, DNA and macromolecules 
into smaller components 

Mucokinetic Term used to describe all drugs that improve mobilisation and 
clearance of abnormal respiratory secretions 

Mucomodifying Same as mucoactive 

Mucoregulator Causes the synthesis of normal biochemical components of mucus 

Mucosecretolytic Same as fluidifier 

Mucospissic Causes thickening of abnormally hypoviscous mucus 

Secretolytic Same as fluidifier 

Surfactant agent Stimulates type II alveolar cell secretion of surface active 
phospholipids 

Tensioactive Reduces the surface tension of a liquid 

 

Wetting agent Same as detergent 

(B) Adhesiveness The phenomenon of holding materials together by surface attachment 
(interfacial forces) 

Consistency Resistance offered by a material to deformation 

Elasticity Property of a material to deform reversibly and to recover original 
asset and shape immediately upon release of the stress 

Pourability Capacity of a fluid to adhere to the walls of a container and flow 
under gravity 

Spinability Stickiness Ability of bronchial mucus to be drawn into threads when stretched 
Same as adhesiveness 

Tixotropy Reversible decrease of apparent viscosity with time when a constant 
shear rate is applied 

Viscosity Property of a material to flow, with the rate of flow being function of 
the stress 

  

Yield stress Minimal shear stress necessary to apply to a substance for it to flow 

a similar effect on mucus possess a mercapto grouping (-CH2SH). Thiol agents that are 
sensitive to autoxidation, such as cysteine, have considerable mucolytic action, whereas 
very stable compounds have little activity. Sheffner found that, during the breakdown of 
mucoprotein, the disulphide bridges interconnecting the protein molecules are ruptured 
by an interchange reaction with the free sulphydrilic grouping of cysteine. 

Mucoactive drugs     319



Many chemicals with a free sulfhydryl group (cysteine derivatives, NAC and 
dithiothritol) reduced the viscosity of sputum in vitro and are also used regularly in 
laboratories for such a property. It is noteworthy that reduced glutathione, which is 
synthesised in the body from cysteine, is an effective mucolytic [52,53]. It was also 
recognised that one of the most suitable congeners of L-cysteine for therapeutic use was 
NAC, since it has less taste and odour, and is much less toxic than L-cysteine. It is also 
more stable and forms highly soluble disulphide oxidation products. 

Acetylcysteine (N-acetyl-L-cysteine: NAC)  

The excellent mucolytic activity of NAC has been well known since the 1960s, such 
effects having been demonstrated both in vitro and in vivo. The NAC molecule includes a 
thiolic group, i.e. a free -SH group, capable of substituting and opening the -S-S- link 
between two cysteine groups belonging to the complex mucin molecule. This 
medicament induces a decrease in the number of intra- and intermolecular links, causing 
a rupture of the mucus polymeric structure (i.e. a depolymerisation), an event that reduces 
mucus viscosity and facilitates its expulsion. Its excellent oral and injective tolerability 
(at doses much higher than usual) permits the long-term use of the drug in these modes of 
administration. The only problem could lie in the episodes of bronchospasm which have 
been described, but only in cases of aerosol administration. 

In recent years, NAC has been used all over the world in several experimental and 
clinical research studies, most of which have focussed on its antioxidant activity, which 
has become progressively more evident from the 1980s, giving an already out-of-patent 
drug a ‘second youth’ and renewed interest from various fields of clinical research such 
as pneumology, cardiology, nephrology, infectious diseases, radiology etc. The 
antioxidant action has a dual mechanism: (a) NAC acts as a direct donor of hydrogen 
radicals (due to the free -SH group) with consequent reduction of all extracellular 
reactive oxygen species (ROS), (b) NAC undergoes intracellular deacetylation with 
production of L-cysteine, an indispensable amino acid for the synthesis of glutathione 
and the consequent increase of the reserve of such a molecule in cells and plasma, where 
it exerts the most powerful antioxidant action. Since the clinical needs of mucolytic 
activity have been previously discussed, it is perhaps useful to present here some data on 
the conditions where the antioxidant properties of NAC are of importance. 

In chronic bronchitis, the high number of publications has permitted three independent 
meta-analyses, all performed between 2000 and 2001 [54–56], demonstrating the efficacy 
of NAC in preventing winter exacerbations, with the further consideration that, due to the 
low cost of the drug, this expenditure is largely offset by reduced hospital fees. A recent 
Dutch study [57] has shown a dose-dependent reduction of hospitalisation risk following 
long-lasting therapy with NAC, probably due to a double protective effect; mucolytic as 
well as antioxidant. The dose-dependency of the antioxidant action in COPD has already 
been observed in a double-blind Italian study [58], the results being more evident with an 
oral daily dose (1,200 mg) which is double the most commonly used oral daily doses 
proven to be mucolytic (600 mg). 

An interesting original observation has resulted from a very recent European 
polycentric study (acronym: Ifigenia) on idiopathic cystic fibrosis where one-year 
administration of a still higher daily dose (1,800 mg) in addition to the usual therapy 
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(corticosteroid+azathioprine) reduces the decline in vital capacity (VC) by 9% and in 
diffusion capacity by 24%, NAC thus being one of the few drugs able to slow the 
evolution of the disease. This effect, of course, is not attributable to its mucolytic 
properties but more to its antioxidant ones [59]. 

Finally a polycentric double-blind Italian study (acronym: Nacis) has shown a 
significant reduction in the frequency and severity of influenza symptoms in non-
vaccinated elderly persons and patients suffering from chronic diseases, effects which 
have been attributed to the NAC acting to reduce the high production of free radicals in 
these diseases [60].  

The fact that the oral daily ‘antioxidant’ dose results from two or three times 
‘mucolytic’ dose (1,200–1,800 vs 600 mg), is confirmed by the return to normal of the 
erythrocyte morphology, which is profoundly altered in COPD patients, together with a 
significant decrease of H2O2 and increase in total thiols in these cells, effects that are 
obtained by the long-term administration of such high NAC doses [61,62]. 

Finally, other effects of high or very high doses of NAC have been documented that 
are independent of its mucolytic activity, having been attributed to its action against 
ROS: these include protection from nephrotoxicity due to contrast means, reduction of 
vascular risk in dialysed patients, dimensional reduction of the damage following 
myocardial infarction, mortality reduction in AIDS, protection from the effects of 
intoxication by paracetamol and poisoning due to the mushroom Amanita phalloides, 
protection against atomic radiation, severe renal failure developing in transplanted liver 
patients, rejection and veno-occlusive liver disease in patients submitted to bone marrow 
transplant and from haemorrhagic cystitis induced by cyclophosphamide [63]. 

In the most severe of the above-mentioned cases, the oral or infused daily dosages can 
be as much as 6–10 g up on the 40 g/day administered by enema to cystic fibrosis 
patients undergoing terminal ileum subocclusion [64]. 

