
Respiratory Disease Series: 
Diagnostic Tools and Disease Managements

Chronic Obstructive 
Pulmonary Disease

Hiroyuki Nakamura
Kazutetsu Aoshiba Editors

A Systemic In� ammatory Disease



Respiratory Disease Series: Diagnostic Tools

and Disease Managements

Series editors

Hiroyuki Nakamura

Department of Respiratory Medicine, Tokyo Medical University Ibaraki Medical

Center, Ibaraki, Japan

Kazutetsu Aoshiba

Department of Respiratory Medicine, Tokyo Medical University Ibaraki Medical

Center, Ibaraki, Japan



This book series cover a variety of topics in respiratory diseases, with each volume

providing an overview of the current state of knowledge, recent discoveries and

future prospects for each disease. In each chapter the editors pose critical questions,

which are often unresolved clinical issues. These are then discussed by the authors,

providing insights and suggestions as to which developments need to be addressed.

The series offers new information, which will inspire innovative ideas to further

develop respiratory medicine. This collection of monographs is aimed at benefiting

patients across the globe suffering from respiratory disease.

Edited by established authorities in the field and written by pioneering experts,

this book series will be valuable to those researchers and physicians working in

respiratory medicine. The series is aimed at a broad readership, and the books will

also be a valuable resource for radiologists, emergency medicine physicians,

pathologists, pharmacologists and basic research scientists.

More information about this series at http://www.springer.com/series/15152



Hiroyuki Nakamura • Kazutetsu Aoshiba

Editors

Chronic Obstructive
Pulmonary Disease

A Systemic Inflammatory Disease



Editors
Hiroyuki Nakamura
Department of Respiratory Medicine
Tokyo Medical University Ibaraki
Medical Center

Ibaraki, Japan

Kazutetsu Aoshiba
Department of Respiratory Medicine
Tokyo Medical University Ibaraki
Medical Center

Ibaraki, Japan

ISSN 2509-5552 ISSN 2509-5560 (electronic)
Respiratory Disease Series: Diagnostic Tools and Disease Managements
ISBN 978-981-10-0838-2 ISBN 978-981-10-0839-9 (eBook)
DOI 10.1007/978-981-10-0839-9

Library of Congress Control Number: 2016956541

© Springer Science+Business Media Singapore 2017
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or
dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained
herein or for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer Science+Business Media Singapore Pte Ltd.



Preface

Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory disease

of the lung mainly caused by long-term smoking and aging. The number of COPD

patients is increasing worldwide and the World Health Organization (WHO) esti-

mates that COPD will be the third most common cause of death after ischemic heart

disease and cerebrovascular disease by 2020. Particularly in Japan, the smoking

rate is still high compared with that of Western countries, and currently population

aging is rapidly progressing in a manner unlike any other in the world. Therefore,

taking measures against COPD s an urgent issue.

Worldwide, the National Heart, Lung, and Blood Institute (NHLBI)/WHO joint

workshop, the Global Initiative for Chronic Obstructive Lung Disease (GOLD),

established guidelines for the management of COPD in 2001. Subsequently, the

guidelines have been repeatedly revised. The combined assessment of COPD, a

new classification of COPD severity based on current symptoms, and future exac-

erbation risk, were proposed in 2011 [1], and this classification method was

successively incorporated in the 2015 revision [2]. However, it is necessary to

verify the validity of this classification in the future.

In addition, in Japan, a large-scale epidemiological study [Nippon COPD Epi-

demiology (NICE) study] estimated that there were at least 5 million COPD

patients, but only approximately 10% of the patients had been actually diagnosed

with COPD [3], indicating that COPD is very poorly recognized generally and that

additional educational activities are required. Furthermore, because another epide-

miological study showed large individual differences in symptoms and disease

progression rates among COPD patients [4] and, in addition, individual COPD

patients have various pathological conditions, emphasis is given to the heterogene-

ity and complexity of COPD.

Many studies have so far been conducted on genetic factors of COPD. Many

gene polymorphisms susceptible to COPD, such as those in SERPINE [5], gluta-

thione S-transferase (GST), heme oxygenase-1 (HO-1), matrix metalloproteinase

(MMP), Toll-like receptor (TLR), and surfactant protein D (SP-D) [6], have been

reported in Japan.
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Because COPD is caused by smoking in many cases, it is self-evident that, first

of all, smoking cessation is necessary. Why airway inflammation persists after

smoking cessation has not been elucidated.

So far, protease–antiprotease imbalance and oxidative stress [7], among other

factors, have been considered as mechanisms of COPD development. Furthermore,

theories explaining COPD development from the standpoint of cellular senescence

[8], apoptosis [9], and autophagy have also recently been proposed.

Although COPD is a chronic inflammatory disease of the lung, it has recently

been shown to be important to understand COPD as a systemic inflammatory

disease not limited to the lung. Therefore, the management of systemic

comorbidities is considered to be an extremely important task [10].

Treatment during the stable phase is largely divided into non-drug therapy and

drug therapy, and it is important to comprehensively administer these therapies.

Exercise therapy, nutritional therapy, home oxygen therapy, and so on, are provided

as non-drug therapeutic approaches, and further development is expected in the

future.

Bronchodilators are mainly used for drug therapy, and the use of multiple drugs

concurrently according to the severity of COPD is recommended. However, bron-

chodilators merely treat the symptoms of COPD, and therefore it is desirable to

develop new drugs that fundamentally inhibit inflammation in COPD. In addition,

inhaled corticosteroids are used in severe patients with repeated exacerbations.

However, at present, it has not been concluded whether inhaled corticosteroids

inhibit pulmonary and systemic inflammation.

In addition, it has been revealed that the exacerbation of COPD worsens the

prognosis, and how to take measures against such exacerbation is also a problem

[11, 12].

Furthermore, COPD is often complicated by other respiratory diseases. In

particular, we have encountered many cases of asthma–COPD overlap syndrome

(ACOS), combined pulmonary fibrosis and emphysema (CPFE), and combined

COPD and lung cancer, and it is also necessary to promptly take measures against

these complications.

So far, there have been a small number of textbooks dealing with COPD, but

these books are uniformly organized in the conventional style. Therefore, the books

have shortcomings in that it is difficult to understand what the problems are at

present and how to cope with those problems. In the present volume, the authors are

all authorities in the field in Japan who have long been engaged in clinical practice

and research regarding COPD. Each chapter in this book takes an issue about which

readers often have questions and presents it as a subtitle in the form of a clinical

question. Each author will provide up-to-date information on each issue and

describe his or her thoughts and future perspectives in response to the clinical

question, based on such information. Thus, by offering the most recent knowledge,

presented as clinical questions with answers and commentary, this book will allow

readers not only to obtain cutting-edge information on COPD, but also will allow

the readers to understand what the authors really think and what their future

perspectives are—sure to satisfy the intellectual curiosity of the readers.
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Considering the nature of this project, useful information will be provided not

only to those who are studying COPD for the first time, but also to physicians in

clinical practice, instructors, and many researchers engaged in basic research.

I am convinced that this information, transmitted from Japanese researchers to

physicians in practice and researchers worldwide, will further deepen the under-

standing of this intractable disease. Furthermore, I expect that awareness

concerning the pathogenesis of COPD will be further strengthened, leading to the

development of innovative treatments. It will please me immensely if this book can

be helpful for the many patients suffering from COPD.

Ibaraki, Japan Hiroyuki Nakamura
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Chapter 1

Definition of Chronic Obstructive Pulmonary

Disease (COPD): Is the Latest GOLD

Classification of Severity Still Valid?

Kazuhisa Asai and Kazuto Hirata

Abstract Chronic obstructive pulmonary disease (COPD) is characterized by

persistent airflow limitation that is usually progressive and associated with an

enhanced chronic inflammatory response evoked by the presence of noxious parti-

cles or gases in the airways. The progression of airflow limitation has a tremendous

impact on disease severity and overall prognosis. However, other factors, such as

symptoms, exacerbations, or comorbidities, also have a considerable impact on

individual COPD patients. The Global Initiative for Chronic Obstructive Lung

Disease (GOLD) Scientific Committee launched a joint project between the

World Health Organization and the National Heart, Lung, and Blood Institute.

The initial report of the GOLD guideline for COPD was published in 2001. Since

then, the GOLD Scientific Committee has kept the GOLD guideline updated by

revising it on the basis of the latest scientific evidence. Although the GOLD

classification was initially based on the severity of airflow limitation, the classifi-

cation of symptoms, breathlessness, and risk of exacerbations as well as spirometry

results was recently included because of the accumulated scientific evidence. In this

chapter, we will define COPD and discuss the latest GOLD classification.

Keywords Chronic obstructive pulmonary disease (COPD) • The Global Initiative

for Chronic Obstructive Lung Disease (GOLD)

1.1 Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by a persistent

airflow limitation that is usually progressive and associated with an enhanced

chronic inflammatory response in the airways. Most surveys on COPD conducted

worldwide have reported a disease prevalence of approximately 10%. Fukuchi
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et al. conducted the Nippon COPD Epidemiology study to determine the prevalence

of COPD in Japan [1]. For this purpose, more than 2300 subjects aged more than

40 years and representative of the total population of Japan were screened via

spirometry, and the prevalence of COPD in Japan was estimated at 8.6%, which

corresponds to approximately 5.3 million people aged more than 40 years or

approximately 2.1 million people aged more than 70 years. The survey conducted

by theWorld Health Organization (WHO) in 2004 indicates that COPD is the fourth

most important cause of death worldwide and is expected to become the third

largest cause of death until 2020. Chronic airflow limitation in COPD is caused by

several factors, including small airway disease (obstructive bronchiolitis) and

parenchymal destruction (emphysema), and the relative contribution of these fac-

tors varies on an individual basis (Fig. 1.1). Previous definitions of COPD have

emphasized the terms “emphysema” and “chronic bronchitis,” which were not

included in the GOLD definition. Emphysema, which is the destruction of the

alveolar surfaces involved in gas exchange, is a pathological term and is often

diagnosed in patients with COPD. On the other hand, chronic bronchitis, which is

characterized by cough and the production of sputum for at least 3 months for

2 consecutive years, is a strictly clinical and epidemiological term. Chronic cough,

production of sputum, and chronic bronchitis may precede the development of

airflow limitation and obstructive bronchiolitis. Two important elements of

COPD—small airway disease (obstructive bronchiolitis) and parenchymal destruc-

tion (emphysema)—were identified before the creation of the GOLD guidelines.

The chronic inflammation caused by small airway disease evokes structural

changes and narrowing of the small airways. The destruction of the lung paren-

chyma by inflammatory processes, oxidative stress, or protease/antiprotease imbal-

ance decreases the number of alveolar attachments on the small airways, decreases

lung elastic recoil, and limits airflow. Since the 1950s, the diseases that cause

obstructive ventilatory impairment have attracted much interest because of the

development of respiratory tests and the elucidation of respiratory physiology and

pathology. In the UK, obstructive ventilatory impairment was primarily diagnosed

as “chronic bronchitis” from the symptomatic point of view. The definition of

chronic bronchitis was “the occurrence of cough and the production of sputum

for at least 3 months for 2 consecutive years.” However, in the United States,

obstructive ventilatory impairment was primarily diagnosed as “pulmonary emphy-

sema” from the pathological point of view. Pulmonary emphysema is characterized

Small airways disease Parenchymal destruction

Airway inflammation Loss of alveolar attachments

Airway fibrosis; luminal plugs Decrease of elastic recoil

Increased airway resistance

AIRFLOW LIMITATION

Fig. 1.1 Mechanisms

underlying airflow

limitation in COPD
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by the destruction of the lung parenchyma. The similarities and differences between

the two disease entities have been discussed extensively. Fletcher, Burrows

et al. defined the concept of obstructive ventilatory impairment and named the

group of diseases that caused obstructive ventilatory impairment as chronic

obstructive lung disease (COLD) [2, 3]. At that time, the presence of subtypes

was assumed. Later, Burrow et al. classified COLD into type A (emphysema type),

type B (bronchitis type), and type X (intermediate form between types A and B)

[3]. On the other hand, Filley et al. classified COLD into type PP (pink puffer) and

type BB (blue bloater) (Fig. 1.2) [4]. Another problem in the differentiation

between COPD and bronchial asthma is that both diseases are characterized by

obstructive ventilatory impairment, and the underlying complication is airway

inflammation.

1.2 Historical Transition of the Concept of COPD

After the increased interest in infectious diseases and in pneumoconiosis as a

respiratory disease, the diseases that caused obstructive ventilatory impairment

attracted much interest in the 1950s, after the World War II, because of the

development of respiratory tests. In the UK, obstructive ventilatory impairment

was primarily diagnosed as “chronic bronchitis” from the symptomatic point of

view whereas, in the United States, it was primarily diagnosed as “pulmonary

emphysema” from the pathological point of view. The similarities and differences

between the two disease entities have been discussed extensively. The landmark

Fig. 1.2 Pink puffer and blue bloater (Netter illustration used with permission of Elsevier, Inc. All

rights reserved www.netterimages.com)
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meeting conducted in 1959—the CIBA Guest Symposium—and the concept of

chronic nonspecific lung disease (CNSLD) helped elucidate the two disease con-

cepts [5]. Fletcher, in the UK, and Burrows, in the United States, defined the

concept of obstructive ventilatory impairment and named the group of diseases

that caused obstructive ventilatory impairment as chronic obstructive lung disease

(COLD) [6]. COLD is characterized by chronic and irreversible airway obstruction.

Airflow obstruction is characterized by the narrowing of the airway lumen and

reservoir of secretion in lumen due to chronic inflammation of the airways and by

the decrease in the lung elastic recoil due to the alveolar destruction. The narrowing

of the airway lumen defines chronic bronchitis, whereas the decrease in the lung

elastic recoil defines emphysema. Burrow et al. classified COLD into type A

(emphysema type), type B (bronchitis type), and type X (intermediate form

between types A and B) [3]. On the other hand, Filley et al. classified COLD into

type PP (pink puffer) and type BB (blue bloater) [4]. Hogg et al. revealed that the

distal airways, which are defined as airways with an inner diameter of 2 mm or less,

contributed much more to the total airway resistance in subjects with COLD but

contributed less than 20% in healthy subjects [7]. This observation allowed us to

hypothesize that the dysfunction of the distal airways is key for the early diagnosis

of COLD. Later, the physiology of the distal airways was investigated. Various

parameters in the flow volume curve, such as V25, V50, single-breath nitrogen

washout for measuring the closing volume, and the frequency dependence of lung

compliance, have been diligently studied to help elucidate the pathophysiology of

COLD. However, these attempts failed to reach the initial goal to diagnose COLD

earlier because of insufficient sensitivity and specificity due to large variations in

the test values and overlap with values from healthy subjects. Therefore, forced

expiratory volume in one second (FEV1) or forced expiratory volume in one second

% (FEV1/forced vital capacity (FVC)) was used for the diagnosis of COPD. In

1987, the American Thoracic Society changed the name of the disease from COLD

to COPD and redefined its concept. Therefore, COPD was redefined as a disease

characterized by emphysema, chronic bronchitis, and distal airway dysfunction and

was caused by nonreversible airflow obstruction. Following this definition, the

GOLD guidelines were published in 2001. Several revisions were made in these

guidelines on the basis of the accumulated scientific evidence, and GOLD was last

updated in 2016.

1.3 Difference Between COPD and Bronchial Asthma

Both COPD and bronchial asthma are characterized by obstructive ventilatory

impairment, and the underlying condition is airway inflammation. In 1961, Orie

et al. hypothesized that chronic bronchitis and emphysema, both of which are now

considered COPDs, and bronchial asthma were only phenotypes of the same

disease, which was caused by inflammation of the airways, and therefore these

conditions should be considered the same disease. The hypothesis was that different

6 K. Asai and K. Hirata



environmental factors, including allergens, tobacco, and air pollutants, affected the

underlying genetic predisposition for atopic constitution and airway

hyperresponsiveness and produced different phenotypes, including bronchial

asthma and COPD. This was later referred to as the Dutch hypothesis, and the

concept of CNSLD was proposed. Although the most common cause of COPD is

smoking, not all of the smokers necessarily develop COPD. The Dutch hypothesis

states that the susceptibility for developing COPD in smokers is due to genetic

predisposition for atopy. The basis for this hypothesis was that airway

hyperresponsiveness, high peripheral blood eosinophilia, and high IgE levels

were observed in COPD, and the number of eosinophils in sputum was correlated

with an obstructive ventilatory impairment similar to that observed in bronchial

asthma. COPD itself sometimes has asthma-like characteristics, and it is known that

the development of COPD together with asthma is frequent. A new concept on the

development of the asthma COPD overlap syndrome was proposed. In addition to

the Dutch hypothesis, the British hypothesis considered that the excessive secretion

associated with respiratory tract infection was the leading cause of obstructive

ventilatory impairment. The Dutch and British hypotheses were confirmed in

studies on bronchial asthma and COPD and helped elucidate the pathogenesis of

these diseases.

1.4 Chronic Bronchitis and Pulmonary Emphysema

In the COPD guideline of the Japanese Respiratory Society, COPD is diagnosed

using FEV1. However, this guideline also indicates the presence of two phenotypes,

distal airway disease and emphysema lesions, which act jointly at various levels and

cause airflow limitation. Filley et al. suggest the presence of two different pheno-

type groups in COPD, i.e., type PP (pink puffer) and type BB (blue bloater) COPD

[4]. Pink puffers have a pink complexion and dyspnea. Emphysema-type COPD

(in which emphysema lesions are the predominant type) is equivalent to PP-type

COPD. PP-type COPD involves severe emphysema, increased residual lung capac-

ity and volume, decreased elastic recoil, decreased diffusing capacity, and a

ventilator/perfusion mismatch secondary to emphysema-associated destruction of

blood vessels. Arterial blood gas (ABG) is usually near normal owing to compen-

satory hyperventilation, PaO2 levels are normal, and PaCO2 levels are low to

normal. Pink puffers have increased tidal volume and retraction of accessory

respiratory muscles for compensation. The amount of energy required for respira-

tion causes an imbalance between energy intake and energy consumption. Although

subjects with BB-type COPD tend to be normal weight or overweight, those with

PP-type COPD tend to be underweight (Fig. 1.2). It has been reported that PP-type

COPD is more common than BB-type COPD in Japan. Blue bloaters have cyanosis

and right heart failure. Non-emphysema-type COPD (in which distal airway disease

is the predominant type) is equivalent to BB-type COPD. Patients with BB-type

COPD have cyanosis and chronic bronchitis, normal to low lung capacity, increased

1 Definition of Chronic Obstructive Pulmonary Disease (COPD): Is the Latest. . . 7



residual volume with air trapping, and characteristic ABG, i.e., decreased PaO2 and

increased PaCO2, although the diffusion capacity is normal. Subjects with BB-type

COPD tend to be overweight.

1.5 Global Initiative for Chronic Obstructive Lung Disease

(GOLD)

The GOLD program was initiated in 1998 to provide recommendations for the

management of COPD on the basis of the best scientific information available. The

first report, the Global Strategy for Diagnosis, Management, and Prevention of

COPD, was issued in 2001. This report was widely translated into many languages

and distributed worldwide and served as a global guideline. The GOLD Scientific

Committee launched a joint project between the WHO and the National Heart,

Lung, and Blood Institute (NHLBI) in 2002. Its members are recognized leaders in

COPD research and clinical practice, with the scientific credentials to review

published research on COPD management and prevention, to evaluate the impact

of this research on the recommendations proposed in the GOLD guidelines related

to management and prevention, and to provide yearly updates on the GOLD

website. A complete revision was prepared in 2006, 2011, and 2016 on the basis

of published research. With regard to the classification and severity of COPD, a new

combined assessment was introduced in 2011 (Fig. 1.3). In the 2011 report, the

GOLD Scientific Committee recommends the assessment of COPD on the basis of

a combination of factors, including the patient level of symptoms, the future risk of

exacerbations, and the severity of the spirometric abnormality; however, the sever-

ity of the spirometric abnormality should not be used alone. A previous spirometric

classification divided airflow limitation into four grades using the fixed ratio

(FEV1/FVC), and airflow limitation was defined as a post-bronchodilator FEV1/

FVC< 0.7 (Table 1.1). It has been recognized that the use of the fixed ratio might

Fig. 1.3 Assessment using

symptoms, breathlessness,

spirometric classification,

and risk of exacerbations
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lead to more frequent diagnoses of COPD in the older population with mild

COPD—because the normal aging process affects lung volume and flow—but

might lead to underdiagnosis in younger populations. Similarly, the use of the

spirometric classification of airflow limitation might lead to the classification of

COPD as more severe in older populations and less severe in younger populations.

Moreover, the frequent presence of the exacerbation phenotype has been reported

[8]. Although acute exacerbations are key events in COPD progression, the deter-

minants of their frequency are poorly understood. Using a large observational

cohort, the Evaluation of COPD Longitudinally to Identify Predictive Surrogate

Endpoints (ECLIPSE) study revealed that acute exacerbations are independent of

spirometric severity. Although acute exacerbations become more frequent and

more severe as the severity of COPD increases, the single best predictor of

exacerbations across all GOLD stages is the history of exacerbations, not the

severity of COPD (Fig. 1.4). The frequent exacerbation phenotype appeared to be

relatively preserved over a period of 3 years (Fig. 1.4). Proper COPD treatment is

based on an accurate assessment of the severity of COPD, its impact on the patient’s
health status, and the risk of future events such as acute exacerbations, hospital

admissions, and death. In the GOLD 2011 assessment, severity alone was not used

to achieve proper treatment, but other aspects of COPD were considered separately,

including the current level of patient symptoms, severity of the spirometric abnor-

mality, risk of exacerbations, and presence of comorbidities. Several validated

questionnaires are available to assess symptoms in patients with COPD. For

symptoms, GOLD recommends the use of two well-known questionnaires, the

modified British Medical Research Council (mMRC) questionnaire and the

COPD Assessment Test (CAT) [9]. Although the mMRC questionnaire only

assesses disability due to breathlessness, CAT can assess other measures of health

status and predict future mortality risk better than airflow limitation [10]. The CAT

provides a broader coverage of the impact of COPD on the patient’s quality of life

(QOL). The CAT was developed and validated by Jones et al. [9]. The CAT is an

8-item unidimensional measure of the impairment of the health status in COPD; it

has been applied worldwide and its translation has been validated in several

languages. Previously used disease-specific questionnaires, such as the St George’s
Respiratory Questionnaire (SGRQ) [11], Chronic Respiratory Disease Question-

naire [12], and the COPD Clinical Questionnaire [13], are reliable, validated, and

widely used in clinical trials or in clinical practice. However, some of these

instruments are lengthy and have highly complex scoring algorithms for routine

use in clinical practice. A brief questionnaire that is easy to complete and interpret

Table 1.1 Classification of

severity of airflow limitation

in COPD (Based on post-

bronchodilator FEV1)

In patients with FEV1/FVC< 0.70:

GOLD 1: Mild FEV1� 80% predicted

GOLD 2: Moderate 50%� FEV1< 80% predicted

GOLD 3: Severe 30%� FEV1< 50% predicted

GOLD 4: Very severe FEV1< 30% predicted

1 Definition of Chronic Obstructive Pulmonary Disease (COPD): Is the Latest. . . 9



Fig. 1.4 The frequent exacerbation phenotype in COPD (Reproduced with permission from Hurst

et al. [8])
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is necessary for routine use, and the CAT was developed for this purpose. Eight

items of the CAT were identified out of 21 candidate items using the psychometric

and Rasch analysis, and the correlation (r) with the COPD-specific version of the

SGRQ was 0.80 and the internal consistency was excellent [9]. The score ranges

from 0 to 40 and can be correlated with the SGRQ scoring. The CAT also performs

spirometric assessments to classify airflow limitation severity in patients with

COPD. For this purpose, specific spirometric cut points are used for simplicity

and the cut-point values are the same as those used previously. To minimize

variability, spirometry should be performed after the administration of an adequate

dose of a short-acting inhaled bronchodilator. However, there is only a weak

correlation between FEV1 and the COPD symptoms that impair the patient’s
QOL. For this reason, both symptomatic assessment and spirometric assessment

are required.

The acute exacerbations of COPD may lead to hospital admissions or death and

are closely associated with the patient’s QOL. The assessment of the risk of

exacerbation and the prevention of future exacerbation are important tactics.

Acute exacerbations of COPD are acute events characterized by a worsening of

the patient’s respiratory symptoms to levels that are lower than the normal varia-

tions, and the worsened status leads to a change in medication [14–16]. These

exacerbations are serious events in the clinical course of COPD because of their

negative effects on symptoms and lung function, and the patient recovery from

exacerbation takes several weeks [17] and impairs the patient’s QOL [18]. More-

over, these exacerbations accelerate the rate of decline of lung function [19] and are

associated with significant mortality, particularly in patients who require hospital-

ization. Both the mortality rate during hospitalization and the all-cause mortality

3 years after hospitalization were increased [20, 21]. Not only the proper treatment

but also the early detection and prevention of these exacerbations are essential to

improve COPD prognosis. The patients with two or more exacerbations of COPD

per year are often defined as “frequent exacerbators,” and this phenotype appears

stable over time [8]. The risks of exacerbation can be evaluated in the combined

assessment. The frequency of acute exacerbations varies among patients [22]. The

best predictor of frequent exacerbations (two or more exacerbations per year) is the

history of previously treated events [8]. In addition, the worsening of airflow

limitation is associated with the increased prevalence of exacerbations and risk of

death. A large body of evidence has been accumulated for patients evaluated in

previous GOLD spirometric classifications.

Prospectively collected data from large clinical trials such as ECLIPSE [8],

UPLIFT [23], and TORCH [24] have indicated that worsening of airflow limitation

leads to an increased risk of exacerbations, hospitalization, and death. These data

are not precise estimates and do not apply to every patient but clearly indicate the

increased risk of exacerbations and death between distinct spirometric levels.

Although even patients classified as GOLD 2 (with moderate airflow limitation)

may experience frequent exacerbations that require treatment with antibiotics

and/or systemic corticosteroids, the risk of exacerbations significantly increases

in patients classified as GOLD 3 (severe) and GOLD 4 (very severe). Because acute
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exacerbations increase the decline of lung function, deteriorate the health status,

and increase the risk of death, the assessment of the exacerbation risk can be used to

assess outcomes in general.

1.6 Combined COPD Assessment

In the GOLD 2011, the combined COPD assessment was introduced to understand

the impact of COPD on individual patients. It combines the assessment of symp-

toms with the patient’s spirometric classification and/or the risk of exacerbations.

This combined approach is shown in Fig. 1.3. Symptoms are shown in the X-axis

and the exacerbation risk is shown in the Y-axis. The mMRC questionnaire and

CAT scale are recommended for assessing symptoms, and an mMRC grade�2 or a

CAT score �10 indicate a high level of symptoms (the CAT score is preferred

because it provides a more comprehensive assessment of the impact of symptoms

on the disease; in the absence of this score, mMRC scores provide an assessment of

the impact of dyspnea. However, it is unnecessary to use more than one scale). Two

classification can be used to assess the exacerbation risk. The first classification is a

population-based estimation using the GOLD spirometric classification, such that

GOLD 3 or GOLD 4 categories indicate high risk. The second classification

involves the estimation of individual patient’s history of exacerbations, such that

two or more exacerbations in the preceding year indicate high risk (in cases of

discrepancies between the spirometric classification and the number of exacerba-

tions in the preceding year, the assessment that indicates the highest risk should

be used).

To use the classification shown in Fig. 1.3, first assess symptoms (X-axis) with

the mMRC or CAT scale to determine the symptom category. The patients who

belong to the left half side of the box (mMRC grade 0–1 or CAT< 10) have fewer

symptoms, whereas the patients who belong to the right half side of the box (mMRC

grade� 2 or CAT� 10) have more symptoms. Subsequently, assess the risk of

exacerbations (Y-axis) using the GOLD spirometric classification or the number of

exacerbations in the preceding year to determine the exacerbation risk category.

The patients who belong to the lower part of the box are at low risk for exacerba-

tions, whereas those who belong to the upper part of the box are at high risk for

exacerbations. This classification can be done using either of two methods: (1) use

spirometry to determine the GOLD grade of airflow limitation (GOLD 1 and GOLD

2 indicate low risk whereas GOLD 3 and GOLD 4 indicate high risk) or (2) assess

the number of exacerbations the patient experienced within the previous 12 months

(0 or 1 indicates low risk whereas two or more exacerbations indicate high risk). In

some patients, these two classification will not indicate the same level of risk; in this

case, the risk should be determined using the method that indicates the highest risk.

In summary, patient group A is low risk, with fewer symptoms; this group is

typically GOLD 1 or GOLD 2 (mild or moderate airflow limitation), with none or

one exacerbation per year, and mMRC grade 0–1 or CAT score< 10. Patient group
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B is low risk, with more symptoms, typically GOLD 1 or GOLD 2 (mild or

moderate airflow limitation), with none or one exacerbation per year, and mMRC

grade� 2 or CAT score� 10. Patient group C is high risk, with fewer symptoms,

typically GOLD 3 or GOLD 4 (severe or very severe airflow limitation), with two or

more exacerbations per year, and mMRC grade 0–1 or CAT score< 10. Patient

group D is high risk, with more symptoms, typically GOLD 3 or GOLD 4 (severe or

very severe airflow limitation), with two or more exacerbations per year, and

mMRC grade� 2 or CAT score� 10.

After the GOLD 2011 combined assessment of COPD was introduced in clinical

practice, patients with COPD were assessed and classified into subcategories A to D

and managed according to the GOLD guidelines. The combined assessment of

COPD was introduced to improve COPD management. Acute exacerbations of

COPD are critical events in the clinical course of COPD, and the management of

these exacerbations is key to improve disease management. It is important to

classify patients with COPD in advance and prevent future exacerbations. How-

ever, a previously used spirometric classification of COPD is not a good predictor

of acute exacerbation and prognosis. The multidimensional combined assessment

of COPD by classifying the disease into categories A to D provides a better

diagnostic classification because it identifies more individuals at high risk of

exacerbations than a previous classification based solely on the spirometric value

[25]. However, contrary to expectations, hospital admissions due to COPD or all

causes were higher in group B than in group C [25]. Moreover, survival in group C

(high risk, poor lung function, and fewer symptoms) with more severe COPD was

higher than in group B (low risk, better lung function, more symptoms) with less

severe COPD (Fig. 1.5) [25]. GOLD groups C and D are heterogeneous and

composed of phenotypes with variable risk of exacerbations or death. Symptoms

(X-axis) were defined by two different scores, CAT and mMRC, and the kappa

agreement between CAT and mMRC ranged between 0.13 and 0.77 [26]. The use

of CAT allowed the classification of most patients as having more symptoms

(GOLD B or D), whereas mMRC provided a more homogeneous distribution
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Fig. 1.5 Survival curves of COPD patients in spirometric GOLD2007 classification and com-

bined assessment of GOLD2011 (Reproduced with permission from Ref. [25])
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(Fig. 1.6) [27]. Patients with COPD often present various comorbidities, such as

cardiovascular disease, skeletal muscle dysfunction, metabolic syndrome, osteopo-

rosis, depression, and lung cancer. These comorbidities can occur in patients with

mild, moderate, or severe airflow limitation and influence hospitalization and

mortality [28]. This discordance between groups B and C is most likely caused

by the heterogeneous distribution of comorbidities, in particular cardiovascular

disease [25]. In addition, poorer prognosis could be caused by cardiovascular

disease or cancer. This result has also been confirmed in an ongoing, longitudinal,

noninterventional study within the German COPD National Prospective Registry

[27]. Although the GOLD guideline recommends paying attention to comorbidities,

diagnosing them routinely, and treating them appropriately, the comorbid status

was not included in the combined assessment of COPD (Fig. 1.3). The latest GOLD

guideline was published in 2016 [29]. Although some parts of this report were

partially changed, there were no drastic changes in the chapter on the diagnosis and

assessment of COPD. Therefore, individual assessments that consider

comorbidities should be developed. Moreover, several variables, including FEV1,

exercise tolerance assessed by walking distance or peak oxygen consumption,

weight loss, and reduction in arterial oxygen tension, can help identify patients at

increased risk for mortality. The BODE index provides a composite score (for body

mass index, obstruction, dyspnea, and exercise) that is a better predictor of

Fig. 1.6 Distribution of

COPD severity assessed

according to GOLD2011 by

using CAT and mMRC

(Reproduced with

permission from Ref. [27])
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subsequent survival than any component score in isolation [30], and other compos-

ite scores are being validated. Composite scores such as the BODE index may

complement the current GOLD classification of severity independently or can be

integrated into the GOLD classification of severity.

1.7 Conclusion

Since 2011, the combined assessment of COPD has been used to assess the severity

of COPD. The predictivity of the combined assessment for exacerbation is better

than that of previously used severity assessments that were based exclusively on

spirometry values. The therapeutic option to control symptoms and prevent exac-

erbations is based on the combined assessment of COPD, and the latest GOLD

classification of severity, based on this assessment, is still valid. However, the

predictivity of the combined assessment for prognosis is not very precise because of

other influencing factors such as comorbidities. Therefore, a revised classification

of severity in future GOLD guidelines should take into consideration other factors.
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Chapter 2

Epidemiology of COPD: Why Is the Disease
So Poorly Recognized?

Yoko Shibata

Abstract COPD is currently ranked third in the cause of death around the world.

The habit of smoking cigarettes is obviously related to occurrence of COPD, and

many cases of COPD are caused by heavy cigarette smoking. However, besides

cigarette smoking, occupational exposure to airborne particulates and pollutants are

also known to be risk factors for developing COPD. Particularly, the indoor use of

biomass fuel has been pointed out as one of the major risk factors for the occurrence

COPD in developing countries. COPD develops after a long period of exposure to

cigarette smoke; thus, it is characterized by a gradual progression of symptoms.

Many patients are not diagnosed with COPD until their symptoms have consider-

ably worsened or acute exacerbation due to respiratory inflammation. Health

damage by COPD has a great impact on society as well as on the individual patient;

hence, it is important to make a diagnosis early and prevent patients from exposure

to risk factors.

Keywords Epidemiology • Incidence • Prevalence • Decline in FEV1 • Cigarette

smoking • Biomass fuel

2.1 Introduction

COPD is a lifestyle-related disease developed due to damage in airway and alveoli

after toxic particle inhalation, including long-term cigarette smoke. Chronic airway

inflammation by cigarette smoking causes peripheral airway wall thickening and

increase of airway secretions, moreover, destruction of the alveolar wall leading to,

especially, elastic fiber fragmentation. This causes a loss of alveolar attachment in

the peripheral airways, resulting in the reduction of elasticity of the alveolar wall

itself. A series of these changes increases peripheral airway resistance, and then

causes airflow obstruction upon expiration. This airflow obstruction leads to a
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symptom of dyspnea through air trapping in the lung. In COPD, inflammation as

well as chronic airway inflammation spills over throughout the body causing

various concomitant diseases and, then finally, exacerbates patient health

conditions [1].

According to a WHO report, COPD is currently ranked third in the cause of

death around the world (Fig. 2.1). In Japan, it is the seventh cause of death in men

and sixteenth in women and the ninth for the overall population (Fig. 2.2). The

association between cigarette smoking and COPD is clear. It is known that the

increase in mortality rate of COPD was 30 years behind the increase in the cigarette

smoking rate. As the cigarette smoking rate in Japan is still high compared to
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Western countries, the impact of COPD on society is assumed to continue for the

time being.

2.2 Risk Factors of COPD

2.2.1 Cigarette Smoking

It is known that pulmonary function in patients with COPD declines over time due

to cigarette smoking [2]. In a recently conducted Framingham cohort study, decline

over time in forced expiratory volume in one second (FEV1) was 38.2 mL/year

[95% confidence interval (CI), 33.9–42.6] in male smokers and 23.9 mL/year (95%

CI, 20.9–27.0) in female smokers, while it was 19.6 (95% CI, 17.1–22.1) and 17.6

(95% CI, 13.8–21.4) mL/year, respectively, in male and female nonsmokers [3]. In

many clinical studies, FEV1 reduction over time was often 50–60 mL/year in

untreated patients with COPD [4]. In short, it can be readily assumed that early

identification of COPD and early achievement of smoking cessation are critical in

individuals with high risk of COPD.

2.2.2 Other Risk Factors

A recent review article indicated that almost half of COPD cases had causes other

than cigarette smoking [5]. In addition, an epidemiological study conducted in the

USA, the UK, and Spain reported that the prevalence of COPD was about 23% in

nonsmokers [5]. In a regional epidemiological study conducted in Takahata in

Yamagata Prefecture, airflow obstruction (FEV1/forced vital capacity (FVC)

under 70%) was found in 10% overall, 16% of male, and 6% of female adults

over 40 years old, while nonsmokers accounted for 6% overall, 8% of males, and

5% of females [6]. Although a high percentage of nonsmokers was observed in

especially women with airflow obstruction, in fact, almost half of men with airflow

obstruction were also nonsmokers. Risk factors for COPD other than habitual

cigarette smoking may include genetic predisposition, environmental factors, and

social status.

2.2.2.1 Genetic Factors

As for genetically developing COPD, an α1-antitrypsin deficiency is a factor that is
well known. However, it is less frequent in Japan, and so it is not sufficient to

explain many cases of COPD development in nonsmokers. Recently, results of a

genome-wide association study highlighted several disease candidate genes
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[7]. However, odds ratio having risk allele for developing COPD is not high

enough, and a causal relation between disease candidate genes and the development

of COPD is far from proven. Thus, disease candidate genes should be considered as

one risk factor.

The association of advanced airway hypersensitivity to COPD is also known. In

a cohort study conducted in the USA among 3099 subjects over 20 years, patients

with asthma had 10 times higher likelihood of symptoms of chronic bronchiolitis

and 17 times higher likelihood of progression to pulmonary emphysema [5].

Recently, the contribution of autoimmunity to COPD pathology was reported

[8]. The Takahata study investigated the proportion of subjects testing positive for

antinuclear antibodies in a regional population [9]. In males, a negative correlation

between antinuclear antibodies and FEV1 was observed, and a positive rate of

antinuclear antibodies was significantly higher in the severe airflow obstruction

group than in the no/weak airflow obstruction group in male nonsmokers (Fig. 2.3).

In other words, upregulated autoimmunity was suggested to be a risk factor for

developing COPD.

2.2.2.2 Environmental Factors

Occupational Airborne Particles

Occupational exposure to airborne particles can occur in various occupations. Some

particles are considered to have a higher risk of developing COPD than cigarette

smoking. In addition to tunnel excavation and mining-related inhalation of metallic

substances, plastics, rubber, leather, and food may be the source of occupational

airborne particles [10].
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Fig. 2.3 Percentage of positive for antinuclear antibody in male never-smokers: Takahata study

(Antinuclear antibody levels were determined by MESACUP ANA EIA kit which can measure

antibodies to several connective tissue disease antigens (ACTDA). An ACTDA index �20.0 was

defined as positive [9]) (*P< 0.05 Chi-square test)
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Air Pollution

Air pollution is roughly divided into indoor and outdoor air pollutants.

Indoor Air Pollutants

When biomass fuel is used, indoor air pollutant levels are much higher than that of

the air outside. The indoor use of biomass fuel is less frequent in developed

countries, while more than 90% of individuals in rural areas use biomass fuel in

developing countries; thus, half of the world population is burning biomass fuel

[11]. The prevalence rate of COPD due to biomass fuel smoke in Turkish women is

reported to be 23% [5].

Wood, charcoal, and coal are used as biomass fuel, resulting in the production of

hazardous substances including particulate matter (PM), carbon monoxide, nitro-

gen dioxide, sulfur dioxide, formaldehyde, polycyclic organic compounds, and

acrolein [11]. In one meta-analysis, risk of COPD due to exposure to biomass

fuel smoke was 2.44 times higher (95% CI, 1.9–3.33) in the overall population,

4.30 times higher (95% CI, 1.85–10.01) in males, 2.73 times higher (95% CI,

2.28–3.28) in females, 2.31 times higher (95% CI, 1.41–3.78) in Asian subjects,

and 2.56 times higher (95% CI, 1.71–3.83) in non-Asian subjects [12]. Smoking

cigarettes further increases the risk more than 4 times [13]. The use of biomass fuel

is associated with an increase in the number of individuals with respiratory symp-

toms, decrease of pulmonary function, and progression of COPD, and this effect is

related to the magnitude of exposure to smoke and the duration of exposure [13].

As for other indoor air-polluting substances, secondary cigarette smoke, nitro-

gen dioxide, and mold are also reported to be associated with COPD. An increase in

passive smoke exposure is associated with increased risk of COPD [14]. In a recent

report from Sweden, the prevalence of COPD in nonsmokers was 4.2% in subjects

without passive cigarette smoke exposure, 8.0% in subjects breathing passive

cigarette smoke at home, 8.3% in subjects with cigarette smoke exposure at their

previous workplace, and 14.7% in subjects with cigarette smoke exposure at home

and at both previous and current workplaces [15].

Outdoor Air Pollution

Air-polluting substances are produced with the use of biomass fuel at home,

industrial gases, and the exhaust from motor vehicles. Nitrogen dioxide, ozone,

and PM are typical substances [16]. Recently, fine PM (PM2.5) blowing in from

China has drawn attention as an environmental issue, and its harmful effect on the

health of Japanese citizens is concerning. Causality between air pollution and

COPD has not been fully elucidated; thus, air pollution is considered to be one of

the risk factors for developing COPD. In a cohort study conducted among individ-

uals without diagnosed COPD in Vancouver, Canada, elevation in black carbon

concentrations in ambient air was associated with an increase in COPD hospitali-

zations and COPD mortality during the follow-up period, and exposure to higher
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levels of wood smoke pollution was associated with an increase in COPD hospi-

talizations [17]. Moreover, it was reported that in women living less than 100 m

from a busy road, COPD was 1.79 times more likely than for women living farther

away, as epidemiological data suggesting an association between air pollutants

from motor vehicles and COPD [16].

2.2.2.3 Low Socioeconomic Status

Prevalence of COPD patients caused by extreme malnutrition, low intake of

antioxidant-rich food, and poor living environment are currently not fully assessed

in Japan. It is hard to evaluate this, because groups that have a lower socioeconomic

status are less likely to visit medical institutions, and they are more frequently

exposed to cigarette smoke.

2.3 Decline in FEV1 in Patients with COPD

A large-scale clinical study reported a greater decline in pulmonary function in

patients with COPD in the early stages of airflow obstruction [18]. In addition, a

greater decline in pulmonary function was indicated in subjects with milder airflow

obstruction in a recent clinical study conducted in subjects with an average age of

about 60 years [19]. On the other hand, a clinical study conducted in subjects with

an average age of about 50 years revealed a greater decline in pulmonary function

in subjects with severe airflow obstruction [20]. This may be because, in natural

history of COPD development, a rapid decline in pulmonary function occurs in

earlier stage of the disease, and then this decline is slowed once a certain age has

been reached partly due to cessation of smoking or reduction of cigarette inhalation

per day.

Nishimura et al. reported a decline in pulmonary function in patients with COPD

in a Hokkaido COPD cohort study (Japan) [21]. This study indicated that patients

with COPD consisted of “pulmonary function sustainers” whose pulmonary func-

tion was less likely to deteriorate over time and “pulmonary function decliners”

whose pulmonary function did deteriorate over time. In other words, deterioration

over time of pulmonary function in patients with COPD may not be uniform. A

recent report from Lange et al. also indicated that not all COPD developed because

of a rapid decline in FEV1, but individuals whose pulmonary function declined

originally in their youth developed COPD through a slow decline in FEV1 due to

persistent smoking [22].
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2.4 Incidence of COPD

Although the investigative method varies widely among studies, the prevalence rate

of COPD is reported to be between 2.8 and 15.7 (1000 person-years) [23]. A report

from Japan identified that the prevalence rate per 1000 person-years was 8.1 (95%

CI, 7.3–8.9) in males and 3.1 (95% CI, 2.4–3.8) in females despite there being few

epidemiological studies investigating COPD prevalence rates in Japan [24].

2.5 Prevalence of COPD

The COPD prevalence rate is high globally. The PLATINO study and the BOLD

study are studies representative of COPD. In the former study, a positive rate of

airflow obstruction after inhalation of a bronchodilator was investigated in several

cities in Latin American countries, and positive rates were reported as 7.8–19.4%

[25]. The latter study examined the prevalence rate of stage II or higher COPD in

the criteria of Global Initiative for Chronic Obstructive Lung Disease (GOLD) in

subjects 40 years or older in Western countries and reported that the prevalence rate

was 16.4%, 8.5%, and 10.4% in men, women, and the overall population [26].

In Japan, a positive rate of airflow obstruction in subjects 40 years or older was

investigated in the NICE study between September and December 2000 without

inhaling bronchodilator. In this study, randomly selected general citizens were

enrolled to conform to the population rate by age structure in Japan, and spirometry

was performed in 2343 subjects in 35 medical facilities in 18 prefectures. As a

result, airflow obstruction was indicated in 16.4%, 5.0%, and 10.9% of males,

females, and the overall population [27]. When excluding airflow obstruction due to

asthma, the COPD prevalence rate was 8.6–10.9%.

There are only a few studies reporting prevalence rate of airflow obstruction in

regional general populations in Japan. Osaka et al. reported that spirometry (with-

out the use of a bronchodilator) was performed in a regional annual health check in

Takahata (hereafter referred to as the Takahata study) from 2004 to 2006 [6]. The

Takahata study indicated that the FEV1 percentage predicted decreased with age in

cigarette smokers in both males and females (Fig. 2.4). Airflow obstruction was

observed in 16.4% in males, 5.8% in females, and 10.6% in overall subjects

40 years or older participating in the regional annual health check [6]. As shown

in Fig. 2.5, the prevalence of airflow obstruction increased with age. Airflow

obstruction was observed especially in approximately 25% of males 70 years or

older [6]. The prevalence of airflow obstruction in males 70 years or older increased

to approximately 35% when they were former/current smokers [6]. Moreover, the

number of patients with moderate to severe airflow obstruction rapidly increased in

subjects 50 years or older [6].
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2.6 Undiagnosed COPD

The COPD prevalence in the abovementioned NICE study suggested that more than

five million patients with COPD potentially exist in Japan; however, the number of

outpatients with COPD was reported to be approximately 200,000 in a patient

survey conducted by the Ministry of Health, Labour and Welfare. Therefore,

COPD may have not been appropriately diagnosed in Japan. In NICE study, only

9.4% cases with airflow limitation reported a previous diagnosis of COPD [27]. It is

indicated that underdiagnosis of COPD is not an issue unique to Japan but is present

around the world. In 20,050 patients analyzed in the NHANES III, spirometry

detected impaired pulmonary function in 6.8%, and 63.3% of these had never been

Fig. 2.4 Relationship between forced expiratory volume in 1 s (FEV1) and age in never-smokers

and smokers: Takahata study (Correlation of age and FEV1 % predicted are shown. Both in males

(left panel) and females (right panel), FEV1 in smokers were reduced according to the age

elevation.) (Open circle never-smoker, closed past or active smokers, red line regression line of

never-smokers, blue line regression line of past or active smokers [6])
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Fig. 2.5 Prevalence rate of airflow obstruction according to age (The prevalence rate of airflow

obstruction increased with age. Left panel males, right panel females [6])

24 Y. Shibata



diagnosed with obstructive lung disease [28]. Lamprecht et al. integrated data from

the BOLD, PLATINO, EPI-SCAN, and PREPOCOL studies and reported that

81.4% of patients with COPD who were diagnosed using spirometry had not

previously been diagnosed as COPD [29].

COPD is a chronic disease which progresses through changes in lung tissues and

pathology over a long time period due to long-term exposure to cigarette smoke

[30]. Because of its slow progression, it is often hard for patients with COPD to

recognize that they “have a disease” based on their symptoms. For example,

undiagnosed patients with COPD may not think they have a lung disease even

though they have chronic symptoms such as cough or sputum production, because

they often think those symptoms were caused by smoking [31]. In addition,

although they have exertional dyspnea, they often do not think they have lung

disease because they think that their exertional dyspnea was caused by aging. In

many cases, they finally visited a medical institution when exertional dyspnea had

considerably worsened, or they were diagnosed with COPD with acute exacerba-

tion that is triggered by respiratory inflammation. Balcells et al. reported that one

third of patients hospitalized for the first time for acute exacerbation of COPD had

not been previously diagnosed with COPD before hospitalization [32].

2.7 Impact of COPD on Health Status in the General
Population

Worldwide deaths from COPD show a tendency toward increase. The total mortal-

ity of COPD continued to increase, exceeding 16,000 deaths (12,669 deaths in

males and 3606 deaths in females) in 2010 in Japan as well due to aging. The crude

death rate by COPD also exceeded 13.2 per 100,000 population in 2011. COPD

itself can be a cause of death; however, it is accompanied by various comorbidities

which have an impact on health conditions that result in death in some cases. COPD

is ranked high on the list of cause of life lost in the disability-adjusted life year

[DALY: designed as a composite indicator to quantify the burden of disease and

damage on each health problem, calculated as the sum of the years of life lost due to

premature mortality (YLL) and the years lost due to disability (YLD)] and is

predicted to rank fifth in 2020.

COPD can be accompanied by various diseases, and concomitant COPD is

reported to cause an increase of the length of hospital stay in patients with each

disease. In the Lung Health Study which enrolled patients with COPD suffering

from moderate to severe airflow obstruction, an analysis of death revealed that lung

cancer, cardiovascular disease, and respiratory failure were the main causes of

death [33]. In the abovementioned Hokkaido cohort study, lung cancer and respi-

ratory failure were main causes of death, showing relatively fewer cardiovascular

deaths compared to the Lung Health studies conducted in Western countries

[21]. We performed a pulmonary function test in approximately 3000 regional
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subjects and performed follow-up for 7 years, and about 120 subjects had died. In

the group consisting of subjects with airflow obstruction suggesting COPD, a

majority of the causes of death included pneumonia, lung cancer, and cardiovas-

cular diseases [34] (Fig. 2.6).

2.8 Conclusions

Health damage by COPD has a great impact on society as well as on the individual

patient. However, many patients with COPD remain undiagnosed all over the

world. Thus, those patients continue to smoke cigarettes despite their developing

disease. The early diagnosis and provision of antismoking education to prevent

patients from exposure to risk factors are necessary to reduce health damage due to

COPD. However, it is reported that many cigarette smokers do not give serious

consideration to giving up smoking, and screening such as that for pulmonary

function is not necessarily associated with success in quitting. This issue may not

be solved by mere medical intervention alone, in which disease is detected in the

early stages and antismoking education is provided. Social intervention or

establishing stricter regulations on smoking such as raising the tax rate on cigarettes

may be required.
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Chapter 3

Genetic Predisposition to COPD: Are There

Any Relevant Genes Determining

the Susceptibility to Smoking?

Takeo Ishii and Koichi Hagiwara

Abstract Chronic obstructive pulmonary disease (COPD) is a complex disease

with both genetic and environmental determinants, and case–control association

studies on candidate genes and also genomic approaches such as genome-wide

association studies (GWASs) have been used to discover genes involved in COPD

pathogenesis. Though the 15q25 locus which encodes a family of nicotinic cholin-

ergic receptors including CHRNA3 and CHRNA5 and also the other novel loci were
reported to be associated with COPD susceptibility, it is uncertain through which

molecular pathways the genetic variants of these genes affect the pathogenesis in a

concrete manner and whether the genetic effects are on susceptibility to smoking

behavior and/or to lung destruction as emphysematous change of the lungs induced

by smoking. Recent studies showed the functional genetic variations related to

COPD pathogenesis by using two different types of omics data, such as GWAS and

gene expression profiling in the lungs. A recent study with more than 50,000

individuals of European ancestry in the United Kingdom investigated the genes

associated with COPD and reported the genes related to nicotine addiction,

impaired lung development, and accelerated lung function decline, respectively.

The genetic variations associated with COPD exacerbations and the ethnic differ-

ence of COPD pathogenesis also should be elucidated.
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3.1 Introduction

Chronic obstructive pulmonary disease (COPD) is a complex disease with both

genetic and environmental determinants, the latter of which includes smoking as a

main and critical one. First, the case–control genetic association studies on candi-

date genes possibly related to COPD were performed, and for these 10 years,

genome-wide association studies (GWASs) have been used to discover genes

involved in COPD pathogenesis. However, many problems remain to be resolved,

including whether they affect COPD through smoking-related behaviors, lung

development, and structural change of the lungs including emphysema and airway

thickening and the way how these genetic variations found in GWAS affect COPD

pathogenesis through molecular pathways. Since GWASs were performed on

common genetic variations only, minor alleles related to COPD should be investi-

gated with exome analyses or next-generation sequencing. In this chapter, we

would like to describe the investigation on the genes related to COPD pathogenesis

before and after GWAS and the future of this research field.

3.2 Investigation of the Genes Related to COPD

Pathogenesis: The Era Before GWAS

Though tobacco smoking is the most important risk factor for COPD, only 15–20%

of heavy smokers develop symptomatic COPD, which suggests that susceptibility

to COPD for each individual is, at least in part, genetically determined [1]. Epide-

miological studies on familial aggregation of COPD demonstrate that there is a

genetic component to COPD [2–4]. Severe alpha1-antitrypsin (AAT) deficiency,

which is the result of mutations in the SERPINA1 gene, is only known as a definite

genetic risk factor of COPD and is mainly found in Caucasians. Since AAT

deficiency accounts for approximately 1% of COPD cases [5], genes other than

SERPINA1, which are related to COPD pathogenesis, have been investigated so far.

However, it was (and is) uncertain whether chronic diseases including COPD

have a few or many genetic factors related to susceptibility and whether common

and/or rare genetic variants mainly affect the pathogenesis. Two main approaches

to search for susceptibility genes of the diseases were linkage analysis and associ-

ation analysis, and both of them utilize the fact that the genetic variation close to a

disease gene is coinherited with the disease. In linkage analysis, usually highly

polymorphic short tandem repeats (STRs), which are more informative than single-

nucleotide polymorphisms (SNPs), are genotyped in families to identify the chro-

mosomal region related to the disease or phenotype. In the association analysis,

SNPs are genotyped in case and control groups, and the frequencies of genotypes

and/or allele of the genes are compared. Genetic linkage analyses would be

relatively useful for the study of the disorders related to single or a few genes.

Generally, linkage analyses relatively have low statistical power for detecting genes
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with low to modest risk (RR< 1.5), and rare alleles with high penetrance and high

risk as is typical for monogenetic diseases are more likely to be identified by the

analyses [6]. Though COPD could be a syndrome with several diseases with

symptom like cough, sputum, and dyspnea on exercise and also airflow obstruction

and a part of COPD could be a monogenic disease like AAT deficiency, COPD

mostly seems to be one of the multigenic diseases as similar to other common

chronic diseases (e.g., hypertension, diabetes, osteoporosis, etc.) [7]. It is thought to

be better to perform case–control association studies to investigate the susceptibil-

ity genes in polygenic diseases like COPD. Thus, linkage analyses were used to

investigate the genes related to early-onset and severe COPD which is similar to

AAT deficiency, and case–control association studies including GWAS were

performed to find susceptibility genes of typical COPD, i.e., gradually progressing

and/or relatively mild one.

The Boston Early-Onset COPD Study has reported linkage results identifying

genomic regions that may harbor susceptibility genes for the development of COPD

in 1998 or later [2, 8]. It could be speculated that early-onset COPD with extreme

phenotype (i.e., severe airflow limitation) would be monogenic or oligogenic and

that linkage analyses would be useful to find susceptibility genes of COPD with this

kind of subjects as families. In this study, probands were ascertained on the basis of

a physician diagnosis of severe COPD with forced expiratory volume in one second

(FEV1) less than 40% predicted at age younger than 53 without severe AAT

deficiency. Linkage analyses for qualitative and quantitative COPD-related pheno-

types including post-bronchodilator values for FEV1 and FEV1/forced vital capac-

ity (FVC) have been performed with an autosomal 10 cM genome-wide scan of

short tandem repeat for 585 members of 72 families [9, 10]. The genome-wide

linkage analysis showed significant and suggestive linkage to mild-to-severe air-

flow obstruction as the logarithm of odds (LOD) score on chromosomes 1, 12, and

19 and linkage to FEV1/FVC on chromosome 2q. The approximate regions

described above were also reported to be associated with lung function in the

other groups with genome scans [11–13]. SERPINE2 was reported as a positional

candidate gene on chromosome 2q, which has been associated with COPD-related

phenotypes in the Boston Early-Onset COPD Study and case–control studies [14–

16]. However, the investigation of the molecular mechanism with SERPINE2 on

COPD pathogenesis has not progressed yet with in vitro or in vivo study with

transgenic mice. TGFB1 is also a positional candidate gene on chromosome 19, and

the genetic variations of TGFB1 were associated with COPD in several multiethnic

populations [17–22]. It was reported that loss of integrin alpha(v)beta6-mediated

TGF-beta activation causes Mmp12-dependent emphysema in mice model [23] and

that the progression of emphysema could be overcome by simultaneous transgenic

expression of active TGF-beta1.

In the common disease/common variant (CD/CV) hypothesis, proposed in the

end of the 1990s, the genetic risk for common diseases will often be due to disease-

predisposing alleles with relatively high frequencies, which was supported by

several groups including Reich DE [24, 25]. COPD is one of the common chronic

diseases, and its pathogenesis was thought to be under this hypothesis in that era
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[26]. Thus, on genes speculated to be related to COPD pathogenesis with hypoth-

eses, common (and mainly functional) genetic variations were searched through

literature or by sequencing with samples of a small population, and the associations

between these genetic variants and COPD were investigated as case–control asso-

ciation studies. A series of candidate genes were investigated under the several

hypotheses speculated to be related to COPD pathogenesis, e.g., the protease-

antiprotease hypothesis, the oxidant-antioxidant hypothesis, and the hypotheses

on persistence of airway inflammation, aging, apoptosis, and autophagy (details

of each hypothesis are described in Chaps. 4, 5, 6, and 7). The knowledge on

emphysema formation in the cases with AAT deficiency lead to the protease-

antiprotease hypothesis, and the oxidant-antioxidant hypothesis was proposed

because oxidant stress is induced in the lungs by smoking, one of the main causes

of COPD, and leads to destruction of the lung structure including emphysema

formation. Case–control association studies were performed on the genes which

were selected as candidate genes related to COPD pathogenesis under the hypoth-

eses described above. In parallel, transgenic and knockout mice were produced on

these genes to investigate whether these genes have critical roles in COPD patho-

genesis and how they do if so. Many COPD-related genes were reported according

to the results of these studies, and they include SERPINA1 and matrix

metalloproteinase 9 (MMP9) which is also related to severe COPD, reported

based on GWAS [27, 28]. We also reported the association between genetic

variations and emphysema by a case–control association study on a gene surfactant

protein D (SFTPD) which is a candidate as a COPD-related gene [29]. Surfactant

protein D belongs to a group of carbohydrate-binding proteins called collectins and

is expressed primarily in type II alveolar cells [30]. It antagonizes inflammation by

inhibiting oxidative stress [31, 32] and stimulating innate immunity [33]. Sftpd
knockout mice develop emphysema, and alveolar macrophages from these sftpd
knockout mice produced more H2O2 and matrix metalloproteinases 2, 9, and

12 compared with wild-type mice [34]. Thus, SFTPD is a good candidate gene

related to COPD pathogenesis based on protease-antiprotease hypothesis and

oxidant-antioxidant hypothesis and also through modification of susceptibility to

pulmonary infection and COPD exacerbation. The single-nucleotide polymorphism

(SNP) rs721917 in a coding region of SFTPD affects the amino acid sequence of

this gene; two protein isoforms with different functions are derived from this SNP

[35, 36]. The association between this SNP and emphysema, a major characteristic

of COPD, was reported by our group with two Japanese populations [29] and also

by Evaluation of COPD Longitudinally to Identify Predictive Surrogate End points

(ECLIPSE) study with Caucasian populations [37]. Since the results of the associ-

ation between genetic variations and COPD were not so consistent among the

reports in general, meta-analyses by using these data were also performed on

several genes [38]. Case–control association studies were performed on so many

candidate genes, which was reviewed by myself [39] and recently by Bosse Y

[38]. The genes related to COPD in several studies and also in a meta-analysis, e.g.,

GSTM1 [40–42], are good candidates to investigate further on its role in pathogen-

esis of COPD, by in vitro study and/or in vivo study with transgenic mice or other

mouse models, which could lead to innovative drug development.
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3.3 Genome-Wide Association Studies (GWASs)

for Susceptibility Genes of COPD

As written above, since COPD mostly seems to be one of the multigenic diseases as

similar to other common chronic diseases (e.g., hypertension, diabetes, osteoporo-

sis, etc.) [6], it is thought to be better to perform case–control association studies to

investigate the susceptibility genes on COPD pathogenesis. However, it would be

difficult to find novel genes related to susceptibility of the diseases if we perform

case–control association studies under the proposed hypotheses. According to the

common disease/common variant hypothesis [24], it was thought to be possible to

find genes that are truly novel on relationship to the disease susceptibility by

performing case–control association study with genotyping SNPs in a genome-

wide manner. Genome-wide association studies (GWASs) were performed for

more than 10 years to investigate the genes related to chronic common diseases

including COPD. GWASs are the studies to see the association between quantita-

tive or qualitative traits mainly of the diseases and SNPs in a genome-wide manner,

and GWAS could be performed in a practical manner after human HapMap Project

showed the allele frequency of the SNPs in a whole genome (not all SNPs but more

than one million SNPs (approximately one tenth of the SNPs) with relatively high

frequency) [43]. According to the HapMap data, the SNPs with allele frequency

more than 5% are selected (usually, approximately 200–500 thousand SNPs) in a

genome-wide manner, and the association between all of these SNPs and disease

phenotypes was investigated to find a novel disease susceptibility genotype. Usu-

ally, after this kind of GWAS, the results of the GWAS would be verified by the

replicated genetic association between the same genotypes or alleles and the disease

phenotypes in a different population, which leads the results of the study easy to

confident.

The firstly reported group conducted a GWAS in a homogenous case–control

cohort from Bergen, Norway [GenKOLS] (823 COPD cases and 810 smoking

controls) and evaluated the top 100 SNPs in the family-based International COPD

Genetics Network (ICGN, 1891 Caucasian individuals from 606 pedigrees) study

[44]. The polymorphisms that showed replication were further evaluated in 389 sub-

jects from the US National Emphysema Treatment Trial (NETT) and 472 controls

from the Normative Aging Study (NAS) and then in a fourth cohort of 949 individ-

uals from 127 extended pedigrees from the Boston Early-Onset COPD population.

Two SNPs at the alpha-nicotinic acetylcholine receptor (CHRNA3/CHRNA5) locus
were identified. They showed unambiguous replication in the ICGN family-based

analysis and in the NETT case–control analysis with combined p-values of

1.48� 10(�10) (rs8034191) and 5.74� 10(�10) (rs1051730). Furthermore, these

SNPs were significantly associated with lung function in both the ICGN and Boston

Early-Onset COPD populations. The C allele of the rs8034191 SNP was estimated

to have a population attributable risk for COPD of 12.2%. The association of

hedgehog-interacting protein (HHIP) locus on chromosome 4 was also consistently

replicated, but did not reach genome-wide significance levels. Genome-wide sig-

nificant association of the HHIP locus with lung function was identified in the
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Framingham Heart Study [45]. Thus, they concluded that the CHRNA3/CHRNA5
and the HHIP loci make a significant contribution to the risk of COPD.

Next, another genome-wide association study for chronic obstructive pulmonary

disease (COPD) was performed. They hypothesized that a larger genome-wide

association study would reveal additional common variants that contribute to

COPD susceptibility. Their study included white subjects from three populations:

(1) the case–control population from GenKOLS, (2) NETT cases and NAS controls,

and (3) cases and controls from the ECLIPSE study, including 2940 cases and 1380

controls who were current or former smokers with normal lung function. They

replicated the association with CHRNA3/CHRNA5/IREB2 and HHIP loci and also

identified a new susceptibility locus at 4q22.1 in FAM13A and replicated this

association in one case–control group (n¼ 1006) and two family-based cohorts

(n¼ 3808) (rs7671167, combined P¼ 1.2� 10(�11), combined odds ratio in case–

control studies 0.76, 95% confidence interval 0.69–0.83) [46]. Further, they

performed a GWAS again using a total of 3499 cases and 1922 control subjects

from four cohorts: ECLIPSE, NAS and NETT, GenKOLS, and the COPDGene

studies. Genotyping was performed with additional markers imputed using 1000

Genomes data [the 1000 Genomes Project reconstructed the genomes of 2504

individuals from 26 populations using a combination of low-coverage whole-

genome sequencing, deep exome sequencing, and dense microarray genotyping

and collected more data of SNP in a dense manner] [47]. This time they identified a

new genome-wide significant locus on chromosome 19q13 (rs7937, OR¼ 0.74,

P¼ 2.9 � 10(�9)) [48]. Genotyping this SNP and another nearby SNP in linkage

disequilibrium in 2859 subjects from ICGN demonstrated supportive evidence for

association for pre-bronchodilator FEV1 (P¼ 0.08 and 0.04) and severe (GOLD

3&4) COPD (P¼ 0.09 and 0.017). This region includes RAB4B, EGLN2, MIA, and
CYP2A6, which has previously been identified in association with cigarette

smoking behavior [49, 50]. In addition, they sought to identify risk loci for

moderate to severe and severe COPD with data from these cohort studies described

above. Analysis of 6633 individuals with moderate to severe COPD and 5704

control individuals confirmed association at three known loci, namely, CHRNA3,
FAM13A, and HHIP. They also showed significant evidence of association at a

novel locus near RIN3 and also identified associations at two additional loci:

MMP12 and TGFB2 [28].

The other group also performed meta-analyses of GWAS for airflow obstruction

in population-based cohorts examining all participants, ever smokers, never

smokers, and asthma-free participants, and the subset of more severe airflow

obstruction with FEV1 less than 65% predicted [51]. For discovery phase, 3368

affected and 29,507 unaffected were studied, and the data on 3837 cases and 4479

control subjects were used for replication. These populations were different from

those described above, but are also European descent. This study replicated the

association between airflow obstruction and one region on chromosome 15q25.1

meeting genome-wide significance in ever smokers that includes AGPHD1, IREB2,
and CHRNA5/CHRNA3 genes. An SNP in HTR4, a gene previously related to

FEV1/FVC [52, 53], achieved genome-wide statistical significance on airflow

obstruction in ever smokers.
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In summary, by performing several GWASs on COPD with populations of

NETT, NAS, ECLIPSE study, Genetic Epidemiology of COPDGene Study,

GenKOLS study, and others, each of which has several to 10 thousand subjects

(mainly Caucasian), novel genes or chromosomal regions related to COPD patho-

genesis reported were as follows [28, 44, 46, 48, 51] (Table 3.1 [54]): chromosomes

4q22 (FAM13A), 4q31 (HHIP), 15q25 (CHRNA3/CHRNA5/IREB2), 14q32 (RIN3),
and 19q13. Chromosomal regions 11q22 (MMP12) and 1q41 (TGFB2) were also

found to be associated with severe COPD by GWASs.

Though the genes or genotypes related to the susceptibility of COPD could have

a critical role in COPD pathogenesis, the mechanism whether and how these genes

or genetic variations affect the pathogenesis should be differently investigated.

Current evidence in this research field is concisely reviewed in a recent article

[56]. CHRNA3 and CHRNA5 are subunits of the nicotinic cholinergic receptor, and
the proteins are responsive to nicotine. The association between nicotine addiction

and genetic variants of these genes was also reported including GWAS (Fig. 3.1a)

[49, 57, 58]. It was also reported by using chrna5 knockout mice that nicotine

activates the habenulo-interpeduncular pathway through alpha5-containing

nAChRs, triggering an inhibitory motivational signal that acts to limit nicotine

intake [59]. Thus, it is speculated that genetic variations of this gene affect COPD

susceptibility through modifying the extent of nicotine dependence. Though this

idea was supported also by the mediation analysis on previous GWAS, CHRNA3
and CHRNA5 possibly affect COPD pathogenesis through direct and indirect

manner, as shown in Fig. 3.1b [60]. The SNPs of these genes are related to the

expression level of CHRNA3 and IREB2 in blood and sputum samples [61]. IREB2

Table 3.1 Summary of the COPD GWASs

First authors of the

studies and

references

Number

of cases

Number

of

controls

Novel genes or genomic

regions related to COPD

Replicate genes or

regions

Pillai [44] 823 810 CHRNA3/CHRNA5/
IREB, HHIP

Cho [46] 2940 1380 FAM13A CHRNA3/CHRNA5/
IREB2, HHIP

Cho [48] 3499 1922 Chromosome 19q13 CHRNA3/CHRNA5/
IREB2, HHIP,
FAM13A

Wilk [51] 3368 29,507 HTR4 CHRNA3/CHRNA5/
IREB2, HHIP

Cho [28] 6633 5704 RIN3 CHRNA3/CHRNA5/
IREB2, HHIP,
FAM13A

Cho (on severe

COPD) [28]

3125 1468 MMP12, TGFB2 CHRNA3/CHRNA5/
IREB2, HHIP,
FAM13A

Hobbs [100] 6161 6004 IL27 CHRNA5, etc

Modified the table in the Ref. [54], with permission

3 Genetic Predisposition to COPD: Are There Any Relevant Genes Determining. . . 37



Fig. 3.1 Susceptibility genes on smoking and COPD. (a) The various phenotypes of smoking and the

genes (BDNF, CHRNA genes, CYP2A6, and PPP1R3C) whose variations are related to these

phenotypes (Reproduced with permission from Ref. [58]). (b) The model on the association between

the genes related to smoking behavior (e.g., CHRNA3) and their direct and indirect effects on

smoking-related diseases [60] (Reproduced with permission from the American Thoracic Society.

Copyright© 2016American Thoracic Society. AnnAmThorac Soc. 2014 Sep;11(7):1082–3. Official

Journal of the American Thoracic Society). FTND means Fagerstroem Test of Nicotine Dependence.
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is a protein that binds iron-responsive elements which maintains cellular iron

metabolism. Though mice with a targeted disruption of this gene Ireb2 have been

already generated, it was only reported that misregulation of iron metabolism leads

to neurodegenerative disease and that there were no reports on COPD pathogenesis

with these mice [62].

HHIP encodes a membrane glycoprotein that is an endogenous antagonist for the

hedgehog pathway, which is critical for the morphogenesis of the lung and other

organs. One of the COPD-related SNPs, rs1828591, is located in the enhancer

region of HHIP and the expression of these protein non-tumor lung specimens

reduced with the risk allele of this SNP [63]. Gene expression microarray analysis

in a human bronchial epithelial cell line (Beas-2B) stably infected with HHIP
shRNAs revealed that differential expression of the genes related to extracellular

matrix and cell growth genes and these genes were also differentially expressed in

lung tissues of COPD [64]. In mice with hhip haploinsufficiency exposed to

cigarette smoking, severe airspace enlargement and enhanced lymphocyte activa-

tion pathways in lung tissues were observed [65].

The function of FAM13A is still largely unknown. However, it was reported that

this protein is related to the activation of Wnt signaling pathway [66]. FAM13A was

associated with pulmonary function in healthy and also asthmatic populations with

GWAS [67], was associated with chronic bronchitis but not with emphysema [68],

and was associated with idiopathic pulmonary fibrosis also with GWAS [69]. Thus,

possibly this gene has a critical role in pathogenesis of various lung diseases, but in

a complicated manner. Since knockout mice of fam13a was recently generated
[66], the role of FAM13A on COPD pathogenesis could be further elucidated with

this mice model in the near future. On the other genes, including TGFB2 and RIN3,
molecular mechanisms through which these genes affect COPD pathogenesis are

still largely unknown.

3.4 Recent Progress of Studies of COPDGenetics in GWAS

Era (I): Relevant Genes Determining the Susceptibility

to Smoking

Since genes of nicotinic acetylcholine receptors, thought to be one of the critical

factors affecting smoking behavior, were reported to be associated with COPD by

GWASs with validation by using several populations [28, 44] as described above, it

is speculated that relevant genes determining the susceptibility to smoking are also

involved in COPD pathogenesis and progression in general. In addition, when we

observed the association between genes related to smoking behavior like CHRNA3,
it is a little unclear whether these genes affect COPD in a direct manner (e.g., by

modifying the inflammation process in the local regions of the lungs) or in an

indirect manner (e.g., by modifying susceptibility to smoking behavior). In fact,

COPDGene and ECLIPSE investigators showed that the effects of two linked
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variants (rs1051730 and rs8034191) in the AGPHD1/CHRNA3 cluster on COPD

development were significantly, yet not entirely, mediated by the smoking-related

phenotypes, and they confirmed the existence of direct effects of the AGPHD1/
CHRNA3, IREB2, FAM13A, and HHIP loci on COPD development [70], as shown

in Fig. 3.1b [60]. They also reported that the association of the AGPHD1/CHRNA3
locus with COPD is significantly mediated by smoking-related phenotypes though

IREB2 appears to affect COPD independently of smoking [70]. Very recently, UK

Biobank data were used to study the genetic causes of smoking behavior and lung

health in UK Biobank Lung Exome Variant Evaluation (UK BiLEVE) study, and

the study selected 50,008 unique samples which composed of 10 002 individuals

with low FEV1, 10 000 with average FEV1, and 5002 with high FEV1 from each of

the heavy-smoker and never-smoker groups [71] (Fig. 3.2 [72]). First, they showed

a substantial sharing of genetic causes of low FEV1 between heavy smokers and

never smokers and between individuals with and without doctor-diagnosed asthma.

