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Cardiovascular Injury and Repair in Chronic Obstructive
Pulmonary Disease

William MacNee1, John Maclay1, and David McAllister1

1ELEGI Colt Laboratories, MRC Centre for Inflammation Research, University of Edinburgh, Edinburgh, United Kingdom

Cardiovascular disease represents a considerable burden in terms of
both morbidity and mortality in patients with chronic obstructive
pulmonarydisease(COPD).For20years, forcedexpiratoryvolume in
1 second (FEV1) has been an established predictor of cardiovascular
mortality among smokers, never-smokers, and patients with COPD.
We review evidence for increased cardiovascular risk in COPD. In
addition, we assess the emerging evidence which suggests that
hypoxia, systemic inflammation, andoxidative stress inpatientswith
COPD may cause cardiovascular disease. We also discuss alternative
hypotheses that the endothelium and connective tissues in the
arteries and lungs of patients with COPD and cardiovascular disease
have a shared susceptibility to these factors.

Keywords: COPD; cardiovascular disease; systemic inflammation;

endothelial dysfunction

Chronic obstructive pulmonary disease (COPD) is a chronic
inflammatory disease of the lungs with a complex pathology
involving large (chronic bronchitis) and small (bronchiolitis)
airways, lung parenchyma (emphysema), and the pulmonary
vasculature. In addition to pathology in the lungs, COPD is now
believed to have systemic features (1, 2), and this has been
recognized in the definition of COPD in recent guidelines (3,
4). An increase in the risk of cardiovascular disease is one such
systemic feature (5). There is now considerable evidence of an
association between COPD and cardiovascular disease, which
will be reviewed in this article, together with the mechanisms
which may underlie this association.

AIRFLOW LIMITATION AND CARDIOVASCULAR RISK

A number of population studies have shown that FEV1 is a pre-
dictor of cardiovascular risk, even after adjusting for known
cardiovascular risk factors such as age, sex, smoking, cholesterol,
and education level/social class (Table 1) (6). In the Third
National Health and Nutrition Examination Survey (NHANES
III), 1,861 subjects who were 40 to 60 years of age at baseline
assessment were followed and their cardiovascular mortality
assessed. The group in the lowest quintile for FEV1 had the
highest risk of cardiovascular mortality (relative risk [RR], 3.36;
95% confidence interval [CI], 1.54–7.34) and had a fivefold
increase in the risk of death from ischemic heart disease,
compared with the quintile with the highest FEV1. Similar
relationships between FEV1 and cardiovascular mortality have
been shown in other large cohort studies, including the Framing-
ham Heart Study and the Copenhagen City Heart study (6–11)
(Table 1). Moreover, reduced FEV1/FVC ratio, which is a more

specific indicator of airflow limitation than FEV1, is also an
independent risk factor for coronary events (RR, 1.30) (12).
There appears to be no threshold in the relationship between
cardiovascular risk and FEV1; indeed, FEV1% predicted is
associated with cardiovascular risk even in never-smokers (8).

There is also a relationship between the rate of decline in
FEV1 and cardiovascular disease. In the Malmo ‘‘men born in
1914 study,’’ there were 56 cardiovascular events per 1,000
person-years in smokers in the highest tertile of decline in FEV1,
and 22.7 in the group with the lowest tertile (12, 13). The Baltimore
Longitudinal Study of Ageing (14) showed that those individuals
who had the most rapid decline in FEV1 over a follow-up period of
16 years were three to five times more likely to die from a cardiac
cause than those who had the slowest decline in FEV1. This
association was also found even among lifetime nonsmokers,
suggesting that the relationship between change in FEV1 and
cardiovascular events is independent of the effects of smoking. In
addition, NHANES III patients with severe airflow limitation
(defined as an FEV1 , 50% predicted and an FEV1/FVC ratio <

70%) were 2.1 times more likely to have electrocardiographic
evidence suggestive of a prior myocardial infarction (5).

The FEV1 is also an independent predictor of cardiovascular
mortality in COPD. The Lung Health Study reported that for
every 10% decrease in FEV1, there was an increase of approx-
imately 28% in fatal coronary events, and 20% in nonfatal coro-
nary events, among subjects with mild to moderate COPD (15).

However, low FEV1 is not specifically associated with risk
from cardiovascular disease. Indeed, low baseline FEV1 predicts
stroke mortality (16), as well all-cause cancer mortality, and death
from nonrespiratory, noncardiovascular causes (8). As such,
FEV1 may simply be a marker of exposure to a wide range of
determinants of health that are difficult to adjust for statistically,
such as poor nutrition and exposure to environmental pollution
(including second-hand smoke). However, another possibility is
that individuals with lower FEV1 might have an enhanced
inflammatory response to such stimuli, increased susceptibility
to inflammation, or impaired healing. Only a proportion of
individuals, even with significant cigarette smoke exposure, de-
velop COPD (17), and similar hypotheses have been suggested to
explain this observation (18).

CARDIOVASCULAR MORTALITY AND MORBIDITY
IN COPD

Cardiovascular mortality is a leading, but underrecognized, cause
of death in patients with COPD. In the Tucson Epidemiological
Study of Airways Obstructive Disease (19), nearly 50% of those
patients in whom obstructive airways disease was mentioned as
a contributing cause of death had a cardiovascular cause as the
primary cause. In a healthcare database study, which included
11,493 COPD patients followed up over 3 years, a three- to
fourfold increased mortality rate from cardiovascular disease was
found in patients with COPD (RR, 2.07; 95% CI, 1.82–2.36),
compared with age- and sex-matched control subjects without
COPD. Patients with COPD had a higher risk of congestive
cardiac failure (RR, 4.09), arrhythmia (RR, 2.81), and acute
myocardial infarction (RR, 1.51) (20).
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In patients with established cardiovascular disease, COPD is
associated with increased cardiovascular mortality. In a study of
4,284 patients who received treatment for coronary heart disease,
mortality rates of 21% were noted over a 3-year follow up in
patients diagnosed with COPD, compared with 9% in those
without co-existing COPD (21). In an observational prospective
study in patients after an acute myocardial infarction, 1-year
mortality and re-hospitalization rates were significantly higher in
patients with than in those without COPD (15.8% versus 5.7%
and 48.7% versus 38.6%, respectively) (22). Furthermore,
patients hospitalized for heart failure who also have COPD have
a poorer prognosis, with an excess mortality, compared with heart
failure patients without COPD (23).

Moreover, there is a higher risk of cardiovascular morbidity and
hospitalization for cardiovascular disease in patients with COPD.
In a retrospective matched cohort study from the Northern
California Kaiser Permanent Medical Care Program involving
40,966 patients with COPD diagnosed between 1996 and 1999, the
risk for hospitalization and cardiovascular disease was higher in
patients with COPD (RR, 2.09; 95% CI, 1.99–2.20), than in age-
and sex-matched control subjects (24). Younger patients (aged ,

65 yr) and female patients had higher risk than older male
participants. A further study from the Saskatchewan Health
Service Database of 5,648 newly treated patients with COPD >

55 years old, between 1990 and 1999, showed that cardiovascular
morbidity and mortality were higher in patients with COPD than in
the general population (RR, 1.9 and 2.0, respectively) (25).

In these studies morbidity and mortality data were obtained
from routine data sources such as death certificates, which can

lead to diagnostic misclassification. However, in the Toward
a Revolution in COPD Health (TORCH) trial, a large study of
the effects of inhaled corticosteroids and long-acting b-agonists
on mortality in COPD, where cause of death was accurately
assessed by an adjudication panel, 25% of deaths were diagnosed
as due to pulmonary causes and 27% to cardiovascular disease
(26). Similarly, in the Lung Health Study an independent
mortality and morbidity review board established cause of death
and hospitalization in 5,887 patients with COPD aged 35 to 46
with mild to moderate airways obstruction over 5 years. This
cohort had a 5-year mortality of 2.5%; of this, 25% died of
a cardiovascular event, and cardiovascular disease accounted for
42% of the first hospitalization and 44% of the second hospital-
ization over a follow-up period in patients with relatively mild
COPD, compared with 14% of hospitalization from respiratory
causes (15).

Thus, a range of general population studies and studies in
patients with COPD suggests that COPD may be an important
risk factor for ischemic heart disease and sudden cardiac death.
The mechanism responsible for the increased risk of cardiovas-
cular disease in patients with COPD is not known; however,
a number of hypotheses have been proposed (Figures 1 and 2).