Erdosteine (N-carboxymethylthioacetyl-omocysteine thiolactone)  

Erdosteine is one of the most recently proposed mucoactive drugs [65] and is already 
available in several countries. It contains two sulphur atoms; one in an aliphatic chain, the 
other in a heterocyclic ring. It is a prodrug; after ingestion it is metabolised, producing an 
active metabolite (Met I) which has an unblocked -SH group; this metabolite (but not the 
prodrug) can thus be classified under the group of mucolytic thiols. The drug has proven 
to be well-tolerated and efficacious in the treatment of patients suffering from airway 
diseases characterised by tracheobronchial mucus hypersecretion with rheological 
changes due to alterations in mucus visco-elasticity. In addition, the Met I of erdosteine, 
in concentrations compatible with its therapeutic use, shows inhibitory activity on 
bacterial (Gram+ as well as Gram−) adhesion in humans [66]. It also has antioxidant 
activity, thus acting as a scavenger of oxidant radicals [67]. The administration of 
erdosteine increases glutathione intracellular levels. Recently, its capacity to control 
neutrophil elastase has also been demonstrated (Braga, personal communication). 

Mesna (sodium 2-mercaptoethane sulphonate)  
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Together with NAC, this is one of the most widely clinically employed and studied 
products both in children and adults needing mucolytic activity. This thiolic agent has a 
clear-cut mucolytic activity leading to a reduced mucus viscosity. 

Sulphurous spring water  

Aerosols of sulphydritic molecules characteristic of the hot spring waters of several spas, 
mainly in continental Europe and Japan, are a ‘classic’ remedy used for centuries by 
millions of patients suffering from bronchial or nasal secretory chronic disturbances of an 
inflammatory nature. The mechanism of action is similar to that of thiolic agents. The 
high degree of safety of such aerosols is also due to the fact that they are administered 
under medical conditions in adequately equipped resorts. 

ENZYMES  

Proteases  

Mucoprotein and deoxyribonucleic acid are the major components of mucus contributing 
to its viscosity. A reduction in size of these complex molecules to smaller components 
results in a marked decrease in viscosity. Various enzymes can be included among the 
agents known to cause rupture of the molecules. A number of proteolytic enzymes 
produced by animal organs such as the pancreas, or by bacteria, are considered to have 
therapeutic properties. Relatively few from plant sources have proved to be useful; 
among these are papain, bromelain and ficin. Their mucolytic effects have been 
extensively studied, and enzymes grew in popularity as topical therapeutic agents during 
the 1950s and 1960s. Subsequently, more effective and less expensive agents with lower 
toxicity, such as NAC, have almost completely replaced enzymes as mucokinetic agents. 

Enzymes are organic catalysts, which usually exist as water-soluble colloids; they are 
readily affected by temperature, pH of the medium and various heavy metal ions. All 
enzymes are proteins, and they depend for their action upon the presence of non-protein 
coenzymes, some of which are vitamins. 

In different countries, a certain number of molecules with enzymatic properties have 
been used therapeutically in humans, or submitted to clinical trials: these include 
proteases such as trypsin (also under nebulised form), chymotrypsin, streptokinase, 
streptodornase, serratiopeptidase, sphericase, onoprose and, more recently, DNA-ase 
(deoxyribonuclease). 

For several reasons, this group of agents appears to be of secondary importance when 
compared with more widely employed drugs such as NAC, mainly as a result of a relative 
lack of potency and/or safety, difficult handling and high costs. 

DNA-ase (deoxyribonuclease)  

In more recent years, great hopes have been placed on this enzyme, for a number of 
reasons: it was the first mucoactive agent obtained by genetic engineering, the first 
studied and produced in the USA by American scientists and the first with a specific 
substrate of nuclear that has been origin, a characteristic that has been investigated in 
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depth. However, high resources and huge multicentric studies were eventually followed 
by the withdrawal of the product from the market due to its disproportionately high cost, 
and perhaps to its poor ease of handling and relatively high toxicity. 

HYPERTONIC SOLUTIONS, UREA, AND ASCORBIC ACID  

Hypertonic salt solutions  

Physiological response to hypertonic solutions  

Body fluids normally have an osmotic pressure corresponding to that of a 0.9% solution 
of sodium chloride. Thus, ‘normal’ saline solution will exist in equilibrium with blood 
and with moist mucous membranes, without any net interchange of fluid occurring 
between them. Fluid solutions that demonstrate this property could be called normal, iso-
osmotic or isotonic. In the case of solutions of sodium chloride, or saline, 0.9% is 
considered isotonic. When a hypertonic solution is brought into contact with a mucosal 
surface, water will be withdrawn from the tissue until the osmotic pressure of the solution 
becomes isotonic; the additional volume of fluid may cause blockage of small airways. In 
contrast, a hypotonic solution will have its water content absorbed into the tissues until it 
achieves isotonicity [68]. When hypertonic solutions of sodium chloride are instilled or 
nebulised into the respiratory tree, the initial response will be the transference of water 
from the tissues across the epithelial membrane to dilute the saline [69]. Once this 
becomes hypotonic, the diluted saline, whose volume will be increased, is either removed 
by the mucociliary escalator or by coughing. The ability of hypertonic saline solution to 
withdraw fluid from the respiratory tract epithelium has been recognised for many years. 
This action is a bronchorrheic effect, and it has led to the use of aerosol administration of 
light hyperosmolar solutions for the induction of expectoration in patients who have no 
spontaneous sputum production. Such bronchorrheic stimuli have proven to be invaluable 
in securing cytological or microbiological specimens.  

Urea  

In 1966, Waldron-Edward and Skoryna reported that several amides, of which urea 
(carbamide) was the most suitable, had mucolytic properties. The action of ‘mucolytic 
amides’ on mucoproteins appears to be a non-specific denaturing one, resulting in large 
molecules being disrupted to form smaller and less viscous components [70]. In further 
studies, however, urea proved not to be of value in treating respiratory tract mucus. No 
controlled clinical trials on urea or other amides have been reported since 1971 [71] and 
clinical interest in them has subsequently faded. 

Ascorbic acid  

There is some evidence that ascorbic acid has mild antihistaminic properties, and that it 
may have slight bronchodilator qualities [72–75]. However, the effects are insufficient to 
be of clinical relevance, and thus the drug cannot compete with established 
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antihistamines and bronchodilators. In the early 1960s, Palmer [76] reported that 
uncontrolled studies suggested that aerosolisation of ascorbic acid in combination with 
sodium percarbonate and copper sulphate had a mucolytic action in bronchitic patients. 
This was attributed to depolymerisation of mucoprotein macromolecules by the organic 
reducing agent (ascorbic acid) undergoing active oxidation. In spite of these promising 
results, no further interest has been shown in the potential mucokinetic value of ascorbic 
acid alone or in Asc-Oxreaction mixture [77]. Current thinking is that the hypertonicity of 
the mixture may have a non-specific effect that cannot be ascribed to the chemical 
reaction. Any further clinical studies on ascorbic acid would have to carefully control the 
tonicity of the solution, and since outcomes of such studies with hyper-tonic salt solutions 
often lead to equivocal results, it is unlikely that ascorbic acid alone or in chemical 
mixtures will prove to have any clinical value. 

DRUGS MODIFYING MUCIN BIOCHEMISTRY AND MUCUS 
SECRETION  

CARBOCYSTEINE (CARBOXYMETHYLCYSTEINE) AND 
CARBOCYSTEINE-LYSINE (CARBOXYMETHYLCYSTEINE 

LYSINE SALT)  

Mechanism of action  

This substance is proposed for the treatment of acute and chronic infections of the upper 
airways in cases of obstruction with stagnation of secretions resulting from alterations of 
their physico-chemical properties. Oral administration of carbocysteine induces an 
increase in the production of sialomucins and a reduction in the fucomucins: sialomucins 
ratio. 