They also discovered six novel genome-wide significant signals of association with

extremes of FEV1, including signals at four novel loci (KANSL1, TSEN54, TET2,
and RBM19/TBX5) and independent signals at two previously reported loci (NPNT
and HLA-DQB1/HLA-DQA2), and these variants also showed association with

COPD, including in individuals with no history of smoking. In addition, they also

discovered five new genome-wide significant signals for smoking behavior, includ-

ing a variant in NCAM1 and a variant on chromosome 2 (between TEX41 and

PABPC1P2) that has a trans effect on expression of NCAM1 in brain tissue. This

study is so unique especially on its design, namely, by sampling from the extremes

of the lung function distribution in UK Biobank with a so large population. In

summary, this study showed that CHRNA3/CHRNA5 is associated with COPD

pathogenesis through nicotine dependence, that HHIP is through disturbance of

lung development, and that GSTCD and several other genes are through modifica-

tion of oxidant stress and/or inflammation (Fig. 3.2) [72]. This study not only

showed susceptibility genes of COPD but also successfully revealed how these

genes affect COPD pathogenesis and suggests a new strategy on COPD genetics

study with GWAS. Smoking behaviors include various phenotypes, including

smoking initiation, increment of tobacco consumption, nicotine addiction, and

smoking cessation, and these behaviors could be associated with different genes

(Fig. 3.1a) [58]. Meta-analyses of genome-wide association studies for the number

of cigarettes smoked per day (CPD) in smokers (n¼ 31,266) and smoking initiation

(n¼ 46,481) using samples mainly from the ENGAGE Consortium and replication

study with the Tobacco and Genetics (TAG) and Oxford-GlaxoSmithKline

(Ox-GSK) consortium cohorts (n¼ 45,691 smokers) and also with a third sample

of European ancestry (n¼ 9040) revealed the variants in three genomic regions

associated with CPD, including previously identified SNPs at 15q25 represented by

rs1051730[A] and SNPs at 19q13 and 8p11, where genes encoding nicotine-

metabolizing enzymes (CYP2A6 and CYP2B6) and nicotinic acetylcholine receptor
subunits (CHRNB3 and CHRNA6) are located [49]. Since CHRNA3/CHRNA5 is

only a gene related to both smoking behavior and COPD with GWAS, the other

genes related to smoking behaviors, e.g., CYP2A6, could also have a critical role in
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COPD pathogenesis. Finding novel genes related to both smoking and COPD could

be a supportive evidence that shows that therapeutics for nicotine addiction will

also prevent from COPD and its progression, which leads to development of novel

therapeutics for both smoking and COPD.

3.5 Recent Progress of Studies of COPDGenetics in GWAS

Era (II): Gene Related to Critical Subtypes or

Phenotypes of COPD

Though COPD is thought to result mostly from an accelerated decline in FEV1 over

time (namely, the phenotype of “rapid decliner”) which is possibly caused by

smoking and also by frequent exacerbations of COPD, it is also possible that a

normal decline in FEV1 could also lead to COPD in persons whose maximally

attained FEV1 is less than population norms. This idea was proposed by Burrows

long time ago [73] (Fig. 3.3), and it was actually shown in real world that low FEV1

in early adulthood is important in the genesis of COPD and that accelerated decline

in FEV1 is not an obligate feature of COPD [74]. Thus, genes related to COPD

pathogenesis also could affect COPD and its progression through these two models

(namely, the pattern of rapid decliners and another one). On rapid decliners, case–

control association studies on candidate genes with a population of Lung Health

Study (283 rapid decliners (deltaFEV1¼�154 +/� 3 ml/year) and

308 nondecliners (deltaFEV1¼ +15 +/� 2 ml/year) among smokers followed for

5 years) were performed, and the associations between the phenotype of rapid

declining of FEV1 and MZ genotype of the alpha1-antitrypsin gene and haplotype

of the microsomal epoxide hydrolase were suggested [75]. A recent GWAS to

assess genetic contributions to lung function decline over a 5 year period in 4048

Fig. 3.3 Possible “natural histories” of COPD. (a) A Fletcher-Peto curve, presented in the GOLD

guideline. (b) “Natural histories” that can lead to severe COPD in various manners, as described by

Burrows. Some with a frequent exacerbation phenotype may have repetition of exacerbation and

remission leading to progression of COPD, shown as “B.” COPD chronic obstructive pulmonary

disease (Reproduced with permission from Ref. [84])
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European American Lung Health Study participants with largely mild COPD

showed that two novel regions were associated with lung function decline in mild

COPD and that genes within these regions (TMEM26, FOXA1, and ANK3) were
expressed in relevant lung cells and their expression was related to airflow limita-

tion [76]. However, the genes related to the subjects whose maximally attained

FEV1 is less than population norms are less elucidated so far partly because this

phenotype was not thought to be associated with COPD. HHIP could be one of the

possible candidates of the genes related to this phenotype or subgroup of COPD

(Fig. 3.2 [72]). HHIP was reported to be associated with COPD by GWASs as

described above [44], and according to the results of UK BiLEVE study, HHIP is

thought to affect COPD pathogenesis especially through modifying lung develop-

ment [71]. The genes related to airflow obstruction were investigated as GWASs

with larger populations than COPD studies [52, 53, 77] and include not only HHIP
but also the other several genes. Thus, these genes except for HHIP, namely, TNS1,
GSTCD, AGER, HTR4, THSD4, and others, are good candidates as COPD-related

genes, and their possible roles on COPD pathogenesis should be investigated,

including on their effect size.

Emphysema is one of the most important phenotypes in COPD, and the patho-

genesis of emphysema should be investigated and clarified in a fine manner, partly

in order to develop new therapeutic strategy of this phenotype. Airway wall

thickening and emphysema phenotypes showed independent aggregation within

families of individuals with COPD, suggesting that different genetic factors influ-

ence these disease processes [78]. Further, it is relatively easy to assess the extent of

emphysema pathologically or by computed tomography (CT) in mice compared to

assessing the airway disease; we can realistically proceed the research on molecular

mechanism of emphysema formation with mice with knockdown of the gene

related to emphysema. By GWASs with ECLIPSE, NETT, GenKOLS, and

COPDGene populations, BICD1, SNRPF, and PPT2 were associated with emphy-

sema [79, 80] and SERPINA10 and DLC1 also, as reported recently [81]. One of the
COPD phenotype comorbidities with interstitial lung diseases, combined pulmo-

nary fibrosis and emphysema (CPFE) (reviewed in Chap. 18), is also a critical and

definite category. The susceptibility genes of CPFE are speculated to the genes

related to both emphysema and interstitial pulmonary fibrosis (e.g., FAM13A [82]),

which remained to be elucidated. Though the research on the genes related to

airway disease in COPD is also ongoing, the results are a little unclear, and these

should be investigated further [81].

Frequent exacerbators are also one of the critical subgroups of COPD. Although

exacerbations become more frequent and more severe as COPD progresses, the rate

at which they occur appears to reflect an independent phenotype [83]. Exacerba-

tion is a leading cause of mortality, decrement of pulmonary function and quality of

life, and also is a major cost driver of COPD especially through hospitalization

[84]. Fletcher and Peto [85] demonstrated the natural course of COPD, the

“Fletcher-Peto curve,” and they showed that the expiratory airflow limitation,

defined as FEV1, declines with age throughout adulthood and that smoking, not

the effect of mucus hypersecretion, accelerates its decline (Fig. 3.3a). In addition,
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Burrows [73] indicated that some COPD individuals might have exacerbation and

remission periods with each episode leading to a progressive loss of function

(Fig. 3.3b). Thus, the susceptibility genes of COPD exacerbations should be also

elucidated. Several reports exist regarding the association between exacerbation

susceptibility and some gene variations, including surfactant protein B [86],

mannose-binding lectin [87], and chemokine ligand 1 [88]; the proteins coded by

these genes are a surfactant protein, a lectin that acts as a pattern recognition

receptor in serum, and a chemokine, respectively, and they mainly have the

capacity to protect against bacteria or viruses. The genetic variations that increase

this capacity are thought to reduce susceptibility to infection and thus COPD

exacerbations. Loss of Siglec-14, a lectin likely involved in host defense, was

also associated with a reduced COPD exacerbation risk in a Japanese population

[89]. However, minor allele frequency of this deletion polymorphism of SIGLEC14
is rare in Caucasians; it is uncertain whether this gene has a critical role in the

pathogenesis of COPD exacerbations in various ethnics. Since a protein involved in

strengthening host defense such as Siglec-14, that could also trigger exaggerated

response, might also generate unwanted local and systemic inflammation, which

could be detrimental to a host and could generate COPD with a frequent exacerba-

tion phenotype, its progression, and its comorbidities (Fig. 3.4) [84]. Thus, the

genes related to signal transduction on inflammation and immunity like SIGLECs,
and components of gap junction, are thought to be good candidates for case–control

association studies of COPD exacerbation genetics. However, to find truly “novel”

genes related to COPD exacerbations, GWASs should be performed with multieth-

nic population with clear definition of exacerbations.

Fig. 3.4 The hypothesized

role of an antibacterial but

also proinflammatory

molecules (e.g., Siglec-14)

in the pathogenesis of

COPD as a systemic disease

(Reproduced with

permission from Ref. [84])
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Comorbidities are frequent in COPD and some of them negatively influence

survival [90]. It was reported by cluster analysis that multimorbidity is common in

patients with COPD and that different comorbidity clusters ((1) less comorbidity,

(2) cardiovascular, (3) cachectic, (4) metabolic, and (5) psychological) were iden-

tified [91]. If we consider that COPD is a syndrome composed of these subgroups,

each subgroup could have a different susceptibility gene to be investigated. COPD

with asthma is called as asthma-COPD overlap syndrome (ACOS) and is thought to

be relevant as a clinical entity. The non-Hispanic white GWAS identified single-

nucleotide polymorphisms in the genes CSMD1 and SOX5, and the meta-analysis

identified single-nucleotide polymorphisms in the gene GPR65 associated with

ACOS [92].

3.6 Recent Progress of Studies of COPDGenetics in GWAS

Era (III): Novel Strategy for Research on COPD

Genetics with Multi-omics

Though a number of genes were reported to be associated with COPD so far, the

functional relevance of these genetic variations is not so clear on most of or at least

a part of them, similar to the results of the GWASs on other common chronic

diseases. In this kind of situation, it is thought to be difficult to connect the results of

GWASs and disease pathogenesis. Therefore, the associations between two differ-

ent types of omics data, such as GWAS and gene expression profiling, were

examined, which aim to correlate the results to the disease [54] (Fig. 3.5 [54]).

The genetic variants related to COPD were identified with GWASs as written

above. In addition, the association between genetic variations and the mRNA

expression in, first, lymphoblastoid cells [93] and then sputum and lung tissues

was also reported [63, 94]. If these kinds of information are combined, we could

find the disease-related genes and simultaneously the molecular mechanism of the

genes to affect disease pathogenesis. Recently, the GWAS results on COPD with

SpiroMeta-CHARGE, whose consortium undertook the largest GWAS so far

(n¼ 48 201), were integrated with the lung expression quantitative trait loci

(eQTLs) in lung tissue from 1111 individuals, and this group found that SNPs

associated with lung function measures were more likely to be eQTLs, that the

genes whose expression in lung tissues were regulated by these SNPs were enriched

for developmental and inflammatory pathways, and that SNPs associated with lung

function that were eQTLs in blood, but not in the lung, were only involved in

inflammatory pathways [63, 94, 95].

Another group developed a systematic approach to identify key regulators of

COPD that integrates genome-wide DNA methylation, gene expression, and phe-

notype data in lung tissue from COPD and control samples [96]. They identified

126 key regulators of COPD, including EPAS1 as the only key regulator whose

downstream genes significantly overlapped with multiple genes sets associated with
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COPD disease severity. EPAS1 was distinct in comparison with other key regula-

tors in terms of methylation profile and downstream target genes. They also

confirmed that EPAS1 protein levels are lower in human COPD lung tissue com-

pared to non-disease controls and that Epas1 gene expression is reduced in mice

chronically exposed to cigarette smoke. This kind of methodology could be lever-

aged to directly identify novel key mediators of this pathophysiology.

The other group hypothesized that by applying unbiased weights derived from

unique populations, they could identify additional COPD susceptibility loci, and

they performed a homozygosity haplotype analysis on a group of subjects with and

without COPD to identify regions of conserved homozygosity haplotype (RCHHs),

and weights were constructed based on the frequency of these RCHHs in case

versus controls and used to adjust the p-values from a large collaborative GWAS of

COPD. They identified two SNPs in a novel gene (fibroblast growth factor-7

(FGF7)) that gained genome-wide significance, and also the association with

COPD was validated in an independent population. They also observed that

increased lung tissue FGF7 expression was associated with worse measures of

lung function [97].

Fig. 3.5 Genetic and genomic studies on disease pathogenesis before and in GWAS era

(Reproduced with permission from Ref. [54, 55])
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3.7 Recent Progress of Studies of COPDGenetics in GWAS

Era (IV): Next-Generation Sequencing and Arrays

The technology to detect genetic variations rapidly progresses in these 10 years,

which includes next-generation sequencing and GWAS with genotyping of more

SNPs and imputation of genotypes. Parts of the reasons why genotypes of common

variants (approximately 500,000 SNPs) were assessed in initial GWASs are the fact

that CD/CV hypothesis was widely believed and also the fact at that time that it

would be technically and economically difficult to genotype much more SNPs

including not only common variants but also rare variants. The initial generation

of GWAS was based on the data of HapMap Project which showed the allele

frequency of the SNPs in a whole genome (not all SNPs but more than one million

SNPs (approximately one tenth of the SNPs) with relatively high frequency)

[43]. According to these data, the SNPs with allele frequency more than 5% are

selected in a genome-wide manner, and the association between these SNPs and

disease phenotypes was investigated to find a novel disease susceptibility genotype.

Thereafter, the 1000 Genomes Project was launched in January 2008 as an inter-

national research effort to establish the most detailed catalogue of human genetic

variation including rare variations, and it planned to sequence the genomes of at

least one thousand anonymous participants from a number of different ethnic

groups within the following 3 years, using newly developed technologies which

were faster and less expensive, including next-generation sequencing. The project

finished its pilot phase in 2010 [98] and completed in 2015 [47]. In parallel, though

genome-wide association studies have identified hundreds of genetic variants

associated with complex human diseases and traits and have provided valuable

insights into their genetic architecture, most variants identified so far confer rela-

tively small increments in risk and explain only a small proportion of familial

clustering, leading many to question how the remaining, “missing” heritability can

be explained. Many explanations for this missing heritability have been suggested,

including much larger numbers of variants of smaller effect yet to be found, rarer

variants (possibly with larger effects) that are poorly detected by available

genotyping arrays that focus on variants present in 5% or more of the population,

and structural variants poorly captured by existing arrays [99]. Thus, new GWASs

with genotyping of minor alleles on which the allele frequency is 0.5–5% (approx-

imately two million or more SNPs are genotyped) and next-generation sequencing

in exome- or genome-wide were performed and also ongoing to see the genetic

aspects of COPD further including the aspect of missing heritability. To identify

coding variants associated with COPD, non-synonymous, splice, and stop variants

with a minor allele frequency above 0.5% were assessed for association with

COPD in five study populations, mainly Caucasians, enriched for COPD including

COPDGene Study, and novel single-variant associations were validated in three

additional COPD cohorts in a very recent study. The 6004 controls and 6161 COPD

cases across five analysis cohorts and the genes related to COPD were not only

those reported previously (CHRNA5, AGER, MMP3, and SERPINA1) but also a
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non-synonymous variant, rs181206, in IL27 [100]. We also reported that serum

IL27 levels are a promising biomarker for COPD [101] by using in vitro model in

which we modify gene expression of SIGLEC14, which was reported as a suscep-

tibility gene of COPD exacerbations [89]. Thus, it is speculated that IL27 (and

SIGLECs possibly) has a critical role in the pathogenesis of COPD and its exacer-

bations in various ethnics. Also in a recent study, it was hypothesized that exome

sequencing in families identified through a proband with severe, early-onset COPD

would identify additional rare genetic determinants of large effect, and potential

causal variants for COPD in whole exomes from 347 subjects in 49 extended

pedigrees from the Boston Early-Onset COPD Study were investigated. However,

novel susceptible or causal genes of COPD could not be found with this study, and

they also demonstrated the limitations of the power of this approach under genetic

heterogeneity through simulation [102]. The missing heritability on COPD could be

explained by much larger numbers of variants of smaller effect yet to be found,

similar to the case of the heritability of height, for example [103]. The other type of

genetic variations, e.g., copy number variants (CNVs), could be also associated

with COPD. The effects of polymorphic CNVs on quantitative measures of pulmo-

nary function and chest computed tomography phenotypes among subjects enrolled

in COPDGene were investigated, and they identified a polymorphic CNV on

chromosome 5q35.2 located between two genes (FAM153B and SIMK1, but also
harboring several pseudo-genes) giving genome-wide significance in tests of asso-

ciation with total lung capacity as measured by chest CT scans [104], but the

associations between CNVs and COPD should be further elucidated in a near

future.

3.8 Recent Progress of Studies of COPDGenetics in GWAS

Era (V): Pharmacogenetics and Pharmacogenomics

in COPD

Though pharmacogenetics is a clinically important research field also for COPD,

few COPD pharmacogenetics studies have been completed, and most studies have

focused on the role of variants in the beta(2)-adrenergic receptor gene on broncho-

dilator response, but the findings have been inconclusive. The use of

pharmacogenetics to determine initial smoking cessation therapy may be closer to

clinical application [105]. In the research of COPD pharmacogenomics, GWAS

should be also applied. The in silico drug repurposing approach by using the data of

GWAS, expression quantitative trait loci, and the Connectivity Map database [106]

suggested several compounds that reverse the COPD gene expression signature,

including a nicotine receptor antagonist, and the findings represent novel therapeu-

tic pathways for COPD [95].
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3.9 Conclusions

Several novel genes related to COPD were found by having performed GWASs for

these 8 years. However, it is sometimes still not clear how these genes affect COPD

pathogenesis on molecular mechanism and which phenotypes of COPD they affect,

which could lead to development of novel therapies and thus should be elucidated.

Combination of omics and novel technologies like next-generation sequencing

and recently improved GWASs also worked to find more on novel susceptibility

genes. However, there are still problems to be solved to assess genetic variations

and COPD in a more precise and fine manner. Though SNPs were widely assessed

on the relationship with COPD, other types of genetic variations, e.g., deletion,

insertion, and CNVs, which are thought to be functionally relevant, have not been

assessed on the association with COPD enough. The Structural Variation Analysis

Group of the 1000 Genomes Project reported recently an integrated structural

variation map based on discovery and genotyping of eight major structural variation

classes in genomes for 2504 unrelated individuals from across 26 populations, and

they characterized structural variation within and between populations and quantify

its functional effect and also created a phased reference panel that will be valuable

for population genetic and disease association studies [107]. Thus, possibly, the

association studies as genome-wide association studies on these kinds of genetic

variations will be also performed, and novel COPD-related genes (like SIGLEC14,
which is a kind of CNV [89]) will be found in the near future. On omics data, the

data on gene expression, for example, are usually collected from “lung tissues,” but

not from some definite types of cells in the lung tissues. Therefore, definite types of

cells which are thought to have critical roles in COPD pathogenesis, e.g., alveolar

macrophages, should be selected and collected as samples (this was already col-

lected in some studies [108] but the data were not combined with GWAS), and the

expression data on these samples also should be combined with GWAS. Several

models of interconnection between genotypes, gene expression, and disease phe-

notypes are suggested [109], and it is uncertain whether the model presently used in

which the genotype affects disease by modifying the expression level of the gene

suits to understand the relationship between the disease and the susceptibility gene.

As written above, the missing heritability on COPD could be explained by much

larger numbers of variants of smaller effect yet to be found, similar to the case of the

heritability of height [98].

Studies on disease susceptibility genes by combining the data of omics progress

with the Biobank data mainly of Caucasian populations [110]. Also on COPD,

research on genomics will mainly proceed with Caucasian populations by

SPIROMICS (http://www.cscc.unc.edu/spir/) [111], Lung Genomics Research

Consortium (www.lung-genomics.org), and others. However, the GWAS data on

COPD with Asian populations are scarce, and studies with multiethnic populations

should be performed. The susceptibility genes of COPD exacerbations should be

also elucidated.
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Chapter 4

Pathogenesis of COPD (Persistence of Airway

Inflammation): Why Does Airway

Inflammation Persist After Cessation

of Smoking?

Akane Kato and Masayuki Hanaoka

Abstract The structural features of airways in patients with COPD are airway wall

inflammation, fibrosis, muscle hypertrophy, and goblet cell metaplasia. These

structural cellular changes contribute to mucus hypersecretion and destruction of

the alveolar walls and a decline in forced expiratory volume in one second (FEV1).

At the cellular level, macrophages, T lymphocytes, and neutrophils, driven by

cytokines including interleukin-8 (IL-8), gather on the airways. The main cause

of COPD inflammation is cigarette smoke. Smoke causes an increase in the

secretion of matrix metalloproteinase (MMPs) and neutrophilic elastase from

epithelial cells and neutrophils, which are responsible for mucin production and

destruction of the lung. Initially, cigarette smoke influences the expression of

pattern recognition receptors (PRRs) including Toll-like receptors (TLRs), the

intracellularly located nucleotide-binding oligomerization domain (NOD)-like

receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs),

and receptors for advanced glycation end products (RAGE) on lung epithelial cells,

endothelial cells, and leukocytes in the lung. These actions bring about the produc-

tion of cytokines and activation of inflammatory cells, leading to production of

MMPs and neutrophilic elastase. The inflammatory changes persist for several

months and years after smoking cessation and are sometimes irreversible.

Damage-associated molecular patterns (DAMPs) released from dying cells after

cigarette smoking increase the number of apoptotic cells, suppress efferocytosis,

induce hypoxia and oxidative stress, and prolong the inflammatory changes, even

after smoking cessation. Viral and bacterial infections of the respiratory tract then

fortify these inflammatory responses. Exacerbations of COPD then worsen the

deterioration of COPD.
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4.1 Introduction

Global Initiative for Chronic Obstructive Lung Disease 2006 (GOLD 2006) states

that “Smoking cessation is the single most effective and cost-effective intervention

in most people to reduce the risk of developing COPD and stop its progression

(Evidence A).” However, once a patient smokes and develops COPD, the inflam-

matory changes persist through the innate and adaptive immune systems, which are

commonly activated during infection. In this chapter, we will explain why the

pathogenesis of COPD progresses, even after smoking cessation, from the point

of view of inflammation. The airway inflammation is related not only to the

cigarette smoke itself but also viral and bacterial infections occurring before and

after smoking cessation. First, the structural and cellular aspects of the inflamma-

tory changes that are also seen with respiratory infection and that occur during

COPD formation will be described in general. Then, the progression of COPD after

smoking cessation will be discussed. Finally, the relationships between latent

respiratory infections, COPD exacerbations, and COPD progressions will be

reviewed.

4.2 Airway Inflammation and Changes in COPD

Clinically, most COPD patients are current or former smokers. In this chapter, we

will first explain what happens in the airways of patients with COPD.

4.2.1 Airway Structure and Mucus Production in Patients
with COPD

At the end of the peripheral airways are the alveoli, which are composed of type

1 and type 2 pneumocytes. Bronchiolar patency is stabilized by surfactant secreted

from alveoli. Small airways adjacent to alveoli are lined by the epithelium. The

epithelial cells are composed of two principal cell types—ciliated and secretory

cells. Secretory cells are further divided into goblet and Clara cells [1]. Beneath the

epithelium is the basal membrane, and further down the smooth muscle layer

(Fig. 4.1) [2]. The secretory cells release mucus, which contains mucins or large

glycoproteins [1]. Mucins form polymers. Two of the polymers, mucin 5 AC

(MUC5AC) and MUC5B, are highly expressed in the airways [1].
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In patients with COPD, the development of airflow obstruction is associated with

structural and cellular changes in both the peripheral and central airways. The

structural level of peripheral changes involves airway wall inflammation, fibrosis,

smooth muscle hypertrophy, goblet cell metaplasia, and lumen occlusion by mucus

plugging [3]. These are all possible causes of airflow limitation (Fig. 4.2). However,

despite that airway wall fibrosis can be a major contributor to the irreversible

component of airflow obstruction in smokers with COPD, the presence of a precise

characterization of the fibrotic tissue in peripheral airways has never been reported

[4]. Goblet cell metaplasia produces an excess of mucus, which can obstruct the

lumen and alter the surface tension of the fluid lining the airway, rendering the

peripheral airways unstable and facilitating their closure [4]. Mucus hypersecretion

from hyperplastic airway goblet cells is a hallmark of COPD [5]. A recent study

showed that chronic sputum production was significantly associated with both

excess of FEV1 decline and increased risk of subsequent hospitalization [4].

4.2.2 Lung Destruction in COPD

Airway wall inflammatory reaction contributes not only to the mucus

hypersecretion described above but also to the destruction of the alveolar walls,

allowing the airway wall to deform and narrowing the airway lumen [4]. Activated

inflammatory cells are thought to release elastases, which destroy the lung tissue

[4]. The major sources of elastases in the lung are granulocytes and macrophages,

and their products include leukocyte elastase, proteinase 3, MMPs, cysteine pro-

teinases, and plasminogen activators [4]. Because anti-elastin antibodies are found

in patients with COPD, it is thought that COPD is also an autoimmune disease of

elastin [6]. MMP9 gene expression is regulated by numerous stimulatory and

suppressive factors, including several cytokines and growth factors such as

mucus 

ciliated cells 

basal membrane 
goblet 
cell 

clara 
cell 

smooth muscle 

Fig. 4.1 Airway structure and mucus production. The epithelial cells are composed of ciliated and

secretory cells. Goblet and Clara cells are secretory cells. Secretory cells release mucus, which

contains mucins MUC5AC and MUC5B
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interleukin-1α (IL-1α), IL-2, IL-8, and interferon-γ (IFN-γ) [7]. MMPs bring about

not only MUC5AC accumulation but also the destruction of the lung that leads to

emphysema. MMPs probably participate in a proteolytic attack on the alveolar wall

matrix [8]. MMP9 is known as gelatinase B. It has multiple potential substrates

including collagens, gelatin, elastin, and pro-MMP9 and 13. It is secreted by

bronchial epithelial cells, neutrophils, eosinophils, mast cells, and alveolar

macrophages.

Nature Reviews | Immunology

Epithelial cells Macrophage

Airway
epithelial
cell

Fibroblast Neutrophil Monocyte

Cigarette smoke
(and other irritants)

CXCL9, CXCL10 
and CXCL11
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CXCR3

TGFβ

CCL2

CCR2

Proteases (such as neutrophil 
elastase and MMP9)
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Smooth-
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Fig. 4.2 Inflammatory and immune cells involved in COPD. Structural level of peripheral

changes involved in airway wall inflammation, fibrosis, smooth muscle hypertrophy, goblet cell

metaplasia, and destruction of the alveolar walls. Inflammatory cells include macrophages, T

lymphocytes, and neutrophils in the airway lumen (From “Peter J. Barns. Nature. 2008;8:183-92”).

CCL2 CC-chemokine ligand 2, CCR2 CC-chemokine receptor 2, CXCL1 CXC-chemokine ligand

1,MMP9matrix metalloproteinase-9, Tc1 cell type 1 cytotoxic T cell, TGF-β transforming growth

factor-β, TH1 cell T helper 1 cell
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4.2.3 Inflammatory Cells and Cytokines in the Airway
in COPD

The development of airflow obstruction is associated with an increase of macro-

phages and T lymphocytes in the airway wall and of neutrophils in the airway

lumen [4]. Although the mechanism of neutrophil accumulation in the airway

lumen of smokers with COPD is not entirely clear, it is possible that an imbalance

between pro- and anti-inflammatory cytokines may play a role. For example, IL-8 is

a cytokine that promotes neutrophil chemotaxis, and tumor necrosis factor (TNF-α)
is a cytokine that activates an increase in adhesion molecules [4]. There is a shift in

the balance of the CD4-/CD8-positive T lymphocyte ratio in favor of CD8-positive

ones [4]. Indeed, the CD8-positive cytotoxic T lymphocytes infiltrate the central

airways [4], peripheral airways [4], and lung parenchyma [4] suggesting a consis-

tent inflammatory process along the entire tracheobronchial tree in smokers

with COPD.

4.3 Airway Inflammation After Smoking Cessation

Inflammatory changes persist for several months after smoking cessation and are

sometimes irreversible [3]. The association observed between smoking and the

incidence of COPD is more likely to reflect an early interaction between tobacco

exposure and genetic or immunologic host characteristics rather than the effect of

the cumulative exposure to cigarette smoke [3].

During cessation of smoking, the number of blood leukocytes immediately falls,

goblet cell hyperplasia in the airway declines remarkably, and the number of

macrophages and neutrophils in bronchoalveolar lavage fluid (BALF) decreases.

However, IL-8, and consequently neutrophils in the airways of ex-smokers, still

remains higher than those in nonsmokers [3]. A recent cross-sectional study in

which bronchial inflammation was compared between smokers and ex-smokers in

patients with COPD [9] showed that the CD3þ, CD4þ, and plasma cell numbers

were significantly higher in the ex-smokers with COPD than current smokers with

COPD. Furthermore, compared with current smokers, the short-term ex-smokers

showed significantly higher CD4þ and CD8þ cell numbers, whereas the long-term

ex-smokers showed significantly lower CD8þ cell numbers and CD8/CD3 ratios

and higher plasma cell numbers [9]. These results indicate that the inflammation

persists in the airways of patients with COPD even after smoking cessation [10],

though the progression of inflammation might attenuate gradually.

Unfortunately, once mild COPD occurs, smoking cessation is not always effec-

tive in terminating the progression of COPD. The alterations in squamous meta-

plasia, gland size, smooth muscle mass, and fibrosis after exposure to smoking do

not always recover after smoking cessation [3], though the situation is much better

than not quitting smoking [11]. The hypersecretion of mucus, formation of
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emphysema, and fibrosis in COPD begin with the inhalation of cigarette smoke,

which acts on epithelial cells, macrophages, and T lymphocytes in the airway

lumen. Activation of epithelial growth factor receptor (EGFR) is responsible for

mucin production after inhalation of cigarette smoke in the airways [1, 5, 7]. Mean-

while, acrolein is one of the main cigarette smoke constituents, which increases

MUC5AC-positive cells, lung MMP9 transcripts, and EGFR/mitogen-activated

protein kinase (MAPK) signaling. These, in turn, contribute to MUC5AC accumu-

lation in the airways [12]. Systemic administration of acrolein causes the stress

response in the endoplasmic reticulum and lung cell apoptosis, and chronic admin-

istration leads to an enlargement of the alveolar air spaces and emphysema in

rats [13].

4.3.1 Innate Immune System

Both the innate and adaptive immune systems are involved during the progression

of the pulmonary inflammation that occurs in COPD [14]. Lung epithelium is

always exposed to external microbes in the air such that the innate and adaptive

immune responses play important roles in reacting to those external pathogens

[15]. Innate immunity is the first line of defense against foreign pathogens. Contrary

to adaptive immune responses by which we can obtain protective immunity

throughout our lifetime against the same pathogens once we are infected, the innate

immune response occurs only once, though it can react to diverse pathogens,

including the varied constituents in cigarette smoke. The role of innate immunity

in the airways involves detection of pathogen-associated molecular patterns

(PAMPs) or DAMPs by PRRs including TLRs and NLRs (Fig. 4.3) [14].

4.3.1.1 The Role of TLRs

Cells that are associated with innate immunity in the lung include macrophages,

dendritic cells, monocytes, and neutrophils [15]. The recognition of microbes is first

done by PRRs expressed in alveolar macrophages, dendritic cells, and epithelial

cells. TLRs are a major family of PRRs, and humans have ten kinds of TLRs to

recognize pathogens. The TLRs associated with COPD are TLR6 and TLR9

[16, 17]. They usually recognize bacteria or viruses, but cigarette smoke can also

induce pulmonary inflammation via TLRs [17–19]. Additionally, the interaction

between TLRs and EGFR increases IL-8 and vascular endothelial growth factor

(VEGF) [20]. Through TLR stimulation, reactive oxygen species (ROS) activate

the latent form of TNF-α-converting enzyme (TACE), which cleaves the

transforming growth factor (TGF)-α proligand that activates EGFR. This results

in signaling that leads to IL-8 and VEGF production [21, 22]. Indeed, it was

reported that cigarette smoke augments TLR3, which stimulates IL-8 release and
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increases total MMP9 activity in the airways [19]. IL-8 leads to the recruitment and

activation of neutrophils in the airways (see Sect. 4.3.2.2).

4.3.1.2 The Role of NLRs

NLRs represent a group of key sensors of infections and tissue damage in the lung

[23]. Activation of most known NLRs leads to the production and release of

proinflammatory cytokines and induction of cell death [23]. Ligand recognition

by NOD1 and NOD2 receptors leads to signal transduction through receptor-

interacting protein 2 (RIP2) kinase, with downstream activation of MAPKs and

transcription factor nuclear factor-kappa B (NF-kB). This then leads to the activa-

tion of genes encoding different cytokines and chemokines such as IL-8

[23]. Inflammasomes consisting of one or two NLR proteins serve as platforms

for autocatalytic caspase-1 activation, which in turn critically regulates IL-1β and

IL-18 production, inducing an inflammatory form of cell death called pyroptosis.

Importantly, the NLR protein 3 (NLRP3) inflammasome responds to a vast range of

sterile stimuli particularly DAMPs released by dying cells such as adenosine

triphosphate (ATP), uric acid metabolites, and biglycan as well as hyaluronan

[23]. Experimental studies in mice suggest that activation of NLRPs by some of

those DAMPs might have important functions in the pathogenesis of acute lung

injury/acute respiratory distress syndrome (ALI/ARDS), COPD/emphysema, and

lung fibrosis [23].

Fig. 4.3 Innate and adaptive immune responses in the airway after smoking cessation. Cigarette

smoke brings about PAMPs and DAMPs, which stimulate PRRs on the inflammatory or epithelial

cells in the innate immune system and finally cause COPD. In the adaptive immune system, T cells

induce notable cytokines, neutrophils, and proteinase and are also causes of COPD formation.

DAMPs damage-associated molecular patterns, IL-17 interleukin-17, NLRs nucleotide-binding

oligomerization domain (NOD)-like receptors, PAMPs pathogen-associated molecular patterns,

PRRs pattern recognition receptors, RAGE receptors for advanced glycation end products, RLRs
retinoic acid-inducible gene I (RIG-I)-like receptors, Th17 T helper 17 cell, TLRs Toll-like

receptors
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4.3.1.3 The Role of RLRs

Unlike other PRRs, there are almost no reports about the relationship between the

components in cigarette smoke and RLRs. However, RLRs are indispensable in

viral infection, and they are intimately associated with COPD progression after

smoking cessation.

RLRs, including RIG-1 and melanoma differentiation-associated gene

5 (MDA-5), are important pattern recognition receptors for viral elimination

[14]. When viral RNA binds to the C-terminal regulatory domain of RIG-1 or

MDA-5, it can initiate a signaling cascade. This cascade leads to activation and

nuclear translocation of the transcription factors NF-kB and interferon regulatory

transcription 3 (IRF-3), which are needed to turn on transcription of interferons

(IFNs) [14]. Viral infection is a significant cause of COPD and acute exacerbations

of COPD [14]. Up to half of COPD exacerbation cases are associated with viral

infections [14]. The top four causes are rhinovirus (RV), coronavirus, influenza

virus, and respiratory syncytial virus [14]. Recent studies provide evidence that

MDA-5 is responsible for recognizing RV and subsequently activating signaling

pathways, causing an exaggerated inflammatory response in patients with COPD.

These responses include increased levels of IL-8, IL-6, CXC-chemokine ligand

1 (CXCL1), TNF-α, IL-1β, and monocyte chemotactic protein 1 (MCP-1) [14].

4.3.1.4 The Role of RAGE

RAGE are members of an immunoglobulin superfamily of cell surface receptors

that function as pattern recognition receptors capable of signal transduction after

interaction with diverse ligands [24]. RAGE is upregulated wherever its ligands

accumulate in chronic conditions such as inflammation, cardiovascular disease,

diabetes, cancer, and neurodegeneration [25]. RAGE expression increases in the

pulmonary epithelium when tobacco smoke is present [24]. RAGE engagement

activates an inflammatory signaling pathway. Smoke-induced RAGE expression

mediates cytokine secretions via Ras, a GTPase that influences Raf/MAP kinase,

phosphoinositide 3-kinase (PI3K), c-Jun N-terminal kinase (JNK)/p38, NF-kB [25],

and the Rho proinflammatory pathway [24]. At minimum, RAGE signaling orches-

trates polymorphonucleocyte recruitment and reservoirs of elastolytic enzymes

including MMP9 and other mediators of emphysema regulated by RAGE signaling

[24]. Recently, both soluble and circulating forms of RAGE were said to be

the useful biomarkers for the presence or progression of emphysema because

RAGE is generated via cleavage of full-length RAGE from the cell surface by

metalloproteinases such as disintegrin, metalloproteinase domain-containing

protein 10 (ADAM10), and MMP9 [25].
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4.3.2 Adaptive Immune System

Similar to the importance of the innate immune reaction, the adaptive immune

system is also a necessary element in the mechanism of COPD formation. Animal

models of autoimmune emphysema not related to cigarette smoke are known

[26, 27]. In this model, anti-endothelial cell antibodies (AECA) have been shown

to trigger emphysema because of the reduction of the endothelium in the lung.

4.3.2.1 The Role of B Cells

Little is known about the role of B cells in the development of COPD [28]. The

presence of B cells in lymphoid follicles has been reported in the airways and

parenchyma of patients with COPD and of mice exposed to cigarette smoke [29]. In

mice, the development of lymphoid follicles was progressive over time and corre-

lated with the increase in airspace enlargement [28]. The B-cell follicles are

surrounded by T cells, with the majority being CD4þ [28]. The B cells are

interspaced by follicular dendritic cells that are necessary for antigen presentation

and affinity maturation [28]. Follicle formation is associated with increased levels of

cytokines including IL-4, IL-6, IL-8, and IL-13 [28]. These cytokines are essential

for the formation and differentiation of germinal centers [28]. Overexpression of

IL-13 in mice results in severe emphysema [28]. The absence of bacterial and viral

products in the follicles suggests that oligoclonal B cells arise in response to lung

antigens [30]. Nevertheless, viral and bacterial infections could be important in

perpetuating the inflammatory process and are regarded as the main cause of the

exacerbations in COPD. Barry et al. [28] hypothesized that cigarette smoke-induced

breakdown products of the extracellular matrix might also be immunogenic and

trigger a specific B-cell reaction [28].

4.3.2.2 The Role of T Cells

It is likely that antigens from necrotic and apoptotic cells in the lungs of smokers are

taken up by dendritic cells and presented as antigens to CD8þ T lymphocytes

[29]. Activated T cells leave the blood vessels and enter the lung parenchyma. In

the lungs of smokers with COPD, CD8þ and CD4þ T cells express the tissue-

specific chemokine receptors CXCR3, CXCR5, and CXCR6 [30]. These receptors

correlate with the severity of the disease [29]. In both the airway and alveolar

compartments, the CD8þ cytotoxic T cell is the predominant T cell in patients with

COPD and causes tissue injury [29]. Any cell that displays MHC class I can be a

target of CD8þ cytolytic T cells. After a cytolytic attack, target cells die of

apoptosis or necrosis from the damage done by perforin, granulysin, or granzyme

A or B (Fig. 4.3), all of which are proteolytic enzymes released by CD8þ T cells

[15] in the lungs of patients with COPD.
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CD4þ T cells also play an important role in COPD. The cytokine IL-17 is a

17-kDa molecule that is produced in vitro by CD4þ and CD8þ subsets of T

lymphocytes from humans and mice [31]. IL-17A signaling appears to be crucial

for the formation of cigarette smoking-induced emphysema [16]. The frequencies

of Th17 (CD4þ IL-17þ) and Tc17 (CD8þ IL-17þ) cells in the lungs of smoke-

exposed mice and smoke-ceased mice are positively correlated with emphysema-

tous lesions [30].

IL-17A plays several important roles in COPD formation. First, it causes lung

destruction. IL-17 induces IL-8, which is a chemoattractant for neutrophilic migra-

tion (Fig. 4.3). Activated neutrophils and macrophages cause lung destruction

through the release of oxygen radicals and proteolytic enzymes such as neutrophil

elastase and MMPs including MMP8, MMP9, and MMP12 (macrophage elastase)

[15]. As mentioned above for “the innate immune system,” proteolytic enzymes

cause cleavage of TGF-α proligands, which bind to EGFR and lead to

hypersecretion of MUC5AC [20]. This results in the destruction of the extracellular

matrix, tissue damage, and formation of emphysema. Second, IL-17A leads to

mucus hypersecretion. In addition to recruitment and activation of the epithelial

cells in the lungs, IL-17A also induces MUC5AC expression together with IL-1β,
TNF-α, CXCL1, granulocyte colony-stimulating factor (G-CSF), and intracellular

adhesion molecule-1 (ICAM-1) in the lungs, resulting in hypersecretion of mucus

[16]. Moreover, there is evidence that both IL-6 and IL-17 mediate MUC5B

expression through the extracellular signal-regulated kinase (ERK) signaling

pathway [16].

Though the definition of emphysema is “non-fibrotic lesions,” fibrosis is said to

play an important role in COPD, for example, pulmonary hypertension. In a recent

study, IL-1β caused fibrosis in the lung. SMAD4 and NF-kB cooperate to mediate

IL-1β and integrin αvβ8-dependent dendritic cell chemokine CCL20 expression

[32]. Driving CCL20 expression involves integrin αvβ8-mediated activation of

TGF-β [33]. Dendritic cell depletion or deficiency in the crucial dendritic cell

chemokine receptor CCR6 protects cells from adenoviral IL-1β-induced adaptive

T cell immune responses and fibrosis in the airways of mice [33].

4.3.3 COPD Deterioration After Smoking Cessation

The average duration of smoking cessation before lung volume reduction surgery is

9.2 years [10], proving that COPD deteriorates for several years after smoking

cessation. The immunological changes in the lungs of COPD patients during this

period are key to understanding the mechanisms involved in this pathologic

progression.
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4.3.3.1 COPD Deterioration by COPD Itself

Needless to say, cigarette smoking is not a significant cause of the progression of

COPD after smoking cessation. Before explaining the relationship between COPD

and infection after smoking cessation, we will first take a look at the mechanism of

COPD deterioration caused by COPD itself.

First, DAMPs arise from the direct stimulation of acute exposure to cigarette

smoke, but COPD itself is a cause of DAMPs. In COPD, apoptotic cells are

increased because of enhanced induction of apoptosis and deficient phagocytosis

of the apoptotic cells by alveolar macrophages. The increased apoptosis of lung

parenchyma leads to impaired resolution of inflammation. On the other hand,

apoptosis of neutrophils followed by efferocytosis (the process by which dying or

dead cells are removed by phagocytic cells) not only prevents damage but also

induces an anti-inflammatory macrophage phenotype (M2 or alternatively activated

macrophages). In a murine model of COPD, acute cigarette exposure suppresses

efferocytosis by alveolar macrophages (Fig. 4.4) [15]. Failed efferocytosis of

apoptotic neutrophils leads to secondary necrosis, resulting in the release of

DAMPs, neutrophil elastase, and other toxic components into the extracellular

space [15]. All of these might be recognized by PRRs initially mediating the

inflammatory response, eventually leading to worsening of COPD.

Second, hypoxia is another factor involved in COPD deterioration. Recently, a

close relationship between hypoxia and inflammation was identified [34]. Hypoxia

could perpetuate inflammatory changes in COPD [15]. Hypoxia seen in COPD also

promotes prolonged COPD deterioration. Under hypoxic conditions, hypoxia-

inducible factor 1α (HIF1α) translocates from the cytoplasm to the nucleus, induc-

ing transcription of multiple genes, including those of TLRs and nuclear factor-kB,

which are the influential factors in COPD progression. HIF1α also prolongs the life

span of neutrophils by inhibiting apoptosis and promoting COPD progression

[34]. On the other hand, the decrease of HIF1α is reported to bring about emphy-

sema or COPD by reducing VEGF [35]. More research is necessary to clarify the

impact of HIF1α on COPD or emphysema.

Other factors include oxidative stress, which is discussed in another chapter.

4.3.3.2 COPD Deterioration by Latent Respiratory Infection

While smoking is a very important determinant for adult lung function and COPD,

there is a wide variation in adult lung function that is not related to smoking

[36]. An association between lower respiratory infections and adult lung function

impairment is reasonably well documented (Fig. 4.5) [36]. Viral infection plays an

important role. Recently, the subject of viral infection and COPD was taken up

mainly in the topic of COPD exacerbation (mainly rhinovirus), but the groundwork

of COPD could already be set by respiratory viral infections during childhood, and

adult lung function could be determined early in life [36]. The estimates for
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individual childhood disadvantage factors such as maternal asthma, paternal

asthma, childhood asthma, and severe respiratory infection were comparable to or

larger than the estimate for smoking 10–19 cigarettes daily [36]. One of the most

well-known viruses in relation with COPD is adenovirus. Latent adenoviral infec-

tion may amplify inflammation and predispose to COPD [10]. Double-stranded

DNA viruses have the ability to persist in the airway epithelial cells long after the

acute infection has cleared. The expression of the adenoviral trans-activating

protein has been demonstrated in the airway epithelium and is associated with an

amplification of the cigarette smoke-induced inflammatory response and emphy-

sema. In vitro, human airway epithelial cells with viral genes upregulate the

expression of intercellular adhesion molecule 1 (ICAM-1) and IL-8 in these cells

[37]. Human rhinovirus (HRV) is also a main virus of respiratory infection and

closely related with COPD. IL-17A synergistically enhances HRV type

16 (HRV-16)-induced epithelial production of neutrophil chemoattractant of

IL-8 [38].

Bacterial infection is also reported to be the cause of COPD. Tuberculosis is an

important matter. The results of a nationwide survey of adults in South Africa

suggested that the strongest predictor of COPD was a history of pulmonary tuber-

culosis [36], but other pathogenic bacteria are, of course, important. Viral infections

yield a negative chain of succeeding bacterial infections. Preceding rhinovirus

infections precipitate secondary bacterial infections in 60% of COPD patients by

the production of rhinovirus-induced neutrophil elastase and reductions in antimi-

crobial molecules [39]. In COPD, impaired innate lung defenses predispose patients

COPD 
progression

apoptosis↑
phagocytosis↓
efferocytosis↓
hypoxia

Fig. 4.4 COPD

deterioration by COPD

itself. In COPD, apoptotic

cells are increased, while

phagocytosis and

efferocytosis are deficient.

This condition is thought to

cause activation of pattern

recognition receptors

(PRRs) and makes COPD

even worse

viral infection

bacterial infection
COPD deterioration

COPD exacerbation

Fig. 4.5 COPD

deterioration by respiratory

infection and COPD

exacerbation. Viral and

bacterial infections of the

airways bring about COPD

exacerbation and accelerate

COPD progression
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to microbial colonization and infection of the lower respiratory tract, which causes

additional airway epithelial injury. This cyclical sequence of events amplifies

chronic inflammation and perpetuates microbial infections. The frequency of

chronic bacterial colonization and infection increases progressively with disease

severity [15]. In a study of bacterial colonization of the lower respiratory tract,

potentially pathogenic bacteria were recovered in 34.6% of patients with COPD

compared with 6.7% in ex-smokers without COPD and nonsmokers by means of

BAL culture. Neutrophilia and decreases in macrophages were seen among subjects

with COPD after smoking cessation. Additionally, patients with COPD demon-

strated increased levels of IL-8 in the BAL. COPD patients also had increased

levels of proteinase and proteinase inhibitors, including neutrophil elastase/

antineutrophil elastase (NE-A1AT) complex, MMP9, and tissue inhibitor of matrix

metalloproteinase-1 (TIMP-1) [40]. In short, bacterial colonization in the lower

respiratory tract is related to IL-8 and neutrophils and could contribute to airway

inflammation and progressive airway destruction and obstruction in COPD [40].

On the contrary, COPD prolongs bacterial infections. The alveolar macrophage

is a key defense against inhaled particulate matter and pathogens. Indeed, the

phagocytosis of bacteria such as Haemophilus influenzae and Streptococcus
pneumoniae by alveolar macrophages is impaired in COPD [15, 41]. Histone

deacetylase (HDAC) is a key molecule in the repression of proinflammatory

cytokine production in alveolar macrophages, and its expression is diminished in

COPD patients [42]. The decreased TLR2 expression on alveolar macrophages has

also been observed in patients with COPD, and the decrements in TLR4 expression

in nasal and tracheal epithelium have been noted in severe COPD [41]. Additional

important factors of attacking infections in COPD include the impairment of

mucociliary clearance because the airway surface liquid is rich in endogenous

antimicrobial polypeptides, including cationic polypeptides and collectins. Several

of these molecules also have important immunoregulatory functions [41].

4.3.3.3 COPD Deterioration by Exacerbation

Lastly, we look at the relationship between acute exacerbations and subsequent

COPD progression (Fig. 4.5). There is a considerable new evidence that infection is

the predominant cause of exacerbations and likely contributes to the pathogenesis

of COPD [41]. Viruses can be detected in 10–15% of sputum samples from patients

with COPD and 30–60% of those with COPD exacerbations, depending on the

sensitivity of the detection method [15]. Exacerbations of COPD result in elevated

levels of circulating fragments of structural proteins. This suggests that patients

with COPD have accelerated extracellular matrix turnover during exacerbations

that is related to disease severity [43]. The worsening of airway obstruction is also

caused by viral infection in COPD exacerbation. The CD4þ T cells of BALF from

patients with COPD showed a mixed Th1 and Th2 cell cytokine phenotype during

acute rhinovirus infection [15]. Though Th1-biased immunity has previously been

linked to the immunopathology of COPD and emphysema, Th2 as well as Th1 bias
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is seen in acute exacerbations of COPD [44]. HRV-encoded proteinase 2A induces

strong Th1 and Th2 immune responses from CD4þ T cells, implicating this

microbial proteinase as an adjuvant factor during respiratory tract infections in

patients with COPD. Th2 induces the production of cytokines such as IL-13, IL-4,

IFN-γ, and IL-2, which causes an asthma-like attack [44]. This mechanism of the

worsening obstruction in acute exacerbations of COPD triggered by viral infection

could accumulate the inflammatory microbes and particles, such as the bacteria

themselves and the related DAMPs and PAMPs, in the respiratory airways, even-

tually accelerating COPD deterioration.

4.4 Conclusion

COPD deterioration is not just the result of exposure to substances in cigarette

smoke. The progression of COPD is associated with delayed immunological reac-

tions caused by neutrophils, macrophages, and lymphatic cells and the cytokines

secreted by these cells. The viral and bacterial infections accelerate pathological

processes in the respiratory tract, even several years after smoking cessation. In

view of these, airway inflammation persists after smoking cessation.
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Chapter 5

Pathogenesis of COPD 3: Oxidative

Stress – Is There a Possibility of Developing

New Drugs from the Standpoint of This

Pathogenetic Mechanism?

Tadashi Sato and Kuniaki Seyama

Abstract Growing evidence suggests that oxidative stress plays an important role

in the pathogenesis of chronic obstructive pulmonary disease (COPD). However,

the pathogenetic mechanisms underlying this disease are not fully understood.

Although current therapies for COPD, which are mainly bronchodilators, can

provide symptomatic relief, no available therapy can reverse or even slow the

progression of COPD. A better understanding of the underlying mechanisms by

which oxidative stress drives disease pathogenesis is critical for developing novel

and more effective therapies. This chapter focuses first on the relationship between

cigarette smoking and oxidative stress in COPD. Next, the role of antioxidants in

the lung and the antioxidant capacity in COPD is explained. The latest information

on genetic predisposition and epigenetic regulation of oxidative stress in COPD is

then specifically reviewed, focusing on the role of microRNAs in this disease.

Finally, the current state and the future direction of antioxidant therapeutics in

COPD are presented. Certain classes of antioxidants are expected to be developed

into promising treatments for COPD. However, their current therapeutic potential

remains limited due to the complexity of this disease. Hence, multidisciplinary

therapeutic approaches are necessary for developing novel strategies of COPD

treatment.
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5.1 Introduction

Chronic obstructive pulmonary disease (COPD) is one of the leading causes of

death worldwide and is the only major cause of death that is on the rise. It is

characterized by the progressive development of expiratory airflow limitation that

is not completely reversible. The airflow limitation is usually progressive and

associated with an abnormal inflammatory response of the lungs. The pathogenesis

of COPD is incompletely defined and can involve recurrent inflammation, oxidative

stress (oxidant/antioxidant imbalance), protease/antiprotease imbalance, environ-

mental insult, and host genetics. Cigarette smoking is the most important cause as it

is the major source of oxidants/reactive oxygen species (ROS) in the lungs and

throughout the body. Smoking cessation, early in the course of the disease, can slow

the rate at which lung function is lost [1]. Cessation later in the course of the disease

may be less effective. While current therapies can mitigate symptoms to some

extent, no currently available therapy other than smoking cessation slows the rate at

which lung function is lost, and no available therapy can restore lung function. The

relentless progression of the disease, despite currently available therapies, portends

COPD mortality that will rise among those who previously smoked for the next

several decades, even if cigarette smoking were eliminated from the population.

5.2 Oxidative Stress in the Lung

Oxidative stress is the imbalance between the production of oxidants and the body’s
ability to detoxify the reactive intermediates or repair the resulting damage. Oxi-

dant generation is part of normal cellular metabolism and is critical for cell

homeostasis. Inflammatory cells, such as macrophages, neutrophils, and eosino-

phils, are the most important endogenous generators of oxidants. Cigarette smoking

is the most common source of exogenous oxidants (Table 5.1).

5.2.1 Cigarette Smoking and COPD

Cigarette smoking is the most important cause of COPD and is among the leading

causes of preventable morbidity and mortality. The most effective way to prevent

disease due to cigarette smoking is to prevent smoking initiation. For those who

have started smoking, cessation substantially reduces many adverse health conse-

quences. Unfortunately, cessation does not eliminate health consequences of ciga-

rette smoke exposure. Lung cancer risk, for example, remains high for the

remainder of an ex-smoker’s life. In COPD, cessation does not result in the

restoration of lung function. If cessation occurs early in the course of disease,

however, the rate at which lung function is lost with aging normalizes. In the face
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of more substantial disease, emphysema may progress despite cessation. Under-

standing the mechanisms that lead to progressive disease despite smoking cessation

will be key in preventing smoke-induced diseases for former smokers.

5.2.2 Cigarette Smoke and Oxidative Stress

The most common source of exogenous oxidants is cigarette smoke. Cigarette

smoke contains approximately 1015–1017 oxidants and free radicals per puff in

the gas phase. Numerous oxidant compounds are present among the 4000–7000

constituents in cigarette smoke. In the particular fraction, phenols and

semiquinones are identified among these compounds, while superoxide (O2
�),

epoxides, peroxides, nitric oxide (NO), nitrogen dioxide, peroxynitrite,

peroxynitrates, and acrolein are included in the gas phase. Cigarette smoke can

induce increased oxidant burden and cause irreversible changes to endogenous

antioxidant protection in the airways. In addition, the oxidants derived from

cigarette smoke damage airway epithelial cells, inducing direct injury to membrane

lipids, proteins, carbohydrates, and DNA, which leads to the persistent inflamma-

tion that characterizes COPD. The combination of oxidative stress and persistent

inflammation accounts for the increased free radicals in the airways and further

enhances pro-inflammatory gene expression, inflammatory protein release, and

inactivation of antiproteases, leading to a vicious cycle of oxidative injury and

inflammatory cell recruitment (Fig. 5.1) [2].

Table 5.1 Exogenous and endogenous sources of oxidants

Exogenous source Origin

Cigarette smoking Cigarette smoke

Air pollution (ozone, SO2, NO2) Polluted air

Infection Bacteria/virus/fungus/protozoa

Endogenous source Location

Electron transport chain of mitochondria Endothelial cells

Xanthine oxidase system Airway epithelial cells

Inflammatory cells

1. NADPH oxidase (NOX) Phagocytes (neutrophils, macrophages)

2. Oxidative bursts:

Myeloperoxidase (MPO) Neutrophils, macrophages

Eosinophil peroxidase Eosinophils, macrophages

Heme peroxidase Macrophages

3. Nitric oxide synthase (NOS)
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5.2.3 Endogenous Oxidant Generation

The ROS of endogenous origin are produced through enzymatic and nonenzymatic

reactions of electron transfer. The principal cellular sites and processes that gener-

ate oxidants are the mitochondria, the microsomes, the xanthine/xanthine oxidase

system, and the nicotinamide adenine dinucleotide phosphate hydrogen (NADPH)

oxidase. The mitochondria are currently recognized to be the main source of

endogenous intracellular oxidants through an electron leak from the mitochondrial

respiratory chain. The important role of mitochondrial proteolytic enzymes was

shown to provide resistance toward oxidative stress [3]. A recent study further

highlighted the precious role of mitochondria in COPD pathogenesis: mitochon-

drial dysfunction in patients with COPD is associated with excessive mitochondrial

ROS levels, which contributes to enhanced inflammation and cell hyper-

proliferation [4]. In the airways, the endogenous sources of oxidants are alveolar

macrophages, epithelial cells, endothelial cells, and recruited inflammatory cells

such as neutrophils, eosinophils, monocytes, and lymphocytes. The number of

macrophages and neutrophils in cigarette smokers are increased, both in the lung

and systemically, generating ROS. The activation of these cells results in the

formation of O2
�, which is converted into hydrogen peroxide (H2O2) by the

enzyme superoxide dismutase (SOD). Phagocytes from cigarette smokers sponta-

neously release increased amounts of O2
� and H2O2 compared to those from

nonsmokers. H2O2 is also increased in bronchoalveolar lavage fluid (BALF) and

exhaled breath condensate (EBC) collected from cigarette smokers [5]. In contrast,

the enzymes catalase and glutathione (GSH) peroxidase, which breakdown H2O2,

are downregulated in smokers.
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5.2.4 Measurement of Oxidative Stress

Oxidative stress markers indicate the level of free oxidants and ROS-generating

capacity. However, quantifying them remains difficult because oxidants and ROS

are highly reactive. Multiple sample types, such as exhaled air, EBC, sputum,

blood, endobronchial or surgical biopsy samples, and BALF, have been used to

determine oxidative stress. These materials differ considerably in availability and

significance.

H2O2 is a reactive oxygen species that can produce highly reactive oxidants and

free radicals. It is also a product of many redox-active metal catalyzed reactions,

leading to more oxidant-generating potential. There is some evidence that the

concentration of H2O2 is elevated in the EBC and sputum from COPD patients.

Determination of EBC pH is a reproducible method of sampling airway acidity;

however, it is an indirect and nonspecific marker of oxidative stress. A study has

shown that pH in EBC is inversely correlated with respiratory disease conditions

such as asthma, COPD, and acute exacerbations [6]. Nitric oxide (NO) and reactive

nitrogen species contribute to oxidative injury via their interactions with oxygen

radicals. The levels of NO in exhaled air are known to be correlated with the disease

activity of bronchial asthma; however, the involvement of NO and reactive nitrogen

species in the development of COPD remains controversial. 8-Isoprostane, which is

an end product of lipid peroxidation, is relatively stable at physiological tempera-

ture and significantly elevated in the EBC from patients with COPD [7]. F2-

α-Isoprostane, 4-hydroxy-2-nonenal (4-HNE), and malondialdehyde (MDA) are

also highly reactive lipid peroxidation products and have been evaluated in samples

from COPD subjects. In the case of MDA, it is not clear whether thiobarbituric acid

reactive substances (TBARS) or specifically MDA have been measured.

MDA/TBARS can be determined in EBC, serum, and biopsy samples. Addition-

ally, 3-nitrotyrosine, 8-hydroxy-deoxyguanosine (8-OH-dG), and protein carbonyls

have been investigated to assess oxidative stress in inflammatory lung diseases

including COPD. Despite numerous studies aimed at identifying ideal oxidative

stress markers, none have been found to be specific for COPD. Therefore, there are

as yet no relevant standardized clinical methods or treatment guidelines toward

oxidative stress in COPD.

5.3 Oxidative Stress in COPD

Oxidative stress resulting from oxidant and antioxidant imbalance is proposed as

the mechanical basis of COPD. Alveolar macrophages and peripheral blood neu-

trophils from COPD patients are more activated and release increased amount of

ROS in the form of the superoxide radical and H2O2. The significance of oxidative

stress has been described by several studies that have identified the elevated

markers of oxidative stress and free radicals in patients with COPD. The level of
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8-OH-dG was increased in urine from COPD patients, and the level of

3-nitrotyrosine and F2α-isoprostane was elevated in the lungs of patients with

COPD [8]. Furthermore, these markers demonstrated a strong correlation with

COPD severity, defined by forced expiratory volume in the first second (FEV1).

The levels of lipid peroxidation products, such as 4-HNE and MDA, were also

increased in the lungs and respiratory muscles, and this increase was negatively

correlated with lung function [9].

5.3.1 Protein Carbonylation and COPD

Protein carbonylation is a type of protein oxidation that can be promoted by reactive

oxygen species. It usually refers to a process that forms reactive ketones or

aldehydes that can be reacted with 2,4-dinitrophenylhydrazine (DNPH) to form

hydrazones. The development of the antibody against DNPH-derivatized proteins

revolutionized the studies of carbonylated proteins by allowing for the use of

immunological techniques and, more recently, mass spectrometry. Barreiro

et al. reported that protein carbonyls are elevated in the respiratory muscle from

severe COPD patients compared with control subjects and further showed that the

increase of protein carbonyls was correlated negatively with FEV1 [10]. The same

group also reported that the intensity of creatine kinase carbonylation was signif-

icantly greater in the quadriceps femoris muscles of patients with COPD as

compared with control subjects and correlated negatively with FEV1 and maximal

oxygen consumption (VO2 max) [11]. Burcham et al. demonstrated that interme-

diate filament proteins are targets of acrolein-induced protein carbonylation in

A549 cells, providing evidence for the involvement of carbonylation of these

proteins during smoke-induced lung injury [12]. Sato et al. showed that protein

carbonyls in the lungs of mice tended to increase with aging and were enhanced

after chronic exposure of cigarette smoke [13]. Protein carbonylation can modify

protein function, disrupting normal cell function and physiological mechanisms.

5.3.2 Oxidative Stress and COPD Pathogenesis

The pathogenesis of COPD involves several pathogenetic processes, such as oxi-

dative stress, inflammation, protease/antiprotease imbalance, apoptosis, and cellu-

lar senescence, which are modified by genetic and epigenetic factors (Fig. 5.1). In

particular, oxidative stress has several important consequences for the pathogenesis

of COPD.

Oxidative stress activates the transcription factor nuclear factor-kB (NF-kB)

pathway, leading to an increase in inflammation. NF-kB expression and activation

are increased in the lungs from COPD subjects and correlate with airflow limitation.

ROS are also intracellular second messengers, acting as inflammatory stimuli that
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induce micro-oxidative bursts, which are essential for cellular activation. The

ability of corticosteroids to repress pro-inflammatory gene expression is impaired

in COPD because of oxidative stress. Carbonylation and nitration reduce the

activity and expression of histone deacetylase 2 (HDAC2), which is essential for

the suppression of activated inflammatory genes and the anti-inflammatory effects

of corticosteroids. HDAC2 is markedly reduced in COPD since there is another

pathway activated by oxidative stress, phosphoinositide-3-kinase-δ, which is

responsible for reducing HDAC2 activity and expression [14, 15]. Nuclear factor

erythroid 2-related factor 2 (Nrf2) is a key transcriptional factor that regulates a

number of antioxidant and cytoprotective genes. Loss of HDAC2 activity in COPD

has also been demonstrated to lead to loss of Nrf2 activity through increased Nrf2

acetylation, thereby decreasing Nrf2 stability and expression [16]. Another tran-

scriptional corepressor, sirtuin 1 (SIRT1), is similarly impacted by oxidative stress,

reducing both its expression and activity leading to an accelerated aging process

and the development of emphysema. Many studies have analyzed the relationship

between aging and oxidative stress. Moderate oxidative stress may gradually

develop with age because plasma levels of lipoperoxidation products and antioxi-

dant enzyme activities in red blood cells increase with aging, whereas plasma levels

of nutritional antioxidants decrease. Senescence marker protein-30 (SMP30), a

gluconolactonase involved in L-ascorbic acid biosynthesis that is known to

decrease with aging in rats and mice, has been shown to protect mouse lungs

from oxidative stress associated with aging and smoking [13]. Oxidative stress

can result in enhanced inflammatory gene expression, failure to resolve the inflam-

matory response, corticosteroid insensitivity, impaired antioxidant defenses, and

accelerated aging, all of which are associated with the development of COPD

pathology.

Oxidative stress can potentiate the effect of proteases on COPD through the

activation of enzymes such as serine proteases, cysteine proteases, and matrix

metalloproteinases. ROS increase the activity of matrix metalloproteinases by

activating metalloproteinase precursors. The increase of epithelial and endothelial

cell apoptosis in the lungs has been known to result in tissue destruction and in the

development of emphysema. There are several reports that demonstrated the asso-

ciation between oxidative stress and apoptosis. Vascular endothelial growth factor

(VEGF) is a pluripotent growth factor that has a broad impact on endothelial cell

survival and its function and plays a critical role in the maintenance of lung

structure. An experimental emphysema in rat lungs induced by VEGF blockade

demonstrated that apoptosis predominates in the lungs under oxidative stress and

that the blockade of apoptosis decreased the expression of oxidative stress markers

[17]. The administration of the SOD mimetic can also prevent the development of

alveolar cell apoptosis. Petrache et al. demonstrated that SOD overexpression

protects against alveolar cell apoptosis and alveolar enlargement induced by cer-

amide, a second messenger lipid, which is upregulated in the lungs with smoking-

induced emphysema [18, 19]. Koike et al. also reported that the administration of

vitamin C to SMP30 knockout mice following chronic exposure of cigarette smoke
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attenuates oxidative stress and alveolar septal cell apoptosis, restoring the concen-

tration of VEGF in the BALF and in the lungs [20].

5.4 Antioxidants in the Lung

Antioxidants are agents that decrease steady-state ROS and protect cellular mac-

romolecules from oxidative modification. Antioxidants can be classified into two

categories: enzymatic and nonenzymatic. The principal components of the enzy-

matic antioxidants are SOD, catalase, glutathione (GSH) peroxidases, GSH

S-transferase, peroxiredoxin, and the heme oxygenase (HO). Nonenzymatic anti-

oxidants include GSH, uric acid, bilirubin, ferritin, vitamin A (retinol), vitamin C

(ascorbic acid), vitamin E (α-tocopherol), carotenoids, and polyphenols.

5.4.1 Superoxide Dismutases and COPD

SODs are a class of enzymatic antioxidants that catalyze the dismutation of

superoxide into oxygen and hydrogen peroxide. There are three forms of superox-

ide dismutase in humans: Cu/Zn SOD, MnSOD, and extracellular SOD (EcSOD).

Cu/Zn SOD is the most abundant in the lung tissue and is especially concentrated in

ciliated epithelial cells. MnSOD is predominantly located in airway wall cells and

mitochondria of the lungs. EcSOD is the major SOD in the extracellular fluid that

exists in abundance in the lungs. The levels of EcSOD were increased in sputum

from smokers, whereas the activity of EcSOD was reduced in COPD patients, and

polymorphism in the EcSOD gene has been linked to both reduced lung function in

COPD and susceptibility to emphysema [21].

5.4.2 Glutathione Redox System and COPD

GSH is a vital intracellular and extracellular protective antioxidant because of its

strong electron-donor potential via the sulfhydryl groups of cysteine residues and its

high concentration in cells. GSH is more concentrated in the epithelial lining fluids

and plays an important role in the maintenance of the redox balance in the lungs.

Glutathione peroxidases catalyze a variety of GSH reactions including the break-

down of H2O2. The levels of GSH are upregulated in the BALF from chronic

smokers. However, this increase in GSH levels might not be enough to neutralize

the excessive load of oxidants during acute exposure to cigarette smoke, since a

depletion of GSH is observed after chronic cigarette smoke exposure in a time and

dose-dependent manner.
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5.4.3 Catalase, Heme Oxygenase, and COPD

Catalase is a common enzymatic antioxidant found in living organisms, which

catalyzes the decomposition of H2O2 to water and oxygen. Betsuyaku

et al. demonstrated that catalase is significantly downregulated in pulmonary

macrophages from COPD patients compared with those that have never smoked

and ex-smokers without COPD [22].

HO is an enzyme that catalyzes the degradation of heme and generates bilirubin,

iron, and carbon monoxide. These downstream products of heme catabolism medi-

ate the antioxidant properties of HO. HO-1 expression is upregulated in several

respiratory diseases including COPD. Shinohara et al. demonstrated that

overexpression of HO-1 in the lungs of mice attenuates elastase-induced pulmonary

emphysema [23]. Bilirubin is one of the HO-1 downstream products and has been

known to have potent antioxidant properties. A recent study showed that higher

serum bilirubin concentration is associated with a higher FEV1 and less annual

decline of FEV1 in patients with mild to moderate COPD. This suggested that

bilirubin has a protective effect on COPD disease progression and a potential to be

an easy access biomarker for this disease [24]. More recently, an in vivo study

further indicated that the administration of bilirubin attenuated smoking-induced

pulmonary injury by suppressing inflammatory cell recruitment and

pro-inflammatory cytokine secretion, increasing anti-inflammatory cytokine levels

and SOD activity [25].

5.4.4 Dietary Antioxidants and COPD

Dietary antioxidants include the micronutrients vitamins, carotenoids, and poly-

phenols. Vitamins A, C, and E and carotenoids (including lycopene which is a

major carotenoid in tomatoes) have been well studied, possess strong antioxidant

activities, and are well absorbed with relatively high bioavailability. As they are

unable to be synthesized in humans, their concentration in serum/plasma, as well as

a local milieu in the lungs, is reflected by dietary intake of vegetables and fruits as

major sources. Several epidemiologic studies showed the association between lung

function and dietary intake of vitamins and carotenoids, as well as manipulating

antioxidant-rich diets, has led to altered clinical outcomes in chronic respiratory

diseases including COPD [26]. Many studies have reported reduced levels of

antioxidant nutrients, such as vitamins A, C, and E and carotenoids in serum or

plasma from COPD patients. Recently, Kodama et al. showed that plasma

vitamin C, lycopene, and total carotenoid levels were significantly lower in Japa-

nese COPD patients than that of healthy elderly people [27]. Furthermore, Ford

et al. demonstrated the prospective associations between concentrations of antiox-

idant nutrients and all causes of mortality among adults with obstructive lung

function in the United States, showing that only the concentrations of vitamin C
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and lycopene were found to be significantly and inversely associated with all causes

of mortality [28]. Interestingly, animal studies, which showed the benefits of both

vitamin C and lycopene supplementation to COPD model mice, have already been

reported. As noted above, vitamin C treatment successfully prevented cigarette

smoke-induced pulmonary emphysema in SMP30 knockout mice, a strain that is

genetically engineered to preclude vitamin C synthesis [20]. Similarly, lycopene

also prevented cigarette smoke-induced emphysema in the senescence-accelerated

mouse prone 1 by decreasing oxidative stress in the lungs [29]. Overall, the intake

of these antioxidant nutrients could be beneficial for the treatment of COPD by

modulating oxidative stress in this disease. However, it has so far failed to meet

expectations in several clinical trials.

On the other hand, the polyphenols are a family of complex molecules that are

ubiquitous in plants and include the flavonoids and phenolic acids. Dietary intake of

polyphenols has been reported to improve the symptoms, FEV1, and arterial oxygen

tension in COPD patients. Resveratrol, a polyphenolic compound derived from red

wine, was able to improve both corticosteroid efficacy and lung function in a

general population. Resveratrol significantly reduced steroid-resistant cytokines

from bacterial endotoxin-exposed alveolar macrophages from COPD patients

[30]. Similarly, curcumin, a phenolic yellowish pigment and ingredient of turmeric,

has been found to modulate cigarette smoke- or peroxide-induced steroid resistance

by restoring HDAC2 activity and expression [31]. Suzuki et al. has also demon-

strated that oral curcumin administration significantly attenuates elastase- and

cigarette smoke-induced pulmonary emphysema in mice [32]. However, the effi-

cacy of many polyphenols is limited either by low bioavailability or by transfor-

mation in the gastrointestinal tract.