SYSTEMIC INFLAMMATION AND CARDIOVASCULAR
RISK IN COPD

The pathophysiology of atherosclerosis is complex (27). The role
of lipid metabolism in atherosclerosis is long established. How-
ever, more recent studies have revealed the importance of

TABLE 1. SELECTED COHORT STUDIES PROVIDING EVIDENCE FOR AN ASSOCIATION BETWEEN FEV1 AND
CARDIOVASCULAR MORTALITY

Author

Sample

Size

Follow-up

(yr)

Mean

Age (yr) Lung Function Relationship Adjusted for

Hole (17) 15,411 15 44–64 FEV1 1st to 5th quintile

ranged from 73–113%

predicted

Increase in RR of 1.56 in

cardiovascular mortality

comparing highest

with lowest quintile

Age, smoking, serum cholesterol,

BMI, social classRenfrew, UK

Ebi-Kryston (16) 17,717 10 40–64 FEV1 , 65% Chronic phlegm production

associated with

all-causes and respiratory

disease mortality,

but not after adjusting

for reduced FEV1

Age, smoking, employment

grade, BP, antihypertensive

medication, cholesterol,

diabetes, ECG, IHD Hx.

Whitehall Study, UK

Schunneman (88) 1,195 29 47 FEV1 1st to 5th quintile

ranged from 80–114%

predicted

Increase in RR of 2.11 in

cardiovascular mortality

comparing highest with

lowest quintile

Age, smoking, BP, BMI,

education statusBuffalo Study, US

Persson (18) 1,462 12 38–60 PEFR 123–545 L � min21 PEFR inversely proportional

to risk of death from

myocardial infarction

Age, height, BMI, waist/hip

ratio, chest deformity,

pulmonary disease, smoking,

lipid levels, BP, diabetes,

and physical activity

Sweden, Europe

Truelsen (19) 12,878 up to 17 45–84 FEV1 808 strokes RR 1.05 for each

10% decrease in FEV1%

predicted. Similar risk for

stroke mortality

Sex, age, smoking, inhalation,

BMI, systolic blood pressure,

triglycerides, physical activity

in leisure time, education,

diabetes mellitus, and

antihypertensive treatment

Copenhagen City

Heart study, Europe

Hozawa (25) 13,842 Up to 13 45–64 FEV1 percent predicted

quartiles

Relative hazards 1.59, 1.52,

1.26, and 1.00 for each

quartile of FEV1% predicted,

in White Americans, no

association in African

Americans

Age, sex, race, education,

smoking status, BMI, WHR,

vWF, ethanol intake, HDL

cholesterol, systolic BP,

antihypertensive medication,

diabetes, WBC count and

fibrinogen. Association not

found in African Americans.

Atherosclerosis Risk In

Communities Study, US

Definition of abbreviations: BMI 5 body mass index; BP 5 blood pressure; HDL 5 high-density lipoprotein; PEFR 5 peak expiratory flow rate; RR 5 relative risk; vWF 5

von Willebrand factor; WBC 5 white blood cell; WHR 5 waist/hip ratio.
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inflammation in plaque initiation, development, and rupture (28–
30). The atherosclerotic process starts with injury to the vascular
endothelium, which is made more permeable by a variety of
factors, including systemic inflammation and oxidative stress.
Lipoproteins then enter the intima via the vascular endothelium.
Modified lipoproteins and systemic oxidative stress and inflam-
mation induce cytokine production and increase the expression of
cell adhesion molecules, such as ICAM-1 and VCAM-1, on the
vascular endothelium, allowing circulating white blood cells to
adhere to damaged endothelial surfaces. The release of chemo-
taxins directs migration of these leukocytes to the vascular intima.
In this inflammatory environment, there is increased expression
of scavenger receptors on monocytes/macrophages that ingest
modified lipid lipoprotein particles, promoting the development
of foam cells. Vascular smooth muscle cells then proliferate and
may migrate from the media into the intima. These muscle cells
produce extracellular matrix, which accumulates in the plaque
with the formation of fibro-fatty lesions. This results in vessel wall
fibrosis and consequent smooth muscle cell death. Calcification
may occur, producing a plaque with a fibrous cap surrounding
a lipid-rich core.

A number of cells and molecules can both promote and
amplify this inflammatory process. Activated T-lymphocytes
and macrophages can stimulate the release of cytokines, resulting

in endothelial activation. In addition to an increased expression of
adhesion molecules on activated endothelium, cytokines such as
interleukin (IL)-1, IL-6, and tumor necrosis factor a (TNF-a) can
facilitate the deposition of components of atheromatous plaque
formation. C-reactive protein (CRP) is an acute phase protein
primarily produced by hepatocytes under the stimulation of IL-6
that is released after vascular damage. CRP, when released into
the circulation, can up-regulate other inflammatory cytokines,
activate complement, and promote the uptake of low density
lipoproteins by macrophages. CRP also interacts with endothelial
cells to stimulate the production of IL-6 and endothelin-1 (31, 32).

Stable atherosclerotic plaques are characterized by a thick
fibrous cap and relatively little lipid accumulation. They progress
relatively slowly and occlude the vessel lumen, resulting in angina
pectoris. Vulnerable plaques, which contain large amounts of
lipid and inflammatory cells, have a thin fibrous cap and are prone
to rupture. After plaque rupture, lipids leak on to the arterial
lumen and produce vasoconstriction and thrombus formation.
The development of thrombus on a ruptured plaque is dependent
on the fibrinolytic balance between the release of tissue type
Plasminogen Activator (tPA) and Plasminogen Activator In-
hibitor-1 (PAI-1).

The amount of thrombus formation determines the develop-
ment of acute coronary syndromes in response to plaque rupture.
In most cases, plaque rupture occurs asymptomatically, since
there is a fibrinolytic excess preventing the formation of thrombus
(33). Systemic inflammation may also affect this process, as
chronic smoking, passive smoking, and several inflammatory
mediators appear to acutely inhibit endothelial tPA release. Thus,
systemic inflammation is a potential mechanism in the develop-
ment of atherosclerosis, and in addition, increased systemic in-
flammatory responses (associated with, for example, infection) are
associated with acute cardiovascular events (34).

There is abundant evidence of increased systemic inflamma-
tion, both activated circulating leukocytes and increased inflam-
matory mediators in COPD (35). The origin of the systemic
inflammatory response in COPD has not been clearly established,
but a number of mechanisms have been proposed (reviewed in
References 1 and 2). These include direct ‘‘spillover’’ of lung
inflammation to the systemic circulation, an effect of lung
hyperinflation, tissue hypoxia, muscle dysfunction, and bone
marrow stimulation. Peripheral blood neutrophils are activated
in patients with COPD to release reactive oxygen species (36),
have increased expression of adhesion molecules (37), and
demonstrate enhanced chemotaxis and extracellular proteolysis,
mechanisms that are involved in the pathogenesis of atheroscle-
rosis. For example, circulating monocytes from patients with
COPD release 2.5-fold greater amounts of matrix metalloprotei-
nase-9 (MMP9) than control subjects (38), and MMP9 has been
implicated in the pathogenesis of arteriosclerosis and in plaque
rupture (28).

Figure 2. Putative mecha-

nisms linking coronary

heart disease and chronic
obstructive pulmonary dis-

ease. hsCRP 5 high-sensi-

tivity C-reactive protein; IL-

6 5 interleukin-6; MMPs 5

matrix metalloproteases;

NO 5 nitric oxide; ROS 5

reactive oxygen species;

TNF-a 5 tumor necrosis fac-
tor a; tPA 5 tissue plasmin-

ogen activator.

Figure 1. Pathophysiology in chronic obstructive pulmonary disease

and coronary heart disease.
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CRP is a biomarker of systemic inflammation. In addition, it is
a marker of increased mortality in both COPD and in the general
population (39), and is also a marker of increased cardiovascular
risk (40). CRP is also found in atheromatous lesions and may
therefore have a causal role in atherogenesis (41). Studies in vitro
have shown that CRP adversely affects vasomotor endothelial
function through the inhibition of endothelial nitric oxide syn-
thase and consequently the production of nitric oxide (NO).
Endothelial fibrinolysis is also impaired by CRP, which induces
the production of PAI-1 (42, 43). A number of other inflamma-
tory biomarkers have also been implicated in plaque formation,
such as IL-7, IL-8, TNF-a, and fibrinogen (44–46).

A large number of studies have shown increases in circulating
CRP levels in patients with COPD, which occurs with increased
frequency as the disease progresses (47). In stable COPD there is
an inverse relationship between CRP and airflow limitation, 6-
minute walking distance, and body mass index (5, 39). An inverse
relationship also exists between CRP concentrations and meas-
ures of pulmonary function in subjects without pulmonary disease
and in never-smokers (48). There is an interaction between
cigarette smoking and lung function on CRP levels. In the
NHANES study the odds ratio of having an elevated CRP was
increased in smokers and in subjects with a low FEV1. However,
the presence of smoking and a low FEV1 increased the odds ratio
of having an increased CRP even higher (49).