Carbocysteine was prepared in the 1930s during research into the protective nature of 
glutathione and cysteine as poison antidotes. Interest in its mucolytic activity began in the 
1960s and it is now widely used in the treatment of respiratory disorders [78]. Havez et al 
[79] showed that cysteine has two different groups of derivatives: the first is 
characterised by a free thiol group; the second by a blocked thiol group. Carbocysteine is 
undoubtedly the most representative molecule of cysteine derivatives with a blocked thiol 
group. It does not act as a reducing agent on bronchial mucus, but induces biochemical 
mucus modifications. Like other mucomodifying drugs, carbocysteine is capable of 
affecting various parameters such as mucus production and composition as well as 
specific histological aspects of the tracheobronchial mucosa. Louisot and Meister [80] 
showed that carbocysteine is able to activate microsomic pulmonary sialyltransferase. 
The result of such an induction of sialyltransferase activity is the incorporation of 
neuraminic acid on desalinised glycopeptides of bronchial origin. This type of action 
explains the increase in sialomucins in the tracheobronchial secretions induced by the 
drug. In 1974, the protective role of carbocysteine on mucociliary clearance was studied 
by us in sheep [81]. After 5 days of exposure to ozone, placebo-treated animals showed a 
marked reduction of their mucociliary transport speed (−33%), while in the carbocysteine 
group this decrease was significantly less pronounced (−9%). Three days after the last 
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exposure, mucociliary transport speed reached the baseline value in the carbocysteine 
group, whereas no improvement was observed in the placebo group (−31%). These data 
confirm once more the protective role of carbocysteine against respiratory tract damage 
induced by air pollution. These experimental observations have been confirmed in 
humans, since the drug induces improved mucociliary transport [82]. 

Clinical Pharmacology  

Different studies show an increase in secretory IgA production after carbocysteine 
administration. Havez and Degand [79,83] showed modifications of mucus glycoproteins 
after carbocysteine. In patients with chronic bronchitis, fucomucins are higher than 
sialomucins and sulphomucins: this fact negatively influences the rheological properties 
of secretions. In humans, after a 10-day treatment with relatively high doses of 
carbocysteine, sialomucins increase while fucomucin significantly decrease. 

In vivo clinical studies  

The results mentioned above are compatible not only with the mode of action of 
carbocysteine but in general with the existence of different subpopulations of chronic 
bronchitics, in relation to mucus characteristics. In spite of this, carbocysteine seems to 
improve the clinical condition of such patients. According to Puchelle et al [84], it is 
possible to claim that carbocysteine not only has mucolytic properties but also 
mucoregulating ones. Carbocysteine has been, furthermore, successfully studied in some 
ENT pathological conditions, namely secretory otitis media, other acute or chronic otitis, 
glue ear and chronic sinusitis. 

Safety  

Gastric problems, which have occasionally been linked with the long-term use of high 
doses of carbocysteine, have been prevented by the more recent lysinated preparation of 
carbocysteine, which provides gastric protection. 

LETOSTEINE (CARBOXYTHIAZOLWINILETHYL-2-
MERCAPTOETHYLACETIC ACID)  

This substance is proposed, from the clinical point of view, for its effect on mucoactivity 
of the mucoregulatory type and also (with a somehow inappropriate extension) for the 
treatment of acute and chronic infections of the upper airways in cases of obstruction due 
to stagnation of secretions resulting from alterations in their physico-chemical properties. 
Letosteine does not interfere with the mechanisms of expectoration, whose regular 
function is essential and has to be preserved after fluidification of the bronchial 
secretions. 

In humans, experiments on the drug’s properties have clarified its modality of action: 
it tends to interfere with the different pathogenic mechanisms responsible for the 
modification of the ‘secretory function’ at the level of the bronchial mucosa. 
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The molecule is a cyclic derivative of cysteine with a blocked thiolic group. As in 
other molecules characterised by such blocked groups, it favours the synthesis of mucins 
with polyanionic character, rich in N-acetylneuraminic acid, a phenomenon attributed to 
sialyltransferase activation. This enzyme, by regulating the attack of the glycidic side 
chains to the central proteic axis of the mucus fibres, contributes to the synthesis of 
sialomucins, thus restoring a correct balance between the various glycoproteic fractions 
so as to produce mucus with viscoelasticity characteristics typical of the normal range 
[85,86], particularly with regard to ‘viscosity’ [87]. The increase in sialomucin level 
induced by the drug contributes to the inactivation of mucosal inflammatory mediators 
such as kinins [87]. The increase of IgA induced by letosteine has been attributed to this 
antikinin action of sialomucins, with a beneficial effect on the deficiency in secretory IgA 
(IgAs) that partially reflects the dysfunctional status of the bronchial mucosa [87,88]. 

Stepronine (2-α-thenoilthiopropionylglycine lysine salt)  

Stepronine exerts its mucoactivity through two mechanisms: (i) inducing changes in the 
rheological characteristics of already-produced secretion and (ii) reducing the production 
of new secretions [89]. Stepronine interacts by means of its sulfhydryl group (-SH), 
which appears after metabolisation, with the sulphydrilic bridges of the mucoproteins, 
producing an exchange that causes S-S bonds to break [90]. In addition, it promotes the 
synthesis of sialomucins by activating sialyltransferase, thus modifying the structure and 
hydration of the mucus [91]. This reducing action is, therefore, carried out directly in the 
secretions, thus modifying the rheological characteristics of the bronchial mucus. Due to 
the aforementioned action, and since in the original structure the -SH group is not free 
(‘covered’), the drug is listed in this list of mucoregulators and not in that of thiols (that 
are characterised by free -SH groups). Therefore, stepronine carries out a fluidifying 
action that improves pathological mucociliary clearance and encourages the removal of 
mucus hypersecretions from the airways. Besides the modification of the physical 
characteristics of the bronchial mucus, stepronine lysinate also acts favourably on 
mucociliary clearance in its complex, integrating its mucolytic action with the activation 
of ciliary movements. Moreover, by virtue of the bond between the -SH group and 
thenoyl group, stepronine does not damage gastric mucosal secretion with its mucolytic 
action while transiting through the stomach [92]. In particular, in a double-blind 
crossover trial in patients affected by chronic rhino-bronchial obstruction, stepronine 
administered via aerosol and compared with placebo was proven effective. The results 
showed significantly improved nasal resistance to air flow during treatment with 
stepronine together with a significant increase in the functional test results. 

A number of clinical studies carried out using stepronine have pointed out the safety 
of the molecule; in particular, its safety profile (especially its good gastric safety) was 
studied in an open nationwide Italian trial [93].This may be attributed to the structural 
characteristic of the bond between the -SH group and the thenoyl group, which protects 
the gastric mucosa from being attacked [89]. 

Thiopronine (α-mercapto-propionyl-glycine)  
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This sulphuric compound has also been used in the past for its mucolytic properties. Its 
high efficacy has been demonstrated ex vivo on rheological mucus properties, and in vivo 
on the consequent increase in tracheal mucus velocity. 