Although there is not enough evidence to indicate the direct relationship

between vitamin D and oxidative stress in COPD, vitamin D supplementation

may be beneficial because the majority of COPD patients have vitamin D deficiency

[33]. Many in vitro studies demonstrated important anti-inflammatory and immu-

nomodulatory effects of vitamin D. A recent in vivo study showed that vitamin D

deficiency both accelerates lung function decline and aggravates the development

of emphysema following chronic exposure to cigarette smoke [34]. Moreover, a

recent systematic review and meta-analysis reported that major deficiencies in

25-hydroxyvitamin D were associated with COPD severity [35]. Collectively,

these studies indicate that vitamin D supplementation may be an important thera-

peutic strategy, in particular, for the prevention of COPD exacerbation, which is

worthy of further investigation.
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5.5 Genetic and Epigenetic Regulation of Oxidative Stress

in COPD

Although cigarette smoking is clearly the most common risk factor in the develop-

ment of COPD, only a small portion of smokers develop the disease, highlighting

the important role of the individual’s genetic predisposition to COPD. In addition,

due to the heterogeneity of this disorder, epigenetic regulation of specific molecular

and cellular pathways is also believed to be relevant to COPD pathogenesis.

Epigenetics describes heritable changes in gene expression that do not involve

changes to the underlying DNA sequence. Epigenetic change is a regular and

natural occurrence but can also be influenced by several factors including age,

environment, and disease state. DNA methylation, histone modification, and non-

coding RNA-associated gene silencing are currently considered to initiate and

sustain epigenetic changes.

5.5.1 Genetic Predisposition in COPD

The alpha 1-antitrypsin gene, SERPINA1, is the best described genetic risk factor

for COPD; the most frequent mutation causing severe alpha 1-antitrypsin defi-

ciency among Caucasians is called PI*Z. However, many genes are supposed to

contribute to the individual predisposition to this multifactorial disorder. Major

COPD susceptibility loci have recently been identified on chromosome 4 by

genome-wide association studies [36]. The hedgehog-interacting protein (HHIP),
a developmental transcription factor, was identified as a COPD susceptibility gene,

while family with sequence similarity 13 member A (FAM13A) was associated with
the regulation of oxidative stress and lung function. On chromosome 15, nicotinic

acetylcholine receptor (CHRNA3/5) loci were associated with increased smoking

intensity and emphysema in COPD patients. On chromosome 2q, SERPINE2 and

XRCC5 have been linked to lung function and airflow obstruction in family-based

genetics studies. Several genetic mutations in antioxidant genes are identified:

polymorphisms in glutathione S-transferase (GST), superoxide dismutase

3 (SOD3), and microsomal epoxide hydrolase (EPHX1) are associated with the

rapid decline of lung function characteristic of COPD [37]. Apart from the inherited

genetic changes, the acquired somatic mutations constitute an important component

in the pathogenesis of COPD. The oxidative stress in COPD can directly damage

lung DNA. The distribution of oxidative damage in the genome depends on the

varying susceptibilities of sequences to oxidative attack and preferential targeting

of repair processes.
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5.5.2 DNA Methylation and Histone Acetylation in COPD

DNA methylation is shown to regulate the expression of pro-inflammatory genes

during the development of COPD. In patients with COPD, DNA methylation of the

promoters of pro-inflammatory genes has been observed both in airway epithelial

cells and in alveolar macrophages. Furthermore, methylation of the p16 gene

promoter was frequently observed in the sputum of patients with COPD and

positively correlated with heavy cigarette smoking. A recent analysis of methyla-

tion and gene expression indicated that DNA methylation is a genome-wide

phenomenon in small airways of patients with COPD, and associated with altered

expression of genes and pathways important to COPD, such as the Nrf2 oxidative

response pathway [38].

The histone modifications include acetylation, methylation, ubiquitination,

phosphorylation, and sumoylation. In particular, histone acetylation may play a

role in airway diseases through the involvement of HDAC in inflammation. Indeed,

HDAC2 is an important corepressor protein in inflammation. It is suggested that

oxidants and free radicals could alter this sensitive protein, causing reduced expres-

sion level of these deacetylases in the lungs of smokers and COPD patients

[14]. Furthermore, HDAC2 downregulation impairs Nrf2 activation in the lung

by decreasing the half-life of Nrf2 [39]. SIRT1 is a class III HDAC with anti-

inflammatory, anti-senescence, and anti-apoptotic activity mediated by the

deacetylation of histone and nonhistone proteins, including transcription factors

such as NF-kB and forkhead box O3 (FOXO3). It has been reported that SIRT1 is

reduced in the lungs of cigarette smoke-exposed mice and patients with COPD and

that SIRT1 attenuates cigarette smoke-induced lung inflammation and injury. A

recent animal study showed that SIRT1 protects against cigarette smoke-induced

oxidative stress, which is mediated by FOXO3 but is independent of Nrf2 [40].

5.5.3 MicroRNA Regulation upon Cigarette Smoking
and in COPD

MicroRNAs (miRNAs) are noncoding endogenous RNAs, approximately 19–25

nucleotides in length, which play a role in the posttranscriptional regulation of gene

expression. miRNA biogenesis begins with the cleavage of a pri-miRNA into a

pre-miRNA, which is mediated by the Drosha enzyme (Fig. 5.2). The pre-miRNA

is then actively transported from the nucleus into the cytoplasm by exportin-5.

Next, the RNase III enzyme Dicer processes the pre-miRNA to generate a double-

stranded RNA. One strand is degraded and the other is incorporated into the

RNA-induced silencing complex (RISC), which then functions as a mature

miRNA against its target mRNAs. The mature miRNAs, which are expressed

during development in a tissue- or cell type-specific manner, mediate posttranscrip-

tional repression of gene expression by increasing mRNA degradation or by
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inhibiting translation. This is achieved by direct binding between the miRNA 50

region and the 30 untranslated region of the target mRNA. miRNAs may also

indirectly alter gene expression by epigenetic mechanisms such as DNA methyla-

tion and histone acetylation. These processes enable a fine-tuning of gene expres-

sion as opposed to an on-off switch.

miRNAs have been associated with diverse biological processes such as the

development, cellular differentiation, and pathogenesis of various diseases includ-

ing COPD (Table 5.2). Graff et al. found that cigarette smoking downregulates

global miRNA expression in human alveolar macrophages, possibly by modifica-

tion of Dicer [41]. Similarly, Izzotti et al. reported a downregulation of miRNA

expression in the lungs of cigarette smoke-exposed rats [42]. Schembri

et al. examined whole-genome miRNA and mRNA expression in the bronchial

airway epithelium in current smokers versus those who have never smoked and

found that miR-218 levels modulate airway epithelial gene expression in response

to exposure to cigarette smoke [43]. In contrast, Ezzie et al. compared the miRNA

profile in the lung tissue from non-COPD smokers with that in the lung tissue from

COPD subjects and found that 70 miRNAs are differentially expressed (57 miRNAs

are upregulated and 13 miRNAs downregulated) and that miR-15b, in particular, is

upregulated in COPD [44]. miR-15b was increased in COPD samples compared

with controls and was differentially expressed in correlation with disease severity

by the Global Initiative for Chronic Obstructive Lung Disease classification. The

authors have further described that expression of Smad7, which is a validated target

for miR-15b, is decreased in bronchial epithelial cells in COPD. More recently, Van

Pottelberge et al. analyzed the miRNA profile from induced sputum samples and
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showed that let-7c is significantly reduced in COPD subjects compared with

smokers without COPD [45]. Hassan et al. examined the effect of cigarette

smoke extract (CSE) on human bronchial epithelial cells and showed that

miR-101 and miR-144 are upregulated by CSE and suppress the cystic fibrosis

transmembrane conductance regulator protein, a chloride channel involved in the

maintenance of fluid homeostasis in the lung [46].

miR-146a is known to downregulate NF-kB activity by repressing the NF-kB

transducers interleukin (IL)-1 receptor-associated kinase and tumor necrosis factor

(TNF) receptor-associated factor 6. Sato et al. reported reduced expression of

miR-146a in lung fibroblasts from COPD patients compared with that observed in

lung fibroblasts from non-COPD smokers following stimulation by the inflamma-

tory cytokines IL-1β and TNF-α [47]. The authors further showed that miR-146a

causes downregulation of prostaglandin E2 production, an inflammatory mediator,

by targeting cyclooxygenase-2. Interestingly, miR-146a was also identified to

downregulate the expression of NADPH oxidase (NOX) 4 in human umbilical

vein endothelial cells and to regulate cellular senescence in human umbilical vein

endothelial cells [48]. miR-146a, therefore, may represent a promising therapeutic

target for controlling abnormal inflammatory response and regulating oxidative

stress in COPD. A recent analysis of the human lung tissue with regional emphy-

sema revealed that miR-638 is positively correlated with emphysema severity and

regulates gene expression networks associated with the oxidative stress response

and aging in emphysematous lung tissue [49]. Additionally, Lewis et al. described

that skeletal muscle-specific miRNAs (miR-1, 499, 133, and 206) are elevated in

the plasma from patients with stable COPD compared with controls and showed

that miR-1 is downregulated in the quadriceps of patients with COPD [50, 51]. One

could speculate that these miRNAs may contribute to the development of skeletal

muscle dysfunction in COPD, which may be associated with systemic oxidative

stress in this condition.

Table 5.2 Representative microRNAs associated with smoking and COPD

Disease/condition microRNA(s) Expression Source

Smoking related Let-7, miR-10a, 34, 123, 145 # Lung (rat)

miR-150, 222 # Sputum

miR-199b, 218 # Bronchial epithelial cells

miR-101, 144 " Bronchial epithelial cells

COPD miR-15b, 223, 1274a " Lung

miR-146a # Lung fibroblasts

let-7c # Sputum

miR-638 " Lung

miR-1, 133, 206, 499 " Plasma

miR-1 # Quadriceps
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5.5.4 Long Noncoding RNAs and Oxidative Stress
in the Lung

Long noncoding RNAs (lncRNAs) are also receiving attention as regulators of gene

expression. lncRNAs are nonprotein-coding transcripts longer than 200 nucleotides.

The biological function of most lncRNAs remains unknown; however, growing

evidence suggests that lncRNAs play complex roles in gene regulation and that

some lncRNAs contribute to the development of neoplasms including lung cancer.

Recently, Thai et al. have characterized a novel lncRNA, the smoke and cancer-

associated lncRNA-1 (SCAL1), that is induced by cigarette smoke and elevated in

lung cancer cell lines [52]. The authors also found that SCAL1 may act downstream

of Nrf2 to regulate gene expression and protect against oxidative stress. SCAL1

may contribute to the pathogenesis of COPD by regulating cigarette smoke-induced

oxidative stress.

5.6 Potential of Antioxidative Therapy in COPD

As noted earlier, smoking cessation is the best way to prevent development and

progression of COPD. However, the progress of oxidant burden in the airways

continues even after smoking cessation. Antioxidants and free radical scavenging

compounds may provide directed therapeutics against persistent oxidative stress

and subsequent tissue damage in COPD. Although several antioxidant agents have

been evaluated as potential treatment candidates to date, none could be shown to

protect against COPD and oxidative burden significantly (Table 5.3). For instance,

N-acetyl-L-cysteine (NAC), a thiol antioxidant that serves as a precursor for GSH,

is able to attenuate elastase-induced pulmonary emphysema in rats [53]. However,

a large randomized placebo-controlled clinical trial (the BRONCUS) investigated

the availability of NAC for the treatment of COPD and concluded that it failed to

show any overall effect on slowing disease progression or exacerbation frequency

[54]. In contrast, a recent randomized control trial (RCT), the PANTHEON study,

showed that high-dose oral NAC therapy significantly decreases both exacerbation

rate and duration of exacerbations [55]. Furthermore, carbocysteine, another thiol

antioxidant, has also been evaluated for its impact on COPD exacerbation rate in a

RCT [56].

A potential antioxidant therapeutic strategy has been focused on Nrf2, which has

a central role in regulating antioxidant genes and is significantly reduced in COPD

subjects [57]. Sulforaphane, derived from broccoli sprouts, is an Nrf2 activator that

is being considered for potential clinical trials in COPD. Malhotra

et al. demonstrated that sulforaphane has the ability to denitrosylate HDAC2,

restoring glucocorticoid sensitivity in alveolar macrophages from patients with

COPD [39]. As noted, EcSOD is an important extracellular antioxidant in the

lungs. EcSOD mimetics are found to attenuate lung inflammation and emphysema
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in mice exposed to cigarette smoke by decreasing oxidative stress in the lungs

[58]. Recently, lecithinized SOD (PC-SOD) has been shown to overcome clinical

limitations of SOD, including low-tissue affinity and low stability in plasma.

Tanaka et al. reported that the inhalation of PC-SOD suppresses elastase-induced

pulmonary emphysema and cigarette smoke-induced lung inflammation in mice

[59]. Therefore, PC-SOD has been suggested as a novel candidate for antioxidant

therapy in COPD. Other promising antioxidant agents include NOX inhibitors,

myeloperoxidase (MPO) inhibitors, and inducible nitric oxide synthase (iNOS)

inhibitors. However, these candidates are currently still at the preclinical trial

stage. Dietary antioxidants such as vitamins C, E, and D and polyphenols may

also be beneficial for the treatment of COPD based on their antioxidative properties,

previously discussed in Sect. 5.4.4. The current review of the clinical effectiveness

of antioxidant therapy for COPD indicates that a combination of several antioxi-

dants would be more beneficial than a single antioxidant treatment. Further clinical

trials using more antioxidative combination regimens are needed to explore the

clinical utility of antioxidant agents in the treatment of COPD.

Table 5.3 Summary of antioxidants in COPD therapy

Class of

antioxidants Agent(s) Current status for COPD therapy

Thiols NAC Decreased exacerbation rate (RCT)

Carbocysteine

Nrf2

activators

Sulforaphane No RCTs, ex vivo study

SOD mimetics EcSOD mimetics,

PC-SOD

No RCTs, in vivo study

NOX

inhibitors

Celestrol No RCTs, in vivo study

MPO

inhibitors

2-Thioxanthine No RCTs, in vivo study

iNOS

inhibitors

Manganese-

metalloporphyrins

No RCTs, in vivo study

Polyphenols Resveratrol,

Curcumin

No RCTs, ex vivo/in vivo study

Vitamins Vitamins C, E, A No RCTs, in vivo study

Vitamin D Decreased exacerbation rate only in patients with

severe deficiencies (RCT)

Carotenoids Lycopene No RCTs, in vivo study

NAC N-acetyl-L-cysteine, Nrf2 nuclear factor erythroid 2-related factor 2, SOD superoxide

dismutase, EcSOD extracellular superoxide dismutase, PC-SOD lecithinized superoxide

dismutase, NOX nicotinamide adenine dinucleotide phosphate hydrogen oxidase, MPO
myeloperoxidase, iNOS inducible nitric oxide synthase, RCT randomized control trial
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5.7 Conclusion

There are currently no treatments that reverse or even slow progression of COPD.

There is no doubt that oxidative stress plays a pivotal role in the development and

progression of COPD. Moreover, systemic oxidative stress may also cause several

comorbidities of COPD such as cardiovascular diseases and metabolic syndrome.

Therefore, certain classes of antioxidants such as Nrf2 activators and EcSOD

mimetics are expected to be promising for the treatment of COPD. However, the

evidence of their therapeutic potentials remains limited, in part, due to the hetero-

geneity of this disease. Further investigations for understanding genetic suscepti-

bility to cigarette smoke-induced COPDmight be beneficial for establishing a novel

strategy of COPD therapeutics. Multidisciplinary therapeutic approaches are nec-

essary because of the complexity of the cellular and molecular mechanisms

involved in the pathogenesis of COPD. Combining antioxidants with anti-

inflammatory drugs, bronchodilators, and antimicrobials may provide future direc-

tions for research. Finally, emerging evidence suggests that epigenetic approaches

including miRNAs provide a promising therapeutic strategy for lung diseases.

Since miRNAs can target multiple genes leading to fine-tuned, coordinated regu-

lation of complex biological processes, miRNA-based therapeutics are believed to

have great potential for pathologically complex diseases including COPD.
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Chapter 6

Pathogenesis of COPD 4 – Cell Death,

Senescence, and Autophagy: Is There

a Possibility of Developing New Drugs from

the Standpoint of This Pathogenetic

Mechanism?

Kazuyoshi Kuwano, Jun Araya, Hiromichi Hara,

Shunsuke Minagawa, Naoki Takasaka, Saburo Ito, and

Katsutoshi Nakayama

Abstract The balance of cell survival and death is essential feature of homeostasis.

Apoptosis is a well-known form of cell death and involved in the pathogenesis of

chronic obstructive pulmonary disease (COPD). The number of apoptotic epithelial

and endothelial cells is increased in lung tissues from patients with COPD.

Protease-antiprotease imbalance and oxidative stress amplify alveolar destruction.

Cellular senescence is one of the cellular stress responses and considered to be one

of the processes of aging. COPD has been assumed to be a disease of accelerated

lung aging, and cellular senescence has been widely implicated in the pathogenesis

of COPD, presumably by impairing cell repopulation and by the aberrant cytokine

secretion seen in senescence-associated secretory phenotype, which may exert

deleterious effects on the tissue microenvironment of neighboring cells. Autophagy

is a process of lysosomal self-degradation that helps maintain homeostatic balance

between the synthesis, degradation, and recycling of cellular proteins and organ-

elles. Autophagy is closely related with aging, since autophagy diminishes with

aging, and accelerated aging can be attributed to reduced autophagy. Insufficient

autophagic clearance is reported to be involved in accelerated cellular senescence

in COPD, while excessive autophagy might induce epithelial cell necroptosis in

COPD. The detailed molecular mechanism for regulation of autophagy and cellular

senescence is complex, and the role of autophagy and cellular senescence is

overlapped significantly. We review molecular mechanisms of cell death, cellular
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senescence, and autophagy and summarize the role of these stress responses in the

pathogenesis of COPD.

Keywords Apoptosis • Aging • Senescence • Autophagy • Chronic obstructive

pulmonary disease (COPD)

6.1 The Role of Cell Death in the Pathophysiology of COPD

6.1.1 Apoptosis

The balance of cell survival and death is an essential feature of homeostasis.

Apoptosis and necrosis are a well-known form of cell death and involved in various

human diseases. Recently, other forms of cell death, such as caspase-independent

cell death, oncosis, and autophagy-associated cell death, have also been investigated

in various diseases. Apoptosis is characterized by cell shrinkage, apoptotic bodies,

and intact cellular membranes. Biochemical markers of apoptosis are caspase

activation, DNA fragmentation, and externalization of phosphatidylserine. There

are two principle-signaling pathways of apoptosis. One is a direct pathway, named

the extrinsic pathway, from death receptor ligation to caspase cascade activation and

cell death. Death receptor ligation triggers recruitment of the precursor form of

caspase-8 to a death-inducing complex, through the adaptor protein Fas-associating

protein with death domain (FADD), which leads to caspase-8 activation. The other

pathway, named the intrinsic pathway, triggered by stimuli such as drugs, radiation,

infectious agents, and reactive oxygen species (ROS), is initiated in mitochondria.

Mitochondrial outer membrane permeability is regulated by Bcl-2 family proteins.

After cytochrome c is released into the cytosol from the mitochondria triggered by

various stimuli, it binds to Apaf1 and ATP, which then activate caspase-9 [1]. The

activation of initiator caspase-8 and caspase-9 resulted in activation of effecter

caspases such as caspase-3. Active executioner caspases mediate the cleavage of

protein substrates, resulting in morphological features of apoptosis. Recently, endo-

plasmic reticulum has also been shown to be the organelle to execute apoptosis.

Various stresses can impair protein folding and induce endoplasmic reticulum stress,

and severe endoplasmic reticulum stress can transduce apoptotic signals [2].

6.1.2 Cell Death and COPD

Increased numbers of apoptotic alveolar, bronchiolar, and endothelial cells in lung

tissues from patients with COPD were demonstrated in several reports. Particles,

xenobiotics, and oxidants contained in cigarette smoke induce inflammation, oxi-

dative stress, and protease activation. Protease-antiprotease imbalance and oxida-

tive stress amplify alveolar destruction [3]. Since a large number of lymph follicles
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are found in lung tissues from patients with COPD, T-cell-mediated immune

response is also considered to have a role in inducing apoptosis [4].

Pulmonary emphysema is characterized by the enlargement of distal air spaces

due to the destruction and loss of alveolar structures. Recently, endothelial and

epithelial cell apoptosis have been implicated as one of important mechanisms of

pulmonary emphysema. Intratracheal injection of activated caspase-3 induces epi-

thelial cell apoptosis, enhances elastolytic activity, and subsequently induces

emphysematous changes in mice [5]. In addition, overexpression of α-1 antitrypsin
attenuated endothelial cell death, alveolar wall destruction, and oxidative stress

caused by caspase-3 instillation. In TNF-α and IL-1β receptor deficient mice, the

degree of emphysematous changes and lung cell apoptosis are decreased after

intratracheal instillation of elastase. Therefore, inflammation and protease activa-

tion accelerate epithelial, endothelial cell apoptosis and emphysema.

Cigarette smoke induces epithelial cell apoptosis, activated caspases, protease

activation, and chemokines via IL-18Rα-dependent manner. Cigarette smoke

induces mitochondrial dysfunction by blocking mitochondrial respiratory chain,

loss of ATP generation, which leads to cellular necrosis rather than apoptosis

[6]. The mitochondrial localization of HO-1 in bronchiolar epithelial cells was

confirmed using electron microscopy. Overexpression of HO-1 inhibited cigarette

smoke extract (CSE)-induced cell death. As well as cigarette smoke, air pollution

contains high levels of nitrogen/oxygen species and reactive oxygen species, which

activate different sphingomyelinases to induce apoptosis in airway epithelial cells.

Chronic treatment of rats with the vascular endothelial growth factor (VEGF)

receptor blocker induces alveolar cell apoptosis, which subsequently leads to

enlargement of the alveolar spaces without inflammatory cell infiltration or fibrosis

[7]. VEGF and VEGF receptor type II expressions are also decreased in lung tissues

from patients with pulmonary emphysema compared with controls. These results

suggest that the defect of alveolar wall maintenance factors may lead to alveolar

cell apoptosis.

Apoptotic cells should be removed rapidly by phagocytosis also called

“efferocytosis” for the resolution of inflammationwithout damaging the tissues. Defec-

tive removal of apoptotic cells as well as more apoptosis is thought to be important as a

contributor to COPD [8]. Surfactant protein (SP)-D deficient mice accumulate apopto-

tic macrophages in the lung, and exogenous SP-D binds to apoptotic macrophages.

These results suggest that SP-D may have an important role in the clearance of

apoptotic cells and have preventive effects on the development of emphysema.

In lung tissues from patients with emphysema, alveolar cell apoptosis and

expression of PCNA in epithelium are increased, which suggests the activation of

regenerative processes. However, cigarette smoke extract induces oxidative stress

and apoptosis not only epithelium but also lung fibroblast and impairs repair

processes [9]. Since apoptosis is likely to be involved in not only the destructive

phase but also remodeling process, regulating apoptosis may become an effective

treatment against COPD. Concerning regulating apoptosis in COPD, cellular senes-

cence and autophagy are also involved, although its mechanisms are not well

understood.
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6.2 The Role of Cellular Senescence in the Pathophysiology

of COPD

6.2.1 Aging and Cellular Senescence

Aging is associated with the impaired function of maintaining homeostasis in

organs and bodies. The phenotypes of aging include genomic instability, telomere

erosion, epigenetic changes, loss of proteostasis, deregulated nutrient sensing,

mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered

cellular communication [10]. Hayflick et al. firstly used the term “replicative

senescence” to describe phenomenon of irreversible growth arrest of normal

human fibroblasts after extensive serial passaging in culture [11]. Replicative

senescence was caused by telomere shortening. Senescent cells in tissues have

usually been identified using histological staining for DNA damage markers such as

p21, p16, or senescent-associated β-galactosidase (SA-βgal) activity. In the liver,

skin, lung, and spleen, a total of ~8% and ~17% senescent cells in young and old

mice were identified, respectively, although there was no change in the heart,

skeletal muscle, and kidney. Therefore, cellular senescence is not a generalized

property of aged tissues, and aging and senescence are not equal. As the first

identification of cellular senescence in lung diseases, the positive staining for

senescence-associated heterochromatin foci marker γH2AX in the alveolar epithe-

lial cells of old mice was demonstrated. In human lung tissue, human lung fibro-

blasts obtained from lung tissues from patients with COPD showed reduced

proliferation rate compared with those from healthy lung. Cellular senescence is

induced by not only telomere shortening but various cellular stresses such as

oxidative stress, oncogene activation, DNA damage, and chromatin abnormality

[12]. In addition, it is noteworthy that cellular senescence also plays instructive

roles in organ and tissue development [13].

The characteristics of senescent cells include irreversible growth arrest, enlarged

morphology, expression of cyclin-dependent kinase inhibitor (CDKI), the forma-

tion of senescence-associated heterochromatin foci, and senescence-associated

secretory phenotype (SASP). CDKIs, such as p21 and p16, control cell cycling.

The increased expression of CDKIs results in cell cycle arrest in senescent cells.

Senescent cells affect microenvironment through gene expression of growth fac-

tors, cytokines, and proteases, so-called SASP. SASP presents biological activities

and plays a key role in diverse effects on carcinogenesis and the pathogenesis of

degenerative diseases [14]. Senescent cells increase in size in vitro but not in vivo,

enlarging sometimes as double as non-senescent cells. The markers of senescent

cells include positive staining for SA-βgal which reflects the increase of lysosome

contents; senescence-associated CDKIs p21, p16, p15, and p27 expression; and

senescence-associated heterochromatin foci which inhibit gene expression of cell

proliferation. These markers are not entirely specific to cellular senescence; there-

fore, cellular senescence has been defined by a collection of these markers. The
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phenotype of cellular senescence is various depending on the type of cell, senescent

stimuli, and SASP [14].

Cellular senescence plays roles in tissue repair and regeneration [15]. SASP

secreted from senescent cells stimulates the migration of phagocytic immune cells

which play important roles in the clearance of senescent cells and the repair or

resolution of damaged tissues. The tissue damage is prolonged when damaged

tissue is not normally repaired or resolved. The prolongation of damaged tissues

can lead to the accumulation of senescent cells. Therefore, senescent cells accu-

mulate and secreted proteins, and other factors induce remodeling of damaged

tissues or proliferation of tumor cells in the old [16] (Fig. 6.1). Recently, senescence

has been reported to play important roles in the development processes and to

compensate the role of apoptosis to remove unnecessary cells [13].

6.2.2 Cellular Senescence and COPD

COPD has been assumed to be a disease of accelerated lung aging, and cellular

senescence has been widely implicated in the pathogenesis of COPD, presumably

by impairing cell repopulation and by the aberrant cytokine secretion seen in SASP

[17, 18]. Telomere length of neutrophils of COPD is shorter than that of healthy

controls. Cellular senescence is found in lung epithelial cells, endothelial cells, and

fibroblasts in patients with COPD [17, 19].

Sirtuin family belongs to class III histone deacetylases (HDAC), and one of

sirtuin family SIRT1 has been extensively studied and well known as an antiaging

molecule because of SIRT1-mediated longevity by calorie restriction [20]. SIRT1

Cellular senescence 

Growth arrest + SASP 

Excluding damaged cells 
Inducing repair 

Suppression of carcinogenesis 
Tissue repair 

The young The old 

Delayed �ssue repair 
Chronic inflamma�on 

Carcinogenesis 
Tissue remodeling 

Fig. 6.1 The role of cellular senescence. Cellular senescence plays roles in tissue repair and

carcinogenesis. SASP secreted from senescent cells stimulates the migration of phagocytic

immune cells which play important roles in the clearance of senescent cells and the repair or

resolution of damaged tissues. The tissue damage is prolonged when damaged tissue is not

normally repaired. The prolongation of damaged tissues can lead to the accumulation of senescent

cells. Senescent cells accumulate, secrete SASP, and induce remodeling of damaged tissues or

proliferation of tumor cells in the old
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expression is decreased in the lung tissues from patients with COPD by oxidative

stress and smoking [21]. Decreased SIRT1 expression results in the increased

expression of proinflammatory cytokines due to NF-kB activation and also results

in the acceleration of cellular senescence mediated by the decrease of anti-

senescent activity through FOXO3. Cellular senescence and emphysema were

suppressed in SIRT1 transgenic mice by a FOXO3-mediated reduction of prema-

ture senescence in mice, while those are deteriorated in SITR1 knockout mice.

SIRT1 activator SRT1720 suppressed emphysematous change in mice lung induced

by elastase instillation and smoking inhalation [22].

6.3 The Role of Autophagy in the Pathophysiology

of COPD

6.3.1 Autophagy

Autophagy is a process of lysosomal self-degradation that helps maintain homeo-

static balance between the synthesis, degradation, and recycling of cellular proteins

and organelles [23]. At the cellular level, autodigestion takes place within lyso-

somes and proteasomes. Proteasomes are involved in the clearance of ubiquitin-

conjugated soluble proteins, whereas autophagy delivers diverse cytoplasmic com-

ponents to the lysosome, including soluble proteins, aggregate-prone proteins, and

organelles [24]. Autophagy is not simply machinery for amino acid supply in

response to energy demand; it is an adaptive pathway of cytoprotection from

cellular stresses, involving starvation, reactive oxygen species (ROS), endoplasmic

reticulum (ER) stress, and microbe infection [24].

Three forms of distinct autophagy have been demonstrated: chaperon (Hsc70)-

mediated autophagy (CMA), microautophagy, and macroautophagy. CMA

degrades soluble proteins only, via direct translocation to the lysosome through

Lamp2A, a lysosomal transmembrane protein. During microautophagy, small com-

ponents of the cytoplasm are engulfed by direct invagination into lysosomes.

Engulfment of cytoplasmic components by the isolation membrane (phagophore)

is the initial step in autophagy and is followed by elongation and fusion, resulting in

formation of double-membranous vesicles (autophagosome). Subsequent fusion of

the autophagosome with the lysosome to form the autolysosome is absolutely

required for proper degradation [25]. Recent advances in the molecular mecha-

nisms of autophagy have mainly focused on macroautophagy, specifically on the

detection of a series of autophagy-related (Atg) genes. Among 35 autophagy-

related, (Atg), proteins identified in yeast, there are core Atg proteins required for

autophagosome formation, which are well conserved in mammals. Hence, in

general in the literature, macroautophagy is designated as autophagy [25].

Initially, autophagy was proposed to be a nonselective bulk degradation system,

but recent advances demonstrate that a variety of ubiquitinated cargos, including
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protein aggregates, mitochondria, and microbes, are selective targets for autophagic

degradation [25]. Accordingly, ubiquitination is an important tag for not only

proteasomal degradation but also for selective autophagy. The p62 protein /

sequestosome 1 (SQSTM1) has been shown to be an adaptor protein for selective

autophagy based on its ability to bind both ubiquitin and microtubule-associated

protein 1A/1B-light chain 3 (LC3), a crucial component for autophagosome for-

mation [26]. Because of the dynamic nature of autophagy, in which autophagosome

can be formed within several minutes, it is difficult to distinguish between increased

autophagy flux and impaired subsequent clearance when using electron micro-

scopic detection of autophagosomes or when examining Atg expression levels.

Therefore, to detect the conversion of LC3-I to LC3-II (which is conjugated to

phosphatidylethanolamine (PE) to ensure stable association to the autophagosomal

membrane), the use of protease inhibitors is generally accepted to be standard

methodology for evaluation of autophagy flux. In addition, based on the findings

of selective autophagic degradation, concomitant accumulation of p62 and

ubiquitinated protein is also recognized to at least partly reflect autophagy activity.

Due to the large number of physiological and aberrant intracellular components

that are potential targets for autophagic degradation, autophagy status is linked to a

diverse array of cellular processes and cell fates, including energy supply, homeo-

static turnover of organelles, cell fate, cellular senescence, and immune responses

[23]. In terms of the pathogenic role of autophagy, excessive activation may be

associated with disease progression in extraphysiologic condition, whereas impair-

ment of autophagy activity has been widely implicated in the pathogenic sequence

of a variety of human disorders [26]. Indeed, recent in vitro and in vivo gene

knockout studies revealed that insufficient autophagy is involved in the develop-

ment of lung diseases [27–30].

Continuous ventilation of large amounts of air with high oxygen concentration,

which may contain noxious particles and harmful microbes, is a fundamental

function of the lungs and is required for sufficient gas exchange. Subsequently,

indicating lung cells are serially exposed to a diverse array of cellular stresses, and

it is reasonable to speculate that autophagy-mediated alleviation of cellular stress

plays a key regulatory role in lung pathophysiology.

6.3.2 Autophagy and Cell Death

Apoptosis is necessary for the maintenance of homeostatic plasticity in the lung.

However, the cell-type-specific imbalance of positive and negative regulation of

apoptosis has been proposed to be a critical determination of lung disease progres-

sion [31]. Although autophagy had been postulated to be responsible for type II

programmed cell death, current understanding is mainly that autophagic cell death

is attributable simply to overwhelming autophagosome formation as a part of stress

responses, in which cytosol and organelles are destroyed to an unrecoverable

degree. Autophagy is an adaptation pathway for cellular stress, including
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starvation, ROS, endoplasmic reticulum (ER) stress, and microbe infection; hence

autophagy is generally considered to be a mechanism for cell survival. However,

Atg-gene-dependent cell death has been reported in the setting of dysfunction of

apoptosis machinery. Indeed, double knockout of Bax/Bak, essential components

of the mitochondrial apoptotic pathway, demonstrated a distinct type of cell death,

marked by accumulation of autophagosomes [32]. Atg5 knockdown ameliorated

this cell death, indicating that autophagy may promote cell death in the setting of

extraphysiologic apoptosis deficiency.

In addition, there is functional cross talk between apoptosis and autophagy. For

instance, B-cell lymphoma-2 (Bcl-2), an anti-apoptotic protein, interferes with

starvation-dependent autophagy by binding to Beclin1 (Atg6) [33], which is an

important constituent of the class III phosphatidylinositol (Ptdlns) 3-kinase com-

plex involved in nucleation and assembly of the initial phagophore membrane.

During receptor-mediated apoptosis, cleavage of Atg3 protein by caspase-8-

suppresses autophagy activation, resulting in increased cell death. Furthermore,

irrespective of their known role in autophagy induction, several Atg proteins may

exert diverse regulatory roles during both the apoptotic process and cell survival.

Fragmented Atg5 cleaved by calpain promotes intrinsic mitochondrial apoptosis

[34]. Atg5 on the autophagosomal membrane serves as a platform for an intracel-

lular death-inducing signaling complex (iDISC) that recruits caspase-8 to initiate

the apoptosis cascade [35]. LC3B has been demonstrated to regulate apoptosis

through interaction with Fas and caveolin-1(Cav-1). Therefore, clarification of

whether the autophagy process is involved in apoptosis regulation is a prerequisite

for proper interpretation of experimental results in the setting of Atg manipulation.

6.3.3 Autophagy and Cellular Senescence

Cellular senescence has been widely implicated in disease pathogenesis in terms of

not only impaired cell repopulation but also aberrant cytokine secretions of SASP.

SASP may exert deleterious effects on the tissue microenvironment of neighboring

cell [36]. Increased cellular senescence is one of major features of aging, and hence

cellular senescence has been widely implicated in age-associated disorders. The

detailed molecular mechanism for regulation of cellular senescence is complex and

incompletely understood, but one of the typical manifestations is accumulation of

damaged proteins and organelles, occasionally associated with ubiquitinated aggre-

gations [37]. Therefore, it has been proposed that functional insufficiencies in the

cellular cleaning and housekeeping mechanisms of autophagy play a pivotal role in

the accumulation of deleterious cellular components and therefore in the regulation

of cellular senescence [37].

Indeed, autophagy diminishes with aging, and accelerated aging can be attrib-

uted to reduced autophagy. Thus, autophagy activation appears to be associated

with longevity [38]. Pathologic premature aging due to autophagy malfunction

has been intensively examined using animal models of autophagy inhibition by
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tissue-specific knockout of Atg genes. Those animal models with insufficient

autophagy demonstrated a cellular phenotype of progressive accumulation of

ubiquitinated aggregates and disorganized mitochondria, suggesting the causal

relationship between loss of autophagy and aging-associated disease phenotypes

[38]. However, those phenotypic alterations were mainly evaluated in the central

nervous system and liver, not in other organs. Among the variety of targets for

autophagic degradation, selective autophagy of mitochondria (mitophagy) has been

widely implicated in cellular senescence in terms of regulation of reactive oxygen

species (ROS) of oxidative stress. Mitochondria are the main organelle responsible

for intrinsic ROS release through respiratory chain reactions, and insufficient

mitophagy results in accumulation of damaged mitochondria accompanied by

increased ROS production [39].

The role of stress-induced autophagy activation in longevity has been mainly

demonstrated in the case of caloric restriction (CR) [40]. CR induces autophagy

through the inhibition of mammalian target of rapamycin (mTOR), an essential

negative regulator of autophagy, and also through activation of adenosine

monophosphate-activated protein kinase (AMPK) and sirtuin1 (SIRT1). In

response to the rising AMP/ATP ratio during CR, AMPK induces autophagy via

phosphorylation of ULK1, a mammalian orthologue of the yeast protein kinase

Atg1. SIRT1 deacetylation of Atg proteins and transcription factors, including the

FOXO family, is involved in autophagy induction [22]. The involvement of

CR-induced autophagy in longevity was confirmed by inhibition of autophagy,

and SIRT1-mediated longevity by CR is at least partly conferred by autophagy

activation. Intriguingly, recent paper demonstrated that SIRT1 protects against

emphysema by a FOXO3-mediated reduction of premature senescence in mice,

but the involvement of autophagy was not examined.

Autophagy is getting more importance during the aging process, because

proteasome pathway could not degrade protein aggregates in the presence of an

enhanced prooxidant and aggregation-prone milieu characteristic of aging

[41]. Pharmacological inhibition of autophagy prevented development of prema-

ture senescence but did lead to the enhanced rate of apoptosis in human umbilical

vein endothelial cells. A subset of autophagy-related genes is upregulated during

senescence [42]. Overexpression of one of those genes, ULK3, induces autophagy

and senescence. Furthermore, inhibition of autophagy delays the senescence phe-

notype, including senescence-associated secretion [43]. Goehe et al. showed that

autophagy and senescence tend to occur in parallel and furthermore that autophagy

accelerates the development of the senescent phenotype [44]. Collectively,

autophagy and cellular senescence are associated with each other in some situa-

tions, but these two important cellular processes may be interdependently involved

in the pathophysiology of several diseases.
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6.3.4 Autophagy and COPD

Chronic obstructive pulmonary disease (COPD) is one of the leading causes of

death worldwide and is characterized by partially irreversible and progressive

airflow limitation. Cigarette smoke, the major cause of COPD, is rich in toxic

components including ROS, and a variety of biological responses to cigarette

smoke exposure have been demonstrated. Although detailed molecular mechanisms

for COPD development remain unclear, the possible participation of autophagy in

the pathogenic sequence of COPD has been intensively explored (Fig. 6.2). It has

been reported that autophagy in lung tissue from COPD patients is augmented by

means of an increase in the LC3B-II/LC3B-I ratio, and Egr-1-induced LC3B

expression is essential for autophagy activation [45]. LC3B�/�mouse experiments

confirmed the pivotal role of LC3B in epithelial cell apoptosis induction by

cigarette smoke exposure. The proposed mechanism of LC3B-induced apoptosis

is attributed to the balance in a trimolecular interaction between LC3B with Fas and

caveolin-1(Cav-1), a lipid raft protein. LC3B knockdown inhibits apoptosis by

increasing Cav-1-dependent Fas sequestration, and dissociation of Fas and LC3B

from Cav-1 in response to CSE exposure initiates apoptosis in epithelial cells.

LC3B is a key component for autophagy machinery, and association between

LC3B and Fas is an interesting observation; however it is still unclear whether

autophagy activation by LC3B expression is crucial for apoptosis induction in these

COPD models. Furthermore, in cases of hyperoxia-induced apoptosis in epithelial

cells, LC3B interacts with Fas, resulting in prevention of apoptosis [46], suggesting

that the role of association between LC3B and Fas in apoptosis regulation is

dependent on the stimuli or experimental conditions. Intriguingly, decreased

autophagy activity in alveolar macrophages derived from smokers has been

reported in terms of impaired xenophagy. In spite of increased LC3B-II and

autophagosomes in macrophages from smokers, impairment of autophagy flux

was shown using protease inhibitors and also by detecting accumulation of p62

aggregates [47], indicating that autophagy activity in COPD lung may be regulated

via cell-type-specific mechanisms.

Autophagy plays a pivotal regulatory role for cellular senescence; hence we have

attempted to elucidate the involvement of autophagy in the regulation of cigarette

smoke extract (CSE)-induced human bronchial epithelial cell (HBEC) senescence

[27]. CSE transiently induces autophagy activation followed by accumulations of

p62 and ubiquitinated proteins accompanied by an increase in HBEC senescence.

Autophagy inhibition by 3MA, a specific inhibitor of autophagic sequestration, or

by LC3B and Atg5 knockdown further enhanced HBEC senescence with concom-

itant accumulation of p62 and ubiquitinated proteins [27]. In contrast, autophagy

activation by Torin1, a mammalian target of rapamycin (mTOR) inhibitor,

suppressed p62 and ubiquitinated protein accumulations and also inhibited HBEC

senescence. In line with the previous finding of increased autophagy activation in

COPD epithelial cells, we observed an increase in baseline autophagy but also

found significantly decreased autophagy induction in response to CSE exposure in
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HBEC isolated from COPD patients compared to those from nonsmokers [27]. We

speculated that the mechanism for enhanced baseline autophagy flux was attributed

to increased oxidative stress, which was demonstrated by the accumulation of

carbonylated proteins in HBEC from COPD patients [18]. Therefore, it is probable

that the attenuation of autophagy flux in response to CSE exposure may reflect an

insufficient reserve of autophagy activation in HBEC from COPD patients. Con-

comitant accumulation of p62 and ubiquitinated protein is also recognized to at

least partly reflect autophagy activity. Increased accumulations of p62 and

ubiquitinated proteins detected in lung homogenates support the notion that insuf-

ficient autophagic clearance is involved in accelerated cellular senescence in COPD

[27] (Fig. 6.3).

SIRT6 has been demonstrated to regulate longevity by modulating insulin-like

growth factor (IGF)-I signaling. IGF-I signaling activates mTOR, and a recent

paper demonstrated that IGF-I exposure was sufficient to induce cellular senes-

cence through inhibition of baseline autophagy [48]. Intriguingly, we demonstrated

that CSE decreased the SIRT6 expression in HBEC and that CSE-induced HBEC

senescence was inhibited by SIRT6 overexpression and that histone deacetylase

(HDAC) activity of SIRT6 was indispensable for inhibition of CSE-induced HBEC

senescence through autophagy activation, which was mainly attributed to attenua-

tion of IGF-Akt-mTOR signaling [49]. Decreased expression levels of SIRT6 found

in lung homogenates from COPD patients support the hypothesis that reduced

SIRT6 expression with accompanying autophagy insufficiency may be associated

with COPD development through the enhancement of cellular senescence, espe-

cially in the setting of increased IGF signaling. Furthermore, Decreased SIRT6
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Fig. 6.2 The pathophysiology of COPD. Cigarette smoke, the major cause of COPD, is rich in

toxic components including ROS, and a variety of biological responses to cigarette smoke

exposure including cellular senescence has been demonstrated. Abnormal repair and SASP induce

alveolar wall destruction and small airway remodeling. Although detailed molecular mechanisms

for COPD development remain unclear, the possible participation of autophagy in the pathogenic

sequence of COPD has been intensively explored
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expression was significantly correlated with the decrease of FEV1% [49]. As IGF-I

shares receptors and signaling pathways with insulin, and type II diabetes mellitus

with hyperinsulinemia is a common comorbidity in COPD, it may be associated

with COPD development via increased IGF/insulin signaling and autophagy inhi-

bition, especially in cases of decreased SIRT6 expression.

Mitochondria are the main organelle producing ATP as well as reactive oxygen

species (ROS) and play central roles in cell fate regulation. Mitochondria also

release mitochondrial DNA as one of damage-associated molecular pattern. There-

fore, maintenance of mitochondrial homeostasis is prerequisite for cellular homeo-

stasis [50]. Mitochondria are dynamic organelles, which continuously change their

shape through fission and fusion. Damaged and fragmented mitochondria are

removed through mitochondria-specific autophagic degradation (mitophagy). Dis-

ruption of mitochondrial dynamics is involved in disease pathology through exces-

sive reactive oxygen species (ROS) production [51] (Fig. 6.4). In electron

microscopic examination of lung tissues, we demonstrated that mitochondria in

bronchial epithelial cells tended to be fragmented in COPD, suggesting the fission

process dominancy of mitochondrial dynamics in COPD pathogenesis [52]. In vitro

studies further confirmed that CSE-induced excessive fragmentation of mitochon-

dria is associated with mitochondrial ROS production, resulting in HBEC senes-

cence. Autophagy inducer Torin1 accelerate degradation of damaged mitochondria

in autophagosome, resulted in the increase of healthy mitochondria [52].

Fig. 6.3 Insufficient

autophagic degradation in

COPD pathogenesis. We

found that baseline

autophagy was increased,

while autophagy induction

was significantly decreased

in response to CSE

exposure in HBEC isolated

from COPD patients

compared to those from

nonsmokers. We speculate

that the mechanism for

enhanced baseline

autophagy flux may be

attributed to increased

oxidative stress. It is

probable that the

attenuation of autophagy

flux in response to CSE

exposure may reflect an

insufficient reserve of

autophagy activation in

HBEC from COPD patients
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The phosphatase and tensin homolog (PTEN)-induced putative protein kinase

1 (PINK1)-PARK2 pathway has been largely implicated in the removal of damaged

mitochondria with depolarized membranes. Stress-induced membrane depolariza-

tion stabilizes PINK1, resulting in recruitment of PARK2, an E3 ubiquitin ligase, to

mitochondria [53, 54]. We found that PARK2-mediated ubiquitination is crucial for

mitophagic degradation in damaged mitochondria in HBEC. Knockdown of PINK1

or PARK2 decreased autophagy activation, the accumulation of damaged mito-

chondria accompanied by increased ROS production, and cellular senescence in

HBEC [55]. PARK2 expression in lung tissue from patients with COPD was

significantly decreased compared with that from smokers without COPD. The

decreased PARK2 expression was significantly correlated with the decrease of

FEV1%. Immunohistochemistry results showed the expression of PARK2 in bron-

chial epithelial cells from patients with COPD was significantly decreased com-

pared with that from nonsmokers or smokers without COPD. Therefore, the

decrease of PARK2 expression may be associated with the deficiency of mitophagy

and cellular senescence in COPD pathogenesis [55] (Fig. 6.5).

Healthy mitochondria
Damaged mitochondria

autophagosome

Decreased mitophagy

ROS

fission

fusion

Cellular 
senescence

mitophagy

Fig. 6.4 The prevention of cellular senescence by mitophagy through excluding damaged mito-

chondria. Mitochondria are dynamic organelles, which continuously change their shape through

fission and fusion. Damaged and fragmented mitochondria are removed through mitochondria-

specific autophagic degradation (mitophagy). Disruption of mitochondrial dynamics is involved in

disease pathology through excessive reactive oxygen species (ROS) production
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6.4 Conclusions

An aging society has a problem with various diseases associated with aging. In

particular, lung diseases have much attention because COPD, pneumonia, and lung

cancer are speculated to be third, fourth, and fifth leading cause of death in the

world, respectively. Increased numbers of apoptotic alveolar, bronchiolar, and

endothelial cells in lung tissues from patients with COPD were demonstrated.

Cigarette smoke induces inflammation, oxidative stress, and protease activation.

Protease-antiprotease imbalance and oxidative stress amplify alveolar destruction

through inducing apoptosis.

Cellular senescence is the most closely associated with aging processes; there-

fore, therapies targeting cellular senescence should be important strategies against

COPD. Classic “free radical hypothesis” means that ROS induces cellular senes-

cence. Many reports have shown that mitochondrial dysfunction leads to cellular

senescence due to excessive ROS production. The treatment strategy against

cellular senescence through induction of autophagy, especially mitophagy, may

be promising against COPD.

Autophagy is responsible not just for simple homeostatic energy supply but also

for elimination of aggregate-prone proteins, damaged organelles, and intracellular

microbes. Autophagy is a dynamic process and may rapidly change its status, which

can be influenced by not only disease activity but also environmental stresses.

Additionally, the regulatory role of autophagy can be dependent on stages in

disease development, and the pathogenic involvement may be different in a cell-

type-specific manner.

Recent advances in cell death, senescence, and autophagy shed more light on

understanding the pathogenesis of COPD and may lead to the development of new

therapeutic options. The development of proper biomarkers reflecting status of

senescence and autophagy is warranted to precisely evaluate disease progression,

and the establishment of novel therapeutic approaches is also warranted to achieve

optimal levels of cellular senescence and autophagy status.

Cigare�e 
smoke

Mitochondrial damage

ROS

Cellular 
senescence

Autophagy
Mitophagy

PINK1
PARK2

Fig. 6.5 The regulation of damaged mitochondrial removal and ROS production by mitophagy.

Cigarette smoke induces mitochondrial damage in association with increased ROS production.

This mitochondrial ROS is at least partly involved in cellular senescence. Autophagy suppresses

accumulation of damaged mitochondria and ROS production, suggesting that mitochondria-

specific autophagy (mitophagy) may play a pivotal role through PINK1 and PARK2 in the

regulation of CSE-induced cellular senescence
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10. López-Otı́n C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell.

2013;153:1194–217. doi:10.1016/j.cell.2013.05.039.

11. Hayflick L. The limited in vitro lifetime of human diploid cell strains. Exp Cell Res.

1965;37:614–36.

12. Campisi J. d’Adda di Fagagna F. Cellular senescence: when bad things happen to good cells.

Nat Rev Mol Cell Biol. 2007;8:729–40.

13. Storer M, Mas A, Robert-Moreno A, Pecoraro M, Ortells MC, Di Giacomo V,

et al. Senescence is a developmental mechanism that contributes to embryonic growth and

patterning. Cell. 2013;155:1119–30. doi:10.1016/j.cell.2013.10.041.

14. van Deursen JM. The role of senescent cells in ageing. Nature. 2014;509:439–46. doi:10.1038/

nature13193.

15. Rodier F, Campisi J. Four faces of cellular senescence. J Cell Biol. 2011;192:547–56. doi:10.

1083/jcb.201009094.

16. Mu~noz-Espı́n D, Serrano M. Cellular senescence: from physiology to pathology. Nat Rev Mol

Cell Biol. 2014;15:482–96. doi:10.1038/nrm3823.

17. Tsuji T, Aoshiba K, Nagai A. Alveolar cell senescence in patients with pulmonary emphy-

sema. Am J Respir Crit Care Med. 2006;174:886–93.

18. Hara H, Araya J, Takasaka N, Fujii S, Kojima J, Yumino Y, et al. Involvement of creatine

kinase b in cigarette smoke-induced bronchial epithelial cell senescence. Am J Respir Cell Mol

Biol. 2012;46:306–12. doi:10.1165/rcmb.2011-0214OC.

19. M€uller KC, Welker L, Paasch K, Feindt B, Erpenbeck VJ, Hohlfeld JM, et al. Lung fibroblasts

from patients with emphysema show markers of senescence in vitro. Respir Res. 2006;7:32.

20. Guarente L, Picard F. Calorie restriction–the SIR2 connection. Cell. 2005;120:473–82.

21. Rajendrasozhan S, Yang SR, Kinnula VL, Rahman I. SIRT1, an antiinflammatory and

antiaging protein, is decreased in lungs of patients with chronic obstructive pulmonary disease.

Am J Respir Crit Care Med. 2008;177:861–70. doi:10.1164/rccm.200708-1269OC.

22. Yao H, Chung S, Hwang JW, Rajendrasozhan S, Sundar IK, Dean DA, et al. Sirt1 protects

against emphysema via foxo3-mediated reduction of premature senescence in mice. J Clin

Invest. 2012;122:2032–45. doi:10.1172/JCI60132.

6 Pathogenesis of COPD 4 – Cell Death, Senescence, and Autophagy: Is There. . . 109

http://dx.doi.org/10.1016/j.cell.2013.05.039
http://dx.doi.org/10.1016/j.cell.2013.10.041
http://dx.doi.org/10.1038/nature13193
http://dx.doi.org/10.1038/nature13193
http://dx.doi.org/10.1083/jcb.201009094
http://dx.doi.org/10.1083/jcb.201009094
http://dx.doi.org/10.1038/nrm3823
http://dx.doi.org/10.1165/rcmb.2011-0214OC
http://dx.doi.org/10.1164/rccm.200708-1269OC
http://dx.doi.org/10.1172/JCI60132


23. Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy fights disease through cellular

self-digestion. Nature. 2008;451:1069–75. doi:10.1038/nature06639.

24. Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 2008;132:27–42.

doi:10.1016/j.cell.2007.12.018.

25. Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. Cell.

2011;147:728–41. doi:10.1016/j.cell.2011.10.026.

26. Rubinsztein DC, Marino G, Kroemer G. Autophagy and aging. Cell. 2011;146:682–95. doi:10.

1016/j.cell.2011.07.030.

27. Fujii S, Hara H, Araya J, Takasaka N, Kojima J, Ito S, et al. Insufficient autophagy promotes

bronchial epithelial cell senescence in chronic obstructive pulmonary disease.

Oncoimmunology. 2012;1:630–41.

28. Ryter SW, Nakahira K, Haspel JA, Choi AM. Autophagy in pulmonary diseases. Annu Rev

Physiol. 2012;74:377–401. doi:10.1146/annurev-physiol-020911-153348.

29. Araya J, Kojima J, Takasaka N, Ito S, Fujii S, Hara H, et al. Insufficient autophagy in

idiopathic pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol. 2013;304:L56–69.

doi:10.1152/ajplung.00213.2012.

30. Mizumura K, Cloonan SM, Haspel JA, Choi AM. The emerging importance of autophagy in

pulmonary diseases. Chest. 2012;142:1289–99. doi:10.1378/chest.12-0809.

31. Kuwano K, Araya J, Nakayama K. Epithelial cell fate following lung injury. Expert Rev Respir

Med. 2008;2:573–82. doi:10.1586/17476348.2.5.573.

32. Shimizu S, Kanaseki T, Mizushima N, Mizuta T, Arakawa-Kobayashi S, Thompson CB,

et al. Role of bcl-2 family proteins in a non-apoptotic programmed cell death dependent on

autophagy genes. Nat Cell Biol. 2004;6:1221–8.

33. Pattingre S, Tassa A, Qu X, Liang XH, Mizushima N, Packer M, et al. Bcl-2 antiapoptotic

proteins inhibit beclin 1-dependent autophagy. Cell. 2005;122:927–39.

34. Yousefi S, Perozzo R, Schmid I, Ziemiecki A, Schaffner T, Scapozza L, et al. Calpain-

mediated cleavage of atg5 switches autophagy to apoptosis. Nat Cell Biol. 2006;8:1124–32.

35. Young MM, Takahashi Y, Khan O, Park S, Hori T, Yun J, et al. Autophagosomal membrane

serves as platform for intracellular death-inducing signaling complex (idisc)-mediated

caspase-8 activation and apoptosis. J Biol Chem. 2012;287:12455–68. doi:10.1074/jbc.

M111.309104.

36. Rajawat YS, Hilioti Z, Bossis I. Aging: central role for autophagy and the lysosomal degra-

dative system. Ageing Res Rev. 2009;8:199–213. doi:10.1016/j.arr.2009.05.001.

37. Madeo F, Zimmermann A, Maiuri MC, Kroemer G. Essential role for autophagy in life span

extension. J Clin Invest. 2015;125:85–93. doi:10.1172/JCI73946.

38. Mizushima N, Levine B. Autophagy in mammalian development and differentiation. Nat Cell

Biol. 2010;12:823–30. doi:10.1038/ncb0910-823.

39. Gomes LC, Scorrano L. Mitochondrial morphology in mitophagy and macroautophagy.

Biochim Biophys Acta. 1833;2013:205–12. doi:10.1016/j.bbamcr.2012.02.012.

40. Morselli E, Maiuri MC, Markaki M, Megalou E, Pasparaki A, Palikaras K, et al. The life span-

prolonging effect of sirtuin-1 is mediated by autophagy. Autophagy. 2010;6:186–8.

41. Gamerdinger M, Carra S, Behl C. Emerging roles of molecular chaperones and co-chaperones

in selective autophagy: focus on BAG proteins. Mol Med (Berl). 2011;89:1175–82. doi:10.

1007/s00109-011-0795-6.

42. Patschan S, Chen J, Polotskaia A, Mendelev N, Cheng J, Patschan D, Goligorsky MS. Lipid

mediators of autophagy in stress-induced premature senescence of endothelial cells. Am J

Physiol Heart Circ Physiol. 2008;294:H1119–29.

43. Young AR, Narita M, Ferreira M, Kirschner K, Sadaie M, Darot JF, Tavaré S, Arakawa S,
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Part III

Comorbidities



Chapter 7

Pathogenesis of Comorbidities in COPD: By

What Mechanism Does Long-Term Smoking

Cause Systemic Inflammation?

Yuko Morishima and Nobuyuki Hizawa

Abstract Chronic obstructive pulmonary disease (COPD) is now one of the most

common diseases affecting humans worldwide. With the increasing concern about

the high mortality in COPD, which is in part attributed to its comorbidities, it has

been emphasized that COPD should be considered as a systemic disease rather than

a disease localized to the airway. Even though some of the comorbidities are simply

age related, shared risk factors such as tobacco smoke may make a significant

contribution to their pathogenesis. Tobacco smoke contains thousands of

chemicals, free radicals, and reactive oxygen species within its gases and particles.

These toxicants cause oxidative stress and immune responses locally in the lungs

and/or systemically to trigger the development of extrapulmonary comorbidities.

Additionally, other factors, such as genetic susceptibility to inflammation, the

clinical symptoms of COPD in themselves, and the adverse effects of medication,

may also contribute to the development of comorbidities.

In this chapter, we present an overview of the systemic effects of tobacco smoke

and the pathogenesis and clinical manifestations of extrapulmonary comorbidities

related to COPD. We encourage clinicians to be aware of the presence of

comorbidities in patients with COPD and provide a comprehensive approach for

their management.
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7.1 Introduction

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

morbidity worldwide. It is estimated that more than three million people died of

COPD and that COPD was the third leading cause of death worldwide in 2012

[1]. In 1990, COPD was the sixth leading cause of death, and researchers warned

about the possibility of COPD becoming the third leading cause of death by 2020 if

no public interventions were taken [2]. In developed countries, in response to this

crisis, tobacco restrictions were tightened, and tobacco consumption began to

decline. However, the total number of smokers has risen worldwide, and earlier

than expected, COPD has become the third leading cause of death. This is, of

course, because of an increase in the number of COPD patients. However, it may

also be caused by a characteristic feature of COPD, whereby it manifests with a lot

of comorbidities, such as cardiovascular disease, diabetes mellitus, osteoporosis,

gastroesophageal reflux (GERD), anxiety and depression, impaired cognitive func-

tion, and other pulmonary diseases [3], which could increase the risk of death.

Because COPD is common in the older population, it is obvious that some of the

comorbidities are simply age related. However, apart from this, smoking may also

explain the link between COPD and its comorbidities. A pathological finding in

COPD is an inflammation of the peripheral airways, mainly caused by environ-

mental stimuli such as tobacco smoke and other irritating particles found as a result

of indoor and outdoor air pollution. As these inhaled materials have the potential to

harm not only the respiratory system but also almost all the organs in the body, it is

natural to consider that some of the comorbidities of COPD could be attributed to

the systemic inflammation caused by long-term exposure to environmental irritants,

especially tobacco smoke.

In contemporary medicine, COPD is regarded as a systemic disease rather than

just a disease of the lung [1]. As has been discussed in another chapter, the

pulmonary comorbidities in COPD such as lung cancer and pulmonary fibrosis

are indicated to have considerable impacts on prognosis and on limitation of the

activity of daily living (ADL). The extrapulmonary comorbidities have similar

impacts on patient well-being. Therefore, we should be aware of the presence of

comorbidities in COPD patients and should manage them during the process of

COPD treatment, which would be beneficial in improving patient quality of life

(QOL) and survival. Our aim in this chapter is to provide an update on the present

knowledge of risk factors for developing systemic inflammation, especially long-

term smoking, and to overview the pathogenesis and clinical manifestations of

extrapulmonary comorbidities related to COPD.
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7.2 Potential Mechanisms Contributing

to the Development of Comorbidities in COPD

When patients have one or more comorbidities associated with COPD, questions

arise about the pathogenic relationship between these disorders: whether

comorbidities occur in a secondary manner to COPD, arise from shared risk factors,

or are just present by chance. Because numerous studies have revealed that COPD

patients are at higher risk of having multiple comorbidities compared with subjects

without COPD, COPD and its comorbidities cannot be assumed to be independent

from each other.

7.2.1 Smoking-Induced Airway Inflammation: Is It a First
Step in Developing Systemic Inflammation?

It is well established that long-term smoking causes chronic inflammation of the

airways, as discussed elsewhere in this book. In brief, in response to exposure to

tobacco smoke or other environmental irritants, airway structural and inflammatory

cells initially release a wide variety of cytokines, chemokines, and other

proinflammatory mediators, leading to subsequent immune reactions (Fig. 7.1)

[4]. Recruited macrophages and neutrophils release tissue-destructive enzymes

such as matrix metalloproteinases and neutrophil elastase at the inflamed site,

causing a protease/antiprotease imbalance, which is considered to be an important

process in the development of COPD [5, 6]. Oxidative stress is another key

mechanism of airway inflammation. Because tobacco smoke contains many free

radicals and reactive oxygen species (ROS) as well as many toxic chemicals in its

particulate and gas phases, it is considered to have the potential to directly induce

oxidative damage to the lung when the levels are high enough to overcome

antioxidant defenses [7, 8]. Oxidants accelerate inflammation by activating the

redox-sensitive transcription factor, nuclear factor (NF)-κB, which promotes the

expression of multiple inflammatory genes, such as interleukin (IL)-8 and tumor

necrosis factor (TNF)-α [9]. Oxidants also activate the NLRP3 inflammasome,

which contributes to the maturation of proinflammatory cytokines, including

IL-1β and IL-18 [10], and cause a protease/antiprotease imbalance by inactivating

the protease inhibitor, α-1-anti-trypsin [11]. Moreover, the IL-1β and TNF-α
cytokines are known to have the capacity to activate NF-κB, establishing a positive
feedback loop to aggravate inflammation [12].

One of the classical hypotheses to explain the development of systemic inflam-

mation in COPD is the “spillover” theory (Fig. 7.2) [13]. This concept suggests that

the inflammatory reaction may initially be local, but thereafter, increased inflam-

matory mediators may spill over from the inflamed lungs into the circulation to

cause systemic inflammation. Because plasma levels of TNF-α, soluble TNF

receptor, IL-6, and IL-8 are elevated in patients with COPD [13, 14], an obvious
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explanation is that these mediators originate from the airways and accelerate

subsequent immune reactions in the extrapulmonary organs. However, this concept

remains unclear, as discussed below.

Fig. 7.1 Potential pathways and mechanisms of tobacco smoke in the development of airway

inflammation. Tobacco smoke activates macrophages and epithelial cells in the airways via the

activation of Toll-like receptors (TLRs) and oxidative stress to cause the release of multiple

chemotactic factors. Recruited neutrophils and monocytes, and T lymphocytes as well as structural

cells release multiple inflammatory mediators. Some inflammatory and structural cells also release

proteases leading to parenchymal destruction and mucus hypersecretion in the airways, and some

release fibrogenic mediators leading to small airway fibrosis. Cytotoxic T lymphocytes (CTLs)

may also be involved in alveolar wall destruction. Activation of the inflammasome may also be

involved, and phagocytic dysfunction of alveolar macrophages may lead to bacterial colonization

(Adapted from Barnes 2013 [4])
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7.2.2 The Extrapulmonary Effects of Tobacco Smoke
Exposure

Spillover is a clear-cut hypothesis; however, there are some inconsistent findings in

previous studies. Wouters et al. reviewed research data from several sources,

demonstrating no correlations in the levels of TNF-α, soluble TNF receptor, or

IL-8 between sputum and plasma among COPD patients [14]. In addition, a recent

study showed that the frequency of comorbid conditions, corresponding to the level

of systemic inflammation, was not directly related to COPD severity [15]. In fact,

patients with severe COPD demonstrating enhanced airway inflammation do not

always develop systemic inflammation, and furthermore, patients with smoking-

related cardiovascular disease do not always have COPD. Therefore,

extrapulmonary comorbidities may involve an inflammatory process induced by

exposure to tobacco smoke, which is independent from that of COPD. When a

person inhales tobacco smoke, containing thousands of chemicals, free radicals, and

ROS within its gases and particles, toxic substances deposit in the alveoli of the

lungs and may rapidly diffuse into the systemic circulation. The toxicants may

initially cause oxidative stress and immune responses in vascular endothelial cells

Fig. 7.2 “Spillover” hypothesis. Lung inflammation may cause a “spillover” of cytokines, such as

(IL)-6, IL-1β, and tumor necrosis factor (TNF)-α, into the circulation to cause systemic inflam-

mation and subsequent immune reactions within the extrapulmonary organs (Reproduced with

permission of the European Respiratory Society ©: European Respiratory Journal May 2009,

33 (5) 1165–1185; DOI: 10.1183/09031936.00128008. This material has not been reviewed by

European Respiratory Society prior to release; therefore the European Respiratory Society may not

be responsible for any errors, omissions or inaccuracies, or for any consequences arising there

from, in the content [13])
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and recruited inflammatory cells, similar to those in the airways (Fig. 7.1), and this

effect may be further amplified leading to the systemic production of

proinflammatory mediators to damage target organs.

The potential mechanisms underlying smoking-related cardiovascular disease

are shown in Fig. 7.3. Oxidative stress, enhanced by free radicals and ROS

generated from exogenous and endogenous sources, has been attributed a central

role in the creation of atherothrombotic conditions, including endothelial dysfunc-

tion, inflammation in the vessel walls, a prothrombotic and antifibrinolytic milieu,

and lipid peroxidation [16]. However, the causal relationship between airflow

limitation and atherosclerosis remains equivocal. A recent clinical study demon-

strated that both airflow limitation and endothelial dysfunction were associated with

increased atherosclerosis, but were likely to be unrelated and mutually independent

[17]. This may suggest that smoking-induced atherosclerosis is not easily explained

with a simple linear pathway starting with smoking-induced airway inflammation

and ending with the atherosclerotic disease.

Recent experimental studies have also demonstrated that tobacco smoke affects

both insulin sensitivity and secretion. Inhaled nicotine has been shown to impair

insulin signaling cascades and upregulate lipolysis within the adipose tissue

through increased oxidative stress and to increase the levels of circulating free

fatty acids in skeletal muscle and liver [18]. It has been also reported to activate

mammalian target of rapamycin in skeletal muscle [19]; elevate the levels of

circulating TNF-α, cortisol, and sex hormones; and decrease levels of adiponectin

[20]. These findings may explain the relationship between nicotine and the impair-

ment of insulin sensitivity. Additionally, tobacco smoke has been shown to sup-

press insulin secretion because of an alteration in pancreatic function [21]. All these

results are consistent with the observation that chronic smokers are insulin resistant

and at high risk for diabetes [22, 23].

The relationship between systemic inflammation and bone metabolism has also

been characterized. IL-1, IL-6, and TNF-α, potential mediators for inflammation in

the airways and extrapulmonary organs in COPD [13], are recognized as stimula-

tors of bone resorption and inhibitors of bone formation [24]. This may correspond

to the high prevalence of osteoporosis in patients with COPD.

7.2.3 Other Mechanisms Underlying Comorbidities

Because smoking is indicated as an age-accelerating factor, comorbidities have

been associated with both long-term smoking and the consequent altered aging

process [25]. However, among older smokers, not all subjects develop

comorbidities or COPD. For example, a previous clinical study demonstrated that

carotid intima-media thickness, a risk factor for cardiovascular diseases, was not

significantly different between smoking and non-smoking control subjects, while it

was significantly greater in smokers with airflow limitation than in control smokers

without airflow limitation [26]. These data imply that, in addition to environmental
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Fig. 7.3 Potential pathways and mechanisms of tobacco smoke in the development of smoking-

related cardiovascular disease. Oxidative stress, enhanced by free radicals and reactive oxygen

species (ROS) generated from exogenous and endogenous sources, has been attributed a central

role in the atherothrombotic conditions caused by tobacco smoke, which include endothelial

dysfunction, inflammation in the vessel walls, a prothrombotic and antifibrinolytic milieu, and

lipid peroxidation. The bold boxes and arrows in the flow diagram represent the probable central

mechanisms in this complex pathophysiology. H2O2, hydrogen peroxide; METC, mitochondial

electron transport chain; NADPH, nicotinamide adenine dinucleotide phosphate reduced form;

NOS, nitric oxide synthase; ONOO�, peroxinitrite; O�
2
�, superoxide (Reproduced from Ambrose

et al. 2004 [16])
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factors, host susceptibility to smoke-induced inflammation in the airways and

extrapulmonary organs may also be important in the development of COPD and

comorbidities. Recent genome-wide association studies have identified several

genetic loci responsible for the development of COPD, as discussed in the other

chapters [27, 28]. The pathogenic role of these candidate genes in the susceptibility

to systemic inflammation needs to be defined in future studies; however, genetic

factors could be one possible explanation for a multi-comorbid condition in COPD.

The clinical symptoms and signs of COPD in themselves may be another

important factor involved in the development of comorbidities. Feelings of breath-

lessness upon exertion gradually limit a patient’s physical activity, and finally the

patient tends to become housebound and develops reduced amounts of vitamin D

from the lack of sunlight. This may account for insulin resistance and loss of bone

mass, leading to diabetes and osteoporosis. Limitation of the ADL may cause

anxiety, depression, and cognitive disorder, and in some cases, the psychological

stress may aggravate GERD symptoms by increasing acid production [29]. Further-

more, recent studies reported that percent emphysema was inversely associated

with reduced right ventricular (RV) volume, RV mass, and cardiac output [30], and

that pharmacological treatment of lung hyperinflation achieved beneficial effects on

cardiac structural and functional alterations [31].

From a pharmacological point of view, COPD medications may be a possible

risk factor for comorbidities. High-dose and long-term corticosteroid treatment is

believed to cause a loss of bone density, and it may also cause peptic ulcer,

occasionally associated with gastrointestinal bleeding and perforation. Theophyl-

line, β-adrenergic agonists, and anticholinergics are known to reduce lower esoph-

ageal sphincter (LES) pressure, which may lead to gastroesophageal reflux.

Theophylline has also been demonstrated to increase production of gastric acid.

Treatments for other comorbidities, such as low-dose aspirin or oral anticoagulants

for cardiovascular diseases, selective serotonin reuptake inhibitors for psycholog-

ical problems, and bisphosphonates for osteoporosis, may worsen gastrointestinal

symptoms [32, 33]. It is accepted that bronchodilators including β-adrenergic
agonists and anticholinergic agents may be associated with an increase in cardio-

vascular risk. However, it does not necessarily mean that these medications cannot

be used for the treatment of COPD. Rather, clinicians should bear the adverse

effects of these medications in mind when providing all necessary treatments for

both COPD and any comorbidities.

7.3 Etiology of Comorbidities in COPD

Comorbidities in COPD, with a prevalence of 5% or greater, are presented in

Fig. 7.4. Of these, anxiety and/or depression, heart failure, ischemic heart disease,

pulmonary hypertension, metabolic syndrome, diabetes, osteoporosis, and GERD

are considered particularly important [3]. A large cohort study reported that,

compared with control subjects, COPD patients have a high risk of presenting
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with comorbidities. The odds ratios in COPD patients for the prevalence of chronic

heart failure, angina, myocardial infarction, atrial fibrillation, hypertension, and

diabetes compared with the control subjects were 8.48, 4.38, 4.42, 4.41, 1.76, and

1.51, respectively [34].