The Framingham Risk Score, the most widely used tool for
predicting risk of cardiovascular events, is improved by adding
CRP to the prediction models (50). In the NHANES study the
severity of airflow limitation and the CRP were related to the
cardiac infarction injury score (CIIS) (50). The CIIS is an
electrocardiographic coding scheme to assess cardiac injury and
is related to cardiovascular mortality (51). In this study the cohort
was divided according to the degree of airflow limitation (none,
mild, moderate, and severe) and the groups matched for lipid
profile, although blood pressure and smoking history were higher
in those with severe airflow obstruction. Patients with more
severe airflow limitation had both a higher CRP level and a higher
CIIS. The presence of severe airflow limitation and high CRP
were associated with an even higher CIIS (5).

The level of the CRP also relates to outcomes in COPD. In
a cohort of 1,302 individuals with airflow limitation, selected from
the Copenhagen City Heart Study, individuals with baseline CRP
greater than 3mg/L had a higher risk of hospitalization and death
from COPD (hazard ratios 1.4, 25% CI, 1.0–2.0; and 2.2, 25% CI,
1.2–3.9, respectively), compared with individuals with a baseline
CRP less than or equal to 3 mg/L adjusted for age, sex, FEV1%
predicted, tobacco consumption, and ischemic heart disease (52).
Systemic inflammation is also associated with atheroma burden
and increased cardiovascular risk, as well as with endothelial
dysfunction after myocardial infarction. However, it remains
unclear whether systemic inflammation is a cause of cardiovas-
cular disease, or merely a marker.

SYSTEMIC OXIDATIVE STRESS IN COPD AND
CARDIOVASCULAR DISEASE

No studies have directly assessed the hypothesis that increased
systemic oxidative stress in COPD produces increased cardio-
vascular risk. Age, sex, obesity, cigarette smoking, hypertension,
diabetes mellitus, and dyslipidemias are known risk factors for
atherosclerosis which impair endothelial function, smooth muscle
function, and vessel wall metabolism. These risk factors are
associated with increased systemic oxidative stress (53). It is
recognized that oxidative stress plays a pivotal role in the
pathogenesis of atherosclerosis, particularly its detrimental ef-
fects on vascular endothelial function (54).

Reactive oxygen species (ROS), particularly oxygen radicals,
injure cell membranes and nuclei and interact with endogenous
vasoactive mediators formed in endothelial cells and so modu-
late vasomotion and the atherogenic process. ROS also cause
lipid peroxidation, leading to the formation of oxidized lip-
oproteins (LDL), one of the key mediators of atheroscerosis.
Oxidized LDLs are involved in the development of atheroscle-
rosis by a number of mechanisms. They cause cholesterol ester
accumulation in macrophages, and by their cytotoxic actions on
monocytes cause inhibition of macrophage motility (55). Oxi-
dized LDLs also cause up-regulation of adhesion molecules on
the vascular endothelium leading to stimulation of monocytes,
macrophages, platelets, and T-lymphocytes in the endothelial
wall. ROS also mediate many of the responses to vascular
injury, such as the impairment of vessel tone, promotion of
inflammatory responses, leukocyte migration and adhesion, in-
creased smooth muscle cell migration, proliferation, and apo-
ptosis (56).

COPD has been associated with both local pulmonary and
systemic oxidative stress. Peripheral blood neutrophils har-
vested from patients with COPD produce more ROS than
those from normal subjects, and are associated with increased
plasma levels or nitrotyrosine and products of lipid peroxidation
as markers of oxidative stress (57). The increased oxidative
stress that occurs during exacerbations of COPD, together with
the enhanced systemic inflammatory response, have the po-
tential to increase plaque instability, leading to plaque rup-
ture, and may also alter fibrinolytic balance, making thrombosis
more likely after plaque rupture and consequent acute coronary
syndromes.

HYPOXIA AND CARDIOVASCULAR DISEASE

Patients with COPD are subject to hypoxia—either sustained
hypoxia in patients with severe disease and respiratory failure, or
intermittent hypoxia, for example during exercise or exacerba-
tions. However, there is a threshold effect for hypoxia in patients
with COPD related to the severity of the airflow limitation, which
does not apply to the relationship between pulmonary function
and cardiovascular risk. Hypoxia has been shown to have a
number of effects that influence atherogenesis. These include in-
creasing systemic inflammation and oxidative stress, up-regulating
cell adhesion molecules, and inducing hemodynamic stress
(58–60). Increased foam cell production, a critical constituent
of unstable atherosclerotic plaques, is also stimulated when
macrophages are exposed to hypoxic conditions (58). The
cellular adhesion molecules ICAM-1 and P-selectin have been
shown to be up-regulated by hypoxic challenge in human
umbilical endothelial cells (59), and CRP also increases in
response to hypoxic conditions (60). Hypoxia can also induce
increased oxidative stress. In an animal model, hypoxia pro-
duced atherosclerosis in the presence of dyslipidemia and
increased lipid peroxidation, a marker of oxidative stress (61),
and reduced levels of the antioxidant superoxide dismutase are
found in the myocardial tissue of rats exposed to hypoxic en-
vironments (62).

Hypoxia also induces hemodynamic stress (63). Normal sub-
jects exposed to an hypoxic challenge to reduce oxygen satura-
tions to 80% for 1 hour developed an increased heart rate and
cardiac index. These effects of acute and intermittent hypoxia
may have relevance for individuals with COPD, who are sub-
jected to intermittent hypoxic episodes during exertion and
exacerbations. Hypoxia also affects the renal circulation, re-
ducing renal blood flow and activating the renin angiotensin
system, resulting in increased peripheral vasoconstriction and
oxidative stress (64).

MacNee, Maclay, and McAllister: Cardiovascular Disease in COPD 827



EFFECTS ON THE SYMPATHETIC SYSTEM AND
CARDIOVASCULAR RISK

Activation of the sympathetic nervous system (SNS) is associated
with increased risk of cardiovascular disease (65), which, given
that both COPD and chronic respiratory failure are associated
with SNS activation (66), may contribute to the cardiovascular
morbidity and mortality observed in patients with COPD.

Several studies have found that a high resting heart rate is an
independent risk factor for CV morbidity and mortality in the
general population, and resting tachycardia is common in COPD
(67). Furthermore, COPD is also associated with reduced heart
rate variability, a marker of abnormal cardiac autonomic regu-
lation, which has been found to predict mortality in the elderly
(68, 69).

In view of the potential adverse effects of sympathetic
stimulation, and the beneficial effects of b-receptor antagonists
in heart failure, atrial fibrillation, and myocardial infarction,
several observational studies have examined the effects of b-
agonists on cardiovascular morbidity and mortality, with con-
flicting results (70–72). However, the recent TORCH study found
no increase in all-cause or cardiovascular mortality in 1,521
patients treated with salmeterol (a long-acting b-agonist), com-
pared with the 1,524 patients allocated to placebo (73).

In a meta-analysis including 131 patients with COPD random-
ized to either a cardioselective b-blockers or placebo, FEV1 was
not significantly different in patients treated with b-blockers (74).
Moreover, evidence from observational studies suggests that
cardioselective b-blockers reduce mortality in patients with
COPD after vascular surgery, myocardial infarction, or admis-
sion to hospital with acute exacerbation of COPD (75–77),
although in such studies it is difficult to avoid residual confound-
ing by disease severity. Nevertheless, there remains a reluctance
to use b-blockers in patients with COPD (78), despite the joint
recommendation of the American College of Cardiology and
American Heart Association that b-blockers should not be
routinely withheld in patients with COPD who have heart failure
or a recent non ST-elevation myocardial infarction (79, 80).

VASCULAR DYSFUNCTION

Considerable interest has focused on the vasculature as a po-
tential explanatory mechanism for the association between
COPD and cardiovascular risk, with particular focus on endo-
thelial dysfunction and changes in arterial stiffness.

Central arterial stiffness, as measured by aortic pulse wave
velocity (PWV), has been shown to predict cardiovascular
mortality in longitudinal studies in a range of populations,
involving over 12,000 subjects in total, independent of age, sex,
smoking history, cholesterol, and mean arterial blood pressure.
PWV quantifies arterial stiffness by measuring the transit-time of
the pressure wave from the heart to the femoral artery. In healthy
compliant arteries there is a slow transit time for the wave, and in
stiffer arteries the pressure wave moves more quickly. PWV more
closely reflects the pathologic state of central arteries and is better
associated with coronary atheroma burden and with known risk
factors such as smoking than peripheral blood pressure (81–83).

Arterial stiffness has been associated with airflow limitation.
Zureik and coworkers (84) found that PWV was associated with
FEV1 in 194 ostensibly healthy middle-aged men, independent
of age, sex, and smoking status, although Taneda and colleagues
(85) were unable to replicate this finding in 678 healthy
Japanese Americans. Therefore, reduced pulmonary function
may be associated with arterial stiffness in healthy individuals.