Sobrerol [1-methyl-4(2-hydroxy-isopropyl]-cydohexyl-1, 2-en-6)]  

Physical properties of mucus  

Using a forced oscillation technique, a dynamic test to measure viscoelasticity, a 
statistically significant reduction in both viscosity and elasticity was observed 
(unpublished observations). The effect of sobrerol was also evaluated on another 
rheological parameter frequently altered in chronic bronchitis: spinnability, i.e. the 
capacity of mucus to form threads. A significant improvement in this parameter 
(increased value) was observed after 7 days of treatment with sobrerol. 

Mucus production  

Treatment with sobrerol has been shown to increase the volume of expectoration for 2–3 
days. Following this initial peak, the volume of expectoration tends to decrease 
constantly.  

Mucociliary clearance  

An example of the modification of mucociliary clearance by sobrerol is offered by the 
experimental model of asthmatic attacks after Ascaris suum sensitisation in sheep: a 
challenge with such an allergen induces the impairment of mucociliary function. A 5-day 
pre-treatment with sobrerol was able to selectively prevent this reduction without 
affecting other aspects of the response to the challenge (i.e. bronchoconstrictive 
responses) [94]. 

Tracheal mucus velocity  

This is one of the most probative tests to study the activity of mucomodifying drugs on 
mucociliary clearance. In chronic bronchitics, sobrerol increases tracheal mucus velocity 
(TMV) measured with 99 mTc albumin microspheres in a crossover design [95] or with 
Teflon particles in a design versus placebo [96]. Another indirect method for measuring 
this effect consists of placing the secretions of chronic bronchitis patients before and after 
sobrerol treatment on a preparation of frog’s palate. A marked increase of clearance 
induced by sobrerol was also shown with this technique [97]. 

Cough  

Sobrerol is able to improve cough during airway infections [98,99]. During sobrerol 
treatment, the production of bronchial mucus with improved rheological characteristics 
makes cough more productive, gradually removing the stimuli for coughing. Auscultatory 
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patterns appear to be improved in these patients and a similar trend was observed for 
dyspnoea. 

In chronic bronchitis  

Some airway obstruction may be caused by excessive production of viscous and inelastic 
mucus. Improving mucus characteristics may, therefore, determine abnormalities of 
respiratory function. Several studies addressed this point and interesting results were 
obtained for some respiratory indices [96,100,101]. The variability of patients, in terms of 
disease severity, often seems to obscure these trends. Using a more suitable technique 
(marked particle distribution), it has been shown that sobrerol favours the clearance of 
some airways (especially the most disadvantaged) and that the distribution of particles in 
the dependent zones is increased. 

The effects of a long-term treatment (3 months) with sobrerol have been studied 
versus placebo [102]: over 600 patients were recruited and the drug’s effects on winter 
exacerbations of chronic bronchitis were monitored. A constant improvement of 
expiratory indices such as FEV1 and residual volume (RV) was reported during the 3 
months of therapy with sobrerol. In addition, sobrerol reduced the number of 
exacerbations evaluated both historically (previous year) and during treatment, where the 
percentage of patients with exacerbations and number of episodes during the 3 months 
were significantly lower in the sobrerol group in comparison with the placebo group. 

Safety  

Sobrerol has been shown to be particularly safe and without important side-effects. In 
fact, in all of the studies carried out, including controlled trials, no side-effects requiring a 
specific pharmacological intervention were seen; in a few cases only, administration was 
interrupted. Sobrerol has been marketed since 1970, in Japan, Switzerland and Italy 
(where, together with NAC, it has been a category leader for decades). During these years 
of wide clinical use, no severe side-effect associated with drug administration was seen, 
further supporting the safety of the drug. 

IODIDES  

Iodides are a favourite ingredient of anticough mixtures and have been used to treat 
asthma for more than 100 years [103]. However, some patients receiving inorganic iodine 
preparations experienced an offensive taste, gastric irritation and other adverse reactions. 
Organic iodides were therefore synthesised and introduced into clinical practice. These 
are more stable in storage and their taste and tolerability are much better. 

Inorganic iodides  

There has been a long and consistent belief that iodide is beneficial in lung diseases, 
although clinical proof has been relatively unsatisfactory. Nevertheless, many current 
textbooks continue to recommend the utilizsation of iodides if abnormal sputum is a 
problem. In contrast, numerous authorities advise that iodides should not be used because 
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their indisputable toxicity outweighs their disputable effectiveness. This is true for 
inorganic iodide preparations such as iodine, calcium iodide, hydriodic acid and 
iodoniacin, but not for organic ones. 

Organic iodides  

Domiodol (4-hydroxymethyl-2-iodomethyi-1, 3-dioxolane)  

Several mechanisms of action have been postulated as contributing to the activity of 
iodides on the respiratory mucosa [69,104]: stimulation of bronchial glands to secrete a 
low-viscosity, watery mucus; stimulation of the gastro-pulmonary vagal reflex 
(particularly by the inorganic preparations); direct mucolytic effect (‘lyotropic’ effect), or 
modification by the iodides on partially organised, inspissated mucus lying within the 
chronically infected respiratory tract. 

Domiodol proved to be active in patients with various bronchopulmonary diseases. It 
rapidly improved objective signs and symptoms: the daily quantity of sputum, sputum 
viscosity, expectoration difficulty and dyspnoea. Domiodol is a well-tolerated drug. 
Three clinical trials were specifically designed to evaluate the safety of domiodol, with 
particular reference to thyroid function and gastric tolerability This iodide did not affect 
gland function and had no unfavourable effects on the mucus protecting the gastric 
mucosa. 

Iodopropylidene glycerol (IPG)  

The most interesting mucokinetic iodide product is this iodinated glycerol, which has 
been used since 1915. 

Two studies have been carried out on IPG by the manufacturer. One, by Repsher et al. 
[105] compared IPG against placebo in chronic asthmatic patients, concluding that cough 
symptoms, bronchospasm and ability to expectorate were significantly improved by IPG. 
The second study was an evaluation, by Pavia et al. [106], of the changes in mucociliary 
clearance as demonstrated by a standard tracer radio-aerosol technique in chronic 
bronchitis. The patients as a group showed no significant improvement in mucus 
clearance, but a subgroup, characterised by the production of more copious sputum, did 
show a significant beneficial effect. This limited study suggests that, although some 
patients may show enhanced benefit after using iodopropylidene, current information 
does not allow the extrapolation of these findings to all patients with impaired 
mucokinesis. 

Claims were made that the glycerol component could aid muscle relaxation; a similar 
claim has been made for glyceryl guaiacolate (guaiphenesin). It was also claimed that the 
drug was suitable for topical administration, since the glycerol helps to produce a stable 
aerosol [107]. 

DRUGS MODYFYING THE ADHESIVENESS OF THE GEL 
LAYER  
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BROMHEXINE (3, 5-DIBROMO-2-AMINOBENZYLAMINE)  

The pharmaceutical literature [108] reports the expectorant, antitussive, and, in some 
cases, bronchodilating properties of vasicine, an alkaloid obtained from Adhatoda vasica 
Nees. Using this element as a starting point, over several years, a great number of 
vasicine derivatives have been synthesised by opening the quinazoline ring in the 
vasicine molecule to produce 2-amino-benzylamine derivatives. Compounds of the 3, 5-
dibromo-2-aminobenzyl-amine series (VI) were thus prepared in Germany, giving an 
effective preparation that reduces the viscosity of tenacious mucus, increases 
expectoration and has the secondary effect of facilitating respiration and alleviating 
cough. 