With regard to mortality, COPD patients with comorbidities are believed to have

a poor prognosis compared with those without comorbidities. Among various

causes of death, cardiovascular disease and lung cancer are the two major contrib-

utors other than respiratory failure itself (Fig. 7.5) [35]. The proportion of cardio-

vascular mortality was reported to be 12–37% of the total death in COPD [36], and

the adjusted relative risks for cardiovascular death in COPD are 3.53 for chronic

heart failure, 1.81 for myocardial infarction, and 1.25 for stroke, compared with

those without COPD [34]. However, interestingly, in mild or moderate COPD,

comorbidities such as cardiovascular disease and lung cancer are the main causes of

death, while respiratory failure becomes the predominant cause in more advanced

COPD [36].

To gain a comprehensive understanding of COPD and its associated

comorbidities, the “comorbidome,” proposed by Divo et al., is a useful concept.

As shown in Fig. 7.6, it is a graphical representation, in which each comorbidity is

plotted as a bubble that depicts two values, the prevalence and mortality of that
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Fig. 7.4 Prevalence of comorbidities in patients with chronic obstructive pulmonary disease

(COPD). a, comorbidities which result in a significant increase in the risk of mortality compared

with COPD patients without the comorbidity; b, comorbidities with a significantly increased

prevalence in COPD patients compared with the general population; AAA, abdominal aortic

aneurysm; BPH, benign prostatic hypertrophy; COPD, chronic obstructive pulmonary disease;

CVA, cerebrovascular accident; DVT, deep vein thrombosis; GERD, gastroesophageal reflux

disease; PHT, pulmonary hypertension (Reproduced from Smith et al. 2014 [3])
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comorbidity, through its size and location [37]. Although it remains contentious

because patients at high risk for death were excluded in this study, the idea is simple

and visually accessible, to allow us to easily recognize the multiplicity of

comorbidities.

It is interesting that most patients with COPD self-reported to have one or more

comorbidities, and more than half of patients reported to have four or more

comorbidities, even when their COPD was stable (Fig. 7.7) [38]. Additionally,

the coexistence of multiple comorbidities, along with respiratory impairment, has

been demonstrated to contribute to the risk of hospitalization and death (Fig. 7.8)

[39]. These results imply that clinicians must pay attention to the entire spectrum of

comorbidities associated with COPD, as well as respiratory symptoms.

7.4 Comorbidities in COPD

As stated previously, and demonstrated in Fig. 7.7, almost all patients with COPD

may have some kind of comorbid condition. Comorbidities have pivotal roles in

causing poor health and a poor prognosis in COPD patients. It is therefore essential

for clinicians to screen patients for the presence of these comorbidities and treat

them comprehensively, in addition to treating their COPD. Below are outlines of

the major extrapulmonary comorbidities in COPD. However, the presence of

Fig. 7.5 The primary cause of death in patients with chronic obstructive pulmonary disease

(COPD). The number of deaths in each category is provided below the cause of death. CV,

cardiovascular; SCD, sudden cardiac death; SD, sudden death (Reproduced from McGarvey

et al. 2014 [35])
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pulmonary comorbidities including lung cancer and pulmonary fibrosis also has a

great impact on clinical outcomes in COPD and is discussed in the other chapters.

7.4.1 Cardiovascular Disease

Cardiovascular diseases, such as ischemic heart disease, hypertension, heart failure,

atrial fibrillation, and cerebral vessel disease, are the major comorbidities in COPD

[3, 39–41]. It is indicated that airflow limitation is associated with atherosclerotic

Fig. 7.6 The “comorbidome.” Comorbidities associated with chronic obstructive pulmonary

disease (COPD), with more than 10% prevalence, are plotted as bubbles. The diameter of each

bubble reflects the prevalence of the disease. The distance to the center (death) is scaled using the

inverse of the hazard ratio (HR) (1/HR). All bubbles (comorbidities) with a statistically significant

increase in mortality are inside the dotted orbit (1/HR <1). A. fibrillation, atrial fibrillation/flutter;

BPH, benign prostatic hypertrophy; CAD, coronary artery disease; CHF, congestive heart failure;

CRF, chronic renal failure; CVA, cerebrovascular accident; DJD, degenerative joint disease;

GERD, gastroesophageal reflux disease; OSA, obstructive sleep apnea; PAD, peripheral artery

disease; pulmonary HTN+RHF, pulmonary hypertension and right heart failure (Reprinted with

permission of the American Thoracic Society. Copyright © 2016 American Thoracic Society.

Cite: Divo M, et al. /2012/ Comorbidities and risk of mortality in patients with chronic obstructive

pulmonary disease. / Am J Respir Crit Care Med /186/155-61. The American Journal of Respi-
ratory and Critical Care Medicine is an official journal of the American Thoracic Society [37])
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Fig. 7.7 Number of objectively identified comorbidities in patients with chronic obstructive

pulmonary disease (COPD) (Reprinted with permission of the American Thoracic Society.

Copyright © 2016 American Thoracic Society. Cite: Vanfleteren LE, et al./2013/Clusters of

comorbidities based on validated objective measurements and systemic inflammation in patients

with chronic obstructive pulmonary disease./Am J Respir Crit Care Med /187/728-35. The

American Journal of Respiratory and Critical Care Medicine is an official journal of the American

Thoracic Society [38])

Fig. 7.8 The impact of comorbidities on all-cause mortality and time to first hospitalization in

patients with chronic obstructive pulmonary disease (COPD). Cox proportional hazard models

were used to predict all-cause death (a), and time to first hospitalization (b), within 5 years in

patients with COPD. The subjects were classified according to their Global Initiative for Obstruc-

tive Lung Disease (GOLD) category and the presence of no ( ), one ( ), two ( ), or three ( )

comorbidities (diabetes, hypertension, or cardiovascular disease). The control group consisted of

subjects with normal lung function for each comorbid disease. GOLD 3/4, forced expiratory

volume in one second (FEV1)/forced vital capacity (FVC) <0.70 and FEV1< 50% predicted;

GOLD 2, FEV1/FVC <0.70 and FEV1� 50 to <80% predicted; GOLD 1, FEV1/FVC <0.70 and

FEV1� 80% predicted; restricted (R), FEV1/FVC �0.70 and FVC <80% predicted; GOLD

0, presence of respiratory symptoms in the absence of any lung function abnormality and no

lung disease (Reproduced with permission of the European Respiratory Society ©: European
Respiratory Journal Oct 2008, 32 (4) 962–969; DOI: 10.1183/09031936.00012408. This material

has not been reviewed by European Respiratory Society prior to release; therefore the European

Respiratory Society may not be responsible for any errors, omissions or inaccuracies, or for any

consequences arising there from, in the content [39])
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plaque formation in the carotid artery and increased levels of coronary artery

calcium [17], and tobacco smoke is an important risk factor for both atherosclerosis

and COPD. Therefore, this shared factor is likely to contribute to the increased risk

of cardiovascular comorbidities in patients with COPD. Moreover, from the evi-

dence that carotid intima-media thickness is greater in smokers with airflow

limitation than in those without airflow limitation [26], COPD patients may be

particularly prone to atherosclerosis.

The presence of cardiovascular diseases is associated with a high incidence of

death in patients with COPD [39], and therefore, we should be prepared to identify

such comorbidities and treat them appropriately. Unnecessary or excessive dosage

with β-adrenergic agonists or antagonists in COPD patients with unstable cardio-

vascular disease or with cardiovascular disease during COPD exacerbation, respec-

tively, can be harmful and should be avoided. In general, when choosing

β-adrenergic bronchodilators, inhaled selective β-2 adrenergic agonists, rather

than nonselective adrenergic agonists, are recommended in COPD patients with

cardiovascular disease. Conversely, cardioselective β-blockers would be safer for

patients with cardiovascular disease at risk of COPD exacerbation. In any case,

according to an expert consensus, clinicians should always implement all necessary

treatments for both COPD and cardiovascular comorbidities.

7.4.2 Diabetes

The high prevalence of diabetes among patients with COPD [3, 39, 40] and,

conversely, the high prevalence of COPD among patients with diabetes have

been documented [42]. Although the underlying mechanism of smoking-induced

hyperglycemia is not yet completely elucidated, the association between COPD and

diabetes may be explained by a combination of several factors: tobacco smoking as

a shared risk [18, 19, 23, 43], exercise limitation as a result of respiratory symp-

toms, and/or the adverse effects of oral corticosteroid use. Uncontrolled diabetes in

COPD patients may cause unfavorable outcomes, for instance, the occurrence of

infectious conditions such as bacterial pneumonia, a delay in the wound-healing

process of injured respiratory organs, and the progression of other microvascular

and cardiovascular comorbidities. In fact, concomitant diabetes is associated with

an increased risk of hospitalization [44] and mortality [45].

It is also important to note that recent studies have revealed that hyperglycemia

might have an impact on the decline in pulmonary function, suggesting that the

presence of diabetes may worsen the progression of COPD. These studies demon-

strated that subjects without any pulmonary dysfunction and with diabetes showed a

modest but statistically significant decrease in measures of pulmonary function,

including forced vital capacity, forced expiratory volume in 1 s, diffusion capacity

of the lungs for carbon monoxide, and 6-min walk distance, compared with those

without diabetes [46, 47]. It has also been reported that patients with type 1 diabetes

who underwent pancreas and kidney transplantation demonstrated improved
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pulmonary function, as their blood sugar became well controlled [48]. Four mech-

anisms have been proposed whereby hyperglycemia could cause an impairment in

pulmonary function: (1) reduced lung elasticity caused by nonenzymatic

glycosylation-induced alteration of lung connective tissue, (2) reduced pulmonary

capillary blood volume because of microangiopathy, (3) more frequent and more

severe exacerbation of pulmonary symptoms caused by an increased susceptibility

to respiratory infection, and (4) impaired diaphragmatic function caused by phrenic

nerve neuropathy [46]. Some of these pathological changes are likely to be irre-

versible; however, it is important to realize that controlling diabetes has significant

benefits for COPD patients in improving QOL and extending survival.

7.4.3 Osteoporosis

The prevalence of osteoporosis in COPD patients is estimated to be quite high,

ranging from 50 to 70% [3]. The incidence of low volumetric bone mineral density

has been shown to increase in parallel with the severity of COPD and reached 84%

in patients at a very severe stage. Even after adjustment for smoking, steroid use,

age, and exacerbations, COPD, especially with emphysematous changes, was

associated with both low volumetric bone mineral density and vertebral fractures

[49]. Many contributory factors for osteoporosis have been suggested, but these

may vary with the individual. These include increased levels of proinflammatory

mediators caused by smoking, limited physical activity because of respiratory

symptoms, malnutrition resulting from poor food intake, a hypermetabolic state

caused by systemic inflammation, treatment with corticosteroids, and a lack of

estrogen after menopause in older women.

It is uncertain whether osteoporosis is a consequence of COPD or actually

functions as an aggravating factor. Osteoporosis increases the risk of bone fracture,

and because of the consequent pain, this results in a deterioration in the level of

physical activity, increases shortness of breath, and creates difficulties in expecto-

rating sputum. These can further be associated with a decline in the ADL and

exacerbations in COPD, which limit a patient’s physical activities even more.

Consequently, patients with both COPD and osteoporosis enter into a negative

cycle of losing bone mass and a debilitating respiratory condition. Considering the

high prevalence of coexisting osteoporosis and COPD, an evaluation for osteopo-

rosis may have potential implications in the comprehensive management of patients

with COPD.

7.4.4 Gastrointestinal Disease

Gastrointestinal diseases, such as peptic ulcer and GERD, are also commonly found

in COPD patients [3]. COPD patients tend to take multiple medications for their
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comorbidities as well as for their COPD. The risk of peptic ulcer and/or gastroin-

testinal bleeding is higher in those who regularly take corticosteroids, theophylline,

low-dose aspirin or other nonsteroidal anti-inflammatory drugs, oral anticoagulants,

selective serotonin reuptake inhibitors, or bisphosphonates [32, 33]. Psychological

stress, frequently experienced by COPD patients, has also been demonstrated to

increase the incidence of peptic ulcer [29]. Furthermore, long-term smoking,

hypoxemia, and poor nutrition are considered to delay the wound-healing process

in the ulcerated gastrointestinal tissue, and these may be additional contributory

factors in peptic ulcer.

The prevalence of GERD in COPD patients ranges from 30 to 60% [3]. GERD is

usually caused by LES dysfunction, resulting in the reflux of gastric acid into the

esophagus. COPD may predispose patients to gastroesophageal reflux by the

following mechanisms [50]. One involves an enhancement of the pressure gradient

between the thorax and abdomen caused by an increased respiratory muscle effort,

airway obstruction, and coughing. The other mechanism involves a low-lying

diaphragm from lung hyperinflation, whereby the diaphragm may not be able to

function as an external sphincter. Medications for COPD, including β-adrenergic
agonists, anticholinergics, and theophylline, are also believed to decrease LES

pressure. However, as mentioned previously, this does not mean that these medi-

cations should not be administered to COPD patients with GERD. It is indisputable

that a better control of COPD symptoms, such as breathlessness and coughing, may

comprehensively improve gastroesophageal reflux, even if the medication itself has

a contrary effect if examined in isolation. Moreover, acid reflux is indirectly

implicated in bronchoconstriction and airway inflammation, through a vagally

mediated esophagobronchial reflex, and directly following microaspiration of

refluxed material into the respiratory tract. Therefore, COPD and gastrointestinal

conditions need to be treated simultaneously, given the prospect that they are

associated with an increased risk of COPD exacerbation and/or an impaired QOL

for patients.

7.4.5 Psychological Disorders

Psychological conditions, such as anxiety and depression, are well known to be

associated with COPD [51]. Breathlessness is the primary symptom of COPD and

often results in exercise limitation. As dyspnea progresses, the patient becomes

inactive and housebound, which leads to a deterioration in QOL. Such patients may

have feelings of exhaustion, frustration, and discouragement for various reasons,

including persistent respiratory symptoms, functional limitation, social isolation,

and uncertainty about the future. Therefore, they may experience psychological

distress including anxiety or depression. In addition, a recent study demonstrated

that there were structural changes in the brains of patients with moderate-to-severe

COPD, and of these, a reduction in gray matter volume in the anterior cingulate

cortex was correlated with greater disease-specific fears [52].
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Concerning cognitive impairment, a population-based longitudinal cohort study

has suggested that mild cognitive decline is more common in older adults with

COPD than those without COPD [53]. Cognitive impairment, as well as cerebral

vessel disease, shares common risk factors with COPD including aging and

smoking. Furthermore, physical inactivity, hypoxia caused by reduced gas transfer,

enhanced systemic inflammation, and oxidative stress are the other risk factors

fueled by COPD [54].

Previous studies demonstrate that, compared with COPD patients with a stable

psychological condition, COPD patients with anxiety or depression are likely to be

at greater risk for exacerbations, long hospital stays, and a poor prognosis

[55, 56]. It has also been shown that the risk of ADL disability and functional

limitation is higher when COPD and cognitive impairment occur together, than

when COPD presents alone [53]. It is difficult in some cases to detect the psycho-

logical symptoms that can accompany COPD; however, clinicians should recognize

that patients with COPD frequently demonstrate related psychological problems

and should aim to treat those conditions.

7.5 Conclusion

The concept of COPD has changed a great deal over the past 10 years. To date,

COPD is regarded not as a disease of peripheral-airway inflammation but as a

disease of systemic inflammation associated with a variety of comorbidities includ-

ing cardiovascular disease, diabetes, osteoporosis, GERD, anxiety and depression,

impaired cognitive function, and other pulmonary diseases. Although the exact

pathogenesis of comorbidities in COPD has not been fully elucidated, it might be

explained by systemic inflammation, accelerated by direct environmental stimuli

such as tobacco smoke and/or proinflammatory mediators that spill over from the

inflamed lung.

COPD and its comorbidities mutually aggravate each other and may negatively

affect QOL and result in a poor prognosis. Therefore, clinicians should consider

COPD as a systemic disease, be aware of the presence of comorbidities, and control

all COPD-related pathological conditions comprehensively to achieve the best

patient outcomes.
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Chapter 8

Assessment of Inflammation in COPD: Are

There any Biomarkers that Can be Used

to Assess Pulmonary and Systemic

Inflammation?

Nobuyuki Horita and Takeshi Kaneko

Abstract Numerous inflammatory substances have been identified as potentially

useful biomarkers to evaluate COPD. These substances were derived from sputum,

blood, exhaled gas, exhaled breath condensate, and bronchoscopic specimens.

However, the majority of these biomarkers are not currently clinically applicable

due to the lack of sufficient difference of value between COPD subjects and healthy

subjects, insufficient validation in randomized controlled trial, invasive procedure

required to obtain specimen directly from the lung, or technical issue preventing

reproducible measurements.

Nonetheless, we have biomarkers that can be used to assess pulmonary and

systemic inflammation for patients with COPD. Plasma fibrinogen can predict the

future incidence of COPD and future FEV1 decline in COPD and non-COPD

subjects. In July 2015, the US Food and Drug Administration approved serum

fibrinogen as the first COPD biomarker to identify patients that are at a higher risk

of exacerbation or death in clinical trials. Researchers hope this approval will

accelerate trials for new medications. Serum C-reactive protein is another widely

approved biomarker related to COPD diagnosis, exacerbation diagnosis, and patient

prognosis. Sputum/blood eosinophils, fractional exhaled nitric oxide, and the T

helper type 2 genes can be candidate predictive biomarkers to pick up the asthma-

COPD overlap syndrome cases who are amenable to inhaled corticosteroids. The

tumor necrosis factor-α-308 variant is associated with COPD risk and emphysema-

tous change especially in Asians.
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8.1 Introduction

Although chronic obstructive pulmonary disease (COPD) was first defined, in 1964,

as a disease condition characterized by nonreversible airflow limitation, our under-

standing of COPD has been greatly modified during the last five decades, and now

we focus on systemic inflammation [1]. Systemic inflammation may have spilled

over from COPD lungs, or systemic inflammatory condition of multiple organs may

lead to pulmonary manifestations. Currently, COPD is regarded as a progressive

systematic inflammatory disease characterized by airflow limitation and systemic

comorbidities [1]. Thus, evaluation of COPD was expanded from forced expiratory

volume in one second (FEV1) to total body assessment including degree of dyspnea,

exercise capacity, history of exacerbation, activities of daily living, comorbidities,

and level of systematic inflammation [1]. Historically, FEV1 almost solely defined

the severity of the disease and was a well-known predictor for mortality along with

age. Therefore, therapeutic trials in COPD have depended on FEV1 as a primary

outcome when mortality was not suitable as the primary outcome due to limitations

of study design. FEV1 is easily obtainable and highly reproducible. The US Food

and Drug Administration indicated, as of 2007, that “with the exception of lung

function tests, there are no well-validated biomarkers or surrogate endpoints that

can be used to establish efficacy of a drug for COPD [2].” However, FEV1 has some

weak points as a tool to evaluate COPD cases. First, the FEV1 alone usually does

not accurately reflect respiratory and non-respiratory symptoms of COPD. Second,

FEV1 cannot assess short-term change in the COPD patient’s condition, unlike in

the case of asthma the obstruction of which is easily reversible by administrating

bronchodilator. Third, FEV1 does not reflect an underlying pathologic process or

phenotype of COPD. Fourth, decreased FEV1, or airflow limitation, is not specific

to COPD [2, 3].

The World Health Organization has defined a biomarker as “any substance,

structure, or process that can be measured in the body or its products and influence

or predict the incidence of outcome or disease [4].” Sin et al. proposed five essential

questions as biomarkers for COPD [1]: (i) Is there a strong biological plausibility in

terms of its role in the pathogenesis of disease? (ii) Is there a strong, consistent, and

independent association between the biomarker and chronic obstructive pulmonary

disease? (iii) Is there a strong, independent association between the biomarker and

hard clinical outcomes such as mortality and hospitalization? (iv) Is there evidence

from randomized controlled trials (RCT) that the biomarker is modifiable by

interventions? (v) Is there evidence from RCTs that changes in the biomarker status

result in changes in an important (and accepted) clinical outcome (e.g., mortality,

exacerbation, rate of decline in FEV1, health status)? In short, a biomarker has to be

a consistent independent surrogate for diagnosis, severity, and hard-endpoint treat-

ment effect in RCT that is supported by biological plausibility. Many previous

biomarkers had been investigated in an observational manner [5] (Fig. 8.1), though

few have been validated in a randomized manner [2, 3, 5, 6].
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In addition, a biomarker preferably can guide phenotyping of COPD. It is

unlikely that all patients with COPD have the same underlying disease process

and the same response to a specific medication. If a biomarker can differentiate a

category of patients who have good response to a specific treatment from those with

poor response, this is regarded as predictive biomarker [7].

Given the current evidence, it is conclusive that COPD is associated with

systemic inflammation. A subgroup of patients with COPD that have persistently

Fig. 8.1 Kaplan–Meier survival curves for the panel of biomarkers analyzed. Cutoff values

correspond to the 95% percentile determined in the nonsmoking control subjects included in the

Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints study. CC-16
Clara cell secretory protein-16, CCL-18/PARC chemokine ligand 18/pulmonary and activation-

regulated chemokine, hsCRP high-sensitivity C-reactive protein, SP-D surfactant protein D. This

figure was referred with permission from the publisher (Reprinted with permission from the

American Thoracic Society. Copyright © 2015 American Thoracic Society. Celli BR,

et al. Inflammatory biomarkers improve clinical prediction of mortality in chronic obstructive

pulmonary disease. Am J Respir Crit Care Med. 2012;185:1065–72 [5]. The American Journal of

Respiratory and Critical Care Medicine is an official journal of the American Thoracic Society)

8 Assessment of Inflammation in COPD: Are There any Biomarkers that Can be. . . 137



raised concentrations of inflammatory biomarkers often have significantly

increased all-cause mortality and exacerbation frequency. However, whether per-

sistent systemic inflammation can be a target of pharmacological treatment is far

from clear. Some promising systematic anti-inflammatory medications, namely,

long-term oral systemic steroids and statins, have failed to improve survival [8, 9].

Biomarkers have often been discussed as a tool to distinguish subtypes of COPD.

The Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints

(ECLIPSE) study was a large-scale 3 year observational controlled multicenter

international study to classify clinically relevant subtypes of COPD and to identify

novel biomarkers and genetic factors [6]. ECLIPSE confirmed that many previously

known biomarkers truly have relation with COPD. This also revealed some novel

biomarkers that required further validation to be used in practice. The ongoing

subpopulations and intermediate outcomes in COPD study is another large-scale

study that deals both with phenotyping and biomarkers. This is a multicenter

longitudinal, observational study to identify novel phenotypes and biomarkers of

COPD [2].

In this chapter, we will review COPD biomarkers that can be used for diagnosis,

phenotyping, and evaluating severity, prognosis, therapeutic effect, and future risk

to develop COPD, focusing on inflammatory substances. In addition, we will

review biomarkers that are related to comorbidities.

8.2 Sputum

Patients with COPD usually produce more sputum than healthy persons. Sputum

samples were expected to be ideal to investigate the airway inflammation because

sputum is produced in the airway, in contrast to blood, which is made in bone

marrow, and because sputum can be obtained noninvasively. However, the exam-

ination of sputum on inflammatory biomarkers seemed difficult and unreliable until

1992 when the sputum induction technique was established to obtain sputum from

healthy subjects and subjects with airway diseases. The sputum analysis technique

has been refined to provide reliable results for an increasing number of inflamma-

tory biomarkers. Initially, these biomarkers were studied mainly in patients with

asthma and chronic bronchitis. Later, sputum biomarkers were used in research to

study the airway inflammation in COPD cases. Sputum induction is required when

the sputum cannot be obtained spontaneously or obtained sputum is not of sufficient

quality. Sputum induction is usually conducted with a hypertonic saline aerosol in

concentrations of 4.5%. The considerable limitation with sputum induction in

patients with COPD and asthma is that the saline aerosol can cause

bronchoconstriction. We can obtain sufficient sputum from more than 90% of

patients with COPD. After processing, cellular markers can be analyzed using

flow cytometry [10, 11].
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In healthy persons, macrophages and neutrophils account for approximately

60% and 40% of sputum cell count, respectively. Few bronchial epithelial cells,

lymphocytes, eosinophils, and metachromatic cells have been observed [10].

8.2.1 Sputum Neutrophils

The number or proportion of neutrophils is labile in both healthy persons and

patients with COPD cases depending on many stimuli, such as sputum induction,

smoking, air pollutants, endotoxins, occupational exposures, and infections.

Although it is well known that sputum neutrophilia is common in COPD subjects,

it is not specific to COPD. As smoking itself induce sputum neutrophilia, sputum

neutrophilia among non-COPD smokers largely diminishes the diagnostic value of

sputum neutrophilia for COPD. However, among smokers with COPD, the degree

of sputum neutrophilia relates weakly to the degree of airflow limitation and the

degree of disease progression. Leukocyte-specific integrin CD11b/CD18 expressed

on neutrophils may also be related to the severity of COPD [10].

Increased numbers of neutrophils have been found in sputum samples of stable

COPD cases. Furthermore, a negative correlation has been confirmed between the

proportion of neutrophils and FEV1. The neutrophilic inflammation partially

explains why most COPD patients are resistant to steroid treatment.

The effect of drugs on neutrophilic inflammation in COPD was investigated in

some studies. One study has reported that the sputum neutrophil count was reduced

after 2 months of treatment with inhaled beclomethasone [12]. However, this

requires further study, since this result conflicts with the known effect of cortico-

steroids to prolong the life of neutrophils. In another study, theophylline reduced

induced sputum neutrophils [13].

COPD exacerbation is often associated with sputum neutrophilia especially

when caused by bacterial infection [10, 11]

8.2.2 Sputum Eosinophils

Although sputum samples contain relatively a small number of eosinophils com-

pared to that of neutrophils, the significance of sputum eosinophils for COPD has

been extensively investigated. Many studies have demonstrated sputum eosino-

philia (sputum eosinophils> 3%) in stable COPD patients and an inverse correla-

tion between the number of sputum eosinophils and FEV1 value [11]. Saetta

et al. reported in 1994, sputum eosinophil number increases when COPD patients

experience exacerbations [14]. Fujimoto replicated increased sputum eosinophil

numbers during exacerbations in Japanese cases [15]. According to Papi et al.,

sputum eosinophil numbers were increased, especially during virus-associated

exacerbations [16].
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This biomarker is clinically meaningful since COPD patients with sputum

eosinophilia respond better to treatment with inhaled steroids, though controversy

exists on whether eosinophils in COPD are actually activated or not. Recently

proposed asthma-COPD overlap syndrome (ACOS) is a commonly encountered

yet loosely defined clinical entity. Both COPD and bronchial asthma are respiratory

diseases with airflow limitation. COPD and bronchial asthma share symptoms,

decreased FEV1, and medications. ACOS accounts for approximately 15–25% of

the obstructive airway diseases. Patients with ACOS experience worse outcomes

compared to those with asthma or COPD alone. ACOS patients are generally

younger than patients with “lone COPD,” have the combined risk factors of

smoking and atopy, and experience acute exacerbations with higher frequency

and greater severity than lone COPD. However, these characteristics are not

sufficiently sensitive or specific to distinguish ACOS from lone COPD. One of

the most important reasons why we have to distinguish ACOS and lone COPD is

that there are differences in treatment options [17].

The current GOLD documents recommend the first-line use of ICS only for a

patient with groups C and D COPD: severe to very severe airflow limitation, �
2 exacerbations per year, and/or� 1 with hospitalization for exacerbation [1]. How-

ever, recent evidence questions whether ICS actually reduces exacerbations and is

truly beneficial for COPD cases [18]. Both COPD and asthma are associated with

chronic inflammation of the lung accompanied by airflow limitation. However,

there are differences in the type of inflammatory cells and mediators involved.

While ICS is indicative for bronchial asthma in which IgE and eosinophils play an

important role, ICS cannot be so effective on neutrophils observed in the respiratory

tract of COPD cases. The importance of ICS treatment for ACOS has been

emphasized recently. Schematically, we have two COPD phenotypes. One is

non-ACOS COPD characterized by low sputum eosinophils for which ICS does

not have a good indication. The other is ACOS, which is accompanied by an

increased number of sputum eosinophils for which ICS has good indication

[18, 19].

Kitaguchi et al. observed 63 patients with stable COPD, of which 46 had COPD

without asthma and 17 had COPD with asthma. A significant correlation was

observed between the increases in FEV1 in response to treatment with ICS and

sputum eosinophil counts (r¼ 0.42, P¼ 0.0006). Using 2.5% as the cutoff value,

receiver operating characteristic curve analysis revealed 82.4% sensitivity and

84.8% specificity of the sputum eosinophil count for detecting COPD with

asthma [20].

Blood eosinophils and T helper type 2 may have a similar meaning, which we

will discuss later.
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8.2.3 Sputum Interleukin (IL)-6, IL-8

Not only inflammatory cells, but also inflammatory mediators in the sputum are

associated with COPD exacerbation. Bhowmik et al. collected induced sputum

samples from 57 patients with moderate to severe COPD. Median IL-6 and IL-8

levels were significantly higher in patients with� 3 exacerbation a year than those

with� 2 exacerbation a year. In addition, the IL-6 levels of patients with exacer-

bations were associated with the presence of cold symptoms and to the total cell

count, eosinophil count, and lymphocyte count. IL-8 level was correlated with all

sputum cell counts [21].

8.3 Blood Biomarker

The majority of COPD biomarkers are derived from serum or plasma. This is

because blood is easily available from veins with acceptable invasiveness and its

measurements can be easily standardized. However, it is not entirely clear how the

blood measurements relate to the underlying disease activity in the lungs. Another

weakness of serum/plasma biomarkers is that they are often easily affected for

non-COPD reasons [3].

Among numerous biomarkers in blood, inflammatory biomarkers play essential

role for both stable and exacerbated COPD. According to the ECLIPSE study,

systematic inflammation evaluated by white blood cell count, C-reactive protein

(CRP), IL-6, IL-8, fibrinogen, and TNF-α levels potentially select a subgroup of

COPD cases who may be the target of specific research and treatment [22]. Simul-

taneously elevated levels of CRP, fibrinogen, and leukocyte count in individuals

with COPD were also associated with increased risk of having exacerbations

[23]. Among these biomarkers, fibrinogen has become the most solidly established

biomarker that can estimate COPD activity [24].

Eosinophil count helps in identifying subgroups that have a good response to

ICS. Some other biomarkers derived from blood will be also mentioned.

8.3.1 Plasma Fibrinogen

Fibrinogen is a soluble glycoprotein in the plasma that helps in the formation of

blood clots by being broken down to fibrin by the enzyme thrombin. It has a rodlike

shape and shows a negative net charge at physiological pH. Fibrinogen is primarily

synthesized by the hepatocytes. The concentration of fibrinogen in the blood plasma

is 200–400 mg/dL in the non-acute phase and can increase threefold higher during

an acute phase of stimulation such as IL-6-induced acute inflammatory response

[5, 25].
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Fibrinogen, which is the most robust biomarker investigated in relation to COPD

so far [6], was approved as the first COPD biomarker by the US Food and Drug

Administration in July 2015. The use of this biomarker is expected to make it easier

to identify patients that are at a higher risk of exacerbation or death in clinical trial

[26]. Researchers believe the use of fibrinogen will accelerate development of new

COPD drugs.

Many published cross-sectional studies have shown that blood fibrinogen levels

are higher in individuals with COPD compared with non-COPD healthy controls.

According to a meta-analysis by Gan et al, the fibrinogen level was higher in COPD

cases than healthy controls with the standardized mean difference of 0.47 units

(95% CI 0.29–0.65) [25].

As well as in the cross-sectional studies, large-scale general-population cohort

studies have revealed that high serum fibrinogen level increased the risk for COPD-

specific outcomes, future incidence of COPD, and COPD exacerbation. Valvi

et al. studied 20,192 individuals from the atherosclerosis risk in communities

study and the cardiovascular health study cohort and showed that fibrinogen levels

at entry can predict future incidence of COPD diagnosis and COPD-related hospi-

talization [25]. A cohort of 5247 men randomly selected from a Malm€o birth cohort
also revealed that people with higher baseline fibrinogen had more hospital admis-

sions with COPD after 25 years of follow-up, even after adjustment of covariables

[25]. Dahl et al. followed up 8955 people in the general population and found that

individuals with plasma fibrinogen in the upper, middle, and lower tertiles had

COPD hospitalization rates of 93, 60, and 52 per 10,000 person-years [27]

(Fig. 8.2). This finding is interesting as it suggests that fibrinogen can predict future

COPD admission among a cohort of which most did not have a COPD diagnosis.

Notably, fibrinogen is the only marker that can predict future FEV1 decline [25]. In

the same study, smokers and nonsmokers with plasma fibrinogen in the upper tertile

had an excess annual decline in FEV1 of 6 ml (3–9 ml) and 4 ml (2–7 ml) compared

with smokers and nonsmokers with fibrinogen in the lower tertile. Based on this

study by Dahl et al, fibrinogen may act as a surrogate marker of disease activity in

individuals with COPD. Furthermore, fibrinogen indicates risk of COPD among a

non-COPD cohort.

A high level of fibrinogen can clearly predict all-cause death. Mannino

et al. observed 8507 subjects of which 245 had stage III/IV COPD and 826 had

stage II COPD. In this study, an elevated fibrinogen level increased the risk of

mortality in subjects with stage III/IV (hazard ratio 2.11, 95% confidence interval

(CI) 1.27–3.50) and stage II (hazard ratio 1.45, 95% CI 1.08–1.96) COPD [25].

A moderate-scale RCT in 2012 by Lomas et al. investigated whether an oral

inhibitor of p38 MAP kinase, losmapimod, affects patients with COPD. In this

study, 302 individuals with GOLD stage II COPD were randomized to take 7.5 mg

of oral losmapimod twice daily, to take inhaled salmeterol/fluticasone propionate in

a 50 μg/500 μg combination, or to take placebo. Only losmapimod was well

tolerated, and it reduced plasma fibrinogen by 11% (ratio of effect of

losmapimod/placebo 0.89, 95% CI 0.83–0.96, P¼ .002) [24]. However,
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losmapimod did not have significant effect on sputum neutrophilia, which was the

primary endpoint.

Fibrinogen may be a tool for distinguishing subgroups of COPD. In a small study

with 49 COPD cases, a group with emphysematous lesions involving more than

15% of the lung parenchyma had higher fibrinogen levels than controls (n¼ 25)

[24]. However, fibrinogen is not currently confirmed to guide a specific treatment

option.

8.3.2 Serum CRP

CRP is an annular, pentameric protein, or pentraxin, which is composed of five

identical subunits, found in blood plasma. The levels of CRP rise in response to

inflammation, especially when caused by infection [28]. CRP is one of the most

commonly used inflammatory biomarkers in practice, thanks to its availability and

low cost [29]. CRP was discovered in humans in 1930 as a serum component that

binds the C polysaccharide of Streptococcus pneumoniae. The reference range of

CRP is< 3 mg/L, and its level often surges over 300 mg/L in severe infection when

IL-6 and IL-1β trigger its production in the liver [28]. CRP has some actions in

response to inflammation. It can also trigger anti-inflammatory immunoglobulin

crystallizable fragments gamma inhibitory receptors. In contrast, CRP can also act
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Fig. 8.2 Kaplan–Meier curves showing rate of COPD hospitalizations during follow-up stratified

by baseline serum fibrinogen. Number at risk at the beginning of each year is shown below the

horizontal axis. P< 0.001 for> 3.3 g/L versus< 2.7 g/L, p¼ 0.003 for> 3.3 g/L versus 2.7–3.3 g/

L, and p¼ 0.31 for 2.7–3.3 g/L versus< 2.7 g/L on log-rank test (Reprinted with permission from

the American Thoracic Society. Copyright © 2015 American Thoracic Society. Dahl M,

et al. Elevated plasma fibrinogen associated with reduced pulmonary function and increased risk

of chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 2001;164:1008–11

[27]. The American Journal of Respiratory and Critical Care Medicine is an official journal of

the American Thoracic Society)
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as a pro-inflammatory agent by activating the classical complement cascade,

through binding to the complement fragment. CRP also activates nuclear factor-

kB in endothelial cells and mononuclear cells to induce proteases and

pro-inflammatory cytokines [28].

In three large population-based case–control studies, levels of CRP were demon-

strably higher in stable COPD patients than in controls after adjusting for the

confounding factors [24]. In 2012, Zhang et al. conducted a systematic review

and a meta-analysis to summarize the association between serum concentration of

CRP and COPD. In this meta-analysis from 18 original studies, patients with COPD

had higher serum CRP concentrations than healthy controls (mean weighted dif-

ference: 4.72 mg/L, 95% CI 2.98–6.47) [30].

Regarding the positive significant relation between the COPD severity and

inflammation, it is thought that inflammatory biomarkers and lung functions may

be linked with each other. Although this issue has often been investigated, results

are inconsistent partly due to study design [29]. According to a meta-analysis by

Zhang et al., patients with severe COPD had higher serum CRP concentrations than

those with moderate COPD (mean weighted difference 1.26 mg/L, 95% CI

0.78–1.73) [30].

Exacerbation of COPD is usually associated with bacterial or viral infection, and

CRP is a sensitive inflammatory marker to detect infection. Actually, the serum

CRP level has been shown to be very sensitive to change in response to exacerba-

tion. It is also well known that CRP is usually elevated in pneumonia patients. In a

study by Lacoma et al. including 318 consecutive COPD patients, wherein 46 were

in a stable phase, 217 were undergoing an exacerbation, and 55 had pneumonia,

CRP showed significant differences among the three patient groups, being higher in

patients with pneumonia, followed by patients with exacerbation (P< 0.0001)

[31]. According to Soler et al., serum CRP level is also associated with purulent

sputum during COPD exacerbation [32]. In addition, serum CRP level is useful as a

prognostic marker for stable COPD [33].

Whether serum CRP level can predict a hard endpoint, death is an issue of

concern. Man et al. measured serum CRP levels in 4803 participants in the Lung

Health Study with mild-to-moderate COPD. The risk of all-cause and disease-

specific causes of mortality was determined, adjusting for important covariates

such as age, sex, cigarette smoking, and lung function. The CRP level was associ-

ated with all-cause, cardiovascular, and cancer-specific causes of mortality. Patients

in the highest quintile of CRP had a relative risk of all-cause mortality of 1.79 (95%

CI 1.25–2.56) compared with those in the lowest quintile of CRP [34].

To be an acceptable surrogate biomarker, CRP should correlate with hard

endpoints in RCTs. The levels of inflammatory biomarkers are expected to be

ameliorated in response to treatment that suppresses inflammation. ICS is currently

accepted as one of the first-choice medications for a case with high risk of

exacerbation in the belief that ICS prevents future exacerbations [1]. A small

observational study with 41 mild-to-moderate COPD patients was performed by

Sin et al. The patients took to fluticasone (500 μg twice a day), oral prednisone

(30 mg/day), or placebo over 2 weeks, followed by 8 weeks of fluticasone at 500 μg
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twice a day and another 8 weeks at 1000 μg twice a day. Two weeks with inhaled

fluticasone reduced CRP levels by 50% (95% CI 9–73%), while prednisone

reduced it by 63% (95% CI 29–81%). No significant changes were observed

with the placebo [29]. In another study by Perng et al. 99 subjects were randomized

to receive salmeterol/fluticasone, tiotropium/fluticasone, and tiotropium alone. A

significant decrease in CRP was observed in all of the three arms; however, there

were no statistically significant differences between the three groups. In this study,

there was a significant reduction in IL-8 and matrix metalloproteinase (MMP)-9 in

the salmeterol/fluticasone group compared with patients treated with tiotropium

alone. The authors concluded that the anti-inflammatory effects of salmeterol/

fluticasone probably contribute to the clinical benefits seen in COPD patients.

This indicated that CRP could not detect the anti-inflammatory effect of

tiotropium/fluticasone [29]. In another study in 2008, Sin et al. randomized

289 patients to investigate whether inhaled fluticasone alone or in combination

with salmeterol over 4 weeks effect on circulating biomarkers of systemic inflam-

mation. As a result, inhaled fluticasone with/without salmeterol did not reduce

serum CRP level [29]. In conclusion, we do not have consistent evidence from

RCT that CRP is modifiable by interventions mainly using ICS.

8.3.3 Blood Eosinophils

Assessment of eosinophilic airway inflammation using sputum samples is a method

of judging whether a patient will benefit from ICS. However, it is technically

demanding and not always successful, which reduces the usefulness of the test in

routine clinical practice. Blood eosinophil count might be an alternative strategy,

thanks to good correlation between blood and sputum eosinophil count.

Pascoe et al. conducted a post hoc analysis of a large-scale study including 3177

patients in the analyses, with 2083 patients (66%) having an eosinophil count of

2% or

higher at entry. Adding ICS reduced exacerbations by 29% (mean 0.91 vs 1.28

exacerbations per patient per year, P< 0.0001) in patients with eosinophil counts of

2% or higher and by only 10% (0.79 vs 0.89, P¼ 0.2827) in patients with

eosinophil counts lower.

This study suggested that blood eosinophils with a cutoff of 2% are a simple

predictive biomarker to know the responsiveness of ICS [35].

8.3.4 Serum Procalcitonin

Since last decade, several studies featured procalcitonin as promising biomarker for

severe bacterial infection. Schuetz et al. performed a systematic review and meta-

analysis to compare treatment algorithms with and without procalcitonin for acute
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respiratory tract infections. This review was not COPD-specific research but

included patients with COPD exacerbation and patients with background COPD.

They concluded that use of the procalcitonin algorithm shorten the antibiotic

treatment duration for acute respiratory infections without increasing mortality or

treatment failure [36].

8.3.5 White Blood Cell/Neutrophil Count in Blood

White blood cell and neutrophil counts were weakly associated with persistent

systemic inflammation, frequent exacerbations, and mortality in the ECLIPSE

cohort. A recent study in the general population has replicated similar observations

concerning exacerbations. Similar results were also obtained absolute neutrophil

counts [6].

8.3.6 Other Blood Biomarkers

In addition to fibrinogen, CRP, and eosinophils, many inflammatory biomarkers for

COPD have been identified. However, the significance of most of these biomarkers

as regards COPD diagnosis or COPD-related outcomes has not been sufficiently

validated in replicate studies. Even if replicated, the observed relevance between

most of these biomarkers and outcomes was weak, thus clinical meaning is often

not clear. Although these markers are interesting for future research, they are not

regarded as useful biomarkers for practical purposes at present.

CC-Chemokine Ligand-18 (CCL-18)/ Pulmonary and Activation-Regulated Che-
mokine (PARC) CCL-18, previously known as PARC, is a 7-kD protein that is

constitutively expressed by monocytes/macrophages and dendritic cells and is

secreted predominantly in the lungs. Although the exact biological role of

CCL-18 is still not clear, serum level of CCL-18 is elevated in pulmonary disease,

namely, idiopathic pulmonary fibrosis, wherein serum CCL-18 levels seem to

reflect fibrotic activity and correlate with survival. Concerning COPD, in one

small study of patients with mild-to-moderate disease, serum CCL-18 level was

associated with deteriorated FEV1 and the body mass index, airflow limitation,

dyspnea, and exercise capacity index score, and acute exacerbations

[37]. According to ECLIPSE and the Lung Health Study data set, serum CCL-18

levels were higher in subjects with COPD than in smokers or never smokers without

COPD. Elevated CCL-18 levels were also associated with increased risk of overall

mortality in the ECLIPSE cohort [6, 24]. Although these data are plausible, some

questions remain unclear regarding the possible use of CCL-18 as an effective

biomarker in COPD, including its relationship with clinical outcomes such as
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hospitalization and mortality and its responsiveness to pharmacological therapy

[24]

The 16 kDa Clara Cell Protein (CC16) The Clara cell is one of the most hetero-

geneous and multifunctional cell types of the mammalian lung, showing a great

interspecies variability in abundance and spatial distribution. One of the major

proteins secreted by the Clara cells is CC16. Although the exact in vivo function of

the CC16 remains to be clarified, CC16 has been suggested to have some role in the

defense mechanism against oxidative stress in the airway epithelium and also has

anti-inflammatory and immunomodulatory effects [38]. CC16 was weakly associ-

ated with lung function decline, emphysema, and comorbid depression in the

ECLIPSE cohort [6]. However, serum CC16 did not independently predict overall

mortality in the cohort [24]

Surfactant Protein D (SP-D) SP-D is a large multimeric, calcium-binding glyco-

protein that belongs to the collectin family. This protein, which is produced

predominantly in pneumocytes II in the lungs, serves as an innate immune regula-

tory molecule. SP-D causes the elimination of pathogens by its ability to recognize

carbohydrate structures on the surface of microorganisms such as bacteria, viruses,

and fungi. Both genetic and environmental factors have been shown to contribute to

SP-D expression. SP-D has an important regulatory effect for innate immunity and

is capable of binding pathogens and facilitating phagocytosis. This protein also

facilitates direct microbicidal activity on selected microbes. Decreased levels of

SP-D caused by cigarette smoking often weaken lung immunity [24, 39]. SP-D has

shown a weak association with COPD exacerbations and is sensitive to treatment

with oral and inhaled corticosteroids [6].

Although far from a clinical application, the following inflammatory substance

biomarkers, besides the markers mentioned above, might be related to COPD

diagnosis and/or exacerbation: MMP-9, myeloid progenitor inhibitory factor-1,

adipocyte complement-related protein of 30 kD, soluble intercellular adhesion

molecule, eotaxin-2, interferon-inducible protein 10, IL-1α, tumor necrosis factor

receptor-1, IL-6, serum amyloid A, IL-8, and tumor necrosis factor-α (TNF-α) [2].

8.4 Exhaled Gas

Exhaled gas is completely noninvasive and is particularly suitable for longitudinal

studies. It is potentially useful for assessing the efficacy of pharmacological treat-

ment. However, there are inevitable issues about reproducibility and sensitivity that

need to be addressed before this approach can be recommended as an outcome

measurement.
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8.4.1 Fractional Exhaled Nitric Oxide (FeNO)

One of the most important pathogeneses of COPD is oxidative stress associated

with inflammatory cellular infiltration. FeNO has been extensively investigated in

asthma and has been shown to correlate with airway eosinophilic inflammation.

This measurement is acceptably reproducible in normal subjects and in subjects

with asthma if properly conducted [40, 41].

FeNO measurements have been regarded as surrogate marker for eosinophilic

airway inflammation, especially in asthma. High FeNO has been regarded as an

indicator of good steroid responsiveness. Recent GOLD documents recommend

adding FeNO monitoring to other measurements since it provides easier detection

of eosinophilic airway inflammation and indicates the likelihood of corticosteroid

responsiveness. However, in COPD subjects, FeNO seems less useful because the

levels of FeNO are usually normal or only slightly elevated in stable COPD sub-

jects. While diagnosis of COPD per se does not greatly affect FeNO level, current

smoking and COPD severity meaningfully decrease FeNO levels in COPD patients.

Moreover, comorbid pulmonary hypertension leads to declined FeNO value. In

contrast, exacerbation of COPD and decompensated heart failure are accompanied

by high FeNO level [40, 41].

8.5 Exhaled Breath Condensate (EBC)

EBC is a noninvasive method for evaluating the composition of airway lining fluid,

which is formed mainly by water vapor and contains aerosol biomolecule particles.

Some inflammatory mediators are elevated in patients COPD. These aerosolized

particles are generated from the entire respiratory tract into air which is saturated

with water vapor. EBC analysis has many advantages over other examinations for

assessing lung inflammation. Measuring EBC biomarker is a very attractive

approach to monitoring COPD inflammation, as it is noninvasive and repeated

sampling is possible. However, the lack of standardization of the EBC analysis is

the primary limitation of this technique. The commonly used EBC methodologies

present results with considerable variability concerning both sample collection and

analysis. Therefore, it is difficult to establish a universal reference range of each

EBC biomarker. Several methodological issues need to be addressed before EBC is

considered for clinical use with patients with COPD. In addition, the values of most

EBC biomarkers have a large overlap between COPD patients and healthy volun-

teers: thus, most EBC biomarkers cannot clearly differentiate between COPD

patients and healthy individuals. Another limitation of EBC analysis is that this

method provides little information on the inflammatory cells involved in the

pathophysiology of COPD [42, 43]
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8.5.1 EBC pH

Airway acidification is thought to indicate the pathogenesis of obstructive lung

disease. One possible mechanism is that protons cause the release of tachykinins,

resulting in bronchoconstriction and airway inflammation. The pH of EBC is a

general marker of airway inflammation rather than a disease-specific marker.

Unlike other EBC mediators, the mean EBC pH observed in healthy subjects

from different studies suggested has similar values. This is the overwhelming

advantage of EBC pH over other EBC biomarkers. The normal level in healthy

subjects, pH¼ approximately 8.0. However, there is a clear differentiation between

the pH of COPD subjects, with pH approximately¼ 7.0, and normal range [43].

8.5.2 EBC Leukotriene B4 (LTB4)

LTB4 is an eicosanoid inflammatory mediators produced in leukocytes by the

oxidation of arachidonic acid by the enzyme arachidonate 5-lipoxygenase.

Although it helps in the production of inflammatory cytokines by various immune

cells, its primary function is to recruit neutrophils to areas of tissue damage.

Increased levels of EBC LTB4 have been observed in stable COPD patients when

compared with healthy smokers. In addition, a high EBC LTB4 level in healthy

smokers compared with nonsmokers has been demonstrated. These observations

indicate that EBC LTB4 level may aid the diagnosis of COPD. However, there is a

wide variation in absolute levels of EBC LTB4 between studies. Furthermore, some

studies have indicated that there is a large overlap of EBC LTB4 levels between

healthy subjects and COPD cases. The potential methodological pitfalls associated

with LTB4 collection and analysis, especially oral contamination and lack of

enzyme-linked immunosorbent assay sensitivity, may reduce the applicability of

this biomarker in a clinical setting [43].

8.5.3 EBC 8-Isoprostane

The EBC mediator 8-isoprostane has been extensively reported. The free radical

peroxidation of arachidonic acid forms 8-isoprostane. This is a putative marker of

pulmonary oxidative stress. Some studies have shown higher levels of EBC 8-

isoprostane in stable COPD patients compared with healthy subjects. However,

mean values of 8-isoprostane in COPD patients have varied widely across studies

and have often overlapped with those of healthy subjects. Furthermore, the EBC

8-isoprostane level is also increased in smokers and asthma patients. Therefore, the

meaning of this biomarker for COPD is far from clear at present [43].
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8.6 Bronchoscopic Specimens

Bronchoscopy, which is used to scrutinize airway and to obtain samples from the

lungs, is an essential examination for pulmonologists to allow them to find out what

is going on in the lungs of patients with pulmonary disease. This technique is very

useful to gain a diagnosis or to decide on a therapeutic plan for emergent and critical

diseases such as lung cancers, acute exacerbation of interstitial pneumonia, or

severe pulmonary infection with unknown etiology. However, COPD can usually

be diagnosed through history taking, physical exams, CT scan, and spirometry

without using bronchoscopy. Moreover, information gained through bronchoscopy

does not greatly affect the treatment plan for COPD. Given the high invasiveness of

bronchoscopy, it is not indicated for COPD patients in daily practice [1, 40].

For research purposes, bronchial biopsies may give some pathogenetic inflam-

mation of COPD. Bronchoscopic specimens have shown that there is increased

activation of the transcription factor, nuclear factor–kB, in the bronchial epithelial

cells of patients with COPD, which increases with disease severity and that there is

also a reduction in histone deacetylase activity [40].

Bronchoalveolar lavage (BAL) performed during bronchoscopy is a possible

option to gain important information about immunologic, inflammatory, and infec-

tious processes taking place at the alveolar level. The advantage of BAL over

bronchial biopsy specimens is that BAL can sample inflammatory cells in the

peripheral lung. The cellular composition of BAL of COPD cases is predominantly

alveolar macrophages, with some neutrophils and T lymphocytes as for healthy

subjects. Macrophages from patients with COPD may have increased expression of

inflammatory proteins, such as TNF-α, IL-8, and MMP-9. Levels of the eosinophil

cationic protein and myeloperoxidase are also frequently increased in patients with

COPD [40].

8.7 Gene

COPD is a multifactorial disorder caused by environmental determinants, mainly

smoking. In addition to exposure to smoking, genetic susceptibility to COPD is also

believed to play a considerable role in the development of COPD. A genetic variant

in the alpha-1 antitrypsin was discovered to be the first reliable etiologic gene for

COPD. However, alpha-1 antitrypsin deficiency accounts for only 1–2% of all

COPD cases. Due to the heterogeneous nature of the disease, it has been, for

decades, difficult to unravel the genetic predisposition and pathogenetic mecha-

nisms of COPD. In addition, each causal gene has a weak impact as a risk factor for

COPD, generally with an odds ratio less than 1.5 [44].

Basic genetic approaches to identify the etiologic gene are the family study and

the case–control study. Linkage analysis is also a helpful method for genetic

analysis. However, the genome-wide association study and genome sequencing
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are by far the most powerful way to detect the association between a common

disease and novel gene variant. Results from research with these methods and meta-

analyses of the published studies have revealed more than 100 candidate gene

relating to COPD etiology. These candidate genes are related to numerous path-

ways such as inflammation (ILs, TNF, leukocyte, etc.), protease/antiprotease

(MMP-9, etc.), and oxidative stress (human heme oxygenase-1, etc.).

However, even after genome-wide screening, identified genetic variants can

explain only a small part of COPD etiology. Thus, it is hypothesized that other

kind of etiologies, such as epigenetics, may cause COPD [44].

8.7.1 Tumor Necrosis Factor-α (TNF-α) Gene

The TNF-α signaling pathway plays an essential role in immune-related diseases

and inflammatory lung diseases. Overexpression of TNF-α in the lung induces

pulmonary fibrosis and smoking-related emphysema. TNF-α concentration is

higher in COPD patients than in smoking and nonsmoking control subjects.

Among hundreds of genes, a single nucleotide polymorphism involving a G-A

transition at position �308 within the TNF-α proximal promoter has been the most

extensively investigated in recent years. Zhang et al. conducted a systematic review

and a meta-analysis that investigated 4975 patients and 6518 control subjects from

the 36 studies. [45] According to this meta-analysis, the association between the

TNF-α-308G/A SNP and the risk of COPD was significant for Asians (odds ratio

2.36, 95% CI 1.84–3.02, P< 0.0001) but not for Caucasians (odds ratio 1.07, 95%

CI 0.91–1.25, P¼ 0.438). Similarly in the smoker-subgroup analysis, the associa-

tion between the TNF-α-308G/A SNP and COPD was significant for Asians (odds

ratio 1.72, 95% CI 1.14–2.61, P¼ 0.011) but not for Caucasians (odds ratio¼ 1.16,

95% CI 0.86–1.56, P¼ 0.33) [45].

There are two plausible pathogeneses for emphysema. One is the protease–

antiprotease hypothesis, and the other is the oxidant–antioxidant hypothesis. Apo-

ptosis may also occur in vascular endothelial and alveolar epithelial cells in COPD

patients with emphysematous changes of the lung. TNF-α may contribute to the

airway remodeling and alter smooth muscle cell function in lungs affected by

COPD. Furthermore, TNF-α activates sphingomyelin hydrolysis, leading to an

increase of ceramide levels, in turn leading to apoptosis. Therefore, TNF-α may

have a key role in the apoptosis of alveolar epithelial cells. According to an

observation of 84 Japanese and Southeast Asian COPD patients by Sakao et al.,

the TNF-α-308 variant may partly explain the extent of emphysematous changes in

patients with COPD [46].
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8.7.2 T Helper Type 2 Gene

Besides TNF-α, which is the most frequently researched gene associated with

COPD, we here review the T helper type 2 gene as this biomarker potentially

promotes personalized pharmacotherapy for COPD. Some patients with COPD

present with asthma-like clinical symptoms, which has recently been referred as

ACOS. This implies that asthma-associated inflammatory pathways may have a

significant role in ACOS. This subgroup is known to be more amenable to ICS.

Christenson et al. compared disease-associated airway epithelial gene expression in

105 asthma patients and 237,171 COPD patients. They found that the T helper type

2 gene expression was related to asthma-like symptom. Their data identified

molecular and cellular pathways underlying the ACOS population and suggested

that the T helper type 2 gene expression may serve as a predictive biomarker to

select patients who will benefit from ICS treatment [19].

8.8 Comorbidities

Recent knowledge emphasizes that COPD has many comorbidities caused by

systemic inflammation. GOLD listed the main comorbidities of COPD: cardiovas-

cular disease, osteoporosis, depression, lung cancer, infections, metabolic syn-

drome, and diabetes. [1] Although the levels of most inflammatory substances are

commonly elevated in patients with these comorbidities, the mechanism by which

these biomarkers bridge between COPD and these conditions have not been com-

prehensively understood. Some persistent low-grade pulmonary and systemic

inflammatory biomarkers can be risk factors for these comorbidities with accept-

able biological plausibility [47, 48]. Thomsen et al. observed 8656 patients with

COPD from two large Danish population studies and during a median 5 years’
follow-up, which showed clear stepwise increase in the absolute 5 year risk of

major comorbidities after stratifying smoking status based on three key inflamma-

tory biomarkers, CRP, fibrinogen, and blood leukocyte count. [49] (Fig. 8.3)

8.8.1 Cardiovascular Disease

Cardiovascular disease is one of the leading causes of mortality among COPD

patients. Certain molecules can promote the inflammatory process underlying

cardiovascular diseases. CRP, which is the most studied inflammatory molecule

in relation to cardiovascular disease, can upregulate production of other inflamma-

tory cytokines, activate the complement system, promote uptake of low density

lipoprotein by macrophages, and foster leukocyte adhesion to vascular endothe-

lium, thereby, amplifying the risk for cardiovascular diseases [47]
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8.8.2 Osteoporosis

Osteoporosis is an important systemic feature of COPD. There is a correlation

between the emphysema phenotype of COPD and reduced bone mineral density.

Some experimental studies indicate that IL-1β, IL-6 and TNF-α, and the

Fig. 8.3 Absolute 5 year risk of ischemic heart disease, myocardial infarction, heart failure, type

II diabetes, lung cancer, and pneumonia in percentage, by levels of three inflammatory biomarkers

and smoking status. Plasma C-reactive protein, fibrinogen, and blood leukocyte count were defined

as high or low according to cut-points of 3 mg/L, 14 mmol/L, and 9 3 109/L, respectively

(Reprinted with permission from the American Thoracic Society. Copyright © 2015 American

Thoracic Society. Thomsen M, et al. Inflammatory biomarkers and comorbidities in chronic

obstructive pulmonary disease. Am J Respir Crit Care Med. 2012;186:982–8 [49]. The American

Journal of Respiratory and Critical Care Medicine is an official journal of the American Thoracic

Society)
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osteoprotegerin, receptor activator of nuclear factor-kappa B and receptor activator

of nuclear factor-kappa B ligand (OPG/RANK/RANKL) system, may play key

roles in the etiology of both osteoporosis and emphysema. According to a study by

Bai et al., radiographic emphysema is correlated to low bone mineral density in

current and former smokers with COPD. IL-1β, IL-6, TNF-α, and the osteoporosis-
related protein system OPG/RANK/RANKL seem to have synergetic effects on

emphysema and bone loss in COPD [50].

8.8.3 Depression and Anxiety

Depression is a common psychiatric issue in patients with chronic diseases. How-

ever, the incidence and prevalence of depression among COPD patients are higher

than among those with other chronic diseases. Recent understanding is that depres-

sion may be directly caused by systemic inflammation. A study by Al-shair

et al. with 120 moderate COPD cases indicates the association between TNF-α
and depression [51]. According to Cote study, anxiety is also a very strong risk

factor for death [52].

8.8.4 Lung Cancer

Both COPD and lung cancer are associated with cigarette smoke exposure [1]. How-

ever, even after adjusting for the influence of smoking, patients with COPD have

high risk for lung cancer [1]. Experimental studies suggest that cigarette smoke

upregulates the production of cytokines such as interleukin IL-1β resulting in

increased level of cyclooxygenase-2, which can promote an inflammatory response

by the lymphocytes, leading to the overproduction of IL-6, IL-8, and IL-10. Some

of these cytokines can inhibit apoptosis and interfere with cellular repair, which

eventually leads to carcinogenesis [1].

8.8.5 Infection

Pulmonary infection, namely, pneumonia and viral bronchial infection often cause

exacerbation. Many inflammatory markers become elevated during infection

and/exacerbation. Moreover, high serum fibrinogen level and high neutrophil

count increase the risk for COPD exacerbation [25, 27]. Meaning of CRP level,

procalcitonin level, and leukocyte count for infection were already discussed

previous section.
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8.8.6 Metabolic Syndrome and Diabetes

A systemic inflammatory process caused by COPD partly explains why patients

with COPD have an increased risk for type II diabetes. Fibrinogen and circulating

neutrophils predict the development of type II diabetes. Metabolic syndrome is also

associated with a pro-inflammatory state, and its central pathophysiological fea-

tures include acute-phase reactants such as CRP [48]. Patients with chronic bron-

chitis phenotype have slightly mild inflammation and slightly frequent metabolic

syndromes [53].

8.9 Conclusion

Numerous inflammatory substances have been identified as potentially useful bio-

markers to evaluate COPD. These substances were derived from sputum, blood,

exhaled gas, EBC, and bronchoscopic specimens. However, the majority of these

biomarkers are not currently clinically applicable due to the lack of sufficient

difference of value between COPD subjects and healthy subjects, insufficient

validation in RCT, or technical issue preventing reproducible measurements.

Nonetheless, we have biomarkers that can be used to assess pulmonary and

systemic inflammation for patients with COPD. Plasma fibrinogen can predict the

future incidence of COPD and future FEV1 decline in COPD and non-COPD

subjects. In July 2015, the FDA approved serum fibrinogen as the first COPD

biomarker to identify patients that are at a higher risk of exacerbation or death in

clinical trials. Researchers hope this approval will accelerate trials for new medi-

cations. Serum CRP is another widely approved biomarker related to COPD

diagnosis, exacerbation diagnosis, and patient prognosis. Sputum/blood eosino-

phils, FeNO, and the T helper type 2 gene can be candidate predictive biomarkers

to pick up the ACOS subgroup who are amenable to ICS. The TNF-α-308 variant is
associated with COPD risk and emphysematous change especially in Asians.
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Part IV

Management and Treatment



Chapter 9

Exercise Therapy for COPD: How Is

Exercise Therapy Significant?

Takashi Motegi

Abstract Exercise training is the most common form of non-pharmacologic ther-

apy prescribed to chronic obstructive pulmonary disease (COPD) patients. In the

pathogenesis of COPD, only ventilation limitation is not a problem, and many

patients have also caused muscle dysfunction. Therefore, the treatment for the

muscle dysfunction is required. Pulmonary rehabilitation has been shown to be as

highly effective as pharmacotherapy for improving lung function as evidenced by

contributing to improvements in shortness of breath, quality of life, exercise

capacity, depression, and rates of hospitalization. In addition, it has also been

recommended that the patients who fail to clinically improve solely with pharma-

cotherapy undergo pulmonary rehabilitation.

Since it has been recognized that physical activity is associated with a better

prognosis in patients with COPD, incorporating more physical activity into daily

life has drawn much attention recently. Thus, the improvement and maintenance of

physical activity has become one of the objectives of pulmonary rehabilitation. To

date, the evidence that rehabilitation directly improves physical activity is poor

quality. In the daily life management of patients with COPD, we work on the

support of self-management, the maintenance of exercise training, and the improve-

ment of physical activity.

Keywords Exercise • Rehabilitation • Physical activity

9.1 What Is Pulmonary Rehabilitation?

9.1.1 Introduction

The Japanese population is the world’s fastest aging society. There is a growing

emphasis on the measures of the bedridden as well as preventative care of elderly
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people in health policy. Studies show that the first, second, and third highest risk

factors for Japanese adult death are preventable, and they include smoking, hyper-

tension, and lack of exercise, respectively [1]. Thus, it has become a popular belief

that our focus should be placed on these three factors to encourage the prevention of

lifestyle-related diseases. As a result, the second term of the National Health

Promotion Movement in the twenty-first century [Health Japan 21 (the second

term)] has proposed that there be an increase in physical activity for all nations [2].

The number of patients affected by chronic obstructive pulmonary disease

(COPD) increases each year in Japan, and there are particularly many elderly

patients. Furthermore, we can regard COPD as one of the lifestyle-related diseases

associated with cigarettes and smoking. In recent years, increasing physical activity

has been recognized as an important preventative measure against lifestyle-related

diseases, including COPD. It has been shown that there is a low incidence of

chronic disease in middle-aged adults who have a high amount of daily activity

[3]. The method for enhancing the physical activity of people has been attracting

attention recently.

This chapter explains why rehabilitation is important in patients with COPD, and

the relationship between physical activity level and exercise training is mentioned.

9.1.2 The Definition of Pulmonary Rehabilitation
and the Evidence

The American Thoracic Society (ATS) and the European Respiratory Society

(ERS) have adopted the following definition of pulmonary rehabilitation: “Pulmo-

nary rehabilitation is a comprehensive intervention based on a thorough patient

assessment followed by patient tailored therapies that include, but are not limited

to, exercise training, education, and behavior change, designed to improve the

physical and psychological condition of people with chronic respiratory disease

and to promote the long-term adherence to health-enhancing behaviors.” [4] By this

definition, rehabilitation does not merely suggest that exercise is all that is needed

but that it must include healthy interventions that encompass all aspects of everyday

life in order to promote health as a whole.

Because the need for clinical management of tuberculosis remained prominent

in Japan for a long time after World War II, lung physiotherapy had been the

leading empirical treatment. Since Japan was so focused on solely lung physiother-

apy, it fell behind Europe and the United States when it came to a concept of

interdisciplinary comprehensive intervention. It was not until 2002 when the Japan

Society for Respiratory Care and Rehabilitation and other related academic socie-

ties made a statement regarding pulmonary rehabilitation, and shortly thereafter,

recommendations for exercise therapy and an educational manual for patients were

finally published based on this statement. Subsequently, in April of 2006, pulmo-

nary rehabilitation started to be reimbursed by public medical insurance in Japan.
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The Global Initiative for Chronic Obstructive Lung Disease (GOLD) guideline

presents a collection of firm evidence that supports the positive effects of pulmo-

nary rehabilitation (Table 9.1) [5]. Evidence proving the improvement of dyspnea,

exercise capacity, and health-related quality of life (HRQOL) with pulmonary

rehabilitation are the most well established. In regard to HRQOL, in particular

the St. George’s Respiratory Questionnaire (SGRQ) and Chronic Respiratory

Disease Questionnaire (CRQ), there is improvement to significantly surpass min-

imal clinically important difference (MCID). Another advantageous benefit of

pulmonary rehabilitation is that it can naturally relieve the symptoms of depression

and thus possibly avoid the use of medicinal antidepressants.

9.1.3 Why Should the Treatment of the COPD Be more than
Mono-pharmacotherapy and Include
a Multidisciplinary Approach?

The basic pathogenesis of COPD is small airway disease and emphysema, which

creates limited airflow. This limitation in airflow, in turn, causes ventilatory

impairment by the dynamic hyperinflation on exertion and hypoxemia [5]. This

results in the characteristic symptoms of COPD, such as shortness of breath and

physical limitation on exertion. Due to these conditions, it becomes necessary to

reduce dynamic hyperinflation to treatment and to increase inspiratory capacity

(IC) via the use of a bronchodilator. The bronchodilator relieves shortness of breath

by relaxing the bronchial smooth muscle which in turn expands the bronchial

airways to eliminate the airflow restriction and hyperinflation. Therefore, since

Table 9.1 Main outcomes of pulmonary rehabilitation in GOLD guideline [5]

Outcome

Strength of

evidence

Improvement of exercise performance A

Dyspnea relief A

Improves health-related quality of life A

Reduces number of hospitalizations and days in hospital A

Reduces anxiety and depression A

Upper limbs strength/endurance training improves arm function B

Benefits persist beyond training period B

Improves survival B

Improves recovery after hospitalization for exacerbation B

Enhance the effect of long-acting bronchodilators B

Respiratory muscle training can be beneficial, especially when combined

with general exercise training

C

A randomized controlled trials (rich body of data), B randomized controlled trials (limited body of

data), C nonrandomized controlled trials (observational studies)
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the mechanism of action of a bronchodilator directly acts to counter the pathophys-

iology of the COPD, it is an appropriate treatment regimen.

Since the limitation in bronchial airflow greatly contributes to shortness of

breath, COPD patients are often considered unable to exercise. However, the

symptoms of COPD patients are not simply limited to ventilatory impairment

since many COPD patients also experience muscle fatigue [6]. Killian

et al. examined the factors that limited exercise in 97 patients with COPD and

320 healthy subjects. They found that only 26% of COPD patients and 22% of

healthy subjects reported dyspnea as a limiting factor, while 43% and 36%,

respectively, reported lower limb fatigue as a limiting factor [7]. Hamilton

et al. conducted incremental exercise testing in COPD, CHF, and healthy subjects

and determined the reasons for discontinuation of exercise in each group. In all of

the groups, the combination of dyspnea and lower limb fatigue was a more common

reason than dyspnea alone as the patients’ reported reason for the discontinuation of
exercise [8].

In exercise, the skeletal muscle contributes to acidosis via the production of

lactic acid which leads to an increase in the respiratory center’s ventilation drive.

This abnormal hyperventilation is regarded as an important factor in perpetuating

pathologic dyspnea in COPD. COPD patients also attempt to increase their venti-

latory drive during exertion; however, due to their dynamic hyperinflation, this

results in shortness of breath secondary to inadequate ventilation. To exacerbate

this situation, most patients with COPD naturally avoid moving and exertion due to

their dyspnea; thus, this results in vicious circle that accelerates their

deconditioning (Fig. 9.1) [9].

There are two methods to prevent the dynamic hyperinflation of patients with

COPD. The first is a method that reduces airway resistance to quicken the expira-

tory phase. The second is a method that reduces the respiratory rate, thus increasing

the total time for expiration. The current mainstream therapeutic drug is the

bronchodilator that reduces hyperinflation primarily by the mechanism of action

we previously described. In addition, the inhalation of oxygen also contributes to

the reduction of dynamic hyperinflation through the oxygen-sensing

Fig. 9.1 The cycle of

decline in the dyspnea spiral

(Reproduced by permission

from Reference [9])
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chemoreceptors and signaling of the carotid body. In addition, the inhalation of

oxygen is thought to reduce dynamic hyperinflation through a mechanism that

reducing respiratory rate involves signaling from the carotid body. Furthermore,

exercise training will acclimate the skeletal muscle to exercise, which will decrease

its production of lactic acid. This decrease in lactic acid production improves

hyperinflation because the ventilatory drive is now inhibited, which in turn reduces

the respiratory rate [10]. In addition, the muscle itself displays changes induced by

exercise, which we will discuss later.

Because dyspnea in COPD, as mentioned above, is a phenomenon that involves

multiple factors, a multidisciplinary approach to treatment is beneficial because it

targets the multiple mechanisms of COPD and not just any single mechanism.

Therefore, most patients require both pharmacotherapy and non-pharmacologic

therapies (e.g., exercise therapy, oxygen therapy, nutritional therapy, and patient

education). Management of the patients with COPD according to the guidelines of

Japan [11] is based on these concepts (Fig. 9.2).

9.1.4 When to Start Rehabilitation?

As for many COPD patients, initial treatment is usually pharmacotherapy, but the

question remained as to when it should be initiated and at what point exercise

rehabilitation should be added to the regimen. GOLD 2010 initially addressed this

question by recommending that rehabilitation should target patients with stage II or

Social ac�vity

Exercise

Physiotherapy

Oxygen therapy

Nutri�on

Pharmacotherapy

Educa�on, Smoking cessa�on

Psychosocial
support

Assessments

Pa�ent/Family

Medical/Social

Exercise capacity↑

Adherence↑

Self-management↑

Use  of the accurate
instrumenta�on ↑

QOL↑

ADL↑

Stability of disease↑

Hospital admission↓

Re-admission↓

Anxiety↓

Physical ac�vity↑

Recogni�on of the condi�on

Fig. 9.2 Concept of comprehensive pulmonary rehabilitation in COPD guideline in Japan [11]
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more (% FEV1< 80). However GOLD 2011 has outlined a new set of patient

management recommendations which modifies the target of exercise rehabilitation

to those who are equal to or greater than Group B. Group B encompasses patients

with strong subjective symptoms (CAT> 10 or modified MRC scale� 2) and

patients with a risk of progression (exacerbation frequency is more than twice a

year or % FEV1< 50). GOLD 2011 maintains the enforcement of physical activity

for patients in Group A, who have mild symptoms and a low risk of future

exacerbation [5]. On the other hand, the Japanese COPD guidelines do not contain

a similar outline of specific criteria [5]. Patients with symptoms and disabilities of

all stages are targeted. However, the guideline that does exist involves insurance;

insurance does not cover services for pulmonary rehabilitation unless patients have

greater than COPD stage II or modified MRC scale� 2.