Sabit and coworkers (86) found that arterial stiffness was in-
creased in patients with COPD, compared with controls matched

for a number of cardiovascular risk factors, and that arterial
stiffness was higher in patients with more severe COPD than in
those with mild to moderate disease. Augmentation pressure (a
measure of central arterial pressure obtained via analysis of the
arterial wave form at the radial artery), was also found to be
increased in patients with COPD compared with healthy control
subjects matched for age, sex, and smoking history, independent
of co-existing cardiovascular morbidity (87). PWV is associated
with markers of systemic inflammation in healthy individuals (88)
and in patients with COPD. Sabit and colleagues (86) found
a correlation between IL-6 and aortic PWV, and Mills and
coworkers (87) showed a relationship between CRP concentra-
tions and augmentation pressure. Therefore, systemic inflamma-
tion may contribute to the increased arterial stiffness found in
patients with COPD.

One mechanism, by which systemic inflammation could
modify arterial function, is via the endothelium. Pulmonary
vascular endothelial dysfunction is well established in patients
with COPD (89), and there is recent evidence that endothelial
dysfunction may be abnormal in the systemic circulation. Barr
and coworkers (90) found that flow-mediated dilatation, a method
for assessing endothelial function, was related to airflow obstruc-
tion in ex-smokers with and without COPD. Another potential
mechanism to explain the association proposed in this article was
that endothelial dysfunction might cause COPD as well as causing
cardiovascular disease in COPD, as the association between
FMD and FEV1 was not independent of CT measured emphy-
sema severity.

A further mechanism linking COPD to systemic arterial
abnormalities is the failure of repair both in the lungs and in the
vascular endothelium. Endothelial progenitor cells (EPCs) are
pluripotent stem cells derived from the bone marrow that
participate in vascular repair and angiogenesis, and a reduction
in EPCs has been implicated in atherothrombogenesis (91). Low
circulating endothelial progenitor cells predict future cardiovas-
cular events (92). Circulating EPCs are decreased in the systemic
vasculature of patients with COPD (93), although paradoxically
they appear to be increased in the pulmonary vasculature (94).
Reduced EPCs may result in a failure to repair vascular abnor-
malities.

CONNECTIVE TISSUE DEGRADATION

Emphysema severity, quantified by CT scanning, is also related
to brachial artery stiffness, independent of age, sex, and pack-
years smoked. In arteries, elastin degradation is associated with
increased collagen; larger, thicker arteries; and increased stiff-
ness (95). Similarly, elastin degradation in the lung leads to loss
of alveolar attachments, decreased compliance, increased col-
lagen, and emphysema (96). Skin wrinkling, which is character-
ized by elastin degradation in the dermis (elastosis) (97), has
also been found to be associated with CT emphysema severity,
independent of pack-years smoked (98).

Increased elastolytic activity has also been implicated in the
development of both arterial stiffness and emphysema severity.
A polymorphism in gelatinase B (MMP-9) is associated with
increased risk of arterial stiffness and is associated with upper
zone dominant emphysema (99). Increased levels of MMP-9 are
found both in bronchoalveolar lavage (100) and sputum (101) in
subjects with emphysema, and levels of MMP-9 are increased in
the serum of subjects with arterial stiffness (102). MMP-12
(macrophage elastase) knockout mice are protected against
cigarette smoke–induced emphysema compared with wild-type
mice (103), and MMP-12/apoE–deficient mice are protected
against elastin degradation in atherosclerosis compared with
single-deficiency apoE mice (104). Thus, enhanced proteolytic
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activity and subsequent elastin degradation could be the
mechanism linking emphysema and arterial wall stiffness.

It has also been proposed that autoimmunity in COPD might
be responsible for the systemic features of the condition (105).
Lee and colleagues (106) reported that patients with COPD and
emphysema, compared with control subjects without COPD
and emphysema, had increased B cell and T cell responses to
elastin peptides, as well as increased circulating antielastin
antibodies.

ACCELERATED AGING, ATHEROSCLEROSIS, AND COPD

Aging is an important determinant of both arterial stiffening
and the development of emphysema, and is also a key cause of
skin wrinkling and osteoporosis (107, 108). Consequently, there
has been some interest in aging as a mechanism of disease in
patients with COPD (109).

Although cigarette smoke exposure is the main cause of
COPD, individuals vary in their susceptibility to its effects.
COPD preferentially affects elderly individuals, with those
older than 65 years having a higher risk, independent of their
history of exposure to tobacco smoke. The reasons for this
remain unclear.

Many of the features of COPD are also seen with normal
aging among never-smokers. Progressive decline in lung func-
tion, a characteristic feature of COPD, also occurs with age in
healthy individuals (17). Aging lungs also show progressive
distal airspace enlargement, associated with elastin fibrin frag-
mentation and loss of elasticity, resulting in an emphysema-like
condition (107, 110).

Animal models of ageing produced by defects in ‘‘aging
genes,’’ such as senescence protein-30 (111) or klotho gene (112,
113), have a shortened lifespan and develop a syndrome re-
sembling accelerated aging with skin wrinkling, osteoporosis,
emphysema, and arterial stiffness (109). A similar phenotype is
found among patients with COPD. Therefore, COPD may be
a condition of accelerated aging.

Aging is characterized by shortening of the DNA component
of telomeres, the specialized segments located at the end of
eukaryotic chromosomes which protect them from degradation
and recombination (114). In most somatic cells telomeres
shorten with every cell cycle, and systemic oxidative stress
and inflammation enhance this shortening process (115).

Telomere length (TL) therefore reflects replication history of
cells, but is also a reflection of cumulative oxidative stress and
chronic inflammation acting on progenitor cells (116), and
provides a marker of biological age. Peripheral blood leukocytes
(PBL) are often used to measure TL in humans, and TL in blood
leukocytes also accords with that in other tissues (117). Shorter
telomeres in blood leukocytes correlate with a poor survival, due
principally to a higher mortality from heart and infectious
diseases (117–119). Interestingly, there is a dose-dependent
relationship between leukocyte telomere shortening and pack-
years smoked (120). Furthermore, alveolar epithelial and endo-
thelial cells from patients with emphysema exhibit greater
telomere shortening, compared with those from subjects without
emphysema. There is also evidence of increased markers of cell
senescence and apoptosis in alveolar cells as a consequence of
telomere shortening in emphysematous lungs (121). Cellular
senescence is associated with shortened or damaged telomeres
and is characterized by permanent exit from the cell cycle,
morphologic changes, and altered function. Senescent cells show
increased release of cytokines and chemokines and enhanced
matrix metalloprotease activity (122), which are potential mech-
anisms for the enhanced inflammation and tissue destruction in
emphysema. Accelerated aging, as measured by telomere short-

ening, has also been linked to cardiovascular disease (123).
Telomere length is a predictor of cardiovascular events (118),
and reduced leukocyte telomere length is associated with all-
cause mortality in patients with stable coronary disease (123). A
relationship has also been shown between telomere length and
PWV (124). Interestingly, statin therapy appears to increase
telomere length and improve survival (118).

Shorter telomeres have been detected in senescent endothe-
lial cells and vascular smooth muscle cells from human athero-
sclerotic plaques (125–128). Furthermore, shorter telomeres
have been found in endothelial cells in patients with coronary
artery disease compared with those from age-matched patients
without coronary disease, and in atherosclerotic coronary
endothelial cells compared with those from nonatherosclerotic
sites (126). Senescent cells promote endothelial dysfunction and
hence atherosclerosis, and appear to be implicated in plaque
destabilization (127, 128).

Animal models of telomerase deficiency result in progressive
telomere shortening and consequent cell senescence, and de-
velop premature aging-associated disorders including athero-
sclerosis, cardiac dysfunction, and sudden death (129, 130).
These studies suggest that endothelial dysfunction and senes-
cence induced by telomere shortening may play a critical role in
coronary atherogenesis.

Therefore, accelerated aging, characterized by shortening of
the DNA component of telomeres, might cause vascular and
pulmonary disease via mechanisms we have already discussed,
such as increased systemic inflammation, connective tissue
destruction, and endothelial dysfunction.

Accelerated aging processes may therefore be the link for
the association between COPD and increased cardiovascular
risk.

EFFECTS OF TREATMENT ON CARDIOVASCULAR
END POINTS

Emerging evidence of the important consequences of the sys-
temic effects of COPD, particularly adverse cardiovascular
effects, has led to consideration of potential therapies directed
at these systemic effects. Since it has been considered, but not yet
proven, that systemic inflammation is a mechanism for the
increased risk of cardiovascular disease in COPD, this has pro-
vided the rationale to consider using novel therapeutic interven-
tions that target this response, either directly or indirectly by
reducing lung inflammation (131). There is circumstantial evi-
dence, but as yet no clinical trial which has demonstrated that
treating systemic or lung inflammation in COPD reduces cardio-
vascular morbidity or mortality.

There is no evidence that the potential antiinflammatory
effects of bronchodilators, either b-agonists or anticholinergics
or theophyllines, have any effect on the systemic inflammation
and consequent risk of cardiovascular disease.