Mucolytic Properties  

Bromhexine plays a pharmacodynamic role in mucus production at the intracellular level. 
In various studies, quantitative as well as qualitative changes were noticed [109] in the 
secretory granules of the secreting epithelial cells. Such studies confirm the postulated 
site of each stage of synthesis and secretion in the preparation of epithelial mucin for 
secretion. Here, a low-molecular-weight secretion is produced, as a result of a different 
synthesis rate and enzymatic effects. 

Response of the alveolar-capillary barrier  

In addition to its specific effect on secretion, bromhexine apparently improves the 
permeability of the alveolar-capillary barrier, thus increasing the concentration of 
antibiotics in sputum. 

Effects on the surfactant  

Results are available to suggest that the action of bromhexine is not simply confined to 
the constituents of bronchial secretion. Morphometric studies of the changes occurring in 
the ultrastructure of type II alveolar cells in the lung of rats after bromhexine 
administration revealed a significant increase of such cells over controls. Moreover, 
within these cells, the lamellar bodies augmented significantly. Under administration of 
bromhexine, the naturally structurally unstable lamellar bodies in the lungs of animals 
were decidedly more stable than in control animals, which may indicate a change in the 
composition of the lamellae, perhaps in their phospholipidic part, leading to an increase 
in stability [109]. Bromhexine (more specifically its 8th metabolite, which will be 
reviewed later under the name of ambroxol) modifies the metabolism of type II alveolar 
cells [110]. The increased production can result in a higher secretion of phospholipids in 
alveolar spaces (particularly β-γ-dipalmitoyl-L-α-2-phophatidylcholine, the lecithin 
contained in surfactant that has maximum tensio-activity, i.e. capacity to lower surface 
tension in the alveolus to values close to zero dynes/cm), thus raising the quantity of 
surfactant available to spread over the interface. Tensio-active substances also have 
important anti-adhesive properties, modifying the adhesiveness of the gel layer of the 
mucus; in the case of bromhexine, other (mucoregulatory) mechanisms are also 
described. 
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Bromhexine has been used in the treatment of pathological conditions such as 
bronchitis, bronchiectasis, and asthma. Favourable effects were reported when giving 
bromhexine in bronchitis, particularly in less severe cases. Several double-blind studies 
[111,112] demonstrated significant improvements in lung function tests (VC, FEV1 and 
peak expiratory flow, PEF) in the bromhexine group versus placebo. Bromhexine was 
found to have an important effect on sputum viscosity and expectoration. These effects 
were demonstrated by many authors [113–115]. Also, in the presence of bronchiectasis, 
positive effects of bromhexine were seen in expectoration, amount, tenacity and colour of 
sputum, as well as the ease of breath-ing. Many investigators [116–118] reported a 
general decrease in sputum quantity and viscosity with auscultatory findings showing 
improvement when using bromhexine in the treatment of patients affected by 
bronchiectases. Acute bronchial asthma was considered to be a contraindication for 
bromhexine [119], and placebo-controlled studies failed to provide convincing evidence 
of the value of bromhexine in asthmatic patients. However, the intravenous 
administration of bromhexine was found to be beneficial in less severe asthmatic attacks 
[120]. Improvements were observed in sputum viscosity, facility of expectoration, cough, 
and dyspnoea. This agent is able to bring about an initial increase in sinus secretion with 
concurrent pronounced reduction in viscosity. There was a significant decrease in sinus 
pain while the patients’ condition improved more rapidly than with antihistaminic drugs. 
In sinusitis as a result of infection, the efficacy of an antibiotic treatment was markedly 
improved by concurrent bromhexine administration [121]. 

Safety  

Bromhexine has been widely used in all western European Countries, where, over many 
years, no severe side-effects have been recorded. No contraindications are known in 
pregnancy. 

Ambroxol [trans-4-(2-amino-3, 5-dibromobenzylamino) cyclohexanol 
hydrochloride]  

The benzylamine agent, ambroxol, is a derivative of vasicine, the active ingredient of the 
medical herb Adhatoda vasica, which has been used for centuries in India to manage 
respiratory tract disorders. As previously mentioned, it is the 8th metabolite of 
bromhexine. Originally developed as a mucolytic agent, ambroxol [trans-4-(2-amino-3, 
5-dibromonezy-lamino) cyclohexanol hydrochloride] was soon found to have effects on 
the secretory apparatus of the bronchial epithelium and pulmonary alveoli, which give the 
compound a unique pharmacological profile. In vivo and ex vivo experiments performed 
in humans [122, 123], moreover, demonstrate that ambroxol is able to act on altered 
mucus rheological properties, normalising the viscosity and reducing the adhesiveness of 
bronchial secretions to the bronchial wall. Such activity, however, does not originate 
from a direct action on the already secreted mucus [124], but from the ‘regulating’ and 
‘balancing’ capacity of bronchial secretions at the glandular level. 

Disse and Ziegler [125] showed that ambroxol is also able to stimulate the cilia of 
ciliated cells. Such stimulation was seen to be weaker than that of a β-adrenergic drug, 
such as salbutamol, used as a reference standard. An increased availability of surface-
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active phospholipid material may have reduced the viscosity and spinnability of mucus, 
as we will see later on [126]. A reduced viscosity may act synergistically with an 
increased ciliary activity [127] and thus result in a beneficial effect of ambroxol on the 
mucociliary transport velocity [127–129]. 

Mechanism of action of ambroxol  

This is better explained by taking its activity on the surfactant system into consideration, 
this having been the topic of many research studies both from the morphological and 
biochemical viewpoints. 

A significantly increased dimension of the lamellar bodies and pneumocytes in the 
treated group over controls was reported. The fact that ambroxol is able to selectively 
stimulate the development of the small organs linked with surfactant synthesis by 
phospholipid incorporation was investigated and confirmed by the autoradiographic 
model [130–132]. Furthermore, ambroxol not only accelerates the synthesis but also the 
secretion of surfactant from type II pneumocytes. The data that ambroxol inhibits 
phospholipase A from lung lysosomes and alveolar macrophages [133] suggest an 
alternative mechanism of action of the drug: the blocking of phospholipidic catabolism. 
Since the function of surfactant is to diminish the surface tension of the pulmonary 
parenchyma with a subsequent greater compliance of the organ, an improvement of 
respiratory function can be expected after ambroxol treatment.  

Safety  

Among the side-effects ascribed to ambroxol, nausea, vomiting and diarrhoea have been 
mentioned, which could have local or central origins. Complications have been described 
due to skin—and mucosal—hypersensitivity together with rashes, with or without itch 
and urticaria. The incidence of such complications is, however, very small. 