Compared to severe COPD, there is little data available to determine the effect of

exercise rehabilitation in mild-to-moderate COPD. In the INTERCOM study,

which was a randomized controlled trial (RCT) conducted over a 2-year period in

the Netherlands, rehabilitation made accessible by offering it within the patients’
local communities proved to be beneficial even for patients with mild-to-moderate

COPD (mean % FEV1� 60%). These patients displayed a significant improvement

in quality of life, exercise tolerance, and shortness of breath when compared to the

non-rehabilitation group [12].

In addition, the already decreased intramuscular oxidation capacity decreases

further in mild COPD at a stage where muscle consumption of oxygen is not clear.

In addition, it is also noted that exercise duration is shorter than that of a healthy

subject [13]. The results of these studies also suggest that muscle training by

pulmonary rehabilitation is not just necessary for the critically ill patients, but it

is also beneficial when introduced at an early stage of COPD. At the very least,

pulmonary rehabilitation is an intervention that is considered a standard of care for

individuals who have COPD and remain symptomatic despite optimal bronchodi-

lator therapy.

9.1.5 What Kind of Contribution Does Exercise Training
Make?

Variations in exercise training can produce a difference in clinical effects. The

different aspects of an exercise training regimen that can differ include the setting

(inpatient vs. outpatient vs. home based), duration (short term vs. long term), and

intensity (high vs. low intensity), which can all influence the observed clinical

response. The high-intensity load refers to around 60–80% of exercises that require

maximum oxygen uptake, and the low-intensity load usually points to 40–60% of

exercises that require maximum oxygen uptake. The international guidance for

pulmonary rehabilitation recommends a program that consists of 6–12 weeks, 2–3

sessions/week of 30–60 min duration at moderate-to-high exercise intensities [4].
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Exercise of the high strength load and intensity has been said to be effective in

the guidelines for a long time. However, for the elderly patients who have severe

dyspnea, it is actually often difficult to perform exercise of the high-intensity

training. Furthermore, there is the problem of the difficulty with the continuation

of these high-intensity exercises. Also, the problem of costs and the access affects

the ability for continuity in the exercise plan. It has recently been reported that even

low-intensity training is beneficial. Baumann et al. conducted an RCT of a 26 week

outpatient rehabilitation for 100 patients with moderate to severe cases of COPD.

Associated with low-intensity exercise was a dyspnea severity score of 4–6 points

on the Borg Scale. These results were compared to another exercise intervention

group and a control group without a rehabilitation intervention. The intervention

group had a significant improvement in 6MD (+59 m), HRQOL (SGRQ �5 points)

[14]. Since it took a long time to see results, continuity of the program was ensured.

Low-intensity load exercise is believed to be particularly suitable for the elderly

and critically ill patients.

Endurance training has two modes: continuous exercise and interval exercise.

High-intensity training has more effect on exercise capacity than low-intensity

training, but in patients with severe COPD, it can be difficult to sustain high

intensity by the continuous exercise. Although dynamic lung hyperinflation

increases progressively during continuous exercise, interval exercise reported to

induce less dynamic hyperinflation than continuous exercise in patients with COPD

[15]. Beauchamp et al. reported that interval and continuous training modalities did

not differ in their effect on measures of exercise capacity or HRQOL. They

concluded that interval training may be considered as an alternative to continuous

training in patients with varying degrees of COPD severity [16].

9.1.6 What Are the Problems Encountered While
Undergoing Rehabilitation?

There are several problems associated with pulmonary rehabilitation. First, there is

a low implementation rate of rehabilitation. According to the questionnaire survey

for the certification facility of the Japanese Respiratory Society, only 57.3% of

facilities have implemented pulmonary rehabilitation. A number of hospitals that

have implemented pulmonary rehabilitation differ regionally. When institutions

that had not implemented rehabilitation were questioned as to why, 80% reasoned

lack of manpower, while 30% reasoned lack of profit [17]. According to the

questionnaire results of patients with the Japanese White Paper on Home Respira-

tory Care, 49% were rehabilitated at the first investigation in 2005, but only 53% of

those maintained rehabilitation when reexamined in 2010.

In regional community facilities, there is also a new attempt to provide a

maintenance program in cooperation with the exercise instructor; however, this is

not done at the large medical institutions [18]. The teaching methods of COPD
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patients included an exercise instructor and exercise training of COPD patients in

the community facilities of the region rather than a hospital (twice a week, 1 h or

more once) for 6 months. After 6 months and 12 months, 6-min walk distance

(6MWD) improved (pre-intervention, 385 m; after 6 months of intervention, 441 m;

12 months, 454 m; P< 0.001), and HRQOL was also significantly improved. The

study attracted attention despite being carried out in a small regional program

because there was a general exercise instructor, who was not a healthcare worker,

working with them. Another problem with the rehabilitation is maintenance of the

program over a long period of time has not been established. According to the

results of the meta-analysis of maintenance of rehabilitation, the intervention group

with 9–15 months of maintenance was significantly better than the usual care group

after 6 months of building exercise tolerance. However, there was no significant

difference when the program continued for 12 months. In addition, between the

usual care groups, there was no significant difference in HRQOL after 6 or

12 months. Furthermore continuation rate of these maintenance programs was

only 60% [19]. Determining how to provide programs that enhance continuity

has become the problem.

9.2 Does Exercise Affect the Muscle of COPD

Patients?

9.2.1 Muscle Structure in the COPD and Metabolic
Change

The disordered muscle function in patients with COPD affects muscular strength

and decreases the endurance of the muscle. The muscular strength is decided by size

and the thickness of the muscle, but the muscular endurance is decided by the

amount of glycogen stored. Factors that influence the function of the muscle include

intramuscular capillary density, oxygen delivery, and oxidative capacity of the

myofibers. Table 9.2 presents the structural and functional abnormalities of the

muscle found in COPD. According to a European study, in about 1/3 of patients

only possess about 25% of the average strength of healthy adults [20]. In addition,

recent meta-analysis concludes that there is also a decrease of the quadriceps

femoris muscle when compared to a healthy control [21].

Biopsies of a COPD patient’s femoral muscle (vastus lateralis) show that when

compared to healthy controls, there is a decrease in type I muscle fibers (slow-

twitch fibers) and an increase in type IIx fibers (fast-twitch fibers). Because

oxidative metabolism is dominant in the type I fiber, these are characteristics of

fibers for endurance and are thus the less-fatigable muscle fibers. On the other hand,

type IIx muscle fibers predominantly utilize glycolytic metabolism, which contrib-

utes to agility, but are easily fatigued muscle fibers. These fibers are often mixed,

and the proportion at which they are mixed varies according to the site of the
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muscle. The muscle fibers of patients with severe COPD are thin, thus contributing

to a decrease in muscle mass [22].

Jobin et al. compared muscle biopsies from COPD and healthy subjects and

found that capillary number per unit area in COPD was significantly less than

healthy subjects (92.6� 16.1 and 213.3� 33.5, P< 0.001), and the ratio of capil-

laries per muscle fiber was reduced (0.83� 0.05 in COPD and 1.56� 0.10 in

healthy subjects, p< 0.001) [23]. Oxygenation thereby decreases because contact

with the muscle fiber decreases when the size of an intramuscular capillary

decreases [24].

The aerobic metabolism in the skeletal muscle increases on exercise, but this

metabolism usually depends on enough oxygen being supplied and adequate ATP

production by the intramuscular mitochondria. As for patients with COPD, they

have a higher rate of anaerobic metabolism when compared to healthy controls, as

noted by the hyperventilation at an early stage of exercise associated with the

increase in blood lactic acid concentrations, thus contributing to a decrease in

muscular endurance. This is associated with a decreased mitochondrial content in

the skeletal muscle [25].

It is thought that the change of these muscles in a COPD patient is caused by

disuse, systemic inflammation, oxidative stress, hypoxemia, undernutrition, and a

side effect of steroid treatment. Recently Natanek et al. reported that a reduction of

phospho-AMPK is involved in the reduction of oxidative capacity and endurance of

COPD patients [26].

9.2.2 Change of the Muscle by the Exercise

Exercise training is found to not only improve muscle composition, but it also

improves exercise capacity and the quality of life. Vogiatzis et al. studied patients

with COPD (GOLD stages II, III, and IV) who underwent comprehensive pulmo-

nary rehabilitation three times a week of high-intensity exercise training for

10 weeks and then examined the changes in muscle composition by vastus lateralis

muscle percutaneous biopsy. As a result, type I fiber or type IIa increased after

rehabilitation, and type IIb decreased (Fig. 9.3). Moreover, the capillary ratios for

the muscular fiber increased. Furthermore, they concluded that because the changes

Table 9.2 Structural and functional abnormalities of muscles in COPD

(1) Muscle fiber distribution change

# Type I fibers (slow twitch, oxidative)

" Type IIx fibers (fast twitch, glycolytic)

(2) Reduced muscle fiber size

(3) Reduction in the capillary numbers and contacts

(4) Decreased oxidative capacity (reduced mitochondrial content)

(5) Early lactic acidosis increases ventilator demands at lower exercise intensity
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of these muscles were found to be independent on the severity of COPD, then they

could expect that severity of COPD would also have no effect on exercise

training [27].

Puente-Maestu et al. reported that exercise training sessions in pulmonary

rehabilitation programs produced a significant decrease in the number of mitochon-

drial DNA in skeletal muscle of patients with COPD, as well as overexpression of

peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) mRNA,

most likely associated with the enhanced oxidative stress [28].

Fig. 9.3 Fiber-type distribution of the vastus lateralis muscle before (open bars) and after (solid
bars) rehabilitation in patients with COPD in GOLD stages II, III, and IV. (a) Type I. (b) Type

II. (c) Type IIa. (d) Type IIb. Data are represented as means� SEM. Asterisks denote significant

differences between before and after training (P< 0.01) (Reproduced by permission from Refer-

ence [27])
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9.3 Physical Activity and Exercise

9.3.1 The Importance of Physical Activity

Exercise capacity and physical activity are different concepts. Physical activity has

been traditionally defined as “any bodily movement produced by skeletal muscles

that results in energy expenditure,” and this definition has been adapted to physical

activity in daily life as “the totality of voluntary movement produced by skeletal

muscles during every day functioning” [29]. On the other hand, the exercise

capacity is described by how well and how much. The exercise capacity is com-

monly evaluated by 6-min walk test (6MWT) or a shuttle walk test.

Recently, it has been shown that physical activity in the patients with COPD is

decreased when compared to a healthy control. Even if it was a patient with mild

illness, the physical activity was still found to be decreased. Furthermore, reduction

of physical activity had a deeper association with prognosis than forced expiratory

volume in one second (FEV1) or HRQOL. Waschki et al. measured the degree of

physical activity with a multisensory armband and showed that each 0.14 increase

in physical activity level was associated with a lower risk of death (hazard ratio

[HR], 0.46; 95% CI, 0.33–0.64; p< 0.001). It was also the strongest predictor of

all-cause mortality in patients with COPD [30]. Thus, the maintenance of or

increase in the level of physical activity is recommended during the early stage of

COPD to promote a better prognosis [31]. In response to these results, the ATS/ERS

statement on pulmonary rehabilitation included a recommendation to increase

physical activity in everyday life [4].

9.3.2 Does Exercise Training Improve Physical Activity?

There are positives and negatives in regard to whether exercise rehabilitation

intervention improves physical activity. Table 9.3 lists papers that describe the

effects of the relationship between physical activity and rehabilitation. The com-

mon thread of these papers was an improvement in exercise capacity. There was an

increase in the ability to exercise, but the physical activity did not have change. The

cause of no change in physical activity is dependent on that fact that it is affected by

a variety of factors. Soicher et al. reported a study that followed the changes in

physical activity for 1 year after a 3 month rehabilitation program intervention

[32]. The characteristics of the patients who were able to maintain physical activity

was that they previously exercised habitually, they experienced a small amount of

disorder (ensured time for exercise, compromise with work, access to the exercise

location) of continuous exercise, and they were highly self-efficacious. There was

much disorder to continuous exercise in the patients who had decreased physical

activity after 1 year and low self-efficacy.
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Michie et al. divided behavior change into three large factors: capability (phys-

ical or psychological), opportunity (physical and social environment), and motiva-

tion (volitional and automatic processes) [33]. Although pulmonary rehabilitation

improves exercise capacity, the reason that physical activity could not be improved

significantly was attributed to these three factors. Comprehensive rehabilitation is

not simply to carry out an exercise regimen, but it has many different facets. For the

first time, we present data in Fig. 9.2 showing that we were able to influence the

physical activity of the patients by intervening with a comprehensive regimen

involving a multifaceted approach.

9.4 Pulmonary Rehabilitation and COPD Exacerbation

The COPD exacerbation in one of the most serious respiratory conditions is very

likely to require hospitalization. It raises mortality and negatively influences the

quality of life. Therefore one important point of COPD management is to prevent

exacerbation.

COPD exacerbation has been defined as an event in the natural course of the

disease characterized by a baseline change in the patient’s dyspnea, cough, and/or
sputum that is beyond the normal day-to-day variations, has an acute in onset, and

may warrant a change in regular medication in a patient with underlying COPD [5].

Recent guidelines for preventing COPD exacerbations have become an impor-

tant objective for disease management. Various therapeutic agents have been

demonstrated to be effective for prevention of exacerbation. Hopefully, in addition

to medical management, exercise therapy proves to be effective for the prevention

of an exacerbation.

When pulmonary rehabilitation was performed after exacerbation, it was con-

firmed by meta-analysis that the subsequent rate of hospitalization decreased. In

this study, the number needed to treat was four [34], meaning in order to prevent

one COPD exacerbation, four people need to undergo pulmonary rehabilitation.

This suggests that pulmonary rehabilitation may be more effective than medication.

According to Spruit et al., muscular strength rapidly fell when patients with

COPD were hospitalized with exacerbation, and quadriceps femoris muscle power

(quadriceps peak torque) decreased an average of 5% after hospitalization from day

3 to day 8 [35]. This report suggests that exercise therapy should be initiated as soon

as possible after a COPD exacerbation.

However, we have yet to discern the precise timing at which exercise therapy

should be initiated. Greening et al. reported exercise intervention to start very early

within 48 h from hospitalization for 385 COPD exacerbation inpatients. However,

after 1 year, no difference in readmission rate was found (intervention group 62%

vs. control group 58%). The mortality 1 year later had unexpected results where it

was found to be higher in the intervention group than in the control group (odds

ratio 1.74, 95% confidence interval 1.05–2.88, P¼ 0.03) [36]. It is speculated that
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this could be attributed to the intervention period in the hospital being shorter

(median¼ 5 days) and that the exercise situation at home was unknown.

Puhan et al. reported a comparison with the rehabilitation intervention from an

early stage within 2 weeks after the exacerbation and that of the late stage which

was 6 months after the exacerbation. There was no difference in exacerbation

frequency 18 months later in both groups, but shortness of breath and the quality

of life showed a moderate improvement in early rehabilitation group [37]. This

study was limited due to size (target number of patients: 36). A large-scale

randomized controlled trial will be necessary in the future.

The American College of Chest Physicians (CHEST) and Canadian Thoracic

Society (CTS) jointly commissioned an evidence-based guideline on the prevention

of COPD exacerbations (AECOPD guideline) [38]. In this guideline, they

recommended pulmonary rehabilitation starting less than 4 weeks from exacerba-

tion (Grade 1c¼ strong recommendation, low- or very-low-quality evidence).

However, they do not recommend the rehabilitation of the case beyond 4 weeks

from exacerbation (Grade 2B¼weak recommendation, moderate-quality

evidence).

9.5 Pulmonary Rehabilitation Except the Exercise

Training

If seen for the purpose of improving the exercise capacity of patients with COPD,

exercise training is a main axis of pulmonary rehabilitation. However, the most

important aspect to rehabilitation is the actual patient and how well they self-

manage their rehabilitation program, including properly handling a therapeutic

agent. It is necessary for the patients to take over their own care and master their

action plan for the exacerbation. In addition, many of the COPD patients must also

have their anxiety and depression treated as well. Health status does not completely

improve with only exercise training.

Most pulmonary rehabilitation programs include education on self-management

along with their exercise therapy. According to the COPE-II study that combined

exercise therapy and a self-care into one program in hopes of a positive behavior

modification, no significant difference was observed at 24 months in exercise

capacity between the experimental and control groups. However, there was an

increase in physical activity of the intervention group when compared to the control

group, as measured by a pedometer (1193 steps/day (95% CI: 203–2182)). In

addition CRQ only showed improvement on the CRQ dyspnea score only and not

in any other facet [39].

Self-management is the driving force for maintaining treatment as part of the

daily life of the patient. The aim of the self-care program is to guide the patient in

choosing the appropriate behavior and practices, and it is the role of the medical

professional to support the desirable behavior modifications in the patients.
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Beneficial results of successful self-management include improvement of dyspnea

as measured by modified MRC scale and HRQOL and prevention of respiratory-

related hospital admissions [40]. However, the most effective form of intervention

to promote self-management has yet to be determined.

9.6 Conclusion

Exercise therapy represents an important form of non-pharmacologic therapy,

while pharmacotherapy is an important therapeutic approach in patients who cannot

tolerate exercise therapy. Pulmonary rehabilitation, which includes exercise ther-

apy, results in increased exercise tolerability of patients with COPD and improve-

ment of the health-related quality of life. However, improvement in physical

activity requires not only exercise training but also a comprehensive pulmonary

rehabilitation regimen.
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Chapter 10

Nutritional Therapy for COPD: What Is

the Present State of Nutritional Therapy

and Is There a Possibility of Developing New

Drugs?

Takao Tsuji

Abstract Cachexia associated with advanced lung disease has been recognized as

“pulmonary cachexia syndrome.” Manangement for pulmonary cachexia syndrome

is important in COPD, because cachexia is an independent predictor of mortality. In

meta-analysis reported in 2012, nutritional support is effective to improve anthro-

pometric measures and exercise capacity in patients with COPD. COPD is treatable

disease, but its airflow limitation is not fully reversible, therefore, nutritional

therapy preventive to COPD is warranted. In the study reported in 2015, the

Alternate Healthy Eating Index 2010 diet score was associated with a lower risk

of newly diagnosed COPD.

A better approach would be to incorporate multimodal therapy, which would

target simultaneously multiple underlying pathophysiological processes. Important

management adjunct to nutritional supports is integrated disease management

(IDM). IDM is to establish a program of different components of care in which

several healthcare providers collaborate to provide efficient and good quality of

care. IDM will help to develop new drugs targeting pulmonary cachexia syndrome

in patients with COPD. Integrated nutritional therapy including bronchodilator and

exercise program is warranted to answer the question: “Is there a possibility of

developing new drugs for cachexia in COPD?”
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10.1 Introduction

Cachexia is an independent predictor of mortality in patients with COPD. Among

patients with COPD who meet the definition of cachexia based on a low lean body

mass index, the median survival is reduced by almost half from about 4 to 2 years.

Manangement for cachexia is important in patients with COPD, and nutritional

support is expected to improve cachexia. In 2000, a meta-analysis of randomized

controlled trials showed nutritional support had no effect on improving anthropo-

metric measures, lung function, or functional exercise capacity in patients with

COPD [1]. However, in meta-analysis reported in 2012, nutritional support is

effective to improve anthropometric measures and exercise capacity in patients

with COPD [2, 3].

To answer the question “What is the present state of nutritional theapy and is

there a possibility of developing new drugs?”, we refer to the mechanism of

pulmonary cachexia syndrome in COPD and mention the nutritional theapy and

medication.

10.2 Pulmonary Cachexia Syndrome in COPD

Cachexia associated with advanced lung disease has been recognized as “pulmo-

nary cachexia syndrome.” Pulmonary cachexia syndrome is estimated to occur in

20–40% of individuals with COPD [4]. Pulmonary cachexia syndrome character-

ized by loss of fat-free body mass has been determined by a weight <90% of ideal

body weight or BMI <20. A more precise determination would ideally include loss

of lean body mass (LBMI) by measurement of percent body fat [5]. A LBMI<17 in

men or <14 in women indicates the presence of pulmonary cachexia syndrome.

10.3 Factors That Influence Pulmonary Cachexia

Syndrome in COPD

A number of factors contribute to pulmonary cachexia syndrome in COPD,

although the exact pathogenesis of pulmonary cachexia syndrome remains unclear.

10.3.1 Genetics

There are some reports to render genetic polymorphisms that underlie the suscep-

tibilities for pulmonary cachexia syndrome. A cross-sectional study was performed

in 99 patients with COPD, who were stratified by cachexia based on fat-free mass
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index. There was a significant difference in the distribution of the SNP at -511 in the

IL-1β gene that was seen between cachectic patients with COPD and control

subjects [6].

10.3.2 Metabolism

Patients with COPD have ten times increase in energy expenditure for respiratory

muscles compared with healthy individuals, because of increasing work of breath-

ing [7]. The basal metabolism declines with aging in normal individuals but not in

patients with COPD. Although the normal response to semistarvation is a reduced

metabolic rate and depressed whole-body protein turnover, cachectic patients with

COPD display an elevated energy expenditure and increased whole-body protein

turnover. In cachectic patients with COPD, decreased efficiency of lower-limb

muscle contraction and decreased ventilatory efficiency contribute to elevated

daily energy requirements.

10.3.3 Calorie Intake

In patients with COPD, fatigue and dyspnea interfere with food preparation and

consumption. Chronic sputum production alters the taste of food. Flattening of the

diaphragm due to hyperinflation causes less capacity of stomach and early satiety.

Depression reduces appetite. Generally, COPD patients have a reduced dietary

intake, and the levels of systemic inflammation are inversely correlated with calorie

intake in patients with COPD [8].

10.3.4 Aging

Aging is a risk factor for COPD. With aging, body composition changes as

individuals progressively lose lean body mass and progressively increase fat stores.

The net result of these alterations is a reduction in exercise capacity, contributing a

reduced dietary intake.

10.3.5 Oxidative Stress

Oxidative damage due to oxidant-antioxidant imbalance has been proposed as a

cause of COPD. Analysis of skeletal muscle from patients with COPD shows a shift

in muscle fiber from type I to type II and a decrease in oxidative capacity
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[9]. Muscle wasting in patients with COPD is partially due to oxidative stress.

These changes are associated with increased oxidative stress, which may render the

muscle more susceptible to the toxic effects of free radicals and cause muscle

wasting, contributing to pulmonary cachexia syndrome in COPD.

10.3.6 Chronic Inflammation

Elevated levels of plasma TNF-α was detected in patients with COPD who lost

weight during the previous year compared with those whose weight had not

changed during the same period, although patients of two groups had no cause

known to elevate TNF-α serum levels and had similar chronic airflow obstruction

and arterial blood gas impairment [10].

In patients with COPD that have>5% weight loss during the preceding year, the

release of TNF-α from circulating monocytes after LPS stimulation were increased,

compared with those whose body weight fluctuated �5% and age-matched healthy

individuals [11]. These data suggested that pulmonary cachexia syndrome in COPD

may be related to systemic inflammation, though uncertain whether the increased

TNF- α is a cause or effect of weight loss.

10.4 Nutritional Therapy for Pulmonary Cachexia

Syndrome in COPD

Optimization of lung function by bronchodilator to alleviate work of breathing

would reduce calorie expenditure in patients with COPD. Optimized lung function

would enable adherence to an exercise program. Regular exercise can stimulate

appetite and improve the effectiveness of nutritional therapy. Therefore, integrated

nutritional therapy including bronchiodilator and exercise program is necessary for

pulmonary cachexia syndrome in COPD.

10.4.1 Nutritional Intervention

The social benefits of eating at the dining table with other family members should

be encouraged. The pleasure of tasting food should be emphasized over total calorie

intake. To overcome problems about calorie intake in pulmonary cachexia syn-

drome (written in 10.3.3), some recommendations about taking meals have been

considered (Table 10.1).
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10.4.2 Oral Nutritional Supplements

In 2012, the meta-analysis reported including the Cochrane Airways Group register

showed nutritional support is effective to improve anthropometric measures and

exercise capacity in patients with COPD [2, 3]. COPD is treatable disease, but its

airflow limitation is not fully reversible. Therefore, nutritional therapy preventive to

COPD is warranted. In 2015, Varraso, et al. reported that the Alternate Healthy

Eating Index 2010 (AHEI-2010) diet score was associated with a lower risk of

newly diagnosed COPD [12]. AHEI-2010, a measure of diet quality, is based on

11 components (Table 10.2): six components for which the highest intakes were

supposed to be ideal (vegetables, fruit, whole grains, nuts and legumes, long-chain

omega-3 fats, and polyunsaturated fatty acids), one component for which moderate

intake was supposed to be ideal (alcohol), and four components for which avoid-

ance or lowest intake were supposed to be ideal (sugar-sweetened drinks and fruit

juice, red and processed meat, trans fat, and sodium). Each component is given a

minimal score of 0 and a maximal score of 10, with intermediate values scored

proportionally, and has the potential to contribute 0–10 points to the total score. All

the component scores are summed to obtain a total AHEI-2010 score, which ranges

from 0 to 110, with a higher score representing a healthier diet. Varraso,

et al. investigated 73,228 female from 1984 to 2000 and 47,026 men from 1986

to 1998. Over the study period, 723 cases of newly diagnosed COPD occurred in

women and 167 in men. In the pooled analysis, a significant negative association

was seen between the risk of newly diagnosed COPD and fifths of the AHEI-2010:

hazard ratios were 0.81 for the second fifth, 0.98 for the third fifth, 0.74 for the

fourth fifth, and 0.67 for participants who ate the healthiest diet according to the

AHEI-2010, compared with those who ate the less healthy diet (Table 10.3) [12]. In

this section, components of AHEI-2010 and amino acids, vitamins, and antioxi-

dants are reviewed as oral nutritional supplements.

10.4.2.1 The Highest Intakes Were Supposed to Be Ideal

Vegetables

Two hundred seventy-eight patients with COPD diagnosed within the past 4 years

and 340 community-based controls were investigated in Japan. The mean vegetable

Table 10.1 Recommendations for nutritional repletion

Adequate calories to exceed basal energy expenditure slightly

Small, frequent meal

Timing the main meal to corresponed to the time requiring high energy

More protein and fat and less carbohydrate

Meal requiring little preparation

Rest before and after meals
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intakes of patients with COPD were significantly lower than healthy controls

(155.62 vs 199.14 g/day). A substantial reduction in COPD risk was found by

increasing daily total vegetable intake. This study provided evidence of an inverse

association between vegetable consumption and the risk of COPD [13].

Whole Grains, Fruit, Nuts, and Legumes

Whole grains including cereal, fruit, and food grains contain many fibers and

antioxidant components. A study from Japan showed fruit intake is lower in

COPD patients compared with healthy individuals (248.32 vs 304.09 g/day), and

less consumption of dietary fiber is associated with more prevalence of COPD

[13]. Investigation of fiber intake with risk of COPD in 11,897 US men and women

showed odds ratios of COPD for the highest versus lowest quintiles of intake were

0.85 for total fiber, 0.83 for cereal fiber, and 0.72 for fruit fiber. Dietary fiber in

whole grains and fruit is independently associated with reduced risk of COPD [14].

Investigation of 832 cases of COPD showed total dietary fiber intake was

negatively associated with risk of newly diagnosed COPD. Particullarly, cereal

fiber was significantly associated with newly diagnosed COPD independently of

other fiber sources, indicating a diet high in fiber, and possibly specifically cereal

fiber, may reduce risk of developing COPD [15].

Long-Chain Polyunsaturated Fatty Acids

The anti-inflammatory activity of long-chain n-3 polyunsaturated fatty acids

(PUFAs) has been established. In the cross-sectional associations between the

dietary intake of n-3 fatty acid and risk of COPD in 8960 current or former smokers,

higher fish consumption, and especially higher intake of PUFAs, was associated

Table 10.2 11 components

of AHEI-2010
Highest intakes to be ideal

Vegetables

Fruits

Whole grains

Nuts and legumes

Long-chain omega-3 fats

Polyunsaturated fatty acids

Moderate intake to be ideal

Alchol

Lowest intake to be ideal

Suga-sweetened drinks and fruit juice

Red and processed meat

Trans fat

Sodium
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with lower odds for COPD. In this study, three case definitions of COPD were used:

symptoms of chronic bronchitis, physician-diagnosed emphysema reported by the

subject, and spirometrically detected COPD. The adjusted odds ratio for the highest

quartile of intake as compared with the lowest quartile was 0.66 for chronic

bronchitis, 0.31 for physician-diagnosed emphysema, and 0.50 for spirometrically

detected COPD [16].

10.4.2.2 Moderate Intake Was Supposed to Be Ideal

Alcohol

One thousand eighty-two COPD patients completed baseline alcohol question-

naires and were included in analysis mainly to evaluate the relationship between

alcohol consumption and COPD. In this study, there were small but statistically

significant differences in FEV1 among the alcohol intake categories. Heavy alcohol

users (>60 drinks/month) have more FEV1, though a higher mean smoking pack-

year history. This data suggested some protective role of alcohol in patients with

COPD, though the number of patients reporting heavy alcohol intake was small and

further study is needed to determine the effect of heavy alcohol intake [17].

10.4.2.3 Lowest Intake Were Supposed to Be Ideal

Sugar-Sweetened Soft Drinks

There was a statistically significant correlation between intake of soft drinks and

prevalence of chronic bronchitis. Intake of soda �5 times a week was associated

with nearly twice the likelihood of having chronic bronchitis. Since this study is

cross-sectional analysis for adults aged 20–55 y, soft drink intake may contribute to

the risk of future COPD [18].

Red and Processed Meat

In 111 self-reported cases of newly diagnosed COPD among 42,915 men, the

consumption of cured meats was positively associated with the risk of newly

diagnosed COPD for highest versus lowest intake (relative risk¼ 2.64).

Interstingly, the consumption of cured meats was not associated with the risk of

adult-onset asthma [19]. Cured meats contain a lot of nitrites which generate

reactive nitrogen species and may worsen the adverse effects of smoking on risk

of COPD.
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Sodium

In a study from Japan with participants including 278 COPD patients, FEV1 and

FEV1% predicted were positively correlated with calcium, iron, potassium, and

selenium but negatively correlated with sodium. This data suggested sodium intake

may have some deleterious effect in patients with COPD [20].

10.4.2.4 Essential Amino Acid

Protein depletion is a hallmark of cachexia. Whole-body protein breakdown and

synthesis is elevated in patients with stable severe COPD compared with healthy

individuals. Eighty-eight COPD outpatients were randomized to receive essential

amino acid (EAA) or placebo for 12 weeks. After 12 weeks, the physical perfor-

mance and muscle strength were significantly increased versus baseline only in

patients who received EAA. Similarly, the SGRQ score improved significantly in

patients who received EAA, and changes were significantly different from those

measured in the placebo group [21]. These data suggested intake of EAA may be

benefical in patients with COPD.

10.4.2.5 Vitamins

Vitamin D deficiency is associated with reduced lung function. A cross-sectional

survey using data from the Third National Health and Nutrition Examination

Survey that included 14,091 people found that the mean FEV and mean FVC

were 126 and 172 mL greater, respectively, for the highest quintile of serum

25-hydroxy vitamin D level compared to the lowest quintile [22]. In 50 patients

with COPD who followed a rehabilitation program randomized to comparing a

monthly dose of 100.000 IU of vitamin D with placebo, Vitamin D intervention

resulted in significantly larger improvements in inspiratory muscle strength

(�11� 12 cmH2O vs 0� 14 cmH2O). However, improvements in quadriceps

strength or 6-min walking distance were not significantly different from the effects

in the placebo group [23]. Further studies are necessary to determine whether

supplementation with vitamin D is of any benefit in patients with COPD.

Vitamin E is important of dietary antioxidants. As a fat-soluble antioxidant,

Vitamin E stops the production of oxidative stress formed when fat undergoes

oxidation. A post hoc analysis of 38,597 women without chronic lung disease at

baseline was randomized double-blind placebo-controlled factorial trial of vitamin

E (600 IU every other day) and aspirin (100 mg every other day). The effect of

randomized vitamin E assignment on self-reported physician-diagnosed chronic

lung disease including COPD was evaluated. During 10 years of follow-up, 760 first

occurrences of chronic lung disease were reported in the vitamin E arm compared

with 846 in the placebo arm (HR 0.90; 10% reduction in the risk of incident chronic
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lung disease) [24]. This study suggested intake of Vitamin E may have protective

effect in the risk of COPD.

10.4.2.6 Antioxidants

Oxidative stress results from an oxidant/antioxidant imbalance, an excess of oxi-

dants, and/or a depletion of antioxidants. Oxidative stress plays an important role in

the pathogenesis of COPD. One of the potent antioxidants in nutrients includes

polyphenols, which are charactrized by the presence of one or more hydroxyl

groups with varying structural complexities. Resveratrol, curcumin, quercetin,

and catechins are most commonly studied dietary polyphenols. Flavonoids are

polyphenolic phytonutrients that occur naturally in many plant-based foods and

possess profound effects on human health. Flavan-3-ols are the most common

flavonoid to be found in red wine, grean tea, apple, and grapes. Due to antioxidants

and anti-inflammatory properties, they may prevent disease progression of COPD.

In 13,651 adults from three Dutch cities of MORGEN study, intake of catechins,

flavonols, and flavones in relation to pulmonary function and COPD symptoms

were examined. Average catechin, flavonol, and flavone intake was 58 mg/day with

tea and apples as main sources. Total catechin, flavonol, and flavone intake was

positively associated with FEV1 and inversely associated with chronic cough and

breathlessness [25].

Nrf2 (nuclear factor erythroid‐related factor 2) is a transcription factor that has a
key role in the regulation of genes that encode multiple antioxidant proteins and is

functionally defective in patients with COPD. Sulforaphane, whose precursor is

found naturally in cruciferous vegetables such as broccoli, inhibits generation of

oxidative stress and exerts anti-inflammatory activities through activation of Nrf2.

A clinical trial of sulforaphane is currently in progress in patients with COPD

(ClinicalTrials.gov identifier, NCT01335971). Sulforaphane can also denitrosylate

HDAC2, restoring corticosteroid sensitivity in alveolar macrophages from patients

with COPD [26]. Although many polyphenols are either less bioavailable, dietary

sulforaphane in cruciferous vegetqables is expected to be a novel therapy for

overcoming steroid resistance in the management of COPD.

10.5 Medications

While clinical therapies for cachexia in COPD have mainly been oral nutritional

supplements, several clinical trials are underway to determine the effect of

medications.
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10.5.1 Progesterone Analogs

Double-blind, randomized, placebo-controlled trial of either 800 mg/day oral

megestrol acetate or placebo to underweight COPD patients for 8 weeks showed

that body weight significantly increased in the megestrol acetate group compared

with in the placebo group (3.2 vs 0.7 kg). However, anthropometric and dual-

energy radiograph absorptiometry assessments confirmed that weight gain was

mainly due to fat tissue. Spirometry and maximal voluntary ventilation showed

no significant changes from baseline in either group, and the difference in the

change in maximum inspiratory pressure between groups was not significant [27].

10.5.2 Anabolic Steroids

Open-label, 4-month clinical trial of oral oxandrolone, 10 mg bid to moderate-to-

severe COPD along with significant involuntary weight loss showed that 84% had

significantly gained a mean of 6.0 +/�5.83 lb and the weight gain is primarily lean

body mass. Oxandrolone is effective adjunct to facilitate weight restoration in

patients with COPD-associated weight loss [28].

10.5.3 Ghrerin

Ghrerin acts by increasing the release of the appetite inducing neuropeptide Y in the

hypothalamus. Ghrelin is a growth hormone-releasing peptide that induces a pos-

itive energy balance by decreasing fat utility and stimulating feeding. Although

open-label pilot study for just seven cachectic patients with COPD, an intravenous

administration of ghrelin for 3 weeks resulted in a significant increase in mean body

weight, lean body mass, and peripheral and respiratory muscle strength. Food

intake was significantly increased during ghrelin therapy. Ghrelin significantly

improved QOL of patients with COPD and the distance walked in 6 min, although

it did not significantly alter pulmonary function [29].

10.6 Respiratory Failure in Advanced COPD

Respiratory failure results from disturbances of gas exchange due to impairments in

either oxygenation or elimination of carbon dioxide or both. Respiratory failure is

defined by an arterial oxygen tension (PaO2) of less than 60 mmHg and/or an

arterial carbon dioxide tension (PaCO2) greater than 45 mmHg. In healthy individ-

uals, carbon dioxide retention begins when respiratory muscle strength is <50% of
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normal. In patients with COPD, mechanical abnormalities including airflow limi-

tation increase the work of breathing; therefore, hypercapnic respiratory failure

occurs with lesser degrees of respiratory muscle weakness. Adequate tissue oxy-

genation requires appropriate matching of oxygen demand and delivery at the

cellular level. In patients with COPD, the increased work of breathing further

increases oxygen demand, while the ability to respond to these increased demands

is limited. In patients with respiratory failure, supplemental nutrition can increase

oxygen consumption and carbon dioxide production. The limited ability to augment

ventilation in COPD patients with respiratory failure has raised concern that

increased oxygen consumption (VO2) and carbon dioxide production (VCO2). In

order to avoid excess VCO2, COPD patients with respiratory failure should receive

a calorie intake that matches estimated energy expenditure. VCO2 is nutritionally

determined by the carbohydrate-to-fat ratio. The respiratory quotient is 0.7 for fats

and 1.0 for carbohydrates. High-carbohydrate diets lead to greater CO2 production

(VCO2) than high-fat diets due to the higher respiratory quotient of carbohydrate.

Thus, low-carbohydrate/high-fat enteral nutrition was recommended with the inten-

tion of reducing the work of breathing. It is difficult to improve muscle function and

quality of life in malnourished patients with respiratory failure; however, multi-

modal nutritional rehabilitation may improve. Trail of 122 patients with chronic

respiratory failure (94 patients (77%) have COPD) on long-term oxygen therapy

and/or noninvasive ventilation showed that multimodal nutritional rehabilitation

combining health education, oral nutritional supplements, exercise, and oral tes-

tosterone for 90 days improved BMI (+0.56 kg/m2), FFMI (+0.60 kg/m2), peak

workload (+7.2 W), quadriceps isometric force (+28.3 N), and endurance time

(+5.9 min), compared with home health education as controls [30].

10.7 Conclusion

While a meta-analysis in 2000 reported nutritional support had no effect, meta-

analyses in 2012 showed that nutritional support can lead to improvements in

nutritional intake, body weight, muscle mass, fat mass, and peripheral muscle

strength in patients with COPD. In contrast with meta-analyses in 2000, those in

2012 did examine nutritional intake and found that current nutritional support

resulted in a significantly greater increase in both protein and energy intakes

[3]. Since the underlying mechanism of pulmonary cachexia syndrome in COPD

is complex, an argument has been made that a single therapeutic agent such as an

appetite stimulant would be ineffective in reversing weight loss. A better approach

would be to incorporate multimodal therapy, which would target simultaneously

multiple underlying pathophysiological processes. Important management adjunct

to nutritional supports is integrated disease management (IDM). IDM is to establish

a program of different components of care (i.e., self-management, exercise, nutri-

tion) in which several healthcare providers (i.e., nurses, general practitioners,
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physiotherapists, pulmonologists) collaborate to provide efficient and good quality

of care. A total of 26 RCTs were included, involving 2997 patients from 11 different

countries with a follow-up varying from 3 to 24 months, which showed that patients

with COPD treated by an IDM program improved significantly on quality of life

scores and reported a clinically relevant improvement of 44 m on 6 min walking

distance, compared to controls (Table 10.4) [31]. To answer the question, “Is there a

possibility of developing new drugs?”, IDM will help to develop new drugs

targeting pulmonary cachexia syndrome in patients with COPD.
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Chapter 11

Long-Term Oxygen Therapy (or Home

Oxygen Therapy) for COPD: The Present

State and Future Problems

Keisaku Fujimoto

Abstract The purpose of long-term oxygen therapy, which has been called home

oxygen therapy (HOT) in Japan, for chronic respiratory failure is to prevent severe

hypoxemia and the development of pulmonary hypertension, and improve mortal-

ity. The recommendations for HOT are based on the MRC and NOTT studies

performed over 30 years ago. The indications for HOT based on the two studies

may not necessarily be representative of today’s COPD patients. There is no

concrete evidence concerning the effects of HOT on the prevention of pulmonary

hypertension, improvement of ADL, QOL, and physical activity, and little benefi-

cial evidence for patients with mild to moderate hypoxemia at rest or daytime,

except for exercise-induced severe hypoxemia, nocturnal oxygen desaturation,

comorbidities such as cardio- and cerebrovascular comorbidities, or severe breath-

lessness on exertion. Further examination will be necessary in the future during the

development of a new oxygen supplying device. At the time of HOT prescription,

we let the patients and their family understand the need for HOT and educate them

in the directions for use. We should explain and guide them in how to use the

oxygen supply apparatus safely, the confirmation of the prescribed oxygen flow, the

management and maintenance of the oxygen supplying device, communication for

a disaster and emergency, concerns about daily life, the prevention and correspon-

dence of the exacerbation, the use of the welfare system, and medical expenses.
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11.1 Introduction

It was reported in Japan as of 2010 that COPD occupied 45% of the underlying

diseases of long-term oxygen therapy (LTOT), usually called home oxygen therapy

(HOT) in Japan [1]. The purpose of HOT for chronic respiratory failure is to prevent

severe hypoxemia and the development of pulmonary hypertension, and improve

mortality [2, 3]. In the mid to late twentieth century two randomized trials were

performed almost simultaneously which have had a profound effect on the man-

agement of chronic obstructive pulmonary disease (COPD) over the last three

decades. The two large-scale trials, the UK Medical Research Council (MRC)

study [2] and the US Nocturnal Oxygen Therapy Trial (NOTT) [3], showed that

LTOT when given for greater than 15 h/day improved survival for 3 years in

patients with COPD and chronic hypoxemia (PaO2 ≦ 55–60 mmHg), with or

without hypercapnia, and oxygen therapy for more than 18 h improved survival

further than did oxygen therapy for 12–15 h/day (Fig. 11.1) [3]. The improved

survival by the treatment of HOT has been suggested to be mainly due to attenuated

pulmonary hypertension [4]. These results significantly altered the treatment of

hypoxemic COPD and HOT is the only therapy confirmed as evidence apart from

smoking cessation that has been shown to reduce mortality in COPD.

MRC study: oxygen group
MRC study: no oxygen group
NOTT: Continuous oxgen group
NOTT: Nocturnal oxgen group
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Fig. 11.1 Comparison of cumulative survival rate in the UK Medical Research Council (MRC)

study and the US Nocturnal Oxygen Therapy Trial (NOTT). Long-term oxygen therapy for greater

than 15 h daily significantly improved survival for 3 years in patients with COPD compared with

no oxygen (MRC study), and oxygen therapy for more than 18 h further improved survival more

than oxygen therapy for 12–15 h/ day (NOTT) (Figure drawn from Refs. [2] and [3])
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11.2 Effects of Long-Term Oxygen Therapy on Survival

The MRC study [2] included 87 hypercapnic patients with severe hypoxemia

(PaO2: 40–55 mmHg). The patients received oxygen via concentrator for 15 h/

day or no oxygen at all. Portable oxygen cylinders were not provided and those

patients who continued smoking were not excluded. The mortality at 3 years was

45.2% in the oxygen-treated group and 66.7% in controls. The MRC study showed

that LTOT when given for greater than 15 h/day significantly improved survival in

patients with hypoxic COPD. The NOTT study [3] enrolled 203 patients with stable

hypoxemia (PaO2 ≦ 55 mmHg or 55< PaO2 ≦ 59 mmHg in the presence of cor

pulmonale, hematocrit ≧ 55%, or electrocardiographic evidence of P pulmonale)

on two measurements over a 3-week exacerbation-free period. The patients

received continuous or nocturnal oxygen and were also followed for a period of

3 years or until death. The continuous oxygen flow rate was sufficient to increase

PaO2 to 60–80 mmHg, with flow rates increased by 1 L/min during sleep and

exercise. The mortality rates at 24 months and 3 years were 27 and 32% for the

continuous group and 41 and 50% for the nocturnal group, respectively. The NOTT

study demonstrated a significant survival advantage in the continuous oxygen

group, in whom the average oxygen usage was 18 h/day, compared with the

nocturnal oxygen only group. Also, the survival advantage was prominent in

patients with carbon dioxide retention and also present in patients with relatively

poor lung function, low mean nocturnal oxygen saturation, more severe brain

dysfunction, and prominent mood disturbances. Continuous O2 therapy also

appeared to benefit patients with low mean pulmonary artery pressure (Ppa) and

pulmonary vascular resistance (PVR) and those with relatively well-preserved

exercise capacity.

In a similar investigation, the result of a 5-year Japanese international survey

from 1986, it has been reported that the patients receiving HOT for 5 years showed

a significant improvement in cumulative survival rates compared with a patient not

prescribed HOT [5]. Figure 11.2 shows the cumulative survival rates in patients

with severe hypoxemic pulmonary emphysema who were prescribed HOT (red

circle) or not prescribed HOT due to personal reasons although adapted for HOT

(black circle) (PaO2 ≦ 55 mmHg at rest under breathing room air or 55< PaO2 ≦
60 mmHg at rest under breathing room air associated with pulmonary hypertension

or with severe hypoxemia (PaO2 ≦ 55 mmHg) during exercise or sleep). It was also

reported that the cumulative survival rate for female patients was better than that for

male patients among the patients receiving continuous oxygen therapy [6] which

was the same as in the NOTT study [4], however, according to the report from

Sweden, female COPD patients adversely showed a lower survival rate compared

with males [7].
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11.3 Other Benefits of Long-Term Oxygen Therapy

Acute beneficial effects of oxygen inhalation on dyspnea, exercise tolerance, and

pulmonary hemodynamics are well known in patients with moderate to severe

COPD, especially in patients who show desaturation below 88% during exercise

[8]. However, there is little convincing evidence from studies to date that LTOT has

significant benefits other than on survival. Indeed, the mechanism for the improve-

ment in survival with oxygen therapy still remains unclear, despite the observation

of small improvements in some hemodynamic parameters in the NOTT [4].

Cooper et al. [9] have evaluated the effects of receiving LTOT for at least 15 h/

day for 12 years in 72 patients (53 male) with a mean age of 60 years presenting

with chronic obstructive airways disease and hypoxic cor pulmonale. The mean

PaO2 and PaCO2 were 46 mmHg and 52 mmHg, respectively. All patients had a

PaO2 ≦ 60 mmHg and 57 patients had a PaCO2 ≧ 45 mmHg. Pulmonary hemo-

dynamics were measured in 45 patients before and 12–18 months after the induc-

tion of LTOT. There were no significant changes in mean Ppa (from 28.3� 10.2

(mean� SD) to 26.1� 11.0 mmHg), cardiac output (from 5.9� 1.8 to 6.7� 2.8 L/

min), and total PVR (from 59.2� 25.3 to 51.1� 24.7 kPa/L/s); overall 5-year

survival was 62%, but the 10-year survival was only 26%, indicating an acceler-

ation in death rate at 10 years despite continuing LTOT whereas the cumulative

survival rates at 5 years were superior to those in the continuous oxygen group of

NOTT (53% in NOTT). Zielifiski et al. [10] also demonstrated the effects of 6 years

of domiciliary oxygen therapy on pulmonary hemodynamics in 95 patients with

COPD (72 men, 23 women, mean age: 58� 9 years, FEV1: 0.84� 0.31 L,

PaO2:55� 6 mmHg, PaCO2: 48� 9 mmHg, Ppa: 28� 11 mmHg, PVR:

LTOT prescribed group (n=5397)

LTOT not prescribed group (n=107)
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Fig. 11.2 Cumulative survival rates in patients prescribed long-term oxygen therapy (LTOT)

compared with the patient not prescribed LTOT due to personal reasons although the patient

fulfilled criteria for LTOT (from the result of a 5-year Japanese international survey from 1986).

The patients receiving LTOT for 5 years showed a significant improvement in cumulative survival

rates compared with the patient not prescribed LTOT (Figure modified from Ref. [5])
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353� 172 dyn� s� cm�5). After initial assessment, all patients were started on a

regimen of LTOT. Pulmonary artery catheterization was repeated every 2 years.

The mean Ppa in 39 patients fell from 25� 8 to 23� 6 mmHg, which was no

significant difference, and resulted in a small reduction of pulmonary hypertension

after the first 2 years followed by a return to initial values and subsequent stabili-

zation of Ppa over 6 years (in 12 patients who completed 6 years of LTOT, Ppa was

25� 7 at entry, and 21� 4, 26� 7, and 26� 6 mmHg at 2, 4, and 6 years,

respectively; p< 0.01 for 2 vs. 6 years). The long-term stabilization of pulmonary

hypertension occurred despite progression of the airflow limitation and of hypox-

emia. These findings suggest that the effect of LTOT on pulmonary hemodynamics

is temporary and the disturbances of pulmonary hemodynamics may no longer be

important determinants of survival.

Neuropsychological function and quality of life (QOL) were assessed in both

continuous and nocturnal oxygen therapy groups at baseline and 6 months in the

NOTT. Only 42% of patients showed improvements of the decreased neuropsy-

chological function at 6 months and there were no differences between the contin-

uous and nocturnal groups [11], but a small improvement of the QOL was found in

NOTT. Okubadejo et al. [12] examined the relationships between ADL, quality of

life, mood state, and airway obstruction in patients using LTOT and in patients not

requiring LTOT. They found no significant difference between groups in health

status using the St. George’s Respiratory Questionnaire (SGRQ), and the patients

using LTOT were less independent in activities of daily living than those not

requiring long-term oxygen therapy. On the other hand, Eaton et al. [13] evaluated

the effects of LTOT on QOL as the manner of prospective longitudinal interven-

tional study by comparing between the LTOT group fulfilling criteria and com-

menced on LTOT and the non-LTOT group not fulfilling criteria and continued on

standard care.

Significant improvements in QOL assessed by using the Chronic Respiratory

Questionnaire (CRQ), total generic Dartmouth COOP Charts, and anxiety domain

of the Hospital Anxiety and Depression scale were noted at 2 and 6 months in the

LTOT group. Conversely the non-LTOT group demonstrated a progressive decline

in QOL. They concluded that the introduction of LTOT to patients with severe

COPD fulfilling standard criteria was associated with early significant improve-

ments in HRQL with sustained or further response at 6 months. It is difficult to

determine whether the improvements of QOL were due to more than placebo effect

because of the lack of placebo, that is, compressed air instead of oxygen. Also, the

control subjects were a non-LTOT group enrolled from the subjects not fulfilling

criteria for LTOT in the above two studies. The control subjects should be enrolled

from the patients adapted to LTOT at random, and different results might be found.

We cannot assert that oxygen improves QOL at present. However, daily life is

limited by sustained oxygen treatment for LTOT and patients felt uneasy and the

QOL decreased. The effects of LTOT may be dependent on the individual style of

daily life. If the portable oxygen devices were developed to be smaller, lighter

weight, and easy to carry, the effects of LTOT on ADL and QOL would become

clear.
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11.4 Application of HOT

Most international guidelines for the management of oxygen therapy in COPD

recommended that LTOT should be considered for patients with stable COPD, who

show PaO2 consistently less than or equal to 55 mmHg at rest when awake and

breathing room air and for patients with PaO2 56–59 mmHg with polycythemia

(hematocrit> 0.55) or clinical, electrocardiographic, or echocardiographic evi-

dence of pulmonary hypertension and/or right heart failure [14, 15, 16]. In Japan,

for severe hypoxemia, with PaO2 are ≦ 55 Torr at rest or 55< PaO2 ≦ 60 mmHg

with severe desaturation during sleep or exercise under breathing room air, con-

tinuing in a stable state for more than one month providing enough medical therapy

and pulmonary rehabilitation and a doctor judges the necessity, HOT is prescribed.

Also, subjects having pulmonary hypertension are adapted for HOT regardless of

cause. All of the guidelines generally recommended that oxygen should be used for

as many hours of the day as possible, ideally a minimum of 15 h. Górecka et al. [17]

examined the benefit of LTOT on survival in COPD patients with moderate

hypoxemia. One hundred and thirty-five patients with COPD who showed their

PaO2 were 56–65 mmHg, borderline severe hypoxemia at rest, and advanced

airflow limitation (mean FEV1: 0.83 L) were randomly allocated to a control and

LTOT group. The patients were followed every 3 months for at least 3 years or until

death. The cumulative survival rate was 88% at 1 year, 77% at 2 years, and 66% at

3 years. No significant differences were found in survival rates between patients

treated with LTOT and controls, nor did longer oxygen use (over 15 h/day) improve

survival (Fig. 11.3). They concluded that domiciliary oxygen treatment does not

prolong survival in patients with COPD with moderate hypoxemia. It has been

suggested that LTOT should be prescribed earlier for patients who complain of

severe dyspnea on effort where their PaO2 are ≧ 60 mmHg at rest. However, it has

been demonstrated that there was little improvement of dyspnea, QOL, and neuro-

psychological dysfunction for the patients who complained of dyspnea on effort and

showed mild hypoxemia of PaO2 71.4 mmHg as mean values at rest [18]. At the

present time, HOT is not approved as the treatment for dyspnea on effort if the

patient does not show severe hypoxemia.

11.5 HOT for Patients with COPD Showing Only During

Exercise

Most patients with COPD show more hypoxemia (desaturation) and increased Ppa

during exercise, and the supplemental oxygen improves desaturation and increased

Ppa [19]. Therefore, the oxygen supply needs to be increased in order to maintain

the SpO2 ≧ 90% during exercise in patients who were prescribed supplemental

oxygen at rest. On the other hand, the use of ambulatory oxygen during exercise or

with exertion in patients with mild hypoxemia at rest and unfulfilled criteria for
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LTOT remains controversial. Meta-analysis about acute efficacy of supplemental

oxygen revealed that the supplemental oxygen improved dyspnea and exercise

tolerance especially in moderate to severe COPD patients with mild hypoxemia

at rest [20]. The acute efficacy is dose-dependent and is suggested to be partly

related to a reduction in dynamic hyperinflation and reduced breathing frequency

[21]. Also, COPD patients with mild hypoxemia at rest, whose SpO2 decreased

lower than 90% during the 6-min walking test (6MWT) have been demonstrated to

have a poor prognosis [22]. The moderate to severe patients with COPD, whose

SpO2 decreased lower than 90% within one minute after starting the walk, have a

tendency to be prescribed supplemental oxygen at an earlier time [23]. There is no

large-scale study about the long-term efficacy of ambulatory supplemental oxygen

therapy for patients with COPD who show severe hypoxemia only during exercise.

A 12-week, double-blind, randomized crossover study of O2 versus cylinder-

compressed air in 41 COPD patients with breathlessness and mild hypoxemia at rest

but showing exertional desaturation (SpO2 ≦ 88%) was examined. Improvements

were seen in all domains of the CRQ for cylinder oxygen compared with com-

pressed air [24]. Significant improvements were also noted in anxiety and depres-

sion and in certain domains of the SF-36. These benefits cannot be predicted by

baseline characteristics or acute response supplemental oxygen. On the other hand,

Moore et al. [18] examined a 12-week, parallel, double-blinded, randomized,

placebo-controlled trial of cylinder air versus cylinder oxygen trial in 143 patients

with COPD, having PaO2> 60 mmHg at rest breathing room air and moderate to

severe exertional dyspnea including 50 patients with exertional desaturation to

�88%. The oxygen or compressed air was provided at 6 L/min intranasally for

use during any activity provoking breathlessness. However, no significant differ-

ences in any outcome were found between groups receiving air or oxygen

(Fig. 11.4).
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Fig. 11.3 Effect of long-

term oxygen therapy

(LTOT) on the cumulative

survival rate in COPD

patients who showed

moderate hypoxemia (PaO2

at rest: 56–65 mmHg) and

advanced airflow limitation.

The cumulative survival

rate was 88% at 1 year,

77% at 2 years, and 66% at

3 years. No significant

differences were found in

survival rates between

patients treated with LTOT

and controls (Referred from

Ref. [17])
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Statistically significant but clinically small improvements in dyspnea and

depression were observed in the whole study group over the 12 weeks of the

study and resulted from a substantial placebo effect. They concluded that the

domiciliary ambulatory oxygen conferred no more benefits than compressed air

in terms of dyspnea, quality of life, or function in breathless patients with COPD

who do not have severe resting hypoxemia. It has been demonstrated that the

inhalation of either oxygen or compressed air induces a relief of breathlessness

through the stimulation of nasal receptors by gas flow, however, the precise

mechanism is not known [25]. Indeed, in COPD patients with mild hypoxemia at

rest, but showing severe desaturation, effectiveness of long-term domiciliary ambu-

latory oxygen therapy on QOL with more than placebo effect could not be found.

However, even though short-term severe hypoxemia has been demonstrated to

aggregate systemic inflammation and increase activity of coagulation, the supple-

mental oxygen prevents exercise-induced oxidative stress in muscle-wasted

patients with COPD [26, 27]. Supplemental oxygen during exercise has been

recommended in patients in the United States who show mild hypoxemia at rest,

but severe desaturation during exercise [28].

11.6 Effects of Supplemental Oxygen on Pulmonary

Rehabilitation in Nonhypoxemic COPD at Rest

According to a review on the effectiveness of adding oxygen to exercise training in

comparison to exercise training without oxygen supplementation in patients with

COPD, both hypoxemic and nonhypoxemic subjects can exercise longer and have
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Fig. 11.4 A randomized

trial of domiciliary

ambulatory oxygen in

COPD patients with

dyspnea but without resting

hypoxemia. Statistically

significant but clinically

small improvements in

dyspnea were observed in

the whole study group over

the 12 weeks of the study,

however, no significant

differences in dyspnea score

were found between groups

receiving air or oxygen

(Referred from Ref. [18])
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less shortness of breath when using oxygen during an exercise-training program

[29]. However, few data have demonstrated the effects of oxygen on daily shortness

of breath, daily activity, and QOL. Nonoyama et al. [30] undertook a series of

individual randomized controlled trials (N-of-1 RCTs) to measure the effect of

oxygen on QOL in 27 COPD patients with transient exertional hypoxemia. Oxygen

significantly increased exercise capacity in a 5-min walk test. Among the whole

group, neither the CRQ nor the St. George’s Respiratory Questionnaire showed any
statistical or clinical differences between oxygen and placebo. This study does not

support the general application of LTOT for patients with COPD who do not meet

criteria for LTOT. Furthermore, Spielmanns et al. [31] carried out a 24-week

training program with progressively increasing loads and compared the influences

of oxygen supplementation by a blinded randomized controlled study. Thirty-six

subjects with moderate to severe COPD who were not dependent on LTOT trained

under supervision for 24 weeks (3 times/week for 30 min/session) with supplemen-

tation of oxygen or compressed air at a flow of 4 L/min. Statistically significant

improvements were found in QOL, maximal tolerated load during cycling, peak

oxygen uptake, and 6-min walk test after 12 weeks of training, but there were no

further benefits of supplemental oxygen.

It has been demonstrated that the addition of noninvasive positive pressure

ventilation (NPPV) to an exercise training program in severe COPD (mean PaO2:

65.4 mmHg at rest under breathing room air) produces greater benefits in exercise

tolerance and QOL than after training alone, and suggested that domiciliary NPPV

can be used successfully to augment the effects of rehabilitation in severe COPD

[32]. Heliox breathing, similar to NPPV, unloads the respiratory muscles and

relieves both dyspnea and leg discomfort during exercise [33]. This allows COPD

patients to exercise longer prior to exhaustion and enhances the physiological

training effect. Despite the current findings, the overall cost of the ventilator

setup and the gas mixture makes the use of this therapy cumbersome/impractical

and/or too expensive to be incorporated into routine pulmonary rehabilitation pro-

grams or training at home.

11.7 HOT for Patients with COPD Showing Severe

Hypoxemia Only During Night

COPD patients have been demonstrated to show nocturnal oxygen desaturation

(NOD) during sleep, especially during REM sleep, due to hypoventilation and

ventilation to perfusion mismatching even though without daytime hypoxemia

[34]. Severe NOD can cause cardiac arrhythmias, pulmonary hypertension, and

nocturnal death, especially during acute exacerbations. Fletcher et al. have exam-

ined the association between pulmonary hemodynamics and NOD in 36 patients

with chronic lung disease who had a daytime PaO2> 60 mmHg, REM sleep-related

NOD for greater than 5 min, and the lowest SpO2 ≦ 85%. The patients with NOD
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showed more hypoxemia and higher Ppa and PVR compared with those in patients

with similar degrees of lung disease but without NOD (Ppa: 23.3� 4.8 mmHg and

PVR: 172.4� 53.8 dyn� s� cm�5 in patients with NOD vs. Ppa: 20.4� 4.2 mmHg

and PVR: 101.8� 27.6 dyn� s� cm�5 in patients without NOD) [35]. The effects

of nocturnal supplemental oxygen on pulmonary hemodynamics for moderate to

severe COPD patients with NOD were evaluated in a double-blind, randomized

3-year trial [36]. The subjects were treated with nocturnal oxygen (n¼ 19) or room

air (n¼ 19) at 3 L/min, and 13 nondesaturating subjects were followed with no gas

therapy. The NOD patients treated with nocturnal supplemental oxygen over

36 months showed a significant downward trend in pulmonary artery pressure

(�3.7 mmHg) compared with NOD patients treated with room air (+3.9 mmHg;

Fig. 11.5). Mortality was decidedly higher in the desaturating patients compared

with nondesaturating subjects, but there was no significant difference between

oxygen- and sham-treated desaturating subjects. It was concluded that nocturnal

supplemental oxygen used to reverse episodic desaturation in COPD patients with

daytime mild hypoxemia has a beneficial effect in reducing pulmonary artery

pressure. However, Chaouat et al. [37] have demonstrated that there was no

difference in the pulmonary hemodynamics, the rate of patients conducted to

daytime oxygen therapy, and survival 2 years following the treatment between

the patient groups prescribed nocturnal supplemental oxygen and no oxygen ther-

apy. There are no coincident results. Also, any significant efficacy for QOL and

quality of sleep was not obtained [38]. The potential benefits of nocturnal oxygen

therapy in patients with mild to moderate daytime hypoxemia remain unclear.

Further studies will be needed.
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11.8 Oxygen Therapy for Patients with COPD Combined

Obstructive Sleep Apnea or Pulmonary Fibrosis

Coexistence of COPD and obstructive sleep apnea (OSA), referred to as overlap

syndrome, has been found in 3% of mild COPD. Overlap patients have worse

sleep-related hypoxemia and hypercapnia than patients with COPD or OSA alone

[34]. OSA has a similar prevalence in COPD as in a general population of similar

age, but oxygen desaturation during sleep is more pronounced when the two

conditions coexist. It has also been reported that overlap syndrome showed further

increased Ppa and increased rate of all caused death and risk of hospitalization due

to exacerbation [39]. Continuous positive airway pressure (CPAP) therapy

improves survival and decreases hospitalization [40]. It is important to find the

combined OSA by the monitoring SpO2 during the night. Patients with combined

pulmonary fibrosis and emphysema (COPD) have shown severe hypoxemia on

effort and poor prognosis although their airflow obstruction is mild [41]. These

patients should be prescribed oxygen therapy at an earlier time.

11.9 Introduction of HOT

At the time of introduction of HOT, the PaO2, PaCO2, and pH should be confirmed,

and the presence of hypoxemia also be evaluated not only at rest but also during

exercise and sleep. PaO2 has to maintain a PaO2 over 60–65 mmHg, and may be

better to keep 70–75 mmHg [42]. Concerning inhalational time, 18 h or more a day

are desirable. Cancellation of more than 3 h has been reported to worsen pulmonary

hypertension [43]. The oxygen flow up to 3 L/min rarely causes an increase in

PaCO2 becoming the problem clinically, but it is necessary to confirm it by arterial

blood gas analysis. As for high PaCO2 in itself, it does not become taboo for HOT,

and it has been reported that patients having a high PaCO2 showed a more beneficial

effect on survival [3]. However, for those patients who show their PaCO2 is

55 mmHg or over at rest or lower than 55 mmHg with severe hypoxemia during

the night due to hypoventilation during sleep, or those patients who show frequent

exacerbation-accompanied hypercapnia, NPPV should be considered to be used

together with HOT [44].

11.10 Apparatus and Device Suppling Oxygen

Among oxygen supply devices including an oxygen concentrator, liquid oxygen,

and portable oxygen cylinder, more than 90% of the patients prescribed HOT in

Japan use an oxygen concentrator at home and a portable cylinder attached to an

oxygen saver, which can be used along with an inhale effort, when going out. When
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using a portable cylinder attached oxygen saver, it is necessary to confirm whether

the device operates normally and check oxygenation during a walk, because the

oxygenation varies according to the device and the oxygen supply through the

demand valve does not always result in the same effect as the oxygen supply at

consecutive flow especially during a walk or if the inhale effort is weak [45]. A

portable oxygen concentrator has been developed and provided. However, the style

of use of the concentrator is different depending on whether the oxygen supplied is

only through an oxygen saver or not only through a saver but also by consecutive

flows without a saver; that is, if the concentrator supplies oxygen only through a

saver, it cannot be used during sleep. Also, when the portable oxygen concentrator

is used, SpO2 should be monitored using a pulse oximeter because there is a

possibility that oxygenation is different in the supplied oxygen concentration

between a portable concentrator and a concentrator at home, and the fitness of the

patient who will need to manage a battery and possible problems when going out

should be carefully considered [46].

11.11 Education and Guidance for HOT

HOT is introduced using a check list and critical path for safety and certainty. HOT

will be introduced both in a stable state and at the time of discharge after the patient

is restored from exacerbation. In the latter case, it is necessary to confirm that

hypoxemia lasts after discharge and is still present in a stable state. At the time of

prescription of HOT, we explain to patients and their families the need for HOT and

educate them in the directions for use. In other words, we explain and guide how to

use the oxygen supply apparatus safely, the observance of the prescribed oxygen

flow, the management and maintenance of the apparatus, communication for a

disaster and emergency, concerns about daily life, the prevention and communica-

tion of the exacerbation, the use of the welfare system, and medical expenses. Those

patients showing poor adherence have been shown that the increased rate of severe

exacerbation requires hospitalization and increases medical expenses [47]. Also, it

has been demonstrated that patients who show good adherence to HOT, increase

daily activity, and continuously inhale oxygen during walking and exercise show

better prognosis [4]. Therefore, it may lead to prognosis improvement as well as the

improvement of QOL that a patient will find it easy to go out thanks to the

development and spread of the new more compact and easier to carry oxygen

supply apparatus.

Smoking cessation is essential and becomes the premise in starting treatment in

patients with COPD. Particularly, we have to confirm the achievement of smoking

cessation when oxygen therapy is prescribed. Actually, 24% of the dangerous

matters reported from oxygen-supply companies are smoking during oxygen inha-

lation, and it is necessary to teach that smoking together with the inhalation of

oxygen induces a burn and fire because oxygen promotes combustion. It usually

may be enough to monitor daily oxygen therapy by the check of SpO2, but we have
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to examine the analysis of arterial blood gas including pH and PCO2 as needed

especially in the patients having type 2 respiratory failure with a high PaCO2. It is

important in continuation of HOT to build up a medical network including the close

cooperation among the oxygen provider, the patient together with the family, the

visiting nurse, and the family doctor, and to provide utmost continuous care

including pulmonary rehabilitation, which can reduce the risk of exacerbation and

hospitalization and may improve prognosis [48].

The instruction of preparation for a disaster is very important. In patients using

an oxygen concentrator with lower than 2 L/min at home, stoppage of the oxygen

supply of around two hours is not a problem, but we should grasp the state of each

patient and instruct him or her in an appropriate communication. We must instruct

the patients to change from the oxygen concentrator to an oxygen cylinder calmly

without falling into a panic at the time of the blackout, and teach patients how to

handle the oxygen apparatus and explain the importance of handling by the patient

himself at any time. In addition, we have to explain the communication of the

oxygen supplier to a patient at the disaster because cooperation with the provider

who supplies the oxygen is indispensable.

11.12 When Traveling by Airplane

In the patient who shows her PaO2 at rest less than 70 mmHg, hypoxemia may

worsen during long-time movement in a plane due to the hypobaric environment

equivalent to 2000 m above sea level. When the PaO2 under breathing room air at

sea level are less than 50 mmHg, or PaCO2 are more than 50 mmHg, movement by

plane is a relative taboo [49]. It is also recommended that the oxygen flow needs to

increase by 1–2 L/m during a flight for the patient prescribed HOT.

11.13 Conclusion (Future Problems for HOT)

The recommendations for HOT are based on the two randomized non-placebo-

controlled trials containing fewer than 300 patients and conducted over 30 years

ago. The indications for HOT based on the two studies may not necessarily be

representative of today’s COPD patients, many of whom are older and have more

comorbidity. It would seem important to clarify the true impact of HOT on

all-cause mortality in those patients who are currently receiving it, many of

whom are elderly with multiple comorbidities. Even though short-time hypoxemia,

severe hypoxemia may be worth for health. Further studies should be continued

about an application of HOT for those patients with easily induced tissue hypox-

emia such as cardiovascular disease and cerebrovascular disease and showing

severe desaturation on exertion or during exercise, and/or nocturnal hypoxemia

although mild hypoxemia more than 60 mmHg at rest and daytime. Also, we have
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to verify the efficacy of supplemental oxygen on severe breathlessness and on

exercise training in the patients with exercise-induced hypoxemia or

nonhypoxemia. The appearance, portability, and uses will be different with the

evolution of the oxygen supply device. For example, if a portable oxygen concen-

trator is downsized and lightweight, and able to supply oxygen at more than 3 L/min

flow rate consecutively, furthermore, its battery is lightweight, small size, and lasts

for longer than 12 h, ADL and the QOL may be improved. The adaptation for HOT

will change if it becomes so. Further examination will be necessary in the future.
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Chapter 12

Bronchodilators for COPD: At What Stage

Should Therapeutic Intervention Be

Initiated?

Takashige Kuraki

Abstract Pharmacologic therapy for COPD is used to reduce symptoms, reduce

the frequency and severity of exacerbations, and improve health status and exercise

tolerance. Medications that increase the FEV1 or change other spirometric vari-

ables, usually by altering airway smooth muscle tone, are termed bronchodilators,

since the improvements in expiratory flow reflect widening of the airways rather

than changes in lung elastic recoil. Such medications improve emptying of the

lungs, tend to reduce dynamic hyperinflation at rest and during exercise, and

improve exercise performance. The extent of these changes, especially in severe

and very severe patients, is not easily predictable from the improvement in FEV1.

This chapter will describe some of the information that support the use of mono- or

combined bronchodilator therapy in patients with COPD.

Keywords COPD • Bronchodilator

12.1 Introduction: The Physiological Rationale for Using

Bronchodilators

Medications that increase the FEV1 or change other spirometric variables, usually

by altering airway smooth muscle tone, are termed bronchodilators, since the

improvements in expiratory flow reflect widening of the airways rather than

changes in lung elastic recoil. Such medications improve emptying of the lungs,

tend to reduce dynamic hyperinflation at rest and during exercise, and improve

exercise performance [1].

A schematic description of the innervation of the airways is fundamental for

understanding how bronchodilators work and why they have clinical utility. Airway

tone is mainly controlled by the vagus nerve, and the parasympathetic nerves
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carried in the vagus nerve are tonically active, producing a stable, readily reversible

baseline tone of the airway smooth muscle (ASM) (Fig. 12.1).

12.1.1 Cholinergic Pathway

Acetylcholine (ACh) is the “classic” neurotransmitter of the parasympathetic

nervous system at both the level of ganglionic transmission and the neuroeffector

junctions. ACh acts via activation of muscarinic receptors (mAChRs) that belong to

the large seven-transmembrane family of G protein-coupled receptors (GPCRs).

Five different subtypes of mAChRs have been identified by molecular biological

techniques (M1–M5), but so far, a sufficient pharmacological and functional char-

acterization has been provided for only four of them (M1–M4) [3]. The mAChRs are

expressed in almost every cell type of the airway and lung tissue, including airway

and vascular smooth muscle, different glandular and surface epithelial cells, endo-

thelial cells, and various inflammatory cells. In humans, M1 mAChRs seem to be

expressed particularly in peripheral lung tissue and in the alveolar wall, but they

have not been detected in larger airways, where M2 and M3 mAChRs represent the

major population of mAChRs. Under “physiological” conditions, the ASM con-

traction induced by ACh is mediated primarily via the M3 subtype. M2 mAChRs

couple to adenylyl cyclase via Gi in an inhibitory manner. They functionally oppose

the β-AR-mediated increase in cAMP, leading to attenuation of β-AR-induced

Fig. 12.1 Neural regulation of bronchial tone[2]. eNANC excitatory NANC, Ach acetylcholine.

(Ref : Cazzola M, Pharmacol Rev 2012, 64:450–504.)
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relaxation of ASM and prevent activation of Ca2-dependent K (KCa) channels

[2, 3].