Inhaled corticosteroids have the potential to reduce systemic
inflammation. An initial report in a small number of subjects
suggested that 2 weeks of treatment with inhaled (fluticasone
500 mg twice daily) or oral corticosteroids (prednisolone 30 mg/d)
could suppress systemic CRP levels by 50 and 63%, respectively,
compared with placebo (132), and that this reduction might be
linked with decreased cardiovascular events. However, a much
larger randomized placebo-controlled trial failed to demonstrate
any significant effect of 4 weeks of treatment with inhaled
corticosteroids alone or in combination with long-acting b-
agonists on CRP or IL-6 levels (133).

The effect of inhaled corticosteroids on the risk of acute
myocardial infarction has been studied in a cohort of patients
with COPD from the Saskatchewan health services database. In
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this retrospective study, the use of inhaled corticosteroids (ICS)
overall was not associated with a significant decrease in the risk
of acute myocardial infarction (134). However, a 32% reduction
in the risk of myocardial infarction was observed for low doses
of ICS (50–200 mg/d) (134).

Statins have been shown to decrease mortality from cardio-
vascular disease and to lower CRP levels, probably because
they also reduce the production of IL-6 (135). Experimentally,
simvastatin inhibited cigarette smoking–induced emphysema
and reduced the inflammatory-cell infiltrate in the lungs (136).

Retrospective pharmaco-epidemiologic studies have also in-
dicated that statins reduce hospitalizations from exacerbations,
acute coronary events, and cardiovascular and respiratory mor-
tality among patients with COPD (137), and the combined use of
statins and ICSs is associated with a more favorable prognosis
than the use of a statin alone (138). A randomized controlled trial
of the effects of statins in COPD is now needed.

Conflict of Interest Statement: W.M. has been reimbursed for attending confer-
ences by GlaxoSmithKline (GSK), Zambon, and Boehringer Ingelheim and has
received honoraria from GSK and Zambon for participating as a speaker at
various scientific meetings. He serves on an Advisory Board for GSK and as
a consultant for Pfizer, SMB Pharmaceuticals, and Galen. Research grants to
support work carried out in his laboratory is provided by Pfizer for a Clinical
Research Fellow, part funding for a Respiratory Research Nurse and a multi-center
clinical trial; GSK for part funding of a Respiratory Research Nurse and a multi-
center clinical trial, and Hoffmann La Roche for a multi-center clinical trial. J.M.
has received reimbursement for travel expenses from GSK and Boehringer
Ingelheim. D.M. has received reimbursement for travel expenses from GSK and
Boehringer Ingelheim.

References

1. Agusti A. Systemic effects of chronic obstructive pulmonary disease:
what we know and what we don’t know (but should). Proc Am Thorac
Soc 2007;4:522–525.

2. Wouters EF, Creutzberg EC, Schols AM. Systemic effects in COPD.
Chest 2002;121:127S–130S.

3. Celli BR, MacNee W. Standards for the diagnosis and treatment of
patients with COPD: a summary of the ATS/ERS position paper. Eur
Respir J 2004;23:932–946.

4. Rabe KF, Hurd S, Anzueto A, Barnes PJ, Buist SA, Calverley P,
Fukuchi Y, Jenkins C, Rodriquez-Roisin R, van Weel C, et al.; Global
Initiative for Chronic Obstructive Lung Disease. Global strategy for
the diagnosis, management, and prevention of chronic obstructive
pulmonary disease: GOLD executive summary. Am J Respir Crit
Care Med 2007;176:532–555.

5. Sin DD, Man SFP. Why are patients with chronic obstructive pulmo-
nary disease at increased risk of cardiovascular diseases? The
potential role of systemic inflammation in chronic obstructive pulmo-
nary disease. Circulation 2003;107:1514–1519.

6. Sin DD, Wu L, Man SF. The relationship between reduced lung
function and cardiovascular mortality: a population-based study and
a systematic review of the literature. Chest 2005;127:1952–1959.

7. Ebi-Kryston KL. Respiratory symptoms and pulmonary function as
predictors of 10-year mortality from respiratory disease, cardiovascu-
lar disease, and all causes in the Whitehall Study. J Clin Epidemiol
1988;41:251–260.

8. Hole DJ, Watt GC, Davey-Smith G, Hart CL, Gillis CR, Hawthorne
VM. Impaired lung function and mortality risk in men and women:
findings from the Renfrew and Paisley Prospective Population Study.
BMJ 1996;313:711–715.

9. Persson C, Bengtsson C, Lapidus L, Rybo E, Thiringer G, Wedel H.
Peak expiratory flow and risk of cardiovascular disease and death:
a 12-year follow-up of participants in the population study of women
in Gothenburg, Sweden. Am J Epidemiol 1986;124:942–948.

10. Truelsen T, Prescott E, Lange P, Schnohr P, Boysen G. Lung function
and risk of fatal and non-fatal stroke. The Copenhagen City Heart
Study. Int J Epidemiol 2001;30:145–151.

11. Sorlie PD, Kannel WB, O’Connor G. Mortality associated with re-
spiratory function and symptoms in advanced age. the Framingham
Study. Am Rev Respir Dis 1989;140:379–384.

12. Engstrom G, Hedblad B, Janzon L, Valind S. Respiratory decline in
smokers and ex-smokers–an independent risk factor for cardiovascu-
lar disease and death. J Cardiovasc Risk 2000;7:267–272.

13. Engstrom G, Lind P, Hedblad B, Wollmer P, Stavenow L, Janzon L,

Lindgarde F. Lung function and cardiovascular risk: relationship with
inflammation-sensitive plasma proteins. Circulation 2002;106:2555–
2560.

14. Tockman MS, Pearson JD, Fleg JL, Metter EJ, Kao SY, Rampal KG,

Cruise LJ, Fozard JL. Rapid decline in FEV1. a new risk factor for
coronary heart disease mortality. Am J Respir Crit Care Med 1995;
151:390–398.

15. Anthonisen NR, Connett JE, Enright PL, Manfreda J. Hospitalizations

and mortality in the Lung Health Study. Am J Respir Crit Care Med
2002;166:333–339.

16. Hozawa A, Billings JL, Shahar E, Ohira T, Rosamond WD, Folsom

AR. Lung function and ischemic stroke incidence: the Atherosclerosis
Risk in Communities Study. Chest 2006;130:1642–1649.

17. Fletcher C, Peto R. The natural history of chronic airflow obstruction.

BMJ 1977;1:1645–1648.
18. Young RP, Hopkins R, Eaton TE. Forced expiratory volume in one

second: not just a lung function test but a marker of premature death
from all causes. Eur Respir J 2007;30:616–622.

19. Camilli AE, Robbins DR, Lebowitz MD. Death certificate reporting of

confirmed airways obstructive disease. Am J Epidemiol 1991;133:795–
800.

20. Curkendall SM, DeLuise C, Jones JK, Lanes S, Stang MR, Goehring E

Jr, She D. Cardiovascular disease in patients with chronic obstructive
pulmonary disease, Saskatchewan, Canada Cardiovascular Disease in
COPD Patients. Ann Epidemiol 2006;16:63–70.

21. Berger JS, Sanborn TA, Sherman W, Brown DL. Effect of chronic

obstructive pulmonary disease on survival of patients with coronary
heart disease having percutaneous coronary intervention. Am J Cardiol
2004;94:649–651.

22. Salisbury AC, Reid KJ, Spertus JA. Impact of chronic obstructive pulmo-

nary disease on post-myocardial infarction outcomes. Am J Cardiol 2007;
99:636–641.

23. Rusinaru D, Saaidi I, Godard S, Mahjoub H, Battle C, Tribouilloy C.

Impact of chronic obstructive pulmonary disease on long-term out-
come of patients hospitalized for heart failure. Am J Cardiol 2008;101:
353–358.

24. Sidney S, Sorel M, Quesenberry CP Jr, DeLuise C, Lanes S, Eisner

MD. COPD and incident cardiovascular disease hospitalizations and
mortality: Kaiser Permanente medical care program. Chest 2005;128:
2068–2075.

25. Huiart L, Ernst P, Suissa S. Cardiovascular morbidity and mortality in

COPD. Chest 2005;128:2640–2646.
26. McGarvey LP, John M, Anderson JA, Zvarich M, Wise RA. Ascer-

tainment of cause-specific mortality in COPD: operations of the
TORCH clinical endpoint committee. Thorax 2007;62:411–415.

27. Libby P, Theroux P. Pathophysiology of coronary artery disease.

Circulation 2005;111:3481–3488.
28. Libby P. Inflammation in atherosclerosis. Nature 2002;420:868–874.
29. Libby P. Inflammatory mechanisms: the molecular basis of inflamma-

tion and disease. Nutr Rev 2007;117:388–395.
30. Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis.

Circulation 2002;105:1135–1143.
31. Verma S, Li SH, Badiwala MV, Weisel RD, Fedak PW, Li RK, Dhillon

B, Mickle DA. Endothelin antagonism and interleukin-6 inhibition
attenuate the proatherogenic effects of C-reactive protein. Circulation
2002;105:1890–1896.