MODIFICATIONS OF THE SOL LAYER AND HYDRATION OF 
MUCUS  

Water  

The sol layer that bathes the respiratory epithelium must demonstrate critical features for 
effective mucociliary clearance. It must be of appropriate depth (physiologically approx. 
5 µm) and should just cover the extended cilia; the presence of this low viscosity fluid 
environment is essential if the cilia are to maintain their rapid, coordinated metachronal 
beat. A sol layer of inadequate depth results in slow ciliary beating or complete 
ciliostasis. In contrast, an inappropriately increased depth prevents the energy of the 
extended ciliary tips from engaging with the superficial gel layer (physiologically ≤5 
µm), and the normal cephalad movement of this viscous layer is not promoted. Gross 
increases in the depth of the sol layer result in an encroachment on the lumen of the small 
airways, and this results in mucostasis; this in fact occurs with pulmonary oedema 
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resulting from heart failure or from leaking of fluid across an impaired respiratory 
epithelium. 

The sol layer must also maintain a suitable consistency If it is hyperviscous, 
movement of the cilia is impeded. Its relationship with the gel layer should cause an 
abrupt change in viscosity at the boundary; if part of the gel layer becomes more similar 
to the sol layer, then clearance of the viscous component of the secretions up the 
mucociliary escalator is impaired. This undesired situation can paradoxically result from 
mucokinetic therapy if too much of a mucolytic agent is given and the gel layer is 
disrupted sufficiently to cause the airways to be ‘drowned’ in low-viscosity fluid. 
Surprisingly, in such cases, we can successfully refer to mucospissic agents (diuretics, 
corticosteroids and antibiotics when necessary). Conversely, in many cases of impaired 
mucokinesis, the problem appears to be related more to a deficiency in depth or increase 
in viscosity of the sol layer, and the objective of therapy is to restore this layer to its 
normal state. This can be accomplished by giving topical therapy that will act on both the 
sol and the gel layers, or by systemic therapy that causes the bronchial glands to secrete a 
low viscosity fluid that enters the sol layer. Such effects can be produced by drugs having 
direct or indirect actions on such bronchial gland secretion. 

It is generally accepted that water is a valuable mucokinetic. However, it may surprise 
those who believe that water is the best expectorant or mucolytic to know that such 
claims are not based on clear evidence, but are generally the outcome of traditional 
clinical impressions. An overall problem is that clinical methods for studying 
mucokinesis remain relatively unsatisfactory, so the value of water in this specific sense 
is difficult to demonstrate quantitatively. 

The average normal daily water requirement of an adult is approximately 2,500 ml. 
The equivalent losses include 1,500 ml in urine, 500 ml by insensible loss or by sweat 
through the skin and 100 ml in stool, the remaining 400 ml being lost through the 
respiratory tract. 

A marked loss of free water is known as desiccation, whereas an accompanying loss of 
electrolytes results in dehydration, which usually produces more evidence of 
hypovolaemia such as tachycardia, hypotension and altered sensation. 

In respiratory illnesses accompanied by desiccation and dehydration, there is a strong 
clinical impression that the mucus is adversely affected, resulting in decreased 
mucociliary clearance, hyperviscous secretions and possible inspissation or impaction of 
mucus in the distal airways. The results do not support the clinical practice of 
encouraging vigorous hydration for patients with chronic sputum production. This 
finding is in accordance with the opinion of Hirsch [134], who found only one report 
suggesting an objective decrease in sputum viscosity following systemic hydration. 
Wanner [135], in his extensive review, also concluded that there was no scientific basis to 
support the prescribing of increased hydration in the treatment of chronic syndromes 
associated with abnormal sputum. 

In acute exacerbations of respiratory disease, as with any other disorder, it is 
appropriate to correct dessication or dehydration. 

In vitro studies have shown that when 1 ml of water is added to 5 ml of sputum, it can 
reduce its viscosity by as much as 35%. Similarly, aerosolised water can be incorporated 
into sputum, leading to a gain in weight of up to 29% and a decrease in viscosity of up to 
37%. These findings do not necessarily apply to the in vivo situation, since a very small 
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proportion of an aerosol will be deposited in the lungs. Animal and human studies have 
shown that aerosolised water can be more effective than saline as a stimulant of sputum 
production and coughing since it can be more irritating to the mucosa. However, current 
textbooks on respiratory care demonstrate an awareness that simple aerosols of water and 
hypertonic saline solutions can no longer be recommended in mucokinetic therapy 
(except for the purpose of inducing the patient to cough), since they induce 
bronchoconstriction in broncho-reactive patients. 

Salts  

Salts of sodium have played a major role in therapeutics throughout history Most of the 
simple salts are electrolytes that continue to be used to provide specific ions for the 
maintenance of homeostasis or to correct deficits. 

In therapeutics, sodium chloride is given mainly for intravascular rehydration and as a 
balanced, isotonic carrier fluid for introducing drugs into the venous system; under these 
circumstances, it is not thought to have any specific pharmacological effect. 

Several sodium salts are used as electrolyte providers. There is a very slight chance of 
iodine hypersensitivity occurring with intravenous administration of sodium iodide, but 
when given as a slow infusion, the possibility of anaphylaxis is negligible. Hypertonic 
sodium bicarbonate, however, is considered to be one of the best mucokinetic agents for 
use by both aerosolisation and instillation. Sodium bicarbonate can be repeatedly 
nebulised or instilled into the airways, up to six times per day for several days. As is the 
case with saline, hypertonic concentrations can be irritating to the oropharyngeal mucosa 
and to the respiratory tree, and such solutions can induce coughing and bronchospasm. 
Potassium salts are not generally utilised as mucokinetic agents. 

Numerous other salts have been used as expectorants, and many of the same salts are 
used as osmotic or irritant cathartics. They serve as non-specific gastric irritants, and can 
thereby stimulate expectoration through the gastro-pulmonary vagal reflex. 

It is evident that the traditional belief in salts as respiratory drugs can be explained by 
a number of mucokinetic mechanisms. However, their comparative value cannot readily 
be established, and thus sodium chloride, sodium iodide and potassium iodide are likely 
to remain the favoured agents for loosening up abnormal mucus or for inducing 
expectoration. 

VOLATILE INHALANTS AND BALSAMS  

Many plants produce odorous volatile oils that are usually colourless when fresh, but 
slowly oxidise and resinify to coloured products on standing. 

Guaiacol  

Guaiacol is a volatile phenolic oil that can be derived from a number of sources, 
including beechwood, pine and guaiac wood. Guaiacol is usually obtained with creosote; 
each of these agents has been used for various purposes, including expectorant therapy, 
and each has been converted into a number of pharmaceutical products. Guaiacol has a 
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burning taste and is irritating to the stomach, and it can readily induce nausea, vomiting 
and diarrhoea. The drug has been regarded as a general stimulant of secretions, and was 
thus believed to be an expectorant, but there is insufficient evidence for its effectiveness 
in humans. Among the numerous guaiacol products, its relatively soluble glyceryl ether 
has emerged as the most important, and it has gradually become the only valuable 
guaiacol, with generally accepted expectorant properties. 

Guaiphenesin  

Guaiphenesin was first synthesised in 1912 and was known as glycerol guaiacolate until 
the 1970s, when it was renamed. There is evidence that guaiphenesin does get into the 
sputum, but it is not clear whether it has any surface-active effects on the mucus within 
the airways. The drug may increase water content and its bonding in the gel, and lead to 
an increase in sputum nitrogen excretion, but this has not been substantiated. Other 
studies tend to suggest that guaiphenesin may improve symptoms in bronchitis and 
bronchiectases, but its effect on improving expectoration may be slight when 
conventional dosages are used. The overall conclusion is that adults who take large doses 
of guaiphenesin may experience subjective improvements in conditions characterised by 
abnormal sputum, but objective evidence of an effect cannot be clearly demonstrated. 