12.1.2 Adrenergic Pathway

β-ARs are present in high concentration in lung tissue, and autoradiographic

mapping and in situ hybridization studies show that they are localized to several

cell types. β-ARs are subdivided into three types: β1, β2, and β3. They are members

of the seven-transmembrane spanning family of GPCRs related to bacteriorhodop-

sin and are composed of 413 amino acid residues. There is a 65–70% homology

between β1/ β3- and β2-ARs. Binding studies show that approximately 70% of

pulmonary β-ARs are of the β2-AR subtype. These receptors are localized to ASM

(3–4/104 per cell), epithelium, vascular smooth muscle, and submucosal glands [4],

whereas β1-ARs in the lung are confined to glands and alveoli. There is a uniform

distribution of β-ARs on the alveolar wall with a 2:1 ratio of β1/ β2-ARs. β2-AR
density increases with increasing airway generation, and high levels are found in

the alveolar region. Computed tomography scanning has confirmed that β2-AR
distribution is greater for small rather than large airways. β2-ARs are also expressed
on many proinflammatory and immune cells, including mast cells, macrophages,

neutrophils, lymphocytes, eosinophils, epithelial and endothelial cells, and type I

and type II alveolar cells [2].

GPCRs are dynamic proteins that switch between an inactive state and an active

conformation that can engage G proteins (Fig. 12.2). Persistent activation of a

GPCR is achieved through the binding of both an agonist and a G protein at

opposite ends of the receptors relative to the lipid bilayer, where the combined

binding interactions reduce the energy barriers to the formation of the active state.

β2-ARs are coupled to Gs, where stimulation by a β2-AR agonist activates adenylyl

cyclase and increases cAMP levels. cAMP increases protein kinase A (PKA)

activity, which phosphorylates downstream protein modulators. The overall acti-

vation of this signal transduction pathway can lead to the inhibition of

phosphoinositol hydrolysis, a fall in intracellular Ca2 levels, and the activation of

large-conductance K channels. The hyperpolarization of airway smooth muscle as a

result of opening K channels can lead to relaxation of airway smooth muscle. β2-AR
stimulation produces airway relaxation, but prolonged β2-AR activation leads to a

decrease in receptor responsiveness that differs depending on the cell type but is

more readily demonstrable in inflammatory cells than ASM [5].

12.1.3 Non-adrenergic Non-cholinergic Pathway

Autonomic neural control of ASM tone cannot be fully explained by the functions

of the cholinergic and adrenergic nervous systems alone [6]. For example, striking
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changes in ASM tone can be induced even in the presence of an anticholinergic

agent (atropine) and a β-AR antagonist (propranolol). There is substantial evidence

of contractile and relaxant NANC smooth muscle responses in mammalian airways.

In fact, inhibitory NANC (iNANC) innervation is considered the primary neural

mechanism mediating ASM relaxation. iNANC relaxation is thought to be gener-

ated by a combined effect of vasoactive intestinal peptide (VIP), VIP structure-

related peptides (e.g., peptide histidine methionine), and nitric oxide (NO). Indeed,

VIP, VIP-like peptides, and NO synthase have been identified in the parasympa-

thetic ganglia and nerve fibers innervating ASM. Furthermore, endogenously

released VIP-like and NO-like substances can attenuate ASM contraction induced

by ACh. However, the precise anatomical pathways of iNANC innervation of

human ASM are not clear. There is also a potent excitatory effect on the ASM

involving the “efferent” functions of a specific subtype of bronchopulmonary

sensory nerves containing tachykinins (e.g., substance P and neurokinin A) in

guinea pig airways, although this is less evident in human airways. When these

afferent endings are activated, the impulses trigger the release of tachykinins either

Fig. 12.2 Main intracellular pathways involved in the bronchomotor tone regulation [2]

PLC phospholipase C-, PIP2 phosphatidylinositol 4,5-bisphosphate, IP3 inositol 1,4,5-

trisphosphate, DAG diacylglycerol, SR sarcoplasmic reticulum, MLCK myosin light-chain kinase,

MLC myosin light chain, MLC-P myosin light-chain phosphorylation, CPI-17 C kinase-

potentiated phosphatase inhibitor, Rho kinase Rho-associated serine/threonine kinase, AC
adenylyl cyclase(Ref : Cazzola M, Pharmacol Rev 2012, 64:450–504.)
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locally or propagating antidromically to other peripheral branches via the axonal

ramifications. These sensory neuropeptides can activate neurokinin-1 and -2 recep-

tors located on the ASM membrane and produce intense and sustained

bronchoconstriction [2, 7].

12.2 Muscarinic Acetylcholine Receptor Antagonists

12.2.1 History

Inhaled mAChR antagonists have been used as treatments for respiratory diseases

for centuries. The smoking of plant alkaloids was recommended as a therapy for

asthma in the literature of Ayurvedic medicine as early as the seventeenth century.

Atropa belladonna and Datura stramonium are rich in anticholinergic alkaloids

such as atropine and stramonium [8]. Unfortunately, atropine, which is a tertiary

ammonium compound, is well absorbed into the systemic circulation and penetrates

the blood–brain barrier. As a result, it has multiple systemic side effects that limit

its clinical usefulness. However, a renewed interest in anticholinergic drugs as

therapy for respiratory diseases has been sparked by the development of safe yet

effective quaternary anticholinergic compounds (Fig. 12.3). Chemical modifica-

tions of the atropine molecule, in particular by making its nitrogen atom pentava-

lent, have yielded a number of synthetic congeners that are very poorly absorbed

from mucosae and cross the blood–brain barrier with difficulty. When given by

inhalation, these agents are as effective as atropine at improving lung function but

longer acting and much less prone to side effects [9].

12.2.2 Short-Acting Muscarinic Acetylcholine Receptor
Antagonists

As well as atropine methonitrate, ipratropium bromide and oxitropium bromide are

effective short-acting quaternary anticholinergic drugs that have been used in the

treatment of respiratory diseases. Their duration of action is approximately 6–8 h,

but compared with SABAs, they have a slower onset of action, although probably a

longer duration of action [9].

12.2.2.1 Atropine Methonitrate

Atropine methonitrate, a quaternary ammonium congener of atropine, seems to be a

more potent bronchodilator agent than its parent compound, atropine sulfate. In

patients with asthma, atropine methonitrate produces a peak bronchodilator effect
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similar to that of albuterol, both administered in doses that produced close to

maximum bronchodilation for the drug concerned, but the effect of atropine is

more prolonged, the response being significantly greater at 4 and 6 h than with

albuterol [10].

12.2.2.2 Ipratropium Bromide

Ipratropium bromide is unlike atropine; it has low lipid solubility and does not pass

the blood–brain barrier. Ipratropium bromide is poorly absorbed by the oral and

nasal mucosa, and the swallowed drug is poorly absorbed from the gastrointestinal

tract. It is a nonselective antagonist of M1, M2, and M3 mAChRs. Serum

ipratropium bromide concentrations are extremely low after inhalation of the

drug, peak serum concentrations being achieved at approximately 3 h after admin-

istration. The elimination half-life is 3.2–3.8 h, and ipratropium metabolites have

little or no anticholinergic activity. Ipratropium bromide starts to act within

15–30 min, but maximal bronchodilation may take up to 90 min in patients with

COPD. The duration of action is approximately 6 h, so in comparison with β2-AR
agonists, its broncholytic effect is slower in onset and probably longer in duration.

Fig. 12.3 Milestone development of β2-AR agonists (a), antimuscarinics (b), and xanthines (c)

(Ref : Cazzola M, Pharmacol Rev 2012, 64:450–504.) [2]
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On the basis of the duration of action, ipratropium bromide is given four times

daily, and the maximum number of doses (40 μg) per day should not exceed 12 [11].

12.2.2.3 Oxitropium Bromide

Oxitropium bromide is another quaternary anticholinergic compound but is based

on the scopolamine molecule instead of atropine. The peak bronchodilation of

oxitropium bromide may take 60–90 min, and its duration is 5–8 h. Oxitropium

bromide is considered to have twice the strength of ipratropium bromide per dose.

In patients with severe COPD, the FEV1 and forced vital capacity (FVC) plateau

attained at a total cumulative dose of 600 μg of oxitropium bromide was slightly

higher than the plateau achieved with 280 μg of ipratropium bromide [12].

12.2.3 Long-Acting Muscarinic Acetylcholine Receptor
Antagonists

12.2.3.1 Tiotropium Bromide

Tiotropium bromide is a once-daily, long-acting mAChR antagonist (LAMA) with

high potency and kinetic selectivity at the mAChRs. It displays a 6- to 20-fold

higher affinity for mAChRs than does ipratropium bromide. Although tiotropium

bromide binds to all three mAChRs, it dissociates much faster from the M2

mAChRs, which results in a more selective antagonist action for M1 and M3

mAChR subtypes. Its prolonged pharmacologic activity is the result of its slow

dissociation from M1 and M3 mAChRs. The half-life of the tiotropium bromide M3

mAChR complex is approximately 35 h, compared with 0.3 h for ipratropium

bromide. The mechanism allowing for the long residency of tiotropium bromide

at M3 mAChRs is not completely known. The increased duration of binding at the

M3 mAChRs results in prolonged improvement in lung function, allowing a once-

daily dose compared with the three to four doses per day previously necessary with

ipratropium bromide. Tiotropium bromide is rapidly absorbed into the circulation

with a peak plasma concentration within 5 min followed by a rapid fall within an

hour to a steady state and a terminal half-life of 5–6 days that is independent of

dose. The peak onset of bronchodilation with tiotropium bromide occurs between

1 and 3 h with improvements in FEV1 for more than 24 h [13].

12.2.3.2 Glycopyrronium Bromide

Glycopyrronium bromide is a mAChR antagonist that has a dissociation half-life

from the human M3 mAChR that is significantly shorter than tiotropium bromide or

aclidinium bromide. In line with this finding, in isolated human bronchi,
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glycopyrronium bromide elicits a duration of action intermediate between that

produced by tiotropium bromide and that of ipratropium bromide. Clinical studies

have shown that glycopyrronium bromide has a fast onset of effect that is sustained

over 24 h, although another recent study with nebulized glycopyrronium bromide

shows that this was probably shorter acting, at least at doses below 50 μg. The
safety and efficacy of glycopyrronium bromide have been documented in patients

with moderate-to-severe COPD. Glycopyrronium bromide is well tolerated at doses

of up to 100 μg in this patient population [14].

12.2.3.3 Aclidinium Bromide

Preclinical studies have demonstrated that aclidinium bromide exhibits M3/M2

mAChR kinetic selectivity. This mAChR antagonist dissociates from humanM3

mAChRs at a rate that was similar to that of ipratropium bromide and 2.6 times

faster than that of tiotropium bromide. On the contrary, it dissociates from the same

receptors slightly faster than tiotropium bromide and, in line with these findings, is

equivalent to ipratropium bromide for speed of onset but with a longer duration.

However, in human isolated bronchi, aclidinium bromide has a faster onset and

shorter duration of action than tiotropium bromide [15]. Aclidinium bromide has

the advantage of rapid hydrolytic inactivation once absorbed into the plasma,

thereby enhancing its safety profile.

12.2.3.4 Umeclidinium Bromide

This agent umeclidinium is a novel high-affinity-specific mAChR antagonist. It has

similar affinity to the subtypes of muscarinic receptors M1–M5. In the airways, it is

a potent agent that demonstrates slow functional reversibility at cloned humanM3

mAChRs and at endogenous mAChR in isolated human bronchus. The competitive

and reversible nature of antagonism was shown with human and animal origin

receptors and isolated organ preparations. In preclinical in vitro as well as in vivo

studies, prevention of methacholine- and acetylcholine-induced

bronchoconstrictive effects was dose dependent and lasted longer than 24 h. The

clinical relevance of these findings is unknown. The bronchodilation following

inhalation of umeclidinium is predominantly a site-specific effect [16].

12.2.4 Novel Long-Acting Muscarinic Acetylcholine
Receptor Antagonists

Several other mAChR antagonists are also under development. Unfortunately, the

available public information on these bronchodilators is still limited. New agents
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like CHF 5407, inhaled trospium (ALKS27), and PF-4522971 are under develop-

ment in 2016 now [2].

12.2.5 Oral Muscarinic Acetylcholine Receptor Antagonists

It is believed that oral anticholinergics are not a treatment option for COPD because

of unacceptable side effects [11], whereas inhaled anticholinergics have virtually

no systemic absorption. Mepenzolate bromide is one of the oral anticholinergics but

has high affinity to M3 muscarinic acetylcholine receptor and is under redevelop-

ment of COPD.

12.2.6 Side Effects

Anticholinergic drugs are poorly absorbed which limits the troublesome systemic

effects seen with atropine. But all of the currently approved inhaled mAChR

antagonists have a very wide therapeutic margin and are very well tolerated, in

part because they are very poorly absorbed after inhalation. However, if any of

these agents makes inadvertent contact with the eye, they can cause papillary

dilation.

In older men, who may have prostatic hyperplasia, mAChR antagonists should

be used with caution because they can cause urinary retention. Men using both

short- and long-acting inhaled mAChR antagonists had a significantly higher risk of

acute urinary retention compared with nonusers. Patients with moderate-to-severe

renal impairment (creatinine clearance of< 50 ml/min) under treatment with

tiotropium bromide should be closely monitored, because tiotropium bromide is

predominantly excreted by the kidneys through active secretion.

Paradoxical bronchoconstriction to ipratropium bromide has been reported in

humans. It is possible that this results from blockade of prejunctional M2 mAChRs

on airway cholinergic nerves, which normally inhibit ACh release; when the drug is

given by nebulizer, however, it is largely explained by the hypotonicity of the

nebulizer solution. Paradoxical bronchoconstriction may also occur with other

mAChR antagonists.

Concerns have been raised about possible associations of mAChR antagonists

with cardiovascular morbidity and mortality. However, the results of the UPLIFT

trial and a robust and extensive analysis of more than 19,000 patients participating

in placebo-controlled clinical trials with tiotropium bromide indicate that there is

no real increased risk for death or cardiovascular morbidity during treatment with

this inhaled anticholinergic agent in patients with COPD [13, 17, 18].
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12.3 β-Adrenergic Receptor Agonists

12.3.1 History

In traditional Chinese medicine, the botanical ma huang (the plant Ephedra
equisetina), from which the active material, an alkaloid identified as ephedrine, is

extracted, was used for more than 2000 years for the short-term treatment of

respiratory symptoms. Beginning at the turn of the last century, the nonselective

α-AR and β-AR agonist epinephrine was introduced into clinical practice and

administered by the subcutaneous route for the treatment of acute asthma [19]. In

the 1940s, the nonselective β-AR agonist isoproterenol was introduced for the

treatment of airway disease and became the standard-of-care bronchodilator,

although its use was complicated by adverse effects that were due to activation of

the β1-AR in the heart, which elicits tachycardia and predisposes patients to cardiac

dysrhythmias. Metaproterenol, a noncatechol resorcinol derivative of isoproterenol,

was subsequently developed in the early 1960s. It was an effective bronchodilator

when inhaled but also did not discriminate between β1- and β2-ARs and thus

produced cardiac side effects [20].

The noncatecholamine β2-AR agonists such as fenoterol, albuterol, and terbuta-

line differ in their substitutions in the amine group and benzene ring. These

structural modifications, conferring resistance to metabolism by COMT, result in

a longer half-life and also reduce their potency for β1-ARs, making them relatively

more selective for β2-ARs (Fig. 12.3). A major limitation of the β2-AR agonists in

use during the 1960s and 1970s was their short duration of action, typically 4 to 6 h.

Therefore, the next advance in the development of β2-AR agonists was the devel-

opment of the long-acting drugs salmeterol and formoterol, the duration of action of

which is approximately 12 h, which made their use for maintenance treatment. A

pure R-isomer of albuterol, levalbuterol, and the R,R-enantiomer of formoterol,

arformoterol, have been developed. It is claimed that they have a better safety

profile than the racemic mixture because they do not have the S-enantiomer, which,

at least for (S)-albuterol, is now known to have unwanted effects in the lung. At

present, several once-a-day ultra-long-acting β2-AR agonists are in different stages

of clinical development [2].

12.3.2 Short-Acting Agents

The principal action of β2-agonists is to relax airway smooth muscle by stimulating

β2-AR, which increases cyclic AMP and produces functional antagonism to

bronchoconstriction. The bronchodilator effects of short-acting β2-agonists usually
wear off within 4–6 h. Regular and as-needed use of short-acting β-agonists
improve FEV1 and symptoms. There is little difference in the time course of

fenoterol, albuterol, and terbutaline, although there is some evidence that fenoterol
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might have a slightly longer duration of action. The use of high doses of short-

acting β2-agonists on an as-needed basis in patients already treated with long-acting
bronchodilators is not supported by evidence, may be limited by side effects, and

cannot be recommended. For single-dose, as-needed use in COPD, there appears to

be no advantage in using levalbuterol over conventional bronchodilators [1, 21].

12.3.3 Long-Acting β2-Adrenergic Receptor Agonists

Long-acting inhaled β2-AR agonists show duration of action of 12 or more hours

[22]. The duration of action of β2-AR agonists in the human bronchus is in the

following order: salmeterol >> formoterol> albuterol> terbutaline> fenoterol.

Formoterol and salmeterol significantly improve FEV1 and lung volumes, dyspnea,

health-related quality of life, and exacerbation rate, but have no effect on mortality

and rate of decline of lung function. A systematic review of trials of salmeterol and

formoterol showed a significant reduction in the numbers of patients requiring

treatment for exacerbations and the number requiring hospitalization

[23, 24]. Salmeterol reduces the rate of hospitalization. Although formoterol and

salmeterol are both potent and effective β2-AR agonists, their different chemical

structures confer markedly different pharmacological characteristics.

12.3.3.1 Formoterol

Formoterol is a full agonist of β2-ARs and has been shown to provide a rapid-onset
bronchodilating effect that occurs within minutes after inhalation. A number of

studies have shown a comparable clinical effect of formoterol compared with the

SABAs albuterol and terbutaline in stable patients with asthma [2]. But an oral

formulation of formoterol did not seem to offer a clear advantage to albuterol. In

effect, formoterol has a long duration of action when given by inhalation but not

when given orally. A dose–response comparison of formoterol in patients with

asthma suggested that after inhalation and 50 times more potent after oral

administration [25].

12.3.3.2 Salmeterol

Salmeterol is a drug resulting from a specific research program designed to achieve

prolonged duration of action by molecular modification of albuterol. Salmeterol is a

partial agonist with ~60 and 85% of the efficacy of isoprenaline, respectively. In

contrast to its effects on β2-ARs, at cardiac β1-ARs, salmeterol is >10,000-fold

weaker than isoprenaline and has a very low efficacy (4%). The onset of action of

salmeterol on ASM is slower than that of other β 2-AR agonists, such as albuterol

and formoterol, but it seems to be inherently long acting, in that its effects are
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independent of concentration as a result of exosite binding, whereas albuterol,

fenoterol, and formoterol have shorter durations of action, but this can be prolonged

by increasing the concentration of the β2-AR agonist applied to the tissue [26].

12.3.4 Ultra-Long-Acting β2-Adrenergic Receptor Agonists

A variety of β2-AR agonists with longer half-lives are currently in development,

with the hope of achieving once-daily dosing. These agents include indacaterol,

olodaterol, vilanterol, carmoterol, PF-610355, and AZD-3199, the structure of

which has not yet been disclosed.

12.3.4.1 Indacaterol

Indacaterol is the first ultra-long-acting β2-agonist approved for the treatment of

COPD that allows for once-daily administration. It is rapidly acting, with an onset

of action in 5 min, like salbutamol and formoterol but with a sustained bronchodi-

lator effect, that lasts for 24 h, like tiotropium. In long-term clinical studies in

patients with moderate-to-severe COPD, once-daily indacaterol improved lung

function significantly more than placebo, and improvements were significantly

greater than twice-daily formoterol and noninferior to once-daily tiotropium bro-

mide. Indacaterol was well tolerated at all doses and with a good overall safety

profile. These findings suggest that indacaterol can be a first choice drug in the

treatment of the patient with mild/moderate stable COPD [27].

12.3.4.2 Olodaterol

Olodaterol is a new long-acting β2-agonist for COPD. Olodaterol statistically

significantly improved lung function in people with moderate to very severe

COPD compared with placebo over 24 weeks and was not statistically significantly

different from formoterol. Although olodaterol appears to improve lung function as

well as formoterol, little evidence is available comparing it directly with other

LABAs and LAMAs for COPD, particularly in terms of patient-oriented outcomes

such as exacerbations, breathlessness, and quality of life. Olodaterol was often

coadministered with tiotropium and ICS and only limited data support its use

alone [28].

12.3.4.3 Vilanterol

Vilanterol is a potent, selective β2-AR agonist in human functional cellular assays.

Vilanterol produced rapid bronchodilation in patients with COPD that was
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maintained over 24 h at all doses. After dosing with vilanterol, there were no serious

adverse events or withdrawals due to adverse events. Vilanterol in patients with

COPD significantly improved FEV1 in a dose-dependent manner. Clinically rele-

vant treatment differences of>130 ml in mean FEV1 were observed. Clinical doses

of vilanterol were associated with a low incidence of treatment-related side effects.

Vilanterol was often co-administered with umeclidinium and ICS, and only limited

data support its use alone [29].

12.3.4.4 Carmoterol

Carmoterol has been demonstrated to be a highly potent and selective β2-AR
agonist. Carmoterol has a similar onset of action compared with albuterol and

formoterol and a faster onset of action compared with salmeterol. The duration of

tracheal smooth muscle relaxation is longer for carmoterol compared with both

formoterol and salmeterol. In COPD, a single use of carmoterol had an effect on

24 h trough FEV1 that was better than that of two uses of salmeterol given 12 h

apart. After a 2-week treatment period, once-daily doses of 2 and 4 μg of carmoterol

resulted in placebo-adjusted improvements compared with baseline in trough FEV1

of 94 and 112 ml [30].

12.3.4.5 LAS100977, PF-610355, and AZD-3199

Abediterol (LAS100977), PF-610355, and AZD-3199 are novel, selective, potent,

once-daily LABA in development for treatment of asthma and chronic obstructive

pulmonary disease.

12.3.5 Intravenous β2-Adrenergic Receptor Agonists

An interesting new option is the development of a β2-AR agonist to be administered

intravenously. Bedoradrine (MN-221) is a novel, highly selective β2-adrenoceptor
agonist under development for the treatment of acute exacerbation of asthma and

COPD. A preliminary small trial showed that bedoradrine added to standard

therapy for severe acute asthma exacerbations was safe and provided additional

clinical benefit [31].

In a small group of patients with COPD, bedoradrine seemed to improve lung

function at all dose levels and reached statistical significance at both 600 and

1200 μg compared with placebo [32].
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12.3.6 Transdermal β2-Adrenergic Receptor Agonists

Tulobuterol is the first bronchodilator to be available as a transdermal patch. This

drug delivery system ensures that the time at which the peak drug concentration in

the blood is reached coincides with the morning dip in respiratory function. The use

of the patch also prevents excessive increase in blood drug concentrations, thereby

reducing the incidence of systemic adverse reactions. But the efficacy and poten-

tials are not fully recognized, and the tulobuterol patch has been used in the limited

regions in the world [33].

12.3.7 Side Effects of β2-Adrenergic Receptor Agonists

Stimulation of β2-AR can produce resting sinus tachycardia and has the potential to

precipitate cardiac rhythm disturbances in susceptible patients, although these seem

to have remarkably few clinical implications. Exaggerated somatic tremor is

troublesome in some older patients treated with higher doses of β2-agonists, what-
ever the route of administration, and this limits the dose that can be tolerated.

Although hypokalemia can occur, especially when treatment is combined with

thiazide diuretics [34], and oxygen consumption can be increased under resting

conditions [35], these metabolic effects show tachyphylaxis unlike the bronchodi-

lator actions. Mild falls in PaO2 can occur after administration of both short- and

long-acting β2-agonists, but the clinical significance of these changes is doubtful.

Despite the concerns raised some years ago related to β2-agonists in the manage-

ment of asthma, further detailed study has found no association between β2-agonist
use and an accelerated loss of lung function or increased mortality in COPD [1].

12.4 Methylxanthines

12.4.1 History

One of the earliest reports of the efficacy of methylxanthines in asthma was

published in 1859, where Henry Hyde Salter, himself an asthmatic, described his

experience that “one of the commonest and best reputed remedies of asthma. . . is
strong coffee.” The first analysis of a xanthine derivative extracted from tea leaves

was accomplished by Kossel, who was able to extract not only caffeine but also

another xanthine derivative, a dimethylxanthine. The name theophylline was then

applied to a compound that has two methyl groups (1,3-dimethylxanthine)

(Fig. 12.3). Until 1930, xanthine derivatives were used in clinical practice only

because of their diuretic and cardiotonic properties. Years later, a combination of

theophylline and aminophylline was used intravenously as an effective
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bronchodilator in acute asthma. Since then, several other xanthines have been

synthesized and are used clinically in various parts of the world [2].

12.4.2 Aminophylline

Aminophylline is the ethylenediamine salt of theophylline with higher solubility at

a neutral pH. In vivo intravenous aminophylline has an acute bronchodilator effect

in patients with asthma that is most likely to be due to a relaxant effect on ASM.

Aminophylline also increases diaphragmatic contractility and reverses diaphragm

fatigue. However, side effects such as nausea and vomiting are common, and the

benefit/risk ratio is unknown. Aminophylline is also widely used for the treatment

of acute exacerbations of COPD despite a lack of evidence to support this practice.

It remains possible that aminophylline confers a small but clinically significant

benefit when added to standard therapy. However, it was unable to find evidence for

any clinically important additional effect of aminophylline treatment when used

with high-dose nebulized bronchodilators and oral corticosteroids in patients with

nonacidotic COPD exacerbations [36].

12.4.3 Theophylline

Theophylline, the most commonly used methylxanthine, is metabolized by cyto-

chrome P450 mixed-function oxidases. Clearance of the drug declines with age.

Many other physiological variables and drugs modify theophylline metabolism.

Changes in inspiratory muscle function have been reported in patients treated with

theophylline, but whether this reflects changes in spirometry or a primary effect on

the muscle is not clear. Despite its extensive use in the treatment of respiratory

disease, the precise molecular actions of theophylline have not been fully eluci-

dated. Its efficacy in the treatment of patients with COPD or asthma has tradition-

ally been attributed to nonselective phosphodiesterase (PDE) inhibition, resulting in

an increase in cAMP by inhibition of PDE3 and PDE4 and an increase in cGMP by

inhibition of PDE5. All studies that have shown efficacy of theophylline in COPD

were performed with slow-release preparations.

Theophylline is less effective and less well tolerated than inhaled long-acting

bronchodilators and is not recommended if those drugs are available and affordable.

However, there is evidence for a modest bronchodilator effect compared with

placebo in stable COPD. There is also some evidence of symptomatic benefit

compared to placebo. Addition of theophylline to salmeterol produced a greater

improvement in FEV1 and breathlessness than salmeterol alone. Low-dose theoph-

ylline reduces exacerbations but does not improve post-bronchodilator lung func-

tion [37, 38].
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Theophylline can also act as a respiratory stimulant. Moreover, theophylline is

able to improve diaphragmatic contractility and has anti-inflammatory properties.

There is good evidence for inhibitory effects of theophylline on airway inflamma-

tion in patients with asthma and COPD, and these effects are seen at plasma

concentrations below 10 mg/l [39].

12.4.4 Novel Xanthine

The positive clinical effects of theophylline in airway disease, combined with its

advantageous oral bioavailability, has spurred the development of other xanthines,

such as bamifylline, acebrophylline, and doxofylline, for the treatment of respira-

tory disease, with the anticipation that such drugs would have greater efficacy than

theophylline but with an improved side effect profile.

12.4.5 Side Effects

Toxicity is dose related, a particular problem with the xanthine derivatives because

their therapeutic ratio is small and most of the benefit occurs only when near-toxic

doses are given. Methylxanthines are nonspecific inhibitors of all phosphodiester-

ase enzyme subsets, which explains their wide range of toxic effects. Problems

include the development of atrial and ventricular arrhythmias (which can prove

fatal) and grand mal convulsions (which can occur irrespective of prior epileptic

history). Other side effects include headaches, insomnia, nausea, and heartburn, and

these may occur within the therapeutic range of serum theophylline. These medi-

cations also have significant interactions with commonly used medications such as

digitalis, Coumadin, etc. Unlike the other bronchodilator classes, xanthine deriva-

tives may involve a risk of overdose (either intentional or accidental) [1].

12.5 Novel Classes of Bronchodilators

Novel classes of bronchodilators have proved difficult to develop, but there is still a

continued interest in generating new classes of bronchodilators that act via emerg-

ing targets, particularly given the recent concerns over the selective phosphodies-

terase inhibitors.

There are some pathways to release the ASM constriction like K channel

openers, VIP analogs, Rho kinase inhibitors, neuropeptides, and NO donors

(Fig. 12.2).
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12.5.1 Selective Phosphodiesterase Inhibitors

The principal action of selective phosphodiesterase-4 inhibitors is to reduce inflam-

mation by inhibiting of the breakdown of intracellular cyclic AMP. It is a once-

daily oral medication with no direct bronchodilator activity, although it has

been shown to improve FEV1 in patients treated with salmeterol or tiotropium

[40, 41].

Roflumilast reduces moderate and severe exacerbations treated with corticoste-

roids by 15–20% in patients with chronic bronchitis, severe to very severe COPD,

and a history of exacerbations. The effects on lung function are also seen when

roflumilast is added to long-acting bronchodilators. There are no direct comparisons

or add-on studies of roflumilast and inhaled corticosteroids. Phosphodiesterase-4

inhibitors should always be used in combination with at least one long-acting

bronchodilator.

As an alternative to oral administration, a number of groups are now investigat-

ing the topical application of PDE4 inhibitors as a possible way to improve their

efficacy in the treatment of inflammatory airway diseases while minimizing side

effects. A non-emetic mixed PDE3/PDE4 has already successfully undergone a

number of phase 2 clinical trials in patients with either COPD or asthma. And there

are also some recent pilot data showing that PDE5 inhibitors such as sildenafil can

have bronchodilator activities.

12.5.2 Other Types of Bronchodilators

12.5.2.1 K_ Channel Openers

In ASM cells, K channels, such as large-conductance, voltage-dependent Ca2-

activated K channels (KCa), or the ATP-dependent K potassium channels (KATP),

play an important role in modulating contractile activity. Activation of these

channels will cause cell hyperpolarization that should oppose Ca2 entry through

voltage-dependent Ca2 channels, leading to smooth muscle relaxation. Conse-

quently, K channel modulators may be of value in the treatment of chronic airway

disorders. However, KATP openers, although effective in relaxing human airways

in vitro, are not effective in treating asthma or COPD because they are more potent

as vasodilators, which limits the dose that can be administered safely [42].

12.5.2.2 Vasoactive Intestinal Peptide Analogs

VIP, one of the major peptide transmitters in the central and peripheral nervous

systems, is abundantly present in the normal human lung, and VIP-immunoreactive

nerves are found in the smooth muscle layer and glands of the airway and within the
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walls of pulmonary and bronchial vessels. The bronchodilatory effect of VIP in

human bronchi is almost 100 times more potent than adrenergic dilation induced by

isoproterenol. VIP is subject to degeneration by proteases present in the lung lining

fluid [43]. As a consequence, several peptidase-resistant VIP analogs have been

developed.

12.5.2.3 Rho Kinase Inhibitors

There is now substantial evidence that Rho kinase (RhoK) is involved in

bronchoconstriction [44]. RhoK can modulate smooth muscle contraction by mul-

tiple mechanisms. Considering that Rho/RhoK signaling is thought to be involved

in various processes that contribute to chronic airway diseases, the use of RhoK

inhibitors in asthma and COPD therapy clearly holds promise. Inhibition of RhoK

reduces contractile responses induced by spasmogens. Indeed, the RhoK inhibitor

(Y-27632) has been shown to relax human isolated bronchial preparations. Several

analogs of Y-27632 exist that have similarly high inhibitory constants for RhoK and

similar smooth muscle relaxant properties.

12.5.2.4 Brain Natriuretic Peptide and Analogs

It is well known that the guanylyl cyclase/cGMP second messenger system has a

parallel role to the adenylyl cyclase/cAMP system in ASM, regulating its contrac-

tile and proliferative functions. Therefore, it is not surprising that agents activating

this signaling pathway bronchodilate in vivo and relax ASM in vitro [45]. Particu-

late guanylyl cyclases act as plasma membrane receptors for natriuretic and related

peptides. Some of them serve as receptors for the natriuretic peptides, a family of

peptides that includes atrial natriuretic peptide (ANP), brain natriuretic peptide

(BNP), and C-type natriuretic peptide, three peptides known to play important roles

in renal and cardiovascular physiology. There is evidence that ANP relaxes human

ASM in vitro. Moreover, in humans, exogenous ANP reverses airway

hyperresponsiveness when given intravenously or by inhalation in high doses.

12.5.2.5 Nitric Oxide Donors

Exogenous NO has the ability to exert bronchodilatory effects in patients with

bronchial asthma [46], and NO has been used in the treatment of preterm children to

improve lung capacity. The augmented availability of NO in the lungs may

represent a plausible approach for the treatment of asthma and COPD. Nitrates,

NO, and NO donors relax ASM in vitro and in guinea pigs and humans, and inhaled

NO exerts bronchodilatory effects against methacholine-induced

bronchoconstriction in vivo. Studies in bronchial and tracheal smooth muscle

have shown that a major target of NO is the enzyme soluble guanylyl cyclase,
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although NO is also a very active agonist at inducing vascular smooth muscle

relaxation. There is therefore a need for suitable NO donors that have minimal

effects on the vasculature. The main prototypes of NO donors traditionally used,

such as sodium nitroprusside and nitroglycerine, have several well-known adverse

effects, such as rapid tachycardia, high toxicity, and rapid induction of tolerance.

Likewise, sydnonimines, another well-known class of NO donor drugs, have a

characteristically low therapeutic index (because of cyanide toxicity).

At present, a number of groups are designing and synthesizing various chemical

compounds capable of modulating NO metabolism for therapeutic purposes that

also possess an improved therapeutic index [47]. Specifically, various new classes

of NO donors are under intense pharmacological investigation, each characterized

by a particular PK and PD profile. The most important obstacle in the field of new

NO donor drugs seems to be carefully targeting NO release to lungs at an optimal

concentration to achieve a beneficial action and to limit possible adverse effects,

particularly on the cardiovascular system.

NO budesonide and ruthenium complex (NO3) are novel compounds, currently

in development for the treatment of chronic respiratory disorders.

12.5.2.6 E-Prostanoid Receptor 4 Agonists

Inhaled prostaglandin E2 (PGE2) has been shown to be a bronchodilator in subjects

with asthma or COPD. However, PGE2 itself has the potential to cause the adverse

effects of cough and retrosternal burning when inhaled by humans, particularly in

subjects with asthma. Moreover, PGE2 also stimulates other prostaglandin-like

receptors having inhibitory and stimulatory activity on the intrinsic tone of the

airway smooth muscle. PGE2 acts predominantly via specific E-prostanoid

(EP) receptors.

Whereas it has been established that PGE2-induced sensory nerve activation and

cough are mediated via the EP3 receptor [48], the EP4 receptor seems to be the

predominant receptor responsible for PGE2-induced relaxation of human ASM

in vitro. Thus, highly potent EP4 subtype-selective receptor agonists have been

suggested to have therapeutic potential without side effects [49].

12.5.2.7 Bitter Taste Receptor Agonists

Bitter taste receptors work as chemoreceptors that interact with taste stimuli to

initiate an afferent signal to the brain, where it becomes taste perception. Stimula-

tion of the taste 2 receptors is responsible for the bitter taste. These receptors were

recently found on airway smooth muscle. When activated, they caused relaxation

through a calcium-dependent mechanism. Agonists to these receptors may make up

a new class of useful direct bronchodilators for treating obstructive lung disease,

but because they are members of the G protein-coupled receptor superfamily, they

may undergo desensitization.
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Saccharin, chloroquine, denatonium, aristolochic acid, strychnine, quinine, col-

chicine, and yohimbine were used in the preclinical studies. Aristolochic acid,

strychnine, and yohimbine are probably too toxic to be considered for human use.

Perhaps it is worth considering developing an inhalation preparation of quinine for

testing in humans with asthma [50].

12.6 Combination Therapy

12.6.1 Pharmacologic Rationale for Combination

GOLD guidelines recommend combination therapy involving two long-acting

bronchodilators with differing modes of action in patients whose COPD is not

sufficiently controlled with monotherapy (Fig. 12.4). In fact, it seems reasonable to

postulate that targeting bronchoconstriction through two distinct mechanisms

should maximize the bronchodilator response and help to overcome inter- and

intrapatient variability in bronchomotor tone associated with airway obstruction

[51]. Moreover, combining two or more classes of molecules allows the use of

lower doses to achieve the same efficacy while decreasing adverse effects. Combi-

nation therapy with a LABA and an ICS is considered an important approach for

treating patients suffering from asthma and patients with severe COPD who have

frequent exacerbations [52]. In addition, combination therapy with a LAMA and an

ICS seems to be intriguing, although the clinical effects of such combination are

largely unknown.

12.6.2 Combining β2-Adrenergic Receptor Agonists
and Muscarinic Acetylcholine Receptor Antagonists

12.6.2.1 Pharmacologic Rationale

Airway tone is regulated by both the parasympathetic and sympathetic nervous

systems. The complete nature of interactions between the two physiological sys-

tems is not yet fully understood, but there is enough evidence to suggest that

combining β2-AR agonists and mAChR antagonists is pharmacologically reason-

able for two reasons. First, the addition of a β2-AR agonist decreases the release of

ACh through the modulation of cholinergic neurotransmission by prejunctional β2-
ARs and thereby amplifies the bronchial smooth muscle relaxation induced by the

mAChR antagonist. Second, the addition of a mAChR antagonist can reduce

bronchoconstrictor effects of ACh, the release of which has been modified by the

β2-AR agonist, and thereby amplify the bronchodilation elicited by the β2-AR
agonist through the direct stimulation of smooth muscle β2-ARs [53]. Another

possibility is the fact that the mAChR antagonist and not the β2-AR agonist can
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suppress mucus/fluid secretions; hence, surface tension changes that would nor-

mally collapse the airways are less likely to occur [54].

12.6.2.2 Clinical Use

Fixed combinations of LABA/LAMA appeared to show a greater degree of

improvement in trough FEV1 when compared with the respective single compo-

nents. Analysis of synergism on clinical indices including quality of life, exacer-

bation rates, and disease progression was not possible because dose–response

relationships for the single-component drugs were not available, but carefully

designed and sufficiently powered studies could help evaluate these missing impor-

tant efficacy data. Therefore, while FEV1 may be a relatively poor predicator of

Fig. 12.4 Model of symptom/risk of evaluation of COPD [1]

(From the Global Strategy for Diagnosis, Management, and Prevention of COPD 2016, Global

Initiative for Chronic Obstructive Lung Disease (GOLD), http://www.goldcopd.org

COPD chronic obstructive lung disease, GOLD Global Initiative for Chronic Obstructive Lung

Disease, mMRC modified Medical Research Council, CAT COPD Assessment Test)
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improvements in symptom scores, either the dose–response relationship for these

phenomena is different or more sensitive measures of small airway caliber (e.g.,

forced oscillatory techniques) might offer greater predictability. It is therefore

likely that the combination therapy provides a complimentary coverage of airway

smooth muscle relaxation with a suppression of mucus secretions which benefits the

patient provided this is not at the expense of more adverse effects [55]. It remains to

be seen whether any purported synergy would allow a dose reduction of both

component drugs while still affording clinical meaningful bronchodilation over a

24 h period.

Umeclidinium/vilanterol, glycopyrrolate/indacaterol, and aclidinium/formoterol

(available in Canada) are dry-powder inhalers. Tiotropium/olodaterol is a soft mist

inhaler. LABA/LAMA combination seems to play an important role in maximizing

bronchodilation studies to date indicating that combining different classes of

bronchodilators results in significantly greater improvements in lung function and

other outcomes compared with individual drugs used alone and that these combi-

nations are well tolerated in patients with moderate-to-severe COPD [56, 57].

12.6.3 Combining β2-Adrenergic Receptor Agonists
and Inhaled Corticosteroids

The addition of LABA therapy with ICS has been suggested to improve the efficacy

of ICS effects, and a number of molecular interactions between corticosteroids and

β2-ARs have been described [58].

The LABA/ICS combination is now increasingly recommended in patients with

COPD because the addition of LABA to ICS provides additional benefits. Several

large-scale studies in patients with moderate-to-severe COPD have demonstrated

that treatment with salmeterol/fluticasone and formoterol/budesonide leads to sig-

nificantly greater improvements in lung function, exacerbations, health status, and

breathlessness compared with placebo or monotherapy with the component drugs.

Compared with placebo, the LABA/ICS combination therapy leads to a significant

reduction of a quarter in exacerbation rates. Compared with monocomponent ICS

therapy, the LABA/ICS combination significantly reduces morbidity and mortality

in COPD. There is a significant reduction in all-cause mortality with the addition of

data from the Towards a Revolution in COPD Health (TORCH) study, although in

the TORCH study regular treatment with salmeterol/fluticasone narrowly failed to

demonstrate a statistically significant benefit on the reduction in all-cause mortality

over 3 years [59]. In addition, in the TORCH study, the LABA/ICS combination

reduced the rate of decline in FEV1 in patients with moderate-to-severe COPD by

16 ml/year compared with placebo. However, this improvement was also observed

in the LABA-only and ICS-only groups. Moreover, the superiority of combination

inhalers should be viewed against the increased risk of side effects, particularly

pneumonia in patients with COPD [60].
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A next-generation, the ultra-LABA/ICS combination consisting of vilanterol

and fluticasone furoate is another combination, had greater improvements than

placebo in trough FEV1 with a good safety and tolerability profile.

12.6.3.1 Combining Muscarinic Acetylcholine Receptor Antagonists

and Inhaled Corticosteroids

Experimental evidence has also suggested an influence of corticosteroids on

mAChRs, signifying the potential of a LAMA/ICS combination for the treatment

of asthma and COPD.

Very few studies published to date have been designed specifically to evaluate

the effect of LAMA and ICS combinations on clinical outcomes, and this is an area

that warrants future study. Treatment with tiotropium bromide and budesonide in

patients with COPD has led to significant improvements in the quality-of-life status

according to SGRQ, measuring both dyspnea and lung function, and a reduction of

the number of exacerbations of treatment in patients with COPD and chronic

asthma [61].

12.6.4 Triple Combination Therapies

Triple therapy with LAMA plus LABA/ICS has also been investigated, demon-

strating benefits over monotherapy on lung function. Additionally, a pilot study of

patients with advanced COPD reported that triple therapy combined with pulmo-

nary rehabilitation provided a benefit in terms of lung function. Some reports also

suggest that triple therapy can provide additional benefits, such as reduction in

exacerbation rate and mortality, although a recent systematic review concluded that

further, longer-term studies are required to determine the benefits of tiotropium plus

LABA and ICS or the additional benefit of ICS on top of LAMA/LABA

combinations [56].

12.6.5 Bifunctional Muscarinic Acetylcholine Receptor
Antagonists and β2-Adrenergic Receptor Agonists
(MABA)

There is another approach that is the design and development of dual-acting agents

that combine both mAChR antagonist and β2-AR agonist pharmacology in a single

molecule [54]. This approach may offer several advantages over combination

therapy of two separate drug entities. These include the benefit of delivering a

fixed ratio into every region of the lung, reducing the complexity of combination
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inhalers. These agents are known as dual-acting mAChR antagonist–β2-AR agonist

(MABA) bronchodilators. All MABA compounds disclosed so far have an M3

mAChR antagonist part and a β2-AR agonist part connected by a linker, the

potential synergistic interaction between a LABA and LAMA. It might not be

unreasonable to suggest that MABAs are inherently synergistic in terms of their

pharmacological effect on airway caliber. A change from baseline trough FEV1 was

215 and 277 mL with a once-daily dose of 400 and 800 mg GSK961081. A change

that was of a similar magnitude to fixed-dose combinations of LABA/LAMA was

shown in this analysis to be synergistic. The selectivity of the β2-agonist and
muscarinic antagonist components of the MABA was assumed to be 1:1; the

analysis suggests that a threefold lower dose of the MABA is required to produce

an equi-effective response with either component acting alone.

12.7 The Role of Bronchodilators in the Management

of COPD

In 2011, we saw a substantial revision of the Global Initiative for Chronic Obstruc-

tive Lung Disease (GOLD) guidelines for diagnosis, management, and prevention

of COPD, which has recently been updated [1]. Recommendations for treatment are

no longer based primarily on categorization (“staging”) by spirometric assessment,

but on categorization by existing symptoms (using validated modified Medical

Research Council and COPD Assessment Test questionnaires) and risk (based on

severity of airflow limitation and history of exacerbations). This approach acknowl-

edges the importance of consideration of both short- and long-term outcomes when

making treatment decisions (Fig. 12.4). The classes of medications commonly used

in treating COPD are shown in Tables 12.1, 12.2, 12.3 and 12.4. The choice within

each class depends on the availability of medication and the patient’s response. A
proposed model for initial pharmacological management of COPD according to the

individualized assessment of symptoms and exacerbation risk is shown in

Table 12.5 [56].

Group A patients have few symptoms and a low risk of exacerbations. Specific

evidence for the effectiveness of pharmacologic treatments is not available for

patients with FEV1> 80% predicted (GOLD 1). However, for all Group A patients,

a short-acting bronchodilator used as needed is recommended as first choice based

on its effect on lung function and breathlessness. An alternative choice is a

combination of short-acting bronchodilators or the introduction of a long-acting

bronchodilator. The evidence for this step-up is weak; few studies of the combina-

tion exist, and most trials of therapy with long-acting bronchodilators have been

performed in patients with more severe airflow limitation.

Group B patients have more significant symptoms but still a low risk of exacer-

bations. Long-acting bronchodilators are superior to short-acting bronchodilators
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(taken as needed, or prn) and are therefore recommended. There is no evidence to

recommend one class of long-acting bronchodilators over another for initial treat-

ment. In the individual patient, the choice should depend on the patient’s perception
of symptom relief. For patients with severe breathlessness, the alternative choice is

a combination of long-acting bronchodilators. Other possible treatments include

short-acting bronchodilators and theophylline, the latter of which can be used if

inhaled bronchodilators are unavailable or unaffordable.

Group C patients have few symptoms but a high risk of exacerbations. As first

choice, a fixed combination of inhaled corticosteroid/long-acting β2-agonist or a
long-acting anticholinergic is recommended. As an alternative choice, a combina-

tion of two long-acting bronchodilators or the combination of inhaled

corticosteroid/long-acting anticholinergic can be used. Both long-acting anticho-

linergic and long-acting β2-agonist reduce the risk of exacerbations, and although

good long-term studies are lacking, this principle of combination treatment seems

sound. The recommendation for a combination of inhaled corticosteroid/long-

acting anticholinergic is not evidence based, but this lack of evidence seems to be

the result of lack of interest from the pharmaceutical industry rather than doubts

about the rationale. A phosphodiesterase-4 inhibitor used in combination with at

least one long-acting bronchodilator could be considered if the patient has chronic

bronchitis. Other possible treatments include short-acting bronchodilators and

theophylline if long-acting inhaled bronchodilators are unavailable or unaffordable.

Group D patients have many symptoms and a high risk of exacerbations. The first

choice of therapy is inhaled corticosteroid plus long-acting β2-agonist or long-

acting anticholinergic. As second choice, a combination of all three classes of

drugs (inhaled corticosteroids/long-acting β2-agonist/long-acting anticholinergic)

is recommended. It is also possible to add a phosphodiesterase-4 inhibitor to the

treatment chosen as first choice, provided the patient has chronic bronchitis. A

Table 12.1 Formulations and typical doses of COPD medicationsa (anticholinergics)

Drug Inhaler (μg)
Solution for nebulizer

(mg/ml)

Duration of action

(hours)

Short acting

Ipratropium bromide 20,

40 (MDI)

0.25–0.5 6–8

Oxitropium bromide 100 (MDI) 1.5 7–9

Long acting

Tiotropium 18 (DPI), 5 (SMI) 12

Glycopyrronium

bromide

44 (DPI) 24

Aclidinium bromide 322 (DPI) 24

Umeclidinium 62.5 (DPI) 24

MDI metered-dose inhaler, DPI dry-powder inhaler, SMI soft mist inhaler
aNot all formulations are available in all countries; in some countries, other formulations may be

available
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Table 12.2 Formulations and typical Doses of COPD medicationsa (β2-agonist)

Drug

Inhaler

(μg)

Solution for

nebulizer

(mg/ml) Oral

Vials for

injection

(mg)

Patch

(transdermal)

Duration

of action

(hours)

Short acting

Fenoterol 100–200

(MDI)

1 0.05%

(syrup)

4–6

Levalbuterol 45–90

(MDI)

0.21, 0.42 6–8

Salbutamol

(albuterol)

100,

200 (MDI

and DPI)

5 5 mg

(pill),

0.024%

(syrup)

0.1, 0.5 4–6

Terbutaline 400,

500 (DPI)

2.5, 5 mg

(pill)

4–6

Long acting

Formoterol 4.5–12

(MDI and

DPI)

0.01b 12

Arformoterol 0.0075 12

Salmeterol 25–50

(MDI and

DPI)

12

Ultra-long acting

Indacaterol 75–300

(DPI)

24

Olodaterol 5 (SMI) 24

Tulobuterol 0.5,1,2 mg 24

MDI metered-dose inhaler, DPI dry-powder inhaler, SMI soft mist inhaler
aNot all formulations are available in all countries; in some countries, other formulations may be

available
bFormoterol nebulized solution is based on the unit dose vial containing 20 mcg in a volume of

2.0 ml

Table 12.3 Formulations and typical doses of COPD medicationsa (xanthines and PGE4

inhibitors)

Drug Oral Vials for injection (mg) Duration of action (hours)

Methylxanthines

Aminophylline 200–600 mg (pill) 240 up to 24

Theophylline (SR) 100–600 mg (pill) up to 24

Phosphodiesterase-4 inhibitors

Roflumilast 500 mcg (pill) 24

MDI metered-dose inhaler, DPI dry-powder inhaler, SMI soft mist inhaler
aNot all formulations are available in all countries; in some countries, other formulations may be

available
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phosphodiesterase-4 inhibitor is effective when added to a long-acting bronchodi-

lator, whereas evidence of its benefit when added to inhaled corticosteroid comes

from less valid secondary analyses. Other possible treatments include short-acting

bronchodilators and theophylline or carbocisteine, which can be used if long-acting

inhaled bronchodilators are unavailable or unaffordable [1].

12.8 Route of Drug Delivery to the Airway

12.8.1 Inhaled Route

Inhalation is the preferred mode of delivery of many drugs with a direct effect on

airways, particularly for asthma and COPD. The major advantage of inhalation is

the delivery of drugs to the airways in doses that are effective with a much lower

risk of systemic side effects. This is particularly important with the use of inhaled

corticosteroids (ICS), which largely avoids systemic side effects. In addition,

inhaled bronchodilators have a more rapid onset of action than when taken orally

(Fig. 12.5).

Table 12.4 Formulations and typical doses of COPD medicationsa

(Combination of β2-agonist plus anticholinergic in one inhaler)

Drug Inhaler

(mg)

Solution for nebulizer

(mg/ml)

Duration of action

(hours)

Short-acting β2-agonist plus anticholinergic
Fenoterol/ipratropium 200/80

(MDI)

1.25/0.5 6–8

Salbutamol/ipratropium 100/20

(SMI)

6–8

Long-acting β2-agonist plus anticholinergic
Formoterol/aclidinium 12/340

(DPI)

12

Indacaterol/

glycopyrronium

85/43 (DPI) 24

Olodaterol/tiotropium 5/5 (SMI) 24

Vilanterol/

umeclidinium

25/62.5

(DPI)

24

MDI metered-dose inhaler, DPI dry-powder inhaler, SMI soft mist inhaler
aNot all formulations are available in all countries; in some countries, other formulations may be

available
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12.8.1.1 Particle Size

The size of particles for inhalation is of critical importance in determining the size

deposition in the respiratory tract. The optimum size for particles to settle in the

airways is 2–5 μm mass median aerodynamic diameter (MMAD). Larger particles

settle out in the upper airways, whereas smaller particles remain suspended and are

therefore exhaled. There is increasing interest in delivering drug particles of ~1 μm
MMAD, which is now possible using drugs formulated in hydrofluoroalkane (HFA)

propellant and soft mist inhaler as Respimat device [63].

12.8.1.2 Pharmacokinetics

Of the total drug delivered, only 10–50% enters the lower airways with a conven-

tional pressurized metered-dose inhaler. Drugs are absorbed from the airway lumen

and have direct effects on target cells of the airway. Drugs may also be absorbed

into the bronchial circulation and then distributed to more peripheral airways.

Table 12.5 GOLD guidelines (2016): initial pharmacological management of COPDa

Patient group Recommended first choice Alternative choice

Other possible

treatmentsb

A SAMA prn. or SABA prn. LAMA

or LABA

or SABAþ SAMA

Theophylline

B LAMA or LABA LAMAþLABA SABA and/or SAMA

Theophylline

C ICSþLABA or LAMA LAMAþ LABA

or LAMAþ PDE-4 I

or LABAþ PDE-4 I

SABA and/or SAMA

Theophylline

D ICSþLABA and/or LAMA ICSþLABAþLAMA

or ICSþLABAþ
PDE-4 I

or LAMAþLABA

or LAMAþ PDE-4 I

Carbocisteine

N-acetylcysteine

SABA and/or SAMA

Theophylline

aMedications in each box are mentioned in alphabetical order and therefore not necessarily in order

of preference
bMedications in this column can be used alone or in combination with other options in the

recommended first choice and alternative choice columns

From the Global Strategy for Diagnosis, Management and Prevention of COPD 2016, Global

initiative for chronic Obstructive Lung Disease (GOLD), http://www.goldcopd.org

Medications in each box are mentioned in alphabetical order and, therefore, not necessarily in the

order of preference

prn as needed, SABA short-acting β2-agonist, LABA long-acting β2-agonist, SAMA short-acting

muscarinic antagonist, LAMA long-acting muscarinic antagonist, ICS inhaled corticosteroid,

PDE4I phosphodiesterase-4 inhibitor

238 T. Kuraki

http://www.goldcopd.org/


Drugs with higher molecular weights tend to retain to a greater extent in the

airways. Nevertheless, several drugs have greater therapeutic efficacy when given

by the inhaled route. More extensive pulmonary distribution of a drug with a

smaller MMAD increases alveolar deposition and thus is likely to increase absorp-

tion from the lungs into the general circulation resulting in more systemic side

effects.

12.8.2 Oral Route

Drugs for treatment of pulmonary diseases may also be given orally. The oral dose

is much higher than the inhaled dose required to achieve the same effect (typically

by a ratio of ~20:1), so that systemic side effects are more common. When there is a

choice of inhaled or oral route for a drug, the inhaled route is always preferable, and

the oral route should be reserved for the few patients unable to use inhalers.

Xanthine is ineffective by the inhaled route; it must be given systemically.

Fig. 12.5 Deposition of inhaled drugs

Inhalation therapy deposits drugs directly, but not exclusively, in the lungs. Distribution between

lungs and oropharynx depends mostly on the particle size and the efficiency of the delivery

method. Most material will be swallowed and absorbed, entering systemic circulation after

undergoing the first-pass effect in the liver. Some drug will also be absorbed into the systemic

circulation from the lungs. Use of a large-volume spacer will reduce the amount of drug deposited

on the oropharynx, thereby reducing amount swallowed and absorbed from the GI tract, thus

limiting systemic effects (From Eur Respir J 2006; 28: 1042–1050)[62]
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12.8.3 Parenteral Route

The intravenous route should be reserved for delivery of drugs in the severely ill

patient who is unable to absorb drugs from the GI tract. Side effects are generally

frequent due to the high plasma concentrations.

12.8.4 Transdermal Route

The transdermal route should be reserved for delivery of drugs in the severely ill

patient who is unable to use inhalers.

12.9 Conclusion

Bronchodilator medications are central to the symptomatic management of COPD.

The principal bronchodilator treatments are anticholinergics, β2-agonist, and meth-

ylxanthines used as monotherapy or in combination. Therapeutic intervention

should be initiated on categorization by symptoms and risk.
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Chapter 13

Inhaled Corticosteroids for COPD: Are

Inhaled Corticosteroids Required

in the Management of COPD?

Masayuki Itoh

Abstract Inhaled corticosteroids (ICSs) strongly suppress airway inflammation

and are widely used as the first drugs of choice for the treatment of bronchial

asthma. Chronic obstructive pulmonary disease (COPD) is also an inflammatory

disease of the airway, but because the type of inflammation in COPD differs from

the type of inflammation in asthma and because pathology that diminishes the

effectiveness of steroids is postulated in COPD, the therapeutic effect of ICSs in

COPD is limited. In fact, there are many negative opinions in regard to the

preventive effect of ICSs on the progression of COPD and in regard to their

effectiveness in lowering mortality. Although ICS effectiveness in preventing

exacerbations and effectiveness in preventing decreased quality of life (QOL)

have been reported, it has also been reported that no difference in exacerbation-

preventing effect was observed when the results of treatment with ICS/long-acting

β agonist (LABA) and long-acting muscarinic antagonist (LAMA) were compared,

and that when ICSs were gradually discontinued in COPD patients being treated

with ICS/LABA/LAMA, the results showed no increase in exacerbation frequency.

When selecting COPD patients for treatment with ICSs, it is necessary to consider

not just the benefits of treatment, but overtreatment, increased cost, and risk of

pneumonia as well.

Keywords COPD • Inhaled corticosteroids • Exacerbation

13.1 Introduction

According to the Global Initiative for Chronic Obstructive Lung Disease (GOLD)

guidelines, combination therapy with a bronchodilator (long-acting muscarinic

antagonist [LAMA] or long-acting β agonist [LABA]) and inhaled corticosteroid
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(ICS) is indicated in chronic obstructive pulmonary disease (COPD) patients who

are GOLD Stage III (forced expiratory volume in 1 s [FEV1] <50% predicted

normal) or who experience an exacerbation two or more times a year (or who

require inpatient treatment for one or more exacerbations a year) [1]. The evidence

that served as the basis for these indications consists of the results of large-scale

randomized controlled trials (RCTs), including the Inhaled Steroids in Obstructive

Lung Disease (ISOLDE) trial and Towards a Revolution in COPD Health

(TORCH) trial [2, 3], but there are data analysis issues, the problem of the

effectiveness of ICSs not necessarily having been demonstrated in a meta-analysis,

etc [4, 5], and adverse effects, including an increased risk of pneumonia, must be

taken into consideration when using ICSs. Patients with severe or very severe

COPD, who have indications for ICSs according to the guidelines, account for

about 20% of COPD patients; however, there is a survey showing that ICS/LABA

is actually being prescribed for 75% of COPD patients [6], and the high cost and

overtreatment with ICSs have become problems [7]. In this chapter, we will explain

the effectiveness of ICSs in COPD and the risks and indications.

13.2 Effectiveness of ICSs Against the Airway

Inflammation in COPD

Because ICSs strongly inhibit eosinophilic inflammation of the airway, they are

widely used as the drugs of first choice for the treatment of bronchial asthma. COPD

is also an inflammatory disease of the airway, but the airway inflammation in COPD

differs from the eosinophilic inflammation in bronchial asthma, and because neu-

trophils and macrophages predominate in the inflammation in the stable phase of

COPD, the effectiveness of ICSs against the airway inflammation in COPD is

limited in comparison with their effectiveness in asthma [8]. However, Confalonieri

et al. conducted a detailed study of the effectiveness of ICSs against the airway

inflammation in COPD, and the results showed that although the macrophages

during induction had increased in number in the COPD patients who had been

treated with high-dose (1500 μg/day) beclomethasone dipropionate (BDP) for

2 months or more, there was a significant decrease in the number of neutrophils

[9]. Moreover, Llewellyn-Jones et al. reported finding that the neutrophil elastase

inhibitory capacity of sputum increased in COPD patients who inhaled fluticasone

propionate (FP) 1500 μg/day for 8 weeks and that neutrophil chemotactic activity

decreased [10]. In addition, Ozol et al. reported that when they had stable-phase

COPD patients inhale budesonide (BUD) for 6 months, the neutrophil fraction and

interleukin-8 (IL-8) in their bronchoalveolar lavage fluid (BALF) decreased

[11]. Based on the above results, when high doses of ICSs were used, they appeared

to have some degree of effectiveness against the neutrophilic airway inflammation

in COPD.
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According to a meta-analysis that investigated the effectiveness of ICSs against

airway inflammation, ICSs increased the number of macrophages in the BALF of

COPD patients, but decreased the numbers of cluster of differentiation (CD) 4þ and

CD8þ lymphocytes in the airway wall and the numbers of neutrophils and lym-

phocytes in BALF [12]. Thus, ICSs appeared to also have some degree of inhibitory

effect on the lymphocytic inflammation in COPD.

On the other hand, usual steroid effectiveness appears to be decreased in COPD,

because histone deacetylase-2 (HDAC2) expression and activity are reduced

[13, 14]. After a steroid binds to the glucocorticoid receptor (GR), it enters the

nucleus and activates HDAC2, and an anti-inflammatory action called

transrepression that inhibits binding of transcription factors such as nuclear

factor-kappa B (NF-kB) to the promoter region of pro-inflammatory genes by

accelerating histone deacetylation is known to occur, but it appears that because

HDAC2 expression and activation are reduced in COPD, the transrepression mech-

anism of action of steroids is not sufficiently exerted, and their anti-inflammatory

effectiveness is weaker [15, 16].

13.3 Clinical Effectiveness of ICSs in COPD

The results of clinical trials of ICSs in COPD are summarized in Table 13.1 [2, 3,

17–65]. FEV1 values, FEV1 decline rate, exacerbation frequency, quality of life

(QOL), etc. have been assessed as evaluation parameters for the therapeutic effect

of ICSs.

13.3.1 Effects of ICSs on Pulmonary Function

Although results of short-term clinical trials showing that ICSs improved FEV1

have been reported, there have been many reports of long-term large clinical trials

showing that ICSs had no preventive effect in relation to FEV1 or the FEV1 decline

rate (Table 13.1). For example, ICSs had no effect on the FEV1 decline rate in such

long-term, large-scale clinical trials as the European Respiratory Society study on

COPD (EUROSCOP), Copenhagen City Lung Study (CCLS), ISOLDE, or Lung

Health Study (LHS) [2, 34, 36, 39]. By contrast, in the Groningen Leiden Univer-

sities Corticosteroids in Obstructive Lung Disease (GLUCOLD) study, a significant

ameliorating effect on the percentage change in FEV1 was seen in the ICS group

(þ7.3 mL/year) in comparison with the placebo group (�79 mL/year), and corre-

lations were also seen between slowing of the FEV1 decline rate and decreases in

the numbers of inflammatory cells in the airway [61]. A preventive effect of ICSs

on the FEV1 decline rate was seen in the TORCH trial as well [3], but the possibility

of the FEV1 decline rate in the placebo group having been overestimated because of

a dropout case bias was pointed out [66].
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Table 13.1 Placebo-controlled trials on the effects of inhaled corticosteroids in COPD

Author/year Ref

Number

of

patients

ICS dose (μg/
day)

Study

duration

Results (FEV1.0, SGRQ,

risk of exacerbation, etc)

Robertson

et al./1986

[17] 83 BDP 1500 2 weeks FEV1: !

Weir et al./

1990

[18] 127 BDP 1500 2 weeks FEV1: "

Auffarth et al./

1991

[19] 24 BUD 1600 8 weeks FEV1: !
PEF: !

Thompson

et al./1992

[20] 31 BDP 2000 6 weeks FEV1: "
PEF: !

Kerstjens

et al./1992

[21] 182 BDP 800 2.5 years FEV1:"

Watson et al./

1992

[22] 14 BUD 1200 12 weeks FEV1: !
PEF: !
Bronchoconstrictor respon-

siveness:NS

Wempe et al./

1992

[23] 10 BUD 1600 3 weeks FEV1: !
Bronchoconstrictor respon-

siveness:NS

Weir et al./

1993

[24] 105 BDP 1500 or

3000

3 weeks FEV1: "

Weiner et al./

1995

[25] 30 BUD 800 6 weeks FEV1: " (responders to

beta2-agonist)

Llewellyn-

Jones et al./

1996

[10] 17 FP 1500 8 weeks PEF: !

Renkema

et al./1996

[26] 45 BUD 800 2 years FEV1 decline: NS

Frequency and duration of

exacerbation: NS

Boothman-

Burrell et al./

1997

[27] 18 BDP 1000 3 months FEV1: !

Keatings

et al./1997

[28] 13 BUD 1600 2 weeks FEV1: !

Bourbeau

et al./1998

[29] 79 BUD 1600 6 months FEV1: !
6MWT: !
CRQ:NS

Paggiaro

et al./1998

[30] 281 FP 1000 6 months FEV1: "
Numbers of exacerbation:

NS

Rutgers et al./

1998

[31] 44 BUD 1600 6 weeks FEV1: !
PEF: !
Symptom score: NS

Serum IL-8:#
(continued)
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Table 13.1 (continued)

Author/year Ref

Number

of

patients

ICS dose (μg/
day)

Study

duration

Results (FEV1.0, SGRQ,

risk of exacerbation, etc)

Culpitt et al./

1999

[32] 25 FP 1000 4 weeks FEV1: !
PEF: !
Symptom score: NS

Sputum Percentage of neu-

trophils, IL-8, elastase,

MMP-1, MMP-9, SLPI,

TIMP-1: NS

Nishimura

et al./1999

[33] 30 BDP 3000 4 weeks FEV1: "

Pauwels et al./

1999

(EUROSCOP)

[34] 1277 BUD800 3 years FEV1 decline: NS

Senderovitz

et al./1999

[35] 37 BUD 800 6 months FEV1: !
Number of exacerbation: NS

Vestbo et al./

1999 (CCLS)

[36] 290 BUD 800 3 years FEV1 decline: NS

Exacerbation rate: NS

Weiner et al./

1999

[37] 168 BUD 800 6 weeks FEV1: "(responders to
beta2-agonist)

Weir et al./

1999

[38] 98 BDP 2000 2 years FEV1 decline: NS

exacerbation rate: NS

Burge et al./

2000

(ISOLDE)

[2] 751 FP 1000 3 years FEV1 decline: NS

Exacerbation rate: #
Slower decline in respira-

tory questionnaire score

(SGRQ)

Lung Health

Study/2000

(LHS)

[39] 1116 Triamcinolone

1200

4.5 years FEV1 decline: NS

SF-36: improved

Ferreira et al./

2001

[40] 20 BDP 1000 2 weeks FEV1: !
Exhaled nitric oxide:#

Loppow et al./

2001

[41] 19 FP 1000 4 weeks FEV1: !
Concentration of exhaled

nitric oxide, differential cell

counts in induced sputum

and the number of cells

positive for iNOS, levels of

LDH, ECP, neutrophil elas-

tase, and IL-8 in sputum

supernatants: NS

Mirici et al./

2001

[42] 50 BDP 800 12 weeks FEV1: "
Sputum cell count, propor-

tion of neutrophil: #
Hattotuwa

et al./2002

[43] 37 FP 1000 3 months FEV1: !

(continued)
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Table 13.1 (continued)

Author/year Ref

Number

of

patients

ICS dose (μg/
day)

Study

duration

Results (FEV1.0, SGRQ,

risk of exacerbation, etc)

Mahler et al./

2002

[44] 691 FP 1000 24 weeks FEV1: "
Time to exacerbation: NS

CRDQ: NS

CBSQ: NS

Thompson

et al./2002

[45] 52 FP 880 3 months Pre-bronchodilator FEV1: "
Dyspnea score in CRQ:

improved

Verhoeven

et al./2002

[46] 23 FP 1000 6 months FEV1 decline: improved

Bronchoconstrictor

responsiveness:!
Calverley

et al./2003

(TRISTAN)

[47] 719 FP 1000 1 year FEV1: "
Exacerbation rate: #
SGRQ: improved

Calverley

et al./2003

[48] 513 BUD 800 1 year FEV1: !
Time to first exacerbation

and number of exacerbation:

NS

SGRQ: improved

Hanania et al./

2003

[49] 247 FP 500 24 weeks FEV1: "
CRDQ:!

Szafranski

et al./2003

[50] 403 BUD 800 1 year FEV1:"
Exacerbation rate: NS

SGRQ: NS

Van Grunsven

et al./2003

(DIMCA)

[51] 48 FP 500 2 years FEV1: "(pre- and post-

bronchodilator)

FEV1 decline:NS

Occurrence of exacerba-

tions: NS

Sin et al./2004 [52] 41 FP 1000 4 weeks FEV1: !
CRP: #

Yildiz et al./

2004

[53] 38 BUD 800 12 weeks FEV1: !
SGRQ: improved

Brightling

et al./2005

[54] 60 MF 800 2 weeks CRQ: NS

FEV1: !
John et al./

2005

[55] 22 BDP 800 12 weeks SGRQ total: NS

FEV1: !
PEF: "
IL-10, GM-CSF, IFN-γ,
MIP-α from peripheral

blood monocyte: NS

(continued)
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Table 13.1 (continued)

Author/year Ref

Number

of

patients

ICS dose (μg/
day)

Study

duration

Results (FEV1.0, SGRQ,

risk of exacerbation, etc)

Ozol et al./

2005

[11] 26 BUD 800 6 months FEV1: !
IL-8 levels in BAL:

decreased

Percentages of neutrophils:

decreased

GSK,

FCO30002/

2005

[56] 140 FP 1000 12 weeks FEV1: !

GSK,

FLTA3025/

2005

[57] 640 FP 500 or 1000 24 weeks FEV1: " (FP500)

CBSQ: NS

Exacerbation rate: NS

Bourbeau

et al./2007

[55] 41 FP 1000 3 months FEV1: !
CRQ: NS

Calverley

et al./2007

(TORCH)

[3] 3058 FP 1000 3 years FEV1: "
SGRQ: improved

Exacerbation rate:#
Mortality rate: NS

Calverley

et al./2008

[59] 911 MF 800 1 year FEV1: "
Exacerbations rate:#
SGRQ: improved

Sin et al./2008 [60] 289 FP 1000 4 weeks FEV1: !
SGRQ: improved

Number of exacerbations: #
Serum IL-6: NS

Serum SP-D:#
Lapperre

et al./2009

(GLUCOLD)

[61] 55 FP 1000 30 months FEV1 decline: improved

Mucosal CD3þ, CD4þ,

CD8þ cells and mast cells:#
Bronchoconstrictor respon-

siveness: #
CCQ: improved

Activity score in SGRQ:

improved

MRC dyspnea score:

improved

Schermer

et al./2009

(COOPT)

[62] 300 FP 1000 3 years FEV1: !
CRQ: NS

Exacerbation rate: NS

Shaker et al./

2009

[63] 278 BUD 800 2–4 years FEV1 decline: NS

Annual CT change: NS

Guenette

et al./2011

[64] 17 FP1000 2 weeks FEV1: "

(continued)
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In a meta-analysis by van Grunsven et al., it was concluded that an improvement

in FEV1 in response to ICSs had been observed in a 2-year observation period

[67]. However, Alsaeedi et al. have stated that the number of RCTs that were

suitable for assessment was small and an adequate meta-analysis could not be

performed [68]. According to the Cochrane Review, which also analyzed the

Table 13.1 (continued)

Author/year Ref

Number

of

patients

ICS dose (μg/
day)

Study

duration

Results (FEV1.0, SGRQ,

risk of exacerbation, etc)

Tashkin et al./

2012

[65] 911 MF 400 26 weeks FEV1:"
Exacerbations rate:#
SGRQ: improved

Abbreviations

": increased
!: no change

#: decreased
NS: not significant vs placebo

FP: fluticasone propionate

BUD: budesonide

BDP: beclomethasone dipropionate

MF: mometasone furoate

FEV1: forced expiratory volume in 1 second

PEF: peak expiratory flow

CCQ: Clinical COPD Questionnaire

CRQ: Chronic Respiratory Questionnaire

CRDQ: Chronic Respiratory Disease Questionnaire

CBSQ: Chronic Bronchitis Symptoms Questionnaire

MRC: Medical Research Council

SGRQ: St George’s Respiratory Questionnaire

ECP: eosinophil cationic protein

LDH: lactate dehydrogenase

CRP: C-reactive protein

iNOS: inducible nitric oxide synthase

IL: interleukin

GM-CSF: granulocyte-macrophage colony-stimulating factor

IFN-γ: interferon-γ
MIP-1α: macrophage inflammatory protein-1α
SP-D: surfactant protein D

BAL: bronchoalveolar lavage

CT: computed tomography

CCLS: Copenhagen City Lung Study

DIMCA: Detection, Intervention and Monitoring of COPD and Asthma

EUROSCOP: ERS study on COPD

ISOLDE: Inhaled Steroids in Obstructive Lung Disease in Europe

LHS: Lung Health Study

TRISTAN: Trial of Inhaled Steroids and Long-Acting β2 Agonists

TORCH: Towards a Revolution in COPD Health

GLUCOLD: Groningen Leiden Universities Corticosteroids in Obstructive Lung Disease

COOPT: COPD on Primary Care Treatment
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effectiveness of BDP in improving FEV1, the number of RCTs that could be

assessed was small, and it was impossible to draw a clear conclusion [69]. However,

Yang et al. later conducted a meta-analysis of 55 RCTs (n¼ 16,154 subjects) and

concluded that ICSs had been found to have no preventive effect on the rate of

decline in FEV1 [4].