32. Yeh ET, Anderson HV, Pasceri V, Willerson JT. C-reactive protein:

linking inflammation to cardiovascular complications. Circulation 2001;
104:974–975.

33. Newby DE, Wright RA, Labinjoh C, Ludlam CA, Fox KAA, Boon

NA, Webb DJ. Endothelial dysfunction, impaired endogenous fibri-
nolysis, and cigarette smoking: a mechanism for arterial thrombosis
and myocardial infarction. Circulation 1999;99:1411–1415.

34. Clayton TC, Thompson M, Meade TW. Recent respiratory infection

and risk of cardiovascular disease: case-control study through a gen-
eral practice database. Eur Heart J 2008;29:96–103.

35. Wouters EF. Local and systemic inflammation in chronic obstructive

pulmonary disease. Proc Am Thorac Soc 2005;2:26–33.
36. Noguera A, Busquets X, Sauleda J, Villaverde JM, MacNee W, Agusti

AG. Expression of adhesion molecules and G proteins in circulating
neutrophils in chronic obstructive pulmonary disease. Am J Respir
Crit Care Med 1998;158:1664–1668.

37. Noguera A, Batle S, Miralles C, Iglesias J, Busquets X, MacNee W,

Agusti AG. Enhanced neutrophil response in chronic obstructive
pulmonary disease. Thorax 2001;56:432–437.

830 PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 5 2008



38. Aldonyte R, Jansson L, Piitulainen E, Janciauskiene S. Circulating

monocytes from healthy individuals and COPD patients. Respir Res
2003;4:11.

39. Broekhuizen R, Wouters EF, Creutzberg EC, Schols AM. Raised CRP

levels mark metabolic and functional impairment in advanced COPD.
Thorax 2006;61:17–22.

40. Ridker PM, Rifai N, Rose L, Buring JE, Cook NR. Comparison of C-

reactive protein and low-density lipoprotein cholesterol levels in the
prediction of first cardiovascular events. N Engl J Med 2002;347:1557–
1565.

41. Torzewski M, Rist C, Mortensen RF, Zwaka TP, Bienek M, Walten-

berger J, Koenig W, Schmitz G, Hombach V, Torzewski J. C-reactive
protein in the arterial intima: role of C-reactive protein receptor-
dependent monocyte recruitment in atherogenesis. Arterioscler
Thromb Vasc Biol 2000;20:2094–2099.

42. Venugopal SK, Devaraj S, Yuhanna I, Shaul P, Jialal I. Demonstration

that C-reactive protein decreases eNOS expression and bioactivity in
human aortic endothelial cells. Circulation 2002;106:1439–1441.

43. Devaraj S, Xu DY, Jialal I. C-reactive protein increases plasminogen

activator inhibitor-1 expression and activity in human aortic endo-
thelial cells: implications for the metabolic syndrome and athero-
thrombosis. Circulation 2003;107:398–404.

44. Luc G, Bard JM, Juhan-Vague I, Ferrieres J, Evans A, Amouyel P,

Arveiler D, Fruchart JC, Ducimetiere P. C-reactive protein, interleukin-6,
and fibrinogen as predictors of coronary heart disease: the PRIME
Study. Arterioscler Thromb Vasc Biol 2003;23:1255–1261.

45. Boekholdt SM, Peters RJ, Hack CE, Day NE, Luben R, Bingham SA,

Wareham NJ, Reitsma PH, Khaw KT. IL-8 plasma concentrations
and the risk of future coronary artery disease in apparently healthy
men and women: the EPIC-Norfolk prospective population study.
Arterioscler Thromb Vasc Biol 2004;24:1503–1508.

46. Ridker PM, Rifai N, Pfeffer M, Sacks F, Lepage S, Braunwald E.

Elevation of tumor necrosis factor-alpha and increased risk of recur-
rent coronary events after myocardial infarction. Circulation 2000;
101:2149–2153.

47. Gan WQ, Man SF, Senthilselvan A, Sin DD. Association between

chronic obstructive pulmonary disease and systemic inflammation:
a systematic review and a meta-analysis. Thorax 2004;59:574–580.

48. Aronson D, Roterman I, Yigla M, Kerner A, Avizohar O, Sella R,

Bartha P, Levy Y, Markiewicz W. Inverse association between pul-
monary function and C-reactive protein in apparently healthy sub-
jects. Am J Respir Crit Care Med 2006;174:626–632.

49. Gan WQ, Man SF, Sin DD. The interactions between cigarette

smoking and reduced lung function on systemic inflammation. Chest
2005;127:558–564.

50. Albert MA, Glynn RJ, Ridker PM. Plasma concentration of C-reactive

protein and the calculated Framingham Coronary Heart Disease Risk
Score. Circulation 2003;108:161–165.

51. Rautaharju PM, Warren JW, Jain U, Wolf HK, Nielsen CL. Cardiac

infarction injury score: an electrocardiographic coding scheme for
ischemic heart disease. Circulation 1981;64:249–256.

52. Dahl M, Vestbo J, Lange P, Bojesen SE, Tybjaerg-Hansen A,

Nordestgaard BG. C-reactive protein as a predictor of prognosis in
chronic obstructive pulmonary disease. Am J Respir Crit Care Med
2007;2007:250–255.

53. Keaney JF Jr, Larson MG, Vasan RS, Wilson PWF, Lipinska I, Corey

D, Massaro JM, Sutherland P, Vita JA, Benjamin EJ. Obesity and
systemic oxidative stress: clinical correlates of oxidative stress in
the Framingham Study. Arterioscler Thromb Vasc Biol 2003;23:
434–439.

54. Bonomini F, Tengattini S, Fabiano A, Bianchi R, Rezzani R. Athero-

sclerosis and oxidative stress. Histol Histopathol 2008;23:381–390.
55. Inoue T, Node K. Vascular failure: a new clinical entity for vascular

disease. J Hypertens 2006;24:2121–2130.
56. Papaharalambus CA, Griendling KK. Basic mechanisms of oxidative

stress and reactive oxygen species in cardiovascular injury. Trends
Cardiovasc Med 2007;17:48–54.

57. Rahman I, Morrison D, Donaldson K, MacNee W. Systemic oxidative

stress in asthma, COPD, and smokers. Am J Respir Crit Care Med
1996;154:1055–1060.

58. Lattimore JD, Wilcox I, Nakhla S, Langenfeld M, Jessup W, Cele-

rmajer DS. Repetitive hypoxia increases lipid loading in human
macrophages-a potentially atherogenic effect. Atherosclerosis 2005;
179:255–259.

59. Ichikawa H, Flores S, Kvietys PR, Wolf RE, Yoshikawa T, Granger

DN, Aw TY. Molecular mechanisms of anoxia/reoxygenation-

induced neutrophil adherence to cultured endothelial cells. Circ Res
1997;81:922–931.

60. Hartmann G, Tschop M, Fischer R, Bidlingmaier C, Riepl R, Tschop

K, Hautmann H, Endres S, Toepfer M. High altitude increases
circulating interleukin-6, interleukin-1 receptor antagonist and C-
reactive protein. Cytokine 2000;12:246–252.

61. Savransky V, Nanayakkara A, Li J, Bevans S, Smith PL, Rodriguez A,

Polotsky VY. Chronic intermittent hypoxia induces atherosclerosis.
Am J Respir Crit Care Med 2007;175:1290–1297.

62. Chen L, Einbinder E, Zhang Q, Hasday J, Balke CW, Scharf SM.

Oxidative stress and left ventricular function with chronic intermit-
tent hypoxia in rats. Am J Respir Crit Care Med 2005;172:915–920.

63. Thomson AJ, Drummond GB, Waring WS, Webb DJ, Maxwell SR.

Effects of short-term isocapnic hyperoxia and hypoxia on cardiovas-
cular function. J Appl Physiol 2006;101:809–816.

64. Skwarski KM, Morrison D, Barratt A, Lee M, MacNee W. Effects of

hypoxia on renal hormonal balance in normal subjects and in patients
with COPD. Respir Med 1998;92:1331–1336.

65. Curtis BM, O’Keefe JH. Autonomic tone as a cardiovascular risk

factor: the dangers of chronic fight or flight. Mayo Clin Proc 2002;77:
45–54.

66. Heindl S, Lehnert M. Criée CP, Hasenfuss G, Andreas S. Marked

sympathetic activation in patients with chronic respiratory failure.
Am J Respir Crit Care Med 2001;164:597–601.

67. Cook S, Togni M, Schaub M, Wenaweser P, Hess O. High heart rate:

a cardiovascular risk factor? Eur Heart J 2006;27:2387–2393.
68. Tsuji H, Venditti FJ, Manders ES, Evans JC, Larson MG, Feldman CL,

Levy D. Reduced heart rate variability and mortality risk in an elderly
cohort. the Framingham Heart Study. Circulation 1994;90:878–883.