Creosote  

Currently, there is no enthusiasm for the use of creosote as an expectorant, and there are 
no studies to substantiate its effectiveness, although Boyd claims it may be effective in 
laboratory animals in toxic doses. 

Terpenes  

The volatile oils of odiferous plants are usually complex mixtures of chemicals, but many 
contain terpenes, made up of isoprene units. These units are linked together, forming 
complex molecules of two to six isoprene units. 

Terebene has a rather agreeable, thyme-like odour and it has been used as an 
expectorant and for nasal congestion and cough as an inhalant (in hot water) or in 
pastilles. In these forms, it is probably little more than a harmless placebo. 

Ipecacuanha  

Few evaluations of the mucokinetic effectiveness of ipecacuanha have been carried out, 
and several older studies failed to show any benefit in chronic bronchitis. 

CONCLUSION  

Chronic bronchitis is characterised by mucociliary dysfunction resulting from structural 
defects of the cilia and alterations of the secretory apparatus (hypertrophy of submucosal 
glands, hyperplasia of goblet cells), accompanied by functional deficiencies of both 
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components (ciliary dyskinesia and mucus chemical abnormalities inducing rheological 
deficiencies). The combination of ciliary impairment and rheologically impaired 
hypersecretion leads to a disruption of mucociliary interaction and hence the 
accumulation of secretions in the airways. Cigarette smoke appears to play a critical role 
in the pathogenesis of chronic bronchitis-associated mucociliary deficit. Whereas an 
excess of secretions as such may have minor effects on the natural course of airflow 
obstruction, this is not the case in the increased volume of secretions observed during 
acute exacerbations, where the disturbance could transiently (in less severe) or 
definitively (in most severe cases of chronic bronchitis) compromise airway function.  

 

Figure 16.1 Mean (+s.e.) tracheal 
mucociliary transport velocity in 
different classes of healthy subjects 
(n=41) and in chronic bronchitics 
(n=14). Note the independent effects of 
age, cigarette smoking and chronic 
bronchitis. Young non-smokers are the 
appropriate control of young ex-
smokers and young smokers; elderly 
non-smokers are the appropriate 
control of chronic bronchitics [136]. 

Mucociliary clearance of inhaled aerosols and tracheal mucus velocity as assessed by 
surface markers are altered in patients with chronic bronchitis [136,137]. Once a subject 
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has developed chronic bronchitis, cessation of smoking does not reverse the slowing of 
mucociliary clearance: an analogous impairment of mucociliary transport has been 
reported in smokers and ex-smokers suffering from chronic bronchitis. Thus, chronic 
bronchitics and healthy smokers both exhibit impaired mucociliary function. However, 
the magnitude of impairment, although present in all of the above-mentioned conditions, 
is not the same [136,138]: a greater deficiency of tracheal mucus transport has been 
observed in smokers and non-smokers with chronic bronchitis than in healthy smokers 
(Figure 16.1). 

THE FUTURE  

Although it is never possible to predict future developments in an area of active creative 
research, it is possible to establish certain reasonable expectations. In the field of 
bronchial mucology, it is likely that investigations currently in progress will yield 
important new insights into mucus structure and function, mucus composition, the 
regulation of mucus production and release and the role played by mucus in the biology 
of the airways. In addition, it is likely that the alterations that occur in mucus in disease 
will become better understood and defined. It is also likely that the ancient 
pharmacopoeia for modification of mucus will be placed on a firm scientific basis and be 
supplemented with newer agents. Finally, it seems likely that there will be an improved 
nosography and classification of the disorders characterised by quali/quantitative 
disturbances in the production of airway secretions [139]. 

Their properties include not only elasticity and viscosity, but also ‘tackiness’ (a 
measure of adhesiveness), ‘spinnability’ (a measure of the elongatability of the mucus 
thread), and the ability to contribute to the complex and composite function known as 
mucociliary clearance.  

Nevertheless, the basic mucus structure consisting of a core protein with branched 
oligosaccharide side chains has been known for years. These side chains consist of 
sulphated and neutral sugars linked as O-glycosides to threonine and serine. The 
biochemical analysis of these molecules has been complicated by the high degree of 
substitution of the molecules with carbohydrates and of the largely degraded state of the 
peptide core obtained from the expectorated sputum. The availability of antibodies, 
together with molecular biological techniques, promises that the genes regulating the 
production of mucus core proteins will be identified. 

It is becoming clear that respiratory tract mucus is a complex, heterogeneous material 
composed of glycoproteins, mucins, ions, water and lipids. Increasingly powerful 
biochemical techniques are permitting the characterisation of the individual sub-
components of mucus. 

Molecular biological techniques also offer unique opportunities for studying structure-
function relationships. It is possible, for example, to introduce a specific type of mutation 
into an isolated gene. The effects of the mutation can then be studied by re-introducing 
the modified gene into an appropriate cell. Although the application of such techniques to 
a large, complex molecule such as a respiratory tract mucin is likely to be difficult, the 
general approach will probably become increasingly practicable. Years ago, bronchial 
epithelial cells and glandular epithelial cells were successfully cultured separately. These 
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cells produce components of the respiratory tract mucus in vitro and are used as 
experimental systems in the following ways. Firstly, the availability of in vitro culture 
systems will greatly facilitate structural studies of respiratory tract mucins using 
molecular biological techniques so that, with such systems, it will be possible to 
characterise a variety of mucus components. Secondly, in vitro culture systems should 
permit detailed studies of the pathways of mucus biosynthesis from gene expansion to 
RNA translation and on to protein processing, so that it will be possible to determine the 
mechanisms that regulate the type and degree of carbohydrate substitution. Thirdly, it 
will be possible to determine if the various components present in mucus are regulated 
independently. 

In a similar manner, both intact mucus and the components present within mucus can, 
for example, be analysed for their effects on inflammatory cells, airway progenitor cells, 
bacteria and inhaled substances including particles, gases, etc. It is likely that the many 
biologically active molecules present within mucus are involved in complex interactions 
with exogenous agents, inflammatory cells and the surrounding airway. The role mucus 
plays in such interactions will become increasingly defined in the near future. 

There are a number of diseases characterised by the increased expectoration of (often 
abnormal) mucus. It is likely that both the physiological pathways leading to bronchial 
mucus production and expectoration and the biochemical basis for the abnormal quality 
of such material will become better defined. 