13.3.2 Effects of ICSs on QOL

The QOL of COPD patients has been assessed by means of a variety of question-

naires (Table 13.1), and St George’s Respiratory Questionnaire (SGRQ) has

recently come into widespread use. The results of the SGRQ in large-scale surveys,

including the ISOLDE, Trial of Inhaled Steroids and Long-Acting β2 Agonists

(TRISTAN), and TORCH surveys, have shown an ameliorating effect of ICSs on

QOL [2, 3, 47, 48, 59, 65]. A similar conclusion was also drawn in a meta-analysis

in recent years [4]; however, caution is necessary, because many studies have

concluded that ICSs were effective based on statistically significant differences,

even though the SGRQ results did not show an improvement of 4 points or more,

which is considered significant clinically [70]. Moreover, since the comparisons

were not made with the values before using ICSs and the results did not show that

ICSs had improved the SGRQ score 4 points or more in comparison with the

placebo, the clinical evidence that ICSs improve the QOL of COPD patients can

only be said to be scant.

13.3.3 Exacerbation-Preventing Effect of ICS

Conflicting results showing that ICSs are effective and ineffective in preventing

exacerbations have been published (Table 13.1). A COPD exacerbation-preventing

effect of ICSs was shown in ISOLDE, TRISTAN, and TORCH trials [2.3.47]. In the

results of meta-analyses, no exacerbation-preventing effect of ICSs was found by

van Grunsven et al. [67], whereas Alsaeedi et al. reported a 30% decrease in

exacerbation frequency [68]. In subsequent meta-analyses, Yang et al. concluded

that exacerbations had been reduced by ICSs at a rate of one exacerbation in 4 years

[4], whereas Agarwal et al. claimed that the exacerbation-preventing effect of ICSs

was slight and that the preventive effect of ICSs in previous reports had been

exaggerated [5]. Moreover, Ernst et al. pointed out problems in the studies showing

that ICSs were effective, i.e., that there were differences between the methods used

to diagnose an exacerbation, that intention to treat (ITT) had not been analyzed, that

the calculations of the number needed to treat (NNT) were incorrect, etc [71].
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13.3.4 Effect of ICSs on the Mortality Rate

A retrospective study by Soriano et al. using the UK General Practice Research

Database showed that the hospital admission rate and mortality rate of patients

being treated with FP were lower than among patients being treated with just a

bronchodilator other than LABA, i.e., with LAMA or short-acting β2 agonist

(SABA) [72]. However, no significant differences in mortality rate between the

ICS group and placebo group were found in the TORCH trial [3], and a meta-

analysis in recent years also reported that ICSs did not affect the COPD mortality

rate [4]. Thus, there is little evidence to support ICS effectiveness in reducing the

mortality rate.

13.3.5 Effectiveness of Combined Use of an ICS
and a Bronchodilator

Clinically, ICSs are being used to treat COPD in combination with bronchodilators,

including LABA and LAMA. Szafranski et al. reported that BUD monotherapy did

not reduce COPD exacerbations, but that exacerbation frequency declined signif-

icantly when BUD was used in combination with formoterol [50], and in the

TORCH trial, effectiveness in improving FEV1 and SGRQ scores in the salmeterol

(SAL)/FP combination therapy group was better than in the monotherapy group

[3]. Nevertheless, results showing no differences in exacerbation frequency

between an ICS/LABA group and a LABA-alone group have also been reported

[73], and in the LANTERN trial, which compared ICS/LABA and LABA/LAMA,

there were fewer exacerbations in the indacaterol þ glycopyrronium (QVA149)

group than in the SAL/FP group [74]. Moreover, results of more than one RCT

showing greater effectiveness of LABA/LAMA than of ICS/LABA in ameliorating

FEV1 as well have been reported [75, 76]. Furthermore, the results of a meta-

analysis also showed that LABA/LAMA was superior to ICS/LABA in relation to

ameliorating FEV1 and its exacerbation-preventing effect, and data showing a

lower risk of pneumonia have also been published [77]. According to another

meta-analysis, exacerbation-preventing effectiveness was reported to be greatest

in a three-drug (tiotropiumþBUD/formoterol) combination therapy group [78].

13.4 Effect of Discontinuing ICSs

Various studies have also been conducted on the effects of discontinuing ICSs on

COPD. In the COPE study, which compared a group in which FP had been

discontinued after 4 months and a group in which it had been continued, the interval

before exacerbations was shorter in the group in which FP had been discontinued,
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and health-related QOL had also decreased [79], and in a study by Choudhury et al.,

the risk of COPD exacerbations was shown to have increased as a result of

discontinuing ICSs [80]. Moreover, in the COPD and Seretide: a Multi-Center

Intervention and Characterization (COSMIC) study, which compared a group in

which FP had been discontinued after 3 months of treatment with SAL/FP and a

group in which it had been continued, the magnitude of the decline in FEV1 was

greater in the group in which it had been discontinued. The difference in moderate-

to-severe exacerbation frequency in that study was not significant, but mild exac-

erbations were more frequent in the group in which FP had been discontinued

[81]. O’Brien et al. reported finding that when BDP was discontinued in elderly

COPD patients, their FEV1 decreased, and that shortness of breath evaluated on the

Borg scale became severer [82]. Furthermore, in the 5-year observation period in

the recent GLUCOLD study as well, when the ICS was discontinued after

30 months of treating patients with moderate-to-severe COPD, worsening of their

FEV1, QOL, and airway hypersensitivity was seen [83].

In contrast to the above results, there have also been results showing that it was

possible to safely discontinue ICSs in COPD patients. In the INSTEAD trial, which

distributed patients with moderate COPD and no history of exacerbations into a

group treated with indacaterol (150 μg once daily) after treatment with SAL/FP

(50/500 μg twice daily) for 3 months and an SAL/FP (50/500 μg twice daily) group,
no significant differences between the groups in FEV1, SGRQ scores, or exacerba-

tion frequency were seen 12 weeks later [84]. Moreover, in the OPTIMO trial,

which compared an ICS continuation group and ICS discontinuation group of

914 patients (FEV1 predicted >50%, exacerbation frequency <2 times/year)

being treated with a combination of an ICS and a bronchodilator, no differences

were seen between the groups in FEV1, COPD Assessment Test (CAT) scores, or

exacerbation rates 6 months later [85]. Thus, it was possible to discontinue the ICS

safely in patients with up to moderate COPD, in which the risk of exacerbation is

low. On the other hand, in the 52-week WISDOM trial in which FP was continued

or gradually discontinued in FEV1% predicted <50%, exacerbation frequency >1/

year COPD patients (n¼ 2815) who were receiving tiotropium (TIO)þ SALþ FP

triple therapy, no significant difference was seen in exacerbation frequency, but

FEV1 decreased in the group in which FP had been discontinued [86]. Conse-

quently, it appeared to be possible to gradually discontinue ICSs even in patients

with severe COPD, who have a high risk of exacerbation, but that their respiratory

function might decrease.

13.5 Side Effects of ICSs

Local side effects of ICSs include hoarseness, sore throat, cough, and oral and

laryngopharyngeal candidiasis [87], and it is often possible to manage them by

gargling after inhalation, changing the type of ICS or device, adjusting the
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inhalation rate, etc. When prescribing an ICS for COPD patients, it is important to

take pneumonia, diabetes, and its systemic effects on bone, etc., into consideration.

13.5.1 Pneumonia

Because bacteria tend to colonize the lower airway of COPD patients, ICSs appear

to increase the risk of airway infection [88]. In the TORCH trial, the rate of

occurrence of pneumonia was higher in the group receiving drug therapy that

included an ICS than in the placebo group [3], and in the INSPIRE trial, the rates

of occurrence of pneumonia and candidiasis in the SAL/FP group were about twice

as high as in the tiotropium group [89]. In the analysis by Ernst et al., it was found

that pneumonia requiring hospitalization increased 70% when ICSs were used to

treat COPD patients, and the risk increased when the dose was 1000 μg or more

converted to FP equivalents (relative risk [RR], 2.25; 95% confidence interval [CI],

2.07–2.44) [90]. The cohort study by Di Santostefano et al. compared the incidence

of severe pneumonia among COPD patients who were newly being treated with an

ICS or ICS/LABA (n¼ 11,555) and a LABA monotherapy group (n¼ 6492), and

the results showed that the risk of pneumonia was about 50% higher among the

patients who were newly being treated with an ICS [91]. The increase in pneumonia

risk in COPD patients as a result of being treated with an ICS has even been

confirmed by meta-analyses [92–94]. Kew et al. calculated a pneumonia risk odds

ratios of 1.78 for FP (95% CI: 1.50–2.12) and 1.62 for BUD (95%CI: 1.00–2.62)

[92]. Treatment with ICSs has also been reported to result in about a twofold

increase in the risk of tuberculosis [95].

On the other hand, the risk of pneumonia varies with the type of ICS, and it has

been reported to be lower with BUD than with FP [96]. In the PATHOS trial, which

retrospectively investigated pneumonia incidence, hospitalization, and mortality

rates in a SAL/FP group (n¼ 2734) and BUD/formoterol group (n¼ 2734), the

risks of developing and being hospitalized for pneumonia were significantly higher

in the SAL/FP group, and pneumonia-related deaths were also more common

[97]. In an analysis by Suissa et al., ICSs were associated with a 69% increase in

the rate of occurrence of severe pneumonia (RR 1.69; 95% CI 1.63–1.75), and the

risk associated with SAL/FP was higher than the risk associated with

BUD/formoterol [98]. When 6 months had elapsed since the ICS was discontinued,

the increased risk of pneumonia was no longer seen. BUD and fluticasone

dipropionate (FDP) were also shown to increase the incidence of severe pneumonia

in the results of the Cochrane Review, and although there was no significant

difference between the two drugs in pneumonia mortality rates, FDP entailed a

higher risk of developing mild pneumonia [92]. The reason for the difference in

pneumonia risk between BUD and FP has been explained by differences between

the drugs in the strength of their immunosuppressant effects and their pharmaco-

kinetic/pharmacodynamic (PK/PD) ratios, but the high 1000 μg FP dosage in many

clinical trials seems to be another reason.
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13.5.2 Diabetes

No increases in the rate of occurrence of diabetes due to ICSs were seen in the

results of the Lung Health Study or EUROSCOP [34, 39], and no increases in the

numbers of cases of diabetes were reported as adverse events due to ICSs in the

TRISTAN, ISOLDE, or TORCH trials [2, 3, 47]. However, according to the cohort

study conducted by Suissa et al. (n¼ 388,584), the risk of diabetes was reported to

be 34% higher when an ICS (FP, BDP, BUD, triamcinolone, and flunisolide) was

used to treat respiratory disease patients than in the group in which no ICSs were

used (95% CI, 1.17–1.53), and the risk was reported to be particularly higher

among the patients who received high dosages, i.e., 1000 μg/day or more converted

to FP equivalents [99]. Moreover, based on the results of measuring the blood

glucose level of 1698 patients being treated with an ICS (triamcinolone), it was

reported that the blood glucose level of the patients who self-reported diabetes

increased 1.82 mg/dL for each 100 μg increase in the ICS and that among the

diabetes patients who had been prescribed an antiglycemic drug, it increased

2.65 mg/dL [100]. However, O’Byrne et al. analyzed 8 RCTs (BUD, n¼ 33,496;

non-ICS, n¼ 3643) and stated that the incidence of diabetes/hyperglycemia was

1.3% in the BUD group and 1.2% in the non-ICS group and the difference was not

significant [101]. In addition, in the cohort study by Flynn et al. (3243 patients

treated with an ICS, 1062 patients not treated with an ICS) as well, the hazard ratio

(HR) due to ICS was 0.70 (0.43–1.12) for the onset of diabetes and 0.57 (0.24–1.37)

for worsening of diabetes, and no effect of the ICS was observed [102]. Moreover,

no association was observed between treatment with BDP and the risk of diabetes in

the cohort study of elderly subjects (n¼ 21,645) conducted by Dendukuri

et al. [103]. Based on the above results, the risk of developing diabetes as a result

of treatment with an ICS is very small, but caution appears to be necessary in regard

to the use of high-dose steroids and patients who have diabetes.

13.5.3 Osteoporosis and Fractures

According to a World Health Organization (WHO) systematic review that investi-

gated the bone effects of ICSs in bronchial asthma and COPD patients, triamcin-

olone had the greatest adverse effect on bone mineral density (BMD), and was

followed by BDP, and then by BUD [104]. In addition, a meta-analysis that

investigated the fracture risk associated with ICSs in COPD patients (n¼ 17,513)

showed that it was increased 21–27% by ICSs (FP, BUD) and that the risk

increased 9% for each 500 μg increase in dose converted to BDP equivalents

[105]. The Nord-Trøndelag Health (HUNT) study, on the other hand, reported a

30% decrease in female ICS users and 50% decrease in male ICS users, but that the

effects of the ICSs in patients being treated with low to medium doses were slight

[106]. By contrast, Yang et al. conducted a meta-analysis in relation to a 3-year or
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more long-term observations and concluded that ICSs did not have a significant

effect on fractures or BMD [4].

13.6 Effectiveness of Combined Use of an ICS

and Theophylline

Steroid effectiveness in COPD is attenuated by the decrease in HDAC2, but

theophylline is known to have an HDAC2-function-restoring action. For example,

it has been reported that when the alveolar macrophages of COPD patients, who

have low steroid sensitivity, were exposed to low steroid concentrations, HDAC2

activity and steroid actions were restored. High blood concentrations are needed for

theophylline to exert a bronchodilator effect, but low concentrations of around 2 μg/
mL appear to be effective in activating HDAC2 [107, 108]. On the other hand,

according to a cohort study that assessed 36,492 COPD patients, a significant

decrease in frequency of moderate-to-severe exacerbations was observed among

the patients treated with an ICSþ theophylline in comparison with the patients

treated with an ICSþLABA (RR 0.89, 95% CI 0.87,0.92) [109]. The Theophylline

with Inhaled Corticosteroids (TWICS) study, which is checking the effectiveness of

ICS and theophylline combination therapy, is currently underway [110].

13.7 Selection of COPD Patients with Indications for ICSs

Steroids have been reported to have a strong therapeutic effect in patients who have

a peripheral blood eosinophil count of 2% or more during a COPD exacerbation

[111]. Moreover, because an exacerbation-preventing effect of SAL/FP has been

observed in COPD patients with a history of exacerbations if their peripheral blood

eosinophil count was 2% or more in the stable phase, the peripheral blood eosin-

ophil count can serve as a biomarker for selecting patients with ICS indications

[112]. By contrast, in COPD complicated by asthma (asthma-COPD overlap syn-

drome [ACOS]), treatment with ICS/LABA has been found to reduce the risk of

hospitalization or death due to COPD in comparison with LABA monotherapy

[113]. Moreover, results showing that improvements in sputum eosinophil count

and bronchiolar wall thickness on chest computed tomography (CT) scans correlate

with improvements in FEV1 in response to ICSs [114], and correlations between

sputum eosinophil counts and steroid responsiveness have also been found

[115, 116]. Consequently, some COPD patients, i.e., patients with ACOS, in

which COPD is complicated by asthma, and patients with eosinophilic COPD, in

which the sputum and peripheral blood eosinophil counts are elevated, appear to

have positive indications for ICSs. The characteristics of ACOS are shown in

Table 13.2, but treatment with an ICS in combination with bronchodilator is
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strongly recommended for ACOS in the Global Initiative for Asthma (GINA)

guideline [117]. Ernst et al. have summarized the characteristics of COPD in

which a therapeutic effect of ICSs can be expected in Table 13.3 [71].

13.8 Conclusion

The current GOLD guidelines recommend using an ICS in addition to LABA and

LAMA in severe or very severe COPD with recurring exacerbations. The main

purpose is to prevent exacerbations, but the exacerbation-preventing effect of ICSs

may have been slightly overevaluated in previous reports, and in view of the fact

that COPD is a heterogeneous disease, it is necessary to make an effort to search for

Table 13.2 Usual features of ACOS

Age of onset Usually age �40 years, but may have had symptoms in childhood or

early adulthood

Pattern of respiratory

symptoms

Respiratory symptoms including exertional dyspnea are persistent,

but variability may be prominent

Lung function Airflow limitation not fully reversible, but often with current or

historical variability

Lung function between

symptoms

Persistent airflow limitation

Past history or family

history

Frequently a history of doctor-diagnosed asthma (current or previ-

ous), allergies and family history of asthma, and/or a history of

noxious exposures

Time coarse Symptoms are partly but significantly reduced by treatment. Pro-

gression is usual and treatment needs are high

Chest X-ray Similar to COPD

Exacerbations Exacerbation may be more common than in COPD but are reduced

by treatment. Comorbidities can contribute to impairment

Airway inflammation Eosinophils and/or neutrophils in sputum

Adapted from Ref. [117]

Table 13.3 Indicator of a

probable response to inhaled

corticosteroids in patients

with chronic obstructive

pulmonary disease

History of asthma or atopy

Onset of respiratory disease prior to the age of 40 years

Cumulative smoking history< 20 pack-years

FEV1 bronchodilator response ≧12% and ≧400 ml

Normal diffuse capacity

Peripheral blood eosinophilia

Sputum eosinophilia

Not FEV1 <50% predicted

Not history of frequent exacerbations

Based on [71]

FEV1 forced expiratory volume in 1 s
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COPD phenotypes in which ICSs are of great benefit. At present, ACOS and

eosinophilic COPD appear to have positive indications for treatment with ICSs,

but further study will be necessary to determine whether the peripheral blood

eosinophil count can serve as a biomarker for ICS indications. At the same time,

when prescribing ICSs, the fact that the risk of side effects, including pneumonia,

increases must also be borne in mind.
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Chapter 14

New Anti-inflammatory Drugs for COPD: Is

There a Possibility of Developing Drugs That

Can Fundamentally Suppress Inflammation?

Yasuhiro Yamauchi and Takahide Nagase

Abstract Chronic obstructive pulmonary disease (COPD) is characterized by

persistent airflow limitation that is usually progressive and associated with chronic

inflammation of the peripheral airways and lung parenchyma. The current thera-

peutic strategy for COPD consists mainly of the use of bronchodilators, such as

long-acting muscarinic antagonists and long-acting beta stimulants. They reduce

respiratory symptoms and exacerbations, but do not reduce airway inflammation or

prevent disease progression. We have no effective treatments for suppressing

airway inflammation in COPD. There are, however, several candidates as anti-

inflammatory drugs that would fundamentally suppress airway inflammation in

COPD and might prevent progression of COPD. This chapter discusses some of

the most promising new therapeutic drugs that have been discovered and describes

the status of development of anti-inflammatory drugs in the field of COPD.

Keywords Airway inflammation • Phosphodiesterase inhibitors • Kinase

inhibitors • Corticosteroid resistance

14.1 Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by persistent

airflow limitation that is usually progressive and associated with chronic inflam-

mation of the peripheral airways and lung parenchyma [1]. This chronic airway

inflammation is caused mainly by inhaled noxious particles from smoke and other

sources, including outdoor, occupational, and indoor pollution. It results in the

narrowing of the small airways and parenchymal destruction and persists through

unknown mechanisms, even after long-term smoking cessation. In addition, the

persistent airway inflammation may move into systemic inflammation in patients
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with COPD. The systemic inflammatory response can cause systemic comorbidities

such as cardiovascular and metabolic diseases, which are increasingly recognized

as having major impacts on survival in patients with COPD [1].

Chronic inflammation is considered to be related to disease progression and

mortality in COPD and should be regulated by treatment. However, current treat-

ments recommended by the guidelines for COPD are mainly bronchodilators to

reduce respiratory symptoms and exacerbations. Anti-inflammatory treatment with

corticosteroids is not sufficient to suppress the inflammation and disease progres-

sion or improve survival [2]. As of this writing, there are no effective and safe drugs

for suppressing chronic airway inflammation in COPD [3].

14.2 Inflammation in COPD

Chronic persistent inflammation exists throughout the airways and lung paren-

chyma in COPD. The airway inflammation consists mainly of increased numbers

of T lymphocytes, including CD8 and CD4 cells, B lymphocytes, macrophages, and

polymorphonuclear neutrophils [4–7]. These increased numbers of inflammatory

cells are associated with the severity of COPD [5].

Many inflammatory mediators are involved in the persistent inflammatory pro-

cess of COPD. Inhaled noxious particles and oxidative stress due to smoke and air

pollution induce airway inflammation by causing release of various cytokines and

chemokines, such as tumor necrosis factor-α (TNF-α), CXCL8/interleukin 8 (IL-8),
granulocyte-macrophage colony-stimulating factor (GM-CSF), and interferon-

inducible protein 10 (CXCL10), from epithelial cells and macrophages [8]. Those

mediators recruit inflammatory cells into the airway causing airway inflammation.

These inflammatory responses are activated and maintained by autonomous mech-

anisms, even long after smoking cessation. Moreover, several intracellular signal-

ing pathways, including the mitogen-activated protein kinase (MAPK) pathway,

phosphoinositide 3-kinase (PI3K) pathway, and Janus kinase/signal transducers and

activators of transcription (JAK/STAT) pathway, and inflammatory transcriptional

factors such as nuclear factor-kB (NF-kB) are activated in COPD by various

stimuli. Thus, we need to find alternative anti-inflammatory therapies to regulate

the persistent airway inflammation in COPD.

14.3 Anti-inflammatory Therapies

14.3.1 Phosphodiesterase Inhibitors

Phosphodiesterase (PDE) regulates the concentrations of cyclic adenosine

monophosphate (cAMP) in cells and modulates a broad range of cell functions,
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including airway smooth muscle contractions and release of inflammatory media-

tors. Theophylline, a well-known bronchodilator having many physiological activ-

ities, works as a phosphodiesterase inhibitor but is weak and nonselective. There are

several distinct PDE isozymes, and different PDEs are responsible for cyclic

nucleotide hydrolysis in different tissues. Among them, PDE type 4 (PDE4),

which is called cAMP-specific phosphodiesterase, has been demonstrated to have

broad functional roles in many inflammatory cells [9, 10]. PDE4 inhibitors are

reported to effectively inhibit chemotaxis, leukocyte activation, and cytokine pro-

duction [11] and to reduce the numbers of neutrophils and eosinophils in the sputum

of patients with COPD [12]. Thus, PDE4 inhibitors are potentially effective ther-

apies for COPD.

One PDE4 inhibitor, roflumilast, reduces airway inflammation in COPD and

improves lung function [13, 14]. Further, orally administered roflumilast reduces

the frequency of exacerbation in patients with severe airflow limitation, although

adverse effects such as diarrhea, weight loss, nausea, and headache occur [15, 16].

In order to reduce the systemic adverse effects of PDE4 inhibitors, several PDE4

inhibitors have been developed as dry powders for inhalation. One inhaled PDE4

inhibitor, UK-500001, was administered to patients with moderate to severe COPD.

Although UK-500001 had no adverse effects, it also showed no therapeutic effects

on lung function or symptoms [17]. Another inhaled PDE4 inhibitor, GSK256066,

showed anti-inflammatory efficacy in an animal model [18], but it did not show any

anti-inflammatory effect and did not improve lung function in patients with COPD

[19]. A third inhaled PDE inhibitor, CHF6001, was reported to be more potent in

inhibiting PDE4 enzymatic activity than roflumilast, UK-500001, and GSK256066.

To date, however, clinical efficacy of CHF6001 in COPD has not been

demonstrated [20].

In addition to PDE4 inhibitors, a dual PDE3 and PDE4 inhibitor, RPL554, may

provide bronchodilating and anti-inflammatory activities, since the PDE3 inhibitor

relaxes airway smooth muscle [21]. Inhaled RPL554 showed anti-inflammatory and

bronchoprotective activities and was well tolerated. In addition, combined admin-

istration of RPL554 and glycopyrronium interacted synergistically in relaxing both

human medium and small isolated bronchi, showing strong relaxation and an

extended duration of action, indicating that this combination may prove useful in

the treatment of COPD [22].

Thus, several PDE4 inhibitors have been developed for treatment of COPD, but

further studies will be needed to assess their efficacy and safety with long-term

follow-up.

14.3.2 Specific Inflammatory Mediators

Many different inflammatory mediators, including cytokines, chemokines, growth

factors, and lipid mediators, are involved in the pathogenesis of COPD. Theoretical

therapeutic approaches for treatment of COPD include inhibition of the mediators
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by using antibodies specific for them, antagonists of their receptors, or inhibitors of

signal transduction. Several specific inhibitors of inflammatory mediators are being

developed. However, since many different mediators are closely involved in the

pathogenesis of COPD, we do not yet know which mediators would be the best

therapeutic targets. Clinical trials are needed to determine the efficacy of mediator

inhibition.

14.3.2.1 Cytokines

Many cytokines are increased in patients with COPD and play important roles in

airway inflammation [23]. Several therapeutic approaches could be taken to block

the cytokines’ activities, including specific antibodies for the cytokines or their

receptors, antagonists of their receptors, and inhibitors of intracellular signaling

pathways.

TNF-α

TNF-α appears to play important roles in the pathogenesis of COPD as a primary

mediator driving development of the inflammation and emphysema in COPD.

TNF-α activates epithelial and smooth muscle cells in the airways to release

inflammatory mediators and promote the fibrotic process in airway remodeling.

TNF-α levels are increased in the blood and sputum of patients with COPD

[24, 25]. However, administration of an anti-TNF-α antibody, infliximab, did not

show any clinical efficacy in moderate–severe COPD. Moreover, in spite of the

absence of beneficial effects, the risks of lung cancer and pneumonia were

increased [26–28].

IL-1β

IL-1β is a pro-inflammatory cytokine and was demonstrated to be increased in

COPD, suggesting that it plays a role in the pathogenesis of COPD by amplifying

inflammation [29, 30]. However, an IL-1β-specific antibody, canakinumab, was

ineffective in treatment of COPD in a recent unpublished clinical trial [31].

IL-6

IL-6 is also assumed to play an important role in the progression of COPD, and its

levels are increased in patients with COPD [24]. An anti-IL-6 receptor antibody,

tocilizumab, was effective in patients with rheumatoid arthritis refractory to TNF-α
inhibitors [32], but no clinical studies have been conducted in patients with COPD.
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IL-17

IL-17 promotes neutrophilic inflammation by inducing production of CXCL1 and

CXCL8, which are chemoattractants for neutrophils, by airway epithelial cells

[33]. IL-17 is increased in patients with COPD [34], implicating it in the patho-

genesis of COPD. Antibodies specific for IL-17 and an IL-17 receptor are available

for other indications [32, 35, 36], but no clinical trials have examined their efficacy

in treating COPD.

GM-CSF

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a

pro-inflammatory cytokine that promotes leukocyte survival and activation and

regulates neutrophil function [37]. It has been implicated in the pathogenesis of

COPD. A neutralizing GM-CSF antibody was effective in an animal model of

cigarette smoke-induced airway inflammation [38], but no clinical studies have

tested this for COPD.

In summary, inhibitors of cytokines, particularly those targeting single cyto-

kines, have not yet shown clinical efficacy in treatment of COPD.

14.3.2.2 Chemokines

CXCL8 (IL-8), which is a chemoattractant for neutrophils and monocytes, is

thought to be involved in the pathogenesis of COPD. Levels of IL-8 are elevated

in the sputum of patients with COPD and correlate with disease severity [25]. IL-8-

specific antibody improved dyspnea in patients with COPD but showed no benefi-

cial effects on lung function, health status, or 6-min walking distance [39].

CXCR2 is a receptor for IL-8 and is expressed on neutrophils. Airway neutro-

phils are believed to be one of the key players in COPD. Treatment with CXCR2

antagonists reduced sputum neutrophils [40], improved lung function and health

status, and reduced exacerbation in COPD [41]. However, they decreased blood

neutrophil counts and resulted in an unacceptably high percentage of discontinuing

patients. This clinical study suggested that an anti-inflammatory effect expressed

via the CXCL8/CXCR2 axis might be clinically important.

14.3.3 Kinase Inhibitors

Many inflammatory genes encoding cytokines, chemokines, and proteinases show

increased expression in patients with COPD and are regulated by inflammatory

transcription factors via various activated pro-inflammatory kinase pathways.

Those kinases are believed to play important roles in the airway inflammation in
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COPD. Selective kinase inhibitors are now being used to target those kinases as

treatments for COPD.

14.3.3.1 p38 MAPK Inhibitors

The p38 MAPK pathway regulates the expression of many inflammatory genes

such as CXCL8 and TNF-α that are involved in COPD. Phosphorylated p38 was

reported to be increased in alveolar macrophages and alveolar walls from patients

with COPD, so the p38 MAPK pathway seems to be involved in the pathogenesis of

COPD [42].

Inhibitors of p38 MAPK inhibited TNF-α release from macrophages of patients

with COPD [42]. Further, a p38α-selective MAPK inhibitor reduced pulmonary

inflammation in mice exposed to cigarette smoke, whereas dexamethasone was

ineffective [43], suggesting that p38 MAPK inhibitors may have potential as

treatments for COPD.

An oral p38 MAPK inhibitor, losmapimod, was well tolerated and reduced

plasma fibrinogen without significant reduction of IL-6, IL-8, or C-reactive protein

[44]. Another oral p38 MAPK inhibitor, PH-797804, improved lung function and

dyspnea in patients with moderate to severe COPD [45].

Topical administration of p38 MAPK inhibitors may yield stronger anti-

inflammatory effects in the airway. An inhaled p38α MAPK antisense oligonucle-

otide attenuated airway inflammation in a murine asthma model [46], indicating

that p38 MAPK inhibitor inhalation may be an effective treatment for inflammatory

airway diseases. Several selective inhaled p38 MAPK inhibitors (GSK-610677,

AZD-7624, PF-03715455, and RV-568) are undergoing clinical development for

COPD [47, 48].

14.3.3.2 PI3K Inhibitors

PI3Ks generate lipid second messengers that regulate various intracellular signaling

pathways involved in inflammatory responses in the small airways in COPD [49–

51]. Among the PI3K isoforms, PI3Kγ and PI3Kδ are involved in the pathogenesis

of inflammation in respiratory disease [50–52].

An aerosolized PI3Kγ/P13Kδ inhibitor, TG100-115, reduced airway inflamma-

tion and airway hyperresponsiveness in a murine asthma model and inhibited

airway neutrophilic inflammation in smoke-exposed mice [53].

Inhibition of PI3Kδ reversed oxidative stress-induced glucocorticoid insensitiv-

ity by restoring histone deacetylase 2 (HDAC-2) activity in smoke-exposed mice

[54, 55].
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14.3.3.3 JAK/STAT Inhibitors

Several cytokines implicated in COPD signal via the JAK/STAT pathway, and the

activated pathway is associated with COPD [56, 57]. Therefore, inhibition of

JAK/STAT signaling may have therapeutic potential for inhibiting airway inflam-

mation in COPD. An oral selective inhibitor of JAK, tofacitinib, was reported to be

effective in treatment of rheumatoid arthritis [58] and ulcerative colitis [59]. Its

clinical efficacy in COPD should be investigated.

14.3.3.4 NF-kB Inhibitors

NF-kB induces expression of many pro-inflammatory mediators, including cyto-

kines and chemokines, in response to inflammation and smoke exposure

[60, 61]. NF-kB is activated in macrophages and epithelial cells of patients with

COPD [30], and expression of NF-kB in the epithelium is associated with disease

severity [62]. Since IkB kinases (IKKs), especially IKK-β, are essential for NF-kB
signaling, their inhibition is a promising approach for intervention in COPD. IKK-β
inhibitors are now undergoing development for treatment of airway inflammation

in COPD.

14.3.4 Restoration of Corticosteroid Function

Corticosteroid resistance in patients with COPD is reported to be associated with

reduced activity of HDAC2, which is caused by oxidative stress. Reduced HDAC2

activity leads to enhanced expression of inflammatory genes and increased acety-

lation of glucocorticoid receptors, which blocks the anti-inflammatory effects of

corticosteroids [63]. Conversely, increasing HDAC2 activity would result in resto-

ration of corticosteroid function and lead to anti-inflammatory effects, thus

representing a therapeutic strategy for COPD.

Theophylline was reported to increase HDAC2 activity in alveolar macrophages

from patients with COPD [55, 64]. In patients with COPD, combination therapy

with an inhaled corticosteroid and low-dose theophylline was more effective than

corticosteroid alone in reducing airway inflammation and improving lung function,

and low-dose theophylline increased HDAC2 activity in peripheral blood

monocytes [65].

Several agents, including formoterol and solithromycin, reversed oxidative

stress-induced corticosteroid resistance by inhibiting PI3Kδ signaling in peripheral

blood monocytes from patients with COPD [66, 67], so these agents are also

potentially effective for treatment for COPD.
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14.3.5 Pro-resolving Lipid Mediators

It is unknown why the airway inflammation in COPD persists even after smoking

cessation. The conventional wisdom has been that resolution of inflammation is a

passive process until inflammatory stimuli are removed. In recent years, however, it

has been postulated that resolution of inflammation is a bioactive process mediated

by several lipid mediators and that balance between pro-inflammatory and

pro-resolving pathways maintains normal immune homeostasis [68, 69]. Those

lipid mediators include resolvins, protectins, and maresins, which are bioactive

products derived from dietary ω-3 and ω-6 polyunsaturated fatty acids and act on

distinct receptors. Among those mediators, resolvin D1, which is a derivative of

docosahexaenoic acid, has potent anti-inflammatory effects that suppressed

pro-inflammatory mediators [70] and reduced emphysema and chronic inflamma-

tion in cigarette smoke-exposed mice [69]. In patients with COPD, pro-resolving

and metabolic pathways are disrupted in the lung tissue, presumably due to ciga-

rette smoking. Supplementation with specialized pro-resolving lipid mediators is a

potentially important therapeutic strategy for COPD [69].

14.4 Conclusion

Controlling the airway inflammation in COPD should be the main goal of treatment

for COPD since it would prevent disease progression, something the current anti-

inflammatory therapies for COPD fail to do. Numerous agents have been identified

that fundamentally suppress airway inflammation, and several drugs are now

undergoing development. Among the drugs discussed above, the most promising

agents are the inhaled kinase inhibitors, such as p38 MAPK inhibitors and JAK

inhibitors, and drugs able to reverse corticosteroid insensitivity by increasing

HDAC2 activity, such as inhaled PI3Kδ inhibitors.
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Chapter 15

Exacerbation of COPD: Why Do

Exacerbations of COPD Attract Attention?

Are There Any Preventive Methods?

Masamichi Mineshita

Abstract Chronic obstructive pulmonary disease (COPD) exacerbation is defined

as an acute event characterized by a worsening of the patient’s respiratory symp-

toms that is beyond the normal day-to-day variations and leads to a change in

medication. Since exacerbations are associated with deterioration of quality of life,

accelerated rate of decline of lung function, increased mortality, and high socio-

economic costs, the prevention of exacerbations is one of the main targets of

maintenance therapy for COPD. Exacerbations are largely a feature of moderate-

to-severe COPD, with some COPD patients predisposed to frequent exacerbation

phenotype, whose pulmonary functions show rapid deterioration. The most com-

monly used medications for COPD exacerbations are antibiotics, bronchodilators,

and corticosteroids (ABC approach), while appropriate oxygen therapy and venti-

lator support are widely accepted as two major non-pharmacologic treatments.

COPD exacerbations can often be prevented. Conforming to the management

strategy for stable COPD patients is essential. Many types of pharmacologic and

non-pharmacologic interventions such as long-acting inhaled bronchodilators and

corticosteroids, phosphodiesterase inhibitor, and pulmonary rehabilitation program

for posthospitalization periods are reported to be effective. Further understanding

into the nature of exacerbations, invention of new effective interventions, and

investigations to identify suitable combinations for interventions are required to

develop more rational, preventive regimes for exacerbation.

Keywords Frequent exacerbation phenotype • ABC approach • Pulmonary

rehabilitation • Oxygen therapy • Noninvasive mechanical ventilation
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15.1 Introduction

Chronic obstructive pulmonary disease (COPD) exacerbation is defined as an acute

event characterized by a worsening of the patient’s respiratory symptoms that is

beyond the normal day-to-day variations and leads to a change in medication

[1]. Fifty to 70% of exacerbations are caused by respiratory infections, 10%

exacerbations by environmental pollution, and up to 30% of exacerbations by

unknown etiology [2]. These extrinsic and internal stimuli add to the inflammatory

load of preexisting airway inflammation in the lower airway of COPD patients,

leading to tissue damage and clinical deterioration.

Reported frequency of exacerbations is around 1.0 per year, and this rate tends to

increase according to severity of airflow limitation [3–5]. On the other hand,

previous studies have shown that a considerable number of exacerbations will not

be reported to medical staff [6]. The symptoms of exacerbation vary in severity

between patients and by their history of COPD. Therefore, a personalized approach

is required to manage exacerbations of the individual patient. Exacerbations are

associated with deterioration in quality of life, an accelerated rate of decline for

lung function, an increased mortality, and high socioeconomic costs [1, 7, 8]. There-

fore, the prevention and management of exacerbations are important issues for the

treatment of COPD patients.

In this chapter, we will describe risk factors, diagnosis and assessments, man-

agements, preventions, and the impact exacerbations have on patients with COPD.

15.2 Risk Factors of Exacerbation

Exacerbations are largely a feature of moderate-to-severe COPD. Exacerbation

rates in the first year of follow-up were 0.85 per person for patients with stage

2 COPD, 1.34 for patients with stage 3, and 2.00 for patients with stage 4, reported

by the evaluation of COPD longitudinally to identify predictive surrogate endpoints

(ECLIPSE) study [5]. Although Nishimura et al. reported a much lower exacerba-

tion frequency in a Japanese cohort of COPD patients, exacerbation frequency was

higher in subjects with severe airflow limitation [9]. Thus, the progression of flow

limitation is thought to be one of the risk factors for exacerbations.

Hurst et al. reported that the single best predictor for exacerbations, across all

GOLD stages, was the patient’s history of exacerbations. They reported that the

frequent exacerbation phenotype appeared to be relatively stable over a period of

3 years, and exacerbation frequency in the first year had a sensitivity of 60% and a

specificity of 83% for the frequency in the second year [5]. Because exacerbations

can produce a permanent reduction in lung function, COPD patients who experi-

ence more exacerbations would have a faster decline than those with fewer exac-

erbations. Therefore, it is accepted that exacerbation frequency tends to be higher in

patients with severe airflow limitation.
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Hurst et al. also reported that frequent exacerbation phenotype was associated

with a history of gastroesophageal reflux diseases (GERD), poorer quality of life,

and elevated white cell counts [5]. Terada et al. prospectively studied the clinical

significance of GERD symptoms on exacerbation in 82 moderate-to-severe COPD

patients. GERD symptoms were evaluated using the frequency scale for the symp-

toms of GERD (FSSG). They reported that the frequency of exacerbation was

significantly associated with the FSSG score [10]. They also reported that the

prevalence of abnormal swallowing reflex was significantly higher in subjects

with COPD than in the control group and that abnormal swallowing reflex was

significantly associated with frequent exacerbations [11]. The combination of

GERD and abnormal swallowing reflex might cause bronchopulmonary inflamma-

tion and bacterial colonization, which are predisposed to COPD exacerbations.

Although exacerbations negatively affect a patient’s quality of life, poor quality

of life is reported to associate with readmission after COPD exacerbation. Osman

et al. examined whether quality of life scores could predict readmission in

266 COPD patients who were admitted with exacerbation. Quality of life was

evaluated using the St George’s Respiratory Questionnaire (SGRQ). They revealed
that worse SGRQ scores were significantly associated with the readmission of

COPD patients over 12 months [12]. Nishimura et al. also reported that impaired

health-related quality of life and weight loss were independent risk factors for

COPD exacerbations [9].

It has previously been reported that patients with frequent exacerbations had

higher median stable sputum levels of IL-6 and IL-8 [13]. Thomsen et al. evaluated

the association between elevated levels of inflammatory biomarkers in individuals

with stable COPD and an increased risk of exacerbations, using 6574 COPD

patients from the Copenhagen City Heart Study and the Copenhagen General

Population Study. They revealed that simultaneously elevated levels of CRP,

fibrinogen, and leukocyte counts in individuals with COPD were associated with

an increased risk of exacerbation, even in those with milder COPD and in those

without previous exacerbations [14].

Computed tomography (CT) is becoming an essential tool for evaluating COPD,

and studies have been planned to evaluate the association between quantitative CT

measures and COPD exacerbation frequency. Han et al. evaluated the association

between the percentage of emphysematous lesions and airway wall thickness and

the exacerbation frequency using data from participants in the COPD Gene Study.

They found that independent of the severity of airflow obstruction, a 5% increase in

total lung emphysema in those with 35% or greater emphysema is associated with a

1.18-fold increase in exacerbation frequency, and a 1-mm increase in segmental

airway wall thickness is associated with a 1.84-fold increase in exacerbation

frequency [15]. Pulmonary hypertension is reported to be one of risk factors for

death and readmission in patients discharged after a severe COPD exacerbation

[16]. In regard to evaluation of pulmonary arterial pressure using CT, the ratio of

diameter of the main pulmonary artery to diameter of the ascending aorta (PA:A

ratio) correlates with the mean pulmonary arterial pressure [17]. Wells
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et al. revealed that a PA:A ratio of more than 1 was associated with future

exacerbations of COPD, particularly those requiring hospitalization [18].

Environmental pollution, such as high levels of ozone and particulate air pollu-

tion, is also important as a risk factor for exacerbation, and previous studies have

reported significant associations between inhalable particulate matter with aerody-

namic diameters� 10 μm (PM10) and increased COPD hospitalizations and mor-

tality [2, 8]. Recently, Li et al. performed a systematic review and meta-analysis to

evaluate the relationship between short-term particulate matter with aerodynamic

diameters� 2.5 μm (PM2.5) exposure and COPD hospitalizations and mortality and

found that a 10-ug/m3 increase in daily PM2.5 was associated with a 3.1% increase

in COPD hospitalizations and a 2.5% increase in COPD mortality [19].

15.3 Diagnosis and Assessment of Exacerbation

The diagnosis of exacerbation is based on clinical presentation of the patients

[1, 20]. COPD exacerbation is an acute clinical worsening of symptoms, such as

baseline dyspnea, cough, and sputum production, beyond a normal day-to-day

variation and may necessitate a change in regular treatment. The first diagnostic

step is based on the patient’s medical history. These histories consist of patient

symptoms, such as dyspnea, sputum volume and color, severity of COPD, present

drug treatment, frequency of exacerbations, and the presence of comorbidities. The

second step to assess severity is physical examination. Findings such as the use of

accessory respiratory muscles, paradoxical chest wall motion, attenuated or absent

breath sounds, central cyanosis, cardiovascular signs (increase in pulse heart rate,

heart failure, peripheral edema, hemodynamic instability), and altered mental status

are considered signs of a severe exacerbation. Cardiopulmonary diseases, such as

pneumonia, pneumothorax, pulmonary embolism, and heart failure, are often

associated with COPD and show clinical symptoms indistinguishable from exac-

erbations. The following standard tests are performed to assess the severity of an

exacerbation, diagnose comorbidities, and exclude alternative diagnoses: pulse

oximetry, arterial blood gas analysis, routine blood and biochemical tests, Gram

stain and culture when sputum is purulent, chest radiography and/or CT, ECG, and

cardiac function. According to the effects of exacerbations on the cardiovascular

system, Wells et al. reported that the PA:A ratio increases at the time of severe

exacerbation, and the PA:A ratio of more than 1 predicts cardiac injury and a more

severe hospital course [21].
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15.4 Management of Exacerbation

15.4.1 Pharmacologic Treatment

The most commonly used medications for COPD exacerbation are antibiotics,

bronchodilators, and corticosteroids (ABC approach), although the routine use of

antibiotics in exacerbations remains controversial.

Since 50–70% of exacerbations reported are caused by respiratory infections

including viral infections, it is thought that selected patients whose exacerbations

seemed to be caused by or accompanied with bacterial infection will benefit from

antibiotic medications. According to GOLD recommendations [1], antibiotics

should be given to patients with exacerbations of COPD who have three cardinal

symptoms – increase in dyspnea, sputum volume, and sputum purulence; have two

of the cardinal symptoms, if increased purulence of sputum is one of the two

symptoms; or require mechanical ventilation (invasive or noninvasive).

Lower airway bacterial colonization is common in COPD patients, and the most

commonly isolated organisms are Haemophilus influenzae, Streptococcus
pneumoniae, and Moraxella catarrhalis. Pseudomonas aeruginosa can also be

isolated in more advanced diseases, and this airway bacterial prevalence and load

are reported to increase at COPD exacerbations [2, 22]. Although the efforts to

elucidate the causative organisms are required and important, antibacterial treat-

ment should be started if clinical symptoms, sputum appearance, blood and bio-

chemical tests, and medical history show the possibility of bacterial infection. Soler

et al. suggested that a combination of patient-reported sputum purulence and CRP

might be a useful guide to initiate antibiotics [23]. The choice of antibiotic is

determined by considering commonly isolated organisms and the local bacterial

resistance pattern. Although the recommended length of antibiotic therapy is

usually 5–10 days, El Moussaoui et al. stated that a short course (less than

5 days) of antibiotic treatment is as effective as the traditionally longer treatment

in patients with mild to moderate exacerbations [24].

Short-acting inhaled β2 agonists (SABA) and anticholinergic agents (SAMA)

are usually adopted as the main treatment modality for exacerbations. Although

there are no trials reported for short-acting bronchodilator agents, they reduce

symptoms and improve airflow obstruction in patients with exacerbation. The

effects of SABAs are faster than SAMAs; however, there seems to be no difference

in bronchodilator effects. Their effects last for 4–6 h, and repeated inhalation is

usually required during treatment of exacerbation. Bronchodilator effects are

equivalent between metered dose inhalers and nebulizers in patients with exacer-

bation, although nebulizers with a mouthpiece appear to be more convenient for

sicker patients [20]. Methylxanthines are considered a second-line therapy, only to

be used in selected cases when there is an insufficient response to short-acting

bronchodilators, whereas potentially important adverse events of nausea and

vomiting were significantly increased [20, 25].
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International guidelines and systematic reviews recommend systemic glucocor-

ticoid therapy in the management of exacerbation. Previous trials have shown that

glucocorticoid therapy benefits clinical outcomes, reduces the length of hospital

stay, and accelerates recovery of pulmonary function [1, 20, 26]. Leuppi

et al. conducted a randomized multicenter trial to investigate whether a 5-day

systemic glucocorticoid (40 mg of prednisone) treatment in patients with COPD

exacerbation is non-inferior to the conventional 14-day treatment. They found that

the 5-day treatment with systemic glucocorticoids was non-inferior to the 14-day

treatment with regard to re-exacerbation within 6 months after exacerbation with

significantly reduced glucocorticoid exposure [27]. According to their result,

GOLD guideline recommends a dose of 40 mg prednisone per day for 5 days,

although there are insufficient data to allow firm conclusions concerning the

optimal duration of corticosteroid therapy for acute COPD exacerbations

[28]. Although there is no guidance regarding how to adjust the optimal dose of

steroids, the high-dose steroid (methylprednisolone> 240 mg/day) group is asso-

ciated with worse outcomes and more frequent adverse effects than lower-dose

steroid (methylprednisolone� 240 mg/day) group even in critically ill patients with

exacerbation [29]. The optimum dose setting of steroids according to disease

severity for the treatment of exacerbation remains to be elucidated.

To improve patient’s whole-body condition is always critically important. An

appropriate fluid balance with the administration of diuretics, nutritional aspects,

anticoagulants, and cardiovascular agents is introduced according to the clinical

condition of the patient [20].

15.4.2 Non-pharmacologic Treatment

Oxygen therapy and ventilator support are two major non-pharmacologic treat-

ments and are widely accepted in the management of exacerbation. Controlled

oxygen therapy is essential for acute respiratory failure during exacerbation. Sup-

plemental oxygen should be titrated to maintain optimal values PaO2> 60 Torr or

SaO2> 90%. Especially in hypercapnic respiratory failure, higher inspired oxygen

concentration can result in the suppression of respiratory drive, detrimental carbon

dioxide retention, and carbon dioxide narcosis. Although pulse oximetry is useful in

clinical practice for adjusting oxygen concentration, arterial blood gases should be

checked around 30 min later to ensure satisfactory oxygenation without carbon

dioxide retention or acidosis. Low-flow devices such as nasal cannula are com-

monly used in clinical settings, but they are less accurate. Venturi masks (high-flow

devices) offer more accurately controlled inspired oxygen concentrations.

Recently, high-flow oxygen through nasal cannula, a heated, humidified, and

high-flow oxygen delivery system, has been introduced as a treatment modality

for acute respiratory failure [30]. Although the benefits of high-flow oxygen for

patients with COPD exacerbations were reported [31], sufficient evidence on an
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indication, contraindication, appropriate condition setting, and patient selection

criteria for exacerbation treatment remains to be elucidated.

When the respiratory condition of a patient deteriorates in spite of adequate

pharmacological and oxygen therapies, ventilator support is indicated. Mechanical

ventilation can be delivered noninvasively (nasal or facial mask) or invasively

(tracheal tube or tracheostomy) and assist the patient’s respiration by applying

positive pressure in accordance with the patient’s respiratory timing.

Noninvasive mechanical ventilation (NIV) is widely used in patients hospital-

ized for acute hypercapnic exacerbations, and the reported success rate was more

than 80%. NIV has been shown to improve arterial blood findings; decrease

respiratory rate and work of breathing, severity of breathlessness, and complica-

tions such as ventilator-associated pneumonia; and reduce the need for endotracheal

intubation, the length of hospital stay, and in-hospital mortality rate [1, 20, 32]. The

indications of NIV for GOLD guidelines are respiratory acidosis (arterial pH� 7.35

and/or PaCO2� 45 Torr) and severe dyspnea with clinical signs suggestive of

respiratory muscle fatigue, increased work of breathing, or both, such as the use

of respiratory accessory muscles, paradoxical motion of the abdomen, or retraction

of the intercostal spaces. On the other hand, the considered contraindications for

NIV are respiratory or cardiac arrest, uncooperative patients, cases with required

airway management, severe hemodynamic instability, and facial deformities that

interfere NIV setting. Invasive ventilation is indicated when a patient is unsuitable

for NIV, or an initial trial of NIV ends in failure. Major risk factors of invasive

ventilations are ventilator-acquired pneumonia, barotrauma, and failure to wean to

spontaneous breathing. Despite the need for invasive ventilation, acute mortality

among COPD patients with respiratory failure is lower than mortality among

patients ventilated for non-COPD causes. Esteban et al. investigated the mortality

rate in 5183 patients who received mechanical ventilation. The overall mortality

rate in 28 days was 30.7%. On the other hand, the mortality rate of COPD

exacerbation in patients who received mechanical ventilation was 22%

[33]. Long-term follow-up after index hospitalization with acute exacerbation

revealed that a longer duration of disease, longer time elapsed since the first

hospitalization, lower PaO2, lower albumin level, and lower BMI were main factors

related to long-term mortality [34].

Since multidisciplinary pulmonary rehabilitation can improve dyspnea, quality

of life, and exercise capacity in stable COPD, the effects of rehabilitation to

counteract deleterious consequences of a hospital admission for an acute exacer-

bation have been studied. Seymour et al. reported that outpatient pulmonary

rehabilitation administered shortly after hospitalization for acute exacerbation

improved exercise capacity, health status, and reduced frequencies of

re-exacerbation that requires hospital admission or attendance in the subsequent

3 months [35]. Pulmonary rehabilitation in the posthospitalization period also

reduces healthcare use, readmissions, and mortality, although poor referral and

uptake rates for early outpatient rehabilitation following hospitalization are pointed

[36, 37]. On the other hand, recent trials showed that an early progressive rehabil-

itation program started within 48 h of hospital admission for an acute exacerbation

15 Exacerbation of COPD: Why Do Exacerbations of COPD Attract Attention? Are. . . 285



did not reduce the risk of subsequent readmission or enhance recovery of physical

function [38]. Further research to reveal the optimal duration and intensity of

rehabilitation and to investigate the methods to improve patient’s acceptability to

rehabilitation is required.

15.4.3 Hospital Admission

GOLD guidelines describe the potential indications for hospital admission as

follows:

Marked increase in intensity of symptoms

Severe underlying COPD

Onset of new physical signs

Failure of an exacerbation to respond to initial medical management

Presence of serious comorbidities

Frequent exacerbations

Older age

Insufficient home support

Prediction tools, such as the dyspnea, eosinopenia, consolidation, acidemia, and

atrial fibrillation (DECAF) scores, are investigated to create appropriate manage-

ment strategies according to the mortality risk of patients with exacerbation

[39]. Although optimized treatment should be established for the individual patient

prior to discharge, home support by a family doctor and nurse may permit earlier

discharge of patients without increasing readmission rates.

15.5 Prevention of Exacerbation

The prevention of exacerbations is recognized as one of the main targets in

maintenance therapy for COPD since exacerbations lead to the deterioration of

patient’s condition and cause an economic and public health burden. COPD exac-

erbations can often be prevented by conforming to the management strategy for

stable COPD patients. Smoking cessation is very important, and all healthcare

providers should strongly enforce measures against active smoking in COPD

patients. Annual influenza vaccine is also recommended to reduce the rate and

severity of influenza symptoms. Guidelines also recommend pneumococcal vacci-

nation, although a meta-analysis failed to find significant effects of pneumococcal

vaccination on morbidity or mortality in patients with COPD [40].
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15.5.1 Pharmacologic Prevention

Two classes of long-acting inhaled bronchodilators, long-acting antimuscarinic

agents (LAMAs) and long-acting β agonists (LABAs), are key drugs for COPD

treatment, and many clinical trials have elucidated the efficacy of these drugs for

the prevention of exacerbation.

The UPLIFT trial enrolled 5993 COPD patients to assess the use of tiotropium.

This study revealed that tiotropium (LAMA) significantly delayed the time of first

exacerbation and first hospitalization. Tiotropium treatment also revealed a 14%

reduction in the mean number of exacerbations [4]. Glycopyrronium bromide, a

new LAMA, is reported to have similar effects for the prevention of exacerbations.

LABAs, such as salmeterol, formoterol, and indacaterol, also have the preventive

effects for exacerbation, although the effectiveness is a little less than LAMAs

[4, 41]. Recently, combined inhalers of LABA and LAMA were developed and

available for general use. The SPARK study was designed to evaluate the effect of

QVA149, once daily fixed-dose combination of indacaterol 110 μg and

glycopyrronium 50 μg, on exacerbation in patients with severe-to-very-severe

COPD. This study found that QVA149 significantly reduced the rate of moderate-

to-severe exacerbations versus glycopyrronium by 12%, although QVA149 did not

significantly reduce exacerbation rates compared with open-label tiotropium. The

rate of all (mild, moderate, and severe) exacerbations was significantly reduced by

15% with QVA149 compared with glycopyrronium and by 14% compared with

tiotropium [42].

LABAs are also combined with inhaled corticosteroid (ICS) and widely used for

asthma and COPD management. The TORCH study was planned to reveal the

effects of ICS and LABA combination on survival in COPD patients. In this study,

6122 patients were randomized to treatment with fluticasone-salmeterol,

fluticasone, salmeterol, or placebo [3]. The annual rate of exacerbations in the

combined regimen group (0.85) was significantly lower than the placebo group

(1.13), salmeterol (0.97), and fluticasone (0.93). Meta-analysis reports confirmed

that ICS and LABA combination inhalers reduce exacerbation compared with

placebo and LABA alone. On the other hand, potential increased risks of pneumo-

nia that were associated with ICS-containing therapies are noted [3, 41].

Although combination therapy of ICS, LABA, and LAMA (triple therapy) is

applied for COPD patients to improve pulmonary functions and QOL, the benefit of

ICS in a regimen including LABA and LAMA on the prevention of exacerbation

was not evaluated in an adequately powered study. The WISDOM study was a

12-month, double-blind, parallel-group study that enrolled 2485 COPD patients

with a history of exacerbation [43]. During the 6-week run-in period, triple therapy

consisted of tiotropium, salmeterol, and fluticasone and was prescribed for all

participants. Patients were then randomly assigned to continued triple therapy or

withdrawal from ICS over a 12-week period. This study revealed that in patients

with severe COPD receiving LABA and LAMA, the risk of moderate or severe
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exacerbations was similar to those who discontinued ICS. On the other hand, ICS

withdrawal caused a greater deterioration in pulmonary function.

To elucidate the abilities of these inhalation drugs, close monitoring of patients’
medication adherence and inhalation techniques are required.

The selective phosphodiesterase inhibitor roflumilast is reported to reduce

COPD exacerbations in COPD patients with severe airflow limitation, bronchitic

symptoms, and a history of exacerbations. The rate of moderate-to-severe exacer-

bations was 1.14 per patient per year with roflumilast and 1.37 per patient per year

with placebo [44]. A recent study revealed that roflumilast reduced exacerbations

and hospital admissions in severe COPD patients with chronic bronchitis who were

predisposed to frequent and severe exacerbations despite ICS and LABA or triple

therapy [45]. The gastrointestinal side effects of roflumilast, such as nausea,

diarrhea, and weight loss, were noted and may limit its effectiveness.

Macrolides have airway anti-inflammatory actions in addition to their antibiotic

effects, and studies were conducted to elucidate the effects of macrolides on the

prevention of exacerbation. Albert et al. performed a randomized trial to investigate

the effects of azithromycin in reducing the frequency of exacerbation in 1142

COPD patients with an increased risk of exacerbation [46]. They reported that the

frequency of exacerbations was 1.48 exacerbations per patient per year in the

azithromycin group, compared with 1.83 per patient per year in the placebo

group (P¼ 0.01). However, since there are concerns on antibiotic resistance and

potential cardiac toxicity, GOLD guidelines do not describe azithromycin as a

preventive option for COPD exacerbations. Uzun et al. stated that maintenance

treatment with azithromycin should be considered for use in patients with COPD

who have the frequent exacerbator phenotype and are refractory to standard

care [47].

Although a Chinese randomized study reported the preventive effects of

N-acetylcysteine 600 mg twice daily [48], other trails on the use of mucolytics to

prevent COPD exacerbations are contradictory.

Because many COPD patients have cardiovascular comorbidities such as

chronic heart failure, the effects of treatment with β-blockers on COPD patients

have been investigated. Although deterioration of pulmonary function caused by

β-blockers was a concern, Bhatt et al. reported that β-blockers could be tolerated in
severe COPD patients and were associated with a significant reduction in exacer-

bation [49]. Although the effectiveness of β-blockers in decreasing COPD exacer-

bations should be confirmed in a randomized, placebo-controlled study,

cardioprotective effects of β-blockers seem to be helpful, especially in COPD

patients with cardiovascular diseases.

15.5.2 Non-pharmacologic Prevention

Several non-pharmacologic interventions have been studied in clinical trials, with

the aim of preventing exacerbations. Compared with usual care, pulmonary
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rehabilitation in the posthospitalization period is safe and significantly reduces

readmissions during follow-up, although a recent report failed to reveal the effects

of acute phase progressive rehabilitation during hospital admission for exacerbation

on risk reduction of the subsequent readmission [8–36]. The early and tailored

in-hospital rehabilitation program taking into account of patient’s condition might

enhance recovery and reduce readmissions for acute exacerbations. Since abnormal

swallowing reflex in COPD patients seem to be associated with frequent exacerba-

tions, an intervention for swallowing reflex might be a useful therapeutic strategy

for preventing exacerbations [11].

Several randomized control studies reported that the combination of disease

education, self-management programs, and action plans in reduction was thought to

be effective in reducing exacerbation. However, a randomized trial that compared

an educational program, written action plans, and access to a case manager by

phone with usual care was terminated early by the data monitoring committee

because of excess mortality in the intervention group [50]. Although available

data of this study could not explain the excess mortality in the intervention group,

the safety of self-management programs and exacerbation action plans require

further evaluation before this strategy can be recommended for all patients [41].

15.6 Impact of Exacerbations on COPD Patients

Exacerbations severely impact the health status of COPD patients such as reduc-

tions in quality of life and cardiopulmonary functions and increased risk of death.

Quality of life for COPD patients significantly deteriorated during and after

exacerbations [51]. Spencer et al. investigated the adverse effects of infective

exacerbation on 438 patients with COPD exacerbation [51]. SGRQ scores were

obtained at baseline and at 4, 12, and 26 weeks after exacerbation. They revealed

that single exacerbations had a large and sustained effect on health status. Although

the initial recovery of SGRQ scores was rapid, the recovery period was over

6 months in patients with no further exacerbations. At baseline assessment for

exacerbation, SGRQ scores were worse in patients who had a subsequent exacer-

bation during follow-up.

Exacerbations have negative impacts on pulmonary function. During COPD

exacerbations, airway resistance is abruptly increased, and COPD patients with

exacerbation show significant airflow obstruction and lung hyperinflation

(Fig. 15.1). Although pulmonary functions gradually improve with treatment,

around one quarter of exacerbations had incomplete recovery after 35 days

[52]. Therefore, repeated exacerbations progressively worsen airflow limitation.

Donaldson et al. investigated the correlation between exacerbation frequency and

an accelerated decline in pulmonary function. COPD patients with frequent exac-

erbations show a significantly faster decline in FEV1 and peak expiratory flow than

infrequent exacerbators [7]. Exacerbations are also involved in emphysema pro-

gression. Tanabe et al. explored the effects of exacerbations on emphysema

15 Exacerbation of COPD: Why Do Exacerbations of COPD Attract Attention? Are. . . 289



progression by analyzing CT images for both the percentage of the lung field

occupied by low-attenuation areas and fractal analysis using a longitudinal COPD

cohort and found that annual changes in CT parameters of emphysema are greater

in patients with a history of exacerbation [53].

Exacerbations profoundly affect the cardiovascular system, and this might

account for significant morbidity and mortality. Freixa et al. prospectively evalu-

ated 342 moderate-to-severe COPD patients’ first admission with exacerbation.

Transthoracic echocardiography was performed in clinically stable condition, at

least 3 months after discharge. They revealed that cardiac abnormalities, such as

right ventricular enlargement and pulmonary hypertension, are highly prevalent in

COPD patients at the time of their first severe exacerbation, even in the absence of

established cardiac disease or cardiovascular risk factors [54]. CT evaluation seems

to be useful to evaluate the adverse effects on the cardiac system caused by

exacerbation [18, 21]. Further investigations using novel markers such as the

cross-sectional area of small pulmonary vessels are waited [55].

Fig. 15.1 Changes in the level of hyperinflation and pulmonary function during recovery from

exacerbation. Chest X-ray films and flow-volume loops from a patient obtained after onset of

exacerbation (left) and at stable condition after exacerbation (right). After exacerbation, there is

evidence of worsening expiratory flow limitation (EFL) resulting in hyperinflation on X-ray film.

Inspiratory capacity (IC) also decreased. After treatment, an improvement in EFL caused an

increase in IC and an improvement in hyperinflation
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Exacerbations of COPD are associated with high in-hospital and post-discharge

mortality. Reported mortality rates vary from 2.5 to 30% depending upon patient

characteristics and the design of the study. A recent investigation from the

European Respiratory Society COPD audit that was designed as a prospective,

observational, and noninterventional cohort trial found that 10.8% of those admit-

ted with exacerbated COPD died during the observational period, from admission

to 90 days after discharge. In expired patients, 45.7% died while still in hospital,

whereas 54.3% died during the 90-day post-discharge follow-up. The risk associ-

ated with mortality was higher age, the presence of acidotic respiratory failure,

subsequent need for ventilator support, and the presence of comorbidity

[56]. According to the long-term history and mortality after COPD exacerbations,

Suissa et al. conducted an epidemiological study with a cohort of patients at first

hospitalization for COPD using healthcare databases. The cohort included 73,106

patients, and during the 17-year follow-up period, 50,580 died with 50 and 75%

mortality at 3.6 and 7.7 years, respectively. They also reported a rapid decline in

health status after the second severe exacerbation and high mortality in the weeks

following every severe exacerbation. From these results, they stated the importance

of delaying the second severe exacerbation and intensifying inpatient treatment of

COPD exacerbation to prevent excessive early mortality [57].

15.7 Conclusion

Why does COPD exacerbation attract attention? Are there any preventive
methods?

Exacerbations of COPD attract attention because they are associated with the

deterioration in quality of life, an accelerated rate of decline for lung function, and

increased mortality. Furthermore, high socioeconomic costs on healthcare

resources are required to manage COPD exacerbation. Therefore, the prevention

of exacerbations is recognized as one of the main targets of maintenance therapy

for COPD.

COPD exacerbations are preventable, at least in part. Conforming to the man-

agement strategies in stable COPD patients is essential, and many types of phar-

macologic and non-pharmacologic interventions are available. However, an

optimal combination of these strategies remains to be defined and seems to vary

depending upon the characteristics of the patient. Further understanding in the

nature of exacerbations, the development of more effective interventions, and

investigations to define suitable combinations of these interventions are required

to develop rational, preventive regimes for exacerbation.
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Part V

Associations with Other Respiratory
Diseases



Chapter 16

The Asthma–COPD Overlap Syndrome

(ACOS): What Is the Significance COPD

Associated with Asthma?

Hidehiro Watanabe

Abstract Asthma is characterized by inflammation involving eosinophils and Th2

cytokines of the central to peripheral airways, with high reversibility of the airflow

obstruction (hereafter simply, airflow reversibility). On the other hand, chronic

obstructive pulmonary disease (COPD) is characterized by inflammation involving

neutrophils and inflammatory cytokines of the peripheral airways to the alveoli,

with low or no airflow reversibility. The asthma-COPD overlap syndrome (ACOS)

is characterized by features of both and associated with moderate airflow revers-

ibility. ACOS does not uniformly have the features of asthma or COPD, and its

features depend on the type and major site of airway inflammation. The medical

costs of ACOS are higher than those of either asthma or COPD. Under such

circumstances, the Global Initiative for Asthma (GINA) and Global Initiative for

Chronic Obstructive Lung Disease (GOLD) have provided guidelines for the

management of ACOS. It is important to combine treatments for both COPD and

asthma and not use treatment for either alone in patients with AOCS.

Keywords Juvenile asthma • Asthma – COPD overlap syndrome: ACOS • Airflow

limitation

16.1 Introduction

Allergy is a major cause of asthma. Lesions of asthma are extensive, extending

from the central to peripheral airways, and are histologically characterized by

eosinophilic inflammation [1] and Th2 cytokine-associated inflammation

[2, 3]. Therefore, inhaled corticosteroids (ICS) are effective in patients with asthma.

On the other hand, chronic obstructive pulmonary disease (COPD) is etiologically

diverse, being associated with genetic causes, air pollution, and/or smoking, the
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etiological profile differing among countries and regions [4]. Tissues, including

bronchioles and alveolar walls, are destroyed in COPD lesions, which are charac-

terized by neutrophilic inflammation and inflammation involving cluster of differ-

entiation (CD) 8 lymphocytes. The disease shows gradual progression, but the

symptoms can be controlled in the early stages with bronchodilators. Asthma and

COPD are diseases that occur frequently and are estimated to affect 1 in 12 people

in the world [5]. The two diseases have been proposed as independent concepts, but

belong to the high-prevalence disease groups and can exacerbate each other.

Patients with asthma tend to develop COPD, and patients with COPD tend to

develop asthma. Actually, this clinical situation has long been pointed out. In

1961, Orie et al. [6] proposed the “Dutch hypothesis” that these diseases may be

different phenotypes of a single pathological condition [7]. However, thereafter,

clinical studies of asthma have been performed only in patients with definitively

diagnosed asthma (excluding those with pulmonary emphysematous changes on

imaging) [8, 9], and clinical studies of COPD have excluded patients with asthma-

like symptoms [10]. Therefore, no studies have been conducted in patients in whom

these two diseases cannot be distinguished, and sufficient data have not been

collected on this overlap condition. Under such circumstances, a joint meeting of

the Global Initiative for Asthma (GINA) and Global Initiative for Chronic Obstruc-

tive Lung Disease (GOLD) expressed a consensus opinion in a report in 2014 and

2015, Diagnosis of Diseases of Chronic Airflow Limitation: Asthma COPD and

asthma-COPD overlap syndrome (ACOS) (www.goldcopd.org/uploads/users/files/

GOLD_ACOS_2015.pdf) [11]. The definition and concept of ACOS has been

established worldwide, and diagnostic steps for this condition have been

established. This chapter outlines the background of ACOS as the main subject,

followed by its diagnosis and treatment.

16.2 Pathogenetic Mechanism of ACOS

There are three major hypotheses for the pathogenesis of ACOS.

16.2.1 First Mechanism (Dutch Hypothesis)

According to this hypothesis, the clinical pictures become difficult to distinguish

when a common pathophysiologic process (e.g., airway hyperresponsiveness) leads

to separate disease entities of asthma and COPD under the influence of different

environmental factors (e.g., allergens, air pollution, and smoking), as described in

Introduction [6, 7]. Smokers with greatly reduced respiratory function over time

have asthma-like pathological manifestations, such as airway hyperresponsiveness,

elevated peripheral blood eosinophil count, and elevated immunoglobulin E (IgE)

levels [12, 13]. It has been reported that the peripheral blood eosinophil count is
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correlated with deterioration of the respiratory function [12]. The clinical pictures

of asthma and COPD are difficult to distinguish, probably because they share

common aggravating factors (airway hyperresponsiveness, tobacco smoke, lung

growth impairment, viral infection, aging, and repeated exacerbations) during

progression of the disease over time.

16.2.2 Second Mechanism (British Hypothesis)

This hypothesis was proposed by Reid et al. [14] in 1965. According to this

hypothesis, in a process in which individual causes, such as allergy for asthma

and tobacco smoke for COPD, lead to the development of the clinical pictures of

asthma and COPD, the element of infection, including viral infection, is added, and

the resultant airway hypersecretion leads to chronic airway narrowing, resulting in

partial overlapping of the two clinical pictures. In this process, T helper

(Th) cytokines induced by infection are thought to cause alveolar destruction-

irreversible tissue damage [15].

16.2.3 Third Mechanism (Hypothesis of Progression
of Asthma)

According to this hypothesis, in patients with long-term asthma, asthma progresses

to COPD, resulting in the clinical picture of ACOS. This seems to be the case in

clinically so-called elderly patients with asthma. For example, it is reported that

30% of patients diagnosed as having COPD by clinicians have a history of asthma,

while 30% of patients diagnosed as having asthma have irreversible airflow

obstruction [16]. Patients with asthma are reported to be at a 10-fold higher risk

of developing COPD. Patients with severe asthma have reduced pulmonary elas-

ticity and develop COPD [17]. Lung growth impairment and reduced elastic lung

recoil (pseudo-emphysema) in childhood, in addition to airway remodeling, are

involved in the development of irreversible airflow obstruction in patients with

asthma. Furthermore, particularly in elderly patients, asthma and COPD are clini-

cally similar to each other. In asthmatic patients with airway remodeling, irrevers-

ible airway obstruction develops over time, resulting in COPD-like symptoms.

Similarly, COPD patients with reversible airway obstruction develop asthma-like

symptoms. Consideration of these hypotheses makes it easier to understand ACOS

as described in the guidelines (Tables 16.1 and 16.2) [11].
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Table 16.1 Usual features of asthma, COPD and ACOS

Feature Asthma COPD ACOS

Age of onset Usually childhood

onset but can com-

mence at any age.

Usually> 40 years of age Usually age

�40 years, but may

have had symptoms in

childhood or early

adulthood

Pattern of
respiratory
symptoms

Symptoms may vary

over time (day to day,

or over longer periods),

often limiting activity.

Often triggered by

exercise, emotions

including laughter, dust

or exposure to allergens

Chronic usually continu-

ous symptoms, particu-

larly during exercise, with

‘better’ and ‘worse’ days

Respiratory symptoms

including exertional

dyspnea are persistent

but variability may be

prominent

Lung function Current and/or histori-

cal variable airflow

limitation, e.g. BD

reversibility, AHR

FEV1 may be improved by

therapy, but post-BD

FEV1/FVC< 0.7 persists

Airflow limitation not

fully reversible, but

often with current or

historical variability

Lung function
between
symptoms

May be normal

between symptoms

Persistent airflow

limitation

Persistent airflow

limitation

Past history
or family
history

Many patients have

allergies and a personal

history of asthma in

childhood, and/or fam-

ily history of asthma

History of exposure to

noxious particles and

gases (mainly tobacco

smoking and biomass

fuels)

Frequently a history of

doctor- diagnosed

asthma (current or

previous), allergies

and a family history of

asthma, and/or a his-

tory of noxious

exposures

Time course Often improves sponta-

neously or with treat-

ment, but may result in

fixed airflow limitation

Generally, slowly pro-

gressive over years despite

treatment

Symptoms are partly

but significantly

reduced by treatment.