69. Volterrani M. Decreased heart rate variability in patients with chronic

obstructive pulmonary disease. Chest 1994;106:1432–1437.
70. Suissa S, Assimes T, Ernst P. Inhaled short acting beta agonist use in

COPD and the risk of acute myocardial infarction. Thorax 2003;58:
43–46.

71. Suissa S, Hemmelgarn B, Blais L, Ernst P. Bronchodilators and acute

cardiac death. Am J Respir Crit Care Med 1996;154:1598–1602.
72. Au DH, Curtis JR, Every NR, McDonell MB, Fihn SD. Association

between inhaled beta-agonists and the risk of unstable angina and
myocardial infarction. Chest 2002;121:846–851.

73. Calverley PMA, Anderson JA, Celli B, Ferguson GT, Jenkins C, Jones

PW, Yates JC, Vestbo J; TORCH Investigators. Salmeterol and
fluticasone propionate and survival in chronic obstructive pulmonary
disease. N Engl J Med 2007;356:775–789.

74. Salpeter S, Ormiston T, Salpeter E. Cardioselective beta-blockers for

chronic obstructive pulmonary disease. Cochrane Database Syst Rev
2005;CD003566.

75. Dransfield MT, Rowe SM, Johnson JE, Bailey WC, Gerald LB. Use of

beta blockers and the risk of death in hospitalised patients with acute
exacerbations of COPD. Thorax 2008;63:301–305.

76. Gottlieb SS, McCarter RJ, Vogel RA. Effect of beta-blockade on mor-

tality among high-risk and low-risk patients after myocardial in-
farction. N Engl J Med 1998;339:489–497.

77. van Gestel YRBM, Hoeks SE, Sin DD, Welten GMJM, Schouten O,

Witteveen HJ, Simsek C, Stam H, Mertens FW, Bax JJ, et al. The
Impact of cardioselective b-blockers on mortality in patients with
chronic obstructive pulmonary disease and atherosclerosis. Am J
Respir Crit Care Med 2008;178:695–700.

78. Egred M, Shaw S, Mohammad B, Waitt P, Rodrigues E. Under-use of

beta-blockers in patients with ischaemic heart disease and concom-
itant chronic obstructive pulmonary disease. QJM 2005;98:493–497.

79. Hunt SA, Abraham WT, Chin MH, Feldman AM, Francis GS, Ganiats

TG, Jessup M, Konstam MA, Mancini DM, Michl K, et al. ACC/
AHA 2005 guideline update for the diagnosis and management of
chronic heart failure in the adult: a report of the American College of
Cardiology/American Heart Association Task Force on Practice
Guidelines (writing committee to update the 2001 guidelines for the
evaluation and management of heart failure): Developed in collabo-
ration with the American College of Chest Physicians and the
International Society for Heart and Lung Transplantation: endorsed
by the Heart Rhythm Society. Circulation 2005;112:e154–e235.

80. Anderson JL, Adams CD, Antman EM, Bridges CR, Califf RM, Casey

DE, Chavey WE, Fesmire FM, Hochman JS, Levin TN, et al. ACC/
AHA 2007 guidelines for the management of patients with unstable
angina/non–ST-elevation myocardial infarction: a report of the
American College of Cardiology/American Heart Association Task
Force on Practice Guidelines. Circulation 2007;116:e148–e304.

MacNee, Maclay, and McAllister: Cardiovascular Disease in COPD 831



81. Boutouyrie P, Tropeano AI, Asmar R, Gautier I, Benetos A, Lacolley

P, Laurent S. Aortic stiffness is an independent predictor of primary
coronary events in hypertensive patients: a longitudinal study. Hy-
pertension 2002;39:10–15.

82. Laurent S, Katsahian S, Fassot C, Tropeano AI, Gautier I, Laloux B,

Boutouyrie P. Aortic stiffness is an independent predictor of fatal
stroke in essential hypertension. Stroke 2003;34:1203–1206.

83. Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos

ML, Schalekamp MA, Asmar R, Reneman RS, Hoeks AP, Breteler
MM, et al. Arterial stiffness and risk of coronary heart disease and
stroke: the Rotterdam Study. Circulation 2006;113:657–663.

84. Zureik M, Benetos A, Neukirch C, Courbon D, Bean K, Thomas F,

Ducimetiere P. Reduced pulmonary function is associated with cen-
tral arterial stiffness in men. Am J Respir Crit Care Med 2001;164:
2181–2185.

85. Taneda K, Namekata T, Hughes D, Suzuki K, Knopp R, Ozasa K.

Association of lung function with atherosclerotic risk factors among
Japanese Americans: Seattle Nikkei Health Study. Clin Exp Pharma-
col Physiol 2004;31:S31–S34.

86. Sabit R, Bolton CE, Edwards PH, Pettit RJ, Evans WD, McEniery CM,

Wilkinson IB, Cockcroft JR, Shale DJ. Arterial stiffness and osteo-
porosis in chronic obstructive pulmonary disease. Am J Respir Crit
Care Med 2007;175:1259–1265.

87. Mills NL, Miller JJ, Anand A, Robinson SD, Frazer GA, Anderson D,

Breen L, Wilkinson IB, McEniery CM, Donaldson K, et al. Increased
arterial stiffness in patients with chronic obstructive pulmonary
disease: a mechanism for increased cardiovascular risk. Thorax 2008;
63:306–311.

88. Mattace-Raso FU, van der Cammen TJ, van der Meer IM, Schalekamp

MA, Asmar R, Hofman A, Witteman JC. C-reactive protein and
arterial stiffness in older adults: the Rotterdam Study. Atherosclerosis
2004;176:111–116.

89. Peinado VI, Barbera JA, Ramirez J, Gomez FP, Roca J, Jover L,

Gimferrer JM, Rodriguez-Roisin R. Endothelial dysfunction in pul-
monary arteries of patients with mild COPD. Am J Physiol Lung Cell
Mol Physiol 1998;274:L908–L913.

90. Barr RG, Mesia-Vela S, Austin JHM, Basner RC, Keller BM, Reeves

AP, Shimbo D, Stevenson L. Impaired flow-mediated dilation is
associated with low pulmonary function and emphysema in ex-
smokers: the Emphysema and Cancer Action Project (EMCAP)
Study. Am J Respir Crit Care Med 2007;176:1200–1207.

91. Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA, Quyyumi

AA, Finkel T. Circulating endothelial progenitor cells, vascular func-
tion, and cardiovascular risk. N Engl J Med 2003;348:593–600.

92. Schmidt-Lucke C, Rossig L, Fichtischerer S, Vasa M, Britten M,

Kamper U, Dimmeler S, Zeiher AM. Reduced number of circulating
endothelial progenitor cells predicts future cardiovascular events:
proof of concept for the clinical importance of endogenous vascular
repair. Circulation 2005;222:2891–2987.

93. Palange P, Testa U, Huertas A, Calabro L, Antonucci R, Petrucci E,

Pelosi E, Pasquini L, Satta A, Morici G, et al. Circulating haemo-
poietic and endothelial progenitor cells are decreased in COPD. Eur
Respir J 2006;27:529–541.

94. Peinado VI, Ramirez J, Roca J, Rodriguez-Roisin R, Barbera JA.

Identificaiton of vascular progenitor cells in pulmonary arteries of
patients with chronic obstructive pulmonary disease. Am J Respir Cell
Mol Biol 2006;34:257–263.

95. Zieman SJ, Melenovsky V, Kass DA. Mechanisms, pathophysiology,

and therapy of arterial stiffness. Arterioscler Thromb Vasc Biol 2005;
25:932–943.

96. Shifren A, Mecham RP. The stumbling block in lung repair of em-

physema: elastic fiber assembly. Proc Am Thorac Soc 2006;3:428–433.
97. Frances C, Boisnic S, Hartmann DJ, Dautzenberg B, Branchet MC,

Charpentier YL, Robert L. Changes in the elastic tissue of the non-
sun-exposed skin of cigarette smokers. Br J Dermatol 1991;125:
43–47.

98. Patel BD, Loo WJ, Tasker AD, Screaton NJ, Burrows NP, Silverman

EK, Lomas DA. Smoking related COPD and facial wrinkling: is there
a common susceptibility? Thorax 2006;61:568–571.

99. Yasmin SW, McEniery CM, O’Shaughnessy KM, Harnett P, Arshad A,

Wallace S, Maki-Petaja K, McDonnell B, Ashby MJ, Brown J, et al.
Variation in the human matrix metalloproteinase-9 gene is associated
with arterial stiffness in healthy individuals. Arterioscler Thromb Vasc
Biol 2006;26:1799–1805.

100. Finlay GA, Russell KJ, McMahon KJ, D’Arcy EM, Masterson JB,

FitzGerald MX, O’Connor CM. Elevated levels of matrix metal-

loproteinases in bronchoalveolar lavage fluid of emphysematous
patients. Thorax 1997;52:502–506.