Because of the high prevalence of respiratory tract disease, there are abundant 
‘traditional’ as well as ‘modern’ agents thought to alter respiratory tract mucus [51]. 
However, it has been exceedingly difficult to document objective benefits in a large 
series of patients with several reasons to be hopeful that respiratory tract pharmacology 
will advance rapidly in the near future. Firstly, it is likely that the diseases characterised 
by altered respiratory tract mucus are heterogeneous. Thus, a given drug may only have a 
beneficial effect in some patients. A large series of patients, however, may include many 
individuals with different conditions that are unresponsive to the drug in question, and the 
beneficial effect may therefore be masked. The ability to subclassify airway diseases 
based on specific alterations in respiratory tract mucus should permit a more precise 
analysis of potential therapeutic agents. For example, it is readily conceivable that mucus 
characterised by either too little or too copious secretion of ions and water will have both 
abnormal physical properties and be characterised by cough and sputum production. An 
agent that stimulates the secretion of ions and water into respiratory tract mucus would be 
beneficial in one circumstance and harmful in another. Conversely, an agent with the 
opposite effects would also sometimes be beneficial and sometimes harmful, depending 
on the circumstances. It is likely that in vitro methods currently in development will 
permit both the production of such compounds and the rational selection for their use in 
specific, perhaps individualised, clinical conditions. Whereas a large number of diseases 
are characterised by alterations of respiratory tract mucus and consequent mucociliary 
disturbances, these conditions are considered together as relatively few syndromes. 
Specifically, it has been difficult to subclassify respiratory tract disorders based on either 
clinical parameters or macro-microscopic analysis of expectorated sputum [140]. It seems 
likely, however, that biochemical analysis of respiratory tract secretions should permit 
subclassification of respiratory disorders. Such subclassification would permit both a 
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more accurate diagnosis and the development of more specific and targeted/tailored 
therapeutic interventions. 

In addition, it should be possible to apply molecular biological techniques to the 
analysis of patients with respiratory tract disorders. It seems reasonable that the 
population will include individuals with different genetic variants of mucus components. 
cDNA probes, now available and becoming more widely used in various fields, will 
permit the description of variant forms of respiratory tract proteins. Moreover, it will be 
possible to determine whether or not variant forms are associated with specific disease 
states. So, such techniques will not only be able to define diseases, but potentially 
identify individuals who are at an increased risk of the development of specific airways 
disease following, for example, cigarette smoke inhalation, industrial exposure or urban 
pollution. 

Finally, increasingly powerful biochemical and cellular techniques will permit 
increasingly precise clinical classification. Improved clinical classification should 
facilitate not only the development of specific therapeutic interventions, but also 
investigations into the aetiology of airway diseases [141]. 
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Abbreviations  
4-DAMP 4-diphenylacetoxy-Nmethylpiperidine methobromide 

AC adenyl cyclase 
Ach acetylcholine 

AChE acetylcholine esterase 
AKAP AKinase anchor protein 
α AT α1 anti-trypsin 
AP-1 activator protein-1 
ATP adenosine 5′-triphosphate 
ATS American Thoracic Society 
AUC area under the curve 
BAL bronchoalveolar lavage 
β-ARs β-adrenergic receptors 
BTS British Thoracic Society 

cAMP cyclic adenosine 3′, 5′-monophosphate 
CFC chlorofluorocarbon 

cGMP cyclic guanosine monophosphate 
ChAT choline acetyl transferase 

CI confidence interval 
CO carbon monoxide 

COMT catechol-O-methyltransferase 
COPD chronic obstructive pulmonary disease 
CRDQ Chronic Respiratory Disease Questionnaire 
CRQ chronic respiratory quality of life questionnaire 
CTGF connective tissue growth factor 
DLCO lung diffusion capacity of carbon monoxide 
ECG electrocardiogram 

EELV end expiratory lung volume 
eGPx extracellular glutathione peroxidase 
ENA epithelial neutrophil activating protein 

eNANC excitatory non-adrenergic non-cholinergic 
EP end point 

EPAC exchanged protein activated by cAMP 



EPP equal pressure point 
ERK extracellular regulated kinases 
ERS European Respiratory Society 

FEF50  flow at 50% expired volume 
FEV1  forced expiratory volume in one second 
FRC functional residual capacity 
FVC forced vital capacity 

G-CSF granulocyte colony stimulating factor 
GER gastroesophageal reflux 

GM-CSF granulocyte-macrophage colony stimulating factor 
GOLD Global Initiative on Obstructive Lung Disease 
GRO-α growth related oncogene α 

Gs  guanine nucleotide regulatory protein 
GSH glutathione 

HARBS high-affinity rolipram-binding site 
HDAC histone deacetylase 
HFA hydrofluoroalkane 
HO-1 heme oxygenase-1 

HRQ0L health-related quality of life 
IC inspiratory capacity 

IFN-γ interferon-γ 
IL interleukin 

IP-10 interferon-γ-inducible protein 
I-TAC interferon-inducible T-cell α-chemoattractant 
LABA long-acting β2-agonist 
LARBS low-affinity rolipram-binding site 

LTB4  leukotriene B4  
mAChR muscarinic acetylcholine receptors 
MAO monoamine oxidase 
MAP mitogen-activated protein 
MBP major basic protein 

MCP1 macrophage chemotactic protein-1 
MDI metered dose inhaler 
Mig monokine induced by interferon-γ 

MIGET multiple inert gas expiratory technique 
MMP matrix metalloproteinase 
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MPO myeloperoxidase 
NE neutrophil elastase 

NAC N-acetyl-L-cysteine 
NEP negative expiratory pressure 

NF-κB nuclear factor-kappa B 
NK natural killer 
NO nitric oxide 

PaO2  oxygen partial pressure 
PCNA proliferative cell nuclear antigen 
PDE phosphodiesterase 
Pdi transdiaphragmatic pressure 

PEEPi intrinsic positive endexpiratory pressure 
PEF peak expiratory flow 
PKA protein kinase A 
PLCβ phospholipase Cβ 
Ppl pleural pressure 
PTP protein tyrosine phosphatase 
RCT randomised clinical trial 
ROS reactive oxygen species 
RV residual volume 

SGRQ St George’s Respiratory Questionnaire 
SLPI secretory leukoprotease inhibitor 
SpO2  pulse oximetry 
SVC slow vital capacity 
TDI Transition Dyspnoea Index 
TGF transforming growth factor 
TGV thoracic gas volume 
TIMP tissue inhibitors of MMPs 
TLC total lung capacity 
TLC total lung capacity 
TMV tracheal mucus velocity 

TNF-α tumour necrosis factor-α 
VC vital capacity 

VEGF vascular endothelial growth factor 
VEGFR vascular endothelial growth factor receptor  
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pre-existing, guidelines for treatment 70  
as side effect of β agonists 68  

arterial PCO2, relationship to inspiratory 
capacity 42  

ascorbic acid 254, 256, 261  
see also vitamins, antioxidant 

Asian drugs, history of 252–3 
asthma 31, 183, 249  

ancient Egyptian remedy 250  
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adverse effects 209  
effect on exacerbation rates 205, 206  
effect on lung function 201, 202  
effect on quality of life 206–7 
effect on symptoms 203, 204  

effect on exacerbation rate 177, 178  
effect on health status 176  
effect in stable COPD 175  
structure 157  

 
C-reactive protein levels, effect of corticosteroids 56  
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carbon monoxide (CO), exhaled breath levels 218  
cardiac function, adverse effects of β-agonists 68–9 
cathepsins 13, 235–7, 241  

inhibitors 241–2 
CCLS study 175  
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adverse effects 115  
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centrilobular emphysema 33  
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effect of anticholinergics 99  
effect of LABAs 66  

Index     352



chymotrypsin 260  
cigarette smoking see smoking 
ciliary excitants 254, 257  
ciliary function 

defective 247  
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4-DAMP 80, 82  
darifenacin 80  
definition of COPD 1, 93, 151  
dehydration 268–9 
dendritic cells, role in COPD 8  
desmosine excretion 12  
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