Progression is usual

and treatment needs

are high

Chest X-ray Usually normal Severe hyperinflation &

other changes of COPD

Similar to COPD

Exacerbations Exacerbations occur,

but the risk of exacer-

bations can be consid-

erably reduced by

treatment

Exacerbations can be

reduced by treatment. If

present, comorbidities

contribute to impairment

Exacerbations may be

more common than in

COPD but are reduced

by treatment.

Comorbidities can

contribute to

impairment

Airway
inflammation

Eosinophils and/or

neutrophils

Neutrophils� eosinophils

in sputum, lymphocytes in

airways, may have sys-

temic inflammation

Eosinophils and/or

neutrophils in sputum.
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16.3 Epidemiology of ACOS

In elderly patients, it is not easy to accurately diagnose ACOS, because of the

confounding influence of airway remodeling due to aging, long-term illness, etc. In

an epidemiological study based on a population survey, the incidences of asthma,

COPD, and ACOS were reported to be 2%, 8.4%, and 0.9%, respectively [18], and

according to reports based on the International Statistical Classification of Diseases

and Related Health Problems (ICD10), the incidence was in the range of approx-

imately 0.9–16.1% [19–21]. Thus, the results of epidemiological studies are varied.

The incidence tends to be higher in patients referred to specialists on account of

possible difficulty in management. According to a cohort study by Cosio BG

et al. [22], 15% of 831 patients with COPD had ACOS, and in a study by Hardin

M et al. [23], 13% of 915 patients with COPD had ACOS. A review of the literature

revealed that 12.1–55.2% of patients with COPD had ACOS [24]. Furthermore,

according to a publication by the GINA [11], 15% of patients with COPD have

ACOS. In general, approximately 10–20% of patients with COPD are thought to

Table 16.2 Features that if present favor asthma or COPD

More likely to be asthma if several of . . .a More likely to be COPD if several of. . .a

□ Onset before age 20 years □ Onset after age 40 years

□ Variation in symptoms over minutes, hours or
days

□ Persistence of symptoms despite
treatment

□ Symptoms worse during the night or early
morning

□ Good and bad days but always daily
symptoms and exertional dyspnea

□ Symptoms triggered by exercise, emotions
including laughter, dust or exposure to allergens

□ Chronic cough and sputum preceded
onset of dyspnea, unrelated to triggers

□ Record of variable airflow limitation (spirome-
try, peak flow)

□ Record of persistent airflow limitation
(post-bronchodilator FEV1/FVC< 0.7)

□ Lung function normal between symptoms □ Lung function abnormal between
symptoms

□ Previous doctor diagnosis of asthma □ Previous doctor diagnosis of COPD,
chronic bronchitis or emphysema

□ Family history of asthma, and other allergic
conditions (allergic rhinitis or eczema)

□ Heavy exposure to a risk factor:
tobacco smoke, biomass fuels

□ No worsening of symptoms over time. Symptoms
vary either seasonally, or from year to year

□ Symptoms slowly worsening over time
(progressive course over years)

□ May improve spontaneously or have an imme-
diate response to BD or to ICS over weeks

□ Rapid-acting bronchodilator treatment
provides only limited relief.

□ Normal □ Severe hyperinflation
aSyndromic diagnosis of airways disease: how to use Table 16.2
Entries in italics list features that, when present, best identify patients with typical asthma and
COPD. For a patient, count the number of check boxes in each column. If three or more boxes are
checked for either asthma or COPD, the patient is likely to have that disease. If there are similar
numbers of checked boxes in each column, the diagnosis of ACOS should be considered. See Step
2 for more details.
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have an asthmatic component [25]. The incidence is higher in elderly patients: it has

been reported that approximately a half of all COPD patients aged 65 years or older

have ACOS [26].

On the other hand, patients diagnosed as having asthma appear to develop

irreversible airflow obstruction, namely, COPD, with age, because approximately

5% have severe asthma and some are smokers. Milanese M et al. [27] reported

that 29% of 350 asthmatic patients aged 65 years or older had COPD. According

to another report, 13.3–61.0% of all asthmatic patients had ACOS [24, 28]. In

humans, lung growth continues until early adulthood and is completed by the age

of 30 years. Lung volume increases and pulmonary function measured in terms of

the forced expiratory volume in 1.0 s (FEV1) is maintained. Even normal

individuals show progressive airway obstruction with time, i.e., the FEV1

deceases by 25–50 mL each year even during early adulthood. The FEV1 has

been shown to decrease by 80 and 150 mL per year in patients with asthma and

COPD, respectively. There is limited evidence to suggest whether the annual rate

of reduction of the FEV1 can be used to differentiate between asthma and COPD.

With the increasing longevity of the population, an increase in the number of

patients with long-term asthma, such as those developing asthma in childhood,

and those with severe asthma may affect the epidemiology of ACOS. Develop-

ment of COPD in patients with asthma can be diagnosed based on a history of

smoking, findings on imaging (e.g., computed tomography [CT]), pulmonary

function testing to determine the pulmonary diffusing capacity, etc. On the

other hand, it is not easy to diagnose the development of asthma in patients

with COPD. In specialized medical institutions, fractional exhaled nitric oxide

(FeNO) and serum IgE levels can be measured; however, in nonspecialized

institutions, these cannot be measured, and the diagnosis has to be made on the

basis of the clinical findings. In particular, in elderly patients, differentiation

based on clinical findings has to be carefully made.

16.4 Importance of ACOS (Table 16.3)

Table 16.3 The importance

factors of ACOS (compared

with asthma and COPD)

Factors Reference

(1) High exacerbation frequency [22, 24]

Low health-related quality of life [22, 30, 31]

(2) High medical cost [31–33]

High medical service requirement

(High hospitalization frequency)

(3) Association with asthmatic death [26, 29]
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16.4.1 High Incidence of Exacerbations and Low
Health-Related Quality of Life (HRQoL)

The reported percentage of patients with ACOS experiencing frequently repeated

exacerbations is 42.7%, 2–3 times higher than that in patients with COPD (15%)

[21, 23]. The number of hospitalizations increases with repeated exacerbations and

is reported to be the highest for patients with ACOS, followed by those with COPD

and asthma (ACOS>>COPD> asthma). The HRQol is significantly lower in

patients with ACOS than in those with asthma [21, 29, 30].

16.4.2 High Medical Costs and Medical Care

Because ACOS patients have a higher frequency of exacerbations than those with

asthma or COPD alone, and ACOS is progressive, treatment and hospitalization

costs are higher in ACOS patients. Gerhardsson de Verdier M et al. [31] conducted

a comparison of the 12-month medical costs between 26,060 patients with asthma

(without COPD) and 6505 patients with ACOS, which revealed twofold higher

medical costs in ACOS patients than in asthmatic patients. In addition, Shaya FT

et al. [32] performed a 2-year comparison between 3702 patients with asthma, 3455

patients with COPD, and 2064 patients with ACOS, which revealed that ACOS

patients required nearly 5 times more medical services than patients with asthma or

COPD. The overall patient profile has to be taken into account for the management

of ACOS [30].

16.4.3 High Mortality (Relationship with Death from
Asthma)

The mortality from ACOS is higher than that from asthma or COPD alone [25]. On

the other hand, the number of deaths from asthma has shown a tendency to decrease

over time, with elderly patients aged 65 years or older accounting for approximately

90% of all deaths from asthma [28]. Considering that elderly patients with asthma

show a high frequency of complication by COPD, deaths from ACOS may account

for nearly 40% of all deaths from asthma.

16.5 Diagnosis of ACOS (Table 16.4)

Five steps of a syndromic approach to the diagnosis of ACOS have been presented

[summary of syndromic approach to diseases of chronic airflow limitation].
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Table 16.4 Summary of syndromic approach to diseases of chronic airflow limitation
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In Step 1, it is determined on the basis of the medical history and physical

examination and imaging findings whether the patient has chronic airway disease. If

the patient is determined to have chronic airway disease, in Step 2, the features and

findings characteristic of asthma or COPD are listed. Respiratory symptoms tend to

vary in asthma, while these symptoms persist chronically in COPD. The pulmonary

function characteristics, such as variable airflow limitation in asthma and FEV1/

forced vital capacity (FVC) of less than 70% in COPD, are checked. As a result,

each patient is characterized as having features “in favor of the diagnosis of

asthma” and those “in favor of the diagnosis of COPD.” According to the GINA,

if 3 or more of the features of either asthma or COPD are present, the patient is

likely to have the corresponding disease alone. In a patient with the same number of

features of both asthma and COPD, diagnosis of ACOS should be considered. In

Step 3, pulmonary function testing is carried out again to examine, in detail, the

airflow reversibility in response to bronchodilators, etc. If the patient does not have

the typical features of asthma or COPD alone, diagnosis of ACOS should be

considered. If the patient has characteristics of both asthma and COPD based on

these definitions, the patient can simply be diagnosed as having ACOS; however, if

the patient has the clinical features of COPD associated with eosinophilic airway

inflammation, etc., it is possible that the patient cannot be diagnosed as having

ACOS. There might be cases in which features are inconsistent with the site of

airway inflammation, and underreporting of features by the patients is likely to be

involved in such cases. Therefore, it is desirable to make a diagnosis by combining

the results of tests for the pulmonary diffusing capacity, concentration of nitric

oxide in exhaled air, peripheral blood eosinophil count, serum IgE level, etc., with

the results of spirometry.

16.6 Treatment of ACOS

Step 4 of the syndromic approach shows the initial treatment. The fundamental

principles of the initial treatment are that asthma should not be treated with

bronchodilators alone and COPD should not be treated with steroids alone.

Step 5 of the syndromic approach is instructing the patients to consult experts or

undergo additional tests when the treatment fails to improve or worsens the clinical

symptoms.

As described in the GINA and GOLD guidelines, ACOS should be basically

treated with 3 drugs, namely, a long-acting muscarinic antagonist (LAMA) in

addition to the two main drugs, ICS, and a long-acting β2 agonist (LABA).

However, sufficient evidence has not been accumulated to rationalize the use of

these 3 inhaled medications. This is because the element of smoking has been

excluded in studies of inhaled treatments in patients with asthma and that of airflow

reversibility has been excluded in studies of inhaled treatments in patients with

COPD, resulting in little accumulation of data in patients with ACOS at present. It

is speculated that ICS may be the mainstay of treatment from the standpoint of
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airway inflammation. Magnussen et al. [33] reported that addition of LAMA to the

standard treatment with ICS was effective in asthma, and Yoshida et al. [34]

reported that LAMA was effective in patients with severe asthma and COPD.

These reports indicate that LAMA reduces the airway inflammation in ACOS and

that treatment with 3 drugs, ICS +LABA+LAMA, is effective [35]. On the other

hand, a study reported that treatment with ICS did not reduce the FEV1 decline over

time or exacerbations in patients with ACOS and thereby drew a negative conclu-

sion [36]. Other risk factors that are common to asthma and COPD include atopic

dermatitis, smoking, air pollution, airway hyperresponsiveness, aging, and repeated

exacerbations [37]. Roberto de Marco et al. [38] reported that development of

asthma in childhood, i.e., early onset of asthma, is an important factor in the

development of ACOS. Among other risk factors, smoking causes steroid resis-

tance, which would make ICS less effective [39]. Therefore, abstinence from

smoking is also important in patients with ACOS. In addition, low-dose theophyl-

line therapy enhances the effects of ICS [40] and is considered as an adjuvant

therapy. Actually, ICS +LABA, LAMA, leukotriene receptor antagonists (LTRAs),

and theophylline are more commonly used for the treatment of ACOS than for the

treatment of COPD [41, 42]. At present, treatment seems to be carried out mostly

according to the guidelines. However, elderly patients have both COPD and asthma

at a higher frequency [26], suggesting that early treatment with the combination of

the 3 inhaled medications may prevent concomitant asthma and COPD and the

development of ACOS. In the future, more data are expected to be accumulated

from clinical studies.

16.7 Conclusion

Patients with ACOS, having the features of both asthma (atopic dermatitis, parox-

ysmal dyspnea, and airway hyperresponsiveness-airway reversibility) and COPD

(history of smoking, dyspnea on exertion, and irreversible airflow obstruction),

have a higher frequency of exacerbations, a lower HRQol, and higher mortality than

those with asthma or COPD alone. Smoking, airway hyperresponsiveness, respira-

tory tract infection, aging, repeated exacerbations, etc., are aggravating factors for

ACOS, as well as for asthma and COPD. Patients with early-onset asthma and those

with a long history of asthma may develop ACOS in the future. Evidence of

treatment is currently being gathered, but in patients with possible ACOS, it is

important to avoid treatment with bronchodilators (LABA and LAMA) or ICS

alone and to use all the three inhaled medications.
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Chapter 17

Combined Pulmonary Fibrosis

and Emphysema (CPFE): Which Symptom,

Fibrosis or Emphysema, Should Be Treated

Preferentially? Or Should Both Be Treated

Simultaneously?

Nariaki Kokuho, Shigeo Muro, and Arata Azuma

Abstract For a long time, emphysema and fibrosis occurred in the lung have been

regarded as isolated disease entity. However, the synchronous occurrence of

emphysema and lung fibrosis has been occasionally reported to date, and Cottin

et al. organized the concept as combined pulmonary fibrosis and emphysema

(CPFE) in 2005. The patients with CPFE are almost male smokers and presented

severe breathlessness, and pulmonary function tests revealed preserved lung vol-

umes and no evidence of obstruction but decrease of diffusing capacity for carbon

monoxide. The amassed research evidence, which gathered through studies of

many similar case reports of patients with CPFE, has revealed the pathophysiology

and natural history. While at the same time, it have been revealed that there are no

specific treatment for patients with CPFE, and the prognosis of these patents is quite

poor. The authors will review the existing knowledge concerning patients with

CPFE and present an overview of the current state of CPFE.
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pulmonary fibrosis (IPF) • Emphysema • Chronic obstructive pulmonary disease
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17.1 Introduction

Since early times, the presence of excess fibrosis has been thought to exclude the

diagnosis of emphysema [1]. However, some reports have suggested that emphy-

sema may be accompanied with fibrosis to some extent [2, 3].

In 1990, Wiggins et al. firstly reported a clinical condition of upper zone

emphysema combined with cryptogenic fibrosing alveolitis in eight patients

[4]. These patients were all smokers and presented severe breathlessness, and

their pulmonary function tests revealed normal static lung volumes and no evidence

of obstruction but decrease of diffusing capacity for carbon monoxide (DLCO). In

Japan, the similar clinical condition was described as “chronic atypical (B group)”

in the classification of the idiopathic interstitial pneumonia by the Ministry of

Health and Welfare-specific disease study group of Japan in 1991 [5].

In 2005, Cottin et al. expanded awareness of the clinical entity as a well-defined

termed, combined pulmonary fibrosis and emphysema (CPFE), which is typically

characterized by upper lobe emphysema and pulmonary fibrosis of the lower lungs

[6]. The authors conducted a retrospective study of 61 patients with CPFE and

showed some clinical features (Table 17.1).

Whether the concept as CPFE represents a specific disease entity or a coinci-

dence of two pulmonary diseases (emphysema and fibrosis) related to cigarette

smoking is as yet unclear. And Cottin et al. proposed that a group of patients with its

characteristic functional profile should be recognized as a certain type of distinct

clinical entity related to smoking, that is to say, “CPFE syndrome.” By contrast, the

“idiopathic CPFE” is described in patients without etiology other than a history of

smoking [7].

We will herein outline and review the comprehensive features of CPFE syn-

drome in diagnosis, epidemiology, physiology, complication, etiology, pathogene-

sis, management, prognosis, and future tasks.

Table 17.1 The clinical features of combined pulmonary fibrosis and emphysema by Cottin

et al. [6]

I Upper lobe emphysema and lower lobe fibrosis

II All heavy smokers and almost all males, with a mean age of 65 years

III Basal crackles were found numerously and finger clubbing in about half

IX Pulmonary function is maintained at subnormal, diffusing capacity is reduced, and short-

ness of breath on exertion was present

X Pulmonary hypertension was present in about half and determined a critical prognosis

XI Survival was 54.6% at 5 years, with a median of 6.1 years
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17.2 Diagnosis

Radiological findings on chest high resolution computed tomography (HRCT) are

the exclusive method for diagnosis of CPFE, which shows upper lobe emphysema

and lower lobe fibrosis (Fig. 17.1). On a relevant note, various radiological and

pathological features have been reported in recent years.

17.2.1 Radiologic Feature

Cottin et al. defined the following criteria as CPFE: a) presence of emphysema on

CT scan, defined as well-demarcated areas of decreased attenuation in comparison

with contiguous normal lung and marginated by a very thin (<1 mm) or no wall

and/or multiple bullae (>1 cm) with upper zone predominance and b) presence of a

diffuse parenchymal lung disease with significant pulmonary fibrosis on CT scan,

defined as reticular opacities with peripheral and basal predominance,

Fig. 17.1 Imaging of a typical case of combined pulmonary fibrosis and emphysema. (a) Chest

X-ray showed the emphysema in the upper field and reticular shadow in the lower field. There were

tumorlike shadows in the lower right lung field of mediastinum. Despite the existence of marked

fibrosis, shrinkage of the lung was seemed to be relatively mild. (b) Chest high resolution

computed tomography (HRCT) of the upper zones of the lungs showed paraseptal emphysema

in bilateral lungs. (c) Chest HRCT of the lower zones of the lungs showed the typical honeycomb

in the bottom, and a lung cancer was complicated in the right lower lobe (S9)
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honeycombing, architectural distortion, and/or traction bronchiectasis or

bronchiolectasis. Focal ground-glass opacities and/or areas of alveolar condensa-

tion may be associated but should not be prominent [6]. And although chest X-ray is

generally useful to evaluate the volume loss of the lung due to interstitial pneumo-

nia, the lung volume is tend to be preserved by complicated with emphysema

in CPFE.

The type of emphysema in CPFE was centrilobular emphysema, paraseptal

emphysema, and bullae, whose prevalence was 97%, 93%, and 54%, respectively

[8]. Above all, paraseptal emphysema (low-attenuation areas in subpleural zone)

has been described in almost all reports about CPFE, and Portillo et al. suggest that

paraseptal emphysema is a typical feature of CPFE [9]. However, discrimination of

the emphysema type in CPFE was very difficult because of the modification of the

HRCT appearance by fibrosis [10]. And thick-walled large cysts (TWLCs), which

are defined as cysts 2 cm or more in diameter and delimitated by a wall 1 mm or

more thick in an area of the lung where reticulation is present, are also considered as

one of the characteristic feature of CPFE [11, 12].

Matsuoka et al. evaluated the differences in 5-year morphological changes

among the patients with CPFE, emphysema alone, and fibrosis alone [13]. The

authors revealed that the mean change of the percentage of low attenuation area was

higher in CPFE (7.4� 3.8%) than in emphysema alone (4.5� 3.3%). And the

mean change of the percentage of destructed lung area was higher in CPFE

(12.9� 5.8%) than in emphysema alone (4.9� 2.8%) and fibrosis alone

(7.1� 5.7%). So they concluded that the morphological progression of the patients

with CPFE were different from the patients with emphysema alone or fibrosis alone.

Airspace enlargement with fibrosis (AEF) has been identified pathologically as a

smoking-related change [14]. Watanabe et al. revealed that HRCT features of AEF

were multiple thin-walled cysts (MTWCs) and/or reticular opacities. And the

authors suggested the possibility that these changes had been confused with/

interpreted as honeycombing and/or emphysema in the past [15].

The biggest problem in diagnostic criteria using CT findings is that there are no

definitive criteria in the extent of emphysema or fibrosis. So this disease entity may

include various phenotype because the diagnosis is arbitrary dependent on the

physicians. Under such circumstances, some studies defined CPFE as the coexis-

tence of “significant” emphysema that was the total percentage of low-attenuation

area due to emphysema calculated from six lung fields (upper, middle, lower) on

chest HRCT that is more than 5–25% [16–20].

17.2.2 Pathologic Feature

Although the pathological features have not yet been fully studied, there were

several reports of pathological consideration associated with CPFE, which were

presented as the characteristic lung lesions in smokers (Fig. 17.2).
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In 2006, Yousem et al. reported respiratory bronchiolitis-associated interstitial

lung disease with fibrosis, which was associated with a respiratory bronchiolitis

having extensive paucicellular lamellar eosinophilic collagenous thickening of

alveolar septa in a patchy, particularly subpleural distribution [21].

In 2008, Kawabata et al. examined the pathological findings of 587 smokers in

lobectomy specimens for lung cancer and reported that AEF was an important

smoking-related change in the lung [14] (Fig. 17.2). Macroscopically, AEF showed

various sized thin-walled cysts (thinner than that of honeycombing) which was seen

slightly apart from pleura in the basal areas of the lower lobe. And microscopically,

AEF was characterized as (a) fibrous (frequently hyalinized) interstitium with

structural remodeling, (b) emphysematous change, (c) frequent bronchiolocentric

location, and (d) absence of fibroblast foci. The incidence of AEF was 6.5% in mild

smokers and 17.7% in moderate smokers with lower lobe predominance, thus

appeared to correlate with the smoking history.

In 2010, Katzenstein et al. also examined 20 smokers in lobectomy specimens

excised for neoplasms and reported clinically occult interstitial fibrosis in smokers

[22]. This lesion was characterized by varying degrees of alveolar septal thickening

Fig. 17.2 Pathological imaging of combined pulmonary fibrosis and emphysema (airspace

enlargement with fibrosis). (a) This area shows emphysematous change and reticular findings.

(b) High-power view of the area in the box in (a) shows fibrous hyalinized interstitium with

structural remodeling
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by collagen deposition along with emphysema and respiratory bronchiolitis. The

fibrosis occurred both in subpleural and in deeper parenchyma and surrounded

enlarged airspaces of emphysema, but it also involved non-emphysematous paren-

chyma. And the authors termed them smoking-related interstitial fibrosis.

In the study of an autopsy series of 22 CPFE patients, Inomata et al. described

that thick-cystic lesions involving one or more acini with dense wall fibrosis and

occasional fibroblastic foci surrounded by honeycombing and normal alveoli were

confirmed as TWCL. And emphysematous destruction and enlargement of mem-

branous and respiratory bronchioles with fibrosis were observed in the TWCLs. The

prevalence of both radiological and pathological TWCLs was 72.7% in CPFE

patients, but nothing in patients with IPF or emphysema alone ( p¼ 0.001). So the

authors suggested that TWCLs would be considered the one of the feature in

CPFE [12].

Various findings in the pathological features of CPFE have been reported as

described above; however, Wright et al. concluded that smoking commonly pro-

duces a degree of fibrosis in the walls of the respiratory bronchioles (RB) and that

this fibrosis might extend around the enlarged airspaces of centrilobular emphy-

sema which is formed from damaged RB [23]. And the fibrosis can also extend in

the interstitium away from the RB, typically toward the pleura.

17.3 Epidemiology

Although there is no specific data about the direct prevalence of CPFE, much

attention has been paid to the fact that subclinical interstitial lung abnormality

(ILA) is present in the smokers in recent years [24, 25]. According to a large cohort

study of 2416 smokers who were performed with chest HRCT scans and spirom-

etry, 1002 (41%) met the GOLD criteria for COPD and 194 (8%) showed inter-

stitial lung abnormalities [25]. Jin et al. reported that the prevalence of ILA in

current or former smokers enrolled in a lung cancer screening trial was 9.7% (86 of

884 patients), and patients with fibrotic ILA progressed in 37% at the 2-year

follow-up [24].

In the retrospective study of 2016 male smokers who underwent chest CT at

healthcare center, the prevalence of CPFE in asymptomatic smokers was 3.1%, and

CPFE progression on follow-up CT imaging was associated with current smoking

[26]. On the other hand, there are some reports that the prevalence of CPFE in

patients diagnosed with pulmonary fibrosis was 8–51% [17, 19, 27, 28] and

21-33% when it is limited in IPF [7]. This variation of prevalence in CPFE may

depend on the evaluation of extent of emphysema by HRCT.
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And most of the cohort studies are men and over 65 years of age who are heavy

active/ex-smokers [9]. Jankowich et al. reviewed the published studies in CPFE and

reported 90% (529 of 587 patients) was men [29]. And they speculated that men

were more susceptible to smoking-induced emphysema and pulmonary fibrosis

because of greater vulnerability to abnormal lung aging. On the other hand, CPFE

syndrome associated with connective tissue disease (CTD) was found in younger

women and light smoker patients than in patients with idiopathic CPFE [11].

17.4 Physiology

17.4.1 Pulmonary Function

Cottin et al. demonstrated the physiological consequences of the coexistence of

emphysema and fibrosis, which resulted in preserved lung volumes but a markedly

decreased diffusing capacity [6]. More specifically, forced vital capacity (FVC),

forced expiratory volume in the first second (FEV1), and total lung capacity (TLC)

are usually within nearly normal ranges, unlike diffusing capacity for carbon

monoxide (DLCO), which is significantly reduced. And almost all of the other

reports have confirmed these physiological findings [6, 8, 11, 16, 17, 29–31, 34, 37,

59, 61, 62] (Table 17.2).

Portillo et al. discussed that although the hyperinflation and increase of pulmo-

nary compliance due to the loss of elasticity in the areas with emphysema might

compensate for the loss of volume caused by fibrosis, the overlapping of both

pathologies might interact a negative synergic effect on gas exchange, resulting in a

severe decrease in DLCO. Moreover, a decrease in DLCO will reflect not only the

diffusion impairment of the lung but also disorders in the pulmonary vascular bed,

specifically pulmonary hypertension, as it is a highly prevalent condition in this

entity [9].

Akagi et al. reported the difference in pulmonary function between CPFE

patients and IPF patients in a longitudinal study [32]. The authors revealed that

the mean annual decrease of VC% pred was significantly less in CPFE patients than

in IPF patients (�1.2 vs�8.0%, p< 0.001). And the mean annual change of FEV1/

FVC% in CPFE patients and IPF patients was �0.5 and +1.1% ( p¼ 0.036),

respectively. The mean annual decrease of DLCO% pred was less severe in

CPFE patients than in IPF patients (�3.7 vs �10.7%, p¼ 0.042). This study

revealed that ventilatory and gas exchange deterioration during the course of IPF

would be mild when emphysema was coexistent.
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17.4.2 Oxygenation

The hypoxemia at rest and exertion is common in patients with CPFE. Cottin

et al. reported that mean PaO2 at rest (room air) was 63� 14 Torr, average

Alveolar-arterial difference was 41� 16 Torr, and average exertional desaturation

was 8.9� 5.7% during 6-min waking test. By contrast, hypercarbia does not appear

in CPFE [6].

17.5 Complication

17.5.1 Pulmonary Hypertension

The patients with CPFE have a high probability of severe precapillary pulmonary

hypertension (Table 17.2). In Cottin’s original repot in 2005, the prevalence of

pulmonary arterial hypertension (PAH) in 49 CPFE patients was 55% during

follow-up, and the mean estimated systolic pulmonary artery pressure (eSPAP)

was 52 mmHg during follow-up [6].

The risk of the development of pulmonary hypertension is marked higher in

CPFE patients than in IPF patients. In a cohort of 31 CPFE patients and 79 IPF

patients, CPFE was highly associated with severe PAH (eSPAP; 82� 20 vs

57� 15 mmHg, p¼ 0.0001). There were a positive correlation between eSPAP

and the extent of emphysema ( p¼ 0.0001). Moreover 21 of 29 patients with CPFE

had severe eSPAP (>75 mmHg) compared to 8 of 68 patients with IPF (OR 19.7;

p< 0.0001), and severe eSPAP was associated with mortality [19].

In a retrospective multicenter cohort study of 40 CPFE patients with PAH

confirmed by right heart catheterization, Cottin et al. described that the mean

pulmonary artery pressure was 40� 9 mmHg, cardiac index was 2.5 L/min/m2,

and pulmonary vascular resistance was 521 dyn/s/cm5. Moreover CPFE patients

with pulmonary hypertension showed a poor prognosis, and the overall survival rate

at 1 year from the date of right heart catheterization was only 60%. The authors also

showed that higher pulmonary vascular resistance (>485 dyn/s/cm5), higher heart

rate, and lower cardiac index (<2.4 L/min/m2) were associated with shorter

survival [33].

Sugino et al. reported that although there was no difference in eSPAP between

CPFE and IPF at the time of diagnosis, eSPAP after 12 months was significantly

increased in patients with CPFE than IPF (ΔeSPAP 11.3 vs 2.4 mmHg,

p< 0.0001) [34].
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17.5.2 Lung Cancer

There are many reports about the risk of the development of lung cancer in patients

with CPFE [12, 16, 27, 35–37] (Table 17.2). And Jankowich et al. suggested that

the development and progression of lung cancer in CPFE patients might be related

to the “triple hit” effects of smoking, emphysema, and pulmonary fibrosis [29].

In a retrospective study of 47 CPFE patients, Kitaguchi et al. reported that 22 of

47 CPFE patients (46.8%) had lung cancer, and squamous cell carcinoma was the

most frequent (54.5%) [16]. Usui et al. identified 101 (8.9 %) CPFE patients in the

review of 1143 patients with lung cancer. And they also revealed that a high

prevalence of smoking-related lung cancers, such as small cell lung cancer

(18.8%) and squamous cell lung cancer (30.7%), was observed in patients with

CPFE. The median overall survival (OS) of CPFE patients (10.8 months) was

significantly less than that of normal patients (53.0 months) or that of patients with

emphysema alone (21.9 months). Acute exacerbation (AE) of intestinal pneumonia

occurred in 20 (19.8%) CPFE patients with lung cancer, and the mortality rate and

median survival time from onset of AE were 75% and 22 days, respectively [35].

On the other hand, in the another review of 1536 patients with lung cancer,

Minegishi et al. identified 88 (5.7%) CPFE patients. The authors revealed that AE

associated with initial treatment for lung cancer occurred in 22 (25.0%) CPFE

patients irrespective of treatment modality, and the median OS was 23.7 months,

where the age (>68 years), PS (1-3), VC% (<80%), and LDH (≧244 IU/L) were

significant independent poor prognostic factors [27].

Fukui et al. reported that the risk of postoperative AE in CPFE patients was

significantly higher than that of isolated idiopathic interstitial pneumonia (IIP)

patients (CPFE 5.1% vs IIP 0%, p¼ 0.032). Therefore, the authors suggested

that indications for surgical resection of lung cancer in CPFE patients should be

considered carefully [36].

In the surgical outcomes of lung cancer in 233 patients with CPFE, CPFE

patients with lung cancer had poor prognoses (six patients died within 30 postoper-

ative days) and showed quite poor mortality rate in the 3-year postoperative overall

survival (58.4%). And the postoperative AE of interstitial pneumonia in the CPFE

patients was 2% [38].

17.5.3 Acute Exacerbation

AE of CPFE should be defined acute lung injury as with that of IPF, that is,

unexplained worsening or development of dyspnea within 30 days and new bilateral

ground-glass abnormality and/or consolidation on chest HRCT [39].

As presented above, CPFE may increase the risk of acute exacerbation after lung

resection surgery and chemotherapy for lung cancer. Some Japanese reports

described that AE occurred in 5–25% CPFE patients with lung cancer [27, 35,

36]. Since AE of patients with IPF in natural course is considered to occur annually
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(approximately 5–10%) [40], the CPFE patients with lung cancer should be

observed carefully.

In the study of 93 CPFE patients, Kishaba et al. reported that baseline serum

sialylated carbohydrate antigen Krebs von den Lungen-6 (KL-6) was a useful

predictor of AE (cutoff ¼1050; AUC 0.7720), which occurred in 24% (22/93) of

the CPFE patients [41].

17.6 Etiology

Cigarette smoking has been suggested as the main etiologic factor in the majority of

reported studies about CPFE, and 98% of patients with CPFE is active/former

smoker [29]. Cottin et al. speculated that both emphysema and fibrosis might be

related to a common environmental trigger and/or genetic factor, with cigarette

smoking playing a major role [6].

On the other hand, Cottin et al. reported 34 patients with CPFE syndrome in

connective tissue disease (CTD) [11], and they showed that the CPFE syndrome

was recognized within the spectrum of lung diseases associated with CTD, espe-

cially among patients with rheumatoid arthritis and systemic sclerosis, in current/

former smokers. Furthermore, there were some reports about microscopic

polyangiitis and other CTDs preceded by CPFE [42, 43].

Daniil et al. reported nine CPFE patients, who were farmers and had significant

exposure to agrochemical compounds [44]. In the Japanese study, five of 47 CPFE

patients (16.0%) had a history of exposure to agrochemical compounds [16]. In

addition, there were some reports of emphysema and fibrosis due to the mineral dust

exposures such as asbestos, silica, coal dust, and talc [29]. Thus, CPFE might occur

in tobacco-smoking individuals exposed to an environmental trigger.

There were some reports of the phenotype of CPFE syndrome in adult patients

carrying mutation of the surfactant protein C (SFTPC) gene or ABCA3, which

suggested the association of CPFE syndromewith the underlying genetic predisposition

[45, 46]. These mutations are known to associate with diseases that involve the

dysfunction of surfactant homeostasis, which cause injury or death of alveolar epithelial

type 2 cells and myofibroblast proliferation. These case reports reflect that the coexis-

tence of emphysema and pulmonary fibrosis might occur in a variety of clinical settings.

The mutation of telomerase, which is the enzyme that synthesizes telomere and

repeats to the ends of chromosomes, are also considered to be risk factors for

pulmonary fibrosis and emphysema [31].

17.7 Pathogenesis

Although little is known about the pathogenesis of CPFE, some animal experiments

have suggested that the same lung injury might result in either fibrosis or emphy-

sema. And the overexpression of inflammatory mediator, such as tumor necrosis
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factor-α (TNF-α), platelet-derived growth factor (PDGF), transforming growth

factor-β1 (TGF-β1), and interleukin-13 (IL-13) in animal models, appears to relate

to persisting lung damage characterized by CPFE [16, 31]. Furthermore, potential

roles for surfactant protein D (SP-D), interleukin-1 beta (IL-1β), and neutrophil

elastase in formation of both emphysema and fibrosis are also reported in various

animal models [29].

In the study of the measurement of inflammatory mediators in bronchoalveolar

lavage fluid (BALF) in patients with CPFE, the concentrations of CXC chemokines

(interleukin-8 (IL-8/CXCL8) and epithelial neutrophil-activating peptide

78 (ENA-78/CXCL5)) were higher in the patients with CPFE than IPF alone.

These inflammatory mediators were associated with the development of emphyse-

matous changes, neutrophil accumulation in the alveolar space, and impaired

diffusing capacity [47].

In the research of 178 smokers classified into fibrosis and/or emphysema, the

serum concentration of club cell protein 16 (CC16) was highest in the CPFE

(5.7� 0.4). And the serum concentration of combined testing for KL-6 and CC16

(AUC, 0.828) can effectively differentiate CPFE from emphysema alone [48]. The

club cell activity decreases in emphysema, whereas the activity increase in fibrosis

and inflammation, so the increased level of CC16 in CPFE might reflect the degree

of lung inflammation and/or fibrosis. KL-6 reflected the hyperplasia and damage of

type 2 alveolar epithelium, while CC16 reflected secretion from club cells resulting

from bronchiolization associated with pulmonary fibrosis. So the combination of

these biomarkers would be reasonable and helpful as a diagnostic tool in CPFE.

Further investigation is needed to clarify the physiological basis for this

phenomenon.

In investigation using immunohistochemistry, the expression of TNF-α, matrix

metalloproteinase (MMP)-2, MMP-9, MMP-7, and membrane type

1 metalloproteinase (MT1-MMP) by fibroblastic foci has similar levels in CPFE

and UIP patients, thus suggesting that the fibrotic lesions of CPFE and UIP display

similar activation patterns of profibrotic gene. In contrast, fibroblasts in areas of

parenchymal destruction of emphysema/UIP expressed MMP-2, MMP-9, MMP-7,

and MT1-MMP at variable but significantly higher levels when compared to

emphysema subjects, in the presence of similar levels of tissue inhibitor of

metalloproteinase (TIMP)-1, TIMP-2, and TNF-α. MMP-10 is a novel biomarker

in distinction of IPF and emphysema [49], the increased MMP expression may play

a role in accelerating the process of destruction and remodeling of emphysema in

CPFE patients [50].

Hanaoka et al. investigated the mechanism of CPFE regarding gene expressions

by comparing the results of microarray sequences between fibrotic and emphyse-

matous lesions in the lungs of CPFE patients [51]. In the fibrotic lesions, genes

associated with the immune system are highly expressed, while genes related to the

cellular fraction, membrane biology, and vascular biology are highly expressed in

emphysematous lesions. Thus the authors speculated that the development of

coexistent fibrotic and emphysematous lesions in CPFE is implemented by these

different patterns of gene expression.
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17.8 Management

Although the efficacy of drugs specifically indicated in patients with CPFE has not

been demonstrated, several drugs was administered to fibrosis or emphysema.

Treatment strategy for patients with CPFE is limited, and the clinicians may require

treatment for both IPF and emphysema. Actually, it seems logical to base the

treatment decisions on the guidelines for emphysema and pulmonary fibrosis.

According to a guideline released by the Global Initiative for Chronic Obstruc-

tive Lung Disease (GOLD), the patients with COPD should quit smoking, be

vaccinated against influenza and pneumococcus, be offered rehabilitation, receive

treatment of inhaled bronchodilators such as beta2 agonists and anticholinergics,

and receive the long-term administration of oxygen to patients with severe resting

hypoxemia [52]. Although whether patients with CPFE can benefit from broncho-

dilators or not remains unknown, the use of inhaled bronchodilators may be

recommended for those who have obstructive pulmonary disorder [53].

And according to a guideline of an official ATS/ERS/JRS/ALAT clinical prac-

tice of IPF, the patients with IPF should be conditionally treated with nintedanib,

pirfenidone, and antiacid therapy [54]. Nintedanib is an intracellular inhibitor of

triple tyrosine kinases that target receptors of vascular endothelial growth factor,

fibroblast growth factor, and PDGF. And pirfenidone, which is an antifibrotic drug

with pleiotropic effects, has been shown to regulate important profibrotic and

proinflammatory cytokine cascades while reducing fibroblast proliferation and

collagen synthesis. And abnormal gastroesophageal reflux has been observed in

about 90% of patients with IPF and has been postulated to cause or worsen IPF.

Thus antiacid treatments are expected to decrease this risk of microaspiration-

associated lung injury or damage. However, the efficacy of these anti-COPD or

antifibrosis drugs in patients with CPFE is still not well known. More prospective

studies are needed to make a conclusion.

Although the treatments with corticosteroids and immunosuppressant in patients

with IPF are not recommended [54], CPFE syndrome involves underlying disease

such as CTD [7]. So the treatment with systemic corticosteroids and immunosup-

pressant in patients with CPFE syndrome associated with CTD should be consid-

ered. However, no randomized double-blind trials have been conducted.

Smoking cessation is a reasonable method that could suppress the progression of

emphysema lesions, and the oxygen therapy is appropriate for management of

hypoxemia. Lung transplantation should be considered for patients with CPFE,

given the significant mortality associated with this disorder [29, 31].

In a prospective cohort study in a recent research in China, the efficacy of

inhaled corticosteroids/long-acting beta2 agonists (ICS/LABA) in CPFE was

reported [55]. Dong et al. studied the patients with CPFE which are divided into

treated group (45 cases) and non-treated group (24 cases) and followed up for

12 months. And they described that compared with baseline levels, the FEV1%,
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FVC%, and DLCO% levels were increased 11.2%, 13.5%, and 12.8%, respec-

tively, in treated group, but declined 14.2%, 16.8%, and 21.3%, respectively, in

non-treated group. Furthermore, the frequency of acute exacerbation of CPFE,

which was defined as the reference standard for COPD or IPF, was 44.4 and 75%

in treated group and non-treated group, respectively ( p< 0.05). And the incidence

of adverse event was no significant difference. However, this study was a

nonrandomized clinical research and the sample size was small, so further research

is required to validate these results.

PAH is the most common complication in the CPFE patients, which is important

to identify because of its association with the principal determinant of reduced

survival. In the study of treatment of 40 patients with CPFE complicating pulmo-

nary hypertension, 92% of the patients received long-term oxygen therapy and

60% of the patients received therapy with bosentan, sildenafil, or inhaled iloprost.

However, no statistically significant effect of treatment was observed regarding

NYHA class, 6-minute walk distance, or eSPAP [33]. Though CPFE dominated by

PAH has a poor prognosis, there are currently no specific recommendations for the

treatment of PAH in the setting of CPFE. The presence of PAH with CPFE may be

associated with an imbalance in the ventilation/perfusion ratio. Although hypoxic

vasoconstriction is one of the main mechanisms to avoid worsening arterial oxy-

genation, vasodilator drugs could worsen hypoxemia by inhibiting this mechanism

[8]. Thus it is still unknown whether treating these components of disease influ-

ences clinical outcomes. One report demonstrated efficacy of long-term oxygen

therapy or pulmonary vasodilator treatment specific for PAH by improving hemo-

dynamics [56]; however, the potential clinical and survival benefit is unknown.

17.9 Prognosis

Many reports have showed that CPFE is associated with a poor prognosis, with a

5-year survival calculated by the Kaplan–Meier method of 35–89% and a median

survival of 1.8–8.5 years [6, 11, 17, 19, 26, 29, 32, 34, 41, 57, 58, 61, 62]

(Table 17.2).

In a cohort of 31 CPFE patients and 79 IPF-alone patients, the variables of

FVC< 50% predicted (HR 2.6, p¼ 0.016) and eSPAP> 75 mmHg (HR 2.25,

p¼ 0.022) were associated with mortality [19]. Cottin et al. reported that the

presence of PAH in CPFE patients was an independent predictor of mortality

(HR 4.03, p¼ 0.03), and the mean survival time in CPFE patients was worse

from 6.1 to 3.9 years by the absence or presence of PAH [6].

In the longitudinal study of mortality associated with pulmonary function tests

over 6 and 12 months in patients with CPFE, the 10% decline in FEV1 predicted

mortality (HR 3.7, p¼ 0.046) in patients with moderate/severe emphysema

[28]. And Sugino et al., in the longitudinal study, demonstrated that the paraseptal
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type of emphysema (HR 4.2, p¼ 0.097) and high eSPAP (HR 7.9, p¼ 0.0036) were

prognostic factors in the patients with CPFE [34].

Whether patients with CPFE have worse survival rate than patients with pulmo-

nary fibrosis alone is controversial. And Jankowich et al. considered that the cases

of these confliction might include the relative proportion of non-IPF pathology in

patients with CPFE in individual studies, influence of emphysema subtypes, retro-

spective study design, inclusion and exclusion criteria, and control group

selection [29].

17.10 Future Tasks

Diagnostic criteria of CPFE on chest HRCT are only upper lobe emphysema and

lower lobe fibrosis and lack of specific quantitative methods to assess the extent of

emphysema and fibrosis. Therefore, standard quantitative methods for diagnostic

criteria in CPFE are required to establish.

The identification of molecular and genetic alterations involved in the etiology

of CPFE through surgical lung biopsies might provide a more effective approach

for elucidation of mechanism and identifying molecular targets for future therapies.

17.11 Conclusion

Because there are many variation in patients with CPFE syndrome, management is

not homogeneous. So it is necessary to distinguish emphysema-dominant pheno-

type or fibrosis-dominant phenotype in clinical diagnosis. Therefore, patients with

CPFE should receive individualized treatment according to each patient. However,

there are no studies of randomized clinical trial about management of patients with

CPFE, and further research is required to validate the efficacy of several drugs

against emphysema and fibrosis.
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Chapter 18

Association of COPD and Lung Cancer: How

Does COPD Management Change

the Outcome of Treatment of Lung Cancer?

Shinsaku Togo, Yukiko Namba, and Kazuhisa Takahashi

Abstract Chronic obstructive pulmonary disease (COPD) and lung cancer are

caused by cigarette smoking, and there is increasing evidence linking the two

diseases beyond a common etiology. COPD is widely considered to be a

preneoplastic condition of smoking-related lung cancer. However, COPD is an

independent risk factor for lung cancer and suggests some selected COPD pheno-

type in high-risk patients associates the development of lung cancer. Lung cancer

patients with COPD have a significantly worse outcome than those without COPD.

Thus, screening of patients with COPD for early detection of lung cancer using

biomarkers and computed tomography has been suggested to improve outcomes.

However, this approach of increased surveillance is hampered by the lack of

sensitivity of treatment and the resulting large number of false-positive diagnoses.

Improved understanding of the links between COPD and lung cancer and bio-

markers that are more reliable may make this approach viable. In future, it may

be possible to treat COPD patients with targeted therapies to reduce the risk of

development of lung cancer.

Keywords COPD-associated lung cancer • Lung cancer • Management

18.1 Introduction

The risk of lung cancer in patients with chronic obstructive pulmonary disease

(COPD) is well established, and several mechanisms have been suggested to

explain the strong association between emphysema and lung cancer. There are

55 carcinogens in cigarette smoke that have been evaluated by the International
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Agency for Research on Cancer (IARC) and for which there is “sufficient evidence

for carcinogenicity” in laboratory animals or humans [1]. Thus, it is reasonable that

both lung cancer and emphysema are associated with cigarette smoking, which, by

generating reactive oxidant species (ROS), induces a chronic inflammatory state in

the lung and results in DNA damage.

Typically, airway disease and smoking exposure are associated with proximal

lung cancers, such as squamous cell carcinoma (SCC) and small cell lung carci-

noma (SCLC), rather than adenocarcinoma. Squamous metaplasia is common in

smokers and is associated with airway obstruction in COPD [2]. The function of

bronchoalveolar stem cells (BASCs) is unknown, but these cells lead to Kras-

induced lung adenocarcinoma in a mouse model [3]. Inflammatory mediators

induced by cigarette smoke may promote growth of BASCs and stimulate nuclear

factor-kB (NF-kB) and signal transducer and activator of transcription 3 (STAT3),

which have key roles in development of lung cancer from COPD [4].

COPD is considered to be a preneoplastic condition of lung cancer, and about

2.2% of COPD patients develop lung cancer per year [5]. The risk of lung cancer in

patients with COPD is approximately fivefold greater than that of smokers without

COPD, independent of age and amount of cigarette smoking [6]. Smoking is an

independent risk factor for COPD. The genetic and biological characteristics of

COPD are similar to those of lung cancer, but the mechanism of development of

lung cancer in COPD is unknown. However, this mechanism seems to involve

individual host susceptibility to cigarette smoke and features of heterogeneity

between the two diseases. Further large cohort studies are needed in subjects with

appropriate phenotypes to identify potential drivers and predict biomarkers for

screening of COPD-associated lung cancer.

18.2 Screening for Early Detection of COPD-Associated

Lung Cancer

18.2.1 Annual Computed Tomography (CT) for Lung Cancer
Screening

It is unclear whether the degree of airflow limitation and alveolar destruction

confers a regional or global risk of lung cancer. The incidence of lung cancer

may be related to the severity of airspace destruction, as assessed by CT-based

semiquantitative scoring of emphysema lesions in the lungs [7–9]. Emphysema

lesions of �5% on CT were found to be associated with a 3.8-fold increase in lung

cancer risk among smokers [9]. An increased risk of lung cancer has also been

found with more severe COPD, based on the percentage predicted forced expiratory

volume in 1 s (FEV1) [7, 10, 11].
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Screening of COPD patients for development of lung cancer using annual CT

scans has been suggested for early detection. Patients with COPD and those with

>35 pack-years of smoking have a significantly increased risk of death due to lung

cancer, but CT screening was reported to have no significant effects on lung cancer

mortality [12]. However, the National Lung Screening Trial (NLST) showed that

low-dose CT screening is associated with a decrease in mortality from lung cancer

of 20%. In screening of patients with spirometric COPD, there was a twofold

increase in lung cancer incidence and a trend favoring greater detection of early-

stage cancers and fewer late-stage cancers in CT screening compared with chest

radiography screening [13]. However, this result was associated with 96.4% false-

positive findings, and 38.8% of patients with lung cancer were false negatives that

were missed by CT screening [14]. Therefore, these approaches of increased

surveillance are hampered by the lack of sensitivity of treatment and the large

number of false-positive diagnoses [13].

18.2.2 Screening Using Liquid Biomarkers

Early detection of lung cancer in high-risk individuals has been attempted using

evaluation of serum tumor markers such as cancer antigen 19–9 (CA19-9) and

CA125, which are increased in relation to the severity of COPD [15]. However, it is

difficult to use markers to detect lung cancer in COPD, since the serum levels of

carcinoembryonic antigen (CEA), neuron-specific enolase (NSE), and cytokeratin

fragment 19 (CYFRA 21–1) do not differ between patients with lung cancer and

those with nonneoplastic lung diseases such as acute pneumonia, COPD, and

interstitial lung diseases [16, 17].

Methods used for early diagnosis of lung carcinoma, including biological tests of

blood samples and multiplexed tumor-associated autoantibody-based blood tests,

are inconclusive or require confirmation in larger cohorts [18]. A large prospective

study of early detection of lung cancer in patients with lung impairment showed that

serum p53Abs levels were associated with smoking level and lung function impair-

ment, both of which are risk factors of cancer development. However, no occur-

rence of lung cancer was detected in follow-up of positive subjects [19].

Plasma cfDNA levels in patients with non-small cell lung cancer (NSCLC) are

significantly higher than in patients with chronic respiratory inflammation and in

healthy controls. The mechanism through which cfDNA is released into the blood-

stream is unknown, but it is revealed that elevated plasma cfDNA levels in patients

with NSCLC are primarily due to tumor development, which has clinical implica-

tions for lung cancer screening and early diagnosis [20]. Migration of circulating

tumor cells (CTCs) into the bloodstream also seems to be an early event in

carcinogenesis, based on data showing that tumors of size <1 mm are associated

with the presence of CTCs in blood [21]. CTCs were detected in 3% of COPD

patients by the isolation by size of epithelial tumor cells (ISET) method in blood
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filtration size-based CTC selection. After a mean follow-up period of 3.2 years, a

surveillance CT program revealed lung nodules with a mean size of 1.7 cm in

diameter. All CTC-positive COPD patients had lung cancer of stage IA [22]. These

results suggest that validation of liquid biomarkers for early detection of lung

cancer in COPD patients is warranted in larger population-based studies in different

ethnic groups.

18.2.3 Screening of Gene Mutations

Cigarette smoking is a major risk factor for COPD, but only a minority of smokers

develop COPD, and this seems to depend on the host response against cigarette

smoking [23]. A minor population of COPD patients with genetic susceptibility to

COPD-associated lung cancer have DNA damage that results in occurrence of lung

cancer. Genetic mapping has identified several single nucleotide polymorphisms

(SNPs) that have been speculatively linked to COPD-associated lung cancer. In

addition, genome-wide association studies (GWASs) have shown that lung cancer

and COPD share some genetic mutations, independent of smoking. Genotypes with

reduced α1-antitrypsin (A1AT) inhibitory capacity have an increased risk for lung

cancer [24, 25]. Imbalance of oxidative stress and antioxidants is common in COPD

and drives cancer onset through free radical-mediated DNA damage, repair of

which may be impaired by mutations and polymorphisms. Mutation of antioxidant

enzymes such as glutathione S-transferase μ1 (GSTM1) reduces lung tissue pro-

tection against damage-inducing substances in tobacco and increases the risk of

lung cancer in patients with COPD compared to healthy subjects [26].

Epidemiological studies have consistently found associations between the chro-

mosome 15q24–15q25.1 locus, which is linked to nicotine addiction, and lung

cancer susceptibility in COPD [27]. The association with this locus encompasses

four candidate genes (CHRNA3/CHRNA5, IREB2, PSMA4) and several function-

ally relevant SNPs in a region where the degree of linkage disequilibrium is still to

be clarified. Genetic variation in the 15q25 locus, which encodes the nicotinic

acetylcholine receptor subunits (CHRNA3/CHRNA5), has a strong association

with tobacco consumption and is a risk factor for COPD and lung cancer [28]. Var-

iants of IREB2, a mediator of iron homeostasis, have also been linked to COPD and

lung cancer [29]. PSMA4 encodes a structural protein of the 20S proteasome core

and has recently been associated with in vitro lung cancer cell proliferation and

apoptosis. PSMA4 mRNA levels are increased in lung tumors compared with

normal lung tissues [30]. The Hedgehog-interacting protein (HHIP), which medi-

ates the epithelial response to smoking, including the epithelial-mesenchymal

transition (EMT), is related to COPD and lung cancer, and genetic variants on the

4q31 (HHIP/glycophorin A (GYPA)) locus are also associated with lung cancer

[31]. FAM13A protein has an N-terminal region containing a RhoGAP domain,

which has tumor suppressor activity through inhibition of RhoA intracellular signal
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transduction. Genetic variants in FAM13A may determine susceptibility to COPD

and lung cancer [32].

Smoking and oxidative stress can induce EMT-induced airway remodeling,

which is related to the pathogenesis of COPD, and the occurrence of EMT in

COPD may account for the high incidence of lung cancer in patients with COPD

[33]. Recent GWASs have shown that germline variants in or close to EMT-related

genes (e.g., Snai1, Slug) are associated with a risk for lung cancer or COPD

[31]. The functional germline variant c.353T>C (p.Val118Ala) of Snai1 confers

decreased risks of lung cancer and COPD, and this variant affects lung cancer risk

through a mediation effect on COPD [34].

Screening of gene mutations as susceptibility loci for COPD-associated lung

cancer, particularly in the 15q24–15q25 region, should be considered after sensi-

tivity is determined in future studies. Monitoring of mutation-positive COPD

patients may allow early diagnosis of lung cancer at lower cost than noninvasive

screening for inflammatory cells in blood or sputum, rather than lung tissues from

invasive diagnostic modalities such as fine-needle aspiration, transbronchial

biopsy, and thoracoscopic surgery. Genetic variants might be predictors for the

risk of COPD and lung cancer separately, as well as for the risk of development of

lung cancer in patients with COPD (Table 18.1).

18.2.4 Screening of Epigenetic Changes

Epigenetic changes in COPD include higher levels of methylation induced by

cigarette smoking, while altered expression of numerous oncogenes and tumor

Table 18.1 Targets and effects of genetic mutations in COPD-associated lung cancer

Genetic mutations Biological functions Ref

Nicotinic acetylcholine receptor region

on chromosome 15q25

Cholinergic nicotinic acetylcholine

receptor (CHRNA3/CHRNA5)

Associations with tobacco consumption and a

risk factor for lung cancer

[28]

Family with sequence similarity

13, member A (FAM13A)

Dysfunction of tumor suppressor activity-

mediated RhoA signaling

[32]

Iron-responsive element-binding pro-

tein 2 (IREB2)

Contains genes encoding CHRNA3/CHRNA5

and associated with lung cancer

[29]

Proteasome subunit alpha type

4 (PSMA4)

Lung cancer cell proliferation, apoptosis, and

increased in lung tumors

[30]

Others

Glutathione S-transferase μ1 (GSTM1) Antioxidant-mediated DNA damage [26]

Hedgehog-interacting protein (HHIP) Epithelial response (EMT) to smoking [31]

Snai1 Powerful regulator of EMT [34]

EMT Epithelial-mesenchymal transition
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suppressor gene promoters is observed in most lung cancers. Methylation of

CDKN2A, MGMT, CCDC37, and MAP1B is significantly associated with COPD

and lung cancer. CDKN2A, which encodes tumor suppressors p16 (INK4A) and

ARF, is a common methylation mark in COPD and lung cancer [35]. Such aberrant

methylation of tumor suppressor genes in lung tissues and induced sputum may be a

predictor for early diagnosis of COPD-associated lung cancer [36]. Epigenetic

changes in noncoding RNAs, including microRNAs (miRNAs), which are small

noncoding, single-stranded RNA molecules, may also be important. For example,

miR-1 has been linked to cigarette smoking-related conditions such as heart disease

and cancer [37] and is related to atrophy of skeletal muscle in patients with COPD

compared with non-smoking controls [37]. miR-21 has roles in inflammation and

carcinogenesis [38], whereas miR-146a suppresses inflammation and cancer cell

proliferation [39]. However, the mechanisms of epigenetic biomarkers in COPD-

associated lung cancer and their effects on prognosis remain poorly understood.

18.3 Management of Outcomes of COPD-Associated Lung

Cancer

18.3.1 Management of Chronic Inflammation

Exposure to cigarette smoke causes inflammatory cells, particularly neutrophils and

macrophages, to be recruited at the site of lung injury and activated to release

neutrophil elastase (NE), serine and matrix metalloproteinases (MMPs), and ROS.

A defect in A1AT contributes to degradation of elastin due to activation of NE and

oxidative stress-mediated inflammation in the lung, resulting in development of

emphysema and lung tumorigenesis [40, 41]. Many studies have shown that chronic

inflammation in lung tissue and associated repair processes in COPD may initiate

lung cancer [42, 43]. An excess of circulating inflammatory mediators such as IL-6,

TNF-α, and IL-8 released from inflammatory cells maintains chronic systemic

inflammation in patients with COPD and, thus, further contributes to carcinogenesis

[44, 45]. Current therapies for COPD, including inhaled corticosteroids (ICS), long-

acting muscarinic receptor antagonists (LAMAs), long-acting β2-agonists
(LABAs), and theophylline, suppress inflammation in the lung and prevent spill-

over of inflammatory mediators into the systemic circulation. Theophylline indi-

rectly suppresses NF-kB, which is a cause of persistent airway inflammation, and

may reduce the risk of tumorigenesis by activating histone deacetylase 2 (HDAC2),

which restores sensitivity to ICS in patients with COPD [46]. Thus, patients with

COPD who are treated with ICS have a reduced incidence of lung cancer and lower

mortality, which suggests that inhibition of inflammation can slow lung tumor onset

[47]. However, large prospective trials have failed to demonstrate a survival benefit

in chronic use of ICS with or without LABAs [48].
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18.3.2 Management of Oxidative Stress

The free radical hypothesis suggests that reactive nitrogen and oxygen species

(RNOS) drive accumulation of cell and DNA damage, which results in mutations

and cancer initiation if incorrectly repaired. RNOS can degrade proteins, including

tumor suppressors, leading to cell division and decreased apoptosis and DNA repair

[49], which results in cancer promotion and progression. Antioxidant therapy for

reduction of the risk of lung cancer using vitamin C, vitamin E, or N-acetyl cysteine

(NAC) may be of benefit for patients with COPD. However, supplementation with

vitamins E or C was shown to have no significant effect on total cancer incidence in

the USA [50, 51], and 2-year NAC supplementation resulted in no survival or

event-free survival benefit in patients with lung cancer, most of whom were

previous or current smokers [52].

18.3.3 Management of Angiogenesis

A recent study suggested that hypoxic regions of the lung may have a role in the

association between COPD and lung cancer. The hypoxia-inducible factor (HIF)

family, HIF-1α and HIF-2α, is well known as inducers of VEGF-mediated angio-

genesis and is likely to play a role in the increased cancer risk in COPD

[53, 54]. HIF-2α overexpression in a conditionally expressed mutant mouse

model of lung carcinogenesis resulted in larger tumors [55]. However, HIF-2α
deletion unexpectedly showed an increase in tumor burden, associated with a

decrease in a candidate tumor suppressor gene.

Serum VEGF levels are significantly associated with clinical staging and lower

survival of patients with NSCLC [56]. Bevacizumab is a recombinant, humanized,

monoclonal antibody against VEGF that is approved as first-line treatment of

NSCLC based on data from randomized phase III clinical trials [57]. In COPD

pathogenesis, epithelial cell injury mediated by oxidative stress may induce a

decrease in lung VEGF levels, resulting in promotion of COPD. Inhibition of

VEGF receptors induces alveolar septal cell apoptosis and leads to enlargement

of air spaces, indicative of emphysema [58]. These results suggest that

bevacizumab-based chemotherapy for COPD-associated lung cancer may be dis-

advantageous for COPD management. However, some studies have linked COPD

with increased expression of VEGF in bronchial tissue [59], and activation of

NF-kB in COPD promotes HIF stabilization [60]. The significance of VEGF

production in patients with COPD remains unclear, but inflammation and hypoxia

regulation may have some impact on the prognosis of COPD-associated lung

cancer. Thus, the response to specific treatment for tumors arising in a hypoxic

lung-induced VEGF production might be exploitable in patients with

underlying COPD.
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18.3.4 Management of Extracellular Matrix Regulation

Neutrophil elastase (NE) has a well-known effect on elastin fiber degradation

that results in emphysema and promotes lung tumor growth in a Kras mouse

model of lung adenocarcinoma [61]. The relationship of NE activity with poor

outcomes in human lung cancer has not been established, but drugs that inhibit NE

activity might be of value as therapeutic prevention for COPD-associated lung

cancer.

Members of the MMP family are matrix-degrading enzymes in emphysema and

lung cancer and may be mechanistic links between COPD and lung cancer by

contributing to lung tissue destruction in emphysema and promoting lung tumor

growth and invasiveness. The activities of MMP9 (gelatinase B) in BAL fluid and

serum correlate with COPD severity [62, 63], and MMP9 is essential for tumor

angiogenesis in animal models [64]. MMP1 (collagenase I) contributes to growth of

most solid tumors and promotes metastasis [65]. Overexpression of MMP1 in

transgenic mice causes development of emphysema [66], and polymorphisms in

the MMP1 promoter predict disease severity in patients with COPD [67]. MMP12,

a somewhat macrophage-specific proteinase, is a stimulator of emphysema, and its

activity has been associated with disease severity in COPD [68]. Interestingly,

MMP12 is known more as a tumor suppressor and not as a target for treatment of

lung cancer [69] (Table 18.2).

The effects of AZD1236, a selective MMP9 and MMP12 inhibitor, on emphy-

sematous lung tissue degradation were evaluated in patients with moderate-to-

severe COPD, but AZD1236 and other MMP inhibitors do not improve lung

function and symptoms [70]. Similarly, other MMP inhibitors, marimastat

(BB2516) and BAY12-9566, failed to improve survival in patients with advanced

NSCLC [71]. Clinical trials have yet to demonstrate significant increases in overall

survival and toxicity remains an issue.

18.3.5 Drug Potency

Increasing intracellular levels of cAMP induce cancer cell death in vitro. Theoph-

ylline, which elevates intracellular cAMP, induces cancer cell apoptosis and thus

may be a potential anticancer drug in combination with other chemotherapeutic

agents [72]. COX2 generates prostaglandin E2 (PGE2), which strongly elevates

intracellular cAMP, but PGE2 also promotes carcinogenesis in several ways,

including increased resistance to apoptosis, increased angiogenesis, and enhanced

invasion [73]. Celecoxib, a COX2-selective inhibitor, may reduce the cancer risk in

a high-risk smoking population based on reduction of proliferation markers in the

bronchial epithelium [74]. Celecoxib increased progression-free survival in com-

bination treatment in patients with lung adenocarcinoma cancer with biomarkers for

high metabolism of PGE2 in urine [75] and reduced progression of cigarette smoke-
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induced pulmonary emphysema by suppression of NF-kB-regulated anti-

inflammatory effects in an animal model [76]. Oral prostacyclin (iloprost) also

has a tumor-suppressive effect and displays antiproliferative and antimetastatic

properties [77]. However, the proven benefits of celecoxib and iloprost are limited

to patients with established COPD. A nonselective COX inhibitor, indomethacin,

and a nonselective PDE inhibitor, IBMX, significantly inhibit proliferation of

SCLC cells with neuronal characteristics in vitro [78]. Beta-adrenergic receptors

co-express COX2 in lung adenocarcinoma tissue [79], and indacaterol, an ultra-

long-acting inhaled β2-agonist (LABA), inhibits NF-kB activity and reduces

expression of NF-kB target genes related to COPD and lung cancer, including

MMP9 [80]. This suppresses tumor cell invasion and migration in vitro, but the

effect on outcomes for lung cancer in human study is unknown.

Non-neuronal ACh activates downstream NF-kB signaling and acts as an

autoparacrine growth factor to stimulate cell proliferation and promote epithelial-

mesenchymal transition (EMT) in NSCLC via activation of the M2 muscarinic

receptor (M2R) [81, 82]. Expression of another mAChR, M3R, is significantly

increased in NSCLC and is correlated with tumor metastasis and poor survival.

M3R enhances expression and activity of MMP9 through PI3K/Akt, which pro-

motes migration and invasion of NSCLC cells, and blockade of M3R suppresses

proliferation, invasion, and migration of NSCLC and SCLC cells [83–85]. R2HBJJ

has high affinity to M3 and M1 AChRs and markedly suppresses growth of NSCLC

cells [86]. These findings indicate that M2R and M3R antagonists may be beneficial

therapy for COPD-associated lung cancer. Such compounds are currently used for

COPD treatment, including LAMAs, LABAs, and theophylline, but they may be

toxic at higher concentrations required for anticancer treatment according to the

results from these in vitro experiments. There are currently no clinical trials of these

drugs in lung cancer patients.

18.4 Treatment of COPD-Associated Lung Cancer

18.4.1 Thoracic Surgery

Severe airway obstruction, advanced clinical stage, and higher age are independent

factors associated with an indication for thoracic surgery in COPD-associated lung

cancer [87]. Comorbidities such as COPD can have a significant effect on long-term

survival due to an influence on treatment indication, complication rate, and treat-

ment efficacy. COPD and smoking are significant independent risk factors for

postoperative pulmonary complications such as atelectasis and pneumonia and

are associated with a poorer long-term outcome [88]. Patients receiving curative

surgery for NSCLC who have co-existing COPD have worse survival than their

counterparts with better pulmonary function. Notably, the treatment-naı̈ve COPD

patients who have improved preoperative symptoms and pulmonary function by
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inhaled tiotropium starting 2 weeks prior to surgery demonstrated better postoper-

ative pulmonary functions than expected [89].

Higher COPD grades have more postoperative pulmonary complications and

poorer long-term survival because of higher rates of recurrence of lung cancer

(Fig. 18.1) [90]. In patients with stage I resected NSCLC, COPD is an independent

predictor of reduced recurrence-free survival, and these patients are at higher risk of

recurrence than patients without COPD [91, 92]. Therefore, it is important to

identify patients with early-stage NSCLC for more aggressive treatment. Clinical

studies are needed in patients with lung cancer to determine how COPD promotes

recurrence and affects the indication for adjuvant chemotherapy following curative

resection.

18.4.2 Chemotherapy and Molecular Targeted Therapy

Although there is not yet strong evidence for specific difference in management for

lung cancer comorbidity with COPD, the patients with high age, poor overall PS,

and severe impaired lung function associated with COPD are generally restricted to

receive the appropriate platinum-based standard chemotherapy for the high risk of

adverse effects. Thus, they often receive single-agent chemotherapy or choose best

supportive care due to rapid progression to death. The mild COPD patients with

advanced metastatic disease who received chemotherapy can delayed progression,

palliate symptom, and improved overall survival and did not find significant

differences in improved treatment outcome between mild COPD and non-COPD

[93]. However, COPD exacerbations by airway infections and other factors often

prevent the chemotherapy, and once acute exacerbation has occurred, the mortality

rate is high in patients with COPD-associated lung cancer during chemotherapy.

EGFR mutations and ALK rearrangements are major drivers in non-smoker lung

adenocarcinoma, and these patients may be particularly responsive to molecular

targeted therapy. In contrast, patients with COPD-associated NSCLC have a low

prevalence of EGFR mutations and ALK rearrangements, but these are linked to

COPD severity and more frequent poorly differentiated lung cancer with a poor

Fig. 18.1 Overall survival

after pulmonary resection

for lung cancer. The 5-year

survival rates in the

non-COPD, mild, moderate,

and severe COPD groups

were 61.5, 50.2, 55.3, and

25.1%, respectively [90]
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prognosis [87, 94]. In a comparison of the molecular features of COPD-associated

adenocarcinoma with those of smoke-related adenocarcinoma without COPD,

Schiavon et al. found that EGFR mutation did not differ between the two groups,

but KRAS mutation was higher in smokers than in COPD patients [95].

In contrast to idiopathic interstitial pneumonias, the presence of COPD is not

recognized as a significant risk factor for drug-induced interstitial lung disease

associated with lung cancer treatment. Expression of EGFR is higher in lung cancer

patients and in COPD patients [96]. Thus, EGFR inhibition has been examined in

COPD as a method to prevent stimulation of mucous hypersecretion, but the initial

studies have produced negative findings [97].

18.4.3 Radiation Therapy

Stereotactic body radiotherapy (SBRT) is standard of care for early-stage non-small

cell lung cancer at high risk of surgical complications and associated with excellent

local control (�90% at 3 years). In previous retrospective study, 32% of stage I

lung cancer patients with COPD who underwent SBRT had radiation pneumonitis,

and COPD and the Brinkman index were statistically significant risk factors for the

development of radiation pneumonitis. However, SBRT-mediated radiation pneu-

monitis did not associate OS, and thus SBRT can be tolerated in early lung cancer

patients with COPD [98]. Severity of radiation pneumonitis associated higher in

patients with a high V20 (�25%) value and severe low-attenuation area (LAA)

grade on CT scans [99]. In contrast, patients with severe emphysema had a low risk

of radiation pneumonitis following SBRT rather than normal lung function and

with mild emphysema. Furthermore, fewer pack-years smoked among COPD

patients were the strongest predictor for severe radiation pneumonitis [100, 101].

SBRT can be considered as therapeutic option in patients with higher operative

risks, such as the elderly and patients with severe COPD. However, previous studies

still provide controversial results about the risk of radiation pneumonitis in severe

COPD patients. Further follow-up study might be needed to evaluate the tolerability

to SBRT in COPD-associated lung cancer patients.

18.4.4 Immunotherapy

Chronic inflammation is a common feature in COPD and lung cancer, but the

characteristics of immune cells in COPD differ from those found in lung cancer.

Immune cells in BAL fluid from COPD patients tend to shift toward the T helper

1 (TH1) phenotype with interferon-γ (IFNγ) production [102]. In contrast, immune

cells in most solid tumors show a trend for the TH2 phenotype with infiltration of

immunosuppressive cells in tumor tissue. These cells include myeloid-derived

suppressor cells (MDSCs) and regulatory T cells (TRegs) and express programmed
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cell death protein 1 (PD-1) on the cell surface, which results in suppression of

cytotoxic T lymphocyte function and enhanced tumor viability [103, 104]. The use

of PD-1- and PD-L1-blocking antibodies in therapy for NSCLC is focused on

increasing cytotoxic T cell activity, which increases the cancer antigen-mediated

immune response. Increasing PD-L1 expression in tumor tissue was observed in

smokers and associated with more pack-years [105] and anti-PD-1/PD-L1 treat-

ment prolonged OS in NSCLC patients with smoking history [106]. An increased

proportion of CD8þ T cells in lung parenchyma in COPD patients has been

described, and the PD-1 pathway has been suggested to be relevant in COPD

pathogenesis. CD8þ T cells expressing PD-1 are present at higher levels in blood

from COPD patients and are correlated with disease severity [107–109]. Further-

more, virus-induced expression of PD-L1, the ligand for PD-1, is decreased in

COPD macrophages, with a corresponding increase in IFNγ release from infected

COPD lungs resulting in increased severity of viral infection, prolonged viral

shedding, and structural lung damage associated with exacerbations

[110]. Although, anti-PD-1/PD-L1 treatment may associate better clinical outcome

in smoking related lung cancers patients with COPD, we should note that the use of

PD-1- and PD-L1-blocking antibodies may have indirect effects against chronic

inflammation-mediated COPD development and aberrant immune regulation, espe-

cially during exacerbation of COPD. Aminophylline, which is often used as a

bronchodilator for COPD patients, also has an unexpected effect on lymphocyte

regulation and synergistically accelerates lymphocyte cell division in patients with

lung cancer undergoing chemotherapy [111].

18.5 Conclusion

The incidence of COPD is a robust predictor of poor survival in lung cancer.

Therefore, early detection of lung cancer is important in high-risk COPD sub-

populations to prevent development of lung cancer. Although many approaches

to predict the onset of lung cancer in patients with COPD have been proposed, most

of them were still provided by experimental evidences (Table 18.3). Larger studies

are needed to validate the potential of early diagnostic identification of COPD-

associated lung cancer, along with further evidence of the efficacy of targeted

therapies. Follow-up studies are also needed to evaluate the impact on patients

with an increased risk of lung cancer and assess the predictive value of biomarkers

for early detection of lung cancer in at-risk patients with COPD.
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