101. Boschetto P, Quintavalle S, Zeni E, Leprotti S, Potena A, Ballerin L,

Papi A, Palladini G, Luisetti M, Annovazzi L, et al. Association
between markers of emphysema and more severe chronic obstructive
pulmonary disease. Thorax 2006;61:1037–1042.

102. Yasmin SW, McEniery CM, Wallace S, Dakham Z, Pulsalkar P, Maki-

Petaja K, Ashby MJ, Cockcroft JR, Wilkinson IB. Matrix metal-
loproteinase-9 (MMP-9), MMP-2, and serum elastase activity are
associated with systolic hypertension and arterial stiffness. Arterios-
cler Thromb Vasc Biol 2005;25:372.

103. Hautamaki RD, Kobayashi DK, Senior RM, Shapiro SD. Requirement

for macrophage elastase for cigarette smoke-induced emphysema in
mice. Science 1997;277:2002–2004.

104. Luttun A, Lutgens E, Manderveld A, Maris K, Collen D, Carmeliet P,

Moons L. Loss of matrix metalloproteinase-9 or matrix metallopro-
teinase-12 protects apolipoprotein E-deficient mice against athero-
sclerotic media destruction but differentially affects plaque growth.
Circulation 2004;109:1408–1414.

105. Agusti A, MacNee W, Donaldson K, Cosio M. Hypothesis: does COPD

have an autoimmune component? Thorax 2003;58:832–834.
106. Lee SH, Goswami S, Grudo A, Song LZ, Bandi V, Goodnight-White S,

Green L, Hacken-Bitar J, Huh J, Bakaeen F, et al. Antielastin auto-
immunity in tobacco smoking-induced emphysema. Nat Med 2007;13:
567–569.

107. Janssens JP, Pache JC, Nicod LP. Physiological changes in respiratory

function associated with ageing. Eur Respir J 1999;13:197–205.
108. O’Rourke M. Arterial stiffness, systolic blood pressure, and logical

treatment of arterial hypertension. Hypertension 1990;15:339–347.
109. Vogelmeier C, Bals R. Chronic obstructive pulmonary disease and

premature aging. Am J Respir Crit Care Med 2007;175:1217–1218.
110. Teramoto S, Ishii M. Aging, the aging lung, and senile emphysema are

different. Am J Respir Crit Care Med 2007;175:197–198.
111. Sato T, Seyama K, Sato Y, Mori H, Souma S, Akiyoshi T, Kodama Y,

Mori T, Goto S, Takahashi K, et al. Senescence marker protein-30
protects mice lungs from oxidative stress, aging, and smoking. Am J
Respir Crit Care Med 2006;174:530–537.

112. Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T, Utsugi T,

Ohyama Y, Kurabayashi M, Kaname T, Kume E, et al. Mutation of
the mouse klotho gene leads to a syndrome resembling ageing. Nature
1997;390:45–51.

113. Suga T, Kurabayashi M, Sando Y, Ohyama Y, Maeno T, Maeno Y,

Aizawa H, Matsumura Y, Kuwaki T, Kuro O, et al. Disruption of the
klotho gene causes pulmonary emphysema in mice. defect in main-
tenance of pulmonary integrity during postnatal life. Am J Respir Cell
Mol Biol 2000;22:26–33.

114. Chan SR, Blackburn EH. Telomeres and telomerase. Philos Trans R

Soc Lond B Biol Sci 2004;359:109–121.
115. Saretzki G, Von Zglinicki T. Replicative aging, telomeres, and oxida-

tive stress. Ann NY Acad Sci 2002;959:24–29.
116. Aviv A. Telomeres and human somatic fitness. J Gerontol A Biol Sci

Med Sci 2006;61:871–873.
117. Cawthon RM, Smith KR, O’Brien E, Sivatchenko A, Kerber RA.

Association between telomere length in blood and mortality in people
aged 60 years or older. Lancet 2003;361:393–395.

118. Brouilette SW, Moore JS, McMahon AD, Thompson JR, Ford I,

Shepherd J, Packard CJ, Samani NJ. Telomere length, risk of
coronary heart disease, and statin treatment in the West of Scotland
Primary Prevention Study: a nested case-control study. Lancet 2007;
369:107–114.

119. Valdes AM, Andrew T, Gardner JP, Kimura M, Oelsner E, Cherkas

LF, Aviv A, Spector TD. Obesity, cigarette smoking, and telomere
length in women. Lancet 2005;366:662–664.

120. Morla M, Busquets X, Pons J, Sauleda J, MacNee W, Agusti AG.

Telomere shortening in smokers with and without COPD. Eur Respir
J 2006;27:525–528.

121. Tsuji T, Aoshiba K, Nagai A. Alveolar cell senescence in patients with

pulmonary emphysema. Am J Respir Crit Care Med 2006;174:886–893.
122. Nyunoya T, Monick MM, Klingelhutz A, Yarovinsky TO, Cagley JR,

Hunninghake GW. Cigarette smoke induces cellular senescence. Am
J Respir Cell Mol Biol 2006;35:681–688.

123. van der Harst P, van Veldhuisen DJ, Samani NJ. Expanding the

concept of telomere dysfunction in cardiovascular disease. Arterios-
cler Thromb Vasc Biol 2008;28:807–808.

124. Benetos A, Okuda K, Lajemi M, Kimura M, Thomas F, Skurnick J,

Labat C, Bean K, Aviv A. Telomere length as an indicator of

832 PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 5 2008



biological aging: the gender effect and relation with pulse pressure
and pulse wave velocity. Hypertension 2001;37:381–385.

125. Aviv H, Khan MY, Skurnick J, Okuda K, Kimura M, Gardner J, Priolo
L, Aviv A. Age dependent aneuploidy and telomere length of the
human vascular endothelium. Atherosclerosis 2001;159:281–287.

126. Ogami M, Ikura Y, Ohsawa M, Matsuo T, Kayo S, Yoshimi N, Hai E,
Shirai N, Ehara S, Komatsu R, et al. Telomere shortening in human
coronary artery diseases. Arterioscler Thromb Vasc Biol 2004;24:546–
550.

127. Minamino T, Kourembanas S. Mechanisms of telomerase induction during
vascular smooth muscle cell proliferation. Circ Res 2001;2001:237–243.

128. Tsirpanlis G. Cellular senescence, cardiovascular risk, and CKD: a re-
view of established and hypothetical interconnections. Am J Kidney
Dis 2008;2008:131–144.

129. Herrera E, Samper E, Martin-Caballero J, Flores JM, Lee HW, Blasco
MA. Disease states associated with telomerase deficiency appear
earlier in mice with short telomeres. EMBO J 1999;18:2950–2960.

130. Leri A, Franco S, Zacheo A, Barlucchi L, Chimenti S, Limana F,
Nadal-Ginard B, Kajstura J, Anversa P, Blasco MA. Ablation of
telomerase and telomere loss leads to cardiac dilatation and heart
failure associated with P53 upregulation. EMBO J 2003;22:131–139.

131. Cazzola M, Matera MG, Rogliani P. Page C. Treating systemic
inflammation in COPD. Trends Pharmacol Sci 2008;28:545–550.

132. Sin DD, Lacy P, York E, Man SF. Effects of fluticasone on systemic
markers of inflammation in chronic obstructive pulmonary disease.
Am J Respir Crit Care Med 2004;170:760–765.

133. Sin DD. The effects of fluticasone with or without salmeterol on
systemic biomarkers of inflammation in chronic obstructive pulmo-
nary disease. Am J Respir Crit Care Med 2008;177:1207–1214.

134. Huiart L, Ernst P, Panouil X, Suissa S. Low-dose inhaled cortico-
steroids and the risk of acute myocardial infarction in COPD. Eur
Respir J 2005;25:634–639.

135. Hothersall E, McSharry C, Thomson NC. Potential therapeutic role for
statins in respiratory disease. Thorax 2006;61:729–734.

136. Lee J-H, Lee D-S, Kim E-K, Choe KH, Oh YM, Shim TS, Kim SE, Lee
YS, Lee SD. Simvastatin inhibits cigarette smoking induced emphy-
sema and pulmonary hypertension in rat lungs. Am J Respir Crit Care
Med 2005;172:987–993.

137. Mancini GB, Etminan M, Zhang B, Levesque LE, FitzGerald JM,
Brophy JM. Reduction of morbidity and mortality by statins, angioten-
sin-converting enzyme inhibitors, and angiotensin receptor blockers in
patients with chronic obstructive pulmonary disease. J Am Coll Cardiol
2006;47:2554–2560.

138. Soyseth V, Brekke PH, Smith P, Omland T. Statin use is associated
with reduced mortality in chronic obstructive pulmonary disease. Eur
Respir J 2007;29:279–283.

MacNee, Maclay, and McAllister: Cardiovascular Disease in COPD 833


